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Abstract
The GABA transporter 1 (GAT1), the main plasma membrane GABA
transporter in brain tissue, mediates translocation of GABA from the
extracellular to the intracellular space. Whereas GAT1-mediated uptake
could generally terminate the synaptic effects of GABA, recent studies suggest
a more complex physiological role. This chapter reviews evidence suggest
ing that in hippocampal and neocortical circuits, GAT1-mediated GABA
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transport regulates the electrophysiological effects of GABAB receptor
(GABABR) activation by synaptically-released GABA. Contrasting with
synaptic GABAA receptors, GABABRs display high GABA binding affinity,
slow G protein-coupled mediated signaling, and a predominantly extrasy
naptic localization. Such GABABR properties determine production of slow
inhibitory postsynaptic potentials (IPSPs) and slow presynaptic effects. Such
effects possibly require diffusion of GABA far away from the release sites,
and consequently both GABABR-mediated IPSPs and presynaptic effects
are strongly enhanced when GAT1-mediated uptake is blocked. Studies are
reviewed here which indicate that GABABR-mediated IPSPs seem to be
produced by dendrite-targeting GABA neurons including specifically,
although perhaps not exclusively, the neurogliaform cell class. In contrast,
the GABA interneuron subtypes that synapse onto the perisomatic membrane
of pyramidal cells mostly signal via synaptic GABAARs. This chapter reviews
data suggesting that neurogliaform cells produce electrophysiological effects
onto other neurons in the cortical cell network via GABABR-mediated
volume transmission that is highly regulated by GAT1 activity. Therefore,
the role of GAT1 in controlling GABABR-mediated signaling is markedly
different from its regulation of GABAAR-mediated fast synaptic transmission.

I. Introduction
GABAB receptors (GABABRs) are prominent in hippocampal and neo
cortical circuits. Compared with receptors of the GABAA family (GABAARs),
the distinctive properties of GABABRs suggest that these receptors play
different roles in regulating the flow of neural activity in cortical circuits.
The physiological role of GABABRs at the cellular level was identified in
early studies [summarized in (Nicoll, 2004)] following the demonstration
that GABA acts through receptors different from the bicuculline-sensitive
sites (Bowery et al., 1980). Whereas substantial progress has been made in
further defining the role of GABABRs (Ulrich & Bettler, 2007), the regulation
of GABABR activation in physiological conditions is still poorly understood.
Here, I review findings from experimental studies suggesting that in cortical
microcircuits the activity of the GABA transporter 1 is an important deter
minant of GABABR activation. The review focuses on the interplay between
GAT1-mediated GABA uptake and GABABRs which may play a role in
determining the electrophysiological effects of synaptically-released GABA.

II. The Plasma Membrane GABA Transporter 1
The GABA transporter 1 (GAT1) is the predominant plasma membrane
GABA transporter in cortical tissue (Guastella et al., 1990), where it is
localized in neuronal and glial membranes near synapses (see Section III).
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Below I review some of the properties of the GAT1 protein, its role in
translocation of GABA across the plasma membrane, and some evidence
on the mechanisms regulating GAT1 activity.

A. Properties of the GAT1 Protein and Translocation of GABA
by GAT1
The gene encoding the amino acid sequence of GAT1 (slc6a1) belongs
to the slc6 family of genes for plasma membrane transporters, together
with transporters for dopamine, serotonin, norepinephrine, and glycine, as
well as the GABA transporters GAT2, GAT3, and GAT4 (Gether et al.,
2006). The GAT1 slc6a1 gene encodes a 599 amino acid protein with
12 transmembrane domains. To form functional transporter molecules,
these proteins are probably assembled as dimers (Gether et al., 2006;
Moss et al., 2009).
As the other slc6 transporters, GAT1 translocates its substrate by co
transport with Na+ in a process that requires Cl– (Fig. 1A), although it is not
clear whether Cl– itself is translocated or not (Bicho & Grewer, 2005; Chen
et al., 2004). GABA translocation occurs with a relatively slow kinetics, in
the order of tens of GABA molecules per second (Bicho & Grewer, 2005;
Chen et al., 2004). Such kinetics is significantly slower than the rapid
kinetics of synaptic GABA-receptor binding and receptor channel gating
(Farrant & Kaila, 2007). Interestingly, basal levels of GAT1 expression in
the plasma membrane suggest a density of 300–500 transporters/mm2 (Chiu
et al., 2002; Wang & Quick, 2005). Therefore, depending on their exact
membrane localization (see Section III.B. below), GAT1 molecules could
provide ample high-affinity (IC50 ~6 nM) binding sites (Borden, 1996) to
rapidly buffer synaptically-released GABA independently of its slow trans
location rate (Diamond & Jahr, 1997).
GAT1 activity can be inhibited with various pharmacological compounds,
some of which are highly selective to block GAT1 as opposed to other GABA
transporters (Borden, 1996). Among the GAT1-selective commercially available
inhibitors are NO711, also named NNC 711 (1,2,5,6-Tetrahydro-1-[2-[[(diphe
nylmethylene)amino]oxy] ethyl]-3-pyridinecarboxylic acid hydrochloride), and
tiagabine ((R)-1-[4,4-bis(3-methylthiophen-2-yl)but-3-enyl] piperidine-3
carboxylic acid). Pharmacological inhibition of GAT1 activity is typically
considered to decrease GABA uptake (Borden, 1996)—that is, the trans
location of extracellular GABA into the intracellular compartment
(Fig. 1A). GAT1 in GABAergic nerve terminals may therefore provide
cytosolic GABA to rapidly refill synaptic vesicles without need of GABA
synthesis de novo. Glial GAT1-mediated uptake (Fig. 1B) may produce a
pool of GABA that is transformed into glutamine and thus is not readily
available for neuronal release (Schousboe & Waagepetersen, 2006).
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FIGURE 1

(A) Left, Scheme showing that GAT1 translocates GABA through the membrane
via a process that requires Na+ and Cl–. Na+ is co-transported by GAT1, contributing to an ionic
current typically associated with GABA transport across the membrane. Whether Cl– is
transported as well, is not entirely clear. (A) Right, Several pharmacological compounds inhibit
GABA transport in brain tissue, including NO711 and tiagabine, which are selective inhibitors of
GAT1. GAT1 inhibitors are thought to mainly inhibit GABA uptake (that is, translocation
through the plasma membrane from outside to inside), but can inhibit GABA translocation in
the opposite direction as well, in conditions in which GAT1 mediates GABA release (see text).
(B) Diagram showing a model, based on electron microscopy studies, for the localization of
GAT1 at the ultrastructural level. The model suggests that GAT1 is expressed mainly in neurons,
but some expression is observed in the glia as well. In neurons, GAT1 is apparently found mostly
in the membrane of presynaptic GABA nerve terminals. The data regarding subcellular
localization of GAT1 suggest that the transporter is found in extrasynaptic regions of the
presynaptic nerve terminal membrane, relatively distant from the GABA release sites
and postsynaptic receptors. This model assumes that neither GAT1-mediated uptake nor the
binding of GABA to the transporters (before uptake begins) can effectively control the amount of
GABA available to activate synaptic GABAA receptors after rapid release into the synaptic cleft.

However, glial glutamine can be released and taken up by neurons to be
converted into GABA, possibly entering the releasable pool (Cherubini &
Conti, 2001). In any event, a clear role of GAT1-mediated GABA uptake is
to reduce extracellular GABA levels. An outstanding question is whether
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removal of extracellular GABA by GAT1-mediated uptake can influence
the activation of GABA receptors by synaptically-released GABA, a topic
that will be considered in sections below.
Although GAT1 is thought to mainly mediate GABA uptake, some
evidence suggests that GAT1 may translocate GABA in the opposite direc
tion, thus producing non-vesicular GABA release (Attwell et al., 1993). For
instance, GAT1 may mediate GABA release when the intracellular Na+
concentration is increased (Wu et al., 2007). Moreover, the GABA translo
cation direction can be reversed quickly enough to produce GAT1-mediated
GABA release in response to action potentials (Wu et al., 2007). GAT1
mediated release is Ca2+-independent and is insensitive to inhibitors of
vesicular GABA release, but is inhibited by the pharmacological GAT1
inhibitor NO711 (Wu et al., 2007).
Under what conditions does GAT1-mediated uptake or release predo
minate? Whereas answering such question requires additional research, it
is interesting to note that in humans, the GAT1 inhibitor tiagabine has
antiepileptic effects (Borden, 1996; Laroche, 2007). GAT1 blockade with
tiagabine also increases the tonic currents produced by either exogenous or
endogenous GABA (Frahm et al., 2001). In addition, electrophysiological
experiments in tissue from GAT1 knock-out mice are consistent with an
increase in extracellular GABA concentration (Chiu et al., 2005; Jensen
et al., 2003). These general observations suggest that in cortical networks
GAT1 predominantly operates in the uptake direction (Fig. 1A).

B. Regulation of GAT1-Mediated GABA Transport
GAT1-mediated transport is regulated by controlling its membrane
surface expression. Importantly, phosphorylation of several residues in its
intracellular loops regulates trafficking of the GAT1 protein (Chen et al.,
2004; Quick et al., 2004). A crucial factor regulating phosphorylationdependent GAT1 trafficking is the extracellular concentration of GABA.
A short-term (30 min) raise in extracellular GABA increases GAT1 surface
expression by slowing the transporter internalization in a manner dependent
on GAT1 phosphorylation on tyrosine (Bernstein & Quick, 1999). Con
versely, long-term elevation of extracellular GABA (24 h) reduces GAT1
surface expression by a process involving GABAA receptor activation and
GAT1 phosphorylation on serine (Hu & Quick, 2008). One possibility is
that the chronic (hours-long) elevation of extracellular GABA is sensed as a
sustained increase in the levels of GABA-mediated inhibition in the circuit.
An increased demand for inhibition may then be transduced, by some
homeostatic mechanism, into decreased GAT1 levels that potentiate tonic
inhibition by increasing the levels of so-called ambient GABA (Ortinski
et al., 2006). Regulation of GAT1 levels in the plasma membrane may be
an important pathophysiological or compensatory mechanism in several
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psychiatric and neurological disorders including schizophrenia (Lewis et al.,
2005), epilepsy (Fueta et al., 2003; Lee et al., 2006), cerebral ischemia
(Frahm et al., 2004), and alcohol abuse (Hu et al., 2004). Not surprisingly,
genetically-engineered GAT1 deficiency in mice produces several behavioral
alterations (Cai et al., 2006; Chiu et al., 2005; Gong et al., 2009; Liu et al.,
2007).

III. Cellular and Subcellular Localization of GABABRs and
GAT1
GABABRs and GAT1 are relatively ubiquitous and co-localize in multi
ple cortical and subcortical brain regions. However, a critical issue for
understanding the potential functional interactions between GABABRs and
GAT1 in cortical circuits is their localization at the ultrastructural level.
Especially important is the localization of GABABRs and GAT1 relative to
the GABA release sites. Whereas some ultrastructural studies, reviewed
below, examined the localization of GABABRs or GAT1, no studies thus
far examined whether these two proteins are co-localized, or found within
short distance, at the ultrastructural level.

A. Localization of GABABRs
Functional GABABRs most likely are heteromers containing GABAB1
and GABAB2 subunits (Mohler & Fritschy, 1999; Perez-Garci et al., 2006).
Immunogold labeling electron microscopy studies show that GABAB1 and
GABAB2 subunit proteins co-localize in the plasma membrane of neurons at
both pre- and post-synaptic sites (Perez-Garci et al., 2006).
GABABR subunits are found in the plasma membrane of nerve term
inals at GABAergic/symmetric and glutamatergic/asymmetric synapses
(Gonchar et al., 2001; Kulik et al., 2003; Vigot et al., 2006), suggesting
that GABABRs modulate GABA and glutamate release. Importantly, the
plasma membrane of presynaptic nerve terminals in the central nervous
system generally lacks excitatory or inhibitory synaptic contacts, raising
questions about the source of GABA for presynaptic GABABR activation.
In GABAergic terminals, some GABABRs are found close to the GABA
release sites (Gonchar et al., 2001), suggesting those GABABRs act as autoreceptors. The GABABRs localized in the plasma membrane of glutamater
gic nerve terminals are by definition extrasynaptic, and must be activated by
GABA diffusing from nearby GABAergic synapses.
In addition to nerve terminals, some GABABRs are found in the post
synaptic membrane of GABAergic/symmetric synapses (Gonchar et al.,
2001), where they may be directly activated by synaptically-released
GABA. However, GABABRs are undetectable in the postsynaptic membrane
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of many other GABA/symmetric synapses (Gonchar et al., 2001). GABABR
subunits can also be found in the plasma membrane of dendritic shafts and
spines in the vicinity of glutamate/asymmetric synapses (Gonchar et al.,
2001; Kulik et al., 2003; Kulik et al., 2006; Lopez-Bendito et al., 2002;
Vigot et al., 2006). Although the dendritic membrane of pyramidal neurons
(including the spines) may receive some GABA synapses (Andrasfalvy &
Mody, 2006; Megias et al., 2001; Papp et al., 2001), GABAB1 subunits in
dendritic spines and shafts are commonly found in regions of membrane
lacking an inhibitory presynaptic partner (Kulik et al., 2003). This suggests
that many of the dendritic GABABRs, which presumably regulate the exci
tatory effects of glutamate inputs, are extrasynaptic. The extrasynaptic
GABABR subunits found in dendrites typically co-cluster with Kir3-type
K+ channel proteins (Kulik et al., 2006). Importantly (see Section IV),
GABABR activation is commonly coupled, via G protein activation, to
Kir K+ channel gating, producing a hyperpolarizing K+ current (Luscher
et al., 1997).

B. Localization of GAT1
Electron microscopy studies of cortical tissue demonstrated that the
GAT1 protein is expressed in the plasma membrane of neurons and glial
cells. More specifically, GAT1 is frequently found in presynaptic nerve
terminals that are part of an inhibitory/symmetric synaptic contact, as well
as in glial processes near inhibitory synapses (Fig. 1B) (Conti et al., 1998;
Conti et al., 2004; Mahendrasingam et al., 2003; Minelli et al., 1995;
Minelli et al., 1996; Ong et al., 1998; Vitellaro-Zuccarello et al., 2003;
Yan et al., 1997).
In contrast to the ultrastructural studies of GABABR localization
reviewed in Section III.A. (which employed immunogold particle methods),
most electron microscopy studies of GAT1 localization employed immuno
cytochemistry based on diaminobenzidine peroxidation for detection of
GAT1-positive structures. Using this method, the oxidation reaction pro
duct is relatively well confined inside the immunoreactive structure, but does
not reveal the specific membrane compartments where the protein of interest
is localized. Therefore, unlike the case of the GABABR studies, the immu
noperoxidase studies of GAT1 localization do not accurately describe if
GAT1 proteins are preferentially localized in synaptic or extrasynaptic
compartments of the neuronal plasma membrane. The few studies employ
ing immunogold techniques to localize GAT1 in central nervous system
tissue found label in the plasma membrane of glial process close to GABA/
symmetric synapses as well as in the plasma membrane of presynaptic
terminals of GABA/symmetric synapses, where the GAT1 labels are found
extrasynaptically, relatively far from the GABA release sites (Conti et al.,
1998; Mahendrasingam et al., 2003).
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In summary, GAT1 proteins appear to be localized in GABAergic
terminals as well as in glial processes near GABA synapses (Conti et al.,
2004). The limited data available from immunogold labeling studies show
that GAT1 proteins do not localize in very close proximity to GABA release
sites or postsynaptic GABA receptors, suggesting that GAT1 activity mainly
regulates the GABA concentration in the extracellular space outside the
synaptic cleft (Fig. 1B).

IV. GABABR Activation by GABA Released from Endogenous
Sources
In hippocampal and neocortical circuits GABA is synthesized and
released by GABAergic interneurons. While a minority (20–30% of all
neurons), interneurons are nevertheless a highly heterogeneous cell type,
probably constituted by multiple subtypes (Markram et al., 2004). A crucial
question to understand GABABR function in cortical circuits is therefore
whether GABABRs are typically activated by GABA released by all or only
by specific subtypes of GABA neurons. Given their highly complex features,
classification of GABA neurons is complicated and it is indeed still unclear
how many different interneuron subtypes actually exist (Ascoli et al., 2008;
Zaitsev et al., 2009). Before considering the importance of GAT1 activity for
GABABR activation, in this Section I review the different types of electro
physiological responses produced by GABABRs, when possible identifying
the interneuronal source of GABA producing the response.

A. GABABR-Mediated Inhibitory Postsynaptic Potentials
Inhibitory postsynaptic potentials (IPSPs) can be elicited using extracel
lular electrical stimulation. Using this approach, pioneer electrophysiologi
cal studies demonstrated that synaptic GABA release can elicit IPSPs by
activation of GABABRs coupled to the gating of a K+ current (Connors
et al., 1988; Dutar & Nicoll, 1988). These GABABR-mediated IPSPs
(GABABR-IPSPs) thus differ in their ionic basis from IPSPs produced by
GABAAR-gated Cl– currents. GABABR-IPSPs are significantly slower in rise
and decay times than GABAAR-IPSPs (Fig. 2A) (Connors et al., 1988; Deisz,
1999; Dutar & Nicoll, 1988; McCormick, 1989). Such slower kinetics is
expected, since GABABRs belong to the G protein-coupled receptor family,
gating K+ channels through the various molecular steps involved in signaling
via G protein stimulation.
Eliciting GABABR-IPSPs typically requires stronger extracellular stimu
lation compared with producing GABAAR-IPSPs (Bertrand & Lacaille,
2001; Dutar & Nicoll, 1988; Scanziani, 2000). Stronger stimulus intensities
increase the number of stimulated axons, and therefore the number of active
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synapses. Stronger stimuli may be required to elicit GABABR-IPSPs if at
most GABA synapses transmission is purely GABAAR-mediated and stimu
lating the uncommon GABABR-containing synapses is a low probability
event. A second possibility is that many of the GABABRs activated by
synaptically-released GABA are extrasynaptic, their activation requiring
pooling of extracellular GABA released by multiple synapses. In this case,
stronger stimuli may be needed because GABABR activation requires
recruiting synapses above a threshold or minimal number. These two sce
narios are not mutually exclusive and actually are both supported by the
electron microscopy data reviewed in Section III.A (Gonchar et al., 2001;
Kulik et al., 2006; Vigot et al., 2006).
Using extracellular electrical stimulation, the identity of the stimulated
axons (that is, to what GABAergic neuron subtype such axons belong) cannot
be determined. Importantly, interneuron subtypes are broadly divided into
those synapsing at or near the pyramidal cell soma (perisomatic-targeting)
versus those making synapses in more distal dendrites (dendritic-targeting).
Do GABABRs mediate responses at specific compartments of the post
synaptic cell membrane? Applying focal extracellular stimulation, it is feasible
to elicit in pyramidal cells IPSPs by selective activation of perisomatic-targeting
versus dendritic-targeting GABAergic axons (Bertrand & Lacaille, 2001;
Gonzalez-Burgos et al., 2009; Gulledge & Stuart, 2003). Using focal stimula
tion, we found recently that GABABR-IPSPs are preferentially evoked by
stimulation of dendritic-targeting synapses (Gonzalez-Burgos et al., 2009).
Importantly, such dendritic GABABR-IPSPs co-exist with dendritic
GABAAR-IPSPs and are produced with the same stimulus strength (Gonza
lez-Burgos et al., 2009). These results suggest that GABABRs predominantly
mediate signaling by interneurons that target pyramidal cell dendrites.

B. Postsynaptic GABABR Activation During Unitary Synaptic
Transmission
Although synaptic stimulation with extracellular electrodes may in cases
be targeted to specific membrane compartments, this approach still has
multiple limitations. For instance, it cannot determine whether the
GABAAR-IPSPs and GABABR-IPSPs originate at the same or separate
synapse populations (Nurse & Lacaille, 1997). A state-of-the-art method
to stimulate well-identified GABAergic synaptic connections is simultaneous
recording from synaptically-connected pairs of neurons (Debanne et al.,
2008). In these experiments, current is injected into a neuron to elicit an
action potential while recording membrane potential or current simulta
neously in another cell (Fig. 2B). Action potentials produced in a GABAergic
interneuron synaptically-connected onto a postsynaptic cell produce
responses called “single-axon” or “unitary” IPSCs/IPSPs. Unitary IPSCs/
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IPSPs therefore result from activation of a single GABA neuron, although
they typically involve multiple synaptic contacts between the presynaptic
axon and the postsynaptic cell (Fig. 2B). In paired recordings, the recorded
neurons can be identified by their morphology, biochemical and electrical
properties. Moreover, using GABA receptor antagonists, whether GABABRs
or GABAARs mediate the unitary IPSCs/IPSPs can be determined (Fig. 2C).
In recordings from synaptically-connected pairs, GABAAR antagonists
completely abolish the unitary responses evoked by a variety of interneuron
subtypes (Fig. 2C, left), including the fast-spiking basket cells and chandelier
neurons in the hippocampus (Ali et al., 1999; Bartos et al., 2002; Buhl et al.,
1994; Buhl et al., 1995; Buhl et al., 1995; Doischer et al., 2008; Thomson &
Destexhe, 1999; Thomson et al., 2000) and neocortex (Gonzalez-Burgos et al.,
2005; Szabadics et al., 2006; Szabadics et al., 2007; Tamas et al., 1997; Tamas
et al., 1998; Tamas et al., 2003; Thomson & Destexhe, 1999; Thomson et al.,
1996). Non-fast-spiking basket cells similarly produce fast unitary IPSCs/IPSPs
consistent with being mediated by GABAARs (Galarreta et al., 2008; Glickfeld
& Scanziani, 2006; Glickfeld et al., 2008; Hefft & Jonas, 2005). Basket cells
(fast-spiking and non-fast spiking) and chandelier neurons innervate pyramidal

FIGURE 2

(A) Scheme comparing the fast time-course of GABAAR-IPSPs (black trace) with
the significantly slower time-course of GABABR-IPSPs (gray trace). Note that relative to the
stimulus (arrow), the onset of the GABABR-IPSPs is substantially delayed compared to the
GABAAR-IPSP. In addition, the rising phase of the GABABR-IPSP is much slower and its decay
time is at least ten-times slower compared with the GABAAR-IPSP. (B) A drawing illustrating
the typical experimental arrangement used to obtain electrophysiological recordings from
synaptically-connected pairs of neurons. In this example, a presynaptic GABA neuron makes
a synaptic connection, composed of four synaptic contacts, onto a postsynaptic pyramidal cell.
The glass electrode pipettes can be used to inject stimuli or to record membrane potential or
current from either neuron. The IPSPs produced in this kind of study are called single-axon or
unitary IPSPs, even though they involve multiple synaptic contacts. (C) Examples of GABAARand GABABR-mediated unitary IPSPs observed in recordings from synaptically-connected pairs.
The example on the left shows a case in which the presynaptic GABA neuron produces in the
postsynaptic cell a unitary IPSP purely mediated by GABAARs. The great majority of GABA neuron
subtypes identified thus far produce unitary IPSPs of this kind, including basket cells that target the
perisomatic region of the pyramidal cell membrane, as well as some dendrite-targeting GABA
neuron subtypes. The example on the right illustrates a unitary IPSP produced by the combined
activation of GABAA and GABAB receptors. Only interneurons of the neurogliaform cell subtype
have so far been clearly identified to produce unitary IPSPs with these characteristics. Note that the
time-course of the GABAAR-IPSP produced by neurogliaform cells is substantially slower than the
time-course of GABAAR-IPSPs produced by other interneuron subtypes. (D) Illustration of the
autoreceptor effects produced on unitary GABAAR-IPSPs by presynaptic GABABR in some types of
GABA synapses. Note that, in control conditions, the strength of subsequent GABAAR-IPSPs
produced by stimulus trains shows progressive depression. After application of a GABABR
antagonist, the strength of subsequent GABAAR-IPSPs increases, showing that GABABRs
contribute to the IPSP depression. The initial unitary IPSP in the train is, however, unaltered by
the GABABR antagonist, showing that autoreceptor effects are produced by GABA released by a
recently preceding stimulus.
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cells onto the perisomatic membrane compartment (Somogyi et al., 1998). Thus,
perisomatic-targeting GABA neurons in general transmit via GABAARs without
significant contribution of postsynaptic GABABRs (Freund & Katona, 2007). In
addition, the unitary IPSCs/IPSPs produced by various dendrite-targeting inter
neuron subtypes in hippocampus and neocortex are similarly mediated by
postsynaptic GABAAR activation (Ali & Thomson, 2008; Bertrand & Lacaille,
2001; Kapfer et al., 2007; Murayama et al., 2009; Vida et al., 1998).
Whereas most GABA neuron subtypes produce purely GABAARmediated unitary IPSCs/IPSPs (Fig. 2C, left), recent studies identified an inter
neuron subtype producing unitary GABABR-IPSPs. In paired recordings,
interneurons of the neurogliaform cell class produce in pyramidal neurons
slow unitary IPSPs that are never completely abolished by GABAAR antago
nists (Fig. 2C, right) (Tamas et al., 2003). Moreover, unitary IPSPs produced
by neurogliaform cells after GABAAR blockade rise and decay slowly, have
long onset latency and are blocked by GABABR antagonists (Tamas et al.,
2003). Therefore, neurogliaform cells produce unitary IPSPs simultaneously
mediated by GABAARs and GABABRs (Fig. 2C, right). Interestingly, when
stimulated repetitively, GABA release by neurogliaform cells exhausts quickly,
eventually depressing almost completely the unitary IPSP (Tamas et al., 2003).
Are neurogliaform cells the only interneuron subtype producing
GABABR-IPSPs by synaptic GABA release? The quick and strong depression
of GABA release observed during repetitive stimulation of neurogliaform
cells differs from the finding that repetitive extracellular stimulation pro
duces GABABR-IPSPs more efficiently than single stimuli (Gonzalez-Burgos
et al., 2009; Isaacson et al., 1993; Scanziani, 2000). These findings suggest
that in addition to neurogliaform cells, other interneuron subtypes produce
unitary GABABR-IPSPs. In one study, interneurons different from the
neurogliaform cell class produced, exclusively during repetitive stimulation,
slow unitary IPSPs insensitive to GABAAR antagonists (Thomson &
Destexhe, 1999). Moreover, in some cases, the slow GABABR-IPSPs
were observed in the absence of a GABAAR-mediated IPSP (Thomson &
Destexhe, 1999), contrasting with the neurogliaform cell unitary IPSPs
mediated by both GABABR and GABAARs (Tamas et al., 2003). Such
results confirm that some non-neurogliaform interneurons produce
GABABR-IPSPs, although the particular cell class remains to be identified
(Thomson & Destexhe, 1999). Recently, it was reported that fast-spiking
basket neurons, thought to produce exclusively GABAAR-mediated unitary
IPSPs, can elicit GABABR-IPSPs (Oswald et al., 2009), although only if the
interneuron is stimulated at high frequency (80 Hz) (Oswald et al., 2009).

C. Presynaptic GABABR Effects
As described in Section III.A., GABABRs are localized in presynaptic
nerve terminals at both GABA and glutamate synapses. At inhibitory
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synapses, presynaptic GABABRs may downregulate GABA release when
activated by GABA released from the same nerve terminal—in other
words, acting as autoreceptors (Fig. 2D). Alternatively, presynaptic
GABABRs can be activated by GABA released from adjacent GABA
synapses or by ambient GABA. The activation of presynaptic GABABRs at
glutamate synapses must depend on heterosynaptic effects, given that gluta
mate synapses do not release GABA. An exception is the case of the mossy
fiber synapses in the immature hippocampus, which are glutamatergic and
also release GABA. Presynaptic effects of GABA at such synapses are mostly
GABAAR-mediated (Alle & Geiger, 2007), but GABABRs may contribute as
well (Safiulina & Cherubini, 2009).
Presynaptic and postsynaptic effects of GABABR activation appear to
be mediated by different mechanisms (Deisz et al., 1997). For instance,
presynaptic GABABR effects are intact in synapses of Kir K+ channel
knock-out mice that lack postsynaptic GABABR effects (Luscher et al.,
1997). Several studies have actually shown that GABABRs inhibit voltagedependent Ca2+ channels, an effect that may mediate presynaptic regulation
of transmitter release by GABABRs (Mintz & Bean, 1993; Takahashi et al.,
1998; Thompson et al., 1993). At some GABA synapses, however, presy
naptic GABAB autoreceptors inhibit transmitter release but do not regulate
action potential-evoked presynaptic Ca2+ transients (Price et al., 2008).
Autoreceptor effects at GABA synapses are demonstrated by stimulating
the synapses repetitively so that GABA released by a preceding stimulus
regulates subsequent release (Fig. 2D). If presynaptic GABABRs inhibit
transmitter release, then the size of subsequent responses relative to preced
ing ones should increase when GABABRs are blocked (Fig. 2D). Such an
effect was demonstrated using extracellular stimulation of GABAergic
axons eliciting GABAAR-mediated IPSCs in hippocampal pyramidal cells
(Cobb et al., 1999; Davies & Collingridge, 1993; Davies et al., 1990).
GABABR antagonists increase the amplitude of subsequent unitary IPSPs/
IPSCs produced by repetitive stimulation of neurogliaform cells, consistent
with downregulation of release via autoreceptors (Olah et al., 2009;
Price et al., 2005, 2008). In contrast, GABABR autoreceptor effects are
absent at connections made by fast-spiking basket neurons (Olah et al.,
2009).
Presynaptic GABABRs may also regulate GABA release when activated
tonically—that is, independent of the effects of GABA released by a recently
preceding stimulus. The sources of GABA for tonic effects are difficult to
evaluate, but may include GABA released by other GABA synapses, ambient
GABA, or eventually GABA released homosynaptically at low frequency
(tonic autoreceptor effects). In the last case, the effects of GABA released
by a previous stimulus must persist until the next stimulus arrives, even if
the inter-stimulus interval is relatively long during low-frequency stimulation.
Some studies showed that GABABR antagonists enhance GABAAR-mediated
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IPSCs evoked with low-frequency stimulation (Buhl et al., 1994; Buhl et al.,
1995; Gonzalez-Burgos et al., 2009; Jensen et al., 2003; Lei & McBain, 2003;
Price et al., 2008). However, in other cases GABABR antagonists failed to
modulate GABAAR-IPSCs evoked at low frequency, even if the GABAARIPSCs are strongly depressed by presynaptic effects of the GABABR agonist
baclofen (Neu et al., 2007). These results suggest that tonic activation of
presynaptic GABABRs by endogenous GABA is synapse type-specific and is
not observed in some synapses at which presynaptic GABABRs are never
theless readily activated by exogenous agonists.
As described in Section III.A., GABABRs are also localized in glutamate
nerve terminals, where GABABRs may produce downregulation of gluta
mate release (Davies & Collingridge, 1996; Isaacson et al., 1993; Lei &
McBain, 2003; Pan et al., 2009; Porter & Nieves, 2004). Glutamate release
may be actually modulated by presynaptic GABABRs activated by endogen
ous GABA. For instance, burst stimulation of inhibitory inputs just prior to
stimulation of glutamate inputs produces a depression of glutamate trans
mission that is reversed by a GABABR antagonist (Davies & Collingridge,
1996; Isaacson et al., 1993). In the absence of prior stimulation of inhibitory
inputs, GABABR antagonists do not affect EPSCs, showing absence of
tonic activation of presynaptic GABABRs at glutamate terminals (Lei &
McBain, 2003). Whereas various sources may provide endogenous GABA
to activate presynaptic GABABRs at glutamate synapses, a recent study
showed that GABA released by neurogliaform cells is a prominent source
of GABA for such presynaptic effects (Olah et al., 2009). More specifically,
properly timed stimulation of GABA release by neurogliaform cells
depressed, via presynaptic GABABRs, excitatory transmission between
pyramidal neurons or between pyramidal cells and interneurons (Fig. 3B)
(Olah et al., 2009).

V. GAT1 Activity and GABABR Activation
The functional relevance of GAT1-mediated GABA transport has been
assessed by either pharmacological blockade of GAT1 activity or in geneti
cally-engineered GAT1-deficient mice. Such mice have significant behavioral
alterations (not reviewed here), which suggest that in cortical circuits
GAT1 plays a crucial role that cannot be compensated by other GABA
transporters (Cai et al., 2006; Chiu et al., 2005; Gong et al., 2009).
Below, I review the evidence from studies addressing the functional signifi
cance of GAT1 activity for GABA-mediated inhibition in cortical circuits.
The effects of GAT1-mediated transport on GABAAR-IPSCs are reviewed
first, since they are crucial to understand the role of GAT1 for GABABR
activation.
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A. GAT1-Mediated Uptake Prevents GABA Spillover onto
Synaptic GABAARs
A functional role typically assigned to GABA transporter-mediated
uptake is the termination of the postsynaptic effect of GABA following
presynaptic transmitter release. However, GABAAR-IPSCs produced at
single synapses are not altered in time-course or amplitude after GAT1
blockade with NO711 or in GAT1-deficient mice (Bragina et al., 2008;
Gonzalez-Burgos et al., 2009; Jensen et al., 2003; Overstreet & Westbrook,
2003). These results are opposed to the prediction that if GAT1 normally
controls the time-course and magnitude of GABAAR activation then GAT1
blockade would enhance and prolong IPSCs.
Unitary IPSCs produced by individual fast-spiking GABA neurons
typically are not altered by GAT1 blockade (Overstreet & Westbrook,
2003; Szabadics et al., 2007). However, if a fast-spiking GABA neuron
unitary IPSC is specifically mediated by adjacent synapses, it is significantly
prolonged by GAT1 blockade (Fig. 3A), suggesting that proximity of the
synapses involved is a critical determinant of GAT1 effects (Overstreet &
Westbrook, 2003). Interestingly, GABAAR-IPSCs/IPSPs evoked by extracel
lular stimulation, which activates multiple axons (and therefore multiple
synapses) together, are prolonged by GAT1 blockade or in GAT1-deficient
mice (Bragina et al., 2008; Caillard et al., 1998; Gonzalez-Burgos et al.,
2009; Keros & Hablitz, 2005; Overstreet & Westbrook, 2003; Thompson
& Gahwiler, 1992). Importantly, GAT1 blockade or knock-out increase
the duration of GABAAR-IPSCs evoked by multiple-synapse stimulation,
but do not increase their amplitude (Fig. 3A) (Bragina et al., 2008; Gonza
lez-Burgos et al., 2009; Overstreet & Westbrook, 2003).
The absence of GAT1 effects on single-synapse responses is consistent
with the idea that GAT1 does not regulate the time-course of synaptic
GABAAR activation following GABA release into an individual synaptic
cleft. Possibly, within-synapse GABA diffusion and GABAAR channel gating
are significantly faster than the relatively slow speed of GABA uptake by
GAT1 (see Section II). Via high-affinity binding, GAT1 potentially could
rapidly buffer GABA molecules released into the synaptic cleft independent
of a slow translocation rate. However, ultrastructural studies suggest an
extra- or peri-synaptic localization of GAT1 (Figs. 1B and 3A) which may
preclude effective GABA buffering by binding.
The prolongation by GAT1 blockade of GABAAR-IPSC duration when
multiple adjacent synapses are stimulated together may be the consequence
of GAT1-controlled GABA diffusion between synapses, or spillover
(Fig. 3A). Possibly, GABA spillover prolongs the GABAAR-IPSCs but does
not increase their peak amplitude because IPSC amplitude is determined by
rapid within-synapse GABA diffusion (Farrant & Kaila, 2007; Mozrzymas,
2004). In contrast, diffusion of GABA between adjacent synapses when
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GAT1 is blocked, probably is not rapid enough to contribute to the IPSC
peak (Barbour, 2001), thus only increasing the IPSC decay time.
Overall, GAT1 may help preventing the effects of GABA spillover, thus
preserving synapse independence—that is, the temporal and spatial specifi
city of fast GABAAR-mediated transmission. In addition, GAT1 may pre
vent the densensitization of synaptic GABAARs that in the absence of GAT1
activity may be exposed to ambient GABA. For groups of GABA synapses
that are sufficiently distant, spillover is unlikely and GABAAR-IPSCs

(A)

GABAAR-IPSP
Control
GAT1 blocker

Glia

Adjacent
synapses

Distant
synapses
GABAAR

GABAAR

FIGURE 3 (A) Left, A scheme showing the effects of GAT1-mediated uptake on GABAAR
activation when GABA is released by two adjacent synapses. Note that, under this model, at each
synapse GABAARs are readily activated by GABA released into the synaptic cleft by release sites
directly opposed to the synaptic receptors. GAT1 localized in the nerve terminals, and possibly in
the glia as well, uptakes most of the GABA that otherwise may diffuse and reach the adjacent
synapse. This model suggests that the main function of GAT1 is controlling the effects on
synaptic GABAARs of GABA diffusing between synapses. (A) Right, Example traces showing
the effect of GAT1 blockade on IPSPs produced by stimulation of adjacent synapses. Note that
GAT1 blockade prolongs the decay time of the IPSPs when the synapses are adjacent. However,
if the stimulated synapses are distant, the likelihood of spillover effects is very low and the IPSPs
are insensitive to GAT1 blockade. Note that the duration, measured in control conditions, of
IPSPs produced by adjacent synapses (thus prolonged by GAT1 blockade) is identical to the
duration of IPSPs produced by distant synapses (that are insensitive to GAT1 blockade). (B) Left,
A model for GABABR activation by synaptically-released GABA based on data suggesting that
GABABR activation is mainly produced by GABA released by dendrite-targeting neurogliaform
cells. These cells have been actually suggested to activate GABABRs and GABAARs via GABA
spillover given that most of their terminals do not form actual synaptic junctions (see text). Such
absence of synaptic junctions is represented in the scheme as a wider space separating release sites
and the receptors activated by GABA. Note that GAT1 localized in the neurogliaform cell
terminals, in terminals of other GABA neurons as well (not shown in the scheme) and in glia,
significantly regulates activation of GABA receptors by GABA released by neurogliaform cells.
Such GABA may also reach, under GAT1 control, presynaptic GABABRs localized in excitatory
glutamatergic synapses. (B) Right, Example traces showing that, under GAT1 control,
neurogliaform cell-released GABA produces slow IPSPs by activation of GABABRs, as well as
downregulation of EPSPs via presynaptic GABABR activation. Note that, as suggested by recent
data, when a neurogliaform cell is activated shortly before EPSPs are elicited, the release of
GABA mostly affects, via presynaptic GABABR activation, subsequent EPSPs but not the initial
EPSP. This suggests very specific mechanisms of action that have not been yet investigated.
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produced by activation of such synapses are not affected by GAT1 blockade
(Fig. 3A). Conversely, GAT1-mediated uptake may be critical to prevent the
effects of GABA spillover and GABAAR-IPSCs mediated by adjacent
synapses are thus prolonged by GAT1 blockade (Fig. 3A). Interestingly,
we have recently reported that GAT1-mediated uptake may completely
prevent the effects of spillover on GABAAR-IPSPs (Gonzalez-Burgos et al.,
2009). For instance, we found that IPSPs that are sensitive to GAT1 block
ade (thus probably mediated by adjacent synapses susceptible of spillover),
when measured with GAT1 activity intact, have similar duration compared
with IPSPs that are GAT1 blockade-insensitive (thus probably mediated by
distant synapses not susceptible to spillover).

B. GAT1 Activity and GABABR-Mediated IPSPs
The data reviewed in Section V.A suggest that GAT1 activity prevents
the activation of synaptic GABAARs by GABA released at heterologous
nearby synapses. Although GAT1 may completely prevent the heterosynap
tic effects of GABA diffusion (Gonzalez-Burgos et al., 2009), it is possible
that GAT1 does not completely decrease GABA spillover, but reduces it to
levels below those necessary to activate synaptic GABAARs, which have low
affinity for GABA (Mozrzymas, 2004). If so, a basal level of GABA diffusion
out of the synaptic cleft may normally occur with GAT1 activity intact, and
could activate high-affinity receptors such as the extrasynaptic GABAARs
(Glykys & Mody, 2007) and the GABABRs (Bowery & Enna, 2000).
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Consistent with such possibility is the finding that tonic GABAAR-mediated
currents, typically mediated by extrasynaptic GABAARs, are measurable
with GAT1 activity intact and, moreover, are increased by GAT1 blockade
or in GAT1-deficient mice (Bragina et al., 2008; Glykys & Mody, 2007;
Jensen et al., 2003). Surprisingly, GABABRs do not seem to produce tonic
currents either with GAT1 activity intact or when this activity is reduced in
GAT1-deficient mice (Jensen et al., 2003).
Considering the role of GAT1 in regulating GABAAR activation, a crucial
question is whether similar mechanisms regulate GABABR activation. As
reviewed in Section IV, GABABR-IPSPs have much slower decay time-course
(decay time >>100 ms) than GABAAR-IPSPs (decay time < 20 ms). Therefore,
GABABR-IPSPs are less likely to contribute to temporally precise fast synaptic
transmission and GAT1-mediated control of GABABR-IPSP decay may be less
critical for the rapid flow of neural activity in cortical circuits.
Production of fast GABAAR-IPSCs requires rapid gating of the
GABAARs which in synapses is achieved by exposure of the receptors to
a brief and high concentration transient of GABA in the synaptic cleft
(Farrant & Kaila, 2007; Mozrzymas, 2004). However, the high affinity of
GABABRs and the slow kinetics of their postsynaptic effects suggest that
production of GABABR-IPSPs does not require exposure of GABABRs to
GABA released into the synaptic cleft. Indeed, whereas an ultrastructural
study found some GABABRs concentrated postsynaptically at symmetric
synapses (Gonchar et al., 2001), other studies using three-dimensional quan
titative immunogold particle electron microscopy suggest that GABABR
subunits are localized mainly extra- or peri-synaptically in dendritic shafts
and extrasynaptically near glutamate synapses in dendritic spines (Kulik et al.,
2003, 2006).
As reviewed in Section IV, neurogliaform cells are the only interneuron
subtype thus far identified to produce unitary GABABR-IPSPs (Price et al.,
2005; Tamas et al., 2003). Neurogliaform cells mainly target the dendritic
spines and shafts of pyramidal cells (Olah et al., 2009; Szabadics et al.,
2007; Tamas et al., 2003), and in addition to producing slow unitary
GABABR-IPSCs, produce unusually slow GABAAR-IPSCs (Olah et al.,
2009; Szabadics et al., 2007; Tamas et al., 2003). Such properties of the
IPSCs lead others to hypothesize that the GABA receptors mediating neu
rogliaform cell responses are extra- or peri-synaptic (Fig. 3B) (Szabadics
et al., 2007). For instance, neurogliaform cell-mediated unitary IPSCs
have pharmacological properties similar to those of extrasynaptic
GABAARs (Szabadics et al., 2007). In addition, the effects of low-affinity
GABAAR antagonists on neurogliaform cell-mediated unitary IPSCs are
consistent with receptor activation by spillover (Szabadics et al., 2007).
Notably, both GABAAR- and GABABR-mediated unitary IPSCs produced
by neurogliaform cells are extremely sensitive to GAT1 blockade by NO711
(Szabadics et al., 2007). NO711 application substantially prolongs the
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GABABR-IPSPs and, in addition, significantly increases their amplitude
(Gonzalez-Burgos et al., 2009; Isaacson et al., 1993; Szabadics et al.,
2007). These finding suggests that, contrasting with GABAAR-IPSPs,
GAT1 regulates the strength of the GABABR-IPSPs, represented by their
peak amplitude, possibly by regulating the number of GABABRs bound to
GABA (Fig. 3B).
Electrophysiological studies therefore suggest that vesicular GABA
release from neurogliaform cell terminals produces, under GAT1 control,
slow activation of extra- or peri-synaptic GABAARs and GABABRs by
spillover. Only one study thus far examined whether GABABRs are post
synaptic to neurogliaform cell release sites, but did not provide detailed
quantitative analysis of the receptor localization (Price et al., 2005). Impor
tantly, an ultrastructural analysis of neurogliaform cell nerve terminals
showed that most (78%) of the synaptic vesicle-containing varicosities in
the neurogliaform cell axon do not form actual synaptic junctions (Olah
et al., 2009). Moreover, the nerve terminals apparently connecting indivi
dual neurogliaform cells onto postsynaptic neurons to produce slow unitary
IPSPs lack clear synaptic junctions (Olah et al., 2009). This observation
confirms that neurogliaform cells produce responses in their target cells
without involving synaptic junctions and possibly by activation of extraor peri-synaptic receptors by spillover (Fig. 3B).
An important morphological property of neurogliaform cells described
by Santiago Ramon y Cajal more than 100 years ago is that their axonal
arborization branches profusely near the cell body (Kawaguchi & Kubota,
1997; Olah et al., 2007, 2009; Povysheva et al., 2007; Zaitsev et al., 2009).
Such profuse branching and a high density of boutons per unit of axon length
(Olah et al., 2009) increase the probability of GABA spillover between
neurogliaform cell terminals, potentially overcoming the GABA uptake sys
tem. The fact that GAT1 blockade with NO711 significantly enhances the
neurogliaform cell-mediated GABABR- and GABAAR-IPSPs (Szabadics et al.,
2007) demonstrates that GAT1-mediated GABA uptake critically controls
the postsynaptic response to GABA released by these neurons.
Whereas neurogliaform cell-mediated GABA release shows rapid
exhaustion during repetitive stimulation (Tamas et al., 2003), several studies
(see Section IV) showed that repetitive stimulation applied extracellularly or
to non-neurogliaform cells is more efficient than single stimuli to produce
GABABR-IPSPs (Gonzalez-Burgos et al., 2009; Isaacson et al., 1993;
Oswald et al., 2009; Scanziani, 2000; Thomson & Destexhe, 1999). More
over, the GABABR-IPSPs produced by repetitive stimulation are significantly
enhanced by GAT1 blockade (Gonzalez-Burgos et al., 2009; Isaacson et al.,
1993; Scanziani, 2000). These results support the conclusion that GAT1
mediated uptake strongly regulates GABABR-IPSPs produced by interneurons
of other subtypes in addition to neurogliaform cells. Such conclusion raises
the question of whether GAT1 controls the activation, by other interneuron
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subtypes, of GABABRs that are normally targeted by neurogliaform cellreleased GABA (Fig. 3B). For example, some paired recordings studies have
shown that single-pulse or repetitive stimulation of an interneuron may not
produce GABAAR-IPSPs or GABABR-IPSPs in a simultaneously recorded
neuron, but that subsequent inhibition of GAT1 revealed a substantial
GABABR-IPSP (Scanziani, 2000). Whether such GABABR effects observed
only after GAT1 is blocked reflect activation of GABABRs normally activated
by neurogliaform cells remains to be determined.

C. GAT1 Activity and Presynaptic GABABR Activation
As reviewed in previous sections, some GABABRs have been localized
to presynaptic nerve terminals at GABA and glutamate synapses, and
electrophysiological experiments have demonstrated that presynaptic
GABABRs regulate transmitter release. Does GAT1-mediated uptake con
trol activation of presynaptic GABABRs? Some studies have shown that
GABABR antagonists fail to produce presynaptic effects at GABA
synapses, suggesting that the amount of GABA normally accessing pre
synaptic sites is too small to produce significant autoreceptor activation
(Caillard et al., 1998; Gonzalez-Burgos et al., 2009; Neu et al., 2007; Olah
et al., 2009). However, GAT1 blockade reveals presynaptic effects of
GABABRs, possibly by increasing the exposure of such presynaptic recep
tors to GABA (Caillard et al., 1998; Gonzalez-Burgos et al., 2009; Lei &
McBain, 2003). Why presynaptic GABABRs at some GABA synapses do
not produce autoreceptor effects (Caillard et al., 1998; Gonzalez-Burgos
et al., 2009; Neu et al., 2007; Olah et al., 2009) but can be activated by
exogenous agonists or by endogenous GABA following GAT1 blockade is
a puzzling issue that remains to be resolved.
Activation of presynaptic GABABRs localized in glutamate synapses
requires GABA diffusion for some distance in the extracellular space
(Fig. 3B). It is therefore reasonable that GAT1 blockade enhances inhibi
tion of glutamate release by such presynaptic receptors (Isaacson et al.,
1993; Lei & McBain, 2003; Olah et al., 2009). An identified source of
GABA for activation of presynaptic GABABRs localized in glutamate
nerve terminals are the neurogliaform cells (Olah et al., 2009). Interest
ingly, neurogliaform cells elicit presynaptic effects within a volume of
tissue closely matching the distribution of their axon, which gives rise to
a high density of branches around their soma (Olah et al., 2009). The
presynaptic GABABR-mediated modulation of glutamate release by neu
rogliaform cells is enhanced by GAT1 blockade with NO711 (Olah et al.,
2009). In contrast, NO711 does not reveal presynaptic GABABR effects
at glutamate synapses by GABA released by fast-spiking basket neurons
(Olah et al., 2009).
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VI. Conclusions
This chapter reviews studies suggesting that in cortical circuits GAT1
mediated GABA transport is important for the cellular electrophysiological
responses produced by GABABR activation by endogenous GABA.
GABABRs produce slow hyperpolarizing IPSPs in pyramidal cells and also
regulate GABA and glutamate release via presynaptic effects (Figs. 2 and
3B). These physiological effects of GABABR activation are enhanced by
pharmacological inhibition of GAT1 activity, showing that GAT1 tightly
regulates the amount of GABA available for GABABR activation (Fig. 3).
GAT1 critically controls the activation of GABAARs, playing a “pro
tective” role by preventing the stimulation of GABAARs at a given synapse
by GABA released at other synapses (Fig. 3A). Does GAT1 also protect
GABABRs from inter-synaptic cross-talk by GABA diffusion between
synapses? If, as indicated by several studies, a majority of the GABABRs
are actually localized extra- or peri-synaptically, GABABRs are therefore
normally activated by GABA diffusing far away from the release sites
(Fig. 3B). Therefore, instead of playing such a protective role, GAT1
mediated uptake may be a physiological mechanism regulating GABABR
activation.
The experimental observations reviewed here are consistent with the
idea that GABABRs signal via volume transmission. Such mechanism oper
ates when a neurotransmitter is released into extracellular space compart
ments that are not directly opposed to membranes containing postsynaptic
receptors (Fuxe et al., 2007). The properties of neurogliaform cell-mediated
responses reviewed in this chapter, including their control by GAT1 activity,
are actually consistent with GABABR-mediated volume transmission.
Whether additional interneuron subtypes produce GABABR-mediated
responses remains to be established. If so, then GAT1 may play two different
functions: first, regulating the strength of physiological GABABR-mediated
responses by controlling the amount of GABA reaching those receptors and,
second, preventing the activation of GABABRs normally targeted by a
particular interneuron subtype, for instance neurogliaform cells, by GABA
released by other interneurons (Fig. 3B).
If GABABRs exclusively mediate signaling by neurogliaform interneur
ons, then their general role in cortical circuits is tightly linked to the
neurogliaform cell function. Neurogliaform cells are present in various
cortical areas and their physiological properties are being characterized in
the cortex and hippocampus of rodents (Kawaguchi & Kubota, 1997; Price
et al., 2005; Tamas et al., 2003), monkeys (Krimer et al., 2005; Povysheva
et al., 2007; Zaitsev et al., 2009), and humans (Olah et al., 2007). Impor
tantly, a main function of interneurons is the production of synchronized
oscillations in hippocampal and cortical circuits (Klausberger & Somogyi,
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2008). Interneurons involved in the mechanisms of network oscillations
may fire at frequencies within the 30–80 Hz range (gamma oscillations) or
4–10 Hz (theta oscillations). Because GABA release from neurogliaform cells
strongly depresses during repetitive activity, if these interneurons participate
in network oscillations, then their repetitive firing would produce severe
depression of GABA release. Since neurogliaform cells actually fire coupled
to theta oscillations (Fuentealba et al., 2010), an interesting question is
therefore whether during high-frequency firing that depresses GABA rele
ase, these interneurons release neuromodulators such as neuropeptide Y
(Karagiannis et al., 2009) that could complement the GABABR-mediated
signaling. Importantly, neurogliaform cell activity is decreased by neuroster
oids (Olah et al., 2009) and enhanced by norephinephrine (Kawaguchi &
Shindou, 1998), and thus can be modulated by the slow paracrine effects of
these endogenous substances.
As highlighted elsewhere (Olah et al., 2009), solitary spikes in neuro
gliaform cells would fill, with a “cloud” of GABA, a volume of tissue
closely matching the geometry of their axonal arbor. Following such
spike, GABABR activation via volume transmission would produce longlasting GABABR-IPSPs in a relatively large group of pyramidal neurons and
also would decrease excitation between pairs of pyramidal cells connected
via synapses located in the same volume of tissue. Interestingly, the timecourses of presynaptic effects of GABABRs on excitatory transmission and
of GABABR-IPSPs are very similar (Isaacson et al., 1993). If so, then
neurogliaform cell spikes would create a time-window of several hundred
milliseconds during which pyramidal cell excitability is reduced by the
GABABR-IPSP and pyramidal cell excitation is reduced by the inhibition
of glutamate release by presynaptic GABABRs. Such an effect may contri
bute to terminating persistent activity in cortical networks (Mann et al.,
2009), an activity pattern that may be essential for cognitive function
dependent on working memory. The data reviewed in this chapter show
that up- or down-regulating GAT1-mediated uptake could potentiate or
weaken the strength and duration of such GABABR-mediated effects.
Furthermore, regulation of GAT1-mediated uptake could potentially
expand or contract the effective volume of tissue in which neurogliaform
cells produce GABABR-mediated volume transmission.
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Non-standard abbreviations
Ca2+
Cl–
GABAAR
GABABR
GAT1
IPSC
IPSP
K+
Kir
Na+

calcium ion
chloride ion
GABA A receptor
GABA B receptor
plasma membrane GABA
transporter 1
inhibitory postsynaptic current
inhibitory postsynaptic
potential
potassium ion
inward-rectifying potassium
channel
sodium ion
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