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Abstract

The medial nucleus of the trapezoid body (MNTB) is a distinct nucleus in the superior olivary complex that transforms excitatory input
from the cochlear nucleus into a widespread inhibitory output to distinct auditory brainstem nuclei. Few studies have dealt with the
response properties of MNTB neurons to sound stimulation using in vivo preparations. In order to have a better understanding of the
functional significance of the MNTB in auditory processing we report the basic temporal and spectral response properties of its
principal cells using single-unit extracellular recordings to acoustic stimulation with pure tones and amplitude-modulated stimuli in the
rat. Ninety-seven per cent of units showed V-shaped frequency response areas. Rate level functions were mainly saturating (51%) or
monotonic (45%) at high intensities. Post-stimulus time histograms typically were characterised as primary-like with notch (59%) or
primary-like (33%). Units showed good phase-locking to sinusoidally amplitude-modulated signals with vector strength VS values up
to 0.87. Modulation transfer functions had low-pass shapes at near-threshold levels, with cut-off frequencies ranging from 370 to
1270 Hz. Exploration of the relationship between the temporal and spectral properties and the location of the units in the MNTB
yielded characteristic frequency (CF)-dependent response properties (latency, Q10 and cut-off frequency) following a medio-lateral
gradient, and CF-independent response features (maximum firing rate) following a dorso-ventral gradient.

Introduction

The medial nucleus of the trapezoid body (MNTB) is one of the
principal nuclei of the superior olivary complex that receives
excitatory glutamatergic inputs from globular bushy cells in the
cochlear nucleus (Harrison & Warr, 1962; Morest, 1968; Tolbert et al.,
1982; Grandes & Streit, 1989; Spirou et al., 1990; Kuwabara et al.,
1991; Smith et al., 1991; Malmierca, 2003). The MNTB in turn sends
widespread projections to the lateral and medial superior olives and to
the superior paraolivary nucleus (SPN) within the superior olivary
complex, and to the ventral complex of the lateral lemniscus (Spangler
et al., 1985; Banks & Smith, 1992; Sommer et al., 1993; Smith et al.,
1998). The MNTB neurons are glycinergic (Moore & Caspary, 1983;
Wenthold et al., 1987; Aoki et al., 1988), transforming the excitatory
input from globular bushy cells into an inhibitory output to the before-
mentioned auditory brainstem nuclei.

The MNTB neurons receive their ascending input through large
synaptic terminals, the calyces of Held (Held, 1893; Morest, 1968),
which are specially suited for fast and reliable synaptic transmission
(Chuhma & Ohmori, 1998; Taschenberger & von Gersdorff, 2000;
Futai et al., 2001), a key feature for processing interaural intensity

differences in sound localisation (for review see Yin, 2002). The
calyces of Held are the largest synaptic terminals in the mammalian
brain, which makes the MNTB a unique structure suited as a model
system for studying signal transmission at central synapses in brain
slice preparations (Forsythe, 1994; Barnes-Davies & Forsythe, 1995;
Borst et al., 1995; for review see Schneggenburger & Forsythe, 2006).
Detailed in vivo studies of MNTB neurons exemplifying their
functional properties and responses to sound are less numerous, the
earlier ones being done in cat (Guinan et al., 1972a,b; Tsuchitani,
1997; Joris & Yin, 1998; Tollin & Yin, 2005). More recently, in vivo
MNTB recordings were also obtained from rodents (rat: Sommer et al.,
1993; Paolini et al., 2001; mouse: Kopp-Scheinpflug et al., 2003a;
gerbil: Kopp-Scheinpflug et al., 2003b; rat: Kadner et al., 2006), and
these data might be more suited as reference for a functional
interpretation of the many and diverse MNTB in vitro data. Still, the
data in cats and rodents share many common features. They all show
that MNTB neurons respond only to monaural stimuli presented to the
contralateral ear (Sommer et al., 1993; Joris & Yin, 1998; Kopp-
Scheinpflug et al., 2003a,b), and typically exhibit phasic-tonic
responses and V-shaped frequency response areas (FRAs) to pure
tone stimulation (Tsuchitani, 1997; Kopp-Scheinpflug et al., 2003b).
The main goal of the present account was to present a detailed

description of acoustically evoked response properties of MNTB
neurons in rat using extracellular recordings. Both unmodulated
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pure tones and sinusoidally amplitude-modulated (SAM) stimuli
were presented to characterise the units’ frequency selectivity and
the time course of responses. Furthermore, we made computer-
assisted 3D reconstruction of the recording sites in the MNTB in
order to analyse whether or not the units’ response properties
systematically vary as a function of their location within the
MNTB.

Materials and methods

All experimental procedures were approved by the University of
Salamanca Animal Care and Use Committee, and conformed to the
guidelines of the EU directive 2003 ⁄ 65 ⁄ CE and the Spanish RD
1201 ⁄ 2005. Extracellular single-unit activity was recorded from the
MNTB of eight adult male rats (Rattus norvegicus; seven Long Evans
pigmented, one Wistar albino strain), weighing between 208 and
264 g. Anaesthesia was induced with an intraperitoneal injection of
urethane (1.5 g ⁄ kg) and maintained with supplementary doses
(0.5 g ⁄ kg) to preserve an areflexive state. A tracheotomy was
performed in order to assure adequate ventilation, and atropine
sulphate was administered subcutaneously (0.05 mg ⁄ kg) to reduce
bronchial secretions. Body temperature was monitored with a rectal
probe and maintained at 38 ± 1 �C with a thermostatically controlled
electrical blanket. The animal was placed in a stereotaxic frame in a
sound-attenuated booth and fitted with hollow ear bars that accom-
modated the sound delivery system. A craniotomy was performed and
the dura was reflected to allow electrode penetrations. The surface of
the brain was irrigated regularly with saline to prevent desiccation.

Acoustic stimulation

Stimuli were synthesized by a System II workstation (Tucker-Davis
Technologies) using custom software (SpikeSpain, kindly provided by
B. Warren and E. Covey, University of Washington), and delivered
through a closed field delivery system via two electrostatic speakers
(TDT EC1) controlled by an electrostatic speaker driver (TDT ED1).
The output of the system at each ear was calibrated in situ using a ¼¢¢
condenser microphone (Brüel and Kjær 4136, Nærum, Denmark) and
a DI-2200 spectrum analyser (Diagnostic Instruments, Livingston,
Scotland, UK). The maximum output of the TDT system was flat from
0.3 to 5 kHz (�100 ± 7 dB SPL) and from 5 to 40 kHz (90 ± 5 dB
SPL). The highest frequency produced by this system was limited to
45 kHz. Second and third harmonic components in the signal were
40 dB or more below the level of the fundamental at the highest
output level.

Data collection and analysis

A tungsten electrode (Merrill & Ainsworth, 1972) was placed over the
exposed cerebellar cortex and moved along the dorsoventral axis using
a piezoelectric microdrive (Burleigh 6000) that was advanced with a
resolution of 1 lm by remote control from outside the booth. Single
units were isolated presenting white noise and pure tones as searching
stimuli. Action potentials were amplified (10 000·) with a Bioamp
amplifier (TDT) and filtered (0.5–3 kHz, TDT DB4) before being
processed in a spike discriminator (TDT SD1). The spike times were
then stored on a computer.
FRAs of isolated single units were obtained by contralateral

monaural stimulation with pure tones (75 ms, 5 ms rise ⁄ fall time,
4 Hz repetition rate) randomly varying in frequency (on a logarithmic
scale) and attenuation. Each frequency ⁄ attenuation combination was

presented 10 times. FRA borders were defined by determining the
sound pressure levels at which firing rate significantly differed from
spontaneous rate (Wilcoxon rank sum test, P < 0.05). The threshold
was then identified as the lowest intensity occurring in the FRA
border, i.e. as the lowest intensity eliciting a response. Characteristic
frequency (CF) was defined as the response to a given sound
frequency with the lowest threshold. Sharpness of tuning was
measured by determining Qn values, defined as the CF divided by
the difference between the upper and lower frequencies of the FRA at
‘n’ dB above threshold. Further, the ‘square-root transform of
bandwidth’ (rootn) was calculated (Calford et al., 1983). The rootn
is defined as the difference between the square-roots of the upper and
lower frequencies of the FRA at ‘n’ dB above threshold. The steepness
of FRA borders was determined by calculating the inverse slope (IS)
for the low- and high-frequency edges. IS is defined as IS = Df ⁄ DdB,
where Df is expressed in octaves and DdB is measured by fitting a
regression line through each border of the FRA between 5 and 35 dB
above threshold (Sutter, 2000). Negative values indicate slopes toward
lower frequencies at higher intensities. For comparison IS values are
expressed as octaves ⁄ 40 dB (Sutter, 2000; Hernandez et al., 2005).
Rate level functions (RLFs) were obtained by presenting 10 repetitions
of pure tones (75 ms duration, 5 ms rise ⁄ fall time) at the units’ CFs at
different intensities presented randomly. The dynamic range was
defined as the range of intensities at which firing rates both differed
significantly from spontaneous and maximum rates (Wilcoxon rank
sum test, P < 0.05). Post-stimulus time histogram (PSTH) data were
recorded in response to 50 repetitions of tone bursts at the units’ CFs
(duration, 100 ms; delay, 10 ms; repetition rate, 5 Hz) at 0 dB
attenuation.
Carrier frequency of SAM stimuli was set at unit’s CF (200 ms

duration, 5 rise ⁄ fall time, repetition rate 4 Hz). Modulation frequen-
cies were varied randomly between 20 and 2000 Hz (logarithmic
scaling, maximum fAM = 1 ⁄ 2 CF) and presented to the contralateral
ear (20 repetitions). Stimulus levels were typically 10 or 20 dB above
threshold. In some units additional stimulus levels were tested.
Modulation depth (m) of SAM stimuli was usually 100%, but in some
units also 75, 50 and 25% modulation depths were tested.
The vector strength (VS) was calculated for responses to SAM

stimulations for each modulation frequency and for responses to pure
tones, according to Goldberg & Brown (1969)

VS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
spikes

cosðaÞ
 !2

þ
X
spikes

sinðaÞ
 !2

vuut ,
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where the sum runs over all spikes, a denotes the phase of each spike
with respect to the period of the stimulus and n is the total number of
spikes. The first 20 ms of the responses were excluded from the
analysis to eliminate effects of the onset peak. The statistical
significance of the VS was evaluated using the Rayleigh test
(P = 0.05).
Modulation gain was calculated for the responses to SAM stimuli

with m < 100% by:

gain ¼ 20� log
2VS

m

� �

Units’ response latencies were measured with a modified reverse
correlation method, termed the periodic cross-correlation method
using responses to SAM stimuli (100% modulated). First, the cross-
correlation between the SAM envelope and the resulting PSTH was
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computed for each fAM tested. Maxima in each cross-correlation
correspond to latencies of best agreement between stimulus envelope
and response PSTH. Because the stimuli are periodic, the cross-
correlations are also periodic. To select the maximum correspondence
to the actual latency, multiple cross-correlations for different values of
fAM were superimposed. The latency at which most maxima aligned
was taken to be the actual latency. More precisely, a smoothed
histogram of the maxima’s positions was constructed by convolving
each maximum’s position with a Gaussian kernel (SD 0.3 ms) and
adding the resulting vectors. The maximum of the resulting vector is
positioned at the correct latency. Only values of fAMS ‡ 500 Hz were
used, as in this range the correlation maxima overlapped precisely
(about 0.2 ms).

Data analysis was performed using custom-written software in
MATLAB 7.1 (The Mathworks, Nattick, MA, USA). Statistical
analysis was performed using sigmastat ⁄ sigmaplot (SPSS Science,
Chicago, IL, USA). Unless stated otherwise, data are expressed as
means and standard deviations, if normally distributed; otherwise
medians and 25th and 75th percentiles are used.

Verification of recording sites

At the end of each recording track, recording sites were verified by
placing electrolytic lesions (5 lA, 5 s). The animal was killed with a
lethal dose of sodium pentobarbital (Nembutal; 60 mg ⁄ kg in saline,
intraperitoneal) at the end of the recording session, and perfused
transcardially with Ringer’s solution followed by fixative (1%
paraformaldehyde and 1% glutaraldehyde in 0.1 m phosphate buffer,
pH 7.4). After 2–4 days of post-fixation, the brain was blocked in a
single piece that contained the brainstem and immersed in a 30%
sucrose solution for two to three additional days until it sunk. The
tissue was cut in serial sections in the transverse plane (40-lm thick)
using a freezing microtome. The sections were mounted on slides,
stained with Cresyl violet and examined under the light microscope.

We reconstructed 26 electrode tracks with electrolytic lesions from
six cases using Neurolucida (Microbrightfield). The locations of the
units were visualized in 3D after connecting lesions made in selected
recordings with known CFs. We calculated the relative position of
each unit along the tracks; thereby we obtained information on the
relationship between the CFs recorded at different locations and the
tonotopic arrangement of the units within the MNTB. These data
served as the basis for the plots shown in Fig. 8.

Results

The present results are based on 70 well-isolated single units from the
MNTB. Units were identified as being MNTB units by the occurrence
of prepotentials in their action potential waveforms (Fig. 1B, inset),
which allowed the distinction from trapezoid fibres (Guinan & Li,
1990; Smith et al., 1998; Kopp-Scheinpflug et al., 2003b), and by the
location of the electrolytic lesions and subsequent reconstruction of
recording sites within the MNTB in 3D (see Fig. 8). In the following,
we will first describe the physiological properties of MNTB units
inferred from their response properties to pure tone stimulation and
SAM stimulation. Then, we will detail the relationship between the res-
pective response properties and the recording sites within the MNTB.

Responses to unmodulated pure tone stimulation

Spectral properties of MNTB units were analysed by means of FRAs.
FRAs were acquired from 64 units. For six units only part of the FRA

could be obtained. The CFs ranged from 0.9 to 40 kHz, and had
minimum thresholds at CF from )2 to 71 dB SPL (Fig. 1B). The
sample of units covered mainly the high-frequency range of the
behaviourally tested auditory range for the hooded rat (Heffner et al.,
1994); �92% of units (59 ⁄ 64) had CFs > 6 kHz (Fig. 1B). This high-
frequency bias is in accord with previous data from Sommer et al.
(1993), and points to the fact that the MNTB provides the major
contralateral input to the lateral superior olive, which itself is
predominantly tuned to higher frequencies (for detailed discussion
see Tollin & Yin, 2005).
In a first approach FRAs were classified by eye. The majority of

units (97%, 62 ⁄ 64) had V-shaped FRAs (Fig. 1A), i.e. the shape
bore the typical characteristics of auditory nerve fibres (Kiang
et al., 1967, 1976; Sachs & Abbas, 1974; Schmiedt, 1989; el
Barbary, 1991b), a clear identifiable CF and a widening of the
frequency response range to higher intensities (Fig. 1A,a). About
half of the units showing V-shaped FRAs (47%, 29 ⁄ 62) featured a
distinct low-frequency tail (Fig. 1A,b–d). We also quantified the
shape of the FRAs by calculating the ISs (Sutter, 2000; Hernandez
et al., 2005) for the low- and high-frequency borders (ISL and ISU,
respectively) of the FRA expressed as octaves ⁄ 40 dB. Figure 1C
shows a scatter plot in which each point represents the coordinates
for the ISU on the abscissa and ISL on the ordinate. Most units had
positive values for ISU and negative values for ISL, which confirms
that most units are of asymmetric V-shaped type with or without a
low-frequency tail.
In six units, the FRAs showed clear inhibitory sidebands at the

high-frequency side (Fig. 1A,c); inhibitory sidebands to the low-
frequency side were not observed. In principle, inhibitory sidebands
cannot be observed by the use of single tone stimulation in units that
lack spontaneous activity, as inhibition can only be assessed as a
significant reduction of spontaneous rate. Another six units in our
sample showed a decrease in firing rate at high levels at CF and were
classified as non-monotonic V-shaped FRAs (Fig. 1A,d).
Only two units in our sample did not show a typical V-shaped FRA,

they were broadly tuned and had shallow slopes on both the low- and
high-frequency borders of the FRA.
Sharpness of tuning was quantified by determining: (i) Qn values

(Fig. 1D), as these metrics are the most commonly used measurement
for describing the sharpness of FRAs; and additionally by (ii) square-
root transforms of bandwidth (rootn), which do not vary with CF
(Calford et al., 1983; Fig. 1E). Units’ Q10 and Q30 values increased
with increasing CF (Fig. 1,D1 and D2; Spearman rank order
correlation: 0.533 and 0.484, respectively, and P < 0.001). As
expected, root10 and root30 values (Fig. 1,E1 and E2) were not
correlated to CF (P > 0.05).
Temporal response types were classified from PSTHs in 54 units

(Fig. 2) to tone burst stimulation at the units’ CF at 20–70 dB above
threshold, corresponding to 53–110 dB SPL. The majority of units
(94%, 51 ⁄ 54) featured a phasic-tonic response pattern. Of those, 32
units were classified as primary-like notch response type (Fig. 2A), 18
units as primary-like response type (Fig. 2B) and one unit showed a
phase-locked response (Fig. 2C). Three units lacked the phasic
component and solely showed a sustained response pattern (Fig. 2D).
Maximum firing rates (maxR) were determined for 64 units. Mean

maxR were calculated for the total duration of pure tone pulses, and
were in the range of 100–560 Hz with the median at 325 Hz (25th and
75th percentiles: 230 and 390 Hz; Fig. 3A). The maximum onset rates
of units’ responses could be up to sixfold higher than maxR.
Instantaneous rates during the onset peak varied between 320 and
1880 Hz (mean: 1140 Hz; SD: 335 Hz; Fig. 3A). MaxR and onset
rates were independent of CF.
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About two-thirds of units (44 ⁄ 64) showed their maxR at the highest
sound level tested, corresponding to 84–110 dB SPL (median: 100,
25th and 75th percentiles: 97 and 110 dB SPL). The remaining 20
units had their maxR at lower levels (10–40 dB), corresponding to 58–
98 dB SPL (median: 78, 25 and 75% percentiles: 67 and 81 dB SPL).
About three-quarters of the units (49 ⁄ 64) had their maxR at

frequencies off CF (Fig. 3A, open triangles), typically at frequencies
below CF (94%, 46 ⁄ 49). The median difference between CF and best

frequency (stimulus frequency evoking the highest firing rate) was
0.24 octaves (25th and 75th percentiles: 0.15 and 0.67 octaves). In
units where best frequency differed from CF, median firing rates at
best frequency were 40 Hz (25th and 75th percentiles: 20 and 85 Hz)
higher than at the corresponding level at CF.
Spontaneous activity of the units (Fig. 3A) varied between 0 and

133 Hz, with the median value at 18 Hz (25th and 75th percentiles: 3
and 48 Hz). More than half of the units (53%, 37 ⁄ 70) showed a

Fig. 1. Tuning properties of MNTB units. (A) V-shaped FRAs shown as contour plots of firing rate across frequencies and sound pressure levels. Firing rates are
shown relative to spontaneous activity and normalised to the difference between maxR and spontaneous rate. Red areas indicate firing rates above spontaneous
activity, blue areas firing rates below spontaneous activity. (a) V-shaped FRA (33 ⁄ 62 units). (b) V-shaped FRA with low-frequency tail (29 ⁄ 62 units). (c) FRA
bordered by a high-frequency sideband (6 ⁄ 62 units). (d) Non-monotonic FRA (6 ⁄ 62 units), i.e. as sound intensity increases firing rate at CF decreases. (B)
Thresholds and CFs. Thresholds of 64 single units at CF tones ranged between )2 and 71 dB SPL (top). The hooded rat’s behavioural audiogram (dotted line;
Heffner et al., 1994) is included for comparison. The majority of units had CFs > 6 kHz (bottom). Inset in (B) shows the mean potential waveform of an MNTB unit
recorded extracellularly. The waveform typically consists of the prepotential followed by the action potential. (C) Scatter plot with data points representing the
coordinates of upper ISs of FRA borders on the abscissa and lower ISs of FRA borders on the ordinate. The diagonal dotted line denotes FRAs with symmetric
borders. Vertical and horizontal dotted lines indicate boundaries of greatest asymmetry between lower and upper FRA borders (see respective sketches in the insets).
(D and E) Sharpness of tuning displayed as Q10 and Q30 values (D1 and D2), and as square-root transforms of bandwidth at 10 and 30 dB above threshold (root10,
root30; E1 and E2). While Qn values increase with higher CF (P < 0.001, Spearman rank order correlation 0.533 and 0.484, respectively), rootn do not show any
dependence on CF (P > 0.05).
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spontaneous activity of <20 Hz, with 15 ⁄ 37 units not being sponta-
neously active at all (Fig. 3B). One-fifth of units (14 ⁄ 70) had very
high spontaneous rates (>60 Hz). The bimodal distribution reported
for spontaneous rates of auditory nerve fibres (Liberman, 1978;
Schmiedt, 1989; el Barbary, 1991a) was not observed in the present
data. Spontaneous rate was neither correlated to CF nor to maxR.

RLFs were obtained for 64 units (Fig. 4) by presenting tone bursts
at the units’ CF with systematic variations of the sound levels in 10-dB
steps (tone duration: 75 ms; repetition interval: 250 ms; 10 repeti-
tions). More than half of the units (51%, 33 ⁄ 64) showed saturating
RLFs, i.e. they reached a maxR that did not increase any further with
rising SPL (Fig. 4A). Forty-five percent of the units (29 ⁄ 64) had
monotonic RLFs, i.e. firing rate increased steadily as a function of SPL
(Fig. 4B). Only �3% of the units (2 ⁄ 64) had non-monotonic RLFs,
i.e. they showed an increase in firing rate as a function of SPL
followed by a significant reduction in firing rate. This reduction was
indicative of a second dynamic range at SPLs above where maximum
firing was observed (Fig. 4C, see also below).

Based on the RLFs, the dynamic range of a unit was defined as the
intensity range that differed significantly both from the level evoking
the maxR and from the level showing the minimum firing rate
(Wilcoxon rank sum). The median dynamic range for all units was

30 dB (25th and 75th percentiles: 20 and 40 dB; extremes 10–50 dB).
The whole unit population covered a dynamic range of �100 dB ()2
to 105 dB SPL). The mean lower limit of the dynamic range was 25
(SD 15) dB SPL, ranging from )2 to 65 dB SPL, the mean upper limit
was 55 (SD 19) dB SPL, ranging from 12 to 105 dB SPL. The
dynamic ranges of units with monotonic RLFs were significantly
greater than of units with saturating RLFs [median (25th and 75th
percentiles): 40 (27 and 40) dB vs. 20 (20 and 30) dB; P < 0.005,
Wilcoxon rank sum]. In 2 ⁄ 64 units the firing rate decreased
significantly after reaching a maximum, resulting in a second dynamic
range at SPLs above the level of maximum firing.

Responses to SAM stimulation

General features and VS

In 54 units the responses to SAM stimuli were analysed with signals
presented at CF to the contralateral ear. The SAM stimulation caused

Fig. 2. PSTHs. PSTH of the (A) primary-like with notch and (B) primary-like
response type. (C) Phase-locked response type. Unit’s CF was 0.9 kHz. The
inset gives an expanded view of the first 40 ms of the response. The vector
strength (VS) of the response was 0.75. (D) Tonic response type. Data were
recorded in response to 50 repetitions of tone bursts at the units’ CFs (duration
100 ms, stimulus onset 10 ms). Bin width: 0.5 ms. CF and stimulus level of
recording: (A) 12.4 kHz, 70 dB SPL; (B) 34.7, 70 dB SPL; (C) 0.9 kHz, 95 dB
SPL; (D) 14.9 kHz, 80 dB SPL.

Fig. 3. Spontaneous and stimulus-evoked discharge activity. (A) Onset rates
(+, peak instantaneous firing rate at response onset), maxR (open triangle and
closed triangle, highest mean firing rate throughout FRA) and spontaneous rates
(s) of units. MaxR could either occur at a unit’s characteristic frequency (CF)
(closed triangle) or off CF (open triangle). Rate is shown on a square-root scale.
(B) More than half of the units had spontaneous rates <20 Hz.
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periodically modulated responses, with the period length matching the
period length of the modulation frequency ( fAM) in the stimulus
(Fig. 5A).
Basing the quantification of responses to SAM stimuli on VS

values, units showed low-pass modulation transfer functions (MTFs)
at 10 (± 2) dB above threshold (Fig. 5B, 41 units tested at 10 ± 2 dB
above threshold). The median MTF (VS-MTF) changed only slightly
up to fAM = 300 Hz. At values of fAM > 300 Hz, VS values steadily
decreased and typically fell below the VS value of the stimulus
(VS = 0.5) at about 700 Hz. At fAM = 1000 Hz, 88% of units (36 ⁄ 41)
had VS values = 0.5. At even higher values of fAM, in all units the VS
values fell below 0.5.
VS values for responses to SAM stimulation are considerably lower

than VS values calculated from responses to pure tone stimulations
(Fig. 6). Units showed maximum synchronisation to pure tone
stimulation at frequencies between 500 and 1500 Hz, with mean VS
values of 0.7 (SD 0.1) and decreasing VS values at higher frequencies.
The majority of units did not show a selectivity for fAM in their

average firing rate. Their rate-based MTFs were mainly flat (Fig. 5C,
same units as in Fig. 5B), indicating that at the level of the MNTB
encoding of amplitude modulations relies on synchronous responses
for temporal coding rather than on rate coding as seen at higher levels
of the auditory pathway (Frisina, 2001; Joris et al., 2004).
To analyse possible correlations with the characteristics of a unit’s

VS-MTF, the 3-dB cut-off frequency was calculated for the units’ best
VS-MTF, i.e. the VS-MTF of each unit showing the highest VS values.
Cut-off frequencies varied between 370 and 1250 Hz, with the mean
cut-off at 750 Hz (SD 200 Hz). Cut-off frequencies were correlated to
the best fAM (Spearman rank order correlation: 0.362, P < 0.05), but

not to the maximum VS values (P > 0.05). The cut-off frequencies
showed a significant increase with increasing CF (Spearman rank order
correlation: 0.369, P < 0.05; Fig. 5D). If only units with CFs = 10 kHz
were considered (as done for responses of auditory nerve fibres; Joris &
Yin, 1992), the Spearman rank order correlation increased to 0.48
(P < 0.05). Cut-off values of units with CF > 10 kHz did not show a
significant correlation with CF (P > 0.05). Tests failed to show
correlations between cut-off frequency and other pure tone response
properties, such as spontaneous activity, maximum rate, bandwidth and
dynamic range (data not shown).

Influence of stimulus intensity on VS-MTFs

In 42 units SAM stimuli (100% modulation depth) were presented at
different above-threshold levels. The overall trend in these units was a
change from a low-pass VS-MTF to a band-pass VS-MTF as sound
intensity increased, i.e. as the distance between the unit’s response
threshold and the peak intensity of the SAM stimulus increased
(Fig. 7A). Additionally, maximum VS values of SAM stimuli
presented at intensities close to threshold were higher than VS values
of SAM stimuli presented at higher intensities (Spearman correlation
coefficient: 0.644, P < 0.05; Fig. 7B).

Influence of modulation depth on responses to SAM stimuli

In 40 units SAM stimuli were presented at different modulation
depths: 100, 75, 50 and 25%. To compare envelope synchronisation
across modulation depths the modulation gain was calculated. Like the
VS-MTFs of units, MTFs based on gain values had a low-pass shape
(Fig. 7C). For all modulation depths median gain values were positive
for values of fAM up to 600 Hz, indicating a higher modulation depth
in the response than in the stimulus. The lower the modulation depth
the higher were the gain values. Gain values for 25 and 50%
modulated SAM stimuli differed significantly from 100% modulated
stimuli (P < 0.05, Mann–Whitney rank sum test).

Response latency

Response latencies were determined for 54 units using a reverse
correlation method on the units’ responses to SAM stimulation with
values of fAM between 595 and 1570 Hz (see Materials and methods).
Latencies varied between 3 and 5.4 ms, with the mean at 4.4 ms. The
higher a unit’s CF the shorter was its latency (Fig. 5E; P = 0.006,
Spearman correlation coefficient: )0.369).

Relationship between response properties and location
in the MNTB

The reconstructions of the units’ locations are based on the units’
recording coordinates and the location of small electrolytic lesions set
through the recording electrode at the end of the recording sessions
(see Materials and methods for details; Fig. 8). In six animals we were
able to analyse the relation between units’ recording sites and the
response properties both to unmodulated and modulated stimuli. In
each animal the units’ medio-lateral positions were related to the most
medial recording track, which yielded acoustically excitable prepo-
tential units, i.e. the physiological indicator of the medial border of the
MNTB. Further, in each animal only units of recording tracks at the
same medio-lateral plane were included in the analysis of medio-
lateral gradients. To explore dorso-ventral gradients the recording
depths of the units were set relative to the unit located most dorsally in
the respective recording track. Two animals were excluded from this
analysis because of the low number of single units.

Fig. 4. RLFs (left) and normalized RLFs (right). (A) Saturating RLFs were
observed in 33 ⁄ 64 units. (B) Twenty-nine units had monotonic RLFs. (C) Non-
monotonic RLFs were found in 2 ⁄ 64 units. Right column: RLFs normalized to
the units’ spontaneous rates and their maxR.
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Medio-lateral axis

Based on the units acquired from animals in which recordings were
made at more than one medio-lateral electrode position, tests were
performed to identify possible gradients of response properties along
the medio-lateral axis (Fig. 9). The analysis of CF along the respective
axis showed a prominent tonotopic organisation (45 units, 15 tracks,
five animals). Units with high CFs were located in the medial part of
the MNTB, while units located progressively more lateral showed
lower CFs. This observation holds true for all animals tested (Fig. 9A).
The mean correlation coefficient r2 was 0.66. Accordingly, response

latencies increased along the medio-lateral axis, i.e. units located in the
medial part of the MNTB had shorter response latencies than units
situated further laterally. A respective correlation was observed in all
animals tested (Fig. 9B, mean r2 = 0.34). Same as for the CFs, in 4 ⁄ 5
animals the Q10 values tended to be high in units close to the medial
nuclear border and showed a decrease to more lateral positions.
Another response property with a trend for a medio-lateral gradient
was the cut-off frequency of SAM responses, which also decreased for
more lateral positions (Fig. 9C, mean r2 = 0.53). The population
analysis gave clear evidence that the latter three response properties
were dependent on units’ CFs. The other response properties, which

Fig. 5. Responses to SAM. (A) Dot raster displays of a unit (172-01) in response to SAM stimuli at the unit’s characteristic frequency (CF; 35 kHz and 20 dB above
threshold: 61 dB SPL). Stimulus length 200 ms; stimulus onset at 10 ms; 20 stimulus repetitions per fAM; 100% modulation depth. The recordings showed
periodically modulated firing rates, with the period length of the response matching the period length of the stimulus’ modulation frequency (fAM 20–2000 Hz, left
column). Vector strength (VS) values are shown on the right. (B) Individual (grey) and median VS-based MTFs (VS-MTF, black, 25th and 75th percentiles) of 41
units display a low-pass shape [SAM stimulus: carrier frequency CF; stimulus level 10 (±2) dB above threshold; modulation depth 100%]. (C) Individual (grey) and
median rate-based MTF (black, 25th and 75th percentiles, same units as in B) are mainly flat lacking pronounced peaks. (D) Cut-off frequency (3 dB) increases with
increasing CF up to 10 kHz (Spearman rank order correlation: 0.48, P < 0.05). (E) Response latencies acquired from responses to SAM stimuli with a reverse
correlation method show a dependence on CFs of units: the higher a unit’s CF the shorter is its latency (P = 0.006, Spearman correlation coefficient: )0.369).
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showed no systematic variation with CF, also did not show a clear
topographic organisation medio-laterally.

Dorso-ventral axis

The analysis of possible dorso-ventral gradients of response prop-
erties is based on 43 units (11 tracks, six animals). The tonotopic
organisation observed along the dorso-ventral axis was more
ambiguous among animals than that observed along the medio-
lateral axis. In 3 ⁄ 6 animals, units with higher CFs were located more
ventrally (28 units in seven penetrations), but in the other three
animals units with lower CFs were also found ventrally (15 units in
four penetrations), suggesting that the fibrodendritic laminae in the
MNTB are tilted in the sagittal plane. In contrast to the observations
along the medio-lateral axis, CF-dependent response properties
(response latency, Q10, cut-off frequency) did not follow a clear
trend along the dorso-ventral axis; not even if only animals showing
the same dorso-ventral CF gradient were considered. MaxR was an
exception. In all animals, units recorded from the more ventral parts
of the MNTB had higher maxR values than units recorded more
dorsally (Fig. 9D; mean r2 = 0.31). We did not observe any
correlation of location in the MNTB with either spontaneous rate
or onset rate.

Discussion

The present study describes the response properties of MNTB units
to pure tone pulses and amplitude-modulated stimuli, and demon-
strates that these response properties vary with the anatomical
location of the units in the MNTB. There are only a few reports of
in vivo recordings in the MNTB of rat, and the primary question in
these studies often concerns signal processing in targeting nuclei,
rather than a detailed analysis of the response properties of the
MNTB neurons (Sommer et al., 1993; Kulesza et al., 2003; Kadner
et al., 2006). In other species MNTB neurons are well characterised
by in vivo preparations (cat: Tsuchitani, 1997; Joris & Yin, 1998;
Smith et al., 1998; mouse: Kopp-Scheinpflug et al., 2003a; gerbil:
Kopp-Scheinpflug et al., 2003b). Though these studies give a good

insight into the general function of the MNTB in the auditory
brainstem circuitry, they are hardly suited for an immediate
comparison with rat in vitro data, one of the main model systems
for studies of excitatory synaptic transmission in mammals
(Schneggenburger & Forsythe, 2006).

Fig. 6. Vector strength (VS) values for responses to pure tone stimulation
(black crosses and diamonds, n = 180 from 24 units) and to SAM stimuli (grey
lines, n = 41 units). Three of the units analysed for phase-locking to the
stimulus period (diamonds) had their CF in the frequency range tested; for all
other units VS values are calculated from responses to pure tones in the low-
frequency tails of the units’ FRAs. Note that the VS-MTF calculated for the fAM
range 300–2000 Hz (grey lines) typically cover lower ranges.

Fig. 7. Changes of vector strength (VS) with different stimulus levels and
modulation gain with different modulation depths. (A) VS-MTF of unit 172-07
at 0 (filled circle), 10 (open triangle, peak up), 20 (filled square), 30 (open
diamond) and 40 (black triangle, peak down) dB above threshold (CF:
20.3 kHz; threshold: 21 dB SPL). (B) Maximum VS values of units for
different levels above threshold decrease with sound level increasing above
threshold (Spearman correlation coefficient )0.644, P < 0.05). (C) Median
MTFs based on modulation gain for different modulation depths. Modulation
gain is greater for SAM stimuli of lower modulation depth. Irrespective of the
modulation depth, gain values are positive for values of fAM < 600 Hz.
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Our results show that MNTB units had V-shaped FRAs with and
without low-frequency tail, and mostly saturating and non-saturating
RLFs. PSTHs were mostly characterised as primary-like with notch
or primary-like types. Units showed good phase-locking to SAM
signals, and low-pass MTFs near threshold. The analysis of the
location of the units demonstrates a topographic organisation along
the medio-lateral axis for CF-dependent response properties, such as
response latency, Q10 value and 3 dB cut-off-frequency, and a
dorso-ventral gradient for the maxR, a CF-independent response
feature.

Responses to pure tone pulses

Spectral properties

All but two units in our study had V-shaped FRAs in part with
distinct low-frequency tails. These FRA shapes, already found in
auditory nerve fibres (Kiang et al., 1967, 1976; Sachs & Abbas,
1974; Schmiedt, 1989; el Barbary, 1991b), were described previ-
ously for MNTB neurons in cat (Tsuchitani, 1997) and gerbil
(Kopp-Scheinpflug et al., 2003b). More complex FRA types such as
closed, high- or low-tilted, multi-peaked or narrow FRAs were not
observed. Such response properties are found in nuclei that show a
strong inhibitory input (AI: Sutter & Schreiner, 1991; IC: LeBeau
et al., 2001; AVCN: Kopp-Scheinpflug et al., 2002; IC: Hernandez
et al., 2005; DNLL: Davis et al., 2007). This suggests that unlike in
these nuclei, systemic inhibitory input might only play a minor role
in modulating the FRA shapes of MNTB units. Still, morphological
studies showed that MNTB neurons are targeted by inhibitory inputs
that are thought to originate from collaterals of MNTB efferents
(Kuwabara & Zook, 1991; Kuwabara et al., 1991; Smith et al.,
1991; Banks & Smith, 1992). However, the small percentage of
non-monotonic FRAs and non-monotonic RLF suggests only weak
acoustically evoked inhibitory input. Along the same lines, inhib-
itory sidebands, also ascribed to the influence of inhibitory inputs
(Kopp-Scheinpflug et al., 2006), were only found in a fraction of
units.

Temporal response types

The vast majority of units showed phasic-tonic responses, with the
most abundant PSTH types being primary-like with notch and
primary-like patterns. The primary-like with notch pattern relates the
MNTB cells to globular bushy cells, which were reported to have the
same temporal response characteristics (Smith & Rhode, 1987; Smith
et al., 1991). This resemblance in the PSTH is also an indication of a
fast 1 : 1 synaptic transmission at the calyx of Held. Yet, primary-like,
phase-locked and even tonic responses were described previously for
MNTB units as well (Tsuchitani, 1997; Smith et al., 1998; Paolini
et al., 2001; Kopp-Scheinpflug et al., 2003a,b; Kulesza et al., 2003),
suggesting different temporal dynamics of synaptic transmission
in vivo.

Spontaneous activity

The median spontaneous activity of the units was 18 Hz (mean 29,
SD 33), which is less than the mean spontaneous activity observed in
earlier studies in rat (Sommer et al., 1993; : 109 Hz; Kulesza et al.,
2003; : 46 Hz). The respective data from other species is more in the
range of what we report here: 21 and �25 Hz in gerbil (Kopp-
Scheinpflug et al., 2003b; Hermann et al., 2007) and 27 Hz in the
cat (Smith et al., 1998). Also, the number of units showing low
to medium spontaneous activity corresponds to the present data
[our study: <20 Hz, 53%; cat: <18 Hz, 55% (Smith et al., 1998);
<10 Hz, 67% (Tsuchitani, 1997); gerbil: <20 Hz, 72% (Hermann
et al., 2007)]. Again, the earlier studies in rats report lower num-
bers of units lacking spontaneous activity; these differences might be
due to the use of different anaesthetic agents (present study:
urethane; Kulesza et al., 2003 : ketamine-xylazine; Sommer et al.,
1993 : ketamine-xylazine-chlorpromazine). Astl et al. (1996) showed
that the number of spontaneously active IC neurons was higher in
ketamine-xylazine- than in urethane- or pentobarbital-anaesthetized
animals. More studies are needed for a conclusive clarification
whether spontaneous activity in rat MNTB units indeed differs from
other species.

Fig. 8. Computer-assisted 3-d resonstructions of the left MNTB in three cases
illustrating frequency distribution in a frontal-transverse view (color-coded on
line, grey coded in print) Corresponding insets on the right show the rostro-
caudal locations on horizontal views of the MNTB and recording tracks of
these three cases. Note that neurons with high CFs are located medially, while
units with low CFs are located progressively more laterally. Scale bars,
500 lm. C, caudal; M. medial; L, lateral; R, rostral; D, dorsal.
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Responses to modulated pure tones

Responses to amplitude-modulated stimuli in the MNTB were
investigated in great detail in cat (Joris & Yin, 1998), while only a
few studies addressed this question in rodent species (mouse: Kopp-
Scheinpflug et al., 2003a; gerbil: Tolnai et al., 2006; rat: Kadner &
Berrebi, 2008). Here we show that MNTB units in rat have low-pass
MTFs. Cut-off frequencies are in the same range as in cat and
exhibit the same tendency to increase with increasing CF (Joris &
Yin, 1998). As a function of SPL we also observed phenomena like
decreasing VS values (Joris & Yin, 1998) and a shift from low-pass-
to band-pass-shaped MTFs as observed in other nuclei (Rees &
Palmer, 1989; Frisina et al., 1990; Kuwada & Batra, 1999; Krishna
& Semple, 2000). Comparing SAM responses of MNTB units with
those of globular bushy cells yields qualitatively similar results
(Frisina et al., 1990; Rhode & Greenberg, 1994; Joris & Yin, 1998).
Due to the limited database, it is hard to estimate to which extent
responses of MNTB units simply reflect the discharge characteristics
of globular bushy cells or whether inhibition effectively shapes
acoustically evoked MNTB signalling, as suggested by Kopp-
Scheinpflug et al. (2003b).
In all species tested, the MNTB provides a precisely timed

glycinergic inhibition to nuclei of the auditory brainstem encoding
rapid transient shifts of stimulus levels. This is regarded as a
prerequisite for the processing of azimuthal positions based on
complex-structured high-frequency acoustic stimuli (Tollin, 2003) or
encoding sound duration by units of the rat SPN (Kadner et al., 2006).
Recently it was shown that glycinergic projections from the MNTB to
the SPN seem to be critical in generating off-responses in rat SPN
units (Kulesza et al., 2007). That way, phase-locked responses of
MNTB units to AM stimuli would result in phase-locked responses in
these units. And indeed, SPN units in rat show temporally modulated
responses to SAM stimuli (Kulesza et al., 2003), though the fAM range

to which SPN units phase-lock is smaller than the range in MNTB
units (£400 Hz vs. £700 Hz), which might be due to a slower time
course of inhibitory inputs.

Topographic organisation and response properties

In the present study we showed that units’ response properties are
related to their medio-lateral and dorso-ventral position within the
MNTB. Not unexpected, the strongest correlation between position
and response property of a unit was observed for CF with a medial-to-
lateral high-to-low frequency gradient. A comparable tonotopic
organisation was shown in various species (cat: Guinan et al.,
1972b; cat: Smith et al., 1991; rat: Sommer et al., 1993; gerbil: Kopp-
Scheinpflug et al., 2003b), but it is still not clear to what extent the
whole auditory range of a respective species finds a representation in
the MNTB. In the present study we were able to directly show that
response properties that were dependent on CF followed a medio-
lateral gradient as well. These were the units’ response latencies, Q10

values and SAM cut-off frequencies. A finding that needs to be
explored in more detail was the correlation of the maxR (a CF-
independent response property) with the dorso-ventral position of a
unit. The more ventral a unit was located, the higher its maxR was.
The MNTB seems not to be a homogeneous nucleus as one might

expect from its role in the circuitry encoding interaural intensity
differences (for review see Yin, 2002 and Tollin, 2003). Though the
functional significance is not entirely clear, our data add to reports that
show gradients in MNTB cell properties such as a gradient observed in
the size of MNTB somata (Guinan et al., 1972a; Pasic et al., 1994), an
asymmetric distribution of ion channel subunits (Li et al., 2001;
Elezgarai et al., 2003; von Hehn et al., 2004), a non-uniform
calbindin-labelling (Bazwinsky et al., 2005) or a gradient in the
phosphorylation of ion channel subunits (Song et al., 2005). In

Fig. 9. Correlations between response properties and units’ medio-lateral (A–C) and dorso-ventral positions (D). Graphs show case-specific correlations. (A) CF
decreases with more lateral positions of units as does the 3 dB cut-off frequency (C). Response latency increases with more lateral positions (B). (D) MaxR increases
towards more ventral positions of units.
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summary, these results suggest that the distinct physiological charac-
teristics of MNTB principal cells should be taken into account when
interpreting data obtained in vitro, and that our data, obtained in an
undisturbed neuronal system, might thus serve as a basis for a
connecting analysis of in vitro and in vivo data.
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