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The medial superior olive (MSO) is a binaural nucleus that is specialized in detecting the relative arrival times of sounds at
both ears. Excitatory inputs to its neurons originating from either ear are segregated to different dendrites. To study the inte-
gration of synaptic inputs both within and between dendrites, we made juxtacellular and whole-cell recordings from the MSO
in anesthetized female gerbils, while presenting a “double zwuis” stimulus, in which each ear received its own set of tones,
which were chosen in a way that all second-order distortion products (DP2s) could be uniquely identified. MSO neurons
phase-locked to multiple tones within the multitone stimulus, and vector strength, a measure for spike phase-locking, gener-
ally depended linearly on the size of the average subthreshold response to a tone. Subthreshold responses to tones in one ear
depended little on the presence of sound in the other ear, suggesting that inputs from different ears sum linearly without a
substantial role for somatic inhibition. The “double zwuis” stimulus also evoked response components in the MSO neuron
that were phase-locked to DP2s. Bidendritic subthreshold DP2s were quite rare compared with bidendritic suprathreshold
DP2s. We observed that in a small subset of cells, the ability to trigger spikes differed substantially between both ears, which
might be explained by a dendritic axonal origin. Some neurons that were driven monaurally by only one of the two ears
nevertheless showed decent binaural tuning. We conclude that MSO neurons are remarkably good in finding binaural coinci-
dences even among uncorrelated inputs.

Key words: binaural coincidences; distortion products; excitatory inputs; phase-locking; sound localization; vector
strength

Significance Statement

Neurons in the medial superior olive are essential for precisely localizing low-frequency sounds in the horizontal plane. From
their soma, only two dendrites emerge, which are innervated by inputs originating from different ears. Using a new sound
stimulus, we studied the integration of inputs both within and between these dendrites in unprecedented detail. We found
evidence that inputs from different dendrites add linearly at the soma, but that small increases in somatic potentials could
lead to large increases in the probability of generating a spike. This basic scheme allowed the MSO neurons to detect the rela-
tive arrival time of inputs at both dendrites remarkably efficient, although the relative size of these inputs could differ
considerably.

Introduction
To localize low-frequency sounds, we rely heavily on a nucleus
located in the brainstem called the medial superior olive
(MSO), which compares the arrival times of excitatory signals
from both cochlear nuclei. MSO principal neurons act as coin-
cidence detectors (Goldberg and Brown, 1969; Moushegian et

al., 1975; Langford, 1984; Yin and Chan, 1990; Spitzer and
Semple, 1995; van der Heijden et al., 2013), as they preferen-
tially fire when inputs from both ears arrive simultaneously.
This happens at the “best” interaural time difference (BITD), at
which point a difference in sound arrival times compensates for
the difference in internal travel time from either ear.

Its principal neurons have a relatively simple morphol-
ogy and wiring. They have a spindle-shaped soma and typi-
cally two primary dendrites (Goldberg and Brown, 1968;
Smith, 1995; Rautenberg et al., 2009). The medial and lat-
eral dendrite receive inputs from spherical bushy cells of
the contralateral and the ipsilateral cochlear nucleus,
respectively; in addition, these neurons receive somatic in-
hibitory inputs from the ipsilateral medial nucleus of the
trapezoid body (MNTB) and the contralateral lateral nu-
cleus of the trapezoid body (Thompson and Schofield,
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2000). Action potentials (APs) are initiated within the axon
(Scott et al., 2007), which typically originates from the soma
in gerbils (Kuwabara and Zook, 1999; Scott et al., 2005;
Rautenberg et al., 2009).

Because of the segregation of the inputs from both ears to dif-
ferent dendrites, the MSO neurons are highly suitable to study
the integration of different inputs in vivo both within a dendrite
and between dendrites. Our previous experiments provided evi-
dence that the somatic summation of inputs from both dendrites
is a linear process, but that spike initiation shows an expansive
nonlinear dependence on the EPSP amplitude (van der Heijden
et al., 2013). This mechanism enables MSO neurons to act as a
coincidence detector and provides a cellular explanation for bin-
aural facilitation, which is the observation that the firing rate of
MSO neurons for binaural stimulation at the BITD is typically
higher than the sum of the rates evoked by monaural stimuli
(Goldberg and Brown, 1969; Yin and Chan, 1990; Spitzer and
Semple, 1995). We obtained further evidence for linear somatic
summation of dendritic inputs by comparing the monaural and
the binaural response to a wideband tone complex stimulus
(“zwuis”). The relationship between the firing rate and the ITD
could be well predicted from the subthreshold monaural
responses, in agreement with the idea that MSO neurons func-
tion as simple cross-correlators of their bilateral inputs (Plauška
et al., 2016). In contrast, other studies have found evidence that
the inputs from both ears interact nonlinearly, both in vivo
(Brand et al., 2002; Pecka et al., 2008; Franken et al., 2015) and in
slices (Grothe and Sanes, 1994; Myoga et al., 2014).

ITD tuning has often been assessed using binaural beats, in
which two tones with slightly different frequencies are played to
the left and right ear (Yin and Chan, 1990; Spitzer and Semple,
1995; Batra et al., 1997; van der Heijden et al., 2013). This stimu-
lus has the advantage that the phase difference between the stim-
uli from both ears is continuously changing, allowing to study
the relation between, for example, firing rate and ITD at high re-
solution. However, synaptic integration both across and within
one ear is limited since it is not a wideband stimulus. Our aim is
to study the synaptic integration both across and within

dendrites along the frequency range relevant for MSO neurons,
and to study the relative efficacy at which these different interac-
tions result in APs. To study the postsynaptic integration of
inputs more systematically, we used a new stimulus, which we
call “double zwuis” (DZW). With DZW, each ear receives its
own irregular tone complex stimulus (see Fig. 1). The tone fre-
quencies are chosen such that not only all tones are unique, but
that each sum or difference frequency (second-order distortion
product [DP2]) both between and within ears is unique as well.
This stimulus is thus a generalization of binaural beats, which
have previously been used to analyze MSO responses (Yin and
Chan, 1990; van der Heijden et al., 2013; Franken et al., 2015),
with the advantage of generating hundreds of different interac-
tions both between and within ears that are uniquely identifiable.
We applied this stimulus in gerbils, since they have good low-fre-
quency hearing (Ryan, 1976) and can localize low-frequency
sounds relatively well (Maier and Klump, 2006). The DZW stim-
ulus allowed us to study in unprecedented detail how inputs
interact and how this generates APs in the MSO.

Materials and Methods
Animal procedures
All experiments were conducted in accordance with the European
Communities Council Directive (86/609/EEC) and approved by the
institutional animal ethics committee.

Young-adult female Mongolian gerbils (886 22d postnatal; range
51-141 d; n = 39) with an average body weight of 62.56 5.3 g (range 54-
76 g) were anesthetized intraperitoneally with a 0.01 ml/g body weight
injection of ketamine-xylazine solution (1% and 0.15%, respectively) to
give a concentration of 100mg/kg ketamine and 15mg/kg xylazine.
Reflexive state was monitored throughout the experiment by performing
the hindpaw pinch-reflex test and was maintained by regular administra-
tion of the same ketamine-xylazine solution. Body core temperature was
monitored using a rectal probe, and maintained at 37°C using an adjust-
able electrical heating pad.

The head was fixed using a metal head plate that was glued to an
exposed rostrodorsal part of the skull. Both pinnae were removed, pro-
viding access to the ear canal for placing the tubes for delivering sound
stimuli. The animal was fixed in a supine position. The skin, connective

Figure 1. DZW stimulus. A, The DZW stimulus consisted of a total of 30 frequency components, which were distributed across ipsilateral (blue) and contralateral (red) ears. Its usage was
combined with the complementary stimulus, in which the frequency components were swapped across the ears (not shown). In the monaural versions of this stimulus, either the contralateral
or the ipsilateral components were left out. B, The zwuis stimulus played in this presentation to the contralateral ear consisted of a combination of pure tones, of which 10ms of the first three
(1, 3, 5) and the last (29) is shown. The (rounded) frequency (in Hz) of these four sine waves is given to the right of the traces. Bottom row represents the sum (R) of all 15 components. C,
Same as in B, but illustrating the even components (2, 4, 6,..., 30) of the DZW stimulus, which, in this presentation, were played concurrently (R trace) to the ipsilateral ear.
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tissue, salivary glands, and lymph nodes above the trachea were surgi-
cally removed, followed by a tracheotomy and intubation, after which
the animal kept breathing independently. Both bullae were exposed by
removing the overlying muscles and making openings in the bone using
a scalpel and forceps. The opening of both bullae equalizes the effect of
opening on low-frequency middle ear transfer (Ravicz et al., 1992). A
0.3-mm-diameter craniotomy was made on the right side using a drill.
The craniotomy was located ;2 mm rostrally from the stapedial artery
and in the middle between the cochlea and the medial wall of the skull.
When needed, the craniotomy was extended by drilling. The angle of the
electrode insertion point could be changed with the use of a fixed-piv-
otal-point, custom-built positioning device on which the animal rested
throughout the experiment.

In vivo electrophysiology
Recordings were made with thick-walled borosilicate glass microelectr-
odes having a resistance of 4-7 MX when filled with recording solution.
Pipettes were filled with a solution that contained the following (in
mM): 138 K-gluconate, 8 KCl, 10 Na2-phosphocreatine, 4 MgATP, 0.3
Na2GTP, 0.5 EGTA, and 10 mM HEPES (pH 7.2 with KOH). In a mi-
nority of the cells (,10%), recordings were made using extracellular
solution, which contained the following (in mM): 135 NaCl, 5.4 KCl, 1
MgCl2, 1.8 CaCl2, and 5 mM HEPES (pH 7.2 with NaOH). No specific
differences could be found between the responses of cells recorded
with either solution, so we pooled them for the analysis. High positive
pressure (;100 mbar) was applied to the pipettes during brain surface
penetration. Immediately after successful penetration of the brain sur-
face, the pressure was lowered to 20-30 mbar, and we waited for a few
minutes before making a recording to minimize the impact of brain tis-
sue movements relative to the electrode. The location of the MSO so-
matic layer was identified on the basis of the local field potential
(“neurophonics”) (Galambos et al., 1959; Biedenbach and Freeman,
1964; Clark and Dunlop, 1968; McLaughlin et al., 2010; Goldwyn et al.,
2017), as described previously (van der Heijden et al., 2013). Field
potentials were evoked using monaural click stimuli (2 ms duration)
presented alternately to either ear. Once the somatic layer was reached,
the pipette was advanced slowly and its resistance was monitored
closely. Contacting a neuron resulted in a gradual increase in resist-
ance, after whch we released positive pressure. For whole-cell record-
ings, suction was applied to obtain the cell-attached configuration;
the whole-cell configuration was established by suction pulses, which
was apparent as a negative jump in the recorded potential; whole-cell
recordings were compensated for an estimated junction potential of
�11mV. In the case of juxtacellular (loose-patch) recordings, no suc-
tion was applied; typically, the resistance reached a value of 20-40 MX.
All recordings were done in current-clamp mode, while the seal re-
sistance was regularly monitored. In response to small changes in seal
resistance, the bridge balance and capacitance compensation were
readjusted in between sets of recordings. In case of evident changes in
cell responses, the recordings were stopped. Data were acquired using
a MultiClamp 700B amplifier (Molecular Devices) with custom soft-
ware written in MATLAB (The MathWorks).

Auditory stimulation
Auditory stimuli were generated using custom MATLAB software and
realized through a 24-bit digital-to analog channel processor [RX6;
Tucker Davis Technologies (TDT); 111.6 kHz], programmable attenua-
tor (PA5; TDT), and an amplifier (SA1; TDT). Stimuli were presented in
a close-field configuration to the animal with Shure speakers (frequency
range 22Hz to 17.5 kHz) attached to the ear canal via a small tube
(length ;11 cm). The correct stimulus levels and phases were attained
by calibrating the drivers in situ at the level of the tympanic membrane
using a microphone housed in the probe. The transfer characteristics of
the probe were taken into account.

For this study, we used a new DZW multitone stimulus (see Fig. 1)
derived from the previously described zwuis stimulus (van der Heijden
and Joris, 2003). Irregularly spaced tones were segregated across both
ears to generate a stimulus that had similar tonal characteristics for both
ears, yet had no binaural correlation. None of the frequencies of the

principal components overlapped with each other or the second- and
third-order distortion products. The principal components ranged from
;100Hz to 2200Hz (mean spacing: 72Hz; see Fig. 1A). The stimulus
was presented for ;48 s (including 1 s prestimulus and poststimulus
baselines) and consisted of two types of presentations: the odd compo-
nents presented to the left (contralateral) ear and even to the right (ipsi-
lateral) ear (see Fig. 1), or the opposite tonal distribution. The order of
these two presentations was randomized for each cell. The stimulus
could be presented monaurally or binaurally, resulting in a succession of
three presentations (each with the two presentations), which we will
refer to as a DZW triplet; the order of these three presentations was also
randomized for each cell. To approximate overall sound pressure levels
used before in our MSO experiments with different auditory stimuli, the
DZW was presented at 40dB SPL per component (see Fig. 1A). If the
recordings were stable enough, the stimulus was also presented at differ-
ent sound intensities. All components had the same amplitude and a
random phase (van der Heijden and Joris, 2006; Versteegh and van der
Heijden, 2012).

Additional auditory stimuli were presented whenever the recording
quality permitted this. The DZW stimulus was also presented at an in-
tensity of 30dB per component, which should reduce crosstalk between
the two ears. To determine frequency tuning to tones we presented
randomized pure tones ranging from 0.1 to 30 kHz, 70ms each; these
tones were presented at sound intensities ranging from 10-40 dB SPL.
To determine the BITD of a cell, we presented Gaussian noise binaurally
[50 to 8000 Hz bandwidth, 300 ms burst for each condition, 21 different
ITD values (conditions), and 20 repetitions; total duration of stimulus:
86 s].

Admission/selection criteria
Admission criteria based on recording quality. Loose-patch (juxtacel-

lular) recordings were previously shown to be suitable to resolve synaptic
events in MSO neurons (van der Heijden et al., 2013). We observed that
the best quality loose-patch recordings were made when the seal resist-
ance was between 20 and 70 MX; at lower resistances, the contamination
with field potentials became too high, whereas higher resistances caused
strong waveform filtering. In this study, only recordings with seal resis-
tances between 20 and 70 MX were therefore accepted for analysis. Cells
were also only accepted when they were located inside the somatic layer,
confirmed by the double reversal of field potentials (see “neurophonics”
above).

Post hoc admission criteria. Each new stimulus block was preceded
by a silent period of 1 s. These baseline periods were used to judge re-
cording stability. Details of the method were presented by Plauška et al.
(2016). Briefly, a power spectrum of prestimulus and poststimulus base-
lines was estimated for all recordings from a cell. Its value at 1 kHz pre-
dominantly reflected the spontaneous inputs of the neuron. For a
recording to be considered stable, the difference between prestimulus
and poststimulus values had to remain within 2 dB. Between all record-
ings in a “DZW triplet” (two monaural1 one binaural presentations, all
at the same sound intensity), the difference between each value at 1 kHz
(mean of prestimulus and poststimulus values) was not allowed to
exceed 2 dB.

Data analysis
Event detection. APs of MSO neurons are strongly attenuated during

back propagation (Scott et al., 2007). Despite their small amplitude in
juxtacellular recordings, they can still be discriminated from subthres-
hold events by their faster repolarization rate (van der Heijden et al.,
2013). APs were detected offline based on a manually set threshold crite-
rion for the maximum repolarization rate of individual events (van der
Heijden et al., 2013). Only cells for which histograms of negative peak
sizes showed clear bimodality were accepted for further analysis.

Vector strength (VS). VS (Goldberg and Brown, 1969) was obtained
by applying a Fourier transform to the binary event signal denoting the
timing of the spikes and normalizing this to the number of spikes
(Johnson, 1974).

Waveform processing. In analyses requiring cycle periodograms,
waveforms were detrended with a 5Hz high pass filter (using a truncated
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Fourier transform). In analyses focusing on EPSP data, spikes were trun-
cated by linearly interpolating the regions surrounding the detected APs
(from 1ms before to 1.2ms after the peak of the spike).

BITD. BITD was determined using noise stimuli presented at differ-
ent ITDs as described previously (Plauška et al., 2017). Positive ITDs
correspond to the signal leading at the contralateral ear.

Baseline power compensation. Because of the stereotypical time
course of elementary subthreshold events, they contribute to the power
spectrum of the cell’s response to the DZW stimulus. An estimate for
this spectral contamination can be obtained from the power spectrum of
the baseline (Plauška et al., 2017), which was estimated by calculating
power spectral densities using Welch’s method. The power spectral den-
sity values of the different baselines of each DZW triplet were pooled
and fitted using a polynomial fit. This power spectral density fit was then
used to correct the magnitudes of Fourier transforms performed on any
of the recordings belonging to the DZW triplet; frequencies ,100Hz
were left uncorrected.

Estimating power of subthreshold and suprathreshold components in
DZW response. The total power of primary, monodendritic DP2 or
bidendritic DP2 subthreshold responses was obtained by converting the
magnitudes (in dB), obtained by Fourier analysis, of the relevant, signifi-
cant subthreshold components in response to binaural DZW stimulation
to power and summing them. An estimate for the total power of supra-
threshold components was obtained from the sum of the squared VS val-
ues for significant components. To display ratios of non-zero powers,
they were converted to a dB scale.

Spontaneous spike rate compensation. The spontaneous spike rate
was computed by averaging the spike rates during the baselines of a
DZW triplet. Spike rates during monaural stimulation were corrected
for the spontaneous spike rate using the following rules. If the measured
spike rate was equal to the spontaneous spike rate, the stimulus appa-
rently did not have any effect (corrected spike rate = measured spike rate
– spontaneous spike rate). If the measured spike rate was at least twice
the spontaneous spike rate, it was assumed that the stimulated side no
longer generated spontaneous spikes while the nonstimulated ear still
did; therefore, only half the spontaneous spike rate was used for correc-
tion (corrected spike rate = measured spike rate – spontaneous spike
rate� 0.5). If the evoked rate was in between the two previous scenarios,
the portion of spontaneous spike rate used to correct was linearly pro-
portional to the ratio of spontaneous spike rate/measured spike rate
(corrected spike rate = measured spike rate – spontaneous spike rate �
spontaneous spike rate/measured spike rate). Spike rates for binaural
stimulations were not adjusted, as we assumed that spontaneous inputs
no longer contributed to spike generation under these conditions (van
der Heijden et al., 2013).

How well do MSO neurons function as coincidence detectors?. The
measurement of VSs during monaural and binaural DZW allowed us to
compare the performance of MSO cells with an ideal coincidence detec-
tor. In an ideal coincidence detector, the VS of individual components
will not be smaller during binaural stimulation. In this section, we define
the metric u for the performance of a coincidence detector by also evalu-
ating the opposite case, in which there is no coincidence detection at all.
The binaurally evoked spike trains can then be described as a simple
superposition of two monaurally evoked spike trains. In this analysis,
we neglect the role that spontaneous inputs from the nonstimulated
dendrite may play in spike generation during monaural stimulation
(Colburn et al., 1990; van der Heijden et al., 2013). From the defini-
tion of VS as the first Fourier component normalized by spike count,
binaural spike-train superposition would lead to the following simple
predicted relation between monaurally evoked VSs SM and binaurally
evoked VS SB as follows:

NMSM ¼ NBSB ðassuming spike� train superpositionÞ (1)

where the spike counts are denoted by NM and NB, and the subscript M
(monaural) stands for either I (ipsilateral) or C (contralateral). The rela-
tion holds separately for each frequency component. The assumption of
simple spike train superposition that led to Equation 1, however, also
predicts that the binaural spike count is the sum of the monaural spike

counts (i.e., NB = NC 1 NI). What is missing from Equation 1 is the pos-
sibility of tonic effects of binaural stimulation, that is, effects of stimulat-
ing the other ear that affect spike rate, but not spike timing. In order to
eliminate such tonic effects from the analysis of spike timing, the binau-
ral spike rate of Equation 1 must be corrected by a factor (NC 1 NI)/NB,
leading to the following:

NMSM ¼ ðNC 1NIÞSB ðassuming no coincidence detectionÞ (2)

This expresses an expectation of the relation between monaural and
binaural VS in the hypothetical case that spikes are phase-locked to the
inputs from either ear, but not to both at the same time. Thus, when
comparing monaural stimulation to binaural stimulation, the introduc-
tion of the (interaurally uncorrelated) stimulus to the other ear is pre-
dicted to reduce all VSs by a factor of NM/(NC 1 NI) as follows:

b Ce
SB
SC

¼ NC

NC 1NI
;

b Ie
SB
SI

¼ NI

NC 1NI
ðassuming no coincidence detectionÞ (3)

This is the prediction of the baseline case of spike-train superposi-
tion, in which the spikes can phase-lock to either ear but not to both at
the same time. Thus, we observed a systematic reduction of phase-lock-
ing caused by stimulating the opposite ear (i.e., the MSO cell is not a per-
fect coincidence detector), but the reduction is less severe than is
expressed in Equation 3. Clearly, the phase-locking of the actual MSO
cell is more robust against stimulating the other ear than predicted for
the simple spike-train superposition, in agreement with its well-known
operation as a coincidence detector. If the monaurally evoked spike
trains would simply add, so would their Fourier spectra, and binaural
beat responses would not show phase-locking to the beat frequency.
This prediction is strongly violated by binaural beat data (Yin and
Chan, 1990; Spitzer and Semple, 1995; van der Heijden et al., 2013).
The other extreme, a perfect coincidence detector, has all spikes opti-
mally phase-locked to both ears, and the introduction of the stimulus
to the other ear would have no effect on phase-locking, i.e., SB = SM
and b C,I = 1.

As a metric for where the actual data lie relative to these two
extremes, we define the metric u by normalizing the fitted slope b to
the baseline value of spike-train superposition as follows:

u C ¼ 11
NC

NI

� �
b C �

NC

NI

u I ¼ 11
NI

NC

� �
b I �

NI

NC

(4)

u C and u I quantify to what extent the MSO neuron is an ideal coin-
cidence detector. Specifically, u C describes how robust phase-locking to
the contralateral stimulus is against stimulating the ipsilateral ear, and u I

captures the reverse case. u = 0 corresponds to minimal robustness as
predicted by a total lack of coincidence detection (Eq. 3). u = 1 corre-
sponds to the ideal coincidence detector for which VS in one ear is unaf-
fected by stimulating the opposite ear.

Spike triggering efficacy. Spike triggering efficacy was defined as the
slope of the fit through the origin of the relation between significant VS
and subthreshold components for a certain type of stimulus (e.g., contra-
lateral 1 primary 1 binaural). A minimum of three data points was
required for fitting.

Software
All data processing and analysis were performed using custom software
written in MATLAB.

Experimental design and statistical analysis
The experimental design is described above under Auditory stimu-
lation. Statistical significance of principal components and DP2s

4096 • J. Neurosci., May 31, 2023 • 43(22):4093–4109 Mackenbach and Borst · Input Integration in the MSO



was determined by a Rayleigh test (p, 0.0001) applied to the phase
values obtained by segmenting the response waveform into 10
equally long, nonoverlapping segments (Versteegh and van der
Heijden, 2012). Other statistical tests are described in the text. Results
are presented as mean6 SD.

Results
DZW stimulus
To systematically investigate how principal neurons of the MSO
integrate inputs originating from both ears, we used a binaural
multitone stimulus called DZW. It is a binaural version of the
multitone zwuis stimulus previously applied to auditory nerve
responses (van der Heijden and Joris, 2003), otoacoustic emis-
sions (Meenderink and van der Heijden, 2011), cochlear-me-
chanical measurements (Versteegh and van der Heijden, 2012),
and MSO neurons (Plauška et al., 2016). The difference with ear-
lier incarnations is that DZW is a binaural form of zwuis, whose
frequency components are presented alternately to either ear
(Fig. 1). Each recording was followed by one in which the fre-
quencies were interchanged between the ears. This distribution
of frequency components provides a way to apply binaural stim-
ulation and obtain a response whose primary spectral compo-
nents can be traced back with certainty to either the ipsilateral or
contralateral ear. Unlike previous studies, in which an identical
zwuis stimulus was successively presented to each of the two ears
(Plauška et al., 2016), the new stimulus also allows a direct analy-
sis of the interaction between the primaries in the form of distor-
tion products (DP2s). Here we used this rich stimulus to
investigate how different inputs to the MSO neurons interact to
trigger spikes. We will first describe the responses to the sub-
threshold and the suprathreshold primaries and their relation,

followed by the subthreshold and suprathreshold DP2s and their
relation.

Difference between monaural and binaural subthreshold
responses
Subthreshold responses
We made juxtacellular (n= 65) and whole-cell recordings (n=6)
from principal neurons of the MSO while presenting the DZW
stimulus to the gerbils (Fig. 2A,B). In juxtacellular MSO cell
recordings, APs (marked with * in Fig. 2B) generally have a simi-
lar amplitude as the EPSPs that generated them, but they can be
discriminated on the basis of the repolarization rate, which is
faster for APs than for EPSPs (Fig. 2C) (van der Heijden et al.,
2013). Fourier analysis of the subthreshold responses shows the
frequency tuning of the ipsilateral and contralateral inputs (Fig.
2D) and the corresponding phase curves (Fig. 2E). The frequen-
cies that were presented to the ipsilateral ear were subsequently
presented to the contralateral ear and vice versa. In this way,
each frequency component of the zwuis stimulus is represented in
both the ipsilateral and contralateral analysis. The data in Figure
2D combine these two presentations. In addition, DZW stimuli
were presented not only binaurally but also monaurally, by omit-
ting the 15 frequency components presented to one of the ears.
The monaural data are shown as open symbols in Figure 2D; the
binaural data are represented by the closed symbols.

The comparison of the binaural and monaural responses
allowed us to assess to what extent the presence of inputs from
one ear affected the size and timing of the subthreshold
responses to the inputs from the other ear. In the cell shown in
Figure 2, the magnitude and phase of the subthreshold responses
were remarkably little affected by the presence or absence of
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and Methods) are shown here. In this and following figures, 0 dB corresponds to an amplitude of 1 mV. E, Corresponding phases of the subthreshold responses. Symbols have the same mean-
ing as in D. Phases have been compensated for a delay of 4.3 ms. Same cell as shown in A-D.
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sound stimulation at the other ear (compare closed and open
symbols in Fig. 2D).

Since the amplitude of events measured in juxtacellular
recordings depends on the local membrane resistance, we
checked whether the similarity in the responses to monaural and
binaural stimulation was also observed in whole-cell recordings
in 6 cells. An example whole-cell recording showing the response
to the DZW stimulus is shown in Figure 3. Similar to juxtacellu-
lar recordings, magnitude and phase of subthreshold responses
differed little in response to monaural and binaural stimulation
(Fig. 3D,E). Our data suggest that juxtacellular recordings are a
reliable alternative for whole-cell recordings for quantitative
analysis of subthreshold activity in MSO cells, in agreement with
our previous results (van der Heijden et al., 2013). This is impor-
tant as both the success rate and stability of juxtacellular record-
ings were higher than for whole-cell recordings.

The difference between monaural and binaural responses of
the cell shown in Figure 2D is analyzed in Figure 4A, B. The
magnitude difference amounted to maximally 2.3 dB (;30%).
The maximum phase shift was 0.04 cycles, corresponding to
0.02ms at 2065Hz. A comparison of the response to monaural
and binaural stimuli in a population of cells (n=71, juxtacellular
recordings and whole-cell recordings pooled together) showed
that magnitude (Fig. 4C) and phases (Fig. 4D) of the subthreshold
responses were generally similar. On average, the maximum dif-
ference in the magnitude was,1dB for all frequency bins and the
average phase shift was,0.1 cycle across all frequencies. The vari-
ability was generally higher for ipsilateral than for contralateral
responses. Similar results were obtained when responses were
averaged relative to the best frequency of each cell (Fig. 4E,F).

Closer inspection of the different cells showed that a small
number of cells did show a substantial change in the magnitude

of the response between monaural and binaural stimuli at 40 dB
SPL. Changes in both directions were observed. One example is
shown in Figure 5A, for which the response to the ipsilaterally
presented frequencies was clearly smaller for the monaural than
for the binaural zwuis version, without a phase difference (Fig.
5B). In the same cell, the DZW stimulus was also presented at
30 dB SPL. At this intensity, the difference in the response to
monaural and binaural DZWwas strongly reduced (Fig. 5C), still
without phase differences (Fig. 5D). Figure 5E illustrates that dif-
ferences were always smaller at 30 dB SPL for the subset of cells
(n= 16) that were tested at both 30 and 40 dB SPL. Figure 5E
also contains one cell marked by diamond symbols that was
recorded in the whole-cell recording configuration, which gave
similar results as the cells with juxtacellular recordings.

Overall, the findings shown in Figures 2-5 show that the sub-
threshold response evoked by stimulating one ear is hardly
affected by simultaneously stimulating the other ear. We there-
fore conclude that, to a good approximation, the two subthres-
hold responses evoked by wideband stimuli sum linearly across
the ears, in agreement with previous studies that used simple
tonal stimuli (Kuokkanen et al., 2013; van der Heijden et al.,
2013; Plauška et al., 2016; Lu et al., 2018). A more accurate test of
linearity, based on the analysis of distortion products in the
response, will be presented further on.

APs
We next analyzed the APs evoked by the DZW stimuli. MSO
neurons are generally not well driven by monaural stimuli
(Goldberg and Brown, 1969; Yin and Chan, 1990; Spitzer and
Semple, 1995), but we obtained sufficient data in a subset of cells
to compare spike rates in response to monaural ipsilateral and
contralateral DZW stimuli (Fig. 6A). A few cells were dominated
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Figure 4. Comparison of subthreshold responses elicited by binaural and monaural DZW stimuli. A, Difference in magnitude of responses to binaural and monaural DZW stimulation of the
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Figure 5. Differences in subthreshold responses to monaural and binaural DZW were reduced at a lower sound intensity. A, Magnitude of responses to monaural and binaural DZW stimuli
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by ipsilateral inputs, but overall, there was no strong bias for ei-
ther ear. In response to binaurally correlated stimuli, MSO cells
generally show binaural facilitation (i.e., the firing rate in
response to binaural sound exceeds the sum of the monaurally
driven rates) (Goldberg and Brown, 1969; Yin and Chan, 1990;
Spitzer and Semple, 1995). This has not been systematically
tested for interaurally uncorrelated stimuli, such as the DZW
stimulus. We therefore compared the spike rates evoked by the
binaural version of the DZW stimulus with the sum of the rates
evoked by the ipsilateral and contralateral zwuis stimuli. Evoked
spike rates varied greatly between cells, ranging from 0 to 135
spikes/s. Binaural facilitation varied considerably between cells,
but there was little evidence for systematic binaural facilitation
for the DZW stimuli (Fig. 6B). On average, spike rate increased
1.296 0.58-fold (n=71) compared with the predictions obtained
by summing the monaural rates; the difference between the two
was not significant (p= 0.53, Wilcoxon rank sum test); linear
regression yielded a line close to the identity line (Fig. 6B, solid
line), again suggesting that the population of cells did not exhibit
binaural facilitation with the DZW stimuli.

The coincidence detection function of the MSO neurons is
predicted to be optimal when the size of the ipsilateral and con-
tralateral subthreshold input is matched (Agmon-Snir et al.,
1998; Dasika et al., 2007). We therefore tested whether the indi-
vidual variations in binaural facilitation were correlated with the
monaural bias in firing, but this was not the case (Fig. 6C).

Beyond merely counting the spikes, we analyzed their timing by
assessing the VS and corresponding phase for each of the tone fre-
quencies present in the stimulus. The variation of VS with fre-
quency reflects the frequency tuning of its firing response (van der
Heijden and Joris, 2006). As was the case for the subthreshold data
(Fig. 2D,E), the frequency tuning and phase transfer of spikes could be
evaluated separately for the two ears, even within a single recording.

Figure 7A gives an example of this VS analysis for both the
monaurally and binaurally evoked APs. Remarkably, not only
during the monaural stimulation, but also for binaural stimula-
tion, the cell showed significant phase-locking to different fre-
quencies. This was not an isolated finding, since, on average, 1.8
of the 2.2 contralateral stimulus components to which the cells
showed significant phase-locking during monaural stimulation

remained significant during binaural stimulation and the total
number of contralateral components with significant phase-lock-
ing on average increased to 3.3 of a total of 15 contralateral com-
ponents during binaural stimulation of the same cell (n= 71
cells). For the ipsilateral stimulation, these numbers were 1.7, 2.0,
and 3.1, respectively. The frequency tuning of the spikes, as
assessed from the VS, was similar to that of the subthreshold
data (Fig. 7B). The amplitudes of the individual phase-locked
subthreshold components were in the mV range in the juxtacellu-
lar recordings (Fig. 7B), illustrating that these neurons have a re-
markable ability to fire on their phase-locked inputs, although
for each of them its systematic contribution was only small.

In Figure 7C, D, the VS in response to binaural DZW is plot-
ted against the VS in response to monaural DZW at the same fre-
quency. This comparison reveals how phase-locking to the
stimulus in one ear is affected by presenting independent fre-
quency components to the other ear. This comparison does not
consider changes in the associated subthreshold components
between binaural and monaural stimulation, but Figure 4 shows
that these differences were not systematic. In the illustrated
example, there was little decrease in phase-locking during binau-
ral stimulation, although under this condition, many additional
frequencies will compete for spike generation at the axon.

If the MSO neuron were an ideal coincidence detector, in the
case of a binaural beat stimulus, it would be firing only when the
phases from the two ears coincide (i.e., it would be phase-locking
at the beat frequency to both ears at the same time). For this hy-
pothetical ideal coincidence detector, stimulating the other ear
would not reduce phase-locking to the given ear. The DZW stim-
ulus is a more complex stimulus than the binaural beat, but an
ideal coincidence detector in theory would be able to pick out
the points in time at which the phases from the many compo-
nents coincide. This hypothetical cell would thus be able to
phase-lock to many components of the DZW stimulus at the
same time, finding coincidences to multiple components.
However, the data and fits in Figure 7C,D show that VS was gen-
erally reduced during binaural stimulation, indicating that MSO
neurons are not ideal coincidence detectors. In Figure 7C, D, the
relationship between SB, the VS during binaural stimulation, and
SC,I, the VS during contralateral or ipsilateral stimulation, was
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approximately linear. In the cells in which at least three compo-
nents were significant for both the monaural and the binaural
stimulation, we fitted the data to SC,I = b C,ISB, where b is the
slope of the line fit through the origin (Fig. 7C,D). On average,
b C was 0.866 0.11 (n=29 cells) and b I was 0.926 0.18 (n= 23
cells). This means that the VS of a component is typically
reduced by only;10% when the other ear is stimulated as well.

To evaluate how much worse the performance of the MSO
cells is than the ideal coincidence detector (Fig. 7C,D, unity line),
we next evaluated the opposite case, in which there is no coinci-
dence detection at all. In Figure 7C, D, the dotted line indicates
the prediction for binaural spike-train superposition (see
Materials and Methods). The actual data fall between these two
extremes. As a metric for where the actual data lie relative to
these two extremes, we defined the metric u (see Materials and
Methods). In Figure 7E, u C and u I were plotted against each
other for the cells for which both could be assessed. This shows
that, in most cells, both were.0.5, suggesting that MSO neurons
are good coincidence detectors, which manage to preserve
phase-locking to one ear quite adequately when the other ear is
stimulated as well, even when this is with incoherent stimuli, as
was the case for the DZW stimuli. In a subset of these cells, the
recordings were sufficiently stable to allow to test their ITD tun-
ing. Each of these cells showed good ITD tuning (Fig. 7E, open
circles), even when u C or u I was;0.25.

The occasionally large difference in spike rates evoked by ipsilat-
eral or contralateral monaural stimulation (Fig. 6A) raises the ques-
tion what this means for the pivotal function of MSO neurons to
detect differences in the arrival times of sounds at both ears. Figure

8A shows an extreme example in which significant phase-locking
was observed only to the contralateral stimuli. Monaurally excited
neurons have been described before within the MSO (e.g., Goldberg
and Brown, 1968; Guinan et al., 1972). In this cell, spontaneous
rates were 0.3 spikes/s and ipsilateral, contralateral, and binaural
rates during DZW stimulation were 0.9, 4.4, and 7.7 spikes/s,
respectively. A comparison of subthreshold responses showed only
small differences in tuning for ipsilateral and contralateral, with
similar BF and only slightly smaller responses to ipsilateral stimuli
(Fig. 8B). In this cell, we also tested ITD tuning, using noise stimuli
presented at different ITDs. The cell showed excellent suprathres-
hold ITD tuning with a BITD of�0.03ms and side lobes spaced at
intervals predicted by the frequency tuning (Fig. 8C). This cell was
not an isolated case. In a subpopulation of cells with good ITD tun-
ing, we compared the number of significant VS components for ip-
silateral and for contralateral stimulation. Both for the monaural
and the binaural case, there was little correlation between the num-
ber of ipsilateral and contralateral components. The number of VS
components index (C/[C1 I]) showed large variability but was not
significantly correlated with BITD (Fig. 8D). We conclude that
asymmetry in the ipsilateral and contralateral impact on spike rates
during monaural stimulation is a common phenomenon, and that
it is not a good predictor for the ability of an MSO neuron to
encode ITDs.

Nonlinear interaction: monodendritic and bidendritic
distortion products
The previous analyses have shown that subthreshold inputs sum
linearly across the ears (Figs. 2-5), whereas the spike trains reveal
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the type of nonlinear interaction (“multi-
plication”) to be expected from a coinci-
dence detector. To test the interaction
between each of the components more
systematically, we evaluated the degree of
linearity of the responses from the
inspection of DP2s in the response. The
nonlinear interaction among each pair of
stimulus components fm, fn, may gener-
ate sum and difference components at
frequencies fm 1 fn and fm – fn, respec-
tively. By design of the DZW stimulus,
both these sum and difference frequen-
cies are unique, and never overlap with
primary components (see Materials and
Methods). These bilateral inputs involve
both dendrites of the MSO cell. Hence,
we will call the resulting DP2s biden-
dritic, although the morphology of the
MSO neuron may occasionally deviate
from the simple scheme with only two
dendrites extending in both directions
(Smith, 1995). The MSO is the first place
where the two inputs converge, so if they
exist, according to the superposition
principle these bidendritic DP2s must
reflect nonlinear interactions within the
MSO cell. Analogously, we will call DP2s
whose “parent primaries” were presented
to the same ear, monodendritic DP2s.
Their origin need not be local to the
MSO cell since the parent primaries
share the entire monaural pathway pro-
jecting to the MSO cell, and second-
order nonlinear interaction has been observed in cochlear
mechanics (Versteegh and van der Heijden, 2012) and in the au-
ditory nerve in the form of envelope coding (van der Heijden
and Joris, 2003). The MSO cell itself could also contribute to
monodendritic DP2s (e.g., by dendritic nonlinearities) (Agmon-
Snir et al., 1998).

Figure 9A–C shows the VS of the spiking response for pri-
maries and DP2s in an example cell during the presentation of
monaural or binaural DZW. A large number of both monoden-
dritic (triangles) and bidendritic DP2s (stars) could be observed,
which were because of the nonlinear interaction between pri-
maries from the same ear and across the two ears, respec-
tively. For comparison, the subthreshold magnitudes of the
primaries are also shown (Fig. 9D), which illustrate the good
matching between the ipsilateral and contralateral tuning
and the relatively small size of primaries outside the region
between 0.5 and 1.5 kHz in this cell.

In the cell population, primary components relatively often
reached significance as assessed by a Rayleigh test (p, 0.0001)
compared with the DP2s. In most cases, 53.9% of all primary fre-
quencies within the DZW stimulus, this was for subthreshold
only; in 20.9% of all presented primaries, both subthreshold and
spiking activity reached significance, and in 0.4% of all primaries
only VS was significant. The monodendritic DP2 components
were less common, and these numbers across all frequencies
were 10.3%, 1.4% and 0.5%, respectively, for subthreshold, sub-
threshold and AP, and AP only. These distributions were quite
different for the bidendritic DP2s, for which the numbers were
0.07%, 0.04% and 0.7%, respectively.

In Figure 10, their relative occurrence is shown as a function
of stimulus frequency for primaries (Fig. 10A), bidendritic DP2s
(Fig. 10B), and monodendritic DP2s (Fig. 10C). Figure 10A illus-
trates that, between 0.6 and 1.8 kHz, .90% of the primaries
reached significance for subthreshold activity alone or with spik-
ing activity, reflecting the ability of the MSO neurons to phase-
lock to many different tonal components over a broad frequency
range at the same time. Figure 10 also shows the obvious differ-
ences between primaries (Fig. 10A) and monodendritic DP2s
(Fig. 10C) on the one hand and bidendritic DP2s (Fig. 10B) on
the other hand. Whereas most primaries and monodendritic
DP2s were subthreshold, the large majority of the bidendritic
DP2s were observed only as a significant VS, and only a very
small fraction was found in the subthreshold response. The for-
mer confirms the nonlinear nature of binaural phase-locking
(Fig. 9), and the latter the high degree of linearity in the somatic
summation of subthreshold inputs from both dendrites (Figs. 2-
5). In contrast, the monodendritic DP2s behave much more like
the primaries, with a preponderance of subthreshold-type DP2s
(Fig. 10C, light brown bars), which might indicate that they are
at least already partially present within the inputs to the MSO
neurons.

When expressed as a percentage of the number of possible
components, significant DP2s appear to be much less frequent
than the significant primaries. This is somewhat misleading,
since the number of combinations between primaries is much
larger than the number of primaries. Moreover, the primary fre-
quencies within the DZW stimulus were chosen to be within the
tuning range of most MSO neurons, which means that their sum
and difference frequencies often lie outside this range. A better
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data (y =�0.02x1 0.135; r =�0.07; p= 0.69). Square represents the cell that is illustrated in A-C.
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measure of the relative impact of the DP2s is to calculate their
total power, as detailed in Materials and Methods. Their power
relative to that of the primaries is shown in Figure 11A for sub-
threshold activity and in Figure 11B for VS. On overage, the
power of subthreshold DP2 activity was only 4.16 2.3 dB lower
than the power of subthreshold primary activity (Fig. 11A). The
power from subthreshold DP2 activity mostly came from mono-
dendritic DP2s, since the power of subthreshold bidendritic DP2
activity was 29.66 8.6 dB (i.e.,;99.9%) lower than of monoden-
dritic DP2s (Fig. 11B). The DP2s also made a substantial contri-
bution to the spiking activity, as the power of suprathreshold
DP2 activity was only 2.86 4.5 dB lower than of the suprathres-
hold primary activity (Fig. 11C). For the suprathreshold activity,
the bidendritic DP2s contributed much more substantially, as
their power was only 4.76 5.2 dB lower than of monodendritic
DP2s (Fig. 11D). These comparisons thus attest to the ability of
MSO neurons to detect coincident inputs. The large contribution
of the suprathreshold bidendritic DP2s to the overall power, and
their minimal contribution to the subthreshold power, can be
readily explained by a linear somatic summation of EPSPs fol-
lowed by an expansive, nonlinear spike generation mechanism
(van der Heijden et al., 2013; Plauška et al., 2016).

Input-output relation
The availability of both subthreshold responses and APs allowed
us to analyze the relation between the input and output of the
recorded cells. Figure 12A shows the relation between the

magnitude of a subthreshold input and its
corresponding VS for the same primary
frequency. Larger subthreshold responses
led to higher VSs; and for the range of sig-
nificant VSs observed in our experiments,
this relation was approximately linear.
Except for low, marginally significant VSs,
the relation could be well captured by a
linear fit through the origin. We define the
slope of this linear fit (Fig. 12A, lines) as
the spike-triggering efficacy. It is a mea-
sure for the fraction of the total APs that
become phase-locked per mV subthreshold
component size. In this example, ipsilat-
eral and contralateral primary inputs con-
trol the timing of APs with comparable
efficacy. The efficacy was generally some-
what lower for the monaural than for the
binaural stimulation, but the difference
was not large (Fig. 12B; 0.926 0.36-fold;
n= 33). A comparison of VS and DP2s
during monaural and binaural stimulation
suggests that this reduction is mostly
caused by the small reduction in VS for
the binaural condition (Fig. 7).

Unexpectedly, we also found several
cells showing a large interaural asymmetry
in spike-triggering efficacy. An example is
shown in Figure 13A. The slope for this
cell was about twice as large for ipsilateral
as for contralateral inputs, both for the
monaural as for the binaural stimulus con-
dition. Figure 13B summarizes the relative
spike triggering efficacies for ipsilateral
and contralateral inputs during binaural
stimulation, illustrating that, although the

efficacy was similar in many cells, in 5 of 33 cells, this ratio dif-
fered by .50%. Overall, ipsilateral inputs dominated spike trig-
gering more often than contralateral inputs, in line with the
results shown in Figure 6A. The asymmetry in spike triggering
was observed within the same stimulus period, excluding a
change in the recording conditions as a possible explanation.

In Figures 12 and 13, we did not show the input-out relation
for monodendritic and bidendritic DP2s. For the bidendritic
DP2s, the spike triggering efficacy turned out to be not especially
meaningful. As illustrated in Figure 10B, the subthreshold biden-
dritic DP2s are largely absent, indicating that the spikes associ-
ated with the bidendritic DP2s are triggered on the linear
summation of inputs evoked by primaries from different ears.
For the monodendritic DP2s, a much larger fraction was sub-
threshold type (Fig. 10C). Their apparent efficacy, again quanti-
fied as the slope of the regression line, was in almost all cells
clearly higher than for the primaries. In cells with at least three
ipsilateral or contralateral components for both primaries and
monodendritic DP2s during binaural DZW stimulation, the
slope ratio was 1.776 0.58 (n= 33 cells). This suggests that the
phase-locking observed at the frequencies associated with these
monodendritic DP2s is caused by a mixture of linear and nonlin-
ear components. A component that is already present in the
inputs would be expected to have an efficacy that is similar to
that of the primaries, whereas a component that would be gener-
ated by a reduction of driving force during local dendritic sum-
mation (Agmon-Snir et al., 1998; Simon et al., 1999; Dasika et al.,
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2007; Winters et al., 2017; Yamada and Kuba,
2021) would be expected to be associated with a
lower efficacy. However, dissecting these different
components is difficult without additional knowl-
edge of the inputs to the MSO cells.

The large asymmetries observed in spike trig-
gering efficacy raise the question what the under-
lying mechanism might be. A difference in input
statistics (e.g., concurrent differences in unitary
EPSP size and their frequency of occurrence
between the dendrites) is a possible candidate.
Another possibility is related to the location of the
axon. As with almost all neurons, APs are trig-
gered in MSO principal neurons at the axon initial
segment (Scott et al., 2007). Anatomical evidence
indicates that the axon often does not have a so-
matic origin in the gerbil MSO (Scott et al., 2005;
Rautenberg et al., 2009). A dendritic location
would predict that the dendrite on which the
axon is located would be favored for spike trigger-
ing because of the decrease in amplitudes that the
spike from the other dendrite would undergo
when passing the soma (Kole and Brette, 2018).
In both scenarios, the axonal spike threshold (i.e.,
the size of the EPSP at the axon initial segment
needed to just trigger a spike) should be similar
for ipsilateral and contralateral EPSPs, but, as our
recordings most likely are predominantly somatic,
the prediction for the somatic size of suprathres-
hold EPSPs is very different for the two scenarios.
For the statistical scenario, the suprathreshold
EPSPs are expected to be similar for both sides, since evoked
spike rates of MSO neurons were generally ,100Hz, suggesting
that most spikes are triggered by events that are just suprathres-
hold. In contrast, for the asymmetric axon localization scenario,
it is predicted that a smaller somatic EPSP would be sufficient to
trigger a spike from the axon-carrying dendrite than from the
other one.

To test which of the two scenarios is more likely, we meas-
ured the maximum rate of rise of EPSPs that immediately pre-
ceded an AP (Fig. 14A), and compared the sizes of these
suprathreshold EPSPs during the three stimulus conditions: ipsi-
lateral, contralateral, and binaural DZW stimulation. Figure 14A
illustrates that the size of the suprathreshold events was in the

mV range. This was much larger than the size of the largest
phase-locked response in the same juxtacellular recording, which
was typically;50mV (examples in Figs. 2, 5, 7-9, 12, 13). Figure
14B illustrates the inverse relation between EPSPs and EPSP-AP
delays, defined here as the delay between the maximum rate of
rise of the EPSP that preceded the AP and peak of the AP, show-
ing that larger EPSPs generally trigger APs more rapidly than
smaller ones (van der Heijden et al., 2013). A comparison of the
three stimulus conditions showed that, in the cell illustrated in
Figure 14, suprathreshold EPSPs evoked during contralateral
stimulation were on average clearly larger than suprathreshold
EPSPs evoked during ipsilateral stimulation (Fig. 14C). The size
of the suprathreshold EPSPs evoked during binaural stimulation
was in between the EPSPs evoked during the two monaural

−10 0 10
0

5

10

15

20

25

�
DP2

/�
prim

 (dB)

C
ou

nt

A

−50 −25 0 25 50
0

2

4

6

�
bi

/�
mono

 (dB)

C
ou

nt

B

−10 0 10
0

5

10

15

�
DP2

/�
prim

 (dB)

C
ou

nt

C

−50 −25 0 25 50
0

2

4

6

8

10

12

�
bi

/�
mono

 (dB)

C
ou

nt
D

Figure 11. Comparison of the total power of subthreshold and suprathreshold primary and DP2 components
evoked by binaural DZW stimulation. A, Power of subthreshold DP2 activity relative to primary activity (n= 71
cells). B, Power of subthreshold bidendritic DP2 activity relative to the monodendritic DP2 activity (n= 21 cells). C,
Power of suprathreshold DP2 activity relative to the primary suprathreshold activity (n= 49 cells). D, Power of sub-
threshold bidendritic DP2 activity relative to the monodendritic DP2 activity (n= 27 cells).
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conditions, suggesting that they contained EPSPs originating
from both dendrites, and indicating that the difference in size
between suprathreshold EPSPs evoked by ipsilateral or contralat-
eral stimulation was not caused by a change in recording condi-
tions. In addition, there was little difference in the EPSP-AP
delays between the ipsilateral and contralateral monaural stimu-
lus conditions (Fig. 14D), suggesting that the somatic difference
in average EPSP size does not translate to a size difference at the
spike initiation site. A comparison with the spike triggering effi-
cacy in the same cell showed that it was clearly lower for contra-
lateral than for ipsilateral DZW stimulation (Fig. 14E, triangle).

A comparison of the relative size of the median suprathres-
hold EPSP and the relative spike triggering efficacy in the juxta-
cellular recordings in which this could be calculated showed an
inverse correlation, relative inefficient spike triggering was asso-
ciated with relatively large suprathreshold EPSPs (Fig. 14E). The

median EPSP-AP delay during ipsilateral
and contralateral DZW stimulation corre-
lated well within the same cell (r=0.96),
and differed by ,40 ms. This small differ-
ence was not significantly correlated to the
relative spike triggering efficacy (Fig. 14F),
suggesting that axonal suprathreshold
EPSP sizes were similar, even when so-
matic EPSP sizes differed considerably. In
conclusion, the observed inverse correla-
tion between the relative size of the me-
dian suprathreshold EPSP and the relative
spike triggering efficacy agrees with the
scenario in which differences in spike trig-
gering efficacy are caused by the location
of the axon on the dendrite with the higher
efficacy.

Discussion
We studied the response of MSO neurons
to a new multitone stimulus, which we
named DZW. The DZW stimulus is a gen-
eralization of the binaural beat stimulus;
its design allowed the unambiguous identi-
fication not only of each primary, but also

of each 2DP. The good phase-locking abilities of the MSO neu-
rons resulted in a rich dataset, allowing many different compari-
sons between subthreshold and suprathreshold events, monaural
and binaural responses, and tone response interactions within
and between dendrites. Their concurrent presence in the same
dataset allowed a much more reliable comparison of their relative
sizes. These comparisons led to the following main observations
and conclusions. We found evidence for linear somatic summa-
tion of dendritic inputs, as inputs from one ear depended little
on the presence or absence of sound-evoked inputs at the other
ear and subthreshold bidendritic DP2s were rare. We found
ample evidence that MSO neurons are excellent coincidence
detectors: phase-locking to stimulus tones decreased only little
for binaural stimuli, suprathreshold bidendritic DP2s were com-
mon, and a subset of neurons with highly asymmetric inputs
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nevertheless showed good ITD sensitivity. Finally, in some neu-
rons, spike triggering efficacy differed substantially for inputs
from both ears, suggesting a dendritic axonal origin.

Linear somatic summation of synaptic inputs
Closed-field stimulation allowed a much higher interaural
level difference than gerbils normally experience (Maki and
Furukawa, 2005). DZW is thus a fully incoherent stimulus
with nonphysiologically high interaural level differences.
Using the DZW stimulus, we found in both juxtacellular and
whole-cell recordings that, in most cells, the amplitudes of
the subthreshold events of one ear were hardly affected by
the addition of (incoherent) stimuli to the other ear. In some
neurons, there were small effects, often close to the best fre-
quency. However, these effects largely disappeared at a lower
sound intensity (Fig. 5), suggesting that they may have been
because of acoustic crosstalk between the ears, to which MSO
neurons as coincidence detectors obviously are quite sensi-
tive. Additional evidence for crosstalk effects is that the
threshold for ipsilateral stimulation of the MNTB principal
neurons, which does not have direct ipsilateral sound inputs
(Thompson and Schofield, 2000), was also observed at ;40 dB
higher than the contralateral threshold (Y.M., unpublished
results). This suggests that dendritic inputs from both ears sum
linearly, in good agreement with our earlier results using binau-
ral beats (van der Heijden et al., 2013) and with the paucity of
significant bidendritic subthreshold DP2s. Apparently, the rela-
tively small size of synaptic somatic events results in only

limited reduction in their driving force (Agmon-Snir et al.,
1998; Simon et al., 1999; Grau-Serrat et al., 2003; Dasika et al.,
2007). Similarly, voltage-dependent conductance changes are
apparently either small, or conspire to linearize responses
(Svirskis et al., 2004; Mathews et al., 2010; Scott et al., 2010;
Khurana et al., 2011; Remme and Rinzel, 2011; Huguet et al.,
2017). In contrast, Franken et al. (2015) observed that ITD tun-
ing measured with binaural beats deviated from instantaneous
cross-correlation predictions using subthreshold responses, in-
dicative of nonlinear interactions between voltage-dependent
and synaptic conductances. We previously found that the rela-
tionship between firing rate and ITD could be well predicted
from subthreshold monaural responses (Plauška et al., 2016).
In Franken et al. (2015), stimuli were generally presented at
high intensities, and at frequencies far from the best frequency,
whereas we used wideband stimuli not far above hearing
threshold, hampering a direct comparison.

Our results also indicate that the contribution of shunting-
type synaptic inhibition has to be relatively small. MSO neurons
receive somatic inhibitory inputs from both the ipsilateral
MNTB and the contralateral lateral nucleus of the trapezoid
body (Thompson and Schofield, 2000). Adding sound stimuli to
the other ear will therefore recruit not only dendritic excitatory
inputs, but also somatic inhibition, predicting reduced EPSP
sizes of the first ear (Silver, 2010), which is not what we observed.
However, these conclusions are only indirect, and pharmacologi-
cal studies would be needed to more conclusively delineate the
role of synaptic inhibition within the MSO (Grothe and Sanes,
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Figure 14. Lower spike triggering efficacy is associated with larger suprathreshold EPSPs. A, Measurement of maximum rate of rise of suprathreshold EPSP and EPSP-AP delay. B, Scatterplot
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1994; Brand et al., 2002; Pecka et al., 2008; Roberts et al., 2013;
Myoga et al., 2014; Franken et al., 2015).

MSO neurons are efficient coincidence detectors
In the DZW stimulus, each tone frequency is unique and its VS
thus provides an estimate for its relative contribution to the
MSO output. Interestingly, the MSO neurons showed a signifi-
cant VS to many different components within the stimulus, both
to primaries and to tone combinations. This was remarkable
since the average amplitude for subthreshold components, as
estimated by Fourier analysis, was quite small, in the mV range
even for whole-cell recordings. However, within a given cell, its
size predicted VS well (Fig. 12).

VSs decreased little during binaural stimulation, in agreement
with results obtained in the rabbit MSO, where responses to
tones and binaural beats were compared (Batra et al., 1997). This
agrees with the lack of a decrease in the size of subthreshold pri-
maries, but it is nevertheless remarkable since in the binaural
version of the DZW stimulus the cell will also start to phase-lock
to the stimuli presented to the other ear. MSO cells apparently
efficiently use the incidental coincidences offered by these rich
stimuli, as also borne out by the prominent emergence of biden-
dritic DP2s in the binaural DZW version.

We observed a remarkably large variability in the relative
impact of inputs from both ears. Both the relative size of the larg-
est subthreshold primary component for the two ears (e.g., Figs.
2E, 3D) and the number of significant VS components (Fig. 8)
differed considerably between cells. This was somewhat unex-
pected, as coincidence detection is predicted to be optimal when
the inputs from both ears are matched in size (Agmon-Snir et al.,
1998; Dasika et al., 2007). Similar results were obtained in the
rabbit MSO, where the VS for monaural ipsilateral and con-
tralateral tone stimuli showed, if anything, an inverse corre-
lation (Batra et al., 1997). However, unexpectedly, even in
neurons with large asymmetries both in subthreshold com-
ponent size and in monaural VS, good ITD tuning could of-
ten still be observed (Fig. 8). The combination of linear
somatic summation and nonlinear spike generation appa-
rently allows MSO neurons to robustly perform their core
function, coincidence detection, even with asymmetrically
sized inputs originating from both ears.

Is there a binaural advantage?
The DZW stimulus produced some results that appeared, at
first sight, at odds with the role of the MSO as a coincidence de-
tector. For example, overall, the MSO neurons showed little or
no binaural facilitation for DZW. Possibly, during monaural
stimulation, the MSO neurons are helped by the presence of
spontaneous events at the other ear for “accidental” coinciden-
ces (Colburn et al., 1990; van der Heijden et al., 2013), whereas
during binaural stimulation they also have to rely on accidental
coincidences offered by the incoherent stimuli of the other ear.
This suggests that DZW may not be the best stimulus to study
the binaural advantage. As a wideband extension of the binau-
ral beat stimulus, the somatic fluctuations triggered by any of
the many tones are more limited, which would tend to linearize
the spike generation mechanism. On the other hand, the ability
to uniquely identify the DP2s as either monodendritic or biden-
dritic potentially makes it feasible to compare how efficiently
both of them trigger spikes. The relative spike triggering effi-
cacy of intradendritic and interdendritic coincidences has been
predicted to differ substantially (Agmon-Snir et al., 1998;
Dasika et al., 2007; Franken et al., 2014). However, a test of this

prediction turned out to be difficult. Whereas subthreshold
bidendritic DP2s were observed only very infrequently, in
agreement with the linear somatic summation of inputs, mono-
dendritic subthreshold DP2s were quite common. The latter
could be generated within a dendrite or already be present in
the inputs. Intradendritic generation is a feasible scenario, since
synaptic potentials are much larger in the dendrite than in the
soma of MSO neurons (Winters et al., 2017). Sublinear integra-
tion because of reduced driving force can therefore be expected
to be prominent in a compact dendrite with large synaptic
potentials, such as the MSO neuron (Agmon-Snir et al., 1998;
Dasika et al., 2007; Silver, 2010; Tran-Van-Minh et al., 2015;
Winters et al., 2017). However, there is also good evidence for
nonlinear interactions between tones at different stages periph-
eral from the MSO, including the cochlea (Cooper et al., 2018).
Our present results unfortunately do not allow disentangling
the relative contribution of these two sources. Nevertheless, the
paucity of bidendritic subthreshold DP2s and the prominence
of bidendritic suprathreshold DP2s attested to the ability of
the MSO neurons to find “accidental” coincidences within the
incoherent sea offered by the DZW stimulus. This conclusion is
further supported by the substantial total power of the supra-
threshold bidendritic DP2s, which approached that of the pri-
maries (Fig. 11), and by the ability of MSO neurons to phase-
lock to many different components within the bidendritic
DZW (Fig. 7).

Differential spike triggering efficacy of ipsilateral and
contralateral inputs
In a minority of cells, we observed that the spike triggering effi-
cacy for ipsilateral and contralateral inputs differed considerably.
This observation was unexpected and we considered several pos-
sible origins. First, the nonlinear relationship between EPSP size
and probability of initiating an AP (van der Heijden et al., 2013)
predicts that an infrequent, large input will have a larger efficacy
than a frequent, small input (e.g., low release probability with
large quantal size vs high release probability with low quantal
size). Second, the spike triggering efficacy might be lower
because the axon originated from the other dendrite. A dendritic
origin would have important consequences for axonal signaling
within the MSO (Zhou et al., 2005; Goldwyn et al., 2019). This
scenario would predict that the individual suprathreshold EPSPs
from the side with the lower efficacy will have to be larger to
compensate for their somatic attenuation (Kole and Brette,
2018). This was indeed observed (Fig. 14). Although for defini-
tive proof histologic confirmation would be needed, the fraction
of neurons with asymmetrical spike triggering efficacies matched
earlier histologic observations in the gerbil. Remarkably, whereas
a dendritic origin is uncommon in the gerbil MSO (Scott et al.,
2005; Rautenberg et al., 2009), it is much more common in cats
or guinea pigs (Kiss and Majorossy, 1983; Smith, 1995). It is not
obvious what the advantage of a dendritic origin might be for
MSO neurons. In the guinea pig, axons typically originate on the
lateral side, so a role in compensating for the longer internal
delay of contralateral inputs seems unlikely. A recent modeling
study argued that strong soma-to-axon coupling has advantages
for both coincidence detection and efficient spike generation
(Goldwyn et al., 2019). The core business of MSO neurons, coin-
cidence detection, is optimal when the inputs from both ears are
matched. The axon-carrying dendrite will be heavily favored for
AP initiation (Kole and Brette, 2018), and this effect can be
expected to be further enhanced during somatic inhibition. One
would therefore expect a compensating mechanism in these
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neurons to allow the impacts of both ears to become more
matched again. Our dataset was too small to test this, although
we anecdotally observed good ITD tuning in the presence of
strong asymmetries in spike triggering efficacy. This puzzling ob-
servation warrants a follow-up study of the relationship between
the structure and function of MSO principal neurons, which
would hopefully result in a better understanding of the possible
significance of a dendritic axonal origin.
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