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GABA, receptors are located on the majority of neurons in the central and peripheral nervous system, where they mediate important
actions of the neurotransmitter gamma-aminobutyric acid. Early in development the trophic properties of GABA allow a healthy
development of the nervous system. Most neurons have a high intracellular Cl-concentration early in life due to the late functional
expression of the Cl-pump KCC2, therefore GABA has excitatory effects at this stage. Upon higher expression and activation of KCC2
GABA takes on its inhibitory effects while glutamate functions as the major excitatory neurotransmitter. Like all multisubunit membrane
proteins the GABA, receptor is assembled in the ER and travels through the Golgi and remaining secretory pathway to the cell surface,
where it mediates GABA actions either directly at the synapses or at extrasynaptic sites responding to ambient GABA to provide a
basal tonic inhibitory state. In order to adapt to changing needs and information states, the GABAergic system is highly dynamic.
That includes subtype specific trafficking to different locations in the cell, regulation of mobility by interaction with scaffold molecules,
posttranslational modifications, that either directly affect channel function or the interaction with other proteins and finally the dynamic
exchange between surface and intracellular receptor pools, that either prepare receptors for recycling to the surface or degradation.
Here we give an overview of the current understanding of GABA, receptor functional and molecular dynamics that play a major part in

maintaining the balance between excitation and inhibition and in changes in network activity.
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INTRODUCTION

Healthy brain function depends on a precise regulation of neuronal activ-
ity. While signalling is initiated by excitatory neurotransmitters, mostly
glutamate, the inhibitory neurotransmitters (glycine and GABA) prevent
the system from overreacting by damping postsynaptic depolarization that
leads to a reduced likelihood of the initiation of action potentials. GABA is
the predominant inhibitory neurotransmitter in the brain and acts either via
Cl- channels (GABA, receptors) or via the slower metabotropic receptors
(GABA, receptors). The striking heterogeneity of GABA, receptors and par-
tially non-overlapping distribution and distinct pharmacology of the subtypes
suggests, that these individual subtypes play an important individual role in
orchestrating neuronal inhibition and therefore maintain a healthy balance
between excitation and inhibition (E/| balance). Varying expression of GABA,
receptor genes and subtype specific trafficking are mechanisms to define
the identity of cell types, that are only beginning to be understood in detail.

THE GABA, RECEPTOR

The GABA, receptor is a member of the cys loop ligand-gated ion-channel
superfamily that also comprises acetylcholine receptors, 5-hydroxytryp-
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tamine type 3 (5-HT,) receptors and glycine receptors. This structural
design is an old theme in evolution. Only recently the X-ray structure of
a prokaryotic pentameric ligand-gated ion channel has been published
(Hilf and Dutzler, 2008). The high homology to the acetylcholine recep-
tor implies, that the GABA, receptor has a structure, where five subunits
are arranged around a central pore that in the case of the GABA, recep-
tor is permeable to CI- and HCO3- ions (Unwin, 1995). The receptor
was originally purified from cow brain by affinity chromatography in the
1980s, but modern cloning techniques revealed a huge heterogene-
ity of subunits, that have been subdivided into families according to
sequence homology (Sigel et al., 1983). Today we know six alpha, three
beta, three gamma, one delta, one epsilon, one theta and one pi subu-
nits. Three rho subunits constitute a family of pharmacologically distinct
GABAergic CI- channels that have been termed GABA, receptors. The
membrane topology of each subunit is the same as in other members of
cys loop ligand-gated ion-channels with a large extracellular N-terminus,
that contains the information for subunit assembly, four hydrophobic
helices, that cross the membrane and a relatively large intracellular
loop between transmembrane regions 3 and 4. The intracellular domain
mediates the interaction with cytoplasmic proteins and is the target for
posttranslational modifications like phosphorylation, palmitoylation and
ubiquitination. Not all mathematically possible subunit combinations
occur in vivo, as there exist restrictions in the assembly process and
the surface delivery (Rudolph and Mohler, 2004). The most prominent
combination consists of alpha, beta and gamma subunits or alpha, beta
and delta subunits. A minor population seems to contain only alpha and
beta subunits in the adult wildtype organism, but this type of receptor
gains importance in animals, where the gamma or delta subunit has
been genetically deleted (Bencsits et al., 1999; Ginther et al., 1995;
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Mortensen and Smart, 2006; Tretter et al., 2001). The epsilon subunit
seems to be capable of substituting either (but not both) of the alpha
subunits, one of the beta subunits and possibly the gamma2 subunit in a
2alpha2betalgamma pentamer (Bollan et al., 2008). Rho subunits form
functional homooligomers that occur in vivo. It has also been shown
that beta3 and delta subunits can form homooligomeric receptors, that
reach the cell surface in heterologous cells, but these channels are not
gated by GABA and whether or not such homomeric channels occur
in vivo in the nervous system is still a matter of speculation.

A large amount of effort has been made to elucidate the subunit
stoichiometry and arrangement of subunits in the pentamer. Due to the
heterogeneity of GABA, receptor subunits with similar molecular weights,
this has proved to present a major challenge. Biochemical and electro-
physiological approaches using expression of recombinant receptors in
heterologous cells led to various results (Baumann et al., 2001; Chang
et al., 1996; Farrar et al., 1999; Knight et al., 2000; Tretter et al., 1997).
The current accepted conclusion is that GABA, receptor channels are
combined from two alpha, two beta and one gamma or delta subunits.
This hypothesis is further supported by the fact, that native receptors
can contain two different alpha or beta subunits, but whether this stoi-
chiometry is true for all receptors in the brain remains unclear (Li and
Blas, 1997). A number of studies have also addressed the arrangement of
subunits within the receptor. This work suggests that subunits specifically
interact with each other predominantly at the interfaces of their extracel-
lular amino termini and therefore assembly is not arbitrary, but follows
the rules of protein—protein interactions (Bollan et al., 2003; Klausberger
etal., 2000, 2001a,b). In receptors with two alpha, two beta and one
gamma subunit, an arrangement of alpha-beta-alpha-beta-gamma clock-
wise when viewed form the synaptic cleft has been deduced from subunit
interaction analysis and electrophysiological studies on tandem con-
structs (Baumann et al., 2002).

The subunit composition determines the functional as well as the
pharmacological properties of the individual receptor type. Varying
functional receptor parameters are: the concentration of ligand, that is
necessary to obtain activation (EC50), the rate of activation following
the exposure to the ligand, the rate and extent of desensitization in the
presence of the ligand, the deactivation of the current following agonist
removal, the mean open and closed times, burst durations and the open
probability, when the receptor is fully occupied with ligand (Farrant and
Nusser, 2005).

The GABA, receptor is especially interesting in pharmacological terms,
as there are hinding sites for a multitude of physiologically, clinically or
chemically relevant substances that modify the function of the receptor
in a positive or negative way. Binding of substances in vivo leads to a
neuronal inhibition that is either enhanced (sedative, anxiolytic, narcotic,
muscle relaxant effect) or reduced (spasmic, convulsive, epileptogenic
effect but also enhanced cognitive functions depending on substance and
dose). The most prominent substances that bind to the GABA, receptor
on distinct sites are GABA itself, benzodiazepines, gaboxadol, loreclezole,
furosemide, barbiturates, neurosteroids, anesthetics and alcohol (Korpi
et al., 2002). The individual subtypes exhibit specific response patterns
to the drugs, a fact that carries the major hope of researchers and phar-
maceutical companies to develop drugs, that specifically target individual
receptor populations to treat psychiatric disorders efficiently, but at the
same time avoid unwanted side effects (Korpi and Sinkkonen, 2006).

GABAergic EFFECTS IN DEVELOPMENT

Early in development the expression of the NKCC1 transporter, which is
driven by sodium and potassium gradients, leads to the accumulation of
high chloride concentrations inside the young neuron. The first functional
synapses to be formed are GABAergic, as glutamatergic inputs require a
more mature postsynaptic target. The high intracellular chloride concentra-
tion induces an efflux of chloride ions through the activated GABA, recep-
tor, thereby depolarizing the cell. At this stage GABA exerts also trophic

effects by positively stimulating neuronal migration, cell division and
neuritic growth. The activation of GABA, receptors also generates calcium
currents by activating voltage-dependent calcium channels. The resulting
depolarization is sufficient to remove the voltage dependent magnesium
block from NMDA receptors, which contributes to the development of a
more mature neuronal circuit. Additionally to its pure excitatory effects
GABA can also have a shunting effect on glutamatergic activity by clamp-
ing the membrane potential to the chloride equilibrium potential, which
raises the spike threshold and reduces network activity. The pure inhibitory
effects of the GABA, receptors later in development (between postnatal
day 3 and 12) are initiated by the downregulation of NKCC1 and through
a Calcium dependent transcriptional regulation the expression of a new
transporter is enhanced: the K-ClI cotransporter KCC2. KCC2 pumps chlo-
ride ions out of the cell, thereby converting GABAergic transmission from
excitatory to inhibitory. GABA itself mediates this transition by miniature
postsynaptic currents independent of action potentials (Ben-Ari, 2002).
Blaesse et al. (2006) studied neurons of the lateral superior olive in the
brainstem and found, that the low amounts of KCC2, that can be found in
the plasma membrane of immature neurons are transport-inactive mono-
mers and that oligomerization later in development is essential for their
chloride transport activity.

In contrast to the equilibrium potentials of sodium and potassium ions,
the equilibrium potential for chloride ions lies very close to the resting
membrane potential, so that only small changes in the activity of chloride
transporters can reduce inhibition or even invert the direction of the chlo-
ride ion flux. This is frequently the case in changes of the state of neuronal
activity or under pathological conditions like epilepsy, oxidative stress or
chronic pain (Cohen et al., 2002; Coull et al., 2003; Rivera et al., 2002;
Woodin et al., 2003).

Surface expression and fast changes in the activity of KCC2 like dur-
ing oxidative stress are mediated by regulating the phosphorylation state
of KCC2 (Lee etal., 2007; Wake et al., 2007). Nerve injury frequently
results in a decrease of KCC2 messenger RNA (Nabekura et al., 2002).
Additionally KCC2 seems to have an impact on neuronal morphology that
is independent of the transporter activity. Cortical neurons from KCC2
knock out mice exhibit an abnormal morphology of dendritic spines that
can be rescued by overexpression of a transport inactive mutant of KCC2.
Therefore KCC2 plays a vital role in the maturation of excitatory and
inhibitory synapses during neuronal maturation (Li et al., 2007).

THE GABAergic SYNAPSE

The ultrastructure of inhibitory synapses mostly appears symmetric,
which means, that the pre- and postsynaptic structure appears equally
dense as opposed to glutamatergic synapses, where the postsynapse is
extremely dark (PSD, postsynaptic density). GABAergic terminals mostly
synapse onto dendritic shafts and the nerve cell soma while glutama-
tergic synapses target preferentially dendritic spines. The sequence of
events that lead to the formation of inhibitory synapses is still unknown.
Cell adhesion molecules are prime candidates to establish a connection
between the presynaptic axonal bouton and the postsynaptic site (Craig
et al., 2006; Shapiro et al., 2007). The neurexin/neuroligin system has
received considerable attention in this regard (Craig and Kang, 2007).
The presynaptic transmembrane protein beta-neurexin binds to the post-
synaptic neuroligins (NL1-4), therefore bridging the synaptic cleft. This
interaction can trigger synaptogenesis in non-neuronal cells as shown
by Scheiffele et al. (2000). Mixed cultures of neurons and transfected
fibroblast cells revealed that expression of beta-neurexin induces clus-
ters of the postsynaptic marker gephyrin and vice versa, the expression
of neuroligins recruits GAD-65 positive vesicles in the presynaptic ter-
minals (Graf et al., 2004). Similarly, alpha-neurexins induce clustering of
gephyrin, GABA, receptor subunit gammaz2 and neuroligin-2, but not of
PSD-95 or neuroligin-1/3/4 (Kang et al., 2008). Nevertheless these pro-
teins do not seem to be the original pioneers of synaptogenesis in vivo,
as the brains and cultured neurons from NL1-4 knock out mice exhibit
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an unaltered density of synaptic contacts. Nevertheless the animals die
shortly after birth due to respiratory failure, which is a consequence of
reduced GABAergic, glycinergic and glutamatergic synaptic transmission
in the brainstem that controls respiration (Chih et al., 2006; Levinson and
El-Husseini, 2005; Varoqueaux et al., 2006; Washbourne et al., 2004).
Neuroligins enhance synapse formation in vitro, but obviously are not
required for the generation of synapses in vivo. Overexpression or deletion
of neuroligins enhances or respectively decreases synaptic responses
(neuroligin-1 for excitatory synapses, neuroligin-2 for inhibitory synapses),
but the effect is activity dependent. Therefore neuroligins do not establish
synapses per se, but support their maturation by recruiting synaptic pro-
teins and influence synaptic activity (Chubykin et al., 2007). The scaffold
protein of excitatory synapses, PSD 95, binds to all neuroligins, although
neuroligin-2 is preferentially found at inhibitory synapses. The expression
level of PSD 95 seems to influence the relative amounts of excitatory
and inhibitory synapses and therefore critically affects the E/I balance (for
details see Keith and El-Husseini in this issue) (Liu, 2004).

A key organizer molecule of GABAergic synapses is the 93kD protein
gephyrin. It was originally copurified with the glycine receptor from spi-
nal cord, but was also prominently found at GABAergic synapses in the
absence of the glycine receptor (Kneussel et al., 1999). In contrast to
the glycine receptor, it did not copurify with any GABA, receptor under
standard biochemical conditions, therefore an intermediate linker protein
was postulated. One hot candidate would have been the 14kD protein
GABARAP, that interacts with the GABA, receptor gamma2 subunit as
well as with gephyrin, but confocal microscopy as well as electronmicro-
scopic studies revealed, that only minute amounts of GABARAP are found
in the synapses, while the majority is located in intracellular compart-
ments implying a role of GABARAP in trafficking rather than in synaptic
clustering.

Recently it has been demonstrated that gephyrin is capable of a
detergent sensitive direct interaction with GABA, receptor alpha subu-
nits (Tretter et al., 2008). The synaptic formation of gephyrin and GABA,
receptor clusters are mutually dependent on each other: neuronal cul-
tures from gephyrin knock out mice show an extensive loss of alpha2
and gammaz2 containing GABA, receptor clusters and vice versain GABA,
receptor gamma2 subunit knock out mice the synaptic gephyrin clusters
are absent and the remaining alpha-beta containing receptors are dif-
fusely distributed on the cell surface (Craig et al., 1996; Essrich et al.,
1998; Gunther et al., 1995). However the exact role of the gamma2 subu-
nit in synaptic targeting is still unknown. Alldred et al. (2005) showed,
that in gamma2 deficient neurons only transfection with exogenous
gamma2, but not alpha2 rescues synaptic clustering of GABA, recep-
tors, the recruitment of gephyrin and normal amplitude and frequency of
mIPSCs. They identified the fourth transmembrane region of the gamma2
subunit as the essential domain to mediate the effects. A way of commu-
nication between presynaptic inputs and postsynaptic organization has
been shown by the fact, that reducing gephyrin expression for instance
with small hairpin RNAs results in a reduction of opposite GABAergic
presynaptic boutons (Yu et al., 2007).

Several gephyrin interacting proteins have been identified meanwhile:
the guanine nucleotide exchange factor (GEF) collybistin, that catalyzes
GTP-GDP exchange on Rho family GTPase Cdc42, that plays an impor-
tant role in controlling cell shape, by affecting the actin cytoskeleton (Kins
et al., 2000; Reid et al., 1999). It might support the trafficking of proteins
to the subsynaptic actin cytoskeleton (Kneussel and Betz, 2000). One of
the two known splice variants, collybistin II, recruits otherwise intracel-
lular gephyrin to the membrane of heterologous cells, where interaction
with coexpressed receptors can take place (Harvey et al., 2004; Kins et al.,
2000). Collybistin knock out mice exhibit a region specific loss of post-
synaptic gephyrin and GABA, receptor clusters in the hippocampus and
the basolateral amygdala. As a result synaptic plasticity is changed and
results in an increase of LTP (longterm potentiation) and a decrease of
LTD (longterm depression), two recordable functional parameters, that are
believed to underlie learning and memory. Behavioural tests revealed, that
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these mice have increased levels of anxiety and an impaired capability of
spatial learning (Papadopoulos et al., 2007).

An indirect interaction of gephyrin with the actin cytoskeleton is
mediated by the actin binding proteins profilin | and IlA and by the micro-
filament adaptors of the Mena/VASP family that also interact with each
other and regulate microfilament dynamics (Lambrechts et al., 2000).
Local transport of synaptic proteins might be mediated by the gephyrin
interactors Dlc-1 and Dlc-2, that are homologous to dynein light chain
and provide a link to microtubules and microfilaments (Fuhrmann et al.,
2002). These proteins are not especially enriched in inhibitory synapses
and electron microscopy even identified a fraction of gephyrin-positive
synapses negative for Dic. DIc immunoreactivity is found throughout
the cytosol, frequently associated with the cytoskeleton. This implies
a function of Dlc in active transport and the electron microscopy data
represent a snapshot of cargo linked to the cytoskeleton by the adap-
tor Dlc. Dynein itself is involved in several migration processes as the
retrograde transport of vesicles in axons. Overexpression of a gephyrin
mutant with a deleted binding site to Dic does not resultin a reduced tar-
geting of gephyrin to the synapses implying a potential role in the retro-
grade transport of the protein. DIc1/2 also occur in excitatory synapses
of dendritic spines, where they bind to GKAP/PSD-95. Although final
proof is missing, these data suggest an important role of Dic proteins in
regulating synaptic strength through transport mechanisms of scaffold
proteins in inhibitory and excitatory postsynaptic specializations.

Some GABAergic synapses containing the alphal or alpha2 subu-
nit are associated with the dystrophin-glycoprotein complex (DGC) that
links the extracellular matrix (ECM) with the cytoskeleton. The DGC has a
prominent role at the neuromuscular junction for the maturation and the
maintenance of the synapse, but its precise role at inhibitory synapses is
still not fully understood. The transmembrane protein beta-dystroglycan
binds alpha-dystroglycan at the extracellular side of the membrane and
dystrophin and utrophin intracellularly. Binding partners of the DGC are
the ECM proteins agrin and laminin, but also the presynaptic protein neu-
rexin. Dystroglycan appears at GABAergic synapses after the presynaptic
GAD and the postsynaptic GABA, receptors and gephyrin, but independ-
ent of the presence of gephyrin or dystrophin. The absence of dystrophin
in mdx mice results in a reduction of GABA, receptor cluster number and
size (Kneussel and Betz, 2000). Interestingly, upon elimination of dys-
troglycan, the whole DGC disappears from GABAergic synapses without
having an obvious effect on receptor clusters. When receptor clusters are
disrupted, for instance in gammaz2 or gephyrin mutant mice, the DGC still
localises opposite GABAergic terminals, but is absent from glutamatergic
synapses. The DGC obviously does not induce synaptogenesis, but helps
with the maturation and stabilization of a subset of GABAergic synapses
(Briinig et al., 2002; Lévi et al., 2002) (Figure 1).

SYNAPTIC AND EXTRASYNAPTIC GABA,
RECEPTORS AND DIFFERENT FORMS OF
INHIBITION

The postsynaptic site contains clusters of 10 to several 100 receptors
directly opposite to the presynaptic terminal, the remaining receptors are
located perisynaptically (<30 ym distant from the centre synapse) or at
extrasynaptic sites. The activation of synaptic receptors is transient car-
rying over the information from the action potentials of the presynaptic
neuron, that cause high concentrations of GABA (1.5-3 mM) to be sud-
denly released into the cleft. The signal is terminated by the removal of the
transmitter from the synaptic cleft by presynaptic GABA transporters or
passive diffusion away from the synapse and deactivation of postsynaptic
receptors (Jensen et al., 2003). The subunit composition of the postsy-
naptic GABA, receptors varies between types of synapses and seems to
be influenced by pre- and postsynaptic cues. Receptors with strong syn-
aptic localization frequently contain the alpha1, alpha2 or alpha3 subunit.
Several efforts have been undertaken to quantify the individual subtypes
in welldefined interneuron/pyramidal cell or interneuron/interneuron

www.frontiersin.org



Tretter and Moss

Neuroligin-2 .
® e
0® o ©
© " oo
e® g @ o
o © o @ © o ¢]

?l.

T TN |l|l|‘::::ilﬁ °‘¢:"‘

T
microtubules S

‘ »n'

G

r, (®12)
‘@,

==l

=
=

.:w“"_""'CI )

;;5;-:::::{::_‘ L L

microfilaments

Figure 1. The GABAergic synapse (modified and reproduced with permission from Liischer and Keller 2004). Synaptic GABA, receptors are stabilized
by a submembranous lattice of gephyrin by direct interaction. Cytoskeleton associated proteins are Dic1/2 and Mena/VASP. Collybistin, a guanine nucleotide
exchange factor is membrane associated and interacts with gephyrin. The dystrophin-glycoprotein complex (DGC) stabilises the synapse and neuroligins bridge

the synaptic cleft by interaction with presynaptic neurexins.

synapses by electron microscopy and proved the importance of the
identity of both cell types. This makes sense in neuronal networks, as it
provides every synapse with its own identity and explains the enormous
potential for regulation and information processing (Klausberger et al.,
2002; Nyiri et al., 2001). Bitufted interneurons, that synapse onto den-
drites of neocortical pyramidal cells use postsynaptic alpha5 containing
receptors as their IPSCs can be reduced by the alpha5-selective inverse
agonist IAalpha5, but are insensitive to the alphai preferring zolpidem (Ali
and Thomson, 2007). This shows, that the subcellular targeting of GABA,
receptor subtypes must be a complex process far from being understood
yet, as alphab has long been regarded as a subunit mostly occurring in
extrasynaptic receptors.

Extrasynaptic receptors are exposed to persistent amounts of ambi-
ent GABA (microM), partly derived from synaptic spill over or other
non-neuronal sources. This rather low concentration of GABA especially
activates receptor subtypes with high affinity but low efficacy for the ago-
nist (which means an inefficiency of coupling GABA binding to channel

gating) and provides the neuron with a so called “tonic” inhibition (Farrant
and Nusser, 2005). This source of inhibition is not negligible compared to
the “phasic” inhibition of synaptic GABA receptors. It is responsible for
generating 75% of the total inhibitory charge received by hippocampal
neurons (Mody and Pearce, 2004). It is mostly carried by receptors con-
taining the delta subunit in neurons of the neocortex, thalamus, striatum,
the dentate gyrus granule cells and cerebellar granule cells where it is
mostly combined with the alpha4 and alpha6 subunit (Wisden et al., 2002).
Other candidates are sole alpha/beta combinations without gamma found
in hippocampal neurons, receptors containing the epsilon subunit that
even reveal GABA independent openings or the alpha5 subunit in the
CA1/CA3 pyramidal cells of the hippocampus mostly combined with the
gamma2 subunit. Some alpha5 also occurs in synapses (Serwanski et al.,
2006). Deletion of the alpha5 subunit results in the upregulation of other-
wise in this celltype undetectable receptors containing the delta subunit
that provide some small rescuing tonic inhibition. Complete abolishment
of tonic inhibition in CA3 pyramidal cells from alpha5/delta subunit double
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knockouts results in the occurrence of spontaneous gamma oscillations
(Glykys et al., 2008). In cerebellar granule cells the tonic inhibition is solely
carried by extrasynaptic receptors containing the delta subunit. Deletion
of this subunit is compensated through homeostatic plasticity by a change
in magnitude of the voltage-independent K* channel TASK 1 (Brickley
et al., 2001). Both subunits have attracted considerable interest per se:
alpha5 seems to be involved in hippocampus-dependent spatial learning
as tested in the water maze and trace fear conditioning. A recent study
implied a role of alpha5 containing receptors in mediating the sedative
properties of benzodiazepines (Collinson et al., 2002; Crestani et al., 2002;
Savic et al., 2008). Receptors containing the delta subunit are especially
sensitive targets of endogenous and exogenous neuroactive steroids, that
enhance the efficacy of GABA at the receptors and therefore increase tonic
inhibition (Belelli and Lambert, 2005). Other interesting compounds like
gaboxadol are by themselves more efficacious than GABA on these recep-
tors. Gaboxadol has potential for therapeutic use as a novel sleep aid or the
treatment of premenstrual dysphoric disorder (Glykys and Mody, 2007).

GABA, RECEPTOR INTERACTING
PROTEINS

GABA, receptor intracellular loops are the sites of interaction with intracel-
lular proteins that either modify the functional properties of the receptors
or mediate their maturation, intracellular transport and stabilization at the
synapse.

Kinases and phosphatases

Kinases known to phosphorylate GABA, receptors include the cAMP-
dependent protein kinase (PKA), Protein kinase C (PKC), Ca®*/calmodulin
dependent kinase Il (CaMK-Il), Protein kinase B (Akt) and tyrosine kinases
of the Src family.

PKA can either potentiate or depress GABA, receptor function (Angelotti
etal., 1993; Kapur and Macdonald, 1996; McDonald et al., 1998; Moss
et al., 1992; Nusser et al., 1999; Poisheau et al., 1999; Porter et al., 1990).
PKA is recruited to GABA, receptors containing the beta1 or beta3 subunit
via the adapter protein AKAP79/150 (Brandon et al., 2003). It phospho-
rylates beta3 on serine 408 and 409, thereby enhancing receptor func-
tion. Beta1 is solely phosphorylated on serine 409, which inhibits receptor
function. Beta2 is not affected by PKA in HEK293 cells (MicDonald et al.,
1998). Activation of PKA can also trigger the phenomenon of rebound
potentiation (RP) of GABA, receptor function, a long-term upregulation of
inhibitory synaptic transmission in cerebellar Purkinje cells following climb-
ing fiber activation (Kano et al., 1992, 1996). Recent studies started to bring
light into the cascade of events in RP and identified more involved players
like GABA, receptors, protein phosphatase 1 (PP1) and metabotropic gluta-
mate receptor type 1 (mGIuR1) (Sugiyama et al., 2008, see below).

Protein kinase C (PKC) is recruited to the GABA, receptor via the anchor-
ing protein RACK-1 and similar to PKA has different effects on receptor
function depending on the subunit composition (Brandon et al., 2002;
Connolly et al., 1999; Herring et al., 2005; Jovanovic et al., 2004; Krishek
etal., 1994; Leidenheimer et al., 1992; Lin et al., 1996; Poisbeau et al.,
1999). PKA and PKC mediate the effects of serotonin on the GABAergic
system via 5HT4 and 5HT2 receptors respectively in the prefrontal cortex
(Yan, 2002). PKA is also the mediator of the influence of the dopamine
system on GABA, receptors in the nucleus accumbens (Chen et al., 2006).
The dopamine D3 receptor in the nucleus accumbens (NAC) is believed
to play an important role in reinforcement and reward. A component of
this effect might be, that D3 receptor agonists reduce GABAergic mIPSCs
in NAC slices by inhibiting adenylyl cyclase and therefore the activity of
PKA. PKA negatively regulates the endocytosis of the GABA, receptor via
phosphorylation of an atypical binding motif for the clathrin AP-2 adaptor
complex (see below).

No adapter protein is known for CaMK-Il, although the enzyme can also
be pulled down with the GABA, receptor (McAinsh, Tretter, Moss unpub-
lished observations). Its effects on the GABA, receptor differ in the neuronal
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environment compared to HEK293 cells implying the contribution of some
essential neuronal factor (Houston and Smart, 2006). In vitro phosphor-
ylation sites of the GABA, receptor by CaMK-Il are betal-serine 384 and
408, 409, beta2-serine 410, beta3-serine 383 and 408, 409, gamma2S/
L-serine 348 and threonine 350, gammaz2L-serine 343 (Machu etal.,
1993; McDonald and Moss, 1994, 1997). CaMK-Il also plays an impor-
tant role in rebound potentiation, but the full mechanism and sequence of
events has not been yet elucidated.

Additionally, GABA, receptors are substrates for a number of phos-
phatases. Ca/calmodulin-dependent phosphatase 2B (Calcineurin) binds
directly to the intracellular loop of the GABA, receptor gammaz2 subunit,
thereby dephosphorylating the receptor and inducing long-term depres-
sion (LTD) of synaptic efficacy at inhibitory synapses of the CA1 region of
the hippocampus, a mechanism, that is believed to contribute to learning
and memory (Wang et al., 2003). Protein phosphatase 1alpha (PP1A) reg-
ulates the phosphorylation of GABA, receptor beta subunits through PKA.
Terunuma et al. (2004) proposed the following model: activated G-protein
coupled receptors increase intracellular cAMP levels that enhance PKA
activity. PKA phosphorylates GABA, receptors but also the GABA, recep-
tor associated protein PRIP-1 (Phospholipase C-related inactive protein
type 1) that under basal conditions binds PP1A and keeps it in an inactive
form. The phosphorylated PRIP-1 releases PP1A that results in dephos-
phorylation of the GABA, receptor beta subunit and a dynamic regulation
of synaptic efficiency. Apart from the direct regulation of receptor function
by the phosphorylation state, the PRIP protein family (PRIP-1 and PRIP-2)
is also involved in GABA, receptor endocytosis, which is another factor
to regulate synaptic inhibition (Kanematsu, 2007, see below). Similarly,
brain-derived neurotrophic factor (BDNF) produces short-term and
long-term effects via modulation of the phosphorylation state of GABA,
receptors. BDNF signalling via TrkB receptors results in the phosphoryla-
tion of serines 408/409 in the beta3 subunit by PKC, thereby transiently
increasing mIPSC amplitudes. Phosphorylation of serines 408/409 then
increases binding affinity and recruitment of PP2A that dephosphorylates
the receptor and subsequently reduces the efficacy of synaptic inhibition
in the longterm (Jovanovic et al., 2004).

Interacting proteins involved in GABA, receptor trafficking

A number of proteins have been demonstrated to interact directly with
GABA, receptor intracellular domains and to be important for regulating
the membrane transport and localization of GABA, receptors (Figure 2).

GABARAP (GABA receptor associated protein). Upon its discovery in a
yeast two-hybrid screen with the intracellular loop of the gamma2 subu-
nit, GABARAP was regarded as the prime candidate for synaptic GABA,
receptor clustering. More recent studies have suggested that in fact
GABARAP may be an intracellular trafficking factor for the receptor and/or
to be an important regulator of channel kinetics (Everitt et al., 2004; Luu
et al., 2006). GABARAP is mainly localized in intracellular compartments,
such as endoplasmatic reticulum, Golgi structures and intracellular vesi-
cles near the synapses, but only a small fraction is directly colocalized
with synaptic GABA, receptors (Kittler and Moss, 2001; Kneussel and
Betz, 2000; Leil et al., 2004). Overexpression of GABARAP in heterolo-
gous cells or cultured hippocampal neurons enhances the cell surface
expression of gamma2 containing GABA, receptors. This effect depends
on polymerized microtubules (Chen et al., 2005). GABARAP has also
recently been demonstrated to be important for plasticity of GABA, recep-
tor function during rebound potentiation in the cerebellum (Kawaguchi
and Hirano, 2007).The GABARAP knock out mouse appears healthy and
exhibits normal synaptic GABA, receptor clustering (O’Sullivan et al.,
2005). This implies that its function can be replaced by other cellular
proteins, for instance other members of the same protein family which
exhibit high homology to GABARAP including GATE-16 (Golgi-associated
ATPase enhancer of 16kDa), that supports intra-Golgi transport. Another
family member is GEC-1, that like GABARAP binds the gamma2 subu-
nit, tubulin and NSF and plays an important role in surface expression
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Figure 2. GABA, receptor trafficking. GABA, receptors are synthesized and assembled in the Endoplasmic Reticulum and matured in the Golgi and reach the
surface outside of synapses through the secretory path. Synaptic receptors reach their destination through lateral movement in the plasma membrane, where
they mediate phasic inhibition. Extrasynaptic receptors are activated by lower concentrations of GABA in the extracellular space and mediate tonic inhibition.
Phosphorylation not only affects receptor function, but also regulates their removal from the surface through clathrin mediated endocytosis. From the endosomal
system the receptors are either recycled to the surface or degraded in the lysosomes. This degradation can be blocked by leupeptin. Another degradation system

works through the proteasome after ubiquitylation.

of kappa-opioid receptors (Chen et al., 2006). The GABARAP family is
structurally and functionally related to ubiquitin, but the final acceptor
molecule of the E1-3 enzyme catalyzed reaction is not a protein, but the
membrane lipid phosphatidylethanolamine, that might facilitate inser-
tion into membranes (Chen and Olsen, 2007). GABARAP and GATE-16
are mammalian homologues of the yeast protein Aut7 associated with
autophagosomes. Autophagy is responsible for the majority of intracel-
lular protein degradation in particular during starvation and apoptosis.
It also plays a role in the remodelling of mammalian cells and patho-
genesis, where small aggregates of abnormal proteins are degraded by
autophagy. Cytoplasmic constituents including organelles are enwrapped
by a membrane sac called isolation membrane. The resulting autophago-
somes fuse with endosomes or lysosomes, so that lysosomal hydrolases
can degrade the cytoplasm derived contents. The process was originally
studied in yeast, where more than 16 genes were found to be required
for autophagosome formation. Most of them have homologues in higher
eukaryotes including mammals. Both, GABARAP and GATE-16 can reside
on autophagosomal membranes. An ubiquitin like conjugation system is
required in the elongation of the isolation system. GABARAP and GATE-16
become processed by Aut2/Apg4 homologues to expose a C-terminal
glycine and are catalyzed by Apg7 (an E1 like enzyme) and Aut1/Apg3
(an E2 like enzyme). They also interact with other proteins in the
autophagic pathway, like ULK1 (Mizushima et al., 2002).

A protein interacting with GABARAP, GRIP (Glutamate receptor inter-
acting protein), has attracted some interest, as it is a PDZ (postsynap-
tic density protein, Discs large, Zonula occludens-1) protein, localized
to glutamatergic synapses (Kittler et al., 2004). It has been detected in
GABAergic synapses in cultured hippocampal neurons and at GABAergic
synapses of the intact brain (Yu et al., 2008). GRIP1 and GABARAP colocal-
ize in intracellular compartments (Golgi), where they might be part of the
trafficking system of GABA, receptors. In agreement with this, a recent
study by Marsden and coworkers proved, that both GABARAP and GRIP1
play a role in the NMDA induced plasticity of GABAergic synapses. The
(chemical) activation of NMDA receptors not only removes AMPA receptors
from the membrane leading to LTD, but also increases the synaptic GABA,
receptor surface expression in hippocampal neurons. By using specific
inhibitors and RNAi they showed the involvement of CaMKIl, GABARAP,
GRIP and NSF, though the full sequence of events remains to be deter-
mined (Marsden et al., 2007).

Plic-1. Plic-1, which was also identified as a GABA, receptor binding
partner using the two-hybrid system, interacts with the intracellular loop
of the GABA, receptor alphal, alpha2, alpha3, alpha6 and beta1-3, but
not gamma2 or delta subunits. Its name stems from its interaction with
IAP (integrin-associated protein, CD47) and vimentin-containing inter-
mediate filaments (Protein linking IAP and cytoskeleton). Plic-1 has an
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N-terminal ubiquitin like domain, and an ubiquitin-associated domain in
the C-terminus which mediates the interaction with the GABA, receptor
subunits. Electron microscopy revealed its presence in clathrin-coated
pits, the border of the Golgi apparatus, the ER and directly at GABAergic
synapses. Its main function at synapses seems to be assistance with
receptor insertion into the membrane without affecting channel function.
Furthermore it stabilises intracellular receptors, probably by inhibiting
polyubiquitination and proteosomal degradation (Bedford et al., 2001).

Huntingtin-associated protein 1 (HAP1). HAP1 was originally found
associated with huntingtin, the protein product of the Huntington’s disease
gene. Yeast two-hybrid screens revealed its interaction with the GABA,
receptor beta1-3 subunits (Kittler et al., 2004). It is a cytosolic protein
with coiled-coil domains and several N-myristoylation sites that probably
facilitate its association with membranes of the cell surface or intracellu-
lar vesicles. It exists as two C-terminal splice variants, HAP1a and HAP1b
(75/85kDa). It directly interacts with the p1509¢ subunit of the dynein/
dynactin microtubule-based motor complex, suggesting a role for HAP1
in intracellular trafficking events (Engelender et al., 1997; Gauthier et al.,
2004; Lietal., 1998). HAP1 is located in dendrites, axons and perinuclear
structures in the soma. Its overexpression in cultured cortical neurons
enhances the stability of internalized GABA, receptors, facilitates their
recycling to the plasma membrane and therefore increases the number
of cell surface receptors. This correlates with a significant increase in the
mean amplitude of mIPSCs, without changing their frequency or kinetic
parameters. /In vivo, HAP1 dependent trafficking of GABA, receptors has
been demonstrated to be important for regulating the GABAergic system
in the hypothalamus, that influences eating behaviour (Dragatsis et al.,
2004; Sheng et al., 2006). The precise mechanism of HAP1 action is still
unknown, as essentially both of the two most likely scenarios are pos-
sible: enhancement of recycling or inhibition of degradation.

GABA, receptor interacting factor-1 (GRIF-1). GRIF-1 was identi-
fied as a protein interacting with the beta2 subunit (Beck et al., 2002).
It contains alpha-helical structures and a coiled-coil domain, which
might be involved in protein-interactions. It is a homologue of HAP1 and
the Drosophila protein Milton, that is essential for the kinesin-mediated
transport of mitochondria to nerve terminals (Stowers et al., 2002). The
role of GRIF-1 in regulating GABA,R function remains unclear, however it
can interact directly with kinesin motor proteins (Brickley et al., 2005).
This makes a participation in trafficking and transport of receptors a real-
istic suggestion. Interaction between GABA, receptors and GRIF-1 has not
been demonstrated in vivo and no functional studies have yet been car-
ried out to directly address what role this protein may have in regulating
GABA, receptor function.

Brefeldin A-inhibited GDP/GTP exchange factor 2 (BIG2). BIG2 is a
200kDa GDP/GTP exchange factor on the small G-protein ADP-ribosylation
factors (ARF) that are involved in the trafficking of proteins through the
Trans-Golgi Network (TGN) into the exocytotic pathway. BIG2 binds to the
intracellular loop of all beta subunits (Charych et al., 2004). Co-expression
of BIG2 and the beta3 subunit results in the loss of the beta3-containing
GABA, receptors from ER and Golgi. It is currently proposed that BIG2 might
play a role in the transport of newly assembled GABA, receptors by clath-
rin/AP-1 coated vesicles to the synaptic plasma membrane and might also
play a role in receptor recycling (Shen et al., 2006; Shin et al., 2004).

Golgi-specific DHHC zinc finger protein (GODZ). The GABA, receptor
gammaz2 subunit intracellular loop is subject to palmitoylation on five
cysteins, that influences GABA, receptor clustering and cell surface sta-
bility (Keller et al., 2004; Rathenberg et al., 2004). In a yeast two-hybrid
screen GODZ was found as a gamma 2 interacting protein that recognizes
the cysteine rich domain of gamma 1-3 next to the GABARAP binding site.
GODZ contains a DHHC-CRD domain and is predicted to be a protein with
four transmembrane regions and an intracellular N- and C-terminus and
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to have palmitoyltransferase activity. GODZ is mainly located in the Golgi
apparatus, and when overexpressed in HEK cells, the gamma2 subunit gets
mostly trapped intracellularly together with GODZ. Upon coexpression with
alpha2beta3gamma2, GODZ partly leaves the Golgi to guide the recep-
tor to the surface. It most probably is the neuronal enzyme, that in vivo
palmitolates the GABA, receptor gamma2 subunit. In agreement with this,
disrupting GODZ function or expression levels using dominant negative
or RNA interference approaches results in a significant reduction in the
number of synaptic GABA, receptors and the amplitude of mIPSCs (Fang
et al., 2006).

Radixin. Radixin is a member of the ERM (ezrin/radixin/moesin) family
of proteins that are structurally similar with a N-terminal FERM domain
and a C-terminal F-actin binding site that links them to the cytoskel-
eton. Radixin interacts with several transmembrane proteins, one of them
being the alphab subunit of the GABA, receptor. Only minute amounts of
alpha 5 receptors occur synaptically, the majority is located in clusters
at extrasynaptic sites (Serwanski et al., 2006). Radixin needs to be acti-
vated by phosphorylation to open an intramolecular binding between the
N- and C-terminus before it can link the alpha5 subunit to actin. Radixin
clusters alphab receptors independent of the gephyrin system, although
the advantage of cluster formation at extrasynaptic sites is not clear yet.
After dominant negative disruption of the interaction with radixin, unclus-
tered alphab receptors remain fully functional in mediating tonic inhibi-
tion (Loebrich et al., 2006).

gC1q-R. The multifunctional protein gC1g-R is known to be involved in
oxidative phosphorylation in mitochondria. Additionally it occurs in sev-
eral other cellular locations in non-neuronal cells. Schaerer et al. (2001)
identified this 34kD protein as a strong interactor with GABA, receptor
beta subunits. As its extramitochondrial abundance in GABAergic neurons
is low, its role with regard to this receptor is unknown. The binding site
on beta2 contains seven positively charged aminoacids and serine 410, a
known phosphorylation site, that modifies receptor function.

GABA, RECEPTOR MOBILITY IN THE
POSTSYNAPTIC MEMBRANE

The physical properties of the lipid bilayer allow a relative high mobility
of embedded proteins as long as they do not encounter obstacles like
other proteins (picket fence) or are trapped by intracellular interactors.
This is the reason, why receptors are slowed down in the synapse and
get accumulated opposite of synaptic terminals. Single particle tracking
(SPT) of organic dye or quantum dot labelling of receptors have success-
fully been used to observe the exchange of glutamate and glycine recep-
tors between the synapse and the exirasynaptic space (Choquet and
Triller, 2003; Dahan et al., 2003; Groc et al., 2007; Meier et al., 2001).
Published studies on the GABA, receptor used other techniques to show,
that synaptic receptors are mainly recruited from extrasynaptic areas
and not directly inserted into the synapse from intracellular sources.
Thomas et al. (2005) introduced the V257C mutation into the alphal
subunit of the GABA, receptor, that is functionally silent under normal
conditions, but allows irreversible inactivation in the pore through cova-
lent coupling of MTSES, once the channel has been opened by GABA.
Whole-cell GABA activated currents revealed a relatively slow movement
of unblocked new receptors from intracellular pools into the synaptic or
extrasynaptic compartments. Although constitutive receptor endocytosis
constantly removes receptors from the surface, most of these receptors
are recycled back and not replaced with “new” unblocked receptors. On
the contrary, the exchange between the synapse and the extrasynaptic
space seems to be very rapid. The authors inactivated action poten-
tials by TTX to avoid the activation of peri-and extrasynaptic receptors
through GABA spillover and recorded mIPSCs and evoked IPSCs before,
during and after an 8 min application of MTSES. The massive depres-
sion of mIPSC amplitudes during MTSES treatment fully recovered in the
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following 10—15 min. They proved, that these new unblocked receptors
do not stem from newly born or recycled receptor pools, as the drugs
brefeldin-A (blocking the export from the endoplasmatic reticulum),
botulinum toxin B or N-ethylmaleimide (interfering with exocytosis) did
not change the observed effect. This is a major difference to (non-NMDA)
glutamate receptors: mEPSCs are substantially affected by the presence
of N-ethylmaleimide confirming a direct route of intracellular receptors
to excitatory synapses. They estimated a turnover rate of 1 out of 14
receptors per minute and synapse.

Bogdanov and coworkers come to a similar conclusion with their
imaging approach (Bogdanov et al., 2006). They transfected phluorin-
tagged beta3 subunits with an alpha-bungarotoxin binding site at its
N-terminus into hippocampal neurons to observe their fate on the cell
surface. They showed, that insertion of GABA, receptors into the mem-
brane occurs at extrasynaptic sites but their residence time there is
relatively short due to continuous endocytosis mediated by the clath-
rin adaptor AP-2 or translocation to synaptic sites, where receptors get
stabilized. The study of Jacob et al. (2005) shows, that this stabilization
results in lower FRAP (fluorescence recovery after photobleaching) rates
indicating lower rates of lateral mobility for synaptic receptors compared
with their extrasynaptic counterparts. To date the only known candidate
as a scaffold protein at GABAergic synapses is gephyrin that is thought
to stabilize synaptic GABA, receptor clusters (Essrich etal., 1998;
Kneussel et al., 1999; Lévi et al., 2004). Jacob et al. (2005) used RNA
interference (RNAI) to reduce gephyrin expression and found, that this
does not affect total cell surface receptor expression, but reduces recep-
tor cluster numbers. The remaining clusters exhibited enhanced mobility.
The role of gephyrin has been extensively investigated at glycinergic
synapses, as its strong direct interaction with the glycine receptor has
long been established. The regulated lateral diffusion has been shown
to play a role during synaptogenesis and is an important mechanism for
the dynamics of synaptic strength.

MECHANISMS INVOLVED IN THE
MAINTENANCE OF THE E/I BALANCE:

CELL SURFACE STABILITY, ENDOCYTOSIS
AND RECYCLING, AND PLASTICITY

Changes in the levels of excitability are rapidly answered by homeostatic
changes in voltage-dependent conductances (intrinsic homeostatic plas-
ticity) or adjustments of synaptic strength (synaptic homeostatic plastic-
ity, synaptic scaling) in order to maintain the stability of the neuronal
circuits (Mody, 2005; Turrigiano and Nelson, 2000). There might be a mul-
titude of cellular mechanisms that take part in the regulation of postsyn-
aptic receptor numbers and their functionality. Synaptic efficacy and the
overall excitation state of neurons depends on the amount, the type, the
functional state and the location of neurotansmitter receptors on the cell
surface (Collingridge et al., 2004). Change in the functional properties of
the receptors through posttranslational modifications or interaction with
endogenous ligands or the receptor numbers in the plasma membrane
is known as plasticity. Historically, the first spectacular discoveries have
been LTP and LTD of glutamatergic synapses. Today it has become clear,
that essentially almost every ion channel and synapse and as a result,
every cell or circuit undergoes plastic change, which allows neuronal out-
put to adapt to specific needs (McBain, 2008).

Constitutive endocytosis of GABA, receptors

GABA, receptors on the surface of cortical neurons at steady state
undergo significant constitutive endocytosis of 17-25% depending on
maturity of neurons (Kittler et al., 2004). An important factor of GABA,
receptor dynamics is the dynamin-dependent constitutive endocytosis via
the clathrin pathway. Like many other cell surface receptors (ionotropic
glutamate receptors, beta-adrenergic receptors, opioid receptors) GABA,
receptors are recruited to clathrin-coated pits that are mostly located at
peri- and extrasynaptic sites. An adaptor protein (AP-2 complex) binds

the receptor and facilitates the interaction with clathrin. The AP-2 protein
complex consists of four subunits, the alpha, beta, mu and sigma subu-
nit. Cargo is bound by the beta and mu subunit, that mostly recognize a
dileucine motif or the canonical YXXHyd motif (where X stands for any
aminoacid and hyd for a bulky hydrophobic amino acid) (Clague, 1998;
LeBorgne and Hoflack, 1998). The GABA, receptor contains several AP-2
binding motifs. One of them is a dileucine motif on the beta2 subunit
(L343, L344) (Herring et al., 2003). This motif is conserved in betal and
beta3, but it is not clear, whether it is active in this context. A typical
tyrosine based motif has been found in the gammaz2 subunit (Y367 in the
context YECL). This motif exhibits one of the strongest known interac-
tions with the mu2 subunit, that is regulated by the phosphorylation state
of the tyrosine (Kittler et al., 2008). This site is supported in an additive
way by an atypical binding site in the beta3 subunit (S408/409), that
is also regulated by phosphorylation (Kittler et al., 2005). Additionally,
the GTPase dynamin facilitates vesicle formation. The disruption of the
dynamin-amphiphysin interaction with a sequence specific peptide
results in higher mIPSC peak amplitudes (Kittler et al., 2000). The involve-
ment of dynamin has been shown in HEK cells with a dominant negative
form of the protein (K44A) (Herring et al., 2003).

A significant portion of internalized receptors (30%) is rapidly recycled
back to the cell surface. Degradation of internalized receptors does not
occur instantaneously, but over longer periods of time. In 6 h 29% of origi-
nally internalized receptors are degraded in lysosomes. This process can be
specifically followed up by its sensitivity to leupeptin (Kittler et al., 2005).

Regulated endocytosis of GABA, receptors

Kinases not only modulate channel function by phosphorylating the GABA,
receptor directly, but also mediate the effect of extracellular stimuli like
growth factors or the crosstalk with other neurotransmitter systems on
the trafficking of the receptor. A well known example is the activation
of PKC, that induces dynamin-dependent endocytosis of GABA, recep-
tors containing a gamma subunit (Connolly et al., 1999; Herring et al.,
2005). Binding of the AP-2 complex to a dileucine motif within the beta 2
subunit is involved in the process. One suspected candidate as a trigger
is brain-derived neurotrophic factor (BDNF), that plays an important role
in development, but also at mature synapses (McAllister, 1999). Several
studies describe a decrease or increase of IPSCs depending on the brain
region. A BDNF induced reduction of spontaneous or evoked IPSCs was
observed in the rat hippocampal CA1 region by Tanaka et al. (1997) and
Frerking et al. (1998) and in another study of the hippocampus by Briinig
et al. (2001). Similar observations were made in cerebellar granule cells
by Cheng et al. or in the paraventricular nucleus of the hypothalamus
(Cheng and Yeh, 2003; Hewitt and Bains, 2006). The connection between
BDNF, PKC and IPSCs becomes obvious in BDNF knock out mice, where
the rescue of IPSC amplitudes through exogenous BDNF can be blocked
by the postsynaptic application of a PKC inhibitory peptide (Henneberger
et al., 2002). In other regions, like the rat visual cortex, BDNF potenti-
ates mIPSC amplitudes as a result of an increased receptor cell surface
expression (Mizoguchi et al., 2003). Jovanovic et al. (2004) observed a
biphasic effect of BDNF on GABA, receptor trafficking, namely an initial
rapid increase, followed by a decrease in mIPSC amplitudes. Both effects
are blocked by the PKC inhibitor calphostin C. An example for neuro-
transmitter receptor crosstalk is the activation of the dopamine D3 recep-
tor in the GABAergic medium spiny neurons of the nucleus accumbens.
Activation of the D3 receptor resulted in a reduction of GABA, receptor
currents, that was dependent on PKA activity, dynamin and an atypical
AP-2 binding motif on the beta3 subunit with a critical PKA site, that
needs to be dephosphorylated to mediate the effect (Chen et al., 2006;
Kittler et al., 2005).

The glia derived proinflammatory cytokine tumor necrosis factor
alpha (TNF-alpha) also promotes GABA, receptor endocytosis, but at the
same time AMPA receptor exocytosis, thereby influencing the E/I balance,
which has been observed in the hippocampus (Leidenheimer, 2008;
Stellwagen et al., 2005).
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Activity dependent regulation of GABAergic inhibition

Blocking presynaptic action potentials and therefore synaptic activity by
TTX or the activity of ionotropic glutamate receptors in neuronal cultures
for 24 h reduces the amplitudes of mIPSCs as a result of a loss of GABA,
receptors containing the alpha2, beta3 and gammaz2 subunit from the syn-
apse (Kilman et al., 2002; Saliba et al., 2007). The opposite phenomenon
has been observed upon enhancing neuronal activity. TTX treatment did
not change the rate of endocytosis or receptor half-life at the cell sur-
face, but increased the polyubiquitination of the beta3 subunit signifi-
cantly, therefore pointing to a role of the proteasome. Pulse chase analysis
showed, that newly translated subunits or assembled receptors in the ER
exhibited a reduced stability, as polyubiquitination directly targeted them
to the proteasome for degradation, therefore reducing the amount of func-
tional receptor, which is delivered to the synapse through the secretory
pathway. A similar mechanism has been shown for the NMDA receptor
and PSD proteins, but not for AMPA receptors, where ubiquitination influ-
ences endocytosis (Burbea et al., 2002; Colledge et al., 2003; Kato et al.,
2005; Patrick et al., 2003). Blocking ubiquitination of the beta3 subunit by
mutating 12 lysine residues to arginines resulted in significantly higher
cell surface levels of the mutant as a result of increased receptor insertion
into the membrane (Saliba et al., 2007). Although other subunits might
also be the target of polyubiquitination, the beta3 subunit is critical for
the exit of assembled receptors from the ER, and therefore rate limiting
(Ltscher and Keller, 2004).

Live imaging of phluorin tagged beta3 subunits bearing a bungaro-
toxin binding site (BBS) and the use of fluorescent bungarotoxin showed,
that the mutant beta3 subunit exhibits much higher insertion rates into
the plasma membrane than the wildtype beta3 subunit (Bogdanov et al.,
2006). This effect remained the same, whether TTX was present or not.
ER associated degradation (ERAD) via the proteosome is therefore a
means to regulate neuronal inhibition by GABA, receptors in response to
changing neuronal activity. The ubiquitin-like protein Plic-1 that has been
identified as a GABA, receptor interacting protein, might play some regu-
latory role by reducing proteosomal degradation and assisting membrane
insertion of receptors (Bedford et al., 2001).

Plasticity of GABAergic synapses influencing the balance

between excitation and inhibition

The different forms of plasticity at excitatory synapses certainly have
been dominating research since their first discovery by Bliss and Lomo
in the 1970s as they have been considered to lie at the base of learning
and memory. Plasticity at inhibitory synapses was discovered later and
the different forms have only emerged gradually. The Purkinje cells of the
cerebellar cortex are at the centre of interest in this regard. Repetitive
depolarization of Purkinje cells results in the induction of three forms of
inhibitory synaptic plasticity: Rebound potentiation (Kano et al., 1992), DSI
(Llano et al., 1991) and DPI (Duguid and Smart, 2004). While DSI and DPI
rely on retrograde messengers, rebound potentiation is a purely postsyn-
aptic phenomenon, where the main regulatory players in the postsynaptic
membrane seem to be GABA, and mGluRI receptors. Postsynaptic depo-
larization of a Purkinje neuron leads to an increase of the intracellular
Ca?* concentration, that together with calmodulin binds to and activates
Ca?*/Calmodulin-dependent protein kinase Il (CaMKIl), thereby potentiat-
ing GABA, receptor function. Simultaneous activation of GABA, receptors
suppresses the induction of rebound potentiation through the activation
of protein phosphatase | (PP-1). The group of Hirano suggests, that PP-1
reduces GABA, receptor function by controlling the autophosphorylation
of CaMKIl (Sugiyama et al., 2008).The central molecule of the whole
process seems to be DARPP-32. mGluRI activates adenylyl cyclase act-
ing via a G, protein and GABA, receptors inhibit adenylyl cyclase through
G,/G, proteins. The resulting cAMP levels influence the activity of PKA that
in its activated state catalyzes phosphorylation of DARPP-32, a strong
inhibitor of PP-1. The increase of Ca*/Calmodulin additionally activates
calcineurin that shifts the equilibrium towards the unphosphorylated
form of DARPP-32, which has no effect on PP-1. The role of mGluRI in
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this context is not beyond doubt, as Duguid et al. (2007) report, that any
pharmacological blockage of mGluRI activation did not affect the induc-
tion of rebound potentiation in their hands. Another recent study does not
entirely support the hypothesis on the role of PP-1, as they have some
evidence that CaMK-Il modulation of GABA, receptors critically requires
Ca?*/CaM binding to CaMK-II but not autophosphorylation (C. Houston
and TG Smart, personal communication). PP-1 can also directly dephos-
phorylate the GABA, receptor.

Rebound potentiation seems to be a far more complex process,
as several other factors, like a structural change of GABARAP and the
involvement of tyrosine kinases is currently discussed (Kawaguchi and
Hirano, 2006, 2007)

The increase of intracellular calcium during Purkinje cell activation
also leads to a postsynaptic release of endocannabinoids only when the
stimulation is modest. They act as retrograde messengers on presynaptic
CB1 receptors to transiently suppress the release of GABA (DSI). Repetitive
climbing fibre stimulation or strong somatic depolarization results in a rapid
increase of Ca?" and the simultaneous release of postsynaptic glutamate
and endocannabinoids into the extrasynaptic space. Glutamate activates
postsynaptic mGluRI receptors in an autocrine manner and through G,
proteins enhances the release of endocannabinoids. On the other hand,
glutamate also activates presynaptic NMDA receptors, which induce an
increase in presynaptic GABA release. Glutamate therefore enhances syn-
aptic depression (DSI) before inducing synaptic potentiation (DPI) (Duguid
etal., 2007).

SUMMARY

The delicate balance between excitation and inhibition in the mature
nervous system is mainly carried by the excitatory neurotransmitter
glutamate, that acts on AMPA, NMDA, kainate and metabotropic gluta-
mate receptors and the mostly inhibitory neurotransmitter GABA, that
acts on GABA,, GABA, and GABA, receptors. The highly heterogenous
GABA, receptors are trafficked to specific subcellular locations by mech-
anisms that only start to be understood. Novel GABA, receptor interacting
proteins have been shown to be involved in trafficking, stabilization and
anchoring of the receptors. Their functional properties and stability is fur-
ther regulated by post-translational modifications like phosphorylation,
palmitoylation and ubiquitination. Subtype heterogeneity and receptor
dynamics (through trafficking, regulation of stability and plasticity) allow
the fine tuning of inhibition in neural networks, that when disturbed,
results in pathological states like epilepsy, anxiety and depression.
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