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GABAergic Inhibition Sharpens the Frequency Tuning and
Enhances Phase Locking in Chicken Nucleus Magnocellularis
Neurons
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GABAergic modulation of activity in avian cochlear nucleus neurons has been studied extensively in vitro. However, how this modulation
actually influences processing in vivo is not known. We investigated responses of chicken nucleus magnocellularis (NM) neurons to
sound while pharmacologically manipulating the inhibitory input from the superior olivary nucleus (SON). SON receives excitatory
inputs from nucleus angularis (NA) and nucleus laminaris (NL), and provides GABAergic inputs to NM, NA, NL, and putatively to the
contralateral SON. Results from single-unit extracellular recordings from 2 to 4 weeks posthatch chickens show that firing rates of
auditory nerve fibers increased monotonically with sound intensity, while that of NM neurons saturated or even decreased at moderate
or loud sound levels. Blocking GABAergic input with local application of TTX into the SON induced an increase in firing rate of ipsilateral
NM, while that of the contralateral NM decreased at high sound levels. Moreover, local application of bicuculline to NM also increased the
firing rate of NM neurons at high sound levels, reduced phase locking, and broadened the frequency-tuning properties of NM neurons.
Following application of DNQX,; clear evidence of inhibition was observed. Furthermore, the inhibition was tuned to a broader frequency
range than the excitatory response areas. We conclude that GABAergic inhibition from SON has at least three physiological influences on
the activity of NM neurons: it regulates the firing activity of NM units in a sound-level-dependent manner; it improves phase selectivity;

and it sharpens frequency tuning of NM neuronal responses.

Introduction

Sounds are encoded as a train of action potentials in auditory
nerve fibers (ANFs), and various stimulus features are repre-
sented by these patterns of activity. In birds, ANFs bifurcate to
innervate two cochlear nuclei, nucleus magnocellularis (NM)
and nucleus angularis (NA), where further processing occurs.
NM is specialized for transmission of phase information bilater-
ally to nucleus laminaris (NL), where the interaural phase differ-
ences are first processed (Young and Rubel, 1983; Carr and
Konishi, 1990; Overholt et al., 1992). NM is specialized both
morphologically and physiologically. First, large ANF presynap-
tic terminals, called the end bulbs of Held (Parks and Rubel, 1978;
Whitehead and Morest, 1981; Jhaveri and Morest, 1982a,b,¢), are
formed on somas of NM neurons and generate a large postsyn-
aptic current that can minimize jitter in synaptic transmission
(Brenowitz and Trussell, 2001b). Second, low-voltage-activated
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potassium channels are robustly expressed in the postsynaptic
membrane, which decreases the membrane resistance and corre-
spondingly shortens the membrane time constant (Reyes et al.,
1994; Rathouz and Trussell, 1998). These and other specialized
features of postsynaptic membrane and the morphological fea-
tures of synaptic terminals are differentially expressed along
tonotopic axis in the NM (Fukui and Ohmori, 2004).

The superior olivary nucleus (SON) is known to receive exci-
tatory inputs from the ipsilateral NA and NL and is thought to
receive inhibitory inputs from the contralateral SON. It sends
GABAergic projections to the ipsilateral NM, NA, NL, and con-
tralateral SON (Lachica et al., 1994; Westerberg and Schwarz,
1995; Burger et al., 2005b), and constitutes a major source of
GABAergic inputs to these targets. In brainstem slice experi-
ments, the GABAergic activity decreases the membrane resis-
tance of NM and NL neurons (Yang et al., 1999; Monsivais et al.,
2000). Models propose SON functions to improve ITD process-
ing in two primary ways: (1) equalizing the binaural cochlear
nucleus activity (Burger et al., 2005b; Dasika et al., 2005), and (2)
improving the phase sensitivity in NM by shortening the mem-
brane time constant (Yang et al., 1999; Monsivais et al., 2000).
Until now, it has been unclear how this unusual depolarizing
GABAergic input actually functions in vivo, especially consider-
ing that it must overcome the very large excitatory currents gen-
erated by the secure end-bulb synapses of ANF terminals to
suppress activity (Brenowitz and Trussell, 2001a). We investi-
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gated the processing of auditory informa-
tion in vivo to further understand the role
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n = 127) and NM (filled circles, n = 304) units, of CF higher than 1 kHz. Although the firing rate of ANF increased monotonically
with the sound intensity, the firing rate of NM was saturated around 60 dB SPL and was often reduced at higher sound levels.
Dotted lines show the averaged spontaneous firing rate for ANF (lower line) and NM (upper line). B, The depression index was
defined as the firing rate at 90 dB SPL divided by the maximum firing rate between 10—90 dB SPL. The depression index of ANFs

was typically close to 1, meaning that the firing rate was maximum in most cases at 90 dB SPL. The depression index of NM neurons

Materials and Methods

In vivo neuron recording and measurement. We
used 128 young adult chickens aged 15-31 d
(P15-P31). Chickens were anesthetized using
chloral hydrate (150 mg/kg) and urethane (1 g/kg) or, in some cases, only
urethane (1 g/kg). Supplemental doses of urethane were administered, if
the subjects showed any sign of discomfort. Animals were maintained at
40°C with a heating pad. Sound stimuli were presented through a pair of
hollow ear bars with a closed acoustic system from a pair of earphones
(EF-1935, Knowles Electronics). The sound pressure level was calibrated
at the beginning of each experiment. All experiments were made in a
sound-isolation booth placed within a soundproof, shielded room. The
detailed surgical and physiological recording methods were previously
described (Fukui et al., 2006) except as noted below. In experiments
using the multibarrel electrodes or the application of 6,7-dinitro-
quinoxaline-2,3-dione (DNQX) to the brainstem, the surface of NM was
exposed by aspiration of the cerebellum leaving the cerebellar peduncle.
Neural responses were recorded with custom-written data acquisition
software (B. Warren, University of Washington, Seattle, WA) or software
written in MATLAB (Fukui et al., 2006). After recordings, the brainstem
was fixed by transcardiac perfusion with 10% formalin and sliced at 100
pum to document the electrode tracts. The source of 1518 units recorded
in NM was identified as either an ANF or a NM unit by the waveform of
spike-triggered average (STA) in response to white noise stimulus (sup-
plemental Fig. 1 Bb, available at www.jneurosci.org as supplemental ma-
terial) (ANF, n = 628; NM, n = 844) and/or the latency to click stimuli
(supplemental Fig. 1A, available at www.jneurosci.org as supplemental
material) (ANF, n = 130; NM, n = 120). Supplemental Figure 1Ba
(available at www.jneurosci.org as supplemental material) shows the ex-
ample of the STA measurement. The zero crossing time (arrowheads)
between the second and the third significant peaks was stable regardless
of the sound level. This time value was used as one criterion to distinguish
ANF from NM units. SON units were also confirmed by the electrode
tract as well as the latency of STA and/or from the latency to the click
stimulus (supplemental Fig. 1C, available at www.jneurosci.org as sup-
plemental material).

Quartz glass electrodes (#QF100-70-10, Sutter Instrument) filled with
1 M sodium chloride were used for extracellular single-unit recordings.
After detection of single-unit activity by white noise sound (90 dB),
characteristic frequency (CF) was determined as previously described
(Fukui etal., 2006). The firing rate—intensity function was measured with
CF tones at randomized levels (from 10 to 90 dB SPL, 10 dB steps) (Fig.
1A). The sound duration was 50 or 70 ms with a 3 ms rise and fall time for
asinusoidal envelope and the interstimulus interval was typically 500 ms.
Firing rate was measured by counting spikes in a window from 3 ms after
stimulus onset to the end of sound stimulus for >3 trials. The criterion
for a threshold increase in spike rate was defined as the spontaneous
firing rate plus 40 spikes/s (Warchol and Dallos, 1990). Maximal firing
rate was defined as the maximal firing rate for the CF sound of 10-90 dB
SPL. A depression index was computed as the ratio of the firing rate to a

was lower than ANF and seems to be CF dependent, lowest at the middle to high CFs. However, the index varied extensively within
similar CF neurons in NM. C, The threshold sound level for NM units having CF >1kHz was plotted against depression index. The
depression index was weakly dependent on the threshold sound level.

CF tone presented at 90 dB SPL to the maximal firing rate of the unit at
any intensity. Therefore, a high depression index value (~1.0) indicates
little or no spike suppression, while lower values indicate stronger spike
suppression. Frequency tuning was determined by using a series of stim-
uli in which we varied frequency by 1/12 or 1/6 octave steps and intensity
levels from below threshold to 90 dB SPL. Frequency selectivity was
defined as the frequency range evoking above threshold firing rates at
each intensity. Inhibitory frequency range was defined as the frequency
range evoking firing rates falling two SDs below the spontaneous rate.
The ratio of sensitive frequency (H/L) was defined as the ratio of the high
end of the frequency range evoking a response divided by the lower limit
of the frequency range at a given intensity. Vector strength (VS) (Gold-
berg and Brown, 1969) was calculated from 15 ms after the sound onset
to the end of sound stimulus (see Figs. 5, 6) as follows:

VS = \/[Esin(ai)] + [Ecos(ai)] =N,

where g, is the phase position of a single spike and N is the total number
of spikes. The phase angle of the stimulus sinusoid at which each spike
occurs is expressed as a vector of unit length. The vectors of all spikes are
then averaged with the mean length indicating the vector strength. Thus,
this measure equates to the relative abundance of firing at a particular
phase angle. Vector strength varies from 0 (no phase locking) to 1 (per-
fect phase locking). Data are presented as mean = SEM (n = number of
samples). Statistical analysis was performed by the unpaired or paired
Student’s t test or ANOVA. Removal of cerebellum did not affect the
firing properties (spontaneous firing rate, maximal firing rate, threshold,
depression ratio) of ANF and NM units (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) ( p > 0.45).

Application of TTX to SON. Tetrodotoxin (TTX) was iontophoretically
applied to SON using a glass electrode of ~40 um tip diameter. SON was
located by the evoked potential in response to a 50 ms white noise stim-
ulus. The electrode was filled with artificial CSF (ACSF) containing 0.5
mum TTX and I mg/ml Alexa-568-conjugated 10 kDa dextran amine. TTX
and the dye were injected by applying a large current (+40 nA, 1 s
positive and 1 s negative, 20 min). After the injection of TTX, the evoked
potential response along the dorsal to ventral extent of the SON to white
noise was almost completely suppressed. The injection site was con-
firmed by Alexa-568 following unit recordings (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). TTX was suc-
cessfully injected into SON for 7 chickens (P17-P24). Single-unit record-
ings were made from 30 min to 5 h after the injection of TTX.

Injection of bicuculline in NM. Multibarrel “piggyback” electrodes,
composed of a single sharp electrode (borosilicate: AM SYSTEMS,
Cat#602000, or quartz: (#QF100-70-10, Sutter Instrument) glued to a
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there was substantial variation in the de-
pression index between units of similar
CF, the depression index of NM units de-
pended on the CF of units. Depression of
spike rate was seen primarily in the middle
to high-CF NM units (Fig. 1B), in con-
trast to units with CFs <1 kHz. Consistent
with these findings, as described below,
the influence of inhibition (or SON input)
was most clearly observed in neurons with
CFs above 1 kHz. Furthermore, there was
a weak, but significant relationship between

(304)(27) (8)

0
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Figure2.

three or five barrel pulled glass pipette (AM SYSTEMS, Cat#609000, or
World Precision Instruments, 5B120F-4), were used for iontophoretic
application of bicuculline methiodide to NM (Havey and Caspary, 1980).
The tip of the multibarrel electrode was broken to make the total tip
diameter of ~25-40 wm and the sharp recording electrode was glued
using cyanoacrylate glue and self-curing resin. The tip of the single sharp
electrode protruded 20—30 um from the tip of the multibarrel electrode.
Internal solution of 1 M NaCl was used for the single sharp electrode.
Internal solution of 19.6 mm bicuculline in 154 mm NaCl at pH 3 and
control solution (154 mm NaCl, pH 3) was used for the multibarrel
electrode. The center barrel of the electrode was used as a current sink to
balance the total injected current (154 mm NaCl, pH 7). A retention
current (6 nA) was always applied during the insertion of electrode
through the brainstem. The amplitude of the injected current ranged
between —40 and —80 nA. The injection of control solution (154 mm
NaCl, pH 3) had no effect on NM unit responses (n = 2, data not shown).

Application of DNQX onto the brainstem. ACSF containing (in mm: 120
NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 26 NaHCO;, 1.25 NaH,PO,, 17 glu-
cose) or ACSF including 20 um DNQX at 40°C) was continuously per-
fused on the surface of brainstem by a peristaltic pump (2—4 ml/min) in
10 chickens (P21-P27). The peristaltic pump was also used to recover the
ACSF solution. To stabilize the effects of drug, unit recordings were made
after >30 min from the beginning of drug perfusion.

Results

Firing properties of ANF and NM units and block of

SON activity

Figure 1A shows the averaged rate—intensity function for ANF
and NM units when a CF tone stimulus was applied. The spon-
taneous firing rate of NM units was significantly higher than for
ANF units (NM, 101.9 = 2.1 spikes/s, n = 413; ANF, 48.7 = 2.1
spikes/s, n = 201, p < 0.0001). The spontaneous firing rate, the
threshold sound level (NM, 31.34 + 0.7 dB; ANF, 30.3 = 1.0 dB)
and maximal firing rate (NM, 260.9 = 4.2 spikes/s; ANF, 370.0 =
7.9 spikes/s) were comparable to those of previous reports (Warchol
and Dallos, 1990; Salvi et al., 1992; Fukui et al., 2006). The firing
rate of ANF units increased with the sound level and the rate—
intensity relationship was monotonic in almost all units re-
corded. In contrast, the firing rate of NM units reached a
maximum at an intermediate sound level and was slightly de-
creased or saturated at higher input levels (ANF). The depression
index was defined as the firing rate at 90 dB SPL divided by the
maximum firing rate of a unit. Thus low values indicate strong
suppression. The depression index was lower than 0.95 in 72.7%
of NM units, and only 6.7% of ANF units. Interestingly, although

CF<1

Blocking SON activity by TTX altered the degree of depression for NM neurons. A, The average firing rate for the ipsilateral NM
(closed triangles) and contralateral NM (open triangles) after the injection of TTX into the SON for low (Aa) and high (Ab) CF neurons. For
neurons having CF higher than 1kHz (Ab), the firing rate of the contralateral NM was significantly lower than that of the ipsilateral NM at the
sound levels above 60 dB SPL. B, The depression index of the ipsilateral NM was significantly larger and the contralateral NM was signifi-
cantly smaller than that of the control condition for neurons of CF >1kHz. **p << 0.01; *p << 0.05; n.s., not significant.

21 (kHz) threshold and firing rate depression at high

sound levels; units having low acoustic
thresholds tended to have low depression
indexes (larger depression) (Fig. 1C).

To test the influence of the SON in
NM, the activity of the SON was blocked
by local iontophoretic injection of 0.5 mm
TTX, leaving the contralateral SON intact
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material), and the responses of
NM neurons were tested for 7 chickens. The depression of the
NM units ipsilateral to the TTX inactivated SON was reduced
compared to that seen in control NM neurons and, particularly,
that observed in contralateral NM units (Fig. 2A). The effect of
inactivating the SON input was only apparent at high intensities
(above ~60 dB) and was much more dramatic for neurons with
high-frequency CFs than low-CF units. Moreover, the depression
of the ipsilateral NM after the TTX injection to SON was signifi-
cantly smaller than that of the control, while that of the contralat-
eral NM after the TTX injection was larger than that of the
control for units with CFs above 1 kHz (Fig. 2 B). ANOVA fol-
lowed by individual comparisons revealed no significant differ-
ences for units with CFs <1 kHz. For units with CFs =1 kHz,
depression at high stimulus levels was significantly less on the
ipsilateral side than controls ( p < 0.05) and reliably greater on
the contralateral side than controls (p < 0.001). Similarly, the
difference between the average depression index ipsilateral and
contralateral to the TTX blockade of SON activity was highly
significant ( p < 0.001). This difference between ipsilateral and
contralateral depression index was not due to differences in CF
distribution for the two populations of neurons. The means and
SDs did not differ significantly [<1 kHz: ipsilateral CF = 767.2 =
48.7Hz (n = 13), contralateral CF = 616.5 = 81.7Hz(n =7); =1
kHz: ipsilateral CF = 1745.0 = 129.7 Hz (n = 27), contralateral
CF =1619.3 = 192.9 Hz (n = 8)].

There was no significant difference in the spontaneous rate in
NM (ipsilateral 127 = 4.7 spikes/s, n = 40; contralateral 131.7 = 9.3
spikes/s, n = 15; p = 0.62) or the threshold sound level (ipsilateral
20.0 = 1.2 dB, n = 40; contralateral 20.3 = 2.7 dB, n = 15; p = 0.91).
However, the NM spontaneous rates were higher for the TTX-
treated population than for the control data reported in Figure 1
(control 103.2 £ 2.3 spikes/s, n = 346; TTX 128.3 £ 9.3,n = 55,p <
0.01). The maximal firing rate was not significantly different be-
tween three groups for CFs <1 kHz (control, ipsilateral, contralat-
eral; ANOVA, p = 0.13). For CFs = 1 kHz, the mean maximum rate
of ipsilateral TTX-treated NM neurons (347.8 = 10.3 spikes/s, n =
27) was significantly higher than control (274.6 £ 3.7 spikes/s, n =
304, p < 0.001), but that of contralateral TTX treated was not
(319.2 = 22.6 spikes/s, n = 8). ANF activity was not significantly
influenced by TTX injection into SON (spontaneous rate: control
43.5 + 39.4 spikes/s, n = 31, + TTX 36.8 * 18.0 spikes/s,n = 7,p =
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neuron are shown in Figure 3. For this
neuron, following 1-4 min of bicuculline
iontophoresis (—60 nA), the firing rate in
response to a 90 dB CF tone gradually in-
creased, and saturated within 6 min of
bicuculline application (Fig. 3A). Again,
the increase in the firing rate was observed
only for stimuli above ~60 dB SPL, and
was not effective at either moderate (50 dB
SPL) or subthreshold (10 dB) levels (Fig.
3A, b in Fig. 3B). After 2—4 min from the
suspension of bicuculline application, the firing rate at 90 dB SPL
decreased to the control rate, and no decrease was observed at 10
or 50 dB SPL (Fig. 3A). The complete rate—intensity function was
similar to the control after 6—10 min of recovery from bicuculline
application (c in Fig. 3B). In 24 NM neurons tested, a significant
increase of the firing rate was observed at sound levels higher than
60 dB SPL and the mean firing rate at 90 dB SPL was increased
1.38 £ 0.04 times (Fig. 3C,Da), while the spontaneous firing rate
was not significantly changed ( p = 0.73) (Fig. 3C). Iontophoretic
application of the pH adjusted isotonic vehicle solution (154 mm
NacCl, pH 3.0) had no significant effect on the firing activity (n =
2, data not shown). The largest increases in the firing rate follow-
ing bicuculline application were found in units with the lowest
depression index values in the control ( p < 0.001) (Fig. 3Db).
The firing rate of ANF units was not affected by the application of
bicuculline (n = 2, data not shown). Despite the large changes in
firing rate at high sound levels, the overall firing pattern was only
marginally changed.

Figure 4 shows one example of the PSTH in the control (Aa)
and during the application of bicuculline (Ab), and the averaged
difference of firing rate (B). After application of bicuculline, the
firing rate increased during the entire 80 ms CF tone stimulus
with the exception of the onset response (Fig. 4, vertical dotted
line). In this example, the increase became significant starting at
~8 ms following stimulus onset and continued to be statistically
significant until offset of the response to sound (Fig. 4B). The
averaged increase in firing rate between 10 and 80 ms was 54.9 +
8.4 spikes/s to this 90 dB SPL CF stimulus. That corresponds to a
44.2% above the firing rate of before the bicuculline treatment

Figure 3.

bicuculline.

Bicuculline-induced increase in NM neuron firing rate was level-dependent. A, One example of the continuous
recording of firing rates of a NM neuron for 10, 50 and 90 dB SPL of CF sound (1903 Hz). Plots are averages of 5 trials. Bicuculline was
applied during 1.2-9.5 min (bar on the abscissa, 60 nA). B, Averages of the firing rate of 10 trials indicated by arrows in A (a— c). The
firing rate was increased with bicuculline at loud sound levels (b) and was recovered to the control level after the end of the
application of bicuculline (c). €, The ratio of firing rate in bicuculline and control. The ratio increased significantly at the sound level
higher than 60 dB SPL. **p << 0.01. Da, The ratio of firing rate at 90 dB SPL for all neurons recorded. Db, The ratio of the firing rate
at 90 dB SPL was plotted against the depression index in the control condition. Neurons with smaller depression index values
showed greater increases in the firing rate during bicuculline treatment. In this and all subsequent figures, Bic stands for

(124.3 = 9.9 spikes/s, n = 24). Figure 4, C and D, shows average
firing rates for the early portion of the PSTH and sustained re-
sponse portion, respectively, as a function of stimulus level for the
control condition and with bicuculline treatment. It is clear that
the bicuculline treatment dramatically enhances responses to
high-intensity stimuli during the sustained response, but has lit-
tle or no effect during the onset response. While PSTH analyses
show little change in the overall pattern of response, analyses of
the temporal precision in responses to tone stimuli show that it
was dependent on GABAergic input. VS is a measure of the de-
gree of phase selectivity of a response (Goldberg and Brown,
1969). Figure 5A shows one example of period histograms of
spikes in under control conditions and during bicuculline treat-
ment. Phase locking was observed in the control with a VS of 0.46.
During bicuculline application the period histogram broadened
and the VS fell to 0.33, while the firing rate increased to 1.55 times
the control at 90 dB SPL. Ratios of VS measured at 90 dB SPL in
each condition are plotted in Figure 5B. The averaged ratio of VS
at 90 dB SPL was 0.92 = 0.02 for all units studied in both condi-
tions (n = 24, p < 0.001). Again, the decrease in VS was more
striking for higher CF units (r = —0.47, p < 0.05). VS decreases
were also level dependent; a priori comparisons were made be-
tween control and bicuculline condition at each intensity. At 70,
80, and 90 dB stimulus levels, the difference was significant ( p <
0.05). At lower intensities, the small differences in VS ratios were
not reliable (Fig. 5C).

Inhibitory tuning curve in NM
The acoustically evoked inhibition in NM, demonstrated by sup-
pressing the excitatory synaptic input from ANFs, was frequency
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Figure 4.  Time course of the bicuculline-sensitive response. 4, PSTH of NM neuron for
the control (a, average of 23 trials) and during the application of bicuculline (b, average of
28 trials). Sound level was 90 dB SPL at CF (1903 Hz) and the duration was 80 ms (open bar
at the bottom in B). B, The averaged difference between in the control and in bicuculline
(n = 24) was plotted by closed (significant, p < 0.05) and open circles (not significant).
The effect of bicuculline emerged with a delay of ~5 ms to the onset of sound and was
almost constant during the remainder of the sound stimulation. Bin width is 1 ms for Aand
B. C, D, The averaged firing rates for the onset period (0—8 ms, €) and sustained period
(8—-80ms, D). The significant increase was observed only with higher intensity stimuli of
the sustained response. **p < 0.01; *p < 0.05; n.s., not significant.
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dependent (Fig. 6). We applied 20 um DNQX onto the surface of
the brainstem to partially block AMPA receptors in NM from
activation by ANFs. The spontaneous firing rate of NM units was
slightly lower in the presence of DNQX than in control condi-
tions (in DNQX, 97.5 = 4.2 spikes/s, n = 58; in controls, 116.5 =
6.2 spikes/s, n = 49, p < 0.05), while the spontaneous firing rates
of ANF units was not significantly different (in DNQX, 52.6 = 3.6
spikes/s, n = 41;in control, 49.7 = 4.7 spikes/s, n = 35). After the
application of DNQX, the auditory-evoked discharges in NM
units nearly ceased, only occurring at the onset of the sound
stimulus for most neurons (Fig. 6 Aa). Surprisingly, the ongoing
firing rate for remainder of the duration of the tone decreased
below the spontaneous level. The onset responses enabled us to
identify NM units and characterize their frequency selectivity.
The zero crossing time and latency in spike-triggered averaging
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material) of the click response corresponded to that of
untreated NM units (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material).

The excitatory and inhibitory response tuning was assessed for
each NM unit in two time windows with respect to the stimulus.
The excitatory onset responses were assessed in a window includ-
ing the initial 15 ms, while the inhibitory response area was mea-
sured from the area of response suppression in the remaining
15-80 ms period (see Materials and Methods). The excitatory
response exhibited a relatively narrow tuning range at 90 dB SPL
(Fig. 6Ab) (the frequency range above the threshold level was
1.32-2.07 kHz) when compared to the inhibitory tuning range
(Fig. 5Ab) (the frequency range below the inhibitory threshold
level was 0.45-3.75 kHz). Figure 6 Ba shows one example of the
tuning curve for the excitation measured from the onset response
and the tuning curve of the inhibition measured from the ongo-
ing response. The tuning curve of the excitatory onset response
was sharp. Figure 6 Bb shows another example of the inhibitory
tuning curve in the unit for which the onset excitatory response
was not detectable. The tuning curve of the inhibitory response
was again very broad (Fig. 6 Bb) and overlapped with that of the
excitatory response at loud sound levels (Fig. 6 Ba). The W-shape
of inhibitory tuning curve in Figure 6 Ba is likely due to the re-
maining excitatory response that canceled the inhibition during
the sound stimulus.

The frequency ranges of the excitation and the inhibition are
compared in Figure 7A for DNQX-treated NM neurons (1 = 30).
For most units (24 of 30 units) the fre-
quency range of the inhibition extended
well beyond the frequency range of the ex-
citation. In 3 of 30 neurons, the frequency
range of the excitation could not be de-
tected with the DNQX treatment. While a
small onset response was detectable, it did
not achieve our criterion for threshold
across a range of frequencies. In contrast,
evoked inhibition suppressed spontane-
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than threshold.

Phase sensitivity of NM response to sound with and without bicuculline. A, One example of the period
histogram of NM neuron in control (left) and in the presence of bicuculline (right) (CF = 1.8 kHz). Spikes were counted from
20 trials of sound stimulation (90 dB SPL at CF) in control and 12 trials with bicuculline. B, Ratios of VS at 90 dB SPL with CF
tone stimuli between the control and bicuculline conditions were calculated and plotted for all neurons. In the presence of
bicuculline, the VS ratio was reduced, particularly in high-CF neurons. The correlation coefficient was —0.47 ( p << 0.05).
C, The average of the VS ratio was plotted against sound level. VS was significantly decreased at intensities above 60 dB SPL
(p <<0.05). Parentheses indicate the number of neurons. All calculations of VS ratio were made at the sound levels greater

ous activity in these neurons (top 3 units
in Fig. 7A) across a broad range of fre-
quencies. In two units (indicated by
closed arrowheads in Fig. 7A), the inhibi-
tion extended only to the high-frequency
side, and in one unit (indicated by gray
arrowhead in Fig. 7A) the inhibition ex-
tended only to the low-frequency side.
Tuning width was assessed for units
using the sensitive frequency ratio (H/L),

20
Sound level (dB)
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defined as the ratio of the high-frequency
limit of the response range divided by the
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low-frequency limit. Population mean
H/L ratios for ANF, NM, and the excita-
tory and inhibitory response areas for NM
units treated with DNQX are shown in
Figure 7B. ANF and NM showed sharp
frequency tuning. DNQX-treated NM
units (NM-Exc. in Fig. 7B) also showed
sharp excitatory tuning, but the inhibitory
area (NM-Inh. in Fig. 7B) was strikingly
broader. H/L ratios for all four conditions
were significantly different from each
other (ANF2.9 = 0.2; NM 2.4 = 0.1; NM-
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broad tuning of the inhibitory response
area was similar in scale to the excitatory
tuning curves observed in recordings of
individual SON units (data not shown).
The H/L of NM units was also CF de- -
pendent and had a tendency to be smaller
than that of ANF units for CFs >1 kHz
(Fig. 7B). The range of sensitive frequen-
cies, defined by the maximum and mini-
mum frequencies evoking suprathreshold
responses at any intensity, was compared
between the control and bicuculline con-
ditions for a group of NM units. Figure 8 A 20
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shows one typical example. The range of
sensitive frequency (bounded by two ar-
rows) became broader by bicuculline. For
almost all 11 NM units studied in this way,
the H/L ratio became larger after the ap-
plication of bicuculline (Fig. 8 B). The av-
erage of H/L was 1.8 = 0.3 in control and
2.5 * 0.5 in the bicuculline (n = 11).
Bicuculline broadened the H/L by 1.4 =
0.2 (p < 0.05). The average of the lower
and higher bounds was 1154 *= 185 Hz
and 1653 = 127 Hz for the control, 1031 =
172 Hz and 1958 * 112 Hz for the bicucul-
line conditions. Both sides of bounds were
significantly modified by the application of
bicuculline (p < 0.01 for lower bound,
p < 0.05 for higher bound). These results, together with data
from Figure 7B, show that the tuning of excitation in NM while
GABAergic input is blocked was much narrower than the tuning
of inhibitory input while excitation was blocked.

Figure 6.

below the threshold level.

Discussion

In this report, we evaluated the contribution of GABAergic input
from the SON to processing of acoustic features in NM. We re-
vealed at least three physiologically significant roles of GABAer-
gic input to the NM in vivo. First, SON controls the firing rate of
NM in a sound-level-dependent manner (Figs. 1-3). Second, the
inhibition improves phase responsiveness in NM (Fig. 5). The
improvement of the VS was more significant in high-CF units
(Fig. 5B) and was significant only at the more intense sound levels
(Fig. 5C). Third, the inhibition sharpens frequency tuning at
NM (Fig. 8). In each case, the influence of GABAergic input was
most prominent for cells responsive to higher frequencies (>1
kHz) and for high or relatively high-intensity stimuli.

0.2 1 4
Sound frequency (kHz)

0.2 1 4
Sound frequency (kHz)

Wide band inhibition of NM activity is evident following DNQX application in NM. Aa, Raster plots of one NM neuron
activity for the various sound frequencies at 90 dB SPL (317—5702 Hz, vertically displaced at 1/6 octave steps) during perfusion of
ACSF containing 20 v DNQX into the fourth ventricle. Each dot represents one action potential. Ten trials were plotted at each
sound frequency. The open bar on the bottom abscissa indicates the time of sound presentation (0— 80 ms). At the onset of the
sound stimulus of ~1.5 kHz, excitatory responses were observed. However, during and after the sound presentation, the firing
rate became lower than the spontaneous firing rate at most frequencies stimulated. Ab, The firing rate for onset (015 ms) and
steady state (15—-80 ms) of the sound presentation were measured and plotted against sound frequency. Thick dashed line
indicates the spontaneous firing level. Thinner solid lines indicate the threshold level of excitation and inhibition (see methods for
definition of threshold). The frequency range of the inhibition was broader than that of the onset excitation. Ba, Tuning curve for
the excitation and inhibition. Threshold sound level for the excitation (closed circles) and inhibition (open diamonds) is plotted. The
excitation plot was calculated from the onset (0—15 ms) and the inhibition plot was calculated from the steady state (15— 80 ms).
A and Ba are data from the same neuron. Bb, Inhibitory tuning of another example neuron in which the excitation response fell

Degree of the inhibition in NM
The synaptic projection from SON to NM is known to be
GABAergic (Lachica et al., 1994). The intracellular chloride con-
centration is elevated in mature NM neurons and the reversal
potential of GABAergic IPSP is between —25 mV and —37 mV
(Lu and Trussell, 2001; Monsivais and Rubel, 2001). As a result,
GABAergic input depolarizes the membrane of NM neurons, yet
the net effect of GABAergic input remains strongly inhibitory via
two mechanisms. First, the depolarization reduces the membrane
resistance by the activation of low-voltage-activated potassium
channels and second, the kinetically slow depolarization causes
threshold accommodation (Yang et al., 1999; Monsivais et al.,
2000; Howard et al., 2007; Howard and Rubel, 2010). Our results
are consistent with the above results from in vitro studies, show-
ing that GABA indeed inhibits acoustically driven NM activity in
vivo.

The excitatory input to NM has been well characterized by in
vitro studies as well. The ANF terminals form large end bulb of
Held synapses on NM neurons that individually generate very



Fukui et al. ® GABAergic Inhibition Sharpens Tuning Curve

A NM(DNaX) B

—_
(=)

Ratio of
sensitive frequency (H/L)

ANFE
NM

1 1 -
0.1 1 5 g <
Sound frequency (kHz) e
= =
Figure7. Inhibitory tuning curves are broader than excitatory tuning curves in NM neurons.

A, The inhibitory range (open circles) and excitatory range (closed diamonds) of NM neurons
observed after the application of DNQX. Open crosses show the CF of the neuron. The inhibitory
tuning was generally broader than the excitatory frequency range. The black arrowheads indi-
cate two neurons for which inhibitory tuning was biased to the high-frequency side, while the
gray arrowhead indicates a neurons with inhibition biased to the low-frequency side of the
excitatory area. B, Population averages of the H/L ratio of excitatory and inhibitory range for
units of CF higher than 1 kHz. NM inhibition (NM-Inh.) and NM excitation (NM-Exc.) were
measured from the data after the application of DNQX (Fig. 6 A). The H/L ratio of the inhibitory
range of NM (NM-Inh.) was significantly broader than that of ANF (open circles) or NM (closed
circles). The H/L ratio of NM neurons were significantly narrower than ANF axons for neurons of
CFhigher than 1kHz. In one case, a neuron had its lower limit of frequency sensitivity below 100
Hz (gray circle in A); for this cell, the lower bound was assumed to be 100 Hz and calculated.
*¥p < 0.01; *p < 0.05; n.s., not significant.
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Figure8. Bicuculline-sensitive current sharpened the frequency response. 4, The firing rate

of an NM neuron (CF = 1510 Hz) in the control condition (upper panel) and in the presence of
bicuculline (lower panel). Dashed lines indicate the spontaneous firing rate and the thin solid
horizontal lines indicate the threshold firing level. Arrows indicate the low and high bounds of
the sensitive sound frequency. B, The H/L ratio was calculated for the control condition and in
the presence of bicuculline. Data from each individual neuron are connected with a line. Black
filled circles are data from the neuron shown in A.

large synaptic currents sufficient to evoke an action potential in
NM neurons in vitro (Parks and Rubel, 1978; Jhaveri and Morest,
1982a,b,c; Carr and Boudreau, 1991). However, at high firing
rates, the ANF-to-NM synapse undergoes dramatic depression
such that current amplitudes are reduced by >80% at >300 Hz,
even over brief input trains (Brenowitz and Trussell, 2001a). In
this report, we demonstrate that acoustically evoked GABAergic
input is sufficient to suppress excitatory tone responses of NM
neurons in vivo. The inhibition was most efficacious during high-
intensity stimuli and in high-CF neurons. Indeed, blocking inhi-
bition did not alter the spontaneous firing rate of NM neurons,
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nor did it influence the evoked spike rate to low sound intensities.
The bias in inhibitory efficacy toward high-CF neurons was sur-
prising given that an earlier report showing stronger GABA im-
munoreactivity in the low-CF region in NM (Code et al., 1989). It
may be noteworthy, however, that the quantitative analyses in
this study used immunocytochemistry with a polyclonal anti-
body raised against GABA-gluteraldehyde conjugate. A later
study by our group revealed significant differences in the patterns
of labeling seen in NM with this antibody and an antibody to
GAD-2, although the tonotopic gradient was not directly studied
with the GAD-2 antibody (Code et al., 1990), and a subsequent
study of the barn owl auditory pathways did not reveal a tono-
topic gradient through NM (Carr et al., 1989). In addition, a
qualitative review of tissue immunostained with modern anti-
bodies against gephyrin, an intracellular marker for GABA, and
glycine receptors, as well as GAD-65 (E. W Rubel, unpublished
observations) failed to confirm the observations made by Code et
al. (1989). Hence, the tonotopic gradient that was clearly ob-
served in this early study may not have been specific to GABA per
se, and this issue needs to be revisited by a combination of mod-
ern cell biological and physiological methods.

The dependence on CF and intensity may be due to a number
of factors that control synaptic input magnitude and NM neuron
excitability such as, synaptic depression (Brenowitz and Trussell,
2001a,b), and tonotopic variation in voltage-gated potassium
channels (Fukui and Ohmori, 2004). These potassium channels
are known to act cooperatively with GABAergic input to suppress
spiking in these cells (Monsivais et al., 2000; Howard et al., 2007).
Additionally, the number of ANF terminals impinging on NM neu-
rons systematically decreases with CF (Fukui and Ohmori, 2004).
Interestingly, the GABAergic inhibition fails to suppress responses to
the putatively stronger excitatory synaptic inputs occurring at stim-
ulus onset, when input from the SON may be relatively weak or
delayed. Similar GABA-dependent spike suppression has been ob-
served in primary-like anteroventral cochlear nucleus neurons in
mammals (Caspary et al., 1994; Kopp-Scheinpflug et al., 2002; Gai
and Carney, 2008).

In addition to CF and sound intensity, the GABAergic modu-
lation of the NM neurons depended on depression index values.
Among neurons of similar CF, there was a large variation of
depression values (Fig. 1B). This variation depends, at least in
part, on the degree of inhibitory input across the population of
NM neurons (Fig. 3Db); the firing rate of more depressed units
tended to increase with bicuculline application. In addition, there
was a weak, but reliable relationship between threshold and de-
pression (Fig. 1C); low-threshold units tend to show higher de-
pression indexes. These two, related, results probably account for
the fact that the grand average of the firing rate was relatively flat
at sound levels higher than 50 dB SPL (Fig. 1 A), while the aver-
aged depression index was 0.8 (Fig. 2B). Warchol and Dallos
(1990) also report wide variation in threshold, saturation levels
and degree of depression among NM units.

Physiological significance of SON
Inhibitory input provided by SON has emerged as a crucial com-
ponent of sound localization circuitry in birds. First, Nishino et
al. (2008) demonstrated that SON enhances the peak—trough
contrast of ITD tuning especially in low-CF NL cells. SON also
appears to influence the excitatory input to NL in several impor-
tant ways.

In addition to the modulation of the ipsilateral NM as a func-
tion of intensity and CF, we show that the SON activity differen-
tially modulates NM firing rates bilaterally, putatively via its
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GABAergic synaptic connectivity to the contralateral SON
(Monsivais et al., 2000; Burger et al., 2005b). The physiological
role of the mutual connectivity of the SONs has been proposed to
equalize the binaural firing rate differences between each NM
(Burger et al., 2005b, Dasika et al., 2005). Colburn and Durlach
(1978) first proposed the computational advantage of equaliza-
tion of input magnitude for coincidence detection. The comple-
mentary models proposed by Burger et al. (2005b) and Dasika et
al. (2005) predicted that the SON-to-SON projection is itself in-
hibitory, and that higher activity in one SON would proportion-
ally relieve the inhibitory feedback to the cochlear nucleus by
suppressing activity in the contralateral SON. This hypothesis is
supported by the demonstration that during TTX application to
the SON, the firing rate of ipsilateral NM was facilitated, while the
contralateral NM was depressed. These findings suggest that the
reciprocal connectivity between the SONs (1) is mutually inhib-
itory and (2) functions to balance the magnitude of excitation to
binaural coincidence detectors in NL. They further suggest that
the SON contains a population of neurons that are driven by the
ipsilateral ear and suppressed by the contralateral ear much like
interaural level difference (ILD)-processing neurons in the mam-
malian lateral superior olive or in the avian dorsal lateral lemnis-
cal nucleus (LLDp). LLDp encodes ILD by processing excitatory
synaptic input from the ipsilateral NA and inhibition from con-
tralateral LLDp (Manley et al., 1988; Konishi, 2003). Recently,
work from our laboratories has reported that ILD-selective neu-
rons are also found in the chicken SON (Coleman et al., 2010)
and LLDp (Sato et al., 2010).

NM’s bilateral output projects exclusively to NL, where
coincidence-detecting neurons compute ITDs for sound local-
ization, an essential feature of binaural hearing. Thus, NM’s prin-
cipal function is to provide accurate temporal information to NL
neurons in the form of phase-locked discharges. The improve-
ment of the phase locking by shortening the membrane time
constant was predicted from in vitro studies (Yang et al., 1999;
Monsivais et al., 2000). We show that GABAergic input does
indeed improve phase locking in NM, especially in the high-CF
neurons.

Finally, DNQX application directly to NM revealed inhibitory
input that was more broadly tuned than the excitatory response
area, suggesting that inhibition may suppress responses at and
beyond the borders of an NM unit’s frequency range, particularly
at high sound levels. Enhancement of frequency contrast among
inputs to NL through this mechanism might be particularly im-
portant under conditions of high background noise. Maintaining
the frequency selectivity of each NM unit by SON would be ad-
vantageous for the processing of ITDs by reducing noisy, out-of-
phase input from neurons phase locked to multiple sound
frequencies.

In summary, localization of low-frequency sounds depends
on elaborate circuitry that has evolved in birds and mammals for
the precise computation of ITDs. This circuitry involves an ele-
gant and highly specialized excitatory network known to preserve
temporal information [for review, see Oertel (1997) and Trussell
(1997)]. In addition, a large body of in vitro physiological and
anatomical research over the past 20 years has led to important
predictions about the functional significance of the inhibitory
elements in this circuitry [for review, see Grothe (2003) and
Burger and Rubel (2007)]. This report addresses several predic-
tions made by these previous reports. GABAergic inhibition in-
fluences the rate, timing, and frequency tuning of NM neurons.
In each case, this influence is predicted to result in improved
temporal information provided by NM input neurons to
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coincidence-detecting neurons in NL. Thus, the inhibitory cir-
cuitry composed of the two coupled inhibitory feedback loops via
the SON nuclei in the avian auditory brainstem appears to be
critically important for the accuracy and precision in the neural
computation of sound location.
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