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ABSTRACT

Gephyrin is the central component of the postsyoagitaffold at inhibitory synapses,
ensuring receptor accumulation in precise appasitio presynaptic release sites.
Synapses are highly dynamic structures, with rezeptonstantly moving in and out of
postsynaptic sites. The mechanisms regulating $sgnamanization are thus crucial for
an efficient and reliable synaptic transmission. tgsis focuses on the role of gephyrin
in regulating GABAergic transmission.

To study gephyrin function, | used intracellulangle chain antibody fragments against
gephyrin (scFv-gephyrin) which could remove endagsngephyrin from its subcellular
location, leading to an overall loss of gephyriustérs. Transfecting hippocampal
neurons in culture with scFv-gephyrin led to a el density of synaptig2-subunit
containing GABA receptors. This effect was associated with a dseren the amplitude
and frequency of mIPSCs, and a slow-down in thaset kinetics. Using an ultrafast
agonist application system which mimics synaptierdgs, | found that the slow onset of
GABA-evoked currents was due to a slower entryhef teceptors into the desensitized
state. Hence, hampering gephyrin function affebtis ¢ating properties of GABA
receptors. Disruption of gephyrin clusters alsceral the GABA mediated tonic
conductance, an effect that could be attributesl teduced GABAergic innervation.
Gephyrin ablation led to a reduction in the densitythe vesicular GABA transporter,
VGAT. Moreover, pair recordings from interconnecteglirons revealed a reduction in
amplitude and in the number of successes as walh &screase in paired-pulse ratio and
in the coefficient of variation of GABAmMediated synaptic currents in scFv-gephyrin
transfected neurons, indicating a reduced proligplofi GABA release. Gephyrin may
exert this trans-synaptic action through the negirdheurexin complex. Consistent with
this hypothesis, | found that upon scFv-transfectibe neuroligin isoform known to be
preferentially localized at GABAergic synapses fodigin 2) was significantly reduced.
Furthermore, in molecular biology experiments, geph was found to
immunoprecipitate neuroligin 2 from rat brain lysst indicating the formation of a

complex between these two proteins. Co-expresdiorewaroligin 2 with scFv-gephyrin



was able to rescue the reduction in GABAergic imagon, suggesting that gephyrin can
regulate GABA release through neuroligin 2.

Neuroligins can localize at both GABAergic and ghaatergic synapses, and modulate
the excitatory/inhibitory (E/l) balance within timeuronal network. Interestingly, scFv-
gephyrin transfection resulted in a significantuetibn in glutamatergic innervation, as
revealed by the decrease in the density of thewksiglutamate transporter, VGLUT, as
well as by the reduction in the frequency of mMEP.SR=sscue experiments with the co-
expression of neuroligin 2 and scFv-gephyrin dit neverse the effect of scFv-gephyrin
on glutamatergic innervation, suggesting that itswaot due to a homeostatic
compensatory mechanism. Based on the observati@at tephyrin can co-
immunoprecipitate neuroligin 1 (the isoform enridha& glutamatergic synapses), it is
possible that gephyrin modulates both GABAergic agldtamatergic synapseda
neuroligins. However, whether gephyrin regulatestaghate releasgia neuroligin 1
remains to be elucidated.

Overall, interfering with gephyrin clustering atetipost-translational level has revealed
new insights on the role of this scaffold protem GABAergic synapses and has
prompted further investigation into the functiongaphyrin in regulating the E/I balance

possibly through neuroligins.



INTRODUCTION

Bullock et al., 2005

1. SYNAPTIC TRANSMISSION

The human brain is made up of a vast network ofentban 100 billion individual
neurons. The current view that neurons are thetifumad signaling units in the nervous
system dates back to the end of th& t@ntury when Ramén y Cajal postulated his
“neuron doctrine”, following a series of exquisiteeurohistological studies (Lopez-
Muioz et al., 2006). Cajal envisioned neurons afhlpipolarized cells that receive
signals through their dendrites, relay them throtlgtir long axons and communicate
with each other at specific points of appositiofiechsynapses, a term introduced by
Charles Sherrington in 1897 based on the Greek Woasp’ (Foster, 1897). Although
essentially correct, this is an oversimplified viest synaptic transmission in the
mammalian brain. There are actually two functignalhd structurally distinct forms of
synapseschemical, which are between two neurons physically sepdrhtea ‘synaptic
cleft’ and are mediated by neurotransmitters relédsom a presynaptic neuron acting on
postsynaptic receptor proteins, agectrical, which are mediated through gap junctions
that bridge the cytoplasm of presynaptic and posigiic neurons (Kandel et al., 2000).



In addition, the unidirectional signal propagatianferred by Cajal and his
contemporaries was challenged by findings revealirag information is relayed also
retrogradely from the postsynaptic neuron to thesymaptic on@ia small molecules and
neuromodulators (Nusbaum et al.,, 2001). The curheidtirectional’ view of signal
transfer across synapses is essential for numeponsesses ranging from synapse
assembly to synaptic plasticity, and to higher mfainctions like learning and memory
(Jessell and Kandel, 1993).

2. INHIBITORY TRANSMISSION

Excitatory and inhibitory inputs contribute to d4ké resting membrane potential of the
cell, which in turn determines whether the neuradlh mwach the threshold for producing

an action potential. Excitatory inputs depolaribe nheuron, bringing it closer to the
threshold for firing an action potential, whereadhibitory inputs hyperpolarize the

neuron, bringing the membrane potential away frbedction potential threshold. Once
the action potential is initiated, it propagatesnal the axon and triggers exocytosis of
synaptic vesicles and the release of neurotraremmitrom the axon terminal. The

properties of the postsynaptic receptors bindiregriburotransmitter determine whether
the resulting synaptic potential is excitatory ohibitory. In the adult central nervous
system, the main inhibitory neurotransmitter is G¥\Bvhereas excitatory transmission

is mediated by glutamate.

2.1 GABA ASA NEUROTRANSMITTER

In 1967, Krnjevic & Schwartz demonstrated that GAB&s a hyperpolarizing effect on
cerebral cortical neurons that imitates the poaé¢rnthange during synaptic inhibition
(Krnjevic and Schwartz, 1967). GABA is now considered theinmahibitory

neurotransmitter in the adult brain, with 17-20% méurons in the brain being
GABAergic (Mody and Pearce, 2004). GABA is syntiedi from glutamate by glutamic
acid decarboxylase (GAD), an enzyme that catalfzeslecarboxylation of glutamate to
GABA and CQ. In mammals, GAD exists in two isoforms, GAD65 aG#iD67,



encoded by two different geneSadl and Gad2 (Erlander et al., 1991). Of particular
significance is GAD65, which is concentrated in tleve terminals to a much greater
degree than GADG67, where it synthesizes GABA farragansmission purposes (Martin
and Rimvall, 1993). Once released from the presynmaerminal, GABA acts on
ionotropic GABA receptor channels permeable to chloride and hiceate (Schofield et
al., 1987) and metabotropic GABAreceptors that are coupled to ion channels via
guanine nucleotide-binding proteins and second emggss (Kaupmann et al., 1997).
GABA is then cleared from the synaptic cleft by higffinity Na/ClI" coupled
transporters (GAT) localized on axon terminals asttocytes (Conti et al., 2004), or is
degraded to succinate by GABA-glutamate transamireasd succinate semialdehyde

dehydrogenase.

2.2PHASIC AND TONIC GABAERGIC INHIBITION

In the adult central nervous system, GABreceptors mediate two types of inhibition:
phasic and tonic (Farrant and Nusser, 2005). Th& ftonsists of fast inhibitory
postsynaptic potentials (IPSPs) regulating poifpdoit communication between
neurons. The second consists of a persistent tohybconductance that plays a crucial
role in regulating the membrane potential and egditability (Semyanov et al., 2004)
(Figure 1).

Phasic inhibition is mediated by postsynaptic GAB#feceptors located in direct
apposition to the presynaptic release sites. FolgWABA release from the presynaptic
terminal, these receptors are activated by a higitentration of GABA (-3 mM) for a
brief period of time (~10@s). Channel opening leads to an inward flux ofr€ulting in
an inhibitory postsynaptic potential (IPSP) (Mozrgs et al., 2003a). This type of
inhibition is crucial for information transfer antetwork synchronization (Cobb et al.,
1995).

Tonic inhibition, on the other hand, results frdme persistent activation of extrasynaptic
GABA receptors (localized away from the synapses) loyvaconcentration of ambient
GABA. In order to detect such low concentrationsGABA for prolonged periods of

time, extrasynaptic GABAreceptors should have a high affinity for GABA asttbuld



exhibit a low desensitization rate (Farrant and 9¢us2005; Semyanov et al., 2004).
Tonic inhibition was first identified in rat cerdla granule cells, where application of
GABA receptor antagonists bicuculline and gabazineatedea reduction in the holding
current and background noise (Brickley et al., 19%8&neda et al., 1995). Since then
tonic inhibition has been detected in several bragions, including the dentate gyrus,
the thalamus, cortical layer 2/3, as well as thelGiAd the CA3 hippocampal regions
(Glykys and Mody, 2007). The amount of GABA in tagtracellular space originates
from various sources, the first of which is spibovfrom vesicular GABA release
(Mitchell and Silver, 2000).

Mature Reviews | Neuroscience

Figure 1. Modes of GABAA receptor activation. (a) Miniature inhibitory
postsynaptic currents (mIPSCs) recorded in theepias of the sodium channel blocker
tetrodotoxin result from the release of a singlsicle from the presynaptic terminal.
mIPSCs activate only those postsynaptic GAB#eceptors that are clustered in the
membrane immediately beneath the release siteogyellThe averaged waveform of
mMIPSCs are shown belo\b) Action potential-dependent or evoked release ofipie
vesicles from several terminals promotes GABA sep#l, and activates both synaptic
and extrasynaptic receptors. The current recordvshihe larger and much slower
averaged waveform of evoked IPS{s) A low concentration of ambient GABA
tonically activates high-affinity extrasynaptic eptors. Application of the GABA
antagonist gabazine (SR-95531) blocks tonic chaaoglity, causing a change in the
holding current and a reduction in current variaifEarrant and Nusser, 2005)
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As already mentioned, GABA is cleared from the gjtacleft by specific transporters,
but a low concentration of the neurotransmitter ag® to act on high affinity
extrasynaptic GABA receptors. In addition, action-potential independeABA release
from astrocytes and reversed transport from GABsgporters (Attwell et al., 1993)
have been reported as sources of ambient GABA.

The physiological role of each type of inhibitiog enly beginning to be understood.
Phasic inhibition, apart from preventing over-eatidn of neurons, is essential for
rhythm generation in neuronal networks (Cobb et E95) and for setting the time
window during which synaptic inputs evoke actiongmials (Pouille and Scanziani,
2001). On the other hand, tonic inhibition causgseesistent increase in the neuron’s
input conductance and modulates neuronal gain (8eawet al., 2004). Both types of
inhibition control neuronal excitability under phgiogical and pathological conditions.
It should therefore come as no surprise that GAB#&diunction is fine-tuned at multiple
levels.

GABAA-mediated IPSPs are characterized by a large vigyathat is generated by
various factors acting at presynaptic, cleft anstggaptic levels.

2.3 PRESYNAPTIC MODULATION OF GABAERGIC INHIBITION

Once the action potential reaches the axon termindépolarizes the membrane which
in turn activates voltage gated calcium channel? @ntry through these channels
triggers the machinery for neurotransmitter relea@¢icholls et al.,, 2001).

Neurotransmitters are contained in small vesictethe nerve terminal and released via
exocytosis, which is the fusion of vesicles withe thresynaptic plasma membrane.
Vesicle exocytosis is spatially restricted to aetxones and temporally regulated by
Ca'?, triggered within a few hundred microseconds after influx (Goda and Siidhof,

1997). Once the fusion-pore opens and neurotratesmg released, the vesicles are
endocytosed and refilled to be used in a new rafnelxocytosis. The total number of
vesicles participating in the vesicle traffickingrohg prolonged stimulation is referred to
as “the recycling pool”, while those that are datke the membrane and have been

primed for release comprise the “readily releasawel”. Using fluorescent FM1-43
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dyes which allow labeling endocytosed vesiclesyas estimated that only ~25 vesicles
are present in the recycling pool, one third of chhiare in the readily releasable
population (Murthy and Stevens, 1999).

After the synaptic vesicles dock at the active zawe types of fusion events may occur;
full collapse fusion where vesicles flatten inte thlasma membrane, or partial fusion
where vesicles form a transient fusion pore andqaiekly recycled (also called “kiss-
and-run”). At hippocampal synapses, kiss-and-rurs vmtially considered as the
prevalent mode of vesicle fusion (Aravanis et 2003) as it allows fast and reliable
synaptic transmission during high-frequency stirtiata However, a recent study using
pH-sensitive quantum dots revealed that full fus@md kiss-and-run can both be
predominant under different conditions (Zhang et 2009). In this study, kiss-and-run
was the principal mode of fusion under high acgidemand, but it gave way to full
collapse fusion as stimulation continued, and ustieady-state stimulation at low rates.
Nevertheless, fast partial fusion and reuse ofikgadleasable pool of vesicles would
reduce synaptic variability due to vesicle volumaeurotransmitter content, particularly
during burst firing found in hippocampal neurons.

Early work by Fatt and Katz on the frog neuromuacujunction revealed that
acetylcholine contained in synaptic vesicles iseaskd from nerve terminals in
multimolecular packets, called ‘quanta’ (Fatt andtz 1952). The quantal theory of
neurotransmitter release extends to all neurotrdtess in the brain, and provides a
theoretical framework to understand the stochgstiperties of synaptic transmission.
Accordingly, synaptic efficacyH), which is the mean amplitude of unitary postsyitap
currents, is governed by the quantal content (hean number of quanta released per
action potential) and by quantal size (i.e. magletof response to a single quantum).
While the quantal sizeQQ) depends on both presynaptic and postsynaptioriacthe
guantal content is directly related to the numbeetease sited\) and the probability of
release P) at each site (Cherubini and Conti, 2001). ChangesitherQ, N or P will
therefore modulate the strength of a synaptic cotnome

At GABAergic synapses, GABA release is mediatedordy by vesicular but also non-
vesicular release. Non-vesicular GABA release tghothe reversed action of GABA

transporters under physiological conditions wagmdg demonstrated (Wu et al., 2007).
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GAT-1 (the neuronal isoform of the GABA transpoyteras shown to have a reversal
potential close to the resting membrane potenfiaieurons, and could reverse during
action potentials. Although tha vivo relevance of this phenomenon is yet to be clatifie
transporter-mediated GABA release could act asaiebto prevent runaway excitation
during high frequency firing when vesicular fusioggins to fail.

Probability of GABA releaseR) is modulated by various factors ranging from icaic
release from intracellular stores, to multivesicuklease and presynaptic autoreceptors.
Presynaptic ryanodine-sensitive calcium storesrimrie to GABA release in resting
conditions leading to miniature inhibitory postsptia currents (mIPSCs) in
hippocampal pyramidal cells (Savand Sciancalepore, 1998) and cerebellar Purkinje
cells (Bardo et al., 2002), as well as during edbReurotransmitter release at cerebellar
basket cell-Purkinje cell synapses (Galante andyya003).

The amplitudelistributions of evoked synaptic potentials in cah$ynapses can be fitted
with binomial distributions, and the number of peakdbaieved tocorrespond to the
number of release sites (Redman, 1990). Moreokerlack of evidence for double-sized
events has led to the assumption that one sitesmonds to one quantum release. This
hypothesis was challenged at cerebellar stellad&dia cell synapses, where
multivesicular release was observed in IPSC rengsli (Auger et al., 1998).
Furthermore, synapses can have more than onedoattielease site (Kondo and Matrty,
1998), or vesicles can be released asynchronoaosly after the arrival of the action
potential (Lu and Trussell, 2000), contributinghe variability in synaptic efficacy.

GABA release can be modulated by presynaptic GABAd GABAs autoreceptors,
which are located on the axon terminals close lase sites. Presynaptic GABANd
GABAg receptors are activated by GABA spillover from aptic cleft or by ambient
GABA in the extracellular space. In the hippocampalssy fibers, presynaptic GARA
receptor activation increases membrane conductahésh produces a shunting effect,
raising the threshold for evoking an action potnfRuiz et al., 2003). Conversely, in
immature hippocampal neurons (where GABA exertgpothrizing action due to high
intracellular [CI1]), GABAA receptor activation enhances transmitter rele8aéulina et
al., 2006; Xiao et al., 2007). Activation of GABAeceptors, on the other hand, reduces
GABA release by inhibiting voltage-dependent caitiaghannels (Poncer et al., 1997).
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This mechanism has been shown to play an imporgalatory role in immature
hippocampal mossy fiber-CA3 synapses which, immniebjiaafter birth, are mainly
GABAergic (Safiulina and Cherubini, 2009).

24 GABA TRANSIENT IN THE SYNAPTIC CLEFT

Once released from the presynaptic terminal, GABfusks through the synaptic cleft
and binds postsynaptic receptors. Using theoretnmaleling and experiments modifying
GABA, receptor gating, the synaptic GABA transient watineated to be ~10@s
(Mozrzymas et al., 2003a). This means that GABAceptors are activated in non-
equilibrium conditions, with synaptic currents @sting the duration of GABA transient.
It is therefore conceivable that GABA concentrataomd its rate of clearance from the
synaptic cleft influence GABAergic currents (Baibeat al., 2004).

The neurotransmitter concentration in the synapteft depends on the number of
neurotransmitter molecules within each vesicle, bBgdhe fraction of content that is
released after a fusion event. Electron microsagpgaled synaptic vesicles to be ~40
nm in diameter, but it is still unclear whetherstialue varies significantly from one
vesicle to the other (Takamori et al., 2006). Tkharotransmitter concentration profile in
the synaptic cleft is further complicated by musicular release, which would account
for 30% of IPSCs recorded from interneuron-internagynapses in the molecular layer
of the cerebellum (Auger et al., 1998).

Neurotransmitters released from vesicles are dalefioen the synaptic cleft by diffusion
and reuptake. Diffusion is influenced by the ovef&brtuosity” of the extracellular
space, which is determined by the hindrance dileegeometry of the synaptic cleft and
connectivity of the extracellular space, as wellbgsthe extracellular volume fraction,
which is the relative volume in which the neurosmmitters are moving (Nicholson and
Sykova, 1998). Studies using dextran, a polysaabbdnat increases the viscosity of the
extracellular space, revealed that reducing thdficant of diffusion of GABA in the
synaptic cleft increases the amplitude of mIPS@sféect that was more pronounced for
small amplitude events, indicating a crucial rote IGABA synaptic clearance in
variability of mIPSCs (Barberis et al., 2004; Peyi@nd Ropert, 2000).
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GABA transporters actively remove GABA from the racellular space, modulating
phasic and tonic inhibition as well as GABA spikwy Of the four high affinity N&CI
coupled transporters identified to date (GAT-1, GATGAT-3 and BGT-1), GAT-1 is
the most copiously expressed in the brain, locadizmainly at GABAergic axon
terminals and distal astrocytic processes (Cordi.eR004). Experiments using selective
GAT-1 antagonists revealed that blocking GAT-1 @ases the decay of evoked IPSCs
((Engel et al., 1998Thompson and Gahwiler, 1992), as well as tonichition (Keros
and Hablitz, 2005; Petrini et al., 2004; Semyanbwale 2003). GAT-1 knockout mice
exhibited a severe impairment of GABA clearancenfithe extracellular space, effecting
not only tonic but also phasic inhibition partialyjaduring sustained neuronal activity
(Bragina et al., 2008).

2.5POSTSYNAPTIC MODULATION OF GABAERGIC INHIBITION

As discussed above, synaptic efficacy is governegdstsynaptic factors, namely the
functional properties, distribution and modulatioh postsynaptic receptors. GARA

receptors are pentameric complexes assembled fosutiunits ¢1-6, 1-3,y1-3,¢, 9,

8, = and p1-3), resulting in a highly heterogeneous arrayremfeptor subtypes with

distinct physiological and pharmacological prop=t{Whiting, 1999).

2.5.1 GABAA receptor structure and subtypes

GABA, receptors are members of the pentameric Cys-lespptor superfamily of
ligand-gated ion channels, which also includes tmeo acetylcholine receptors, glycine
receptors and 5Hserotonin receptors. Members of this superfamiéy/\aary similar in

their sequence and structure. Each subunit consisaslarge extracellular N-terminus,
four a-helical transmembrane domains (TM1-TM4) with ag&arcytoplasmic loop

between TM3 and TM4, and a short extracellular i@ieus (Figure 2). N-terminus
contains the binding site for ligand and variouggd; while TM2 forms the hydrophilic
lining of the ion channel. The large cytoplasmiogdncludes multiple sites for protein-
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protein interaction and phosphorylation (Michelgl aoss, 2007; Olsen and Sieghart,
2009).

Figure 2. GABA, receptor structure (Left) Receptor subunits consist of four
transmembrane domains (TM1-4). TM2 lines the pdrthe chloride channe(Right) alp2y2 is
the most abundant subtype. GABA binding sites agvéen thea and 3 subunits, while
benzodiazepines bind between thandy subunits (D'Hulskt al., 2009)

GABA, receptor subunit families could in theory giveeri® thousands of different
receptor subtypes, but studies revealed that onlynded number of combinations
actually exist on the neuronal cell surface. Thekimy list of native GABA receptors
currently includes 26 members, but this list wilhdeubtedly expand as more
experimental data will be provided (Olsen and S@gh2008). The most abundant
GABA, receptors in the brain are composed of twadwo 3 and oney subunit, with
alpB2y2 subtype representing the largest portion, folldwey a2B3y2 and a3pB3y2
(Whiting, 2003). The less comm@nande subunits may substitute for tiesubunit, and

0 for the subunit (Sieghart et al., 1999). Thesubunits, initially identified in the retina
and referred to as GABAreceptors, are pharmacologically different fromdttional
GABA receptors, in that they are relatively insensitvdicuculline and other GABA
receptor modulators (e.g. benzodiazepines and gleaeesthetics). They are, however,
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considered as part of the GARAeceptor family, as they are closely related toBAA
receptors in terms of sequence, structure anditam@lsen and Sieghart, 2008).

The diversity of GABA, receptors at the cell surface is governed by nresires that
control the assembly and transport of defined siilmombinations. GABA receptors
are assembled in the endoplasmic reticulum, whicts as a checkpoint to ensure
efficient assembly of functional receptor compleXgstler et al., 2002). Studies on
heterologous cell lines expressing various GAB&ceptor subunits revealed that the cell
surface is limited to the combination andafy2, while most single subunits andy2,
[32y2 combinations are retained in the ER, where tmeyapidly degraded (Connolly et
al., 1996a; Gorrie et al., 1997) TB& subunit, on the other hand, can form homomeric
receptors that can access the cell surface, dilne tkey residues in its N-terminal domain
which were shown to mediate the selective assemb({yABAA receptors (Connolly et
al.,, 1996b; Taylor et al., 1999). The significance of N-termindomains for
oligomerization and GABA receptor subunit assembly was further demonstrfaied
andy2 subunits. N-terminal residues 58-67 cofsubunits were shown to mediate their
interaction with3 but noty subunits, while residues 80-100 were identifiecthaesy2
subunit-binding domain (Klausberger et al., 200a&ylor et al., 2000). Similarly, two
different regions within the N-terminal @2 were found to mediat? subunit assembly
with al andB3 subunits (Klausberger et al., 2000).

Further complexity in the number of functional GABAeceptors is provided by
alternative splicing of primary gene transcriptsie®f the most widely studied is th2
subunit, which has two splice variants differingaim eight-amino acid stretch within the
intracellular loop (Whiting et al., 1990). The longriant ¢2L) has the consensus
sequence for phosphorylation by protein kinasend, teansgenic mice knockout for the
short variant {2S) exhibit increased affinity for benzodiazepigemists (Quinlan et al.,
2000). In addition, a recent study demonstrated yR& can also act as an accessory
protein, modulating both GABAR pharmacologgnd kinetics (Boileau et al., 2010).

The heterogeneity of GABA receptors has crucial functional consequencesthas
pharmacological and physiological properties of @¥Breceptors depend on their
subunit composition. In particular, the kineticsdifferent GABA, receptors determine
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the time course of synaptic response, essentiayfwaptic integration. In the cerebellum,
fast desensitizing responses were shown to be teddiya2(32/3y2 receptors, whereas
slow desensitizing responses were generateat3B2/3y2 receptors (Devor et al., 2001).
Similarly, the age-dependent decrease in deaativadinetics of cerebellar granule cells
IPSCs and their increased sensitivity to furosemades attributed to the enhanced

expression ofi6 subunits (Tia et al., 1996).

2.5.2 GABA, receptor distribution

The expression of different GAB&receptor subtypes among brain regions and cedistyp
has been studied extensively, using various methaaging fromin situ hybridization
(Wisden et al., 1992) to immunohistochemistry (DasB31996) and immunoprecipitation
(McKernan and Whiting, 1996). These studies haweaked a highly heterogeneous
distribution of each subunit, with differentially verlapping expression profiles
throughout the brain.

al, B2, andy2 are considered the most abundant GAB&ceptor subunits in the brain
(Pirker et al., 2000)a2 subunits are largely located in forebrain and celiein, while

a3 are highly expressed in the cortex (Christie ket 2002). The expressioof

a4 subunits is relatively limited mainly to thalamiadahippocampal regions, where they
are co-expressed with eithg2 or & subunits at synaptic and extrasynaptic regions,
respectively (Sur et al.,, 199904325 subtypes are exclusively extrasynaptic. These
receptors have a high sensitivity to GABA and dedie little, making them ideal for
mediating tonic inhibition. (Brown et al., 200Rttchedlishvili and Kapur, 2006)5-
containing GABA, receptors, likewise, are localized primarily taragynaptic sites of
pyramidal neurons in the CA1 and CAS3 regions offilocampus, where they mediate
tonic inhibition (Caraiscos et al., 2004). In addit it has recently been shown tloeg-
subunits located at synaptic sites contribute te $fow phasic inhibition of CAl
pyramidal neurons (Vargas-Caballero et al., 2@EInowska et al., 2009%6 subunits
are present exclusively in cerebellar granule cé@ssser et al., 1999), where they

partner withd-subunit-containing receptors to mediate tonic catahce (Brickley et al.,
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2001;Rossi and Hamann, 1998). Of tResubunits 32 is widely expressed in the brain,
and knockout of the gene encoding for this subtesults in a 50% loss of GABA
receptors in mouse brain (Sur et al., 2001). Inhibpocampus, thBl subunit is located
in the CA1 region and in the dentate gyrus whike[38 accumulates in the CA3 area and
dentate gyrus (Christie et al., 200¥)-subunits co-assemble with other subunits to form
75-80% of GABA. receptors, and are required for normal channebwctance and
postsynaptic clustering (Essrich et al., 19€djnther et al., 1995)y2 subunits in
association withal, a2 ora3 form the predominant GABAreceptor subtype mediating
phasic inhibition d-subunits are expressed in the cerebellum and aefegebrain areas,
in association witlm4 or a6 subunits (Olsen and Sieghart, 2008) and in tivatke gyrus
(Glykys et al., 2008; Nusser and Mody, 2002). Asitimmed aboved-subunit containing
GABA, receptors located on perisynaptic and extrasynegtes contribute to tonic
inhibition (Nusser et al., 1998Vei et al., 2003).

2.5.3 GABA\ receptor pharmacology and modulation

GABA receptors possess binding sites for a varietywds including benzodiazepines
and barbiturates currently used for the treatmehtneuropsychiatric disorders.
Benzodiazepines exert anxiolytic, sedative, antiotsant and hypnotic effects by
allosterically modulating GABA receptor currents (Hattori et al., 1986).
Benzodiazepines enhance the affinity of GABReceptors for GABA and increase the
probability of channel opening (Rogers et al., )9%hile GABA binds to the interface
betweeno andf subunits, benzodiazepines bind to a pocket otheterface (Ernst et
al., 2003)y2 subunit is essential for benzodiazepine binding2denockout mice exhibit
a 94% loss of benzodiazepine-binding sites (Guntker al., 1995). However
benzodiazepines such as diazepam actadn a2, a3 and a5-containing GABA
receptors, each mediating a different effect of dhey. This subtype-specific action of
diazepam was studied on mice with a knock-in pwintation on the drug binding site of
eacha subunit gene, rendering the respective subunénsitive to diazepam (Rudolph

and Mohler, 2004). These studies have revealed diifg{2 receptors mediate the
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sedative but not anxiolytic effect of zolpidem (Mmikan et al., 200(Rudolph et al.,
1999), whereas the anxiolytic action is largely ragstl bya2 and, under conditions of
high receptor occupancy, also bg-containing GABA, receptors (Dias et al., 2005;
Low et al., 2000).

Barbiturates also potentiate the action of GABAadieg to sedative, hypnotic and
anesthetics effects. These substances increaseetae channel open duration but have
no effect on channel conductance or channel opamapility (Sieghart, 1995). At higher
concentrations (>5@M) such as those used in anesthesia, they direpiiyn GABA,
receptors in the absence of the agonist (Frankd.eafig 1994). In addition at millimolar
concentrations, pentobarbital inhibits GABAeceptor function, possibly through a low-
affinity open channel block mechanism (Rho eti96).

Alcohol at high concentrations is also known togotiate GABA, receptor function, by
increasing the probability and duration of chanragening, channel bursts and bursts
duration thus reducing the time spent in the clostatie (Tatebayashi et al., 1998).
subunit containing receptors (usually associateith wit and a6 subunits) have been
shown to be highly selective to ethanol (SundstRomemaa et al., 2002; (Wallner et al.,
2003). As d-subunits are extrasynaptic, a recent model hasrgadewith ethanol
selectively enhancing tonic, rather than phasic @Amgjic transmission (Lobo and
Harris, 2008). Although the enhancing effect of hhigoncentrations of alcohol on
GABA, receptors is well documented, the results obtaingd lower concentrations
remain controversial (Lobo and Harris, 2008).

The activity of GABA, receptors can be influenced by a number of endmgen
modulators, including kinases, neurosteroids, m®tand zinc. GABA receptors are
phosphorylated by protein kinase A (PKA) and protkinase C (PKC) at conserved
serine residues in the major intracellular loof @ndy2 subunits (Brandon et al., 2002).
Phosphorylation may affect GABAreceptor channel kinetics and desensitization rate
(Hinkle and Macdonald, 2003). The effect of phosptation largely depends on the
subunit composition, as demonstrated by the diffitete modulation off subunits by
PKA. While 33 phosphorylation enhances GABA-activated respdsis@hosphorylation
reduces it. Th@2 subunit is not affected by PKA (McDonald et 4P98). Moreover, the

functional effect of phosphorylation on GABAergiamsmission is region-specific. For
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example, in hippocampal pyramidal cells, intradaliwelivery of PKA, but not of PKC,
reduces the amplitude of mIPSCs, whereas in degtates granule cells PKC but not
PKA enhances the peak amplitude of mIPSCs (Poisbeal, 1999). On the other hand,
y2-subunit phosphorylation has been shown to playl@in synaptic plasticity at CA1
inhibitory synapses. Calcineurin, which is &@zlmodulin-dependent phosphatase, can
be recruited to form a complex with the basally ggtwrylatedy?2 subunit. Selective
dephosphorylation of2 following calcineurin binding is necessary anéfisient for the
induction of long term depression at individual C#&yhapses (Wang et al., 2003).

The transition metal ion ZA contained in mossy fiber terminals (from whictedin be
released along with glutamate upon nerve stimuigtiohibits GABAa receptors (Smart
et al., 1994). The inhibition of miniature IPSCs kinc occursvia an allosteric
modulation of receptor gating, including bindinggsdnsitization and conformational
change (Barberis et al., 2000). GABAeceptors composed of and 3 subunits have
much higher sensitivity for zinc as comparedafy subtypes (Hosie et al., 2003).
of receptors were identified on the extrasynapticssitd hippocampal pyramidal
neurons, where they contribute to tonic inhibititnhas been therefore proposed that
zinc mainly modulates tonic inhibition througksubunit lacking extrasynaptic receptors
(Mortensen and Smart, 2006). Evidence in favor afcdulatory role of endogenously
released zinc on GABAmediated IPSCs was providbg Ruizet al, who demonstrated
that chelating zinc with either calcium-saturate®TA or N,N,N',N'-tetrakis (2-
pyridylmethyl)ethylenediamine enhances the ampétallPSCs evoked by granule cells
but not stratum radiatum stimulation (Ruiz et 2004).

Activation of GABAa receptors leads to an efflux of HgOcausing changes in the pH
level near the channel pore (Kaila, 1994). Hydrogems were shown to affect the
amplitude and time course of mIPSCs in hippocamparons by modulating the gating
properties of the channel. Increasing pH led terang enhancement of desensitization
and binding rates (Mozrzymas et al., 2003a). Mditueof GABAA receptors by protons
is highly subtype-specific; while protons increasH31 andalf316-mediated currents,
they decreasalp1y2Sd, and have no effect anlf31y2Sd>-mediated currents (Krishek et
al., 1996).
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Endogenously synthesized steroids, such as213lihydroxy-®-pregnan-20-one
(THDOC), are positive allosteric modulators of GABAeceptors. They potentiate
inhibitory postsynaptic currents by slowing dowreithdeactivation process (Zhu and
Vicini, 1997). d-subunit containing GABA receptors exhibit enhanced sensitivity to
neurosteroids (Wohlfarth et al., 2002). Studiedaubunit knockout mice revealed that,
at physiologically relevant concentrations, thelyksite of action of THDOC was on the
tonic conductance mediated By subunit-containing GABA receptors (Stell et al.,
2003). Moreover, the anxiolytic and anesthetic @feof THDOC were blunted in these
mice (Mihalek et al., 1999). Changes in neurostert@vels may contribute to
neurological disorders, such as epilepsy. They Hasen implicated in a variety of
psychological conditions, including panic attacksiajor depression, postpartum
depression, premenstrual tension, and schizoph(eeia et al., 2007).

2.5.4 GABA receptor kinetics

The time course of synaptic currents is shapedvoymajor factors: the synaptic agonist
transient and the gating properties of postsynaptieptors. As discussed above, the time
course of GABA transient is extremely short (~ 130, which implies that postsynaptic
GABA, receptors are activated in non-equilibrium cowodisl. Studies on the gating
properties of GABA receptors should therefore be carried out underditions
mimicking the synaptic agonist transient. Such terapresolution can be achieved by
applying the agonist directly to the cell using @trafast perfusion system, which can
exchange solutions within 80-25@s (Jonas, 1995). Combined with gating model
simulations, current responses to ultrafast agapgiications can describe the precise
gating properties of GABAreceptors.

Several models have been proposed to describeativggroperties of ligand-gated ion
channels. The basic scheme proposed by Del CaatitioKatz (1957) for acetylcholine
receptors involves binding of the ligand to theergor, which leads to a conformational
transition from bound-closed to bound-open statesl (Castillo and Katz, 1957).
GABA receptor gating is more complex as it involvesugedjal binding of two GABA

molecules to the receptor, therefore both singhg doubly-bound conformational states
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should be taken into account (Bormann and ClaphE885). The kinetic model that
presents a good compromise between simplicity arfficency to describe GABA-
receptor mediated macroscopic currents is the @opoped by Jones and Westbrook
(1995):

AD A,D
r'y A
d| [r, d,[ | r,
2k0n R v kon v
R 7= AR —— AR
kOff A 2k0ff A
a| B Q| |5
v v
AR* AR

Figure 3. Kinetic model proposed by Jones and Westbrook (1995) The receptor (R)
can bind two molecules of agonist (A), reachingdbably bound closed statA{R). From this
state, the receptor can open or desensitizB{Ar AzD, respectively). The singly bound
open and desensitized states are also presentdARAD, respectively).

According to this model, the unbound receptor (&) bind one or two agonist molecules
(A) to reach a singly-bound (AR) or doubly-bound,R) closed state. After agonist
binding, the receptor can open (AR andRA) or desensitize (AD and D).
Desensitization is characterized by a ligand-bounmh-conductive state that has a high
probability of reopening before the agonist carsalisate. The deactivation kinetics are
therefore strongly influenced by desensitizatian tfee channel oscillates between open
and long desensitized states before unbinding,opgihg the duration of deactivation
(Jones and Westbrook, 1995).

All conformational states are functionally coupléml each other; hence the current
responses are influenced by all the rate constdigrzymas et al.,, 2003b). However,
certain experimental protocols can be used to cisssch rate constant, as demonstrated
by several studies (Barberis et al., 2000; Mozrz/matal., 1999; Petrini et al., 2003).
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For instance, the agonist binding rate is propodicto GABA concentrationkf, X
[GABA]), so at low [GABA] the binding step becomewuch slower than the
conformational change that leads to channel opedihgrefore at low concentrations of
GABA (<100 uM), the current onset would be largely governed Kgy while at
saturating GABA concentrations, conformational denvould be rate limiting. Using
this scheme, it was demonstrated that?Zslows down the onset kinetics of GABA-
induced currents by decreasing béth and 32 rate constants (Barberis et al., 2000).
Moreover, increasing the pH was shown to enhanee bimding rate of GABA
receptors, which was evident by the pH-dependasrease in amplitude at low GABA
concentrations (Mozrzymas et al., 2003a).

The kinetics of the desensitization process areigdited by long applications of
saturating GABA concentrations, which reveal a bgb process with two time
constantsTist andtson. HOwever, synaptic currents and currents evoked bgief pulse
of agonist are likely affected by the fast compdnalone. Besides its impact on
deactivation, rapid desensitization (which occursaimillisecond timescale) may also
affect current amplitude and onset, as the recgpfoeferentially enter into the
desensitized state (Mozrzymas et al., 2003b). éstergly, low concentration of GABA
would ‘trap’” GABAx receptors in a partially bound, slowly absorbimgehsitized state,
thus reducing the number of receptors availablestdrsequent opening in response to
synaptic GABA release (Mozrzymas et al., 2003b)sdthenomenon would be relevant
for tonic inhibition by ambient GABA, and represerd potent mechanism for IPSC

modulation.

2.5.5 GABA, receptor trafficking

GABAergic neurotransmission depends on the cotoaalization of GABA, receptors
at synaptic and extrasynaptic sites. The traffigkih GABAa receptors to and from the
neuronal membrane is highly dynamic, and invole&gal steps including the assembly
in the endoplasmic reticulum, transport and ineartat the membrane, endocytic
internalization and sorting, postsynaptic clusigras well as lateral diffusion within the

plasma membrane (Arancibia-Carcamo and Kittler 92®&eussel and Loebrich, 2007;
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Triller and Choquet, 2005) (Figure 4). The inteypleetween these processes determines
the number of receptors available for ligand bigdiand is modulated by numerous
GABA receptor-associated proteins (LUscher and K&ll@d4).

Newly synthesized GABA receptor subunits are assembled in the endoplasmic
reticulum, in association with chaperone protemsnunoglobulin heavy chain binding
protein (BiP) and calnexin (Connolly et al., 1996ahaperone proteins retain misfolded
and unassembled receptors in the endoplasmic lkgticiuhus regulating which receptor
subtypes are to be transported to the plasma maembFarther control is provided by the
ubiquitin-proteasome system in the endoplasmicuktm, which targets unassembled
subunits (Saliba et al., 2008). Ubiquitin-like miot Plic-1 was shown to directly interact
with the intracellular loop of allh and B subunits and promote GABAreceptor
accumulation at the cell surface (Bedford et &Q1). Further studies revealed that Plic-
1 increases the stability of ubiquitinated GABReceptors in the endoplasmic reticulum,
resulting in an increase in the number of receptbet are available for membrane
insertion (Saliba et al., 2008). Interestingly, resing neuronal activity was shown to
reduce GABA, receptor ubiquitination and enhance receptor l#alon the plasma
membrane, supporting a regulatory role for ubigation on synaptic efficacy and
plasticity (Saliba et al., 2007).

The vesicular trafficking of GABA receptors from the endoplasmic reticulum to the
trans-Golgi network and plasma membrane involves severateins including BIG2
(brefeldin A-inhibited GDP/GTP exchange factor &pich binds the intracellular loops
of all B subunits of GABA receptors (Charych et al., 2004). Electron micppgcstudies
have revealed that BIG2 is localized within thens-Golgi network as well as on vesicle-
like structures in the dendritic cytoplasm, somesngolocalizing with GABAreceptors,
suggesting a role in the exocytosis of assembleepters to the cell surface (Charych et
al., 2004).

Another protein implicated in the surface transpdrGABAA receptors is GABARAP
(GABAA receptor associated protein), which was showmteract with the/2-subunits

of GABAA receptors (Wang et al., 1999). Its role in inthater GABAA receptor
transport was suggested on the basis of its interawith the cytoskeleton, and witk:

ethylmaleimide-sensitive factor (NSF), a proteintical for intracellular membrane
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trafficking events (Kittler et al., 2001). GABARAWKas found on Golgi membranes and
intracellular vesicles, as well as in the perinacleytoplasm and proximal dendrites
colocalizing withy2-subunit containing GABAreceptors (Kittler et al., 2001; Leil et al.,
2004). However, even though overexpression of GABRRwith GABAa receptors
increases the number of receptors on the membtafees (Chen et al., 2005; Leil et al.,
2004), the lack of GABARAP expression at synapsggests that its main role is in the
intracellular transport of GABA receptors rather than postsynaptic receptor amapor
(Kneussel et al., 2000). Furthermore, GABARAP-krmgkmice exhibited no changes in
the expression and distribution of tly2-subunit, indicating that GABARAP is not
critically important for GABA\ receptor trafficking (O'Sullivan et al., 2005). rtay,
however, play a role in the regulated delivery oAB& 5 receptors to the neuronal
surface, as it was shown to be a central playénardelivery of GABA receptors to the
membrane following long term depression induced NWIDA receptor activation
(Marsden et al., 2007).

Post-translational attachment of the fatty acidnpi@te (palmitoylation) to cysteine
residues on they2-subunits also affects the membrane targeting @chcellular
trafficking of GABAa receptors, although the exact mechanism remaikisawn (Fang
et al., 2006; Keller et al., 2004; Rathenberg gt28104). Palmitoylation of th@ subunit

is mediated by a Golgi-specific DHHC zinc fingerng@in protein (GODZ), which
interacts directly with the intracellular domaintbey2 subunits. This interaction seems
necessary for the transport and accumulation of &ABeceptors at synapses, as well as
the normal function of GABAergic synapses (Fanglgt2006).

GABA receptors on the membrane surface undergo cladependent endocytosis, a
process shown to be mediated by the direct bindirtge clathrin-adaptor protein (AP2)
to the3 andy2 subunits of GABA receptors (Herring et al., 2003; Kittler et al00D;
Kittler et al., 2008). Blocking this interactioncireased the number of surface receptors
and the amplitude of miniature IPSCs, underlinihg tmportance of AP2-dependent

endocytosis for regulating synaptic strength (rteét al., 2000; Kittler et al., 2005).
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Figure 4. GABA, receptor trafficking. GABA, receptors are assembled in the
endoplasmic reticulum (ER). Unassembled receptbusits are subject to unibquitination and
proteasomal degradation. Correctly assembled GABA&eptors interact with several proteins in
the Golgi which facilitate their transport to thellcsurface. Once inserted in the plasma
membrane, GABA receptor can laterally diffuse in and out of sytiapites. Gephyrin scaffold
stabilizes the receptors at synapses. GABZeptors on the membrane surface undergo clathrin
dependent endocytosis. Once endocytosed, GARBeptors are either recycled back to the cell
membrane or targeted for lysosomal degradatiorar{éibia-Carcamo & Kittler, 2009)
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Moreover, the AP2-binding sites on th@ and y2 subunits are regulated by
phosphorylation, which reduces binding to AP2 amututates cell-surface stability of
GABA receptors (Kittler et al., 2005; Kittler et alQ@B). Once endocytosed, GARA
receptors are either recycled back to the cell nman# or targeted for lysosomal
degradation. Huntingtin-associated protein 1 (HAR&$ shown to play a pivotal role in
the fate of endocytosed receptors, as it bindsh&tsubunit and inhibits GABA
receptor degradation, enhancing receptor recydbnthe plasma membrane (Kittler et
al., 2004). Recently it was demonstrated that HABt% as an adaptor that links GABA
receptors to the kinesin family (KIF) microtubuleotors, mediating the transport of
receptors to synapses (Twelvetrees et al., 201 .dIsruption of HAP1-KIF5 complex
may lead to altered synaptic inhibition and disrthg excitatory/inhibitory balance in
Huntington’s disease.

In addition to intracellular vesicular traffickinghe number of GABA receptors at
synapses is further modulated by lateral diffusb@tween synaptic and extrasynaptic
sites (Renner et al., 2008; Triller and Choquet)530 This phenomenon was largely
revealed by single particle tracking experimentsing small fluorophores, latex beads
and photostable quantum dots, which allowed vigadbn of individual receptor
molecules in real time. Accordingly, a dynamic viefaithe postsynaptic organization has
emerged, where receptors continuously move on ¢oeonal plasma membrane and are
transiently stabilized at synaptic sites by intéoacs with scaffold proteins and
cytoskeleton (Renner et al., 2008; Triller and Gleig2008). At GABAergic synapses,
lateral mobility of GABA,\ receptors was studied using both electrophysio&gand
fluorescence imaging techniques (Jacob et al., ;2088 et al., 2008; Thomas et al.,
2005). Following an irreversible block of synapGABAA receptors, the amplitude of
miniature IPSCs recovered rapidly within 10 minutas effect associated with the
diffusion of unblocked extrasynaptic receptors itk synaptic membrane domain
(Thomas et al., 2005). Using fluorescent bungatatobkabeling, it was further
demonstrated that GABAreceptors were largely inserted at extrasynaptes,safter
which they could directly access the synaptic s{i@sgdanov et al., 2006). A recent
study usingy2-subunits directly labeled with quantum dots réseathat the lateral

diffusion of GABAA receptors on the membrane can be modulated bymaluactivity,
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providing a rapid modification in receptor numbatssynapses (Bannai et al., 2009).
Excitatory activity reduced the dwell time of GARAeceptors at synapses and increased
their synaptic and extrasynaptic diffusion coeéfidis, which was paralleled by a
translocation of GABA receptors to the extrasynaptic membrane, resulimga
reduction in the amplitude of miniature IPSCs.

The confinement of GABA receptors at synapses depends on the rather alavedere

of postsynaptic sites which act as a brake to slown their diffusion rate. Fluorescent
recovery after photobleaching (FRAP) imaging of G&f§ged GABA, receptors
revealed that synaptic receptors have a threeldol@r rate of mobility as compared to
their extrasynaptic counterparts (Jacob et al. 5200his effect was due to the scaffold
protein gephyrin, which is the main component ofcglergic and GABAergic
postsynaptic organization (Fritschy et al., 2008elssel and Betz, 2000). Interestingly,
the gephyrin scaffold itself is dynamically regeldtby synaptic activity, emphasizing the
role of receptor-scaffold interactions in providiagapid control of receptor number at
synapses (Hanus et al., 2006; Maas et al., 200 .pfoperties of the gephyrin scaffold
and its role in the clustering of GABAeceptors are presented in the following sections.

3. POSTSYNAPTIC ORGANIZATION OF GABAERGIC SYNAPSES

Despite the constant turnover of postsynaptic piefean efficient and reliable synaptic
transmission requires receptors to be accumulatedigely in front of presynaptic
release sites. A mechanism is therefore neededdiooa receptors at postsynaptic sites
and maintain the stability of synapses. This isvjgled by scaffold proteins that mediate
the clustering of receptors and link them to thtosleleton as well as to other proteins
that can modulate receptor function and intracatlalgnaling cascades.

The major component of the inhibitory postsynaptiganization is gephyrin, which was
initially identified as a 93-kDa protein co-purifievith glycine receptors (Pfeiffer et al.,
1982). It was later shown to be enriched at botftigergic and GABAergic synapses
(Triller et al., 1987). Numerous studies in thd agenty years have revealed gephyrin to
be an essential part of inhibitory postsynapticaorgation, in line with its ubiquitous
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expression in the mammalian central nervous sygkeérach and Betz, 1993; Prior et al.,
1992; Waldvogel et al., 2003).

Gephyrin binds with high affinity to thB-subunit of glycine receptors, and is essential
for glycine receptor clustering in various neurotissues including the spinal cord, the
hippocampus and the retina (Feng et al., 1998;hErset al., 2000; Lévi et al., 2004;
Meyer et al., 1995). Gephyrin was shown to act amrgo adaptor for long distance
microtubule-based transport of glycine receptorartd from distal neurites (Maas et al.,
2006; Maas et al., 2009), and to stabilize glyecemeptors at synaptic sites once they are
inserted in the neuronal membrane by confiningrttader movements (Ehrensperger et
al., 2007; Meier et al., 2001). The function of bgn on GABAergic synapses is more
complicated due to the heterogeneity of GABFeceptor subtypes and the subunit-
specific clustering of GABA receptors by gephyrin-independent mechanisms (§8&u
et al., 2001; Lévi et al., 2004). Nevertheless,hyeip does play a major role in GABA
receptor clustering as revealed by the drastic immmnt of synaptic GABA receptor
clustering in the absence of gephyrin (Essrich lgt 1898; Kneussel et al., 1999a;
Marchionni et al., 2009; Yu et al., 2007).

In addition to its role in the synaptic organizatiggephyrin is also involved in the
biosynthesis of the molybdenum cofactor (Moco)jghly conserved molecule required
for the activity of molybdenum enzymes that areemsal for the survival of all
organisms from bacteria to eukaryotes (Stallmeyel.e 1999). Targeted disruption of
the gephyrin gene in mice leads to a lethal phgmeoshortly after birth, and neonates
display deficits in Moco biosynthesis, as well agaired glycine and GABAreceptor
clustering (Feng et al., 1998; Kneussel et al. 9899

3.1 GEPHYRIN STRUCTURE AND CLUSTER FORMATION

Gephyrin is made up of a G- and an E-domain, whrehhomologous to bacterial MogA
and MoeA proteins that are involved in Moco bioswsis, linked by a central domain
which contains binding sites for several gephynteiactors (Fritschy et al., 2008). The
crystal structures of both G- and E-domains havenbebtained, revealing valuable

information about gephyrin clustering and bindinggtycine receptors (Kim et al., 2006;
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Sola et al., 2001; Sola et al., 2004). The N-teah@®-domain was shown to form trimers
whereas the C-terminal E-domain can form dimeradiley to a hexagonal lattice

formation onto which receptors can be anchoredgéhy et al., 2008; Kneussel and
Betz, 2000) (Figure 5). Impairing the oligomeripatiof G- and E-domains disrupts

hexamer formation and abolishes gephyrin clusteehgynaptic sites (Saiyed et al.,
2007). Moreover, insertion of a splice cassette @& the G-domain was shown to

interfere with gephyrin trimerization, leading taepletion of both gephyrin and glycine

receptor clusters from postsynaptic sites in hippggal neurons (Bedet et al., 2006).
However, gephyrin aggregation and postsynaptictetugy might represent different

mechanisms, as a chimeric gephyrin containing twdoiains was shown to form

intracellular aggregates but the aggregates weedyriound at postsynaptic sites (Lardi-
Studler et al.,, 2007). Thus, gephyrin targeting Sgnapses might involve post-

translational modifications or interaction with theceptors themselves, as shown for
GABA receptors, where targeted deletion of yBesubunit leads to the disruption of
gephyrin clusters (Essrich et al., 1998; Li et2005a).
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Figure 5. Gephyrin domain structure and aggregation. (Top) Gephyrin is made up of
a G- and an E-domain, linked by a central C-domahe binding sites for Pinl, DLC1/2 and
collybistin are depicted by arrow@ottom) E- and G-domains are able to dimerize and triregriz
respectively, which would lead to a hexagonal dattformation underneath the postsynaptic
membrane. Glycine receptors (in black) would behared to the gephyrin scaffold through the
binding of thef3 subunit with the E-domain of gephyrin. (Dumoudtral., 2010)
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The E-domain contains the high-affinity bindingesior the large cytoplasmic loop
connecting transmembrane segments 3 and 4 of yleenglrecepto-subunit (Kim et
al., 2006; Schrader et al., 2004; Sola et al., 2004e direct binding of gephyrin to
GABA receptor subunits remained elusive until Tretteal. (2008) provided evidence
for in vitro binding of gephyrin to the intracellular domaintbe a2 subunit (Tretter et
al., 2008). A very recent report confirmed thisutesand further identified a nineteen
amino acid stretch at the start of the gephyrinoBdin as th&2 binding site (Saiepour
et al., 2010). Interestingly, this site was distifrom the glycine receptor binding site,
allowing simultaneous binding of gephyrin to botkicine and GABA\ receptors which
might explain the colocalization of glycine and GARB receptors at GABAergic
synapses (Lévi et al., 2004). Direct binding of lggmm to GABAa receptor subunits
other thama2 has not been demonstrated yet, which points tbaarindirect interaction

via bridging molecules.

3.2 GEPHYRIN-ASSOCIATED PROTEINS

Several gephyrin-interacting proteins have beentified to date, linking gephyrin to the
cytoskeleton, motor protein complexes, signal waeton mechanisms and
phosphorylation-dependent processes (Arancibiagd@wcand Kittler, 2009; Fritschy et
al., 2008).

When ectopically expressed in human embryonic kidoells (HEK 293), gephyrin
forms large intracellular aggregates that trap igkcreceptorf-subunits and other
gephyrin-interacting partners (Kneussel et al.,919Zita et al., 2007). The translocation
of these aggregates to submembrane regions wasvellsepon co-expression of
collybistin 1l, a brain-specific GDP/GTP exchangectbr that activates the Rho-like
GTPase Cdc42 (Kins et al., 2000). Collybistin exigt three isoforms (CB I-lll),
differing in their C-termini and by the presenceanf N-terminalsrc homology3 (SH3)
domain, which negatively regulates gephyrin targgeto the plasma membrane (Harvey
et al., 2004). Recent studies revealed that theaicin of collybistin isoforms harboring
the SH3 domain is mediated by the interaction dfybistin with the cell adhesion

protein neuroligin 2 and th@2 subunit of GABA receptors, although other interactors
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likely exist (Poulopoulos et al., 2009; Saiepourakt 2010). Both neuroligin 2 a2
could form a tripartite complex with gephyrin andllgbistin, tethering collybistin-
gephyrin to the plasma membrane and acting as leation point for the postsynaptic
scaffold. The structural and functional consequsrfeSH3 domain activation remain to
be elucidated. Nevertheless, gene ablation studiesaled the importance of collybistin
for the formation and maintenance of gephyrin a@dsubunit containing GABA
receptor clusters at synapses in the hippocamplis@ygdala regions (Papadopoulos et
al., 2007; Papadopoulos et al., 2008). Furthernumiéybistin deficiency led to increased
anxiety and impaired spatial learning in mutant eniwith significant changes in the
hippocampal GABAergic inhibition, network excitabjl and synaptic plasticityn vivo
(Jedlicka et al., 2009; Papadopoulos et al., 200i&gréstingly, in some brain regions of
the collybistin knockout mice (e.g. the cerebelluth impairment in gephyrin clustering
was not reflected by a reduction in GABAeceptor clusters, pointing towards region-
specific and gephyrin-independent mechanisms foB&Areceptor clustering (Kneussel
et al., 2001; Papadopoulos et al., 2007).

Gephyrin provides a direct link with the cytoskeletvia its binding to polymerized
tubulin (Kirsch et al., 1991). Further evidence ftoe role of gephyrin in microtubule-
based transport was provided by its interactiomwitnein and kinesin motor complexes
(Fuhrmann et al., 2002; Maas et al., 2006; Maas. e2009). Gephyrin was shown to act
as an adaptor protein between glycine receptoyiogrivesicles and microtubule motor
complexes (namely the dynein light chain and kiméamily 5), mediating the transport
of gephyrin-glycine receptor complexes to and fgmapses (Maas et al., 2006; Maas et
al., 2009). A similar role for gephyrin in the iatellular transport of GABAreceptors
has not been established yet. In addition to gs@ation with the microtubules, gephyrin
also interacts with several proteins of the actitoskeleton. Yeast two-hybrid screening
revealed two gephyrin-interacting proteins thatutate actin polymerization, namely
profilins 1 and 2 (Mammoto et al., 1998). Gephywias shown to form a complex with
profilins and microfilament adaptors of the mammalienabledMena)/vasodilator
stimulated phosphoprotein (VASP) family, which assential for submembranous actin
filament generation and organization (Giesemanal.et2003). The functional role of
gephyrin-microfilament interactions is still notear, although disruption of the actin
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cytoskeleton resulted in a loss of small gephyrusters from immature neurons,
suggesting an early role of the actin cytoskeletogephyrin scaffold formation (Bausen
et al., 2006).

Other proteins identified as gephyrin-interactingrtpers include the rapamycin and
FKBP12 target 1 (RAFT1), the peptidyl-prolyl isorase NIMA interacting protein 1
(Pinl), and the glutamate receptor interactingepnol (GRIP1) (Sabatini et al., 1999; Yu
et al., 2008a; Zita et al., 2007). RAFT1 mediatée tn vivo effects of the
immunosuppressant rapamycin and acts as an impadguolator of messenger RNA
translation (Sabatini et al., 1999). Through itdeiaction with RAFT1 and the
concomitant signal transduction pathway, gephynghtnmediate translational control at
synaptic sites. On the other hand, Pinl was showrbihd to the C-domain of
phosphorylated gephyrin and trigger conformatiactednges in the gephyrin molecule,
enhancing its binding to th&subunit of glycine receptors (Zita et al., 200Me precise
role of GRIP1 in GABAergic transmission remains leac, despite its direct interaction
with gephyrin and GABARAP. GRIP1 was observed atBaAargic synapses in
association with gephyrin and GARAeceptors (Li et al.,, 2005b; Yu et al., 2008b).
Although GRIP1 knockout mice did not exhibit anyanges in the number of GABA
receptors on the cell surface (Hoogenraad et @5, the regulated delivery of GABA
receptors to synapses following long term depressimmluced by NMDA receptor
activation was mediated by GRIP1 and its bindingrga GABARAP (Marsden et al.,
2007).

3.3 GABAA RECEPTOR CLUSTERING

GABA receptors form clusters at both synaptic and syiraptic sites. These clusters
are important for the proper functioning of the &yses. As discussed above, while
gephyrin is pivotal for glycine receptor clusterjriig role in GABA, receptor clustering

remains elusive (Lévi et al., 2004). Studies framtuwred hippocampal neurons obtained
from gephyrin knockout mice reported either a catel(Kneussel et al., 1999a) or a
reduced loss (Lévi et al., 2004) @2 andy2-subunits clusters. Similarly, knocking down

gephyrin with RNA interference reduced (but did radtolish) synaption2 and y2
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subunits clusters (Essrich et al., 1998; Jacol.,e2@05; Yu et al., 2007). These findings
suggest that gephyrin is not essential for thaainilustering of GABA receptors at
synapses, but rather plays a role in the stabibimahnd maintenance of GABAergic
synapses. It is worth noting thatl anda5 subunits clusters were not affected in the
hippocampus and spinal cord of gephyrin knockoirmats (Kneussel et al., 2001; Lévi
et al., 2004), indicating that gephyrin-independeesthanisms may also exist.
Interestingly, synaptic localization of gephyrinpaars to depend on GABAreceptor
clustering as demonstrated by a reduction in gepliyrmunoreactivity in the absence of
y2 subunits (Alldred et al., 2005; Li et al., 200Szxhweizer et al., 2003). Likewise, the
targeted deletion ofil or a3 subunits led to a disruption in the synaptic ¢tirgy of
gephyrin, which formed large cytosolic aggregatestdad (Kralic et al., 2006; Studer et
al., 2006).

As discussed in previous chapters, some GABAceptor subunits localize mainly
extrasynaptically, such as tlhel anda5-subunits. These subunits were shown to form
clusters devoid of gephyrin (Kralic et al., 200&n8anski et al., 2006), even though
gephyrin immunoreactivity was identified at bothnaptic and extrasynaptic sites
(Danglot et al., 2003). The gephyrin-independenthmaism fora5-subunit clustering
was identified as the actin-binding protein radifdioebrich et al., 2006). Radixin binds
to the intracellular domain of the5-subunit and directly linksa5 to the actin
cytoskeleton. The alternative mechanisms of gephydependent GABA receptor
anchoring remain to be elucidated.

Apart from accumulating receptors in appositiorptesynaptic release sites, clustering
can also modulate the functional properties of paars, especially the desensitization
kinetics that play an important role in shaping aptic currents (Mozrzymas et al.,
2003b). When glycine receptor clustering was induleg co-expression of gephyrin in
heterologous expression systems, the receptordlyagitered into the desensitized state
upon short agonist applications (Legendre et aDQ22 This acceleration in the
desensitization kinetics, as compared to diffusaistributed glycine receptors, was
proposed to rely on changes in the conformatiothefintracellular loop of the glycine
receptor subunits. On the other hand, declustesizatf GABAA receptors by disrupting

the microtubule cytoskeleton resulted in fastee risne and desensitization kinetics,
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which was shown to affect both phasic and tonic @aR)jic transmission (Petrini et al.,
2003; Petrini et al., 2004). As receptors rapidtghange between diffuse and confined
states under basal conditions and during neuroctalitg (Bannai et al., 2009), such
modifications in receptor kinetics due to theirdeof confinement could provide a rapid

mechanism for dynamic regulation of synaptic sttieng

34 CELL ADHESION MOLECULESAT GABAERGIC SYNAPSES

Synapses are specialized intercellular junctiongchviensure communication between
neurons. According to a classical view, synapaiasmission is unidirectional: the arrival
of the action potential in a presynaptic nerve teaihcauses neurotransmitter molecules
to be released and to bind to receptors localizepgastsynaptic sites, leading to channel
opening. However, to be highly efficient, synaptiansmission needs the coordinated
activity of pre and postsynaptic elements. In gatér, the postsynaptic cell should exert
a backward control on presynaptic signaling. Thesyraccurvia retrograde messengers
or specialized adhesion molecules such as neurexidsneuroligins which provide a
direct link between the pre and the postsynaptesdiy bridging the synaptic cleft (Lisé
and El-Husseini, 2006). Several lines of evidenappsrt the idea that the binding
between neuroligins and neurexins represents rgtaostructural but also a functional
link between pre- and post synaptic elements.

Presynaptic neurexins were first identified as jpgmes for the black-widow spider venom
a-latrotoxin, which induces a massive release ofroteansmitters (Ushkaryov et al.,
1992). Neurexins are transmembrane proteins encdmedhree vertebrate genes
(NRXN1-3) with two independent promoters that lead to eitbe or (B-neurexins
(Tabuchi and Sudhof, 2002). Alternative splicingtia¢ N-terminal extracellular site
modulates neurexin binding to different neuroliggaforms and synaptogenic activity. In
particular, the splice site 4 (S4) was shown tecfB-neurexin binding to neuroliginl
(Boucard et al., 2005; Chih et al., 2006; Graf let 2006). Hippocampal neurons co-
cultured with COS cells expressing different neuragoforms revealed thf-neurexin
containing the S4 insert and-neurexin could promote GABAergic postsynaptic

specialization (Chih et al., 2006; Kang et al., @00nterestingly, deletion ai-neurexins
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led to a severe reduction in neurotransmitter sgedue to the impairment of N- and
P/Q-type C&' channels (Missler et al., 2003; Zhang et al., 200Be precise mechanism
of neurexin-C& channel regulation is unclear, but likely involvéiee extracellular
domain of a-neurexins (Zhang et al., 2005). Interestingly, ieea interaction of
postsynaptic neurexins wittil-subunit of GABA receptors was recently discovered
(Zhang et al., 2010). Overexpression of neurexmsultured hippocampal neurons
resulted in an impairment of GABAergic transmissiand synapse maturation by a
neuroligin-independent mechanism, suggesting a rdorerse function for neurexins
than previously envisioned (Zhang et al., 2010).

Neuroligins, on the other hand, are found at posigiic sites and contain a large
extracellular domain homologous to acetylcholineste which mediates binding to
neurexins and allows neuroligins to homo-multimer{Sidhof, 2008). There are four
neuroligin genes in mammalbll{(GN1-4), while humans also expreB&GN5 on the Y
chromosome. Neuroligins are also subject to alteraplicing at two splice sites in the
extracellular domain (named A and B), splice sitedhg specific for neuroligin 1 (Craig
and Kang, 2007). Although some studies reported tiwe presence of splice site B
(which is the dominant isoform in rat brain) restsineuroligin 1 binding t@-neurexins
lacking S4 (Boucard et al., 2005; Chih et al., 200@uroligin 1 containing the insert at
splice site B was also shown to bideheurexin 1 containing S4 (Reissner et al., 2008).
The role of alternative splicing in regulating n&ligin/neurexin interactions was further
challenged in a recent study in which the bindirffjndies of all combinations of
alternatively spliced3-neurexins and neuroligins 1-3 were measured (Kkehet al.,
2010). All neuroligins containing or lacking insétor B could bind to alB-neurexin
isoforms regardless of the S4 insertion. Furtheanthre crystal structure @fneurexin 1
with or without the S4 insert were very similarthalugh conformational dynamics could
contribute td3-neurexin specificity (Wei and Zhang, 2010).

Nevertheless, the importance of the neuroligin/esiar complex for the formation or
maintenance of synaptic connections was revealedobsulture experiments in which
neuroligins expressed in non-neuronal cells couldluce neurons to form functional
release sites onto these cells (Scheiffele eR@DP). Similarly, neurexin expression in

non-neuronal cells could cluster glutamatergic @#&BAergic postsynaptic proteins on

37



the dendritic surface of co-cultured neurons (@tadl., 2004; Nam and Chen, 2005). The
synaptogenic activity of neuroligins and neurexiras mediated by their ability to cluster
each other on the contacting neurons. Interestinglguroligin 1 was localized
preferentially at glutamatergic synapses, whilerokgin 2 at GABAergic synapses.
Neuroligin 3 was observed at both GABAergic andajhatergic synapses (Budreck and
Scheiffele, 2007; Graf et al., 2004; Song et @99, Varoqueaux et al., 2004). This has
led to the hypothesis that different neuroliginfisms could mediate synaptic specificity
(Figure 6). Indeed, HEK293 cells co-expressing okgin 1 and glutamate receptors or
neuroligin 2 and GABA receptors formed functional synapses with co-cetttneurons,
while co-expression of neuroligin 1 and GABAreceptors did not produce any
spontaneous IPSCs (Dong et al., 2007; Fu et &03)20

Glutamate GABA

Postsynaptic
membrane

Figure 6. Neuroligin/neurexin complex in synapse organization. Postsynaptic
neuroligins interact with presynaptic neurexinsstabilize synapses. Neuroligin 1 is localized
preferentially at glutamatergic synapses, while rakkgin 2 is at GABAergic synapses.
Neuroligin 3 is observed at both GABAergic and giaatergic synapses. Neuroligins interact
with postsynaptic scaffold proteins PSD-95 and géphat glutamatergic and GABAergic
synapses, respectively, which in turn mediate recegpustering.
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Overexpression and RNA interference studies redealemore specific function for
neuroligins in synaptic functiomn vitro, which consisted of regulating the balance
between excitatory and inhibitory synapses (Chilalgt2005; Chubykin et al., 2007).
Even though overexpression of neuroligin 1-3 irtumald hippocampal neurons increased
both excitatory and inhibitory terminals, neuratid had a much more pronounced effect
on GABAergic terminals with respect to glutamatergines (Chih et al., 2005).
Furthermore, knockdown of all three neuroligin mofis with RNA interference
selectively reduced miniature IPSCs with a mildeeff on excitatory transmission,
leading to an overall increase in the excitatoryntabitory (E/l) balance (Chih et al.,
2005). The E/I ratio is important for the overadllicexcitability, and alterations of this
parameter may underlie several pathological comabtiincluding epilepsy and autism
spectrum disorders (Fritschy, 2008; RubensteinNezenich, 2003).

In vivo studies on mice knockout for neuroligin gen®_ GNs 1-3) revealed no
abnormalities in synaptogenesis and synaptic maoglyp but the animals died shortly
after birth because of respiratory failure (Varcgueet al., 2006). In triple KO mice, the
brainstem respiratory network was severely impanlad to an increase in excitatory
versus inhibitory synaptic activity. Likewise, diéts of either neuroligin 1 or neuroligin
2 had no effect on the density of synapses in ifygdeampus, but mice exhibited deficits
in synaptic function, suggesting that neuroligime dispensable for the initial synapse
formationin vivo (Blundell et al., 2009; Blundell et al., 2010; ®iykin et al., 2007,
Gibson et al., 2009).

Both in vitro andin vivo studies strongly implicate neuroligin 2 in the ukgion of
inhibitory synapses (Arancibia-Carcamo and Kitt2909; Huang and Scheiffele, 2008).
Neuroligin 2 selectively colocalizes with gephyriand GABA. receptors, and
overexpression of neuroligin 2 increases inhibi®ygaptic contacts, leading to enhanced
GABAergic transmission botim vitro andin vivo (Chubykin et al., 2007; Graf et al.,
2004; Hines et al., 2008; Varoqueaux et al., 2004 )contrast, neuroligin 2 knockout
animals display a reduced inhibitory synaptic traission (Chubykin et al., 2007,
Gibson et al., 2009). This leads to an increas#aexeitability and impaired clustering of
gephyrin and GABA receptors (Jedlicka et al., 2010).
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Despite the extensive evidence on the importanceneafroligin 2 in GABAergic
transmission, how this molecule is selectively uéed to GABAergic synapses is still
unclear. One of the prominent models for synapseiip neuroligin distribution relies
on the interaction of neuroligins with postsynapscaffold proteins (Figure 6).
Intracellularly, neuroligins bind to PSD-95/DIlg/ZDhomology domains (PDZ) found in
many scaffold proteins (such as PSD-95) in theaghattergic postsynaptic densities. This
interaction was shown to restrict neuroligin 1 lagtion to glutamatergic synapses (Irie
et al., 1997; Prange et al., 2004). Interestinggrexpression of PSD-95 relocalizes both
neuroligin 1 and neuroligin 2 to excitatory synapaethe expense of inhibitory synapses
(Graf et al., 2004; Levinson et al.,, 2005), whilaokkdown of PSD-95 increases
neuroligin 1 localization at inhibitory synapsesraiige et al., 2004). Similarly,
knockdown of gephyrin with RNA interference causesshift of neuroligin 2 from
inhibitory to excitatory synapses (Levinson et 2010). It is thus evident that at least
vitro, the balance between excitatory and inhibitoryapges could partly be regulated by
neuroligin-scaffold protein interactions.

Yeast-2-hybrid screening recently led to the ideraiion of a direct interaction between
gephyrin and neuroligins, through a 15-residue geptbinding motif (Poulopoulos et
al., 2009). The gephyrin-binding motif was shargdab four neuroligin isoforms, so the
specificity of neuroligin 2 for GABAergic synaps@&ms proposed to come from its
interaction with another postsynaptic protein, yabtin. According to the model
proposed by the authors, initial neuroligin 2 lazation at synapses would form
nucleation sites for the recruitment for gephyriafhydistin clusters, and collybistin
activation by neuroligin 2 would further stabilizgephyrin scaffold formation and
accumulate inhibitory receptors (Poulopoulos et dD09). A similar postsynaptic
assembly model dependent on collybistin-activati@s also proposed by Saiepour et al.
(2010), whereby a direct interaction betweendRBesubunit of GABA, receptors would
activate collybistin and facilitate gephyrin tatigetto synapses (Saiepour et al., 2010).
The functional interplay between these two mechmasir the assembly of GABAergic

synapses remains to be elucidated.

40



4. HOMEOSTATIC SYNAPTIC PLASTICITY & E/I BALANCE

The properties of the neuronal network in the beam constantly modified by activity-
dependent plasticity processes. These provide &dmechanisms to strengthen or
weaken individual synaptic connections in respotesdifferent inputs. Changes in
synaptic strength could drive the cells toward mygecitation or inhibition, and are thus
counterbalanced by homeostatic plasticity mechasmirat allow neurons to adjust their
properties according to their level of activity (figiano, 2008). The current
understanding of homeostatic plasticity mechanigmslves modifications in synaptic
strength as well as in intrinsic excitability anmdthe number of neurons to maintain a
‘set-point’ of activity (Desai, 2003; Turrigiano @iNelson, 2000; Turrigiano and Nelson,
2004).

Changes in synaptic strength in response to pedurietwork activity (i.e. synaptic
scaling) was first described in cultured neocolticaurons, where blocking GABA-
mediated inhibition initially raised firing ratebut over a 48-hour period, the amplitude
of miniature EPSCs decreased and firing rates metlto control values (Turrigiano et
al., 1998). The functional importance of synaptalsg in network connectivity was
further demonstratedch vivo in the rodent visual cortex, where quantal amgétiof
excitatory currents could be scaled up or down fmetion of development and sensory
experience (Desai et al.,, 2002). Inhibitory synapséso undergo synaptic scaling
following activity deprivation, albeit in the oppgtes direction from excitatory synapses.
Upon tetrodotoxin treatment of hippocampal neuramsculture, the amplitude of
miniature IPSCs is reduced, an effect associatéul avdecrease in postsynaptic GABA
receptors and presynaptic GAD65 immunoreactivityinjidn et al., 2002). As such,
neurons can tune the relative strengths of exeitgte) and inhibitory (I) synapses and
balance the E/I ratio in response to changes iwigct

Disruption of the E/I ratio was implicated in vai® neurological disorders, such as
epilepsy, schizophrenia, and autism spectrum dessrdSome forms of epilepsy are
associated with abnormal GARAeceptor function, due to an altered receptofitiahg
and/or expression (Jacob et al., 2008). Multiplgations in they2, al andd subunits of
GABA, receptors have been identified in epileptic pasieralthough the precise

41



mechanisms by which these mutations contributeeinuges are unclear (Baulac et al.,
2001; Cossette et al., 2002; Feng et al., 2006yeilecless, region-specific changes in
GABA, receptor function and mutations affecting GABAeceptor assembly and
trafficking contribute to altering the E/I balanaad to the pathophysiology of epilepsy
(Fritschy, 2008).

Deficits in GABAergic neurotransmission was alsa@tved in schizophrenia, especially
within the dorsolateral prefrontal cortex networksaciated with working memory
(Lewis and Gonzalez-Burgos, 2006). Post-mortemissudcevealed a reduction in the
MRNA levels of GABA-synthesizing enzyme GAD67 andEBA membrane transporter
GATL1 in a subpopulation of interneurons (Akbaridarak, 1995; Volk et al., 2001). A
concomitant increase in the GARAeceptora2-subunit immunoreactivity was observed
on the axon initial segment of pyramidal neuronst theceive input from these
interneurons (Volk et al., 2002). Such alterationsthe GABAergic transmission is
thought to underlie deficits in the oscillatoryigity in the prefrontal cortex network and
lead to working memory dysfunction in schizophrefizwis and Gonzalez-Burgos,
2006).

As discussed in the previous chapters, cell adhesmolecules such as
neuroligins/neurexins, and postsynaptic scaffolotgins such as PSD-95 and gephyrin
are crucial for the organization and maintenanceyofapses. Disruptions in synaptic
organization due to mutations in the genes encoftingneuroligins and neurexins are
associated with autism spectrum disorders (Sudk@d3). Autism spectrum disorders
(ASDs) are a group of heterogeneous neurodeveloandisorders characterized by
impaired social interactions, communication deficgitereotypic and repetitive behaviors.
A small percentage of ASD patients carry missemsk rifonsense mutations in genes
encoding neuroligins 3 and 4 (Jamain et al., 2Q@Bimonnier et al., 2004), neurexin 1
(Kim et al., 2008) and Shank3, an intracellulardiig partner for neuroligins (Durand et
al., 2007). In line with the role of neuroligin/medin complex in maintaining the E/I
balance, a model for ASDs has emerged in which raneased E/I ratio due to a
combination of genetic and environmental factorad¢ée to some forms of autism
(Rubenstein and Merzenich, 2003).
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The molecular mechanisms that establish and maistaiaptic connections and regulate
the balance between excitatory and inhibitory isputdoubtedly play a pivotal role in

the normal functioning of the brain. Further untienging of these mechanisms will help
unveil the pathophysiology of numerous cognitiveodders and lead to more effective

treatment options for patients.
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AIM OF THE WORK

The localization of GABA receptors in precise apposition to release sitesai
prerequisite for an efficient and reliable GABAergransmission. Gephyrin is the
backbone of the postsynaptic scaffold at inhibit@ynapses, mediating receptor
clustering and synaptic organization. The aim ¢ gtudy was to examine the functional
role of gephyrin in regulating GABAergic transmi@siin the hippocampus.

To study gephyrin function, different approacheseh#een used including gephyrin
knockout mice and RNA interference. While thesehnds have some advantages they
also have some shortcomings. Targeted deletionephyin gene in knock-out mice
leads to a lethal phenotype shortly after birtmjting the use of these mice for post-natal
studies. In addition, compensatory mechanisms mighiplicate the functional
consequences of gephyrin gene deletion. On the tidwed, RNA interference can be
used to down regulate gephyrin gene expressionthimitechnique is temporally limited
due to the short half-life of interfering RNAs. Agfficient alternative to nucleic acid-
based techniques may consist of knocking down prétection at the post-translational
level.

| took advantage of the Intracellular Antibody Qapt Technology to develop, in
collaboration with A. Cattaneo (SISSA) and M. Visin(Lay Line Genomics), single-
chain antibody fragments against gephyrin (scF\hgep), which had a loss-of-function
effect on endogenous gephyrin clusters. When teatesdl into neurons, scFv-gephyrin
harboring a nuclear localization signal could dasgl gephyrin away from its subcellular
localization, leading to a loss of inhibitory retapfunction.

In order to study the role of gephyrin in organgzi@ABAergic synapses, | investigated
the distribution of GABA receptors and gephyrin on hippocampal neuronsiliare in
the presence or absence of scFv-gephyrin. Thig/seakaled a significant reduction in
the density of gephyrin and synapji:subunit containing GABAreceptors, as well as a
concomitant reduction in the density of the vesicuUGABA transporter (VGAT),
pointing towards pre- and postsynaptic effectseghyrin ablation. Electrophysiological

experiments showed that hampering gephyrin fundeawls to a severe impairment of
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both phasic and tonic GABAreceptor-mediated inhibition, and alters the nscapic
gating properties of GABAreceptors.

The presynaptic effect of gephyrin disruption wagHer examined by pair recordings
from interconnected neurons, which showed thatptiedability of GABA release was
reduced upon scFv-gephyrin transfection. A possiéehanism by which gephyrin can
interfere with GABA release is through the neunoligeurexin complex. Therefore, in
further experiments | explored whether hamperinghgen function also affects the
distribution of neuroligin 2, the neuroligin isoforenriched at GABAergic synapses.
Upon scFv-gephyrin transfection, the density ofrobgin 2 clusters was significantly
reduced, suggesting that gephyrin interacts witks tprotein. Furthermore, co-
immunoprecipitation experiments from rat brain hgewates revealed that gephyrin can
form a complex with endogenous neuroligin 2. Owgrressing neuroligin 2 with scFv-
gephyrin was able to rescue the reduction in GAB#einnervation.

Neuroligins can localize at both GABAergic and ghaatergic synapses and modulate
the excitatory/inhibitory balance at the networkele Unexpectedly, we found that
knocking down gephyrin with scFv-gephyrin produced severe impairment in
glutamatergic innervation. Electrophysiological aimimunocytochemical experiments
revealed a significant reduction in the frequentymoniature excitatory postsynaptic
currents, which was associated with a significamtrdase in the vesicular glutamate
transporter (VGLUT). However, over-expression oumdigin 2 with scFv-gephyrin
failed to modify changes in glutamatergic innervatiindicating that this effect was not
due to a compensatory homeostatic mechanism. Additi co-immunoprecipitation
experiments revealed that gephyrin interacts aisio meuroligin 1 raising the possibility

of a trans-synaptic effect of gephyrin at both Imtory and excitatory synapses.
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MATERIALSAND METHODS

Cell Cultures

Primary cell cultures were prepared as previousscdbed (Andjus et al., 1997). Briefly,
2-4 days old (P2-P4) Wistar rats were decapitatiter deing anesthetized with an
intraperitoneal injection of urethane (2 mg/kg)pptbcampi were dissected free, sliced,
and digested with trypsin, mechanically triturateentrifuged twice at 40 g, plated in
Petri dishes, and cultured for up to 14 days. Erpamts were performed on cells
cultured for at least 7 days. For paired record@irgeriments, neurons were plated at low
density (~ 40000 cells/ml).

HEK-293 cells were maintained in DMEM supplementeith 10% fetal calf serum,
penicillin (100 U/ml) and streptomycin (100 mg/ndhd transiently transfected with
various plasmid constructs using standard calciumosphate method. Cells were

collected 24-48 hours after transfections.

scFv-gephyrin

The technique for isolating scFv-gephyrin has b@escribed in the detail in Paper-1 (see
Results). Briefly, a Single Pot Library of INTraties (SPLINT) was used to isolate

antibodies against a gephyrin bait (aa 153—-348)LIN§P contains genes encoding the

heavy and light variable regions of the antibodyducing cells. These are cloned in the
Intracellular Antibody Capture Technology (IACT)rfeat as antibody fragments (scFv).
The library design includes the capability to rdpitsolate soluble and stable scFvs
directly from gene sequences with no handling otgins.

The selected intracellular antibodies were thenresged in mammalian cells, after
subcloning of the scFv cassettes into the scFv-eypwess plasmid. For intracellular

detection, scFvs were equipped with the 11 amind lng SV5 tag, preceded by an

EGFP tag and a tandem of three repeats of nu@ealiation signals (NLS) (Zacchi et

al., 2008).
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Construction of plasmid vectors

Complementary DNAs encoding full length FLAG-tagggephyrin has been previously
described (Zita et al., 2007). The N-terminal trated gephyrin polypeptide (aa 2-188)
fused to GFP is described in Maas et al. (20063ct$ as a dominant-negative protein
due to its lack of dimerization motif, and is ablbedeplete endogenous gephyrin clusters
in neurites within 24 h of expression. The murin&-tdgged neuroligin 1 (NLG1-HA)
and HA-tagged neuroligin 2 (NLG2-HA) were constaedtas reported elsewhere
(Scheiffele et al., 2000). NLG2-GFP was construdigdising PCR-based mutagenesis.
A Pvul restriction site was introduced ten aminadacdownstream of the sequence
encoding for the transmembrane domain of NLG2-HisTestriction site was then used
to clone the EGFP coding sequence amplified usiigprucleotides provided of the
Pvul consensus site§he last 94 amino acids of the cytoplasmic domainsoth NLGs
were inserted into pGEX4T1 vector for bacterial reggions as glutathione-S-transferase
(GST)-NLs 94 aa fusion proteins. All PCR-amplifiptbducts were fully sequenced to
exclude the possibility of second site mutations.

I mmunofluor escence staining

Hippocampal neurons in culture were transfecteth wWiGFP alone or cotransfected with
EGFP and scFv-gephyrin using the calcium phosptratesfection method. For each
Petri dish, 3ug of DNA was transfected in total. Reliable cotfaoton was ensured by
routinely transfecting 0.9g of EGFP and 2.Jug of scFv-gephyrin, and identified by the
increased EGFP signal around the nucleus. Fordbeue experiments, scFv-gephyrin
and NLG2-HA were co-transfected at a ratio of 2:1.

Neurons were transfected at 7 DIV and used for imostaining 48 hours later. All steps
were carried out at room temperature. After fixatiwith 4% paraformaldehyde in PBS
for 10 min, neurons were quenched in 0.1 M glyem®BS for 5 min, and blocked in
10% FCS in PBS for 30 min. For the rescue expensierells were fixed with pre-
cooled 4% PFA in PBS for 5 min at 4°C, then 5 ntimcmm temperature. In order to
label surface GABA receptors, neurons were incubated with polycloeaibodies
against the amino-terminal §2 subunit for 1 hour. They were then permeabilizith
0.1% Triton X-100 in PBS for 2 min and blocked agfair 15 min.
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After incubation with primary antibodies for 1 houcells were incubated with
AlexaFluorophore-conjugated secondary antibodies4f® min. In the case of double-
immunostaining, cells were incubated with biotinigth secondary antibodies (45 min)
followed by Streptavidin-conjuaged fluorophores (8h). The coverslips were washed
in PBS, rinsed in water and mounted with Vecta$h{gkector Labs).

The antibodies used were as follows: rabbit polyalcantiy2 (Alomone Labs; 1:100),
rabbit polyclonal anta5 (provided by W. Sieghart; 1:100), mouse monodlcardi-
VGAT (Synaptic Systems; 1:200), mouse monoclonai-gephyrin (mAb7a, Synaptic
Systems; 1:400), mouse monoclonal anti-VGLUT1 ($yicaSystems; 1:200), guinea
pig polyclonal anti-VGLUT1 (Synaptic Systems; 1:PQ0 rabbit polyclonal anti-
neuroligin 2 (Synaptic Systems; 1:200), rat monoalanti-HA 3F10 (Roche; 1:1000),
biotinylated goat anti-rabbit IgG (Vector Labs; Q@}. All secondary antibodies were

obtained from Invitrogen.

Confocal microscopy and image analysis

Fluorescence images were acquired on a TCS-SP aa@nftser scanning microscope
(Leica, Bensheim, Germany) with a 40X 1.4 NA oilnm@rsion objective, additionally
magnified 2 fold with the pinhole set at 1 Airy urfstacks of z-sections with an interval
of 0.4 um were sequentially scanned twice for each emis$iim® to improve the
signal/noise ratio. Cluster analysis was carrietl using MetaMorph Imaging System
(Universal Imaging, Westchester, PA, USA). Firdtimary mask was created using the
EGFP staining to identify transfected neurons, #reh cluster intensities in regions
overlappingwith the binary template were analyzed. Images veegmented to select
immunofluorescent puncta over background labelintegrated Morphometry Analysis
function of MetaMorph was used to quantify the nemand size of clusters (4-5 cells
from at least 4 different experiments). For thelysia of colocalization, a binary mask of
the segmented image for each channel was creatkd\arlapping regions with >3
pixels were defined as colocalized. For the resoyeeriments, NLG2 staining was used
to create the binary template for the NLG2-HA/sdephyrin co-transfected cells. As
excessive NLG2-HA expression masks the rescuetedfetresults in an overall increase

in synaptic staining (similar to NLG2-HA overexpsem alone), cells with moderate
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amount of NLG2-HA expression (as identified by tmesaturated NLG2 flourescence
signal) was selected for the analysis of the resftext. Representative figures were

prepared using ImageJ software.

In vitro binding, immunopr ecipitation and Western blot analysis

Transfections were performed with the calcium phesp method. GST pull-down
assays were performed as previously described @ital., 2007).For NLGs and
gephyrin co-immunoprecipitation, HEK 293 cells awgoressing NLG1-HA/NLG2-HA
and gephyrin-FLAG were lysed in 50 mM Tris HCI pt5,7200 mM NacCl, 0.1% Tween
20, 10% glycerol, 10 mM EDTA, 2 mM Mgghnd protease inhibitor cocktail, and
immunoprecipitated by the anti-FLAG antibody. Ara$y of NLG1/NLG2-gephyrin
interactions were performed on postnuclear homagenaom neonatal rat brains using
the following lysis buffer: 50 mM Tris HCI pH 7.850mM NacCl, 0.5% CHAPS, 1mM
EDTA, 10% glyceroland protease inhibitor cocktaifter 2 hours of incubation with
monoclonal anti-gephyrin antibody, immunoprecipgat experiment was performed
according to standard procedures. Primary antilsodiere revealed by HRP-conjugated
secondary antibodies (Sigma) followed by ECL (Arhare). The following primary
antibodies were used: mouse monoclonal anti-FLAG (8@ma); mouse monoclonal
anti-gephyrin 3B11 (Synaptic Systems); high affinftat monoclonal anti-HA 3F10
(Roche), rabbit polyclonal anti-NLG2 (Synaptic Syses); rabbit polyclonal anti-NLG1
(Synaptic Systems).

Electrophysiological recordings

Spontaneous excitatory and inhibitory postsynapticents (EPSCs and IPSCs) were
recorded in hippocampal neurons in culture transte@ither with scFv-gephyrin or
EGFP at 22-2% using a Multiclamp 700A amplifier (Axon Instrunten Foster City,
CA, USA). Patch electrodes pulled from borosilicafass capillaries (Hilgenberg,
Malsfeld, Germany) had a resistance of 4-@ Mhen filled with an intracellular solution
containing (in mM): CsCIl 137, CagLll, MgCh 2, 1,2-bis(2-aminophenoxy)ethane-
N,N,N",N'-tetraacetic acid (BAPTA) 11, ATP 2, andEPES 10 (the pH was adjusted to
7.3-7.4 with CsOH). IPSCs were recorded at a hgldgotential of -70 mV, in the
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presence of DNQX (2QM) and D-AP5 (5QuM) to block AMPA and NMDA receptors,
respectively whereas EPSCs in the presence of ldime (10 uM) and D-AP5 (5QuM)

to block GABAy, and NMDA receptors, respectively. Miniature PSGgavrecorded in
the presence of tetrodotoxin (TTX, @M) to block sodium currents and propagated
action potentials and the respective GAB#& AMPA/NMDA receptor antagonists.

For double-patch recordings, pairs of action padst50 ms interval, were evoked in
non transfected presynaptic neurons (in currenhglanode) by injecting depolarizing
current pulses at a frequency of 0.1 Hz. IPSCs wdwtected from postsynaptic
transfected (scFv-gephyrin) and non transfectedt(ots) neurons in voltage clamp
mode at a holding potential of 0 mV (near the resakpotential for glutamate). In this
case, the intracellular solutions contained (in mKIyleSQ, 135, KCI 10, HEPES 10,
MgCl, 1, NaATP 2, and NgGTP 0.4 (the pH was adjusted to 7.3 with KOH). Ih a
experiments, the cells were perfused with an eatesolution containing (in mM): NacCl
137, KCI 5, CaCGl 2, MgCk 1, glucose 20, and HEPES 10, pH 7.4, with NaOHaDa
were sampled at 10 kHz and low pass filtered aH3. kThe stability of the patch was
checked by repetitively monitoring the input andriese resistances during the
experiments. Cells exhibiting 15-20% changes werdueded from the analysis. The
series resistance was 10-15QMAIl drugs (except TTX that was purchased from
Latoxan, Valence, France) were obtained from Tofisokson Ltd, Bristol, UK). All
drugs were dissolved in external solution, excedQ@X, which was dissolved in
dimethylsulphoxide (DMSO). The final concentratiohDMSO in the bathing solution
was 0.1%. At this concentration, DMSO alone did motdify the shape or the kinetics of
synaptic currents.

GABA containing solution was applied to nucleatedcpes (held at -40 mV) using an
ultrafast perfusion system based on piezoelectived theta-glass application pipette.
The piezoelectric translator was from Physik Insteate (Waldbronn, Germany), and the
theta glass tubing was from Hilgenberg (Malsfeldyi@any). The open tip recordings of
the liquid junction potentials revealed that the-30% exchange of the solution occurred
within 40-80pus. The speed of the solution exchange was alsmastd around the

nucleated patch by the 10-90% onset of the membdap®larization induced by
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application of high potassium saline (25 mM). Imsthase, the 10-90% rise time value
(60—90us) was very close to that found for the open tqordings.

The tonic GABA\ receptor-mediated conductance was estimated bgutveard shift of
the baseline current after the application of thAeB&  receptor antagonist bicuculline
(10 uM) or picrotoxin (100uM). Bicuculline and picrotoxin were delivered toeth
recorded neurons with a perfusion system consistfnglass barrels positioned close to
the soma of the recorded cell (multibarrel RSC-Z#fusion system, Bio-Logic,
Grenoble, France). Judging from the onset of theidi junction potentials, a complete
exchange of the solution around the open tip edetoccurred within 10—-20 ms. Epochs
of 300-500 ms each, were pooled together to caletiee baseline current amplitude and
its standard deviation. The resulting all-pointtbggams were fitted with a Gaussian
function. Only current recordings that exhibitedtable baseline were included in the

analysis.

Data analysis

For the analysis requiring a high temporal resotutfe.g. rise time kinetics of mIPSCs
and GABA-evoked currents) signals were sampled&t@ kHz and low pass filtered at
10 kHz with a Butterworth filter and stored on arguuter hard disk. The analysis of
spontaneous events was performed with Clampfit Haftware (Axon Instruments,
Foster City, CA, USA). This program uses a detectbgorithm based on a sliding
template. The template did not induce any biahédampling of events because it was
moved along the data trace one point at a timenaasloptimally scaled to fit the data at
each position. The detection criterion was caleddtom the template-scaling factor and
from how closely the scaled template fitted theadahe threshold for detection was set
at 3.5 times the SD of the baseline noise. Usirgg ghme program, the decay time
constant of averaged mIPSCs was taken from thgobreqtial fit of the decay time. The
rise time was estimated as the time needed for ®@-Bcrease of the peak current
response.

The decaying phase of mIPSCs and GABA-evoked ctgneas fitted with exponential

functions in the form:
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yit) =), Axexp(-t/T),

n
i=1
wheret; and A are the time constants and relative fractionfiefrespective components.
In the case of analysis of normalized currents, filaetions of kinetic components
fulfilled the normalization condition:

n

A =1,
=1

i
Deactivation time courses of mIPSCs and GABA-evokedents were fitted with the
sum of two exponentials.
The mean time constant calculated as:

n
Tmean™= ; A« T,
was used to estimate the speed of the decayinggsoc
In the case of current responses elicited by |o8§0(ms) GABA pulses, the
desensitization onset was described by:

Y(t) = Asast »€XP( -t/ Trast) + Asiow  €XP( -t/ Tsiow) + As

whereAsqstandAgpware the fractions of the fast and the slow comptynmespectively and
Trast aNd Tgow are the fast and the slow time constaAtdss the steady state current. The
goodness of the fit was assessed by minimizingutne of the squared differences.

Brief (2 ms) paired pulses separated by a varitve interval were used to test whether
or not the entrance of bound receptors into theert@szed state proceeded after the

agonist removal. The parameRwas calculated according to the formula:
R: (|2 = Iend) / (Il = Iend)
where |, is the first peak amplitudde,g is the current value immediately before the

application of the second pulse, ainds the second peak amplitude. During the 2 ms
pulse the onset of the use-dependent desensitizegioninimal. Thus, in the case of

52



continued entrance into the desensitized state @féefirst short agonist pulse, the peak
of the second responde)(was smaller than the first one resultindris 1.

Variance analysis was used to estimate the singgmreel current (i) from the mean
current (hea) and current variances). Variance ¢%) was calculated according to the

formula:

o? Z (ACi-ACp)?/(n-1)

n=1
where n is the number of samples per record, i&5@Ghe current mediated by GARA
receptors at sample i and A® the mean AC current. Assuming N independent and
identical channels;ban= NP, wherei is a single-channel currenty P single channel
open probability and.kan— the mean measured current. In these condittbasglota? —

Imeanfollows a parabolic relationship in the form:

0%= i-lmean- Imean’/N

Single channel conductangg (vas estimated according to the equation:
y=i/(Vu-VR)

where \f is the holding potential andrVis the reversal potential for chloride that in
conditions of nearly symmetric chloride used in eMperiments was very close to zero
and in calculations using the formula (& Was assumed equal to zero.

For evoked IPSCs, transmission failures were ifiedtvisually. Mean IPSCs amplitude
was obtained by averaging successes and failunespdired-pulse ratio (PPR), known to
be inversely correlated to the initial release piolity (Dobrunz and Stevens, 1997), was
calculated as the ratio between the mean amplitidedPSC2 over IPSC1. The
coefficient of variation (CV) was calculated as the square root of the ratiod®n the
standard deviation of IPSC1 and the mean amplitddeSC1. Values are given as mean
+ S.E.M. Although otherwise stated, significance differences was assessed by

Student'st-test. The differences were considered significammP<0.05.
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RESULTS

The results are presented in the following papers:

Paper 1:

Zacchi, P., Dreosti, E, Visintin, M, Moretto-Zitdl, Marchionni, I, Cannistraci, I,
Kasap, Z, Betz, H, Cattaneo, A, Cherubini, E (2008) Gephgelective intrabodies as a
new strategy for studying inhibitory receptor cergtg.J Mol Neurosci 34:141-148.

Paper 2:

Marchionni, I.*, Kasap, Z*, Mozrzymas, J.W, Sieghart, W, Cherubini, E, Zacdhi
(2009) New insights on the role of gephyrin in raguag both phasic and tonic
GABAergic inhibition in rat hippocampal neuronsaalture.Neuroscience 164:552-562.

Paper 3:
Kasap Varley, Z.*, Pizzarelli, R* Antonelli, R, Stancheva, S.H, Kissel, M,
Cherubini, E, Zacchi, P (2010) Gephyrin regulateAB&ergic and glutamatergic

synaptic transmission in hippocampal cell cultu(&sbmitted).
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-Paper 1-

Gephyrin selective intrabodies as a new strategy for studying inhibitory

receptor clustering.

J Mol Neurosci, 200834:141-148

Zacchi P, Dreosti E, Visintin M, Moretto-Zita M, Mzhionni |, Cannistraci |,
Kasap Z, Betz H, Cattaneo A, Cherubini, E
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Abstract The microtubule-binding protein gephyrin is
known to play a pivotal role in targeting and clustering
postsynaptic inhibitory receptors. Here, the Intracellular
Antibodies Capture Technology (IATC) was used to select
two single-chain antibody fragments or intrabodies, which,
fused to nuclear localization signals (NLS), were able to
efficiently and selectively remove gephyrin from glycine
receptor (GlyR) clusters. Co-transfection of NLS-tagged
individual intrabodies with gephyrin-enhanced green fluo-
rescent protein (EGFP) in HEK 293 cells revealed a partial
relocalization of gephyrin aggregates onto the nucleus or in
the perinuclear area. When expressed in cultured neurons,
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these intrabodies caused a significant reduction in the
number of immunoreactive GlyR clusters, which was
associated with a decrease in the peak amplitude of
glycine-evoked whole cell currents as assessed with
electrophysiological experiments. Hampering protein func-
tion at a posttranslational level may represent an attractive
alternative for interfering with gephyrin function in a more
spatially localized manner.

Keywords Gephyrin - Glycine receptor clusters -
Intracellular antibodies - Hippocampal neurons - IATC

Introduction

At inhibitory synapses, the microtubule-binding protein
gephyrin is known to play a pivotal role in targeting/
clustering postsynaptic inhibitory glycine receptors (GlyRs)
(Feng et al. 1998) and y2-subunit containing gamma-
aminobutyric acid A (GABA,) receptors (Kneussel et al.
1999). Gephyrin binds with high affinity to the (3 subunit of
the GlyR (Meyer et al. 1995), whereas it only functionally
associates with GABA 4 receptor subtypes (Kirsch and Betz
1995; Meyer et al. 1995). Receptor anchoring is based on
the interaction of gephyrin with the actin- and microtubule-
based cytoskeleton (Kirsch 2006). GlyR clustering has been
proposed to rely on the ability of gephyrin to multimerize
into a submembraneous hexagonal protein lattice (Sola
et al. 2004). The critical contribution of gephyrin to the
postsynaptic localization of GlyRs in the spinal cord has
been elegantly demonstrated by gene ablation experiments
(Feng et al. 1998). Gephyrin knockout (KO) mice display a
severe neuromotor phenotype, which is responsible for their
death shortly after birth. The motor impairment observed in
gephyrin-deficient mice has been mainly attributed to a
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severe deficit in glycinergic neurotransmission in the spinal
cord (Feng et al. 1998). Interestingly, the complex motor
disorder and neurologic symptoms observed in gephyrin-
deficient mice exhibit some phenotypic features of hyper-
explexia in humans, suggesting the possible involvement of
gephyrin in this disease.

Gephyrin KO mice have been extremely useful for
unveiling several aspects of gephyrin-mediated receptor
localization at central synapses (Feng et al. 1998). How-
ever, the lethality exhibited by these mice soon after birth
represents an important limitation to their use as animal
models for postnatal studies. To circumvent this problem,
we have developed a more versatile and powerful molec-
ular tool to achieve functional ablation of gephyrin based
on intracellular expression of anti-gephyrin single-chain
antibody fragments (scFv) or intrabodies (Biocca et al.
1990). Unlike nucleic acid-based technologies, such as
antisense (Kramer and Cohen 2004), zinc-finger proteins
(Beerli and Barbas 2002), targeted gene disruption, or
(ribonucleic acid) RNA interference (Tian et al. 2004),
intrabodies operate at the posttranslational level, offering
new experimental opportunities to analyze the function of a
given molecule (Manikandan et al. 2007). Intrabodies can
sterically prevent the interaction of their targets with other
protein partners, or stabilize/destabilize them, thus prevent-
ing/facilitating their turnover and/or degradation. Finally,
intrabodies fused to specific cellular localization sequences
can target their antigens to specific subcellular compart-
ments (Visintin et al. 2004a).

In the present study, a nuclear localization signal (NLS)-
targeted intrabody for the removal of endogenous gephyrin
from inhibitory receptor clusters in cultured hippocampal
neurons has been developed. As not all antibodies isolated
by standard technologies fold well under conditions of
intracellular expression (Visintin et al. 2004a), we exploited
a yeast two-hybrid based intrabody selection technology,
named Intracellular Antibody Capture Technique (IACT)
(Visintin et al. 1999), to select anti-gephyrin intrabodies.

Material and Methods
SPLINT Selection

A Single Pot Library of INTrabodies (SPLINT) was used to
isolate antibodies against ghephyrin (aa 153-348) bait.
SPLINT contains genes encoding the heavy and light
variable regions of the antibody producing cells (Visintin
et al. 2004b). These are cloned in the IACT format as
antibody fragments (scFv) (Visintin et al. 1999). The library
design includes the capability to rapidly isolate soluble and
stable scFvs directly from gene sequences with no handling
of proteins.

A functional domain of the gephyrin protein (GDL aa
153-348) was cloned in the pMIC-BDI1 vector and the
expression of the fusion protein was assayed after the
protein was extracted from the transformed yeast strain
L40. The antigen was found to be expressed in optimum
quantities in the yeast cells and did not transactivate the
reporter genes (HIS3 and lacZ).

SPLINT library was then transformed into L40 yeast
strain by using a rearranged lithium acetate transformation
protocol. SPLINT and the ghephyrin bait were cotrans-
formed into yeast cells as described (Visintin et al. 2002).
Colonies were isolated on histidine-deficient plates and
screened for (3-gal activity on filters. Individual blue
colonies were isolated by restreaking and again reassayed
for (3-gal activity. To isolate different anti-gephyrin scFvs,
a colony-polymerase chain reaction (PCR) and BstNI
fingerprinting analysis were performed and the isolated
plasmids encoding anti-gephyrin scFvs were individually
retested in a secondary IACT screening confirmed that
true positives were identified that interact specifically
with the original bait, but not with other lexA fusions
(lexA-lamin).

Cell Culture

Primary cell cultures were prepared as previously described
(Andjus et al. 1997). Briefly, 2- to 4-day-old (P2-P4) Wistar
rats were decapitated after being anesthetized with an
intraperitoneal injection of urethane (2 mg/kg). This
procedure is in accordance with the regulation of the Italian
Animal Welfare Act and was approved by the local
authority veterinary service. Hippocampus was dissected
free, sliced, and digested with trypsin, mechanically
triturated, centrifuged twice at 40xg. Dissociated neurons
were plated in Petri dishes, and cultured for up to 14 days.
Experiments were performed on cells cultured for at least
7 days. All the other cell lines used were routinely cultured
at 37°C in Dulbecco’s modified Eagle’s Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS)
Penicillin (100 U/ml) and Streptomycin (100 pg/ml).

Immunofluorescence Staining

HEK 293 cells were fixed with 4% (w/v) paraformalde-
hyde/4% sucrose for 15 min, permeabilized with 0.1% (v/v)
NP-40 for 5 min, and then blocked with 10% (w/v) fetal
bovine serum in phosphate-buffered saline (PBS) for
30 min. Hippocampal neurons were fixed for 10 min with
methanol at —20°C or for 15 minutes, and processed as
described above. Antibody staining was performed by
incubation for 1 hour with primary antibodies and 45 min
for secondary antibodies in blocking buffer. Enhanced
green fluorescent protein (EGFP) was visualized by auto-
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fluorescence. Cluster density and brightness were analyzed
with the Meta-Morph Imaging System (Universal Imaging,
Westchester, PA). Twenty neurons were analyzed for each
experiment (3—4 dendritic regions for each cell).

Immunoprecipitation and Western Blot Analysis

Transfections were performed with the standard calcium
phosphate method. For gephyrin-EGFP and scFvGeph-2/
scFvGeph-9 coimmunoprecipitation HEK 293 cells over-
expressing gephyrin-EGFP and scFvGeph-2/scFvGeph-9
were lysed in a lysis buffer containing 50 mM Tris 7.5,
150 mM NaCl, 0.5% NP40, 2 mM ethylenediaminetetra-
acetic acid (EDTA) and 10% glycerol and immunoprecipi-
tated by the anti-SV5 antibody. Western blotting was
performed according to standard procedures. Primary anti-
bodies were revealed by HRPO-conjugated secondary
antibodies (SIGMA), followed by enhanced chemilumines-
cence (Amersham).

Electrophysiological Recordings

Glycine- and o-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA)-evoked currents were recorded at
room temperature (22-24°C) in the whole-cell configura-
tion of the patch-clamp technique using a Multiclamp 700A
(Axon Instruments, Foster City, CA, USA). Patch elec-
trodes, formed from thin borosilicate glass (Hilgenberg,
Malsfeld, Germany) had a resistance of 4-8 M) when
filled with an intracellular solution containing: CsCl
137 mM, 4-2-hydroxyethyl-1-piperazineethanesulfonic acid
(HEPES) 10 mM, BAPTA 11 mM, MgCl, 2 mM, Mg ATP
2 mM, CaCl, 1 mM. The composition of the external
solution was: NaCl 137 mM, KCl 5 mM, MgCl, 1 mM,
CaCl, 2 mM, glucose 20 mM, hemisodium HEPES 10 mM
(the pH was adjusted to 7.3—7.4 with NaOH).

The stability of the patch was checked by repetitively
monitoring the input and series resistance during the
experiments. Cells exhibiting more than 15% changes were
excluded from the analysis. Glycine- and AMPA-evoked
currents were recorded at a holding potential of —40 mV.
Glycine and AMPA were applied through a multibarrel
RSC-200 perfusion system (Bio-logic, Grenoble, France).
With this system, a complete exchange of the solution
around the cell was obtained in less than 30 ms. In the case
of glycine-evoked current, recordings were routinely per-
formed in the presence of the GABA, receptor antagonist
picrotoxin (50 uM), the GABAg receptor antagonist CGP
55845 (1 uM) and the broad spectrum ionotropic glutamate
receptor antagonist kynurenic acid (1 mM).

Drugs used were kynurenic acid, glycine, AMPA,
strychnine all purchased from Sigma (Milan, Italy).
Picrotoxin and CGP 55845 were purchased from Tocris

Cookson, Ltd. (Bristol, UK). Drugs were dissolved in water
except CGP 55845 and picrotoxin that were dissolved in
dimethylsulphoxide (DMSO) and ethanol, respectively. The
final concentration of DMSO in the bathing solution was
0.1%. At this concentration, DMSO alone did not modify
the shape or the kinetics of the evoked currents. Currents
were sampled at 20-100 kHz and filtered with a cut-off
frequency of 1 kHz. Data are expressed as mean = SEM.
Statistical comparison was made using the unpaired #-test.
P<0.05 was taken as significant.

Results

Selection of Two Gephyrin-Specific Intrabodies
Using the IAC Technology

To select intracellular competent intrabodies by the two-
hybrid system, the linker region of gephryin (Fig. 1a) was
cloned to the 3’ of LexA (LexA-GLD; aa 153-348) and
used to challenge a mouse SPLINT (Single Pot Library of
INTracellular Antibodies) library of intrabodies (Visintin
et al. 2004b). From the selection procedure a total of 90
colonies able to grow in the absence of histidine and
showing activation of 3-Galactosidase were obtained. The
scFv-VP16 plasmids were isolated and sorted by their
restriction patterns and sequences. The specificity of scFvs
with different DNA fingerprints were reanalyzed using yeast
strains expressing LexA-GLD and LexA-lamin, as nonrel-
evant antigen. Two different anti-gephyrin scFvs, designated
scFvGeph-2 and scFvGeph-9, were thus identified. Analysis
of the V region nucleotide sequences of the two selected
anti-gephyrin intrabodies revealed that they were derived
from germline V region genes with very few somatic
mutations (data not shown). Both scFv shared the same
VH region V11 that belongs to the subgroup VH-VIII,
whereas VL regions belong to the kappa subgroup (kk4 and
19-32 for scFv2 and 9, respectively).

The selected intracellular antibodies were then expressed
in mammalian cells, after subcloning of the scFv cassettes
into the scFv-cyto-express plasmid (Persic et al. 1997).
For intracellular detection, scFvs were equipped with the
11 amino acid long SV5 tag, preceded, in the nuclear
tagged forms, by a tandem of three repeats of nuclear
localization signals (NLS). Extracts from HEK 293 cells
transiently transfected with scFvGeph-2 and scFvGeph-9
for different times demonstrated that the highest cytoplas-
mic expression was reached ~24-30 hours posttransfection.
ScFvGeph-2 appeared to be more stable than scFvGeph-9,
yielding higher expression levels in mammalian cells as
compared to scFvGeph-9 (Fig. 1b). Similar results were
obtained for the intrabodies provided of the NLS (data not
shown).
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Figure 1 Isolation and characterization of scFv selected by IACT-
SPLINT technology. a. The scFv library is screened in yeast with the
Gephyrin Linker Domain of (GLD) as a bait. Only those scFvs that
retain the specific binding ability in vivo can activate the reporter
genes, His3 and LacZ. b. Western immunoblot using mAb anti-SV5 of

Gephyrin-Specific Intrabodies Recognize Gephyrin
in Mammalian Cells

The ability of the selected intrabodies to recognize gephyrin
in mammalian cells was assessed in immunocytochemical
experiments performed on HEK 293 cells co-transfected
with scFvGeph-2/scFvGeph-9 and gephyrin fused to EGFP.
It is well-known that ectopically expressed gephyrin forms
large intracytoplasmic aggregates characterized by their
ability to actively sequester gephyrin interacting proteins
(Kins et al. 2000; Meyer et al. 1995). Intrabodies expressed
as leaderless cytoplasmic proteins showed a diffuse
intracellular staining, typical of soluble cytoplasmic pro-
teins (Fig. 2a). When gephyrin-EGFP and individual intra-
bodies were co-transfected, a massive fraction of
scFvGeph-2/scFvGeph-9 was relocalized to gephyrin intra-
cytoplasmic aggregates, thus resulting in colocalization of
the two proteins (Fig. 2a). When the same experiments
were performed using overexpression of the NLS-tagged
intrabodies, a dramatic change in gephyrin distribution was
observed (Fig. 2b). The efficient translocation of intra-
bodies into the nucleus because of the presence of the NLS

- S

WB:anti-SV5
cellular extracts of HEK 293 cells, transiently transfected with the
indicated scFvs tagged with SV5. On the left, soluble fraction of
scFvGeph-2 and scFvGeph-9 collected at different times after
transfection, as indicated (Hours). On the right, insoluble fractions
analyzed as in the right panel

was associated with a partial reduction in the size of
gephyrin cytoplasmic aggregates, most of them concentrat-
ed in the perinuclear area of the cell. The ability of scFvs to
interact specifically with gephyrin was further analyzed by
co-immunoprecipitation from extracts of HEK 293 cells co-
expressing the two proteins. As shown in Fig. 2c,
scFvGeph-2/scFvGeph-9 antibodies were able to co-immu-
noprecipitate gephyrin, suggesting that they interacted with
gephyrin intracellularly.

Gephyrin-Specific Intrabodies Alter Endogenous Glycine
Receptor Function

The ability of the anti-gephyrin intrabodies to bind and
remove endogenous gephyrin from glycine receptor clusters
was functionally assessed on cultured hippocampal neu-
rons, known to highly express GlyRs (Danglot et al. 2004;
Ito and Cherubini 1991). To this aim, NLS-tagged
scFvGeph-2/ scFvGeph-9 were additionally equipped with
EGFP tags to easily follow their fate within the transfected
neurons. Twenty-four hours after transfection, immunocy-
tochemical experiments revealed that not only gephyrin was
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Figure 2 Gephyrin-specific
intrabodies interact with
gephyrin in mammalian cells.
a. Immunofluorescence assay of
the subcellular distribution of
SV5-tagged anti-gephyrin intra-
body (scFv-Gephyrin) ectopi-
cally expressed in HEK 293
cells in single transfection ex-
periment (left panel) and in
co-transfection with gephyrin-
EGFP (right panels). ScFv-
Gephyrin distribution was
revealed with the anti-SV5
monoclonal antibody followed
by anti-mouse TRITC-conjugated
secondary antibody. Gephyrin
distribution was revealed by the
intrinsic green fluorescence of
EGFP. b. Single (left panel) and

a--
I3.-

double (right panels) transfec- c
tion of the nuclear target NLS
anti-Gephyrin intrabody (scFv-
Gephyrin-NLS) was visualized
as described in A. (Scale bar,
10 pm). c. Lysates of HEK 293 kDa
cells co-transfected with 110 =
gephyrin-FLAG and scFv-
Geph-2 or scFvGeph-9 were 72 -
immunoprecipitated with mono-
clonal antibodies anti-SV5 55
or anti-Myc as negative control.
Immunoprecipitates were ana- 40 w—
lyzed by western blotting using
anti-FLAG and anti-SV5 anti-
bodi - 33 =
odies, as indicated
24 -

efficiently removed from most subsynaptic sites (Fig. 3a),
but also that the number of GlyR clusters were dramatically
reduced (Fig. 3b) compared to neurons transfected with
EGFP alone. A quantitative analysis of immunoreactive
gephyrin puncta in scFv-gephyrin-NLS transfected neurons
revealed that in comparison to cells transfected only with
EGFP, cluster fluorescence was significantly reduced.
Fluorescence intensity values per square micron (um?®) of
dendritic surface were 2,857+500 and 1,205+134 in
controls and scFv-gephyrin-NLS transfected cells, respec-
tively (20 cells, detected in four different experiments,
Fig. 3¢). Similar results were found for GlyRs (fluorescence
intensity values per square micron of dendritic surface were
2,211+378 and 1,152+72 in controls and in scFv-gephyrin-
NLS transfected cells, respectively; n=20 in both cases;
Fig. 3c).

Glycine receptor responses in NLS-EGFP-tagged
scFvGeph-2 transfected neurons were analyzed in electro-
physiological experiments, using the whole-cell configura-
tion of the patch clamp technique. Recordings were routinely
performed in the presence of the GABAA receptor antago-
nist picrotoxin (50 uM), the GABAg receptor antagonist

Gephyrin-EGFP

Merge

ScFvGeph-2 ScFvGeph-9

¢ b ¢ ub
& &Sx‘ 0%4 & ogw G‘:ﬁ
W g

""-

WB:anti-FLAG

WB:anti-SV5

o

CGP 55845 (1 uM), and the broad spectrum ionotropic
glutamate receptor antagonist kynurenic acid (1 mM). All
cells tested (#=99) responded to glycine application with
inward currents of variable amplitude. These were readily
blocked by the selective glycine receptor antagonist
strychnine (0.5 pM), indicating that they were mediated
by glycine receptors (data not shown). As shown in Fig. 4a,
glycine-evoked currents from transfected cells were signif-
icantly reduced in amplitude as compared to controls
(nontransfected cells from the same dish) or to hippocampal
neurons transfected only with EGFP. Glycine (0.6 mM)
induced current responses whose peak amplitude was 0.75+
0.11 nA (n=11), 1.52+0.12 nA (n=9), and 1.6+£0.16 nA
(n=9) in NLS-scFvGeph-2, EGFP and nontransfected
cells, respectively. The value obtained in transfected cells
was significantly different from that detected in EGFP
positive cells (»p<0.01) or in nontransfected neurons (p<
0.01). In comparison with nontransfected or EGFP-transfected
cells, NLS-scFvGeph-2-transfected neurons exhibited a
concentration—response curve for glycine that was com-
pressed downward and to the right (Fig. 4b). ECs, values
were 254 uM and 125 uM for NLS-scFvGeph-2- and
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Figure 3 ScFv-Geph2-EGFP-NLS transfected in hippocampal neu-
rons displaces gephyrin from its subsynaptic sites. A, B. Hippocampal
neurons transfected with EGFP as negative control (EGFP) and with
scFv-Geph-2-EGFP-NLS (scFv-Geohyrin). Endogenous gephyrin (a)
and GlyR (b) distributions were revealed using the monoclonal
antibodies mAb7a (for gephyrin) and mAb4a (for GlyR) followed by
anti-mouse TRITC-conjugated secondary antibody (Invitrogen). Note
that the nuclear accumulation of scFv-Gephyrin-NLS was associated

EGFP-transfected cells, respectively. In contrast, current
responses elicited in the same neurons by «-amino-3-
hydroxy-5-methylisoxazole-4 propionic acid (AMPA
50 uM, in the presence of tetrodotoxin [TTX] 1 uM) were
similar in amplitude (0.20+0.03 nA, n=11 and 0.21+
0.02 nA, n=11, p>0.5; Fig. 4a) in both NLS-scFvGeph-2-
and EGFP-transfected cells, respectively, indicating that
gephyrin intrabodies selectively reduce surface glycine
receptor numbers.

Discussion

The main goal of the present study was to select competent
cytoplasmic intrabodies against the scaffolding molecule
gephyrin to use as a molecular tool to knock out gephyrin
function in vivo. This strategy is of particular relevance as
disrupting gephyrin gene in knockout mice leads to a lethal
phenotype, thus hindering the study of gephyrin functions

Gephyrin Gephyrin

GlyRs

with a marked reduction of both gephyrin (scFv + Gephyrin in A) and
glycine receptor clusters (scFv + GlyRs in B). Bottom panels represent
enlargements of the boxed areas. Scale bars: 10 um. ¢. Quantitative
analysis of cluster fluorescence on hippocampal neurons transfected
with EGFP and scFv-Gephyrin-NLS. Each column represents the
intensity signal normalized to the unit area (in pm?) of dendritic
surface (20 cells in each column) in control conditions (black) and in
the presence of scFv-Gephyrin-NLS (white); * p<0.05

at later stages of postnatal development. To exploit the
intrabodies-based retargeting scheme for depleting endog-
enous gephyrin from inhibitory synapses, the linker or
intervening region of gephyrin molecule was used for the
two-hybrid selection method. This domain was chosen as it
is not engaged in gephyrin oligomerization, a process
regarded as the molecular mechanism responsible for
inhibitory receptors accumulation at postsynaptic sites (Sola
et al. 2004). As a consequence, the selected intrabodies
should recognize gephyrin upon its self-assembly into the
submembraneous protein lattice underlying inhibitory re-
ceptor clusters. Several lines of evidence support that the
selected intrabodies are fully functional inside the cell.
First, both intrabodies immunoprecipitate gephyrin upon
their co-expression in HEK 293 cells. Second, they are
specifically relocalized to gephyrin cytoplasmic aggregates.
Interestingly, in the NLS-tagged format to divert intrabodies
localization, they were able to promote a partial relocaliza-
tion of gephyrin aggregates into the nucleus. We believe
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Figure 4 AMPA and glycine evoked currents on hippocampal
neurons transfected with ScFv-Geph2-EGFP-NLS a. Upper traces:
current responses evoked at —40 mV by application of AMPA
(50 uM; open bars) in nontransfected (left) and scFv-Gephyrin-NLS
transfected neurons present in the same dish (right). Lower traces:
current responses evoked at —40 mV by application of glycine
(100 uM; closed bars) in nontransfected (left) and scFv-Gephyrin-

that the lack of a massive translocation of gephyrin
aggregates into the nucleus is probably caused by their
size—too big to allow nuclear pore crossing. Finally, and
most importantly, when ectopically expressed in cultured
hippocampal neurons, both selected intrabodies were able
to remove endogenous gephyrin from GlyRs clusters,
leading to a decreased number of GlyR immunoreactive
punctae associated with a severe reduction in the mean
amplitude of glycine-evoked currents.

Certainly, alternative strategies can be used to target and
inactivate intracellular proteins. One of the most currently
used is the RNA interference (RNAi), which acts at the
level of mRNA degradation and subsequent inhibition of
protein synthesis. However, major technical challenges of
this technique are the specificity of sequence match
necessary to achieve gene silencing and the nonspecific
effects of small interfering RNAs (siRNA). Concerning the
latter, microarray analyses have demonstrated that siRNA
with only partial complementarity to mRNAs can cause a
reduction in the RNA levels of a large number of transcripts
(Jackson et al. 2003). Many of these mRNA changes are
caused by the interaction of the siRNA with partially
complementary sites and thus are considered "off-target"
effects (Birmingham et al. 2006; Saxena et al. 2003).
Another major deficiency of utilizing siRNAs is their
relatively short active half-life, which would limit their
effects on the cell, unless these are expressed via trans-
fected recombinant DNA. By contrast, intrabodies possess
a much longer active half-life compared to siRNA, and are
also much more specific to their target molecules (Visintin

O Control
A ScFv-Gephyrin

A EGFP
1.6 1
1.2 1
0.8 1
0.4 -
0.0 r T
10 100 1000
Glycine [uM]

NLS transfected neurons present in the same dish (right). b. Dose—
response curves for glycine-evoked currents obtained in hippocampal
neurons transfected with EGFP (open triangles) or with scFv-
Gephyrin-NLS (scFv-Gephyrin, closed triangles). Open circles refer
to current responses obtained from nontransfected cells present with
scFv-Gephyrin-NLS transfected neurons on the same dish. Each point
is the average of 9-20 individual responses

et al. 2004a). Therefore, it would be particularly advanta-
geous to utilize an intrabody instead of iRNA when the
active half-life of the target molecule is long, as in the case
of neuronal gephyrin. In addition, in the case of proteins
with multifunctional domains, intrabodies could be
designed to block selectively a particular binding interac-
tion domain therefore leading to the loss of a certain
function while sparing others.

Hampering protein function at the posttranslational level
may have distinctive advantages, especially when dealing
with cells with complex and spatially extended morpholo-
gy, such as nerve cells, where functional knock-down with
intrabodies could be achieved in a more spatially localized
manner, or where one could target subcellular pools of a
given target protein. The recombinant antibody we selected
could be exploited for developing conditional transgenic
mice where scFv expression is under the control of a
neuronal cell type specific (tissue-specific) promoter.
Alternatively, viral expression vectors may be used to
transduce gephyrin-specific intrabodies in nondividing
neuronal populations in specific areas of the CNS, giving
the possibility to follow the consequences of gephyrin
expression and its functional ablation within the same
biological preparation. In particular, the occurrence in the
same neuronal tissue of cells phenotypically knocked out
for gephyrin with WT ones may allow studying the
mechanisms regulating neurotransmitter receptor move-
ments on the cell surface and the contribution of receptor
clustering to the cross talk between pre and postsynaptic
membranes.
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Abstract—Gephyrin is a tubulin-binding protein that acts as
a scaffold for clustering glycine and GABA, receptors at
postsynaptic sites. In this study, the role of gephyrin on
GABA, receptor function was assessed at the post-transla-
tional level, using gephyrin-specific single chain antibody
fragments (scFv-gephyrin). When expressed in cultured rat
hippocampal neurons as a fusion protein containing a nuclear
localization signal, scFv-gephyrin were able to remove endog-
enous gephyrin from GABA, receptor clusters. Inmunocyto-
chemical experiments revealed a significant reduction in the
number of synaptic y2-subunit containing GABA, receptors
and a significant decrease in the density of the GABAergic
presynaptic marker vesicular GABA transporter (VGAT).
These effects were associated with a slow down of the
onset kinetics, a reduction in the amplitude and in the
frequency of miniature inhibitory postsynaptic currents
(mIPSCs). The quantitative analysis of current responses
to ultrafast application of GABA suggested that changes in
onset kinetics resulted from modifications in the micro-
scopic gating of GABA, receptors and in particular from a
reduced entry into the desensitized state. In addition, ham-
pering gephyrin function with scFv-gephyrin induced a
significant reduction in GABA, receptor-mediated tonic
conductance. This effect was probably dependent on the
decrease in GABAergic innervation and in GABA release
from presynaptic nerve terminals. These results indicate
that gephyrin is essential not only for maintaining synaptic
GABA, receptor clusters in the right position but also for
regulating both phasic and tonic inhibition. © 2009 IBRO.
Published by Elsevier Ltd. All rights reserved.
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In the CNS, the efficiency of GABAergic signaling relies
on the temporally and spatially regulated expression of
GABA, receptors, which are located at both synaptic
and extrasynaptic sites. While synaptic receptors regu-
late phasic inhibition responsible for point-to-point com-
munication between neurons, extrasynaptic receptors
mediate tonic inhibition, involved in the control of neuro-
nal gain and cell excitability (Semyanov et al., 2004; Cave-
lier et al., 2005; Farrant and Nusser, 2005). Clustering of
inhibitory receptors at synaptic and extrasynaptic sites is
dynamically controlled by highly regulated events, which
require the precise interplay of various proteins and active
transport processes along the cytoskeleton (Kneussel
and Loebrich, 2007). The tubulin-binding protein gephy-
rin, originally purified in association with glycine recep-
tors (Meyer et al., 1995) has been proposed to serve as
a scaffold for anchoring glycine and GABA, receptors to
synaptic membranes (Kneussel and Loebrich, 2007).
Gephyrin has been shown to bind with high affinity to the 8
subunits of glycine receptors (Meyer et al., 1995) and a
recent study has provided convincing evidence that this
protein can directly interact with the a2 subunit of GABA,
receptors (Tretter et al., 2008). To elucidate the functional
role of gephyrin on GABAergic signaling, a variety of dif-
ferent approaches has been used including, antisense
oligonucleotides (Essrich et al., 1998), gephyrin —/—mice
(Kneussel et al., 1999; Levi et al., 2004), and RNA inter-
ference (iRNA, Jacob et al., 2008; Yu et al., 2007). These
studies have revealed that gephyrin is a key player in the
synaptic aggregation of GABA, receptors. Here, using
immunocytochemical and electrophysiological techniques,
we have investigated in more detail the functional role of
gephyrin on phasic and tonic inhibition in hippocampal
neurons in culture.

To hamper gephyrin function we have used a method
recently developed in our laboratory based on single-chain
antibody fragments against gephyrin (scFv-gephyrin) which,
unlike nucleic acid-based technologies, operate at the
post-translational level (Zacchi et al., 2008). ScFv-gephy-
rin were linked to a nuclear localization signal (NLS) that
sequestered endogenous gephyrin in the nucleus. We
found that the reduction of gephyrin and synaptic y2-sub-
unit containing GABA,, receptor clusters was accompanied
with a decrease density of vesicular GABA transporter
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(VGAT). Electrophysiological experiments revealed a se-
vere alteration of both phasic and tonic GABA, receptor-
mediated inhibition.

EXPERIMENTAL PROCEDURES
Cell culture

All experiments were carried out in accordance with the European
Community Council Directive of November 24, 1986 (86/609EEC)
and were approved by the local authority veterinary service. Ex-
periments were designed to minimize the number of animals used
and their suffering. Primary cell cultures were prepared as previ-
ously described (Andjus et al., 1997). Briefly, 2—4 days old (P2—
P4) Wistar rats were decapitated after being anesthetized with an
i.p. injection of urethane (2 mg/kg). Hippocampi were dissected
free, sliced, and digested with trypsin, mechanically triturated,
centrifuged twice at 40X g, plated in Petri dishes, and cultured for
up to 14 days. Experiments were performed on cells cultured for
at least 7 days.

ScFv-gephyrin

The technique for isolating scFv-gephyrin has already been re-
ported (Zacchi et al., 2008). The Intracellular Antibodies Capture
Technology (Visintin et al., 2002) was used to select a single-
chain antibody fragment or intrabody against the linker domain (aa
153-348) of gephyrin. This intrabody, fused to NLS, was able to
efficiently and selectively remove gephyrin from glycine and
GABA, receptors.

Immunofluorescence staining

Hippocampal neurons in culture were transfected with enhanced
green fluorescent protein (EGFP) alone or cotransfected with
EGFP and scFv-gephyrin using the magnetofection protocol
(Buerli et al., 2007) as described by the manufacturer (OZ Bio-
sciences, Marseille). Briefly, NeuroMag beads were coated with
DNA and added to the culture medium. Following 15 min of
incubation on a magnetic plate, the cells were left to grow at 37 °C.

Neurons were transfected at seven DIV and used for immu-
nostaining 48 h later. All steps were carried out at room temper-
ature. After fixation with 4% paraformaldehyde/4% sucrose in
phosphate-buffered saline (PBS) for 10 min, neurons were
quenched in 0.1 M glycine in PBS for 5 min, and blocked in 0.2%
bovine serum albumin (BSA)/1% fetal calf serum (FCS) in PBS for
30 min. In order to label surface GABA, receptors, neurons were
incubated with polyclonal antibodies against the amino-terminal of
2 (1:100) or &5 (1:100) subunits for 1 h. They were then perme-
abilized with 0.1% Triton X-100 in PBS for 2 min and blocked
again in 0.2% BSA/1% FCS in PBS for 15 min. After incubation
with monoclonal antibodies against VGAT (1:200) or gephyrin
(1:500) for 1 h, they were incubated with a mixture of secondary
antibodies (AlexaFluor 594 goat anti-rabbit, 1:500 and biotinylated
goat anti-rabbit, 1:100) for 45 min, followed by incubation with
Streptavidin-conjugated Marina Blue or Streptavidin-conjugated
AlexaFluor 405 (1:100) for 30 min. The coverslips were washed in
PBS and mounted with VectaShield (Vector Laboratories). The
fixation protocol did not permeabilize the neurons as revealed by
the lack of immunostaining when an antibody against an intracel-
lular antigen (MAP2) on non-permeabilized neurons was used.

The antibodies used were as follows: rabbit polyclonal anti-y2
(Alomone Laboratories), rabbit polyclonal anti-a5 (provided by W.
Sieghart), mouse monoclonal anti-VGAT (Synaptic Systems),
mouse monoclonal anti-gephyrin (mAb7a, Synaptic Systems), bi-
otinylated goat anti-rabbit IgG (Vector Laboratories). All second-
ary antibodies were obtained from Invitrogen.

Confocal microscopy and image analysis

Fluorescence images were acquired on a TCS—SP confocal laser
scanning microscope (Leica, Bensheim, Germany) with a 63x1.4
NA oil immersion objective, additionally magnified two fold with the
pinhole set at one Airy Unit. Stacks of z-sections with an interval
of 0.4 um were sequentially scanned twice for each emission line
to improve the signal/noise ratio. Cluster analysis was carried out
using MetaMorph Imaging System (Universal Imaging, Westches-
ter, PA, USA). First a binary mask was created using the EGFP
staining to identify transfected neurons, then GABA, receptor and
VGAT or gephyrin intensities in regions overlapping with the bi-
nary mask were analyzed. Images were segmented to select
immunofluorescent puncta over background labeling, and clus-
ters were defined as >5 pixels (0.067 um?) as determined by
visual inspection. Integrated Morphometry Analysis function of
MetaMorph was used to quantify the number and size of clusters.
For the analysis of colocalization, a binary mask of the segmented
image for each channel was created and overlapping regions with
>3 pixels were defined as colocalized. Five to six—cells from at
least four different experiments were quantified. Representative
figures were prepared using Adobe Photoshop CS3.

Electrophysiological recordings

Spontaneous miniature GABA,-mediated synaptic currents
(mIPSCs) and GABA-evoked currents were recorded in hip-
pocampal neurons in culture transfected either with scFv-gephyrin
or EGFP at 22-24 °C using a Multiclamp 700 A amplifier (Axon
Instruments, Foster City, CA, USA). Patch electrodes were pulled
from borosilicate glass capillaries (Hilgenberg, Malsfeld, Ger-
many). They had a resistance of 4—6 M(Q when filled with an
intracellular solution containing (in mM): CsCI 137, CaCl, 1, MgCl,
2, 1,2-bis(2-aminophenoxy)ethane-N,N,N’N’-tetraacetic acid (BAPTA)
11, ATP 2, and HEPES 10 (the pH was adjusted to 7.3-7.4 with
CsOH). The composition of the external solution was (in mM):
NaCl 137, KCI 5, CaCl, 2, MgCl,, 1, glucose 20, and HEPES 10,
pH 7.4, with NaOH. mIPSCs were recorded, at a holding potential
of =70 mV, in the presence of tetrodotoxin (TTX, 1 uM), 6,7-
dinitroquinoxaline-2,3-dione (DNQX, 20 uM) and CGP55845 (1
M) to block sodium currents and propagated action potentials,
AMPA and GABAg receptors respectively. The stability of the
patch was checked by repetitively monitoring the input and series
resistance during the experiments. Cells exhibiting 15-20%
changes were excluded from the analysis. The series resistance
was 5-7 M(), and it was compensated by 70—80%.

GABA containing solution was applied to nucleated patches
(held at —40 mV) using an ultrafast perfusion system based on
piezoelectric driven theta-glass application pipette (Mozrzymas et
al.,, 1999; Barberis et al., 2000; Petrini et al., 2003, 2004). The
piezoelectric translator was from Physik Instrumente (Waldbronn,
Germany), and the theta glass tubing was from Hilgenberg (Mals-
feld, Germany). The open tip recordings of the liquid junction
potentials revealed that the 10-90% exchange of the solution
occurred within 40—80 us. The speed of the solution exchange
was also estimated around the nucleated patch by the 10-90%
onset of the membrane depolarization induced by application of
high potassium saline (25 mM). In this case, the 10—-90% rise time
value (60-90 us) was very close to that found for the open tip
recordings.

The tonic GABA, receptor-mediated conductance was esti-
mated by the outward shift of the baseline current after the appli-
cation of the GABA, receptor antagonist bicuculline (10 uM) or
picrotoxin (100 wM). Epochs of 300—-500 ms each, were pooled
together to calculate the baseline current amplitude and its stan-
dard deviation. The resulting all-point histograms were fitted with
a Gaussian function. Only current recordings that exhibited a
stable baseline were included in the analysis.
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Drugs used were TTX, DNQX, CGP55845, bicuculline me-
thiodide, picrotoxin. All drugs (except TTX that was purchased
from Latoxan, Valence, France) were obtained from Tocris (Cook-
son Ltd., Bristol, UK). All drugs were dissolved in ACSF, except
DNQX, and picrotoxin that were dissolved in DMSO and ethanol,
respectively. The final concentration of DMSO in the bathing
solution was 0.1%. At this concentration, DMSO alone did not
modify the shape or the kinetics of synaptic currents. Bicuculline
and picrotoxin were delivered to the recorded neurons with a
perfusion system consisting of glass barrels positioned close to
the soma of the recorded cell (multibarrel RSC-200 perfusion
system, Bio-Logic, Grenoble, France). Judging from the onset of
the liquid junction potentials, a complete exchange of the solution
around the open tip electrode occurred within 10—20 ms.

Data analysis

For the analysis requiring a high temporal resolution (e.g. rise time
kinetics of mIPSCs and GABA-evoked currents) signals were
sampled at 50-100 kHz and low pass filtered at 10 kHz with a
Butterworth filter and stored on a computer hard disk. The analysis
of minis was performed with Clampfit 9 software (Axon Instru-
ments, Foster City, CA, USA). This program uses a detection
algorithm based on a sliding template. The template did not induce
any bias in the sampling of events because it was moved along
the data trace one point at a time and was optimally scaled to fit
the data at each position. The detection criterion was calculated
from the template-scaling factor and from how closely the scaled
template fitted the data. The threshold for detection was set at 3.5
times the SD of the baseline noise. Using the same program, the
decay time constant of averaged mIPSCs was taken from the
biexponential fit of the decay time. The rise time was estimated as
the time needed for 10-90% increase of the peak current re-
sponse.

The decaying phase of mIPSCs and GABA-evoked currents
was fitted with exponential functions in the form:

y(t) =2 Axexp(~t/7), M

i=1

where 7; and A, are the time constants and relative fractions of the
respective components.

In the case of analysis of normalized currents, the fractions of
kinetic components fulfilled the normalization condition:

SA=1. ()

i=1

Deactivation time courses of mMIPSCs and GABA-evoked currents
were fitted with the sum of two exponentials.
The mean time constant calculated as:

Tmean:EAiXTiv (3)

i=1

Was used to estimate the speed of the decaying process.
In the case of current responses elicited by long (250 ms)
GABA pulses, the desensitization onset was described by:

Y(t) =Afast>< eXp( - t/Tfas!) +As|owx eXp( - t/TsIow) +As (4)

where Aqg and A, are the fractions of the fast and the slow
component, respectively and 7,4 and 7., are the fast and the
slow time constants. A is the steady state current. The goodness
of the fit was assessed by minimizing the sum of the squared
differences.

Brief (2 ms) paired pulses separated by a variable time inter-
val were used to test whether or not the entrance of bound
receptors into the desensitized state proceeded after the agonist
removal. The parameter R was calculated according to the for-
mula:

R=(I2_lend)/(|1_lend) (5)

where |, is the first peak amplitude, /.4 is the current value
immediately before the application of the second pulse, and |, is
the second peak amplitude. During the 2 ms pulse the onset of the
use-dependent desensitization is minimal. Thus, in the case of
continued entrance into the desensitized state after the first short
agonist pulse, the peak of the second response (l,) was smaller
than the first one resulting in R<1.

Variance analysis was used to estimate the single channel
current (i) from the mean current (l,..,,) and current variance (o).
Variance (0?) was calculated according to the formula:

?=> (ACi—AC,)%/(n—1) (6)
n=1

where n is the number of samples per record, AC; is the current
mediated by GABA, receptors at sample i and AC,,, is the mean
AC current. Assuming N independent and identical channels,
lmean=NP,i, where i is a single-channel current, P,—single chan-
nel open probability and | ,.,,—the mean measured current. In
these conditions, the plot 6® —l ., follows a parabolic relation-
ship in the form:

02=iX|mean_|mean2/N (7)

Single channel conductance (y) was estimated according to the
equation:

y=i/(VH-VR) (8)

where V is the holding potential and Vy is the reversal potential
for chloride that in conditions of nearly symmetric chloride used in
our experiments was very close to zero and in calculations using
the formula (8) Vg was assumed equal to zero.

Unless otherwise stated, data are expressed as mean+=SEM,
and all the values included in the statistics represent recordings
from separate cells. Statistical comparisons were made with the
use of unpaired t-test. P<<0.05 was taken as significant.

RESULTS

ScFv-gephyrin reduced the number of gephyrin
clusters and 2 subunit containing synaptic GABA,
receptors

Double-immunostaining was performed on neurons trans-
fected with EGFP alone as control or cotransfected with
EGFP and scFv-gephyrin. Cotransfection was necessary
to visualize the dendritic processes as scFv-gephyrin
alone resulted in strong EGFP signal only around and
within the nucleus (due to NLS). Cultured hippocampal
neurons were stained for surface GABA, receptors con-
taining y2 subunit, then permeabilized and stained for
gephyrin. As shown in Fig. 1A, a significant reduction in the
number of gephyrin clusters was observed in scFv-gephyrin
transfected neurons as compared to controls (0.097+
0.015 vs 0.159+0.014 cIusters/meZ, P<0.01; n=22).
ScFv-gephyrin also caused a decrease in the total number
of y2 subunit immunoreactive puncta although this did not
reach a significant level. y2 subunit-containing GABA,
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Fig. 1. scFv-gephyrin reduce the number of gephyrin clusters and alters GABAergic synapses. (A) On the left: neurons transfected (green) with EGFP
(upper panel) or EGFP and scFv (lower panel). Right panels are magnifications of the white boxes marked on the left. Neurons were double
immunostained for surface y2 (red) and intracellular gephyrin (blue). Colocalizing puncta (pink) are indicated by arrows on the merge window.
Quantifications of cluster densities for gephyrin and y2 subunits are shown on the right. (B) Neurons were treated as in (A) but double immunostained
for surface y2 (red) and VGAT (blue). Note the significant reduction in the density and size of VGAT clusters, and fraction of y2 clusters co-localizing
with VGAT (merged window). Scale bars: 20 um and 2 um. * P<0.05; ** P<0.01.
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receptors can localize at both synaptic and extrasynaptic
sites (Danglot et al., 2003). In order to distinguish between
these two receptor populations, neurons were stained for
surface y2 subunits and for VGAT (the vesicular GABA
transporter) considered a GABAergic presynaptic marker
(Dumoulin et al., 2000). Interestingly, a significant de-
crease in VGAT immunoreactivity was found in scFv-
gephyrin transfected cells (n=11; Fig. 1B). VGAT clusters
were reduced in number (from 0.149+0.018 to 0.078+0.023
clusters/um?, P<0.05 and size (from 14.1+0.4 to 11.9+0.6
pixel,2 P<0.01). The fraction of y2 subunit clusters co-
localizing with VGAT was reduced from 17.0£2.8% to
4.8+1.7%, P<0.01.

It should be stressed that in spite of a significant re-
duction in the number of synaptic y2 subunits containing
GABA, receptor clusters, in scFv-gephyrin transfected
cells the fluorescence intensity of individual clusters (cal-
culated by normalizing cluster fluorescence intensity to
cluster area and expressed in arbitrary units) was only
slightly reduced without reaching a significant level (154.2+3.2
and 146.2+3.4 in EGFP and scFv-gephyrin, respectively;
n=20; P>0.05; data not shown). We cannot exclude that,
minor changes in receptor density within clusters, not de-
tectable in our experimental conditions, could influence the
kinetic properties of the receptors.

Overall, these results demonstrate that scFv-gephyrin
have a pronounced effect on synaptic y2 subunit contain-
ing GABA, receptors co-localizing with VGAT, suggesting
that the impairment of gephyrin function alters GABAergic
innervation.

Immunocytochemical investigation of a5 subunit con-
taining GABA, receptors, which in the hippocampus are
mainly extrasynaptic (Fritschy et al., 1998; Brinig et al.,
2002; but see Serwanski et al., 2006) did not reveal any
significant difference between the number of immunoreac-
tive puncta in scFv-gephyrin- and EGFP-transfected neu-
rons (0.29+0.03 and 0.29+0.05 clusters/100 um? in con-
trol, n=18, and scFv-gephyrin, n=14, respectively; data
not shown) suggesting that scFv-gephyrin did not affect o5
containing GABA, receptors.

ScFv-gephyrin slowed down the onset kinetics and
reduced the amplitude and frequency of mIPSCs

Miniature IPSCs were recorded from cultured hippocampal
neurons in the whole-cell configuration of the patch-clamp
technique at a holding potential of —70 mV in the presence
of TTX (1 uM), DNQX (20 uM), and CGP55845 (1 uM).
Miniature events were reversibly blocked by bicuculline (10
uM) indicating that they were GABA, receptor-mediated
(n=6; data not shown). mIPSCs were recorded from EGFP
and scFv-gephyrin transfected neurons. Miniature events
were recorded also from neighboring non-transfected cells
in the same dishes containing scFv-gephyrin transfected
neurons. No differences in amplitude, frequency and kinet-
ics were observed between EGFP and non-transfected
cells and therefore data were pooled together and consid-
ered as controls. As shown in the representative example
of Fig. 2A, B, in comparison to controls, mIPSCs recorded
from scFv-gephyrin transfected neurons exhibited a signif-

icant reduction in amplitude and frequency associated with
a slow-down of their onset kinetics. On average, the mean
10-90% rise time of mIPSCs was 1.1+0.1 and 1.6+0.1
ms in controls (n=23) and scFv-gephyrin transfected neu-
rons (n=18) respectively (Fig. 2C). This effect was asso-
ciated with a significant (P<0.01) reduction in the peak
amplitude of mIPSCs (from 42.63.0 to0 29.8 1.7 pA) and
with a shift to left of the cumulative amplitude distribution.
ScFv-gephyrin also affected mIPSCs frequency: on aver-
age this was 0.28+0.04 and 0.18+0.03 Hz, in control and
scFv-gephyrin, respectively (Fig. 2C).

ScFv-gephyrin did not alter the deactivation kinetics of
mIPSCs. mIPSCs decay was fitted with a biexponential
function: 7,5, was 11.3+0.6 and 10.5=1.1 ms and 7,
was 38.6+2.6 and 44.1+4.2 ms in control and scFv-
gephyrin, respectively (P>0.05; data not shown). Alto-
gether, these results indicate that removal of gephyrin from
the subsynaptic membrane severely affects GABA, recep-
tor-mediated phasic inhibition.

ScFv-gephyrin slowed down the onset kinetics of
currents evoked by ultrafast application of saturating
concentrations of GABA

In order to investigate the mechanisms underlying changes in
mIPSCs kinetics induced by scFv-gephyrin, we examined
the currents evoked by ultrafast applications of GABA
(Jones and Westbrook, 1995; Mozrzymas et al., 1999;
Barberis et al., 2000; Petrini et al., 2003). Using this ap-
proach it is possible to determine the microscopic gating of
GABA, receptors with a time resolution similar to that of
synaptic events. For this purpose we studied current re-
sponses evoked in nucleated patches obtained from
controls and scFv-gephyrin transfected cells. Similarly to
mIPSCs, in scFv-gephyrin transfected neurons, a signifi-
cant (P<0.01) slow down of the onset kinetics of currents
evoked by brief (2 ms) pulses of a saturating concentration
of GABA (10 mM) was observed (Fig. 3A). The mean
10-90% rise time value was 0.42+0.01 ms (n=17) and
0.48+0.02 ms, in control and scFv-gephyrin transfected
neurons, respectively. According to the kinetic model pro-
posed by Jones and Westbrook (1995), the activation of
GABA, receptors results from two kinetically separated
steps: the binding of the agonist to the receptor and the
conformational change from the bound-closed to the
bound-open state. The binding step strictly depends on
GABA concentration since the effective rate of binding is
proportional to k,,X(GABA). Thus, in the presence of low
concentrations of GABA, the binding step becomes much
slower than the conformational change and represents the
rate-limiting step of the whole process. Thus, changes in
binding rate should affect the onset kinetics of GABA-
evoked responses. Fast application of low concentrations
of GABA (100 uM) produced current responses with sim-
ilar onset kinetics in controls and in scFv-gephyrin trans-
fected cells (Fig. 3A). On average, the 10-90% rise time
values of responses evoked by 100 uM GABA were
4.36+0.23, and 4.71+0.27 ms, in controls and scFv-
gephyrin transfected cells, respectively (n=17 for each
group; P>0.05). As shown in Fig. 3B, the rise time values
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Fig. 2. scFv-gephyrin reduce the peak amplitude, frequency and slows down the onset kinetics of mIPSCs. (A) mIPSCs recorded from controls and
scFv-gephyrin transfected neurons. (B) Average of individual mIPSCs from the traces shown in (A) are normalized and superimposed to emphasize
differences in the onset kinetics between controls and scFv-gephyrin transfected cells (C) Cumulative 10-90% rise time, amplitude and interevent
interval distribution of mIPSCs from the EGFP- (thick line) and the scFv-gephyrin transfected neurons (thin line) shown on (A). (D) Each column
represents the mean 10%—-90% rise time, peak amplitude and frequency values of mIPSCs recorded from EGFP (white) and scFv-gephyrin (black)
transfected cells. * P<0.05; ** P<0.01.

of current responses obtained from scFv-gephyrin trans-
fected cells, normalized to controls (EGFP), were signifi-
cantly higher only for saturating concentrations of GABA,
indicating that the impairment of GABA, receptor clusters
by scFv-gephyrin does not affect the agonist binding pro-
cess.

The peak amplitude and the decay of currents evoked
by saturating concentrations of GABA (10 mM for 2 ms;
data not shown) were not affected by scFv-gephyrin
transfection. On average, the peak amplitudes of GABA-
evoked currents were 2062.2275.8 and 2116.5+463.7
pA while the decay time constants (7,,,c.,) Were 69.1+3.4
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Fig. 3. scFv-gephyrin reduce the onset of GABA-evoked currents, only at saturating agonist concentration. (A) Normalized and superimposed onset
of current responses evoked by ultrafast application of a nonsaturating (100 M, left) or a saturating (10 mM, right) concentration of GABA for 2 ms
to neurons transfected with EGFP (thick lines) or with scFv-gephyrin (thin lines). Note that with GABA 100 uM the two traces overlap. Each trace is
the average of 5 responses. (B) Each column represents the mean 10-90% rise time value of currents evoked by 100 uM and 10 mM of GABA,
respectively, in scFv-gephyrin transfected neurons normalized to the corresponding values obtained from EGFP transfected cells (n=17). ** P<0.01.
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Fig. 4. scFv-gephyrin reduce the desensitization kinetics of GABA-
evoked currents. (A) Currents evoked by long (250 ms) pulses of
GABA (10 mM) in control (thick line) and scFv-gephyrin transfected
cells (thin line). On the right the two normalized and superimposed
traces are shown on an expanded time scale. (B) Mean fast () and
slow (740w) time constants of current responses obtained from control
(white; n=23) and from scFv-gephyrin (black; n=17) transfected neu-
rons. Note that scFv-gephyrin affected only 7, * P<<0.05.

and 72.84.7 ms in controls (n=23) and scFv-gephyrin

transfected cells (n=14), respectively (P>0.05; data not
shown).

ScFv-gephyrin reduced the rate and extent of
desensitization kinetics of GABA-evoked currents

GABA, receptors undergo rapid desensitization during ac-
tivation, a process known to contribute to shape synaptic
currents (Jones and Westbrook, 1995; Morzrymas et al.,
2003a, 2004). To see whether in cells transfected with
scFv-gephyrin GABA, receptor desensitization was al-
tered, we applied (via the ultrafast agonist application sys-
tem) long pulses (250 ms) of a saturating concentration of
GABA (10 mM). We found that, in comparison with con-
trols, cells expressing scFv-gephyrin exhibited a significant
reduction in current desensitization (Fig. 4A).

The desensitization time course could be fitted with a
biexponential function. In controls (n=23), Tr,e; @and Tg0m
were 2.7+0.1 and 139.6=5.1 ms, respectively (the corre-
sponding A and A, Vvalues were 0.43+0.04 and
0.29+0.04; Fig. 5B). In scFv-gephyrin (n=17) 7, and
Teow Were 3.3+0.2 and 158.4+8.3 ms, respectively (the
corresponding Aq and A, were 0.33£0.03 and 0.27+
0.01; Fig. 4B). Values of 7, (but not ,,) measured in
controls and in scFv-gephyrin transfected cells were sig-
nificantly different (P<<0.05).

ScFv-gephyrin did not affect the recovery process of
GABA responses in the paired pulse protocols

The paired pulse protocol was used to analyze whether
scFv-gephyrin may affect the recovery process assessed

as the R parameter (see Experimental procedures). The
peak current value elicited by the second pulse is clearly
smaller than that evoked by the first one and the difference
between these amplitudes reflects the number of receptors
that fell into the desensitized state. The current peak elic-
ited by the second pulse is proportional to the number of
receptors that have dissociated the agonist and are ready
to be activated again. Paired pulses (2 ms duration each)
of saturating GABA (10 mM) were applied at different time
intervals (ranging between 5 and 1000 ms; see example of
Fig. 5A). As shown in the summary graph of Fig. 5B, data
points obtained in controls and in scFv-gephyrin over-
lapped, indicating that the impairment of gephyrin function
did not affect the recovery parameter.

However, it should be taken into account that the re-
covery process is a complex phenomenon involving mul-
tiple re-entries into the open and desensitized states due to
the functional coupling between desensitization-resensiti-
zation, opening-closing and unbinding, therefore it cannot
be ascribed solely to the kinetics of entry or exit from the
desensitized state of GABA, receptors (Jones and West-
brook, 1995; Barberis et al., 2000; Petrini et al., 2003).

ScFv-gephyrin reduced the tonic GABA, receptor
mediated conductance

In the attempt to investigate whether the impairment of
GABAergic function by scFv-gephyrin involves also the
tonic GABA, receptor mediated conductance, we mea-
sured the baseline shift induced by bath application of the
GABA, receptor antagonists bicuculline or picrotoxin. Ap-
plication of bicuculline (100 wM) caused a shift in the
baseline current of 12.3+2.2 and 5.9%1.1 pA in controls
(n=15) and in scFv-gephyrin transfected cells (n=14),
respectively (Fig. 6A—C). These values were significantly
different (P<<0.05). As shown in the representative exam-
ple of Fig. 6B, the all-point histogram of base-line current
obtained in scFv-gephyrin transfected neurons (black) was
shifted to the right with respect to control (gray). Similar
results were obtained with picrotoxin (100 uM; n=5; data
not shown).
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Fig. 5. In paired pulse protocols, scFv-gephyrin do not affect the
recovery of the second peak of GABA-evoked currents. (A) Paired
pulses of GABA (2 ms, 10 mM) elicited at 20 ms interval in control
(thick line) and in scFv-gephyrin transfected cells (thin line). (B) Nor-
malized recovery of the second peak evoked in EGFP (open circles)
and in scFv-gephyrin (closed circles) transfected cells. Each point
represents the mean of 7-11 experiments. The error bars are often
within the symbols.
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Fig. 6. scFv-gephyrin reduce the amplitude of the tonic conductance
mediated by ambient GABA. (A) Currents recorded in the absence
(thin lines) and in the presence of bicuculline (bic 10 wM; thick lines)
from control and scFv-gephyrin transfected cells. Holding potential
—60 mV. The dotted lines represent the holding current in the pres-
ence of bicuculline. (B) All-point histogram of 500 ms traces recorded
from the neurons shown in A. Note that, in comparison to control (gray)
in scFv-gephyrin (black), the all point histogram is shifted to the right.
In white is the distribution observed in the two cells in the presence of
bicuculline. The thin black lines represent the gaussian fit of the
distributions. (C) Summary data of the mean tonic current amplitude
(base-line shift) obtained from EGFP (white, n=15) and scFv-gephyrin
(black, n=14) transfected cells. * P<<0.05.

These results suggest that scFv-gephyrin affect not
only phasic but also tonic inhibition.

ScFv-gephyrin did not alter GABA, receptor
mediated single channel conductance

In a series of experiments we have examined whether
changes of GABA, receptor function observed in scFv-

A B

gephyrin transfected cells could be attributed to alterations
in GABA, receptor properties. To this aim, single channel
conductance was estimated by analyzing the noise vari-
ance of current responses evoked by applications of GABA
(100 uM or 10 mM) in controls (n=38) or in scFv-gephyrin
transfected cells (n=25). In both experimental conditions,
the relationship between variance and mean current am-
plitude was obtained and the fit of the parabolic equation
(eq. 7) yielded the single channel current (i) and the num-
ber of channels (N) in the considered patches (Fig. 7).
Assuming a reversal potential for chloride equal to zero,
the single channel conductance was calculated using
egn. 8. The mean single channel conductances deter-
mined in this way were 28.58+1.96 and 28.32+1.69 pS,
in controls and in scFv-transfected cells, respectively
(Fig. 7C; P>0.05).

The number of channels (N) within patches, deter-
mined for controls and scFv-gephyrin transfected cells
did not show any significant difference (2036+245 and
2169+574 for controls and scFv-gephyrin, respectively,
P>0.05). There was a slight trend of increase in the max-
imum open channel probability (P, calculated as P, at
current peak) following gephyrin impairment (0.860.032
and 0.9+0.057 for control and scFv-gephyrin, respec-
tively) but this difference did not reach statistical signifi-
cance (P>0.05). These results indicate that scFv-gephyrin
did not modify either the mean single channel conductance
or the number of channels within patches.

DISCUSSION

The effects of gephyrin on GABAergic function has been
extensively studied (Fritschy et al., 2008). In the present
study, we have confirmed and extended previous findings
using a novel tool (scFv-gephyrin), which interferes with
gephyrin at post-translational level (Zacchi et al., 2008). In
particular, we found that the reduction in number of gephy-
rin and synaptic y2 subunit containing GABA, receptor
clusters was associated with a severe impairment of both
phasic and tonic GABA, receptor-mediated inhibition. It is
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Fig. 7. Single channel conductance determined from the non-stationary noise analysis is not affected by scFv-gephyrin. (A) Typical traces elicited by
10 mM GABA. Averaged trace, to make it visible, is marked with thick grey line while 4 individual traces are plotted with thin black lines. (B) Typical
variance vs. amplitude plot with a parabolic fitting according to Eqn 7. (C) Statistics of single channel conductance calculated with Eqn 8. The single
channel currents were obtained from fitting of Eqn 7 to the variance vs. amplitude for each individual recording.
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therefore likely that gephyrin exerts a crucial role not only
in keeping synaptic GABA, receptors in place but also for
ensuring a correct communication between the pre and the
postsynaptic element of the synapses.

Although the exact mechanisms by which scFv-gephy-
rin reduce the number of gephyrin and synaptic y2 subunit
containing GABA, receptor clusters is presently unknown,
we cannot exclude the possibility that the recombinant
antibodies could also affect GABA, receptor trafficking
directly or indirectly. However, if this effect is present it
seems to be minor since, at the cell surface, the total
number of y2-containing GABA, receptor clusters was
only slightly reduced. In addition, it is noteworthy that,
similar to our results, a reduction in amplitude and fre-
quency of spontaneous IPSCs was found when gephyrin
was deleted by iRNA or by over expressing gephyrin
EGFP (Yu et al., 2007). Interestingly, a reduction in the
number of GABA, receptor clusters and GABAergic inner-
vation was also found when GABA, receptors trafficking
was prevented by knocking down the palmitoyl acyltrans-
ferase GODZ with GODZ iRNA (Fang et al., 2006). The
crosstalk between the post- and presynaptic elements of
the synapses may occur through specialized adhesion
molecules such as neuroligins, known to trans-synaptically
interact with neurexins to form and maintain both GABAergic
and glutamatergic synapses (Sudhof, 2008). However,
whether gephyrin interacts with these molecules remains
to be elucidated.

In our case, changes in amplitude and frequency of
mIPSCs were accompanied by a slow down of their onset
kinetics. Interestingly, similar kinetic changes were re-
cently observed in collybistin —/—mice. Collybistin is a
guanine nucleotide exchange factor required for gephyrin-
dependent GABA, receptor clustering at inhibitory syn-
apses (Papadopoulos et al., 2007). In the present experi-
ments, the analysis of currents evoked in nucleated
patches by ultrafast application of GABA allowed us to give
a mechanistic interpretation of the results considering the
kinetic properties of GABA, receptors under non-equilib-
rium conditions similar to those presumably occurring at
synapses (Mozrzymas et al., 1999; Barberis et al., 2000).
Like mIPSCs, currents evoked in scFv-gephyrin trans-
fected cells by saturating concentrations of GABA, exhib-
ited a slower rise time. The lack of this effect at non-
saturating agonist concentrations (100 wM) suggests that
impairing gephyrin function does not affect the agonist
binding process (Jones and Westbrook, 1995; Petrini et
al.,, 2003, 2004). Interestingly, slower onset of currents
evoked by saturating (GABA) was associated with a re-
duction in the rate and extent of desensitization. Although
it is not immediately apparent, both effects can be ex-
plained with a reduction of the desensitization rate. Indeed,
as for AMPA receptors (Clements et al., 1998), it has been
shown that the amplitude and the rising phase of GABA-
evoked currents strictly depend on receptors desensitiza-
tion (Mozrzymas et al., 2003a; Mozrzymas, 2004). Thus, in
accordance with Jones and Westbrook’s model, at satu-
rating (GABA), binding is completed very quickly and cur-
rent onset time constant is roughly described by the recip-

rocal of sum of the opening and desensitization rates
(T=1/(B+d), where B is opening and d, the desensitization
rate). Thus, consistent with our results, if desensitization
rate decreases the current onset is expected to become
slower. Contrary to the present data, a reduced entry into
the desensitized state should be associated with an in-
crease in current amplitude (Mozrzymas et al., 2003a,b).
The reduced amplitude of mIPSCs detected here could be
attributed to the reduction in GABAergic innervation (and
possibly GABA release) which may have counterbalanced
the expected modification in current amplitude due to re-
ceptor gating. VGAT immunostaining data and the reduc-
tion in mIPSCs frequency indicate a loss of functional
synaptic sites. However, no changes in amplitude of
GABA-evoked currents were detected in nucleated
patches from scFv-gephyrin transfected cells. This dis-
crepancy could be explained by the fact that current re-
sponses to rapid agonist application, although commonly
used to mimic mIPSCs, differ from the synaptic ones in the
targeted receptors (a mixture of synaptic and extrasynaptic
ones) and in a more severe loss of intracellular soluble
modulators (nucleated patches vs. whole-cell). The possi-
bility that scFv-gephyrin could have reduced single chan-
nel conductance, thus obscuring the increase in current
amplitude, is unlikely as the non-stationary noise analysis
indicated that gephyrin impairment did not significantly
affect this parameter. In contrast to the present data, the
observed reduction in desensitization rate is expected to
accelerate the deactivation kinetics (Jones and West-
brook, 1995; Mozrzymas et al., 2003a, 2007). The reason
for this discrepancy in presently unclear: probably deacti-
vation kinetic is a more complex phenomenon difficult to fit
into a simplified model such that of Jones and Westbrook
(1995). This may involve several additional desensitized
as well as open and closed states.

The precise mechanism by which hampering gephyrin
function affects the gating properties of GABA, receptors
is still unknown. One possibility is that, to confine receptors
into clusters may enhance their allosteric interaction pos-
sibly via protein domains present on neighboring recep-
tors. In the case of glycine receptors it has been hypoth-
esized that an allosteric interaction may occur between the
large intracellular TM3-TM4 loop, containing consensus
sequences for receptor phosphorylation (Cherubini and
Conti, 2001) and the intracellular TM1-TM2 domain. This
would lead to conformational changes and enhanced de-
sensitization, particularly in case of high receptor density
(Nikolic et al., 1998; Legendre et al., 2002; Muller et al.,
2008). In support of this hypothesis is the observation that,
increasing the density of glycine receptors in HEK cells
co-transfected with gephyrin, enhanced fast desensitiza-
tion of glycine-evoked currents, in the absence of apparent
changes in receptor affinity (Legendre et al., 2002).
Whether this could be extrapolated to GABA, receptors
remains to be demonstrated.

In the present experiments, interfering with gephyrin
function altered not only phasic but also tonic inhibition
mediated by extrasynaptic GABA, receptors (Semyanov
et al., 2004). It is well known that after being assembled
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from their component subunits in the endoplasmic reticu-
lum, GABA, receptors are targeted to their appropriate
synaptic and extrasynaptic sites on the plasma membrane
(Jacob et al., 2008). Like most neurotransmitter receptors,
also GABA, receptors are subject to exchanges between
synaptic and extrasynaptic domains by lateral diffusion
(Triller and Choquet, 2005; Thomas et al., 2005; Renner et
al., 2008; Jacob et al., 2008). Interestingly, the lateral
mobility of GABA, receptors is regulated by gephyrin
which facilitates their accumulation and stabilization at
inhibitory synapses (Jacob et al., 2005). Therefore, it is
likely that hampering gephyrin function with scFv-gephyrin
affects lateral diffusion and synaptic and extrasynaptic
GABA, receptors dynamics.

CONCLUSION

The new experimental approach described here based on
scFv-gephyrin has unveiled new insights into the dynamic
mechanisms by which this protein interacts with GABA,
receptors to regulate synaptic activity at both pre and
postsynaptic sites.
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Abstract

Gephyrin is a scaffold protein essential for sialmfy glycine and GABA receptors at
inhibitory synapses. Here, recombinant intrabodigginst gephyrin (scFv-gephyrin)
were used to assess whether this protein exertangynaptic action on GABA and
glutamate release. Pair recordings from intercoti@tedippocampal cells in culture,
revealed a reduced probability of GABA releasedRvsgephyrin transfected neurons as
compared to controls. This effect was associateétl wisignificant decrease in VGAT,
the vesicular GABA transporter and in neuroligitN2.G2), a protein which, interacting
with neurexins, ensures the cross talk between pibgt and the presynaptic site.
Interestingly, hampering gephyrin function also dawroced a significant reduction in
VGLUT, the vesicular glutamate transporter, an afi@ccompanied with a significant
decrease in frequency of miniature excitatory @ysiaptic currents. The loss of
GABAergic but not glutamatergic innervation coul@ Ibescued by over-expressing
NLG2 in gephyrin-deprived neurons suggesting thdeed NLG2 was involved in down
regulation of GABA release. Pull-down experimergsndnstrated that gephyrin interacts
not only with NLG2 but also with NLG1, the isoforemnriched at excitatory synapses.

These results suggest a key role of gephyrin inlatigpg transynaptic signalling at both
inhibitory and excitatory synapses.
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Introduction

Speed and reliability of synaptic transmissionesgential for information coding
and require the presence of clustered neurotratesméceptors at the plasma membrane
in precise apposition to presynaptic releasingssif€he postsynaptic organization
comprises a large number of proteins that ensugectitrect targeting, clustering and
stabilization of neurotransmitter receptors. Amahgm, the tubulin-binding protein
gephyrin plays a crucial role in the functional amgation of inhibitory synapses
(Fritschy et al, 2008). Through its self-oligomerizing propertiggphyrin can form a
hexagonal lattice that trap glycine (Saaal, 2004) and GABA receptors in the right
place at postsynaptic sites (Kneusgedl, 1999; Trettert al, 2008) by linking them to
the cytoskeleton. Disruption of endogenous gephigads to reduced GABAreceptor
clusters (Kneusset al, 1999), an effect that has been shown to be acooenbay a loss
of GABAergic innervation (Yuet al, 2007; Marchionniet al, 2009). This observation
suggests the existence of a cross talk betweenpdisé and presynaptic sites. The
retrograde control of presynaptic signaling may uocwia neuroligins (NLGS),
postsynaptic cell adhesion molecules known to ynasgtically interact with presynaptic
neurexins (Sudhof, 2008). NLG1 is enriched at ghaterigic synapses (Sorej al,
1999; Chihet al, 2005), while NLG2 is preferentially associated hwiGABAergic
connections (Varogueauet al, 2004). Over-expression of NLGs has been shown to
increase the number of GABAergic and glutamatesgitaptic contacts (Levinsaa al,
2005). Interestingly, increasing the expressioell@f PSD-95, the scaffolding molecule
which directly binds NLG1, caused an enhancemerih@fglutamatergic innervation at
the expense of the GABAergic one. This effect wasompanied by the recruitment of
NLGZ2 to glutamatergic synapses (Gerretval, 2006, Levinsoret al, 2005; Pranget al,
2004). Moreover, the recent demonstration of actineteraction between NLG2 and
gephyrin (Poulopouloset al, 2009) suggests a role for this protein in regotati
transynaptic signaling at inhibitory connectionsogether, these findings have led to the
hypothesis that scaffolding molecules can estaldisth maintain the proper excitatory
(E)/inhibitory (I) balance, necessary for the cotreinctioning of neuronal networks, by
modulating neuroligin localization and functionparticular synapses (Craig and Kang,
2007; Dalvaet al, 2007; Gerrow and El-Husseini, 2006). Understandireg molecular
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mechanisms involved in the maintenance of a pr&pkebalance is challenging since an
alteration of this parameter underlies several siatilmg forms of neurological diseases
including autism spectrum disorders (RubensteinMacdzenich, 2003).

Previous studies on cultured hippocampal neurone li@monstrated that removal of
gephyrin with single chain antibody fragments (sgéphyrin; Zacchiet al, 2008)
produce changes in the gating properties of GAB&ceptors associated with a decrease
in GABAergic innervation (Marchionret al, 2009).

In the present study, scFv-gephyrin were used tthdéu characterize the transynaptic
contribution of gephyrin in maintaining and statiiig GABAergic synapses.

Double patch experiments from monosynaptically eated cells revealed a reduction in
the probability of GABA release in scFv-gephyrinarisfected cells. Moreover,
transfection with scFv-gephyrin affected not onbABA but also glutamate release as
demonstrated by the reduction in frequency of spoeus and miniature glutamatergic
synaptic events. Immunocytochemical data reveakidraficant reduction in the number
of NLG2 clusters together with a decrease of VGA® & GLUT, the vesicular GABA
and glutamate transporter, respectively. Finallgchemical experiments demonstrated
that gephyrin can form a complex with both NLG2 @d51 in the brain, suggesting a
role of this scaffold protein in regulating both céatory and inhibitory synaptic

transmission.
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Materialsand Methods

Neuronal and cell cultures

All experiments were carried out in accordance Wit European Community Council
Directive of 24 November 1986 (86/609 EEC) and wagproved by the local authority
veterinary service. Primary cell cultures were pregd as previously described (Andgis
al, 1997). Briefly, 2-4 days old (P2-P4) Wistar rat®rev decapitated after being
anesthetized with an intraperitoneal injection oftbhane (2 mg/kg). Hippocampi were
dissected free, sliced, and digested with trypsiechanically triturated, centrifuged
twice at 40 xg, plated in Petri dishes, and cultured for up todags. Experiments were
performed on cells cultured for at least 7 days.dared recording experiments, neurons
were plated at low density (~ 40000 cells/ml).

HEK-293 cells were maintained in DMEM supplementeith 10% fetal calf serum,
penicillin (100 U/ml) and streptomycin (100 mg/ndhd transiently transfected with
various plasmid constructs using standard calciumosphate method. Cells were

collected 24-48 hours after transfections.

Construction of plasmid vectors, scFv-gephyrin

Complementary DNAs encoding full length FLAG-tagggephyrin has been previously
described (Moretto-Zitat al, 2007). The N-terminal truncated gephyrin polypépt(aa
2-188) fused to GFP is described in Mahasl, (2006). It acts as a dominant-negative
protein due to its lack of dimerization motif, aisdable to deplete endogenous gephyrin
clusters in neurites within 24 h of expression. Tingrine HA-tagged NLG1 and HA-
tagged NLG2 were constructed as reported elsew(Beteeiffeleet al, 2000; Chihet al,
2006). NLG2-GFP was constructed by using PCR-bas#dgenesis. A Pvul restriction
site was introduced ten amino acids downstreanheiequence encoding for the trans-
membrane domain of NLG2-HA. This restriction sitasasthen used to clone the EGFP
coding sequence amplified using oligonucleotidegaaoing Pvul consensus sites.

The last 94 amino acids of the cytoplasmic domainboth NLGs were inserted into

pPGEXA4T1 vector for bacterial expressions as glinai S-transferase (GST)-NLs 94 aa
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fusion proteins. All PCR-amplified products werellfusequenced to exclude the
possibility of second site mutations.

The technique for isolating scFv-gephyrin has aydaeen reported (Zaccéial, 2008).

Neuronal transfection and | mmunocytochemistry

Hippocampal neurons in culture were transfecteth WiGFP alone or cotransfected with
EGFP and scFv-gephyrin using the calcium phosptratesfection method. For each
Petri dish, 3ug of DNA was transfected in total. Reliable cotfaoton was ensured by
routinely transfecting 0.Qg of EGFP and 2.Jug of scFv-gephyrin, and identified by the
increased EGFP signal around the nucleus. Forebeue experiments, scFv-gephyrin
and full length HA-tagged NLG2 (NLG2-HA) were caisfected at a ratio of 2:1.
Neurons were transfected at 7 DIV and used for imwstaining 48 hours later. All steps
were carried out at room temperature. After fixataith 4% paraformaldehyde (PFA) in
PBS for 10 min, neurons were quenched in 0.1M ghbcin PBS for 5 min, and
permeabilized with 0.1% Triton X-100 in PBS for 2nmFor the rescue experiments,
cells were fixed with pre-cooled 4% PFA in PBS %fomin at 4°C, then 5 min at room
temperature. They were then blocked in 0.2% BSAFCS or 10% FCS in PBS for 30
min. After incubation with primary antibodies for Hour, cells were incubated with
AlexaFluorophore-conjugated secondary antibodie40() for 45 min. In the case of
double-immunostaining, cells were incubated witlotinylated secondary antibodies
(2:100, 45 min) followed by Streptavidin-conjuagiéabrophores (1:100, 30 min). The
coverslips were washed in PBS, rinsed in waterrandnted with VectaShield (Vector
Labs).

The antibodies used were as follows: mouse monatlanti-VGAT (1:200, Synaptic
Systems), mouse monoclonal anti-VGLUT1 (1:200, $yiceSystems), rabbit polyclonal
anti-Neuroligin 2 (1:200, Synaptic Systems), bigleited goat anti-mouse IgG (Vector
Labs). All secondary antibodies were obtained fiowitrogen.

In vitro binding, immunopr ecipitation and Western blot analysis

Transfections were performed with the calcium phesp method. GST pull-down
assays were performed as previously described (idezdta et al, 2007).For NLGs and
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gephyrin co-immunoprecipitation, HEK 293 cells agrressing NLG1-HA/NLG2-HA
and gephyrin-FLAG were lysed in 50 mM Tris HCI pt5,7200 mM NacCl, 0.1% Tween
20, 10% glycerol, 10 mM EDTA, 2 mM Mgghnd protease inhibitor cocktail, and
immunoprecipitated by the anti-FLAG antibody. Arasy of NLG1/NLG2-gephyrin
interactions were performed on postnuclear homdgenfaom neonatal rat brains using
the following lysis buffer: 50 mM Tris HCI pH 7.850mM NacCl, 0.5% CHAPS, 1mM
EDTA, 10% glyceroland protease inhibitor cocktaiffter 2 hours incubation with
monoclonal anti-gephyrin antibody, immunoprecipgat experiment was performed
according to standard procedures. Primary antilsodiere revealed by HRP-conjugated
secondary antibodies (Sigma) followed by ECL (Arhare). The following primary
antibodies were used: mouse monoclonal anti-FLAG (8@ma); mouse monoclonal
anti-gephyrin 3B11 (Synaptic Systems); high affinfat monoclonal anti-HA 3F10
(Roche), rabbit polyclonal anti-NLG2 (Synaptic Syses); rabbit polyclonal anti-NLG1
(Synaptic Systems).

Confocal microscopy and image analysis

Fluorescence images were acquired on a TCS-SP aa@nftser scanning microscope
(Leica, Bensheim, Germany) with a 40X 1.4 NA oilnm@rsion objective, additionally
magnified 2 fold with the pinhole set at 1 Airy urfstacks of z-sections with an interval
of 0.4 um were sequentially scanned twice for each emis$iim® to improve the
signal/noise ratio. Cluster analysis was carrietl using MetaMorph Imaging System
(Universal Imaging, Westchester, PA, USA). Firdtimary template was created using
the EGFP staining to identify transfected neurdhgn cluster intensities in regions
overlappingwith the binary template were analyzed. Images veegmented to select
immunofluorescent puncta over background labelany clusters were defined as >3
pixels as determined by visual inspection. Integtd¥lorphometry Analysis function of
MetaMorph was used to quantify the number and gizdusters (4-5 cells from at least 4
different experiments). For the rescue experimeMit$;2 staining was used to create the
binary template for the NLG2-HA/scFv-gephyrin cartsfected cells. As excessive
NLG2-HA expression masks the rescuing effect arslilte in an overall increase in

synaptic staining (similar to NLG2-HA over-exprassialone), cells with moderate
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amount of NLG2-HA expression (as identified by tmesaturated NLG2 fluorescence
signal) was selected for the analysis of the resftext. Representative figures were

prepared using ImageJ software.

Electrophysiological recordings

Spontaneous excitatory and inhibitory postsynaptiorents (EPSCs and IPSCs) were
recorded from cultured hippocampal neurons tratsfeeither with scFv-gephyrin or
EGFP at 22-2% using a Multiclamp 700A amplifier (Axon Instrunten Foster City,
CA, USA). Patch electrodes pulled from borosilicafass capillaries (Hilgenberg,
Malsfeld, Germany) had a resistance of 3-@ Mhen filled with an intracellular solution
containing (in mM): CsCl 137, CagCll, MgCh 2, BAPTA 11, ATP 2, and HEPES 10
(the pH was adjusted to 7.3-7.4 with CsOH). IPS@sewecorded at a holding potential
of -70 mV, in the presence of DNQX (20) and D-AP5 (50uM) to block AMPA and
NMDA receptors, respectively whereas EPSCs in tfesgnce of bicuculline (1AM)
and D-AP5 (50uM) to block GABAr, and NMDA receptors, respectively. Miniature
PSCs were recorded in the presence of tetrodotpKiiX, 1 uM) to block sodium
currents and propagated action potentials andebgerctive GABA or AMPA/NMDA
receptor antagonists.

For double-patch recordings, pairs of action pags{at 50 ms interval), were evoked in
non transfected presynaptic neurons (in curremhglanode) by injecting depolarizing
current pulses at a frequency of 0.1 Hz. IPSCs wdmtected from postsynaptic
transfected (scFv-gephyrin) and non transfectedt(ots) neurons in voltage clamp
mode at a holding potential of 0 mV (near the rsakpotential for glutamate). In this
case, the intracellular solutions contained (in mKiyleSQ, 135, KCI 10, HEPES 10,
MgCl, 1, NaATP 2, and NgGTP 0.4 (the pH was adjusted to 7.3 with KOH). Ih a
experiments, the cells were perfused with an eatesolution containing (in mM): NaCl
137, KCI 5, CaG 2, MgCh 1, glucose 20, and HEPES 10, pH 7.4, with NaOHaDa
were sampled at 10 kHz and low pass filtered aH3. kThe stability of the patch was
checked by repetitively monitoring the input andriese resistances during the
experiments. Cells exhibiting 15-20% changes wexdueed from the analysis. The

series resistance was 10-15QMAIl drugs (except TTX that was purchased from
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Latoxan, Valence, France) were obtained from Tofisokson Ltd, Bristol, UK). All
drugs were dissolved in external solution, excedQ@X, which was dissolved in
dimethylsulphoxide (DMSO). The final concentratiohDMSO in the bathing solution
was 0.1%. At this concentration, DMSO alone did motdify the shape or the kinetics of

synaptic currents.

Data Analysis

The analysis of spontaneous events was performtéd @ampfit 10.1 software (Axon
Instruments, Foster City, CA, USA). This progranesis detection algorithm based on a
sliding template. The template did not induce aiag Iin the sampling of events because
it was moved along the data trace one point ana &ind was optimally scaled to fit the
data at each position. The detection criterion walsulated from the template-scaling
factor and from how closely the scaled templatedithe data.

For evoked IPSCs, transmission failures were ifiedtvisually. Mean IPSCs amplitude
was obtained by averaging successes and failunespdired-pulse ratio (PPR), known to
be inversely correlated to the initial release piolity (Dobrunz and Stevens, 1997), was
calculated as the ratio between the mean amplitdedPSC2 over IPSC1. The
coefficient of variation (CV) was calculated as the square root of the ratiod®n the
standard deviation of IPSC1 and the mean amplibidleSC1 (Korn and Faber, 1991).
Values are given as mean = S.E.M. Unless otherstesed, significance of differences
was assessed by Student:stest. The differences were considered signifioahen
P<0.05.
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Results

Impairing gephyrin function with scFv-gephyrin reduces the probability of GABA
release

As recently reported (Marchionsi al, 2009), transfecting cultured hippocampal neurons
with scFv-gephyrin reduced the number of gephynd aynapticy2 subunit containing
GABA receptor clusters. These effects were associatacavgevere impairment of both
phasic and tonic GABAreceptor-mediated inhibition. The mechanisms ugogy these
effects relied on changes in GABAergic innervates suggested by the concomitant
reduction in the number and size of presynaptic VGihe vesicular GABA transporter)
clusters.

According to the quantal theory, the synaptic efficE, the mean amplitude of unitary
IPSCs, can be defined & mQ, wherem is the quantal content or mean number of
guanta released per presynaptic action potentélais the quantal size or amplitude of
the unitary IPSC (Katz, 1969). Where&s depends on both pre and postsynaptic
mechanisms, m depends on presynaptic factors, gaheehumber of release sitdsand
the probability of releasd}. To see whether a decrease in quantal conteild escaount
for the observed effects, simultaneous recordingsrewobtained from pairs of
interconnected neurons (the postsynaptic one esipgesor not expressing ScFv-
gephyrin; see Methods). As shown in Figure 1, IP8@&sed in non transfected cells by
pairs of presynaptic action potentials (50 ms amativered at a frequency of 0.1 Hz,
Control) were highly reliable and usually did nothibit synaptic failures. In contrast,
with respect to control, IPSCs from scFv-gephyramsfected cells (n=6) exhibited a
significant reduction in amplitude (from 68.2 + A to 41.1 + 7.8 pA; p<0.05, Mann-
Whitney Rank test) and in successes rate (fron8 €.9.01 to 0.80 + 0.03; p<0.01,
Mann-Whitney Rank test; Figure 1A and Blhese effects were associated with a
significant increase in the PPR (from 0.69 + 0.630t84 + 0.05; p<0.05; Figure 1C)
which is considered an index of presynaptic relgasbability (Zucker, 1989; Dobrunz
and Stevens, 1997). Furthermore, the coefficienvasfation (CV?) was significantly
increased (from 0.6 = 0.05 to 0.8 £ 0.03; p<0.0iguke 1C), indicating changes in
guantal content (Korn and Faber, 1991).
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Hampering gephyrin function with scFv-gephyrin reduces the probability of GABA release

A. Pair recordings obtained from two interconnectezlirans. The postsynaptic cell was
transfected with scFv-gephyrin (scFv; right). Asicol a neighboring non transfected cell was
used (Control; left). Upper traces are pairs ofoacpotentials evoked in presynaptic cells at 50
ms interval by depolarizing current steps of vdaadmplitude every 10 s. Middle traces are
monosynaptic IPSCs (successes and failures) evak€dmV (Easa -70 mV) by presynaptic
action potentials. Lower traces are averaged ressoB. Mean amplitude and successes rate
obtained in monosynaptically connected cells intdn(white columns; n=7) and in scFv-
transfected neurons (black columng). Paired-pulse ratio and CVof monosynaptically
connected neurons (n=6) recorded from control aRg-ransfected cells. * p<0.05; ** p<0.01.

Overall these data strongly suggest that hamp@@pipyrin function with scFv-gephyrin
reduces the probability of GABA release.

Gephyrin 2-188, a dominant-negative form of gephyrin, mimics the effect of scFv-
gephyrin on GABAergic function

To validate the results obtained with scFv-gephyanruncated gephyrin polypeptide
comprising the N-terminal (amino acids 2-188) oplygin fused with EGFP, known to
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act as a dominant-negative protein, was used (Mtaab, 2006). Due to the lack of

dimerization motif, this polypeptide interferes lwithe endogenous gephyrin lattice
formation and depletes gephyrin clusters in nesintghin 24 hours of expression on
cultured neurons.

Immunocytochemical experiments on hippocampal meutcansfected with gephyrin 2-
188 revealed a significant reduction in the nunddfevGAT clusters (without effects on

their size), indicating an effect on GABAergic imn&tion similar to that observed for

scFv-gephyrin (Supplementary Figure 1).

Suppl. Figure 1
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Gephyrin 2-188 reduces the density of GABAergic synapses. A. Neurons were transfected

(green) with EGFP (left) or a dominant-negative starct fused to GFP (Geph 2-188; right) and
immunostained for VGAT (red). Bottom panels are mfagations of the white boxes marked on
top. B. Quantification of VGAT cluster density (left) amtuster size (right). Note the significant

reduction in the density of VGAT clusters. **p<0.Qfbr comparison with scFv-gephyrin see
Figure 2 in Marchionnét al, 2009).
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As for scFv-gephyrin, this effect was accompanied & significant reduction in
amplitude and frequency of spontaneous and miatRECs (in cell transfected with
gephyrin 2-188 the reduction in amplitude of sIP&8d mIPSCs was 54 + 9 % and 79 *
9 % of controls, respectively; the reduction ingitency of sIPSCs and mIPSCs the 32 +
7 % and 37 £ 1 % of controls, respectively; Sup@etary Figure 2).

Suppl. Figure 2
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Gephyrin 2-188 reduces the peak amplitude and frequency of sIPSCs and mIPSCs. A.
Samples of spontaneous IPSCs recorded from comtnolgephyrin 2-188 transfected neurons at
a holding potential of -70 mV in the presence oAP5 (50uM) and DNQX (20uM) B. Samples

of miniature IPSCs recorded from controls and gephg-188 transfected neurons in the
presence of tetrodotoxin (IM). C. Each column represents the reduction in ampliflefe and

in frequency (right) of sIPSC (white; n=9) and m@S(black; n=7) obtained from gephyrin 2-
188 transfected neurons and expressed as percaftegetrols (dashed lines). * p<0.05.

These data further support the hypothesis thatygegphot only regulates postsynaptic
organization of synaptic GABAreceptors but also GABAergic innervation.

89



Gephyrin removal reducesthe density and size of Neuroligin 2 clusters

How can gephyrin interfere with GABA release? Orasgibility is that this protein
interacts with cell adhesion molecules such asatigims which, by binding neurexins,
ensure the crosstalk between the pre- and pospsgnaites (Sudhof, 2008). Of
particular interest is neuroligin 2 (NLG2), sindast protein is known to play a pivotal
role in the organization of GABAergic synapses (Bpauloset al, 2009). To verify
whether disrupting gephyrin affects NLG2 distrilouti transfected hippocampal neurons
with scFv-gephyrin were immunostained for NLG2.

Figure 2
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scFv-gephyrin reduces the total number and size of NLG2 clusters. A. Neurons were
transfected (green) with EGFP (left) or EGFP arevsgephyrin (right) and immunostained for
NLG2 (red). Bottom panels are magnifications of tivbhite boxes marked on toB.
Quantification of NLG 2 clusters density (left) amtlster size (right). Note the significant
reduction in the density and size of NLG2 clust&rs<0.05; ** p<0.01.

As shown in Figure 2, scFv-gephyrin transfected roms exhibited a significant

reduction in the density of NLG2-positive clusters compared to EGFP transfected

controls (7.9 + 2.1 clusters/1Qn? for scFv-gephyrirvs 27.2 + 4.8 clusters/100m? for
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EGFP; p<0.01; n=9). In addition, the average sizih@se clusters was smaller for scFv-
gephyrin- than for EGFP-transfected neurons (4®24um? for scFv-gephyrirvs 7.2 +

0.8 um? for EGFP; p<0.05; n=9). NLG2 did not re-localize ghutamatergic synapses
since the synaptic fraction co-localized with VGLWBRs merely detectable (4.1 £ 0.01
% in control and 5.3 = 0.02 % in scFv-gephyrin sfasted cells, respectively; these

values were not significantly different; p>0.05falaot shown).

Impairing gephyrin function with scFv-gephyrin reduces glutamatergic innervation
The interaction of NLGs with scaffolding proteins ¢rucial for ensuring the correct
excitatory/inhibitory balance, critical for the e functioning of neuronal networks.
Therefore, the following experiments were perfornted assess whether disrupting
gephyrin function with scFv-gephyrin can affect nobly GABAergic but also
glutamatergic transmission.

Figure3
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scFv-gephyrin reduces the number and size of glutamatergic synapses. A. Neurons were
transfected (green) with EGFP (left) or EGFP arfevsgephyrin (right) and immunostained for
the presynaptic glutamatergic marker VGLUT (redpttBm panels are magnifications of the
white boxes marked on toB. Quantification of VGLUT clusters density (left) duclusters size
(right). Note the significant reduction in the déyand size of VGLUT clusters. * p<0.05; **
p<0.01.
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To this aim, cultured hippocampal neurons transfiectvith scFv-gephyrin were
immunostained for the vesicular glutamate trangpofGLUT, a widely used marker for
presynaptic glutamatergic terminals (Yu and De BRB08). As compared to controls
(EGFP-transfected cells) in scFv-gephyrin transf@ctells VGLUT immunopositive

clusters were significantly reduced in density aizke (Figure 3). In particular, the
density of VGLUT clusters was reduced from 4.6 & €lusters/10um? in EGFP to 2.3

+ 0.5 clusters/10um? in scFv-gephryin (p<0.05; n=12). The size of thekrsters was

reduced from 9.3 + 0.fm?to 7.5 + 0.6um? (p<0.05).

Furthermore, whole cell voltage clamp recordingsfgeed in the presence of
bicuculline (10uM) and D-AP5 (50uM), to block GABAy, and NMDA receptors,

respectively, revealed a significant reduction iaqtiency (but not in amplitude) of
spontaneous EPSCs (the frequency reached 40 +804)5; n=12; the amplitude 95 *

13 %; p>0.05; n=12) recorded from scFv-gephyrimgfacted neurons as compared to
controls (Figure 4A and C).
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scFv-gephyrin reduces the frequency but not the amplitude of SEPSCs and mEPSCs. A.
Samples of spontaneous EPSCs recorded from coatndiscFv-gephyrin transfected neurons at
a holding potential of -70 mV in the presence afuulline (10uM) and D-AP5 (50uM). B.
Samples of miniature EPSCs recorded from contnodsstFv-gephyrin transfected neurons at a
holding potential of -70 mV in the presence ofadttoxin (1uM). C. Each column represents
the reduction in amplitude (left) and in frequerfoght) of SIPSC (white) and mIPSCs (black)
obtained from scFv-gephyrin transfected neuronsl@jand expressed as percentage of controls
(n= 12; dashed lines). * p<0.05.

Similarly, in scFv-gephyrin transfected cells, frequency of miniature EPSCs recorded
in the presence of TTX was significantly reducethwespect to controls (to 37 £ 7 %;
p<0.05; from 0.78 £ 0.14 Hz to 0.32 £ 0.05 Hz; n2) While the amplitude was
unchanged (to 100 + 13 %; p>0.05; from 34 £ 6 pA4at 5 pA; n=7; Figure 4B and C).
Altogether, these results strongly support the Iverment of gephyrin in regulating not

only GABAergic but also glutamatergic synaptic samssion.

The loss of GABAergic but not glutamatergic innervation in gephyrin-deprived
neurons can berescued by over expressing NLG2

To further assess the possibility that the reduGBAergic innervation in scFv-
gephyrin transfected cells is mediated by NLG2 Wwhimay convey information in a
retrograde way from post to presynaptic sites, NL@&s co-expressed with scFv-
gephyrin. In immunocytochemical experiments, corezpion of NLG2 with scFv-
gephyrin induced a significant increase in the dgnsf VGAT-positive clusters as
compared to cells transfected with scFv-gephyromal (180 + 8 %; from 10.6 + 0.7
clusters / 10Qum? to 19.1 + 0.9 clusters / 10@m* p<0.01; n=11 and 8 for scFv and
scFV/INLG2, respectively), restoring VGAT clustemdity to control levels (Figure 5A
and B). In line with previous studies (Chehal, 2005), over expression of NLG2 alone
led to a two-fold increase in the density of VGATusters as compared to EGFP

transfected controls (data not shown).
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Figure5
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Co-expression of NLG2 with scFv-gephyrin restores the loss of GABAergic but not
glutamatergic innervation. A. Representative images of neurons transfected B@&FRP (top),
scFv-gephyrin (middle) or co-transfected with sgfephyrin and NLG2-HA (bottom). Dendrites
were visualized by EGFP signal or NLG2 staininge€r). Neurons were immunostained for
VGAT (red). Scale bar, fim. B. Quantification of VGAT cluster densities relatitethe mean
value obtained from EGFP-transfected neurons (dabhe). **p<0.01.C andD as inA andB
but for neurons immunostained for VGLUT (red). &daar, Sum.

Parallel electrophysiological experiments from grdtd neurons revealed no changes in
amplitude and frequency of spontaneous mIPSCs keteells co-transfected with scFv-
gephyrin and NLG2 and controls (neighboring nomdfacted cells). On average, the
frequency of mIPSCs was 0.211 + 0.040 Hz and 0203044 Hz (p=0.97) while the
amplitude was -55 * 4 pA and -53 £ 6 pA (p=0.7xontrol (n=7) and in co-transfected
neurons (n=8), respectively (Figure 6A and B). éther these experiments indicate that
overexpression of NLG2 is able to rescue the [6SSABAergic innervation induced by

scFv-gephyrin.
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Figure 6
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Co-expression of NLG2 with scFv-gephyrin rescues GABAergic but not glutamatergic
synaptic transmission. A. Samples of spontaneous mIPSCs recorded from agiteansfected
with scFv-gephyrin plus NLG2-HA and from neighbawginon transfected cells (Control) at a
holding potential of -70 mV in the presence of T{XuM), DNQX (20 uM) and D-AP5 (50
UM) B. Each column represents the mean amplitude (laft)feequency (right) of mIPSC from
control (white; n=7) and from scFv-gephyrin tramséel cells (black; n=8)C andD as inA andB
but for mEPSCs recorded in the presence of TTMM) and bicuculline (1@M) from cells co-
transfected with scFv-gephyrin plus NLG2-HA (n=&d&rom neighboring non transfected cells
(Control, n=8).

It is possible that the observed reduction in ghatergic innervation following gephyrin
depletion with scFv-gephyrin represents a homeost@aimpensatory mechanism to
prevent hyperexcitability and to maintain the righti balance within the neuronal
network (Turrigiano and Nelson, 2004). If this iBetcase, rescuing GABAergic
innervation should lead to a concomitant changgutamatergic transmission. However,
this was not the case because over expressing NbLG2phyrin depleted neurons failed
to restore VGLUT immonoreactive puncta (0.5 + (il 8.6 + 0.1 clusters / 1Q0m? for

scFv and scFV/NLG2, respectively; p>0.5; Figuread@d D)as well as the frequency of
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MEPSCs to control levels. The frequency of mMEPS&s @64 + 0.16 Hz and 0.26 + 0.07
Hz, in the absence or presence of NLG2 over eximmesp<0.05; the amplitude of
MEPSCs was 29 £ 3 pA. and 25 £ 7 pA, in the absémed) or in the presence (n=9) of
NLG2 over expression (p>0.05; Figure 6C and D).

Gephyrin directly interactswith NLG2 and NLG1

It has been recently reported that at inhibitorgagtic contacts gephyrin directly binds
NLG2 (Poulopouloset al, 2009). The amino-acid sequence identified as gaphy
binding motif on NLG2 is highly conserved in all Sk, and indeed gephyrin binds to all
four NLGs in yeast two-hybrid assays (Poulopouébsal, 2009). To test whether
gephyrin can form a complex with NLG1 in mammalé@ails, lysates of HEK 293 cells
transfected with gephyrin-FLAG were subjected tdl-down assay with beads loaded
with GST-NLG1 cytoplasmic domain (NLG3), GST-NLGZp or with GST alone as
negative control. In agreement with previous obatons (Poulopoulo®t al, 2009),
NLG2cp was able to precipitate a consistent amount ohgep-FLAG (Figure 7A, left
panel). Interestingly a small but significant fiaat of gephyrin-FLAG was also found in
complex with GST-NLG4dp (Figure 7). Similar pull-down experiments were then
performed to assay the ability of endogenous gephyresent on neonatal rat brain
homogenates to interact with NLG1 and NLG2. Alsdhis case gephyrin was not only
associated with GST-NLG3 fusion protein but also with GST-NLG4 (Figure 7A,
right panel). In this case immunoblot analysis wesformed using a monoclonal
antibody raised against the C-terminal domain ghgen protein.

We then performed immunoprecipitation experimemsinivestigate the presence of
NLG1-HA/gephyrin-FLAG complexem vitro. HEK 293 cells were co-transfected with
plasmids encoding for NLG1/2-HA and gephyrin-FLA@,NLG1/2-HA alone, and cell
lysates were immunoprecipitated with the anti-FLA®noclonal antibody. The bound
protein complexes were analysed by Western blotigigg anti-HA and anti-FLAG for
NLG1 and gephyrin detection, respectively. As shanwkigure 7B (right panel), NLG1-
HA was immunoprecipitated only from cells co-exgirg gephyrin-FLAG. The same
experimental conditions were also applied to detbet expected presence of NLG2-

HA/gephyrin-FLAG complexes in mammalian cells. ladewe found that a lower
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amount of gephyrin-FLAG was able to precipitate ighbr amount of NLG2-HA as
compared to NLG1-HA, thus supporting previongitro observations.

Finally endogenous NLG2, and interestingly also NI &ere found in native complexes
with gephyrin upon co-immunoprecipitation from meusain homogenates (Figure 7C).
These data suggest that gephyrin, by directly acterg with NLG2 and to a lesser extent
with NLG1, may affect not only GABAergic but alsolutamatergic synaptic

transmission.
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Gephyrin interacts with NLG2 and NLG1. A. GST-NLG1/2p pull-down assay using lysates
of HEK 293 cells transfected with gephyrin-FLAGf{Jeand rat brain lysates (right. Lysates

of HEK 293 cells transfected with either NLG2-HAftl panel) or NLG1-HA (right panel) in the
presence of gephyrin FLAG or with the vector alof@s a negative control) were
immunoprecipitated with monoclonal anti-FLAG antilies. Immunoprecipitates were analyzed
by Western blotting using anti-HA and anti-FLAG noofonal antibodies.C. Co-
immunoprecipitation experiments on rat brain lysaieing a monoclonal anti-gephyrin antibody
and NMS as negative control. Immunoprecipitatesewaralyzed by Western blotting using a
monoclonal anti-gephyrin antibody and a polyclaaibody against NLG2 and NLG1.
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Discussion

The tubulin-binding protein gephyrin is a core pintof inhibitory postsynaptic densities
which interacts with the cytoskeleton to stabilisghibitory receptors in precise
apposition to presynaptic active zones (Fritsetrgl, 2008). In a previous study, we have
demonstrated that disrupting endogenous gephytin sélective scFv-gephyrin altered
the gating properties of GABAreceptors, an effect that was found to be assatiaith
modifications of GABAergic innervation (Marchionai al, 2009). In the present study
we hypothesized that hampering gephyrin functidaca$ not only the number of release
sites (as suggested by the reduction in VGAT cigpteut also the probability of GABA
release. In support of this view, in double patctpegiments from interconnected
neurons, we found that, with respect to contraBysgephyrin expressing cells exhibited
a significant decrease in amplitude of individualaptic currents accompanied by a clear
increase in the number of transmitter failures anekduction in the PPR. Changes in
transmitter failures and in PPR are consistent withincrease in release probability
(Katz, 1969; Zucker 1989).

The role of gephyrin in ensuring a correct commatan between pre and postsynaptic
elements of the synapses was further validatechéyekperiments in which a truncated
form of gephyrin (gephyrin 2-188; Maas al, 2006) was used. This gephyrin mutant
lacks the dimerization motif but it can still indet with endogenous gephyrin molecules,
producing dominant-negative effects on postsynageehyrin clusters. Similar to scFv-
gephyrin, over expression of gephyrin 2-188 causededuction in GABAergic
innervation and a decrease in frequency of spoota@nd miniature IPSCs, further
confirming a key role of gephyrin in maintainingethtability of GABAergic connections
within the neuronal network. The ability of gephytd influence presynaptic innervation
was already suggested by ¥ual, (2007) even though no mechanistic interpretatias w
provided.

The presynaptic action of gephyrin on GABA releasplies the coordinated activity of
other signaling molecules that interact directlyiratirectly with gephyrin to ensure the
corrected cross-talk between the post and presignelgiments of the synapse. Possible
candidates are NLGs, specialized cell adhesion cutde that functionally couple the

postsynaptic densities with the transmitter releasehinery by forming transynaptic
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complexes with their presynaptic binding partnaeyrexins (Sudhof, 2008). The role of
NLG-neurexin complex as a coordinator between gosi®tic and presynaptic sites has
been investigated at excitatory CA3-CAl synapsethénhippocampus. This study has
revealed a retrograde modulation of neurotransmietkease by PSD-95-NLG complex
(Futaiet al, 2008). The authors found that over expressiomefgiutamatergic scaffold
protein PSD-95 enhanced release probability a mechanism involving the NLG-
neurexin complex.

The reduction in the probability of GABA releas¢eafscFv-gephyrin transfection likely
involves a similar mechanism, as NLG2 is prefeadiyticoncentrated at inhibitory
synapses (Varoqueauwst al, 2004) and directly binds gephyrin through a coveer
cytoplasmatic domain (Poulopoules al, 2009 and present data). Consistent with our
experiments, it has been recently shown that NL-GRi¢e exhibit a reduction in quantal
content associated with a decrease in quantal cfiagnitary responses between fast
spiking GABAergic interneurons and principal ceifs the neocortex (Gibsost al,
2009). Gephyrin has been shown to be selectivatyuited by NLG2via collybistin
(Poulopoulost al, 2009). Interestingly, similarly to our experimektsock out mice for
collybistin exhibited a reduction in the frequerafymIPSCs (Papadopoulos et al. 2007)
suggesting the possible involvement of collybistingephyrin-dependent transynaptic
signaling.

Our findings, while providing additional evidend®at native gephyrin-NLG2 complexes
are present in the brain (even in the absenceytw®ss-linking agent), support the role
of gephyrin in maintaining NLG2 at GABAergic synaps Indeed, immunocytochemical
experiments showed a significant decrease in tta¢ nomber and size of NLG2 clusters
upon scFv-induced gephyrin removal. The possibtlityestore GABAergic innervation
in gephyrin-deprived neurons by over expressing Rifi@ther supports the involvement
of gephyrin-NLG2 complex in transynaptic signaling.

A recent study (Levinsomt al, 2010) has shown that knocking down gephyrin with
SiRNA led to a shift of endogenous NLG2 from inkooy to excitatory synapses, in the
absence of any change in the density of NLG2 dlsstim the present experiments
instead we have observed a clear reduction in @msity of NLG2 clusters without a

detectable re-localization of this protein to giotdergic synapses. Since scFv-mediated
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removal of gephyrin is associated with a significeeduction of synaptig2 containing
GABA receptors (Marchionnéet al, 2009) and evidence has been provided for the
reciprocal stabilization of NLG2 by GABAreceptors (Dongt al, 2007), the reduction
of NLG2 staining could be a consequence of the @sgephyrin-dependent GABA
receptors clustering. We can not exclude the pih¢githat scFv-gephyrin may affect the
function of additional gephyrin-bound factors imgaott for the efficient localization of
NLG2 to and/or from GABAergic terminals. Conventabkinesin (KIF5) and the dynein
motor complex have been shown to be involved inroibule-dependent transport of
gephyrin, thus contributing to postsynaptic remodelMaaset al, 2006; Maaset al,
2009). Since microtubule motors transport and reshadvariety of transmembrane and
submembrane postsynaptic proteins (Hirokawa anderaka, 2005; Kneussel, 2005),
similar mechanisms may account for NLG2 transport.

Unexpectedly, hampering gephyrin function with sgephyrin produced a significant
reduction not only of GABAergic but also of glutaiaic innervation as assessed by the
significant decrease in density of VGLUT positivenpta associated with a significant
reduction in frequency, but not in amplitude, ocbsfaneous and miniature glutamatergic
events. This effect was not due to a sort of homagiolasticity because, overexpressing
NLG2 in gephyrin depleted neurons failed to redglsth glutamatergic innervation.
Co-immunoprecipitation experiments have revealesl @kistence of native complexes
not only between gephyrin and NLG2 but also withG\L, which is primarily localized
at excitatory synapses (Somyj al, 1999). This confirms and extends previous data
obtained with the yeast two hybrid system (Pouldpoet al, 2009).

Gephyrin might interact with both NLG2 and NLGL1 tegulate both excitatory and
inhibitory inputs converging on the same neurorsthantrolling the E/I balance at the
network level. While the present experiments cleatémonstrate that gephyrivia
NLG2 controls GABA release, the precise mechanisy which this scaffolding

molecule affects glutamate release remains tolmsdslted.
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CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis | have analyzed the role of gephymirthe organization and function of
GABAergic synapses. To this aim | took a loss-afdiion approach to knock down
endogenous gephyrin using intracellular single mrhantibody fragments against
gephyrin (scFv-gephyrin). Deletion of gephyrin byFs-gephyrin induced: (1)
impairment of both phasic and tonic GABAergic intidn. (2) reduction in GABAergic
innervation and in the probability of GABA releas@®) reduction in VGAT and
neuroligin 2 immunoreactivity. The trans-synapti¢feet of scFv-gephyrin on
GABAergic innervation probably involved the neugiti 2/neurexin complex since it
could be rescued by over-expressing neuroligin 2géphyrin-depleted neurons. In
addition, hampering gephyrin function caused a c&da in glutamatergic innervation.
Although this effect is particularly interestindpet underlying mechanism remains to be
elucidated.

As outlined in Zacchet al. (2008), scFv-gephyrin were selected using theabatitular
Antibody Capture Technique, which is a yeast twbrid/based system that allows the
selection of antibody fragments suitable for intladar expression. The C-domain linker
region of gephyrin was used as bait to select gepispecific scFv, as this domain is not
involved in gephyrin oligomerization. In this wagcFv-gephyrin tagged with a nuclear
localization signal could recognize gephyrin withie submembranous lattice scaffold
and relocate it towards the nucleus.

The main advantages of using scFv-gephyrin overhygap knockout and RNA
interference approaches is that it bypasses pessibmpensatory effects following
targeted gene deletion and has a longer half-tfapgared to interfering RNAs. Acting at
the post-translational level, scFv-gephyrin prosiéa alternative approach to study the
role of gephyrin in synaptic organization. Uponnstection into cultured hippocampal
neurons, scFv-gephyrin disrupted endogenous gepltjusters and impaired glycine
receptor function (Zacchi et al., 2008).

As already mentioned, disrupting gephyrin functieith scFv-gephyrin resulted in a
significant reduction in the density of gephyrindasynapticy2-subunit containing

GABA, receptors. This effect was associated with a saludn the amplitude and
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frequency of miniature IPSCs as well as changethéngating properties of GABA
receptors. Using an ultrafast agonist applicatigstesn, | was able to demonstrate that
hampering gephyrin function resulted in a slow-dafthe onset kinetics and fast entry
into the desensitized state of GABAeceptors. Overall, this led to a severe impaitmen
in phasic inhibition. Unexpectedly, | also observadsignificant reduction in tonic
inhibition upon scFv-gephyrin transfection. As wninhibition is mediated by
extrasynaptic GABA receptors, gephyrin appears to effect not onlyaptin but also
extrasynaptic receptors. This could\a changes in the lateral mobility of receptors on
the neuronal membrane. Gephyrin was shown to piaynaortant to role in cell surface
dynamics of GABA receptors (Jacob et al., 2005). An overall ineeasthe receptor
diffusion rate could thus be reflected in a modifion of both phasic and tonic
inhibition, as receptors with altered kinetics madmeand out of synapses. In future
experiments, in collaboration with A. Barberis aBd Petrini (IIT, Genova), single
particle tracking experiments using fluorophoreged) GABA, receptors would be a
good approach to study changes in the mobility wiaptic (for instancen2) and
extrasynaptic (for instano@5) GABAAa receptors following scFv-gephyrin transfection.
Especially with the use of photostable quantum dotdabel endogenous membrane
proteins, it would be possible to follow the moverneof receptors without
photobleaching the fluorophore (Triller and Choqa£i08). RNA interference against
gephyrin was shown to reduce gephyrin clusterstarmtoduce a three fold increase in
the mobility ofy2 and33 subunit-containing GABA receptors (Jacob et al., 2005). In
addition, it was recently found that interferingtivgephyrin oligomerization induces an
increase in lateral mobility of extrasynaptic bt synaptic glycine receptors in spinal
cord neurons in culture (Calamai et al., 2009).

A still unsolved problem is the mechanism undedyithe reduction of glutamatergic
innervation following transfection with scFv-gephyr Using the yeast 2-hybrid
screening gephyrin was found to bind not only tarokgin 2, but to all four neuroligin
isoforms (Poulopoulos et al.,, 2009). Similarly, wbserved that gephyrin could co-
immunoprecipitate neuroligin 1, albeit at a lowevdl than neuroligin 2, from rat brain
homogenates. Among the different neuroligin isofgrmeuroligin 1 is preferentially

associated with glutamatergic synapses, while tigimo2 is found mostly at
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GABAergic synapses (Graf et al., 2004). Althouglke fanctional significance of the
gephyrin-neuroligin 1 interaction is still uncle@rpoints towards a possible mechanism
for gephyrin to regulate both excitatory and intaby synapses, exerting a homeostatic
control on the E/I balance at the network level. @fe planning to perform rescue
experiments to see whether in gephyrin-depletedomsy over-expression of neuroligin
1, can reverse the effect of scFv-gephyrin on ghatirgic innervation. This will be
assessed with electrophysiological recordings of PBEs as well as with
immunocytochemical experiments using VGLUT specdiatibodies on hippocampal
neurons in culture. These experiments will allowakkshing the possible role of
neuroligin 1 in trans-synaptic regulation of gluamrelease by endogenous gephyrin.
Among different neuroligin isoforms, neuroligin 3as/ found to be localized at both
glutamatergic and GABAergic synapses (Budreck aciteiifele, 2007). Therefore, the
possibility that gephyrin modulates both types yiapses through neuroligin 3 can not
be excluded. A recent study demonstrated that dwalization of neuroligin 3 at
GABAergic or glutamatergic synapses can be moddldig the relative level of
postsynaptic scaffold proteins gephyrin and PSO{®vinson et al., 2010). The fate of
neuroligin 3 after scFv-gephyrin transfection wotiudher elucidate the role of gephyrin
in the localization of this neuroligin isoform.

Alterations in the E/I balance are thought to p&aycrucial role in autism spectrum
disorders (ASD). Interestingly, a small percentafSD patients carry missense and
nonsense mutations in genes encoding neuroliginen® 4 (Jamain et al., 2003;
Laumonnier et al., 2004; Yan et al., 2005). Weridté investigate the role of neuroligin
3 in GABAergic signaling, using a mouse model thais recently shown to exhibit a
phenotype reminiscent of that present in humareptiwith ASD. These knock-in mice
carry a mutation in thé\LGN3 gene which alters a conserved arginine residua to
cysteine (R451C) within the extracellular esterasmology domain (Tabuchi et al.,
2007). Functional characterization of the R451C emias revealed a ~90% loss in
neuroligin 3 in the forebrain. However the mutatled to a gain-of-function effect, with
an increase in GABAergic inhibition and an increesthe level of VGAT and gephyrin,
associated with enhanced spatial learning (Tabetchl., 2007). Knock-in mice carrying

the R451C mutation are currently under study inlaby with the aim of elucidating the
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role of neuroligin 3 in GABAergic transmission aimmdthe overall network activity, as
well as the mechanism by which the R451C mutateed$ to enhanced inhibitory
transmission. In particular, we are interestedde whether correlated network activity
such as giant depolarizing potentials (GDPs) inhippocampus develop normally and
whether GABA shifts from the depolarizing to thepbypolarizing direction at the right
time (during the second postnatal week). ChangeSABAergic signaling have been
proposed to contribute to many developmental dessrdnd evidence has been provided
that ASD symptoms in children can drastically imgafter treatment with bumetanide
(Lemonnier and Ben-Ari, 20)0which blocks the chloride importer NKCC1, shifting
GABA reversal from the depolarizing to the hypegsaing direction.

During the course of experiments aimed at charaatgr the full length neuroligin 2
expression on human embryonic kidney cells (HEK)298bserved that the cells over-
expressing neuroligin 2 exhibited a large numbefilopodia-like protrusions. These
were characterized by an extension of the actins&gleton, as revealed by the F-actin

staining with phalloidin (Figure 7).

NLG2-FL

Figure 7. Neuroligin 2 enhances filopodial extensions on HEK 293 cells. HEK
293 cells were transfected with the full length nodéigin 2 protein (NLG2-FL) and
stained for neuroligin 2 (red; left) and F-actirrggn; middle). The overlay of the two
channels shows the filopodial protrusions explotimgsurrounding area.
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Neuroligin 2 staining was observed on the cell me@meé, along the actin protrusions. In
order to study these morphological changes in ndetail, we are planning to perform

live cell imaging experiments to measure the mgbitif the cells in the presence or
absence of neuroligin 2 over-expression. For toippse | inserted an EGFP tag to the
full length neuroligin 2 construct. HEK 293 cellsanisfected with EGFP-tagged

neuroligin 2 will be visualized under an epiflucrest microscope.

In collaboration with the group of V. Torre (SISSAJe are also planning to measure the
force exerted by the protrusions on a silica beagped with optical tweezers in the

absence or presence of neuroligin 2 over-expresdibase experiments are aimed at
better understanding the morphological changegexéy neuroligin 2 expression alone,
in the absence of the neuroligin/neurexin inteoactiAs filopodial extensions are the

initial steps in the formation of synapses, a paeskeffect of neuroligin 2 on the

properties of these extensions have implicationghi® synaptogenesis.
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