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Profound Desensitization by Ambient GABA Limits
Activation of d-Containing GABA , Receptors during

Spillover
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High-affinity extrasynaptic GABA, receptors (GABA,Rs) are a prominent feature of cerebellar granule neurons and thalamic relay
neurons. In both cell types, the presence of synaptic glomeruli would be expected to promote activation of these GABA ,Rs, contributing
to phasic spillover-mediated currents and tonic inhibition. However, the precise role of different receptor subtypes in these two phenom-
ena is unclear. To address this question, we made recordings from neurons in acute brain slices from mice, and from tsA201 cells
expressing recombinant GABA ,Rs. We found that 6 subunit-containing GABA ,Rs of both cerebellar granule neurons and thalamic relay
neurons of the lateral geniculate nucleus contributed to tonic conductance caused by ambient GABA but not to spillover-mediated
currents. In the presence of a low “ambient” GABA concentration, recombinant “extrasynaptic” 8 subunit-containing GABA ,Rs exhib-
ited profound desensitization, rendering them insensitive to brief synaptic- or spillover-like GABA transients. Together, our results
demonstrate that phasic spillover and tonic inhibition reflect the activation of distinct receptor populations.

Introduction

Signaling through GABA, receptors (GABA,Rs) displays great
diversity, reflecting both the heterogeneity of GABA R subtypes
and differences in the nature of their activation (Farrant and
Nusser, 2005; Olsen and Sieghart, 2009). Synaptically released
GABA transiently activates postsynaptic y subunit-containing
GABA ,Rs opposite the release site, producing a brief increase in
membrane conductance that underlies the “phasic” IPSC. By
contrast, ambient GABA in the extracellular space activates pre-
dominantly 6 or &5 subunit-containing extrasynaptic GABA,Rs
to produce a persistent “tonic” conductance (Stell et al., 2003;
Caraiscos et al., 2004; Glykys and Mody, 2006; Glykys et al.,
2008). Between these extremes is a third form of signaling—
“spillover”—where diffusion of GABA allows phasic activation of
GABA ,Rs other than those in the immediate postsynaptic den-
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sity, either beneath the same bouton (Telgkamp et al., 2004), in
extrasynaptic membrane (Brickley et al., 2001), in presynaptic
structures (Trigo et al., 2008; Ruiz et al., 2010) or at adjacent
synapses (Wei et al., 2003).

In cerebellar granule neurons (CGNs), extrasynaptic
GABA,Rs, formed from a6, $2/3 and & subunits, exist within
synaptic glomeruli (Nusser et al., 1998), structures that are
thought to promote spillover (Brickley et al., 1996; Wall and
Usowicz, 1997; Rossi and Hamann, 1998). Thalamic relay neu-
rons of the dorsal lateral geniculate nucleus (dLGN) express anal-
ogous high-affinity GABA,Rs formed from a4, B2 and 6
subunits (Pirker et al., 2000; Peng et al., 2002). The high affinity
and modest desensitization of &-containing GABA,Rs (8-
GABA ,Rs) (Saxena and Macdonald, 1994; Wohlfarth et al., 2002;
Feng et al., 2009) are considered key to the generation of a tonic
conductance in these cells (Brickley et al., 2001; Stell et al., 2003;
Copeetal., 2005; Bright et al., 2007). Whether these same features
also enable 6-GABA ,Rs to contribute to phasic signaling via slow
spillover currents remains unclear (Hamann et al., 2002; Wei et
al., 2003; Peng et al., 2004; Bright et al., 2007).

Here we reexamined this question in morphologically identi-
fied thalamic relay neurons and in CGNs from wild-type, a6 '~
and 8/~ mice. Thalamic neurons showed a clear mismatch
between tonic and spillover currents. First, in X- and Y-type
dLGN neurons, differences in the prevalence of “spillover-like”
IPSCs were not mirrored by differences in 8-GABA ,R-mediated
tonic conductance. Second, putative spillover currents were
present in neurons of the ventral LGN (VLGN) that lack
6-GABA,Rs (Pirker et al., 2000; Peng et al., 2002; Bright et al.,
2007). Likewise, in CGNs, synaptic current components thought
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to reflect spillover of GABA within glomeruli did not involve
6-GABA R activation. To understand why 8-GABA ,Rs appear
not to contribute to spillover currents but function solely as sensors
of ambient GABA, we examined the responses of recombinant
alB2y2S (“synaptic”) and a4325 (“extrasynaptic’) GABA,Rs. Un-
expectedly, steady-state desensitization of 6-GABA,Rs by a low
“ambient” GABA concentration rendered them insensitive to tran-
sient changes in GABA concentration. Together, our observations
demonstrate that, in thalamus and cerebellum, spillover and tonic
currents are separate phenomena, reflecting the activation of distinct
receptor populations.

Materials and Methods

Heterologous expression. Murine GABA ,R a1, 82, and y2S subunits were
a gift from Trevor Smart (University College London, London, UK). The
murine a4 and a6subunit coding sequences were amplified from a Clon-
tech adult brain cDNA library with Phusion polymerase (New England
Biolabs) and subcloned into the expression vector pRK5. A full-length rat
6 cDNA was obtained (Open Biosystems clone 7317154) and subcloned
into pRK5 as an EcoRI-Sall fragment. To conjugate a fluorescent epitope
with the & subunit, a Xhol site was introduced between the fourth and
fifth codons of the predicted mature form (QuikChange mutagenesis,
Stratagene) so that super ecliptic phluorin could be inserted. Expression
of the & subunit was then assessed by surface fluorescence, altered zinc
sensitivity (Stérustovu and Ebert, 2006) and GABA EC,, values relative
to a3 expression alone. The coding region of all clones was sequenced in
full. tsA201 cells were grown according to standard protocols and trans-
fected with cDNA encoding GABA ,R subunits (2.4 ug of total DNA per
dish) using Lipofectamine 2000 (Invitrogen) or the calcium phosphate
method. Cotransfection with enhanced green fluorescent protein
(EGFP) was performed for a1B2v2S, a1B2, and a432 GABA,Rs. The
c¢DNA ratio for transfections was 1:1 (ax32), 1:1:1 (ax:82:8) and 1:1:1:
0.5 (ax:B2:y2S:EGFP). Cells were split and plated on glass coverslips
6-24 h after transfection and used for recording after a further 16—72 h.

Acute slice preparations. Brain slices were obtained from mature (>1
month postnatal) male wild-type (C57BL/6]), a6 '~ (Jones et al., 1997)
and 8/~ (Mihalek et al., 1999) mice, in accordance with the Animals
(Scientific Procedures) Act 1986. In brief, the brain was rapidly removed
and placed in ice-cold slicing solution composed of (in mm): 85 NaCl, 2.5
KCl, 1 CaCl,, 4 MgCl, 1.25 NaH,PO,, 26 NaHCOj, 75 sucrose, 25 glu-
cose, pH 7.4 when bubbled with 95% O, and 5% CO,. A moving blade
microtome (DSK Super Zero 1 or DTK-1000; Dosaka EM) was used to
prepare coronal thalamic slices (250 wm thick) and parasagittal cerebel-
lar slices (150—250 wm thick). Slices were incubated at 37°C for 30 min.
The high sucrose slicing solution was then gradually replaced with nor-
mal recording solution containing (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,,
1 MgCl, 1.25 NaH,PO,, 26 NaHCOj, 25 glucose, pH 7.4 when bubbled
with 95% O, and 5% CO, over a period of 30 min.

Electrophysiology—recombinant receptors. Cells were perfused with
“external” recording solution, containing (in mm): 140 NaCl, 2.5 CaCl,,
1.2 MgCl,, 4.7 KCl, 5 HEPES, 11 glucose; the pH was adjusted to 7.4 with
NaOH. The temperature of the solution in the recording chamber was
monitored throughout, and maintained in physiological range (~36°C).
The “internal” (pipette) solution contained the following (in mm): 140
CsCl, 4 NaCl, 0.5 CaCl,, 10 HEPES, 5 EGTA, 2 Mg-ATP; the pH was
adjusted to 7.3 with CsOH. Pipettes for whole-cell and outside-out patch
recording were pulled from thick-walled borosilicate glass [ 1.5 mm outer
diameter (0.d.), 0.86 mm inner diameter; Harvard Apparatus], coated
with Sylgard resin (Dow-Corning 184) and fire-polished to a final resis-
tance of 4—12 M(). Cells were viewed using a fixed stage upright micro-
scope (SliceScope, Scientifica, or Olympus BX51 WI). Currents were
recorded from fluorescent cells using an Axopatch 200A or 200B ampli-
fier (Molecular Devices).

During whole-cell recording, GABA was bath applied at a flow rate of
~6 ml/min, resulting in an exchange time of ~1 min. This method was
used to estimate the steady-state response of 8-GABARs to a range of
GABA concentrations, following at least 2 min of stable recording. To
measure whole-cell peak responses GABA was instead applied locally
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through an 8-chamber manifold device (ALA Scientific Instruments)
placed ~150 wm from the recorded cell. Solutions were gravity fed via a
solenoid valve system controlled using WinEDR software (John Demp-
ster, University of Strathclyde, Glasgow, UK). Liquid junction currents,
recorded in response to application of a 5% diluted solution across the
open tip of a pipette, were used to estimate the solution exchange times
(10-90% rise-time 308 * 39 ms, n = 22).

Ultra-fast (1 ms duration) applications of GABA onto outside-out
patches were achieved using a double-barreled application tool, made
from theta glass (2 mm o.d.; Hilgenberg GmbH) pulled to a tip opening
of ~200 wm, and mounted on a piezoelectric translator (P-265.00,
Physik Instrumente). “Control” and agonist solutions flowed continu-
ously through the two barrels and solution exchange occurred when
movement of the translator was triggered by a voltage step (pClamp10,
Molecular Devices). To enable visualization of the solution interface and
allow measurement of solution exchange, 2.5 mg/ml sucrose was added
to the agonist solution and the control solution was diluted by 5%. The
speed and duration of the solution exchange were estimated, respec-
tively, from the 10-90% rise-time and half-height duration of the liquid
junction current recorded from the open tip of the pipette at the end of
each recording, after destroying the membrane patch (50-500 sweeps
for each patch). Ultra-fast jumps at physiological temperature had a
mean 10-90% rise-time of 202 = 14 ws and a mean duration (at
half-height) of 1.25 = 0.04 ms (range: 0.94—1.84 ms, n = 30).

To generate a slower GABA transient, a GABA application pipette (tip
diameter ~1 wm) was moved across the outside-out patch at a speed of 2
mm/s using a stepper motor (MP-225, Sutter Instruments). When the
application and recording pipette passed within <5 wm of each other
the liquid junction currents were well described by a single Gaussian. The
estimated mean duration of these liquid junction currents was 7.3 = 1.7
ms (n = 5) with a 10-90% rise-time of 6.8 * 1.3 ms, reaching a peak
amplitude that was 55 * 9% of the full amplitude recorded at steady
state. Thus, with 1 mM GABA in the application pipette, a slowly rising
and decaying GABA transient reaching a peak concentration of ~500 um
was produced.

Temperature control for local GABA application or excised patches. For
whole-cell and excised patch recording with local GABA application at
physiological temperature, warmed in-flowing bath solution was used to
heat the GABA application pipettes or theta glass tools, the tips of which
passed through the bath solution at a shallow angle for ~0.75 cm. A
miniature temperature probe was placed in the center of the chamber, or
on the microscope objective, near the recording electrode. In recordings
from excised patches, for example, a stable temperature of 36.3 * 0.2°C
(n = 30) was measured.

Electrophysiology—acute slice preparations. Thalamic relay neurons in
the dLGN were visually identified using a Zeiss Axioskop FS microscope
(Carl Zeiss Ltd.) equipped with DIC-IR optics. Whole-cell recordings
were made under voltage-clamp using a Multiclamp 700B amplifier
(Molecular Devices) at physiological temperature (33—37°C). Recording
pipettes were pulled from thick-walled borosilicate glass (GC-150F-10;
Harvard Apparatus) and filled with “intracellular” solution, containing
(in mm): 140 CsCl, 4 NaCl, 0.5 CaCl,, 10 HEPES, 5 EGTA, 2 Mg-ATP; the
pH was adjusted to 7.3 with CsOH. Whole-cell voltage-clamp recordings
were only included if the cell-attached seal resistance was >1 G() and the
whole-cell series resistance was <25 M(). A fluorescent dye, Lucifer yel-
low or Alexa 488 (Sigma), was included in the intracellular solution (0.5
mg/ml) to allow for later confocal imaging of filled neurons. Thalamic
relay neurons were identified in the dLGN based upon their soma size
and input resistance; other small cells with high input resistance were
considered as local interneurons (Bright et al., 2007; Bright and Brickley,
2008). During whole-cell recording, GABA ,R-mediated responses were
pharmacologically isolated by inclusion of the ionotropic glutamate
receptor blocker kynurenic acid (0.5 mm; Sigma) in the recording
solution.

Cerebellar granule neurons were identified from their position within
the internal granule cell layer and their characteristically small input
capacitance (~3pF). Whole-cell recordings were made under voltage-
clamp using an Axopatch 200A amplifier. Recordings in slices from wild-
type mice, in which sIPSCs and mIPSCs were compared, were performed
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at physiological temperature. To maximize the yield of successful record-
ings from the limited numbers of animals available, experiments on slices
from genetically modified mice were performed at room temperature
(22-25°C). Recording pipettes and intracellular solutions were as for
recordings from thalamic neurons. The following drugs were added to
the external solution as indicated: 10 um D-AP-5, 10 um SR95531 (Re-
search Biochemicals), 0.5 uM strychnine (Sigma), 5 um CNQX (Tocris
Bioscience) and 1 um TTX (Tocris Bioscience).

Data analysis. Data acquisition was performed using pClamp?7,
pClamp10, Axograph 4.2 (Molecular Devices) or WinEDR/WinWCP
(John Dempster, University of Strathclyde, Glasgow, UK). Current
records were filtered at 2 or 10 kHz and digitized at 10, 20 or 50 kHz using
either a National Instruments (NI-DAQmx, PCI-6221) or a Digidata
1440A (Molecular Devices). Recordings from ultra-fast jump experi-
ments were further filtered at 5 kHz (8-pole low-pass digital Bessel,
Clampfit 10) and analyzed using Igor Pro 6.10 (WaveMetrics Inc.) with
NeuroMatic 2.02 (http://www.neuromatic.thinkrandom.com). The de-
cay of averaged ultra-fast jump currents (2-11 sweeps per patch) was
described by one or, more often, two exponential functions. When fitted
with two exponentials, the weighted time constant of decay (7,,, gecay) Was
calculated as the sum of the fast and slow time constants weighted by
their fractional amplitudes. For simplicity, throughout the article this
weighted time constant (as well as an equivalent fit-independent measure
of decay applied to synaptic currents; see below, Analysis of neuronal
recording) is referred to as Tye,,- To generate the global average currents
(shown below in Fig. 5), while preserving onset variability from different
patches, averaged GABA-evoked currents from each patch were ap-
pended to the averaged liquid junction current (“step”) from the same
patch and the concatenated traces from all patches realigned to the initial
rising phase of the step before generating the global average. The single-
channel amplitude from outside-out patches was determined from
Gaussian fits to all-point histograms constructed from a section of the
current record that did not contain superimposition of channel open-
ings. This single channel amplitude was then used to estimate the maxi-
mum total charge transfer possible during this time period and the
steady-state P, ., was calculated by integrating the current record and
dividing the measured charge by the estimated maximum total charge.

Analysis of neuronal recordings. For thalamic neurons, the series resis-
tance, input resistance and capacitance were calculated from current
responses to 10 mV hyperpolarizing voltage steps. For CGNs, series re-
sistance and cell capacitance were read directly from the amplifier set-
tings used to minimize the current responses to 5 mV hyperpolarizing
voltage steps.

Synaptic events were analyzed using Axograph, Igor Pro, WinEDR/
WinWCP or custom software (EVAN, courtesy of Istvan Mody, Univer-
sity of California, Los Angeles, CA). Event detection was performed using
amplitude threshold crossing or scaled template matching. Events were
aligned on their initial rising phases and averaged synaptic waveforms
were constructed from IPSCs that exhibited monotonic rises and an
uninterrupted decay phase. Average baseline current levels were calcu-
lated during a 10 ms epoch immediately before each detected event and
the peak amplitude was determined relative to this value. The 10-90%
rise-time was calculated between the start and the peak location with
interpolation between samples. The decay constant of individual IPSCs
was calculated as the charge transfer during the baseline corrected IPSC
divided by the IPSC peak amplitude. This allowed a fit-independent
estimate of the decay that could be determined for individual or averaged
sIPSCs. To distinguish between fast- and slow-sIPSCs in thalamic neu-
rons, histograms were constructed of 10-90% rise-time, peak amplitude
and T4.c,,- These distributions were best described by multiple Gaussian
functions (see Results). Average waveforms were constructed from either
fast-rising/fast-decaying events or slow-rising/slow-decaying events
based upon the cutoff values defined by the intersection between the
Gaussian fits. These selected events were also used for peak-scaled non-
stationary fluctuation analysis (ps-NSFA).

For both thalamic and cerebellar recordings, each averaged sIPSC
(constructed from a minimum of 50 events) was scaled to the peak of
individual contributing sIPSCs and the waveforms subtracted to deter-
mine the variance associated with the decaying phase of each event. Plots
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of mean current versus peak-scaled variance were fitted with a parabolic
function of the form,

oy =il — /Ny + 03, (1)

where 0 is the peak-scaled variance, T is the mean current, i is the weighted
mean single-channel current, N}, is the number of channels open at the peak
of the IPSC, and o7 is the background variance. However, the goal here was
not to determine the single-channel current, but to examine deviations from
the expected symmetrical parabolic relationship between mean current and
current variance. To this end, each current-variance relationship was inte-
grated, and the ratio of the areas either side of the median current was used to
provide a fit-independent measure of skew.

For acute slice experiments, the GABA-mediated tonic conductance was
calculated from the difference between the baseline current amplitude re-
corded before and after GABA, receptor block. SR-95531 and picrotoxin
were used interchangeably at saturating concentrations (50-100 um) to
block all GABA , receptors. The baseline current amplitude was determined
from a single Gaussian fit to the all-point histogram constructed from a 500
ms epoch that did not contain sIPSCs. To account for variability in cell size,
the tonic conductance was normalized to input capacitance (pS/pF).

Concentration-response data were fitted with a Hill equation:

i [GABA]" ,
= I BCTy + [GABAT™ @

where I is the normalized mean baseline current, I, is the maximum
response, [GABA] is the GABA concentration, and #,; is the slope of the
curve. For steady-state dose—response curves, data from each experiment
were normalized to the response to a 10 um GABA concentration. For
peak dose—response curves data were normalized to the response with 1
mm GABA. Fits to this Hill equation were applied to data collected from
individual cells and the mean EC,,, EC,,, and ECg, values calculated.

Morphological analysis of thalamic neurons. Following electrophysio-
logical recording, slices were fixed in PBS containing 4% paraformalde-
hyde for 24 h before being washed in PBS and mounted in Vectashield
mounting medium (Vector Labs). Optical sections were obtained using a
Zeiss LSM 510 upright confocal microscope, equipped with a 40X oil-
immersion objective. Fluorescence was visualized using the 458 nm line
of an argon laser, with emitted light passing through a 475 nm long-pass
filter. Neurons were z-sectioned into 1 um optical sections. The signal-
to-noise ratio was improved by averaging at least two scans for each
z-section. Morphological analysis of neurons was performed using the
software program Reconstruct (version 1.0.9.6) (Fiala, 2005). For each
optical section, the x, y, z coordinates and section radius were recorded
enabling parameters, such as dendritic length and surface area to be
measured (see supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

Statistical analysis. Statistical tests were performed using STATISTICA
(StatSoft) or Prism (GraphPad Software). Unless stated otherwise, dif-
ferences between groups were examined using the appropriate paired or
unpaired Student’s ¢ test. When data were not normally distributed (Shapi-
ro—Wilk test), we used a Mann—Whitney U test or Wilcoxon signed-rank test
(as indicated). Differences were considered significant at p < 0.05.

Results

We made whole-cell voltage-clamp recordings at physiological
temperature (37-38°C) from 125 dLGN and 35 vLGN relay neu-
rons in slices prepared from adult (68 = 3-d-old) C57BL/6] mice.
Full morphological reconstruction followed by quantitative anal-
ysis of soma size, polarity scores and spine density, resulted in the
identification of 10 X-type and 8 Y-type relay neurons in the
dLGN and 5 X-type relay neurons in the vLGN. X-type neurons
were distinguished by the significantly more polar arrangement
of their dendrites (e.g., average polar score for dLGN X-type cells,
4.1 £ 0.6 vs 1.0 = 0.1 for radial Y-type neurons; p = 0.0004) (see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). In X-type relay neurons of both vVLGN and
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Figure 1.  Comparison of sIPSCs recorded from X- and Y-type relay neurons at physiological temperature. A, Coronal view of a reconstructed thalamic relay neuron with X-like morphology
recorded from the vLGN. Note the clear polar distribution of dendrites (see also supplemental Fig. 1, available at www.jneurosci.org as supplemental material). Below are representative fast-rising,
fast-decaying sIPSCs (black) and slower-rising and -decaying sIPSCs (gray) recorded from this cell (—60 mV). Plots of 10~90% rise-time against 7,,, and peak amplitude for all sIPSCs recorded
from this cell are shown on the right. The dashed lines denote the cutoff values for event grouping that were determined from the histograms of rise-time, 7y,.,,, and peak amplitude (see Materials
and Methods) (note, in Band C, the histograms themselves are omitted for clarity). The slow-rising and -decaying sIPSCs are represented in the upper right-hand quadrant. From comparison with
the peak versus rise-time plot beneath, it is clear that these slow-sIPSCs tended to be small in amplitude. On average, the slow-sIPSCs in this cell had a mean 10 -90% rise-time of 1.12 == 0.06 ms
and a Ty, 0f 7.01 = 0.13 ms. Corresponding values for the fast-sIPSCs were 0.305 = 0.002 ms and 4.06 = 0.08 ms. B, Corresponding reconstruction and sIPSC analysis from a representative
thalamic relay neuron with X-like morphology recorded from the dLGN, also showing both fast- and slow-sIPSCs. On average, the slow-sIPSCs in this cell had a mean 10 —90% rise-time of 0.9 == 0.1
MSs and a Ty, 0f 3.89 = 1.55 ms. Corresponding values for the fast-sIPSCs were 0.25 = 0.001 ms and 1.68 == 1.09 ms. , Coronal view of a reconstructed thalamic relay neuron with clear Y-like
morphology recorded from the dLGN; in this example, the dendrites emerge from the central soma with a radial distribution (see also supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). In this cell, all sIPSCs were fast-rising and -decaying (mean 10 -90%rise-time 0f 0.213 == 0.002 ms and a 7, 0f 1.98 == 0.04 ms). D, Continuous current recordings (—60
mV) from a representative X-type vLGN neuron and X- and Y-type dLGN neurons, showing the effects of 100 v SR-95531. Current levels before and after antagonist application were determined
from Gaussian fits to all-point histograms (gray). Dashed lines indicate the control current levels. In the vLGN cell, block of GABA,Rs resulted in loss of all sIPSCs, with no change in the holding current,
indicating the absence of a GABA-mediated tonic conductance. By contrast, clear GABA,R-mediated tonic currents were seen in both neurons of the dLGN.

dLGN, we observed not only conventional fast-rising and fast-
decaying spontaneous IPSCs (“fast-sIPSCs”) but also a popula-
tion of slowly rising and slowly decaying IPSCs (“slow-sIPSCs”)
(Fig. 1A, B). Multiple Gaussian fits to these rise- and decay-time
distributions were used to define criteria for isolation of fast- and
slow-sIPSCs, as shown in Figure 1A for an X-type cell of the
VvLGN. Similar slow-sIPSCs were seen in X-type relay neurons of
the dLGN (Fig. 1B), where they represented 19 * 4% of sIPSCs.

These slow-sIPSCs occurred at a frequency of 0.46 = 0.12 Hz and
each event produced a significantly greater charge transfer than
did fast-sIPSCs (79.7 £ 9.6 f{Cvs 31.3 = 4.0 fC, p = 0.0002). Some
sIPSCs with a fast rise exhibited a slowly decaying component,
but slow-rising and fast-decaying sIPSCs were rarely observed in
X-type relay neurons of the dLGN (3.7 = 1.1% of all events) or
VLGN (4.2 = 0.5%). Furthermore, the proportion of fast-rising
and slow-decaying IPSCs was, on average, not significantly dif-
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Figure2.  Functional properties of sIPSCsin CGNs from adult mice at physiological temperature. A, Continuous currentrecord (— 70 mV)
during application of SR-95531 (100 rum). The change in holding current was calculated as shown in Figure 10, and used to calculate the
tonic GABA, receptor-mediated conductance. Right-hand plot shows lack of correlation between normalized tonic conductance (pS/pF)
andsIPSCfrequency (correlation coefficient 0.002). B, Representative plot from an adult CGN showing changes in holding current produced
by bath application of 500 nm TTX; block of action potential-dependent GABA release resulted in a reduction in the holding current, which
was reduced further by coapplication of 100 um SR-95531. C, Scaled average IPSC waveforms from a different cell, before (sIPSC) and after
(mIPSC) the application of 500 nm TTX. Asillustrated in the scatter plots (below), the faster decay of the averaged mIPSCreflects the absence
of slow action potential-dependent events. D, Plots of current variance against mean current for the sIPSCs and mIPSCs shown in C. In this
cell, the plot from mIPSCs exhibits a clear reduction in skew (gray area/white area; see Materials and Methods) and maximum current
variance compared with that from sIPSCs. £, Pooled data from six CGNs in which current-variance plots were produced for both sIPSCs and
mIPSCs. TTX reduced the skew and the maximum variance in all cells. TTX also reduced the mean peak amplitude from —75.5 == 7.0pAto
—49.7 = 49 A (n = 7;p = 0.0005).
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ferent between dLGN and vLGN X-type
relay neurons (40.0 = 7.2% vs 44.8 =
4.9%, respectively, p = 0.6). Therefore,
the absence of 8-GABA,Rs from X-type
relay neurons of the vLGN does not influ-
ence sIPSC properties in this preparation.
Applying identical selection criteria to
sIPSCs from Y-type relay neurons of the
dLGN (that lack glomerular synapses)
(Fig. 1C) showed the presence on average
of threefold fewer slow-sIPSCs (6 * 2% of
total, p = 0.02; Mann—Whitney U test)
but, no significant difference in the fre-
quency of fast-sIPSCs (2.5 = 1.3 Hz in
X-type cells vs 1.2 = 0.5 Hz in Y-type cells,
p = 0.6, Mann—Whitney U test).

Although entrapment of GABA within
glomeruli of X-type relay neurons might
be expected to favor tonic GABA , recep-
tor activation, blocking GABA,Rs with
SR-95531 (or picrotoxin, data not shown)
revealed no significant difference in the
magnitude of the tonic conductance be-
tween X- and Y-type relay neurons of the
dLGN (Fig. 1D). The tonic GABA , recep-
tor conductance was 16.4 = 3.8 pS/pF
(n = 10) in the X-type relay neurons com-
pared with 19.9 = 9.2 pS/pF (n = 6) in the
Y-type relay neurons (p = 0.8). There-
fore, even though X-type relay neurons
exhibited a greater proportion of slow-
sIPSCs this was not associated with en-
hanced 6-GABA,R activation, as assayed
by presence of tonic conductance. As ex-
pected from our previous studies (Bright
et al., 2007), no tonic conductance was
seen in cells of the vLGN (1.6 * 1.7 pS/pF;
n = 4) that lack 6-GABA,Rs (Fig. 1 D).
Again, consistent with previous observa-
tions (Bright et al., 2007), there was no
relationship between the instantaneous
sIPSC frequency and the magnitude of the
tonic conductance in dLGN relay neurons
and pooling data from 125 relay neuron
recordings (regardless of morphological
classification) also revealed no correlation
between the average sIPSC decay and the
magnitude of the tonic conductance (data
not shown). These data support the view
that 6-GABA,Rs do not shape the synap-
tic response of dLGN relay neurons and
suggest that conventional low affinity y
subunit-containing GABA,Rs mediate
the slow spillover-like currents seen in
thalamic neurons of both the dLGN and
vLGN.

Tonic and spillover-like currents

in adult CGNs at physiological
temperatures

Do the conclusions drawn from tha-
lamic relay neurons extend to other neu-
ronal types that also express high-affinity
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6-GABA,Rs? To answer this question we A
examined the contribution of these recep-
tors to the tonic conductance and spill-
over currents in CGNs of adult mice at
physiological temperature. There was no
relationship between the basal frequency
of sIPSCs (0.7 = 0.2 Hz, n = 29) and the
magnitude of the tonic conductance
(229 = 25 pS/pF) across cells (Fig. 2A).
However, block of action potential-
dependent GABA release by bath applica-
tion of TTX (500 nMm) caused a large
reduction in IPSC frequency (from 5.7 =
0.9Hzt00.2 = 0.1 Hz; p = 0.0002), which
was associated with a significant reduc-
tion in the tonic conductance (from C
321.8 * 59.8 pS/pF to 148.2 * 27.4 pS/pF,
n =17, p = 0.005) (Fig. 2B). A similar
reduction in the tonic conductance was
observed following bath perfusion of
nominally Ca”*-free solution (175.3 =
52.9 pS/pF vs 98.9 = 49.9 pS/pF, n =5,
p = 0.01). Analysis of IPSC kinetics fur-
ther established that blocking action
potential-dependent GABA release onto
CGNssignificantly reduced the 74, (Fig.
2C), from 7.9 = 1.2 ms for sIPSCs (n =
11) to 4.8 = 0.4 ms for mIPSCs recorded
in the presence of TTX (n = 10, p = 0.03).
These results are consistent with the es-
tablished view that the slow component of
sIPSCs reflects spillover of GABA that is
not seen with quantal events (e.g., dentate
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gyrus granule cells) (Wei et al., 2003).

Slow-sIPSCs in CGNs and thalamic
relay neurons are consistent with
spillover

If the slow component of sIPSCs reflects
spillover of GABA from the synaptic cleft,
causing activation of receptors distant
from the local release site, GABA ,Rs con-
tributing to this component would be ex-
pected to open for the first time after the
peak of the sIPSC. We found support for

Figure3.  Functional properties of sIPSCs in CGNs from adult mice at room temperature. A, Global average waveforms of sIPSCs
from wild-type (black; n = 11) and 6 '~ (gray; n = 6) CGNs. The two averages have been subtracted to give the difference
current (dark gray). The inset shows a plot of 7, (normalized to the mean of the control data) for all sIPSCs recorded from these
cells. Note the faster 7, for a6 ~/~ (GNs. Asterisk indicates p << 0.05. B, The same asin 4, but for recordings from & ~/~ CGNs.
Note the superimposition of the traces. The nset shows normalized 7y,.,, for sIPSCs recorded from wild-type (n = 12) and & -
(GNs (n = 11). , Current record from a representative CGN (dashed line shows zero current level). Application of 500 nm TTX
reduced the tonic conductance and baseline current variance, allowing resolution of mIPSCs that were smaller than sIPSCs
(—19.9 = 4.6 pAvs —30.3 = 4.4 pA;n = 5,p = 0.05) and occurred at a lower frequency (~0.1vs ~0.8 Hz). The application
of 200 wum furosemide reduced mIPSC amplitude, with no significant effect on decay. Average IPSC waveforms from this cell are
shown below. In 5 paired experiments the mIPSC peak amplitude decreased from —19.5 == 3.2pAto —16.5 == 3.0pA( p = 0.03)
inthe presence of furosemide, with no effect on 7y, (6.0 = 1.2mst05.9 == 0.7ms, p = 0.8). Importantly, as would be predicted
if the action of furosemide was mediated solely by c6-containing GABA, receptors, this effect on mIPSC amplitude was absent in
a6 ' mice (—12.4 = 23pAvs —13.1 £ 3.1pA, p = 0.3).

this possibility in the results of peak-

scaled nonstationary fluctuation analysis

(ps-NSFA), a method commonly used to determine synaptic
channel conductance based upon the analysis of current variance
arising from stochastic channel closure after the peak of the syn-
aptic event. When ps-NSFA (see Materials and Methods) was
applied to sIPSCs from six wild-type CGNs at physiological tem-
perature, the relationship between mean current and current
variance was skewed (skew = 2.2 = 0.4; see Materials and Meth-
ods for calculation), with a maximum current variance of 82.5 *=
33.1 pAZ. However, a less skewed relationship was observed when
the same analysis was applied to mIPSCs from the same cells
(skew = 1.3 £0.3; p = 0.017) and the maximum current variance
was reduced in all cells, with a mean value of 47.0 + 5.5 pA* (Fig.
2D, E). Although deviations from the expected symmetrical par-
abolic relationship between mean current and current variance
can arise through various mechanisms (for discussion see
Hartveit and Veruki, 2006), a skewed relationship and increased

current variance would be at least consistent with spillover of
GABA contributing to delayed channel opening (see also supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material).

We next applied the same analysis to data collected from tha-
lamic relay neurons, recorded at physiological temperatures, to
determine whether similar characteristics were also associated
with slow-sIPSCs in these cells. The relationship between current
variance and mean current was calculated for the decay of fast-
and slow-sIPSCs in seven X-type thalamic relay neurons. For
slow-sIPSCs, where we speculate that spillover influences the de-
cay kinetics, the plots showed conspicuous skew of 5.5 * 1.4, with
a maximum current variance of 54.1 * 12.6 pA> These values
were significantly greater than those seen with fast-sIPSCs (1.8 *
0.2and 26.7 + 4.7 pA%p = 0.025and 0.017). For the fast-sIPSCs,
these parameters were comparable to those found in Y-type tha-
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lamic relay neurons that lack slow-sIPSCs (2.0 == 0.2 and 44.2 *
10.6 pAz; p = 0.56 and 0.20). Therefore, in both CGNs and
thalamic relay neurons the current variance associated with the
IPSC decay was reduced when the putative spillover current was
absent and the relationship between mean current and current
variance was less skewed.

Extrasynaptic -GABA,Rs do not mediate spillover currents
in CGNs

We next analyzed sIPSCs from CGNs of genetically modified
mouse strains to determine the subunit composition of the
GABA,Rs underlying the spillover current in CGNs. We have
demonstrated previously that the tonic conductance recorded at
room temperature is absent from adult CGNs in both § ~/~ mice
(Stell et al., 2003) and a6 '~ mice (Brickley et al., 2001). In the
latter case, this occurs because CGNs lose surface expression of
both the a6 and the & subunit, which is degraded in the absence of
the a6 protein (Jones et al., 1997). We now show that the sSIPSCs
recorded from CGNs of mature a6/~ mice at room tempera-
ture decay significantly faster than those in wild-type mice
(15.0 = 1.3 ms, n = 11 in wild-type vs 8.7 = 1.0 ms, n = 6 in
a6 '7, p = 0.002 Fig. 3A). Subtraction of the global average
sIPSC waveforms revealed a difference current with a slow rise
and decay (10-90% rise ~7 mS; Tyec.y ~50 ms). By contrast, there
was no difference between the kinetics of sIPSCs recorded from
CGNs of wild-type and 87/ mice (132 = 1.4 ms, n = 12 in
wild-typevs 12.6 + 1.4msn=11in8 '~, p = 0.8 Fig. 3B). These
results suggest that a6-, but not -containing receptors underlie a
slow spillover-mediated component of IPSC decay. An alterna-
tive interpretation of the data would be that the difference cur-
rent reflects the kinetic behavior of synaptic a6-containing
receptors. If this were true, the absence or selective block of a6-
containing receptors would be expected to speed the decay of
IPSCs. This was not the case. For mIPSCs (that lack a spillover-
mediated component) there was no significant difference be-
tween decay kinetics of events recorded from wild-type and
a6/~ CGNs (Tdecay 6-0 £ 1.2 ms, n = 6 for wild-type vs 7.9 = 0.6
ms, n =9 for a6 ' "; p = 0.1). Similarly, blocking a6-containing
receptors with the selective antagonist furosemide had no effect
onmIPSC decay kinetics (Tgecqy 6-3 = 0.7 ms; n = 4, p = 0.9) (Fig.
3C). Importantly, the effectiveness of furosemide was confirmed
in the same recordings, where, as expected (Brickley et al., 2001;
Wall, 2002; Crowley et al., 2009), it reduced both the tonic con-
ductance and the peak synaptic current (Fig. 3C). Overall, our
results are consistent with the view that transmitter spillover
leads to the delayed activation of GABA ,Rs. However, contrary
to expectations, high-affinity 6-GABA,Rs do not appear to be
involved in the generation of these slow spillover currents within
thalamic or cerebellar glomeruli.

0-GABA ,Rs are insensitive to brief GABA transients in the
presence of ambient GABA

For ligand-gated ion channels, such as glutamate or GABA, re-
ceptors, pre-equilibration with a low concentration of agonist
can promote receptor desensitization and reduce the amplitude
of the current evoked by brief exposure to a high concentration of
agonist designed to mimic synaptic release (Colquhoun et al.,
1992; Overstreet et al., 2000; Lagrange et al., 2007). Although
plausible estimates of ambient GABA concentrations in the brain
are available (Santhakumar et al., 2006; Wu et al., 2007), there are
no data regarding the potency of such GABA concentrations on
v- or -GABA ,Rs at physiological temperatures. To address this,
we coexpressed al, a4 or a6 subunits with 82 and & or y2S
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Figure 4.  Steady-state desensitization of 4328 GABA,Rs at physiological temperature. 4,
Whole-cell record from a tsA201 cell expressing o326 GABA,Rs (—30 mV, 37°C) during bath
application of 1 um GABA. Note the rapid desensitization to a steady-state response. Application of 1
mZn®*, which at low concentrations blocks ce/3 but not /36 GABA,Rs (see Materials and Meth-
ods), did not affect the steady-state current, consistent with incorporation of the & subunit into the
GABA,4R assembly. The inset shows the steady-state concentration—response curve. The solid line is a
fit of the Hill equation, giving an ECy, of ~250 nm. B, Whole-cell responses from a single tsA201 cell
(—30mV) in response to local GABA application. The peak and steady-state currents were used to
construct the steady-state desensitization plot (inset). The solid line s a fit of the Hill equation, giving
a desensitization ECy, of 60 nm. ¢, Current from an outside-out patch excised from a tsA201 cell
expressing o432 GABA,Rs (—30 mV) in response to application of 250 nm GABA. The inset shows
single-channel openings recorded from the same patch, at steady state.

subunits in tsA201 cells to yield recombinant a4326, a6326 or
alB2y2S receptors, and recorded GABA-evoked currents at
~37°C. We found that 6-GABA,Rs receptors exhibited consid-
erable desensitization. Thus, with 4328 receptors, the initial
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B
g

87 £ 6% (n = 8) at steady state (Fig. 4A). 1
As little as 10 nm GABA produced mea-
surable whole-cell steady-state currents,
and the steady-state concentration—re-
sponse relationship was well described by
a Hill equation (see Materials and Meth-
ods) with an ECs, of 243 = 5 nm (EC,,
92 + 3 nM, ECy, 645 = 40 nm) (Fig. 44,
inset).

To more accurately delineate peak re-
sponses, we made additional whole-cell re-
cordings with local application of GABA
(see Materials and Methods for details) (Fig.
4B). For o425 receptors, the ratio of
steady-state to peak currents gave an ECy,
for desensitization of only 60 nm (Fig. 4B,
inset). Extensive desensitization was also
seen in outside-out patches, where applica-
tion of 250 nM GABA gave rise to currents
with an amplitude at steady state that was
only 10% of the peak response (Fig. 4C).
Analysis of single-channel openings in the
continued presence of 250 nM GABA
(~ECs, for steady-state current activa-
tion) (Fig. 4C, inset) indicated a main
conductance level of 46.4 = 5.6 pS and a
steady-state P, ., of 0.02 = 0.01 (n = 8).
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open
Although this pPOpen value is low, main-
tained channel activity in the continued
presence of 250 nM GABA is consistent
with the idea that persistent channel
opening underlies the tonic conductance
in neurons. Similar results were obtained
for a6P28 receptors (data not shown).
Together, these results suggest that steady-
state desensitization of 6-GABA,Rs during
exposure to ambient GABA concentrations
would limit the ability of these high-affinity
receptors to respond to brief changes in
GABA concentration.

We tested this prediction for “synaptic-

(superimposed) evoked by 1 ms application of 1 mm GABA to outside-out patches (—30 mV) taken from two tsA201 cells expressing
4326 or o132y2S GABA,Rs. The vertical bar denotes the time of agonist application. B, Global averages illustrating the different
current onset and decay in a4 326 and oc1/32y2S GABA,Rs patches (n = 16 and 14, respectively, gray shaded areas denote SEM). The
global average of the “open tip” liquid junction currents recorded at the end of each experiment is shown above the average traces (gray
shaded areas denoting SEM are hidden by the average trace). €, Pooled data illustrating the slower rise-time and decay for currents
mediated by 4325 (black, 16 patches) compared with ce1/32-y2S receptors (gray, 14 patches; *p << 0.0001). Error bars indicate SEM. D,
Top traces show representative currents (concatenated) evoked by ultra-fast GABA applications to an outside-out patch expressing 4326
GABA,4Rs. Concentration jumps were repeated every 10 s, first from a control solution (left-hand set of currents), then from a solution
containing 250 nm GABA (middle, gray bar) that was perfused for 3 min before resuming the jumps. Note that the peak current was reduced
by >80% in this patch, recovering to 88% of control peak current after removal of 250 nm GABA. The bottom shows averaged traces
obtained from the currents shown in the top. The vertical bar denotes the time of agonist application and the gray bar represents the 250 nm
GABA treatments. Overall, pre-equilibration with 250 nm GABA did not change the 10 —90%rise-time (from 2.2 = 0.4msto 2.5 = 0.4 ms;
p=10.2,n =7) butaccelerated the decay (from 76.2 == 7.8 ms t0 55.9 = 5.2ms; p = 0.02,n = 7). E, Same as D, for a patch from a cell
expressing a132y2S GABA,Rs. In the patch depicted, the peak current was reduced by only 32%, with 92% recovery. Pre-equilibration
with GABA did not change the 10 -90% rise-time or decay (from 0.30 == 0.05msand 11.8 = 0.8 mst00.30 == 0.05msand 12.9 = 0.6 ms;
p = 0.98and 0.45, respectively,n = 4).

like” GABA transients, using ultra-fast ap-

plication of GABA (1 mwm, 1 ms) to outside-out patches containing
alB2y2S or 428 receptors (see Materials and Methods).
GABA-evoked currents were characterized by monotonic rises
and slower exponential decays (Fig. 5A,B). For «lB2vy2S
GABA ,Rs, the mean 10-90% rise-time was 0.48 = 0.07 ms and
the Ty..,, (see Materials and Methods for details) was 13 = 2 ms
(n = 14). For a4326 GABARs, both the rise and decay times
were significantly slower (2.5 = 0.3 ms and 77 * 4 ms, respec-
tively; n = 16, both p < 0.0001) (Fig. 5C). To determine the effect
of ambient GABA, we applied repeated 1 m™m jumps (0.1 Hz)
either from (and back to) control solution or 250 nM GABA. In
the latter case this followed a 3 min equilibration in 250 nm GABA
(Fig. 5D, E). In line with our observations from whole-cell record-
ings, continuous exposure to this low concentration of GABA in-
duced a substantial desensitization of «4[328 receptors, whose peak
response to ultra-fast application of 1 mM GABA was significantly
reduced (87 = 2% reduction, n = 10, p = 0.031 Wilcoxon signed-
rank test) (Fig. 5D). In 8 cells, where tested, 1 min after removal of
250 nM GABA this block was largely reversed (74 * 7% recovery p =

0.125 vs control, Wilcoxon signed-rank test). We next repeated this
series of experiments with a1 32y2S receptors. Consistent with the
relatively low-affinity of these y-GABARs, and in marked contrast
to 8-GABA ,Rs, the same low concentration of GABA had no signif-
icant effect (24 = 4% reduction, n = 6, p = 0.125; 102 = 6% after
washout of ambient GABA, n = 5, p = 0.75 vs control, both Wil-
coxon signed-rank test). These experiments show that when ex-
posed to a low background GABA concentration at physiological
temperatures, the high-affinity and the conspicuous desensitization
of -GABA ,Rs severely limit their ability to respond to synaptic-like
GABA transients.

We also exposed outside-out patches to a slowly rising and
decaying GABA transient (duration 7 = 2 ms, peak concentra-
tion ~500 M) (Fig. 6) (see Materials and Methods for details).
This was not designed to mimic a specific synapse, but simply to
complement the ultra-fast jumps by providing a less abrupt
GABA exposure, as might be experienced by extrasynaptic recep-
tors during spillover from the synaptic cleft. Outside-out patches
containing al1f32y2S or 4325 receptors responded to these
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Figure 6.  Response of recombinant a4 328 and «c132y2S GABA,Rs to spillover-like

GABA transients recorded at physiological temperature. A, Superimposed examples of
patch responses (—30 mV) during the slow (7 ms) application of ~500 r.m GABA. Appli-
cation of GABA was achieved by moving a GABA-containing pipette across the mouth of
the recording pipette at a speed of 2 mm/s. Inset shows a liquid junction current recorded
from the open tip of a recording pipette. The superimposed Gaussian fit had a half-width
of 7 ms and reached a peak amplitude that was 55% of the maximum current. B, Currents
from a patch expressing a4 328 GABA ,Rs that was exposed to a series of GABA transients,
first from a control solution (left-hand trace), then from a solution containing 250 nm
GABA (middle, gray bar) that was perfused for 3 min before resuming the jumps. There
was no response in the presence of 250 nm GABA, but recovery was observed on washout
of 250 nm GABA. C, The same experimental protocol as in B, but with 1[32y2S GABA,Rs.
Note the maintained responses in the presence of 250 nm GABA. D, Pooled data showing
the effect of exposure to 250 nm GABA on the amplitude of currents evoked from a4 326
receptors (n = 5) and «132-y2S receptors (n = 3). Error bars denote SEM. Asterisk
denotes p << 0.05.
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spillover-like GABA transients with currents that had slower
monotonic rises and decays than those elicited by ultra-fast
GABA applications (Fig. 6 A). For a132-y2S receptors the average
10-90% rise-time was 4.7 * 0.6 ms and the average Ty, Was
73.2 = 15.1 ms (n = 7). The corresponding values for a4[326
receptors were 10.4 = 8.9 ms and 305.9 = 53.1 ms (n = 11).
Following a 3 min equilibration with 250 nm GABA, responses
from a4328 receptors to GABA transients were reduced by 91 *
1% (n = 10, p = 0.005, Wilcoxon signed-rank test) (Fig. 6 B)
while responses from 1822S receptors were unaltered, being
reduced by only 10 = 10% (n = 3, p = 0.1, Wilcoxon signed-rank
test) (Fig. 6C). These experiments suggest that in the presence of
ambient GABA at physiological temperatures, the desensitization
of 5-GABA ,Rs severely limits their ability to detect spillover-like
GABA transients.

Discussion

Early in situ hybridization studies led to the suggestion that
6-GABA 4R expression is a common feature of cells with glomer-
ular synapses, including cells in the olfactory bulb, cerebellar cor-
tex, and thalamus (Shivers et al., 1989). It was later suggested that
ambient GABA concentrations were raised within glomeruli,
leading to the persistent activation of 5-GABA Rs and the gener-
ation of a novel form of tonic conductance (Brickley et al., 1996,
2001; Wall and Usowicz, 1997; Rossi and Hamann, 1998).
Whether or not specific receptor populations are able to support
spillover-mediated transmission is determined by their distance
from the release site, affinity for GABA, and gating behavior.
GABA spillover is often discussed in relation to the activation of
high-affinity extrasynaptic -GABA ,Rs within glomerular struc-
tures, leading to the widely held view that 8-GABA,Rs mediate
both tonic and spillover currents (Rossi and Hamann, 1998; Wei
et al., 2003; Farrant and Nusser, 2005; Glykys and Mody, 2007).
Our findings challenge this assumption, and suggest that ambient
GABA and synaptic spillover are sensed by distinct GABA,R
populations.

In CGNs, the fact that neurosteroids did not modulate the
slowly decaying component of IPSCs (Hamann et al., 2002), was
originally taken as evidence in support of 5-GABA,R activation
following transmitter spillover. This reasoning was based on a
supposed insensitivity of 5-GABA,Rs to neurosteroids. It is now
widely accepted that 8-GABA Rs are, in fact, highly sensitive to
neurosteroid modulation (Hosie et al., 2009) and our results
from CGNs of 8/~ mice indicate that -GABA,Rs are not in-
volved in synaptic spillover. In the case of thalamic relay neurons,
the greater prevalence of slow-sIPSCs in X-type neurons, com-
pared with adjacent Y-type cells, strengthens the suggestion that
GABA spillover is accentuated within glomeruli. However, these
data also argue against a role for 6-GABA,R activation during
GABA spillover. Consistent with our previous observations
(Bright and Brickley, 2008) the prevalence of spillover-like IPSCs
shows little correlation with the magnitude of the tonic conduc-
tance and we find that slow-sIPSCs are also present in neurons of
the vLGN, cells that lack 6-GABA 4Rs. Due to a lack of published
anatomical data, we cannot comment on the location of
6-GABA ,Rs within thalamic glomeruli. However, in CGNs it is
clear that 8-GABA ,Rs are located at perisynaptic locations within
glomerular structures (Nusser et al., 1998). Therefore, the inabil-
ity of 3-GABA,Rs to sense GABA spillover within CGNss is best
explained by the desensitization of these receptors in the presence
of ambient GABA.

Our heterologous expression studies demonstrate that in the
presence of low ambient GABA concentrations 5-GABA,Rs are
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insensitive to brief GABA transients. These experiments were
performed using the ECs, concentration for steady-state activa-
tion (250 nM), a concentration that is within the range of ex-
pected ambient GABA concentrations (Kékesi et al., 1997;
Santhakumar et al., 2006; Wu et al., 2007). For y-GABA ,Rs, the
effective “removal,” by slow desensitization, of a fraction of syn-
aptic receptors has been discussed previously (Overstreet et al.,
2000; Lagrange et al., 2007), but this phenomenon has been
largely ignored when considering 3-GABA ,Rs, as these receptors
were considered to exhibit only modest desensitization. Consis-
tent with recent reports from studies performed at room temper-
ature (Fengetal.,2009; Mortensen et al., 2010), we now show that
at physiological temperatures 6-GABA,Rs are largely desensi-
tized in the presence of steady-state EC5, GABA concentrations.

This finding, together with our data from different thalamic relay
neurons, leads us to conclude that -GABA ,Rs do not contribute to
any aspect of synaptic transmission in the thalamus. Other evidence
in support of this view comes from experiments using the
6-GABA ,R selective agonist gaboxadol, which can increase the tonic
conductance in thalamic relay neurons without affecting the kinetics
oramplitude of sSIPSCs (Cope et al., 2005). This is indeed what would
be expected if slow-sIPSCs reflect activation of conventional
v-GABA ,Rs within thalamic glomeruli. A similar conclusion can be
drawn from our experiments with CGNs, where knock-out data
suggest that a6-containing/d-lacking GABA,Rs contribute to the
spillover component of the IPSC.

Although we have shown that -GABA ,Rs do not sense syn-
aptic spillover, they are clearly implicated in the generation of the
tonic conductance. For example, in CGNs (Brickley et al., 2001;
Stell et al., 2003), thalamic relay neurons (Porcello et al., 2003;
Herd et al., 2009) and dentate granule neurons of the hippocam-
pus (Stell et al., 2003; Wei et al., 2003), removal of the & subunit
results in the complete loss of the tonic conductance. Likewise,
alteration of 3-GABA ,R number influences the magnitude of the
tonic conductance(Maguire et al., 2005; Maguire and Mody,
2008). The tonic activation of these receptors under physiological
conditions results from their high affinity for GABA and the pres-
ence of ambient GABA. In turn, the extracellular concentration
of GABA is thought to reflect the equilibrium state of GABA
transporters, and thus the intracellular GABA concentration, the
membrane potential and the transmembrane distribution of
Na* and Cl~ (Attwell et al., 1993; Richerson and Wu, 2003; Wu
et al., 2006). On this basis, the theoretical ambient GABA con-
centration is predicted to be in the range 10—400 nm (Wu et al.,
2007). These estimates are consistent with microdialysis studies
that report a range of ambient GABA concentrations from 30 nm
(de Groote and Linthorst, 2007) to 300 nM (Richter et al., 1999;
Kennedy et al., 2002; Bianchi et al., 2003; Xi et al., 2003). These
GABA concentrations are sufficient to activate and desensitize
high-affinity extrasynaptic -GABA ,Rs but will have little influ-
ence on conventional low affinity y-GABARs.

Tonic activation of GABA, receptors produces powerful
shunting inhibition (Mitchell and Silver, 2003) that can modu-
late cell or network excitability in various ways (Cope et al., 2005;
Vida et al., 2006; Bright and Brickley, 2008; Mann and Mody,
2010). In thalamic relay neurons, for example, the tonic current
generates a persistent inhibition, modulation of which affects the
balance between regular and burst firing (Cope et al., 2005). Such
changes have been implicated in transitions between sleep and
wake states (Belelli et al., 2005; Wafford and Ebert, 2006; Harri-
son, 2007) and in the generation of absence seizures (Cope et al.,
2009). The importance of 5-GABA ,Rs in regulating states of con-
sciousness is further highlighted by the potency with which cer-
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tain anesthetics enhance the tonic conductance in both thalamic
and neocortical neurons (Orser, 2006). While our data confirm a
role for 6-GABA ,Rs in the generation of tonic conductance, our
findings demonstrate that these receptors are poorly suited to the
detection of GABA spillover and suggest that activation of
6-GABA,Rs should be considered functionally isolated from
synaptic release. In this context, it is interesting to note the recent
suggestion that a sizeable fraction of tonic conductance in CGNs
arises from the activity of receptors activated by GABA released
from glial cells through Bestrophin 1 anion channels (Lee et al.,
2010). Finally, our study highlights why the effectiveness of
drugs such as alcohol, anesthetics, and neurosteroids, that
might modulate the tonic conductance through a specific ac-
tion on 8-GABA,Rs, needs to be readdressed at physiological
temperatures using relevant steady-state GABA concentrations.
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