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Zusammenfassung

Zusammenfassung
Für die synaptische Weiterleitung von Reizen ist es notwendig, dass prä- und
postsynaptische Elemente präzis und stabil in der Plasmamembran verankert sind.
Die Mechanismen, die für den Transport, die richtige Lokalisation und die
Stabilisierung verantwortlich sind, sind erst teilweise bekannt, jedoch wird
Gerüstproteinen eine Schlüsselrolle zugeschrieben. In hemmenden Synapsen ist bis
jetzt nur ein einziges Gerüstprotein entdeckt worden, nämlich Gephyrin. Gephyrin
weist mehrere Funktionen auf und zeigt hohe Übereinstimmung zu zwei weitgehend
konservierten bakteriellen Proteinen, MoeA und MogA, welche beide an der
Biosynthese des Molybdän-Kofaktors beteiligt sind. Man nimmt an, dass Gephyrin in
Neuronen postsynaptische Glycin- und GABAA Rezeptoren stabilisiert, indem es ein
hexagonales Netzwerk bildet, das mit dem Zellskelett verankert ist. Dabei lagern sich
Gephyrin-Moleküle durch Trimerisierung der N-terminalen “G”-Domäne und durch
Dimerisierung der C-terminalen “E”-Domäne zusammen. Glycin-Rezeptoren binden
mit ihrem intrazellulären Loop der β-Untereinheit direkt an die E-Domäne von
Gephyrin und können in der Abwesenheit von Gephyrin keine postsynaptischen
“Cluster” bilden. Über das Zusammenwirken von Gephyrin und GABAA Rezeptoren
ist jedoch noch wenig bekannt, insbesondere über dessen Einfluss auf den Transport
und das Clustering an postsynaptischen Stellen während der Entwicklung.
Um die Rolle von Gephyrin und präsynaptischer Innervierung für die GABAerge
Synapsenbildung zu bestimmen, haben wir deshalb die Synaptogenese in primären
hippokampalen Kulturen untersucht. Dabei stellte sich heraus, dass GABAA
Rezeptoren sowohl ohne Gephyrin als auch ohne präsynaptische Innervation
synaptische und extrasynaptische Cluster bilden können, während Gephyrin immer
in Verbindung mit GABAA Rezeptoren und vorwiegend an synaptischen Stellen
clustert. Der Transport von GABAA Rezeptoren und Gephyrin zur richtigen Synapse
wird offenbar von anderen Faktoren geregelt als das Clustering, da ein allgemeines
synaptogenes Signal es erlaubt, dass Gephyrin und GABAA Rezeptoren auch
gegenüber glutamatergen Axonendigungen „clustern“ und sogenannte „mismatch“Synapsen bilden. Richtig angeordnete GABAerge Synapsen weisen jedoch grössere
Gephyrin- und GABAA Rezeptor-Cluster auf, was darauf hinweist, dass GABAerge
Axonendigungen spezifische Signale freisetzen, die mehr Gephyrin und GABAA
Rezeptoren anziehen und dadurch vermutlich korrekt gebildete Synapsen
stabilisieren.
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Um die Gephyrin-Domänen, welche für das postsynaptische Clustering und die
Interaktion mit GABAA Rezeptoren wichtig sind besser zu charakterisieren, haben wir
Deletions-Mutanten und Chimären benützt, die an ein grün fluoreszierendes Protein
(eGFP) gekoppelt sind. In den Chimären wurden Wirbeltier-spezifische Sequenzen
durch die homologen Reste des bakteriellen Proteins MoeA ersetzt.
Akute Transfektions-Experimente in HEK293 Zellen und hippokampalen oder
kortikalen Neuronen in Kultur haben bestätigt, dass das Clustering von Gephyrin von
der korrekten Faltung beider Domänen abhängig ist, weil alle Deletions-Mutanten die
Aggregations-Fähigkeit verloren haben. Zudem üben alle Deletions-Mutanten einen
dominant negativen Effekt auf das Clustering von endogenem Gephyrin aus, welcher
am stärksten ausgeprägt ist, wenn die exogene Gephyrin DNA während der Periode
der Synapsenbildung eingeführt wird. Jedoch können diese Gephyrin Konstrukte
auch nach der Spitze der Synaptogenese mit dem endogenen Gephyrin interferieren
und die Anzahl der endogenen Gephyrin Cluster innerhalb von 48 Stunden
reduzieren, was darauf hinweist, dass Gephyrin rasch umgesetzt wird. Des weitern
wurden mit Hilfe der verschiedenen Chimären in der Subdomäne 3 der E-Domäne
ein kurzer Loop identifiziert, der für das Clustering von Gephyrin notwendig ist.
Allerdings konnten wir mit diesen Experimenten keine spezifischen Aminosäuren
oder Domänen finden, die für die Interaktion mit GABAA Rezeptoren zuständig
wären.
Dieser Loop ist von besonderem Interesse, da er eine entscheidende Rolle bei der
Regulation der Bildung und Grösse von Gephyrin Clustern spielt. Insbesondere wird
die erhöhte Anzahl von Gephyrin Clustern nach der Transfektion mit dieser Chimären
von einer gleichzeitigen Zunahme präsynaptischer Axonendigungen begleitet,
welche diese Gephyrin Cluster kontaktierten. Dies deutet darauf hin, dass das
Clustering von Gephyrin in sich entwickelnden Neuronen eine Synapseninduzierende Funktion hat.
Zusammenfassend zeigen diese Ergebnisse, dass im Gegensatz zu GlycinRezeptoren die synaptische Sortierung und das Clustering von Gephyrin und GABAA
Rezeptoren durch weitgehend unabhängige Mechanismen gesteuert wird.
Ausserdem weist Gephyrin während der Synapsenbildung umfassendere Funktionen
auf als bisher angenommen und es wird von grossem Interesse sein, die Faktoren zu
bestimmen, welche über das Gephyrin Clustering die Synapsenbildung induzieren.
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Summary
Synaptic transmission depends on precise and stable localization of pre- and
postsynaptic elements in the plasma membrane. The mechanisms responsible for
sorting, targeting and long-term stabilization of postsynaptic proteins are only partially
understood, but their analysis has uncovered a key role for scaffolding proteins. So
far, a single putative scaffolding protein, gephyrin, has been identified at inhibitory
synapses. Gephyrin is a multifunctional protein, with high homology to two broadly
conserved bacterial proteins, MoeA and MogA, involved in molybdenum cofactor
biosynthesis. In neurons, gephyrin is believed to stabilize postsynaptic glycine and
GABAA receptors by forming a hexagonal lattice anchored to the cytoskeleton.
Gephyrin autoaggregates by trimerization of its N-terminal “G”-domain and
dimerization of the C-terminal “E”-domain. Glycine receptors cannot form
postsynaptic clusters in the absence of gephyrin and directly bind to the E-domain via
the intracellular loop of the β subunit. Little is known about the interaction between
gephyrin and GABAA receptors, in particular for targeting and clustering to
appropriate postsynaptic sites during development.
Therefore, we have investigated synaptogenesis in primary hippocampal cultures to
determine the role of gephyrin and presynaptic innervation for GABAergic synapse
formation. We found that GABAA receptors can form synaptic and extrasynaptic
clusters without gephyrin, while gephyrin clusters are always associated with GABAA
receptors and preferentially located at synaptic sites. Furthermore, the synaptic
targeting of GABAA receptors and gephyrin is regulated by presynaptic factors
distinct from those initiating cluster formation, as a general synaptogenic signal
allows the formation of gephyrin and GABAA receptor clusters in postsynaptic
domains apposed to glutamatergic terminals, forming so-called mismatched
synapses. However, matched GABAergic synapses contain larger gephyrin and
GABAA receptor clusters, suggesting that GABAergic terminals provide specific
signal(s) that attract more gephyrin and GABAA receptors and thereby stabilize
correctly matched synapses.
To further characterize gephyrin domains important for postsynaptic clustering and
interaction with GABAA receptors, we have used deletion mutants and chimeras
tagged with eGFP, in which vertebrate specific loops were exchanged with the
homologous sequence of the E. coli MoeA protein. Acute transfection of these
constructs into HEK293 cells and hippocampal or cortical neurons in culture
confirmed that clustering of gephyrin is dependent on proper folding of both, the G3
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and the E-domain, as all deletion mutants lost the ability to aggregate. Furthermore,
these deletion mutants exerted a dominant negative effect on endogenous gephyrin
clustering, which was most prominent when they were transfected during the period
of synaptogenesis. However, these constructs were also able to interact with
endogenous gephyrin after the peak of synaptogenesis, reducing the number of
endogenous gephyrin clusters within 48 hours, which indicates a rapid turnover of
gephyrin. In addition, by using different chimera, a short loop essential for gephyrin
clustering was identified in subdomain 3 of the E-domain. However, no specific
domain or residues essential for interaction with GABAA receptors could be found in
these experiments.
This loop was of particular interest because it played a critical role for regulating the
formation and size of postsynaptic gephyrin clusters. Most strikingly, transfection of
this chimera resulted in a parallel increase in the number of gephyrin clusters and
presynaptic terminals contacting them, suggesting that gephyrin clustering has a
synaptogenic function in developing neurons.
Altogether, these results show that synaptic targeting and clustering of gephyrin and
GABAA receptors are regulated by largely independent mechanisms, in contrast to
glycine receptors. However, gephyrin has broader functions during synaptogenesis
than previously expected, and it will be of major interest to identify factors that
mediate synapse formation upon gephyrin clustering.
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General Introduction
Most of our understanding about synaptogenesis comes from work at the
neuromuscular junction and the formation of excitatory synapses in the central
nervous system. In contrast, the mechanisms of inhibitory synapse formation are
poorly understood and will therefore be investigated in this thesis. While induction of
synaptogenesis might be similar in most types of synapses, the mechanisms
determining neurochemical specificity, long-term maintenance and plasticity are
differentially regulated in various types of synapses.
Therefore, I first summarize the current knowledge of synaptogenesis of excitatory
and inhibitory synapses in the central nervous system, followed by a description of
the most abundant neurotransmitter receptor types. Proteins of the postsynaptic
density play a major role in synapse formation, insertion and stabilization of receptors
at synaptic sites and regulation of synaptic strength and will therefore be described in
detail. Finally, the influence of presynaptic signaling on synapse formation will be
addressed.

1

Synaptogenesis in the central nervous system

Efficient neurotransmission at synaptic sites requires a high local concentration of
synaptic proteins, such as neurotransmitter receptors and postsynaptic scaffolding
proteins precisely aligned with the presynaptic active zone. Synapse formation in the
central nervous system is believed to be a dynamic multi-step process that requires
bi-directional communication between pre- and postsynaptic partners, similar to
synapse formation in the neuromuscular junction (for review see Sanes and
Lichtman, 1999). Synaptogenesis involves three key events: the formation of a
selective connection between the axon and its target cell, the differentiation of the
axonal growth cone into a nerve terminal capable to release neurotransmitters and
the elaboration of the postsynaptic apparatus with the ability to respond to these
signals. These major steps will be discussed in the next sections with a main focus
on the differentiation of the inhibitory postsynaptic site.

1.1

Axon guidance to the correct target neurons

Axons have the remarkable ability to grow to their appropriate target cells, often
navigating across long distances without forming ectopic synapses on neurons of
other brain regions. How axons achieve this exceptional specificity is poorly
understood. Diffusible factors can be released from the target cell or from
5
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surrounding glial cells to attract or reject axonal growth cones. They can be involved
in axon guidance, axonal arborization and/or neuronal differentiation and maturation
but they do not seem to have a direct influence on synaptogenesis (for review see
Scheiffele, 2003; Plachez and Richards, 2005).
Another class of guiding molecules indispensable for target recognition are celladhesion molecules. The majority of cell-adhesion molecules concentrated at
neuronal synapses are members of the cadherin or immunoglobulin (Ig) superfamilies (for review see Yamagata et al., 2003; Washbourne et al., 2004).
Cadherins form adhesive bonds between adjoining membranes, preferentially via
homophilic interactions. They exhibit distinct expression patterns according to the
populations of neurons they have to contact, suggesting a role for cadherins in target
specification. E.g., if N-cadherin is lacking in the drosophila visual system, neurons
are mistargeted but synaptogenesis itself is not disrupted, indicating that cadherins
are not essential for the induction of synapse formation (Lee et al., 2001).
Protocadherins show a region-specific expression pattern as well but are also rather
involved in target recognition than synaptogenesis. As cadherins and protocadherins
are expressed very early at synaptic sites they might also be involved in stabilization
of initial axodendritic contact.
The Ig superfamily is characterized by a regular pattern of disulfide bridges and is
even larger than the cadherin family. Several members of the Ig superfamily are
implicated in synaptic target recognition, including neuronal cell-adhesion molecules
(NCAMs), nectins, synaptic cell-adhesion molecules (SynCAMs), Sidekicks and
neurofascin. They undergo homo- and heterophilic interactions with binding partners
on the other side of the synaptic cleft. Ephrins, neuroligins, neurexins and integrins
are other cell-adhesion molecules important for synapse formation and differentiation
(for review see Washbourne et al., 2004; Craig et al., 2006; Dean and Dresbach,
2006).
How precise axonal targeting not only on the cellular but even subcellular level
works, can be nicely illustrated in the cerebellar cortex where different classes of
interneurons form inhibitory synapses on dendritic spines, the dendritic shaft, the
soma or the axon initial segment of Purkinje cells. Thus, stellate cells selectively
innervate Purkinje cell dendrites and spines while basket cells form synapses on the
Purkinje cell body and axon initial segment (Somogyi et al., 1998). Ango et al. (2004)
discovered a subcellular gradient of the cell-adhesion molecule neurofascin186 along
the axon initial segment. This gradient provides a substrate and a directional cue for
basket cell axon extension from the Purkinje cell soma to the axon initial segment.
The high concentration of neurofascin186 at the axon initial segment is organized by
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ankyrinG, a membrane adaptor protein restricted to the axon initial segment. In
ankyrinG-deficient Purkinje cells, the neurofascin186 gradient is abolished and
basket cells do not form synapses on the axon initial segment but continue to grow
and branch along the ectopic distribution of neurofascin186 (Ango et al., 2004).
These experiments provide direct evidence that cell-adhesion molecules can specify
the subcellular compartment of synaptic connections. Similar mechanisms might
guide other axons selectively to dendritic shafts or spines. Under physiological
conditions in vivo, neurons are normally targeted to their proper target and
postsynaptic specializations are differentiated according to the type of
neurotransmitter. We will see later that this must not necessarily be the case in vitro
where the proper circuitry of neurons is not retained and synapses can form,
although sometimes opposite of wrong terminals, indicating that some basic
machinery for synapse formation is shared by all neuronal cells. Therefore,
hierarchical signals might exist, some of which are permissive for different types of
synapses to form but not strictly exclusive for other types of synapses, while other
signals might only allow the formation of the appropriate postsynaptic specialization.
In summary, only little is known about the nature of these signals but some diffusible
molecules and cell-adhesion molecules that are essential for synaptic targeting have
been identified. A complex interplay of temporally and spatially regulated factors may
direct the axon to its appropriate target cell and ensures innervation of the correct
subcellular compartment.

1.2

Differentiation of the presynaptic terminal precedes
postsynaptic differentiation

During development, shortly after initial contact of axons and dendrites, preassembled transport packets with synaptic vesicle components begin to accumulate
at presynaptic sites (retrograde communication; Ahmari et al., 2000; Friedman et al.,
2000), which is followed by the differentiation of the postsynaptic site (anterograde
communication; Friedman et al., 2000; Okabe et al., 2001). There is evidence from
real-time imaging experiments that postsynaptic components are recruited in a
gradual manner with no obvious involvement of discrete transport vesicles (Bresler et
al., 2004) as described for the presynaptic active zone (Ahmari et al., 2000). For
proper synaptic function, all these components have to be accumulated (clustered) at
synaptic sites and precisely aligned across the synaptic cleft. Furthermore,
postsynaptic receptors, scaffolding and signaling proteins must be sorted according
to the nature of the presynaptic terminal. Interestingly, synapse assembly may occur
in the absence of neurotransmission, as neurotransmitter receptors are able to form
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synaptic clusters also under chronic blockade of transmitter release (Craig, 1998;
Harms and Craig, 2005). Thus, other signaling factor(s) must provide guiding cues for
proper sorting and targeting of synaptic molecules. After initial contact, cell-adhesion
molecules hold the two membranes in place via homo- or heterophilic interactions.
The intracellular domains of cell adhesion molecules are coupled to signaling
cascades allowing for outside-in signaling to recruit scaffolding proteins and
receptors or synaptic vesicles, respectively, to the developing synapse (for review
see Washbourne et al., 2004; Levinson and El-Husseini, 2005; Craig et al., 2006;
Dean and Dresbach, 2006).
Neuroligins were among the first cell-adhesion molecules shown to be able to induce
differentiation of a presynaptic specialization. Neuroligins are transmembrane
proteins encoded from at least four genes and expressed postsynaptically. With a
large number of splice variants (Ichtchenko et al., 1996; Bolliger et al., 2001) they
represent good candidates to specify the type of a synapse. Neuroligin-1 and -2
transfected into non-neuronal cells co-cultured with neurons trigger the de novo
formation of presynaptic structures in these neurons (Scheiffele et al., 2000). Downregulation of neuroligins in cultured neurons by RNA interference results in a loss of
both excitatory and inhibitory synapses, whereby the effects of neuroligin-2 downregulation are more prominent on inhibitory synapses (Chih et al., 2005). This is in
line with the distribution pattern in the brain, where neuroligin-1 is restricted to
excitatory synapses (Song et al., 1999) and neuroligin-2 is exclusively present in
inhibitory synapses in rat brain and dissociated neuronal cultures (Varoqueaux et al.,
2004). This differential distribution provides a way, how neuroligins can control the
formation and functional balance of excitatory and inhibitory synapses in neurons.
The synaptogenic activity of neuroligins depends on binding to neurexins at the
presynaptic membrane. Neurexins are single-pass transmembrane proteins with a
laminin-G and acetylcholine esterase (AchE)-like domains and they are extremely
diverse with more than 1000 isoforms generated by alternative splicing (Missler et al.,
1998; Missler and Sudhof, 1998). The cytoplasmic tail of neurexins contains a PDZ
domain (named after PSD-95, Dlg and ZO-1 where they have been found first, see
below). Through interaction with presynaptic scaffolding proteins they trigger the
assembly of presynaptic active zones. E.g., β-neurexins bind to Ca2+/calmodulindependent serine protein kinase (CASK) and band4.1 (actin-binding protein; Hata et
al., 1996; Biederer and Sudhof, 2001), which in turn bind to the actin cytoskeleton.
Such interactions could stabilize developing presynaptic terminals and synaptic
vesicles (Sankaranarayanan et al., 2003). Indeed, purified neuroligin is sufficient to
cluster neurexins and in turn induce presynaptic differentiation and vesicle
accumulation (Dean et al., 2003).
8
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Hence, treatment of hippocampal neurons with a fusion protein containing the
extracellular domain of neurexin-1β blocked the formation of excitatory and inhibitory
synapses (Levinson et al., 2005). Conversely, neurexin-1β expressed in fibroblasts
was shown to act as a general synaptogenic signal for excitatory and inhibitory
synapses in dendrites by inducing clustering of both glutamatergic and GABAergic
postsynaptic proteins (Graf et al., 2004). In a follow-up study, the same group
demonstrated that addition of the splice site 4 insert selectively reduced the ability of
neurexins-1β to cluster neuroligin-1/-3/-4 and glutamatergic proteins, whereas
clustering of neuroligin-2 and GABAergic postsynaptic proteins was unaffected (Graf
et al., 2006). This observation strengthens the hypothesis that isoform variations in
the neurexin-neuroligin binding pairs may play an instructive role in postsynaptic
differentiation. Notably, glutamate release is required for synapse maturation but not
for initiation of postsynaptic assembly (Nam and Chen, 2005). The cytoplasmic tails
of neuroligins contain a C-terminal motif that binds to multiple PDZ domains, e.g.
PSD-95 (Irie et al., 1997), which allows the interaction with scaffolding and/or
signaling proteins. Thereby, the coupling to intracellular signaling cascades ensures
communication across the synaptic cleft in both directions.
Several other cell-adhesion molecules have been tested for their potential to induce
synaptogenesis, but in addition to neuroligins, only SynCAM expressed in HEK293
cells specifically induced presynaptic differentiation in co-cultured hippocampal
neurons. The presynaptic terminals formed in this system were capable of
spontaneous and evoked neurotransmitter release (Sara et al., 2005). Neuroligin and
neurexin interaction increased the number of synapses whereas SynCAM rather
increased synaptic function (Sara et al., 2005). Therefore, it is likely that additional
maturation steps occur in vivo, suggesting that the synergistic action of several celladhesion molecules is necessary to form a fully functional synapse (Sara et al.,
2005).
Altogether, these findings suggest that cell-adhesion molecules, in particular
neuroligins and neurexins, play an important role in the coordinated differentiation of
pre- and postsynaptic components, whereby signaling through interaction with PDZbinding proteins enables the recruitment of the appropriate pre- and postsynaptic
proteins in the nascent synapse.

1.3

Receptor recruitment during synaptogenesis

In glutamatergic synapses, one of the earliest proteins recruited to synaptic sites
already detectable after 20 minutes of axo-dendritic contact in culture is PSD-95
(Friedman et al., 2000; Okabe et al., 2001; Bresler et al., 2004), which can interact
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with neuroligins via a PDZ-domain distinct from the one interacting with NMDA
receptors (Irie et al., 1997). Shortly afterwards, NMDA receptors are recruited
(Friedman et al., 2000) and stabilized by the PSD-95 scaffold (Standley et al., 2000;
Roche et al., 2001), followed by AMPA receptors (Friedman et al., 2000) that are
linked to the PSD-95 scaffold via stargazin (Chen et al., 2000b; Schnell et al., 2002;
Vandenberghe et al., 2005) and interact with other PDZ domain proteins like
glutamate receptor interacting protein (GRIP) 1, GRIP2/ABP (AMPA receptor binding
protein), PICK1 and others (for review see Garner et al., 2000). However, how the
signaling of cell-adhesion molecules is translated into the recruitment and assembly
of postsynaptic receptors and scaffolding proteins or how specific cell-adhesion
molecules are targeted to the appropriate position remains elusive.
The mechanisms of GABAA receptor accumulation at synaptic sites are even less
well understood. The cytoplasmic interaction partners of neuroligin-2 are not known
to date so that we cannot follow the signaling cascade activated after the initial
contact. It remains to be determined through which signals GABAA receptors and
scaffolding proteins are targeted to nascent synapses, whether they are already
present in the membrane before axonal contact and then redistributed or whether
they are newly inserted into the membrane after initial contact. Hypothetically,
receptors themselves or other molecules coupled to them could also have
synaptogenic activity and direct axonal growth cones to form synapses on regions of
receptor accumulation. To understand more about inhibitory synaptogenesis, it will
be important to elucidate these questions. One possible attempt is to investigate
synapse formation in immature hippocampal cultures by means of correlative
immunofluorescence staining for different pre- and postsynaptic markers. Such
experiments were the aim of the first project of my thesis and can reveal the
sequence of proteins accumulating in the nascent synapse and in particular will help
to understand whether presynaptic signals are necessary to bring scaffolding
proteins and GABAA receptors to postsynaptic sites.

1.4

Synaptogenesis and synaptic plasticity

Synaptogenesis is highest during early postnatal development, but synapse
formation occurs throughout life (Eriksson et al., 1998). Initially, more synapses are
built than are retained in the mature brain. The elimination of inappropriate or
ineffective connections to fine-tune the networks is regulated by synaptic activity.
Although neurotransmission is not essential for the formation of postsynaptic sites as
discussed above, it seems to have an important function in synapse stabilization or
elimination (for review see Goda and Davis, 2003; Waites et al., 2005). It is important
to note that the effect of inhibitory receptor activation in mature neurons leads to a
10

General Introduction
hyperpolarization of the membrane in contrast to developing neurons, in which
receptor activation is depolarizing. This points to a fundamental difference between
synaptogenesis during development and adulthood.
Interestingly, the same molecules that play key roles in synaptogenic processes are
also involved in synaptic plasticity. With synaptic plasticity, we refer to short- and
long-term adaptations that finally lead to an increase or decrease of synaptic strength
and efficacy (for review see Malenka and Nicoll, 1999; Nicoll and Schmitz, 2005).
Multiple mechanisms are involved in such dynamic changes, among them long term
potentiation (LTP) or depression (LTD), but also changes in membrane insertion or
internalization of receptors or changes on the expression level, to name a few. E.g.
overexpression of PSD-95 augmented neuroligin-1 clustering at excitatory synapses
(Prange et al., 2004) and resulted in a shift in the distribution of neuroligin-2 from
inhibitory to excitatory synapses (Levinson et al., 2005). This leads to an increased
number of excitatory presynaptic terminals and a reduction of inhibitory synapses.
Therefore, the relative PSD-95 levels alter the ratio of excitatory to inhibitory synaptic
contacts by sequestering members of the neuroligin family to excitatory synapses
thus leading to a higher overall excitation (Levinson et al., 2005). Furthermore, ElHusseini et al. (2000) demonstrated in hippocampal neurons that expression of PSD95 increased the number and size of dendritic spines and might have a role in
synapse stabilization and plasticity.
Evidence for activity-dependent changes in vivo comes from studies in the rodent
barrel cortex that receives sensory input from the whiskers. Trachtenberg et al.
(2002) performed in vivo imaging of individual pyramidal neurons over weeks after
sensory deprivation by whisker trimming. They observed that the dendritic structure
was stable but spines appeared and disappeared frequently. Spine sprouting was
associated with synapse formation while synapses on retracting spines were
eliminated. Deprivation of sensory input reduced the fraction of spines with a longer
lifetime and increased the number of transient spines. This data clearly show that
also in the adult cortex synapses can be formed and eliminated rapidly and in an
activity dependant manner. A similar approach was undertaken by Knott et al. (2002)
who observed an increase of 36% of the total density of synapses in the
corresponding barrel after single whisker stimulation. Interestingly, this increase was
found for excitatory and inhibitory synapses, both of them forming on spines. Four
days after stimulation, the spine density returned to normal but the newly formed
GABAergic synapses on spines persisted, indicating that activity-dependent
formation of synapses can lead to alterations in synaptic circuitry also in adulthood.
Hippocampal slice cultures treated with bicuculline or 4-aminopyridine to increase
neuronal activity augmented the density of the inhibitory postsynaptic density protein
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gephyrin (see below) and GABAA receptor clusters while a decrease in activity
through DNQX application lead to a decrease in their density, demonstrating that
changes in activity can lead to adaptations in the density of synapses (Marty et al.,
2004).
How can activity regulate such processes? Ehlers (2003) demonstrated that many
postsynaptic proteins are up- and down-regulated in response to synaptic activity and
that ubiquitin-mediated protein degradation was responsible for this protein turnover.
In the same line, Colledge et al. (2003) found that ubiquitination of the postsynaptic
density protein PSD-95 is critical in regulating AMPA type glutamate receptor surface
expression during synaptic plasticity.
These observations indicate that receptors are not stably integrated into synaptic
membranes but move constantly between synaptic sites and subsynaptic pools from
where they can be either recycled back to synaptic sites or processed for
degradation, offering the possibility to change synaptic strength rapidly (for review
see Kittler and Moss, 2001). Alteration in the number of functional receptors in the
membrane is a crucial factor to control the efficacy of neurotransmission.
Internalization of neurotransmitter receptors as a mechanism for synaptic plasticity
has been described for excitatory and inhibitory receptors but in this work, I focus on
modulation of GABAA receptors. Constitutive internalization of GABAA receptors in
hippocampal neurons is mediated by clathrin-dependent endocytosis (Tehrani and
Barnes, 1993; Kittler et al., 2000a). GABAA receptors can interact in a phosphodependent manner via their β and γ subunits with the adaptin complex AP2 that is
critical for the recruitment of integral membrane proteins into clathrin-coated pits
(Kittler et al., 2000a; Kittler et al., 2005). Interestingly, the intracellular pool of GABAA
receptors was associated with the scaffolding protein gephyrin, while AMPA type
glutamate receptors were accumulated in the soma (van Rijnsoever et al., 2005). The
sorting decision whether internalized receptors are recycled or degraded in
lysosomes can be regulated by a direct interaction of GABAA receptors with the
Huntington-associated protein-1 (HAP1). HAP1 modulated the number of synaptic
GABAA receptors by inhibiting receptor degradation and facilitating receptor recycling
(Kittler et al., 2004). The ubiquitin-related protein Plic1 is another protein that can
facilitate GABAA receptor insertion into the plasma membrane, which is probably
achieved by stabilization of intracellular receptor pools (Bedford et al., 2001). Plic
proteins are believed to block the degradation of ubiquitinated substrates and thereby
increase their half-life (Kleijnen et al., 2000). Finally, endocytosis of GABAA receptors
can also be modulated by PKC-dependent phosphorylation, whereby
phosphorylation promoted endocytosis (Herring et al., 2005).
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The surface expression of GABAA receptors can be regulated by changes in gene
expression, intracellular trafficking, and degradation, whereby the regulation of
clathrin-dependent endocytosis may play a pivotal role. In addition to internalization,
receptors can also move laterally within the plasma membrane from synaptic to
extrasynaptic locations, which offers another rapid mechanism to control synaptic
efficacy (for review see Triller and Choquet, 2005). Meier et al. (2001) and Dahan et
al. (2003) have demonstrated in elegant studies using single-latex particles or
quantum dots to track receptor movements in living cells, respectively, that glycine
receptors diffuse rapidly in the plasma membrane and are trapped at synaptic sites
were movements are confined. Similar observations have been reported for GABAA
receptor movements (Thomas et al., 2005; Levi, personal communication).
These findings strengthen the view that synapses are not stable once they are
formed. Changes in activity can modulate the stability of synapses, remove them or
build new ones, presumably via influencing protein interactions that either help to
stabilize receptors at synaptic sites, facilitate recycling or, on the other hand, render
receptors prone for endocytosis and subsequent degradation.

2

Glutamate and GABAA receptors

In the brain, two main opponent neurotransmitter systems exist: excitation is mainly
governed by ionotropic glutamate receptors while γ-amino butyric acid type A
(GABAA) and glycine receptors are responsible for fast inhibitory transmission (for
summary see table 1). Slow responses are mediated by metabotropic receptors,
which will not be discussed in this work.
The ionotropic glutamate receptors belong to a subfamily of ligand-gated ion
channels. According to specific agonist binding we distinguish AMPA (α-amino-3hydroxy-5-methylisoxazole-4-proprionic acid), kainate and NMDA (N-methyl-Daspartate) receptors. All three types are multimeric proteins composed of four
subunits, whereby each subunit contains three transmembrane (M1, M3 and M4) αhelices and a loop between M1 and M3 that dips into the membrane (M2). The
binding site for glutamate is formed by the large extracellular N-terminal tail and the
extracellular loop between M3 and M4, whereas the C-terminal domain is located
intracellularly (for review see Mayer and Armstrong, 2004).
AMPA and kainate receptors are permeable mainly for Na+ and K+ after activation by
glutamate. NMDA receptor opening depends on prior membrane depolarization to
relieve the Mg2+ molecule that blocks the pore and requires in addition extracellular
glycine as a cofactor. Furthermore, NMDA receptors are permeable for Ca2+ besides
Na+, K+. The different pore properties of AMPA and NMDA receptors are attributed to
13
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a single amino acid residue in the pore-forming M2 region. Most types of AMPA
receptors contain the polar amino acid glutamine whereas NMDA receptors contain
the polar residue asparagine. Remarkably, mRNA editing of the AMPA receptor
GluR2 subunit leads to the replacement of glutamine by a positively charged
arginine, which has dramatic effects on the properties of AMPA receptors in that they
loose the permeability to Ca2+ (Sommer et al., 1991). If just one subunit of the
receptor contains an arginine at this place, the permeability to Ca2+ is abolished.
Influx of Ca2+ via AMPA receptors not containing GluR2 subunits or activated NMDA
receptors leads to long-lasting changes in synaptic strength as Ca2+ can act as a
second messenger and induce signal transduction cascades that finally influence
protein synthesis. Depending on the activation pattern, NMDA receptors are the main
triggers for long term potentiation (LTP) or long term depression (LTD), respectively,
two long-lasting forms of synaptic plasticity implicated in learning and memory (for
review see Sheng and Kim, 2002).
Glycine and GABAA receptors belong to another subfamily of ligand-gated ion
channels (Cys-loop superfamily, comprising also nicotinic acetylcholine and 5hydroxytryptamine (5-HT3) receptors) and show some important structural
differences to glutamate receptors, notably the presence of four transmembrane
domains (M1-4) and a short extracellular C-terminal domain (for review see
Colquhoun and Sivilotti, 2004; Connolly and Wafford, 2004). The long extracellular Nterminal tail binds the ligand. In contrast to glutamate receptors with an intracellular
C-terminus, the cytoplasmatic loop between M3 and M4 of GABAA receptors provides
the only obvious possibility for further interaction with cytosolic proteins.
GABAA receptors are the main inhibitory neurotransmitter receptors in the brain while
glycine receptors are more prominent in the spinal cord. Malfunction of GABAA
receptors is involved in many human diseases such as epilepsy (Duncan, 1999;
Olsen et al., 1999; Sperk et al., 2004), anxiety disorders (Crestani et al., 1999;
Malizia, 1999), ethanol dependence (Morrow et al., 2001; Davies, 2003),
Huntington’s disease (Kunig et al., 2000) and schizophrenia (Lewis, 2000), which
underscores the significance of GABAergic transmission. Several drugs are in clinical
use that specifically interact with GABAA receptors, e.g. benzodiazepines (Mohler et
al., 2002), barbiturates (Ito et al., 1996) and some anesthetics (Dilger, 2002). Upon
ligand binding the channel pore becomes permeable for chloride and bicarbonate
ions. The influx of chloride ions lowers the resting membrane potential and increases
its conductance, thereby making it more difficult for a cell to reach the threshold to
fire an action potential, thus producing an inhibitory effect.
The ion channels are composed of five subunits that are co-assembled in the
endoplasmatic reticulum and the Golgi apparatus and then transported to the plasma
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membrane. To date, 21 genes are known that encode for different GABAA receptor
subunits (α1-6, β1-4, γ1-4, δ, ε, θ, π, ρ1-3), which can produce a large diversity of
different GABAA receptors. The most common type of GABAA receptors consists out
of 2 α, 2 β and 1 γ subunit (Tretter et al., 1997). Different subtypes are distributed
differentially in different areas of the brain, in the corresponding cell type and even on
the subcellular level (e.g. Nusser et al., 1996; Fritschy et al., 1998). Most neurons
contain multiple GABAA receptor subtypes with receptors containing an α1, α2 or α3
subunit mainly found at synaptic sites, whereas α4, α5 and α6 containing receptors
are localized rather extrasynaptically (e.g. Nusser et al., 1998). Specific targeting of
GABAA receptor subtypes is retained in primary hippocampal cultures (Brunig et al.,
2002a), thus representing a useful tool to investigate synapse formation in vitro. It
also indicates that the subcellular targeting of particular GABAA receptors is
regulated by cell-autonomous mechanisms, as proper presynaptic innervation is not
retained in dissociated cultures.
Table 1:

Main neurotransmitter receptors of the ligand-gated ion channel family in the central
nervous system

Receptor (R)
Family

GlycineR

GABAAR

AMPAR

Cys-loop superfamily

KainateR

NMDAR

ionotropic glutamate receptors

α1-4, β

α1-6, β1-4, γ1-4,
δ, ε, θ, π, ρ1-3

GluR1-4

GluR5-7,
KA1, KA2

NR1, NR2A-D,
NR3A+B

Number of SUs
for a funct. R

5

5

4

4

4

transmembrane
domains

4

4

3

3

3

Subunits (SU)

N-terminus

extracellular

extracellular

extracellular

extracellular

extracellular

C-terminus

extracellular

extracellular

intracellular

intracellular

intracellular

Neurotransmitter binding
site

N-terminal
extracellular
domain

N-terminal
extracellular
domain

N-terminus
and loop between M3/M4

N-terminus
and loop between M3/M4

N-terminus and
loop between M3
and M4

ligand binding
sites

3

2

2

2

2 (on NR2)

Channel
permeable for

Cl-

Cl-, HCO3-

Na+, K+

Na+, K+

Ca2+, Na+, K+

Other effects

Channel
opening
increases the
resting
membrane
conductance

Special features

larger pore
diameter
Î higher
conductance
than GABAgated channels

Channel opening
increases the
resting
membrane
conductance

2+

(Ca , if no
GluR2 is
present)

Fast early
peak of EPSP

Fast early
peak of EPSP

Late component
of EPSP
2+
Ca triggers
signaling
pathways
2+
Mg block at
resting membrane
potential
Needs glycine as
a co-activator;
binds to NR1/3

15

General Introduction

3

Distinct postsynaptic densities in excitatory and
inhibitory synapses

On the electron microscopic level, presynaptic terminals can be recognized by their
neurotransmitter-filled vesicles close to the synaptic cleft, while postsynaptic sites
show electron-dense areas below the membrane (Palay, 1956a, b). The synaptic
cleft itself is not “empty” but filled with proteinaceous and carbohydrate-containing
molecules, some of which represent extracellular domains of synaptic membranebound or transmembrane proteins. GABAergic synapses are characterized by a
narrow postsynaptic density. As both, pre- and postsynaptic site, appear similar in
width, they were termed symmetric synapses (type II synapses, Gray, 1959a, b), in
contrast to excitatory synapses with a prominent postsynaptic density appearing as a
broad electron-dense area opposite the synaptic cleft and therefore termed
asymmetric (type I synapses, Gray, 1959a, b). Thus, on the ultrastructural level,
inhibitory and excitatory synapses can be distinguished by the appearance of their
postsynaptic density. These differences are also reflected in the molecular
composition of the two types of synapses.
The postsynaptic density (PSD) of excitatory synapses can be purified biochemically
and was therefore subjected to detailed investigations. Several hundreds of proteins
present in the PSD have been identified (Kennedy, 1997). PSD-95 is a key
component of the excitatory PSD (Cho et al., 1992) as it interacts directly with NMDA
receptors and indirectly with AMPA receptors and also binds to the cytoskeleton,
thereby holding the synapse together (for review see Kim and Sheng, 2004). PSD-95
contains 3 PDZ domains, which are modular protein-interaction domains of about 90
amino acid residues that are specialized for binding to C-terminal peptide motifs of
other proteins, but also bind to internal motif segments, other PDZ domains and even
lipids, enabling them to form large molecular complexes (for review see Saras and
Heldin, 1996; Nourry et al., 2003). In addition, PSD-95 interacts with a variety of
signaling molecules, thereby linking membrane proteins with cytoplasmic signaling
molecules (for review see Garner et al., 2000). This close association of receptors
and signaling molecules provides the basis for the activation of specific signaling
cascades, e.g. during Ca2+ influx after activation of NMDA receptors and synaptic
plasticity.
In contrast, only few components of the inhibitory postsynaptic density have been
identified, in particular because inhibitory postsynaptic densities cannot be isolated
biochemically. The tubulin-binding protein gephyrin has been found selectively at
inhibitory postsynaptic densities (Pfeiffer et al., 1982; Triller et al., 1985; Kirsch et al.,
1991). It can form multimeric scaffolds to stabilize synaptic receptors and link them to
16
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the cytoskeleton, thereby representing a promising candidate to cluster GABAA
receptors at postsynaptic sites. In contrast to proteins from the excitatory
postsynaptic density, PDZ domain containing proteins are largely absent at inhibitory
postsynaptic densities, indicating that the organization of the two postsynaptic
densities differs profoundly.

4

Gephyrin, a postsynaptic protein at glycinergic and
GABAergic synapses

Gephyrin was first discovered as a glycine receptor subunit of 93 kDa in purification
experiments (Pfeiffer et al., 1982) and was found associated with glycine receptors
also at the ultrastructural level (Triller et al., 1985). It took almost ten years to
discover that this protein was actually not a glycine receptor subunit but a scaffolding
protein that interacts with polymerized tubulin and anchors glycine receptors in the
membrane (Kirsch et al., 1991). In 1992, its primary structure has been characterized
(Prior et al.) and the protein termed gephyrin (from the Greek γεϕνρα, bridge). In
young spinal cord neurons in culture, gephyrin clusters can be detected earlier than
glycine receptor clusters, suggesting that the assembly of gephyrin at the plasma
membrane precedes clustering of glycine receptors (Kirsch et al., 1993). Treatment
with gephyrin antisense oligonucleotides strongly reduces the number of glycine
receptor clusters, confirming that gephyrin is required for the formation of glycine
receptor rich domains in the dendritic plasma membrane (Kirsch et al., 1993). Glycine
receptors can interact directly with gephyrin via their β-subunit (Meyer et al., 1995),
this binding being mediated by hydrophobic interactions (Kneussel et al., 1999a).
Furthermore, no glycine receptor clusters were formed in the absence of gephyrin in
cultures of gephyrin-deficient mice (Kneussel et al., 1999b; Levi et al., 2004).
However, the competitive glycine receptor antagonist strychnine and L-type Ca2+channel blockers inhibit the accumulation of glycine receptors and gephyrin at
postsynaptic membrane areas in cultured rat spinal neurons suggesting that glycine
receptor activation that results in Ca2+ influx is required for the clustering of gephyrin
and glycine receptors at developing postsynaptic sites (Kirsch and Betz, 1998; Levi
et al., 1998). All these experiments provide strong evidence that gephyrin is essential
for glycine receptor clustering.
Sassoe-Pognetto et al. (1995) have discovered that gephyrin is also present in
GABAergic synapses, first in the retina, later throughout the rat brain (SassoePognetto et al., 2000). Antisense treatment against gephyrin in hippocampal cultures
leads to a marked reduction of γ2 subunit containing GABAA receptor clusters
indicating that gephyrin is also involved in GABAA receptor clustering (Essrich et al.,
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1998). These findings have been confirmed in gephyrin (-/-) mice where α2 and γ2
subunit clusters were reduced while intracellular pools were increased (Kneussel et
al., 1999b). Furthermore, in hippocampal cultures transfected with GFP-tagged
GABAA receptors, GABAA receptors were found to be much more mobile in the
plasma membrane after silencing of gephyrin by RNA interference, suggesting that
GABAA receptor clusters are stabilized via gephyrin (Jacob et al., 2005). Therefore,
gephyrin not only plays a role in glycine but also in GABAA receptor clustering. In
analogy with PSD-95 in excitatory synapses it might serve as a scaffolding protein
holding either glycine and/or GABAA receptors in place at synaptic sites.

5

Gephyrin structure suggest a model for clustering

As gephyrin does not contain PDZ domains, alternative mechanisms must link single
molecules to a subsynaptic scaffold and connect it to the cytoskeleton. Such
profound differences to glutamatergic synapses may provide a mechanism to specify
the type of a synapse but they also raise fundamental questions about the
organization of GABAergic synapses: If PDZ-domain proteins are missing, how is the
subsynaptic scaffold formed? How can receptors and cell-adhesion molecules be
linked to cytosolic signaling cascades? Or in other words, how is the extracellular
space coupled with the cytoskeleton and cytosolic signal transduction molecules?
Resolution of the crystal structure of homologue molecules and later of gephyrin itself
improved our understanding of gephyrin interactions. Striking homologies have been
discovered between gephyrin and two bacterial proteins, Escherichia coli MogA and
MoeA that are involved in the final step of the biosynthesis of molybdenum cofactor
(Moco; for review see Schwarz, 2005). Gephyrin contains two structural domains,
termed E and G that are linked by a central proline-rich linker region C. The Nterminal G-domain shows high homology to the bacterial MogA and the C-terminal Edomain to the MoeA protein (Fig. 1).
Gephyrin (-/-) mice have a phenotype that closely resembles that of humans with
hereditary molybdenum cofactor deficiency and hyperekplexia (a failure of inhibitory
neurotransmission; Feng et al., 1998). Moco is required for the enzymatic activity of
almost all molybdenum enzymes, which are essential for diverse metabolic
processes and are necessary for the survival of most organisms (Schwarz, 2005).
Moco deficiency in humans causes a combined loss of three major molybdoenzymes, which leads to an accumulation of toxic metabolites. Consequently,
neurological abnormalities are observed, such as increased muscle tone, rigid
posturing, abnormal movements, myoclonus and refractory seizures, usually ending
with death in early childhood (Johnson et al., 1980; Wadman et al., 1983).
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Figure 1: Gephyrin-homologous proteins in bacteria and plants
The N- and C-terminal end of gephyrin display high homology to the bacterial proteins MogA and
MoeA and the plant protein Cnx1-E. Therefore, they have been termed according to the bacterial
proteins. In contrast to the bacterial and plant proteins, in mammals, the two domains are linked by a
central linker region called C.

This observation lead to the assumption that besides its function as a clustering
protein, gephyrin might be involved in Moco biosynthesis. Indeed, gephyrin binds
with high affinity to the metabolic precursor of Moco and the expression of
exogenous gephyrin in Moco mutant plants can reconstitute Moco biosynthesis
(Stallmeyer et al., 1999). Therefore, gephyrin must have other essential functions in
peripheral organs in addition to clustering of glycine or GABAA receptors.
Liu et al. (2000) determined the crystal structure of MogA and revealed a trimeric
arrangement, which lead to the first model of gephyrin forming a multimeric scaffold
to anchor the receptors via interaction with their cytoplasmic loop (Kneussel and
Betz, 2000). The crystal structure of MoeA was resolved by Xiang et al. (2001) and
they found that the active form of MoeA is a dimer. Based on the oligomeric states of
MogA and MoeA they suggested a model how gephyrin could assemble into a
hexagonal scaffold at inhibitory synapses. Finally, Sola et al. (2001) resolved the
crystal structure of the G-domain of gephyrin and showed that it forms trimers in
solution. The same group also crystalized the E-domain of gephyrin and confirmed
the formation of gephyrin dimers. In addition, they were able to localize the binding
site of the glycine receptor β-loop in the E-domain (Sola et al., 2004) as suggested
previously by Rees et al. (2003). Dimerized E-domains within a hexagonal scaffold
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might either dock onto two β-chains derived from two different glycine receptors or
onto two β-chains within one pentameric glycine receptor. They proposed that
conformational transitions of gephyrin regulate the assembly state and its interaction
with glycine receptors (Sola et al., 2004). These structural data provide evidence that
in inhibitory synapses, gephyrin can form a subsynaptic scaffold by self-aggregation
in contrast to a heterogeneous network of PDZ domain-containing proteins
interacting with each other at glutamatergic synapses.
Several gephyrin mRNAs are generated by alternative splicing (Prior et al., 1992; fig.
2). The function(s) of these gephyrin isoforms are currently not known and they could
offer the possibility to specify interactions with other proteins. In rat, 7 cassettes have
been identified (named C1, C2, C3, C4, C4’, C5 and C6) that can be incorporated by
alternative splicing leading to different neuronal and non-neuronal isoforms (Prior et
al., 1992; Meier et al., 2000a). In mice, four additional splice variants have been
identified, namely C4b (Heck et al., 1997) and C5 to C7 (Ramming et al., 2000).
Meier and Ramming continued the nomenclature of Prior et al. independent of each
other at the same time. Therefore, rat C5 and C6 identified by Meier et al. are not
identical with mouse C5 and C6 discovered by Ramming et al. In the human gephyrin
gene (gphn) with 27 exons, a cluster of four C4-exons was identified (C4a-d; Rees et
al., 2003), whereof C4a corresponds to C4b in mice and C4’ in rats, C4b is a new
exon, C4c matches the C4 cassette in mice and rats and C4d is identical to the C5
cassette in mice described by Ramming et al. (2000). In the human gene, mainly the
central linker region is subjected to alternative splicing and no transcripts containing
a C1 and the murine C6 or C7 cassettes have been found.
The C2 cassette is present in all investigated isoforms and seems to be essential for
the Moco biosynthesis. A loss of the C2 cassette probably leads to a loss of the
whole domain structure. Not all gephyrin isoforms are able to bind glycine receptors
and consequently not all gephyrin isoforms are instructive for the formation of
glycinergic synapses. In particular, the presence of the rat cassette C5 prevents
interaction with the glycine receptor β-loop (Meier et al., 2000a). The expression of
gephyrin variants containing the cassette C5 augmented with increasing presynaptic
GABA content, which in turn down-regulated glycine receptor accumulation (Meier
and Grantyn, 2004a).
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Figure 2: Distribution of alternatively spliced cassettes in the gephyrin gene
Identical cassettes are shown in the same pattern. Cassettes in brackets are believed not to be
spliced from the transcript. The numbers point to the first description of the splice cassette: (1) Prior et
al., 1992; (2) Heck et al., 1997; (3) Ramming et al., 2000; (4) Meier et al., 2000; (5) Rees et al., 2003
(figure from Schrader et al., 2004)

This represents a novel mechanism, how presynaptic signals can indirectly regulate
the sorting of neurotransmitter receptors by influencing the expression of specific
gephyrin isoforms. How such presynaptic signals are transduced to the nucleus is
presently unclear. Either gephyrin itself could act as a signaling molecule or it could
link other signaling molecules to the subsynaptic scaffold bringing them into close
association with cell-adhesion molecules and receptors. Compared to glutamatergic
synapses, only few interacting partners of gephyrin have been identified, making it
difficult to understand in detail how gephyrin fulfils its function in stabilizing receptor
clusters and linking them to cytosolic signaling cascades, and underscoring the need
for identification of other binding partners.

6

Gephyrin interacting partners

Several interacting partners of gephyrin have been identified so far. Their possible
functions are summarized in table 2 and figure 3 and will be discussed in the
following section in detail. A possible interaction with GABAA receptors will be
addressed in a separate chapter.
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Table 2:

Proteins interacting with gephyrin and the possible role of this interaction (references are
given in the detailed text below).

Binding partner

Mode of interaction on gephyrin

Possible function/role

β-subunit of the
glycine receptor

High and low affinity binding sites within
the E-domain of gephyrin

Link glycine receptors to the
submembranous gephyrin scaffold

Tubulin

Central linker region

Link of receptors to the
cytoskeleton

Dynein light chain

Central linker region

Allowing active movement along
microtubules

Profilin

Via the E-domain

Link to actin cytoskeleton; actin
formation

Mena/VASP

Linker region, a.a. 181 to 243 or Edomain (controversial)

Link to uncapped actin filaments

Collybistin

Border of linker region and E-domain

Essential for gephyrin clustering;
activation of Cdc42

GABARAP

?

Transport of GABAA receptors, link
of GABAARs and gephyrin (?)

RAFT1

?

Possible role of gephyrin in signal
transduction; translational control

GABAA receptors?

No direct interaction shown so far!

Link GABAA receptors to the
submembranous gephyrin scaffold

GABAAR
γ2
Linker?

PtdIns(3,4,5)P3

Profilin

PtdIns(3,4,5)P3

GlyR
β

Collybistin

Cdc42

GDP

Cdc42

Gephyrin

GTP
Mena

RAFT1
G-actin
F-actin

Dendritic
protein
synthesis?

dynein
F-actin
F-actin

Microtubules

GlyR

GABAARs?
GABARAP?

Figure 3: Gephyrin interactions with the cytoskeleton
The receptors and signaling molecules are shown schematically (adopted and extended from
Kneussel and Betz, 2000). For details see text!
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6.1

Microtubules and dynein motors are involved in gephyrin
trafficking

In vitro, gephyrin was shown to bind to tubulin (Kirsch et al., 1991), suggesting an
anchoring function at postsynaptic sites. However, disruption of the cytoskeleton
yielded controversial results, suggesting that the function of tubulin-binding proteins
is more complex than anticipated.
In spinal cord neurons, de-polymerization of microtubules resulted in a reduction of
gephyrin clusters that were larger and less intensely labeled by immunofluorescence
(Kirsch and Betz, 1995). However, in these experiments, it was not considered that
glycinergic synapses in the spinal cord might also contain GABAA receptors and in
effect, disruption of microtubules in mature hippocampal cultures did not affect the
subcellular distribution of GABAA receptors and gephyrin (Allison et al., 2000).
Therefore, clustering of glycine and GABAA receptors might be modulated
differentially by the microtubular system, as reflected also by the specific reduction of
spontaneous glycinergic miniature inhibitory postsynaptic currents (mIPSCs)
amplitude after microtubule disruption in mature mouse spinal cord neurons, while
GABAergic mIPSCs amplitude was unaltered (van Zundert et al., 2002, 2005). In
contrast, more recent results suggest that microtubule de-polymerization in cultured
hippocampal neurons induces the de-clusterization of GABAA receptors (Petrini et al.,
2003) by interfering with the intracellular transport mechanisms (Ho et al., 2001). A
plausible explanation for these conflicting results might be that microtubules are more
important for transport of gephyrin and/or receptors to synapses than for direct
stabilization at synaptic sites. This process might be dependent on the
developmental stage of the cells, as the lack of microtubule-dependent transport
might not affect the synaptic clustering to the same extent once synapses are already
built.
Such a model is supported by the finding that gephyrin can bind to the dynein light
chain (Dlc) 1 and 2 (Fuhrmann et al., 2002). Dyneins are large multi-component
microtubule-based molecular motors, which contain a motor, cargo-binding and
regulatory component and are involved in many fundamental cellular processes
including vesicular transport, mitosis and ciliary/flagellar beating. The ATPase and
microtubule motor domains are located within the very large dynein heavy chains
while cargo-binding involves the intermediate or light chains (for review see King
2000).
In hippocampal neurons, endogenous Dlc is enriched at synaptic sites colocalizing
with gephyrin, and the binding site for Dlc was mapped within the central linker
domain of gephyrin (Fuhrmann et al., 2002). Maas et al. (2006) were able to
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demonstrate for the first time that gephyrin and Dlc interact in vivo and that this
interaction is required for gephyrin transport in neurons. Blockade of the dynein
function, gephyrin-dynein interaction or de-polymerization of microtubules interfered
with retrograde gephyrin transport, suggesting that gephyrin can act as an adaptor
protein that couples vesicular glycine receptors with the dynein motor complex (Maas
et al., 2006). Dynein was initially proposed to serve only for retrograde transport in
axons but is now also believed to be implicated in slow anterograde transport (Vallee
et al., 2004). It is therefore conceivable that gephyrin, possibly associated with
glycine receptor molecules, is actively transported along microtubules. Microtubuleassociated proteins might provide a mechanism to insure proper trafficking or
anchoring of inhibitory receptors because glycine and GABAA receptors are mainly
found on dendritic shafts where microtubules are abundant, while glutamatergic
synapses are mostly located in dendritic spines where microtubules are sparse or
absent (Passafaro and Sheng, 1999).

6.2

Interaction with microfilaments via profilins and Mena/VASP

So far, no direct interaction of gephyrin and the actin-cytoskeleton has been
demonstrated but de-polymerization of microfilaments generated smaller clusters of
increased gephyrin density in spinal cord neurons (Kirsch and Betz, 1995), indicating
that microfilaments are involved in gephyrin clustering or trafficking, possibly by a
mechanism regulating the interplay between microtubules and microfilaments.
Several proteins interacting with actin filaments, among them profilins and
microfilament adaptors of the mammalian enabled (Mena)/vasodilator stimulated
phosphoprotein (VASP) family, also bind to gephyrin, thereby providing a potential
link from inhibitory neurotransmitter receptors to actin filaments (Mammoto et al.,
1998; Giesemann et al., 2003; Bausen et al., 2006).

6.2.1

Profilin

Profilin was isolated as an actin-binding protein. It stimulates the ADP/ATP exchange
reaction of actin monomers allowing incorporation of G-actin into filamentous actin,
thereby promoting actin polymerization (Finkel et al., 1994). Profilin-I is ubiquitously
expressed and is essential for cell survival (Witke et al., 2001) whereas profilin-II is
found only in brain, skeletal muscle and kidney (Honore et al., 1993).
Profilins can interact via proline-rich domains with many cytoskeletal proteins, such
as VASP, Mena and others as well as with gephyrin (Mammoto et al., 1998). Other
interacting partners are phosphoinositides, e.g. phosphatidylinositol 3,4,5triphosphate (PtdIns(3,4,5)P3), that link profilins to the membrane (for review see
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Schluter et al., 1997). Profilins are generally enriched in synapses, partially
colocalizing with gephyrin (Giesemann et al., 2003) but they are also found at the
presynaptic terminal (Neuhoff et al., 2005). In contrast to the earlier study of
Mammoto et al. (1998), Neuhoff et al. (2005) found that profilin interacts with
gephyrin via the E-domain (not the expected proline rich linker region) and that
gephyrin, PIP2 (phosphatidylinositol bisphosphate) and G-actin compete for the same
binding site on profilins.
Profilin-I and -II are targeted to spine heads when postsynaptic NMDA receptors are
activated and concomitantly, actin-based changes in spine shape are blocked,
stabilizing synaptic structures via regulation of the actin-cytoskeleton (Ackermann
and Matus, 2003; Neuhoff et al., 2005). Profilins therefore could provide a
mechanism to link the actin cytoskeleton with gephyrin and thereby also influencing
glycine and GABAA receptor clustering, possibly dependent on synaptic activity.

6.2.2

Mena/VASP

In drosophila, enabled (Ena)/VASP regulate the geometry of the actin cytoskeleton.
In vertebrates, there are three closely related family members, Mena (Mammalian
enabled), VASP, and EVL (Ena-VASP like) that are implicated in processes that
require dynamic actin remodeling, e.g. axon guidance or platelet activation.
Mena/VASP proteins have proline rich domains and may increase the efficiency of
actin polymerization (for review see Krause et al., 2003; Sechi and Wehland, 2004).
Mena could be immunoprecipitated with gephyrin from rat brain extracts and it
colocalized with gephyrin in cell lines and in neuronal cultures, suggesting that
Mena/VASP, together with profilin, can contribute to link receptors, gephyrin, and the
microfilament system (Giesemann et al., 2003).
This view is further supported by a recent study where treatment with Cytochalasin D
to depolymerize actin filaments resulted in a redistribution of Mena into actin patches
and a reduction of gephyrin clusters at early stages of synapse development (Bausen
et al., 2006). It seems plausible that Mena/VASP is required as an adaptor for
gephyrin binding to actin (Bausen et al., 2006), but controversial interaction sites on
gephyrin have been suggested (Giesemann et al., 2003; Bausen et al., 2006). This
process could be assisted by profilin and possibly also by collybistin (see below).
Altogether, gephyrin can either directly or indirectly interact with microtubules and
microfilaments and thereby provide mechanisms to link receptors to the cytoskeleton
or be involved in trafficking processes along microtubules or microfilaments. In a
recent study, Hanus et al. (2006) investigated transport of gephyrin clusters in living
neurons and provide new evidence how the cytoskeleton controls the dynamics of
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inhibitory postsynaptic scaffolds. They were tracking gephyrin motion in spinal cord
neurons using a modified yellow fluorescent protein (“Venus”) to visualize gephyrin.
Minute rearrangements were dependent on F-actin but not influenced by disruption of
microtubules. In contrast, dynamics of postsynaptic clusters on a longer time scale
relied also on F-actin but their lateral displacement was counteracted by
microtubules. Furthermore, gephyrin dynamics were Ca2+-dependent and synaptic
activity reduced the lateral movements (Hanus et al., 2006). These experiments
indicate that transport and stabilization of gephyrin are tightly regulated processes,
involving synaptic activity and Ca2+ signaling to modulate the organization of actin
filaments and microtubules, which in turn control the movements of gephyrin.

6.3

Collybistin

Two splice variants of the gephyrin binding protein collybistin have been discovered
with the yeast-two-hybrid approach (Kins et al., 2000). They belong to the family of
diffuse B-cell lymphoma-like (dbl-like) GDP/GTP exchange factors (GEFs) and were
therefore termed collybistin from Greek κολλνβιστοµαι: to exchange (Kins et al.,
2000). Later, a third splice form has been described and termed collybistin-III (Harvey
et al., 2004). GEFs activate GTPases of the Rho/Rac family by rapidly exchanging
GDP for GTP, in particular the Rho-like GTPase Cdc42 (cell division cycle 42 GTP
binding protein, 25kDa), which is known to regulate actin cytoskeleton dynamics
(Grosskreutz et al., 2001).
Co-expression of collybistin-I and gephyrin in HEK293 cells resulted in colocalization
at intracellular gephyrin aggregates whereas collybistin-II induced translocation of
gephyrin to submembranous aggregates that were associated with co-expressed
glycine receptors (Kins et al., 2000), indicating a crucial role for collybistin in
regulating the cell-surface distribution of glycine receptors. Indeed, collybistin is
restricted to neuronal tissue and its expression is up-regulated when neurons
become postmitotic and start to differentiate (Kneussel et al., 2001b). Furthermore,
collybistin, and in particular the pleckstrin homology (PH) or the RhoGEF domain,
have been shown to be essential for dendritic clustering of gephyrin (Harvey et al.,
2004). PH domains can interact with membrane bound proteins, in particular 3’
phosphorylated phosphoinositides (PtdIns(3,4,5)P3; for review see Lemmon et al.,
1996; Kavran et al., 1998), which in turn could link gephyrin to submembranous
areas. Conversely, the src homology 3 (SH3) domain (absent in collybistin-II)
negatively regulates the ability of collybistin to translocate gephyrin to
submembranous micro-aggregates in HEK293 cells (Harvey et al., 2004). The
interaction site between gephyrin and collybistin could be localized to the border of
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the linker region and MoeA domain of gephyrin and it does not interfere with glycine
receptor binding (Harvey et al., 2004).
Altogether, collybistin seems to play an essential role in gephyrin translocation and
clustering at synaptic sites, possibly by modulating the actin cytoskeleton via Cdc42,
whereby the type of collybistin splice variant is determinant for the induction of
gephyrin clustering and/or translocation to the membrane. One could speculate that
expression of different splice variants, in turn, could be specified via presynaptic
signals that would finally result in a concentration of more gephyrin molecules at the
synapse or retain them in the cytosol according to the ratio of collybistin-I and -II.

6.4

RAFT1 (rapamycin and FKBP12 target 1)

RAFT1 (also called FRAP for FKBP-rapamycin-associated protein or mTor) mediates
the effect of the immunosuppressant rapamycin and is an important regulator of
messenger RNA translation. RAFT1 interacts with gephyrin and mutants that could
not associate with gephyrin failed to signal to downstream molecules (Sabatini et al.,
1999). These findings reveal a role in signal transduction for gephyrin (Sabatini et al.,
1999), suggesting that it might be involved in the regulation of subsynaptic mRNA
translation.
In summary, several interacting partners of gephyrin have been identified, many of
them forming a link to the cytoskeleton that might be important either for transport or
stabilization of gephyrin. Collybistin, profilins and the kinase RAFT1 are lipid-binding
proteins offering the possibility to link gephyrin to submembranous compartments (for
review see Kneussel and Betz, 2000). Nevertheless, how gephyrin can form a link to
signaling molecules is poorly understood and only its interaction with collybistin and
RAFT1 provides some evidence that gephyrin might also be involved in signal
transduction.
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7

Interaction of gephyrin and GABAA receptors and
their targeting to synaptic sites

Despite the fact that gephyrin and GABAA receptors are extensively colocalized at
inhibitory synapses, no direct binding to GABAA receptors has been demonstrated
(Meyer et al., 1995). However, one isoform of gephyrin with a molecular weight of
116 kDa has been described to bind specifically to GABAA receptor α, β and γ2
intracellular loops in vitro (Bedford et al., 1999). After co-transfection of GABAA
receptors and 93kDa gephyrin in HEK293 cells, no redistribution of GABAA receptors
was found, whereas glycine receptors were redistributed to gephyrin aggregates in
the cytosol (Kirsch et al., 1995). Thus, additional proteins might be involved to link
gephyrin and GABAA receptors. Although there is no evidence for a direct interaction
with gephyrin, the γ2 subunit is essential for GABAA receptor and gephyrin clustering,
as in γ2 (-/-) mice, the number of both, GABAA receptor and gephyrin clusters, was
decreased (Essrich et al., 1998). This phenotype could be rescued in transgenic mice
expressing either γ2S or γ2L isoform on a γ2 (-/-) background (Baer et al., 2000). In
line with these observations, γ2 subunit containing GABAA receptors were found at
synaptic sites, whereas receptors containing a δ subunit instead were targeted to
extrasynaptic sites (Nusser et al., 1998). The search for new interacting partners of
GABAA receptors therefore focused on the intracellular loop of the γ2 subunit.
One such protein is the GABAA receptor associated protein (GABARAP; Wang et al.,
1999; Nymann-Andersen et al., 2002a,b). GABARAP was initially suggested to
cluster GABAA receptors, because it can also interact with gephyrin (Kneussel et al.,
2000).
Sequence analysis showed similarity to the light chain-3 of microtubule associated
proteins 1A and 1B and at the N-terminal domain a putative tubulin-binding motif was
identified (Wang et al., 1999). Indeed, GABARAP was shown to interact directly with
microtubules and probably indirectly with microfilaments (Wang and Olsen, 2000),
providing a possible interaction between GABAA receptors and the cytoskeleton,
which may be needed for receptor trafficking, anchoring and/or synaptic clustering
(Wang and Olsen, 2000).
Several GABARAP-like proteins have been identified. GABARAP-like 1
(GABARAPL1) has been discovered as a guinea-pig estrogen-regulated (gec1) gene
with 87% identity to GABARAP (Vernier-Magnin et al., 2005). It interacts with GABAA
receptors via the γ2 subunit and with microtubules but not with gephyrin (Mansuy et
al., 2004). GABARAPL2, Golgi-associated ATPase enhancer of 16 kDa (GATE-16)
shows 57% identity to GABARAP and is a membrane transport modulator that
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interacts with N-ethylmaleimide-sensitive factor (NSF) and the Golgi v-SNARE GOS28 (Sagiv et al., 2000; Xin et al., 2001).
The resolution of the crystal structure revealed that GABARAP can form oligomers
that can be induced and stabilized via interactions with other proteins, such as
tubulin, or with membranes, leading to the speculation that GABARAP filaments
could run in parallel with microtubules and link GABAA receptors with the
cytoskeleton (Coyle et al., 2002). In addition, GABARAP has been shown to increase
the GABAA receptor channel conductance in co-transfected cells, which is an indirect
index for clustering (Chen et al., 2000a; Everitt et al., 2004). However, GABARAP is
located mainly in the Golgi apparatus and postsynaptic cisternae (Kittler et al., 2001)
and it is now considered implicated in intracellular trafficking rather than postsynaptic
clustering of GABAA receptors (Kittler et al., 2001; Nymann-Andersen et al., 2002b).
This is further supported by the finding that GABARAP directly binds to NSF, which is
critical for intracellular trafficking events (Kittler et al., 2001). Considering all these
results, Nymann-Andersen et al. (2002a) proposed the following model: GABARAP
binds GABAA receptors via the γ2 subunit during the transport of GABAA receptors in
membrane vesicles via a microtubule-dependent mechanism. For insertion into the
plasma membrane, GABARAP may dissociate from the receptor, possibly forming
dimers (Coyle et al., 2002), while the receptors may combine with other receptors via
intracellular binding of γ2 to another γ or β subunit of a neighboring receptor complex.
This model is supported by the observation that overexpression of GABARAP
increased the net surface levels of GABAA receptors in a microtubule dependent
manner shown by increased GABA currents and surface-expressed protein in
oocytes (Chen et al., 2005) and neurons (Leil et al., 2004).
Surprisingly, GABARAP-deficient mice are phenotypically normal, do not show an
up-regulation of other GABARAP homologues and the total number of GABAA
receptors is unaffected (O'Sullivan et al., 2005). This indicates that GABARAP is not
essential for GABAA receptor trafficking or synaptic localization or that other
GABARAP-like proteins can compensate for the lack of GABARAP. It also shows that
results obtained in cell lines cannot represent the complexity of interactions taking
place in the brain and highlights how important it is to address such questions also in
neuronal cultures and in vivo experiments.
In a recent study, the hexameric ATPase NSF was shown to directly interact with the
β subunit of GABAA receptors in vitro and to colocalize with GABAA receptors in
hippocampal cultures (Goto et al., 2005), suggesting that NSF activity can regulate
the cell surface stability of GABAA receptors directly and not only via binding to
GABARAP.
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Another protein interacting selectively with the γ2 subunit is the Golgi-specific DHHC
zinc finger protein (GODZ), which was found with the SOS-recruitment system (Keller
et al., 2004). GODZ is localized to the face of the Golgi where membrane proteins
are believed to be sorted into transport vesicles, and was demonstrated to
palmitoylate γ subunits but not other GABAA receptor subunits (Keller et al., 2004).
Palmitoylation of cysteine residues is a reversible posttranslational modification
involved in regulated transport and functional modulation of diverse proteins, e.g.
palmitoylation is crucial for synaptic accumulation of PSD-95 in excitatory synapses
(Topinka and Bredt, 1998; Craven et al., 1999). GODZ-mediated palmitoylation of γ
subunits of GABAA receptors might represent a posttranslational modification that is
specific for GABAA receptor subtypes preferentially found at postsynaptic sites (Keller
et al., 2004; Rathenberg et al., 2004).
The ubiquitin-like protein Plic-1 has been found to interact with the intracellular loop
of α and β subunits (Bedford et al., 2001). Ubiquitination of proteins leads to
recognition by proteasomes and subsequent degradation. Plic-1 possesses an
ubiquitin-like domain and may have a role as a negative modulator of proteasome
activity (Kleijnen et al., 2000). Consistent with this observation, Bedford et al. (2001)
demonstrated that Plic-1 facilitates the membrane insertion of GABAA receptors and
increases their half-life, possibly by inhibiting GABAA receptor poly-ubiquitination.
This would reduce their targeting to proteasomes and in turn increase the size of the
intracellular pool of GABAA receptors available for membrane insertion. It is
noteworthy that Plic-1 and GABARAP display an overlapping subcellular distribution,
both being detected at the edges of the Golgi apparatus and subsynaptic cisternae
(Bedford et al., 2001; Kittler et al., 2001), suggesting that these two proteins might
have complementary roles in regulating the trafficking and membrane insertion of
GABAA receptors. As Plic-1 binds to α and β subunits and GABARAP to γ subunits,
they may act in concert to target newly formed receptors from the Golgi apparatus or
internalized receptors from subsynaptic cisternae to synaptic sites.
Additional proteins interacting with GABAA receptors and possibly involved in GABAA
receptor trafficking to synaptic sites have been described that will not be mentioned
here (for review see Luscher and Fritschy, 2001; Fritschy and Brunig, 2003).
After co-assembly in the endoplasmatic reticulum, the receptors become modified in
the Golgi for transport to synaptic or extrasynaptic sites, perhaps assisted by
GABARAP, NSF, Plic-1 or other yet unidentified proteins. Nevertheless, it is not
known yet, when gephyrin starts to interact with GABAA receptors and what role it
plays for GABAA receptor transport and synaptic clustering. These are fundamental
questions that I addressed in my thesis. The gephyrin-glycine receptor interaction, is
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fairly well understood, but there is evidence that these processes are regulated
differentially in GABAergic synapse formation (see table 3 for summary).

Table 3:

Differences between glycine and GABAA receptor clustering in neuronal cultures (details
and references are given in the text)
Glycine receptors

GABAA receptors

Interaction with gephyrin

Direct interaction via β subunit

No direct interaction

Activity required for
clustering

Yes

No

Ca2+ influx required for
clustering

Yes

Not yet known

Clustering in the absence of
gephyrin

No

Partially

Initiation of clustering
dependent on gephyrin

Yes; gephyrin clusters are detected before glycine receptor clusters

Not yet known (addressed in
the first publication)

Co-transport with gephyrin
observed

Yes

Not yet known

Gephyrin isoforms

Does not bind to gephyrin
containing the C5 cassette

Not yet known

Disrupting microtubules

Reduction of glycine receptor
clusters

Controversial; probably dependent on develop. stage

Disrupting actin filaments

Reduction of cluster size

Controversial

8

Presynaptic terminals differentially influence
glycine and GABAA receptor clustering.

Neurons must find ways to differentiate not only between excitatory and inhibitory
(Craig et al., 1994), but also between different inhibitory synapses and target the
appropriate proteins to the corresponding synapses. One is tempted to speculate that
the neurotransmitter could provide such a signal to specify the type of synapses, but
TTX (tetrodotoxin) or the selective GABAA receptor antagonist bicuculline (Craig et
al., 1994) failed to affect GABAA receptor clustering, while blockade of glycine
receptor activation by strychnine abolished glycine receptor clustering (Levi et al.,
1998). This indicates that in contrast to glycine receptors, activity is not essential for
the formation of receptor clusters at GABAergic synapses. This points to a profound
difference in the behavior of GABAA and glycine receptors and raises the question of
how presynaptic terminals and neuronal activity influence the process of receptor
clustering. Kneussel and Betz (2000) postulated the “membrane activation model”
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(Fig. 4) in which depolarization of immature neurons leads to a Ca2+ influx that
activates a signal transduction cascade which finally leads to the recruitment of
gephyrin to synaptic sites. This model seems to apply well for glycine receptors
(Kirsch and Betz, 1998), nevertheless it is not clear yet whether Ca2+ influx is
necessary for gephyrin and GABAA receptor clustering at GABAergic synapses.
Although GABAA receptor activation produces similar Ca2+ transients in embryonic
neurons (Reichling et al., 1994; Wang et al., 1994), receptor activation was not
essential for synaptic clustering of GABAA receptors (Craig et al., 1994). Activityinduced Ca2+ influx might therefore not be the primary signal that induces inhibitory
receptor clustering. Furthermore, hormones or neurotrophic factors could activate Gprotein coupled receptors or tyrosine kinase receptors that lead to the local activation
of phosphatidylinositol 3-kinase (PI3K). Indeed, membrane insertion of GABAA
receptors can be modulated positively by insulin (Wan et al., 1997) or negatively by
brain derived neurotrophic factor (BDNF; Brunig et al., 2001), highlighting again that
several mechanisms act in parallel to insure proper regulation of receptor insertion at
synaptic sites. In addition, tyrosine kinase receptors can activate Cdc42, which
controls the organization of the actin cytoskeleton (for review see Mackay and Hall,
1998). The enzyme PI3K synthesizes 3’ phosphorylated phosphoinositides
(PtdIns(3,4,5)P3) which in turn is proposed to link collybistin and profilin to the
activated membrane (Schluter et al., 1997; Kavran et al., 1998). As PtdIns(3,4,5)P3anchored proteins, collybistin and/or profilin may induce the assembly of gephyrin at
submembranous areas, which than stimulates the kinase activity of RAFT1 for the
regulation of the subsynaptic translational machinery (Sabatini et al., 1999). This
membrane activation model suggested by Kneussel and Betz (2000) has been
mainly derived from studies at glycinergic synapses and it needs to be established to
which extent it also applies for GABAA receptor clustering. Some aspects of this
model in relation to clustering of GABAA receptors will be addressed in this thesis,
namely the role of presynaptic innervation.
Studies on “mismatched” synapses have improved our understanding of presynaptic
influence on clustering of neurotransmitter receptors and scaffolding proteins. Rao et
al. (2000) discovered that in pyramidal cells and GABAergic interneurons grown in
isolation, NMDA receptors and PSD-95 were clustered opposite of GABAergic
terminals and GABAA receptors and gephyrin were clustered opposite of
glutamatergic terminals, forming so called mismatched synapses. These results
indicated that a general signal attracts postsynaptic proteins to synapses
independent of the nature of the presynaptic terminal.
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Figure 4: Membrane activation model according to Kneussel and Betz (2000)
Ca2+ influx or action of hormones or neurotrophic factors lead to the activation of different signaling
cascades that influence the cytoskeleton and its interaction with gephyrin or induce protein translation
in the nucleus. Locally elevated gephyrin concentration may stimulate the kinase activity of RAFT1
that regulates the synaptic translation machinery via the 70kDa S6 kinase (pp70S6k) and the elongation
factor eIF-4F. In addition, collybistin activates Cdc42, which can also stimulate pp70S6k and activates
the mitogen-activated protein kinase (MAPK) cascade and p21-activated kinases (PAKs). These
kinases phosphorylate transcription factors, which in turn regulate gene expression and may further
contribute to postsynaptic differentiation (for review see Curtis and Finkbeiner 1999).

Likewise, in hippocampal and cerebellar granule cell cultures that receive little
GABAergic input, GABAA receptor and gephyrin clusters were also found apposed to
glutamatergic terminals (Brunig et al., 2002b; Studler et al., 2002; Anderson et al.,
2004). However, GABAergic terminals have the capacitiy to overwrite this general
permissive signal as we observed a redistribution of gephyrin clusters in cerebellar
granule cells contacted by an interneuron in that they form groups of multiple
synapses around a presynaptic bouton instead of randomly distributed mismatched
gephyrin clusters (Studler et al., 2002). The nature of this specific signal – possibly
neuroligins and neurexins – remains elusive but seems to be independent of GABAA
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receptor activation as chronic blockade by bicuculline did not influence the gephyrin
cluster distribution (Studler et al., 2002). Therefore, GABAergic signaling is
dispensable for the initiation of gephyrin clustering but plays a determinant role for
the correct targeting of gephyrin and GABAA receptors. Similar results have been
obtained in vivo in α1 knockout mice (Kralic et al., 2002) where cerebellar Purkinje
cells loose GABAA receptors completely and lack spontaneous and evoked IPSCs
(Fritschy et al., 2006). Stellate cell synapses that form on the dendrites of Purkinje
cells were reduced by 75% whereas basket cell synapses on the soma were not
affected, despite the lack of GABAA receptor mediated synaptic transmission.
Although no functional synapses could be established, the GABAergic terminals were
retained and formed mismatched synapses with Purkinje cell spines that contained
glutamatergic postsynaptic specializations as shown by electron microscopy (Fritschy
et al., 2006). These findings underscore the notion that synapse formation in the
cerebellum is governed by neurotransmitter-independent mechanisms. In the
absence of GABAA receptor-mediated transmission, GABAergic terminals become
responsive to synaptogenic signals from Purkinje cell spines and form stable
heterologous synapses. Interestingly, the maintenance of axo-somatic GABAergic
synapses does not depend on functional GABAA receptors pointing to a principal
difference in the maintenance of these two types of synapses (Fritschy et al., 2006).
In summary, in both directions, anterograde and retrograde, synapses provide
signals that are sufficient for the formation of synapses in the absence of appropriate
GABAergic transmission: GABAergic postsynaptic densities can form apposed to
glutamatergic terminals and GABAergic terminals can differentiate apposed to
glutamatergic postsynaptic specializations. In the absence of the accurate partner,
synapses seem to form opposite of the best available cell. In my thesis project, I want
to gain further insights into the role of presynaptic innervation during synapse
formation and initiation of gephyrin and GABAA receptor clustering. A special focus
will be put on the interaction between gephyrin and GABAA receptors and their
influence on clustering and synapse formation.
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Aim of the thesis
The aim of this thesis is to get further insight into the mechanisms of GABAergic
synapse formation, with a special focus on the function of gephyrin and its role in
GABAA receptor clustering, using immunofluorescence staining techniques in
hippocampal cell cultures.

1

Pre- and postsynaptic regulation of gephyrin and
GABAA receptor clustering (publication 1)

Despite the precise colocalization of gephyrin and GABAA receptors on the
subcellular level and the evidence gained from knock-out animals, it is not well
understood how the clustering of GABAA receptors and gephyrin starts, in which
order these proteins are transported to synaptic sites, how receptors are sorted
among different synapses and whether a presynaptic signal is required to initiate
clustering.
To elucidate these questions, correlative triple immunofluorescence in cultured
hippocampal neurons with presynaptic markers, the GABAA receptor α2 subunit and
gephyrin will be performed at different time points and analyzed by confocal laser
scanning microscopy.

2

Tracking gephyrin in living hippocampal neurons
analyzed with biarsenical fluorescent ligands

To follow gephyrin transport in living cells, gephyrin was coupled with a tetracysteine
tag (construct provided by Bernhard Lüscher) that can be visualized using biarsenical
dyes of different colors at different time points (Gaietta et al., 2002). After transfection
into hippocampal neurons, this method should allow to distinguish between old and
newly synthesized recombinant gephyrin and therefore could shed light on the
targeting and turnover of gephyrin. In particular, one could discriminate whether
gephyrin is constantly internalized and recycled in the same synapse (both colors
detectable in one synaptic cluster) or whether synapses are removed and new ones
are built (separated colors in postsynaptic clusters).

35

Aim of the thesis

3

Identification of structural domains involved in
postsynaptic clustering of gephyrin in cultured
neurons (publication 2)

Although gephyrin binds the glycine receptor β-subunit with high affinity, no direct
interaction to GABAA receptors has ever been demonstrated and no linker protein
present at synapses has so far been identified. Nevertheless, we aimed to identify
gephyrin domains responsible for the interaction with GABAA receptors or linker
proteins. Furthermore, we wanted to localize domains or residues on gephyrin
essential for its ability to aggregate and determine whether gephyrin aggregation and
postsynaptic clustering are interrelated. To address these issues, we have used
truncated gephyrin constructs, single domains and chimeras, in which vertebratespecific loops have been replaced by the homologous bacterial sequence of MoeA.
These constructs were transfected into hippocampal or cortical neurons by different
methods and their influence on gephyrin and GABAA receptor clustering investigated
by confocal laser scanning microscopy.
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1

Abstract

Gephyrin is a postsynaptic scaffolding protein involved in clustering of glycine- and
GABAA receptors at inhibitory synapses. The role of gephyrin in GABAergic
synapses, the nature of its interactions with GABAA receptors, and the mechanisms
of targeting to GABAergic synapses are largely unknown. To gain further insights into
these questions, the formation of GABAA receptor and gephyrin clusters and their
distribution relative to presynaptic terminals were investigated in immature cultures of
embryonic hippocampal neurons, using triple immunofluorescence staining. GABAA
receptor clusters, labeled for the α2 subunit, formed independently of gephyrin
clusters, and were distributed on neurites at constant densities, either
extrasynaptically or, to a lesser extent, postsynaptically, apposed to synapsin-Ipositive axon terminals. In contrast, gephyrin clusters were always associated with
GABAA receptors and were preferentially localized postsynaptically. Their density
increased linearly with the extent of innervation, which developed rapidly during the
first week in vitro. These results suggested that GABAA receptor clustering is
mediated by cell-autonomous mechanisms independent of synapse formation. Their
association with gephyrin is dynamically regulated and may contribute to stabilization
at postsynaptic sites. Labeling for vesicular glutamate transporters revealed that
most synapses in these immature cultures were presumably glutamatergic, implying
that postsynaptic GABAA receptor and gephyrin clusters initially were located in
“mistmatched” synapses. However, clusters appropriately localized in GABAergic
synapses were distinctly larger and more intensely stained. Altogether, these results
demonstrate that the targeting of GABAA receptor and gephyrin clusters to
GABAergic synapses occurs secondarily and is regulated by presynaptic factors that
are not essential for clustering.
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2

Introduction

The formation of functional synapses requires appropriate sorting and clustering of
neurotransmitter receptors and associated proteins at synaptic sites. In inhibitory
synapses, postsynaptic glycine and GABAA receptor localization was found to match
the tubulin-binding protein gephyrin precisely at the ultrastructural level (Triller et al.,
1985; Sassoe-Pognetto et al., 1995, 2000). Gephyrin is considered as a scaffolding
protein required for clustering and/or stabilization of postsynaptic receptors. It binds
directly to the glycine receptor β subunit (Meyer et al., 1995) and has been
suggested to establish a structural lattice by homomerization and binding to
microtubuli (Kneussel and Betz, 2000; Schwarz et al., 2001; Sola et al., 2001; 2004;
Xiang et al., 2001). Accordingly, no glycine receptor clusters are formed in the
absence of gephyrin (Kirsch et al., 1993; Kneussel et al., 1999b; Levi et al., 2004).
However, glycine receptor signaling might be crucial to initiate the formation of
gephyrin clusters in developing neurons (Kirsch and Betz, 1998; Levi et al., 1998); in
turn, gephyrin clusters have been postulated to promote further clustering of glycine
receptors (Kneussel and Betz, 2000; Levi et al., 2004). Additionally, intracellular
formation of gephyrin/glycine receptor complexes has been demonstrated recently to
increase cell surface accumulation of glycine receptors (Hanus et al., 2004),
reinforcing the notion that gephyrin plays a central role for the aggregation of glycine
receptors.
The interactions between gephyrin and GABAA receptors are less well understood.
No direct binding has been demonstrated so far, but the presence of the γ2 subunit is
essential for the initiation and maintenance of postsynaptic GABAA receptor clusters
associated with gephyrin (Essrich et al., 1998; Baer et al., 2000; Schweizer et al.,
2003). However, GABAA receptor signaling is not required to initiate gephyrin
clustering at postsynaptic sites (Craig et al., 1994; Studler et al., 2002). Furthermore,
while initial studies have reported profound deficits in GABAA receptor clustering in
the absence of gephyrin in vitro (Essrich et al., 1998; Kneussel et al., 1999b), GABAA
receptor clusters can occur in the absence of gephyrin (Fischer et al., 2000;
Kneussel et al., 2001a; Danglot et al., 2003; Levi et al., 2004; Panzanelli et al., 2005).
Therefore, alternative hypotheses about the role of gephyrin and its interactions with
GABAA receptors have to be considered. For instance, Meier and Grantyn (2004a)
have observed that different isoforms of gephyrin determine the transmitterappropriate degree of glycine receptor and GABAA receptor accumulation in mixed
inhibitory synapses. In particular, the expression of a gephyrin splice variant with the
C5 cassette augmented with increasing presynaptic GABA content, which in turn
down-regulated glycine receptor accumulation (Meier and Grantyn, 2004a). Thus,
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presynaptic signals indirectly might regulate the sorting of neurotransmitter receptors
by influencing the expression of specific gephyrin isoforms. Another type of
presynaptic influence has been demonstrated in studies of “mismatched” synapses.
Thus, in cultures of cerebellar granule cells, gephyrin clustering occurs also in
neurites that receive only glutamatergic input (Studler et al., 2002). However,
GABAergic terminals determine the distribution of gephyrin clusters on the
postsynaptic neurites they innervate by a mechanism independent of GABAA
receptor activation (Studler et al., 2002). These results suggested that presynaptic
input plays a determinant role on the clustering of gephyrin and GABAA receptors
during initial stages of synapse formation.
To get further insights into these mechanisms and into the interactions between
gephyrin and GABAA receptors during synapse formation, we have analyzed
immunocytochemically the process of gephyrin and GABAA receptor clustering in
hippocampal primary embryonic neurons during early phases of synaptogenesis in
vitro. Presynaptic terminals were identified with synapsin-I or transmitter-specific
markers of GABAergic and glutamatergic axons [glutamic acid decarbolxylase (GAD)
and vesicular glutamate transporter (vGluT) 1-2, respectively] and their relationship
to gephyrin and GABAA receptor clusters was investigated by quantitative analysis of
triple immunofluorescence staining experiments. The analysis focused on GABAA
receptors containing the α2 subunit, which are a major receptor subtype of
hippocampal neurons.

3

Materials and methods

3.1

Animals and reagents

Rat embryos [embryonic day (E) 18] were obtained from time mated pregnant Wistar
rats (Harlan, Horst, Netherlands). All experiments were performed in accordance to
international guidelines on animal care and use and were approved by the cantonal
veterinary office of Zurich. Reagents were ordered from Fluka (Buchs, Switzerland)
or Merck (Dietikon, Switzerland), except where indicated.

3.2

Cell culture

Primary cultures of hippocampal neurons were prepared as described previously
(Brunig et al., 2002b). Embryos were taken from pregnant dams anesthetized with
ether. The hippocampus was dissected on ice and incubated for 15 minutes at 37°C
in PBS, pH 7.4, containing 1 mg/ml bovine serum albumin, 10 mM glucose, 0.5
mg/ml papain (Sigma, St. Louis, MO) and 10 µg/ml DNAse-I (Sigma). Neurons were
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subsequently dissociated by gentle trituration with a fire polished Pasteur pipette and
suspended in DMEM (Gibco, Invitrogen Corporation, Carlsbad, CA) containing 10%
fetal bovine serum (Invitrogen, San Diego, CA). They were then plated on poly-Llysine- (Sigma) coated glass coverslips (ø 18 mm, thickness 0.17±0.02 mm,
Assistant, Karl Hecht Glaswarenfabrik, Sondheim/Rhön, Germany) at a density of
10’000 to 20’000 cells per coverslip. Glial cells, prepared from postnatal day (P) 0 rat
cortex, were plated in advance on 12 well dishes and cultivated in DMEM containing
10% fetal bovine serum to generate a feeder layer. One hour after preparation of
hippocampal neurons, the glial cell medium was exchanged with a defined, serumfree medium (Brewer and Cotman, 1989) and the neuron coverslips were placed
upside down above the feeder layer. Cultures were kept at 37°C in a 10% CO2
humidified incubator.

3.3

Immunocytochemistry

Antibodies: The following commercially available antibodies were used: anti-GAD65
(1:10, GAD6 supernatant, Developmental Studies Hybridoma Brain Bank, University
of Iowa), anti-GAD65/67 (1:1000, Affiniti research products, Exeter, UK), anti-gephyrin
(1:400, mAb7a, Connex, Martinsried, Germany), anti-PSD-95 (1:1000, Affinity
BioReagents, Golden, CO), anti-Synapsin-I (1:400, Molecular Probes, Eugene, OR),
anti-VGluT1 (1:2000, Synaptic Systems, Göttingen, Germany), anti-VGluT2 (1:3000,
Synaptic Systems). The rabbit anti-PSD-95 antibody (1:1000) was a kind gift from
M.B. Kennedy (Caltech). The GABAA receptor α2 and γ2 subunits were detected with
well-characterized guinea-pig antisera (Fritschy and Mohler, 1995; Gao and Fritschy,
1995). In addition, phalloidin conjugated to Alexa 488 (Molecular Probes, 1:20) was
used to label actin filaments.
For the detection of GABAA receptors, living cultures were incubated for 90 minutes
at room temperature with primary antibodies dissolved in a 25 mM HEPES buffer
modified from Archibald et al. (1998) supplemented with 30 mM glucose, 119 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2 (Sigma), 1 µM glycine, and 500 nM
tetrodotoxin (Latoxan, Valence, France). Tetrodotoxin was added to the staining
buffer to prevent excitotoxicity. This treatment does not affect GABAA receptor
clustering (van Rijnsoever et al., 2005). The cells were then rinsed and fixed for 10
minutes with methanol at -20°C or for 15 minutes at room temperature with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100 for 5 minutes,
respectively for subsequent phalloidin labeling. Detection of intracellular proteins
(GAD, gephyrin, PSD-95, Synapsin-I, vGluT1/2) was achieved by incubation for 90
minutes at room temperature with primary antibodies diluted in PBS containing 10%
normal goat serum, following the methanol fixation. Cultures were washed again with
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PBS and incubated with secondary antibodies raised in goat and coupled to Cy3
(1:500, Jackson Immunoresearch, West Grove, PA, USA), Cy5 (1:100, Jackson
Immunoresearch) or Alexa 488 (1:1000; Molecular Probes) for 30 minutes at room
temperature in PBS containing 10% normal goat serum. Finally, coverslips were
mounted on glass slides with “fluorescent” mounting medium (Dako Cytomation,
Carpinteria, CA).

3.4

Image analysis

Specimens were observed with a 100x oil immersion objective (N.A. 1.4) and images
were acquired with a confocal laser scanning microscope (Axioplan2, LSM 510 Meta,
Carl Zeiss AG, Germany) by sequential scanning of the emission lines and using the
full dynamic range of the photodetectors. Digital images were processed using the
software Imaris (Bitplane, Zurich, Switzerland). For display, only minimal contrast
adjustments were made; quantifications were performed on raw data. Figures were
printed with a Fujix Pictography 3000 printer (Fuji Photo Film, Tokyo, Japan).
Quantifications were performed on images from single confocal sections (pixel size,
0.18 µm) in which the channels were superimposed. Single- and double-labeled
clusters were counted manually in electronically zoomed images. Postsynaptic
clusters were defined based on their apposition to a synapsin-I-positive terminal.
Clusters and presynaptic boutons were defined by size (at least 3 pixels,
corresponding to about 0.1 µm2) and intensity, using threshold subtraction to
distinguish them from the diffuse staining of the surrounding neurites. Typically, the
threshold was set to 27 to 40% of the highest intensity value for the α2 subunit-,
gephyrin-, or PSD-95-immunoreactivity (-IR), and to 17 to 22% for synapsin-I-IR.
All counts were performed in three independent culture batches. Dendritic segments
that were presynaptically innervated were sampled over a distance of 15 to 21 µm
and data were averaged per cell (typically 40-60 dendritic segments were sampled
from an average of 18 cells per batch). To determine whether the innervation density
influences the formation and distribution of α2 subunit and gephyrin clusters, cells (46 DIV) or individual neurites (8 DIV) were separately analyzed in two groups (sparse
and dense innervation; see results). Statistical analysis was performed using a twoway ANOVA test with Bonferroni post-test for multiple comparisons (Prism; Graph
Pad Software), with the threshold for significance set at p<0.05. Correlation of the
number of α2 subunit and gephyrin clusters with the innervation density of neurites
was tested by linear regression analysis (Instat; Graph Pad Software). The size of α2
clusters was measured at an intermediate state of development (6 DIV) with the
MCID software (Imaging research inc., Brock University, St. Catharines, Ontario,
Canada).
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Results

4.1

Early development of glutamatergic innervation in vitro

The development of presynaptic terminals at early stages in culture was monitored
with an antibody against synapsin-I, a general presynaptic marker labeling vesiclefilled axonal profiles (Fletcher et al., 1991). In addition, GABAergic and glutamatergic
terminals were identified by staining for GAD and vGluT1-2, respectively. At 4 days in
vitro (DIV), axons and dendrites begin to form and the first synapses can be detected
(Benson and Cohen, 1996). At this stage, synapsin-I-IR had a granular appearance
in somata, neurites, and growth cones, and it intensely labeled a few puncta
presumably representing the first presynaptic terminals (Fig. 1A). Later, synapsin-I
staining became concentrated in the distal portion of axon-like neurites and the
number of intensely labeled puncta increased rapidly (Fig. 1B). However, the
innervation density was quite variable, and at 6 DIV about 30% of the cells received
only a few synapsin-I-positive puncta on their soma and neurites. At 8 DIV, a dense
network of axons, forming numerous intensely labeled puncta onto most dendrites,
was clearly distinguishable (Fig. 1C), indicating that synaptogenesis proceeds rapidly
during this time-window.
Primary cultures of embryonic hippocampal tissue contain few (<10%) GABAergic
neurons (Benson et al., 1994; Brunig et al., 2002b). Staining for GAD, with an
antibody recognizing both GAD65 and 67 isoforms, confirmed that only isolated
GABAergic axons and terminals could be detected at 4 to 6 DIV, with most of the
cells apparently being devoid of any GABAergic input at this stage (Fig. 1D). Similar
results were obtained by staining with an antibody against the vesicular GABA
transporter (not shown). As seen with synapsin-I, GAD staining was first granular,
with intensely labeled GAD-positive terminals appearing gradually in the cultures. At
6 - 8 DIV, such terminals were readily detectable, but represented a small fraction of
terminals labeled for synapsin-I. Only a minority of cells was innervated by several
GABAergic axons, and most of them received only a few positive terminals, or none
at all. In contrast, staining for vGluT1 and vGluT2 revealed that, from the beginning,
most of the cells are innervated by glutamatergic axons (Fig. 1E and F). Both
antibodies revealed a distinct, punctate staining at 6 DIV. As in the adult
hippocampus in vivo (Fremeau et al., 2004), vGluT2-IR was present in fewer
terminals than vGluT1, but it was distinctly present in our cultures. Altogether, these
findings indicate that the vast majority of synapses formed between 4 and 8 DIV are
glutamatergic, and that many neurons are devoid of GABAergic input at least up to
this stage in vitro.
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Figure 1: Differential expression of presynaptic markers in immature hippocampal primary cultures,
as seen by immunofluorescence staining and confocal laser scanning microscopy
Each panel depicts a single confocal layer. A-C: Distribution of synapsin-I-IR after 4, 6 and 8 DIV,
respectively, illustrating the rapid increase of brightly stained presynaptic boutons during development.
Inset in figure A: immunoreactive growth cone exhibiting a granular staining for synapsin-I. D-F:
staining for presynaptic markers specific for GABAergic (GAD) and glutamatergic axons (vGluT1 and
vGluT2) after 6 DIV, which demonstrates that the majority of synapses at this stage are formed by
presumptive glutamatergic terminals, whereas GABAergic axons are rare and make only isolated
contacts with postsynaptic cells. Scale bars: 20 µm.
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4.2

Differential clustering of the GABAA receptor α2 subunit and
gephyrin in relation to synaptic sites

In mature hippocampal cultures, GABAA receptors containing the α2 subunit typically
are clustered at GABAergic postsynaptic sites together with gephyrin (Essrich et al.,
1998; Brunig et al., 2002a, b; Levi et al., 2004). To investigate the influence of
presynaptic innervation on the initiation of GABAA receptor and gephyrin clustering,
the distribution of α2 subunit- and gephyrin-positive clusters in relation to synapsin-Ipositive terminals was visualized by triple immunofluorescence staining in immature
cultures (Fig. 2) and analyzed quantitatively (Fig. 3).
Staining for the α2 subunit at 4 DIV revealed a rather intense and homogenous
staining on dendrites and cell bodies (Fig. 2A). At high magnification, distinct clusters
were visible on neurites forming intensely labeled, discrete puncta, readily
discriminated from the diffuse labeling of non-clustered α2 subunit-IR by threshold
segmentation. The size of these clusters was larger at 6 and 8 DIV, but their overall
density in dendrites remained rather constant (Fig. 2A, G and Table 1). Thus, in spite
of the rapid maturation of cells and synapses during this time, the subcellular
distribution of the α2 subunit was largely independent of the innervation density
(Table 1). Some of the α2 subunit clusters were postsynaptic, i.e. apposed to a
synapsin-I-positive bouton, but a surprisingly high proportion of α2 clusters
apparently were extrasynaptic (Fig. 2F, L).

α2 subunit clusters
densely
innervated
4 DIV

22.5 ± 5.2

6 DIV

24.0 ± 3.8 * (n=54)

8 DIV

25.8 ± 5.8 * (n=70)

Table 1:

(n=55)
+

gephyrin clusters

sparsely
innervated
20.5 ± 5.3

densely
innervated

sparsely
innervated

(n=40)

4.9 ± 1.6

(n=55)

3.8 ± 1.6

(n=40)

24.9 ± 5.9 * (n=44)

5.5 ± 1.6

(n=54)

4.0 ± 1.7

(n=44)

6.8 ± 2.0 * (n=70)

4.3 ± 1.7

(n=58)

+

22.2 ± 4.4 * (n=58)

+

Differential evolution of the number of α2 subunit and gephyrin clusters per dendritic
segment (mean ± SD) in densely and sparsely innervated cells (see text) after 4 to 8 DIV

The number of cells is given in parenthesis; data are pooled from three independent culture batches.
* significantly different from previous time point; + significantly different from 4 DIV (P < 0.05).
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Similar findings were obtained in cultures stained for the γ2 subunit, which is
associated with several subtypes of GABAA receptors, including extrasynaptic α5subunit containing GABAA receptors (Brunig et al., 2002a). As for the α2 subunit,
numerous clusters, most of them being extrasynaptic, were observed (data not
shown).
These clusters presumably represent GABAA receptor complexes
containing the α2 and γ2 subunits along with a β subunit variant. In addition, a
diffuse, non-clustered staining was also observed, which might reflect the α5-GABAA
receptors described previously in mature neurons (Brunig et al., 2002a).
Compared to the α2 and γ2 subunit, only little gephyrin-IR was detectable after 4 DIV
(Fig. 2B; Table 1). A grainy staining was seen intracellularly in many somata, and
isolated, small, but intensely stained clusters readily separated by threshold
segmentation were distributed irregularly along neurites.
They were found
preferentially on dendrites contacted by presynaptic terminals and most gephyrin
clusters were apposed to a synapsin-I-positive bouton, even at the earliest stage
examined (Fig. 2E and K). They also were extensively colocalized with the α2 and/or
γ2 subunit, as seen at high magnification in triple staining experiments (Fig. 2D and
J). The number and size of gephyrin clusters increased rapidly with time, so that they
were present in most neurites at 8 DIV (Fig. 2H). At all stages, their density on
neurites paralleled the extent of presynaptic innervation (Table 1), suggesting that
their appearance coincides with synapse formation.
In view of the striking difference in the initiation of α2 subunit and gephyrin clustering
suggested by these visual observations, a detailed quantitative analysis of the
colocalization of the two markers at postsynaptic sites (defined by the presence of a
synapsin-I-positive presynaptic terminal) and extrasynaptic sites was performed (Fig.
3; Table 1). Due to the heterogeneous distribution of synaptic terminals in immature
cultures, the quantitative analysis distinguished cells or dendrites receiving a sparse
or dense innervation by synapsin-I-positive terminals. At 4 and 6 DIV, neurons
receiving little presynaptic innervation (typically, neurons contacted by one or two
axons forming a few synapsin-I-positive boutons, as shown in Fig. 2C) were
separated from those extensively innervated on most of their neurites. At 8 DIV, most
cells were innervated by several axons, and the distinction had to be made for
individual neurites; the cut-off point was set at 10 terminals per dendritic segment
(corresponding to about 0.5 terminal/µm). To ensure that this arbitrary threshold did
not bias the analysis, the quantification was repeated with the threshold set at 0.4
and 0.6 terminals/µm, with similar results (not shown). Dendrites that received no
presynaptic innervation were not sampled.
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Figure 2: Differential distribution of GABAA receptor and gephyrin clusters at 4 DIV (A-F) and 8 DIV
(G-L), shown by triple immunofluorescence staining with the α2 subunit (red), gephyrin
(green) and synapsin-I (blue)
Each panel depicts a single confocal layer; the insets are enlarged and show different combinations of
markers superimposed. A comparison of the staining patterns at the two stages shows that the density
of the α2 subunit clusters (A, G) remains almost constant while gephyrin clusters (B, H) increase along
with the formation of synaptic contacts (C, I). Note that gephyrin clusters are always colocalized with
the α2 clusters (yellow color in D and J) although there are many α2 clusters lacking gephyrin. Panels
E and K illustrate that gephyrin clusters are frequently apposed to synapsin-I-positive terminals,
suggesting preferential postsynaptic localization. In contrast, many α2 subunit clusters are not
apposed to a labeled presynaptic terminal (as seen in panels F and L), indicating that presynaptic
innervation is dispensable for the initiation of GABAA receptor clustering. Scale bars: 10 µm.
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This analysis confirmed the visual impression that the majority of α2 subunit clusters
was localized extrasynaptically, both in densely and sparsely innervated cells (Fig.
3A-B). Thus, over 50 and 65% of all α2 subunit clusters in densely and sparsely
innervated neurites, respectively (red and yellow columns in Fig. 3A-B), were
extrasynaptic at all ages examined, and most of these clusters were not colocalized
with gephyrin (red columns in Fig. 3A-B). Therefore, the fact that GABAA receptor
subunits form clusters at extrasynaptic sites and without gephyrin strongly suggests
that neither presynaptic input nor gephyrin are necessary for the initiation of
clustering.
However, among postsynaptic α2 subunit clusters, the density of innervation had a
strong influence on their association with gephyrin.

Thus, the proportion of

postsynaptic α2/gephyrin clusters (white columns in Fig. 3A-B) was almost twice as
high in densely innervated neurites compared to sparsely innervated neurites, and
the difference was statistically highly significant at all ages. Nevertheless, in both
populations of neurites, the fraction of postsynaptic α2 subunit clusters devoid of
gephyrin (magenta columns in Fig. 3A-B) was significantly higher than those
colocalized with gephyrin at 4 and 6 DIV (P < 0.05), confirming the notion that
postsynaptic clustering of GABAA receptors in immature cells can occur without
gephyrin. Between 4 and 8 DIV, this ratio decreased from 1.75 to 1.15 in densely
innervated neurites and from 2.2 to 1.2 in sparsely innervated neurites, suggesting a
stabilization of α2/gephyrin clusters at postsynaptic sites during neuronal maturation.
A very different picture was evident for the distribution of gephyrin clusters. First,
extrasynaptic gephyrin clusters (green and yellow columns in Fig. 3A-B) were a
minority, especially in strongly innervated cells where they represented only 11% of
all gephyrin clusters at 8 DIV (compared to 48% of all α2 subunit clusters; Fig. 3B).
Second, most (>95%) gephyrin clusters were associated with the α2 subunit, either
post- or extrasynaptically; gephyrin-only clusters represented less than 1% of all
gephyrin clusters at 8 DIV, even in sparsely innervated neurites. Third, the absolute
number of gephyrin clusters increased significantly more than that of α2 subunit
clusters between 4 and 8 DIV (P < 0.01 for gephyrin and P < 0.05 for α2 subunit
clusters), in both types of neurites (Table 1). Altogether, these results suggest that
gephyrin clustering occurs mainly in association with GABAA receptors and is
promoted by presynaptic innervation.
Overall, the comparison of densely and sparsely innervated neurites revealed no
significant differences in the number of extrasynaptic α2/gephyrin clusters (yellow
columns) or single labeled-clusters (green or red columns) at any time-point in vitro
except that single-labeled α2 clusters (red) were more numerous in weakly
innervated cells (P<0.05 at 6 and 8 DIV). In contrast, the number of postsynaptic α2
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subunit clusters with gephyrin (white) were significantly different between the two
populations at all ages examined, suggesting that presynaptic innervation most
strongly influences the formation of postsynaptic α2/gephyrin clusters. To verify this
assumption, a correlation analysis was performed in 8 DIV cultures, by analyzing the
number of gephyrin, α2 subunit, and double-labeled clusters, either extra- or
postsynaptic, as a function of innervation density of neurites (from 0.1 and 0.8
terminals/µm; Fig. 3C). The results reveal a significant positive correlation for
postsynaptic α2/gephyrin clusters (r = +0.9304; P < 0.0001) as well as for
postsynaptic α2 subunit clusters (r = +0.9176; P < 0.0001), which increase linearly
with innervation density (Fig. 3C). The two types of extrasynaptic α2 subunit clusters
(with and without gephyrin) showed a weak negative correlation with innervation
density (r = -0.38; p < 0.01 and -0.48; p < 0.05, respectively). This analysis also
showed that extrasynaptic clusters devoid of gephyrin were about 5 to 6 times more
numerous than those containing gephyrin, confirming that gephyrin clusters are
preferentially transported to or stabilized at postsynaptic sites. This phenomenon
occurred even in neurites receiving only 0.1 presynaptic terminal/µm.

Figure 3: Quantitative analysis of the distribution of postsynaptic versus extrasynaptic α2 subunit and
gephyrin (geph) clusters in neurites as a function of innervation density after 4, 6 and 8 DIV
Data are given in absolute values (A; mean ± SE) and in percent of the total number of clusters (B).
The numbers of neurons analyzed in three independent culture batches are given in Table 1.
Postsynaptic clusters were defined based on their apposition to synapsin-I (syn) positive terminals.
The color-coding reflects the fluorochromes shown in Fig. 2. Densely and sparsely innervated neurites
were counted separately, as described in the text. The number of postsynaptic α2 subunit clusters
associated with gephyrin (white) increased with time and presynaptic innervation, whereas
postsynaptic α2 clusters without gephyrin (magenta) remained more of less constant, suggesting that
gephyrin contributes to stabilize GABAA receptors at postsynaptic sites. More than half of all α2
subunit clusters were localized extrasynaptically (yellow and red) and only a minor part of them also
contained gephyrin (yellow). Note that the number of gephyrin clusters without α2 subunit was
negligible independently of whether they were localized post- (cyan) or extrasynaptically (green). C:
Correlation between the number of α2 and gephyrin clusters and the number of synapsin-I-positive
boutons per neurite at 8 DIV. Each data point (mean ± SD) is pooled from three independent culture
batches. Postsynaptic α2 subunit clusters, either alone (magenta circles) or colocalized with gephyrin
(white diamonds), increase linearly with innervation density, whereas extrasynaptic clusters decrease
slightly, suggesting that clusters become stabilized at postsynaptic sites.
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4.3

Formation of mismatched synapses in the absence of
GABAergic innervation

Presynaptic innervation apparently promotes gephyrin clustering at postsynaptic sites
even though the majority of synapsin-I-positive terminals contain a vesicular
glutamate transporter. Therefore, the majority of α2/gephyrin clusters are localized
opposite glutamatergic release sites at early stages in vitro, presumably forming
mismatched synapses, as have been reported previously in mature cultures (Rao et
al., 2000; Brunig et al., 2002b; Studler et al., 2002).
Moreover, since only 40% of the postsynaptic α2 subunit clusters contain gephyrin
(Fig. 3B), the possibility arose that the remaining α2 subunit clusters were associated
with another scaffolding protein, possibly even PSD-95, which is found in the vast
majority of glutamatergic synapses in vitro and in vivo. This hypothesis was tested by
triple immunofluorescence staining for the α2 subunit, synapsin-I and PSD-95 at an
intermediate stage of maturation (6 DIV, densely innervated cells; Fig. 4A-D).
PSD-95-IR was punctate, forming intensely labeled clusters on dendrites (Fig. 4C), of
which 29.2% (data from 16 to 18 cells in each of three independent cultures) were
not apposed to a presynaptic terminal. Double staining of actin filaments with
phalloidin revealed that spines are rare at this stage and that most PSD-95-positive
clusters are located on dendritic shafts (not shown). In addition, PSD-95 clusters
were more abundant than gephyrin clusters at the same time point (11.2 ± 3.5 versus
5.2 ± 2.4 per segment [mean ± SD]). Among postsynaptic α2 subunit clusters, 16.7%
were colocalized with PSD-95-positive clusters. Therefore, assuming that gephyrin
and PSD-95 are present at distinct sites, at least 40% of the postsynaptic α2 clusters
were not associated with either gephyrin or PSD-95. Double staining for gephyrin and
PSD-95 confirmed that fewer than 12% of postsynaptic gephyrin clusters were
colocalized with PSD-95. In contrast, postsynaptic α2 subunit clusters apparently
can be associated with either gephyrin or PSD-95, or remain without any of these
scaffolding proteins.
In some cells, the presence of large and intensely stained α2 subunit clusters was
noticed, which were colocalized with gephyrin but not with PSD-95 and located on
the soma and on proximal dendrites. Typically, these clusters were aligned across
several neurites, suggesting that they are postsynaptic to terminals formed by a
single axon crossing this cell (Fig. 4E). To determine whether this arrangement
corresponded to the presence of a GABAergic axon or a particular type of
glutamatergic axon, triple immunofluorescence staining was performed for the α2
subunit, GAD, and VGluT1 (Fig. 4E-H).
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Figure 4: Formation of mismatched synapses and influence of GABAergic terminals on the size of
postsynaptic clusters
A-D: Triple immunofluorescence staining after 6 DIV for the α2 subunit (red), synapsin-I (blue) and
PSD-95 (green), demonstrating that GABAA receptor α2 subunit clusters can be colocalized with the
glutamatergic postsynaptic protein PSD-95 (yellow), independent of their synaptic or extrasynaptic
localization. Each panel depicts a single confocal image, with the three channels being merged in
panel D. E-H: Triple immunofluorescence staining for the α2 subunit (red), GAD (green) and vGluT1
(blue) after 8 DIV confirming that in neurites devoid of GABAergic input, GABAA receptors form
mismatched clusters opposite of glutamatergic terminals. In neurites contacted by a GABAergic axon,
correctly matched clusters that are larger and more intensely stained are selectively apposed to GADpositive terminals. As expected, GAD and vGluT1 are spatially segregated, as seen best in the overlay
(H). Scale bars: 5 µm.
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As expected, these large and intensely stained α2 subunit clusters were almost
exclusively apposed to GAD-positive terminals (Fig. 4H), whereas GAD and vGluT1
were never colocalized (Fig. 4H). Numerous α2 subunit clusters were found apposed
to VGluT1-positive terminals but they were distinctly smaller than those found
opposite GABAergic terminals (0.27 ± 0.03 µm2 versus 0.51 ± 0.11 µm2 for small and
large α2 clusters, respectively [mean ± SD]). These results confirm our previous
observations in mature cultures (Brunig et al., 2002b) and indicate that four groups of
postsynaptic GABAA receptor clusters can be distinguished in immature hippocampal
cultures: (1) α2 subunit clusters colocalized with gephyrin and apposed to a
GABAergic terminal, corresponding to a correctly matched synapse. These
postsynaptic clusters were characterized by their bright staining and unusually large
size. (2) α2 subunit clusters colocalized with gephyrin but apposed to a glutamatergic
terminal, (3) α2 clusters at glutamatergic synapses containing PSD-95; (4) α2 subunit
clusters that neither contained gephyrin nor PSD-95, but were apposed to a
glutamatergic presynaptic terminal. Altogether, these results indicate that GABAA
receptors and anchoring proteins are sorted differently to synaptic sites and that
gephyrin (or PSD-95) are not essential for the initiation of GABAA receptor clustering
or postsynaptic targeting.

5

Discussion

The present study reveals fundamental differences in the initial steps of GABAA
receptor and gephyrin clustering in immature hippocampal primary cultures,
indicating their independent regulation during synapse formation: (1) Clusters of
GABAA receptors appear on neurites in the absence of presynaptic innervation and
partially without gephyrin, whereas gephyrin clusters do not form without GABAA
receptors and are preferentially localized postsynaptically; (2) the density of gephyrin
clusters on neurites correlates with the extent of presynaptic innervation, whereas
GABAA receptor clusters are present at rather constant levels; (3) GABAA receptor
clusters can be found colocalized with PSD-95 opposite glutamatergic terminals,
whereas gephyrin and PSD-95 clusters appear to be mutually exclusive at
postsynaptic sites. Altogether, these results indicate that GABAA receptor clustering
is initiated independently of gephyrin and of presynaptic innervation, whereas
gephyrin only forms clusters in association with GABAA receptors. Furthermore, the
targeting of GABAA receptor and gephyrin clusters to GABAergic synapses occurs
secondarily and is regulated by presynaptic factors that are not essential for
clustering. We propose that GABAA receptor clustering is mediated by cell-
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autonomous mechanisms, and that the association of gephyrin with GABAA receptor
clusters is dynamically regulated and contributes to stabilization at postsynaptic sites.

5.1

Methodological considerations

GABAA receptors are formed by heteromeric assembly of α, β, and γ subunit variants.
Immunocytochemical staining for a particular subunit in cultured neurons
nevertheless can be interpreted as reflecting the presence of GABAA receptor
complexes, since numerous lines of evidence indicate that isolated subunit proteins,
notably among the α subunit variants, are not targeted to the cell surface (Connolly et
al., 1996, 1999; Kittler et al., 2000b). The present analysis focused on the α2 and γ2
subunits, which correspond to a major GABAA receptor subtype expressed by
hippocampal pyramidal cells (Brunig et al., 2002a). Although the epitopes recognized
by the α2 and γ2 subunit antisera are extracellular, we have shown recently that
some GABAA receptor clusters immunostained in living cells are localized
intracellularly, due to clathrin-coated vesicle endocytosis of receptor-antibody
complexes (van Rijnsoever et al., 2005). These internalized receptors nevertheless
are distributed in clusters localized subsynaptically (apposed to a synaptic terminal)
and associated with gephyrin. In the present study, no attempt was made to
distinguish between receptor clusters localized at the cell-surface and at these
subsynaptic sites. However, based on the findings above (van Rijnsoever et al.,
2005), α2 or γ2 subunit-positive clusters at extrasynaptic sites are unlikely to
represent internalized receptors.
Our analysis was based on the assumption that boutons labeled for synapsin-I (or
GAD or a glutamate vesicular transporter) represent presynaptic terminals.
Therefore, a distinct apposition of α2 subunit, gephyrin, or PSD-95 clusters with
labeled presynaptic terminals was used as criterion for distinguishing a postsynaptic
from an extrasynaptic localization. In contrast to such appositions, the colocalization
of two markers in clusters was inferred from their precise overlap (double-labeling) in
single confocal images. These assumptions are supported by the extensive
apposition of gephyrin and PSD-95 clusters with synapsin-I-positive terminals and by
previous reports that presynaptic vesicle proteins frequently mark the presence of
functional synapses (Chi et al., 2001; Harata et al., 2001) although the labeling of
vesicular transporters also might represent axonal varicosities.
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5.2

The influence of presynaptic innervation on GABAA receptor and
gephyrin clustering

In vivo, the development of hippocampal GABAergic neurons and synapses
precedes the formation of excitatory connections, suggesting an important role for
the establishment of neuronal circuits (Tyzio et al., 1999; Ben-Ari, 2002). The
opposite sequence apparently takes place in vitro, since most of the presynaptic
terminals present between 4 and 8 DIV contain vGluT1 or vGluT2 in our cultures.
The delayed development of GABAergic neurons in cultures of embryonic, but not
postnatal, tissue (Scotti and Reuter, 2001; Danglot et al., 2003) provides a unique
situation for assessing the nature of signals required for clustering of postsynaptic
receptors and scaffolding proteins, as well as the influence of the delayed GABAergic
innervation on targeting to appropriate postsynaptic sites.
The present study was performed in immature cultures to determine the sequence of
GABAA receptor and gephyrin clustering in relation to synapse formation. The results
show that GABAA receptor clustering is cell-autonomous, as it occurs independently
of gephyrin and of presynaptic contacts. Furthermore, the vast majority of
postsynaptic GABAA receptor clusters are located opposite presumptive
glutamatergic terminals, either alone or associated with gephyrin or PSD-95.
Therefore, immature postsynaptic densities appear to be permissive for the targeting
of different classes of scaffolding proteins and receptors. Most of these synapses
most likely are non-functional, since electrophysiological studies of embryonic
hippocampal cultures usually fail to detect spontaneous IPSCs before 8-10 DIV
(Berninger et al., 1995).
An important observation of the present study is that α2 subunit clusters facing
GABAergic terminals appear significantly larger than ‘mismatched’ clusters,
suggesting an increased accumulation of GABAA receptors in appropriately matched
synapses. It has been shown previously that mismatched synapses are absent from
neurites innervated by GABAergic terminals in mature cultures (Brunig et al., 2002b;
Christie et al., 2002), suggesting a preferential targeting to inhibitory postsynaptic
sites when they become available. Furthermore, the larger size and intense
fluorescence of α2 and gephyrin cluster size opposite of GABAergic terminals
compared to mismatched clusters indicates that GABAergic terminals favor the
accumulation of gephyrin and GABAA receptors in GABAergic postsynaptic sites.
This finding extends our observations in cerebellar granule cells, which showed that
GABAergic terminals determine the localization of GABAergic postsynaptic densities
(Studler et al., 2002) and suggests that GABAergic synapses provide presynaptic
factors that facilitate the recruitment of further GABAA receptors and gephyrin to
existing clusters. As the neurotransmitter itself does not act as such a signal (Studler
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et al., 2002), synaptic cell adhesion molecules are promising candidates. Thus, the
presynaptic cell adhesion molecule neurexin-1β was shown to act as a general
synaptogenic signal for excitatory and inhibitory synapses by inducing clustering of
both glutamatergic and GABAergic postsynaptic proteins, in particular PSD-95 and
the NMDA receptor NR1 receptor subunit as well as GABAA receptors and gephyrin,
respectively (Graf et al., 2004). In contrast, the postsynaptic binding partners of
neurexin-1β are distributed differentially in excitatory and inhibitory synaptic sites,
with neuroligin-1 being restricted to excitatory synapses (Song et al., 1999), whereas
neuroligin-2 is exclusively present in inhibitory synapses (Varoqueaux et al., 2004).
This differential targeting may represent a mechanism for the formation of correctly
matched synapses. Interestingly, the recruitment of neuroligins seems to be
regulated by postsynaptic mechanisms, since neuroligin-2 was also found colocalized with GABAA receptors at extrasynaptic sites (Varoqueaux et al., 2004).
Further, the synaptic targeting of neuroligin-1 is independent of neurexin binding
(Dresbach et al., 2004). However, the specific presynaptic signal(s) responsible for
the correct targeting of neuroligins and corresponding postsynaptic proteins
remain(s) to be identified.
In mature pyramidal cells, glutamatergic and GABAergic synapses are segregated to
distinct subcellular compartments, the former being found mainly on spines and the
latter on dendritic shafts and cell somata. While spines are still rare at 6-8 DIV and
PSD-95 clusters are localized mainly on shafts, Okabe et al. (2001) have reported
that such PSD-95 clusters disappear upon spine formation. This mechanism might
contribute to eliminate early-formed mismatched synapses and to spatially segregate
inhibitory and excitatory synapses in mature neurons.

5.3

Significance of extrasynaptic GABAA receptor and gephyrin
clusters

A major difference between GABAA receptor and gephyrin distribution was the
prevalence of extrasynaptic GABAA receptor clusters in young cultures.
Extrasynaptic clusters have been reported in both mature and immature cultures
(Scotti and Reuter, 2001; Brunig et al., 2002a; Christie et al., 2002; Danglot et al.,
2003). Here, we show that extrasynaptic α2 subunit clusters lacking gephyrin are
almost 6 times more numerous than those associated with gephyrin, strongly
suggesting that gephyrin contributes to postsynaptic stabilization. Therefore,
extrasynaptic GABAA receptors associated with gephyrin may represent complexes
on their way to synaptic sites.
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The fact that gephyrin could be found associated with both synaptic and
extrasynaptic GABAA receptor clusters, but almost never alone, suggests that it’s
clustering is triggered by contact with GABAA receptors. Further, the high and rather
constant density of GABAA receptor clusters on neurites indicates that gephyrin might
be rate-limiting for the formation of postsynaptic clusters. This mechanism would
explain the correlation between the amount of presynaptic input and the density of
gephyrin clusters. From these observations, we propose that gephyrin associates
with GABAA receptor clusters, rather than the opposite, and that these complexes are
stabilized at postsynaptic sites.

5.4

Postsynaptic regulation of GABAA receptor and gephyrin
clustering

Although there is no biochemical evidence for a direct association of GABAA receptor
subunits with gephyrin (Meyer et al., 1995; Kannenberg et al., 1997), no additional
linker(s) mediating the interaction between the two proteins have been identified so
far. The GABAA receptor associated protein (GABARAP) was suggested initially to
cluster GABAA receptors, because it can interact with both gephyrin (Kneussel et al.,
2000) and the GABAA receptor γ2 subunit (Nymann-Andersen et al., 2002b).
GABARAP has been shown to increase the GABAA receptor channel conductance in
cotransfected cells, which is an indirect index for clustering (Chen et al., 2000a;
Everitt et al., 2004). However, GABARAP is located mainly in the Golgi apparatus
and postsynaptic cisternae (Kittler et al., 2001) and it is now considered implicated in
intracellular trafficking rather than postsynaptic clustering of GABAA receptors.
Brefeldin A-inhibited GDP/GTP exchange factor 2 (BIG2) is another GABAA receptorinteracting protein that has been implicated in the exocytosis and trafficking of
assembled GABAA receptors from the Golgi apparatus to endosomes and/or the
plasma membrane via a transient interaction with β subunits (Charych et al., 2004).
Ultrastructurally, BIG2 has been localized at the trans-Golgi network and on vesicular
structures sometimes located close to asymmetric and symmetric synapses (Charych
et al., 2004), but its precise role remains elusive. Finally, the GDP/GTP exchange
factor collybistin (Kins et al., 2000) has recently been suggested to contribute to the
synaptic localization and clustering of gephyrin, glycine receptors, and GABAA
receptors by means of a specific interaction of its pleckstrin homology domain with
unidentified motifs (Harvey et al., 2004). However, none of these factors has been
shown to regulate the interaction between GABAA receptors and gephyrin,
suggesting that other mechanisms remain to be identified.
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5.5

A role of GABAA receptors for gephyrin clustering?

The present results indicate that, despite the homology between glycine receptors
and GABAA receptors, the role of gephyrin during synaptogenesis might be different
for the two types of receptors. In glycinergic synapses, gephyrin clusters become
apparent before glycine receptor clusters, although gephyrin-independent clustering
of glycine receptors has also been described in mature neurons (Meier et al., 2000b);
furthermore, glycine receptor signaling might be necessary to initiate gephyrin
clustering at postsynaptic sites (Kirsch and Betz, 1998; Levi et al., 1998). In turn,
glycine receptors aggregate with gephyrin by direct binding of the β-subunit (Kirsch et
al., 1993; Hanus et al., 2004).
The very low number of gephyrin clusters devoid of GABAA receptors seen in our
cultures was unexpected, since previous studies have reported their existence
(Danglot et al., 2003), possibly associated with glycine receptors (Levi et al., 2004).
At present, it is unclear whether the discrepancy with these previous studies is due to
methodological differences, or to the developmental stage or cellular composition of
the cultures. However, our findings are in line with in vivo studies showing that (1)
gephyrin clusters do not form in GABAergic synapses when GABAA receptor
clustering is impaired (Essrich et al., 1998; Baer et al., 2000), and (2) gephyrin
clusters are not retained in mature synapses upon disruption of GABAA receptor
clusters (Schweizer et al., 2003). In addition, we have shown recently in vitro that
upon blockade of GABAA receptor internalization, the subsynaptic pool of GABAA
receptors decreases, with a concomitant reduction in gephyrin clustering. The size of
gephyrin clusters might therefore be regulated by a dynamic interaction with
internalized GABAA receptors (van Rijnsoever et al., 2005). Such a mechanism
would explain why the size and shape of gephyrin clusters precisely matches that of
GABAA receptor clusters in vivo (Sassoe-Pognetto et al., 2000).
A novel post-translational modification mechanism has been identified recently,
which might explain the requirement of the γ2 subunit for the postsynaptic clustering
of GABAA receptors and gephyrin (Keller et al., 2004; Rathenberg et al., 2004).
Indeed, palmitoylation of the γ2 subunit intracellular loop, e.g. by the Golgi-specific
DHHC zinc finger protein (GODZ; Keller et al., 2004), has been shown to regulate
clustering and stabilization of GABAA receptors at inhibitory synapses, and was
proposed to enhance the interaction of GABAA receptors with scaffolding proteins like
gephyrin (Rathenberg et al., 2004). GODZ-mediated palmitoylation is selective for γsubunit containing GABAA receptor subtypes and therefore might be important for
regulated trafficking of these receptors (Keller et al., 2004), and secondarily for
gephyrin clustering.
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Furthermore, the γ2 subunit can be modulated by phosphorylation. In particular, the
additional consensus phosphorylation site carried by the γ2L isoform on the serine
residue 343 (Whiting et al., 1990; Moss et al., 1992) might be of prime relevance for
regulation of clustering. Meier and Grantyn (2004b) have reported that this splice
variant accumulates with significantly higher efficacy at inhibitory postsynaptic sites
than the γ2S isoform, and the difference was abolished after mutation of Ser343 in
γ2L. Therefore, they proposed that the phosphorylation status is critical for the control
of GABAA receptor access to postsynaptic sites. These findings appear to contradict
the results of Baer et al. (2000) that both the γ2S and γ2L isoforms can substitute for
the loss of γ2 subunit in clustering GABAA receptors and gephyrin. However, these
rescue experiments were performed on a γ2-null genetic background, and it is
possible that the GABAA receptors containing γ2S were able to form clusters because
there was no competition with γ2L (Meier and Grantyn, 2004b).
Taken together, these findings indicate that several mechanisms might operate in
postsynaptic cells to initiate and regulate the clustering of GABAA receptors based on
specific post-translational modifications operating in a cell-autonomous manner.
Therefore, the role of presynaptic terminals is likely related to appropriate sorting of
receptors, and gephyrin has to be considered as a dynamic interaction partner
clustered by GABAA receptors to enhance their stability at postsynaptic sites.
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STUDY 2: CLUSTERING AND TRAFFICKING
OF GEPHYRIN AT SYNAPTIC SITES VISUALIZED BY
INDUCIBLE FLUORESCENCE

1

Abstract

Only little is known about the trafficking and targeting of gephyrin to synaptic sites. To
address these issues, we transfected hippocampal neurons with a gephyrin cDNA
containing a tetracysteine binding-site and a myc tag under the control of a chickenβ-actin promotor. The tetracysteine tag binds irreversibly the biarsenical fluorophores
FlAsH or ReAsH, allowing green or red fluorescence labeling of gephyrin at defined
time-points to investigate its trafficking and turnover. To follow gephyrin trafficking in
living cells, the exogenous gephyrin was visualized with FlAsH or ReAsH. Both
ligands selectively labeled large gephyrin aggregates in the cytosol and postsynaptic
clusters, as seen by antibody staining. Pulse-chase experiments with sequential
labeling with FlAsH and ReAsH should allow us to study the temporal and spatial
localization of newly synthesized gephyrin and its recruitment to postsynaptic sites in
living neurons. Unfortunately, the results of these experiments are very inconsistent
due to the high toxicity of the reagents and we conclude that this method is not
suitable for low-density primary neuronal cultures.
Gephyrin overexpressing cells were analyzed further by immunocytochemical
staining with selected pre- and postsynaptic markers and antibodies against the myc
tag. Exogenous gephyrin is sorted to synaptic sites associated with GABAA receptors
as observed for endogenous gephyrin. In addition, gephyrin forms large aggregates
in the cytosol and proximal dendrites, which are not present in untransfected cells
and are devoid of GABAA receptors. Therefore, the interaction of gephyrin with
GABAA receptors occurs only in the vicinity of the membrane or at synaptic sites. The
overexpression of gephyrin leads to an increased size of postsynaptic clusters,
accompanied by a corresponding increase in the size of GABAA receptor clusters,
suggesting that gephyrin can control GABAA receptor accumulation at postsynaptic
sites.
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2

Introduction

To examine the transport of gephyrin to synaptic sites and its interaction with GABAA
receptors we have sought to label gephyrin in living cells. Tagging proteins with
eGFP (enhanced green fluorescent protein) is a common approach to follow their
movements in living cells. As GFP has a size of around 700 bp it might hinder
physiological gephyrin aggregation. Therefore we have used a tetracysteine tag
added to the N-terminus of gephyrin, which can be labeled in living cells at a defined
time point with biarsenical fluorophores like FlAsH, a green derivative of fluorescein
(Fluorescein arsenical helix binder, Fig. 1A; Griffin et al., 1998) or ReAsH, a red
derivative of resorufin (Resorufin arsenical helix binder, Fig. 1B; Adams et al., 2002).
These ligands are non-fluorescent until they bind the tetracysteine motif of their
targets with high affinity and specificity but then become strongly fluorescent. By
combining both markers at different time points, older and younger proteins can be
distinguished by fluorescence microscopy (Griffin et al., 2000; Gaietta et al., 2002).
Thus, this method allows the study of temporal and spatial localization of
recombinant gephyrin molecules in living cell cultures.
In this study, we assessed the feasibility of this method for investigating postsynaptic
targeting and clustering of gephyrin. We demonstrate that recombinant gephyrin is
transported together with endogenous gephyrin to synaptic sites without affecting
postsynaptic clustering and can be visualized with FlAsH and ReAsH, respectively.
Furthermore, the expression of exogenous gephyrin leads to a modest increase in
cluster size with a corresponding increase of GABAA receptor clusters indicating that
the amount of gephyrin is limiting the size of postsynaptic GABAA receptor
accumulation.

Figure 1: Chemical structure of FlAsH and ReAsH and tetracysteine gephyrin cDNA construct
In solution, FlAsH (A) and ReAsH (B) are associated with 2 ethandithiol (EDT2) molecules. In cells
expressing recombinant gephyrin containing a tetracysteine tag, EDT2 is replaced by the cysteines,
which leads to a conformational change that makes FlAsH and ReAsH becoming strongly fluorescent
(Griffin et al., 1998). C: Map of the vector used for transfection of hippocampal neurons. Gephyrin
containing a tetracysteine and a myc tag at the N-terminal end was cloned into a vector containing a
chicken β-actin promotor using the SpeI restriction sites.
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3

Materials and Methods

3.1

Animals and reagents

Rat embryos [embryonic day (E) 18] were obtained from time mated pregnant Wistar
rats (RCC, Basel, Switzerland). All experiments were performed in accordance to
international guidelines on animal care and use and were approved by the cantonal
veterinary office of Zurich. Reagents were ordered from Fluka (Buchs, Switzerland)
or Merck (Dietikon, Switzerland), except where indicated.

3.2

Cell culture and nucleofection of primary hippocampal neurons

Primary cultures of hippocampal neurons were prepared as described in the previous
study (Studler et al., 2005). Freshly dissociated hippocampal neurons were
transfected by means of the Amaxa nucleofector technology (Amaxa biosystems
GmbH, Cologne, Germany) according to manufacturer’s protocol using 2 µg DNA
and electroporation program O-03. After nucleofection they were plated at a density
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of 30’000 to 40’000 per cover slip and kept under the same conditions as
untransfected cells.

3.3

Transfection of HEK293 cells

HEK293 cells (American type culture collection, Manassas, VA, United States) were
cultured in MEM Medium (Gibco) containing 1% glutamine (Gibco), 10% fetal calf
serum (Gibco) and 50µg/ml gentamycin (Gibco; referred to as complete medium)
with 5% CO2 at 37°C and split twice a week with trypsin-EDTA (Gibco).
HEK293 cells were plated 6 to 24 h before transfection to reach a density of 40 to
60% confluency. Transfections were performed with calcium phosphate precipitate or
Superfect reagent (Qiagen, Hombrechtikon, Switzerland). For calcium phosphate
transfection, 2-5 µg DNA were mixed with 225 µl sterile water, 25 µl CaCl2 solution
(2.5M) and 250 µl BES buffer (Sigma) and incubated at room temperature for 15
minutes. The transfection mix was added drop wise to the cells and they were
incubated overnight with 3% CO2 at 35°C. The calcium phosphate precipitate was
then removed by washing with PBS and the cells were incubated further with 5% CO2
at 37°C with fresh complete medium to allow for expression of the recombinant
protein. After 2 days, cells were processed for labeling reaction and/or antibody
staining.
For transfection with Superfect Reagent, 2 µg DNA was mixed with 75 µl of serumand antibiotic-free medium and 15 µl Superfect reagent. This mixture was incubated
7 min to allow complex formation and the cells were washed in warm PBS. The DNA
mixture was dissolved in 0.6 ml complete medium (see above), added drop-wise to
the cells, which were incubated 3 hours at 37°C and 5% CO2. The cells were then
washed and kept further in complete medium at 37°C and 5% CO2.

3.4

DNA Preparation

The gephyrin construct with a tetracysteine and a myc tag at the N-terminal domain
was a kind gift of B. Lüscher (Penn State University, PA, United States). The
tetracysteine tag contained the original CCRECC motif (Griffin et al., 1998). Later,
Adams et al. (2002) show that CCPGCC forms more stable complexes. For
nucleofection the construct was recloned into a vector containing a chicken-β-actin
promotor (gift of A. Matus, FMI, Basel, Switzerland) using SpeI restriction sites (Fig.
1C). The DNA was prepared using an endofree maxiprep (Qiagen) according to
manufacturer’s protocol.
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3.5

FlAsH/ReAsH labeling of living cells

HEK293 cells or primary hippocampal cells were rinsed with the modified HEPES
buffer described in the previous chapter (study 1). FlAsH-EDT2 or ReAsH-EDT2
(PanVera P3050, Invitrogen, also called lumino green/red) were diluted in the
modified HEPES buffer and added to the cells to a final concentration of 0.2µM or 0.8
µM respectively, in presence of 10µM EDT2 for ½ to 1 h. To remove free and nonspecifically bound ligands, cells were washed extensively and then processed for
further antibody staining as described below.

3.6

Immunocytochemistry

Antibodies: The following commercially available antibodies were used: anti-GAD65
(1:10, GAD6 supernatant, Developmental Studies Hybridoma Brain Bank, University
of Iowa), anti-gephyrin (1:1000, mAb7a, Synaptic Systems, Göttingen, Germany),
anti-Synapsin-1 (1:400, Molecular Probes, Eugene, OR) anti-myc tag (rabbit,
1:15000, Abcam plc, Cambridge, UK; mouse, 1:4000, Sigma). The GABAA receptor
α2 subunit were detected with a well-characterized guinea-pig antiserum (Fritschy
and Mohler, 1995).
The procedure of antibody staining is described in the previous chapter (Studler et
al., 2005). Cells previously labeled with FlAsH or ReAsH were fixed with methanol at
–20°C for 10 minutes and subsequently stained with antibodies against gephyrin, the
myc-tag, synapsin-1 or the α2 subunit of the GABAA receptor, respectively. In
contrast, for quantitative analysis of gephyrin and GABAA receptor clusters, the α2
subunit was stained in living cells and gephyrin antibody solution was applied in a
second step after methanol fixation (for details see previous chapter).

3.7

Image analysis

Specimen were observed with a 100x oil immersion objective (N.A. 1.4). Images of
HEK293 cells were acquired with an epifluorescence microscope (Axioplan2, Carl
Zeiss AG, Germany) using openlab software (Improvision Ltd, Coventry, UK) and
images of neurons with a confocal laser scanning microscope (Axioplan2, LSM 510
Meta, Carl Zeiss AG) by sequential scanning of the emission lines and using the full
dynamic range of the photodetectors. Digital images were processed using the
software Imaris (Bitplane, Zurich, Switzerland). For display, only minimal contrast
adjustments were made.
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4

Results

4.1

FlAsH and ReAsH bind specifically and with high affinity to
tagged gephyrin in HEK293 cells

HEK293 cells transfected with the recombinant gephyrin containing a tetracysteine
and a myc tag at the N-terminal end were labeled with FlAsH (Fig. 2A,B) and ReAsH
(not shown) and stained with a monoclonal antibody against gephyrin. Transfection
with either calcium phosphate or Superfect reagent resulted in high expression of
recombinant gepyhrin in HEK293 cells (Fig. 2A’’). Both FlAsH and ReAsH revealed
large intensely labeled intracellular aggregates that were readily distinguishable from
the rather high background in the cytosol, and which colocalized perfectly with the
antibody staining (Fig. 2A’,B’,B’’). Therefore, both biarsenical dyes bound specifically
to recombinant gephyrin. In HEK293 cells, gephyrin is not targeted to the membrane
as in neurons (Kirsch et al., 1995). Therefore, the insertion of the tetracysteine and
myc tag does not abolish gephyrin aggregation or affect its intracellular distribution in
HEK293 cells.

4.2

Recombinant gephyrin can be labeled with FlAsH and
ReAsH in transfected hippocampal neurons

Tetracysteine-tagged gephyrin was transfected into hippocampal neurons by means
of nucleofection. This method has a high transfection efficiency using only small
amounts of DNA, thereby minimizing artifacts due to overexpression of the
transfected gene product. Observation of living cells using phase contrast
microscopy showed that transfected neurons developed without any morphological
abnormalities forming a dense network of neurites although they lagged behind
untransfected neurons in development during the first few days. Heterologous
gephyrin was labeled in hippocampal neurons with FlAsH or ReAsH (Fig. 3A),
respectively, in the presence of EDT2 to saturate unbound reagent. Primary
hippocampal neurons were more sensitive to toxic effects of the biarsenic dyes and
EDT2 than HEK293 cells. As shown in phase contrast microscopy, neurons had
morphologically normal dendrites but sometimes large vacuoles in the soma,
indicating that they suffered from toxicity (Fig. 3B). We obtained reproducible
transfection rates of around 30 to 40% in hippocampal neurons after nucleofection as
seen between 6 div, when gephyrin expression starts, up to 21 div in mature cultures.
Labeling with FlAsH produced a homogeneous rather strong background staining in
dendrites). Clearly distinguishable from the background, large aggregates could be
detected in the soma and small clusters on the dendrites (Fig. 3C).
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Figure 2: FlAsH and ReAsH labeling of tetracysteine-tagged gephyrin in HEK293 cells
HEK293 cells were transfected with recombinant gephyrin, labeled with FlAsH and stained with an
antibody against gephyrin after fixation. Images were acquired at an epifluorescence microscope and
shown with low magnification (A) and high magnification (B). FlAsH (green) labels large intracellular
aggregates in HEK293 cells that are perfectly colocalized with the gephyrin antibody staining (red)
(A’,B’,B’’). However, the background in transfected and untransfected HEK293 cells is rather high.
Approximately 50% of the cells were transfected as seen in the phase contrast overlay (A’’). Scale
bars: A: 50 µm, B: 20 µm.

ReAsH labeling was much weaker than FlAsH labeling when used at the same
concentration, but showed also less background staining in dendrites. After both
labeling reactions, toxic effects were observed although others have reported that
neither FlAsH nor ReAsH was toxic to hippocampal neurons (Ju et al., 2004). As
ReAsH had to be used at higher concentration, toxicity was more severe. However,
in both cases, enough morphologically healthy cells were found to be examined.
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After extensive washing, the cells were fixed with methanol and processed for
antibody staining against gephyrin. The labeling of both reagents was almost
perfectly colocalized with gephyrin antibody immunoreactivity (Fig. 3D), although
gephyrin-positive clusters usually appeared slightly larger than FlAsH- or ReAsHpositive clusters, indicating that recombinant gephyrin is mixed with endogenous
gephyrin (both recognized by the antibody staining) and that FlAsH and ReAsH
specifically bind to the introduced tag also in neurons. Therefore, tetracysteinetagged gephyrin may provide a suitable tool to follow gephyrin in living cells without
interfering with physiological transport or clustering mechanisms. The specific and
irreversible binding of FlAsH and ReAsH to exogenous gephyrin offers the possibility
to label gephyrin in transfected cells at different time points and observe newly
synthesized gephyrin.
To determine the time course of gephyrin synthesis and turnover, pulse-chase
experiments were attempted. The neurons were labeled first with FlAsH and were
placed back into the incubator for varying time points from 15 min up to 6 hours to
allow for synthesis of new gephyrin. Subsequently, they were labeled with ReAsH,
which is expected to bind only to newly synthesized gephyrin. To exclude colorspecific artifacts, the order of the reagents was also switched. The results of these
experiments were very inconsistent (not shown), independently of the order of
reagents. Sometimes, all FlAsH-positive clusters contained also ReAsH even after
the shortest incubation time as if newly synthesized gephyrin had been incorporated
in every synapse. This might indicate that gephyrin synthesis takes place very rapidly
and probably also locally in dendrites, because even clusters fare away from the
soma contained double labeled clusters. However, the second possibility is that
FlAsH binding might not be irreversible, as reported by Adams et al. (2002) and
therefore could be replaced by ReAsH during the second labeling period. In other
experiments, almost none of the clusters contained both colors indicating that the
incubation time was too short. But even incubation for 24 hours in conditioned
medium at 37°C did not lead to an increase in double-labeled clusters. This finding
might be a sign that protein synthesis was blocked due to the toxicity of the reagents.
Obviously, the reagents lead to long-term effects as the toxicity of the reagents was
highly increased while performing a chase experiment in comparison to a single
labeling with a directly following fixation. Because of this high inconsistency, we
concluded that this method is not suitable for low-density primary neuronal cultures
even though it is used successfully by other groups working with cell lines (Griffin et
al., 1998; Griffin et al., 2000; Gaietta et al., 2002; Hoffmann et al., 2005). The small
number of healthy cells obtained after single labeling precluded a detailed analysis of
recombinant gephyrin targeting and we concentrated on staining experiments using
the myc tag for selective labeling of recombinant gephyrin.
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Figure 3: FlAsH and ReAsH labeling of tetracysteine-tagged gephyrin in hippocampal neurons
Epifluorescence image of ReAsH-labeled hippocampal neurons. Both, transfected and untransfected
cells show a rather high background labeling in the soma, whereas small clusters are seen on
dendrites of the transfected cell (A). The phase contrast image reveals that although the cells show
normal morphology with a dense network of neurites, they suffer from toxicity as indicated by the
vacuoles in the soma (B). Confocal laser scanning images were acquired for colocalization
experiments of FlAsH labeling (green, C) with gephyrin antibody staining (red). As seen in the overlay
(D), all FlAsH-positive clusters also contain gephyrin antibody staining, therefore appearing in yellow,
indicating that recombinant and endogenous gephyrin are associated. In addition to dendritic clusters,
also large intracellular aggregates became visible using confocal laser scanning microscopy. Scale
bar: 20 µm.
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4.3

Recombinant gephyrin does not influence synaptic
targeting of gephyrin in hippocampal neurons

To test whether tetracystein-myc-tagged gephyrin is transported to synaptic sites, we
performed a double staining experiment for gephyrin and synapsin-1. Dendritic
gephyrin-positive clusters, but not intracellular aggregates, were closely apposed to
synapsin-1-positive terminals (Fig. 4A,B), indicating that the introduction of the
tetracysteine- and myc-tag does not interfere with gephyrin transport to synaptic
sites. However, excessive gephyrin apparently is deposed in intracellular aggregates.
To distinguish between endogenous and exogenous gephyrin, cells were labeled
with antibodies against the myc tag. Out of five anti-myc tag antibodies tested only
two produced a specific staining. Double staining against the myc tag with a rabbit
antibody and gephyrin revealed colocalization of gephyrin clusters (containing
endogenous and recombinant gephyrin) with myc-positive clusters (Fig. 4C)
indicating that the cells do not distinguish between endogenous and exogenous
gephyrin. The rabbit antibody against myc labeled a few unrelated structures in
untransfected cells (Fig. 4D). Nevertheless, the results could be combined indirectly
with a mouse anti-myc antibody together with synapsin-1, which revealed a close
apposition of myc-positive clusters and presynaptic boutons labeled by synapsin-1
(Fig. 4E), confirming the postsynaptic localization of exogenous gephyrin. The
immunoreactivity for synapsin-1 was undistinguishable between transfected and
untransfected cells (Fig. 4E,F), indicating that transfection did not affect presynaptic
differentiation. We conclude that the introduction of small tags as the tetracysteine or
myc tag does not interfere with physiological processes and leads to normal targeting
of gephyrin at synaptic sites.

Figure 4: Tetracysteine-myc-tagged gephyrin is transported to postsynaptic sites where it is
associated with endogenous gephyrin.
Double staining for gephyrin (A, green) and synapsin-I (B, red) demonstrates that endogenous and
recombinant gephyrin is transported to synaptic sites apposed to synapsin-1-positive terminals. In
contrast, intracellular aggregates were not located at postsynaptic sites. To distinguish between
endogenous and recombinant gephyrin, we made use of the second tag introduced at the N-terminal
end of gephyrin. Cells were stained with a rabbit antibody against the myc tag (red) in combination
with gephyrin (green). The overlay shows that the rabbit anti-myc antibody recognizes exogenous
gephyrin and colocalizes with gephyrin immunoreactivity (C), however, it also weakly stains other
structures present as well in untransfected cells (D). A mouse anti-myc antibody also showed a
clustered staining (red) that was apposed to presynaptic terminals visualized by synapsin-1 (GFPgeph-E, green) in addition to large intracellular aggregates, which were not postsynaptic as seen
before for gephyrin antibody staining. The mouse anti-myc antibody was very specific and did not label
untransfected cells (F). All images were taken by confocal laser scanning microscopy. Scale bars: 10
µm.
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4.4

Gephyrin overexpression leads to increased cluster size

Although gephyrin overexpression did not influence synaptic targeting, it might have
an influence on the interaction with GABAA receptors (or linker proteins) and in turn
GABAA receptor clustering, as gephyrin might stabilize GABAA receptors at
postsynaptic sites. The effects of overexpression of recombinant gephyrin were
examined by antibody double staining against gephyrin and the GABAA receptor α2
subunit.
Staining for the α2 subunit revealed a rather intense and homogeneous staining on
dendrites and cell bodies with intense clusters on neurites readily discriminated from
the diffuse labeling of non-clustered α2 subunit-IR (Fig. 5A). All dendritic gephyrin
clusters were colocalized with α2 immunoreactivity (Fig. 5A’,A’’) as it is observed in
untransfected cells (Fig. 5B-B’’’). In contrast, the large intracellular aggregates seen
with the antibody against gephyrin were always devoid of GABAA receptors (Fig.
5A’’). Conversely, not all GABAA receptor clusters also contained gephyrin as
reported previously (Studler et al., 2005) and were thus localized at extrasynaptic
sites (Fig. 5A’’,B’’). The perfect colocalization of gephyrin and GABAA receptors on
dendrites suggests that the introduction of the FlAsH and myc tag at the N-terminal
end of the protein does not hinder the association of gephyrin and GABAA receptors.
While clustering itself was not affected by gephyrin overexpression the number and
size of gephyrin clusters was increased in transfected cells (Fig. 5A, inset) compared
to control cells (Fig. 5B, inset). This effect was accompanied by a concomitant
increase of GABAA receptor cluster size suggesting a tight association between the
size of the subsynaptic gephyrin scaffold and the size of GABAergic synapses.
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Figure 5: Heterologous gephyrin is associated with GABAA receptors and leads to increased cluster
size with a concomitant increase of GABAA receptor cluster size.
Double staining against the α2 subunit (red) and gephyrin (green) was used to investigate whether
tagged gephyrin might interfere with GABAA receptor clustering. Panel A shows transfected cells after
12 div. Numerous gephyrin-positive clusters are detected on the dendrites that are always colocalized
with the GABAA receptor α2 subunit (yellow). In contrast, intracellular aggregates were never
associated with GABAA receptors. Compared to untransfected cells depicted in panel B, transfected
cells contain larger gephyrin and α2 clusters on the dendrites, suggesting that gephyrin may regulate
GABAA receptor cluster size at postsynaptic sites. Confocal images; scale bars: 10 µm.
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5

Discussion

The results show (1) that recombinant gephyrin comprising two small tags near the
N-terminus is transported together with endogenous gephyrin to synaptic sites where
it is associated with GABAA receptors. (2) FlAsH and ReAsH bind specifically to
exogenous gephyrin in HEK293 cells as well as in hippocampal neurons. However,
the toxicity of the reagents largely limits their use in primary neuronal cultures. (3)
The size of GABAA receptor clusters increases upon overexpression of gephyrin,
indicating that the number of GABAA receptors at postsynaptic sites depends on the
amount of subsynaptic gephyrin available.

5.1

Methodological considerations for the FlAsH/ReAsH
labeling experiments in neurons

The tetracysteine tag is not found in endogenous proteins and therefore it can be
used for highly specific recognition of transfected proteins (Griffin et al., 1998, 2000;
Adams et al., 2002; Gaietta et al., 2002). Importantly, FlAsH binding requires that the
four cysteines are reduced (Adams et al., 2002), which is usually the case for
cytoplasmic proteins. The single labeling experiments in HEK293 cells as well as in
neurons in comparison to different antibody staining showed that both, FlAsH and
ReAsH, bind specifically to the tetracysteine tag of the recombinant gephyrin. The
labeling of tetrasysteine tags with biarsenical ligands offers several advantages: the
targeting motive is very small and versatile in comparison to GFP or RFP and ReAsH
can be photo-converted to correlate live images with high resolution electron
microscopy (Gaietta et al., 2002). Unfortunately, these reagents seem to be too toxic
for sensitive primary cell cultures as neuronal cultures and lead to severe damage of
many cells and probably a reduction in whole cell metabolism.
Several attempts have been undertaken to reduce the toxicity of the procedure. The
EDT2 concentration was increased to saturate unbound arsenic compounds in the
cytosol. But EDT2 itself can also have toxic effects on the cells, especially because it
is only soluble in ethanol or DMSO. In addition, the presence of EDT2 in the cell can
lead to faster dissociation of the ligand (Adams et al., 2002), which would critically
disturb any kind of chase experiments. Shorter labeling and washing reduced toxicity
partially but also diminished the fluorescent signal. None of these changes in the
protocol prevented the neurons from dieing. Ju et al. (2004) performed a successful
study in primary hippocampal neurons however in our hands we could not produce
consistent result using the same protocol, probably due to different cell culture
conditions, which are not described in their manuscript.
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Our experimental design had the potential to shed light on turnover processes, e.g. if
newly synthesized gephyrin is incorporated randomly in the already existing scaffold,
we should observe a colocalization of both labeling colors. Assuming a more
regulated turnover where newly synthesized gephyrin is inserted into the scaffold
either from the center or from the edges of a cluster, would result in concentric
circles, similar to the observations of Gaietta et al. (2002) in connexins. But notably
chase experiments failed to produce stable results. Either most clusters were labeled
for both colors or they did not contain the second color at all. This might be explained
e.g. that not all EDT2 was removed from the cytosol during the washing steps
facilitating the dissociation of already bound reagent and leading to a replacement of
the first reagent with the second color. Alternatively, very fast and local synthesis and
transport of gephyrin could account for this observation, so that already during the
necessary washing step enough new protein has been synthesized to be detected by
the second color.
On the other hand, sometimes no labeling for the second color was detectable
independently of the incubation time, pointing to the fact that no new proteins were
synthesized anymore, probably because the overall metabolism of the cells was
reduced due to general toxicity. Although the FlAsH/ReAsH system has been proven
useful in more robust cell lines as HEK293, HeLa or COS-1 cells (Hoffmann et al.,
2005), we conclude that it is not a suitable tool for investigations in low-density
neuronal cultures but other cell culture conditions should be tested to increase the
survival of neurons, e.g. culture them in direct contact with glial cells. Nevertheless,
also in cell lines, the problem of a high background often complicates the analysis
(Rudner et al., 2005).
Another technical limitation is the difficulty to measure exact cluster size with
immunofluorescence to quantify the effect of gephyrin overexpression on GABAA
receptor clustering. When acquiring confocal images with laser intensities that small
clusters were detectable, enlarged clusters appeared saturated and therefore did not
represent their effective size. The use of standardized fluorescent beads turned out
difficult as well because their fluorescence intensity was so strong that they were
already saturated at the same laser and detector gain settings used for analysis of
the staining. Therefore, we used conditions were the most intense clusters were just
saturated and the smallest ones still visible to perform a semi-quantitative analysis.
Further more, enlargement of gephyrin and GABAA receptor clusters was also
observed upon GABAergic innervation, which could mimic an enlargement due to
gephyrin overexpression.
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5.2

Gephyrin controls cluster size of postsynaptic GABA A
receptors.

Although we were not able to answer our basic questions with this approach, the
overexpression of gephyrin revealed some data about the regulation of gephyrin and
GABAA receptor cluster size. Cells overexpressing gephyrin showed a slight increase
in number and size of gephyrin clusters. Excessive gephyrin seems to be
incorporated first into clusters at synaptic sites and then aggregated in the soma or
proximal dendrites. Dendritic gephyrin clusters were always colocalized with GABAA
receptor immunoreactivity of a corresponding size as observed in non-transfected
control cells as well. We and others (Levi et al., 2004; Studler et al., 2005) have
already shown that gephyrin is not essential for initial processes in GABAA receptor
clustering but rather for their stabilization. The exact match of gephyrin and GABAA
receptor cluster size (Sassoe-Pognetto et al., 2000) and the concomitant increase
upon gephyrin overexpression indicates that the size of the subsynaptic gephyrin
scaffold determines the size of GABAA receptor aggregation and stabilizes the
receptors at postsynaptic sites. This is in line with the findings of Jacob et al. (2005)
showing that knocking down gephyrin expression by RNAi led to reduced GABAA
receptor cluster size and increased mobility of GFP-tagged GABAA receptors. These
findings offer the possibility that the postsynaptic cell is able to regulate the strength
of GABAergic synapses via modification of the multimeric gephyrin aggregates.
GABAA receptor endocytosis represents another mechanism to rapidly regulate cell
surface expression of GABAA receptors (Kittler et al., 2000a). Cell-surface receptors
have a homogeneous distribution while internalized GABAA receptors were detected
mainly as intensely labeled clusters in a subsynaptic pool associated with gephyrin
(van Rijnsoever et al., 2005). Blockade of clathrin-dependent internalization leads to
a reduction of GABAA receptor and gephyrin cluster size, suggesting that gephyrin
stabilizes this subsynaptic pool of GABAA receptors or could also be involved in
intracellular receptor trafficking (van Rijnsoever et al., 2005). Two very recent studies
have investigated gephyrin movements in living cells using YFP or GFP fusion
proteins, respectively (Hanus et al., 2006; Maas et al., 2006), showing that gephyrin
clusters, in particular small ones, move rapidly, but the time scale for these dynamics
differs profoundly from 0.5 µm/s to 1.3 µm/min, respectively. They also demonstrate
that gephyrin and glycine receptors are transported together to synaptic sites (Hanus
et al., 2006; Maas et al., 2006), however, whether such a co-transport also exists for
GABAA receptors and gephyrin is not yet known. Nevertheless, these studies provide
evidence that gephyrin is not statically incorporated at subsynaptic scaffolds but
shows a high turnover and controlled movements dependent on synaptic activity,
Ca2+ influx and the precise interplay of actin filaments and microtubules (Hanus et al.,
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2006). The signals targeting (more) gephyrin to synaptic sites and regulating the
amount of postsynaptic gephyrin are currently unknown. As it has been observed that
gephyrin clusters contacted by a GABAergic axon terminal are significantly larger
than “mismatched” gepyhrin clusters apposed to glutamatergic terminals (Brunig et
al., 2002b; Christie et al., 2002; Levi et al., 2004; Studler et al., 2005), GABAergic
terminals might provide a signal leading to the accumulation of additional gephyrin
molecules at postsynaptic sites and subsequently also GABAA receptors as proposed
by Levi et al. (2004).
In contrast to dendritic gephyrin clusters, larger gephyrin aggregates in the soma or
proximal dendrites were always devoid of GABAA receptors. There are several
possible explanations for this observation: (1) GABAA receptors do not interact with
gephyrin (or additional linker proteins) in the soma but only close to the membrane or
at synaptic sites. (2) The type of aggregation in the soma is different from the
aggregation in synaptic clusters and therefore does not allow GABAA receptors (or
additional linker proteins) to interact. As we do not find gephyrin or GABAA receptors
at a detectable level in the soma of untransfected cells we assume that under
physiological conditions gephyrin and GABAA receptors do not associate in the soma
but only later when they are transported into the dendrites or at synaptic sites.

6

Outlook

As we failed to track gephyrin in living cells with the FlAsH/ReAsH system, we
consider the use of a GFP fusion protein. For this purpose, we have started a
collaboration with Günter Schwarz in Cologne, who provided us with different
gephyrin cDNAs (see next chapter). As mentioned earlier, the use of GFP is not
unproblematic as such a large molecule might interfere with the physiological
aggregation of gephyrin. Indeed, in COS-1 cells, N-terminal tagging of gephyrin with
YFP produced a diffuse distribution pattern while a C-terminal GFP-fusion protein
formed intracellular aggregates (Hanus et al., 2006). However, with the appropriate
control experiments it is a promising tool to investigate gephyrin in living cells.
Furthermore, we recently established a new culture system where hippocampal cells
are grown on top of a confluent layer of glial cells. The direct contact of neurons with
glial cells improved cell survival and growth after transfection protocols that were
toxic to low density cultures. It is conceivable that this culture condition could also
help to reduce toxicity of FlAsH labeling reactions and this will be tested in the near
future.
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1

Abstract

Gephyrin is a multifunctional protein contributing to postsynaptic clustering of GABAA
and glycine receptors. It possesses two main structural domains, G and E, separated
by a linker region, and forms large multimeric aggregates by intermolecular G-domain
trimerization and E-domain dimerization. Glycine receptors bind to gephyrin on a site
localized on the E-domain. However, the interaction between GABAA receptors and
gephyrin is poorly understood. Furthermore, it is not known whether aggregation and
postsynaptic clustering are interrelated. To address these issues, GFP-tagged
gephyrin constructs encoding single domains or truncations of the E-domain were
transfected into HEK293 cells and rat hippocampal and cortical neurons in vitro and
analyzed for aggregation and influence on endogenous gephyrin and GABAA
receptor clustering. Truncated G- or E-domains failed to aggregate in HEK293 cells
and did not affect the distribution of co-transfected GABAA receptors, indicating that
gephyrin-GABAA receptor interaction occurs independently of gephyrin aggregation.
Surprisingly, a chimeric construct containing two sequential E-domains allowing for
intramolecular dimerization still formed aggregates indistinguishable from full-length
gephyrin. In neurons, full-length GFP-gephyrin was clustered together with
endogenous gephyrin at postsynaptic sites containing GABAA receptors.
Overexpression led to the formation of intracellular aggregates devoid of GABAA
receptors, indicating that gephyrin only interacts with GABAA receptors near the
membrane or postsynaptically. Truncated gephyrin constructs were not able to
aggregate or to interact with GABAA receptors, but exerted a dominant-negative
effect on endogenous gephyrin clusters. The construct with the dimerized E-domain
mainly formed intracellular aggregates, but had only a minor effect on endogenous
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gephyrin clusters. Finally, a vertebrate-specific region of the E-domain was shown to
play a critical role for gephyrin assembly and aggregation by substitution with the
corresponding sequences on the bacterial homologue MoeA. These chimera were
either unstable or unable to aggregate. Surprisingly, shortening the substituted loop
by two residues, restored gephyrin aggregation and enhanced the formation of
postsynaptic clusters associated with GABAA receptors. These results demonstrate
the importance of the structural integrity of gephyrin for aggregation and identify
specific residues regulating postsynaptic clustering, suggesting that gephyrin clusters
might induce synapse formation in developing neurons.

2

Introduction

Gephyrin is a scaffolding protein that contributes to postsynaptic GABAA and glycine
receptor clustering. Gephyrin possesses two structural domains, G and E, which are
homologous to Escherichia coli MogA and MoeA, respectively, two enzymes involved
in the biosynthesis of molybdenum cofactor (Moco). Indeed, gephyrin has been
shown to catalyze the final step of Moco biosynthesis (Stallmeyer et al., 1999). Both
domains are connected by a central domain C that has been postulated to mediate
many of the interactions between gephyrin and specific binding partners (Stallmeyer
et al., 1999; Kneussel and Betz, 2000), such as GABARAP (Kneussel et al., 2000)
and dynein light chain 1 and 2 (Fuhrmann et al., 2002). It is assumed that gephyrin
forms hexagonal aggregates (Kneussel and Betz, 2000; Xiang et al., 2001; Schrader
et al., 2004) by trimerization of the G-domain (Sola et al., 2001) and dimerization of
the E-domain (Sola et al., 2004; Kim et al., 2006). Gephyrin binding to glycine
receptors is mediated by an identified motif on the intracellular M2-M3 loop of the βsubunit (Meyer et al., 1995) and a C-terminal portion of the E domain (Schrader et
al., 2004; Sola et al., 2004; Kim et al., 2006). This interaction is essential for
postsynaptic glycine receptor clustering.
Gephyrin is also extensively colocalized with GABAA receptors in GABAergic
synapses (Sassoe-Pognetto et al., 1995, 2000), where its clustering depends on the
presence of the γ2 subunit (Essrich et al., 1998; Schweizer et al., 2003). However,
clustering of GABAA receptors can occur independently of gephyrin (Kneussel et al.,
1999b; Levi et al., 2004; Studler et al., 2005) and the nature and significance of the
interaction between gephyrin and GABAA receptors have not been clarified. There is
no evidence for direct binding between the two proteins, but no linker(s) could be
identified in extensive yeast-two-hybrid screening assays. Several candidate proteins
binding to GABAA receptors and/or gephyrin have been identified but none of them
helped to clarify the gephyrin-GABAA receptor interaction.
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In this study, we aimed to elucidate the structural requirements of gephyrin
aggregation in neurons and to determine whether aggregation and interaction with
GABAA receptors are interrelated, using acute transfection of truncated gephyrin
constructs tagged with eGFP into primary hippocampal or cortical neurons in culture.
The subcellular location of recombinant gephyrin, endogenous gephyrin, and GABAA
receptors was determined by immunofluorescence staining and confocal laser
scanning microscopy. We found that preservation of the secondary structure of
gephyrin is essential for clustering. We further investigated the role of two vertebratespecific loops in the E-domain for gephyrin clustering, by constructing chimera with
the corresponding sequence in E. coli. These experiments revealed that one of the
two loops contributes critically to the secondary structure of gephyrin and identified
six residues that are strictly required for gephyrin aggregation. Although this region of
the E-domain has been involved in low affinity glycine receptor binding to gephyrin,
the chimeric construct had no detectable influence on GABAA receptor clustering,
suggesting that gephyrin aggregation is independent of GABAA receptor clustering in
neurons.

3

Materials and Methods

3.1

Animals and reagents

Rat embryos [embryonic day (E) 18] were obtained from time mated pregnant Wistar
rats (RCC, Basel, Switzerland). All experiments were performed in accordance to
international guidelines on animal care and use and were approved by the cantonal
veterinary office of Zurich. Reagents were ordered from Sigma (Buchs, Switzerland)
or Merck (Dietikon, Switzerland), except where indicated.

3.2

Cell culture

Primary cultures of hippocampal and cortical neurons were prepared as described
previously (Brunig et al., 2002a,b). Cortical neurons transfected by nucleofection (see
below) were cultured at low-density with glial cell feeder layers and hippocampal
neurons transfected by magnetofection (see below) were cocultured at high-density
with astrocytes. Embryos were taken from pregnant dams anesthetized with ether.
The hippocampus or cerebral cortex was dissected on ice and incubated for 15
minutes at 37°C in PBS, pH 7.4, containing 1 mg/ml bovine serum albumin, 10 mM
glucose, 0.5 mg/ml papain (Sigma, St. Louis, MO) and 10 µg/ml DNAse-I (Sigma).
Neurons were subsequently dissociated by gentle trituration with a fire polished
Pasteur pipette and suspended in DMEM (Gibco, Invitrogen Corporation, Carlsbad,
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CA) containing 10% fetal bovine serum (Invitrogen, San Diego, CA). They were then
plated on poly-L-lysine-coated glass coverslips (ø 15 mm and 18 mm, thickness
0.17±0.02 mm, Assistant, Karl Hecht Glaswarenfabrik, Sondheim/Rhön, Germany) at
a density of 15’000 cells per 18 mm coverslip for cortical cultures on feeder layers
and 40’000 cells per 15 mm coverslip for mixed hippocampal cultures. Astrocytes,
prepared from postnatal day (P) 0 rat cortex, were plated in advance in 12 well cell
culture plates (Nunc, Roskilde, Denmark) and cultivated in DMEM containing 10%
fetal bovine serum to generate a feeder layer. The glial cell medium was then
exchanged with a defined, serum-free medium (neurobasal medium (Gibco)
supplemented with B27 supplement, L-glutamine and antibioticum/antimycoticum
(Gibco, trademark) and the coverslips containing cortical neurons were placed upside down above the feeder layer. Cultures were kept at 37°C in a 10% CO2
humidified incubator. For the hippocampal mixed cultures, three coverslips with
hippocampal cells were placed one hour after plating into a 30 mm Petri dish (Nunc)
and cultivated with a serum-containing medium [MEM (Gibco) supplemented with 1
mM sodium pyruvate, 0.45% glucose, 15 mM HEPES, Antibioticum/antimycoticum
and 12% NU serum (BD Biosciences, Erembodegem, Belgium)] to allow growth of
neurons and astrocytes. They were kept at 37°C in a 5% CO2 humified incubator.
HEK293 cells (American Type culture collection, Manassas, VA, United States) were
cultured in MEM (Gibco) containing 1% glutamine, 10% fetal calf serum and 50µg/ml
gentamycin at 37°C with 5% CO2 and split twice weekly with trypsin-EDTA. They
were used for transfection when reaching approximately 40% confluency in 30 mm
Petri dishes.

3.3

Constructs and DNA Preparation

To refine domains involved in clustering or interaction with GABAA receptors,
truncated gephyrin constructs and a chimeric double E domain variant derived from
pcDNA3-based constructs (Schrader et al., 2004) were PCR-cloned into the
EcoRI/SalI sites of pEGFP-C2 with the exception of GFP-Geph-EI/II which was
cloned into XhoI/HindIII sites of pEGFP-C2 (Clontech, Mountain View, CA, USA).
Three deletion mutants of the E-domain were constructed, either complete deletion
(GFP-geph-GC) or partial deletions of the subdomains 1 and 2 (GFP-geph-GCE34)
or 3 and 4 (GFP-geph-GCE12), respectively, and in addition, an isolated E-domain
(GFP-geph-E) was used (Fig. 1A).
The gephyrin loop variants where generated based on pEGFP-C2-gephyrin P2 by
fusion PCR. Loop 1 (residues 587-592) was replaced by the EELG sequence derived
from the corresponding region in E. coli MoeA. For Loop 2, either residues 611-622
(GFP-geph-L2A), 613-620 (GFP-geph-L2B) or residues 614-619 (GFP-geph-L2C)
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were replaced by FGKLSNSWFC, KLSNSW or LSNS sequence derived from E. coli
MoeA between position 290 and 294 (see Fig. 7).
For amplification of the cDNAs, they were expressed in XL1blue bacterias and
extracted and purified according to manufacturer’s protocol using an endofree
Maxiprep (Qiagen; Hombrechtikon, Switzerland) to ensure highest rate of purification
for transfection into neurons.
The rat cDNAs of the β2 and γ2 subunits were a kind gift of Pari Malherbe (Roche)
and the rat cDNA of the α1 subunit was a gift of Peter Seeburg (Heidelberg). The
construction of the vectors used here is described by Benson et al. (1998).

3.4

Transfection of HEK293 cells

HEK293 cells were plated 6 to 24 h before transfection by calcium phosphate
precipitation. 2 to 5 µg DNA were added to 225 µl sterile water, 25 µl CaCl2 solution
(2.5M) and 250 µl BES buffer and mixed at room temperature for 15 minutes. This
suspension was added drop wise to the cells, which were incubated for 6 to 8 hours
in 3% CO2 at 35°C. To remove excessive calcium phosphate precipitate they were
washed with PBS and incubated in 5% CO2 at 37°C with fresh medium to allow for
expression of the recombinant protein. After 2 days cells were processed for antibody
staining.

3.5

Nucleofection of cortical neurons

Acutely dissociated cortical neurons (5x106 cells/100 µl) were transfected by
nucleofection (Amaxa biosystems GmbH, Cologne, Germany) according to
manufacturer’s protocol using 2 µg DNA and electroporation program O-03. They
were then plated at a density of 35’000 to 45’000 cells per coverslip and kept as
described above for up to 21 div.

3.6

Magnetofection of hippocampal neurons

Transfection by magnetofection (for review see Plank et al., 2003) was performed on
mixed hippocampal cultures as the direct contact with astrocytes increases the
quality and survival of transfected neurons (Chudotvorova et al., 2005). Cells were
transfected after 6 or 10 div and processed for immunocytochemistry after 8 or 12 div
(6+2, 6+6, 10+2). For magnetofection, 0.8 µg DNA were added in 300 µl OptiMEM
(Gibco), mixed with 7 µl Lipofectamine 2000 (Invitrogen) and 0.8 µl CombiMag (OZ
biosciences, Marseille, France) and mixed for 20 minutes at room temperature to
allow complex formation between DNA, Lipofectamine 2000 and the magnetic
particles. The transfection mix was added drop wise to the cells and the Petri dishes
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were placed on a magnetic plate (OZ Biosciences) for 25 minutes at 37°C with 5%
CO2. Cells transfected after 6 div were kept in transfection medium until examination.
For transfection after 10 div, half of the medium was exchanged the day before with
MEM supplemented with B27, 1 mM sodium pyruvate, 200 mM L-glutamine, 0.23 %
glucose and 15 mM HEPES to condition the cells. After transfection, the medium was
carefully exchanged with fresh serum-free medium supplemented with B27 and the
cells cultivated for additional 2 DIV.

3.7

Immunocytochemistry

Antibodies: The following commercially available antibodies were used: mouse antigephyrin (1:1000, mAb7a, Synaptic Systems, Göttingen, Germany), rabbit antisynapsin-1 (1:400, Molecular Probes, Eugene, OR) and rabbit anti-MAP2 (1:2000,
Chemicon, Ternecula, CA). The GABAA receptor α2 subunit was detected with a
well-characterized guinea pig antiserum (Fritschy and Mohler, 1995; Brunig et al.,
2002a). Immunofluorescence staining of the α2 subunit was performed in living
cultures as described previously (Brunig et al., 2002a). Cells were incubated for 90
minutes at room temperature with primary antibodies dissolved in a 25 mM HEPES
buffer modified from Archibald et al. (1998), rinsed and fixed for 10 minutes with
methanol at -20°C. Detection of intracellular proteins (gephyrin, synapsin-1, MAP2)
was then achieved by incubation for 90 minutes at room temperature with primary
antibodies diluted in PBS containing 10% normal serum. Cultures were washed
again with PBS and incubated with secondary antibodies raised in goat or donkey
and coupled to Cy3 (1:500, Jackson Immunoresearch, West Grove, PA, USA), Cy5
(1:100, Jackson Immunoresearch) or Alexa 488 (1:1000; Molecular Probes) for 30
minutes at room temperature in PBS containing 10% normal goat or donkey serum.
Affinity purified secondary antibodies raised in donkey were required for staining cells
expressing large gephyrin aggregates to avoid crossreactivity among secondary
antibodies. Finally, coverslips were mounted on glass slides with “fluorescent”
mounting medium (Dako Cytomation, Carpinteria).

3.8

Image analysis and quantification

Specimens were analyzed by confocal laser scanning microscopy (Axioplan2, LSM
510 Meta, Carl Zeiss AG, Germany), using a 100x oil immersion objective (N.A. 1.4).
Images from each fluorochrome were aquired sequentially using the full dynamic
range of the photodetectors and were processed using the software Imaris (Bitplane,
Zurich, Switzerland). For display, only minimal contrast adjustments were made.
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All quantifications were performed on raw data images from single confocal sections
(pixel size 0.18 µm for counting the number of (postsynaptic) clusters and 0.09 µm
for measurements of cluster size).
To assess the effect of the transfected constructs that were unable to aggregate on
clustering of endogenous gephyrin, the density of clusters immunofluorescent for
gephyrin were counted manually in clearly visible dendritic segments using
electronically zoomed images of single confocal sections. Dendrites from
untransfected cells, recognized by the absence of GFP, were used as control. In the
high-density cultures used for these experiments, it was impossible to determine
unambiguously if a gephyrin cluster was located in a GFP-positive dendrite or in a
neighboring dendrite of an untransfected cell. Therefore, we determined first the
maximal number of gephyrin clusters located in GFP-positive dendrites and
subtracted the number of gephyrin clusters also in contact with non-transfected
dendrites to obtain a minimal value. Comparisons initially were done with the
maximal, minimal, and mean value calculated from these extremes, giving similar
results. In the results, data from average values are given. For all constructs tested,
the counts were performed in three independent experiments after long term (6+6)
and short term (10+2) expression.
After transfection of constructs that formed postsynaptic clusters (GFP-geph-GCE
and GFP-geph-L2C), the size of GFP clusters was measured in single confocal
images following long-term expression (6+6) using a threshold segmentation
algorithm (MCID M5; Imaging Research, St. Catharines, Ontario, Canada). Threshold
segmentation was based on cluster size (0.07-0.5 µm2) and intensity (30-40% of
maximum value). These results were compared (GFP-geph-GCE versus GFP-gephL2C) by cumulative distribution analysis. The number of postsynaptic clusters
identified by their apposition to synapsin-1-positive terminals was then determined
using the image analysis software Volocity (Improvision, Coventry, England), which
can automatically assess apposition pattern in multi-channel images. Gephyrin
clusters in dendrites of 10-15 cells out of three independent experiments per
construct were analyzed. For one of the constructs (GFP-geph-GCEE; see Fig. 1A),
which formed few postsynaptic clusters, they were identified in addition by
colocalization with the α2 subunit and were counted manually in electronically
zoomed images. In this case, 25 to 30 dendrites out of two independent cultures
were sampled.
For statistical analysis, cluster numbers were compared to cells transfected with
GFP-geph-GCE. Parametric or non-parametric tests were used, depending on the
normality of the distribution of the data (Instat; Graph Pad Software).

83

Results

4

Results

4.1

Single gephyrin domains are not able to aggregate and do
not interact directly with GABA A receptors in HEK293 cells

To confine interaction sites of gephyrin with GABAA receptors or corresponding
linkers and the essential structural domains for clustering, truncated gephyrin
domains (Schrader et al., 2004) linked to GFP were expressed in HEK293 cells and
in primary neuronal cultures. Since glycine receptors and GABAA receptors share
high structural similarity, we hypothesized that the interaction site of gephyrin with
GABAA receptors might also be located in the C-terminal part of the E-domain.
Therefore, three constructs were used with deletions affecting the E-domain (Fig.
1A): (1) complete deletion of the E-domain (GFP-geph-GC), (2) deletion of the
subdomain 3 and 4, which harbor the glycine receptor binding site (GFP-gephGCE12) and (3) deletion of the subdomain 1 and 2, with the remaining subdomains 3
and 4 being directly coupled to the linker C (GFP-geph-GCE34). In addition, an
isolated E-domain was also constructed (GFP-geph-E).
Initially, these constructs were transfected into HEK293 cells and stained with a
monoclonal antibody against gephyrin (mAb7a; not shown). Full-length gephyrin
(GFP-geph-GCE) formed large fluorescent aggregates in the cytosol (Fig. 1B)
perfectly matching gephyrin immunofluorescence, as described earlier (Kirsch et al.,
1995). In contrast, all truncated forms were not able to aggregate, resulting in a
diffuse fluorescence in the cytosol excluding the nucleus (Fig. 1C-F) that was not
detectable by gephyrin immunofluorescence (not shown). These results indicate that
gephyrin aggregation requires proper folding of the full-length protein.
Upon co-transfection with gephyrin, glycine receptors, but not GABAA receptors, are
redistributed from the membrane to gephyrin aggregates (Kirsch et al., 1995). The
lack of apparent interaction between gephyrin and GABAA receptors might be due to
hiding of the putative binding site upon non-physiological aggregation of gephyrin in
HEK293 cells. To test this possibility, we co-expressed truncated gephyrin constructs
together with α1, β2 and γ2 subunits of the GABAA receptor. Strong α1 subunit
immunoreactivity was found on the membrane and a weaker staining also in the
cytosol in single transfected cells. No redistribution of GABAA receptors was
observed after co-transfection with full-length GFP-gephyrin (Fig. 1B) or any of the
truncated forms (Fig. 1C-F). Furthermore, the diffuse fluorescence of truncated
gepyhrins was never colocalized with α1 subunit immunofluorescence, indicating that
gephyrin and GABAA receptors do not interact in HEK293 cells, independently of
gephyrin aggregation.

84

Study 3: Aggregation of gephyrin

Figure 1: Expression of deletion mutants in HEK293 cells
A: Schematic description of the different truncated gephyrin constructs and the chimera with the
dimerized E-domain. All constructs were coupled to eGFP for visualization. They were transfected into
HEK293 cells together with a combination of rat GABAA receptor α1, β2 and γ2 subunits. B:
Transfection of full-length gephyrin (GFP-gephyrin-GCE) resulted in the formation of spherical
intracellular aggregates. C-F: All other truncated gephyrin constructs did not aggregate, resulting in a
diffuse GFP fluorescence in the cytoplasm, excluded from the nucleus. In all panels, α1 subunit
immunofluorescence (red) was strongest at the plasma membrane and was also detectable
intracellularly. However, neither GFP-geph-GCE nor any of the truncated constructs was colocalized
with the α1 subunit (B-F). Scale bar: 10 µm.
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4.2

GFP-tagged full-length gephyrin is clustered at synaptic
sites in primary neuron cultures

To determine whether recombinant GFP-tagged full-length gephyrin mixes with
endogenous gephyrin at postsynaptic sites, GFP-geph-GCE was transfected by
magnetofection into cultured hippocampal cells at various time points in vitro. An
early time point for transfection (6 div) was selected at the onset of synaptogenesis.
At this stage, only isolated gephyrin clusters are detectable. Expression of GFPgeph-GCE for 2 days (referred to as 6+2) resulted in the formation of intracellular
aggregates in the soma and proximal dendrites and in the appearance of GFPpositive puncta in distal dendrites (Fig. 2A). Co-staining with the α2 subunit and
gephyrin revealed that these GFP-positive puncta were undistinguishable from
endogenous gephyrin clusters and were colocalized with GABAA receptors. In
contrast, the larger intracellular aggregates were always devoid of α2 subunit
immunoreactivity (Fig. 2A’), indicating that gephyrin and GABAA receptors only
interact near the membrane or at synaptic sites. Expression of GFP-geph-GCE for 6
days (6+6) produced a similar GFP labeling pattern (Fig. 2B-C), but the density of
clusters on dendrites was strongly increased compared to 6+2 experiments. This was
not due to overexpression, since untransfected cells exhibited a similar increase of
gephyrin and GABAA receptor clusters. GFP-positive clusters were extensively
colocalized with α2 subunit immunoreactivity, and no cluster containing only
endogenous gephyrin were seen, suggesting that exogenous GFP-gephyrin was
mixed with endogenous gephyrin in postsynaptic clusters associated with GABAA
receptors (Fig. 2B-C). Indeed, double staining for the α2 subunit and synapsin-1
allowed to distinguishing postsynaptic GFP/α2 subunit-positive clusters, apposed to a
labeled presynaptic terminal from GFP-positive aggregates. The latter were usually
not contacted by a presynaptic terminal (Fig. 2D) and lacked GABAA receptors.
Depending on the level of expression, aggregates were variable in size and number
and could sometimes be seen far away from the soma (Fig. 2C).
To verify that GFP-geph-GCE also associates with endogenous gephyrin after the
peak of synaptogenesis, it was expressed after 10 div during 2 days (10+2). The
distribution pattern of GFP-positive clusters and aggregates was similar to that seen
in 6+6 experiments, including numerous clusters associated with GABAA receptors at
synaptic sites (Fig. 2E). Therefore, full length GFP-gephyrin is able to integrate into
already existing clusters, suggesting a rapid turnover of gephyrin in postsynaptic
clusters. Altogether these experiments show that GFP-tagging does not interfere with
gephyrin transport and clustering at synaptic sites and does not hinder its potential
interaction with GABAA receptors. This was also confirmed using nucleofection as an
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alternative method to introduce GFP-geph-GCE cDNA directly after plating into
cortical neurons. Independent of the time point of analysis, we observed the same
distribution pattern of GFP-positive clusters and aggregates as after magnetofection
(see Fig. 6G), except that intracellular aggregates were usually smaller because less
DNA was necessary for transfection. Furthermore, these results showed that even
after persistent expression of heterologous gephyrin no toxic effects were observed
in neurons up to three weeks in culture.

Figure 2: Expression of GFP-tagged full-length gephyrin in hippocampal neurons
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Figure 2: Expression of GFP-tagged full-length gephyrin in hippocampal neurons
Images from immunofluorescence staining with the markers indicated in each panel were visualized
by confocal laser scanning microscopy. A: In 6+2 cells, a clustered staining for the GABAA receptor α2
subunit (red) was detected while only few endogenous (blue) and heterologous (cyan) gephyrin
clusters were present (A'). The gephyrin antibody also stained some unidentified structures in the
nucleus of glial cells and neurons (open arrows). GFP-geph-GCE mainly was found in large
intracellular aggregates and formed a few clusters co-localized with the α2 subunit in dendrites
(white). B: In 6+6 cells, the number of gephyrin and α2 subunit clusters increased markedly, although
some α2 subunit clusters lacking gephyrin were still detectable. The distribution of GFP-positive
clusters was indistinguishable from that of endogenous gephyrin, as shown at higher magnification in
the inset. C: In cells with a strong GFP-gephyrin-GCE expression, large aggregates, sometimes found
far from the soma were seen (cyan). They were always devoid of α2 subunit immunoreactivity, in
contrast to postsynaptic clusters (white). D: Double staining for gephyrin and synapsin-1 confirmed the
postsynaptic localization of GFP-geph-GCE clusters, but not aggregates. E: In 10+2 cells, double
staining for the α2 subunit and gephyrin produced a similar picture as at 6+6, with GFP-geph-GCE
being associated with endogenous gephyrin clusters and α2 subunit immunoreactivity, whereas
intracellular aggregates were not stained for the α2 subunit (E). Scale bars: A-B: 10 µm; C-E: 5 µm.

4.3

Single domains are not able to form synaptic clusters and
disrupt endogenous gephyrin clustering in neurons

Next, truncated gephyrin constructs were transfected into hippocampal neurons to
analyze their influence on endogenous gephyrin and GABAA receptor clustering. In
analogy with glycine receptors, we expected the E-domain to have the greatest
influence on endogenous gephyrin and GABAA receptors. Therefore, we first
compared a construct lacking the entire E-domain (GFP-geph-GC) with an isolated
E-domain (GFP-geph-E). Both constructs were reproducibly expressed in neurons
using magnetofection and showed a similar distribution. However, after
nucleofection, none of these constructs could be detected using the same amounts
of DNA as for the GFP-geph-GCE.
In 6+2 experiments, a diffuse GFP signal distributed homogenously in cell bodies and
dendrites but excluded from the nucleus was seen (Fig. 3A and 4A). In contrast,
transfection of the empty GFP-vector also labeled the nucleus (not shown). At 8 div,
only few endogenous gephyrin clusters were seen in both untransfected and
transfected neurons, whereas GABAA receptor clusters were already present (Fig.
3A,A’ and 4A,A’).
In 6+6 experiments, as in younger neurons, both constructs showed diffuse
fluorescence and failed to aggregate with endogenous gephyrin (Fig. 3B,C and 4BD). However, at this time-point, both constructs altered endogenous gephyrin
clustering, but to a variable degree. Some cells showed a clear reduction in
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endogenous gephyrin clustering (Fig. 3B and 4B). In other cells, the effect appeared
less pronounced (Fig. 3C and 4C,D). However, examination at higher resolution
revealed that many gephyrin clusters were located at the cross points with dendrites
of untransfected cells (Fig. 3B and 4C), suggesting that they might be located in the
latter. To confirm this possibility, cells were stained for microtubule associated protein
2 (MAP2), a marker for dendrites, along with gephyrin (Fig. 3D,E and 4E). In these
experiments, it became evident that many gephyrin clusters apparently localized in
dendrites of transfected neurons were in fact located at sites of contact with a MAP2positive dendrite from a non-transfected cell, making it impossible to determine
unambiguously to which cell they belonged (Fig. 3D and 4E). While some transfected
cells were observed carrying many gephyrin clusters on dendrites positive for MAP2
and GFP (Fig. 3E), a quantitative analysis confirmed the strong reduction of
endogenous gephyrin clusters after transfection of GFP-geph-GC or GFP-geph-E for
six days compared to untransfected cells in the same culture dishes (Fig. 5A-C). The
effect was most pronounced in cells expressing GFP-geph-E (Fig. 5C) in which
almost 55% of dendrites contained less than 1 cluster per 15 µm, compared to 5.5%
in mock transfected cells. However, this dominant negative effect, which suggests
that isolated gephyrin domains interferes with aggregation of endogenous gephyrin,
had no apparent influence on the distribution and clustering of GABAA receptors (Fig.
3C and 4B-D) in transfected cells.
Similar results were obtained in 10+2 experiments: While gephyrin clusters
associated with GABAA receptor α2 subunit immunoreactivity were still detected in
cells transfected with GFP-geph-GC (Fig. 3F,G), their number was reduced on
average (Fig. 5B). Therefore, the gephyrin G-domain negatively influenced preexisting gephyrin clusters. Even a greater reduction of gephyrin clusters was evident
in cells transfected with GFP-geph-E (Fig. 4G and 5C), suggesting that the E-domain
exerts a stronger dominant negative effect on endogenous gephyrin clusters.
However, the proportion of dendrites with reduced gephyrin clusters after short term
expression (10+2) was smaller than after long term expression (6+6) (Fig. 4F, 5B-C).
In mock transfected cells, the difference in endogenous gephyrin cluster numbers
was very small between 6+6 and 10+2 (Fig. 5A), indicating that they do not suffer
from the toxicity of the transfection reagent.
In sum, the reduction of endogenous gephyrin clustering is most prominent when
GFP-geph-GC or GFP-geph-E were introduced during the period of synaptogenesis,
with GFP-geph-E causing the strongest reduction of endogenous gephyrin clustering.
However, the partial loss of endogenous gephyrin clusters had no visible effect on
the distribution of the GABAA receptor α2 subunit immunoreactivity.
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Figure 3: Partial dominant negative effect of GFP-geph-GC
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Figure 4: Partial dominant negative effect of GFP-geph-E
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Figure 3: Partial dominant negative effect of GFP-geph-GC
At all stages examined, GFP-geph-GC produced a diffuse staining excluded from the nucleus. A: In
6+2 cells, only few endogenous gephyrin clusters (blue) were detected, whereas the α2 subunit
staining was already distinct (red). B: In 6+6 experiments, some cells still contained only few
endogenous gephyrin clusters, mostly localized at cross points with untransfected dendrites (closed
arrowhead). C: In other 6+6 cells, several endogenous gephyrin clusters were detected on transfected
dendrites (white; open arrowheads in the inset), although most of them were in neighboring
untransfected dendrites (pink; closed arrowhead). However, the α2 subunit staining was
undistinguishable between transfected and untransfected dendrites, forming clusters not associated
with gephyrin (B,C, open arrows). D-E: Double staining with gephyrin and MAP2 confirmed that
numerous gephyrin clusters lie at cross points between transfected and untransfected dendrites (D”,
closed arrowheads), although some were clearly localized on transfected dendrites (D”, open
arrowheads; E). These observations indicated a marked reduction of gephyrin clusters on transfected
dendrites compared to cells transfected with GFP-geph-GCE. F-G: The same situation was
encountered in 10+2 experiments, where cells with a slight reduction of endogenous gephyrin clusters
(F) and cells with numerous endogenous gephyrin clusters on their dendrites (G) were seen. Overall,
the number of gephyrin clusters on transfected dendrites was higher than at 6+6. Also note the
numerous endogenous gephyrin clusters colocalized with the α2 subunit in non-transfected dendrites
(pink in F”and G”). Scale bars: A: 10 µm; B,C,F,G: 5 µm; D-E: 2.5 µm.

Figure 4: Partial dominant negative effect of GFP-geph-E
At all stages examined, GFP-geph-E produced a diffuse fluorescence, not entering the nucleus. A: In
young cells (6+2), very few endogenous gephyrin clusters were detectable. B-D: In 6+6 experiments,
a variable reduction of endogenous gephyrin clusters in transfected dendrites was apparent, whereas
untransfected dendrites and the α2 subunit staining was similar in all cells. The insets in B’,C’,D’ are
enlarged in B’’, B”’, C’’, C”’, D’’ and D’”, respectively. B and C show two examples of cells with a strong
reduction of endogenous gephyrin clusters, although α2 subunit clusters were still present (B, open
arrows). Most gephyrin clusters were located at cross points with other dendrites (B,C, closed
arrowheads). D: Example of a cell containing numerous gephyrin clusters associated with GABAA
receptors (open arrowheads) at 6+6. E: These differential effects of GFP-geph-E expression were
confirmed with a double staining for gephyrin and MAP2, demonstrating that endogenous gephyrin
clusters are located as well on transfected dendrites (E, closed arrowheads) as on neighboring
dendrites of untransfected cells (E, closed arrows). F-G: In 10+2 cells, a similar picture was observed;
however the dominant negative effect of GFP-geph-E on endogenous gephyrin clusters was weaker,
indicating that GFP-geph-E interfere less with already existing gephyrin clusters (F). No effect on α2
subunit clusters was observed, even when endogenous gephyrin was reduced (G, open arrows).
Scale bars: A-D: 10 µm; E-G: 5 µm.

Figure 5: Reduction of endogenous gephyrin clusters after transfection of GFP-geph-GC and GFPgeph-E, GFP-geph-GCEE or GFP-geph-L2B compared to mock transfected cells
A-E: The bar graphs show the frequency distribution of endogenous gephyrin clusters per 10 µm
dendrite. Red columns: 6+6, green columns: 10+2 experiments. The first column shows the proportion
of dendrites lacking gephyrin clusters. The best fitting polynomic approximation function (5th to 6th
order) is shown in dark red for 6+6 and dark green for 10+2 experiments. Approximately 50 dendrites
were sampled per construct in three independent cultures; the mean values of maximal and minimal
number of clusters per dendrite are shown (see materials and methods). On the X-axis, the highest
number of clusters of each category is indicated.
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Figure 5: Reduction of endogenous gephyrin clusters after transfection of truncated gephyrins
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F: Summary table indicating the proportion of dendrites with an almost complete reduction of
endogenous gephyrin clusters. Note that for the isolated G- and E-domain, this fraction is
approximately double after long-term expression (6+6) compared to short-term expression (10+2). The
proportion of dendrites with a strong reduction is also higher for cells transfected with GFP-geph-E
than with GFP-geph-GC. Nevertheless, in both cases, dendrites with normal amount of gephyrin
clusters also were observed, although at a much lower frequency than in control, mock-transfected
dendrites. The latter show an increase in gephyrin clusters when transfection is performed at 10 div.
However, the difference is small, indicating that cells do not suffer from toxic effects during long-term
treatment. 6+6 cells transfected with GFP-geph-GCEE (D) or GFP-geph-L2B (E) show only a weak
dominant negative effect. However in cells expressing GFP-geph-GCEE (D), some dendrites
containing large intracellular aggregates show a complete loss of endogenous gephyrin clusters,
which leads to the high number of dendrites without any clusters.
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4.4

A construct interfering with E-domain dimerization does not
block endogenous gephyrin clustering

The current model postulates that gephyrin aggregates arise from intermolecular
trimerization of the G-domain and dimerization of the E-domain. Expression of a
construct in which the E-domain is already dimerized might thus be expected to
disrupt endogenous gephyrin clusters. To test this hypothesis, a construct was
designed, carrying two E-domains spaced by a flexible linker to allow for
intramolecular dimerization (GFP-geph-GCEE; Fig. 1A). Upon transfection in
HEK293 cells, GFP-geph-GCEE was still able to form aggregates in the cytosol (Fig.
6A), which were not distinguishable from those formed by full-length gephyrin
(compare Fig. 1B). This finding suggested that alternative possibilities of dimerization
exist for gephyrin aggregation. Co-expression of this construct with α1, β2 and γ2
GABAA receptor subunits also had no influence on GABAA receptor distribution in
HEK cells (Fig. 6A).
In hippocampal neurons (6+2), GFP-geph-GCEE-positive aggregates were detected
in the soma and on proximal dendrites that were not colocalized with the α2 subunit.
Endogenous gephyrin clusters were only very rare at this time point (Fig. 6B). In 6+6
cells, intracellular GFP-positive aggregates were readily detected. Compared to cells
transfected with GFP-geph-GCE, these aggregates were more numerous and
brighter (Fig. 6C); conversely, GFP-positive clusters associated with GABAA
receptors were strongly reduced in number (1.7 ± 0.2 GFP-geph-GCEE/α2 clusters
per dendrite segment (25 to 30 µm), of which 79.4% were postsynaptic (Fig. 6E),
versus 5.5 ± 0.4 GFP-geph-GCE/α2 clusters, of which 74.5% were postsynaptic;
mean ± SEM, P < 0.0001). Furthermore, not all endogenous gephyrin clusters
(detected by immunofluorescence) also contained GFP labeling (Fig. 6D; open
arrows), suggesting that GFP-geph-GCEE mainly forms large aggregates and rarely
integrates into endogenous gephyrin clusters associated with GABAA receptors. In
most dendrites, the number of endogenous gephyrin clusters was only slightly
reduced compared to mock-transfected cells (Fig. 5D). However, a complete loss of
endogenous gephyrin clusters was observed in about 10% of dendrites, which
typically contained several large intracellular aggregates and no GFP-positive
clusters (Fig 5D, first column). Therefore, unlike GFP-geph-E, which affected
gephyrin clustering in most dendrites (Fig. 5C), this construct produced a strong
dominant-negative effect only in a subpopulation of transfected neurons. Therefore,
even though GFP-geph-GCEE maintains the ability to aggregate, its capacity to mix
with endogenous gephyrin seems to be altered. Similar results were obtained after
nucleofection of cortical cells (Fig. 6F) but intracellular aggregates tended to be
smaller as the level of expression was lower with this transfection method.
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Figure 6: Aggregation of GFP-geph-GCEE in HEK293 cells and neurons
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Figure 6: Aggregation of GFP-geph-GCEE in HEK293 cells and neurons
A: Aggregates of GFP-geph-GCEE in HEK293 cells, without interference with α1 subunit
immunoreactivity, as seen with full-length gephyrin (Fig. 1B). B: GFP-geph-GCEE forms aggregates in
6+2 cells, located in the soma and in dendrites and lacking α2 subunit staining (closed arrowheads).
C: In 6+6 cells, only few GFP-positive clusters colocalized with α2 subunit immunoreactivity were
detected (open arrowheads). GFP-positive intracellular aggregates were increased in size and
sometimes located far away from the soma (closed arrowheads). D: In contrast to full-length gephyrin,
GFP-geph-GCEE was not integrated in all gephyrin positive dendritic clusters (open arrows); E: Only
few GFP-geph-GCEE-positive clusters associated with the α2 subunit and apposed to a synapsin-1positive presynaptic terminal were observed (open arrowheads); aggregates, devoid of α2 subunit
staining, were not postsynaptic (closed arrowheads). F-G: Transfection by nucleofection, which
requires a smaller amount of DNA, produced similar results after long term expression (12 div).
Comparison of GFP-geph-GCEE (F) with GFP-geph-GCE (G) revealed that the chimera formed more
aggregates not associated with the α2 subunit on dendrites (F, closed arrowheads) than full-length
gephyrin (G, closed arrowheads). Scale bars: A-C,F,G: 10 µm; D,E: 5 µm.

4.5

Constructs with partial deletions of the E-domain are not
stable

The results so far confirm the importance of the E-domain for gephyrin clustering. To
identify critical subregions within the E-domain, hippocampal cells were transfected
with partial deletion constructs, lacking either subdomains 1-2 (GFP-geph-GCE34) or
subdomains 3-4 (GFP-geph-GCE12). Both constructs were poorly expressed after
magnetofection and could be detected only in a few neurons (data not shown),
suggesting that they are rapidly degraded upon transfection. In both cases, a weak
homogenous fluorescence was seen in the cytosol of transfected neurons, excluding
the nucleus, independently of the time point of transfection and the expression time.
After nucleofection, both constructs were not detectable in cortical cells.

4.6

Mutations in the E-domain can disrupt or enhance gephyrin
clustering

To circumvent this limitation, constructs carrying more subtle mutations were
assayed. In particular, the subdomain 3 of the E-domain harbors two loops that are
specific for vertebrate forms of gephyrin (Schrader et al., 2004). These loops might
thus be involved in gephyrin functions specific to vertebrates such as clustering of
glycine or GABAA receptors. In support for this idea, there is biochemical evidence
that these two loops could be involved in the low affinity binding site of glycine
receptors (Schwarz and Koenig, unpublished). We therefore tested whether they also
influence gephyrin clustering and its interaction with GABAA receptors. Four chimeric
GFP-coupled constructs, L1, L2A, L2B, L2C, were expressed, in which these
sequences were exchanged with the corresponding domain of the bacterial protein
MoeA (Xiang et al., 2001; Fig. 7).
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Loop L1
gephyrin R. norvegicus

575:

SMGEKDYLKQVLDIDLHAQIHFGRVFMKPG :604

MoeA E. coli

255:

SVGEADYTKTIL.EELG.EIAFWKLAIKPG :283
Loop L2A

gephyrin R. norvegicus

601:

MKPGLPTTFATLDIDGVRKIIFALPGNPVS :630

MoeA E. coli

280:

IKPGKP..FAFGKL..SNSWFCGLPGNPVS :306
Loop L2B

gephyrin R. norvegicus

601:

MKPGLPTTFATLDIDGVRKIIFALPGNPVS :630

MoeA E. coli

280:

IKPGKP..FAFGKL..SNSWFCGLPGNPVS :306
Loop L2C

gephyrin R. norvegicus

601:

MKPGLPTTFATLDIDGVRKIIFALPGNPVS :630

MoeA E. coli

280:

IKPGKP..FAFGKL..SNSWFCGLPGNPVS :306

Figure 7: Sequence alignment of rat gephyrin and E. coli MoeA of Loop 1 and Loop 2
These two loops are exclusively conserved in vertebrates (Schrader et al., 2004). The replaced
regions are marked in green and the introduced residues from E. coli MoeA in red. Shaded residues
show the degree of conservation: black: strictly conserved in all species, gray with black letters: at
least 70% conservation and gray with white letters: type of amino acid conserved.

In HEK293 cells, GFP-geph-L1 formed aggregates similar to those observed with
GFP-geph-GCE (not shown), suggesting that this region of the E-domain is not
essential for aggregation. In contrast, GFP-geph-L2A and GFP-geph-L2B failed to
aggregate and produced a diffuse GFP fluorescence in the cytosol. GFP-geph-L2B
(Fig. 8A) was comparable to GFP-geph-E, whereas GFP-geph-L2A was very weak
(not shown), suggesting that this chimera was unstable and/or poorly expressed, as
might be expected from the large extent of deleted residues (Fig. 7). Surprisingly,
GFP-geph-L2C formed aggregates (Fig. 8B) as observed for the full-length gephyrin
(compare Fig. 1B), indicating that the substitution of only two amino acids between
GFP-geph-L2B and GFP-geph-L2C (Fig. 7) is enough to determine aggregation.
These findings were replicated in hippocampal neurons. Thus, at all time-points
tested (6+2, 6+6 and 10+2), transfection of GFP-geph-L2B resulted in a grainy
diffuse fluorescence (Fig. 8C,C’) of comparable intensity as GFP-geph-E or GFPgeph-GC. As observed with these truncated constructs, the density of gephyrin
clusters on the dendrites was reduced in many cells expressing GFP-geph-L2B (Fig.
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8C; see Fig. 5E for quantification), indicating that this construct interferes with
endogenous gephyrin clustering. After transfection of cortical cells by nucleofection,
GFP-geph-L2B did not produce detectable fluorescence, as observed for the deletion
mutants that are not able to cluster.
In striking contrast, in neurons transfected with GFP-geph-L2C using magnetofection
or nucleofection (not shown), numerous gephyrin clusters appeared along dendrites
and the soma, in addition to intracellular aggregates (Fig. 8D). As observed for fulllength gephyrin, most GFP-positive clusters were colocalized with α2 subunit
immunoreactivity while aggregates were not (Fig. 8D). The GFP-geph-L2C chimera
therefore appeared to readily associate with full-length gephyrin. Quantification of
transfected cells revealed that GFP-geph-L2C-positive clusters were more numerous
and slightly smaller (Fig. 8F) than those formed by GFP-geph-GCE (190.2 ± 8.8
versus 107.2 ± 7.8 dendritic clusters per cell; mean ± SEM; P < 0.0001, Fig. 8G).
Triple staining for the α2 subunit and synapsin-1 showed that GFP-geph-L2Cpositive clusters were almost exclusively colocalized with α2 and apposed to
synapsin-1-positive terminals (Fig. 8E,E’). Unlike GFP-geph-GCEE, most
heterologous gephyrin was transported to synaptic sites where it associated
presumably with endogenous gephyrin and GABAA receptors (Fig. 8E’’). Most
surprisingly, the increased density of GFP-geph-L2C was matched by an increase in
presynaptic terminals, indicating that overexpression of GFP-geph-L2C may have
synaptogenic effects on presynaptic terminals (122.9 ± 9.0 postsynaptic clusters for
GFP-geph-L2C versus 93.0 ± 7.6 postsynaptic clusters for GFP-geph-GCE; mean ±
SEM, P = 0.0140). The ratio of synaptic and extrasynaptic GFP-positive clusters in
both cases was exactly the same (60.4% ± 8.9% for GFP-geph-L2C versus 61.8% ±
14.1% for GFP-geph-GCE; mean ± SD), supporting the idea that gephyrin can attract
presynaptic elements.
Figure 8: Differential expression and aggregation of GFP-gephyrin chimera
A: Transfection of GFP-geph-L2B in HEK293 cells resulted in a diffuse fluorescence excluding the
nucleus. B: In contrast, GFP-geph-L2C formed intracellular aggregates. C: GFP-geph-L2B also
produced a diffuse distribution in neurons, but induced a partial reduction of endogenous gephyrin
clusters (open arrowheads) while neighboring dendrites contain numerous gephyrin clusters
associated with the α2 subunit (arrows). Despite the reduction of gephyrin clusters, α2 subunit clusters
were still detected on transfected dendrites (open arrows). Panel C’ depicts an example in which no
reduction of endogenous gephyrin was evident. D: Transfection of GFP-geph-L2C led to a clustered
pattern colocalized with the α2 subunit (yellow); nearly all endogenous gephyrin clusters (blue) on
transfected cells contained GFP-geph-L2C (D’; cyan); an increase in the number of gephyrin clusters
with a concomitant decrease of their size was seen (see panel F and G for quantification). Except
intracellular aggregates, all GFP-positive clusters were also colocalized with the α2 subunit (white;
D''). E: Double staining for the α2 subunit (red) and synapsin-1 (blue) revealed that almost all GFPgeph-L2C-positive clusters colocalized with the α2 subunit were apposed to synapsin-1-positive
terminals. H: cumulative distribution of cluster size in GFP-geph-GCE (green) and GFP-geph-L2C
(red) transfected 6+6 cells. I: Quantification of cluster number. Scale bars: A-C: 20 µm; D-G: 5 µm.
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Figure 8: Differential expression and aggregation of GFP-gephyrin chimera
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5

Discussion

These results show that only full-length gephyrin constructs can aggregate and form
clusters at postsynaptic sites associated with GABAA receptors. Proper folding and
multimerization involving both G and E domains appear essential for aggregation in
HEK293 cells and in neurons, independently of the presence of endogenous
gephyrin. As expected from studies of glycine receptor clustering, the E-domain is
particularly important, since clustering could either be disrupted or enhanced by
exchanging a short vertebrate-specific sequence by their bacterial homologue.
However, the mechanism of E-domain dimerization needs to be revised, since a
construct with intramolecularly dimerized E-domain forms aggregates in HEK293
cells and in neurons. Not all deletion constructs can be expressed in recombinant
systems, suggesting that they do not form stable proteins. The stable constructs
interacted with endogenous gephyrin, producing dominant-negative effects on
postsynaptic clusters within 48 h of expression, suggesting a rapid turnover of
gephyrin. In contrast, no obvious dominant-negative effects on GABAA receptor
clustering were observed up to 12 div. Finally, expression of the GFP-geph-L2C
construct uncovered a potential synaptogenic activity of gephyrin, since the
increased number of clusters in transfected neurons led to a corresponding increase
of presynaptic terminals innervating these cells.

5.1

Methodological considerations

For all gephyrin constructs tested in this study, no major difference in expression or
aggregation was observed between HEK293 cells and neurons, indicating that the
biochemical differences between these expression systems, notably the presence of
endogenous gephyrin and collybistin in neurons, did not have a major impact on the
stability and aggregation of recombinant gephyrin. Although a gephyrin(-/-)
background would be necessary to assess interactions of a recombinant construct
and proteins required for synaptic targeting and interaction with GABAA receptors,
the presence of endogenous gephyrin could be used to uncover potential dominantnegative effects and therefore determine whether constructs that fail to aggregate
nevertheless bind other gephyrin molecules.
Expression of GFP-tagged full-length gephyrin (GFP-geph-GCE) revealed that the
presence of GFP does not interfere with any of the functions of gephyrin investigated
here. Overexpression resulted in the formation of intracellular aggregates, but the
presence of brightly stained postsynaptic fluorescent clusters associated with GABAA
receptors indicated that synaptic targeting and clustering of the recombinant
construct were not affected by the presence of GFP. Although a direct demonstration
that this construct co-aggregates with endogenous gephyrin was not possible with
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immunofluorescence, the absence of clusters containing only endogenous gephyrin
was taken as evidence for the association of both forms of gephyrin within
postsynaptic clusters.
Most transfections were performed by magnetofection in order to introduce
recombinant gephyrin at defined time points in cultured neurons. Compared to
nucleofection, this method has the disadvantage of a higher toxicity, requiring highdensity mixed neuronal-astrocytic cultures. As a consequence, the quantification of
dominant-negative effects on endogenous gephyrin clusters was limited by the close
proximity of dendrites from transfected and non-transfected cells, making it often
impossible to determine their precise location. However, statistical comparisons of
gephyrin clusters using either the minimal number of clusters (i.e. all clusters that
could be allocated without ambiguity on transfected cells) or the maximal number of
clusters present in transfected dendrites yielded similar results.
Finally, the distinction between intracellular aggregates and postsynaptic clusters
was based primarily on size, and secondarily on the absence of GABAA receptor
staining in the former. However, the second criterion may lead to a circular argument,
and the presence of small gephyrin aggregates close to synaptic sites, but lacking
GABAA receptors, cannot be excluded. Furthermore, this distinction does not imply
distinct aggregation mechanisms of gephyrin constructs. Rather, the presence of
intracellular aggregates suggests that mechanisms of gephyrin transport to synaptic
sites are saturable and excessive gephyrin forms aggregates owing to its high
propensity for multimerization. Alternatively, it is conceivable that the size of
postsynaptic clusters is regulated by an unknown mechanism preventing further
aggregation of gephyrin beyond a certain point.

5.2

Single gephyrin domains and deletion constructs are not
able to form aggregates in HEK293 cells and in neurons

In contrast to GFP-geph-GCE, which formed postsynaptic clusters most likely mixed
with endogenous gephyrin, all deletion constructs and two of the four chimeric
constructs tested lost the capability to form aggregates in HEK293 cells and in
neurons. These results were expected for single domains, such as GFP-geph-GC or
GFP-geph-E, because gephyrin aggregation depends on both domains
simultaneously. Several factors can account for the failure of the partial deletion
constructs of the E-domain to aggregate and form postsynaptic clusters. It is
important to note, however, that no construct was found to aggregate in neurons but
not in HEK293 cells, indicating that gephyrin aggregation does not depend critically
on neuron-specific factors.
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Proper folding of the E-domain appears essential for stability of the gephyrin
molecule, in view of the low level of expression of GFP-geph-E34 and GFP-gephE12. Even minor disturbances, as seen with chimera L2A appear to severely
compromise expression or stability of gephyrin. It was therefore not possible to
determine the role of these subregions of the E-domain for the function of gephyrin or
potential interactions with GABAA receptors.
Unexpectedly, also the loop2B chimera, which produces a stable protein, was not
able to aggregate, which can have several reasons. First, the dimerization of the Edomain might be compromised or less stable due to the mutation of this loop.
However, this is unlikely, since bacterial MoeA forms stable dimers (Xiang et al.,
2001). Second, a defect in transport or postsynaptic targeting might occur in this
mutant construct. Gephyrin interacts with the motor protein dynein light chain
(Fuhrmann et al., 2002; Maas et al., 2006) via the amino acid residues 181-243
within the linker region of gephyrin (Fuhrmann et al., 2002) indicating that transport
along microtubules should not be disturbed in GFP-geph-L2B chimera. The neuronal
VASP homologue Mena was suggested to build a link between gephyrin scaffolds
and the microfilament system (Giesemann et al., 2003; Bausen et al., 2006). Yet, the
localization of the Mena binding site is still controversial, either involving the proline
rich domain of the central linker region (Giesemann et al., 2003) or parts of the Edomain (Bausen et al., 2006), making it difficult to predict the effects of the truncated
gephyrins and the chimera on the interaction with the actin cytoskeleton. Finally, it is
unlikely that interaction with collybistin is altered, because its binding site is localized
on the N-terminal end of the E-domain (Harvey et al., 2004). However, other
unknown binding partners essential for clustering might be prevented from binding
the GFP-geph-L2B construct.

5.3

Deletion mutants and chimeras not able to cluster exert a
dominant negative effect on endogenous gephyrin clustering

The analysis of dominant-negative effects produced by stably expressed deletion or
mutation constructs (GFP-geph-GC, GFP-geph-E, GFP-geph-L2B) provided direct
evidence for an interaction with endogenous gephyrin. The reduction of postsynaptic
gephyrin clusters was most pronounced when the truncated constructs were
introduced during synapse formation and expressed for a longer time period, with the
strongest effect being produced by GFP-geph-E. This was expected from the model
of the scaffold structure because a single E-domain can interrupt the continuity of the
scaffold whereas interaction with an isolated G-domain at least offers the possibility
of binding of another endogenous molecule. Furthermore, we know from the crystal
structure that the area of interaction is larger and therefore stronger for the G-domain
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(Schwarz et al., 2001) than for the E-domain (Kim et al., 2006). The fact that preexisting gephyrin clusters are disrupted by deletion constructs after 10 div suggests a
rapid turnover of gephyrin in postsynaptic clusters. Also for the GFP-geph-L2B
chimera we observed a dominant negative effect. Although we assume a properly
folded secondary structure of this chimera, it was able to interfere with endogenous
gephyrin clustering because of its own inability to aggregate and thereby interrupted
the continuity of gephyrin clusters.

5.4

Aggregation but defective clustering upon intramolecular
dimerization of gephyrin

Surprisingly, intramolecular dimerization of the E-domain predicted to occur in the
GFP-geph-GCEE construct did not prevent its aggregation in HEK293 cells or in
neurons. In the latter, one cannot exclude that endogenous gephyrin competes with
the second E-domain of the construct for dimerization. However, since aggregation of
geph-GCEE occurs in HEK293 cells, this mechanism cannot be the only explanation
and alternative possibilities of dimerization at the E-domain are likely to exist.
Furthermore, unlike GFP-geph-GCE, we observed that numerous endogenous
gephyrin clusters were not associated with GFP-geph-GCEE clusters, suggesting
that GFP-geph-GCEE preferentially accumulates to intracellular aggregates but does
not easily integrate into endogenous gephyrin clusters. This conclusion is supported
further by the fact that only a minor dominant negative effect was seen in cells
transfected with this construct, except for a subset of dendrites characterized by the
presence of multiple aggregates. Therefore, there is only little interaction between
GFP-geph-GCEE and endogenous gephyrin.
Compared to GFP-geph-GCE, the number of postsynaptic clusters formed by GFPgeph-GCEE was much reduced, suggesting that interaction with endogenous
gephyrin is necessary for postsynaptic targeting of this construct. However, this
conclusion needs to be verified in neurons lacking endogenous gephyrin.

5.5

Gephyrin and GABAA receptors interact only near the membrane

In neurons, no visible dominant-negative effect on GABAA receptor clustering was
observed, even in cells that loose almost all postsynaptic gephyrin clusters upon
transfections with GFP-geph-E or GFP-geph-GC. At the least, this observation
confirms that initial clustering of GABAA receptors, which occurs between 4-8 div
(Studler et al., 2005), is not dependent on gephyrin. We cannot exclude, however,
that clustering of GABAA receptors might have been reduced upon longer expression
of these constructs, mimicking the effects seen upon suppression of gephyrin
expression (Essrich et al., 1998; Kneussel et al., 1999b; Levi et al., 2004).
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Exogenous GFP-geph-GCE is transported most likely together with endogenous
gephyrin to synaptic sites where it is detected as a clustered staining in association
with GABAA receptors. In contrast, intracellular aggregates due to overexpression of
the protein were characterized by a much larger size and the absence of GABAA
receptors independent of whether they were localized on a dendrite or in the soma.
Therefore, the interaction of gephyrin and GABAA receptors takes place only near the
membrane or at synaptic sites. Our results in HEK293 cells confirm that no gephyrin
construct interacts with GABAA receptors, independently of its aggregation capacity.
This observation allows to ruling out that a putative binding site to a GABAA receptor
subunit might be masked upon aggregation. Therefore, the interaction of GABAA
receptors with gephyrin might require additional proteins or posttranslational
modifications that lead to the transport of gephyrin to the membrane and allow for
interaction with GABAA receptors. So far, no linker protein has been identified that
was also detectable at synaptic sites, but a variety of posttranslational modifications
can occur in neurons. Gephyrin can be phosphorylated on serine and threonine
residues, which might regulate the interaction with receptors or cytoskeletal proteins
(Langosch et al., 1992). Also GABAA receptors can be phosphorylated within the
intracellular loop of β1-3 and γ2 subunits with diverse effects on the regulation of
GABAA receptor activity (for review see Brandon et al., 2002; Kittler et al., 2002). E.g.
phosphorylation of the intracellular loop of the γ2L subunit facilitated synaptic
clustering of GABAA receptors (Meier and Grantyn, 2004b). Palmitoylation of the γ2
subunit intracellular loop, e.g. by the Golgi-specific DHHC zinc finger protein (GODZ;
Keller et al., 2004), has been shown to regulate clustering and stabilization of GABAA
receptors at inhibitory synapses, and was proposed to enhance the interaction of
GABAA receptors with scaffolding proteins like gephyrin (Rathenberg et al., 2004).
Such modifications cannot take place in HEK293 cells but might be essential to bring
gephyrin close to the membrane and in association with GABAA receptors.
Altogether, these findings support the view that gephyrin and GABAA receptors
cannot interact without additional neuron-specific linker proteins and/or
posttranslational modifications. This conclusion underscores the need to investigate
such interactions in real-time imaging experiments, e.g. with GFP-tagged gephyrin
and RFP-tagged GABAA receptors, notably to elucidate the transport mechanism
underlying GABAA receptor clustering.
These complex interactions stand in contrast with the high affinity binding of glycine
receptors to gephyrin, even in HEK293 cells (Kirsch et al., 1995) and with the cotransport of pre-assembled glycine receptor/gephyrin complexes to synaptic sites
(Hanus et al., 2004; Maas et al., 2006). Indeed, Harvey et al. (2004) demonstrated
that collybistin is able to bind to dimerized gephyrin associated with glycine
receptors. Furthermore, a recent analysis of the crystal structure on a higher
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resolution revealed that the glycine receptor binding site is located over both
monomers of the E-domain dimer and therefore glycine receptor binding might even
promote gephyrin aggregation (Kim et al., 2006).
These fundamental differences between glycine receptors and GABAA receptors are
in line with our previous observation that only a minor proportion of gephyrin clusters
colocalized with GABAA receptors can be found at extrasynaptic sites (Studler et al.,
2005), suggesting that gephyrin/GABAA receptor complexes are rapidly transported
and immobilized at synaptic sites. The apparent lack of dominant-negative effects of
truncated gephyrin constructs on GABAA receptor clustering was not unexpected, as
several groups have described GABAA receptor clustering independently of gephyrin
(Fischer et al., 2000; Kneussel et al., 2001a; Danglot et al., 2003; Levi et al., 2004;
Panzanelli et al., 2005; Studler et al., 2005). Moreover, the lack of direct interaction of
gephyrin and GABAA receptors could provide a mechanism to insure proper sorting
of glycine and GABAA receptors in neurons where they are co-expressed. Finally,
several lines of evidence suggest that it is rather the clustering of gephyrin that
depends on the presence of GABAA receptors in neurons than vice-versa, as shown
upon targeted deletion of the α1, α3, or γ2 subunit, which lead to a loss of GABAA
receptors in specific cell populations (Schweizer et al., 2003; Studer et al., 2005;
Kralic et al., 2006). In these neurons, postsynaptic gephyrin clusters are lacking and
are replaced by large intracellular aggregates. All these elements support a model by
which clustering of GABAA receptors is responsible for interaction with gephyrin, with
the complex being stabilized at postsynaptic sites.

5.6

Overexpression of gephyrin chimera variant L2C promotes
synapse formation

The most intriguing result of this study is the observation that a specific residue in a
vertebrate-specific loop in the subdomain 3 of the E-domain plays a critical role for
gephyrin aggregation and postsynaptic clustering. The investigated loops are
potentially involved in neuron-specific functions of gephyrin, because they are not
present in the bacterial homologue MoeA. The failure of GFP-geph-L2B to aggregate
was not due to disruption of the secondary structure because this protein is able to
synthesize Moco, thereby demonstrating that it is properly folded and functionally
active (Schwarz and Smolinsky, unpublished observation). The moderate dominantnegative effect produced by GFP-geph-L2B is most likely due to trimerization of its Gdomain with that of endogenous gephyrin. Most surprisingly, substitution of two
residues only to form loop 2C not only restored aggregation of this construct but
favored the formation of postsynaptic clusters in neurons. This effect was
accompanied by a concomitant decrease in cluster size, suggesting that loop 2C
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modulates cluster size and number. Compared to the wildtype sequence, two serine
residues were introduced into loop 2C, potentially representing consensus
sequences for phosphorylation, which might affect interactions with receptors, the
cytoskeleton or signaling molecules.
Since the majority of GFP-geph-GFP-geph-L2C-positive clusters was apposed to a
presynaptic terminal, this gephyrin construct displays synaptogenic activity and is
able to enhance, or perhaps even induce, presynaptic differentiation. While this effect
might be indirect and mediated by a signaling molecule immobilized postsynaptically
in the gephyrin cluster, this finding nevertheless provides compelling evidence for the
existence of a retrograde signal involved in synapse formation in primary cultures of
hippocampal neurons. Such a mechanism would explain, among others, the high
incidence of gephyrin selectively at postsynaptic sites.
Overexpression of the postsynaptic density protein PSD-95 increased the number
and size of dendritic spines and might have a role in synapse stabilization and
plasticity (El-Husseini et al., 2000). Neuroligins can interact with PDZ domains of
scaffolding proteins, e.g. PSD-95 (Irie et al., 1997). Overexpression of PSD-95
augmented neuroligin-1 clustering at excitatory synapses and resulted in a shift in the
distribution of neuroligin-2 from inhibitory to excitatory synapses (Prange et al., 2004;
Levinson et al., 2005). Therefore, the relative PSD-95 levels alter the ratio of
excitatory to inhibitory synaptic contacts by sequestering members of the neuroligin
family to excitatory synapses, thus leading to a higher overall excitation (Levinson et
al., 2005). The cytoplasmic interaction partners of cell-adhesion molecules in
inhibitory synapses are not known to date. They may differ fundamentally from the
excitatory postsynaptic sites, especially because PDZ-domains are absent from
inhibitory postsynaptic densities. One might speculate that gephyrin fulfils a similar
function as PSD-95 for inhibitory synapses and thereby indirectly attracts presynaptic
terminals. It would be interesting to demonstrate an interaction of gephyrin with celladhesion molecules that might induce presynaptic differentiation, in particular with
neuroligin-2, which was demonstrated to induce GABAergic synapse formation (Chih
et al., 2005). As gephyrin might also be involved in signaling cascades, activated e.g.
via collybistin activation of Cdc42 (Grosskreutz et al., 2001) or RAFT1 (rapamycin
and FKBP12 target 1; Sabatini et al., 1999), gephyrin could indirectly influence gene
transcription of proteins involved in presynaptic differentiation. Altogether, these
experiments not only reveal that specific residues in the E-domain play a key role for
proper aggregation and clustering of gephyrin but also demonstrate that postsynaptic
clustering cannot be separated from synapse formation. Therefore, the functions of
gephyrin have to be reconsidered in light of its synaptogenic activity.
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General Discussion
In these studies, the formation of GABAergic synapses has been investigated with a
special focus on the interaction of gephyrin with GABAA receptors. In summary, our
results reveal that
(1)

GABAA receptor and gephyrin clustering is regulated independently in
immature hippocampal cultures, as GABAA receptor clusters can form
independently of gephyrin and presynaptic innervation while gephyrin clusters
are preferentially localized at synaptic sites and associated with GABAA
receptors.

(2)

The targeting of GABAA receptors and gephyrin occurs secondarily and is
regulated by presynaptic factors that are not essential for cluster initiation.

(3)

The association of gephyrin and GABAA receptors contributes to stabilization
of postsynaptic clusters and their size seems to be tightly regulated by the
amount of gephyrin.

(4)

Clustering of gephyrin is dependent on proper folding of both the G- and the
E-domain. Furthermore, a small loop essential for clustering has been
identified on the subdomain 3 of the E-domain. However, no specific domain
or residues could be found, that are essential for the interaction with GABAA
receptors.

(5)

This loop is also critical for regulating the number and size of gephyrin
clusters, suggesting that gephyrin has a synaptogenic function in developing
neurons.

In the following, I will discuss my findings in the context of the published data and the
questions asked in the introduction. Finally, I will outline potential future experimental
designs to address the numerous open questions in this field of research.
One of the main findings observed in all three studies is that gephyrin does not form
clusters in the absence of GABAA receptors although GABAA receptors are able to
form clusters in without gephyrin. This observation was not expected, as it is exactly
the opposite for glycine receptors, which do not form clusters in the absence of
gephyrin (Kirsch et al., 1993; Levi et al., 2004). However, also in vivo experiments
support our in vitro results. In γ2 knockout and conditional γ2 knockout mice, it has
been demonstrated that the γ2 subunit of the GABAA receptor is not only essential for
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gephyrin cluster formation but also their maintenance (Essrich et al., 1998;
Schweizer et al., 2003). Interestingly, in the thalamus and the cerebellum of α1
knockout mice, gephyrin clusters are reduced and large intracellular aggregates are
detected (Kralic et al., 2006), resembling those observed here in cells that
overexpressed gephyrin. This finding confirms that gephyrin forms intracellular
aggregates when not enough GABAA receptors are available with which it can
associate, either because GABAA receptors are missing or because gephyrin is
present in excessive amounts.
Apparently, most of the excessive gephyrin in gephyrin overexpressing neurons is
deposed in intracellular aggregates, whereas synaptic gephyrin clusters in
transfected cells only show a moderate increase in size, which may depend on the
transfection efficiency as well. Although this increase is not significant, GABAA
receptor clusters always show the same size, indicating that their size is tightly
regulated by the gephyrin scaffold. Thus, regulating the size of the subsynaptic
gephyrin scaffold could directly influence synaptic strength.
A basic question of cluster initiation remains still unresolved, namely whether Ca2+
influx through L-type voltage gated Ca2+ channels after receptor activation is
necessary for postsynaptic clustering of gephyrin and GABAA receptors as it has
been proposed for glycine receptors (Kirsch and Betz, 1998; Kneussel and Betz,
2000). However, in slices from the superior colliculus of E19 rat, pharmacological
block of GABAA receptor activation and Ca2+ influx through nifedipine-sensitive Ca2+
channels enhanced the number of synaptic contacts and promoted synaptic
accumulation of GABAA receptor clusters (Meier et al., 2003). These opposing
findings support the view that postsynaptic clustering of glycine and GABAA receptors
is regulated by fundamentally different mechanisms. Nevertheless, it would be
interesting to test the effects of specific antagonists of L-type Ca2+ channels in more
comparable systems to determine whether the initial clustering of GABAA receptors
and gephyrin is dependent on Ca2+ and whether Ca2+ signaling regulates the early
interaction between GABAA receptors and gephyrin.
In contrast to gephyrin, many GABAA receptor clusters have been found at
extrasynaptic sites, most of them not containing gephyrin. It is still an open question,
why certain GABAA receptor subunits are targeted mainly to synaptic or extrasynaptic
sites, respectively. As the cellular and subcellular distribution pattern of GABAA
receptors is retained in hippocampal cultures and receptors containing different α
subunits are sorted to different subcellular regions, we assume that the targeting of
GABAA receptors to their appropriate destination is an intrinsic property of α subunits
(Brunig et al., 2002a). The use of chimeras where the large intracellular loop of
synaptic α subunits (α1, α2 and α3) would be exchanged by the corresponding loop
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of α subunits that are targeted mainly to extrasynaptic sites (α4, α5 and α6) could
improve our understanding of the motifs responsible for postsynaptic targeting.
A similar approach has been taken by Alldred et al. (2005) who examined the
influence of a series of γ2 subunit chimera in a γ2 (-/-) background, in which different
extracellular, transmembrane and intracellular domains were replaced with
homologous domains derived from the α2 subunit. Interestingly, they found that the
fourth transmembrane domain (M4) but not the large cytoplasmatic loop of the γ2
subunit is essential for clustering of GABAA receptors and gephyrin at inhibitory
synapses, while the cytoplasmatic loop contributes to the association of GABAA
receptors and gephyrin (Alldred et al., 2005). While this study did not identify a region
responsible for the distinction between synaptic and extrasynaptic targeting, Christie
et al. (2006) have used a chimeric γ2 subunit where the intracellular loop was
exchanged with the corresponding sequence of the δ subunit, which is targeted
extrasynaptically. These chimeras assembled into GABAA receptors but did not form
postsynaptic clusters (Christie et al., 2006). Therefore, the intracellular loops of γ2
and δ subunits play important roles in determining the subcellular location of GABAA
receptors. In the thalamus of α1 knockout mice α3 and α4 subunit containing
receptors are up-regulated, but without altering the region-specific expression
pattern. Interestingly, in regions with an up-regulation of the α4 subunit, α4 retained
its extrasynaptic distribution pattern and did not colocalize with gephyrin aggregates
while in regions expressing the α3 subunit postsynaptic gephyrin clusters are formed
and associated with α3 containing GABAA receptors (Kralic et al., 2006), suggesting
that the intracellular loop of the α4 subunit does not contain motifs that are able to
interact with gephyrin. The use of chimeras could therefore also help to find regions
responsible for the interaction with gephyrin or linker proteins.
Another approach would be conceivable by introducing small peptides of the
intracellular loop of different GABAA receptor subunits. These peptides represent a
competing binding site for the proteins that normally bind to the endogenous GABAA
receptor subunit and thereby could disrupt the link to gephyrin. The introduction of
such small peptides could be achieved using HIV TAT-mediated protein transduction.
The 36-amino-acid domain of TAT is able to cross the plasma membrane and
thereby transports the viral proteins across the membrane. Similarly, it can also
transduce chemically cross-linked heterologous proteins into cells (Fawell et al.,
1994; Becker-Hapak et al., 2001).
So far, extrasynaptic GABAA receptors were not detected in association with
gephyrin (Brunig et al., 2002a). However, we cannot exclude that these GABAA
receptors are associated with another isoform of gephyrin that is not recognized by
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the monoclonal antibody we have used (mAb7a). Similar to the regulation of the ratio
of glycine and GABAA receptors during development by different gephyrin isoforms
(Meier and Grantyn, 2004a) the segregation of different types of GABAA receptors
could be regulated by alternative splicing of gephyrin. To address such a possibility,
we are currently generating isoform-specific antibodies, which will allow us to
investigate the distribution and function of these different isoforms in the brain and in
cell culture.
Targeting and postsynaptic clustering of gephyrin and GABAA receptors are also
regulated by presynaptic signals. The appearance of mismatched synaptic clusters
indicates that the signal(s) for clustering are not the same that are responsible for
proper targeting of gephyrin and GABAA receptors to inhibitory synapses. The
identification of a factor that leads to the formation of properly matched GABAergic
synapses will be essential for the understanding of presynaptic regulation of synapse
formation. Cell adhesion molecules represent good candidates for both the unspecific
and the specific signal, as discussed earlier (general introduction, chapter 1.2 and
Study 1, discussion). However, so far no direct link to gephyrin or GABAA receptors
and cell-adhesion molecules has been discovered.
To date, only neuroligin-2 has been demonstrated to be involved mainly in
GABAergic synapse formation. Therefore, this molecule could represent a good
starting point for such investigations. Neuroligin-2 knockout mice do not show an
obvious alteration of GABAergic postsynaptic sites (Brose, 2005). However, they
have shown a reduction of the frequency of spontaneous and miniature
GABA/glycinergic IPSCs in the early postnatal respiratory network (P1-P3),
suggesting a role in regulation of inhibitory synaptic function (Aramuni et al., 2006). In
the near future, we will analyze these mice to investigate synaptogenesis in the
absence of neuroligin-2. If the synaptogenic activity of gephyrin were dependent on
neuroligin-2 we would expect a strong reduction of presynaptic GABAergic terminals
because the retrograde communication from neuroligin-2 to β-neurexins would be
disrupted.
Transfection of the chimera GFP-geph-L2C turned out to be of great interest as it
influenced the number and size of postsynaptic gephyrin clusters. These results
represent strong evidence that synapse formation is regulated by gephyrin clustering,
and that the size of the postsynaptic density depends on aggregation properties of
gephyrin. Most interestingly, the same fraction of clusters formed by the GFPgephyrin-L2C chimera were localized apposed to presynaptic terminals as for fulllength gephyrin, indicating that increasing the number of gephyrin clusters leads to
formation of additional synapses. Preliminary observations in our laboratory reveal
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that in a co-culture system comprised of hippocampal pyramidal cells and striatal
GABAergic cells from GAD67-GFP mice (Tamamaki et al., 2003), GABAergic axons
are targeted towards gephyrin clusters on pyramidal cells, some of which form
mismatched synapses with glutamatergic terminals (Petitjean et al., 2006).
Furthermore, in α1 (-/-) mice, postsynaptic GABAA receptors are essential for the
long-term maintenance of GABAergic synapses formed by stellate cells onto Purkinje
cell dendrites, indicating that also in vivo, postsynaptic specializations are essential
for the stability of some presynaptic terminals (Fritschy et al., 2006). Similarly,
reducing the expression of the γ2 subunit by RNA interference in hippocampal
cultures resulted in a loss of GABAA receptor and gephyrin clusters with a
concomitant reduction of GABAergic innervation (Li et al., 2005). These authors
concluded that GABAA receptors are involved in stabilization of presynaptic
GABAergic contacts. However, it is not known whether the loss of presynaptic
terminals is caused by the reduction of GABAA receptors or by the loss of celladhesion molecules interacting with the gephyrin scaffold, which is disrupted upon
blockade of GABAA receptor expression. An interesting experiment could therefore
be based on the use of Purkinje cell cultures of α1 knockout mice which lack GABAA
receptors completely (Fritschy et al., 2006). We would assume that they show a
strong reduction of gephyrin clusters but large intracellular aggregates. The
expression of the α1 subunit by magnetofection or nucleofection should restore
GABAA receptors in these cells and a possible rescue of gephyrin clustering could be
investigated at different time points. Furthermore, these cultures provide a basis to
investigate formation and stability of presynaptic terminals onto Purkinje cells in
which gephyrin is not clustered at synaptic sites. In addition, it would be of major
interest to identify factors coupled to gephyrin that are involved in these retrograde
signaling processes to better understand how gephyrin mediates synaptogenic
activity across the synaptic cleft.
In future experiments, it should be investigated how the exchanged residues in the
2C chimera influence clustering of gephyrin. The simplest explanation would be that
the two serine residues from the bacterial protein are substrates for protein kinases.
Phosphorylation could mask, for instance, a binding site for a regulatory protein
important for clustering. It was previously shown that activation of protein kinase C
(PKC) facilitated the accumulation of GABAA receptors in embryonic brain slices
(Meier et al., 2003) and in spinal cord neuronal cultures (Meier and Grantyn, 2004b).
Furthermore, in COS-7 cells co-transfected with GFP-gephyrin and DsRed-γ2L
subunit, PKC activation by the phorbolester PDBu (12,13-phorbol dibutyrate) leads to
the recruitment of the GABAA receptor γ2L subunit to intracellular gephyrin (Meier
and Grantyn, 2004b). However, these experiments do not yet answer the question
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whether phosphorylation-induced changes of gephyrin, GABAA receptors or both are
required for their association and recruitment to the plasma membrane. GABAA
receptors can also be differentially modulated by cAMP-dependent protein kinase
(PKA) or the tyrosine kinase Src acting on key residues of the β1-3 and γ2 subunits.
E.g. GABAA receptors containing a β1 subunit are negatively modulated through
phosphorylation by PKA whereas the activity of receptors that contain β3 is enhanced
by PKA activity (for review see Brandon et al., 2002; Kittler and Moss, 2003). Thus,
the effects of phosphorylation are complex and not easy to predict. The activity of
kinases can be blocked or activated by general or specific kinase inhibitors or
activators although such treatments are not unproblematic because they affect all
processes that are regulated by phosphorylation. Nevertheless, such experiments
could provide a first hint whether phosphorylation regulates clustering of the GFPgeph-L2C chimera. It is known that gephyrin can be phosphorylated at multiple sites
(Langosch et al., 1992), but the involved protein kinases and the relevance of these
phosphorylation sites has never been investigated so far. In particular the
experiments of Meier and Grantyn (2004b) implicate phosphorylation in the
postsynaptic clustering of gephyrin and GABAA receptors. It would be important to
learn more about the significance of phosphorylation of gephyrin, especially whether
it influences the interaction with GABAA receptors and/or glycine receptors, its
targeting to postsynaptic sites or intracellular pools and whether it modulates the
stability of postsynaptic clusters. Hypothetically, differential phosphorylation could
possibly also represent a mechanism for the differential interaction of gephyrin with
glycine receptors and GABAA receptors.
To investigate the interaction of GABAA receptors with gephyrin, we have used
several truncated gephyrin constructs and a series of chimeras. The study of GABAA
receptor interaction with truncated gephyrins would be of particular interest in a
gephyrin (-/-) background to avoid association with endogenous gephyrin. Gephyrin
knock out mice die within the first few hours after birth (Feng et al., 1998), and it
would be difficult to obtain cultures from these mice. However, this approach would
enable us to study the potential rescue of gephyrin-GABAA receptor interaction when
endogenous gephyrin is lacking. The generation of a conditional gephyrin knockout
mouse line could allow to investigating synaptogenesis in the presence or absence of
gephyrin at different time points. Experiments in a gephyrin (-/-) background should
yield more direct evidence into the essential domains involved in GABAA receptor
interaction. Most likely, it would be necessary to construct more chimeras as we have
seen that already small deletions result in the loss of the proper secondary structure,
which leads to the lack of clustering. An interesting region for the construction of
other chimeras would certainly be the glycine receptor binding site. The binding
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pocket of the glycine receptor has now been located to both parts of an E-domain
dimer and glycine receptor binding could even promote gephyrin dimerization (Kim et
al., 2006). Whether this could also be the case for GABAA receptors remains to be
determined.
Although we failed to track gephyrin using the FlAsH/ReAsH system in low-density
cultures, GFP-tagging of gephyrin did not interfere with its transport nor with its
clustering. The GFP-tagged full-length gephyrin therefore offers the possibility to
follow gephyrin in living cells with the now available life cell imaging setup. In
combination with differentially tagged GABAA receptors, e.g. RFP-tagged α2
subunits, one could investigate the transport mechanisms of gephyrin and GABAA
receptors. They could be transported separately to the membrane and only come into
close association after insertion of GABAA receptors to synaptic membranes or they
could be transported together to synaptic sites similarly to glycine receptors.
Therefore, such time-lapse experiments would be essential to confirm our hypothesis
that glycine and GABAA receptors are transported differentially to synaptic sites.
The observation of endocytosed GABAA receptors and gephyrin could shed light on
the exact role of gephyrin in cluster stabilization. It is currently unknown whether
gephyrin and GABAA receptors are endocytosed and recycled together or whether
they get first dissociated. Interestingly, van Rijnsoever et al. (2005) found internalized
GABAA receptors within an intracellular pool and in association with gephyrin.
Therefore gephyrin could also stabilize GABAergic synapses by immobilizing GABAA
receptors at such intracellular pools wherefrom receptors could be reinserted to the
synaptic membrane very rapidly. It would be interesting to analyze the exact location
of these intracellular pools with electron microscopy.
All together, the data discussed here strengthens the need to find the linker proteins
coupling gephyrin with GABAA receptors and gephyrin with transsynaptic molecules
providing a link to presynaptic terminals. Understanding these interactions will greatly
improve our knowledge about synaptogenic mechanisms and pre- and postsynaptic
differentiation of GABAergic synapses. With this thesis, I contributed with two main
aspects to these questions: First, clustering of gephyrin and GABAA receptors is
initiated independently of the neurotransmitter signaling but cell-adhesion molecules
seem to be responsible for the formation of properly matched synapses. And second,
although GABAA receptors can form clusters in the absence of gephyrin, gephyrin
regulates the size of postsynaptic terminals and also contributes to retrograde
signaling to the presynaptic terminal, thereby possibly stabilizing GABAergic
synapses. This study reveals a broader function of this scaffolding protein than
expected, namely by acting on the presynaptic terminal as a synaptogenic factor.

115

References

116

References

References
Ackermann M, Matus A (2003) Activity-induced targeting of profilin and stabilization
of dendritic spine morphology. Nat Neurosci 6:1194-1200.
Adams SR, Campbell RE, Gross LA, Martin BR, Walkup GK, Yao Y, Llopis J, Tsien
RY (2002) New biarsenical ligands and tetracysteine motifs for protein labeling in
vitro and in vivo: synthesis and biological applications. J Am Chem Soc 124:60636076.
Ahmari SE, Buchanan J, Smith SJ (2000) Assembly of presynaptic active zones from
cytoplasmic transport packets. Nat Neurosci 3:445-451.
Alldred MJ, Mulder-Rosi J, Lingenfelter SE, Chen G, Luscher B (2005) Distinct γ2
subunit domains mediate clustering and synaptic function of postsynaptic GABAA
receptors and gephyrin. J Neurosci 25:594-603.
Allison DW, Chervin AS, Gelfand VI, Craig AM (2000) Postsynaptic scaffolds of
excitatory and inhibitory synapses in hippocampal neurons: maintenance of core
components independent of actin filaments and microtubules. J Neurosci 20:45454554.
Anderson TR, Shah PA, Benson DL (2004) Maturation of glutamatergic and
GABAergic synapse composition in hippocampal neurons. Neuropharmacology
47:694-705.
Ango F, di Cristo G, Higashiyama H, Bennett V, Wu P, Huang ZJ (2004) Ankyrinbased subcellular gradient of neurofascin, an immunoglobulin family protein, directs
GABAergic innervation at purkinje axon initial segment. Cell 119:257-272.
Aramuni G, Varoqueaux F, Sargsyan V, Brose N, Zhang W (2006) Deletion of
neuroligin-2 gene selectively impairs the inhibitory synaptic transmission in
respiratory network of mouse. FENS Abstr, vol3, A1192.
Archibald K, Perry MJ, Molnar E, Henley JM (1998) Surface expression and
metabolic half-life of AMPA receptors in cultured rat cerebellar granule cells.
Neuropharmacology 37:1345-1353.
Baer K, Essrich C, Balsiger S, Wick MJ, Harris RA, Fritschy JM, Luscher B (2000)
Rescue of γ2 subunit-deficient mice by transgenic overexpression of the GABAA
receptor γ2S or γ2L subunit isoforms. Eur J Neurosci 12:2639-2643.
Bausen M, Fuhrmann JC, Betz H, O'Sullivan G A (2006) The state of the actin
cytoskeleton determines its association with gephyrin: Role of ena/VASP family
members. Mol Cell Neurosci 31:376-386.
Becker-Hapak M, McAllister SS, Dowdy SF (2001) TAT-mediated protein
transduction into mammalian cells. Methods 24:247-256.
Bedford FK, Kittler JT, Jones SC, Sihra TS, Harvey RJ, Moss SJ (1999) GABAA
receptor subunits associate with specific gephyrin isoforms. Soc Neurosci, Abstract
no 68121 25:1712.
117

References
Bedford FK, Kittler JT, Muller E, Thomas P, Uren JM, Merlo D, Wisden W, Triller A,
Smart TG, Moss SJ (2001) GABAA receptor cell surface number and subunit stability
are regulated by the ubiquitin-like protein Plic-1. Nat Neurosci 4:908-916.
Ben-Ari Y (2002) Excitatory actions of GABA during development: the nature of the
nurture. Nat Rev Neurosci 3:728-739.
Benson DL, Watkins FH, Steward O, Banker G (1994) Characterization of GABAergic
neurons in hippocampal cell cultures. J Neurocytol 23:279-295.
Benson DL, Cohen PA (1996) Activity-independent segregation of excitatory and
inhibitory synaptic terminals in cultured hippocampal neurons. J Neurosci 16:64246432.
Benson JA, Low K, Keist R, Mohler H, Rudolph U (1998) Pharmacology of
recombinant γ-aminobutyric acid type A receptors rendered diazepam-insensitive by
point-mutated α-subunits. FEBS Lett 431:400-404.
Berninger B, Marty S, Zafra F, da Penha Berzaghi M, Thoenen H, Lindholm D (1995)
GABAergic stimulation switches from enhancing to repressing BDNF expression in
rat hippocampal neurons during maturation in vitro. Development 121:2327-2335.
Biederer T, Sudhof TC (2001) CASK and protein 4.1 support F-actin nucleation on
neurexins. J Biol Chem 276:47869-47876.
Bolliger MF, Frei K, Winterhalter KH, Gloor SM (2001) Identification of a novel
neuroligin in humans which binds to PSD-95 and has a widespread expression.
Biochem J 356:581-588.
Brandon N, Jovanovic J, Moss S (2002) Multiples roles of protein kinases in the
modulation of γ-aminobutyric acid type A receptor function and cell surface
expression. Pharmacol Ther 94:113-122.
Bresler T, Shapira M, Boeckers T, Dresbach T, Futter M, Garner CC, Rosenblum K,
Gundelfinger ED, Ziv NE (2004) Postsynaptic density assembly is fundamentally
different from presynaptic active zone assembly. J Neurosci 24:1507-1520.
Brewer GJ, Cotman CW (1989) Survival and growth of hippocampal neurons in
defined medium at low density: advantages of a sandwich culture technique or low
oxygen. Brain Res 494:65-74.
Brose N (2005) The role of neuroligins in synaptogenesis and synaptic function.
Abstract, 7th Neurochemistry Winter Conference, Sölden, Austria.
Brunig I, Penschuck S, Berninger B, Benson J, Fritschy JM (2001) BDNF reduces
miniature inhibitory postsynaptic currents by rapid downregulation of GABAA receptor
surface expression. Eur J Neurosci 13:1320-1328.
Brunig I, Scotti E, Sidler C, Fritschy JM (2002a) Intact sorting, targeting, and
clustering of γ-aminobutyric acid A receptor subtypes in hippocampal neurons in vitro.
J Comp Neurol 443:43-55.
Brunig I, Suter A, Knuesel I, Luscher B, Fritschy JM (2002b) GABAergic terminals are
required for postsynaptic clustering of dystrophin but not of GABAA receptors and
gephyrin. J Neurosci 22:4805-4813.

118

References
Charych EI, Yu W, Miralles CP, Serwanski DR, Li X, Rubio M, De Blas AL (2004) The
brefeldin A-inhibited GDP/GTP exchange factor 2, a protein involved in vesicular
trafficking, interacts with the β subunits of the GABAA receptors. J Neurochem
90:173-189.
Chen L, Wang H, Vicini S, Olsen RW (2000a) The γ-aminobutyric acid type A
(GABAA) receptor-associated protein (GABARAP) promotes GABAA receptor
clustering and modulates the channel kinetics. Proc Natl Acad Sci U S A 97:1155711562.
Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki Y, Wenthold RJ, Bredt
DS, Nicoll RA (2000b) Stargazin regulates synaptic targeting of AMPA receptors by
two distinct mechanisms. Nature 408:936-943.
Chen ZW, Chang CS, Leil TA, Olcese R, Olsen RW (2005) GABAA ReceptorAssociated Protein Regulates GABAA Receptor Cell-Surface Number in Xenopus
laevis Oocytes. Mol Pharmacol 68:152-159.
Chi P, Greengard P, Ryan TA (2001) Synapsin dispersion and reclustering during
synaptic activity. Nat Neurosci 4:1187-1193.
Chih B, Engelman H, Scheiffele P (2005) Control of excitatory and inhibitory synapse
formation by neuroligins. Science 307:1324-1328.
Cho KO, Hunt CA, Kennedy MB (1992) The rat brain postsynaptic density fraction
contains a homologue of the Drosophila discs-large tumor suppressor protein.
Neuron 9:929-942.
Christie SB, Miralles CP, De Blas AL (2002) GABAergic innervation organizes
synaptic and extrasynaptic GABAA receptor clustering in cultured hippocampal
neurons. J Neurosci 22:684-697.
Christie SB, Li RW, Miralles CP, Yang BY, De Blas AL (2006) Clustered and nonclustered GABAA receptors in cultured hippocampal neurons. Mol Cell Neurosci 31:114.
Chudotvorova I, Ivanov A, Rama S, Hubner CA, Pellegrino C, Ben-Ari Y, Medina I
(2005) Early expression of KCC2 in rat hippocampal cultures augments expression of
functional GABA synapses. J Physiol 566:671-679.
Colledge M, Snyder EM, Crozier RA, Soderling JA, Jin Y, Langeberg LK, Lu H, Bear
MF, Scott JD (2003) Ubiquitination regulates PSD-95 degradation and AMPA
receptor surface expression. Neuron 40:595-607.
Colquhoun D, Sivilotti LG (2004) Function and structure in glycine receptors and
some of their relatives. Trends Neurosci 27:337-344.
Connolly CN, Krishek BJ, McDonald BJ, Smart TG, Moss SJ (1996) Assembly and
cell surface expression of heteromeric and homomeric γ-aminobutyric acid type A
receptors. J Biol Chem 271:89-96.
Connolly CN, Kittler JT, Thomas P, Uren JM, Brandon NJ, Smart TG, Moss SJ
(1999) Cell surface stability of γ-aminobutyric acid type A receptors. Dependence on
protein kinase C activity and subunit composition. J Biol Chem 274:36565-36572.

119

References
Connolly CN, Wafford KA (2004) The Cys-loop superfamily of ligand-gated ion
channels: the impact of receptor structure on function. Biochem Soc Trans 32:529534.
Coyle JE, Qamar S, Rajashankar KR, Nikolov DB (2002) Structure of GABARAP in
two conformations: implications for GABAA receptor localization and tubulin binding.
Neuron 33:63-74.
Craig AM, Blackstone CD, Huganir RL, Banker G (1994) Selective clustering of
glutamate and γ-aminobutyric acid receptors opposite terminals releasing the
corresponding neurotransmitters. Proc Natl Acad Sci U S A 91:12373-12377.
Craig AM (1998) Activity and synaptic receptor targeting: the long view. Neuron
21:459-462.
Craig AM, Graf ER, Linhoff MW (2006) How to build a central synapse: clues from
cell culture. Trends Neurosci 29:8-20.
Craven SE, El-Husseini AE, Bredt DS (1999) Synaptic targeting of the postsynaptic
density protein PSD-95 mediated by lipid and protein motifs. Neuron 22:497-509.
Crestani F, Lorez M, Baer K, Essrich C, Benke D, Laurent JP, Belzung C, Fritschy
JM, Luscher B, Mohler H (1999) Decreased GABAA receptor clustering results in
enhanced anxiety and a bias for threat cues. Nat Neurosci 2:833-839.
Curtis J, Finkbeiner S (1999) Sending signals from the synapse to the nucleus:
possible roles for CaMK, Ras/ERK, and SAPK pathways in the regulation of synaptic
plasticity and neuronal growth. J Neurosci Res 58:88-95.
Dahan M, Levi S, Luccardini C, Rostaing P, Riveau B, Triller A (2003) Diffusion
dynamics of glycine receptors revealed by single-quantum dot tracking. Science
302:442-445.
Danglot L, Triller A, Bessis A (2003) Association of gephyrin with synaptic and
extrasynaptic GABAA receptors varies during development in cultured hippocampal
neurons. Mol Cell Neurosci 23:264-278.
Davies M (2003) The role of GABAA receptors in mediating the effects of alcohol in
the central nervous system. J Psychiatry Neurosci 28:263-274.
Dean C, Scholl FG, Choih J, DeMaria S, Berger J, Isacoff E, Scheiffele P (2003)
Neurexin mediates the assembly of presynaptic terminals. Nat Neurosci 6:708-716.
Dean C, Dresbach T (2006) Neuroligins and neurexins: linking cell adhesion,
synapse formation and cognitive function. Trends Neurosci 29:21-29.
Dilger JP (2002) The effects of general anaesthetics on ligand-gated ion channels. Br
J Anaesth 89:41-51.
Dresbach T, Neeb A, Meyer G, Gundelfinger ED, Brose N (2004) Synaptic targeting
of neuroligin is independent of neurexin and SAP90/PSD95 binding. Mol Cell
Neurosci 27:227-235.
Duncan JS (1999) Positron emission tomography receptor studies. Adv Neurol
79:893-899.

120

References
Ehlers MD (2003) Activity level controls postsynaptic composition and signaling via
the ubiquitin-proteasome system. Nat Neurosci 6:231-242.
El-Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS (2000) PSD-95
involvement in maturation of excitatory synapses. Science 290:1364-1368.
Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA,
Gage FH (1998) Neurogenesis in the adult human hippocampus. Nat Med 4:13131317.
Essrich C, Lorez M, Benson JA, Fritschy JM, Luscher B (1998) Postsynaptic
clustering of major GABAA receptor subtypes requires the γ2 subunit and gephyrin.
Nat Neurosci 1:563-571.
Everitt AB, Luu T, Cromers B, Tierney ML, Birnir B, Olsen RW, Gage PW (2004)
Conductance of recombinant GABAA channels is increased in cells co-expressing
GABAA receptor-associated protein. J Biol Chem 279:21701-21706.
Fawell S, Seery J, Daikh Y, Moore C, Chen LL, Pepinsky B, Barsoum J (1994) Tatmediated delivery of heterologous proteins into cells. Proc Natl Acad Sci U S A
91:664-668.
Feng G, Tintrup H, Kirsch J, Nichol MC, Kuhse J, Betz H, Sanes JR (1998) Dual
requirement for gephyrin in glycine receptor clustering and molybdoenzyme activity.
Science 282:1321-1324.
Finkel T, Theriot JA, Dise KR, Tomaselli GF, Goldschmidt-Clermont PJ (1994)
Dynamic actin structures stabilized by profilin. Proc Natl Acad Sci U S A 91:15101514.
Fischer F, Kneussel M, Tintrup H, Haverkamp S, Rauen T, Betz H, Wassle H (2000)
Reduced synaptic clustering of GABA and glycine receptors in the retina of the
gephyrin null mutant mouse. J Comp Neurol 427:634-648.
Fletcher TL, Cameron P, De Camilli P, Banker G (1991) The distribution of synapsin-I
and synaptophysin in hippocampal neurons developing in culture. J Neurosci
11:1617-1626.
Fremeau RT, Jr., Kam K, Qureshi T, Johnson J, Copenhagen DR, Storm-Mathisen J,
Chaudhry FA, Nicoll RA, Edwards RH (2004) Vesicular glutamate transporters 1 and
2 target to functionally distinct synaptic release sites. Science 304:1815-1819.
Friedman HV, Bresler T, Garner CC, Ziv NE (2000) Assembly of new individual
excitatory synapses: time course and temporal order of synaptic molecule
recruitment. Neuron 27:57-69.
Fritschy JM, Mohler H (1995) GABAA receptor heterogeneity in the adult rat brain:
differential regional and cellular distribution of seven major subunits. J Comp Neurol
359:154-194.
Fritschy JM, Johnson DK, Mohler H, Rudolph U (1998) Independent assembly and
subcellular targeting of GABAA receptor subtypes demonstrated in mouse
hippocampal and olfactory neurons in vivo. Neurosci Lett 249:99-102.

121

References
Fritschy JM, Brunig I (2003) Formation and plasticity of GABAergic synapses:
physiological mechanisms and pathophysiological implications. Pharmacol Ther
98:299-323.
Fritschy JM, Panzanelli P, Kralic JE, Vogt KE, Sassoe-Pognetto M (2006) Differential
dependence of axo-dendritic and axo-somatic GABAergic synapses on GABAA
receptors containing the α1 subunit in Purkinje cells. J Neurosci 26:3245-3255.
Fuhrmann JC, Kins S, Rostaing P, El Far O, Kirsch J, Sheng M, Triller A, Betz H,
Kneussel M (2002) Gephyrin interacts with dynein light chains 1 and 2, components
of motor protein complexes. J Neurosci 22:5393-5402.
Gaietta G, Deerinck TJ, Adams SR, Bouwer J, Tour O, Laird DW, Sosinsky GE,
Tsien RY, Ellisman MH (2002) Multicolor and electron microscopic imaging of
connexin trafficking. Science 296:503-507.
Gao B, Fritschy JM (1995) Cerebellar granule cells in vitro recapitulate the in vivo
pattern of GABAA receptor subunit expression. Brain Res Dev Brain Res 88:1-16.
Garner CC, Nash J, Huganir RL (2000) PDZ domains in synapse assembly and
signalling. Trends Cell Biol 10:274-280.
Giesemann T, Schwarz G, Nawrotzki R, Berhorster K, Rothkegel M, Schluter K,
Schrader N, Schindelin H, Mendel RR, Kirsch J, Jockusch BM (2003) Complex
formation between the postsynaptic scaffolding protein gephyrin, profilin, and Mena:
a possible link to the microfilament system. J Neurosci 23:8330-8339.
Goda Y, Davis GW (2003) Mechanisms of synapse assembly and disassembly.
Neuron 40:243-264.
Goto H, Terunuma M, Kanematsu T, Misumi Y, Moss SJ, Hirata M (2005) Direct
interaction of N-ethylmaleimide-sensitive factor with GABAA receptor β subunits. Mol
Cell Neurosci 30:197-206.
Graf ER, Zhang X, Jin SX, Linhoff MW, Craig AM (2004) Neurexins induce
differentiation of GABA and glutamate postsynaptic specializations via neuroligins.
Cell 119:1013-1026.
Graf ER, Kang Y, Hauner AM, Craig AM (2006) Structure function and splice site
analysis of the synaptogenic activity of the neurexin-1β LNS domain. J Neurosci
26:4256-4265.
Gray EG (1959a) Electron microscopy of synaptic contacts on dendrite spines of the
cerebral cortex. Nature 183:1592-1593.
Gray EG (1959b) Axo-somatic and axo-dendritic synapses of the cerebral cortex: an
electron microscope study. J Anat 93:420-433.
Griffin BA, Adams SR, Tsien RY (1998) Specific covalent labeling of recombinant
protein molecules inside live cells. Science 281:269-272.
Griffin BA, Adams SR, Jones J, Tsien RY (2000) Fluorescent labeling of recombinant
proteins in living cells with FlAsH. Methods Enzymol 327:565-578.

122

References
Grosskreutz Y, Hermann A, Kins S, Fuhrmann JC, Betz H, Kneussel M (2001)
Identification of a gephyrin-binding motif in the GDP/GTP exchange factor collybistin.
Biol Chem 382:1455-1462.
Hanus C, Vannier C, Triller A (2004) Intracellular association of glycine receptor with
gephyrin increases its plasma membrane accumulation rate. J Neurosci 24:11191128.
Hanus C, Ehrensperger MV, Triller A (2006) Activity-dependent movements of
postsynaptic scaffolds at inhibitory synapses. J Neurosci 26:4586-4595.
Harata N, Ryan TA, Smith SJ, Buchanan J, Tsien RW (2001) Visualizing recycling
synaptic vesicles in hippocampal neurons by FM 1-43 photoconversion. Proc Natl
Acad Sci U S A 98:12748-12753.
Harms KJ, Craig AM (2005) Synapse composition and organization following chronic
activity blockade in cultured hippocampal neurons. J Comp Neurol 490:72-84.
Harvey K, Duguid IC, Alldred MJ, Beatty SE, Ward H, Keep NH, Lingenfelter SE,
Pearce BR, Lundgren J, Owen MJ, Smart TG, Luscher B, Rees MI, Harvey RJ (2004)
The GDP-GTP exchange factor collybistin: an essential determinant of neuronal
gephyrin clustering. J Neurosci 24:5816-5826.
Hata Y, Butz S, Sudhof TC (1996) CASK: a novel dlg/PSD-95 homolog with an Nterminal calmodulin-dependent protein kinase domain identified by interaction with
neurexins. J Neurosci 16:2488-2494.
Heck S, Enz R, Richter-Landsberg C, Blohm DH (1997) Expression and mRNA
splicing of glycine receptor subunits and gephyrin during neuronal differentiation of
P19 cells in vitro, studied by RT-PCR and immunocytochemistry. Brain Res Dev
Brain Res 98:211-220.
Herring D, Huang R, Singh M, Dillon GH, Leidenheimer NJ (2005) PKC modulation of
GABAA receptor endocytosis and function is inhibited by mutation of a dileucine motif
within the receptor β2 subunit. Neuropharmacology 48:181-194.
Ho WH, Wang SM, Yin HS (2001) Regulation of the subcellular distribution and gene
expression of GABAA receptor by microtubules and microfilaments in cultured brain
neurons. J Cell Biochem 83:291-303.
Hoffmann C, Gaietta G, Bunemann M, Adams SR, Oberdorff-Maass S, Behr B,
Vilardaga JP, Tsien RY, Ellisman MH, Lohse MJ (2005) A FlAsH-based FRET
approach to determine G protein-coupled receptor activation in living cells. Nat
Methods 2:171-176.
Honore B, Madsen P, Andersen AH, Leffers H (1993) Cloning and expression of a
novel human profilin variant, profilin II. FEBS Lett 330:151-155.
Ichtchenko K, Nguyen T, Sudhof TC (1996) Structures, alternative splicing, and
neurexin binding of multiple neuroligins. J Biol Chem 271:2676-2682.
Irie M, Hata Y, Takeuchi M, Ichtchenko K, Toyoda A, Hirao K, Takai Y, Rosahl TW,
Sudhof TC (1997) Binding of neuroligins to PSD-95. Science 277:1511-1515.

123

References
Ito T, Suzuki T, Wellman SE, Ho IK (1996) Pharmacology of barbiturate
tolerance/dependence: GABAA receptors and molecular aspects. Life Sci 59:169195.
Jacob TC, Bogdanov YD, Magnus C, Saliba RS, Kittler JT, Haydon PG, Moss SJ
(2005) Gephyrin regulates the cell surface dynamics of synaptic GABAA receptors. J
Neurosci 25:10469-10478.
Johnson JL, Waud WR, Rajagopalan KV, Duran M, Beemer FA, Wadman SK (1980)
Inborn errors of molybdenum metabolism: combined deficiencies of sulfite oxidase
and xanthine dehydrogenase in a patient lacking the molybdenum cofactor. Proc Natl
Acad Sci U S A 77:3715-3719.
Ju W, Morishita W, Tsui J, Gaietta G, Deerinck TJ, Adams SR, Garner CC, Tsien RY,
Ellisman MH, Malenka RC (2004) Activity-dependent regulation of dendritic synthesis
and trafficking of AMPA receptors. Nat Neurosci 7:244-253.
Kannenberg K, Baur R, Sigel E (1997) Proteins associated with α1-subunitcontaining GABAA receptors from bovine brain. J Neurochem 68:1352-1360.
Kavran JM, Klein DE, Lee A, Falasca M, Isakoff SJ, Skolnik EY, Lemmon MA (1998)
Specificity and promiscuity in phosphoinositide binding by pleckstrin homology
domains. J Biol Chem 273:30497-30508.
Keller CA, Yuan X, Panzanelli P, Martin ML, Alldred M, Sassoe-Pognetto M, Luscher
B (2004) The γ2 subunit of GABAA receptors is a substrate for palmitoylation by
GODZ. J Neurosci 24:5881-5891.
Kennedy MB (1997) The postsynaptic density at glutamatergic synapses. Trends
Neurosci 20:264-268.
Kim E, Sheng M (2004) PDZ domain proteins of synapses. Nat Rev Neurosci 5:771781.
Kim EY, Schrader N, Smolinsky B, Bedet C, Vannier C, Schwarz G, Schindelin H
(2006) Deciphering the structural framework of glycine receptor anchoring by
gephyrin. Embo J 25:1385-1395.
King SM (2000) The dynein microtubule motor. Biochim Biophys Acta 1496:60-75.
Kins S, Betz H, Kirsch J (2000) Collybistin, a newly identified brain-specific GEF,
induces submembrane clustering of gephyrin. Nat Neurosci 3:22-29.
Kirsch J, Langosch D, Prior P, Littauer UZ, Schmitt B, Betz H (1991) The 93-kDa
glycine receptor-associated protein binds to tubulin. J Biol Chem 266:22242-22245.
Kirsch J, Wolters I, Triller A, Betz H (1993) Gephyrin antisense oligonucleotides
prevent glycine receptor clustering in spinal neurons. Nature 366:745-748.
Kirsch J, Betz H (1995) The postsynaptic localization of the glycine receptorassociated protein gephyrin is regulated by the cytoskeleton. J Neurosci 15:41484156.
Kirsch J, Kuhse J, Betz H (1995) Targeting of glycine receptor subunits to gephyrinrich domains in transfected human embryonic kidney cells. Mol Cell Neurosci 6:450461.

124

References
Kirsch J, Betz H (1998) Glycine-receptor activation is required for receptor clustering
in spinal neurons. Nature 392:717-720.
Kittler JT, Delmas P, Jovanovic JN, Brown DA, Smart TG, Moss SJ (2000a)
Constitutive endocytosis of GABAA receptors by an association with the adaptin AP2
complex modulates inhibitory synaptic currents in hippocampal neurons. J Neurosci
20:7972-7977.
Kittler JT, Wang J, Connolly CN, Vicini S, Smart TG, Moss SJ (2000b). Analysis of
GABAA receptor assembly in mammalian cell lines and hippocampal neurons using
γ2 subunit green fluorescent protein chimeras. Mol Cell Neurosci 16:440-452.
Kittler JT, Moss SJ (2001) Neurotransmitter receptor trafficking and the regulation of
synaptic strength. Traffic 2:437-448.
Kittler JT, Rostaing P, Schiavo G, Fritschy JM, Olsen R, Triller A, Moss SJ (2001)
The subcellular distribution of GABARAP and its ability to interact with NSF suggest a
role for this protein in the intracellular transport of GABAA receptors. Mol Cell
Neurosci 18:13-25.
Kittler JT, McAinsh K, Moss SJ (2002) Mechanisms of GABAA receptor assembly and
trafficking: implications for the modulation of inhibitory neurotransmission. Mol
Neurobiol 26:251-268.
Kittler JT, Moss SJ (2003) Modulation of GABAA receptor activity by phosphorylation
and receptor trafficking: implications for the efficacy of synaptic inhibition. Curr Opin
Neurobiol 13:341-347.
Kittler JT, Thomas P, Tretter V, Bogdanov YD, Haucke V, Smart TG, Moss SJ (2004)
Huntingtin-associated protein 1 regulates inhibitory synaptic transmission by
modulating γ-aminobutyric acid type A receptor membrane trafficking. Proc Natl Acad
Sci U S A.
Kittler JT, Chen G, Honing S, Bogdanov Y, McAinsh K, Arancibia-Carcamo IL,
Jovanovic JN, Pangalos MN, Haucke V, Yan Z, Moss SJ (2005) Phospho-dependent
binding of the clathrin AP2 adaptor complex to GABAA receptors regulates the
efficacy of inhibitory synaptic transmission. Proc Natl Acad Sci U S A 102:1487114876.
Kleijnen MF, Shih AH, Zhou P, Kumar S, Soccio RE, Kedersha NL, Gill G, Howley
PM (2000) The hPLIC proteins may provide a link between the ubiquitination
machinery and the proteasome. Mol Cell 6:409-419.
Kneussel M, Hermann A, Kirsch J, Betz H (1999a) Hydrophobic interactions mediate
binding of the glycine receptor β-subunit to gephyrin. J Neurochem 72:1323-1326.
Kneussel M, Brandstatter JH, Laube B, Stahl S, Muller U, Betz H (1999b) Loss of
postsynaptic GABAA receptor clustering in gephyrin-deficient mice. J Neurosci
19:9289-9297.
Kneussel M, Betz H (2000) Clustering of inhibitory neurotransmitter receptors at
developing postsynaptic sites: the membrane activation model. Trends Neurosci
23:429-435.

125

References
Kneussel M, Haverkamp S, Fuhrmann JC, Wang H, Wassle H, Olsen RW, Betz H
(2000) The γ-aminobutyric acid type A receptor (GABAAR)-associated protein
GABARAP interacts with gephyrin but is not involved in receptor anchoring at the
synapse. Proc Natl Acad Sci U S A 97:8594-8599.
Kneussel M, Brandstatter JH, Gasnier B, Feng G, Sanes JR, Betz H (2001a)
Gephyrin-independent clustering of postsynaptic GABAA receptor subtypes. Mol Cell
Neurosci 17:973-982.
Kneussel M, Engelkamp D, Betz H (2001b) Distribution of transcripts for the brainspecific GDP/GTP exchange factor collybistin in the developing mouse brain. Eur J
Neurosci 13:487-492.
Knott GW, Quairiaux C, Genoud C, Welker E (2002) Formation of dendritic spines
with GABAergic synapses induced by whisker stimulation in adult mice. Neuron
34:265-273.
Kralic JE, Korpi ER, O'Buckley TK, Homanics GE, Morrow AL (2002) Molecular and
pharmacological characterization of GABAA receptor α1 subunit knockout mice. J
Pharmacol Exp Ther 302:1037-1045.
Kralic JE, Sidler C, Parpan F, Homanics GE, Morrow AL, Fritschy JM (2006)
Compensatory alteration of inhibitory synaptic circuits in cerebellum and thalamus of
γ-aminobutyric acid type A receptor α1 subunit knockout mice. J Comp Neurol
495:408-421.
Krause M, Dent EW, Bear JE, Loureiro JJ, Gertler FB (2003) Ena/VASP proteins:
regulators of the actin cytoskeleton and cell migration. Annu Rev Cell Dev Biol
19:541-564.
Kunig G, Leenders KL, Sanchez-Pernaute R, Antonini A, Vontobel P, Verhagen A,
Gunther I (2000) Benzodiazepine receptor binding in Huntington's disease:
[11C]flumazenil uptake measured using positron emission tomography. Ann Neurol
47:644-648.
Langosch D, Hoch W, Betz H (1992) The 93 kDa protein gephyrin and tubulin
associated with the inhibitory glycine receptor are phosphorylated by an endogenous
protein kinase. FEBS Lett 298:113-117.
Lee CH, Herman T, Clandinin TR, Lee R, Zipursky SL (2001) N-cadherin regulates
target specificity in the Drosophila visual system. Neuron 30:437-450.
Leil TA, Chen ZW, Chang CS, Olsen RW (2004) GABAA receptor-associated protein
traffics GABAA receptors to the plasma membrane in neurons. J Neurosci 24:1142911438.
Lemmon MA, Ferguson KM, Schlessinger J (1996) PH domains: diverse sequences
with a common fold recruit signaling molecules to the cell surface. Cell 85:621-624.
Levi S, Vannier C, Triller A (1998) Strychnine-sensitive stabilization of postsynaptic
glycine receptor clusters. J Cell Sci 111:335-345.
Levi S, Logan SM, Tovar KR, Craig AM (2004) Gephyrin is critical for glycine receptor
clustering but not for the formation of functional GABAergic synapses in hippocampal
neurons. J Neurosci 24:207-217.

126

References
Levinson JN, Chery N, Huang K, Wong TP, Gerrow K, Kang R, Prange O, Wang YT,
El-Husseini A (2005) Neuroligins mediate excitatory and inhibitory synapse
formation: involvement of PSD-95 and neurexin-1β in neuroligin-induced synaptic
specificity. J Biol Chem 280:17312-17319.
Levinson JN, El-Husseini A (2005) Building excitatory and inhibitory synapses:
balancing neuroligin partnerships. Neuron 48:171-174.
Lewis DA (2000) GABAergic local circuit neurons and prefrontal cortical dysfunction
in schizophrenia. Brain Res Brain Res Rev 31:270-276.
Li RW, Yu W, Christie S, Miralles CP, Bai J, Loturco JJ, De Blas AL (2005) Disruption
of postsynaptic GABAA receptor clusters leads to decreased GABAergic innervation
of pyramidal neurons. J Neurochem 95:756-770.
Liu MT, Wuebbens MM, Rajagopalan KV, Schindelin H (2000) Crystal structure of the
gephyrin-related molybdenum cofactor biosynthesis protein MogA from Escherichia
coli. J Biol Chem 275:1814-1822.
Luscher B, Fritschy JM (2001) Subcellular localization and regulation of GABAA
receptors and associated proteins. Int Rev Neurobiol 48:31-64.
Maas C, Tagnaouti N, Loebrich S, Behrend B, Lappe-Siefke C, Kneussel M (2006)
Neuronal cotransport of glycine receptor and the scaffold protein gephyrin. J Cell Biol
172:441-451.
Mackay DJ, Hall A (1998) Rho GTPases. J Biol Chem 273:20685-20688.
Malenka RC, Nicoll RA (1999) Long-term potentiation – a decade of progress?
Science 285:1870-1874.
Malizia AL (1999) What do brain imaging studies tell us about anxiety disorders? J
Psychopharmacol 13:372-378.
Mammoto A, Sasaki T, Asakura T, Hotta I, Imamura H, Takahashi K, Matsuura Y,
Shirao T, Takai Y (1998) Interactions of drebrin and gephyrin with profilin. Biochem
Biophys Res Commun 243:86-89.
Mansuy V, Boireau W, Fraichard A, Schlick JL, Jouvenot M, Delage-Mourroux R
(2004) GEC1, a protein related to GABARAP, interacts with tubulin and GABAA
receptor. Biochem Biophys Res Commun 325:639-648.
Marty S, Wehrle R, Fritschy JM, Sotelo C (2004) Quantitative effects produced by
modifications of neuronal activity on the size of GABAA receptor clusters in
hippocampal slice cultures. Eur J Neurosci 20:427-440.
Mayer ML, Armstrong N (2004) Structure and function of glutamate receptor ion
channels. Annu Rev Physiol 66:161-181.
Meier J, De Chaldee M, Triller A, Vannier C (2000a) Functional heterogeneity of
gephyrins. Mol Cell Neurosci 16:566-577.
Meier J, Meunier-Durmort C, Forest C, Triller A, Vannier C (2000b) Formation of
glycine receptor clusters and their accumulation at synapses. J Cell Science
113:2783-2795.

127

References
Meier J, Vannier C, Serge A, Triller A, Choquet D (2001) Fast and reversible trapping
of surface glycine receptors by gephyrin. Nat Neurosci 4:253-260.
Meier J, Akyeli J, Kirischuk S, Grantyn R (2003) GABAA receptor activity and PKC
control inhibitory synaptogenesis in CNS tissue slices. Mol Cell Neurosci 23:600-613.
Meier J, Grantyn R (2004a) A gephyrin-related mechanism restraining glycine
receptor anchoring at GABAergic synapses. J Neurosci 24:1398-1405.
Meier J, Grantyn R (2004b) Preferential accumulation of GABAA receptor γ2L, not
γ2S cytoplasmic loops at rat spinal cord inhibitory synapses. J Physiol 559:355-365.
Meyer G, Kirsch J, Betz H, Langosch D (1995) Identification of a gephyrin binding
motif on the glycine receptor β subunit. Neuron 15:563-572.
Missler M, Fernandez-Chacon R, Sudhof TC (1998) The making of neurexins. J
Neurochem 71:1339-1347.
Missler M, Sudhof TC (1998) Neurexins: three genes and 1001 products. Trends
Genet 14:20-26.
Mohler H, Fritschy JM, Rudolph U (2002) A new benzodiazepine pharmacology. J
Pharmacol Exp Ther 300:2-8.
Morrow AL, VanDoren MJ, Penland SN, Matthews DB (2001) The role of GABAergic
neuroactive steroids in ethanol action, tolerance and dependence. Brain Res Brain
Res Rev 37:98-109.
Moss SJ, Doherty CA, Huganir RL (1992) Identification of the cAMP-dependent
protein kinase and protein kinase C phosphorylation sites within the major
intracellular domains of the β1, γ2S, and γ2L subunits of the γ-aminobutyric acid type
A receptor. J Biol Chem 267:14470-14476.
Nam CI, Chen L (2005) Postsynaptic assembly induced by neurexin-neuroligin
interaction and neurotransmitter. Proc Natl Acad Sci U S A 102:6137-6142.
Neuhoff H, Sassoe-Pognetto M, Panzanelli P, Maas C, Witke W, Kneussel M (2005)
The actin-binding protein profilin I is localized at synaptic sites in an activity-regulated
manner. Eur J Neurosci 21:15-25.
Nicoll RA, Schmitz D (2005) Synaptic plasticity at hippocampal mossy fibre
synapses. Nat Rev Neurosci 6:863-876.
Nourry C, Grant SG, Borg JP (2003) PDZ domain proteins: plug and play! Sci STKE
2003:RE7.
Nusser Z, Sieghart W, Benke D, Fritschy JM, Somogyi P (1996) Differential synaptic
localization of two major γ-aminobutyric acid type A receptor α subunits on
hippocampal pyramidal cells. Proc Natl Acad Sci U S A 93:11939-11944.
Nusser Z, Sieghart W, Somogyi P (1998) Segregation of different GABAA receptors
to synaptic and extrasynaptic membranes of cerebellar granule cells. J Neurosci
18:1693-1703.

128

References
Nymann-Andersen J, Sawyer GW, Olsen RW (2002a) Interaction between GABAA
receptor subunit intracellular loops: implications for higher order complex formation. J
Neurochem 83:1164-1171.
Nymann-Andersen J, Wang H, Chen L, Kittler JT, Moss SJ, Olsen RW (2002b)
Subunit specificity and interaction domain between GABAA receptor-associated
protein (GABARAP) and GABAA receptors. J Neurochem 80:815-823.
Okabe S, Miwa A, Okado H (2001) Spine formation and correlated assembly of
presynaptic and postsynaptic molecules. J Neurosci 21:6105-6114.
Olsen RW, DeLorey TM, Gordey M, Kang MH (1999) GABA receptor function and
epilepsy. Adv Neurol 79:499-510.
O'Sullivan GA, Kneussel M, Elazar Z, Betz H (2005) GABARAP is not essential for
GABA receptor targeting to the synapse. Eur J Neurosci 22:2644-2648.
Palay SL (1956a) Structure and function in the neuron. Prog Neurol Psychiatry 1:6482.
Palay SL (1956b) Synapses in the central nervous system. J Biophys Biochem Cytol
2:193-202.
Panzanelli P, Perazzini AZ, Fritschy JM, Sassoe-Pognetto M (2005) Heterogeneity of
γ-aminobutyric acid type A receptors in mitral and tufted cells of the rat main olfactory
bulb. J Comp Neurol 484:121-131.
Passafaro M, Sheng M (1999) Synaptogenesis: The MAP location of GABA
receptors. Current Biology 9:261-263.
Petitjean CM, Sidler C, Fritschy JM (2006) Postsynaptic mechanisms influence the
formation of GABAergic synapses in a striato-hippocampal co-culture system. FENS
Abstr, vol3, A22110.
Petrini EM, Zacchi P, Barberis A, Mozrzymas JW, Cherubini E (2003)
Declusterization of GABAA receptors affects the kinetic properties of GABAergic
currents in cultured hippocampal neurons. J Biol Chem 278:16271-16279.
Pfeiffer F, Graham D, Betz H (1982) Purification by affinity chromatography of the
glycine receptor of rat spinal cord. J Biol Chem 257:9389-9393.
Plachez C, Richards LJ (2005) Mechanisms of axon guidance in the developing
nervous system. Curr Top Dev Biol 69:267-346.
Plank C, Schillinger U, Scherer F, Bergemann C, Remy JS, Krotz F, Anton M,
Lausier J, Rosenecker J (2003) The magnetofection method: using magnetic force to
enhance gene delivery. Biol Chem 384:737-747.
Prange O, Wong TP, Gerrow K, Wang YT, El-Husseini A (2004) A balance between
excitatory and inhibitory synapses is controlled by PSD-95 and neuroligin. Proc Natl
Acad Sci U S A 101:13915-13920.
Prior P, Schmitt B, Grenningloh G, Pribilla I, Multhaup G, Beyreuther K, Maulet Y,
Werner P, Langosch D, Kirsch J (1992) Primary structure and alternative splice
variants of gephyrin, a putative glycine receptor-tubulin linker protein. Neuron 8:11611170.

129

References
Ramming M, Kins S, Werner N, Hermann A, Betz H, Kirsch J (2000) Diversity and
phylogeny of gephyrin: tissue-specific splice variants, gene structure, and sequence
similarities to molybdenum cofactor-synthesizing and cytoskeleton-associated
proteins. Proc Natl Acad Sci U S A 97:10266-10271.
Rao A, Cha EM, Craig AM (2000) Mismatched appositions of presynaptic and
postsynaptic components in isolated hippocampal neurons. J Neurosci 20:83448353.
Rathenberg J, Kittler JT, Moss SJ (2004) Palmitoylation regulates the clustering and
cell surface stability of GABAA receptors. Mol Cell Neurosci 26:251-257.
Rees MI, Harvey K, Ward H, White JH, Evans L, Duguid IC, Hsu CC, Coleman SL,
Miller J, Baer K, Waldvogel HJ, Gibbon F, Smart TG, Owen MJ, Harvey RJ, Snell RG
(2003) Isoform heterogeneity of the human gephyrin gene (GPHN), binding domains
to the glycine receptor, and mutation analysis in hyperekplexia. J Biol Chem
278:24688-24696.
Reichling DB, Kyrozis A, Wang J, MacDermott AB (1994) Mechanisms of GABA and
glycine depolarization-induced calcium transients in rat dorsal horn neurons. J
Physiol 476:411-421.
Roche KW, Standley S, McCallum J, Dune Ly C, Ehlers MD, Wenthold RJ (2001)
Molecular determinants of NMDA receptor internalization. Nat Neurosci 4:794-802.
Rudner L, Nydegger S, Coren LV, Nagashima K, Thali M, Ott DE (2005) Dynamic
fluorescent imaging of human immunodeficiency virus type 1 gag in live cells by
biarsenical labeling. J Virol 79:4055-4065.
Sabatini DM, Barrow RK, Blackshaw S, Burnett PE, Lai MM, Field ME, Bahr BA,
Kirsch J, Betz H, Snyder SH (1999) Interaction of RAFT1 with gephyrin required for
rapamycin-sensitive signaling. Science 284:1161-1164.
Sagiv Y, Legesse-Miller A, Porat A, Elazar Z (2000) GATE-16, a membrane transport
modulator, interacts with NSF and the Golgi v-SNARE GOS-28. Embo J 19:14941504.
Sanes JR, Lichtman JW (1999) Development of the vertebrate neuromuscular
junction. Annu Rev Neurosci 22:389-442.
Sankaranarayanan S, Atluri PP, Ryan TA (2003) Actin has a molecular scaffolding,
not propulsive, role in presynaptic function. Nat Neurosci 6:127-135.
Sara Y, Biederer T, Atasoy D, Chubykin A, Mozhayeva MG, Sudhof TC, Kavalali ET
(2005) Selective capability of SynCAM and neuroligin for functional synapse
assembly. J Neurosci 25:260-270.
Saras J, Heldin CH (1996) PDZ domains bind carboxy-terminal sequences of target
proteins. Trends Biochem Sci 21:455-458.
Sassoe-Pognetto M, Kirsch J, Grunert U, Greferath U, Fritschy JM, Mohler H, Betz H,
Wassle H (1995) Colocalization of gephyrin and GABAA-receptor subunits in the rat
retina. J Comp Neurol 357:1-14.

130

References
Sassoe-Pognetto M, Panzanelli P, Sieghart W, Fritschy JM (2000) Colocalization of
multiple GABAA receptor subtypes with gephyrin at postsynaptic sites. J Comp
Neurol 420:481-498.
Scheiffele P, Fan J, Choih J, Fetter R, Serafini T (2000) Neuroligin expressed in
nonneuronal cells triggers presynaptic development in contacting axons. Cell
101:657-669.
Scheiffele P (2003) Cell-cell signaling during synapse formation in the CNS. Annu
Rev Neurosci 26:485-508.
Schluter K, Jockusch BM, Rothkegel M (1997) Profilins as regulators of actin
dynamics. Biochim Biophys Acta 1359:97-109.
Schnell E, Sizemore M, Karimzadegan S, Chen L, Bredt DS, Nicoll RA (2002) Direct
interactions between PSD-95 and stargazin control synaptic AMPA receptor number.
Proc Natl Acad Sci U S A 99:13902-13907.
Schrader N, Kim EY, Winking J, Paulukat J, Schindelin H, Schwarz G (2004)
Biochemical characterization of the high affinity binding between glycine receptor ad
gepyhrin. J Biol Chem 279:18733-187411.
Schwarz G, Schrader N, Mendel RR, Hecht HJ, Schindelin H (2001) Crystal
structures of human gephyrin and plant Cnx1 G domains: comparative analysis and
functional implications. J Mol Biol 312:405-418.
Schwarz G (2005) Molybdenum cofactor biosynthesis and deficiency. Cell Mol Life
Sci 62:2792-2810.
Schweizer C, Balsiger S, Bluethmann H, Mansuy IM, Fritschy JM, Mohler H, Luscher
B (2003) The γ2 subunit of GABAA receptors is required for maintenance of receptors
at mature synapses. Mol Cell Neurosci 24:442-450.
Scotti AL, Reuter H (2001) Synaptic and extrasynaptic γ-aminobutyric acid type A
receptor clusters in rat hippocampal cultures during development. Proc Natl Acad Sci
U S A 98:3489-3494.
Sechi AS, Wehland J (2004) ENA/VASP proteins: multifunctional regulators of actin
cytoskeleton dynamics. Front Biosci 9:1294-1310.
Sheng M, Kim MJ (2002) Postsynaptic signaling and plasticity mechanisms. Science
298:776-780.
Sola M, Kneussel M, Heck IS, Betz H, Weissenhorn W (2001) X-ray crystal structure
of the trimeric N-terminal domain of gephyrin. J Biol Chem 276:25294-25301.
Sola M, Bavro VN, Timmins J, Franz T, Ricard-Blum S, Schoehn G, Ruigrok RWH,
Paarmann I, Saiyed T, O'Sullivan GA, Schmitt B, Betz H, Weissenhorn W (2004)
Structural basis of dynamic glycine receptor clustering by gephyrin. eMBO Journal
23:2510-2519.
Sommer B, Kohler M, Sprengel R, Seeburg PH (1991) RNA editing in brain controls a
determinant of ion flow in glutamate-gated channels. Cell 67:11-19.
Somogyi P, Tamas G, Lujan R, Buhl EH (1998) Salient features of synaptic
organisation in the cerebral cortex. Brain Res Brain Res Rev 26:113-135.

131

References
Song JY, Ichtchenko K, Sudhof TC, Brose N (1999) Neuroligin-1 is a postsynaptic
cell-adhesion molecule of excitatory synapses. Proc Natl Acad Sci U S A 96:11001105.
Sperk G, Furtinger S, Schwarzer C, Pirker S (2004) GABA and its receptors in
epilepsy. Adv Exp Med Biol 548:92-103.
Stallmeyer B, Schwarz G, Schulze J, Nerlich A, Reiss J, Kirsch J, Mendel RR (1999)
The neurotransmitter receptor-anchoring protein gephyrin reconstitutes molybdenum
cofactor biosynthesis in bacteria, plants, and mammalian cells. Proc Natl Acad Sci U
S A 96:1333-1338.
Standley S, Roche KW, McCallum J, Sans N, Wenthold RJ (2000) PDZ domain
suppression of an ER retention signal in NMDA receptor NR1 splice variants. Neuron
28:887-898.
Studer R, von Boehmer L, Haenggi T, Schweizer C, Rudolph U, Fritschy JM (2005)
Alteration of GABAergic synapses in the thalamic reticular nucleus of mice lacking
the GABAA receptor α3 subunit. Abstract P238, Swiss Society for Neuroscience,
annual Meeting, Zurich.
Studler B, Fritschy JM, Brunig I (2002) GABAergic and glutamatergic terminals
differentially influence the organization of GABAergic synapses in rat cerebellar
granule cells in vitro. Neuroscience 144:123-133.
Studler B, Sidler C, Fritschy JM (2005) Differential regulation of GABAA receptor and
gephyrin postsynaptic clustering in immature hippocampal neuronal cultures. J Comp
Neurol 484:344-355.
Tamamaki N, Yanagawa Y, Tomioka R, Miyazaki J, Obata K, Kaneko T (2003) Green
fluorescent protein expression and colocalization with calretinin, parvalbumin, and
somatostatin in the GAD67-GFP knock-in mouse. J Comp Neurol 467:60-79.
Tehrani MH, Barnes EM, Jr. (1993) Identification of GABAA/benzodiazepine
receptors on clathrin-coated vesicles from rat brain. J Neurochem 60:1755-1761.
Thomas P, Mortensen M, Hosie AM, Smart TG (2005) Dynamic mobility of functional
GABAA receptors at inhibitory synapses. Nat Neurosci 8:889-897.
Topinka JR, Bredt DS (1998) N-terminal palmitoylation of PSD-95 regulates
association with cell membranes and interaction with K+ channel Kv1.4. Neuron
20:125-134.
Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E, Svoboda K
(2002) Long-term in vivo imaging of experience-dependent synaptic plasticity in adult
cortex. Nature 420:788-794.
Tretter V, Ehya N, Fuchs K, Sieghart W (1997) Stoichiometry and assembly of a
recombinant GABAA receptor subtype. J Neurosci 17:2728-2737.
Triller A, Cluzeaud F, Pfeiffer F, Betz H, Korn H (1985) Distribution of glycine
receptors at central synapses: an immunoelectron microscopy study. J Cell Biol
101:683-688.
Triller A, Choquet D (2005) Surface trafficking of receptors between synaptic and
extrasynaptic membranes: and yet they do move! Trends Neurosci 28:133-139.
132

References
Tyzio R, Represa A, Jorquera I, Ben-Ari Y, Gozlan H, Aniksztejn L (1999) The
establishment of GABAergic and glutamatergic synapses on CA1 pyramidal neurons
is sequential and correlates with the development of the apical dendrite. J Neurosci
19:10372-10382.
Vallee RB, Williams JC, Varma D, Barnhart LE (2004) Dynein: An ancient motor
protein involved in multiple modes of transport. J Neurobiol 58:189-200.
van Rijnsoever C, Sidler C, Fritschy JM (2005) Internalized GABA receptor subunits
are transferred to an intracellular pool associated with the postsynaptic density. Eur J
Neurosci 21:327-338.
van Zundert B, Alvarez FJ, Yevenes GE, Carcamo JG, Vera JC, Aguayo LG (2002)
Glycine receptors involved in synaptic transmission are selectively regulated by the
cytoskeleton in mouse spinal neurons. J Neurophysiol 87:640-644.
van Zundert B, Castro P, Aguayo LG (2005) Glycinergic and GABAergic synaptic
transmission are differentially affected by gephyrin in spinal neurons. Brain Res
1050:40-47.
Vandenberghe W, Nicoll RA, Bredt DS (2005) Interaction with the unfolded protein
response reveals a role for stargazin in biosynthetic AMPA receptor transport. J
Neurosci 25:1095-1102.
Varoqueaux F, Jamain S, Brose N (2004) Neuroligin 2 is exclusively localized to
inhibitory synapses. Eur J Cell Biol 83:449-456.
Vernier-Magnin S, Nemos C, Mansuy V, Tolle F, Guichard L, Delage-Mourroux R,
Jouvenot M, Fraichard A (2005) Analysis of the guinea-pig estrogen-regulated
gec1/GABARAPL1 gene promoter and identification of a functional ERE in the first
exon. Biochim Biophys Acta 1731:23-31.
Wadman SK, Duran M, Beemer FA, Cats BP, Johnson JL, Rajagopalan KV,
Saudubray JM, Ogier H, Charpentier C, Berger R, et al. (1983) Absence of hepatic
molybdenum cofactor: an inborn error of metabolism leading to a combined
deficiency of sulphite oxidase and xanthine dehydrogenase. J Inherit Metab Dis 6
Suppl 1:78-83.
Waites CL, Craig AM, Garner CC (2005) Mechanisms of vertebrate synaptogenesis.
Annu Rev Neurosci 28:251-274.
Wan Q, Xiong ZG, Man HY, Ackerley CA, Braunton J, Lu WY, Becker LE,
MacDonald JF, Wang YT (1997) Recruitment of functional GABAA receptors to
postsynaptic domains by insulin. Nature 388:686-690.
Wang H, Bedford FK, Brandon NJ, Moss SJ, Olsen RW (1999) GABAA-receptorassociated protein links GABAA receptors and the cytoskeleton. Nature 397:69-72.
Wang H, Olsen RW (2000) Binding of the GABAA receptor-associated protein
(GABARAP) to microtubules and microfilaments suggests involvement of the
cytoskeleton in GABARAP-GABAA receptor interaction. J Neurochem 75:644-655.
Wang J, Reichling DB, Kyrozis A, MacDermott AB (1994) Developmental loss of
GABA- and glycine-induced depolarization and Ca2+ transients in embryonic rat
dorsal horn neurons in culture. Eur J Neurosci 6:1275-1280.

133

References
Washbourne P, Dityatev A, Scheiffele P, Biederer T, Weiner JA, Christopherson KS,
El-Husseini A (2004) Cell adhesion molecules in synapse formation. J Neurosci
24:9244-9249.
Whiting P, McKernan RM, Iversen LL (1990) Another mechanism for creating
diversity in γ-aminobutyrate type A receptors: RNA splicing directs expression of two
forms of γ2 phosphorylation site. Proc Natl Acad Sci U S A 87:9966-9970.
Witke W, Sutherland JD, Sharpe A, Arai M, Kwiatkowski DJ (2001) Profilin I is
essential for cell survival and cell division in early mouse development. Proc Natl
Acad Sci U S A 98:3832-3836.
Xiang S, Nichols J, Rajagopalan KV, Schindelin H (2001) The crystal structure of
Escherichia coli MoeA and its relationship to the multifunctional protein gephyrin.
Structure 9:299-310.
Xin Y, Yu L, Chen Z, Zheng L, Fu Q, Jiang J, Zhang P, Gong R, Zhao S (2001)
Cloning, expression patterns, and chromosome localization of three human and two
mouse homologues of GABAA receptor-associated protein. Genomics 74:408-413.
Yamagata M, Sanes JR, Weiner JA (2003) Synaptic adhesion molecules. Curr Opin
Cell Biol 15:621-632.

134

Abbreviations

Abbreviations
ABP
AchE
AMPA
BDNF
BES buffer
BIG2
CASK
Cdc42
COS-1/-7 cells
Cy3
Cy5
DIV
Dlc
DMEM
DMSO
DNQX
DsRed
E
E. coli
EDT2
eGFP
FKBP12
FlAsH
FRAP
GABAA receptor
GABARAP
GABARAPL1/2
GAD
GATE16
gec1
GEFs
geph
GFAP
GFP
GFP-geph-E

AMPA receptor binding protein
Acetylcholine esterase
α-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid
brain derived neurotrophic factor
N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid buffer
Brefeldin A-inhibited GDP/GTP exchange factor 2
Ca2+/calmodulin-dependent serine protein kinase
cell division cycle 42 (GTP binding protein, 25kDa)
fibroblast-like cells from kidney of african green monkey
Indocarbocyanine (absorption peak at 550nm, emission peak
at 570 nm)
Indodicarbocyanine (absorption peak at 650nm, emission
peak at 670 nm)
days in vitro
dynein light chain
Dulbecco’s modified eagle medium
dimethyl sulfoxide
6,7-Dinitroquinoxaline-2,3-dione, competitive non-NMDA
receptor antagonists
red fluorescent protein from Discosoma sp. reef coral
embryonic day
Escherichia coli
ethandithiol
enhanced green fluorescent protein
FK506-binding protein, receptor of rapamycin
fluorescein arsenical helix binder
FKBP-rapamycin-associated protein
γ-aminobutyric acid type A receptor
GABAA receptor associated protein
GABARAP-like protein 1 or 2
glutamic acid decarboxylase
Golgi-associated ATPase enhancer of 16 kDa
guinea-pig estrogen-regulated protein 1
GDP/GTP exchange factors
gephyrin
glial fibrillary acidic protein (marker for astrocytes)
green fluorescent protein from Aequorea Victoria jellyfish
domain E of gephyrin tagged with eGFP
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Abbreviations
GFP-geph-GC
GFP-geph-GCE
GFP-geph-GCE12
GFP-geph-GCE34
GFP-geph-L1
GFP-geph-L2A, B, C
GluR
GlyR
GODZ
GRIP
HAP1
HEK293 cells
HeLa cells
HEPES
HIV TAT
Ig
IPSC
IR
LTD
LTP
M
mAb7a
MAP
MAPK
MEM
mIPSC
Moco
NCAM
NMDA
NR
NSF
P
P2
PAK
PBS
PCR
PDBu
PDZ
PH domain
PI3K
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domain G and C of gephyrin tagged with eGFP
full-length gephyrin tagged with eGFP
domain G, C and subdomain 1 and 2 of the E-domain of
gephyrin tagged with eGFP
domain G, C and subdomain 3 and 4 of the E-domain of
gephyrin tagged with eGFP
gephyrin chimera loop 1 tagged with eGFP
gephyrin chimera loop 2A, B or C tagged with eGFP
glutamate receptor subunit
glycine receptor
Golgi-specific DHHC zinc finger protein
glutamate receptor interacting protein
Huntington-associated protein-1
human embryonic kidney cells
immortalized human epithelial cells from a cervical carcinoma
N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid
TAT protein of the human immunodeficiency virus
immunoglobulin
inhibitory postsynaptic current
immunoreactivity
long term depression
long term potentiation
transmembrane segment/domain
monoclonal antibody 7a against gephyrin
microtubule associated protein
mitogen-activated protein kinase
minimum essential medium
miniature inhibitory postsynaptic currents
molybdenum cofactor
neuronal cell-adhesion molecule
N-methyl-D-aspartate
NMDA receptor subunit
N-ethylmaleimide-sensitive factor
postnatal day
gephyrin clone named P2 described by Prior et al. (1992)
p21 activated kinase
phosphate buffered saline
polymerase chain reaction
12,13-phorbol dibutyrate (phorbolester)
protein domain named after PSD-95, Dlg and ZO-1 proteins
pleckstrin homology domain
phosphatidylinositol 3-kinase

Abbreviations
phosphatidylinositol bisphosphate
cAMP-dependent protein kinase
protein kinase C
ribosomal protein S6 kinase 70kDa polypeptide
postsynaptic density protein, 95kDa
phosphatidylinositol-3,4,5-trisphosphat
receptor
rapamycin and FKBP12 target 1
resorufin arsenical helix binder
red fluorescent protein (DsRed)
RNA interference
Src homology domain 3
Soluble N-ethylmaleimide-sensitive factor attached protein
receptor
SOS-recruitment syst. membrane-associated two-hybrid system that makes use of
the Ras pathway in yeast
Syn-1
synapsin-1
SynCAM
synaptic cell-adhesion molecule
TTX
tetrodotoxin
VASP
vasodilator stimulated phosphoprotein
vGluT1/2
vesicular glutamate transporter 1/2
YFP
yellow fluorescent protein

PIP2
PKA
PKC
pp70S6k
PSD-95
PtdIns(3,4,5)P3
R
RAFT1
ReAsH
RFP
RNAi
SH3 domain
SNARE
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