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Ambient GABA-Activated Tonic Inhibition Sharpens Auditory
Coincidence Detection via a Depolarizing Shunting Mechanism
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Tonic inhibition mediated by extrasynaptic GABAA receptors (GABAARs) has emerged as a novel form of neural inhibition in the CNS.
However, little is known about its presence and function in the auditory system. Using whole-cell recordings in brain slices, we identified
a tonic current mediated by GABAARs containing the � subunit in middle/high-characteristic-frequency neurons of the chicken nucleus
laminaris, the first interaural time difference encoder that computes information for sound localization. This tonic conductance was
activated by ambient concentrations of GABA released from synaptic vesicles. Furthermore, pharmacological manipulations of the
conductance demonstrated its essential role in coincidence detection. Remarkably, this depolarizing tonic conductance was strongly
inhibitory primarily because of its shunting effect. These results demonstrate a novel role for tonic inhibition in central auditory
information processing.

Introduction
Tonic inhibition refers to a persistently active conductance me-
diated by extrasynaptic GABAA receptors (GABAARs) that are
activated by low concentrations of ambient GABA (for review,
see Farrant and Nusser, 2005; Belelli et al., 2009). In contrast to
synaptic GABAARs that mediate the classical transient “phasic”
IPSCs, extrasynaptic GABAARs have distinct physiological and
pharmacological features, such as high GABA-binding affinity
and low desensitization, as well as specific subunit combinations
(�4�-, �6�-, �5�-, and �-containing receptors). After being dis-
covered �15 years ago (Kaneda et al., 1995; Salin and Prince,
1996), tonic inhibition has been detected in multiple systems
throughout the CNS and has been implicated in a variety of func-
tions, including gain control (Chance et al., 2002; Mitchell and
Silver, 2003), regulation of excitability (Brickley et al., 2001; Se-
myanov et al., 2003; Chadderton et al., 2004), learning and mem-
ory (Ruiz et al., 2010; Shen et al., 2010), modulation of behavioral
states (Cope et al., 2005; Bright et al., 2007) and hippocampal
gamma oscillation (Mann and Mody, 2010), and in the pathophys-
iology of postpartum depression (Maguire and Mody, 2008). How-
ever, little is known about the presence and function of tonic
inhibition in the auditory system.

Localizing sound source using cues such as interaural time
difference (ITD) is inherently important for the survival of ani-

mals. Neurons of the avian nucleus laminaris (NL), an analog of
the mammalian medial superior olive (MSO), act as coincidence
detectors for converging binaural excitatory inputs. NL is highly
specialized to encode the extremely small ITDs (microsecond
range) produced by sounds as a function of degrees of azimuth
and each characteristic frequency (CF) (Grothe, 2003; Burger
and Rubel, 2007; Kandler et al., 2009; Seidl et al., 2010). The high
acuity of auditory coincidence detection in birds relies on several
specialized physiological properties, including acceleration of
EPSPs by activation of low-voltage-activated K� channels (ILTK)
(Reyes et al., 1994, 1996; Kuba et al., 2003), spatial segregation of
binaural excitatory inputs on bipolar dendrites (Parks and Rubel,
1975; Agmon-Snir et al., 1998), short-term synaptic depression at
glutamatergic synapses (Kuba et al., 2002; Cook et al., 2003), and
the site of axonal spike initiation (Kuba et al., 2006). Here, we
report a novel mechanism associated with the GABAergic inputs
to the NL. We discovered a constitutively active GABAergic cur-
rent mediated by GABAARs containing the � subunit (�-
GABAARs) in middle/high- but not low-CF NL neurons in the
chick. This tonic current depolarized the cellular membrane,
sharpened EPSPs, reduced spiking probability, and significantly
improved coincidence detection. Remarkably, this depolarizing
tonic conductance was strongly inhibitory primarily because of
its shunting effect. Our study shows, for the first time, that a tonic
GABA inhibition sharpens the auditory coincidence detection via
a unique depolarizing shunting mechanism, and may improve
localization of sound sources in birds.

Materials and Methods
Slice preparation and in vitro whole-cell recordings. Brainstem slices (250–300
�m in thickness) were prepared from chick embryos [embryonic day 11
(E11), E13, and E17–E19] and early hatchings [postnatal day 0 (P0) to P1;
both sexes], as described previously (Tang et al., 2009). The ice-cold artificial
CSF (ACSF) used for dissecting and slicing the brain tissue contained the
following (in mM): 250 glycerol, 3 KCl, 1.2 KH2PO4, 20 NaHCO3, 3 HEPES,
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1.2 CaCl2, 5 MgCl2, and 10 dextrose, pH 7.4,
when gassed with 95% O2 and 5% CO2. The pro-
cedures have been approved by the Institutional
Animal Care and Use Committee at Northeast-
ern Ohio Universities Colleges of Medicine and
Pharmacy, and are in accordance with National
Institutes of Health policies on animal use. Slices
were incubated at 34–36°C for �1 h in normal
ACSF containing the following (in mM): 130
NaCl, 26 NaHCO3, 3 KCl, 3 CaCl2, 1 MgCl2, 1.25
NaH2PO4, and 10 dextrose, pH 7.4. For record-
ing, slices were transferred to a 0.5 ml chamber
mounted on a Zeiss Axioskop 2 FS Plus micro-
scope (Zeiss) with a 40� water-immersion objec-
tive and infrared, differential interference contrast
optics. The chamber was continuously superfused
with ACSF (1–2 ml/min) by gravity. Recordings
were performed at 34–36°C.

Patch pipettes were drawn on an Electrode
Puller PP-830 (Narishige) to 1–2 �m tip diame-
ter using borosilicate glass micropipettes (inner
diameter of 0.86 mm; outer diameter of 1.60
mm) (VWR Scientific). The electrodes had resis-
tances between 3 and 7 M� when filled with a
solution containing the following (in mM): 105
K-gluconate, 35 KCl, 5 EGTA, 10 HEPES, 1
MgCl2, 4 ATP-Mg, and 0.3 GTP-Na, with pH of
7.2 (adjusted with KOH) and osmolarity between
280 and 290 mOsm/L. The Cl� concentration
(37 mM) in the internal solution approximated
the physiological Cl� concentration (Tang et al.,
2009) in NL neurons. Placement of recording
electrodes was controlled by a motorized micro-
manipulator MP-225 (Sutter Instrument). The liq-
uid junction potential was 10 mV, and data were
corrected accordingly. Voltage- and current-
clamp experiments were performed with an Axo-
Patch 200B and an AxoClamp 2B amplifier,
respectively (Molecular Devices). Voltage-clamp
recordings were obtained at a holding potential
of �60 mV. Data were low-pass filtered at 3–10
kHz and digitized with a Data Acquisition Inter-
face ITC-18 (InstruTECH) at 20 kHz. Recording
protocols were written and run using the acqui-
sition and analysis software AxoGraph X (Axo-
Graph Scientific).

Synaptic stimulation and recordings of synaptic
responses. Extracellular stimulation was per-
formed using concentric bipolar electrodes with a
tip core diameter of 127 �m (World Precision
Instruments). The stimulating electrodes were
placed using a Micromanipulator NMN-25 (Na-
rishige). Square electric pulses of 200 �s duration
were delivered through a Stimulator A320RC
(World Precision Instruments). Optimal stimu-
lation parameters were selected for each cell to
give postsynaptic potentials of maximal amplitude.
EvokedEPSPswereelicitedbyelectrical stimulation
delivered to either the ipsilateral nucleus magnocel-
lularis (NM), or to the fibers originating from the
contralateral NM and innervating the ventral
neuropils of the NL neurons. In experiments de-
signed to test coincidence detection, the two
stimulating electrodes were placed such that they
were independent and the response latencies re-
corded from the same neuron were similar (Lu, 2009). The time interval
between the two stimuli (�t) was varied to simulate ITD coding process. �t
was defined as 0 when the firing probability, defined as the total number of
spikes divided by the total number of stimuli, was maximal.

All chemicals and drugs were obtained from Sigma-Aldrich except for
3-[[(3,4-dichlorophenyl)methyl]amino]propyl]diethoxymethyl)phos-
phinic acid (CGP52432), 11,12,13,13a-tetrahydro-7-methoxy-9-oxo-9H-
imidazo[1,5-a]pyrrolo[2,1-c][1,4]benzodiazepine-1-carboxylic acid, ethyl
ester (L-655,708), 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazine bu-

Figure 1. A tonic GABAergic current is present in middle/high- but not in low-CF NL neurons and is developmentally regulated. A, B,
Schematic diagram of the avian auditory brainstem. NA, Nucleus angularis; NM, nucleus magnocellularis; SON, superior olivary nucleus; 8th
n, cranial nerve VIII. The NL was divided into two regions according to the CF of the neurons (adapted from Rubel and Parks, 1975). C1,
SR95531 (20 �M), a specific GABAAR antagonist, blocked sIPSCs in both low- and middle/high-CF neurons, but only evoked an outward
current in the middle/high-CF neuron. The dashed lines are artificial drawings to help visualize the effects of SR95531. C2, Recordings (2 s)
under control conditions at an enlarged scale, with one sIPSC being shown at higher temporal resolution. C3, Distribution of the amplitudes
of the sIPSCs recorded from the two sampled neurons under control conditions. C4, All-point histograms of the baseline currents fitted with
a Gaussian function (control, black; SR95531, gray). The amplitude of the tonic current was defined as the difference in the means of the
Gaussian fit between control conditions and in presence of SR95531. D, Amplitude of the tonic current, frequency, and amplitude of the
sIPSCs in middle/high-CF neurons (MF/HF, n � 71) versus low-CF neurons (n � 10), from E17 to P1 animals. E, Development of the tonic
current,thefrequency,andamplitudeofsIPSCs[E11,n�6;E13,n�9;E17–P1,n�81;neuronssampledfromall frequencyregionswere
lumped (e.g., for E17–P1 animals, there were 71 middle/high-CF and 10 low-CF neurons)]. In this and subsequent figures, bars represent
means 	 SEM. *p 
 0.05, **p 
 0.01, and ***p 
 0.001, t test or ANOVA post hoc Fisher’s test. Cells were held at �60 mV for
voltage-clamp experiments. LF, MF, HF, Low-, middle-, and high-CF neurons of the NL, respectively.
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tanoic acid (SR95531), and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
(THIP), which were obtained from Tocris. Drugs were bath-applied using a
gravity-driven perfusion system, except for concanamycin A, the stock solu-
tion of which was prepared in DMSO, and the final solution was prepared in
a small volume (�2 ml) of ACSF in which slices were preincubated for �1.5
h before electrophysiological recordings.

Data analysis. The measurement of the tonic current was determined
by following a protocol published previously (Glykys et al., 2007). Briefly,

chart recordings of the holding current under
voltage-clamp mode were obtained at a hold-
ing potential of �60 mV, in presence of gluta-
mate receptor antagonists (50 �M DNQX and
100 �M APV for AMPA and NMDA receptors,
respectively). Once a stable baseline under the
control conditions was obtained, the GABAAR
blocker (either 20 �M SR95531 or 40 �M bicu-
culline) was bath-applied. The tonic current, if
any, could be qualitatively observed as a base-
line shift of the holding current. To quantita-
tively analyze the amplitude of the tonic
current, a 10 –30 s period of the recordings un-
der each condition was used for all-points his-
togram plots. To construct such plots in
AxoGraph, an initial segment of the chart re-
cordings that did not contain spontaneous
IPSCs (sIPSCs) was set as the baseline (ampli-
tude set to zero). The amplitudes of all the data
points in the recording under the control con-
dition were transferred to a histogram plot, and
the amplitudes of all the data points in the re-
cording under a drug condition were trans-
ferred to another histogram plot. Because the
sampling rate was 20 kHz, each plot contained
200,000 – 600,000 points. A Gaussian fit was
applied to the histogram plot. Under control
and other conditions in which sIPSCs were
present, the histogram had a skewed distribu-
tion toward synaptic events, and the Gaussian
fit was applied only to the unskewed portion of
the distribution. The mean of the fitted Gauss-
ian was considered as the mean of the holding
currents. Thus, the amplitude of the tonic cur-
rent was defined as the difference in the means
of the Gaussian fit between control conditions
and in presence of SR95531 or bicuculline.

The resting membrane potential was read
from the amplifiers immediately after the
whole-cell configuration was established. The
input resistance was calculated from the volt-
age responses to a somatic current injection
(�100 pA), which gave rise to a similar voltage
change to the size of EPSPs. sIPSCs were de-
tected by a template using a function for prod-
uct of exponentials, f(t) � [1 � exp(�t/rise
time)]*exp(�t/decay �), in which t stands for
time and � for time constant. The values of the
parameters for the template were determined
based on the average of real events. The detec-
tion threshold was three times the noise SD,
which allowed the detection of most of the
events with the least number of false positives.

Graphs were made in Igor (Wavemetrics).
Means and SEMs are reported. Statistical dif-
ferences were determined by paired or un-
paired t tests, unless otherwise indicated.

GABAAR-� subunit immunostaining and
Western blot analysis. For immunostaining of
the � subunit (GABRD), we followed the pro-
tocol by Peng et al. (2002) with slight modifi-
cations. E21 to P15 chicks were used. Embryos

were rapidly decapitated and their brains were immediately immersed in
4% paraformaldehyde (PFA), pH 7.4, in phosphate buffer, whereas
hatched animals were deeply anesthetized (Fatal-Plus; Vortech Pharma-
ceuticals) and transcardially perfused with PFA. The brains were post-
fixed in PFA for 2 h at room temperature and then overnight at 4°C,
rinsed thoroughly in PBS, and vibratome-sliced (50 �m in thickness).
Endogenous peroxidase activity was quenched for 30 min in 1% H2O2

Figure 2. �-GABAARs mediate the tonic current. Pharmacological (A–F ) and anatomical (G–M ) evidence of GABAAR � subunit
expression. �-GABAARs are known to be sensitive to the agonist THIP and insensitive to flurazepam. A, THIP (3 �M) enhanced the
tonic current without altering the kinetics of sIPSCs in a middle/high-CF neuron. B, In contrast, flurazepam (5 �M) slowed the decay
of sIPSCs without affecting the tonic current. C, THIP (3 �M; n � 6) but not flurazepam (5 �M; n � 5) enhanced the tonic current.
D, Effects of THIP and flurazepam on phasic sIPSCs. E, F, THIP (3 �M) revealed a small tonic current in low-CF neurons (n � 8). Note
that THIP at the same concentration dramatically enhanced the tonic current in middle/high-CF neurons (n � 6), resulting in a
tonic current of absolute amplitude approximately sixfold higher than that for low-CF neurons. G, Western blot confirmed the
specificity of the antibody against the � subunit. H–K, The � subunit was strongly expressed in the cerebellum of the mouse (H )
and the chick (J ), and the staining was negative when the primary antibody was omitted (I, K ). L, M, The � subunit was expressed
in the chicken NL, without an obvious graded distribution along the tonotopic axis. The dashed lines define the boundaries of the
NL (in L, low-CF region; in M, middle/high-CF region). Note multiple layers of cell bodies at the very lateral NL. The insets show a few
cells at a higher magnification. Scale bars: (in I ) H–K, 200 �m; (in M ) L, M, 100 �m; inset, 15 �m.
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and nonspecific binding sites were blocked for 2 h in 10% normal goat
serum (in 0.3% Triton-X), with avidin (200 �l/ml), in Tris-buffered
saline (TBS), pH 7.6. For antigen retrieval, sections were heated (70 –
90°C) in sodium citrate buffer (0.05 M) and 0.9% NaCl solution. After
rinse with TBS, sections were incubated overnight with an anti-GABRD
antibody raised in rabbits (1:100; Millipore), with 2% goat serum and
biotin (200 �l/ml), followed by incubation with the biotinylated goat
anti-rabbit secondary antibody (1:1000 for 2 h). The signal was amplified
using an avidin– biotin– horseradish peroxidase-based system (Vector
Laboratories). Sections were rinsed in TBS before nickel- or osmium-
intensified diaminobenzidine exposition, mounted on slides, and al-
lowed to air dry. Finally, slices were dehydrated, cleared in xylene, and
coverslipped using Permount mounting media (Thermo Fisher Scien-
tific). Negative control experiments were performed by omitting the
primary antibody. Images were taken with a high-resolution CCD cam-
era system (Spot camera; Diagnostic Instruments) mounted on an Olym-
pus Provis AX70 microscope.

All reagents for Western blot analysis were purchased from Thermo
Fisher Scientific unless otherwise stated. Eight chicks (P3) and two mice
(P21) were deeply anesthetized by isoflurane inhalation (Aerrane; Baxter
International) and rapidly decapitated. The brains were immediately dis-
sected out in ice-cold ACSF. Tissues of interest were collected into vials
filled with lysis buffer (in mM: 20 Tris-HCl, 10 EDTA, 10 EGTA, 2 MgCl2,
250 sucrose, pH 8.0). After homogenizing the tissues, total proteins were
extracted by centrifugation and their concentration was determined by
BCA assay. Proteins were loaded (50 �g/lane), separated by 10% SDS-
PAGE, and wet-transferred onto PVDF (polyvinylidene difluoride)
membranes (100 V, 1 h) which were blocked in 5% skim milk–TBS–
Tween, pH 7.5 (1 h), before incubation with anti-GABRD antibody (1:
200 in blocking buffer) overnight at 4°C. Membranes were then rinsed
and incubated 1 h with horseradish peroxidase-conjugated goat anti-
rabbit IgG (1:3000; Bio-Rad), processed for chemiluminescent reaction
(5 min; ECL kit), and developed on film.

Results
A GABAAR-mediated tonic current is expressed in the
middle/high-CF NL neurons
NL neurons receive GABAergic inputs (Carr et al., 1989; Code et
al., 1989), which are unusually depolarizing in the chick by the
time of hatching (Tang et al., 2009), a time at which hearing has
been established (Jackson and Rubel, 1978) and sound localiza-
tion is fairly mature (Gray and Rubel, 1985). GABAAR-mediated
tonic currents were investigated by recording whole-cell currents
from NL neurons in presence of antagonists for ionotropic glu-
tamate receptors. The recordings were performed under normal
physiological recording conditions [i.e., without application of
exogenous GABA and with an intracellular Cl� concentration
(37 mM) approximating the physiological concentration that we
measured with gramicidin-perforated patch recordings in a
previous study (Tang et al., 2009)]. Because the chicken NL is
tonotopically organized (Rubel and Parks, 1975), in this study
the NL was approximately divided into two (low and middle/

high) CF regions (Fig. 1 A, B). Application of SR95531 (20 �M),
a competitive GABAAR antagonist, completely abolished the
sIPSCs in both the low- and middle/high-CF neurons. Interest-
ingly, SR95531 also revealed an outward current, but only in the
middle/high-CF group (Fig. 1C). The amplitude of the tonic cur-
rent in middle/high-CF neurons was 24.8 	 1.6 pA (n � 71), and
it was minimal in low-CF neurons (0.2 	 1.2 pA; n � 10) (Fig.
1D1). Bicuculline (40 �M), another GABAAR antagonist, pro-
duced similar effects as those of SR95531 (tonic current of 32.3 	
6.1 pA in middle/high-CF neurons; n � 5) (data not shown),
further confirming the presence of tonic currents in middle/
high-CF neurons. However, for subsequent experiments we pre-
ferred to use SR95531, rather than bicuculline, because of the
possible blockade of potassium channels by bicuculline (Debar-
bieux et al., 1998).

Because the frequency and amplitude of sIPSCs were signifi-
cantly higher in middle/high-CF neurons than in low-CF neu-
rons (Fig. 1D2,D3), it is possible that the tonic current in middle/
high-CF neurons resulted from temporal summation of sIPSCs.
However, our results argue against this possibility. First, we noted
that, during application of SR95531, the amplitude of the tonic
current in middle/high-CF neurons continued to grow even after
all sIPSCs were blocked. Second, we observed that, under control
conditions, most individual sIPSC events were distinct, with only
occasional presence of bursts (Fig. 1C2). These data suggest that
the tonic current amplitude increases with the sIPSC frequency
and amplitude, not because sIPSCs temporally summate but
likely because the ambient GABA concentration parallels the syn-
aptic activity. Pharmacological evidence supporting this conclu-
sion is presented later.

To further explore the relationship between synaptically re-
leased GABA and the tonic current, we examined the develop-
ment of the GABAergic transmission in younger embryos (E11
and E13). Synaptic GABAAR-mediated responses in NL neurons
were first recorded at E11, and application of SR95531 did not
reveal any tonic current at this age (0.1 	 1.6 pA; n � 6). At E13,
the frequency of sIPSCs increased to a few hertz, and a tonic
current was first detectable (7.0 	 2.9 pA; n � 9). The amplitude
of the tonic current recorded from NL neurons obtained from
late embryos (E17–E19; n � 75) was not significantly different
from that of early hatchlings (P0 –P1; n � 6), so data from these
two age groups were combined. At E17 to P1, the amplitude of the
tonic current significantly increased (21.7 	 1.6 pA; n � 81), as
did the frequency and amplitude of sIPSCs (Fig. 1E). Therefore,
the tonic current in NL neurons is developmentally regulated,
and its amplitude appears to correlate with the strength of the
synaptic inhibition.

Table 1. Effects of drugs on tonic and phasic GABAergic currents in the middle/high-CF neurons

Tonic current (pA) sIPSC frequency (Hz) sIPSC amplitude (pA)

Drugs (n) Control Drug Control Drug Control Drug

THIP (6) 22.7 	 5.8 74.6 	 6.8*** 10.1 	 2.6 9.6 	 2.5 41.7 	 4.4 32.6 	 3.8*
Flurazepam (5) 35.5 	 10.7 38.9 	 8.8 11.0 	 1.9 11.1 	 1.8 50.7 	 7.7 50.5 	 8.0
Concanamycin A 27.6 	 8.0 (5) 6.9 	 2.4 (6)* 6.0 	 1.0 (5) 1.4 	 0.5 (6)** 55.2 	 5.3 (5) 38.8 	 4.4 (6)*
L-655,708 (5) 30.8 	 6.4 33.1 	 7.5 9.3 	 3.6 9.4 	 3.3 36.1 	 8.8 35.8 	 9.4
0 mM Ca 2� (5) 19.8 	 1.9 7.0 	 2.3*** 7.8 	 1.8 4.2 	 1.3* 41.4 	 9.2 32.6 	 5.9
Baclofen (5) 26.7 	 1.3 5.6 	 2.1*** 10.1 	 0.4 5.6 	 0.6** 28.1 	 2.6 29.9 	 3.5
CGP52432 (6) 29.7 	 4.3 33.8 	 4.7 11.2 	 1.5 11.7 	 1.7 47.9 	 8.2 46.2 	 7.7

n, Number of cells.

*p 
 0.05, **p 
 0.01, and ***p 
 0.001, Student’s paired t test, except that for concanamycin A, unpaired t test was used, and the number of cells is shown in parentheses after the data sets because the cells recorded under the control
condition (slices pretreated in 0.5% DMSO) were different from the cells recorded under the drug condition.
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�-GABAARs mediate the tonic current
Next, we sought to identify the receptors me-
diating the tonic current in the NL. GABAARs
are pentameric receptors, consisting of 5 of 19
possible subunits (�1–6, �1–3, �1–3, �, �, �,
	, 
1–3). Among these combinations, only a
few (�4�-, �6�-, �5�-, and �-containing re-
ceptors) compose extrasynaptic GABAARs
with high GABA binding affinity and low
desensitization properties (for review, see
Farrant and Nusser, 2005). Tonic inhibition
is markedly associated with the expression
of either the � subunit, which is exclusively
present at extrasynaptic locations (Nusser et
al., 1998), or the �5 subunit (Caraiscos et al.,
2004; Ade et al., 2008). To address this, we
took advantage of the distinct pharmaco-
logical properties displayed by GABAARs
related to their subunit constitution. In-
deed, whereas �-GABAARs are highly sensi-
tive to the GABAAR partial agonist THIP
(Brown et al., 2002), they are insensitive to
benzodiazepine-site ligands such as fluraz-
epam (Cope et al., 2005). THIP, at several
micromolar concentrations, is a specific ag-
onist for native �-GABAARs (Cope et al.,
2005; Maguire et al., 2005).

We found that THIP (1 or 3 �M; n �
6), but not flurazepam (5 �M; n � 5), in-
duced a significant increase of the tonic
current (Fig. 2A–C, Table 1). THIP also
decreased the amplitude of sIPSCs, with-
out affecting their frequency or kinetics.
Flurazepam prolonged the decay time
constant of sIPSCs (control, 12.8 	 1.0
ms; flurazepam, 14.4 	 1.3 ms; n � 5; p 

0.01), but did not affect their frequency or
amplitude (Fig. 2B,D, Table 1). In con-
trast, L-655,708 (50 �M), a selective antag-

4

Figure 3. Experimental manipulations that reduce the re-
lease probability of GABA lead to a diminished tonic current. A,
Left, Representative recordings from a middle/high-CF neuron
under normal (black) and zero extracellular Ca 2� (green) con-
ditions. Right, Gaussian fits to all-point histograms of the
baseline currents (control, black; 0 Ca 2�, green; SR95531,
gray). B, Summary data showing that low Ca 2� (n � 5) sig-
nificantly reduced the amplitude of the tonic current. C, Low
Ca 2� reduced the frequency without changing the amplitude
of sIPSCs. D, Baclofen (100 �M), a GABABR agonist, suppressed
the tonic current (control, black; baclofen, orange; SR95531,
gray). E, Summary data showing that baclofen (n � 5) signif-
icantly reduced the amplitude of the tonic current. F, Baclofen
reduced the frequency without changing the amplitude of
sIPSCs. G, Tonic current was not detectable in a middle/
high-CF neuron recorded from a brain slice incubated for�1.5
h in ACSF containing concanamycin A (2 �M), an inhibitor of
vesicular H �-ATPase, whereas tonic current was evident in an
NL neuron recorded from another slice incubated in the vehicle
(0.5% DMSO) (control, black; concanamycin A, red; SR95531,
gray). H, I, Summary data showing that concanamycin A (n �
6) significantly reduced the amplitude of the tonic current, and
the frequency and the amplitude of sIPSCs.
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onist for GABAARs containing the �5 subunit (Caraiscos et al.,
2004), did not change the tonic current (Table 1), indicating that
GABAARs containing the �, but not the �5, subunit are respon-
sible for the tonic current in the NL. The presence of the � subunit
is critical. The expression of this subunit in cerebellar granule
cells (Nusser et al., 1998; Peng et al., 2002) is closely associated
with a functional tonic inhibition (Hamann et al., 2002; Chad-
derton et al., 2004), whereas in granule cells of the dorsal cochlear
nucleus, an anatomically and physiologically cerebellum-like
structure, there is no tonic inhibition (Balakrishnan and Trussell,
2008), probably because of the lack of � subunit (Campos et al.,
2001). Interestingly, application of THIP (3 �M) induced a small
but significant outward current in low-CF cells (control, 2.7 	
2.0 pA; THIP, 12.6 	 2.4 pA; n � 8; p 
 0.01) (Fig. 2E,F),
suggesting the presence of the � subunit in the low-CF region,
although the GABAARs containing this subunit may not be con-
stitutively active in the slice preparation. Furthermore, the effects
of THIP suggest that the tonic conductance can be modulated
without enhancing the probability of temporal summation of
sIPSCs. The fact that flurazepam prolonged sIPSCs but did not
affect the tonic current further indicates that the tonic current
does not result from temporal summation of sIPSCs.

Consistent with these findings, the presence of � subunit in the
NL was confirmed by Western blot analysis and immunostaining
techniques (Fig. 2G–M). Antibodies against the rat � subunit
have been developed, and the GABRD gene, coding for the �450
aa � subunit, is conserved among human, chimpanzee, mouse,
rat, dog, cow, and zebrafish. In the chicken, a predicted sequence,
coding for a homologous 775 aa protein, has been described (Na-
tional Center for Biotechnology Information accession number
XP_001234041.1), with the protein being longer in the C-terminal
domain by 347 aa than its mouse/rat counterparts. We first tested the
specificity of the antibody in the chick by Western blot. The mouse
cerebellum, where reactivity has been previously confirmed (Peng et
al., 2002), was used as a positive control (54 kDa) (Fig. 2G, lane 1).
In protein extracts from multiple chicken tissues (cerebellum,
cerebrum, ventral part of the brainstem, and dorsal part of the
brainstem containing the NL), a band was detected at the ex-
pected molecular weight of �85 kDa, as predicted from the pri-
mary amino acid sequence (Fig. 2G, lanes 2–5). Interestingly, a
�53 kDa band was found in the chick brainstem (Fig. 2G, lanes 4
and 5). This could represent a splice variant of the subunit that
corresponds to the first seven exons of the gene, the product of
which corresponds to a 428 aa protein, highly similar to the hu-
man and mouse subunits. Because the antibody seemed to recog-
nize the chick � subunit, immunohistochemistry staining was
performed. Mouse cerebellar tissues were used as positive con-
trols (Fig. 2H). Strong immunoreactivity was observed in the
cerebellum of the chick (Fig. 2 J). Although the signal was rela-
tively weak, the expression of the � subunit was observed in NL
neurons, without any obvious gradient distribution along the
frequency axis (Fig. 2L,M) (n � 7 animals). The staining ap-
peared to be primarily located on the somatic membrane and
diffusely distributed on the neuropils (Fig. 2L,M, insets).

GABA spillover mediates the tonic current
We next investigated the origins of GABA responsible for gener-
ating the tonic current. Ambient GABA could originate from
synaptic spillover during vesicle release (for review, see Farrant
and Nusser, 2005). To determine whether the tonic current is
dependent on synaptic activity, we studied the effects of reducing
GABA release on the tonic current. We first varied the extracel-
lular Ca 2� concentration, hypothesizing that if the source of am-

bient GABA was from synaptic release, reduction of the synaptic
release probability by lowering extracellular Ca 2� concentration
would reduce or abolish the tonic current. Indeed, Ca 2� removal
significantly reduced the tonic current and significantly reduced
the frequency of sIPSCs without affecting their amplitude (Fig.
3A–C, Table 1).

An alternative approach to modulate synaptic GABA release is
by acting on G-protein-coupled GABABRs. We have previously
shown that activation of presynaptic GABABRs reduces GABA
release onto NL neurons (Tang et al., 2009). Indeed, application
of baclofen (100 �M), a selective GABABR agonist, reduced sIPSC
frequency without altering their amplitude. Accordingly, the am-
plitude of the tonic current was reduced significantly (n � 5) (Fig.
3D–F, Table 1). Because GABABRs also display a high affinity for
GABA, we wondered whether ambient GABA could activate
these receptors and thus regulate the tonic current, as shown in
Cajal–Retzius cells of the mouse visual cortex (Kirmse and
Kirischuk, 2006). In NL neurons, application of CGP52432 (20
�M), a selective GABABR antagonist, affected neither sIPSCs nor
the tonic current (n � 6; p � 0.05) (Table 1), indicating that
presynaptic GABABRs are not activated by ambient GABA at rest
in the NL.

We further confirmed our observations with concanamycin
A, an inhibitor of vesicular H�-ATPase, which is known to abol-
ish the H� gradient across the membrane of synaptic vesicles,
preventing accumulation of neurotransmitters into vesicles (for
review, see Dröse and Altendorf, 1997) and thus reducing synap-
tic transmission (Zhou et al., 2000). More interestingly, concana-
mycin A reduces the tonic current mediated by vesicular GABA
release (Glykys and Mody, 2007a) but does not affect the tonic
current mediated by nonvesicular GABA release (Rossi et al.,
2003). This provides a useful pharmacological tool to determine
the source of ambient GABA. We therefore took advantage of this
tool by incubating the brain slices with either concanamycin A (2
�M) or the vehicle DMSO (0.5%) for �1.5 h before physiological
recordings. We found that tonic currents were hardly detectable
in middle/high-CF NL neurons recorded from brain slices incu-
bated in concanamycin A (n � 6), whereas tonic currents were
evident in neurons recorded from control slices incubated in the
vehicle (n � 5) (Fig. 3G,H). Concanamycin A (n � 6) also sig-
nificantly reduced the frequency and the amplitude of sIPSCs
(Fig. 3I).

Our data indicate that GABA spillover from synaptic release
sites at the GABAergic terminals innervating NL neurons consti-
tutes the major source of the ambient GABA underlying the tonic
current. This suggests a possible correlation between the tonic
current and the phasic current. We therefore analyzed this rela-
tionship by plotting the tonic current amplitude against both the
frequency and amplitude of sIPSCs. We detected a positive linear

Figure 4. The tonic current is highly correlated with the phasic inhibition. Linear regression
analyses show that the amplitude of the tonic current was positively correlated with the fre-
quency (A) and amplitude (B) of sIPSCs (n � 81).
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relationship between the tonic current and both sIPSC parame-
ters (n � 81) (Fig. 4), indicating that the tonic current is highly
correlated with the strength of the phasic current in the NL.

Tonic GABAergic inhibition sharpens coincidence detection
Tonic inhibition contributes to “signal integration” in the brain by
setting the threshold for action potential (AP) generation (Häusser
and Clark, 1997; Brickley et al., 2001; Hamann et al., 2002) and

shunting the excitatory synaptic inputs
(Brickley et al., 2001; Stell et al., 2003; Chad-
derton et al., 2004). To investigate the pos-
sible functional significance of the tonic
current in NL neurons, we examined the ef-
fects of blocking the tonic current on their
neuronal properties and on the process of co-
incidence detection. As expected, SR95531
produced a hyperpolarization of the resting
membrane potential (n � 33) and a signifi-
cant increase (by 25%) in the input resis-
tance (n � 11) (Fig. 5A,B). The same effects
were observed when the membrane poten-
tial under the control conditions was ad-
justed to a fixed level (�65 mV) with
somatic current injections (n � 6) (Fig. 5B,
gray and green bars). SR95531 also signifi-
cantly increased (by 22%) the EPSP ampli-
tude and half-width (the time period at the
half amplitude) (Fig. 5C,D). The percentage
change in the input resistance was compara-
ble with that in the EPSP amplitude. When
the initial membrane potential was fixed at
�65 mV, the increase in the input resistance
was large (by 51%). We did not measure the
EPSPs of this group of neurons; therefore, it
is unknown whether the change in the EPSP
size was comparable with that in the input
resistance.

Because the EPSP size and time course
are negatively correlated with the acuity of
coincidence detection (Kuba et al., 2002,
2003; Cook et al., 2003), we predicted that
blocking the endogenous activation of
GABAARs would compromise the preci-
sion of coincidence detection in middle/
high-CF neurons. To study the process of
ITD coding in vitro, we recorded the voltage
responses of NL neurons to electrical stim-
ulations of the dorsal (ipsilateral) and ven-
tral (contralateral) glutamatergic pathways
at variable time intervals (Fig. 5E–H). The
average firing probability was plotted
against the stimulus time interval. The
precision of coincidence detection was
calculated as the time window, which was
defined as the time period corresponding
to the half-maximum firing probability
(Fig. 5G). SR95531 (20 �M) significantly
decreased the precision of coincidence de-
tection coding: the time window was
broadened significantly, from 0.56 	 0.09
to 0.98 	 0.21 ms (n � 9; p 
 0.01) (Fig.
5H). We therefore conclude that sponta-
neously released GABA-induced inhibi-

tion sharpens coincidence detection in NL neurons.
One limitation of these experiments is that the effects of the

tonic inhibition cannot be separated from those of the phasic
inhibition because of the lack of antagonistic mechanisms spe-
cific to �-GABAARs and possible activation of the GABAergic
inputs by the ipsilateral stimulation that was desired to activate
the ipsilateral glutamatergic inputs only. Whereas the contralateral
stimulation appeared to activate the glutamatergic inputs only, the

Figure 5. Blockade of endogenous GABAAR activity broadens both EPSPs and the time window for coincidence detection in
middle/high-CF neurons. A, SR95531 (20 �M) blocked sIPSPs and hyperpolarized the membrane. The inset shows a short period of
the recording at an enlarged timescale. B, SR95531 significantly hyperpolarized the membrane (n � 33) (black and red bars) and
increased the input resistance (n � 11) (black and red bars). The same effects were observed when the initial membrane potential
under the control conditions was adjusted to a fixed level (�65 mV) with somatic current injections (n � 6) (gray and green bars).
C, Left, EPSPs recorded with (red) and without (black) SR95531. Right, EPSPs normalized to their peak showing the time course. D,
SR95531 significantly increased both the amplitude and the half-width (the time period at the half-amplitude) of EPSPs (n � 10).
E, Experimental paradigm. The two electrical stimuli (Ipsi and Contra) activate the dorsal and the ventral glutamatergic inputs,
respectively. The time intervals between the two stimuli were varied to simulate the process of ITD coding. F, Voltage responses to
bilateral stimulations with and without SR95531. Time intervals between the two stimulations are indicated on bottom of the
panel. The numerical on the top right of each set of traces indicates the spike probability. G, Normalized firing probabilities as a
function of time intervals (n � 9). H, SR95531 significantly increased the time window of coincidence detection (n � 9).
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ipsilateral stimulation could activate both
the glutamatergic and GABAergic inputs,
especially when the stimulating electrode
was placed in the area dorsal and lateral to
the NL, as shown in our previous study
[Tang et al. (2009), our Fig. 7]. The area dor-
sal and lateral to the NL seems to be where
the glutamatergic projections from the ipsi-
lateral NM to the NL and the GABAergic
projections from the ipsilateral superior ol-
ivary nucleus (SON) to the NL mix and
travel together. In the present study, the
ipsilateral stimulating electrode was
placed “in the NM” to avoid activating the
GABAergic inputs originating from the
SON. Even by doing so, we cannot com-
pletely exclude the possibility of activating
some GABAergic inputs, because there
are local GABAergic neurons sparsely dis-
tributed in and around the NM and NL
(von Bartheld et al., 1989). To alleviate
these limitations and to more specifically
examine the role of tonic inhibition, we
used the same experimental paradigm and
studied the effects of an enhanced tonic
inhibition on EPSPs and coincidence
detection. We predicted that enhancing
tonic inhibition would generate effects op-
posite to those of SR95531. Indeed, THIP (3
�M) depolarized the membrane (control,
�68.9 	 1.1 mV; THIP, �64.2 	 1.1 mV;
n � 22; p 
 0.001), reduced the input resis-
tance by 44% (control, 117.1 	 21.7 M�;
THIP, 65.7 	 13.5 M�; n � 9; p 
 0.01),
decreased EPSP amplitude by 21% (control,
6.1 	 0.6 mV; THIP, 4.8 	 0.4 mV; n � 9;
p 
 0.01), and shortened their half-width
(control, 2.1 	 0.1 ms; THIP, 1.6 	 0.1 ms;
n � 9; p 
 0.001). The reason for the differ-
ential percentage changes in the input resis-
tance compared with the EPSP amplitude is
unclear. The same effects were observed
when the membrane potential under the
control conditions was adjusted to a fixed
level (�65 mV) with somatic current injec-
tions (n � 6) (Fig. 6B, gray and green bars).
Consistent with these effects, THIP nar-
rowed the integration time window significantly from 0.55 	 0.11 to
0.25 	 0.05 ms (n � 8; p 
 0.01), improving coincidence detection
(Fig. 6).

Finally, our experiments indicate that the effects of the tonic
inhibition on EPSPs and consequently on coincidence detection
rely mainly on a shunting mechanism. This conclusion is based
on the observation that THIP (3 �M) inhibited spontaneous spik-
ing activity of NL neurons more effectively than did a simple
positive-current injection into the recorded cells, which elicited
approximately the same amount of membrane depolarization
(Fig. 7A) (n � 3). Because the spontaneous spiking activity in
brain slices was observed in only a small proportion of NL neu-
rons, and because the spiking rate of the NL neurons that did fire
spontaneously was very low, we increased the spontaneous firing
by moderately inhibiting the ILTK with a specific blocker, dendro-
toxin (20 –50 nM). Dendrotoxin dramatically increased the

spontaneous firing, indicating that the ILTK is highly active at
the resting membrane potential, suppressing the excitability of
NL neurons. Consistent with the results without dendrotoxin,
THIP (3 �M) significantly inhibited the spiking activity,
whereas the same amount of membrane depolarization gener-
ated by positive current injections did not (Fig. 7B–D; n � 6).
Thus, activation of �-GABAARs proved to be a powerful mech-
anism to reduce the excitability of the NL neurons and to
improve ITD coding.

Discussion
We report three major findings. First, we discovered a tonic in-
hibition mediated by �-GABAARs in middle/high-CF neurons of
the NL. This constitutes the first evidence of the presence of a
tonic conductance activated by ambient GABA in the central
auditory system. Second, this tonic inhibition sharpened EPSPs,
reduced cellular excitability, and improved coincidence detection

Figure 6. Enhancement of the tonic current sharpens both EPSPs and the time window for coincidence detection in middle/
high-CF neurons. Experimental paradigm is the same as in Figure 5. A, B, THIP (3 �M) significantly depolarized the membrane (n�
22) (black and red bars) and decreased the input resistance (n � 9) (black and red bars). The same effects were observed when the
initial membrane potential under the control conditions was adjusted to a fixed level (�65 mV) with somatic current injections
(n � 6) (gray and green bars). C, Left, EPSPs recorded with (red) and without (black) THIP. Right, EPSPs normalized to their peak
showing the time course. D, THIP significantly decreased both the amplitude and the half-width of EPSPs (n � 9). E, Voltage
responses to bilateral stimulations with and without THIP. Time intervals between the two stimulations are indicated at the
bottom of the panel. F, Firing probabilities normalized to the maximum value (n � 8). G, THIP significantly decreased the time
window of coincidence detection (n � 8).
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in the NL, suggesting that the tonic conductance may facilitate
the sound localization process. Finally, an unusually depolarizing
shunting mechanism accounted for the inhibitory effects of the
tonic GABA conductance.

A �-GABAAR-mediated tonic current is present in
NL neurons
Three lines of evidence indicate that a tonic conductance medi-
ated by �-GABAARs is present in NL neurons. First, under nor-
mal physiological recording conditions, blocking GABAARs
revealed an outward tonic current. Despite the many factors that
could have prevented the recording of tonic GABA activity in
slice preparations (for review, see Glykys and Mody, 2007b), the
detection of a tonic current in NL neurons strongly suggests the
presence of extrasynaptic GABAARs with a high GABA-binding af-

finity. Second, pharmacological evidence strongly indicates that the
GABAARs mediating the tonic current in the NL contain the �
subunit. �-GABAARs express several unique features. They are
found exclusively at extrasynaptic sites (Nusser et al., 1998) and
have a very high affinity for GABA (Saxena and MacDonald,
1996). The � subunit also confers to the receptors slow desensi-
tization, high sensitivity to THIP (Brown et al., 2002), and low
sensitivity to enhancers of synaptic GABAARs such as benzodiaz-
epine derivatives (Nusser and Mody, 2002; Cope et al., 2005). The
tonic current in NL neurons was highly sensitive to THIP but
insensitive to the benzodiazepine agonist flurazepam, suggesting
that �-GABAARs mediated the current. Third, anatomical ap-
proaches demonstrated the expression of the � subunit in NL
neurons.

Interestingly, physiological results showed that expression of
this tonic current is CF dependent in the NL. One plausible ex-
planation would be that low-CF neurons have a lower level ex-
pression of the � subunit than middle/high-CF neurons, as the
differential expression of the � subunit has been associated with
differential amplitudes of the tonic current in hippocampal neu-
rons (Wei et al., 2003). However, we did not observe obvious
differences in the expression of the � subunit between low-CF
and middle/high-CF regions of the NL. An alternative explana-
tion for the CF-dependent tonic current is a differential release
probability between these CF regions. The low frequency of
sIPSCs in low-CF NL neurons suggests a low release probability
of GABA. Consequently, the neurons display a smaller tonic cur-
rent because of a low propensity for spillover (Semyanov et al.,
2003). Functionally, the presence of a small tonic current in
low-CF neurons suggests that phasic inhibition may play a major
role in ITD coding in these neurons, as suggested in mammalian
MSO neurons where a phasic glycinergic inhibition may shape
their ITD coding (for review, see Grothe, 2003).

Synaptically released GABA accounts for the tonic current in
NL neurons
The concentration of ambient GABA ranges from tens of nano-
molar to a few micromolar, and both vesicular and nonvesicular
releases contribute to the ambient GABA level (for review, see
Cavelier et al., 2005). The major source for ambient GABA in the
NL arises from synaptic release, because the activation levels of
phasic and tonic inhibitions are highly correlated. Low extracel-
lular Ca 2� conditions reduce the release probability, and
baclofen, by activating presynaptic GABABRs, suppresses GABA
release onto the NL (Tang et al., 2009). Both manipulations led to
a diminished tonic current. These results also suggest that the
contribution of nonsynaptic sources, such as release of GABA via
reversed transporter activity (for review, see Richerson and Wu,
2003) or astrocyte release (Kozlov et al., 2006; Lee et al., 2010), is
minimal in the NL. This conclusion is further supported by the
experiments in which tonic currents were not evident in middle/
high-CF NL neurons recorded from the brain slices pretreated
with concanamycin A. Therefore, tonic inhibition in the NL de-
pends on the GABA release that causes phasic inhibition, similar
to what has been reported in thalamic relay neurons of the dorsal
lateral geniculate nucleus (Bright et al., 2007) and neurons of the
mouse hippocampus (Glykys and Mody, 2007a). Neurons in the
NL receive GABAergic inputs from two origins: GABAergic neu-
rons located in the ipsilateral SON (Lachica et al., 1994; Yang et
al., 1999; Burger et al., 2005) and local interneurons around the
NL (von Bartheld et al., 1989), with the former being the primary
source. Because of technical limitations, these two GABA sources
were not studied separately.

Figure 7. Shunting inhibition by activation of �-GABAARs plays a major role in suppressing
the excitability of middle/high-CF neurons. A, THIP (3 �M) eliminated spontaneous APs,
whereas a positive-current injection into the soma that elicited approximately the same
amount of membrane depolarization did not. B, The same phenomenon was observed in pres-
ence of dendrotoxin (20 –50 nM), a blocker of ILTK, which caused a dramatic increase in the
background spiking activity. C, D, THIP significantly reduced the firing rate of NL neurons in the
presence of dendrotoxin, whereas current injections (Iin) did not (n � 6).
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Functional significance: implication in ITD coding
We propose that the depolarizing tonic GABAA conductance
contributes to temporal coding in the NL through multiple path-
ways. First, and the most important, a tonic GABAA conductance
produces a shunting inhibition at rest. This shunting inhibition
would decrease the amplitude of the membrane voltage change to
a given current input and thus would elevate spiking threshold.
Indeed, our data provide evidence that activation of the tonic
current reduces EPSP amplitude and decreases spontaneous fir-
ing rate. A consequence of this would be a scarcer spiking activity
of NL neurons in response to monaural inputs, ensuring proper
coincidence detection of the converging binaural inputs. Another
outcome of the shunting inhibition would be a larger voltage
decrement over the distance from the input sites, which would
further reduce the membrane time constant and sharpen the time
window for coincidence detection. Our data support this inter-
pretation and are in accordance with previous studies in which
exogenous GABA was applied onto NL neurons (Brückner and
Hyson, 1998; Funabiki et al., 1998). Second, because of its depo-
larizing nature, the tonic GABAA conductance in the NL would
depolarize the cellular membrane and activate ILTK. In turn, ac-
tivation of ILTK controls EPSP width, prevents the membrane
potential from reaching the spike threshold, and preserves bin-
aural synaptic timing (Mathews et al., 2010). Our results indicate
that the tonic GABAA conductance and the ILTK work synergisti-
cally toward producing a leaky and thus a fast membrane; indeed,
activation of the tonic conductance proved to be more efficient in
regulating the NL excitability than a mechanism involving only a
depolarization of the membrane. Again, the outcome will de-
crease the time window for coding convergent excitatory inputs.
Third, the partial inactivation of Na� channels as a consequence
of membrane depolarization would further elevate the spiking
threshold (Kuba et al., 2006; Howard and Rubel, 2010). There-
fore, the tonic inhibition may limit ongoing firing of NL neurons
in vivo and shape spontaneous firing patterns in such a way that
NL neurons are biased toward responding to converging bilateral
excitatory inputs in a rapid and sensitive manner.

This tonic GABAergic inhibition might be functionally similar
to the sustained inhibition formed by temporal summation of the
synaptic GABA currents in the NL (Yang et al., 1999; Monsivais
and Rubel, 2001) or by asynchronous GABA release in the nu-
cleus magnocellularis (Lu and Trussell, 2000). However, these
two forms of GABA inhibition exert their actions at different
physiological stages. Phasic inhibition caused by AP-induced
GABA release forms a long-lasting inhibitory tone during high-
frequency activity. This is a consequence of temporal summation
of synaptic currents (Yang et al., 1999), perhaps associated with
the dominant role of N-type calcium channels in triggering
GABA release at NL (Lu, 2009), which would facilitate asynchronous
release of GABA and thus temporal summation of sIPSCs (Hefft and
Jonas, 2005). In contrast, the tonic GABAA conductance provides a
persistent shunt and leads to subsequent activation of ILTK. We pro-
pose that this tonic conductance, already present at rest, sets the
baseline for a sharp time window in encoding the bilateral converg-
ing excitatory inputs for sound localization. At higher frequencies of
synaptic inputs, phasic and tonic inhibitions act together to further
enhance the precision of temporal coding.

Because tonic inhibition has functional consequences, its
magnitude is presumably subject to modulation. Although
GABABRs have a high GABA-binding affinity, they are not acti-
vated by the basal level of endogenous GABA in the NL, a finding
similar to what has been reported in mouse neostriatal neurons
(Kirmse et al., 2008). Therefore, tonic inhibition in the NL is

executed mainly via GABAA activity. However, because of the
correlation between phasic inhibition and tonic inhibition, mod-
ulation of phasic inhibition by G-protein-coupled receptors
(GPCRs) will inevitably regulate the concentration of ambient
GABA and thus the level of tonic inhibition. This is in contrast to
cases in which the tonic current is independent of AP-evoked
release of GABA and hence the tonic activity is not affected by
GPCRs (Rossi et al., 2003). In the NL, the evoked IPSCs are
dynamically modulated by both GABAB autoreceptors and
metabotropic glutamate heteroreceptors (Tang et al., 2009). The
suppression of evoked GABA release is expected to reduce
GABA spillover and thus modulate the dynamics of the tonic
current, as evidenced by the effects of baclofen on its ampli-
tude. Therefore, we propose that a persistent GABAAR current
maintains an inhibitory tone, generating a shunting inhibition
at rest in NL neurons and complementing the inhibition me-
diated by synaptic GABAARs, whereas GABABRs control the
dynamic strength of phasic inhibition.
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Chadderton P, Margrie TW, Häusser M (2004) Integration of quanta in
cerebellar granule cells during sensory processing. Nature 428:856 – 860.

Chance FS, Abbott LF, Reyes AD (2002) Gain modulation from background
synaptic input. Neuron 35:773–782.

Code RA, Burd GD, Rubel EW (1989) Development of GABA immunore-
activity in brainstem auditory nuclei of the chick: ontogeny of gradients in
terminal staining. J Comp Neurol 284:504 –518.

Cook DL, Schwindt PC, Grande LA, Spain WJ (2003) Synaptic depression
in the localization of sound. Nature 421:66 –70.

6130 • J. Neurosci., April 20, 2011 • 31(16):6121– 6131 Tang et al. • Tonic Inhibition Sharpens Coincidence Detection



Cope DW, Hughes SW, Crunelli V (2005) GABAA receptor-mediated tonic
inhibition in thalamic neurons. J Neurosci 25:11553–11563.

Debarbieux F, Brunton J, Charpak S (1998) Effect of bicuculline on tha-
lamic activity: a direct blockade of IAHP in reticularis neurons. J Neuro-
physiol 79:2911–2918.
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