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The calyx of Held synapse in the medial nucleus of the trapezoid body of the auditory brainstem has become an established in vitro model
to study the development of fast glutamatergic transmission in the mammalian brain. However, we still lack in vivo data at this synapse
on the maturation of spontaneous and sound-evoked discharge activity before and during the early phase of acoustically evoked signal
processing (i.e., before and after hearing onset). Here we report in vivo single-unit recordings in mice from postnatal day 8 (P8) to P28
with a specific focus on developmental changes around hearing onset (P12). Data were obtained from two mouse strains commonly used
in brain slice recordings: CBA/J and C57BL/6J. Spontaneous discharge rates progressively increased from P8 to P13, initially showing
bursting patterns and large coefficients of variation (CVs), which changed to more continuous and random discharge activity accompa-
nied by gradual decrease of CV around hearing onset. From P12 on, sound-evoked activity yielded phasic-tonic discharge patterns with
discharge rates increasing up to P28. Response thresholds and shapes of tuning curves were adult-like by P14. A gradual shortening in
response latencies was observed up to P18. The three-dimensional tonotopic organization of the medial nucleus of the trapezoid body
yielded a high-to-low frequency gradient along the mediolateral and dorsoventral but not in the rostrocaudal axes. These data emphasize
that models of signal transmission at the calyx of Held based on in vitro data have to take developmental changes in firing rates and
response latencies up to the fourth postnatal week into account.

Introduction
The calyx synapses in the medial nucleus of the trapezoid body
(MNTB) enable a fast and reliable transduction of afferent audi-
tory information, a key component in brainstem processing of
sound source localization [for review, see Yin (2002) and Tollin
(2003)]. Because of its specific morphology, the calyx of Held has
become a preferred model system for studying mechanisms con-
trolling synaptic transmission [for review, see von Gersdorff and
Borst (2002) and Schneggenburger and Forsythe (2006)]. Most
studies, performed in mice and rats, report presynaptic and
postsynaptic developmental changes in receptor distribution and
channel kinetics up to the end of the second postnatal week,
shortly after the onset of hearing at postnatal day 12 (P12) (von
Gersdorff and Borst, 2002). These modifications in synaptic
physiology go along with morphological changes of the calyx
terminal up to the end of the second postnatal week (Morest,
1968; Kandler and Friauf, 1993; Kil et al., 1995; Hoffpauir et al.,
2006).

A functional interpretation of the many and diverse data con-
cerning signal transmission at the calyx synapse calls for equal
insight into the respective presynaptic and postsynaptic activity
in vivo. However, all available in vivo data on the physiology of
MNTB principal neurons were obtained in adult animals [cat:
Guinan and Li (1990), Tollin and Yin (2005), and Mc Laughlin
et al. (2008); rat: Sommer et al. (1993), Paolini et al. (2001),
Kopp-Scheinpflug et al. (2008), and Tolnai et al. (2008b); gerbil:
Kopp-Scheinpflug et al. (2003b, 2008), Green and Sanes (2005)
(P15–P19), Hermann et al. (2007), and Tolnai et al. (2008a);
mouse: Kopp-Scheinpflug et al. (2003a, 2008)]. We still lack the
respective information on early postnatal development of pre-
synaptic and postsynaptic activity in the MNTB covering the pe-
riod from P4 to P14, the age range used in most in vitro studies
[for review, see von Gersdorff and Borst (2002) and Schneggen-
burger and Forsythe (2006)]. The data presented here focus
mostly on this developmental period, including (1) postnatal
changes before P11 when sound-driven signal processing is nei-
ther discernible in mice nor in rats and (2) changes up to P17,
when near adult-like auditory processing has been reported on
the level of the brainstem in mice [inferior colliculus (IC) (Shner-
son and Willott, 1979)].

The present study is based on extracellular, single-unit record-
ings in vivo in mice and investigates both spontaneous and
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sound-evoked activity in MNTB principal cells between P8 and
P28, with a special focus on the developmental period around
hearing onset. In analyzing the data, emphasis was on (1) the
development of the rate and pattern of spontaneous and acous-
tically evoked discharge activity, (2) the development of the
latency and jitter of responses to acoustic stimuli, and (3) the
relation of physiological features to the units’ characteristic fre-
quencies. Data were collected from two mouse strains commonly
used in brain slice recordings: CBA/J and C57BL/6J. Additionally,
the three-dimensional tonotopy of the MNTB was precisely
mapped in a P23 mouse using multiunit recordings. This infor-
mation will be useful for the evaluation of differences in physio-
logical properties of MNTB neurons recorded in vitro.

Materials and Methods
Animals and surgery
Data were collected from wild-type mice (Mus musculus) of two strains
commonly used in brain slice recordings: CBA/J mice (20 animals) and
C57BL/6J mice (14 animals). CBA/J mice have the advantage that they
show stable hearing long throughout life, while C57BL/6J mice suffer
from early onset of hearing loss at �2 months of age (Henry and Chole,
1980; Li and Borg, 1991). The latter strain, however, is prominently used
as a background strain for knock-out lines. This dual approach enables a
direct comparison between the two strains and the data can also serve as
reference when studying specific knock-out lines.

The experiments were performed at the Neurobiology Laboratories of
the Institute of Biology II at the University of Leipzig. Recordings were
obtained from P8 –P28 animals spanning the range from earlier develop-
mental stages, when acoustic signals do not elicit any action potentials in
the central auditory system (prehearing, P8 –P11), until the achievement
of adult-like hearing capabilities (P15–P17). For each postnatal age, 2–5
mice were tested. During surgery and recording sessions, animals were
anesthetized by an initial intraperitoneal injection of a mixture of ket-
amine hydrochloride (0.1 mg/g body weight; Pfizer) and xylazine hydro-
chloride (0.005 mg/g body weight; Bayer). Anesthesia was maintained
during recording sessions by supplementary injections of one-third of
the initial dose when necessary. Depending on the age of the animals, the
additional doses of anesthesia were applied every 160 –230 min in P8
animals, every 120 –200 min in P10 animals, and every 45–170 min in
P11–P28 animals. We estimate possible effects of anesthesia treatment on
the units’ discharge rates by correlating the spontaneous rates (SRs) to
the time after the last application of anesthesia. Data were separately
analyzed for P8, P10, and P11–P28 mice, since in all groups the range of
spontaneous rates and the time between the supplementary doses of
anesthesia differed greatly. The analysis did not yield any significant
correlation between the units’ spontaneous rates and the depth of
anesthesia in both age groups (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). The mice were fixed in a
stereotaxic recording device through a small metal bolt glued to the
prefrontal skull overlaying the forebrain. Two 500-�m-diameter
holes were drilled at a distance of 1800 –2000 �m caudal to the lambda
suture. The first hole was located at the midline and was used to insert
the recording electrode. The second hole was drilled 1000 –1500 �m
lateral to the midline and enabled insertion of the reference electrode
into the superficial cerebellum.

Data collection
The experiments were performed in a sound-attenuated chamber (A400,
Industrial Acoustics) on a vibration-isolated table (Physics Instruments
T 251.SL). The animals were positioned on a temperature-controlled
heating pad to maintain the body temperature at 38°C. Glass micropi-
pettes (Harvard Apparatus; GC150F-10) filled with 3 M KCl were used for
recordings. The MNTB was approached dorsally and typically reached at
penetration depths of 5000 – 6000 �m depending on the size of the ani-
mal. Voltage signals were bandpass filtered (0.3–7 kHz), amplified (PC1,
TDT), and digitized by an A/D converter (RP2.1, TDT) at a sampling rate
of 97.7 kHz before storing for offline analysis using custom-written
MATLAB software (7.5, The MathWorks).

Tonotopic map. The three-dimensional, tonotopic arrangement of the
MNTB was reconstructed based on multiunit recordings in a P23 CBA/J
mouse using electrodes with impedances of 1– 4 M�. In rats it was shown
that auditory brainstem nuclei reveal adult-like tonotopic maps at this
postnatal age (Friauf, 1992). The characteristic frequency (CF) of multi-
units was systematically documented every 50 �m along the dorsoventral
dimension, in �100 �m steps mediolaterally (1° change in mediolateral
angle of electrode penetration), and in �200 �m steps rostrocaudally (2°
change in rostrocaudal angle of electrode penetration).

Single-unit recordings. Single-unit recordings were obtained by using
electrodes with high impedances (5–12 M�). The main criterion for
identifying MNTB principal neurons was the characteristic complex
waveform consisting of the calyceal potential (“prepotential”) preceding
the postsynaptic action potential (Guinan and Li, 1990). In hearing ani-
mals, activity driven by contralateral acoustic stimulation served as an
additional criterion (Kopp-Scheinpflug et al., 2008). Since the latter cri-
terion could not be used in prehearing animals, recording sites were
verified histologically by iontophoretic injection (4 �A, 10 min) of flu-
orogold (FG). Thereafter, the experimental animals were allowed to sur-
vive for �5–7 h to ensure uptake of the tracer by the neurons, before
perfusion with 5% paraformaldehyde. The brains were postfixed for an-
other 24 h. After cutting the brain on a vibratome (100 �m sections), the
FG mark was visualized under fluorescence microscope with a stimula-
tion wavelength of 361 nm and an emission wavelength of 536 nm.

Acoustic stimulation and data evaluation
Acoustic stimuli were generated by custom-written MATLAB software at
a sampling rate of 97.7 kHz, sent to a D/A converter (RP2.1, TDT), and
transferred to electrostatic couplers (ES1, TDT) that were controlled by
an electrostatic speaker driver (ED1, TDT). The stimuli were delivered
through plastic tubes with 5 mm diameter located in the outer ear canal
at a distance of �4 mm to the eardrum.

Three stimulation protocols were used: (1) Spontaneous discharge
activity was acquired in absence of acoustic stimulation. The coefficient
of variation (CV) was calculated from these records using sample times
of 60 –300 s depending on the units’ holding times. (2) The excitatory
response area was measured by randomized presentation of tone bursts
(100 ms stimulus length, 5 ms rise and fall time, 100 ms interstimulus
interval) within a predefined matrix of 20 � 10 frequency/intensity pairs
(frequencies were scaled logarithmically). The intensity typically ranged
from 0 to 90 dB sound pressure level (SPL) and each frequency/intensity
pair was presented five times. From these data, the frequency-tuning
curve, the maximum discharge rate, and the rate-level function were
extracted. (3) Characterization of temporal response properties was
based on repetitive presentation of tone bursts (100 ms stimulus length,
5 ms rise and fall time, 100 –300 ms interstimulus interval, 250 repeti-
tions) at CF with intensities of 20 –50 dB above threshold depending on
the units’ individual threshold values. This stimulus paradigm was used
for evaluation of response patterns, spike latencies, and jitter of evoked
responses.

Analysis of spike recordings
Waveform analysis. The voltage traces were triggered at a visually deter-
mined level where all complex spike waveforms could be detected. Each
waveform was collected from 2 ms preceding to 2.5 ms following the
trigger point. All triggered waveforms were spike-sorted by means of
principal component analysis (PCA) followed by cluster analysis. The
clusters representing the complex waveforms were chosen and merged.
Waveforms were then temporally aligned at the minimum of the
postsynaptic component and averaged. Whether the waveform con-
tained a prepotential was determined automatically. Briefly, the largest
local maximum preceding the maximum of the postsynaptic component
was detected. The height of this maximum was then tested against the
distribution of baseline fluctuations (Wilcoxon signed ranks test). Only
units with a significant prepotential were included in the dataset.

Coefficient of variation. The CV serves as a measure for regularity of
spike discharges (Young et al., 1988; Jones and Jones, 2000; Jones et al.,
2001, 2007). It is defined as the ratio of SD of interspike intervals (ISIs)
and mean ISI (CV � SDISI/meanISI). Discharge patterns that follow a
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near Poisson-distributed process show CV values close to 1 and are found
in mature sensory neurons (Walsh et al., 1972; Jones and Jones, 2000;
Jones et al., 2001, 2007). Bursting patterns lead to CV values �1 (Jones
and Jones, 2000; Jones et al., 2007).

Response area. The frequency-tuning curve was defined as the outline
of the array of frequency/intensity pairs that elicited an increase in dis-
charge rate above the spontaneous rate (1% significance level). From the
frequency-tuning curve, the CF (defined as the frequency with the lowest
threshold) and the respective threshold at CF were determined. Maxi-
mum discharge rate corresponded to the highest rate elicited by one of
the 200 frequency/intensity pairs. Typically, the frequencies eliciting
maximum discharge rates (best frequencies) were in the range from
CF to 1⁄4 octave below CF at intensities between 60 and 80 dB SPL.
Rate-level-functions were measured at CF by averaging the discharge
rates at each stimulus level (10 levels between 0 and 90 dB SPL, 5
repetitions/stimulus).

Latency and jitter. The values for latency and jitter were taken from the
units’ peristimulus time histogram (PSTH; bin width: 0.2 ms). The re-
sponse latency was measured as the time from the onset of the stimulus to
the time when the stimulus evoked response reached its half-maximal
value of the onset peak (Kopp-Scheinpflug et al., 2003b; Tolnai et al.,
2008a). The jitter of the onset response was measured as the time between
the 10% and 90% value of the onset peak. This value enables estimation
of temporal fidelity of the onset response during repetitive stimulation.

Data analysis and statistics were performed in MATLAB, SigmaPlot
(8.0, SYSTAT), and SigmaStat (3.0, SYSTAT). Results are expressed as
mean � SEM. Unless indicated otherwise, statistical significance was
evaluated by the t test or by the Mann–Whitney rank-sum test and by the
one-way ANOVA or Kruskal Wallis one-way ANOVA on ranks, respec-
tively, depending on the distribution of the values.

Results
Complex action potentials of MNTB units identified by the clear
separation of presynaptic and postsynaptic signal components
(Kopp-Scheinpflug et al., 2008) were obtained through extracel-
lular recordings from 179 units in CBA/J and from 110 units in
C57BL/6J mice (Fig. 1). Recordings were conducted at postnatal
ages P8, P10, P11, P12, P13, P14, P18, P23, and P28 and thus
covered the developmental period from 4 d before to 16 d after
the onset of hearing at P12.

Spontaneous activity
Spontaneous activity was acquired from 162 units in CBA/J mice
and from 107 units in C57BL/6J mice. All units at all postnatal
ages, including the units of prehearing mice at P8, P10, and P11,
showed spontaneous discharge activity. Although it cannot be
ruled out that “silent” MNTB units were missed in prehearing
mice, we have circumstantial evidence that this was not the case.
When advancing the electrode through the MNTB, (1) the ap-
proach of a unit is indicated by a reduction of the baseline ampli-
tude of the recorded baseline signal due to an increase in the input
resistance; (2) typically any mechanical stimulation of the neu-
ron’s membrane by the electrode tip triggers a few spikes; and
ultimately (3) an accidental penetration of the neuron’s mem-
brane causes a high-frequency series of injury potentials that

Figure 2. Development of spontaneous activity. A, Exemplary traces (10 s excerpts) of spon-
taneous discharges at three ages (P8, P12, P28). B, Spontaneous rates of single units. The range
of spontaneous rates increased during development, both in CBA/J mice (filled circles, p �
0.001, ANOVA on ranks) and C57BL/6J mice (open circles, p � 0.001, ANOVA on ranks). The
number of units recorded in each age group varied between 10 and 26 in CBA/J mice and
between 3 and 28 in C57BL/6J mice. C, Cumulated distribution of spontaneous rates at different
ages with marks of the respective medians (50%) and interdecile ranges (10 –90%). In prehear-
ing mice (P8 –P10), units showed low spontaneous discharge rates (1–20 spikes/s). At P11–
P12 and P13–P28, the values expanded both to lower (�1 spikes/s) and higher (maximum 200
spikes/s) rates. There was no significant difference between CBA/J (solid lines) and C57BL/6J
mice (dashed lines); the respective numbers of units are indicated as follows: n �
#CBA/#C57BL.

Figure 1. Compound waveforms of MNTB units from a CBA/J mouse (upper graph) and a
C57BL/6J mouse (lower graph). Each graph shows 50 superimposed waveforms (black line,
mean waveform) of a P8 single-unit during spontaneous discharge activity aligned at the pos-
itive peak of the first component which shows the activity of the presynaptic calyx terminal. The
second component corresponds to the action potential of the postsynaptic cell. Similar com-
pound waveforms were found at all postnatal ages studied, though the amplitude ratio be-
tween presynaptic and postsynaptic components may vary.
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eventually die off. None of these indications of “silent” units were
observed in the recordings from prehearing mice.

Spontaneous rates were calculated from recordings 60 –300 s
in duration. Exemplary traces at different ages are illustrated in

Figure 2A. At P8 and P10, the discharge
rates ranged from 1.5 to 16 spikes/s (sp/s)
in CBA/J mice (n � 31) and from 1.4 to 19
spikes/s in C57BL/6J mice (n � 22) (Fig.
2B). At P11 and P12, the range of sponta-
neous rates expanded to values between
0.08 and 81 spikes/s in CBA/J mice (n �
45) and between 1.3 and 107 spikes/s in
C57BL/6J mice (n � 23). From P13 to
P28, the cell-to-cell variability in sponta-
neous rates further increased (0.05–196
spikes/s in CBA/J, n � 86; 0.05–199
spikes/s in C57BL/6J, n � 62). Despite the
extended range of spontaneous rates,
�50% of the units had discharge rates
�20 spikes/s (Fig. 2C). At P8 –P10, the
median and interdecile range of sponta-
neous rates was lowest (Fig. 2B), both in
CBA/J mice (median: 4.8 spikes/s, inter-
decile range: 3–13 spikes/s; n � 31) and in
C57BL/6J mice (median: 7 spikes/s, inter-
decile range: 2–17.5 spikes/s, n � 22). At
P11–P12, the average spontaneous rates
shifted toward higher discharge rates
(CBA/J median: 37 spikes/s, interdecile
range: 0.45– 66 spikes/s, n � 45; C57BL/6J
median: 35 spikes/s, interdecile range:
4 –72 spikes/s, n � 23). No further in-
crease in average spontaneous rate was
observed between P13–P28 mice (CBA/J
median: 31 spikes/s, n � 86; C57BL/6J
median: 28 spikes/s, n � 62). Overall, the
course of developmental changes in spon-
taneous activity was comparable between
CBA/J mice and C57BL/6J mice. The rates
recorded at P13–P28 were also compara-
ble to measurements in adult gerbils
(Hermann et al., 2007) and mice (Kopp-
Scheinpflug et al., 2008).

In both mouse strains, the patterns of spontaneous discharges
differed strongly between prehearing and hearing mice. At P8 and
P10, spontaneous spikes were grouped in bursts (Fig. 3A,D) last-
ing for 2.5 � 0.2 s (n � 28 bursts in 5 units) followed by silent
periods or periods of greatly reduced discharge activity (lasting
between 0.4 –30 s, n � 26 interburst intervals in 5 units). At P11
and P12, units with bursting and nonbursting patterns were re-
corded in one and the same animal (ratio burst/nonburst: CBA/J
�1:1 at P11 and P12; C57BL/6J �2:1 at P11 and �1:2 at P12).
Still, in this transitional phase the bursting units no longer
showed silent periods in between the bursts (Fig. 3G). Within a
single burst, the ISI mostly ranged between 2 and 100 ms regard-
less of the firing rate of the respective unit in animals from P8 to
P12 (Fig. 3A,D,G). In hearing animals from P13 to P28, none of
the units showed spontaneous bursting discharge activity, i.e., the
spontaneous spike discharges were more regularly distributed
regardless of the rates of firing of the units (Fig. 3B,E,H). For the
six examples shown in Figure 3, the distribution of the ISIs was
further quantified from cumulated distributions of ISIs. The me-
dians of ISIs were lower in bursting units compared with non-
bursting units (Fig. 3C,F,I) (the respective medians of the three
bursting units were 36 ms, 19 ms, and 18 ms, and of the three
nonbursting units 176 ms, 46 ms, and 29 ms). In contrast, the
range of ISIs were similar between bursting and nonbursting

Figure 3. Patterns of spontaneous discharge activity. The distribution of ISIs for 60 s of spontaneous spike discharges and 15 s
excerpts of the original spike trains (on top of each graph) of six exemplary single units (3 pairs with comparable spontaneous rates
indicated above the respective graphs) is shown; bursting units are on the left side, nonbursting units in the middle, and cumulated
distributions of ISI of the respective pairs of units on the right side. In units of prehearing mice and in some units of P11 and P12
mice, spontaneous spikes were grouped in bursts indicated by periods of increased spike rate embedded in silent periods or in
periods of reduced discharge activity (A, D, G). Within the bursts, ISIs were mostly in the range of 2–100 ms. From P13 to P28,
bursting was never observed and spike discharges were more continuous (B, E, H ). The cumulated distributions of ISI of the six
units (C, F, I ) shows that the median values (middle dotted line) of ISIs in bursting units are always smaller than in nonbursting
units with comparable discharge rates. Still, the extremes of the range of ISIs in the two groups as indicated by the 5th and 95th
percentiles (upper and lower dotted lines) are mostly in the same range.

Figure 4. Spontaneous bursting activity decreases with age. Regularity of spontaneous discharge
activity was quantified by CV (see Materials and Methods). At P8 and P10, all units in both strains
(CBA/J: closed circles, C57BL/6J: open circles) had CV �1, indicating irregular (bursting) spike dis-
charges. From P13 to P28, CV values ranged between 0.7 and 1.3, which reflect more regular, non-
bursting discharge patterns (CV�1, near-Poisson discharge, dashed line). At P11 and P12, CV values
were smaller than at younger ages. Still, some units had CV values �1.3, implying a tendency for
bursting discharge activity, while other units (partly in the same animal) had lower CV values, be-
tween 0.8 and 1.3, corresponding to nonbursting units in older groups.
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units (5th/95th percentiles of the three bursting units were 3/619
ms, 4/271 ms, and 3/149 ms, and of the three nonbursting units
13/697 ms, 9/221 ms, and 5/127 ms, respectively). So, while the
distribution of the ISI differs between bursting and nonbursting
units (resulting in patterned or more continuous discharges), the
total range of ISIs was mostly comparable between the two
groups. Regularity of spontaneous discharges was quantified by
the CV (see Materials and Methods). Higher CVs indicate more
irregular or complex discharge patterns, e.g., bursting units. At
P8 and P10, CV values �1 indicated bursting activity (CBA/J
mean: 2.4 � 0.2, n � 13; C57BL/6J mean: 2 � 0.1, n � 13) (Fig.
4). In P11 and P12 animals, mean CV values were lower (1.2 � 0.1
for CBA/J mice, n � 21; and 1.3 � 0.1 for C57BL/6J mice, n �
16), pointing to the vanishing of bursting activity. Finally, at P13–
P28 the CVs were in the range of �1 (CBA/J mean: 0.9 � 0.02,
n � 52; C57BL/6J mean: 0.9 � 0.02, n � 28), which indicates a
near-Poisson distribution of spontaneous spikes typical for ma-
ture auditory neurons (Fig. 4) [see Jones et al. (2007) for further
citations].

Acoustically evoked activity
The onset of acoustically evoked activity at P12 in both mouse
strains corresponds to earlier reports of development of auditory
brainstem processing in mice and rats [mouse: Kamiya et al.
(2001); rat: Blatchley et al. (1987) and Geal-Dor et al. (1993)]. At
this age, also the outer ear canal opens in these animals. Presently,
we documented developmental changes of sound-evoked re-
sponse characteristics of MNTB units up to P28, which is beyond
the time when the establishment of near adult-like single-unit
response characteristics in auditory brainstem units had been
assessed in earlier studies (P15–P17 in IC) (Shnerson and Willott,
1979). We focused on the distribution of CFs, response thresh-
olds, maximum-evoked discharge rates, rate-level functions,
temporal response patterns, and response latencies.

Characteristic frequencies and threshold values
The CFs and threshold values were obtained from the pure tone
response areas of 111 units in CBA/J mice and 68 units in
C57BL/6J mice. Representative frequency-tuning curves at P12,
P14, and P23 are illustrated in Figure 5. At P12, the units typically
showed symmetrically shaped, broad frequency-tuning curves
lacking steep high-frequency flanks and prominent low-
frequency tails. We aimed at recording single units from as many
different positions in the MNTB as possible to cover most of the
frequency range represented in the nucleus. The audiogram of
mice covers five octaves with frequencies from 2 to �75 kHz
(Ehret and Moffat, 1984; Egorova et al., 2001; Müller et al., 2005).
Our setup enabled stimulus generation up to 50 kHz, so we might
have missed the representation of half of the highest octave of the
hearing range. The units had CFs between 2.7 and 35 kHz in
C57BL/6J mice and between 3 and 40 kHz in CBA/J mice, the
highest CF acquired in multiunit recordings was 45 kHz (see
below). At P12 and P13, in either strain no CFs �25 kHz and �32
kHz were recorded, respectively (Fig. 6A). At all postnatal ages,
the lowest threshold values were between 10 and 20 kHz, which is
consistent with behavioral audiograms (Fig. 6A; black line) (Ber-
lin, 1963). Up to P23, no strain-specific differences in hearing
thresholds were encountered (Table 1). The threshold values
showed a decrease from P12 to P14. Minimum threshold values
dropped from 40 dB SPL to 10 dB SPL at P13 and to 0 dB SPL at
P14, after which no further improvement of thresholds was ob-
served (Fig. 6A, dotted lines). At P28, C57BL/6J mice showed
deteriorated hearing thresholds compared with age-matched

CBA/J mice (C57BL/6J mean: 50 � 5 dB SPL, n � 10; CBA/J
mean: 31 � 5 dB SPL, n � 16; p � 0.012, Mann–Whitney rank-
sum test), indicating an early onset of developmental hearing loss
previously reported for C57BL/6J mice (Mikaelian, 1979; Henry
and Chole, 1980; Li and Borg, 1991). Neither of the mouse strains
showed a correlation between spontaneous rate and CF (Fig. 6B)
as described for mammals with better low-frequency hearing
[gerbil: Kopp-Scheinpflug et al. (2008); cat: Spirou et al. (1990)
and Smith et al. (1998)].

Maximum discharge rates
The units’ maximum acoustically evoked discharge rates in-
creased with age in both strains ( p � 0.001, ANOVA) (Fig. 7A).
In CBA/J mice, maximum discharge rates at P12 were 70 –270
spikes/s (mean: 158 � 19 spikes/s, n � 13); at P28, maximum
rates had increased to 168 – 440 spikes/s (mean 327 � 19 spikes/s,
n � 16). In C57BL/6J mice, maximum discharge rates at P12 were
110 –226 spikes/s (mean: 168 � 16 spikes/s; n � 8) and 120 – 470
spikes/s (mean: 360 � 36 spikes/s, n � 10) at P28. No significant
differences in maximum discharge rates were found between
both strains except for P18 ( p � 0.001, t test). At all postnatal
ages, maximum discharge rates were independent of the units’
characteristic frequencies (Fig. 7B).

Rate-level functions
Three types of rate-level functions (RLFs) were classified: (1)
nonmonotonic, (2) steadily increasing, and (3) monotonic with

Figure 5. Frequency-tuning curves at P12, P14, and P23. Representative frequency-tuning
curves of two units for each mouse strain. At P12 units in both strains (CBA/J, solid lines;
C57BL/6J, dashed lines) showed broad, symmetrical tuning curves and high thresholds. From
P14 on, tuning curves typically displayed low-frequency tails, sharply tuned peaks, and low
threshold values.
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plateau. No age-dependent differences in distribution of the RLF
types were found in either of the mouse strains (data not shown).

Temporal response patterns
Response patterns were evaluated from the PSTHs (bin width: 0.5
ms) of 77 units in CBA/J mice and 51 units in C57BL/6J mice. In
both strains, all units showed phasic-tonic (primary-like, PL)
responses (Fig. 8A). In the majority of units (CBA/J: 73%,
C57BL/6J: 69%), the onset peak and the tonic response compo-
nent were separated by a discernable gap (Fig. 8B) classifying
their PSTHs as primary-like notch (PLN), a typical feature of
MNTB units (Smith et al., 1991; Sommer et al., 1993; Kopp-
Scheinpflug et al., 2003b, 2008) and of their afferents, the globu-
lar bushy cells (GBCs) in the anterior ventral cochlear nucleus
(Smith and Rhode, 1987). In both strains, the respective response
types showed significant differences in spontaneous activity with

PL units displaying lower spontaneous rates than PLN units
[CBA/J: PL mean SR: 16.6 � 32.1 sp/s (n � 21), PLN mean SR:
47 � 41.5 sp/s (n � 56), p � 0.001, Mann–Whitney rank-sum
test; C57BL/6J: PL mean SR: 21.5 � 29.8 sp/s (n � 16), PLN mean
SR: 50 � 41.3 sp/s (n � 35), p � 0.012, Mann–Whitney rank-sum
test]. No systematic age-dependent change in the percentage be-
tween PL and PLN units was observed (Fig. 8C,D).

Latency and jitter
The units’ response latencies were progressively reduced from
P12 to P18 in both strains ( p � 0.001, ANOVA on ranks) (Fig.
9A). When the units could first be acoustically driven, the laten-
cies ranged from 5.4 to 9 ms in CBA/J mice (7.1 � 0.3 ms, n � 11)
and from 7.2 to 9.3 ms in C57BL/6J mice (7.9 � 0.4 ms, n � 5).
Subsequently, up to P18 latency values continuously diminished,
although at P13 and P14 there was still a wide scatter of latency
values between units. At P18, the values and the respective distri-
butions were near adult-like (CBA/J mean: 4.5 � 0.2 ms, n � 16;
C57BL/6J mean: 4.2 � 0.2 ms, n � 24). Except for P18, no strain-
specific differences in response latencies were observed (P18, p �
0.01, Mann–Whitney rank-sum test).

The jitter of the onset response to repetitive signal presenta-
tions was steadily reduced from P12 (CBA/J mean: 1.0 � 0.2 ms,
n � 11; C57BL/6J mean: 1.1 � 0.2 ms, n � 5) to P14 (CBA/J
mean: 0.6 � 0.1 ms, n � 14, p � 0.01, Mann–Whitney rank-sum
test; C57BL/6J mean: 0.56 � 0.1 ms, n � 6, p � 0.009, Mann–
Whitney rank-sum test) (Fig. 9B). After that, no further reduction in
jitter was observed until P28 in CBA/J mice (mean: 0.58 � 0.1 ms,
n � 12) and until P18 in C57BL/6J mice (mean: 0.34 � 0.02 ms, n �
25). In the latter strain, the jitter slightly increased again from P18 to
P28 (P28 mean: 0.75 � 0.1 ms, n � 6, p � 0.001, t test). Both results
are in accordance with reduction in calyx of Held synaptic transmis-

Figure 6. Distribution of characteristic frequencies and thresholds. A, CFs between 3 and 40
kHz were recorded in CBA/J mice (circles) and between 2.7 and 35 kHz in C57BL/6J mice (trian-
gles). No units were recorded with CF �25 kHz at P12 and �32 kHz at P13. At all postnatal
ages, the respective lowest threshold values were found for frequencies between 10 and 20 kHz
(see dotted lines, visually delineated audiograms at P12, P13, and P14 –P23), which is consis-
tent with the behavioral audiogram of mice [black solid line; based on classically conditioned
galvanic skin responses recorded from rear paw pads to shock to front paw pads in 50 mice
(Berlin, 1963)]. At P12, minimal thresholds were at 40 dB SPL, and they subsequently lowered
to the adult-like values of 0 dB SPL at P14. Already at P28 in C57BL/6J mice but not in CBAJ mice,
the high-frequency thresholds showed signs of deterioration. Numbers of units are given as
follows: n � #CBA/#C57BL. B, Spontaneous discharge rates at different CFs. In both strains
(CBA/J: filled circles, C57BL/6J: open circles), spontaneous discharge rates did not systematically
change with the units’ CFs.

Table 1. Development of hearing sensitivity

Age

Threshold (dB SPL)

Significance
CBA/J
mean � SEM

C57BI/6J
mean � SEM

P12 53 � 3 60 � 4 NS (t test)
P13 37 � 4 28 � 4 NS (t test)
P14 –P23 24 � 2 22 � 3 NS (Mann–Whitney rank-

sum test)
P28 31 � 5 50 � 5 p � 0.012 (Mann–Whitney

rank-sum test)

Figure 7. Development of maximum evoked discharge rates. A, Both strains (CBA/J: filled
circles; C57BL/6J: open circles) showed an increase in maximum discharge rates with age ( p �
0.001; ANOVA; black and white solid lines, exponential fit). B, No discernable correlation was
found between the units’ maximum discharge rates and the CFs (CBA/J mice, circles; C57BL/6J
mice, triangles; ages as indicated by different shades of gray; numbers of units at different ages:
n � #CBA/#C57BL).
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sion delay up to P18 measured by cell-
attached in vitro recordings in rats (Leão et
al., 2005).

Tonotopic organization of the MNTB
From earlier in vivo studies in different
mammals, it is known that the MNTB
shows a mediolateral high-to-low frequency
gradient [gerbil: Kopp-Scheinpflug et al.
(2003b); rat: Sommer et al. (1993); cat:
Guinan et al. (1972), Spirou et al. (1990),
and Smith et al., (1998)]. So, it is conceiv-
able that the MNTB of mice has a similar
tonotopic organization, although a de-
tailed documentation of the frequency
representation in all three spatial dimen-
sions is not yet documented. Stereotaxic
multiunit recordings were used to gather
the distribution of CFs in the whole of the
MNTB by systematic variations of elec-
trode positions. Auditory responses were
classified as originating from the MNTB if
they were elicited by stimulation of the
contralateral ear only (Kopp-Scheinpflug
et al., 2008). In the rostrocaudal dimen-
sion recordings with the required acoustic
excitability were collected over a total ex-
tent of 800 �m. Mediolaterally, CFs sys-
tematically varied over a distance of �300
�m in the center of the nucleus and �200 �m at its rostral and
caudal poles. Dorsoventrally, acoustically evoked activity was re-
corded over a depth of 250 –300 �m. In Figure 10, the borders of
the nucleus were determined with respect to the stereotaxic co-
ordinates of the recording sites (gray outlines). At more dorsal
and ventral position, the recordings either showed no acousti-
cally evoked activity or broadly tuned, high-threshold activity
without clearly definable CFs. The latter might be attributable to
passing fibers in the trapezoid body. The MNTB in mice has a
tube-like appearance, which, in its rostrocaudal extension, bends
toward the midline. Also, the shape of the MNTB changes along
the rostrocaudal axis. At its caudal pole, the nucleus exhibited a
more elongated shape with short dorsoventral extensions while at
its rostral pole the MNTB appeared to be more round. The CFs of
the multiunits varied between 5 and 45 kHz. Mean CFs were
calculated for each of four rostrocaudal, four mediolateral,
and three dorsoventral planes yielding MNTB-like acoustic excit-
ability (Table 2). At the medial-most plane, the mean CF was
31.2 � 1.6 kHz, and at the lateral plane, the mean CF was 8.2 �
0.8 kHz, confirming the mediolateral tonotopic gradient. A com-
parable high-to-low frequency gradient was also determined
dorsoventrally with 30.8 � 1.8 kHz at dorsal and 16 � 2.8 kHz
at ventral positions. In contrast, the mean CF values calculated
for the four rostrocaudal planes did not show systematic
changes. The respective values ranged between 17.8 kHz and
21.9 kHz.

While these measurements provide a coherent three-
dimensional map of the MNTB’s nuclear tonotopy that basically
matches anatomical reconstructions of serial sections, it has to be
acknowledged that it is difficult to exactly define the borders of
the nucleus by means of physiological recordings. Also, due to
limitations in acoustic stimulations to frequencies �50 kHz, we
might have missed a small mediolateral portion of the MNTB.

Discussion
The present study shows that the spontaneous and sound-evoked
discharge activity of MNTB units undergoes substantial develop-
mental changes up to the end of the fourth postnatal week.

Spontaneous activity
Rates and patterns of spontaneous activity
The present results indicate that in prehearing mice (P8 –P10)
MNTB units are spontaneously active, even though at low rates
(1–20 spikes/s), and that this activity occurs in bursts corroborat-
ing previous findings [spiral ganglion cells of cat: Jones et al.
(2007); inferior colliculus of horseshoe bat: Rübsamen and Schä-
fer (1990); cochlear nucleus of tammar wallaby: Gummer and
Mark (1994); cochlear nucleus of the cat: Walsh and McGee
(1988); nucleus magnocellularis in chicken: Lippe (1994)]. This
early afferent activity is thought to play a role in the consolidation
of auditory pathways (Kitzes et al., 1995; Leake et al., 2006), in
refining gradients of ion channel expression (Leao et al., 2006),
and in adjustment of synaptic transmission (Erazo-Fischer et al.,
2007; McKay and Oleskevich, 2007). In chicken, spontaneous
bursting activity turns into more regular spiking in a short time
window around hearing onset (Lippe, 1994; Jones and Jones,
2000; Jones et al., 2001). In P11 and P12 mice, similarly, the
bursting activity in MNTB units gradually vanishes, with some
units still showing bursting activity (though lacking interburst
intervals completely devoid of spikes) and others showing near-
Poisson discharges. In P11 animals, in which some units failed to
show bursting activity, no responses could be elicited by auditory
stimuli up to 110 dB SPL. In P12 animals, on the other hand, in
which some units still showed bursting activity, all MNTB units
could be driven by sound stimulation. These findings suggest that
spontaneous bursting and onset of acoustically evoked activity
might not be directly connected. At the end of the second week,
spontaneous rates in mice were comparable to the values found

Figure 8. Temporal response patterns do not change with age. A, B, All units showed phasic-tonic response patterns classified
as PL in approximately one-third of the units (CBA/J: 27%, C57BL/6J: 31%), and as PLN in the remaining units (CBA/J: 73%,
C57BL/6J: 69%). Bin width 0.5 ms; in insets 0.2 ms. C, D, No systematic developmental change in the distribution of response types
was found in either strain. The numbers of units are given as follows: n � #CBA/#C57BL.
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in adult conspecifics and in other mammals [mouse: Kopp-
Scheinpflug et al. (2008); gerbil: Kopp-Scheinpflug et al. (2003b,
2008) and Hermann et al. (2007); rat: Sommer et al. (1993)],
indicating that spontaneous activity reaches adult levels soon af-
ter hearing onset.

Sources of spontaneous bursting activity
A recent study by Tritsch et al. (2007) supports earlier observa-
tions by Lippe (1994) suggesting that spontaneous bursting ac-
tivity is already generated in the cochlea. In mice, it has been
demonstrated in slice studies that before hearing onset, inner hair
cells (IHCs) generate spontaneous calcium spikes as early as em-
bryonic day 17.5 (Marcotti et al., 2003, Kros, 2007). The repeti-
tive, regenerative characteristics of these signals are due to an
interplay of fast calcium and sodium channels with slow potas-
sium channels (Kros et al., 1998; Marcotti et al., 2003). The ac-
tivity is evoked by ATP released by supporting cells (Tritsch et al.,
2007). Evidence exists that these early calcium spikes activate
auditory nerve fibers through exocytosis of glutamate resulting in
bursting discharge activity in spiral ganglion cells (Glowatzki and
Fuchs, 2002; Tritsch et al., 2007; Tritsch and Bergles, 2009).
Around the onset of hearing, IHCs express an additional fast
potassium channel (13% of IHCs at P11, 42% at P12, and 100% at
P13, respectively). Consequently, the regenerative spiking behav-
ior in IHCs is suppressed through the reduction of the membrane
time constant and high-frequency transmission from IHCs to
auditory nerve fibers is facilitated (Kros et al., 1998; Marcotti et
al., 2003) (see also Kros, 2007). These changes in IHC physiology
together with the cessation of spontaneous ATP release between
P11 and P13 (Tritsch et al., 2007) are supposedly the immediate

causes of the gradual reduction of spontaneous bursting activity
in the MNTB in vivo.

Acoustically evoked activity
Characteristic frequencies and thresholds
In both strains, acoustically driven responses could be recorded
in MNTB units as early as P12. At this time, CFs of all units were
�25 kHz. Recordings of units with higher CFs, i.e., up to 32 kHz
at P13 and up to 40 kHz at P23, corroborates the notion of a
delayed development of high-frequency inner ear signal trans-
duction [chicken: Rubel (1978) and Rubel et al. (1984); gerbil:
Harris and Dallos (1984)]. In the low-to-middle frequency hear-
ing range (2–10 kHz), developmental changes, as shown in the
present study, mostly concerned the increase in sensitivity by
�50 dB from P12 to P14. A comparable increase in sensitivity,
but no significant developmental extension toward lower fre-
quencies, was also reported for other mammalian species
[mouse: Shnerson and Willott (1979); cat: Walsh and McGee
(1987)]. Several causes contribute to increased hearing sensitivity
in the first days after hearing onset. They can either relate to signal

Figure 9. Latency and jitter shorten throughout development. A, In both strains [CBA/J:
filled circles, C57BL/6J: open circles, solid lines: standard exponential decay with three param-
eters: time-constant T, offset B, vertical scaling A, f(t) � Ae�t /T 	 B], the response latencies
shortened from P12 to P18 ( p � 0.001 in CBA/J and C57BL/6J, Mann–Whitney rank-sum test).
B, Jitter values were significantly reduced from P12 to P14 (CBA/J p � 0.01, Mann–Whitney
rank-sum test; C57BL/6J p � 0.009, Mann–Whitney rank-sum test). No further reduction in
jitter was found up to P28 in CBA/J mice. In C57BL/6J mice, the jitter again increased from P18
to P28 ( p � 0.001, t test). Figure 10. Tonotopic organization of the MNTB. Recordings were obtained from a P23 CBA/J

mouse. CFs were acquired from multiunit activity in 20 penetrations (5 penetrations with sys-
tematic variation of mediolateral coordinates at 4 different rostrocaudal planes). The spatial
resolution was �100 �m mediolaterally, �200 �m rostrocaudally, and 50 �m dorsoven-
trally. The recording sites with no acoustically evoked activities were marked with (�), and
penetrations that revealed broadly tuned, high-threshold tuning curves lacking a discernable CF
were marked with (b). The black vertical line marks the midline of the brainstem. The borders of
the MNTB were outlined by eye (gray line) based on the stereotaxic coordinates that yielded
clearly definable CFs to monaural contralateral stimulation. The nuclear shape changed from
rostral (more round) to caudal (mediolaterally elongated), and the MNTB was shifted away from
the midline toward its rostral pole. Also note the high-to-low frequency gradient from medial to
lateral and from dorsal to ventral.
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conduction to the inner ear or to mechanoelectrical signal trans-
duction by hair cells in the inner ear (Finck et al., 1972; Huangfu
and Saunders, 1983; Woolf and Ryan, 1988; He et al., 1994; Kalt-
enbach and Falzarano, 1994; Overstreet et al., 2002).

Sound-evoked discharge properties
Different properties of acoustically evoked spiking of MNTB
units revealed a rapid maturation after hearing onset resulting in
near adult-like characteristics (Smith et al., 1998; Kopp-
Scheinpflug et al., 2003b; Tolnai et al., 2008a) by the end of the
second (response latency) to fourth postnatal week (maximum
discharge rate).

One reason for this fast development is the early maturation of
rapid and secure synaptic transmission at the calyx synapse,
which has been intensively investigated in mice and rats in vitro
(Iwasaki and Takahashi, 1998, 2001; Taschenberger and von
Gersdorff, 2000; Futai et al., 2001; Joshi and Wang, 2002; von
Gersdorff and Borst, 2002). These studies mostly revealed adult-
like conditions by the end of the second postnatal week, which is
in agreement with the majority of the results presented here and
which also coincides with the morphological maturation of the
calyx synapse up to �P14 (Kandler and Friauf, 1993; Kil et al.,
1995). Taschenberger and von Gersdorff (2000) reported that at
P14 MNTB principal neurons are able to follow short trains of
presynaptic stimuli up to 800 Hz (15 stimuli in 20 ms) without
spike failures. In the present study, units at P14 showed stimulus
evoked discharge rates of up to 400 Hz for the initial 20 ms (600
Hz for 5 ms onset response) of 100 ms tone bursts and up to 370
Hz for the whole of the stimulus. Even in older animals discharge
rates did not surpass 550 Hz for the initial 20 ms (700 Hz for 5 ms
onset response) and 520 Hz for the entire stimulus. These data
show that the upper limits of electrically induced synaptic trans-
mission rates in MNTB neurons in vitro at P14 is not reached
under systemic acoustic stimulus conditions in vivo. The cause
for this discrepancy might be that the acoustic stimulation not only
affects synaptic transmission at the calyx synapses but includes acti-
vation of the entire afferent pathway up to these synapses, i.e., syn-
aptic transmission from IHCs to auditory nerve fibers and from the
nerve fibers to globular bushy cells in the cochlear nucleus. In addi-
tion, it cannot be excluded that our anesthesia treatment may have
caused some reduction of nerve excitability.

Comparison between CBA/J and C57BL/6J mice
Data were obtained from two mouse strains commonly used in
brain slice recordings. CBA/J mice are known for their persistent
hearing sensitivity while C57BL/6J mice suffer from an early on-
set of high-frequency hearing loss so far reported to start at 2
months of age (Mikaelian, 1979; Henry and Chole, 1980; Li and
Borg, 1991; Henry, 2004; Ison et al., 2007) The present data suggest

that the deterioration of hearing sensitivity
in C57BL/6J mice might even begin at the
end of the first postnatal month. Except for
threshold values, we did not find any major
indications for strain-specific differences in
spontaneous and acoustically evoked dis-
charge characteristics of MNTB units. This
is in agreement with data from Taberner
and Liberman (2005), who investigated the
in vivo response characteristics of auditory
nerve fibers of CBA/CaJ and C57BL/6 mice.

Tonotopy
The MNTB of mice shows a mediolateral
high-to-low frequency gradient corre-

sponding to respective results in other mammals [rat: Sommer et
al. (1993); cat: Guinan et al. (1972) and Smith et al. (1998); gerbil:
Kopp-Scheinpflug et al. (2003b)]. There was a tendency for a
dorsoventral high-to-low frequency gradient, but this observa-
tion potentially results from the electrode penetration being an-
gled laterally relative to the sagittal plane. Our recordings clearly
vote against a rostrocaudal tonotopy. Thus, at any rostrocaudal
extent a MNTB position defined by its laterality bears the same
physiological characteristics with respect to CF, and supposedly
to spontaneous rates and maximum discharge rates. This might
be of interest for closer examinations of physiological differences
between MNTB neurons and of variations in synaptic transmis-
sion at the calyx of Held synapse.

Conclusion
We could demonstrate that on the one hand spontaneous dis-
charge rates and patterns and the distribution of characteristic
frequencies and thresholds were mature by the end of the second
postnatal week, which is in agreement with the maturation of
physiology and morphology of the calyx of Held and MNTB
neurons observed in brain slices. On the other hand, the sound-
evoked discharge rates and response latencies even changed up to
the third to fourth postnatal week. Thus, studies investigating
synaptic transmission at the calyx of Held MNTB system in vitro
need to consider developmental changes of discharge properties
of MNTB neurons in vivo up to the fourth postnatal week.
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