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Multisensory Integration Enhances Temporal Coding in
Ventral Cochlear Nucleus Bushy Cells
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Temporal coding of auditory stimuli is critical for understanding communication signals. The bushy cell, a major output neuron of the
ventral cochlear nucleus, can “phase-lock” precisely to pure tones and the envelopes of complex stimuli. Bushy cells are also
putative recipients of brainstem somatosensory projections and could therefore play a role in perception of communication signals
because multisensory integration is required for such complex sound processing. Here, we examine the role of multisensory integration
in temporal coding in bushy cells by activating the spinal trigeminal nucleus (Sp5) while recording responses from bushy cells. In
normal-hearing guinea pigs of either sex, bushy cell single unit responses to amplitude-modulated (AM) broadband noise were compared
with those in the presence of preceding Sp5 electrical stimulation (i.e., bimodal stimuli). Responses to the AM stimuli were also compared
with those obtained 45 min after the bimodal stimulation. Bimodal auditory–Sp5 stimulation resulted in enhanced envelope coding for
low modulation frequencies, which persisted for up to 45 min. AM detection thresholds were significantly improved 45 min after bimodal
auditory–Sp5 stimulation, but not during bimodal auditory–Sp5 stimulation. Anterograde labeling of Sp5 projections was found within
the dendritic fields of bushy cells and their inhibitory interneurons, D-stellate cells. Therefore, enhanced AM responses and improved AM
sensitivity of bushy cells were likely facilitated by Sp5 neurons through monosynaptic excitatory projections and indirect inhibitory
projections. These somatosensory projections may be involved in the improved perception of communication stimuli with multisensory
stimulation, consistent with psychophysical studies in humans.
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Introduction
To achieve a comprehensive picture of the external world, the brain
integrates information from multiple senses (Stein and Stanford,

2008). Human psychophysical studies have shown that effective
multisensory integration of these crossmodal inputs results in
improved detection thresholds (Frassinetti et al., 2002; Bolognini
et al., 2005; Caclin et al., 2011), a more salient percept (Stein et al.,
1996; Foxe et al., 2000; Schürmann et al., 2004; Gillmeister and
Eimer, 2007; Wilson et al., 2010), and faster reaction times (Mur-
ray et al., 2005; Sperdin et al., 2009).

Most studies of multisensory integration have focused on
brain structures such as the superior colliculus, primary sensory
cortices, and secondary cortical areas (Lakatos et al., 2007; Stein
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Significance Statement

Multisensory integration is crucial for sensory coding because it improves sensitivity to unimodal stimuli and enhances responses
to external stimuli. Although multisensory integration has typically been described in the cerebral cortex, the cochlear nucleus in
the brainstem is also innervated by multiple sensory systems, including the somatosensory and auditory systems. Here, we
showed that convergence of these two sensory systems in the cochlear nucleus results in improved temporal coding in bushy cells,
principal output neurons that send projections to higher auditory structures. The improved temporal coding instilled by bimodal
auditory–Sp5 stimulation may be important in priming the neurons for coding biologically relevant sounds such as communica-
tion signals.
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and Stanford, 2008; Alais et al., 2010). However, recent studies
have shown that auditory processing in the brainstem is also
influenced by other modalities including the somatosensory sys-
tem. Injections of anterograde tracers into the spinal trigeminal
nucleus (Sp5) revealed somatosensory projections throughout
the cochlear nucleus (CN) (Li and Mizuno, 1997; Zhou and
Shore, 2004; Haenggeli et al., 2005; Zhou et al., 2007; Zeng et al.,
2011), but primarily in the granule cell domain (GCD), which
encapsulates the ventral CN (VCN) and extends into the fusiform
cell layer of the dorsal CN (DCN) (Zhou and Shore, 2004; Haeng-
geli et al., 2005). The CN is innervated primarily by neurons from
the pars interpolaris (Sp5I) and pars caudalis (Sp5C) (Zhou and
Shore, 2004), which receive somatosensory projections from
mechanoreceptors in the jaw, scalp, and face, including the pin-
nae, eyelids, vibrissae, and vocal tract (Hayashi, 1980; van Ham
and Yeo, 1996; Kanold and Young, 2001). Fusiform cells, the
principal output neurons of the DCN, integrate auditory nerve
(AN) input with multimodal inputs conveyed by granule cells of
the GCD (Shore, 2005; Koehler et al., 2011; Barker et al., 2012;
Koehler and Shore, 2013; Wu et al., 2016). However, the effects of
stimulating the Sp5 projection on neurons in the magnocellular
region of the VCN (Zhou and Shore, 2004; Haenggeli et al., 2005)
have not been described.

Bushy cells are principal output neurons of the VCN. They
can be further subdivided into two morphologically distinct
types: spherical bushy cells (SBCs), which have spherical somata
and one or two dendrites subdividing into a dense bush, and
globular bushy cells (GBCs), which have elongated somata and
less densely branching dendritic fields (Hackney et al., 1990).
Bushy cells can be distinguished physiologically based on their
responses to pure tones: SBCs typically show primary-like re-
sponses, whereas GBCs have typical primary-like with notch re-
sponses (Rhode et al., 1983; Rouiller and Ryugo, 1984; Smith and
Rhode, 1987). Both SBCs and GBCs receive axosomatic termina-
tions from the AN (Tolbert and Morest, 1982; Ryugo and Sento,
1991) and project to the superior olivary complex (SOC) (Smith
et al., 1991; Smith et al., 1993; Cant and Benson, 2003) for bin-
aural comparisons. Bushy cells exhibit strong phase locking to
low-frequency fine structure and sound envelopes (Frisina et al.,
1990b; Joris et al., 1994a; Joris et al., 2004). In fact, bushy cell
amplitude-modulation detection thresholds are similar to hu-
man psychophysical detection thresholds (Sayles et al., 2013),
further emphasizing the important role of these cells in temporal
coding of sound stimuli. Human studies have demonstrated that
temporal cues are important for recognizing biologically relevant
sounds, including speech (Shannon et al., 1995). In this study, we
investigated the function of the putative Sp5-to-VCN projection
on bushy cell temporal acuity. Bimodal auditory–somatosensory
stimulation was applied before and after sound-alone stimuli to
examine the influence of multisensory integration on temporal
coding. We found that the bimodal stimulation resulted in en-
hanced responses to amplitude-modulated (AM) stimuli and
improved AM detection thresholds. These results suggest that
auditory–somatosensory integration in VCN bushy cells is impli-
cated in the improved perception of biologically relevant sounds
with multisensory stimulation observed in psychophysical stud-
ies in humans (Alais et al., 2010).

Materials and Methods
Animals. Pigmented guinea pigs of either sex (n � 9, 317–765 g; Elm Hill
Laboratories) were anesthetized with ketamine/xylazine (40 mg/kg, Put-
ney; 10 mg/kg, Lloyd, subcutaneous). Supplemental anesthesia was given
approximately hourly to maintain a nonreflexive state in response to a

hindpaw pinch. To fixate the head, animals were secured with hollow ear
bars in a stereotaxic frame (Kopf Instruments). Body temperature was
kept constant at 38.5°C with a custom-built heating pad and rectal probe.
Experiments were conducted in a double-walled sound-attenuating booth.
To ensure normal hearing thresholds, auditory brainstem responses were
assessed before surgery (0–90 dB sound pressure level [SPL] tone bursts in
10 dB steps, 30 Hz presentation rate, up to 1024 repetitions per intensity,
2–24 kHz in octave-based steps; Tucker-Davis Technologies). All exper-
imental procedures performed for this study were approved by the Uni-
versity Committee on Use and Care of animals at University of Michigan
and are in accordance with protocols established by the National Insti-
tute of Health publication No. 80-23.

Neurophysiological recordings. A small craniotomy was made in the left
parieto-occipital bone, followed by a duratomy. A two-shank, 16-or 32-
channel recording electrode (A2x8-11 mm-125-200-177 or A2x16-10
mm-50-500-177; Neuronexus) was stereotaxically placed into the VCN
through the intact cerebellum using preestablished coordinates (35° an-
gle caudal from vertical, 3 mm caudal from the interaural axis, 4.5 mm
lateral from the midline, and 7– 8 mm deep from the surface of the
cerebellum). Ipsilaterally presented broadband noise bursts (65 dB SPL,
50 ms duration, 2 ms linear ramp rise/fall time) were used to locate units.
To stimulate the somatosensory system, a concentric bipolar stimulating
electrode (Frederick Haer & Co.) was lowered into the left Sp5, targeting
the Sp5 pars interpolaris (Sp5I) and the Sp5 pars caudalis (Sp5C) subdi-
visions, using stereotaxic coordinates (0° vertical angle, 2.5 mm caudal
from the transverse sinus, 2.8 mm lateral of the sagittal midline, 9 mm
deep from the surface of the cerebellum). The occurrence of a small facial
twitch when stimulating at current levels above threshold verified correct
placement of the electrode in the Sp5. In addition, electrode placement
was histologically verified postmortem (Fig. 1).

Signals recorded from the VCN electrode were amplified, digitized
(25 kHz sampling rate), and filtered (bandpass 0.3–3 kHz) by a PZ2
preamplifier (Tucker-Davis Technologies). OpenEx software (Tucker-
Davis Technologies) was used to set a threshold and to store recorded
spike timestamps and waveforms upon each threshold crossing. Wave-
forms were sorted using principal component analysis of the waveform
shape using customized software in MATLAB (The MathWorks). Single
unit clusters were selected based on visual inspection of the 3D clusters.
Threshold crossings due to electrical artifacts from the Sp5 stimulating
electrode were identified and excluded based on the timing of the elec-
trical stimulation and the waveform shapes. Spike waveforms remained
constant over the experiment.

Stimuli. To characterize the unit types in the VCN, data to construct
receptive fields, peristimulus time histograms (PSTHs), spontaneous fir-
ing rates (SFRs), and noise rate-level functions (RLFs) were collected.
Tone bursts (frequency of 0.2–32 kHz in 0.15 octave steps; intensity of
0 –90 dB in 5 dB steps; 50 ms duration, 2 ms linear ramp; 5 repetitions of
each tone bursts) were presented for construction of the receptive fields.

A B

Sp5I/C

sp5 Cu

*

Figure 1. Confirmation of the stimulating electrode placement in Sp5. A, Representative
example of the Fluorogold-labeled electrode tract in the pars interpolaris of Sp5. B, Histological
reconstruction of the placement of the Sp5-stimulating electrode of 8/9 animals. Asterisk indi-
cates the electrode tract in A.
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Subsequently, 300 repetitions of tone bursts at best frequency (BF; 20 dB
and 50 dB above threshold, 50 ms duration, 2 ms linear ramp) were
presented to collect data for PSTHs and 450 s of SFR was collected.
Broadband noise bursts (0 –90 dB in 5 dB steps; 50 ms duration, 2 ms
linear ramp; 50 repetitions per intensity) were presented to construct
noise RLFs. Tone RLFs were derived from receptive fields at BF.

Sp5 stimulation consisted of three biphasic (100 �s/phase) current
pulses presented at 1000 Hz. A search stimulus with linearly increasing
current steps from 0 to 90 �A in 10 �A steps was used to determine the
highest current amplitude that did not elicit a movement artifact. This
level was used throughout the experiment for unimodal Sp5 and bimodal
auditory–Sp5 stimulation (mean: 30 �A, range: 6–60 �A). Subsequently,
responses to different levels of broadband noise bursts were used to
determine a noise level that was at least 10 dB above threshold for all
channels with VCN units. Broadband noise at that level was multiplied
with s(t) to obtain sinusoidal AM broadband noise as follows:

s�t� � 1 � m sin�2� ft�,

where m represents modulation depth (m � 0%, 6%, 13%, 25%, 50%,
and 100%) and f represents modulation frequency (f � 8-2048 Hz in
1-octave or 0.5-octave steps, 400 ms duration, 100 repetitions per f ).
Next, these stimuli were preceded by 10 ms with Sp5 stimulation,
to determine auditory–somatosensory bimodal integration (e.g., see
Fig. 4B).

To determine bimodal plasticity (i.e., the persistent effects), AM noise
with the same parameters was presented before and 45 min. after bi-
modal auditory–Sp5 stimulation, which consisted of unmodulated noise
bursts (50 ms, 0 –90 dB SPL, 50 repetitions) that were preceded by 10 ms
with Sp5 stimulation. In the sham condition, all parameters were kept the
same, except that the Sp5 stimulator was disconnected.

Data analysis. Single unit receptive fields were plotted to determine BF,
threshold, and Q10 dB (tuning width 10 dB above threshold). Bushy cells
were classified based on their typical primary-like (Pri; for SBCs) or
primary-like with notch (Pri-N; for GBCs) temporal discharge patterns
and relative high coefficients of variation in response to BF tone bursts 20
dB and 50 dB above threshold, their SFR, and RLFs for BF tone bursts and
noise bursts (Young et al., 1988; Blackburn and Sachs, 1989; Winter and
Palmer, 1990, 1995; Ingham et al., 2016). D-stellate cells were classified
based on their typical onset-chopper (on-C) temporal discharge pattern
to BF tone bursts 20 dB and 50 dB above threshold, their SFRs, and RLFs
in response to BF tone bursts and noise bursts (Smith and Rhode, 1989).
Bushy cells can also be distinguished from other cells in the VCN by the
presence of a characteristic prepotential, representing depolarization of
the presynaptic endbulb of Held (Keine and Rübsamen, 2015). Because
we used an electrode with 1–3 M� impedance and a site area of 177 �m 2,
prepotentials could only be observed when the signal-to-noise ratio was
considerably high. Therefore, the presence of a prepotential was not
consistently used as a classification marker. However, all units classified
as On-C indeed lacked a prepotential, whereas prepotentials were occa-
sionally observed in Pri units. To determine the presence of unimodal
Sp5 responses, firing rates before, during, and after Sp5 stimulation were
plotted (bin width 0.2 ms). Mean and SDs of SFR were calculated over the
100 ms time window preceding each Sp5 stimulation. Excitatory Sp5
responses were defined by the presence of at least 4 bins within a 10 ms
time window after Sp5 stimulation with �3 STD above mean SFR. In-
hibitory responses were not observed. Response latencies relative to the
initiation of unimodal Sp5 stimulation were calculated using the method
developed by Chase and Young (2007).

The tendency of a unit to phase lock to the amplitude modulation of
the stimulus was expressed by the synchronization index (SI) as follows:

SI �
1

N
� �

j�1

N

ei�� j�� ,

where N is the number of spikes, i is the complex number �(�1), and
�( j) is the phase of the j-th spike relative to the sinusoidal amplitude
modulation s(t) of the acoustic stimulus. The SI is equivalent to the
vector strength (Goldberg and Brown, 1969) and represents a normal-
ized estimate of a unit’s tendency to fire at a particular phase in a stimulus

cycle. Only spikes during the steady phase of the stimulus response were
taken into account (from 25 ms after stimulus onset until stimulus off-
set). SI values were submitted to the Rayleigh statistics (RS) to determine
statistical significance (RS � 13.8, i.e., p 	 0.001, was considered statis-
tically significant) (Mardia and Jupp, 2000):

RS � 2N�SI2�.

Response gain (in dB), which represents the neural response gain relative
to the stimulus modulation depth (m in %), was calculated by the
following:

Response gain � 20log10�200 � SI

m �.

Modulation transfer functions (MTFs) were constructed by plotting SI
versus modulation frequency f at a particular modulation depth m. Best
modulation frequency (BMF) was defined as the f that elicited the max-
imum SI value in the MTF.

AM detection thresholds were determined using a neurometric anal-
ysis that successfully determined AM detection thresholds for VCN units
(Sayles et al., 2013). Briefly, the phase-projected vector strength (VSpp)
was calculated for each trial of each stimulus as follows:

VSpp�t� � cos��t � �c���� �j�1

N
cos 	j�2

� ��j�1

N
sin 	j�2

N
�,

in which �t is the mean phase of spikes in the t-th trial and �c is the mean
phase of the spikes in all trials combined of that same stimulus. Subse-
quently, the VSpp of all trials in a certain stimulus condition (same f and
m) were compared with the VSpp calculated from the trials at that same
f when modulation depth m was 0%; that is, unmodulated noise. For each
stimulus condition, a receiver operating curve (ROC) was constructed
plotting the proportions of true-positive and false-positive classifications.
The area under the ROC curve represents the probability of a randomly
selected trial of the modulated signal having a VSpp greater than a randomly
selected unmodulated trial and ranges from 0 to 1. This value was deter-
mined for and plotted against each m for one modulation frequency at
the time, and fitted with the logistic function as follows:

y � a � �
b

1 � exp�x � �

s ��.

The modulation depth m where the fitted line crosses a threshold of 0.75
represents the AM detection threshold for that unit at that particular
modulation frequency. Subsequently, detection threshold curves were
determined by plotting the detection thresholds against modulation
frequency f.

Experimental design and statistical analysis. In this study, a distinction
was made between the immediate and long-term effects of bimodal
auditory–Sp5 stimulation; that is, between bimodal integration and bi-
modal plasticity, respectively. To determine bimodal integration of au-
ditory–Sp5 stimulation in bushy cells, BMF, synchronization indices at
various modulation frequencies (f � 8-2048 Hz), and AM detection
thresholds were evaluated when auditory-alone stimuli were presented
and compared with values when each auditory stimulus was preceded by
Sp5 stimulation. BMF and synchronization indices below, at, and above
BMF were evaluated for auditory-alone and auditory–somatosensory
stimulation, using one-sample Student’s t tests. A Spearman’s cross-
correlation was applied to determine correlations between BMF and
the SI change at BMF due to bimodal integration. A nonparametric
Wilcoxon rank-sum test and one-sample t test was performed to deter-
mine differences between auditory-only and bimodal auditory–Sp5
stimulation AM detection thresholds. Similar analyses were performed
to evaluate effects of bimodal plasticity (long-lasting effects) on BMF, SI
indices at various modulation frequencies, and AM detection thresholds
by comparing before and after bimodal auditory–Sp5 stimulation. In
addition, to evaluate the long-term effects of bimodal auditory–Sp5 stim-
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ulation on AM detection thresholds, changes in AM detection thresholds
45 min after bimodal auditory–Sp5 stimulation were compared with
changes in AM detection thresholds after an auditory sham condition
using a 
 2 test. All p-values were Holm–Bonferroni corrected for multi-
ple comparisons.

Histology. To determine the Sp5 stimulating electrode placement, after
the experiment, it was extracted from the brain, dipped in 2% Fluoro-
Gold, and replaced at the same absolute depth for 5 min while passing
current through the electrode. After the electrode removal, the animal
was killed with pentobarbital sodium (Med-Pharmex; intraperitoneal)
and was transcardially perfused with 100 ml of 0.1 M PBS, pH 7.4, fol-
lowed by 400 ml of paraformaldehyde (4% in PBS). The brain was re-
moved from the skull and postfixated for 2 h in paraformaldehyde before
being washed in PBS and immersed in 30% sucrose solution. Brains were
frozen, cryosectioned at 40 �m (Leica, CM3050S), placed on glass slides,
dehydrated, coverslipped, and examined using a fluorescence micro-
scope (Leica, DMLB). The locations of the stimulating electrode in Sp5
are shown in Figure 1.

Six guinea pigs (400 –500 g, Elm Hill Laboratories) were used to iden-
tify Sp5 projections to the VCN. Animals were anesthetized with ket-
amine/xylazine (40 mg/kg, Putney; 10 mg/kg, Lloyd; subcutaneous) and
placed in a stereotaxic frame (Kopf). A small longitudinal incision was
made over the parietal bones and a small opening in the skull was drilled
to allow for the Sp5 injection (2.2 mm left of the midline and 4.1 mm
caudal of the ear bar). A Hamilton microsyringe was loaded with 10%
FluoroEmerald (Thermo Fisher Scientific) and placed into the Sp5 at a
depth of 9 mm from the surface of the dura. A total volume of 0.5 �l
tracer was slowly injected over 5 min, using a MicroSyringe Pump Con-
troller (Micro 4; World Precision Instruments). In four animals, an ad-
ditional opening was drilled at 2.5 mm left of the midline and at the
rostral-to-caudal level of the ear bar to allow for an injection into the
SOC. A volume of 0.5 �l of FluoroRuby (10%; Thermo Fisher Scientific)
was injected into the SOC 11 mm ventral from the dural surface over 5
min. In two other animals, FluoroRuby was injected into the contralat-

eral CN instead of the SOC to label D-stellate cells, which form part of the
CN-commissural pathway (Schofield and Cant, 1996). Subsequently,
the animal was sutured and allowed to recover. Five days after surgery,
the animal was killed with pentobarbital sodium and transcardially per-
fused with 100 ml of PBS, followed by 400 ml of paraformaldehyde (4%
in PBS). Processing of the brain was performed as described above.

Sp5 electrode locations, marked by Fluorogold deposits, and tracer
injection sites were visualized and photographed with a fluorescence
microscope (Leica, DMLB) and attached camera (Micropublisher,
QImaging). Sp5 terminals, backfilled bushy cells, and backfilled D-stellate
cells were examined and photographed with a camera attached to a con-
focal microscope (PMT; Leica, SP5-x). SBCs and GBCs were identified
using characteristics defined by Osen (1969).

Results
Bushy cells receive excitatory projections from Sp5
Anterograde labeling from the FluoroEmerald Sp5 injection was
observed throughout the magnocellular domain of the posterior
and anterior VCN. The labeled puncta were in the form of small
en passant and terminal boutons, as well as some larger puncta,
consistent with mossy-fiber terminal endings (Zhou and Shore,
2004). Some Sp5 puncta were located in the dendritic fields of
both GBCs (Fig. 2A) and SBCs (Fig. 2B), which were identified by
retrograde labeling after FluoroRuby injections in their targets in
SOC (Fig. 2C). Previous studies have shown that Sp5 terminals in
the CN co-label with vesicular glutamate transporter 2 (VGLUT2)
(Zhou et al., 2007; Zeng et al., 2011), confirming that these puncta
are glutamatergic.

Excitatory responses to unimodal Sp5 stimulation were ob-
served in 19% of Pri units (n � 21/110) and in 28% of Pri-N units
(n � 28/104), confirming that the Sp5 inputs are glutamatergic
and excitatory. Figure 3 shows representative examples of a uni-
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Figure 2. Sp5 projects to bushy cells dendritic regions in magnocellular VCN. A, Confocal photomicrograph of a putative GBC (red) in caudal AVCN with adjacent Sp5 en passant boutons (green)
after FluoroEmerald injection in Sp5I. Bushy cell was back-labeled by SOC injection shown in C. B, Confocal photomicrograph of a putative SBC (red) in rostral AVCN with adjacent Sp5 mossy-fiber-like
terminals. Double labeling (yellow) indicates that Sp5 terminates axodendritically in the dendritic field of the bushy cells. C, Photomicrograph of the FluoroRuby injection in SOC. D, Photomicrograph
of the FluoroEmerald injection site in the left Sp5I. The core of the injection site was confined to the Sp5I, whereas the diffusion area spread out to parts of the cuneate nucleus. Cu, Cuneate nucleus;
icp, inferior cerebellar peduncle; NTB, nucleus of the trapezoid body; pt, pyramidal tract; Sp5I, pars interpolaris of spinal trigeminal nucleus.
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modal Sp5 response in a Pri (Fig. 3A) and
Pri-N (Fig. 3B) unit. Responses consisting
of multiple peaks (Fig. 3A) or a single peak
of excitation (Fig. 3B) were observed in
both unit types. Units responding with a
single peak to unimodal Sp5 stimulation
had significantly higher BFs (16.2 kHz 

0.2 SEM) than units responding with
multiple peaks (9.5 kHz 
 0.1 SEM;
2-sample Kolmogorov–Smirnov [KS]
test: D � 0.4700, p � 0.0055). Pure-tone
thresholds, Q10dB, spontaneous firing
rates, response latencies, response ampli-
tudes, and CN depths did not differ signif-
icantly between units responding with a
single peak and units responding with
multiple peaks to Sp5 stimulation (2-
sample KS test: p � ns for all compari-
sons). No inhibitory responses were
observed. Mean excitatory response la-
tency relative to initiation of Sp5 stimula-
tion was 3.8 
 0.1 ms (SEM) and did not
differ between single- or multiple-peaked
responses.

Figure 3, C and D, show the BF and
threshold distributions of units with and
without an excitatory response to Sp5
stimulation in Pri (Fig. 3C) and Pri-N
units (Fig. 3D). Units responding to Sp5
had significantly higher BFs (13 kHz 

1.15 SEM) than units that did not respond
to Sp5 stimulation (9.4 kHz 
 0.4 SEM;
2-sample KS test: D � 0.2911, p � 0.002)
and also had higher SFRs (2-sample KS
test: D � 0.2581, p � 0.009). Pure-tone
thresholds, Q10dB, and CN depths did
not differ significantly between units with
and without significant Sp5 responses
(two-sample KS test: p � ns for all com-
parisons). Because the responses of Pri
and Pri-N units to Sp5 stimulation were
similar in terms of prevalence, response
latency, and response amplitude, Pri and
Pri-N units were combined in subsequent
analyses and termed PL units.

AM coding but not AM detection
thresholds are altered during
auditory–Sp5 stimulation
PL units responded robustly to AM noise.
Figure 4A shows a PSTH for an exemplary
PL unit in response to 16 Hz AM noise
with a modulation depth of m � 25%
(Fig. 4A, orange line). The SI of this re-
sponse was 0.25, corresponding to a re-
sponse gain of 6.0 dB relative to the
stimulus modulation. When Sp5 stimulation preceded the audi-
tory stimulus (Fig. 4B, green bar), this unit showed stronger
phase locking to the stimulus envelope, with an SI of 0.33, corre-
sponding to a response gain of 8.43 dB (Fig. 4B). Across the
population units, mean SI for 16 Hz AM noise was 0.22 (corre-
sponding to a response gain of 4.98 dB) and was significantly
increased to an SI of 0.24 (response gain of 5.92 dB) by auditory–

Sp5 stimulation (one-sample t test: t(97) � 2.658, p � 0.0092).
Therefore, combining auditory and Sp5 stimulation enhances
envelope coding to 16 Hz AM noise in PL units.

Across the range of modulation frequencies ( f � 8 –2048 Hz),
we found that bimodal auditory–Sp5 stimulation altered AM
coding differentially at each modulation frequency. Preceding
AM stimuli with Sp5 stimulation enhanced SIs at modulation
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Figure 3. Unimodal Sp5 stimulation elicits excitatory responses in PL units. A, PSTH (0.2 ms bin width) of a double-peaked
response of a Pri unit to electrical stimulation of Sp5 (three biphasic 40 �A current pulses at 1000 Hz). Inset shows the primary-like
response to a BF tone burst (50 ms tone at 2.4 kHz at 50 dB re threshold, 0.2 ms bin width). Gray bar indicates the Sp5 stimulus
duration. The absence of neural activity from 0 –2.2 ms is due to electrical artifact removal. B, PSTH (0.2 ms bin width) of a
one-peaked response of a Pri-N unit to Sp5 stimulation (three biphasic 60 �A current pulses at 1000 Hz). Inset shows the
primary-like with notch response to a tone burst at BF (50 ms tone at 16 kHz at 30 dB threshold, 0.2 ms bin width). C, Threshold
distribution across BF for all Pri units (n � 110) showing units with (red circles) and units without (black squares) a significant
excitatory response to unimodal Sp5 stimulation. D, Threshold distribution across BF for all Pri-N units (n � 104). Legend entries
are identical to C.
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frequencies below BMF and decreased the SI at BMF, but did not
affect SIs of frequencies above the initial BMF. Figure 5A shows
an example in which Sp5-preceding AM stimulation shifts a
bushy cell MTF to the left. Across the population of units, the
mean SI for modulation frequencies below BMF was significantly
increased during bimodal auditory–Sp5 stimulation compared
with AM-only stimulation (one-sample t test: t(97) � 3.64, p �
4.421 * 10�4, Holm–Bonferroni correction for multiple compar-
isons; Fig. 5B). Conversely, SI at BMF was significantly decreased
in response to bimodal auditory–Sp5 stimulation (t(97) � 4.65, p �
1.064 * 10�5; Fig. 5C). The change in SI at BMF was significantly
correlated with the initial BMF (Spearman’s cross-correlation: r �
�0.443, p � 5.057 * 10�6), so that units with high BMFs showed
larger decreases in SI than units with lower BMFs (Fig. 5E). The
data are described by the following function: change in SI �

�0.0002 * BMF � 0.0428 (red dotted line
in Fig. 5E). Mean SI for modulation fre-
quencies above BMF was not affected by
bimodal auditory–Sp5 stimulation (t(97) �
1.99, p � ns; Fig. 5D). MTF tuning was
shifted to lower frequencies when AM
stimuli were preceded by Sp5 stimulation
(t(97) � 5.36, p � 5.506 * 10�7; Fig. 5A,F).

Changes in synchronization index at
different modulation frequencies during
bimodal auditory–Sp5 stimulation were
similar across modulation depths (m rang-
ing from 100% to 6%), but were most pro-
nounced at the 25% modulation depth.

Bushy cell AM best detection thresh-
olds (Fig. 6A) and AM detection threshold
curves (Fig. 6A, inset) were similar to
those reported by Sayles et al. (2013)
(mean, 6.2%; range, 2.5–33.1%; SD,
3.6%). The distribution of best detection
thresholds during bimodal auditory–Sp5
stimulation, in which Sp5 stimulation
preceded AM stimuli, was similar to that
of AM-only detection thresholds (mean,
5.7%; range, 2.8 –11.2%; SD, 1.6%; Wil-
coxon rank-sum test: Z � 0.0712, p � ns;
Fig. 6B). Mean AM detection thresholds
were not significantly altered during bi-
modal auditory–Sp5 stimulation, com-
pared with AM-only stimulation (one-
sample t test: t(87) � 1.03, p � ns).
However, AM detection thresholds of
bushy cells improved 45 min after bi-
modal stimulation (see below). This indi-
cates that bushy cell’s AM detection
thresholds are likely affected through a
slow acting modulatory rather than a
direct-activation by bimodal auditory–
Sp5 stimulation.

AM coding is enhanced and AM
detection thresholds are improved in
bushy cells 45 min after
bimodal stimulation
When evaluating the MTF of a bushy cell
before and 45 min after bimodal audito-
ry–Sp5 stimulation (bimodal plasticity),
SIs at modulation frequencies below the

BMF remained improved (as during bimodal stimulation),
whereas SI at BMF and SIs above BMF were not affected (example
shown in Fig. 7A). Across the population of units, the mean SI for
modulation frequencies below BMF was significantly decreased
after bimodal auditory–Sp5 stimulation (one-sample t test: t(119)

� 7.24, p � 4.833 * 10�11, Holm–Bonferroni corrected for mul-
tiple comparisons; Fig. 7B). However, SI at BMF and SIs at mod-
ulation frequencies above BMF were not significantly changed
after bimodal auditory–Sp5 stimulation (t(119) � 2.27, p � ns,
Fig. 7C, and t(119) � 2.19, p � ns, Fig. 7D, respectively). The
correlation for BMF with SI change for bimodal integration (Fig.
6E) was no longer evident for bimodal plasticity (Fig. 7E), corre-
sponding to the absence of a significant change in SI at BMF 45
min after bimodal auditory–Sp5 stimulation (Fig. 7C). BMF was
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significantly shifted to lower frequencies when evaluated 45 min
after bimodal auditory–Sp5 stimulation (t(119) � 2.97, p � 0.004;
Fig. 7F). However, this change was not as pronounced as ob-
served for bimodal integration and some units previously tuned
to a low BMF (	100 Hz) shifted upward to a higher BMF after
bimodal auditory–Sp5 stimulation (Fig. 7F).

In summary, these results indicate that bimodal auditory–
somatosensory stimulation strengthened neural coding of the
lower modulation frequencies over time.

Figure 8A shows a representative example of a bushy cell AM
detection threshold curve before (blue line) and 45 min after (red
line) bimodal auditory–Sp5 stimulation. Detection thresholds were
improved over the complete range of modulation frequencies.

Across the population of units, AM detection thresholds were
similarly improved 45 min after bimodal auditory–Sp5 stim-
ulation (Fig. 8B). To control for natural fluctuations of AM
detection thresholds over time, we compared change in detec-
tion thresholds following bimodal auditory–Sp5 stimulation
with change in detection thresholds after an auditory sham con-
dition in which AM-only stimuli replaced auditory–Sp5 AM
stimuli. Long-term alterations of detection thresholds were in-
deed observed after bimodal auditory–Sp5 stimulation com-
pared with the 95% confidence interval of the sham condition
(dashed lines in Fig. 8B), where improvements (n � 18/120)
occurred more frequently than deteriorations (n � 5/120). Com-
pared with the sham condition, bimodal auditory–Sp5 stimula-
tion resulted in a significant long-term improvement of detection
thresholds (
 2test: 
(2)

2 � 10.562, p � 0.005). These results show
that AM detection thresholds are improved 45 min after bi-
modal auditory–Sp5 stimulation.

Sp5 innervates inhibitory interneurons that project to
bushy cells
Bushy cell auditory–Sp5 integration may have been facilitated by
VCN D-stellate cells, which are interneurons that provide wide-
band inhibition to bushy cells (Campagnola and Manis, 2014).
Injecting an anterograde tracer in Sp5 and a retrograde tracer in
the contralateral CN demonstrated that D-stellate cells receive
axodendritic terminals from Sp5. Figure 9A shows a representa-
tive example of a Sp5 putative terminal located on the dendrites
of a retrogradely labeled D-stellate cell (via the CN commissural
projection).

Furthermore, recordings from 42 putative D-stellate cells, iden-
tified by typical On-C responses to BF tones (Fig. 9B, inset), verify
that these cells responded to Sp5 stimulation. In 70% (29/42) of
On-C units, Sp5 stimulation resulted in a multiple-peaked excit-
atory responses (see Fig. 9B for a representative example). No
single-peaked or inhibitory responses were observed in On-C
units. Mean response latency to Sp5 stimulation was 3.8 
 0.11
ms (SEM), which was comparable to the excitatory response la-
tency in PL units.

Therefore, Sp5-to-D-stellate cell projections likely contrib-
uted to the enhanced temporal responses and improved detec-
tion thresholds in bushy cells induced by bimodal auditory–Sp5
stimulation.

Discussion
The current study demonstrated for the first time that Sp5 proj-
ects to bushy cell and D-stellate cell dendritic fields and, when
stimulated, elicited unimodal excitatory responses in both cell
types. Furthermore, bimodal auditory–somatosensory stimula-
tion decreased BMF and increased synchronization indices for
modulation frequencies below the initial BMF in bushy cells.
These changes persisted for up to 45 min. Furthermore, AM de-
tection thresholds were significantly improved 45 min after
bimodal auditory–Sp5 stimulation, but not during the bimodal
auditory–Sp5 stimulation. Therefore, bimodal auditory–Sp5
stimulation resulted in both enhancement of responses to AM
stimuli and improvements in AM sensitivity of bushy cells in the
VCN.

Because of the large axosomatic projections from the auditory
nerve (Tolbert and Morest, 1982; Ryugo and Sento, 1991), bushy
cells are sometimes regarded as simple relay neurons. However,
bushy cells also receive noncochlear excitatory and inhibitory
projections (Zhou et al., 2007; Gómez-Nieto and Rubio, 2009).
Recent studies have demonstrated robust inhibitory responses in
bushy cells (Kopp-Scheinpflug et al., 2002; Gai and Carney, 2008;
Keine and Rübsamen, 2015). The current study is the first to
show the function of noncochlear excitatory axodendritic inputs
on bushy cells and D-stellate cells and advances our expanding
knowledge on the role of PL units in hearing.

Sp5 terminates in bushy cell dendritic fields
Anterograde injections resulted in labeled terminal endings, demon-
strating that Sp5 projects to the magnocellular domain of the
VCN, confirming previous studies in guinea pigs and rats (Zhou
and Shore, 2004; Haenggeli et al., 2005). Furthermore, the retro-
grade tracer injections placed in SOC to backfill bushy cells and in
contralateral CN to backfill D-stellate cells enabled us to refine
the locations of the Sp5 terminals on bushy cell and D-stellate cell
dendritic fields.

Evidence that Sp5 innervates bushy cells is supported by sev-
eral observations. First, bushy cells showed short (3.8 ms) re-
sponse latencies to unimodal Sp5 stimulation, which is consistent

A

B

Detection threshold (%)
0 5 10 15 20 25 30 35

U
ni

t c
ou

nt
 (%

)

0

0.05

0.1

0.15

0.2

Auditory only

Detection threshold (%)
0 5 10 15 20 25 30 35

U
ni

t c
ou

nt
 (%

)

0

0.05

0.1

0.15

0.2

Bimodal stimulation

Mod. Freq. (Hz)
10 100 1000

D
et

. T
hr

. (
%

)

0

25

50

75

Figure 6. Effects of bimodal integration on AM detection thresholds. A, Histogram of all best
AM detection thresholds for PL units either before bimodal auditory–Sp5 stimulation or before
auditory sham stimulation (n � 288; mean, 6.5%; range, 2.5–33.1%; SD, 4.1%). The inset
shows a representative detection threshold curve of a Pri unit, with a best detection frequency
at 256 Hz and a best detection threshold at 9.0%. B, Histogram of all best modulation detection
thresholds during bimodal auditory–Sp5 stimulation.

2838 • J. Neurosci., March 14, 2018 • 38(11):2832–2843 Heeringa et al. • Bushy Cell Auditory–Somatosensory Integration



with a single synapse latency. In contrast, fusiform cells in the
DCN have much longer latencies to Sp5 stimulation (ranging
from 6 to 11.5 ms) (Shore et al., 2008; Koehler et al., 2011), which
can be attributed to the additional Sp5-to-granule cell synapse
and subsequent traveling through the granule cell’s unmyelinated
axon (i.e., the parallel fiber) (Oertel and Young, 2004; Shore,
2005). Second, the Sp5-to-VCN projection is glutamatergic, co-

labeling with VGLUT2 (Zhou et al., 2007; Zeng et al., 2011), and
bushy cells receive VGLUT2-positive terminals on their cell bod-
ies and dendritic trees (Gómez-Nieto and Rubio, 2009). These
glutamatergic terminals can be distinguished from AN glutama-
tergic endings, which colabel instead with VGLUT1 (Zhou et al.,
2007). Finally, Sp5 projects also to the rostral area of the VCN,
which contains predominantly bushy cells (Hackney et al., 1990),
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indicating that Sp5 projects directly onto bushy cells in that re-
gion. However, because the average BF of units responding to Sp5
stimulation was relatively high (13 kHz 
 1.15 SEM), bushy cells
outside of the most rostral region of VCN likely receive Sp5
projections as well.

A small portion of the anterograde labeled projections may
have originated in the cuneate nucleus because the diffusion area
of the injection site partly infringed the cuneate nucleus, which
also projects to the CN (Wright and Ryugo, 1996; Li and Mizuno,
1997), with a similar projection pattern as the Sp5 (Zeng et al.,
2011).

Bimodal auditory–Sp5 stimulation influences bushy cell
responses to AM stimuli
Although controversial (Blackburn and Sachs, 1989; Winter and
Palmer, 1990), several studies demonstrate that bushy cells en-
code temporal information with high precision, with better phase
locking than their input source, the AN (Frisina et al., 1990b; Joris
et al., 1994b; Recio-Spinoso, 2012; Keine and Rübsamen, 2015).
Coincidence detection may play an important role in the phase-
locking enhancement in bushy cells. Because end bulbs from
multiple AN fibers synapse on the bushy cell soma (Sento and
Ryugo, 1989; Ryugo and Sento, 1991) and because bushy cells
exhibit short membrane time constants (Oertel, 1983; Wu and
Oertel, 1984), only spikes arriving simultaneously from multiple
AN fibers will elicit a spike in the bushy cell (Joris et al., 1994b).
Such coincidence detection is likely enhanced by activation of
presynaptic inhibitory receptors (Frisina et al., 1990a; Chanda

and Xu-Friedman, 2010; Dehmel et al., 2010; Wang et al., 2011;
Keine and Rübsamen, 2015) because blocking inhibition de-
creases synchrony in bushy cells (Gai and Carney, 2008). More-
over, increased inhibitory strength shifts the bushy cell MTF
toward lower modulation frequencies and higher synchroni-
zation indices in an auditory brainstem model (Eguia et al.,
2010), consistent with the increased synchronization indices
especially at low modulation frequencies reported in the cur-
rent study.

D-stellate cells provide one source of that inhibitory input to
bushy cells (Campagnola and Manis, 2014). Here, we showed also
that Sp5 projects to the dendrites of these D-stellate cells. Further-
more, 70% of On-C units, which likely represent responses from
D-stellate cells (Smith and Rhode, 1989), showed an excitatory
response upon electrical stimulation of Sp5. It is therefore possi-
ble that Sp5 terminals activate these inhibitory interneurons in
the CN, which in turn inhibit bushy cells to sharpen phase locking
after bimodal auditory–Sp5 stimulation. This Sp5-driven inhib-
itory input to bushy cells was subthreshold because no inhibitory
responses to unimodal Sp5 stimulation were observed in PL
units.

An alternative mechanism by which multisensory influences
on bushy cells could occur is by influencing reciprocal connections
between bushy cells, which may facilitate enhanced bushy cell syn-
chronization to the stimulus temporal fluctuations (Gómez-Nieto
and Rubio, 2009).

Unimodal responses to Sp5 stimulation were observed in only
a subset of bushy cells. This may indicate that not all bushy cells

Modulation frequency (Hz)
10 100 1000

D
et

ec
tio

n 
th

re
sh

ol
d 

(%
)

0

20

40

60

80
Before bimodal stim.
After bimodal stim.

A

B

-10 -5 0 5 10 15
Change in AM detection threshold

0

0.1

0.2

0.3

0.4

U
ni

t c
ou

nt
 (%

)

Aud Sham
Bimodal Stim
Aud Sham 95% CI

D
eterioration

Im
p

ro
ve

m
en

t

Figure 8. Effects of bimodal plasticity on AM detection thresholds. A, Representative exam-
ple of improvements along the AM detection threshold curve after bimodal auditory–Sp5 stim-
ulation of a Pri unit. B, Absolute change in best AM detection thresholds for the sham (gray) and
the bimodal auditory–Sp5 stimulation (dark red) groups. Dashed lines indicate the 95% confi-
dence intervals for the sham group and represent the range of fluctuation in the best detection
threshold expected based on natural changes over time.

Figure 9. Sp5 innervates D-stellate cells in the VCN. A, D-stellate cells are retrogradely
labeled via tracer injection in the contralateral CN (inset; scale bar, 300 �m). A represen-
tative confocal photomicrograph shows Sp5 (green fluorescence, same procedure as de-
scribed in Fig. 2; merged in yellow) projecting to a D-stellate cell (red; scale bar, 30 �m)
in the VCN. B, PSTH of an On-C unit response to electrical Sp5 stimulation (60 �A current
pulses; 0.2 ms bin width). The gray bar indicates the Sp5 stimulus duration. The absence of
neural activity from 0 –2.2 ms is due to electrical artifact removal. Inset shows the unit’s
onset chopper discharge pattern to a tone burst at BF (50 ms tone at 6.9 kHz at 30 dB re
threshold, 0.2 ms bin width).
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receive direct Sp5 innervation, in agreement with the sparse pro-
jection pattern of Sp5 terminals to the magnocellular region of
the VCN (Zhou and Shore, 2004; Haenggeli et al., 2005). How-
ever, bimodal auditory–Sp5 stimulation affected most PL units,
suggesting that Sp5 input to bushy cells was subthreshold for a
large number of bushy cells becoming apparent only upon
simultaneous activation of the auditory and somatosensory
system.

Long-term plasticity was induced by bimodal auditory–Sp5
stimulation in bushy cells, as demonstrated by enhanced or im-
proved temporal coding that remained or became apparent 45
min after bimodal stimulation. This time course is consistent
with the finding that most Sp5 terminals in the VCNm are en
passant boutons, which are thought to have a modulatory rather
than a direct activation function (Zeng et al., 2011). This modu-
latory function implies that Sp5-derived glutamate may act on
metabotropic glutamate bushy cell receptors (mGluRs). Indeed,
mGluRs on bushy cells are tonically active and are highly sensitive
to ambient glutamate, which affects firing probabilities and
interacts with inhibitory modulatory systems (Chanda and
Xu-Friedman, 2010).

Implications of improved temporal coding in bushy cells
The current study showed that bimodal auditory–somatosensory
stimulation enhanced phase locking to low-frequency AM stim-
uli in VCN bushy cells. Enhancement of neural activity in hu-
mans, as measured by fMRI and EEG, occurs during multimodal
stimulation compared with unimodal stimulation (Calvert et al.,
2000; Foxe et al., 2000; Macaluso et al., 2000; Murray et al., 2005;
Nozaradan et al., 2012). These enhanced neural responses improve
perception; for example, intensity discrimination of an auditory
stimulus is improved when concurrently presented with a somato-
sensory stimulus (Schürmann et al., 2004; Gillmeister and Eimer,
2007; Wilson et al., 2010). Therefore, enhanced phase locking in
bushy cells by bimodal auditory–somatosensory stimulation could
explain increases in the salience of an auditory signal.

Improved AM detection thresholds in bushy cells after bimodal
auditory–Sp5 stimulation are in agreement with human studies. For
example, speech perception thresholds of hearing-impaired children
are improved when hearing aids are used in concert with the Tickle
Talker, an electrotactile speech processor (Galvin et al., 1991),
and auditory detection thresholds are improved in the presence
of a tactile cue (Gillmeister and Eimer, 2007). Furthermore, AM
detection thresholds of bushy cells reported in the current study
closely resemble AM detection thresholds of normal-hearing hu-
man listeners (Viemeister, 1979; Forrest and Green, 1987; Sheft
and Yost, 1990), suggesting that bushy cells play an important
role in neural processing and detection of amplitude modula-
tions. Therefore, the improved AM detection thresholds with
bimodal auditory–Sp5 stimulation may translate to improved
behavioral AM detection.

Bushy cells are the primary input to the SOC (Smith et al., 1991;
Smith et al., 1993; Cant and Benson, 2003), which is involved in
sound localization in the horizontal plane and relies on accurate
temporal information. Therefore, the current study suggests that
the Sp5-to-bushy cell projection may aid in azimuthal sound
localization by improving detection and representation of tem-
poral modulations. Furthermore, temporal modulations comprise
an important feature of biologically relevant acoustic stimuli, in-
cluding communication signals, such as speech (Rosen, 1992; Col-
letti and Shannon, 2005), suggesting an important role for bushy
cells in processing communication signals. Improvement of
bushy cell AM coding by bimodal auditory–somatosensory

stimulation, such as shown in the current study, may thus be
involved in priming the neurons for coding of biologically
relevant sounds.
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Schürmann M, Caetano G, Jousmäki V, Hari R (2004) Hands help hearing:
facilitatory audiotactile interaction at low sound-intensity levels. J Acoust
Soc Am 115:830 – 832. CrossRef Medline

Sento S, Ryugo DK (1989) Endbulbs of held and spherical bushy cells in cats:
morphological correlates with physiological properties. J Comp Neurol
280:553–562. CrossRef Medline

Shannon RV, Zeng FG, Kamath V, Wygonski J, Ekelid M (1995) Speech
recognition with primarily temporal cues. Science 270:303–304. CrossRef
Medline

Sheft S, Yost WA (1990) Temporal integration in amplitude modulation
detection. J Acoust Soc Am 88:796 – 805. CrossRef Medline

Shore SE (2005) Multisensory integration in the dorsal cochlear nucleus:
unit responses to acoustic and trigeminal ganglion stimulation. Eur J Neuro-
sci 21:3334–3348. CrossRef Medline

Shore SE, Koehler S, Oldakowski M, Hughes LF, Syed S (2008) Dorsal co-
chlear nucleus responses to somatosensory stimulation are enhanced after
noise-induced hearing loss. Eur J Neurosci 27:155–168. CrossRef Medline

Smith PH, Rhode WS (1987) Characterization of HRP-labeled globular
bushy cells in the cat anteroventral cochlear nucleus. J Comp Neurol
266:360 –375. CrossRef Medline

Smith PH, Rhode WS (1989) Structural and functional properties distin-
guish two types of multipolar cells in the ventral cochlear nucleus. J Comp
Neurol 282:595– 616. CrossRef Medline

Smith PH, Joris PX, Carney LH, Yin TC (1991) Projections of physiologi-
cally characterized globular bushy cell axons from the cochlear nucleus of
the cat. J Comp Neurol 304:387– 407. CrossRef Medline

Smith PH, Joris PX, Yin TC (1993) Projections of physiologically character-
ized spherical bushy cell axons from the cochlear nucleus of the cat:
evidence for delay lines to the medial superior olive. J Comp Neurol
331:245–260. CrossRef Medline

Sperdin HF, Cappe C, Foxe JJ, Murray MM (2009) Early, low-level audito-
ry–somatosensory multisensory interactions impact reaction time speed.
Front Integr Neurosci 3:2. CrossRef Medline

Stein BE, Stanford TR (2008) Multisensory integration: current issues from
the perspective of the single neuron. Nat Rev Neurosci 9:255–266. CrossRef
Medline

Stein BE, London N, Wilkinson LK, Price DD (1996) Enhancement of per-
ceived visual intensity by auditory stimuli: a psychophysical analysis.
J Cogn Neurosci 8:497–506. CrossRef Medline

Tolbert LP, Morest DK (1982) The neuronal architecture of the anteroven-
tral cochlear nucleus of the cat in the region of the cochlear nerve root:
golgi and nissl methods. Neuroscience 7:3013–3030. CrossRef Medline

van Ham JJ, Yeo CH (1996) Trigeminal inputs to eyeblink motoneurons in
the rabbit. Exp Neurol 142:244 –257. CrossRef Medline

Viemeister NF (1979) Temporal modulation transfer functions based upon
modulation thresholds. J Acoust Soc Am 66:1364–1380. CrossRef Medline

Wang Y, O’Donohue H, Manis P (2011) Short-term plasticity and auditory
processing in the ventral cochlear nucleus of normal and hearing-impaired
animals. Hear Res 279:131–139. CrossRef Medline

Wilson EC, Braida LD, Reed CM (2010) Perceptual interactions in the loud-
ness of combined auditory and vibrotactile stimuli. J Acoust Soc Am
127:3038 –3043. CrossRef Medline

Winter IM, Palmer AR (1990) Responses of single units in the anteroventral
cochlear nucleus of the guinea pig. Hear Res 44:161–178. CrossRef Medline

Winter IM, Palmer AR (1995) Level dependence of cochlear nucleus onset
unit responses and facilitation by second tones or broadband noise.
J Neurophysiol 73:141–159. CrossRef Medline

2842 • J. Neurosci., March 14, 2018 • 38(11):2832–2843 Heeringa et al. • Bushy Cell Auditory–Somatosensory Integration

http://dx.doi.org/10.1152/jn.1969.32.4.613
http://www.ncbi.nlm.nih.gov/pubmed/5810617
http://dx.doi.org/10.1002/cne.22139
http://www.ncbi.nlm.nih.gov/pubmed/19634178
http://www.ncbi.nlm.nih.gov/pubmed/2244686
http://dx.doi.org/10.1002/cne.20466
http://www.ncbi.nlm.nih.gov/pubmed/15736230
http://dx.doi.org/10.1016/0006-8993(80)90478-3
http://www.ncbi.nlm.nih.gov/pubmed/7353148
http://dx.doi.org/10.1016/j.brainres.2016.02.043
http://www.ncbi.nlm.nih.gov/pubmed/26944300
http://dx.doi.org/10.1152/jn.1994.71.3.1037
http://www.ncbi.nlm.nih.gov/pubmed/8201400
http://dx.doi.org/10.1152/jn.1994.71.3.1022
http://www.ncbi.nlm.nih.gov/pubmed/8201399
http://dx.doi.org/10.1152/physrev.00029.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044682
http://www.ncbi.nlm.nih.gov/pubmed/11567076
http://dx.doi.org/10.1523/JNEUROSCI.0133-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26041924
http://dx.doi.org/10.1371/journal.pone.0059828
http://www.ncbi.nlm.nih.gov/pubmed/23527274
http://dx.doi.org/10.1111/j.1460-9568.2010.07547.x
http://www.ncbi.nlm.nih.gov/pubmed/21198989
http://www.ncbi.nlm.nih.gov/pubmed/12486196
http://dx.doi.org/10.1016/j.neuron.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/17224408
http://dx.doi.org/10.1016/S0168-0102(97)00082-5
http://www.ncbi.nlm.nih.gov/pubmed/9359462
http://dx.doi.org/10.1126/science.289.5482.1206
http://www.ncbi.nlm.nih.gov/pubmed/10947990
http://dx.doi.org/10.1093/cercor/bhh197
http://www.ncbi.nlm.nih.gov/pubmed/15537674
http://dx.doi.org/10.1016/j.neuroimage.2011.11.065
http://www.ncbi.nlm.nih.gov/pubmed/22155324
http://www.ncbi.nlm.nih.gov/pubmed/6619923
http://dx.doi.org/10.1016/j.tins.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15102490
http://dx.doi.org/10.1002/cne.901360407
http://www.ncbi.nlm.nih.gov/pubmed/5801446
http://dx.doi.org/10.1371/journal.pone.0044286
http://www.ncbi.nlm.nih.gov/pubmed/23028514
http://dx.doi.org/10.1002/cne.902130408
http://www.ncbi.nlm.nih.gov/pubmed/6300200
http://dx.doi.org/10.1098/rstb.1992.0070
http://www.ncbi.nlm.nih.gov/pubmed/1354376
http://dx.doi.org/10.1002/cne.902250203
http://www.ncbi.nlm.nih.gov/pubmed/6327782
http://dx.doi.org/10.1002/cne.903050105
http://www.ncbi.nlm.nih.gov/pubmed/2033123
http://dx.doi.org/10.1113/jphysiol.2013.253062
http://www.ncbi.nlm.nih.gov/pubmed/23629508
http://dx.doi.org/10.1002/(SICI)1096-9861(19961104)375:1%3C128::AID-CNE8%3E3.0.CO;2-5
http://www.ncbi.nlm.nih.gov/pubmed/8913897
http://dx.doi.org/10.1121/1.1639909
http://www.ncbi.nlm.nih.gov/pubmed/15000194
http://dx.doi.org/10.1002/cne.902800406
http://www.ncbi.nlm.nih.gov/pubmed/2708566
http://dx.doi.org/10.1126/science.270.5234.303
http://www.ncbi.nlm.nih.gov/pubmed/7569981
http://dx.doi.org/10.1121/1.399729
http://www.ncbi.nlm.nih.gov/pubmed/2212305
http://dx.doi.org/10.1111/j.1460-9568.2005.04142.x
http://www.ncbi.nlm.nih.gov/pubmed/16026471
http://dx.doi.org/10.1111/j.1460-9568.2007.05983.x
http://www.ncbi.nlm.nih.gov/pubmed/18184319
http://dx.doi.org/10.1002/cne.902660305
http://www.ncbi.nlm.nih.gov/pubmed/3693616
http://dx.doi.org/10.1002/cne.902820410
http://www.ncbi.nlm.nih.gov/pubmed/2723154
http://dx.doi.org/10.1002/cne.903040305
http://www.ncbi.nlm.nih.gov/pubmed/2022755
http://dx.doi.org/10.1002/cne.903310208
http://www.ncbi.nlm.nih.gov/pubmed/8509501
http://dx.doi.org/10.3389/neuro.07.002.2009
http://www.ncbi.nlm.nih.gov/pubmed/19404410
http://dx.doi.org/10.1038/nrn2331
http://www.ncbi.nlm.nih.gov/pubmed/18354398
http://dx.doi.org/10.1162/jocn.1996.8.6.497
http://www.ncbi.nlm.nih.gov/pubmed/23961981
http://dx.doi.org/10.1016/0306-4522(82)90227-5
http://www.ncbi.nlm.nih.gov/pubmed/6186942
http://dx.doi.org/10.1006/exnr.1996.0195
http://www.ncbi.nlm.nih.gov/pubmed/8934557
http://dx.doi.org/10.1121/1.383531
http://www.ncbi.nlm.nih.gov/pubmed/500975
http://dx.doi.org/10.1016/j.heares.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21586317
http://dx.doi.org/10.1121/1.3377116
http://www.ncbi.nlm.nih.gov/pubmed/21117753
http://dx.doi.org/10.1016/0378-5955(90)90078-4
http://www.ncbi.nlm.nih.gov/pubmed/2329092
http://dx.doi.org/10.1152/jn.1995.73.1.141
http://www.ncbi.nlm.nih.gov/pubmed/7714560


Wright DD, Ryugo DK (1996) Mossy fiber projections from the cuneate
nucleus to the cochlear nucleus in the rat. J Comp Neurol 365:159 –172.
CrossRef Medline

Wu C, Stefanescu RA, Martel DT, Shore SE (2016) Tinnitus: maladaptive
auditory–somatosensory plasticity. Hear Res 334:20 –29. CrossRef
Medline

Wu SH, Oertel D (1984) Intracellular injection with horseradish peroxi-
dase of physiologically characterized stellate and bushy cells in slices
of mouse anteroventral cochlear nucleus. J Neurosci 4:1577–1588.
Medline

Young ED, Robert JM, Shofner WP (1988) Regularity and latency of units
in ventral cochlear nucleus: implications for unit classification and

generation of response properties. J Neurophysiol 60:1–29. CrossRef
Medline

Zeng C, Shroff H, Shore SE (2011) Cuneate and spinal trigeminal nucleus
projections to the cochlear nucleus are differentially associated with
vesicular glutamate transporter-2. Neuroscience 176:142–151. CrossRef
Medline

Zhou J, Shore S (2004) Projections from the trigeminal nuclear complex to
the cochlear nuclei: a retrograde and anterograde tracing study in the
guinea pig. J Neurosci Res 78:901–907. CrossRef Medline

Zhou J, Nannapaneni N, Shore S (2007) Vesicular glutamate transporters 1
and 2 are differentially associated with auditory nerve and spinal trigeminal
inputs to the cochlear nucleus. J Comp Neurol 500:777–787. CrossRef Medline

Heeringa et al. • Bushy Cell Auditory–Somatosensory Integration J. Neurosci., March 14, 2018 • 38(11):2832–2843 • 2843

http://dx.doi.org/10.1002/(SICI)1096-9861(19960129)365:1%3C159::AID-CNE12%3E3.0.CO;2-L
http://www.ncbi.nlm.nih.gov/pubmed/8821448
http://dx.doi.org/10.1016/j.heares.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26074307
http://www.ncbi.nlm.nih.gov/pubmed/6726347
http://dx.doi.org/10.1152/jn.1988.60.1.1
http://www.ncbi.nlm.nih.gov/pubmed/3404211
http://dx.doi.org/10.1016/j.neuroscience.2010.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21167260
http://dx.doi.org/10.1002/jnr.20343
http://www.ncbi.nlm.nih.gov/pubmed/15495211
http://dx.doi.org/10.1002/cne.21208
http://www.ncbi.nlm.nih.gov/pubmed/17154258

	Multisensory Integration Enhances Temporal Coding in Ventral Cochlear Nucleus Bushy Cells
	Introduction
	Materials and Methods
	Results
	Discussion
	References


