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Review
Glossary

Gamma-frequency network oscillation: rhythmic neural activity with a

frequency of 25–70 Hz.

High-affinity receptors: high affinity for ligand binding implies that a relatively

low concentration of the ligand is adequate to maximally occupy its binding

site and trigger a physiological response. Typically this is associated with a

slow unbinding rate and a long-lasting conductance.

Intrinsic membrane conductances: channels that can be voltage- and/or ligand-

gated and that can interact with synaptic conductances to determine the

functional output of a neuron.

Low-affinity receptors: low affinity for ligand-binding implies that a relatively

high concentration of the ligand is required for its binding site to be maximally

occupied and for the maximum physiological response to be achieved.

Typically this is associated with rapid ligand unbinding and a rapidly decaying

conductance.

Spatiotemporal profile of neurotransmitter: the time-course and spatial

distribution of a neurotransmitter at the synaptic cleft and/or at perisynaptic sites.

Suppression of fast inhibition (SFI): stimulation of interneurons of the SLM that

evoke slow IPSCs in pyramidal cells simultaneously depresses the frequency

and the amplitude of spontaneous fast IPSCs also impinging onto pyramidal

cells for several hundred milliseconds.

Theta-frequency network oscillation: rhythmic neural activity with a frequency

of 4–8 Hz.

Voltage-jump method: a method used to assess the time-course of synaptic

conductance. A voltage step that occurs while a synaptic conductance is still

active will boost the synaptic driving force to evoke additional charge flow.

Volume transmission: a mode of synaptic transmission whereby a chemical

message diffuses over long distances (microns) to reach high-affinity receptors
GABAA receptors in the CNS mediate both fast synaptic
and tonic inhibition. Over the past decade a phasic
current with features intermediate between fast synap-
tic and tonic inhibition, termed GABAA,slow, has received
increasing attention. This has coincided with an
ever-growing appreciation for GABAergic cell type diver-
sity. Compared with classical fast synaptic inhibition,
GABAA,slow is slower by an order of magnitude. In this
review, we summarize recent studies that have en-
hanced our understanding of GABAA,slow. These include
the discovery of specialized interneuron types from
which this current originates, the factors that could
underlie its characteristically slow kinetics, its contribu-
tion to specific aspects of integrative function and net-
work oscillations, and its potential usefulness as a novel
drug target for modulating inhibitory synaptic transmis-
sion in the CNS.

Introduction
g-Aminobutyric acid (GABA), the primary inhibitory neu-
rotransmitter in the CNS, activates both ionotropic
(GABAA) and metabotropic (GABAB) receptors. Classical-
ly, GABAA receptor-mediated inhibition was thought to
consist exclusively of fast inhibitory postsynaptic poten-
tials (IPSPs) mediated by low-affinity receptors activated
in a transient manner by synaptically-released GABA
[1,2]. Subsequently, a persistent form of receptor-mediated
inhibition was recognized that is produced by GABA acting
on high-affinity extrasynaptic GABAA receptors [2,3].
These two signals mediate respectively a fast phasic and
a continuous tonic inhibition.

A third form of GABAA receptor-mediated inhibition,
termed GABAA,slow, has also been described [4], and re-
cently this has received increased attention. It consists
of a slowly rising and slowly decaying phasic inhibitory
postsynaptic current (IPSC), with kinetics intermediate
between classical GABAA,fast and GABAB mediated cur-
rents. GABAA,slow has been demonstrated in the hippocam-
pus [4] and neocortex [5–7], and currents with slow IPSCs
similar to GABAA,slow have been also reported in several
other brain areas including the thalamus [8–10], cerebel-
lum [11,12], amygdala [13,14] and brainstem [15]. We
review here the unique characteristics of GABAA,slow, in-
cluding the cell types that generate it, the underlying
spatiotemporal profile of the transmitter transient, its
pharmacology, and current hypotheses about its physio-
logical role in hippocampal circuits.

For the purposes of this review we define GABAA,slow as
a spontaneous or evoked GABAA-receptor-mediated phasic
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current with a decay constant of > 30 ms. We focus pri-
marily on data obtained in the hippocampus because this is
the area where it has been studied most intensively and
where the distinction between fast and slow IPSCs ob-
served in individuals neurons is the clearest. However, it
should be noted that phasic IPSCs display a broad range of
kinetics, some of which are intermediate between those of
fast and slow IPSCs [16,17]. Direct comparison between
studies is complicated by the impact on IPSCkinetics of the
recording conditions – including the concentration of chlo-
ride [18], the voltage [19], and the different methods of
kinetic characterization and analysis [15,20–22]. Never-
theless, consistent and clear distinctions between different
kinetic classes of IPSCs indicate that fast and slow IPSCs
are not simply the two ends of a single broad distribution;
instead these arise from distinct classes of presynaptic
neurons and their kinetics reflect substantially different
biophysical mechanisms.

GABAA,slow in the hippocampus
GABAA,slow was first described as a distinct form of synap-
tic inhibition in hippocampal CA1 pyramidal neurons
when voltage-clamp recordings revealed an IPSC with a
slow decay (30–70 ms) following stimulation of dendritic
layers [4]. By comparison, a stimulating electrode placed
close to the stratum pyramidale elicited a response with a
on target neurons.
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rapid decay rate (3–8 ms) that matched the decay of the
majority of the abundant spontaneous IPSCs observed in
pyramidal cells. Further studies revealed additional dif-
ferences between GABAA,fast and GABAA,slow. These in-
clude suppression of GABAA,slow (but not of GABAA,fast) by
dendritic application of the GABAA receptor channel block-
er picrotoxin [4], differential sensitivity to the GABA
transporter GAT1 antagonist NO-711 [23] and to GABAB

receptor ligands [24], and different profiles of paired-pulse
depression [24]. Slow spontaneous and miniature IPSCs
(sIPSCs and mIPSCs) occur at low frequency compared to
fast IPSCs [17,23], but their frequency is increased when
the firing rate of selective presynaptic interneurons is
pharmacologically enhanced [25] (Figure 1).

Which cell types mediate GABAA,slow?
A wide variety of GABAergic interneurons are present in
the forebrain. Indeed, in the hippocampal CA1 region at[()TD$FIG]
Figure 1. Evoked (evoked IPSCs), spontaneous (sIPSCs) and miniature (mIPSCs) synaptic

and sIPSCs and mIPSC occur spontaneously in the absence or presence of tetrodotoxin (TT

(stim) in stratum pyramidale (SP) and radiatum (SR) recorded in the CA1 pyramidal cell ill

can be seen entering the field of view from the top- and the bottom-left of the photomicro

fast sIPSCs. Scale bars, 100 pA, 50 ms. (b) Averaged and normalized fast sIPSCs, SP-evoke

fits to exponential functions are also shown. Scale bar, 25 ms. (c) Kinetic heterogeneity of

highlighted (blue portion of the traces and asterisks). Calibration bars, 200 pA, 100 ms. (d)

sIPSCs recorded in CA1 pyramidal cells. Most of the sIPSCs have fast kinetics and are clus

kinetics (blue circles) and are proposed to correspond to GABAA, slow. All panels adapted
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least 21 distinct types of interneurons have been described
[26]. Distinct types of interneurons innervate specific sub-
cellular domains of pyramidal cells, with 92% of GABAer-
gic synapses contacting the dendritic domain of CA1
pyramidal cells [27]. Among the different types of inter-
neurons the neurogliaform cell (NGFC) in the neocortex
[7,28–30] and hippocampus [31,32], and the Ivy cell of the
hippocampus [33], have been most clearly demonstrated to
mediate GABAA,slow (Figure 2). A hallmark of NGFCs and
Ivy cells is profuse axon branching that produces an un-
usually dense arbor [33–41]. This characteristic might be
an important factor in generating GABAA,slow.

NGFCs elicit GABAA,slow in all their target cells identi-
fied so far. These include other NGFCs, additional types of
interneurons, the dendrites of pyramidal cells [7,28,31,32],
and even themselves, through autaptic connections [42].
Therefore, a subpopulation of dendrite-targeting inter-
neurons appears to mediate GABAA,slow, as predicted by
GABAA,slow in the hippocampus. Evoked IPSCs are elicited by electrical stimulation,

X) to block action potentials, respectively. (a) Monosynaptic IPSCs evoked by stimuli

ustrated in the photomicrograph (scale bar, 20 mm). The stimulating glass electrodes

graph. In the traces, from the left, evoked IPSCs are illustrated followed by overlying

d IPSCs, slow sIPSCs, and SLM-evoked IPSCs recorded in a CA1 pyramidal cell. Best

sIPSCs and mIPSCs recorded from CA1 pyramidal cells. Slow sIPSCs and mIPSCs are

A scatterplot of the decay time (tDecay) versus the rise time (tRise) is shown for >5000

tered in the lower left quadrant of the plot (red circles), whereas a few display slower

, with permission, from [23].
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Figure 2. The neurogliaform cell (NGFC) is an interneuron type that mediates GABAA,slow in the hippocampus. (a) Inhibitory postsynaptic currents (IPSCs) recorded in

voltage clamp in a NGFC (bottom trace) and evoked by an action current in another NGFC (upper trace) in an in vitro acute slice of rat hippocampus. The initial inward

current flowing through the electrical synapse is followed by an outward current sensitive to a GABAA receptor antagonist (not shown). Calibration bars, 4 nA (upper trace),

20 pA (lower trace), 50 ms. (b) Whole-cell voltage-clamp recordings of IPSCs in a NGFC (upper trace) and a CA1 pyramidal cell (SP, middle trace) in a rat hippocampal acute

slice in the presence of the GABAB receptor antagonist CGP55845. The GABAA receptor antagonist gabazine abolishes the IPSC in the CA1 pyramidal cell (bottom trace).

Calibration bars, 0.5 nA (upper trace), 5 pA (lower trace), 50 ms. A partial reconstruction of the dendritic distribution of the recorded CA1 pyramidal cell is displayed on the

right (black and grey lines) with the NGFC interneuron also depicted (red and green lines). (c) Axo-dendritic distribution and firing patterns of NGFCs recorded from rat

hippocampus in vivo. Left, partial reconstruction of a NGFC; soma and dendrites complete (red), axonal arborization (green) from 5 coronal sections (60 mm each). Middle

and right, firing patterns of the NGFC shown on the left during spontaneous network oscillations. Middle, example of traces of the local field potential (LFP, 0.3–300 Hz) or

filtered LFP (theta, 3–6 Hz) and spike-train (units, 0.8–5 kHz) of a NGFC during theta waves. Note phase-reversal and amplitude differences between LFPs recorded from SP

and SLM. Right, theta-phase firing-probability histograms for the NGFC; the same data are repeated in two cycles for theta histograms to indicate oscillations. Note that the

maximal firing probability occurs at the peak of theta oscillations detected in the SP. Scale bars, LFP 1 mV, filtered theta 0.5 mV, units 0.5 mV, horizontal, theta 100 ms. SP,

stratum pyramidale, SG, stratum granulosum, SM, stratum moleculare, SL-M, stratum lacunosum moleculare, SR, stratum radiatum. Panels (a–c) were adapted (with

permission) from [31,32,44], respectively.
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earlier studies that employed extracellular stimuli
[4,22,23,43].

NGFCs and Ivy cells can be identified using an array of
marker proteins, including a-actinin2, neuropeptide Y,
neuronal nitric oxide synthase (nNOS), the transcription
factor COUP-TFII, the extracellular matrix protein reelin,
and GABAA receptor a1 and d subunits [28,31,33,44,45].
Subpopulations of heterogeneous embryologic origin exist
– namely nNOS-positive NGFCs and all Ivy cells, which
originate from themedial ganglionic eminence, and nNOS-
negative NGFCs originating from the caudal ganglionic
eminence [46]. The relevance of this taxonomy remains to
be explored. NGFCs recorded in vitro from rat hippocampal
slices display characteristic late firing when stimulated
with a depolarizing current pulse just above threshold [31],
whereas Ivy cells fire broad action potentials with frequen-
cy adaptation [33].

Currents with properties similar to hippocampal
GABAA,slow have been detected in several brain areas. In
the thalamus, slow sIPSCs are seen in GABAergic cells of
the nucleus reticularis thalami (RTN). They are thought to
originate from synaptic connections formed by their recur-
rent local collaterals [10]. In granule cells of the cerebel-
lum, Golgi interneurons can evoke slow IPSCs [11] that
gradually facilitate during high-frequency Golgi cell activ-
ity [12]. In the amygdala, slow unitary IPSCs have been
observed in a few paired recordings of paracapsular inter-
calated cells [14], a group of GABAergic cells key in medi-
ating fear-extinction in rodents [47]. This finding is
consistent with the observation that extracellular stimu-
lation of these neurons produces slow IPSCs in postsynap-
tic neurons of the central amygdala [13]. In the brainstem,
slow GABAA-receptor-mediated IPSCs have been recorded
in the nucleus magnocellularis and are evoked by stimula-
tion of the superior olivary nucleus axon terminals [15].

What accounts for the slow kinetics of GABAA,slow?
The kinetics of a synaptic current are determined by the
interaction between the spatiotemporal profile of the neu-
rotransmitter and the intrinsic kinetic properties of the
activated receptors. Each of these is in turn the product of
numerous factors, such as the anatomical relationship
between release sites and receptors, synchrony of vesicular
release, transmitter diffusion and transport, transmem-
brane voltage, local ion concentrations, as well as receptor
subunit composition, phosphorylation and other post-
translational modifications. In addition, measurement er-
ror produced by imperfect voltage-clamp can influence
apparent kinetic properties; this is particularly problem-
atic for events that arise from distal dendritic sites.
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Box 1. Does dendritic filtering account for GABAA,slow?

Because GABAA,slow originates in the dendrites, but is usually

recorded at the soma, could this slow current simply reflect

inadequate space clamp (distortion due to dendritic filtering)

[111,112], which can generate significant errors [113]? We first explain

dendritic filtering and follow with experimental evidence arguing

against this being the determinant of GABAA,slow.

Dendritic filtering

� Somatic voltage-clamp imperfectly controls the membrane poten-

tial at the dendritic sites of pyramidal cells where GABAA,slow is

generated [112,113].

� Because of the imperfect voltage-clamp, measured synaptic

currents are attenuated, and are slower than the true conductance

time-course, because capacitative charge that accumulates in the

dendrites when channels are open then flows toward the soma

even after the channels have closed.

� This attenuation can be counterbalanced by mechanisms that boost

the currents along the dendrites, such as conductance-scaling and

dendritic excitability [114,115].

� Computer simulations indicate that a current generated in the apical

tuft of a CA1 pyramidal cell (� 400 mm away from the soma), with

tRise �2 ms and tDecay �6 ms, increases to �5 ms and �13 ms,

respectively, when recorded at the soma [112].

Evidence against dendritic filtering as the determinant of

GABAA,slow

� GABAA,slow conductance time-course has been measured

using the voltage-jump method [4,116] (Figure I), which over-

comes the distance-dependent distortion of synaptic currents.

The method entails holding the cell at the chloride reversal

potential during synaptic stimulation. In this case no current

flows through open channels and no charge accumulates to later

flow back to the soma as a distorted current. A delayed voltage-

jump causes current to flow through those channels that remain

open.

� Hippocampal NGFC-IPSCs are similarly slow in somatic recordings

made from pyramidal cells [32], in recordings from more electrically

compact postsynaptic interneurons with short dendrites [31], and in

NGFC autapses [42].

� In the neocortex, Martinotti interneurons form synapses on cortical

pyramidal cell dendrites at a greater distance from the soma than

NGFCs, but they elicit faster IPSPs than NGFCs [30].

� In the hippocampus, the axons of O-LM cells and NGFCs make

synapses onto the apical tuft of CA1 pyramidal cells [86], but the

decay of the O-LM cell-evoked unitary IPSC in a CA1 pyramidal cell

is faster than that evoked by NGFCs [117].
[()TD$FIG]

Figure I. Measuring the time-course of synaptic conductance. A pyramidal cell is held at the IPSC reversal potential of -60 mV in voltage clamp mode. Electrical stimuli

are applied to stratum lacunosum-moleculare (SL-M) or stratum pyramidale (SP). Because there is no driving force at the chloride reversal potential, no current flows

and no charge accumulates on the dendritic membrane to redistribute later to the cell body as a ‘distorted IPSC’. After a brief delay the holding potential is stepped to

�90 mV. Current flows through receptors that remain active (conducting) 20 ms after stimulating SL-M, as revealed by comparing the transient induced by the voltage

jump following SL-M stimulation with the current induced by a voltage jump alone. The inset shows the subtracted traces (red). No conductance remains active 20 ms

following SP stimulation. Calibration bars, 1 nA, 10 ms. Adapted with permission from [4].
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However, the space clamp artifact does not appear to
account for the slow kinetics of GABAA,slow (Box 1).

Given the large number of factors that can influence
receptor kinetics, which of these are most influential in
producing the characteristic slow rise and decay of
GABAA,slow? It appears that a number of different factors
can come into play for different synapses, but that a
combination of intrinsic properties produced by receptors
of different subunit composition, together with a pro-
longed, spatially distributed, low-concentration spatiotem-
poral transmitter profile, endows most slow synapses with
their defining kinetic characteristics.

GABAA receptor subunit composition
The subunit composition of GABAA receptors affects ligand
affinity, channel gating and modulation, thereby shaping
the kinetics of the resulting IPSCs [48]. The orthodox
view is that phasic GABAA,fast IPSCs are mediated by
low-affinity GABAA receptors, such as those composed of
a1/2b2/3g2 subunits clustered at synaptic sites, whereas
tonic inhibition is mediated by high-affinity GABAA recep-
tors containing a4, a5, a6 and/or d subunits located at extra-
or peri-synaptic sites [48]. Because GABAA,slow displays
104
intermediate features between phasic and tonic inhibition,
it is possibly elicited by high-affinity receptors located at
synaptic sites (Box 2; Glossary). This explanation could
indeed hold in the thalamus, where there is a good corre-
spondence between the expression of b3 subunits in RTN
neurons, which exhibit slow IPSCs, and b2 subunits in
relay cells of the ventrobasilar complex (VB), which ex-
press fast IPSCs. Fittingly, slow sIPSCs recorded from
RTN neurons are virtually absent in b3 subunit null mice
at the same time that fast inhibition in VB cells is un-
changed [8]. Direct measurements of slow GABA binding
and unbinding rates thus support the conclusion that the
long-lasting IPSCs of RTN neurons reflect the high affinity
of the underlying receptors [9].

In the hippocampus of b3 null mice, GABAA,slow

recorded from CA1 pyramidal cells is also weak or absent
[49]. A probable partner of b3 subunits at these synapses is
the a5 subunit, and this preferentially associates with the
b3 subunit [50]. In addition to underlying tonic inhibition
in these cells [51–54], a5-subunit-containing receptors
have been recently shown to contribute to spontaneous
IPSCs [53–55] and to slow-evoked IPSCs produced by
stimulation of the stratum lacunosum-moleculare (SLM)
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Figure I. Transmitter transients and GABAA receptors at fast and slow synapses. NGFC synapses mediating GABAA,slow can express both low- and high-affinity GABAA

receptors, at both synaptic and extrasynaptic sites (left panel). Classical GABAA,fast synapses, such as those mediated by fast-spiking basket cells (FSBC), usually express

low-affinity GABAA receptors at synapses and high-affinity receptors at extrasynaptic sites (right panel). The proposed broader spatial diffusion and lower concentration

of GABA released from NGFC versus FSBC is also illustrated. Also note that the much larger cleft distance between the pre- to postsynaptic membranes that can be

found at NGFC synapses compared to conventional inhibitory synapses (main text and Figure 3 for details) is not illustrated in this figure.

Box 2. GABAA receptor subunit composition and synaptic localization

Subunit composition influences several GABAA receptor properties,

including GABA sensitivity, kinetics, desensitization, subcellular

location, and pharmacological profile. Classically, GABAA,fast signals

are mediated by GABAA receptors comprised of low-affinity a-, b- and

g-subunits in the stoichiometry 2a:2b:1g. By contrast, tonic inhibition

is mediated by extrasynaptic high-affinity GABAA receptors expres-

sing a4, or a6 subunits, with d usually substituting for the g subunit.

Receptors composed of a5 and g subunits have also been demon-

strated at extrasynaptic sites. The proposed differential expression of

low- and high-affinity GABAA receptors at fast and slow synapses is

depicted in Figure I.
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[53,55], NGFCs [42], or of the Schaffer collateral pathway
[56]. Interestingly, dendrite-targeting interneurons of the
neocortex also preferentially activate a5-subunit-contain-
ing GABAA receptors, whereas those targeting the soma
activate a1-containing GABAA receptors [57]. Moreover,
the d subunit is found at slow synapses of dentate gyrus
granule cells [43] and NGFCs [28].

Thus, several lines of evidence indicate that high-affini-
ty receptors are present at GABAA,slow synapses. Does this
mean that their intrinsically slow kinetics account for the
long-lasting conductances at these synapses? Not neces-
sarily. In b3 null mice that lack slow IPSCs in pyramidal
neurons, long-lasting inhibitory control of GABAA,fast-gen-
erating hippocampal interneurons remains unaffected
[49], indicating that receptors with a different subunit
composition can also produce slow IPSCs. In pyramidal
neurons these are likely to include non-a5-containing
receptors because some IPSCs recorded in mutant mice
with benzodiazepine-insensitive a5 subunits are still mod-
ulated by the benzodiazepine diazepam [55]. Furthermore,
zolpidem and diazepam affect NGFC-IPSCs, suggesting
that low-affinity a1/2b2/3g2 GABAA receptors are present at
NGFC synapses [42]. This functional result is consistent
with recent immunohistochemical data showing that the
a1 subunit is highly enriched in hippocampal NGFC den-
drites [44] that receive a substantial input from other
NGFCs [31]. Taken together, the evidence indicates that
intrinsic receptor kinetics could contribute to, but do not
necessarily account for, the slow decay of hippocampal
GABAA,slow IPSCs.

Spatiotemporal profile of extracellular GABA
If, unlike GABAA,fast currents [58], receptor identity itself
does not dictate the kinetics of GABAA,slow, what then
accounts for the slow decay of this current? A clue could
come from the finding that many drugs enhance the peak
amplitude, but do not prolong the decay of slow IPSCs of
NGFCs and pyramidal neurons [30,42,53,55]. At other
synapses the propensity of drugs to increase slow IPSC
amplitude has been attributed to receptor activation by a
low peak concentration of neurotransmitter, as would be
expected to occur with transmitter spillover to extrasynap-
tic sites. For example, at the Golgi cell to granule cell
synapse in the cerebellum, slowly rising IPSCs are gener-
ated by extrasynaptic high-affinity a6-containing GABAA

receptors that sense a low concentration of GABA spilling
out of remote synapses [11,12]. This might also be the case
in the hippocampus [59].

GABA concentration at the synaptic cleft can influence
the kinetics of unitary IPSCs [60], and the heterogeneous
decay of mIPSCs at synapses that express a single subtype
of GABAA receptor (a1b2g2) [61] has been attributed to the
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specific spatiotemporal profile of GABA concentration.
Experimental evidence suggests that the extended pres-
ence of a low concentration of extracellular GABA, perhaps
influenced by an unusually large synaptic cleft, contributes
to the slow kinetics of GABAA,slow at NGFC synapses
[28,30,42] (Figure 3). A single NGFC axon has a release
site density comparable to that of five or six basket-cell
axons [28], and it therefore produces a cloud of activation in
which GABA released from NGFC axons reaches synaptic
and non-synaptic receptors. Axon boutons of NGFCs are
often [28], but not always [7,31,44], found 1–5 mm away
from target dendrites, a surprisingly long distance com-
pared to the 10–20 nm of conventional synapses. GABA
[()TD$FIG]

Figure 3. Volume transmission produces neurogliaform cell (NGFC)-mediated GABAA

present at NGFC synapses compared with fast-spiking basket cell (FSBC) synapses in

features proposed to underlie volume transmission by NGFCs. NGFCs do not seem to re

is shown for two NGFC axon boutons (top, orange) and the dendritic shaft of a postsy

GABAB receptors expressed at both glutamatergic (middle right, red) and GABAerg

conventional synapses (middle left, orange bouton and lower left, green dendrite) as rev

probable involvement in NGFC-mediated signaling; the details of this interaction are not

extracellular GABA and are expressed in NGFCs and glial cells. AMPA and NMDA glut
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released from NGFCs also can inhibit the release of gluta-
mate or GABA from axon terminals located remotely from
NGFC release sites [28].

Thus, the picture that emerges from these studies is one
of volume transmission [62] wherein a widespread, pro-
longed, low-level GABA transient is produced by a dense
array of NGFC release sites. This leads to a slowly decay-
ing conductance increase in nearby dendrites of pyramidal
neurons, NGFCs, and other interneurons. A number of
additional observations are consistent with this scenario,
including (i) a single NGFC action potential elicits not only
a GABAA receptor-mediated synaptic response but also a
response mediated by peri-synaptic GABAB receptors
,slow IPSCs. (a) A GABA transient of lower concentration but greater duration is

the hippocampus [42]. (b) Schematic diagram illustrating the main ultrastructural

quire direct synaptic junctions to affect target cells [28]. A non-synaptic apposition

naptic NGFC (bottom left, green). Heterosynaptic modulation also takes place via

ic (middle left, orange) axon endings. In addition, NGFC axon boutons display

ealed by electron microscopy [7,31,44]. A glial cell is also illustrated because of its

yet known. GABA transporters (GAT-1 and GAT-3) are responsible for the uptake of

amate receptors are depicted only in pyramidal cells.
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[7,31,32], (ii) GABA uptake blockers not only enhance
GABAA,slow in pyramidal neurons [23] but also augment
responses mediated by GABAB receptors expressed at
extrasynaptic sites [30], and (iii) low-affinity GABAA re-
ceptor antagonists have a greater effect on GABAA,slow

versus GABAA,fast [30,42]. In simulations, NGFC-IPSCs
are best replicated using a low-concentration (8–20 mM)
but persistent (tDecay 35–73 ms) GABA transient [42]. It is
possible that the functional impact of the diffuse ‘GABA
cloud’ produced by a single NGFC is further amplified by
electrical coupling with other NGFCs [31] and with other
types of interneurons [63].

Interestingly, synaptic vesicles far from synaptic spe-
cializations have been observed in the axonal plexus of
both NGFCs and Ivy cells [28,33], supporting the likeli-
hood of extrasynaptic transmitter release. This structur-
al arrangement might be related to the threefold longer
duration of Ca2+ transients in axonal boutons of NGFCs
compared to other types of hippocampal interneurons
[42].

Other potential mechanisms underlying GABAA,slow

In addition to receptor-mediated conductances, other volt-
age-dependent neuronal properties can shape synaptic
potentials. In neocortex, for example, IPSPs are augment-
ed at depolarized membrane voltages when IPSPs deacti-
vate tonically-active sodium channels [64]. In the
hippocampus the hyperpolarization-activated cation cur-
rent, Ih, reduces slow IPSP amplitude at hyperpolarized
potentials and accelerates its decay, and the persistent
sodium current, INAP, increases the amplitude of slow
IPSPs at depolarized subthreshold potentials [65]. Because
GABAA receptors are only weakly voltage-dependent,
these effects are not expected to have a substantial impact
on the conductance profile of slow synapses under voltage
clamp, but they could certainly influence their impact on
integrative cellular function.

The time-course of postsynaptic currents at several CNS
synapses changes during development. For example, the
time-course of a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate (AMPA) receptor excitatory postsynaptic cur-
rents (EPSCs) becomes significantly faster during matura-
tion [66] due to changes in synaptic structure in cerebellar
granule cells [67]. The decay of fast mIPSCs in hippocam-
pal CA1 pyramidal cells accelerates during development
[25]. Surprisingly, the kinetics of slow mIPSCs are un-
changed during this same period [25]. Therefore their slow
duration cannot be attributed to a developmental process
at inhibitory synapses onto CA1 pyramidal cells. Remark-
ably, slow IPSCs are the first synaptic signals detected in
recordings from immature hippocampal granule cells [68].
Slow IPSCs in newborn hippocampal granule cells have
kinetics similar to those of mature granule cells [69], most
likely arising from NGFCs [31].

Long lasting IPSCs can also be generated by asynchro-
nous release of transmitter occurring at significant delays
after a presynaptic action potential, as reported at certain
inhibitory GABAergic and glycinergic synapses [70–72].
This phenomenon is particularly pronounced when chole-
cystokinin (CCK)-expressing interneurons in the rat den-
tate gyrus [71] or inhibitory synapses of the avian and rat
dorsal cochlear nucleus [70,72] are stimulated with behav-
iorally-relevant high-frequency patterns.

Role of GABAA,slow in neuronal networks
Given the striking differences between the kinetics of
GABAA,fast and GABAA,slow, these two different forms of
phasic inhibition would be expected to play distinct func-
tional roles. In the thalamus, slow inhibitory connections
within the RTN are thought to be instrumental in gener-
ating network oscillations. When slow IPSCs are compro-
mised, as in mice lacking the GABAA receptor b3 subunit,
activity changes from a partially synchronous spindle-like
pattern to hypersynchronous epileptic discharges [8]. This
finding, supported by a modeling study in which the slow
decay of currents at RTN neurons was found to be pivotal
for its ability to prevent epileptiform activity [73], suggests
that intra-RTN inhibition plays a role in restricting activi-
ty during sensory processing or in states of focused arousal
[74].

A number of characteristics make GABAA,slow IPSCs
well-suited to play a role in the modulation of synaptic
plasticity [5,75]. In CA1 pyramidal neurons, the location of
their synapses is associated with the major afferent excit-
atory inputs – thalamic and entorhinal cortex afferents on
the apical dendritic tuft in the SLM [76] (NGFCs) and the
Schaffer collateral pathway from CA3 on diagonal
branches of mid-apical dendrites in the stratum radiatum
(Ivy cells). Here, their slow time-course matches that of N-
methyl-D-aspartate (NMDA)-receptor EPSPs, so they are
able to maintain dendritic hyperpolarization. They can
also suppress calcium-dependent spikes [77] and sodium
spike back-propagation from the soma to the dendrites
[78].

The use-dependence of GABAA,slow could also contribute
to its ability to control synaptic plasticity. Stimuli pre-
sented in short succession result in a prominent GABAB

receptor-mediated short-term depression of slow IPSPs
[79]. Accordingly, GABAB antagonists partially rescue
short-term depression after stimulation of NGFCs with
short trains of stimuli [28,31,32]. The dendritic disinhibi-
tion produced by presynaptic GABAB receptors is maximal
when stimuli are repeated at theta frequency [31]. This
unopposed excitation contributes to the ability of appro-
priately patterned stimuli to produce synaptic plasticity
[80]. When NGFC action potentials occurring during theta
oscillations in vivo are re-enacted in NGFC in vitro, they
elicit a fast and robust (time constant�10 s), but reversible
(time constant recovery �10 min), mid-term synaptic de-
pression of the IPSCs, mostly attributable to receptor
desensitization [42]. The depression is not complete, but
�80% at steady-state [42]. Such a mechanism could pro-
vide a means for controlling the inhibitory circuitry that
modulates synaptic plasticity, although further studies are
required to demonstrate this.

The influence of GABAA,slow in the hippocampal CA1
region extends to the generation and control of network
oscillations. Theta (4–8 Hz) oscillations, which are promi-
nent in the hippocampus, are observed during rapid eye
movement (REM) sleep, arousal, locomotion, and other
voluntary behaviors [81]. They are thought to play crucial
functions in memory formation and recall [81]. Gamma
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(25–70 Hz) oscillations, which are present in the hippo-
campus [82] and cortex [83], are associated with sensory
processing and are thought to integrate perceptual fea-
tures. These network oscillations could regulate the
strength of neuronal signals and assist in encoding and/
or retrieving information in neuronal networks [84].

In the same way that the rapid decay of the GABAA,fast

(tDecay �10 ms) is thought be instrumental in setting the
rhythm of the faster gamma oscillations [26], the extended
decay of GABAA,slow (tDecay�60 ms)might contribute to the
slower theta oscillations. Interestingly, theta oscillations
are most regular in frequency, and have the largest ampli-
tude, in the SLM of CA1 [82,85], where NGFCs are located.
In vivo, the firing of NGFCs is time-locked to the peak of the
theta cycle, coincident with the synaptic volley from the
entorhinal cortex [44]. In addition, NGFCs and other
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lacunosum-moleculare (O-LM) cell [86]. Coupled with an
intrinsic theta-frequency resonance of pyramidal neurons
and interneurons of the SLM [87], including NGFCs [44],
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the generation of theta oscillations [82,88].

A classical model of hippocampal theta rhythm includes
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[81]). There is evidence that GABAA,slow bridges these two
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ons (including NGFCs), mediating robust feed-forward
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Box 3. Outstanding questions

� Subunit composition, trafficking, lateral movements, and func-

tional characteristics of GABAA receptors are dynamically regu-

lated by intracellular proteins, post-translational modifications

and diverse signaling pathways [118]. How do these factors affect

GABAA,slow?

� Would it be possible to detect GABAA,slow directly at small distal

dendritic branches by using optical methods, such as voltage-

sensitive dye imaging [119]?

� A long-lasting and diffuse extracellular GABA transient underlies

NGFC-IPSCs [30,42]. How is this spatiotemporal profile formed?

What are its principal characteristics?

� NGFCs form both conventional synapses [7,31,44] and en passant

boutons found up to 5 mm from target dendrites [28]. Do these

two different types of synapses both produce IPSCs with slow

kinetics, or do they have different functions?

� NGFC processes are found near blood vessels [32,120], and

activation of NGFCs or other interneuron types within the cortex

can change the luminal diameter of neighboring microvessels

[120]. What are the mechanisms underlying neurovascular

coupling? Does this involve signaling between NGFC and glial

cells?

� NGFCs and Ivy cells fire repeatedly during theta oscillations in

vivo [33,44], but the same activity re-enacted in a NGFC in vitro

evokes slow IPSCs that are strongly reduced in their amplitude

after only a few stimuli and then recover after several minutes

[42]. Do slow IPSCs remain effective during periods of high firing-

rates in vivo?

� GABAA,slow synapses are well-suited to control synaptic plasticity.

Under what physiological or pharmacological conditions do these

synapses influence learning and memory, and can they be

manipulated for therapeutic benefit?
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inhibition [32,93,94]. These interneurons of SLM rhythmi-
cally inhibit somatically projecting interneurons at theta
frequency, resulting in the suppression of fast inhibition
(SFI) of CA1 pyramidal cells [90]. In this way, interneurons
of the SLMcan generate dendritic inhibition andSFI of CA1
pyramidal cells at the same time. This model is consistent
with the observation thatdendritic theta is 1808 out of phase
with somatic theta [95] because pyramidal cell dendrites are
inhibited when the rhythmic theta frequency inhibition of
pyramidal cell somata is relieved by SFI. During active
exploratory behavior in rodents, gamma oscillations wax
and wane at theta frequency, a phenomenon called nested
theta–gamma activity [96]. This model correctly predicts
that pyramidal cells will fire maximally after both GABAA,-

slow inhibition of pyramidal cell dendrites and SFI have
decayed back to baseline, and thus during the nested the-
ta–gamma inhibition provided by GABAA,fast interneurons
[96]. Computer simulations confirm that networks of inter-
neurons generating fast and slow IPSPs can shape mixed
gamma–theta rhythms [97]. Observed alterations in theta,
gammaandnested theta–gammaoscillations inb3 nullmice
thatdisplay impairedGABAA,slow responses further support
this theoretical framework [49].

Whereas NGFCs fire preferentially at the peak of each
theta oscillation [44], Ivy cells fire preferentially at the
trough of each oscillation recorded in the stratum pyrami-
dale [33]. This timing could be instrumental in separating
the influence of enthorinal cortex input versus CA3 input
onto CA1 pyramidal neurons during different phases of the
theta oscillation, as required for accurate memory encod-
ing and retrieval, according to a computational model of
hippocampal learning [98].

GABAA,slow and therapeutic potential for general
anesthetics and cognitive-enhancing drugs
The GABAA receptor is a molecular target for many
clinically-used drugs, including general anesthetics [99].
A signature effect of many anesthetics is the prolongation
of the decay phase of GABAA,fast IPSCs [24,100–102]. Simi-
lar effects are seen at GABAA,slow synapses [24,103,104].
Interestingly, the frequency of slow sIPSCs recorded from
hippocampalCA1pyramidal cells in vitrohas been shown to
be selectively enhanced by the abused inhalant toluene
[105].

The general anesthetic etomidate has been demonstrat-
ed to preferentially enhance GABAA,slow inhibition at con-
centrations associated with amnesia in vivo [104]. This
result is particularly intriguing given the finding that
learning and memory is enhanced in mice that either lack
the GABAA receptor a5 subunit [106] or that carry a point
mutation reducing its expression in the hippocampus
[107]. Although the a5 subunit is expressed in the hippo-
campus at extrasynaptic sites mediating tonic inhibition
[51], it is also found at dendritic GABAA,slow synapses
[42,53,55–57]. GABAA receptors containing the a5 subunit
are being intensively studied as novel targets for memory-
blocking and cognition-enhancing drugs [108,109]. This
could have important clinical implications, such as in
Alzheimer’s disease (AD), where hippocampal a5-contain-
ing GABAA receptors have been demonstrated to be rela-
tively spared in the hippocampus of AD patients [110].
Therefore, GABAA,slow could represent a novel target for
cognition-enhancing drugs.

Conclusions
Since the initial report of GABAA,slow IPSCs in the hippo-
campus, slow GABAA receptor-mediated IPSCs have been
found throughout the CNS and substantial progress has
been made in understanding the underlying causes and
subsequent consequences of this particular form of synap-
tic inhibition. The discovery that NGFCs and Ivy cells
mediate GABAA,slow sets these interneurons apart from
classical ‘fast-acting’ interneurons, such as fast-spiking
basket cells. A number of functional roles for GABAA,slow

have been suggested, such as being involving in modulat-
ing synaptic plasticity and the generation of slow network
oscillations. Additional targets that could be affected by
such inhibition include glial cells and blood vessels, via
neurovascular coupling with NGFCs. Continuing research
on GABAA,slow will advance our knowledge of inhibitory
synaptic transmission and neuronal circuitry (Box 3). Such
research should also provide novel molecular targets for
the future development of therapeutics to modulate syn-
aptic transmission and plasticity.
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