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Abstract
Neurons in the chicken nucleus laminaris (NL), the third-order auditory nucleus involved in azimuth
sound localization, receive bilaterally segregated (ipsilateral vs. contralateral) glutamatergic
excitation from the cochlear nucleus magnocellularis and GABAergic inhibition from the ipsilateral
superior olivary nucleus. Here, I investigate the voltage-gated calcium channels (VGCCs) that trigger
the excitatory and the inhibitory transmission in the NL. Whole-cell recordings were performed in
acute brainstem slices. The excitatory transmission was predominantly mediated by N-type VGCCs,
as the specific N-type blocker ω-Conotoxin-GVIA (1-2.5 μM) inhibited excitatory postsynaptic
currents (EPSCs) by ∼90%. Blockers for P/Q- and L-type VGCCs produced no inhibition, and
blockade of R-type VGCCs produced a small inhibition. In individual cells, the effect of each VGCC
blocker on the EPSC elicited by activation of the ipsilateral input was the same as that on the EPSC
elicited by activation of the contralateral input, and the two EPSCs had similar kinetics, suggesting
physiological symmetry between the two glutamatergic inputs to single NL neurons. The inhibitory
transmission in NL neurons was almost exclusively mediated by N-type VGCCs, as ω-Conotoxin-
GVIA (1 μM) produced a ∼90% reduction of inhibitory postsynaptic currents, whereas blockers for
other VGCCs produced no inhibition. In conclusion, N-type VGCCs play a dominant role in
triggering both the excitatory and the inhibitory transmission in the NL, and the presynaptic VGCCs
that mediate the two bilaterally segregated glutamatergic inputs to individual NL neurons are
identical. These features may play a role in optimizing coincidence detection in NL neurons.
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Introduction
Calcium entry through voltage-gated calcium channels (VGCCs) is essential for triggering
transmitter release at synaptic terminals. VGCCs are classified into multiple types based on
their amino acid sequences, biophysics, and pharmacological properties. The alphabetical
nomenclature of these channels (P/Q, N, R, L, and T) corresponds to Cav2.1, Cav2.2, Cav2.3,
Cav1.1-1.4, and Cav3.1-3.3, respectively, which are VGCC members that have been
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characterized in mammals (review in Jones, 2003; Catterall et al., 2005). For the purpose of
comparison, the alphabetical nomenclature is used here. The different types of VGCCs possess
differential biophysical characteristics, and execute different cellular functions depending on
their location in various cellular compartments. The main types that mediate chemical
transmission at central nervous system (CNS) synapses are the P/Q- and N-types (Review in
Jones, 2003; Reid et al., 2003), which differ in their activation voltage, spatial distribution at
synapses, sensitivity to modulation, and channel open probability when inhibited (see
Discussion for detail).

Interaural time difference is one of the major cues used by animals to localize sound source on
the azimuth plane. The medial superior olive and the nucleus laminaris (NL) are the first central
auditory nucleus that encodes this information in mammals and birds, respectively. Neurons
in the NL receive bilaterally segregated excitatory inputs that are mediated by glutamate from
the cochlear nucleus magnocellularis (NM), with inputs from the ipsilateral NM impinging
onto the dorsal dendrites, and inputs from the contralateral NM onto the ventral dendrites
(Parks and Rubel, 1975). NL neurons function as coincidence detectors that detect the
convergent excitatory inputs from the two ears and generate information for azimuth sound
localization (Young and Rubel, 1983; Overholt et al., 1992; Hyson, 2005). Neurons in the NL
also receive an unusually depolarizing inhibitory input mediated by GABA from the ipsilateral
superior olivary nucleus (SON) (Lachica et al., 1994; Yang et al., 1999; Burger et al., 2005).
Despite the importance and variation of VGCCs in triggering synaptic transmission, the
specific VGCC types that mediate the excitatory and the inhibitory inputs in the NL remain
unknown. Therefore, the primary goal of this study was to characterize the VGCCs that trigger
the excitatory and the inhibitory transmission in the NL.

Another aim of this study was to compare the two segregated glutamatergic inputs that impinge
upon the same NL neuron. The bilateral dendrites of NL neurons are morphologically
symmetrical (Parks and Rubel, 1975), implying physiological symmetry (balanced synaptic
strength along the dorsal vs. the ventral dendrites) between the two segregated excitatory
inputs. Indeed, NL neurons show similar thresholds to tone-burst stimulation presented to either
ear (Rubel and Parks, 1975; Köppl and Carr 2008), suggesting that they have approximately
equal sensitivity to either input. The importance of balanced excitatory inputs to the
coincidence detectors can also be inferred from modeling studies, in which the same membrane
parameters are assigned to the two excitatory inputs (Agmon-Snir et al., 1998; Grau-Serrat et
al., 2003; Dasika et al., 2007). To date, however, there is a lack of quantitative experimental
evidence that demonstrates the physiological symmetry of the two inputs at the cellular level.
This study serves as an initial attempt to address this issue by testing the hypotheses that the
VGCCs triggering glutamate release from the ipsilateral NM (i.e., the dorsal input) are the
same as those from the contralateral NM (i.e., the ventral input), and that the two segregated
excitatory inputs are symmetrical in terms of excitatory postsynaptic current (EPSC) kinetics.

Experimental Procedures
Slice preparation and in vitro whole-cell recordings

Fertilized chicken eggs (Gallus domesticus) were purchased from Purdue University (West
Lafayette, IN) and incubated using an RX2 Auto Turner (Lyon Electric Co., Chula Vista, CA).
Brainstem slices (250-300 μm in thickness) were prepared from late embryos (E18-E21) and
early hatchlings (P6-P9) as previously described (Reyes et al., 1994; Tang et al., 2009), with
modification of the artificial cerebrospinal fluid (ACSF) components used for dissection and
cutting of the brain tissue. The modified ACSF, which is a glycerol-based solution (Ye et al.,
2006), 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. The
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at
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Northeastern Ohio Universities Colleges of Medicine and Pharmacy, and are in accordance
with NIH policies on animal use. Slices were incubated for at least 1 hr in normal ACSF
containing (in mM): 130 NaCl, 26 NaHCO3, 3 KCl, 3 CaCl2, 1 MgCl2, 1.25 NaH2PO4 and 10
dextrose. The ACSF was constantly gassed with 95% O2 and 5% CO2 (pH 7.4).

For recording, slices were transferred to a 0.5 ml chamber mounted on a Zeiss Axioskop 2 FS
Plus (Zeiss, Germany) with a 40× water-immersion objective and infrared, differential
interference contrast optics. The chamber was continuously superfused with ACSF (1-2 ml/
min) by gravity. The microscope was positioned on the top center of an Isolator CleanTop II
and housed inside a Type II Faraday cage (Technical Manufacturing Corporation, Peabody,
MA). Voltage clamp experiments were performed with an Axopatch 200B amplifier while
current clamp experiments were performed with an Axoclamp 2B amplifier (Molecular
Devices, Union City, CA). The voltage clamp experiments were performed at room
temperature (20-22 °C). In these experiments, the peak amplitudes of the postsynaptic currents
recorded under the control and experimental (VGCC blocker) conditions were compared, and
the percent change in current amplitude was reported. Although exocytosis (transmitter release)
is highly sensitive to temperature, the relative change in current amplitude due to the application
of a VGCC blocker is presumably not affected by temperature. The current clamp experiments
were performed at 34-36 °C, controlled by a Single Channel Temperature Controller TC324B
(Warner Instruments, Hamden, CT). These experiments were performed under physiological
temperature in order to minimize the influence of temperature on the temporal summation of
the GABAergic responses.

Patch pipettes were drawn on an Electrode Puller PP-830 (Narishige, Japan) to 1-2 μm tip
diameter using borosilicate glass Micropipets (inner diameter of 0.86 mm, outer diameter of
1.60 mm) (VWR Scientific, Seattle, WA). The electrodes had resistances between 3 and 7
MΩ when filled with an internal solution containing (in mM): 105 K-gluconate, 35 KCl, 5
EGTA, 10 HEPES, 1 MgCl2, 4 ATP-Mg, and 0.3 GTP-Na, pH 7.2 (adjusted with KOH). The
liquid junction potential was 10 mV, and data were corrected accordingly. Placement of the
electrodes was controlled by a motorized micromanipulator MP-225 (Sutter Instrument,
Novato, CA). Data were low-pass filtered at 3 or 5 kHz for current clamp and voltage clamp
experiments, respectively, and digitized using a Data Acquisition Interface ITC-18 (Instrutech,
Great Neck, NY) at 20 kHz. In each voltage clamp recording, cells were clamped at -60 mV,
a value close to their resting membrane potential (RMP) (Gao and Lu, 2008). Cells recorded
under the current clamp mode received no additional current injections, and thus recordings
started at their RMP. The morphology of some recorded cells was revealed by adapting a
method by Hamam and Kennedy (2003). Biocytin (0.1-0.5%) was added to the internal solution
used for whole-cell recordings. After physiological recordings, brain slices were fixed
overnight in 4% paraformaldehyde. Biocytin was visualized with avidin-biotin peroxidase and
diaminobenzidine.

Synaptic stimulation and recordings—Extracellular synaptic stimulation was
performed using concentric bipolar electrodes with a tip core diameter of 127 μm (World
Precision Instruments, Sarasota, FL). Square electric pulses (duration of 200 μs) were delivered
through a Stimulator A320RC (World Precision Instruments, Sarasota, FL). The stimulation
electrode was placed using a Micromanipulator NMN-25 (Narishige, Japan). Cell bodies of
NL neurons form a laminar structure in transverse tissue sections, and can be reliably identified
under the microscope (Fig. 1A, B). To activate the two segregated glutamate pathways to the
NL, two stimulation setups were used. One stimulation electrode was placed on the ipsilateral
NM, and the other on the fiber tract ventral and medial to the NL, which originates from the
contralateral NM. To activate the GABAergic pathway, a stimulation electrode was placed on
the fiber tract lateral to the NL (Fig. 1C).
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EPSCs were recorded in the presence of bicuculline (20 μM) or SR-95531 (gabazine, 10 μM),
which are GABAA receptor antagonists. Inhibitory postsynaptic currents or potentials (IPSCs
or IPSPs, respectively) were recorded in the presence of ionotropic glutamate receptor
antagonists DNQX (50 μM) and APV (100 μM). QX 314 (5 mM), a sodium channel blocker,
was included in the recording electrodes to prevent action currents. All chemicals and drugs
were obtained from Sigma (Saint Louis, MO), except for SNX-482, ω-Conotoxin-GVIA (ω-
CTx-GVIA) and tACPD, which were obtained from Peptide International (Louisville, KY),
Alomone Labs (Jerusalem, Israel), and Tocris (Ballwin, MO), respectively. All drugs were
bath-applied.

Consideration of selectivity of toxins/antagonists for VGCCs used in this study
—Nimodipine (10 μM), ω-CTx-GVIA (1-2.5 μM), and ω-Agatoxin-IVA (ω-Aga-IVA, 100
nM) were used to block L-, N-, and P/Q-type VGCCs, respectively. Nimodipine (10 μM), a
dihydropyridine compound, is a selective L-type Ca2+ channel blocker (McCarthy and
TanPiengco, 1992; Randall and Tsien, 1995). ω-CTx-GVIA (1-2.5 μM), a cone snail toxin,
irreversibly blocks N-type Ca2+ channels (Boland et al., 1994; Randall and Tsien, 1995). ω-
Aga-IVA (100 nM) blocks P/Q-type Ca2+ channels, and the two components (P- and Q-type)
are not further distinguished. Although a higher concentration (1 μM) of ω-Aga-IVA is needed
to fully block P/Q-type channels while leaving N-type channels intact in bovine chromaffin
cells (Albillos et al., 1993), the concentration used here (100 nM) was expected to relatively
effectively block P/Q-type channels of chicken brainstem neurons, because a 3-fold increase
in the concentration of the blocker does not produce further inhibition of calcium channels in
neurons of the cochlear nucleus magnocellularis in the same kind of chicken brain slice
preparations as used in the present study (Lu and Rubel, 2005). Specificities of ω-CTx-GVIA
for N-type and ω-Aga-IVA for P/Q-type VGCCs are high, and interactions between them at
the utilized concentrations are minimal (Sidach and Mintz, 2000; McDonough et al., 2002).
The non-selective blockade of N-type channels by ω-Aga-IVA was found only at high
concentrations (1 μM, 10 times higher than the concentration used in the present study) (Sidach
and Mintz, 2000). Cytochrome c (0.5 mg/ml) was included in the ACSF used for the preparation
of these two toxins in order to reduce non-specific binding. The effectiveness of these Ca2+

channel blockers on VGCCs of neurons in chicken brain slice preparations has been previously
confirmed (Lu and Rubel, 2005).

R-type channel currents were initially defined as the resistant (hence the “R”) current in the
presence of blockers for L-, N-, and P/Q-types (Randall and Tsien, 1995). SNX-482 was
developed in 1998 as a potent and selective antagonist for R-type VGCCs (Newcomb et al.,
1998). The selectivity of SNX-482, however, is highly dose-dependent. At a low concentration
(20 nM), SNX-482 selectively blocks R-type VGCCs (Mergler et al., 2003). At high
concentrations (>300 nM), non-specific blockade of other type VGCCs is observed (Arroyo
et al., 2003; Urbano et al., 2003). The concentration of 50 nM used in this study was chosen
as it is expected to be both effective and selective on R-type VGCCs.

Data analysis—Recording protocols were written and run using Axograph acquisition and
analysis software, version 4.9 (Molecular Devices, Union City, CA). Peak values of EPSCs
and IPSCs were measured from the baseline, which was zeroed at about 5-10 ms prior to the
onset of the stimulus artifact. Statistical analysis was performed using Excel (Microsoft,
Redmond, WA) and Statview (Abacus Concepts, Berkeley, CA), and graphs were constructed
in Igor (Wavemetrics, Lake Oswego, OR). Statistical differences were detected using paired
t-tests. Means and standard deviations are reported (n in parenthesis indicates the number of
cells).
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Results
Effects of Ca2+ channel blockers on the excitatory transmission in the NL

The dorsal and ventral glutamatergic pathways to the NL were activated by the delivery of two
separate electrical stimulations using two stimulus setups (Fig. 1C), with an inter-stimulus
interval of 75 ms. This interval is long enough to avoid any interactions between the two EPSCs,
as responses elicited by the individual stimuli alone were the same as those elicited when both
stimuli were presented at the interval of 75 ms (data not shown). Stimulus intensities were
adjusted to give rise to EPSCs of approximately equal peak amplitude (close to the maximal
amplitude). Each of the VGCC blockers was bath-applied for 4-10 min until a steady state
current was obtained, followed by wash out of the drug. Glutamatergic transmission in the NL
was primarily triggered by Ca2+ entry through N-type VGCCs (Fig. 2A). Little or no inhibition
of EPSCs was observed when the P/Q-type blocker ω-Agatoxin-IVA (ω-Aga-IVA, 0.1 μM)
or the L-type blocker nimodipine (10 μM) was applied (Fig. 2B, C). A small reversible
inhibition by the R-type blocker SNX-482 (50 nM) was observed (Fig. 2D). The variable time
courses of the EPSCs observed in different neurons may be due to the fact that neuronal
properties of NL neurons are distributed along the tonotopic axis in a frequency-dependent
manner, with the mid-frequency coding neurons having faster responses compared to the low-
and high-frequency coding neurons (Kuba et al., 2005). Figure 2E shows that ω-CTx-GVIA
inhibited the ipsilateral and the contralateral EPSCs by 88 ± 7% and 86 ± 13% (n = 9),
respectively. Three of the nine cells were obtained in P8-9 chicks and showed no differences
in terms of the effectiveness of ω-CTx-GVIA (1 μM) on EPSCs. Therefore, the data obtained
from hatchlings were combined with those obtained from late embryos. In another NL neuron
obtained from a P5 chick, a cocktail of non-N-type blockers (0.1 μM ω-Aga-IVA, 10 μM
nimodipine, and 50 nM SNX-482) did not produce a noticeable inhibition of EPSCs (data not
shown). SNX-482 (50 nM) produced a small inhibition with large variations among cells
(ipsilateral: 20 ± 14%; contralateral: 16 ± 17%, n = 7). The large variations of the effects of
SNX-482 on EPSCs were obviously noticeable when the percent change in EPSC amplitude
was assessed in individual neurons (ipsilateral: 15, 28, 21, 40, 29, -3, and 7% reduction;
contralateral: 13, 20, 8, 33, 44, 0, and -3% reduction), suggesting that different proportions, if
any, of SNX-482-sensitive VGCCs participate in triggering glutamate release in different NL
neurons. These large variations may well account for the seemingly puzzling observation
described earlier, in which a cocktail of the VGCC blockers including SNX-482 did not inhibit
EPSCs in the NL neuron obtained from the P5 chick. It is possible that the glutamatergic
terminals innervating this neuron did not have SNX-482-sensitive VGCC. Blockers for P/Q-
and L-type VGCCs had no effects on EPSCs. No statistical differences were found in the
percentage of inhibition by the same blocker between the ipsilateral and the contralateral
EPSCs (paired t-test, p > 0.05), indicating that the presynaptic VGCCs that mediate the two
bilaterally segregated glutamatergic inputs to individual NL neurons are identical. The total
percent inhibition by all four drugs on either the ipsilateral or the contralateral EPSCs slightly
exceeded 100%. This result was expected, because the blockers were applied individually
rather than sequentially to different cells.

Identical kinetics between the ipsilateral and the contralateral EPSCs
To further characterize the physiological symmetry between the ipsilateral and the contralateral
excitatory inputs to the NL, I compared the time course of the ipsilateral EPSCs with that of
the contralateral EPSCs recorded from the same cells. A paired t-test revealed no statistical
differences between the ipsilateral and the contralateral EPSCs in their 10-90% rise time
(ipsilateral: 0.56 ± 0.11 ms; contralateral: 0.58 ± 0.17 ms, n = 21) or decay time constant
(ipsilateral: 1.46 ± 0.45 ms; contralateral: 1.46 ± 0.51 ms, n = 21) (Fig. 3). Therefore, the
ipsilateral and the contralateral EPSCs in the same NL neuron had nearly identical kinetics.
This conclusion, however, is dependent on the validity of the assumption that the electrical
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stimulation eliciting the ipsilateral EPSC is independent of that eliciting the contralateral EPSC.
If the two stimulations activated the same population of synapses, one would surely observe
EPSCs of the same properties. Therefore, I confirmed this assumption by providing two
additional pieces of evidence.

First, I intentionally adjusted the intensities of the electrical stimuli so that maximal responses
were recorded, and the amplitude of the ipsilateral EPSC was about the same as that of the
contralateral EPSC. Consequently, when the peak amplitude of the contralateral EPSC was
plotted against that of the ipsilateral EPSC, the data points fell on or were very close to the line
indicating equivalence (Fig. 4A). In contrast, the stimulation intensity eliciting the ipsilateral
EPSC was substantially different from that eliciting the contralateral EPSC. When the stimulus
intensity delivered to the contralateral pathway was plotted against that given to the ipsilateral
pathway, the data points were scattered (Fig. 4B). This observation suggests that the responses
elicited by the two stimulations were essentially independent.

The second piece of evidence was obtained by taking advantage of the profound synaptic
depression of EPSCs in NL neurons (Fig. 4C), which has been shown to improve coincidence
detection (Kuba et al., 2002b). Figure 4C1 shows that a disynaptic EPSC was occasionally
observed in the recordings of the ipsilateral, but not the contralateral EPSCs (also see Fig. 2A,
top traces). The disynaptic EPSC was likely due to activation of the auditory nerve terminals
innervating the ipsilateral NM, which in turn sends excitatory projections to the NL. After
obtaining ipsilateral EPSCs and contralateral EPSCs of approximately equal amplitude, a train
of synaptic stimulation (100 Hz, 20 pulses) was applied to activate the input from the ipsilateral
NM, followed by the same stimulus protocol delivered to activate the input from the
contralateral NM to the NL. Ipsilateral EPSCs showed synaptic depression and some temporal
summation (Fig. 4C2). In contrast, the contralateral EPSCs showed similar synaptic depression
but little summation (Fig. 4C3). The differential temporal summation is probably not due to
different EPSC kinetics. It is more likely that the disynaptic EPSC observed only in the
ipsilateral recordings accounts for this phenomenon. Importantly, when the ipsilateral train
stimulation was followed by the contralateral train stimulation, the contralateral EPSCs showed
a similar profile of synaptic depression to that elicited by the contralateral train stimulation
alone (Fig. 4C4), and vice versa (Fig. 4C5), strongly indicating that the two stimulations are
independent.

Effects of Ca2+ channel blockers on the inhibitory transmission in the NL
Neurons in the NL receive depolarizing GABAergic inputs from the ipsilateral superior olivary
nucleus (SON). To reveal which types of VGCCs trigger GABA release onto NL neurons, I
studied the effects of VGCC blockers on the inhibitory postsynaptic currents (IPSCs). The
GABAergic transmission in the NL was almost exclusively triggered by Ca2+ entry through
N-type VGCCs (Fig. 5). The IPSCs were almost completely and irreversibly blocked by the
N-type blocker ω-CTx-GVIA (1 μM) (Fig. 5A). Blockers of other VGCCs did not produce any
apparent effects on IPSCs (Fig. 5B-D). Pooled data show that ω-CTx-GVIA reduced the IPSCs
by 89 ± 11% (n = 8; Fig. 5E). Two out of the eight cells were obtained in P6 chicks and showed
no differences in terms of the effectiveness of ω-CTx-GVIA (1 μM) on IPSCs. The data were
therefore combined with those obtained from late embryos. From these results, I conclude that
N-type VGCCs are the dominant type that mediates both the glutamatergic and the GABAergic
transmission in NL neurons. This conclusion is also supported by data obtained in younger
animals (E13, n = 2; data not shown).

GABAergic responses of NL neurons maintained a tonic feature when modulated
Due to an unusually high intracellular Cl- concentration that persists into maturation in NL
neurons, activation of the GABAergic pathway gives rise to membrane depolarization (Hyson
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et al., 1995; Funabiki et al., 1998; Tang et al., 2009). Given the high spiking activity of SON
neurons in vivo (spontaneous firing rate of 30-80 Hz) (Lachica et al., 1994; Nishino et al.,
2008), a sustained membrane depolarization in NL neurons is likely to exist. Although
depolarizing, the net effect of the GABAergic inputs is inhibitory (Monsivais and Rubel,
2001). The sustained GABA-mediated membrane depolarization (temporally summated IPSP)
is critical to improve coincidence detection in the NL (Funabiki et al., 1998). We previously
showed that presynaptic metabotropic glutamate and GABA receptors (mGluRs and
GABABRs) inhibit GABA release in the NL (Tang et al., 2009). I predicted that IPSPs in NL
neurons maintain a tonic feature even when GABAergic transmission is under modulation. To
test this hypothesis, I examined the effects of agonists for mGluRs and GABABRs on the
GABAergic responses (Fig. 6). A train of synaptic stimulation (duration of 500 ms) at different
frequencies (10, 50, 100, or 200 Hz) was delivered to activate the GABAergic inputs. IPSPs
with discrete peaks were observed during low frequency stimulation (10 Hz). Temporal
summation of IPSPs occurred at higher frequencies, forming a plateau of membrane
depolarization. Activation of either mGluRs by tACPD (100 μM, n = 7) or GABABRs by
baclofen (100 μM, n = 7) substantially reduced the amplitude of the IPSPs, but maintained a
depolarization plateau during stimulation at high frequencies.

Discussion
The main finding of this study is that N-type VGCCs play a dominant role in triggering both
the excitatory and the inhibitory transmission in NL neurons. Furthermore, I found that the
same types of VGCCs mediate the ipsilateral and the contralateral glutamatergic transmission
in individual NL neurons, and that the ipsilateral and the contralateral EPSCs have the same
kinetics. Herein, I provide the first evidence at the cellular level of physiological symmetry
between the two segregated glutamatergic inputs to individual NL neurons. Finally, when
modulated by mGluRs or GABABRs, the GABAergic inputs maintain a tonic influence on the
membrane potential of NL neurons.

Comparisons with previous studies
Synaptic transmission in the CNS is primarily mediated by P/Q- and N-type VGCCs, while
other channel types are involved in only a few systems (review in Jones, 2003; Reid et al.,
2003). The presence of one type and not the other at certain synapses may be based on their
particular function in neuronal circuits at different developmental stages. For example, multiple
types of VGCCs trigger neurotransmission in the medial nucleus of trapezoid body (MNTB)
during development, and the P/Q- type dominates after maturation (Iwasaki and Takahashi,
1998; Ishikawa et al., 2005; Inchauspe et al., 2007; but also see Wu et al., 1999). When P/Q-
type channels in MNTB are genetically knocked out, there is a functional compensatory
increase in the expression of N-type channels. Consequently, short-term plasticity indicators,
such as the paired-pulse facilitation that is readily observed in wild type animals, are
diminished, indicating that P/Q- but not N-type channels provide facilitatory drive at MNTB
synapses (Inchauspe et al., 2004).

In the NL, GABA release was almost exclusively triggered by N-type channels, with no
apparent contribution by other VGCCs (Fig. 5). Glutamatergic transmission in the NL was also
primarily triggered by N-type channels, with a small contribution from R-type channels in a
small fraction of NL neurons (Fig. 2). The involvement of the R-type channels in the NL is
consistent with previous findings that this type of VGCC also mediates rapid transmitter release
(Wu et al., 1998,1999). The significance of the involvement of R-type channels in fast
neurotransmission is unknown. In the medial superior olive, the mammalian analog of the NL,
glutamatergic transmission is mediated by both N- and P/Q-type VGCCs with similar
contributions, and glycinergic transmission is mediated by both N- and P/Q-type VGCCs, with
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the latter being more dominant (Barnes-Davies et al., 2001). Species differences may account
for the discrepancy in VGCCs that mediate synaptic transmission between the MSO and the
NL.

The dominant role of N-type channels in triggering synaptic transmission in the NL appears
to persist into maturation. N-type channels are replaced by P/Q-type channels for the triggering
of glutamate release in the MNTB at roughly the age of hearing onset in the rat, which occurs
at about P11-15 (Iwasaki and Takahashi, 1998; but also see Wu et al., 1999, who demonstrated
the presence of N-type channels at P10-14). Chickens are precocial animals, i.e., they are able
to hear before they hatch, with an early onset of hearing (defined here as the time when evoked
brainstem potentials in response to intense sound stimulation can be recorded) at about E11/12
(Saunders et al., 1973). A few days after the onset of hearing (at E16-19), the chicken auditory
system is able to detect and encode ambient sound (Jones et al., 2006). In late chicken embryos
(> E18), which were used in the current study, NL neurons have adult-like neuronal properties,
including intrinsic membrane and synaptic properties (Kuba et al., 2002a; Gao and Lu,
2008). In addition, in days-old chicks (P6-9), which have been demonstrated to have a fairly
mature hearing threshold and behavior (Gray and Rubel, 1985; Rubel and Parks, 1988; Manley
et al., 1991), ω- CTx-GVIA (1 μM) produced a similar blockade of EPSCs (n = 3) and IPSCs
(n = 2) to that found in late embryos (data combined and shown in Figs. 2 and 5, respectively).
Unlike some systems in the mammalian CNS (Iwasaki et al., 2000), a developmental switch
of VGCCs at the axonal terminals in the NL may not occur.

Dominant role of N-type VGCCs in synaptic transmission in the NL
There are four essential physiological differences between P/Q- and N-type VGCCs, and each
of the differences may suit a particular function at different synapses (Colecraft et al., 2000,
2001; Inchauspe et al., 2004).

First, N-type channel currents require a greater positive activation voltage than P/Q-type
channels. The half-activation voltage for N-type channels is seven mV more depolarized than
that for P/Q-type channels (Ishikawa et al., 2005). Strong membrane depolarizations are
therefore needed at the axonal terminals, where N-type channels dominate, to induce sufficient
Ca2+ entry in order to trigger transmitter release. The requirement of strong membrane
depolarizations for glutamate release may play a role in the NL, where spiking activity in
response to monaural inputs must be minimized. Furthermore, the slope of the power
relationship between the N-type currents and EPSCs is lower than that for the P/Q-type
channels (Wu et al., 1999). Consequently, synaptic facilitation is not as frequently observed at
synapses where N-type channels dominate (Currie and Fox, 2002; Urbano et al., 2003;
Inchauspe et al., 2004, 2007). Indeed, synaptic facilitation is lacking in the NL, whereas
synaptic depression, the form of short-term plasticity opposite to synaptic facilitation, is
profound in NL neurons and has been shown to improve the accuracy of coincidence detection
(Kuba et al., 2002b).

Second, N-type channels are less tightly coupled to synaptic vesicles and are located at
distances farther from the transmitter release sites than are P/Q-type channels (Inchauspe et
al., 2007), leading to a smaller quantal content at synapses where N-type channels dominate.
Thus, in order to elicit suprathreshold excitatory postsynaptic potentials in either the dorsal or
ventral input in NL neurons, multiple glutamate release sites may need to be activated
simultaneously (monaural coincidence detection), helping to minimize spiking activity of NL
neurons in response to monaural inputs.

Third, N-type channels are preferentially subject to greater modulation by G-protein-coupled
receptors (GPCRs) because they are more tightly linked to heterotrimeric G-proteins than are
P/Q-type channels (review in Reid et al., 2003). Interestingly, the GABAergic, but not the
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glutamatergic transmission in the NL, is subject to modulation by presynaptic GABABRs and
mGluRs (Tang et al., 2009). This selective modulation, however, is probably not due to
differential VGCCs that mediate the release of GABA and glutamate in the NL, because N-
type channels trigger both GABA and glutamate release in this nucleus. Elucidation of the
mechanisms that underlie this selective modulation awaits further investigation.

Finally, when modulated by GPCRs, N-type channels remain available to be activated, whereas
P/Q-type channels show little or no activation (Colecraft et al., 2000, 2001). When modulated
(mainly inhibited) by GPCRs, VGCCs alter their activation status from a “willing” (normal)
mode to a “reluctant” (inhibited) mode (Bean, 1989; Patil et al., 1996). As the terms indicate,
in the willing mode, channels can open in response to membrane depolarization, whereas in
the reluctant mode, it is more difficult to induce channel opening. Interestingly, there is a
different level of “reluctance” for different channels. Using single-channel recordings,
Colecraft et al. (2001) provided direct evidence that P/Q-type channels, when inhibited,
become truly and completely reluctant, with no channel openings observed in response to
membrane depolarizations. In contrast, N-type channels, when in the reluctant mode, are able
to open in response to membrane depolarizations, only their open probability is lower than
when they are in the willing mode. Therefore, at axonal terminals where N-type channels
dominate, transmitter release is not likely to be shut down by inhibitory GPCRs. Along with
the relatively slow kinetics of GABAAR responses and the association of N-type channels with
asynchronous release of GABA, activation of N-type channels even if when they are in the
reluctant mode may contribute to the sustained depolarizing inhibitory action of GABA in the
NL. The sustained feature is critical for the GABAergic input to exert its physiological action
on coincidence detection in the NL (Funabiki et al., 1998). Taken together, the dominance of
N-type VGCCs in triggering both the excitatory and the inhibitory transmission in the NL may
play an important role in improving the acuity of temporal processing of sounds in the auditory
brainstem.
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Abbreviations
ACSF artificial cerebrospinal fluid

ω-Aga-IVA ω-Agatoxin-IVA

CNS central nervous system

ω-CTx-GVIAω-Conotoxin-GVIA

EPSC excitatory postsynaptic current

GABABR gamma-aminobutyric acid B receptor

GPCR G-protein-coupled receptor

IPSC inhibitory postsynaptic current

IPSP inhibitory postsynaptic potential

mGluR metabotropic glutamate receptor
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MNTB medial nucleus of trapezoid body

NL nucleus laminaris

NM nucleus magnocellularis

SON superior olivary nucleus

VGCC voltage-gated calcium channel
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Figure 1.
Experimental preparation. A and B: Photographs (bright field illumination) of a chicken
brainstem slice (300 μm in thickness). No staining was performed. The stump of the 8th nerve,
the nucleus magnocellularis (NM) and nucleus laminaris (NL) can be easily identified. C: A
schematic diagram showing the time-coding circuits in the avian auditory brainstem. The
auditory nerve innervates the cochlear nucleus angularis (NA) and the NM. Neurons in the NM
send bilaterally segregated excitatory projections to the NL. Stimulation electrode 1 (stim 1)
was placed in the ipsilateral NM to activate the dorsal excitatory input to the NL, and stim 2
on the fibers ventral and medial to the NL to activate the excitatory input from the contralateral
NM. Neurons in the NL receive GABAergic inputs primarily from the ipsilateral superior
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olivary nucleus (SON). Stim 3 was placed on the SON fibers to activate the GABAergic
pathway. The inset shows the morphology of one NL neuron revealed by biocytin staining
(axon indicated by the white arrow).
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Figure 2.
Glutamatergic transmission in the NL is predominantly triggered by Ca2+ entry through N-
type VGCCs. A: Both the ipsilateral (open circles) and the contralateral (filled circles) EPSCs
recorded from the same NL neuron were largely and irreversibly blocked by the N-type blocker
ω-Conotoxin-GVIA (ω-CTx-GVIA, 2.5 μM), with nearly identical time courses. Averaged
traces under control (thin traces) and drug (thick traces) conditions are shown on the right.
Stimulus artifacts are truncated for clarity. B-C: No inhibition of EPSCs was produced by the
P/Q-type blocker ω-Agatoxin-IVA (ω-Aga-IVA, 0.1 μM) or the L-type blocker nimodipine
(10 μM). D: A small and reversible inhibition of the EPSCs by the R-type blocker SNX-482
(50 nM) was observed. The different time courses of the EPSCs observed in the sampled
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neurons may be due to different locations of the neurons along the tonotopic frequency axis.
E: Summary of the effects of different VGCC blockers on EPSCs of NL neurons. ω-CTx-
GVIA inhibited the ipsilateral and the contralateral EPSCs by 88% and 86%, respectively.
Blockers for P/Q- and L-type VGCCs had no effects on EPSCs. SNX-482 produced a small
inhibition with a large variation among cells. No differences in the percent inhibition by either
drug were detected between the ipsilateral and the contralateral EPSCs. Error bars represent
standard deviations. n.s.: non-significant (paired t-test, p > 0.05; the number of cells is indicated
in parentheses).
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Figure 3.
The ipsilateral and the contralateral EPSCs in the same NL neurons have nearly identical
kinetics. A: One representative EPSC showing the measurements of the 10-90% rise time and
the decay time constant (tau). The time period that takes for the EPSC to change from 10% to
90% of its peak value is defined as the 10-90% rise time (indicated by the gray lines and the
double-head arrow). The decay tau was measured by fitting a single exponential curve (dashed
line) to the portion from the peak of the EPSC to the baseline. B and C: A paired t-test revealed
no statistical differences between the ipsilateral and the contralateral EPSCs in either 10-90%
rise time or decay tau.
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Figure 4.
Independence of the electrical stimulations eliciting the ipsilateral and the contralateral EPSCs
in individual NL neurons. A: EPSCs with similar peak amplitudes were intentionally elicited
in each neuron by adjusting the stimulus intensities. Consequently, when the peak amplitude
of the contralateral EPSC was plotted against that of the ipsilateral EPSC, the data points fell
on or were very close to the line indicating equivalence. The distribution of the stimulus
intensities, however, is much more scattered (B). C1: Ipsilateral and contralateral EPSCs
elicited by two single electrical shocks delivered at an interval of 75 ms. A disynaptic EPSC
was observed in the recordings of the ipsilateral, but not the contralateral EPSCs. C2: EPSCs
elicited by a train of synaptic stimulation (100 Hz, 20 pulses) to the ipsilateral input showed
synaptic depression and temporal summation. C3: EPSCs elicited by the same train stimulation
(100 Hz, 20 pulses) to the contralateral input showed synaptic depression but little summation.
C4: The ipsilateral train stimulation was followed by the contralateral train stimulation. The
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contralateral EPSCs that follow the ipsilateral EPSCs showed a similar profile to that elicited
by the contralateral stimulation alone, and vice versa (C5). Stimulus artifacts in C2-C5 are
blanked.
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Figure 5.
GABAergic transmission in the NL is almost exclusively triggered by N-type VGCCs. A:
IPSCs were almost completely and irreversibly blocked by ω-CTx-GVIA (1 μM). B-D: Little
or no inhibition by blockers for non-N-type channels. E: Summary of the effects of different
VGCC blockers on IPSCs of NL neurons. See Figure 2 for a detailed legend.
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Figure 6.
The temporal profile of GABA-induced IPSPs in NL neurons is not altered by modulation
mediated by mGluRs (A) or GABAB receptors (B). GABAergic IPSPs were evoked by synaptic
stimulations (duration of 500 ms) at different frequencies, under control (thin traces) and drug
(thick traces) conditions (A: 100 μM tACPD, a non-specific mGluR agonist; B: 100 μM
baclofen, a GABABR agonist). Due to a high intracellular Cl- concentration in NL neurons
(Tang et al., 2009), activation of the GABAergic pathway gives rise to membrane
depolarization up to about 15 mV. Discrete IPSPs were observed in response to a low frequency
stimulation (10 Hz). Temporal summation of IPSPs occurred at higher frequencies. Activation
of either mGluRs or GABAB receptors substantially reduced the amplitude of the IPSPs, but
maintained a depolarizing plateau at high stimulation frequencies. Stimulation artifacts are
blanked for clarity. The resting membrane potentials of the neurons were -65 (A) and -61 mV
(B), respectively.
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