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Extrasynaptic GABAA Receptors Couple Presynaptic Activity
to Postsynaptic Inhibition in the Somatosensory Thalamus
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Thalamocortical circuits govern cognitive, sensorimotor, and sleep-related network processes, and generate pathological activities
during absence epilepsy. Inhibitory control of thalamocortical (TC) relay neurons is partially mediated by GABA released from neurons
of the thalamic reticular nucleus (nRT), acting predominantly via synaptic �1�2�2 GABAA receptors (GABAARs). Importantly, TC
neurons also express extrasynaptic �4�2� GABAARs, although how they cooperate with synaptic GABAARs to influence relay cell
inhibition, particularly during physiologically relevant nRT output, is unknown. To address this question, we performed paired whole-
cell recordings from synaptically coupled nRT and TC neurons of the ventrobasal (VB) complex in brain slices derived from wild-type and
extrasynaptic GABAAR-lacking, �4 “knock-out” (�4 0/0) mice. We demonstrate that the duration of VB phasic inhibition generated in
response to nRT burst firing is greatly reduced in �4 0/0 pairs, suggesting that action potential-dependent phasic inhibition is prolonged
by recruitment of extrasynaptic GABAARs. Furthermore, the influence of nRT tonic firing frequency on VB holding current is also greatly
reduced in �4 0/0 pairs, implying that the �4-GABAAR-mediated tonic conductance of relay neurons is dynamically influenced, in an
activity-dependent manner, by nRT tonic firing intensity. Collectively, our data reveal that extrasynaptic GABAARs of the somatosensory
thalamus do not merely provide static tonic inhibition but can also be dynamically engaged to couple presynaptic activity to postsynaptic
excitability. Moreover, these processes are highly sensitive to the �-selective allosteric modulator, DS2 and manipulation of GABA
transport systems, revealing novel opportunities for therapeutic intervention in thalamocortical network disorders.

Introduction
Thalamocortical (TC) networks support several sleep-related
brain rhythms and govern many integrative processes, including
attention, cognition, and sensorimotor processing (Sherman and
Guillery, 2001; Steriade, 2003; Timofeev, 2011). Within this net-
work, reciprocal intrathalamic connections between inhibitory
thalamic reticular nucleus (nRT) and excitatory TC relay neu-
rons play a critical role in controlling information transmission
to cortex (Huguenard and McCormick, 2007). Abnormalities
within this circuitry have also been implicated in some neurolog-
ical disorders, including absence seizures and schizophrenia
(Crunelli and Leresche, 2002; Pinault, 2011). In all aspects, the

firing patterns of thalamic neurons are crucial. Both nRT and
relay cells exhibit burst or tonic firing modes, with burst genera-
tion dependent on the activation of T-type Ca 2� channels
(Jahnsen and Llinas, 1984; Avanzini et al., 1989; Crunelli et al.,
1989). These distinct firing patterns are commonly ascribed to
different conscious states: tonic firing dominates during waking,
whereas burst firing prevails during periods of drowsiness and
NREM sleep (Sherman and Guillery, 2001; Steriade, 2003).

The nRT plays an essential role in thalamocortical network
operations, providing a major source of inhibition to relay
neurons. Such inhibition is mediated predominantly by the acti-
vation of GABAA receptors (GABAARs), with an additional con-
tribution from GABABRs during intense nRT output (Cox et al.,
1997; Kim et al., 1997; Beenhakker and Huguenard, 2010). In the
somatosensory thalamus, relay neurons exhibit two tempo-
rally and kinetically distinct modes of GABAAR-mediated in-
hibition: brief phasic inhibition mediated by synaptic �1�2�2
receptors and a persistent tonic inhibition mediated by extra-
synaptic �4�2� receptors (Belelli et al., 2005; Cope et al., 2005;
Jia et al., 2005; Chandra et al., 2006; Peden et al., 2008). How-
ever, it is unknown how synaptic and extrasynaptic GABAARs
(eGABAARs) cooperate to regulate thalamocortical output, par-
ticularly during physiologically relevant patterns of nRT activity.
Given the established link between membrane potential and TC
output mode, an important activity-dependent role for both
tonic and phasic inhibition may be envisaged. Indeed, activation
of eGABAARs may facilitate tonic to burst firing transitions by
promoting neuronal hyperpolarization (Cope et al., 2005). Fur-
thermore, large, prolonged IPSPs generated in response to nRT
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spike bursts can trigger postinhibitory rebound spike bursts in
relay neurons, a phenomenon crucial to intrathalamically gener-
ated spindle oscillations (von Krosigk et al., 1993; Kim et al.,
1997; Steriade, 2003; Sohal et al., 2006). However, the contribu-
tion (if any) of eGABAARs in sculpting inhibition generated by
burst and tonic nRT output modes remains unknown. Such
knowledge is crucial to fully understand the role of inhibitory
mechanisms in fine-tuning behaviors contingent upon the TC
network.

We address this question using paired recordings from synap-
tically coupled nRT and relay neurons of the ventrobasal complex
in wild-type (WT) and eGABAAR-lacking (�4 0/0) mouse brain
slices. We demonstrate that �4-GABAARs contribute to nRT
burst-mediated inhibition and that activity-dependent recruit-
ment of eGABAARs dynamically influences the VB neuron tonic
conductance during nRT tonic spike trains. Such responses
are also highly sensitive to selective allosteric modulation of
�-containing eGABAARs and manipulation of GABA transport
systems, revealing novel opportunities for pharmacological in-
tervention in disorders of the thalamocortical network.

Materials and Methods
Breeding of mice. The �1 0/0, �4 0/0, and � 0/0 mice were generated on a
mixed C57BL/6J-129SvEv (�1 0/0) or single C57BL6 (�4 0/0 and � 0/0)
background at the Merck Sharp and Dohme Research Laboratories at the
Neuroscience Research Centre in Harlow and at the University of Pitts-
burgh, respectively, as described previously (Mihalek et al., 1999; Sur et
al., 2001; Chandra et al., 2006). Brain slices were prepared from the first
two generations of WT, �1 0/0, �4 0/0, and � 0/0 breeding pairs derived
from the corresponding heterozygous mice bred at the University of
Dundee.

Slice preparation. Animals were killed by cervical dislocation in accor-
dance with Schedule 1 of the United Kingdom Government Animals
(Scientific Procedures) Act 1986. Thalamic slices were prepared from
mice of either sex (P15–P23) according to standard protocols (Belelli et
al., 2005). Dissected brains were sliced horizontally (300 –350 �m) in an
ice-cold sucrose-based cutting solution, using a Vibratome (Intracel,
Royston). The slices were incubated at room temperature (20 –23°C) for
a minimum of 1 h before recording in an oxygenated, extracellular solu-
tion (ECS) containing the following (in mM): 126 NaCl, 2.95 KCl, 26
NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 10 D-glucose, and 2 MgCl2 (pH 7.4;
300 –310 mOsm).

Electrophysiology. Electrophysiological recordings were performed
from thalamic slices maintained in warmed ECS (30°C unless otherwise
stated), using one or two Axopatch 200B amplifiers (Molecular Devices),
from single thalamic VB neurons (for recording electrically evoked
IPSCs, or tonic currents), or from synaptically coupled presynaptic nRT
neurons and postsynaptic VB neurons. Cells were visually identified with
an Olympus BX51 microscope (Olympus), equipped with differential
interference contrast/infrared optics and a CCD camera.

Single-cell, whole-cell recordings. Whole-cell voltage- and current-
clamp recordings from VB neurons were obtained using patch pipettes
prepared from thick-walled borosilicate glass (King Precision Glass), us-
ing a Narishige PC-10 vertical puller, and had open tip resistances of
4.5– 6 M� when filled with a solution containing the following (in mM):
130 K-Gluconate, 2 KCl, 2 NaCl, 10 HEPES, 0.2 EGTA, 2 Mg-ATP, 0.5
Na-GTP, 10 Tris-phosphocreatine, osmolarity 280 –290 mOsm, pH 7.2–
7.3 with KOH. Inhibitory responses were evoked in VB neurons, using a
bipolar tungsten electrode (World Precision Instruments), placed within
the borders of the nRT. Stimuli were delivered (20 �s duration, 0.05– 0.1
Hz) using a Digitimer DS3 Isolated Stimulator (Digitimer). Although we
find that GABAB receptor activation is minimal under these recording
conditions/stimulation parameters (data not shown), we performed the
experiments in the presence of CGP 55845 (1 �M) to block GABAB re-
ceptors. Evoked IPSCs (eIPSCs) were recorded at a holding potential of
�50 mV (GABA Erev ��85 mV). eIPSPs were recorded and quantified
at Vm � �52 to �55 mV, with some eIPSPs also recorded at additional

potentials (ranging from �80 to �40, 10 mV increments). Series resis-
tance was intermittently monitored, compensated by up to 80% (for
voltage-clamp) and recordings discarded if values changed by �25%, or
increased beyond 25 M�. A liquid junction potential of �14 mV was left
uncorrected. Recordings were filtered at 2 or 5 kHz for voltage- and
current-clamp recordings, respectively, and acquired directly to PC using
a NI-DAQmx analog-digital interface (National Instruments United
Kingdom) for subsequent offline analysis.

To record VB tonic currents, experiments were performed as we pre-
viously described (Belelli et al., 2005; Peden et al., 2008; Herd et al., 2009).
Briefly, whole-cell recordings were obtained using patch pipettes (pre-
pared as above) with open tip resistances of 3–5 M� when filled with an
intracellular solution containing the following (in mM): 140 CsCl, 10
HEPES, 10 EGTA, 2 Mg-ATP, 1 CaCl2, 5 QX-314, pH 7.3, with CsOH,
300 –305 mOsm. Cells were recorded at a holding potential of �60 mV in
ECS (as above) that additionally contained 2 mM kynurenic acid and 0.5
�M tetrodotoxin to block ionotropic glutamate receptors and sodium-
dependent action potentials, respectively. The tonic current was calcu-
lated as the difference between the holding current before and after
application of bicuculline methobromide.

Paired recordings. Paired whole-cell recordings were performed from
synaptically coupled presynaptic nRT neurons and postsynaptic VB neu-
rons, using patch electrodes prepared as described above. Presynaptic
electrodes were filled with the same K-gluconate solution used for eIPSC/
IPSP recordings, whereas in the majority of recordings, postsynaptic
electrodes were filled with an intracellular solution containing the fol-
lowing (in mM): 105 Cs-gluconate, 30 KCl, 2 NaCl, 10 HEPES, 0.2 EGTA,
2 Mg-ATP, 0.5 Na-GTP, 10 Tris-phosphocreatine, osmolarity 280 –290
mOsm, pH 7.2–7.3 with CsOH. In a subset of paired recordings, post-
synaptic VB cells were patched using the same low Cl �, K-gluconate-
based ICS solution used for presynaptic electrodes. Presynaptic nRT
neurons were recorded under current-clamp, whereas postsynaptic VB
neurons were recorded in voltage-clamp mode (Vh � �70 mV or �50
mV, GABAAR Erev � �40 mV or �85 mV for Cs-gluconate and
K-gluconate-based solutions, respectively). The locations chosen for
patching within slices were based on the topographical organization of
nRT-VB connections (Lam and Sherman, 2005). In the majority of cases,
successful identification of nRT-VB pairs was facilitated by first patching
the VB neuron, then applying a low-pressure stream of a high-K � solu-
tion from a “sniffer” pipette moved within candidate regions of the nRT
(Gentet and Ulrich, 2003). If the region contained one or more presyn-
aptic partners, a burst of IPSCs was observed in the VB neuron. Up to 10
nRT neurons residing within this “hotspot” were then patched and tested
for connectivity to the VB neuron. Successful pairs were characterized by
the generation of a short latency (�2 ms) IPSC in the VB neuron in
response to a suprathreshold stimulation of the nRT neuron. We re-
tained only those pairs where a clear, relatively fast rising response (�1
ms 10 –90% rise time) was generated by a presynaptic spike. Inhibitory
postsynaptic responses were generated in response to both classical
modes of action potential firing exhibited by nRT neurons (i.e., burst and
tonic modes). Action potential bursts were generated within nRT neu-
rons using a software (WinEDR) driven 30 –50 ms suprathreshold cur-
rent step (0.05– 0.1 Hz), delivered via the recoding electrode from a
sufficiently hyperpolarized Vm (usually the resting Vm). A consistent
intraburst spike number (��1 spike) was maintained throughout the
recording (control and drug sections) by minimally adjusting the stim-
ulation amplitude and/or membrane potential if necessary. Tonic trains
of action potentials (APs) were elicited in nRT neurons from a depolar-
ized Vm by injection of suprathreshold direct current. The level of in-
jected DC was maintained at a constant amplitude for 5–10 s before being
increased to enhance tonic firing frequency. Five to seven DC increments
were applied during each tonic train. On termination of most paired
recordings, the locations of the presynaptic and postsynaptic electrodes
were observed under low-power magnification and recorded to PC using
a USB video capture device connected to the output of the monitor (for
a schematic illustration of the locations of a sample of successful pairs, see
Fig. 3 F, G). The majority of postsynaptic neurons were adjudged to be
located in the ventral posteromedial nucleus (VPM).
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Data analysis. All electrophysiological analyses were performed offline
using the Strathclyde Electrophysiology Software, WinEDR/WinWCP (J.
Dempster, University of Strathclyde, United Kingdom) software pack-
age. Action potentials generated in both burst and tonic modes were
analyzed with respect to action potential number (within a burst), fre-
quency, and interevent interval. In current-clamp recordings from VB
neurons, eIPSPs were analyzed with respect to their peak, area, and time
to decay from peak by 50% (T50). All postsynaptic currents (evoked,
burst-, and tonic-mediated IPSCs) were analyzed with respect to peak
amplitude, 10 –90% rise time, and charge transfer. For tonic-mediated
IPSCs (tIPSCs), a depressing synapse phenotype was defined if the peak
amplitude ratio of the second tIPSC versus first tIPSC during a tonic train
was �1. The decay time course of all three types of synaptic current was
described adequately in the majority of cases by fitting a double expo-
nential function 	y	t
 � A1e	�t/�1
 � A2e	�t/�2
) using the least-squares
method, where A is amplitude, t is time, and � is the decay time constant.
Analysis of the SD of residuals and use of the F test were used to compare
goodness of fit, confirming an improved fit of the decay was achieved
when using a double exponential rather than a monoexponential. Thus,
a weighted decay time constant (�w) was also calculated according to the
equation as follows:

�w � �1P1 � �2P2,

where �1 and �2 are the decay time constants of the first and second
exponential functions and P1 and P2 are the proportions of the synaptic
current decay described by each component. For multipeak events (i.e.,
eIPSC and burst-mediated IPSCs), only the decay phase occurring after
the final peak of the event was curve-fitted. For tIPSCs, currents gener-
ated in response to the first 500 APs in the train were binned sequentially
(50 events per bin minus failures), and each of the 10 event bins was then
averaged. The decay of each bin average was fitted with a biexponential
function as described above. A “global” average of tIPSC responses to the
first 500 (nonbinned) APs was also generated and used to further com-
pare strain and drug effects. As the experimental paradigm dictates, these
early APs occur at relatively low frequencies (19 � 1 Hz for both WT and
�4 0/0). Therefore, each individual tIPSC has sufficient time to fully decay
to baseline before the onset of subsequent events, thus facilitating an
accurate determination of tIPSC decay kinetics. The reliability of
nRT-VB connections was determined by analysis of the postsynaptic
current response to the first 50 nRT APs at each frequency increment.
Transmission success was defined by the presence of a postsynaptic re-
sponse with an amplitude �4� the SD of baseline noise (generally 3– 4
pA), occurring within a 4 ms latency from the presynaptic spike.

In nRT-VB pairs, the influence of nRT tonic firing frequency on VB
holding current (Ihold) was determined by sampling 3 ms Ihold sections
immediately before the onset of each tIPSC throughout the course of the
tonic train. Baseline VB Ihold values were determined by sampling 10 ms
sections (6/s) for 15–20 s before and after the tonic train. The change in
VB Ihold (relative to baseline values) was determined for each increment
in nRT firing frequency (averaged over each 5–10 s increment). For
summary nRT frequency-VB Ihold plots (e.g., see Fig. 4G), data were
plotted in 5 Hz bins. Linear regression analysis was performed, and the
slope of the resultant linear fits used to compare the influence of nRT
firing frequency on VB Ihold in WT and �4 0/0 mice.

All results are reported as the arithmetic mean � SEM. Statistical
significance of the mean data was assessed with the Student’s t test (paired
or unpaired), or repeated-measures ANOVA (one- or two-way) as ap-
propriate, using the SigmaStat (SPSS) software package. Linear regres-
sion was performed in Origin v7 (OriginLab).

Simulations. To evaluate the specific contribution of tIPSC kinetics to
baseline changes of the holding current observed in response to increas-
ing presynaptic firing frequencies, we performed some simple computer
simulations using the WinEDR (V3.3.8) postsynaptic current simulator.
The simulations used mean values derived from the detailed analysis of in
vitro paired recordings (see Fig. 5). Simulation parameters included the
following: (1) initial IPSC amplitude � SD, (2) IPSC rise time constant,
(3) IPSC decay time constant, (4) percentage value for IPSC amplitude
depression, (5) time constant of synaptic depression, (6) IPSC fre-

quency � SD, and (7) baseline noise. All parameters remained constant
during each simulation, with the exception of IPSC frequency, which was
increased in 5 Hz increments from 7.5 � 1.5 Hz to 52.5 � 1.5 Hz (5 s per
increment), and peak amplitude, which incorporated an initial rapid
depression (% depression � 56–58%; time constant of depression, �dep �
0.38 s). Changes in the baseline current over the course of each simula-
tion were measured in the same manner as for in vitro tIPSC experiments
(see above). The influence of IPSC kinetics on the baseline current was
investigated by setting the IPSC decay time constant to match the mean
tIPSC �w values derived from WT and �4 0/0 recordings under control
conditions, or in the presence of drugs. To assess the effect of IPSC
amplitude in relation to IPSC kinetics, these simulations were repeated,
except that the initial peak amplitude was set to match those of the
“strongest” and “weakest” connections, rather than the mean IPSC am-
plitude. A total of six simulations were run for each condition.

Salts and drugs. DS2 (supplied by Dr. K. Wafford), CGP 55835 (Ab-
cam), and SNAP 5114 (Tocris Bioscience) were prepared in DMSO as
1000-fold concentrated stock solutions and diluted in ECS to the final
desired concentration. The final DMSO concentration (0.1%) has no
effect on any of the measured parameters. NO-711 (Abcam) was pre-
pared as a 1000� aqueous stock solution and diluted in ECS as required.
Nipecotic acid (Abcam) was prepared in ECS at the final concentration
(1 mM). All drugs were applied via the perfusion system (2– 4 ml/min)
and allowed to infiltrate the slice for a minimum of 10 min (with the
exception of SNAP 5114, which we find requires �20 min application to
reach full effect) while recordings were acquired. All other salts and drugs
were obtained from Sigma, Tocris Bioscience, or VWR, with the excep-
tion of Cs-gluconate, which was prepared and provided by Dr. A. Rozov
(University of Dundee).

Results
Activation of �4-GABAARs prolongs evoked IPSCs of
VB neurons
Although detailed ultrastructural studies of �4 and � subunit
distribution have yet to be performed in thalamus, immunohis-
tochemical studies have repeatedly demonstrated that �4 or �
subunits do not colocalize with synaptic markers in thalamic
relay neurons, thus inferring a predominantly extrasynaptic lo-
calization of �4/�-GABAARs (Jia et al., 2005, 2007; Kralic et al.,
2006; Peden et al., 2008). Indeed, genetic deletion of �4 or �
subunits has previously been shown to greatly reduce the tonic
inhibitory conductance recorded from VB neurons, with mini-
mal impact on miniature IPSCs (Chandra et al., 2006; Herd et al.,
2009). In agreement with Chandra et al. (2006), the VB tonic
current revealed upon application of bicuculline (30 �M) was
greatly reduced in �4 0/0 mice compared with WT under our
recording conditions (Fig. 1A,B). Importantly, deletion of the �4
subunit reduced the tonic current to values indistinguishable
from those we previously described for � 0/0 VB neurons (Herd et
al., 2009) (Fig. 1C,D). Although compensatory mechanisms may
be a consequence of global gene knock-out strategies (Brickley et
al., 2001), the tonic current experiments demonstrate that the
remaining palette of GABAAR subunits expressed by VB neurons
of �4 0/0 or � 0/0 mice do not appear to compensate for the absent
extrasynaptic receptors. Therefore, both lines offer a suitable
model to investigate whether eGABAARs, in addition to their
established role during tonic inhibition, may contribute to inhib-
itory synaptic transmission generated in response to nRT output.
Thus, in preliminary experiments, we compared the properties of
electrically eIPSCs recorded from VB neurons of WT, �4 0/0, and
� 0/0 mice. In all strains, brief extracellular stimulation of nRT
evoked outward VB IPSCs characterized by multiple peaks and a
biexponential decay (Fig. 2A). The, multipeak nature of individ-
ual eIPSCs is consistent with the generation of IT-dependent
spike bursts, within one or more presynaptic nRT neurons. In
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recordings performed from �4 0/0 and � 0/0 slices, eIPSCs dis-
played similar amplitudes to WT currents (Fig. 2A,B). However,
the decay kinetics of both �4 0/0 and � 0/0 eIPSCs were significantly
faster than WT eIPSCs (Fig. 2A,C). Consequently, the charge
transferred per eIPSC was significantly reduced in �4 0/0 and � 0/0

VB neurons (Fig. 2D). No significant difference in eIPSC peak
amplitude, �w, or charge transfer was observed between �4 0/0

and � 0/0, confirming for both lines the loss of �4�� GABAARs.
Importantly, when recordings were performed at 37°C, the im-
pact of �4 subunit deletion upon all the above parameters was
preserved (peak amplitude: WT � 386 � 41 pA, �4 0/0 � 423 �
43 pA, p � 0.54; �w: WT � 28 � 4 ms, �4 0/0 � 9 � 1 ms, p �
0.0007; charge transfer: WT � 14 � 2 fC, �4 0/0 � 7 � 1 fC, p �
0.01, unpaired t test; n � 8 and 7 for WT and �4 0/0, respectively).
These results suggest that the contribution of eGABAARs to the
IPSC decay time is not a consequence of the recording tempera-
ture (30°C) used routinely in this study.

Our results predict that VB neurons devoid of synaptic
GABAARs should retain an eGABAAR-mediated inhibitory re-
sponse to presynaptic stimulation. We previously demonstrated
that deletion of the �1 subunit abolishes VB mIPSCs, with no
effect on the tonic current, thereby providing a model to test this
hypothesis (Peden et al., 2008). Remarkably, �1 0/0 VB neurons
exhibited a robust, residual eIPSC, albeit of reduced peak ampli-
tude, but with a similar �w to WT (Fig. 2A–D). Importantly, the
10 –90% rise times of �1 0/0 eIPSCs were greatly increased relative

Figure 1. The tonic inhibitory conductance of VB neurons is greatly reduced by deletion of
the �4 subunit. A, B, Representative whole-cell recordings (left) and corresponding all points
histograms (right) illustrating the effect of bicuculline (30 �M, gray bars) on the holding current
of VB neurones derived from WT (black) and �4 0/0 (blue) mice. C, D, Bar graphs illustrating the
outward current (C) and the change in RMS noise (D) induced by bicuculline in WT (n � 27,
black bars) and �4 0/0 (n�12, blue bars) VB neurons. For comparison, values derived from � 0/0

VB neurons (gray bars; data from Herd et al., 2009), under identical recording conditions, are
included in the bar graph. There is a lack of a significant difference for �4 0/0 versus � 0/0 values
( p � 0.92 and p � 0.49 for the bicuculline-induced change in holding current and RMS respec-
tively, unpaired t test). ***p � 0.001 versus WT (unpaired t test).

Figure 2. Activation of �4��-GABAARs prolongs the duration of evoked IPSCs recorded
from VB neurons. A, Superimposed, representative eIPSCs recorded from WT (black), �4 0/0

(blue), � 0/0 (gray), and �1 0/0 (red) VB neurons in response to extracellular stimulation of the
nRT (single stimuli, 20 �s duration, 0.1 Hz frequency). Inset, Peak-scaled traces are illustrated
to facilitate comparison of the eIPSC decay phases recorded from each mouse strain. B–D, Bar
graphs comparing eIPSC peak amplitude (B), �w (C), and charge transfer (D) recorded from VB
neurons derived from WT (black bars, n � 13), �4 0/0 (blue bars, n � 5), � 0/0 (gray bars, n �
9), and �1 0/0 mice (red bars, n � 8). There is a lack of a significant difference between eIPSC
�w, or charge transfer for �4 0/0 versus � 0/0 ( p � 0.46 and p � 0.64 for �w and charge
transfer, respectively, unpaired t test). E, Superimposed eIPSPs recorded under current-clamp
conditions from WT, �4 0/0, and �1 0/0 VB neurons in response to extracellular stimulation of
the nRT. F–H, Bar graphs comparing eIPSP peak (F ), T50 (G), and area (H ) recorded from VB
neurons derived from WT, �4 0/0, and �1 0/0 mice. Evoked IPSPs were recorded at Vm � �52
to �55 mV. Color scheme for E–H as outlined for A–D. n � 5–14. *p � 0.05 versus WT
(unpaired t test). **p � 0.01 versus WT (unpaired t test). ***p � 0.001 versus WT (unpaired t
test).
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to WT currents (WT � 1.0 � 0.1, n � 13; �1 0/0 � 14.9 � 1.9, n �
8, p � 5.1 � 10�10; Fig. 2A). Additionally, clearly defined multi-
ple peaks were not observed within the slow rising phase of resid-
ual �1 0/0 eIPSCs, in contrast to WT, �4 0/0, and � 0/0 recordings.

For equivalent current-clamp experiments, the brief duration
of �4 0/0 eIPSCs was mirrored by a reduced eIPSP T50 and area
relative to WT recordings (Fig. 2E–H). Furthermore, in �1 0/0

recordings, residual eIPSPs were readily observed, with similar
T50 s to WT (Fig. 2E–H). However, unlike most WT (10 of 14
cells) and �4 0/0 (6 of 8 cells) recordings, eIPSPs recorded from
�1 0/0 neurons were of insufficient amplitude to generate a re-
bound low-threshold Ca 2� potential, at least at the limited range
of membrane potentials studied here (Fig. 2E). These experi-
ments suggest that burst-mediated GABA release in response to a
single stimulus is sufficient to recruit eGABAARs thus increasing
IPSP duration.

Paired nRT-VB recordings reveal �4-GABAAR activation
prolongs burst-mediated IPSCs
The electrically evoked experiments described above provide pre-
liminary evidence that �4�� GABAARs could play a role during
phasic inhibition of VB neurons. However, such experiments do
not permit exact control over the number of presynaptic cells
and/or axons activated. Thus, it is conceivable that a near syn-
chronous release of GABA from multiple axons in response to
electrical stimulation could overwhelm GABA transport capac-
ity, leading to transmitter accumulation. By contrast, paired,
whole-cell recordings of monosynaptically coupled nRT and VB
neurons allow the nRT action potential discharge pattern (i.e.,
burst, or tonic firing) to be regulated more precisely, thus
providing a more refined insight into the activity-dependent
properties of inhibition at monosynaptic connections. Using
this approach, we compared the properties of WT and �4 0/0

VB IPSCs generated in response to presynaptic nRT spike
bursts (bIPSCs).

Although connections varied in strength (peak amplitude
range � �46 to �463 pA; mean peak amplitude � �142.3 �
20.0 pA; coefficient of variation (CV) � 0.73, n � 27 pairs), nRT
bursts in successful pairs (mean spikes/burst � 7.0 � 0.3; average
frequency � 233.3 � 7.4 Hz; for stimulation details, see Materials
and Methods) generated reliable, multipeak VB bIPSCs, with
each presynaptic spike generally evoking a corresponding peak
within the bIPSC (Fig. 3A, bottom inset). In �4 0/0 pairs, equiva-
lent stimulation of nRT neurons generated similar AP bursts
(mean spikes/burst � 6.1 � 0.3; average frequency � 206.2 �
11.2 Hz), together with corresponding multipeak bIPSCs in post-
synaptic VB neurons (Fig. 3B, n � 22 pairs). The amplitude of
�4 0/0 bIPSCs was not significantly different from WT (Fig. 3C;
peak amplitude range � �63.0 to �237.9 pA; mean peak ampli-
tude � �128.6 � 12.1 pA, p � 0.58 vs WT; CV � 0.44, n � 22).
However, comparison of the synaptic current decay (see Materi-
als and Methods) revealed that �4 0/0 bIPSCs displayed a �w
�50% of WT (Fig. 3B,D), with reduced variability (CV of �w,
WT � 0.54; �4 0/0 � 0.28, Fig. 3D) and charge transferred per
bIPSC (Fig. 3E).

It has recently been reported that intracellular Cl� concentra-
tions directly influence the decay time of IPSCs, with physiolog-
ical Cl� levels conferring faster decay kinetics than those typically
used to study GABAAR function ([Cl�]i � 30 mM) (Houston et
al., 2009). Therefore, to investigate whether the kinetic differ-
ences of bIPSCs observed between WT and �4 0/0 are preserved
using more “physiological” intracellular solutions, we repeated
the paired recordings using K�-gluconate-based pipette solu-

tions ([Cl�] � 4 mM, GABAAR Erev � �85 mV). In agreement
with the results obtained using Cs�-gluconate solutions ([Cl�] �
32 mM), the decay times of outward bIPSCs recorded at Vh �
�50 mV were significantly reduced by deletion of the �4 subunit
(WT �w � 29.0 � 3.0 ms, n � 9 pairs; �4 0/0 �w � 11.7 � 1.2 ms,
n � 10 pairs; p � 0.00004, unpaired t test), with no significant
effect on bIPSC peak amplitude (WT � 142.6 � 22.1 pA; �4 0/0 �
176.8 � 36.0 pA; p � 0.44). The presynaptic nRT spike bursts
were equivalent between WT and �4 0/0 pairs (spikes/burst:
WT � 7.6 � 0.3, �4 0/0 � 8.2 � 0.6, p � 0.38; average spike
frequency: WT � 219.3 � 14.5 Hz, �4 0/0 � 244.5 � 16.3 Hz, p �
0.27). Thus, the influence of �4 subunit deletion on bIPSC decay
kinetics is preserved when tested using a “physiological” trans-
membrane Cl� gradient. A parsimonious explanation for our
results is that extrasynaptic �4�� GABAARs are activated during
a physiologically relevant pattern of synaptic GABA release, thus
increasing the duration of burst-mediated synaptic inhibition
(see also below).

nRT tonic firing frequency influences VB holding current in
an �4 subunit-dependent manner
Having established that eGABAARs may be activated during in-
termittent burst firing, we investigated whether these receptors
are similarly engaged in response to a more sustained, but far less
intense, tonic discharge pattern. Utilizing paired nRT-VB record-
ings, we analyzed the holding current and IPSC properties of VB
neurons during tonic nRT spike trains of increasing frequency.
Injection of increasing direct current via the presynaptic record-
ing electrode (Fig. 4A, 5–7 increments, 5–10 s duration per incre-
ment) progressively depolarized nRT neurons above AP
threshold, resulting in a tonic train of spikes of increasing fre-
quency (Fig. 4A,B). Such tonic trains of nRT APs evoked a stream
of IPSCs (tIPSCs) in coupled VB neurons, with each AP within
the train usually evoking a clear tIPSC (see below for details of
IPSC success rates). In addition, a direct, albeit modest, relation-
ship between presynaptic firing frequency and postsynaptic hold-
ing current was observed in WT (Fig. 4A–C,G). Although low
nRT tonic firing frequencies (�15 Hz) exerted little or no influ-
ence on VB Ihold, increased AP discharge frequency (generally
�20 –25 Hz) induced an inward shift in the baseline, with
subsequent increases in presynaptic AP frequency producing
further inward shifts in postsynaptic Ihold (Fig. 4C). Such a
relationship was particularly evident upon cessation of the
nRT tonic train, whereupon a clear outward shift in VB Ihold

was observed (Fig. 4C).
It is conceivable that �4�� receptors may be progressively

recruited in response to accumulation of GABA at perisynaptic/
extrasynaptic domains during the course of the tonic train, thus
facilitating the inward shift in VB Ihold observed in response to
increasing nRT output frequency. To investigate this hypothesis,
we repeated these experiments in neurons derived from �4 0/0

mice. Importantly, the correlation between presynaptic firing fre-
quency and postsynaptic Ihold was influenced by the absence of
�4-containing receptors (Fig. 4D,E). A small, but consistent, in-
ward shift in VB Ihold was observed in response to higher nRT
firing frequencies (generally �25–30 Hz; Fig. 4F), but the effect
was reduced relative to that determined for WT pairs at compa-
rable firing frequencies (Fig. 4G; compare Fig. 4C with Fig. 4F).
Indeed, for nRT frequency-VB Ihold plots (5 Hz bins, Fig. 4G), the
linear regression fit to WT data was 2.6-fold steeper than the
�4 0/0 regression fit. Importantly, the difference in the slope of
linear fits to frequency-Ihold plots obtained from WT and �4 0/0

slices was preserved (3.2-fold steeper in WT) when paired record-
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ings were performed using low “physiological” Cl� concentra-
tions in postsynaptic recording electrodes (Fig. 4H).

We next compared the properties of WT and �4 0/0 tIPSCs to
investigate whether any differences in IPSC parameters could

contribute to the observed difference in frequency-Ihold relation-
ships (Fig. 5). In agreement with previous studies demonstrating
high transmission reliability in the thalamic feedback loop (Gen-
tet and Ulrich, 2003; Evrard and Ropert, 2009), synaptic trans-

Figure 3. Deletion of the �4 subunit reduces the duration of burst-mediated IPSCs recorded from nRT-VB pairs. A, Representative paired whole-cell recordings obtained from synaptically coupled WT nRT
and VB neurons, illustrating a VB bIPSC (black trace, bottom) generated in response to a presynaptic nRT spike burst (gray trace, top). Top inset, Recording configuration. The same traces are illustrated on an
expanded time scale in the bottom inset, with the nRT trace now lowermost to illustrate the latency from presynaptic spike to postsynaptic response. B, Representative paired nRT-VB recording obtained from
an�4 0/0 brainslice.Thepanelorganizationisasdescribedfor A,exceptthatthe�4 0/0 VBbIPSCtraceisblue.ThedecayphaseoftheWTbIPSCtrace(black) illustratedin A hasbeensuperimposedonthedecaying
component of the�4 0/0 bIPSC trace to emphasize the faster decay time observed in the�4 0/0 neurons. C, E, Summary bar graphs illustrating the peak amplitude and charge transfer of bIPSCs recorded from WT
(black bars, n�27) and�4 0/0 (blue bars, n�22) nRT-VB pairs. D, Scatter plot of the bIPSC�w obtained from each WT (black triangles) and�4 0/0 (blue triangles) pair, illustrating the greatly reduced variability
of the bIPSC decay time course in the mutant mice compared with WT. The horizontal lines, together with the filled squares to the right of each grouping, represent the mean � SEM. *p � 0.05 versus WT
(unpaired t test). ***p �0.001 versus WT (unpaired t test). F, Still image obtained at low magnification of a horizontal thalamic slice and approximate recording electrode locations used for paired recordings.
G, Schematic illustration of a sample of 10 paired recordings obtained from WT (left) and �4 0/0 (right) mice. Electrode locations are indicated by dots and synaptically coupled neurons joined by a solid line. For
simplicity of illustration, the pairs are depicted on the same horizontal slice (modified with permission from Paxinos and Franklin, 2013). GP, Globus pallidus; IC, internal capsule; VPL, ventral posterolateral
nucleus; VPM, ventral posteromedial nucleus (VPL � VPM � VB, ventrobasal complex); Po, posterior thalamic nucleus.
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Figure 4. VB holding current is influenced by nRT tonic firing frequency. A, Representative WT nRT-VB paired recording illustrating a tonic train of nRT APs occurring at increasing frequencies (top,
gray) in response to incremental DC (middle, gray). The postsynaptic response (tIPSCs and baseline shift) to the tonic spike train is depicted at the bottom (black). Top inset, The recording
configuration. Sections marked by horizontal black bars are expanded in B. A, B, The first tIPSC has been truncated. C, Time course plot of nRT AP frequency (top, gray) and the shift in VB Ihold relative
to the pretrain baseline (bottom, black) for the pair illustrated in A. See Materials and Methods for details of plot construction. Arrow indicates cessation of nRT spike train. (Figure legend continues.)
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mission at the nRT-VB synapse was highly reliable, with no
failures evident in response to the first spike in the train in any
WT or �4 0/0 pair (n � 24 and n � 20, respectively). Although
occasional transmission failures were evident on subsequent
spikes, a strong success reliability was preserved throughout the
train at each frequency increment (5 Hz bins) in the majority of
recordings from both strains (IPSC probability, WT: 	0.9 in 13
pairs and 	0.8 in a further 5 pairs; �4 0/0: 	0.9 in 13 pairs and
	0.8 in a further 4 pairs; Fig. 5B). However, in common with
previous demonstrations of short-term depression at the
nRT-VB synapse (Ulrich and Huguenard, 1996; Bessaïh et al.,
2006; Evrard and Ropert, 2009), a clear and rapid depression of
tIPSC amplitude was observed after the first event in the train
(Fig. 5Ai,C). Although a detailed paired-pulse protocol was not
performed, an exponential fit to plots of tIPSC amplitude as a

function of time during the initial 50 events in the train (inter-
spike interval � 129 � 8 ms) revealed a time constant for synaptic
depression (�dep) of 380 � 60 ms (peak amplitude ratio of first:
second tIPSC � 1: 0.79 � 0.07 at event interval � 216 � 28 ms).
However, deletion of the �4 subunit had no effect on these prop-
erties (�dep � 400 � 70 ms, interspike interval � 127 � 6 ms
during the first 50 APs, p � 0.37 vs WT; peak amplitude ratio of
first: second tIPSC � 1: 0.75 � 0.03 at event interval � 232 � 42
ms, p � 0.54 vs WT, Fig. 5C). Indeed, there was no significant
effect of genotype on tIPSC amplitude when analysis was limited
to the first 10 events (when depression was close to maximal; Fig.
5C, p � 0.68, two-way repeated-measures ANOVA), or when the
first 500 events (minus failures) were sequentially binned (50
events per bin) and averaged (Fig. 5D, p � 0.53, two-way
repeated-measures ANOVA). By contrast, deletion of the �4 sub-
unit significantly reduced the decay time of tIPSCs, an effect that
was observed at all analyzed points within the train. For example,
the decay time of the first tIPSC (effectively an isolated unitary
IPSC) recorded from �4 0/0 mice was significantly less than for
equivalent WT pairs (WT �w � 6.8 � 0.5 ms; �4 0/0 �w � 4.5 �
0.3 ms, p � 0.0006, unpaired t test). Similarly, we observed a
significant effect of genotype when comparing the decay of se-
quentially averaged tIPSCs (50 events per bin, minus failures)
over the course of the first 500 events in the train (Fig. 5E, geno-
type effect: p � 0.0001, two-way repeated-measures ANOVA; no
significant genotype by event bin interaction, p � 0.69, two-way
repeated-measures ANOVA). Thus, the decay time of “globally”

4

(Figure legend continued.) D–F, Representative paired recording from an �4 0/0 slice illus-
trating a reduced effect of presynaptic tonic firing on VB Ihold compared with WT. Figure details
are as described for WT in A–C, except that �4 0/0 VB traces are blue. Horizontal dashed lines
indicate pretonic train baseline. G, Frequency-Ihold plot summarizing the relationship between
nRT AP frequency and VB Ihold in WT (black, n � 23) and �4 0/0 (blue, n � 19) pairs. Data are
plotted in 5 Hz bins, and each point derived from 3 to 20 pairs. A linear regression is fitted to each
dataset, and the corresponding linear equation and correlation coefficient are stated on the
graph. H, Same as for G, except that postsynaptic electrodes contained K �-gluconate and a
lower [Cl �]i (4 mM). Therefore, the direction of current flow is reversed and frequency-Ihold

shifts are outward when VB cells were clamped at �50 mV. The data were derived from 6 WT
and 7 �4 0/0 recordings.

Figure 5. Deletion of the �4 subunit reduces the duration VB IPSCs generated by nRT tonic firing. Ai–Aiii, Paired nRT-VB recordings obtained from WT (left) and �4 0/0 (right) slices illustrating
superimposed tIPSCs (lower traces, black represents WT; blue represents �4 0/0) generated in response to APs 1–5 (Ai), 251–255 (Aii), and 451– 455 (Aiii) during a tonic spike train. The tIPSCs
generated by the first 2 nRT spikes are indicated in Ai to highlight the amplitude decline. Ai, Scale bars are applicable to Aii and Aiii. B, A plot illustrating the probability of recording a tIPSC in response
to nRT APs occurring at increasing frequencies (5 Hz bins) during a spike train in WT (black squares) and �4 0/0 (blue squares) recordings. Symbols and the color scheme are also applicable to C–E.
C, A plot of peak amplitude over the first 10 tIPSCs, illustrating a clear synaptic depression in both WT and �4 0/0 pairs (D,E). A plot of the tIPSC peak amplitude (D) and �w (E), over the course of the
first 500 events in the train. The tIPSCs were sequentially binned (50 events per bin minus failures), averaged and analyzed accordingly. There is a significant effect of the �4 subunit deletion on �w
( p �0.0001, two-way repeated-measures ANOVA), but no effect on peak amplitude ( p �0.53, two-way repeated-measures ANOVA). F, Superimposed peak-scaled average tIPSCs and presynaptic
APs obtained from the first 500 events (minus failures) in the WT (black represents VB; gray represents nRT) and �4 0/0 (blue represents VB and nRT) pairs illustrated in A. G, A bar graph comparing
the peak amplitude and �w (obtained from the “global” average of the first 500 tIPSCs) recorded from WT (black) and �4 0/0 (blue) mice. **p � 0.01 (unpaired t test).
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Figure 6. Summation of IPSCs during a simulated tonic train does not fully account for the nRT frequency-VB Ihold correlation observed in vitro. A, D, A computer simulation of a tonic train of IPSCs,
with “WT” (�w � 5.5 ms, A) or “�4 0/0” (�w � 4.2 ms, D) kinetics occurring at increasing frequency over the course of the train (7.5–52.5 Hz, 5 Hz increments, 5 s per increment; for precise
simulation details, see Materials and Methods). Two second sections indicated by the horizontal black bars are expanded below (B,E). C, F, A time course plot of IPSC frequency (top) and the change
in the control holding current relative to the pretrain baseline (bottom) for the simulations in A and D, respectively. Transient reductions in IPSC frequency observed in the top of C and F are a
consequence of IPSC failures (occurring randomly at a rate of 5%). G, IPSC frequency-Ihold plots summarizing the relationship between IPSC frequency and the resultant shift in holding current/
baseline. Filled circles and filled triangles (black represents “WT”; blue represents “�4 0/0” IPSC kinetics) represent simulations using mean and large peak amplitudes respectively (values derived
from in vitro data). The dashed lines indicate linear fits to the in vitro paired recordings obtained from WT (black) and �4 0/0 (blue) slices. Neither mean amplitude nor large amplitude simulations
recapitulate the in vitro data, suggesting that IPSC summation does not predominantly account for the correlation between nRT output frequency and VB Ihold. The simulations are plotted on an
expanded y-axis scale on the right.
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averaged tIPSCs was significantly reduced for �4 0/0 mice (Fig.
5F,G). Thus, �4-GABAARs can also be recruited to shape the
time course of tonic AP-dependent IPSCs in VB neurons.

These results present a scenario in which the prolonged decay
time of WT tIPSCs may favor IPSC summation at higher nRT
output frequencies, thus offering an alternative interpretation for
the observed frequency-dependent inward shift in VB Ihold. To
investigate this possibility, we performed a basic computer sim-
ulation comparing the effect of “WT-like” and “�4 0/0-like” tIPSC
kinetics on IPSC frequency-dependent baseline shifts (see Mate-
rials and Methods). The IPSC properties used during initial sim-
ulations (rise time, initial peak amplitude, �w, together with
realistic values for synaptic depression) were drawn from mean
values obtained from the paired recordings described above. To
mimic the incremental increase in nRT AP frequency during
paired recordings, IPSC frequency was increased during the sim-
ulation from 7.5 to 52.5 Hz (SD � 1.5 Hz) in 5 Hz increments (5
s per increment), and included a 5% failure rate. Figure 6A–F
illustrates representative examples of “WT-like” and “�4 0/0-like”
simulations, which differ only in their IPSC decay time constants
(i.e., WT IPSC �w � 5.5 ms; Fig. 6A–C; �4 0/0 IPSC, �w � 4.2 ms,
Fig. 6D–F). When analyzed in the same manner as in vitro re-
cordings, we observed small, frequency-dependent inward shifts
in the baseline of both “WT” and “�4 0/0” simulations at IPSC

frequencies ��35 Hz for “WT” (Fig.
6C,G) and �45 Hz for “�4 0/0” simula-
tions, consistent with IPSC summation.
However, although the magnitude of the
frequency-dependent shift was greater for
tests using WT-like IPSC decay kinetics
than for those using �4 0/0-like properties
(Fig. 6G, right), such simulations were
clearly unable to recapitulate the in vitro
frequency-Ihold relationships (Fig. 6G,
left, dashed lines, which represent linear
fits to data generated from paired record-
ings). Moreover, although increasing
IPSC amplitude values to match those of
the strongest nRT-VB connections ap-
peared to modestly promote the
frequency-dependent inward shift (Fig.
6G, right), such simulations still did not
accurately reflect the in vitro data (Fig. 6G,
left). Thus, considering these simulations,
we propose that a gradual accumulation of
GABA at perisynaptic/extrasynaptic do-
mains during the tonic train enhances the
activation eGABAARs, thereby promoting
VB tonic inhibition, although IPSC summa-
tion may modestly contribute to the corre-
lation at higher firing frequencies.
Regardless of the mechanism, our data re-
veal that the VB tonic current may be dy-
namically regulated by the activity of nRT
neurons.

DS2, a selective �-GABAAR modulator,
greatly amplifies postsynaptic
inhibition induced by burst, or tonic
firing
An alternative interpretation of the influ-
ence of the �4 subunit deletion on IPSC
kinetics is that the observed changes arise

as a consequence of the removal of synaptic �4�x�2 rather than
extrasynaptic �4�� receptors (Sur et al., 1999). Indeed, immu-
nogold studies suggest a limited expression the �4 subunit within
synaptic regions of dentate granule cells (Sun et al., 2007; Zhang
et al., 2007). However, in the thalamus, both functional studies
demonstrating inhibitory actions for Ro154513 (a partial benzo-
diazepine “agonist” with positive allosteric activity at �4�x�2
receptors and negative modulatory activity at equivalent recep-
tors incorporating �1–3 or �5 subunits) (Wafford et al., 1996)
and immunohistochemical evidence highlighting an apparent
lack of colocalization between �4-containing receptors and syn-
aptic markers (Jia et al., 2005, 2007; Kralic et al., 2006; Peden et
al., 2008) argue against such an interpretation.

To conclusively demonstrate the specific involvement of
�4�� receptor isoforms in the thalamic functional phenotype of
�4 0/0, we investigated the actions of DS2 in nRT-VB paired re-
cordings. We have shown that DS2 selectively potentiates GABA-
dependent activation of �-GABAARs (Wafford et al., 2009; Jensen
et al., 2013); and crucially, the ability of DS2 to enhance VB tonic
inhibition is abolished by deletion of the � (Jensen et al., 2013) or
the �4 subunit (A.R.B., D.B., J.J.L., unpublished data). Addition-
ally, because it is a positive allosteric modulator (cf. THIP, a
preferential �-GABAAR agonist) (Belelli et al., 2005; Cope et al.,
2005; Jia et al., 2005; Chandra et al., 2006; Stórustovu and Ebert,

Figure 7. DS2 greatly prolongs the duration of WT, but not �4 0/0 bIPSCs, in nRT-VB paired recordings. A, B, Representative
paired nRT-VB recordings obtained from WT (A) and �4 0/0 (B) mice before and after application of 10 �M DS2. Bottom, bIPSCs
(black for WT control, blue for �4 0/0 control, green for DS2) generated in response to presynaptic nRT spike bursts (top traces, gray
represents control; green represents DS2). A, B, The same traces are illustrated on an expanded time scale in the bottom inset, with
the nRT trace now lowermost. C–E, Bar graphs illustrating the effect of DS2 on bIPSC peak amplitude (C), �w (D), and charge
transfer (E) in WT (black bars, n � 7) and �4 0/0 (blue bars, n � 7) paired recordings. **p � 0.01 versus control (one-way
repeated-measures ANOVA). ***p � 0.001 versus control (one-way repeated-measures ANOVA). †††p � 0.001 versus WT
(two-way repeated-measures ANOVA).
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2006; Herd et al., 2009), DS2 is an ideal
pharmacological tool to probe the activa-
tion of �4�� GABAARs by endogenous
GABA. Given the proposed role of �4��
GABAARs during AP-dependent inhibi-
tion, we hypothesized that the duration of
bIPSCs and tIPSCs would be prolonged
by DS2. Indeed, in WT pairs, DS2 (10 �M)
dramatically increased the decay time and
charge transfer of bIPSCs generated in re-
sponse to comparable nRT spike bursts,
with no effect on peak amplitude (Fig.
7A,C–E). Deletion of the �4 subunit vir-
tually abolished the effect of DS2 on bI-
PSC decay time and charge transfer (Fig.
7B,D,E), further emphasizing that dele-
tion of �4 effectively prevents expression
of �-containing extrasynaptic receptors.

We additionally confirmed that DS2
was similarly effective on VB neuron inhi-
bition generated in response to extracellu-
lar stimulation of the nRT. Thus, DS2 (10
�M) greatly prolonged VB eIPSCs (�w:
control � 53 � 7 ms, DS2 � 209 � 43 ms,
p � 0.003, paired t test, n � 7; Fig. 8A) and
eIPSPs, producing a delay in the timing of
postinhibitory rebound low threshold
Ca 2� potentials in cells demonstrating
this property (T50: control � 178 � 58
ms, DS2 � 473 � 103 ms, p � 0.05, paired t test, n � 4; Fig. 8B).
Moreover, in �1 0/0 slices (which lack synaptic GABAARs), DS2
significantly prolonged residual eIPSCs (�w: control � 88 � 26
ms, DS2 � 308 � 24 ms, p � 0.001, paired t test, n � 5; Fig. 8C)
and eIPSPs (T50: control � 88 � 16 ms, DS2 � 206 � 45 ms, p �
0.046, paired t test, n � 5; Fig. 8D). Importantly, DS2 also in-
creased the peak amplitude of �1 0/0 eIPSCs (control � 74 � 20
pA, DS2 � 159 � 24 pA, p � 0.005) and eIPSPs (control � 5.6 �
1.7 mV, DS2 � 8.9 � 1.1 mV, p � 0.02). Collectively, these
experiments provide further support for the role of �4��-
GABAARs in influencing the duration of inhibitory synaptic
transmission during nRT burst firing.

Similarly, DS2 greatly facilitated the postsynaptic conse-
quences of tonic firing. DS2 enhanced the frequency-Ihold rela-
tionship of WT nRT-VB pairs, such that the onset of an increase
in nRT AP frequency produced an obvious inward “step” of the
VB holding current (Fig. 9A,B). Indeed, incremental nRT output
frequencies imposed a descending “staircase” shift of VB Ihold in
the presence of DS2. Thus, in the frequency-Ihold plot (Fig. 9C),
DS2 increased the slope of the linear regression fit (5.3-fold in-
crease, n � 6 pairs). Additionally, DS2 significantly prolonged
the tIPSC decay (Fig. 9 D, I ), thus supporting the conclusion
that �4�� GABAARs shape the properties of AP-dependent tha-
lamic inhibition. However, incorporation of the DS2 effect on
tIPSC decay into simulations as outlined above (28% increase of
the mean WT control �w value) suggested that promotion of
IPSC summation does not account for dramatic effect of DS2 on
the frequency-Ihold relationship (Fig. 9C). In �4 0/0 pairs in the
presence of DS2, both the “staircase-like” frequency-Ihold rela-
tionship and the prolongation of tIPSCs was abolished (Fig. 9E–
I). Thus, VB tonic current can be amplified in an activity-
dependent fashion by the recruitment of additional �4-
GABAARs, in a manner that is sensitive to modification by
eGABAAR-selective ligands.

Blockade of astrocytic GABA transporters prolongs the
duration of bIPSCs and tIPSCs in an �4 subunit-dependent
manner
Clearance of synaptic GABA in the thalamus is primarily gov-
erned by the GABA transporters, GAT-1 and GAT-3 (De Biasi et
al., 1998; Vitellaro-Zuccarello et al., 2003; Pow et al., 2005; Been-
hakker and Huguenard, 2010). Thalamic GATs are exclusively
astrocytic, where GAT-1 is located primarily in processes proxi-
mal to synaptic densities, whereas GAT-3 expression may be both
proximal and distal to inhibitory synapses (De Biasi et al., 1998;
Beenhakker and Huguenard, 2010). To investigate the role of
thalamic GABA transporters in shaping the time course of burst-
and tonic-mediated IPSCs, we tested the effect of nipecotic acid
(1 mM), a nonselective blocker of GAT-1 and GAT-3, on nRT-VB
pairs. Although no consistent effect was observed on bIPSC peak
amplitude (Fig. 10A,C), nipecotic acid dramatically prolonged
the decay time and increased the charge transfer of bIPSCs in
response to comparable nRT spike bursts (Fig. 10A,D,E). Coap-
plication of 10 �M NO-711 (a selective GAT-1 blocker) and 30
�M SNAP-5114 (a selective GAT-3 blocker) produced similar
effects on bIPSC decay time (�w percentage increase � 486 �
52%, n � 3; compare nipecotic acid, �w percentage increase �
525 � 71%). Deletion of the �4 subunit abolished the effects of
nipecotic acid (as observed with DS2) on bIPSC decay and charge
transfer (Fig. 10B,D,E), apart from one example where nipecotic
acid produced a clear, albeit limited, prolongation of bIPSC �w
(% increase � 142%). In parallel with WT, nipecotic acid had no
consistent effect on bIPSC peak amplitude (Fig. 10C). These ex-
periments suggest that GABA transporters within the VB com-
plex serve to limit the activation of presumably more distal
eGABAARs in response to the burst mode of GABA release.

We next investigated the effect of nipecotic acid on the tIPSC
time course, and the nRT frequency-VB Ihold relationship. Nipe-
cotic acid mimicked the effect of DS2, thus increasing fourfold

Figure 8. DS2 potentiates electrically evoked inhibition recorded from VB neurons of both WT and �1 0/0 mice. A, B, Superim-
posed representative eIPSCs (A) and eIPSPs (B) recorded from WT VB neurons under control conditions (black) and after application
of DS2 (green). C, D, Superimposed representative eIPSCs (C) and eIPSPs (D) recorded from �1 0/0 VB neurons under control
conditions (red) and after application of DS2 (green). Currents and potentials were evoked by extracellular stimulation of the nRT
(single shocks, 20 �s duration).
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Figure 9. DS2 enhances the influence of nRT tonic firing on VB holding current. A, Representative WT nRT-VB paired recording before (left, gray represents nRT; black represents VB) and after
(right, green traces) application of 10 �M DS2. Top, nRT tonic spike train generated in response to incremental DC (middle). Bottom, Postsynaptic response (tIPSCs (Figure legend continues.)
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the slope of the linear regression fit to the frequency-Ihold plot
(Fig. 11A–C). Indeed, a stepwise inward shift in VB Ihold was
evident at the onset of each increment in nRT AP frequency.
Moreover, nipecotic acid prolonged the tIPSC decay (in 5 of 6
pairs, assessed by the KS test of the tIPSC T50 distributions; data
not shown; Fig. 11D,I). Deletion of the �4 subunit abolished the

stepwise inward shift in tonic current evident for WT with nipecotic
acid, such that the drug now had no effect on the linear regression fits
to frequency-Ihold plots (Fig. 11E–G). Additionally, for �40/0 neu-
rons, the effect of nipecotic acid on the tIPSC decay was significantly
reduced relative to WT (Fig. 11H,I). Collectively, these results sug-
gest that perturbations in the normal function of thalamic GABA
transporters, whether caused pharmacologically, or due to pathol-
ogy (Cope et al., 2009), will impact on the kinetics and efficacy of
relay neuron inhibition generated by burst and tonic modes of
GABA release. The activity-dependent recruitment of additional
�4��-GABAARs underlies this effect.

Discussion
In this study, we showed that the duration of burst-mediated
IPSCs was greatly reduced by deletion of �4-containing
eGABAARs. Moreover, in recordings from �1 0/0 VB neurons,
which are devoid of synaptic GABAA receptors (Peden et al.,
2008), we observed a robust residual eIPSC. Surprisingly, the
decay time of IPSCs generated by tonic nRT discharge was also
(modestly) reduced in �4 0/0 pairs. Collectively, these observa-
tions provide evidence that extrasynaptic �4��-GABAARs of VB
neurons may be recruited by action potential-dependent GABA
release from nRT terminals (see schematic illustration in Fig. 12).

4

(Figure legend continued.) and change in Ihold ) to the presynaptic tonic train. Sections
marked by black bars are expanded in B. The first three tIPSCs are truncated. C, Frequency-Ihold

plot illustrating the correlation between nRT tonic AP frequency and VB Ihold before (black
squares) and after (green triangles) application of DS2 (data plotted in 5 Hz bins; for details of
plot construction, see Materials and Methods). Both datasets are fitted with a linear regression,
with the linear equation and correlation coefficient for control and drug sections stated on the
graph. Data derived from computer simulations (see Materials and Methods), incorporating a
28% prolongation of IPSC decay kinetics, are superimposed on the plot (green dotted line) to
illustrate that enhanced IPSC summation is unlikely to account for the effect of DS2. D, Super-
imposed, peak-scaled average tIPSCs and corresponding presynaptic APs obtained before
(black represents VB; gray represents nRT) and after (green traces) application of DS2 in the pair
illustrated in A. E–H, Representative paired nRT-VB recording obtained from an �4 0/0 slice.
Figure details are as described for WT in A–D, except that �4 0/0 VB traces in E, F, and H, and
symbols in G, are blue. Horizontal dashed lines indicate pretonic train baseline levels. I, Sum-
mary bar graph comparing the effect of DS2 on tIPSC �w in WT (n � 6) and �4 0/0 (n � 7) pairs.
**p � 0.01 (one-way repeated-measures ANOVA). ††p � 0.01 versus WT (two-way repeated-
measures ANOVA).

Figure 10. Nipecotic acid prolongs the duration of WT, but not �4 0/0 bIPSCs in nRT-VB paired recordings. A, B, Representative paired nRT-VB recordings obtained from WT (A) and �4 0/0 (B) mice
before and after application of 1 mM nipecotic acid. Bottom, bIPSCs (black represents WT controls; blue represents �4 0/0 controls; purple represents nipecotic acid) generated in response to
presynaptic nRT spike bursts (top, gray represents control; purple represents nipecotic acid). The same traces are illustrated on an expanded time scale in the bottom inset, with the nRT traces now
lowermost. C–E, Summary bar graphs illustrating the effect of nipecotic acid on bIPSC peak amplitude (C) �w (D) and charge transfer (E) in WT (black bars, n �6) and �4 0/0 (blue bars, n �7) paired
recordings. **p � 0.01 (one-way repeated-measures ANOVA). ***p � 0.001 (one-way repeated-measures ANOVA). ††† p � 0.001 versus WT (two-way repeated-measures ANOVA).
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Figure 11. Blockade of GABA transport enhances the influence of nRT tonic firing on VB holding current in WT, but not �4 0/0 recordings. A, WT nRT-VB paired recording before (left, gray for nRT,
black for VB) and after (right, purple traces) nipecotic acid application (1 mM). Top, nRT tonic spike train generated in response to incremental DC (middle). Bottom, (Figure legend continues.)
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Furthermore, DS2, a �-selective positive allosteric modulator,
greatly prolonged such events for WT, but not �4 0/0 neurons.
Thus, DS2 represents a new class of pharmacological tool to
probe activity-dependent activation of eGABAARs.

GABA spillover, wherein neurotransmitter diffuses beyond
synaptic boundaries, influences the kinetics of inhibition at sev-
eral, often unconventional synapses (Capogna and Pearce, 2011).
The extrasynaptic location, apparent high affinity for GABA, and
limited desensitization of �4�� and �6�� receptors have sup-
ported the view that spillover inhibition is mediated by
�-GABAARs (Wei et al., 2003; Farrant and Nusser, 2005).
However, this view has been challenged because, at physiolog-
ical temperatures, recombinant �-GABAARs exhibit greater
desensitization in the presence of ambient-like concentrations of
GABA than “synaptic” receptor isoforms, thus limiting their re-
sponsiveness to phasic-like GABA transients (Bright et al., 2011).
In agreement, expression of slow sIPSCs in X-type neurons of
both dorsal and ventral lateral geniculate nucleus (LGN) does not
correlate with � subunit expression, which is restricted to the
dLGN (Bright et al., 2011). Nevertheless, the briefer decay of
evoked, burst-, and tonic-mediated IPSCs recorded from �4 0/0

tissue at, or near, physiological temperatures, demonstrates that
in the VB, �4�2� receptors are in a sufficiently nondesensitized
state to be gated in a phasic manner by both burst and tonic
modes of transmitter release. Similarly, at near physiological
temperature, �-GABAARs mediate a spillover component of den-
dritic eIPSCs recorded from dentate granule cells (Wei et al.,
2003) and influence the kinetics of slow IPSCs generated at
neurogliaform-pyramidal cell synapses (Szabadics et al., 2007;
Oláh et al., 2009). By contrast, deletion of the � subunit does not
influence the spillover component of cerebellar granule cell sIP-
SCs (Bright et al., 2011). Thus, the molecular composition of
receptors responsible for spillover inhibition appears to vary,
depending on the synapse (see below). As noted above, recombi-
nant experiments have indicated a substantial degree of desensi-
tization of �-GABAARs on continued exposure to “ambient”
GABA concentrations that should preclude their activation by
phasic transmitter spillover (Mortensen et al., 2010; Bright et al.,
2011). However, the spatiotemporal profile of transmitter pre-
sentation to recombinantly expressed receptors is unlikely to
completely reproduce that experienced by VB �-GABAARs dur-
ing nRT bursts or tonic trains. In addition, the kinetic properties
of GABAARs retained within excised membrane patches from
non-neuronal cell lines may not completely reflect those of iden-
tical native receptors (e.g., compare Tia et al., 1996 with Nusser et
al., 1997). Such differences have been proposed to occur because
of the lack of intracellular regulatory elements normally present

within a native neuronal environment (e.g., associated proteins,
cytoskeletal elements, and regulatory enzymes, such as those re-
sponsible for phosphorylation), which are known to influence
receptor function in a neuron-selective fashion (Nusser et al.,
1999; Jacob et al., 2008).

GABA spillover generates unusually slow IPSCs (termed
GABAA,slow) at neurogliaform-principle cell connections (Sza-
badics et al., 2007; Karayannis et al., 2010; Manko et al., 2012). At
this anatomically unconventional synapse, a diffuse, long-lived
GABA transient, of relatively low concentration, partly under-
lies the kinetic properties of GABAA,slow. In the cerebellum,
GABAAR-mediated spillover inhibition of granule cells plays an
important role in network computational processes (Rossi and
Hamann, 1998; Mitchell and Silver, 2000; Hamann et al., 2002).
Here, the retention of Golgi cell axons and granule cell dendrites
within a glial-ensheathed glomerulus apparently favors spillover
inhibition. Relay neurons of some thalamic nuclei, particularly
within the dLGN, also express glomerular synapses (Sherman
and Guillery, 2001), which are thought to underlie a subpopula-
tion of slow sIPSCs (Bright et al., 2011). However, the dLGN
glomerular synapse is distinct from the nRT-VB synapse studied
here because inhibitory terminals within dLGN glomeruli are
derived from local interneurons. In rodents, interneurons are
virtually absent from all other relay nuclei, including VB (Sher-
man and Guillery, 2001). Moreover, the axonal terminals of rat
nRT neurons are exclusively extraglomerular in VB and dLGN
(Montero and Scott, 1981; Peschanski et al., 1983). Nevertheless,
despite the absence of a morphological specialization favoring
neurotransmitter pooling, we still observed a presumed spillover
component of IPSCs generated by physiologically relevant pre-
synaptic activity.

GABA transporters are commonly assumed to function at
maximum capacity to rapidly terminate inhibition. However, at
normal resting potentials, GATs operate at near equilibrium and
may even reverse direction (Richerson and Wu, 2003). Thus, the
equilibrium state of GATs determines not only the efficiency of
GABA clearance, but also ambient GABA concentrations. Al-
though not directly tested, the presumed spillover component of
bIPSC and tIPSCs implies that the elevated GABA levels achieved
during action potential-dependent release are sufficient to over-
whelm the inward transport capacity of thalamic GATs. Never-
theless, their importance in limiting the diffusional spread of
GABA beyond synaptic boundaries, is supported by the observa-
tion that GAT blockade dramatically prolonged bIPSCs and tIP-
SCs while also strengthening the relationship between
presynaptic tonic firing and postsynaptic tonic current ampli-
tude. Thus, blocking GAT function probably allows GABA to
diffuse further from release sites, thus facilitating recruitment of
more distal eGABAARs. Although the effects of GAT antagonists
vary depending on the preparation, cell type, and phasic event
studied (i.e., mIPSC, sIPSC, eIPSC), GAT blockade has been
shown to prolong the decay of “fast” inhibition in some studies,
particularly when multiple inputs are activated (Roepstorff and
Lambert, 1992, 1994; Draguhn and Heinemann, 1996; Nusser et
al., 2001; Overstreet and Westbrook, 2003; Keros and Hablitz,
2005). The importance of a functional thalamic GABA transport
system is emphasized by the observation that GAT-1 function is
compromised across multiple rodent models of absence seizures,
resulting in upregulated relay cell tonic inhibition (Cope et al.,
2009; Pirttimaki et al., 2012). As rhythmic burst firing is a pre-
vailing feature of nRT neurons during spike-wave discharges
(Pinault et al., 1998; Slaght et al., 2002), our results suggest that
perturbations of GABA transport would also influence the dura-

4

(Figure legend continued.) Postsynaptic response (tIPSCs and change in Ihold ) to the presyn-
aptic tonic train. Sections marked by black bars are expanded in B. The first tIPSCs are truncated.
C, Frequency-Ihold plot illustrating the correlation between nRT AP frequency and VB Ihold before
(black squares) and after (purple triangles) nipecotic acid application (data plotted in 5 Hz bins;
for details of plot construction, see Materials and Methods). Both datasets are fitted with a
linear regression, with the equation and correlation coefficient for control and drug sections
stated on the graph. D, Superimposed, peak scaled average tIPSCs and corresponding presyn-
aptic APs obtained before (black for VB, gray for nRT) and after (purple traces) application of
nipecotic acid from the pair illustrated in A. E–H, Paired �4 0/0 recording obtained before and
after nipecotic acid. Figure details are as described for WT in A–D, except that control �4 0/0 VB
traces in E, F, and H, and symbols in G, are blue. Horizontal dashed lines indicate pretonic train
baseline levels. I, Summary bar graph comparing the effect of nipecotic acid on tIPSC �w in WT
(black, n � 6) and �4 0/0 (blue, n � 7) pairs. ††p � 0.01 versus WT, two-way repeated-
measures ANOVA.
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Figure 12. Summary schematic illustrating the range of inhibitory modes occurring at the nRT-VB synapse. A–D, The hypothetical diagrams in the left-hand column depict synaptic GABA
transients (illustrated by red dots and/or a graded red cloud) generated in response to increasingly intense nRT discharge frequencies as depicted in the upper right-hand panels (except A). Lower
right panels, Inhibitory, GABAAR-mediated responses of VB neurons corresponding to each level of presynaptic activity. Light blue shaded regions in each VB trace represent the inhibitory charge
imposed by each level of nRT activity. The symbol key in A is also applicable to B–D. In VB, tonic inhibition (A), mediated by eGABAARs, is not dependent on action potential-mediated GABA release,
although ongoing spontaneous GABA release (see the miniature IPSCs in the trace) may conceivably contribute to the maintenance of tonic inhibition. Our results suggest that, during action
potential-dependent phasic inhibition (B), sufficient GABA may diffuse to perisynaptic regions to activate �4��-GABAARs, thus producing a modest increase in IPSC decay time. However, at higher
nRT tonic firing frequencies, the sustained release of GABA further enhances the recruitment of �4-GABAARs (C), thus potentiating baseline tonic inhibition. Therefore, the magnitude of VB neuron
tonic inhibition may fluctuate according to the intensity of nRT tonic firing. Finally, during intermittent burst firing (intraburst frequency �200 Hz), “spillover” of GABA into perisynaptic/
extrasynaptic domains (D) recruits multiple �4��-GABAARs, thereby doubling the decay time constant of burst-mediated IPSCs. The dashed red line superimposed on the trace in D indicates the
decay phase of the IPSC in B (recorded from the same pair), emphasizing the prolonged IPSC decay kinetics generated by “burst-mediated spillover.”
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tion of phasic eGABAAR-mediated inhibition during absence sei-
zures. Such a hypothesis will have important implications for the
overall function of the thalamocortical loop during absence sei-
zure generation (Crunelli and Leresche, 2002).

Reciprocal connections between nRT and relay nuclei, to-
gether with several intrinsic voltage-dependent conductances,
engender the thalamus with an ability to generate, or propagate,
many behavior- and sleep-related oscillations (Steriade, 2003).
Within this network, the amplitude and duration of relay neuron
IPSPs have been suggested to define the period and synchrony of
some TC oscillations, principally by controlling the timing of
postinhibitory rebound bursts (Kim et al., 1997; Huguenard and
McCormick, 2007). Thus, prolonged bIPSCs induced by phasic
activation of eGABAARs could simplistically impose a delay in
rebound burst onset, thereby lengthening the period of rebound-
dependent oscillations. In agreement, the T50 of eIPSPs recorded
from �4 0/0 and � 0/0 VB neurons was approximately halved. How-
ever, the association between IPSP duration and rebound burst
timing is not simply linear, due to the complex activation kinetics
of the IPSP-triggered intrinsic conductances (e.g., Ih and IT). In-
deed, a study of postinhibitory rebound properties and spindle-
like oscillations in mouse thalamocortical slices demonstrated
that, although modest increases in IPSC decay time increases the
probability of firing rebound bursts, such changes can paradoxi-
cally shorten rebound latency and decrease network synchrony
(Sohal et al., 2006). Furthermore, given the voltage dependence
of intrinsic conductances in TC neurons, the membrane poten-
tial preceding the IPSP can further influence rebound burst tim-
ing and synchrony (Sohal et al., 2006). In agreement, increasing
the tonic conductance of dLGN neurons increases the timing
variability of rebound bursts (Bright et al., 2007). Thus, predict-
ing the impact of spillover activation of eGABAARs, which can
vary significantly between nRT-VB connections (see Fig. 3D), is
not straightforward. Importantly, GABABR activation may
further influence the properties of inhibition at the nRT-VB
synapse (Beenhakker and Huguenard, 2010; Connelly et al.,
2013). Incorporation of our results into simulated network
models (Destexhe, 1999) may help to elucidate the relative
contribution of ionotropic and metabotropic inhibitory mecha-
nisms to TC network function.

In nRT-VB pairs, we observed a direct relationship between
presynaptic tonic firing frequency and postsynaptic holding cur-
rent, which was dramatically enhanced in the presence of DS2 or
nipecotic acid. These results predict that VB neuron membrane
potential can be dynamically influenced by nRT output, on a time
scale that extends beyond the brief coincidence between a presyn-
aptic spike and its associated IPSP. Furthermore, this occurs in
addition to the baseline tonic conductance, which, in VB, persists
in the presence of tetrodotoxin (Cope et al., 2005, 2009). Impor-
tantly, elevating tonic inhibition using the �-preferring agonist,
THIP, can promote the switch from tonic to burst firing by in-
ducing a hyperpolarizing shift in membrane potential (Cope et
al., 2005). Thus, an activity-dependent regulation of tonic inhi-
bition may similarly influence membrane potential and, by ex-
tension, transitions between tonic and burst firing. However,
shunting inhibition generated by the tonic conductance exerts
powerful, cell-specific effects on the integrative properties of neu-
rons and networks (Mitchell and Silver, 2003; Pavlov et al., 2009;
Duguid et al., 2012). Thus, if VB tonic inhibition is flexible under
varying nRT output, this will presumably influence the compu-
tational properties of VB neurons by modifying their excitatory
input sensitivity (altered gain function) and/or the threshold for
action potential firing in response to synaptic excitation (shifted

offset) (Mitchell and Silver, 2003; Semyanov et al., 2004; Pavlov et
al., 2009). Moreover, such changes will be magnified under cir-
cumstances favoring phasic spillover activation of eGABAARs
(e.g., perturbed GABA uptake) (Cope et al., 2009) or in the pres-
ence of �-selective modulators (Jensen et al., 2013).

In conclusion, we have shown that extrasynaptic �4��-
GABAARs in the somatosensory thalamus are not merely passive
sensors of ambient GABA but may also dynamically modulate
neuronal inhibition by “sensing” presynaptic activity levels.
Moreover, we demonstrate that eGABAARs sculpt the time
course of IPSCs generated in response to burst and tonic spike
activity in nRT neurons. Furthermore, the sensitivity of burst-
and tonic-mediated IPSCs to manipulation of GAT function, or
modulation of eGABAARs, provides novel therapeutic opportu-
nities for treatment of disorders linked to dysfunction of the
thalamocortical system. Given the importance of the nRT-relay
neuron synapse for generation of synchronous, state-dependent
oscillations within the thalamocortical network, these results em-
phasize that eGABAARs serve a more complex purpose within
somatosensory thalamus than simple provision of static “shunt-
ing” inhibition. Indeed, this hypothesis is supported by recent
work demonstrating that spindle and cortical slow oscillations
are relatively unaffected by virus-mediated focal excision of syn-
aptic �2-GABAARs from relay cells of the VPM (Mátyás et al.,
2012; L. Acsády and A. Lüthi, personal communication). Specif-
ically, although VPM sIPSCs are abolished by focal deletion of the
�2 subunit, a slowly rising and decaying burst-mediated current
remains in the absence of synaptic receptors (reminiscent of our
observations in �1 0/0 mice), which unexpectedly seems to be
sufficient to preserve relatively normal network function (Mátyás
et al., 2012; Rovo et al., 2012). Collectively, these observations
suggest that the general view of synaptic and extrasynaptic
GABAA receptors as functionally separate entities should be
revised.
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