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Key points

• It is known that synaptic inhibition plays important roles in auditory binaural neurons involved
in sound localization.

• Here, we show that GABAergic inhibition exhibits characteristic frequency (CF)-dependent
kinetics in auditory binaural neurons.

• We further show that differential profiles of asynchronous release and spillover of GABA
account for the distinct kinetics.

• GABAergic inhibition regulates neuronal excitability in a CF-dependent manner.
• The results suggest that GABAergic inhibition may exert a dynamic modulation of sound

localization processing in a CF-dependent manner.

Abstract The temporal characteristics and functional diversity of GABAergic inhibition are
determined by the spatiotemporal neurotransmitter profile, intrinsic properties of GABAA

receptors, and other factors. Here, we report two distinct GABAA responses and the underlying
mechanisms in neurons of the chicken nucleus laminaris (NL), the first encoder of interaural
time difference for sound localization in birds. The time course of the postsynaptic GABAA

currents in NL neurons, recorded with whole-cell voltage clamp, differed between different
characteristic frequency (CF) regions. Compared to low-CF (LF) neurons, middle/high-CF
(MF/HF) neurons had significantly slower IPSCs, with a 2.6-fold difference in the decay time
constants of spontaneous IPSCs and a 5.3-fold difference in the decay of IPSCs elicited by
single-pulse stimulus. Such differences were especially dramatic when IPSCs were elicited by train
stimulations at physiologically relevant frequencies, and at high stimulus intensities. To account
for these distinct GABAA responses, we showed that MF/HF neurons exhibited more prominent
asynchronous release of GABA. Supporting this observation, replacement of extracellular Ca2+

with Sr2+ increased the decay of IPSCs in LF neurons, and EGTA-AM reduced the decay of IPSCs
in MF/HF neurons. Furthermore, pharmacological evidence suggests that GABA spillover plays a
greater role in prolonging the IPSCs of MF/HF neurons. Consequently, under whole-cell current
clamp, synaptically released GABA produced short- and long-lasting suppression of the neuronal
excitability of LF and MF/HF neurons, respectively. Taken together, these results suggest that the
GABAergic inputs to NL neurons may exert a dynamic modulation of interaural time difference
(ITD) coding in a CF-dependent manner.
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Introduction

Based on the time course of the postsynaptic responses,
GABAergic inhibition mediated by ionotropic GABAA

receptors (GABAARs) is classified into two basic types,
phasic and tonic inhibition. Phasic inhibition results
from the activation of low-affinity synaptic GABAARs
by transient GABA release, whereas tonic inhibition
is mediated by persistent activation of extrasynaptic
GABAARs by ambient GABA (Farrant & Nusser, 2005).
Phasic inhibition is further divided into a classically rapid
inhibition and a slow inhibition (Capogna & Pearce,
2011), with the decay of IPSCs of the latter lasting tens to
hundreds of milliseconds. Some neurons may receive both
forms of inhibition at different cellular locations (Pearce,
1993). Several factors, including the spatiotemporal trans-
mitter profile and the biophysical properties of post-
synaptic receptors, have been suggested to underlie the
slow inhibition (Capogna & Pearce, 2011).

In the avian auditory brainstem, the nucleus laminaris
(NL), an analogue of the mammalian medial superior
olive, is essential in processing information for sound
localization in azimuth. NL neurons act as coincidence
detectors for converging binaural excitatory inputs,
encoding separately at each characteristic frequency (CF)
the extremely small interaural time difference (ITD, μs
range) in order for the animal to determine the position
of a sound source (Köppl & Carr, 2008; Kandler et al. 2009;
Seidl et al. 2010). While bilaterally segregated excitatory
inputs to NL are essential for ITD coding, the inhibitory
inputs play a critical role in modulating ITD processing
(Grothe, 2003; Nishino et al. 2008; Burger et al. 2011).
There are abundant GABAergic terminals impinging on
the soma and dendrites of NL neurons (Carr et al. 1989;
Code et al. 1989; Tabor et al. 2011). The primary source
of these GABAergic terminals is the ipsilateral superior
olivary nucleus (SON) (Lachica et al. 1994; Yang et al.
1999; Burger et al. 2005; Tabor et al. 2011), with additional
contributions from local GABAergic neurons sparsely
distributed in and around NL (Code et al. 1989).

Physiological studies suggest that NL neurons receive
multiple types of GABAAR-mediated inhibition. A back-
ground tonic inhibition mediated by extrasynaptic
δ-containing GABAARs expresses predominantly in
middle/high-CF (MF/HF), but not in low-CF (LF)
neurons (Tang et al. 2011), indicating that the
tonic GABAergic inhibition is CF dependent, as are
other physiological properties of NL neurons such
as voltage-gated Na+ and K+ channels (Kuba et al.
2005, 2006), hyperpolarization-activated cation channels
(Yamada et al. 2005), and glutamatergic responses (Kuba
et al. 2005; Sanchez et al. 2010; Slee et al. 2010).
Kuo et al. (2009) recently reported a classically rapid
GABAergic inhibition, whereas Funabiki et al. (1998)
and Yang et al. (1999) provided evidence for long-lasting

synaptic inhibition in NL neurons. The reasons for
this discrepancy are unclear. We hypothesized that the
phasic inhibition in NL neurons exhibited CF-dependent
kinetics differences. To test this hypothesis and more
importantly to reveal the underlying mechanisms, we
characterized the temporal properties of GABAergic trans-
mission in NL neurons in different CF regions, analysed
the profiles of asynchronous release and spillover of GABA,
and examined the regulation of neuronal excitability by
GABAergic inhibition with different kinetics.

Methods

Ethical approval

The experimental procedures have been approved by the
Institutional Animal Care and Use Committee (IACUC) at
Northeast Ohio Medical University, and are in accordance
with NIH policies on animal use.

Slice preparation and whole-cell recordings

Brainstem slices (250–300 μm thick) were prepared from
chick embryos (E17–21) and early hatchings (P3) of both
sexes, as described previously (Tang et al. 2009). Briefly,
the ice-cold artificial cerebrospinal fluid (ACSF) used for
dissecting and slicing the brain tissue contained (in mM):
250 glycerol, 3 KCl, 1.2 KH2PO4, 20 NaHCO3, 3 Hepes, 1.2
CaCl2, 5 MgCl2, and 10 dextrose, pH 7.4 when gassed with
95% O2 and 5% CO2. Slices were incubated at 34–36◦C
for ∼1 h in normal ACSF containing (in mM): 130 NaCl,
26 NaHCO3, 3 KCl, 3 CaCl2, 1 MgCl2, 1.25 NaH2PO4 and
10 dextrose (pH 7.4).

The NL was divided into three CF regions
(low: 0.4–1.0 kHz; middle: 1.0–2.5 kHz; and high CF:
2.5–3.3 kHz) based on the coding frequencies of neurons
along the tonotopic axis (Fig. 1A–B) (Rubel & Parks,
1975; Kuba et al. 2005). Specifically, about five coronal
brain slices (defined as slices 1–5 from rostral to caudal)
containing NL were obtained from each animal. The NL
in each slice was roughly divided into one to three sectors
along the medial-to-lateral axis, and the CF regions were
determined as previously described (Kuba et al. 2005).
In general, the cell bodies of MF/HF neurons form a
single-layer structure in the same plane of focus, whereas
the cell bodies of LF neurons form multiple layers. Similar
to our previous study (Tang et al. 2011), the neuronal
properties of middle and high CF neurons we examined
in this study were not significantly different, and hence we
report the data for two populations of NL neurons, LF and
MF/HF neurons. Voltage- and current-clamp experiments
were performed with an AxoPatch 200B and an AxoClamp
2B amplifier, respectively (Molecular Devices, Union City,
CA, USA). Recordings were performed in the same
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ACSF as the incubation at 35 ± 1◦C. The electrodes
had resistances between 3 and 7 M� when filled with a
solution containing (in mM): 105 potassium 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). The Cl−

concentration (37 mM) in the internal solution was chosen
to approximate the physiological Cl− concentration in
NL neurons measured with gramicidin perforated-patch
recordings (Tang et al. 2009). The liquid junction potential
was 10 mV, and data were corrected accordingly. Data were
low-pass filtered at 3–10 kHz, and digitized with a Data
Acquisition Interface ITC-18 (Instrutech, Great Neck, NY,
USA) at 20 kHz.

Synaptic stimulation and recordings of synaptic
responses

Extracellular stimulation was performed using concentric
bipolar electrodes with a tip core diameter of 127 μm
(World Precision Instruments, Sarasota, FL, USA). To
activate the GABAergic pathway, the stimulating electrode
was placed lateral to the NL using a Micromanipulator
NMN-25 (Narishige, Japan). Square electric pulses of
200 μs duration were delivered through a stimulator
A320RC (World Precision Instruments). IPSCs were
recorded in the presence of ionotropic glutamate receptor
antagonists (50 μM DNQX and 50 μM APV for AMPARs
and NMDARs, respectively) and GABAB receptor blocker
(10 μM CGP52432). The IPSCs were blocked by SR95531
(10 μM), a selective antagonist for GABAARs. To compare
the temporal properties of IPSCs obtained from NL
neurons at different CF regions, optimal stimulus
parameters were selected for each cell to give reliable post-
synaptic responses close to maximal amplitude, unless
otherwise indicated. For some neurons, we obtained
input–output functions by recording IPSCs in response
to systematically increasing stimulus intensities. When
we compared the IPSCs obtained at high intensity to
those obtained at low intensity in a given neuron, the
high intensity was defined as the stimulus intensity that
elicited responses close to maximal amplitude, and the low
intensity was defined as the stimulus intensity that elicited
about 25% of the maximal response.

All chemicals and drugs were obtained from Sigma
(St Louis, MO, USA) except for 3-[[(3,4-dichlorophenyl)
methyl]amino]propyl] diethoxymethyl)phosphinic acid
(CGP52432), 1,2,5,6-tetrahydro-1-[2-[[(diphenylmethyl
ene)amino]oxy]ethyl]-3-pyridinecarboxylic acid hydroc-
hloride (NNC711), 6-imino-3-(4-methoxyphenyl)-1(6H)
-pyridazinebutanoic acid (SR95531), and 1,2,5,6-tetrahy-
dropyridin-4-yl)methylphosphinic acid (TPMPA), which
were obtained from Tocris (Ellisville, MO, USA), and
EGTA-AM, which was purchased from Invitrogen
(Carlsbad, CA, USA).

Data analysis

Asynchronous release events occurring after electrical
stimulations were examined and counted with visual
inspection. Spontaneous IPSCs (sIPSCs) were detected by
a template using a function for product of exponentials,
f (t) = [1 − exp(−t/rise time)] × exp(−t/decay τ), in
which t is time and τ is the time constant, as described
previously (Tang et al. 2011). The decay time of the
last IPSCs were fitted by single or double exponential
functions. The best fit was selected by comparing the sum
of squared errors between fits with single and double
components. The weighted decay time constant was
calculated as τ = (Afastτfast + Aslowτslow)/(Afast + Aslow),
where Afast and Aslow represent the amplitude, and τfast

and τslow represent the time constants of the fast and slow
components of the IPSC, respectively. Half-width was
defined as the duration of the IPSCs measured at 50%
maximum amplitude.

Graphs were made in Igor (Wavemetrics, Lake Oswego,
OR, USA). Means and standard errors of the mean (SEM)
are reported. Statistical differences were determined by
paired or unpaired t tests, unless indicated otherwise.

Results

MF/HF NL neurons have slower IPSC kinetics
compared to LF neurons

The temporal properties of both spontaneous IPSCs
(sIPSCs) and evoked IPSCs were distinct between the LF
and MF/HF regions (Fig. 1C–H). The sIPSCs in MF/HF
neurons showed significantly slower decay time constants
(LF: 6.9 ± 0.4 ms, n = 27; MF/HF: 17.6 ± 0.7 ms, n = 49,
P < 0.001), while the rise times of the sIPSCs were
similar (LF: 1.1 ± 0.1 ms, n = 27; MF/HF: 1.2 ± 0.1 ms,
n = 49, P > 0.05) (Fig. 1C–E; Table 1). Consistent with
our previous study (Tang et al. 2011), MF/HF neurons
showed higher frequency and amplitude of sIPSCs
than LF neurons (Fig. 1E), suggesting higher release
probability and quantal size in MF/HF neurons. The
sIPSCs recorded in vitro in our hands may represent mini-
ature IPSCs (mIPSCs), because the amplitude histograms
of sIPSCs of both LF and MF/HF neurons were
unimodal and approximately normally distributed, and
the mIPSCs recorded in the presence of tetrodotoxin
(TTX, 1 μM) showed similar amplitude distributions
(Fig. 1F). Furthermore, we found a significant difference
in the mean amplitude of mIPSCs between LF and
MF/HF neurons (Fig. 1G; LF: −37.5 ± 5.1 pA, n = 5;
MF/HF: −62.7 ± 6.6 pA, n = 5, P < 0.05). Single-pulse
stimulation of the GABAergic pathway evoked IPSCs with
slow decay kinetics in MF/HF neurons, whereas IPSCs
of similar amplitude recorded from LF neurons were
significantly faster (LF: 10.4 ± 0.6 ms, n = 21; MF/HF:
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Figure 1. MF/HF NL neurons have slower IPSC kinetics
compared to LF neurons
A and 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 three regions
according to the neurons’ characteristic frequency (CF)
(adapted from Rubel & Parks, 1975). LF, MF, and HF: low,
middle and high CF, respectively. C, representative sIPSCs
from a LF neuron (top panel, red) and a MF/HF neuron
(lower panel, black). D, left, average sIPSCs. Right, average
sIPSCs normalized to the peak. E, summary of rise time,
weighted decay time constant, half-width, and amplitude
of sIPSCs in LF (n = 27) and MF/HF neurons (n = 49). No
significant difference was detected in rise time, whereas
the decay, half-width, and the amplitude of sIPSCs of
MF/HF neurons were significantly larger than those of LF
neurons. F, representative sIPSC amplitude histograms (bin
width of 5 pA) of both a LF and a MF/HF neuron showed
unimodal and normal distributions. Miniature IPSCs
(mIPSCs) recorded in the presence of TTX showed similar
amplitude distributions. G, the amplitude of mIPSCs of LF
neurons (n = 5) was significantly smaller than that of
MF/HF neurons (n = 5). H, left and middle, superimposed
individual IPSCs (grey) in response to single-pulse
stimulations, with the average IPSCs highlighted (thick red
and black traces). The IPSC amplitude was close to that of
the maximal responses. Right, average IPSCs normalized to
the peak. I, summary of rise time, weighted decay time
constant, half-width, and amplitude of IPSCs in LF (n = 21)
and MF/HF neurons (n = 21). IPSCs of MF/HF neurons had
slower rise time, decay, and hence broader width compared
to those of LF neurons. J, the kinetics of IPSCs elicited by
single-pulse stimulations was slower than that of sIPSCs,
regardless of the CF region. In this and subsequent figures,
bars represent means ± SEM; ∗P < 0.05, ∗∗P < 0.01, and
∗∗∗P < 0.001 (t test, unless indicated otherwise). Cells were
held at −60 mV for voltage-clamp experiments.
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Table 1. Decay time constants of IPSCs of NL neurons under
different stimulus conditions

Decay time constant (ms)

Stimulus condition LF (n) MF/HF (n)

Miniature IPSC 7.2 ± 0.8(5) 16.1 ± 1.5(5)∗∗

Spontaneous IPSC 6.9 ± 0.4(27) 17.6 ± 0.7(49)∗∗∗

Single-pulse IPSC 10.4 ± 0.6(21) 54.8 ± 10.3(21)∗∗∗

Train stimulations (same intensity)
1 Hz 11.5 ± 0.9(11) 81.4 ± 22.3(8)∗∗

5 Hz 13.2 ± 1.8 121.7 ± 26.0∗∗∗

10 Hz 14.2 ± 1.7 203.6 ± 45.0∗∗∗

50 Hz 33.2 ± 4.8 264.8 ± 46.5∗∗∗

100 Hz 60.5 ± 6.2 327.2 ± 59.4∗∗∗

200 Hz 77.5 ± 6.6 293.7 ± 59.2∗∗∗

Different stimulus intensity
Single-pulse, low

intensity
12.8 ± 2.7(9) 55.9 ± 10.9(14)

Single-pulse, high
intensity

12.7 ± 1.0(9) 73.4 ± 12.4(14)

t test P value >0.05 <0.05
100 Hz, low

intensity
68.8 ± 15.5(7) 203.3 ± 18.9(15)

100 Hz, high
intensity

76.5 ± 13.1(7) 355.7 ± 26.2(15)

t test P value >0.05 <0.01

n: number of cells. Weighted time constants (mean ± SEM) are
reported. ∗∗,∗∗∗: t test P < 0.01 and P < 0.001 between LF and
MF/HF neurons, respectively.

54.8 ± 10.3 ms, n = 21, P < 0.001, Fig. 1H and I ; Table 1).
The differences in the kinetics of sIPSCs and IPSCs
between LF and MF/HF neurons were also manifested in
the half-width of the IPSCs (Fig. 1E and I). The rise time
of IPSCs of MF/HF neurons was also longer than that of LF
neurons (LF: 1.6 ± 0.2 ms, n = 21; MF/HF: 2.9 ± 0.6 ms,
n = 21, P < 0.05). For both LF and MF/HF neurons, the
kinetics of evoked IPSCs was much slower than that of
sIPSCs (Fig. 1J).

IPSC decay of MF/HF neurons is more strongly
dependent on stimulus frequency and intensity than
that of LF neurons

The GABAergic neurons in the SON projecting to the
lower auditory brainstem nuclei including the NL fire
at high discharge rates, with a spontaneous firing rate
of about 30 Hz, and up to about 200 Hz when sound
stimuli are present (Lachica et al. 1994; Coleman et al.
2011). To examine the properties of IPSCs under different
stimulation conditions, we evoked IPSCs with train
stimulations at 1, 5, 10, 50, 100 and 200 Hz. The stimulus
intensity was kept constant across different stimulus
frequencies. In MF/HF neurons, both the decay time

constant and amplitude of the last stimulus pulse-induced
IPSC increased dramatically with increasing stimulus
frequency (Fig. 2A–C). At stimulus frequency of 1 Hz,
relatively small IPSCs were observed with individual
IPSC peaks clearly distinguishable. When the stimulus
frequency was increased to 5 Hz, IPSCs of MF/HF neurons
began to summate and did not return to baseline
between stimulus pulses. At 100 Hz, a frequency of physio-
logical relevance (Lachica et al. 1994; Coleman et al.
2011), IPSCs almost completely merged, generating a
stable current plateau. In contrast, IPSCs of LF neurons
were relatively stable in their amplitudes with increasing
stimulus frequency. The decay time of IPSCs increased
moderately at stimulus frequencies of 50 Hz and above.
At all stimulus frequencies tested, the decay of IPSCs was
significantly slower in MF/HF neurons than in LF neurons
(Fig. 2B; Table 1). It is worth noting that in response to
train stimulations, IPSCs of NL neurons displayed a mix
of synaptic facilitation and depression, and the form of
such short-term plasticity varied depending on stimulus
frequencies (Fig. 2D and E), similar to the properties of the
GABAergic transmission in NM neurons (Lu & Trussell,
2000). Interestingly, a transient synaptic facilitation was
reliably observed at the second stimulus pulse in MF/HF
neurons at all but 1 Hz stimulations. However, strong
synaptic depression was observed for IPSCs in response
to stimulus pulses after the second pulse. To further
characterize the profile of short-term plasticity of IPSCs
in NL neurons and to examine whether the differences in
such properties correlate to the IPSCs of distinct kinetics
between LF and MF/HF neurons, we studied recovery of
IPSCs from depression using pair-pulse/train paradigms.
Pair-pulse stimulation revealed a mix of facilitation and
depression in both LF and MF/HF neurons (data not
shown). When the second pulse in the pair-pulse protocol
was preceded by train stimulation (100 Hz, 20 pulses),
LF neurons (n = 5) displayed slight facilitation, whereas
MF/HF neurons (n = 5) displayed depression (Fig. 2F
and G).

Because the IPSC kinetics can also be affected by the
amplitude of the currents, we compared the amplitude
and decay of IPSCs obtained at high and low stimulus
intensities (see Methods). The input–output functions of
both LF and MF/HF neurons showed graded responses
with increasing stimulus intensities (Fig. 3A and B). In
response to single-pulse stimulations, IPSC amplitudes
of both LF (n = 9) and MF/HF (n = 14) neurons were
significantly higher at high stimulus intensity (Fig. 3C–F).
The decays of IPSCs in the LF neurons were similar
at the two stimulus intensities, whereas in the MF/HF
neurons the decays at high stimulus intensity were
significantly slower. Similar results were obtained when
train stimulations (100 Hz, 20 pulses) were used to elicit
IPSCs (Fig. 3G–J ; Table 1). The dependence of IPSC decay
time on the stimulation strength in the MF/HF neurons
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suggests that spillover of GABA onto nearby extrasynaptic
GABAARs might partly account for the slow IPSCs of
these neurons. Stimulations at higher intensities would
recruit more presynaptic fibres producing GABA pooling
and slowing the decay of IPSCs (Rossi & Hamann, 1998;
Balakrishnan et al. 2009).

It is well known that there exists a gradient of dendrite
length along the tonotopic axis of the NL, i.e. LF
neurons have long dendrites and HF neurons have short
dendrites (Smith & Rubel, 1979). These morphological
differences, however, are unlikely to interpret the kinetics
differences in IPSCs between LF and MF/HF neurons.
Dendritic filtering due to passive properties of neuronal
membranes slows down the time course of postsynaptic
currents recorded at the soma when the inputs sites are
at distant dendrites (Rall, 1967), whereas voltage-gated
conductances in dendrites may accelerate postsynaptic
current kinetics (Mathews et al. 2010). Whether there are
active conductances on the dendrites of NL neurons is
as yet unknown. Because LF neurons have long dendrites
and the GABAergic inputs are distributed along the entire
dendrites (Carr et al. 1989; Code et al. 1989; Tabor et al.
2011), dendritic filtering would more extensively slow
down IPSCs of LF neurons than MF/HF neurons, further
increasing the differences in IPSC decay. Therefore, we
hypothesized that other mechanisms accounted for the
kinetics differences in IPSCs between LF and MF/HF
neurons.

Asynchronous GABA release is more prominent in
MF/HF neurons than in LF neurons

The fact that the decay of IPSCs strongly depends
on stimulus frequency suggests that presynaptic
asynchronous release (delayed release) of GABA may
contribute to the slow GABAergic transmission in MF/HF

neurons, as observed in other synapses (Lu & Trussell,
2000; Hefft & Jonas, 2005; Best & Regehr, 2009).
We therefore examined the release events following
the synchronized peak responses in IPSCs evoked by
single-pulse stimulation (0.1 Hz) and train stimulation
(100 Hz), which have been defined as asynchronous
(delayed) release events (e.g. Atluri & Regehr, 1998; Lu
& Trussell, 2000). In MF/HF neurons, such asynchronous
quantal GABA releases were clearly observed for tens
of milliseconds after the synchronized peak responses
under both stimulus paradigms (Fig. 4). At the stimulus
frequency of 0.1 Hz, the vast majority of IPSCs displayed
a synchronous peak response followed by a considerable
number of asynchronous release events. The frequency of
asynchronous events counted in a 300 ms time window
(onset at 50 ms after the onset of the stimulation)
was much lower in LF neurons (5.7 ± 1.4 Hz, n = 21)
compared to MF/HF neurons (23.4 ± 3.2 Hz, n = 21,
P < 0.001) (Fig. 4A and B).

With train stimulations (100 Hz, 20 pulses), we
observed an increase in the number of asynchronous
releases that persisted for several seconds after the
stimulation in both LF and MF/HF neurons (Fig. 4C–F).
In MF/HF neurons, a massive increase (about 6-fold)
in the frequency of asynchronous release was evident
immediately after the termination of the train stimulation,
with the frequency of asynchronous release detected
in a 500 ms time window (onset at 300 ms after the
onset of the train stimulation) being 50.2 ± 11.1 Hz
(n = 9). In contrast, the frequency of asynchronous
release in LF neurons was only 10.6 ± 1.3 Hz (n = 13,
P < 0.01). Consistent with these observations, under
minimal stimulation conditions (the smallest stimulus
intensity at which synaptic responses were observed) LF
neurons exhibited stimulus time-locked IPSCs, whereas in
MF/HF neurons IPSCs were more scattered in timing of

Figure 2. IPSC decay of MF/HF neurons is more strongly dependent on stimulus frequency than that of
LF neurons
A, average IPSCs in response to train stimulations at 1, 5, 10, 50, 100 and 200 Hz (20 pulses at each frequency).
Shown on the right are superimposed last IPSCs normalized to the peak. The stimulus artifacts are blanked for
clarity. The weighted decay time constants (ms) of individual traces are labelled. B–C, decay time constant and
amplitude of the summed IPSCs elicited by the last stimulus pulse plotted against stimulus frequency (LF neurons,
n = 11; MF/HF neurons, n = 8). The amplitude of the summed IPSCs was measured as the current difference
between the baseline prior to the onset of the response and the peak of the last IPSC, as shown in the inset in
panel C. Note the log scale for stimulus frequency. At all stimulus frequencies tested, the IPSC decays of MF/HF
neurons were significantly slower than those of LF neurons. D and E, IPSC amplitude normalized to the first
IPSC was plotted against the stimulus pulse number. The amplitude of each individual IPSC was measured as the
current difference between the onset of the IPSC and its peak, as shown in the inset in panel D. Both LF and
MF/HF neurons showed a mixed facilitation and depression in their IPSCs. The dashed lines indicate the baseline
for normalization. The red arrow in E indicates the transient facilitation. F and G, short-term plasticity induced by
train stimulation. Pair-pulse stimulation revealed a mix of facilitation and depression in both LF and MF/HF neurons
(data not shown). When the second pulse in the pair-pulse protocol was preceded by train stimulation (100 Hz,
20 pulses), LF neurons (n = 5) displayed slight facilitation, whereas MF/HF neurons (n = 5) displayed depression.
The time interval refers to the time difference between the second single pulse and the termination of the train
stimulation.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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their occurrence (Fig. 5A), consistent with the observation
at the GABAergic synapses impinging upon the inferior
olive from the deep cerebellar nuclei (Best & Regehr,
2009). Because synchrony of transmitter release increases

over development (Chuhma & Ohmori, 1998; Chuhma
et al. 2001), we further confirmed the observation
of prominent asynchronous GABA release in MF/HF
neurons in more mature animals (P3 chicks) (Fig. 5B;

Figure 3. IPSC decay of MF/HF neurons is more strongly dependent on stimulus intensity than that of
LF neurons
A and B, two representative recordings showing superimposed original IPSC traces at varying stimulus intensities.
IPSC amplitudes increased with increasing stimulus intensities, resulting in graded input output functions in both
LF and MF/HF neurons. C, superimposed individual IPSCs (grey) in response to single-pulse stimulations at two
stimulus intensities with the average IPSCs highlighted (thick red and black traces). Right: average IPSCs normalized
to the peak. D, distribution of the decays of individual IPSCs of the sampled neurons. E, in both LF (n = 9) and
MF/HF (n = 14) neurons, the IPSC amplitude significantly increased with stimulus intensity. F, the IPSC decays
in the LF neurons were similar at low and high stimulus intensities, whereas in the MF/HF neurons the decays
at high stimulus intensity were significantly slower. G, superimposed individual IPSCs (grey) in response to train
stimulations (100 Hz, 20 pulses) with the average IPSCs highlighted. Right, last IPSCs normalized to the peak. H,
the distribution of decays of individual IPSCs of the sampled neurons. I, in both LF (n = 7) and MF/HF (n = 15)
neurons the IPSC amplitude significantly increased with stimulus intensity. J, the decays of IPSCs in the LF neurons
were similar at low and high stimulus intensities, whereas in the MF/HF neurons the decays at high stimulus
intensity were significantly slower.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Figure 4. Asynchronous GABA release is more
prominent in MF/HF neurons than in LF neurons
A, upper row, superimposed IPSCs (grey) elicited by
single-pulse stimulation in a LF neuron with the average
trace shown in black. Shown on the right is one
individual IPSC with one asynchronous GABA release
event labelled (#). Lower row, recordings from a MF/HF
neuron. Multiple asynchronous release events were
observed in response to the single stimulus. B, summary
of frequency of asynchronous events counted in a
300 ms time window 50 ms after the stimulation (LF,
n = 21; MF/HF, n = 21). C, upper row, single IPSCs
elicited by a train stimulation (100 Hz, 20 pulses) from a
LF neuron (grey) and a MF/HF neuron (black). The box
indicates the time window (500 ms in duration, onset at
300 ms after the last stimulus pulse) within which
asynchronous events were counted to make the graph
in panel F. Middle row, part of the IPSCs shown at
enlarged scales. Lower row, sIPSC event histograms
plotted from 113 traces of 13 LF neurons and 82 traces
of 9 MF/HF neurons (bin width: 0.5 s). Arrow indicates
the onset of the train stimulation. We did not count
sIPSCs within the first 0.3 s after the train stimulation
because individual events could not be unambiguously
detected during this period. D–F, although the sIPSC
frequency significantly increased after the stimulation in
both LF and MF/HF neurons, the asynchronous events in
MF/HF neurons were significantly more frequent than in
LF neurons, consistent with the observation under
single-pulse stimulations.
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LF: n = 3, MF/HF: n = 4). The decay time constants of
IPSCs in these more mature NL neurons were much
faster than those obtained from late embryos, and
differed significantly between LF and MF/HF neurons
(single-pulse stimulation, LF: 6.0 ± 1.1 ms, n = 3; MF/HF:
23.3 ± 5.6 ms, n = 4; P < 0.05; 100 Hz train stimulation,

LF: 49.6 ± 12.9 ms, n = 3; MF/HF: 264.4 ± 33.5 ms, n = 4;
P < 0.01).

To further confirm the differential profiles of
asynchronous release of GABA in LF and MF/HF
neurons, we examined the effects on IPSC decay of
altered release patterns by manipulating cellular processes

Figure 5. Prominent asynchronous GABA release
was present in MF/HF neurons under minimal
stimulation conditions and in more mature
neurons
A, superimposed IPSCs (top) and four individual traces
for each neuron elicited by single-pulse stimuli under
minimal stimulation conditions. The LF neuron exhibited
a stimulus time-locked response representing strong
synchronous release, whereas in the MF/HF neuron
IPSCs were more scattered in their timing of occurrence.
The zero time point in the raster plots indicates the
onset of the electrical stimulation. B, in P3 chicks, more
prominent asynchronous release events seemed to be
present in MF/HF neurons. Upper row, superimposed
IPSCs (grey) elicited by train stimulations (100 Hz, 20
pulses) with the average trace shown in black. Middle
and lower rows, superimposed IPSCs and one IPSC trace
respectively from the upper row shown at an enlarged
amplitude scale.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 590.16 Two distinct GABAA responses in nucleus laminaris 3797

associated with Ca2+. We replaced extracellular Ca2+ with
8 mM Sr2+, a divalent cation that has been shown to
induce asynchronous GABA release at inhibitory terminals
(Morishita & Alger, 1997; Rumpel & Behrends, 1999), and
compared the decay of IPSCs in the presence of Sr2+ with
the control. As expected, Sr2+ enhanced asynchronous
release and significantly increased the decay of IPSCs of LF
neurons evoked by single or train stimuli (Fig. 6A–D). In
MF/HF neurons, Sr2+ significantly prolonged the decay of
IPSCs elicited with single-pulse stimulation, but did not
affect IPSCs recorded with train stimulation (100 Hz, 20
pulses) (Fig. 6E–H , Table 2), suggesting that asynchronous
release of GABA in MF/HF neurons might be at saturating
levels under 100 Hz stimulation.

On the other hand, it is well known that asynchronous
release results from a build-up of residual Ca2+ in the
presynaptic terminals (Rahamimoff & Yaari, 1973; Goda
& Stevens, 1994; Cummings et al. 1996; Atluri & Regehr,
1998; Lu & Trussell, 2000; Best & Regehr, 2009; Ali &
Todorova, 2010) and can be controlled to a large extent by
Ca2+ clearance (Goda & Stevens, 1994; Cummings et al.
1996). To confirm the involvement of residual Ca2+ in
generating asynchronous release of GABA in NL neurons,
we bath-applied (>5 min) a membrane-permeant Ca2+

chelator EGTA-AM while recording IPSCs, in order
to buffer residual Ca2+ elevation and thereby reduce
asynchronous release in presynaptic terminals (Atluri
& Regehr, 1998; Lu & Trussell, 2000; Best & Regehr,

Figure 6. Manipulation of Ca2+ alters differently the decay of IPSCs in LF and MF/HF neurons
A, superimposed individual IPSCs (grey) of a LF neuron in response to single-pulse stimulation with the average
IPSCs highlighted (thick traces), under the conditions of 3 mM Ca2+ (left) and in 8 mM Sr2+ (middle). Right, average
IPSCs normalized to the peak. B, Sr2+ significantly prolonged the decay of IPSCs (n = 5). C and D, IPSCs of LF
neurons in response to train stimulation (100 Hz, 20 pulses) were significantly prolonged by Sr2+ (8 mM) (n = 6).
E–H, in MF/HF neurons, Sr2+ significantly prolonged IPSCs elicited with single-pulse stimulation (n = 6), but did not
affect IPSCs recorded with train stimulation (100 Hz, 20 pulses) (n = 6). I and J, the decay of IPSCs of LF neurons in
response to single-pulse stimulation was not affected by bath application (>5 min) of EGTA-AM (100 μM) (n = 5).
K and L, in LF neurons, EGTA-AM accelerated the decay of IPSCs elicited with train stimulations (100 Hz, 20
pulses) (n = 4). M–P, EGTA-AM accelerated the decay of IPSCs in MF/HF neurons, regardless of the stimulus mode
(single-pulse stimulation: n = 7, train stimulation: n = 4).
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Table 2. Decay time constants (ms) of IPSCs of NL neurons under different drug and stimulus conditions

LF MF/HF

Drug and stimulus Control (n) Drug P value Control (n) Drug P value

Sr2+

Single-pulse 10.6 ± 1.1(5) 32.6 ± 5.8 <0.05 50.6 ± 6.3(6) 103.5 ± 5.6 <0.05
100 Hz train 64.9 ± 5.7(6) 140.8 ± 16.2 <0.01 342.4 ± 36.2(6) 363.1 ± 31.9 >0.05

EGTA-AM
Single-pulse 7.4 ± 1.0(5) 7.5 ± 0.9 >0.05 63.1 ± 20.2(7) 34.3 ± 8.5 <0.05
100 Hz train 67.4 ± 14.2(4) 46.8 ± 7.5 <0.05 305.0 ± 76.1(4) 120.8 ± 13.4 <0.05

NNC 771 69.3 ± 7.0(4) 70.0 ± 4.6 >0.05 250.5 ± 44.1(5) 290.1 ± 40.2 <0.05
TPMPA 44.0 ± 7.8(4) 34.3 ± 7.0 <0.05 334.6 ± 59.8(9) 233.0 ± 40.1 <0.001
SR95531 n.d. n.d. 324.7 ± 42.9(6) 311.2 ± 50.7 >0.05
Low Ca2+ 80.7 ± 11.1(6) 46.2 ± 9.7 <0.05 264.6 ± 27.9(7) 174.0 ± 24.5 <0.001

n: number of cells; n.d.: not determined. Weighted time constants (mean ± SEM), and P values of paired t test are reported.

2009; Ali & Todorova, 2010). In LF neurons, EGTA-AM
(100 μM) did not affect the decay of IPSCs elicited with
single-pulse stimulation, but accelerated the decay of
IPSCs recorded with train stimulations (100 Hz, 20 pulses)
(Fig. 6I–L), suggesting the presence of a certain degree
of asynchronous release of GABA under high but not
low stimulus frequencies. In MF/HF neurons, EGTA-AM
reduced the IPSC decay significantly regardless of the
stimulus paradigms (Fig. 6M–P), confirming the presence
of prominent asynchronous release of GABA in these
neurons.

Spillover of GABA plays a greater role in prolonging
IPSCs in MF/HF neurons than in LF neurons

The decay of IPSCs in MF/HF neurons of the NL (several
hundred milliseconds under train stimulations) is much
slower than that of IPSCs of neurons in other brain
regions where prominent asynchronous GABA release
was observed (Lu & Trussell, 2000; Hefft & Jonas, 2005;
Best & Regehr, 2009). Therefore, we predicted that other
mechanisms might exist to account for the unusually
slow GABAergic transmission in MF/HF neurons. The
observations that the decay time of IPSCs evoked by
single-pulse stimulation in MF/HF neurons was much
slower than that of sIPSCs (Fig. 1), and that the decay
strongly depended on stimulus intensity (Fig. 3) suggest
that GABA spillover may contribute to the slow IPSCs and
the spillover may be more prominent in MF/HF neurons
than in LF neurons. To test this hypothesis, we studied
the effects on IPSC decays of blocking GABA transport,
antagonizing GABAARs with low-affinity antagonists, and
lowering release probability.

One distinct feature of neurotransmitter spillover is that
the postsynaptic currents are highly sensitive to the activity
of neurotransmitter transporters (e.g. Balakrishnan et al.
2009; Thomas et al. 2011). To test whether GABA spillover

contributed differentially to the decay of IPSCs between
LF and MF/HF NL neurons, we examined the effects of a
GABA transporter-1 (GAT-1) blocker NNC 711 on IPSCs
elicited by 100 Hz train stimulation. Because GABA trans-
porters rapidly take GABA back up into glial cells and/or
presynaptic terminals, blockade of GABA transporters
would prolong the presence of GABA in the synaptic cleft
and surrounding areas, slowing the decay of IPSCs. Inter-
estingly, in LF neurons, NNC 711 (10–20 μM) did not
affect the decay of the IPSCs (Fig. 7A and B). In contrast,
in MF/HF neurons, NNC 711 significantly prolonged the
decay of the IPSCs (Fig. 7C, D). These results suggest that
the GABA transporters in LF neurons are not the major
players in shaping the fast kinetics of IPSCs. Additionally,
NNC 711 reduced the amplitude of the IPSCs in both LF
and MF/HF neurons, likely caused by desensitization of
GABAARs in the presence of prolonged GABA molecules
after the uptake mechanisms were blocked (Rossi &
Hamann, 1998; Overstreet et al. 2000). In addition, sIPSC
decays of neither LF nor MF/HF neurons were altered
by NNC 711 (LF, control, 6.8 ± 0.6 ms versus 6.8 ± 0.4,
n = 4; MF/HF, control, 23.6 ± 0.9 ms versus 20.2 ± 2.3,
n = 4), suggesting little modulation of sIPSC kinetics
by GABA transporters. These data suggest that GABA
spillover in MF/HF neurons is more prominent than
in LF neurons.

Another distinct feature of neurotransmitter spillover
is that the postsynaptic currents are particularly sensitive
to low affinity competitive antagonists for postsynaptic
receptors (Szabadics et al. 2007; Balakrishnan et al.
2009). Because they preferentially act on extrasynaptic
receptors over synaptic receptors (Szabadics et al. 2007),
low-affinity competitive antagonists for GABAARs would
accelerate the decay of the synaptic currents. To address
this issue, we evaluated the effects of TPMPA, a weak,
competitive antagonist for GABAARs, on the IPSCs
elicited by train stimulation at 100 Hz. Interestingly,

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 590.16 Two distinct GABAA responses in nucleus laminaris 3799

Figure 7. Spillover of GABA plays a greater role in prolonging IPSCs in MF/HF neurons than in LF neurons
A, IPSCs of a LF neuron in response to a train stimulation (100 Hz, 20 pulses) before and during application of NNC
711, a GABA transporter inhibitor. B, NNC 711 (10–20 μM) reduced the amplitude, without affecting the decay of
IPSCs (n = 4). C and D, in MF/HF neurons, NNC 711 (10–20 μM) reduced the amplitude and prolonged the decay
of IPSCs (n = 5), suggesting more prominent spillover of GABA in MF/HF neurons. E–H, in both LF and MF/HF
neurons, a low affinity antagonist for GABAARs, TPMPA (200 μM), significantly reduced the amplitude and decay
of IPSCs (LF: n = 4; MF/HF: n = 9), suggesting the presence of extrasynaptic GABAARs in both groups of cells. I,
IPSCs of a LF neuron in response to a train stimulation (100 Hz, 20 pulses) under normal (3 mM) and reduced Ca2+
(0.5 mM) concentrations in ACSF. J, reducing Ca2+ in ACSF significantly reduced the decay, without affecting the
amplitude of IPSCs (n = 6). K and L, in MF/HF neurons, reducing Ca2+ in ACSF significantly reduced the amplitude
and decay of IPSCs (n = 7).
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TPMPA (200 μM) application significantly reduced the
amplitude and the decay of IPSCs in both LF and MF/HF
neurons (Fig. 7E–H ; Table 2), suggesting the presence
of extrasynaptic GABAARs in both groups of cells. This
is consistent with the findings of our previous study
(Tang et al. 2011), in which we demonstrated a tonic
current mediated by extrasynaptic GABAARs containing
the δ subunit in NL neurons. In contrast, a high-affinity
antagonist for GABAARs (SR95531, at a sub-maximal
concentration of 50 nM) caused a significant decrease in
the amplitude of IPSCs (control, 1727.2 ± 275.2 pA versus
SR95531, 1061.2 ± 204.2 pA, n = 6, P < 0.001), without
changing the decay (Table 2). The lack of effects of SR95531
on the time course of IPSCs is possibly because the
antagonist equally blocked the synaptic and extrasynaptic
GABAARs.

Finally, extrasynaptic low GABA concentration
resulting from GABA spillover is expected to be affected
by release probability. If GABA spillover contributed to
the slow IPSC kinetics in MF/HF neurons, reducing
synaptic release probability by lowering extracellular Ca2+

concentrations would reduce the decay time of IPSCs. To
test this idea, we compared the IPSCs evoked by train
stimulation at 100 Hz under conditions of low (0.5 mM)
and normal (3 mM) extracellular Ca2+ concentrations. In
LF neurons, low Ca2+ concentrations reduced the decay,
without affecting the amplitude of IPSCs (Fig. 7I and J).
In MF/HF neurons, under the conditions of low Ca2+

concentrations, the decay became faster, and the amplitude
of IPSCs was significantly reduced (Fig. 7K and L; Table 2).
Because lower Ca2+ concentrations led to faster IPSCs by
reducing asynchronous release (Fig. 6), these results were
likely the outcome of the combined effects of reduced
asynchronous release as well as reduced spillover. Taken
together, the effects on IPSC decays of NNC 711, TPMPA,
and lower Ca2+ concentration suggest that GABA spillover
in MF/HF neurons contributes more to the decay of IPSCs
than in LF neurons.

The GABAAR-mediated inhibition differentially
regulates the neuronal excitability of LF and MF/HF
neurons

Previous studies have shown that via a shunting effect,
activation of K+ channels and partial inactivation of Na+

channels (Monsivais & Rubel, 2001; Tang et al. 2011),
a depolarizing GABAergic inhibitioncan reduce the size
and shorten the duration of EPSPs and may facilitate the
coincidence detection in the NL neurons (Funabiki et al.
1998; Yang et al. 1999). Here, we further investigated the
effects of synaptically released GABA on the excitability
of NL neurons, and predicted that the GABAergic
inhibition produced longer-lasting suppression of neuro-
nal excitability in MH/HF than in LF neurons. We first
altered the timing of the IPSP elicited by a single-pulse
stimulus, and examined its effects on the spiking activity in
response to a prolonged suprathreshold (100 pA above the
current thresholds) somatic current injection. The single
IPSP suppressed the firing, and the inhibition window (the
width at 50% reduction in firing probability) was much
longer in MF/HF neurons than in LF neurons (Fig. 8A–C,
LF: 28.7 ± 3.1 ms, n = 6, MF/HF: 76.4 ± 11.1 ms, n = 7,
P < 0.01). We then studied the effects of temporally
summated IPSPs on NL excitability. Constant spiking
activity was elicited by suprathreshold (100 pA above the
current thresholds measured under the 50 Hz stimulus
condition) somatic current injections (50 Hz, 200 pulses).
Activation of the inhibitory pathway (SON stim, 50 Hz,
20 pulses) produced a prolonged inhibition that extended
beyond the duration of the stimulation (Fig. 8D),
consistent with previous studies (Yang et al. 1999). Inter-
estingly, the inhibition in MF/HF neurons lasted longer
and suppressed more spikes than in LF neurons (%
inhibition of firing probability, LF: 10.7 ± 2.9, n = 5,
MF/HF: 50.5 ± 5.2, n = 7, P < 0.001; Fig. 8E), apparently
because the IPSP decayed more rapidly in LF neurons
than in MF/HF neurons. To further correlate the GABA
release profile to their firing properties, we took advantage
of a previous finding that EGTA-AM treatment reduced

Figure 8. The GABAAR-mediated inhibition differentially regulates the neuronal excitability of LF and
MF/HF neurons
A, a single IPSP (indicated by the arrowhead) suppressed the firing of NL neurons in response to prolonged
somatic current injections within a certain time window. The amplitude of the current injection was 100 pA
above the current threshold (the minimum current needed to elicit action potentials) for a given recorded neuron.
The time interval (�t) is defined as the difference between the onset of the synaptic stimulation and the onset
of the prolonged current pulse. The onsets of the traces are staggered for clarity, and the thick traces indicate
suprathreshold responses. B and C, the half-width of the time window for inhibition (defined as the width at
50% reduction in firing probability) in LF neurons (n = 6) was significantly shorter than that in MF/HF neurons
(n = 7). D and E, constant spiking activity was elicited by suprathreshold (100 pA above the current threshold)
somatic current injections (50 Hz, 200 pulses). Activation of the inhibitory pathway (SON stim, 50 Hz, 20 pulses)
produced temporally summated IPSPs of comparable amplitudes between LF and MF/HF neurons. However, a
stronger inhibition of spiking activity was observed in MF/HF (n = 7) than LF neurons (n = 5). F and G, the SON
stimulation-evoked inhibition of spiking activity in MF/HF neurons was significantly reduced by application of
100 μM EGTA-AM for ≥15 min (n = 5). The dashed lines in A, D and F indicate resting membrane potentials.
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IPSC decay. If EGTA reduced IPSC decay by reducing
asynchronous release of GABA, the effects on firing of
SON stimulation in the presence of EGTA in MF/HF
neurons would produce shorter inhibition duration.
These predictions were indeed confirmed. Application of
EGTA-AM (100 μM) for ≥15 min significantly reduced
the SON stimulation-evoked inhibition of firing activity
(% inhibition of firing probability, control: 45.5 ± 13.5;
EGTA-AM: 16.0 ± 7.3, n = 5, P < 0.05; Fig. 8F and G).

Discussion

Our data clearly show that the kinetics of
GABAAR-mediated synaptic inhibition differs markedly
between LF and MF/HF neurons. The differences are
more substantial when the inhibitory inputs are driven by
stimuli at frequencies relevant to the firing rates of the pre-
synaptic GABA neurons. The morphological differences
between LF and MF/HF neurons cannot be used to
interpret these observations. Rather, our results indicate
that differential profiles in asynchronous release along the
tonotopic axis of the NL are the underlying mechanisms.

Asynchronous GABA release is more prominent in
MF/HF than LF neurons

Previous studies have shown that asynchronous release
of neurotransmitters can significantly affect the kinetics
of IPSCs (Lu & Trussell, 2000; Best & Regehr, 2009;
Ali & Todorova, 2010) and EPSCs (Diamond & Jahr,
1995; Iremonger & Bains, 2007). In the NL, considerable
asynchronous GABA release occurred in MF/HF neurons
in response to both single-pulse and train stimulations.
Following train stimulations at physiologically relevant
frequencies (100 Hz), many asynchronous release events
persisted for several seconds in MF/HF neurons. In
contrast, asynchronous release was hardly detectable
in LF neurons with single-pulse stimulus, and fewer
asynchronous release events were observed at high
frequency stimulations.

Differences in a number of factors could account for
the differential asynchronous release profiles between
LF and MF/HF neurons. First, the sources of the
GABAergic inputs may be different. Asynchronous release
is dependent on the class of presynaptic neurons and
independent of postsynaptic cell type (Daw et al. 2009), so
two scenarios may be speculated: (1) different populations
of SON cells project to different CF regions of NL, and
(2) local GABA cells project to LF region while SON
projections mainly target MF/HF neurons. Recently Tabor
et al. (2011) reported that the projections from the SON to
NL are coarsely tonotopic. It is possible that the GABAergic
cells of the SON that innervate the MF/HF neurons of the

NL may have differential release properties from those that
innervate the LF neurons.

Second, potential differences in presynaptic Ca2+

signalling triggering GABA release should be considered.
Presynaptic N-type voltage-gated Ca2+ channels (VGCCs)
are more closely associated with asynchronous release
than P/Q-type VGCCs in hippocampal neurons (Hefft &
Jonas, 2005). Given that N-type channels trigger GABA
release in NL neurons regardless of CF regions (Lu,
2009), the types of presynaptic VGCCs cannot account
for the differences in IPSC kinetics between LF and
MF/HF neurons. However, the properties of the molecular
events linking the Ca2+ entry via presynaptic VGCCs to
exocytosis of synaptic vesicles might dramatically differ.
For example, differences in the distance coupling Ca2+

entry and the Ca2+ sensor (Rozov et al. 2001), the duration
of Ca2+ transients in the presynaptic terminals (Atluri
& Regehr, 1998), and the affinity of the Ca2+ sensor in
the presynaptic terminals (Hui et al. 2005) can lead to
dramatically different profiles in asynchronous release.
Differential modulation of GABA release by other receptor
systems such as the cannabinoid receptors could also
produce different asynchronous release profiles (Ali &
Todorova, 2010). One very recent study reveals that the
expression level of a SNARE protein VAMP4 defines the
extent of asynchronous neurotransmission (Raingo et al.
2012). Future studies need to determine whether such
mechanisms account for the difference in GABA release
pattern between LF and MF/HF NL neurons.

GABA spillover plays a greater role in prolonging
IPSCs in MF/HF neurons than in LF neurons

In this study, several lines of evidence suggest that GABA
spillover plays a greater role in prolonging IPSCs in MF/HF
neurons. First, the kinetics of IPSCs in MF/HF neurons
displayed stronger dependency on stimulus frequency and
intensity than LF neurons. The progressive increase in the
decay time of IPSCs was closely associated with an increase
in stimulus frequency, consistent with observations at
the synapses between deep cerebellar nuclei and the
inferior olive where asynchronous release of GABA is
prominent at stimulus frequencies of 10 Hz and above
(Best & Regehr, 2009). The strong dependency of the
IPSC decay on stimulus intensity also suggests that
GABA spillover onto nearby synapses and/or extrasynaptic
GABAARs might contribute to the slow IPSCs in MF/HF
neurons. Stimulations at higher intensity would recruit
more fibres producing GABA pooling and slowing the
decay of IPSCs (Rossi & Hamann, 1998; Balakrishnan
et al. 2009). Second, pharmacological evidence indicates
that GABA spillover contributes to form the slow IPSCs in
NL neurons. The spillover transmitter-mediated currents
have characteristic features, such as their high sensitivity
to blockade of GABA transporters, to low-affinity

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 590.16 Two distinct GABAA responses in nucleus laminaris 3803

competitive antagonists, and to alterations in release
probability (Szabadics et al. 2007). Indeed, blocking GABA
uptake prolonged the IPSC decays in MF/HF but not LF
neurons. However, the decay of IPSCs was accelerated by
TPMPA as well as by reduced extracellular Ca2+ in both LF
and MF/HF neurons, pointing to the possibility that GABA
spillover might contribute to the decay of the IPSCs in both
groups of cells. The precise proportional contribution of
asynchronous release versus spillover of GABA to the decay
of IPSCs was not examined because of the lack of feasible
approaches to distinguish these two processes.

Finally, we consider other possible factors. Postsynaptic
receptors could differ in their subunit composition
and hence different affinity and time course of IPSCs
(Banks et al. 1998). Developmental changes in subunit
composition (Tia et al. 1996), and desensitization
properties of GABAARs are also contributors to GABA
responses with changing kinetics (Karayannis et al.
2010). The most likely interpretation for the significant
difference in the decay of sIPSCs between LF and MF/HF
neurons may be different subunit composition. Because
the majority sIPSCs of NL neurons recorded in our slice
preparations presumably represented miniature IPSCs
caused by single vesicle release, it is conceivable that
neither asynchronous release nor spillover of GABA,
phenomena of multiple vesicle release, would form a
feasible explanation for the differential decays of sIPSCs
between LF and MF/HF neurons. Rather, changes in
subunit content, binding affinity and gating mechanisms
of GABAARs may account for the differences. Taken
together, mechanisms involving both presynaptic GABA
release and postsynaptic receptor subtypes may contribute
to form distinct GABAA responses in different CF regions
of the NL.

Functional implication

The differences in release patterns may define functional
division of NL neurons in the ITD encoding process.
Previous studies have shown that GABAergic inhibition
evoked by direct stimulation of the SON reduces the
amplitude of EPSP and inhibits spike firing in NL neurons
(Yang et al. 1999), and exogenous GABA application
facilitates the coincidence detection of the bilateral
excitatory inputs to the NL neurons (Brückner & Hyson,
1998; Funabiki et al. 1998). Our present study extends
these studies by assessing the effects of synaptically
released GABA on the excitability of NL neurons in
different CF regions. On one hand, consistent with Yang
et al. (1999), we found that synaptically released GABA
in response to train stimulations generated temporally
summated depolarizing IPSPs in both LF and MF/HF
neurons. Such sustained inhibition would result in a
leaky membrane and render the membrane’s fast response

to strong converging excitatory inputs, improving the
precision of the coincidence detection of the bilateral
excitatory inputs. The implication of sustained inhibition
of different durations in different CF neurons is unclear,
and this is one limitation of our current study. We
speculate that the longer-lasting inhibition in MF/HF
neurons may improve the extent of segregation of the two
excitatory inputs onto the same NL neuron, enhancing the
effectiveness of synaptic integration of the bilateral inputs.
Previous computer modelling studies have assumed a
complete segregation of the two excitatory inputs to the
coincidence detectors (e.g. Agmon-Snir et al. 1998), but
experimental evidence is absent. Our unpublished data
suggested that the degree of segregation was incomplete
(about 80% in MF/HF neurons), and our future studies
will systematically assess the extent of segregation along
the tonotopic axis of the NL. We hypothesize that
without the regulation of synaptic inhibition, the degree
of segregation of the bilateral excitatory inputs in MF/HF
neurons may be less complete than in LF neurons. It
remains to be determined how synaptic inhibitions with
distinct kinetics properties affect such parameters in NL
neurons. On the other hand, IPSP elicited by single-pulse
stimulation produced a short time window in LF neurons
during which the excitability was suppressed. Such fast
IPSPs would play a more transient modulatory role in
the ITD coding than the slow IPSPs would in MF/HF
neurons, if the firing rates of the presynaptic GABA
neurons innervating the LF neurons were low. Given the
heterogeneity of SON neurons (Carr et al. 1989; Lachica
et al. 1994) and the strong phase-locking capabilities of
some SON neurons (Coleman et al. 2011), more transient
GABA inputs in LF neurons may exist, providing phasic
inhibition to modulate ongoing highly phase-locked
excitatory inputs. Taken together, these results suggest
that the GABAergic inputs to NL neurons may exert a
dynamic modulation of ITD coding in a CF-dependent
manner.
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