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Abstract

A necessary requirement for multisensory integration is the convergence of pathways from different senses. The dorsal cochlear
nucleus (DCN) receives auditory input directly via the VIIIth nerve and somatosensory input indirectly from the Vth nerve via granule
cells. Multisensory integration may occur in DCN cells that receive both trigeminal and auditory nerve input, such as the fusiform cell.
We investigated trigeminal system influences on guinea pig DCN cells by stimulating the trigeminal ganglion while recording
spontaneous and sound-driven activity from DCN neurons. A bipolar stimulating electrode was placed into the trigeminal ganglion of
anesthetized guinea pigs using stereotaxic co-ordinates. Electrical stimuli were applied as bipolar pulses (100 ls per phase) with
amplitudes ranging from 10 to 100 lA. Responses from DCN units were obtained using a 16-channel, four-shank electrode. Current
pulses were presented alone or preceding 100- or 200-ms broadband noise (BBN) bursts. Thirty percent of DCN units showed either
excitatory, inhibitory or excitatory–inhibitory responses to trigeminal ganglion stimulation. When paired with BBN stimulation,
trigeminal stimulation suppressed or facilitated the firing rate in response to BBN in 78% of units, reflecting multisensory integration.
Pulses preceding the acoustic stimuli by as much as 95 ms were able to alter responses to BBN. Bimodal suppression may play a
role in attenuating body-generated sounds, such as vocalization or respiration, whereas bimodal enhancement may serve to direct
attention in low signal-to-noise environments.

Introduction

Multisensory integration is essential for achieving complex behaviors,
yet relatively little research has focused on this intriguing capacity of
neurons in the central nervous system. Multisensory integration has
been defined as the non-linear integration of information from more
than one modality that either enhances or depresses unit responses
obtained in response to stimulation of one modality alone (Stein &
Meredith, 1990; Populin & Yin, 2002; Brett-Green et al., 2003).
Multisensory neurons have been identified in higher centres such as
auditory cortex and superior colliculus (Stein & Meredith, 1990;
Populin & Yin, 2002; Dehner et al., 2004) but few studies have
described multisensory integration in lower auditory centres. Further-
more, most of the multisensory integration studied is that between
visual and auditory or visual and somatosensory systems in central
areas of the brain.
A requirement for multisensory integration is the convergence of

pathways from more than one sense. The dorsal cochlear nucleus
(DCN), in addition to receiving afferent connections from the VIIIth
nerve, is innervated by higher auditory centres (Adams & Warr, 1976;
Covey et al., 1984; Spangler et al., 1987; Winter et al., 1989; Shore
et al., 1991; Spangler & Warr, 1991; Weedman & Ryugo, 1996; Shore
& Moore, 1998; Schofield & Cant, 1999) and also somatosensory
neurons. The somatosensory projections originate in the trigeminal
ganglion, interpolar and caudal spinal trigeminal nuclei and cuneate

nuclei (Weinberg & Rustioni, 1987; Wright & Ryugo, 1996; Shore
et al., 2003; Zhou & Shore, 2004) and give rise to terminals that end in
both the deep DCN and granule or marginal cell regions of the ventral
cochlear nucleus (VCN) (Wright & Ryugo, 1996; Shore et al., 2000;
Zhou & Shore, 2004). Stimulation of the dorsal column nuclei and
manual manipulation of the pinna produce a complex pattern of
inhibition and excitation of DCN neurons, which has been linked to
processes contributing to sound localization in the cat (Young et al.,
1995; Davis et al., 1996). DCN neurons can also be affected in a
similar manner by stimulation of somatosensory nuclei innervating
the vibrissae (Young et al., 1995) and peripheral nerves innervating
the neck and forelimb (Kanold & Young, 2001). Stimulation of the
trigeminal ganglion, which innervates large regions of the face
including vocal structures, primarily produces excitation of VCN
neurons (Shore et al., 2003). A large percentage of the projections
from the trigeminal ganglion, interpolar and caudal spinal trigeminal
nuclei terminate on granule cells in the VCN and DCN (Shore et al.,
2000; Zhou & Shore, 2004), which ultimately affect the primary
output neurons of the DCN (Young et al., 1995; Young, 1998). Thus,
the anatomical substrates for multisensory integration in the DCN are
in place and physiological studies indicate that the activity of DCN
neurons can be influenced by both auditory and somatosensory
stimulation. The question remains, however, as to whether DCN
neurons combine the information from the two senses in a non-linear
manner consistent with multisensory integration (Brett-Green et al.,
2003). This study investigated the effects of both trigeminal ganglion
and combined trigeminal–acoustic stimulation on responses of DCN
neurons.
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Materials and methods

Experiments were performed on 20 healthy, female, adult pigmented
guinea pigs (NIH outbred strain) with normal Preyer’s reflexes,
weighing 250–400 g. All procedures were performed in accordance
with the NIH guidelines for the care and use of laboratory animals
(NIH publication no. 80-23), guidelines provided by the University of
Michigan (UCUCA) and Policies on the Use of Animals and Humans
in Neuroscience Research approved by the Society for Neuroscience.

Surgical preparation

Guinea pigs were pre-medicated with a sympathetic blocking agent
(Guanethedin, 30 mg ⁄ kg; Sigma Chemical Co., St Louis, MO, USA)
to reduce sympathetic vasoconstriction (Salar et al., 1992). The
animals were anesthetized with ketamine (120 mg ⁄ kg) and Xylazine
(16 mg ⁄ kg) and held in a stereotaxic device (Kopf) with hollow ear
bars allowing for the delivery of sounds. In cases where trigeminal
stimulation produced contractions of the jaw muscles, the animals
were paralysed with Gallamine triethiodide (3 mg ⁄ h i.p.) and
artificially respirated (n ¼ 5). Anaesthesia was given at strict time
intervals to insure deep level. Rectal temperature was monitored and
maintained at 38 ± 0.5 �C with a thermostatically controlled heating
pad. The bone overlying the cerebellum and posterior occipital cortex
was removed to allow visual placement of a recording electrode on the
DCN, after aspirating a small amount of cerebellum to visualize its
surface. The stimulating electrode was lowered into the ipsilateral
trigeminal ganglion using stereotaxic coordinates (0.37 cm caudal to
bregma, 0.45 cm lateral from the midline and 1.35 cm ventral to
bregma; Vass et al., 1998). Attempts were made to place the
stimulating electrode in the ophthalmic division of the trigeminal
ganglion previously found to project to the cochlear nucleus (CN)
(Shore et al., 2000). The stimulating electrode site was subsequently
confirmed histologically (see below).

Recordings

All unit recordings were made in a sound-attenuating double-walled
booth. Four-shank, 16-channel electrodes, fabricated by the University
of Michigan Electrical Engineering and Computer Science Depart-
ment, were used for recording unit responses, enabling us to record
from many units simultaneously. The geometry of the recording sites
is shown in Fig. 1A. The leftmost shank in the figure was positioned
rostrally with the tips of the shanks inserted in a dorsal-to-ventral
direction ending 0.5, 1.0 or 1.5 mm below the surface of the DCN. As
the geometry and dimensions of the electrodes were known, we were
able to determine the exact depth below the DCN surface for any
recording site. The 16-channel multielectrode array was connected to a
16-channel amplifier via a signal input board which provided
programmable gain, filtering (bandwidth 300–10 kHz) and analog-
to-digital conversion. Analog-to-digital conversion was performed by
simultaneously sampling 12-bit converters at 40 kHz per channel.
Signals were then routed to multiple digital signal processor boards for
computer-controlled spike waveform capture and sorting. The pro-
cessor was controlled by a Pentium III 600 MHz, with 768 MB RAM
running under Windows NT, using a dual monitor display. The
multichannel neuronal acquisition processor is designed to facilitate
both waveform recording and spike sorting. Initially, the spike sorter
was set to eliminate background noise. Unit waveforms were
highlighted manually for capture. This included the waveforms
generated by the artifact. Units were sorted using software (Plexon
Corp.) both on- and offline depending on the experiment. It was often

possible to sort waveforms from more than one unit per channel, thus
increasing our yield of individually isolated units. In some cases it was
not possible to sort spikes belonging to a single unit. In these cases,
multi unit data are presented.

Offline sorting and artifact removal

Units on each channel were further sorted using principal component
analysis offline (offline sorter; Plexon Corp.; cluster analysis). The
artifact waveform was easily eliminated as a clearly separate cluster. In
many cases, units were also separated into single units.

Electrical stimuli

Electrical pulses (100 ls ⁄ phase), at intervals of 660 ms, were
presented either at the onset of the time window or with a delay of
25 ms. A concentric, bipolar stimulating electrode was used to reduce
current spread. Current amplitudes ranged from 10 to 100 lA.
Spontaneous and activated firing were collected over a 200-ms
window for 100 or 200 presentations.

Acoustic stimuli

Acoustic stimuli were delivered to the ears via Beyer dynamic
earphones coupled to the hollow ear bars of a Kopf small animal
stereotaxic device using TDT system II hardware for D ⁄A conversion
and analog attenuation. Digital signals were generated and delivered to
the TDT hardware by a Pentium PC using the TDT software package
SigPlay32. Stimuli were generated using a sample rate of 100 kHz at
16-bit resolution. The stimulus variable sequences in pseudo-random
order were generated from within MATLAB. The frequency response
of the stimulus system was assessed by measuring phase and
magnitude response to known stimuli in a closed loop with a known
reference microphone. Equalization to correct for the system response
was performed on the digital waveforms in the frequency domain.
Gain for noise stimuli was adjusted such that tone and noise signals
had equivalent energy. The calibrated response was flat from 100 Hz
to 24 kHz.

Unit typing

Units were isolated using principal component analysis before
classification. To identify unit types, acoustic stimuli consisted of
50-ms tone bursts, with 1.5-ms rise–fall times, at unit best frequency
(BF), as well as 50-ms broadband noise (BBN) bursts (5 ⁄ s). The shape
of the stimulus gate was cosine. Units were classified on the basis of
their post-stimulus time histogram (PSTH) shapes generated in
response to the BF tone bursts at 20 dB sensation level and rate-
level functions for BF tone bursts and noise bursts (Godfrey et al.,
1975a,b; Rhode & Smith, 1986; Stabler et al., 1996; Young, 1998).
Response areas, inter-spike interval histograms and regularity analyses
assisted in the classification. Responses to BBN were considered to be
normal if the distribution of thresholds across the array ranged from
approximately 10 to 30 dB SPL. This threshold range has been
previously established to correspond to normal compound action
potential (CAP) thresholds of 30, 20 and 10 dB SPL at 2, 6 and 18 kHz
tonebursts, respectively (Le Prell et al., 2003; Shore et al., 2003).

Multisensory integration

For assessing integration of acoustic and trigeminal information,
trigeminal stimuli were electrical stimuli to the trigeminal ganglion, as
described above, and acoustic stimuli were 100-ms BBN bursts.
Trigeminal stimuli preceded the noise bursts by specified gaps (dt) in
order to determine the degree and time-course of multisensory
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integration. To test for bimodal enhancement or suppression, the
formula developed by Populin & Yin (2002) was adapted as follows:

BE ¼ ½ðBi� T � AÞ=ðT þ AÞ� � 100

where BE is percentage value of bimodal enhancement, Bi is bimodal
response, T is trigeminal response and A is auditory response
expressed as number of spikes computed over a 100-ms window
beginning at the onset of auditory stimulation.
Bimodal suppression was calculated as follows:

BS ¼ ½ðBi� UnimaxÞ=Unimax� � 100

where Bi is bimodal response and Unimax is the larger of the unimodal
responses. Bimodal suppression occurs when BS < 0.
In many cases, the responses to bimodal stimulation resulted in an

alteration of the temporal nature of the response. This feature is being
explored in a separate study (S.E. Shore and P. Manis, unpublished
results). Noise stimulation was used in this study because the majority
of units recorded on 16 channels responded to the noise regardless of
their BFs. Thus, it was possible to assess the responses of a large
number of neurons to both the trigeminal and sound stimulation.
The data analysis was performed using a custom toolbox in

MATLAB both during and after the experiments. This system generated

PSTHs, rate-level functions and thresholds. A response threshold
was taken to be the (linearly interpolated) sound level at which
difference in the mean spike rate between the driven response and the
spontaneous activity satisfied a Student’s t-test for statistical signifi-
cance at a level of P < 0.01. This algorithm gave reliable thresholds that
agreed closely with visual inspection of PSTHs and rate-level functions.

Histology

To mark electrode tracks, the recording and stimulating electrodes
were dipped in 1,1-dioctadecyl-3,3,3¢,3¢- tetramethyllindocarbocya-
nine perchlorate (10%; Molecular Probes) or fluorgold (2%) before
being inserted into the brain. At the end of each experiment, the
animal was perfused transcardially with 4% paraformaldehyde. The
brain and left trigeminal ganglion were removed from the skull and
immersed in 20% sucrose solution (Shore et al., 1992; Shore &
Moore, 1998). The following day, the brain and trigeminal ganglion
were cryosectioned at 40–60 lm, placed on slides and examined
under epifluorescence for evidence of recording and stimulating
electrode locations. The locations of the electrode within the ganglion
varied from 440 to 1080 lm in depth from the surface and were most
often located in the ophthalmic division (16 of 20) although
occasionally located in the other two divisions (four of 20).

A

Fig. 1. (A) Geometry of the four-shank silicon 16-channel probe used in this study. The leads from each electrode are connected to a PC board (not shown). The
recording sites are distributed across the array with four recording sites per shank separated by 50 (in the present example) or 100 lm. The four shanks are separated
by 250 lm. The probe tips were placed on the surface of the dorsal cochlear nucleus (DCN) and advanced in a dorsal–ventral direction until the tips were located 0.5,
1.0 or 1.5 mm below the surface of the DCN. Thus, the location of each recording site could be determined in relationship to the circuitry within the DCN.
(B) Photomicrograph of cells labelled by a fluorogold-dipped electrode in the dorsal layers of the DCN. Layers 1, 2 and 3 are indicated. Layer 1 shows labelled
small round cells, probably stellate, and larger round cells, probably cartwheel cells, at the junction of layers 1 and 2. Labeled fusiform cells (arrow) are easily
identified in layer 2. The vertical white lines indicate the extent of labelled cells spanning a distance of approximately 1 mm. Scale bar, 0.5 mm. (C) Post-
stimulus time histograms of responses to trigeminal ganglion stimulation (80 lA, 200 ls ⁄ phase, start time 0.025 s). Each channel is designated by the heading
‘sig001a…sig016a’ according to the geometry shown in A. Thus, the bottom row of the histogram corresponds to unit responses taken at 410 lm below the surface
of the DCN, while the top row of histograms was obtained from units located 260 lm below the surface. Arrows indicate channels showing inhibitory responses to
trigeminal stimulation (channels 7, 9, 10, 12 and 13). Responses are unsorted, i.e. obtained from single and multi unit responses. All channels show artifact from the
electrical stimulation at around 26 ms. Bin width, 0.5 ms; 100 presentations.
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Results
Results are based on responses from 445 units in 20 guinea pigs.
Responses were sorted using principal component analysis (offline
sorter; Plexon Corp.) to isolate single units. Of the sorted responses
248 units were single units (56%, see Table 1). Population or mean

data are presented as multi plus single unit. Multisensory integra-
tion data are shown only for isolated single units in six of the 20
animals. For these single units, responses to BF tone bursts and
noise stimuli determined their unit type (see Materials and
methods).

Fig. 1. Continued
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Figure 1A shows the geometric configuration of the four-shank
recording electrode. The electrode was inserted into the DCN
(Fig. 1B) so that the tips were located 0.5, 1.0 or 1.5 mm ventral to
its surface, enabling calculation of the exact dorsal–ventral location of
each recording site. The recording sites were separated by 50 or
100 lm and each shank was separated by 250 lm. Figure 1C shows
PSTHs of multi unit responses recorded from the 16 channels in one
animal after trigeminal ganglion stimulation (90 lA, 200 ls ⁄ phase,
100 presentations). The channels are delineated as ‘sig001…sig016’,
indicating the location of each channel according to the geometry
shown in Fig. 1A. In this example, trigeminal stimulation produced
inhibitory responses on channels 7, 9, 10, 12 and 13 (indicated by
arrows). The other channels showed no response to trigeminal
stimulation and thus represent the spontaneous rates of these units.

Trigeminal ganglion stimulation elicits inhibitory, excitatory
and excitatory–inhibitory responses in dorsal cochlear
nucleus units

Approximately 30% of DCN units tested responded to trigeminal
ganglion stimulation in the absence of sound stimulation (Table 1).
Responses could be exclusively inhibitory (In), with responses often
lasting up to 70 ms (Fig. 2A). This type of inhibition occurred without
preceding excitation. Responses could also be exclusively excitatory
(E; Fig. 2B) or excitatory followed by an inhibitory phase (E ⁄ In;
Fig. 2C). Table 1 shows the number of units responding to trigeminal
ganglion stimulation in the absence of sound. Of 32% of units
responding to trigeminal stimulation (single plus multi units) 8%
showed In responses, 13% showed E responses and 11% showed E ⁄ In
responses. The distribution of response type remained the same,

whether the responses were from single or multi units. The inhibition
in E ⁄ In units could also be fairly long in duration (approximately
50 ms), as shown in Fig. 2C.
Units that responded to trigeminal ganglion stimulation showed a

wide range (20–100 lA) in the distribution of stimulation thresholds
(Fig. 3). The mean thresholds for In, E and E ⁄ In units were similar
(Fig. 3B). Thresholds depended on the location of the stimulating
electrode, with lowest thresholds occurring when the electrode was in
the ophthalmic division of the trigeminal ganglion (data not shown).
Units exhibiting inhibition alone (In units) tended to be located

within the first 0.5 mm from the DCN surface. In contrast, units
exhibiting excitation or excitation and inhibition (E and E ⁄ in) tended
to be located throughout the DCN (Fig. 3A). The response latencies to
electrical stimulation ranged from 5 to 30 ms (Fig. 4A) and were
significantly longer, by approximately 3 ms, for In units than for E and
E ⁄ In units (Fig. 4B) as indicated by a Student’s t-test of statistical
significance (P < 0.001).

Dorsal cochlear nucleus neurons integrate acoustic
and somatosensory stimuli

Responses to bimodal stimulation were collected from six of the 20
animals used in this study. To avoid ambiguity in the results, only
sorted, single units were assessed for multisensory integration.
Figures 5 and 6 outline the procedures used for unit sorting and
typing. Figure 6 shows a typical response for a ‘buildup’ unit as
represented by a PSTH to BF tones and rate level functions for BF
tones and noise.
Multisensory integration is defined in this study as ‘bimodal

enhancement’ if the bimodal responses exceeded the sum of the

Table 1. Numbers of units recorded in 20 animals and their responses to trigeminal stimulation in the absence of sound

Experiment date*
(d ⁄m ⁄ y)

Single units Multi-unit recordings Combined single and multi-units

Total In E E ⁄ In Total In E E ⁄ In Total In E E ⁄ In

5 ⁄ 9 ⁄ 2002 5 1 – 1 12 3 – 1 17 4 0 2
27 ⁄ 2 ⁄ 2003 10 3 – – 15 1 – – 25 4 – –
13 ⁄ 3 ⁄ 2003a – – – – 16 – 3 6 16 0 3 6
13 ⁄ 3 ⁄ 2003b 6 – 1 3 14 – 7 2 20 0 8 5
20 ⁄ 3 ⁄ 2003 21 – – 2 15 – 1 1 36 0 1 3
27 ⁄ 3 ⁄ 2003 18 1 – 1 10 – – 1 28 1 0 2
1 ⁄ 5 ⁄ 2003 25 1 1 – 10 – 1 2 35 1 2 2
17 ⁄ 7 ⁄ 2003 4 1 – – 14 4 – – 18 5 0 0
24 ⁄ 7 ⁄ 2003 10 1 1 2 10 1 2 1 20 2 3 3
18 ⁄ 9 ⁄ 2003 19 2 1 – 1 – – – 20 2 1 –
30 ⁄ 9 ⁄ 2003 17 1 1 2 3 – – 1 20 1 1 3
3 ⁄ 12 ⁄ 2003 – – – – 16 6 1 – 16 6 1 0
7 ⁄ 1 ⁄ 2004 18 5 – – 1 – – – 19 5 0 0
15 ⁄ 1 ⁄ 2004 13 – – – 3 – 1 – 16 0 1 0
21 ⁄ 1 ⁄ 2004 21 – – 3 1 – – – 22 – – 3
28 ⁄ 1 ⁄ 2004 4 – – 1 10 – 2 1 14 0 2 2
18 ⁄ 3 ⁄ 2004 4 – – – 16 – 8 3 20 0 8 3
25 ⁄ 3 ⁄ 2004 4 – 2 – 6 – 1 – 10 0 3 0
28 ⁄ 4 ⁄ 2004 8 1 1 6 8 – – 3 16 1 1 9
27 ⁄ 5 ⁄ 2004 3 – – – 15 2 1 4 18 2 1 4
28 ⁄ 10 ⁄ 2004a 17 2 8 – 1 – 1 – 18 2 9 0
28 ⁄ 10 ⁄ 2004b 21 1 12 2 – – – – 21 1 12 2

Totals (n) 248 20 28 23 197 17 29 26 445 37 57 49

Responsive (%) 29 8.1 11.3 9.3 33.8 5.9 14.7 13.2 32.1 8.3 12.8 11

The bottom line indicates that 29% of all single units showed a response to trigeminal stimulation in the absence of sound. This increased to 34% for multi units and
was 32% when single and multi units were counted together. the number of single and multi units, showing excitatory (E), excitatory followed by an inhibitory phase
(E ⁄ In) or inhibitory (In) responses to. The percentages of units showing In, E or E ⁄ In responses were similar for single and multi-unit recordings. *First and second
penetrations are indicated by a and b, respectively.
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individual unimodal responses and ‘bimodal suppression’ when the
bimodal response was less than the larger of the unimodal responses
(after Populin & Yin, 2002). The bimodal enhancement and
suppression data are summarized in Table 2. Of 115 single units
tested with bimodal stimulation, in which the trigeminal stimulus
preceded the acoustic stimulus, 90 (78%) showed multisensory
integration when measured during the first half of the acoustic
stimulus. The percentage decreased to 72% when integration was
measured during the second half of the response to the BBN stimulus.
The number of units showing integration was greatest when dt was
20 ms (88%) and decreased for dt of 95 ms (65%). Individual
examples of bimodal suppression and enhancement are shown below.

Trigeminal ganglion stimulation can suppress dorsal cochlear nucleus
responses to sound (bimodal suppression)

When preceded by acoustic stimulation, trigeminal stimulation could
dramatically suppress the firing rate evoked by the sound alone
(bimodal suppression). Sixty percent (69 of 115) of the single units
tested showed bimodal suppression during the first half of the BBN
response and 44% (51 of 115) during the second half (Table 2).
Figure 7 shows PSTHs from one unit to BBN stimulation (Fig. 7A) and
combined trigeminal–BBN stimulation (Fig. 7B). A strong suppression
of the firing rate to the noise burst occurs when it is preceded by
trigeminal stimulation (Fig. 7B). This suppression is quantified

Fig. 2. Trigeminal ganglion stimulation elicits inhibitory (In), excitatory (E) and excitatory–inhibitory (E ⁄ In) responses of dorsal cochlear nucleus units. (A) Post-
stimulus time histogram (PSTH) for In type response. Arrow indicates stimulus onset. Inhibition occurs with a latency around 20 ms and lasts for approximately
70 ms. (B) PSTH for E type response, which occurs with a latency of approximately 15 ms and lasts for around 25 ms, returning to the pre-stimulation spike rate.
(C) PSTH for E ⁄ In type response. Excitation with a shorter latency than B is followed by inhibition that recovers after approximately 20 ms. Current level, 80 lA;
bin width, 1 ms; 200 presentations. Responses are from sorted single units.
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(see Materials and methods for formulas) as a negative percentage
shown in Fig. 7B. Suppression measured during the first half
(100–150 ms) of the acoustic stimulus was similar to that measured
in the second half (150–200 ms) in this unit indicating a constant
suppression over the duration of the noise burst. However, suppression
could also be delayed, as shown in Fig. 8. The firing rate elicited by the
noise burst alone (Fig. 8A) is suppressed more significantly during the
second half of the noise burst (150–200 ms; Fig. 8B).

Trigeminal ganglion stimulation can enhance dorsal cochlear nucleus
responses to sound (bimodal enhancement)

In other cases, the addition of a trigeminal stimulus could enhance the
firing rate to a sound. Eighteen percent (21of 115) of single units
showed bimodal enhancement during the first half of the BBN
response and 28% (32 of 115) during the second half (see Table 2).
Figure 9 shows an example of bimodal enhancement in one unit. The
firing rate evoked by the acoustic stimulus (Fig. 9A) is enhanced by
199% during the first half and by 91% during the second half of the
noise stimulus (Fig. 9B). In another unit (Fig. 10), the enhancement
occurs only during the second half of the noise stimulus (Fig. 10B).
There is, in fact, some suppression of activity during the first half of
the stimulus when it is preceded by trigeminal stimulation (Fig. 10B).
This has the effect of producing a response with a temporal pattern that
is the inverse of the response evoked by the noise stimulus alone.

Trigeminal input induces long-duration suppression ⁄ enhancement
of acoustic responses

The multisensory integration demonstrated above was also apparent
when there was a temporal offset larger than 5 ms between the
trigeminal and the acoustic stimulus. The effects of trigeminal
stimulation could last up to 95 ms (see Table 2). In Fig. 11, the
response evoked to a low-level BBN stimulus was greatly reduced by
preceding the noise stimulus with a trigeminal stimulus by 60 ms,
indicating a long-lasting bimodal suppression. The firing rate was
further suppressed as the dt decreased to 20 ms.

What type of dorsal cochlear nucleus unit shows multisensory
integration?

Figure 12A shows multisensory integration in single units as a
function of their location in the DCN. Integration is expressed as
a negative percentage if bimodal suppression occurred or a posit-
ive percentage if bimodal enhancement occurred. Symbols designate
the dt and time segment across which integration was measured. Units
located within 0.5 mm of the DCN surface showed greater bimodal
enhancement and suppression than units located deeper than 0.5 mm.
Figure 12B shows the same units as in Fig. 12A typed according to
their responses to BF tone bursts and noise.
The majority of single units integrating trigeminal and acoustic

information showed buildup or pauser-buildup responses to BF tone
burst stimulation (Fig. 12B), although other unit types, such as onset
and primary-like units, also demonstrated multisensory integration.
Buildup and pauser-buildup units were especially predominant in the

Fig. 3. Dorsal cochlear nucleus neurons show varied thresholds to trigeminal
ganglion stimulation. (A) Scatter plot shows inhibitory (In), excitatory (E) and
excitatory–inhibitory (E ⁄ In) response thresholds from 81 units to electrical
stimulation at 80 lA. Thirty-one percent of units responding to trigeminal
ganglion stimulation showed inhibition (In), 41% showed excitation alone (E)
and 28% showed excitation followed by inhibition (E ⁄ In). (B) Mean thresh-
olds of In, E and E ⁄ In responses indicate similar thresholds for each type of
response. Single and multi units combined.

Fig. 4. Dorsal cochlear nucleus neurons have a wide range of response
latencies to trigeminal ganglion stimulation. (A) Scatter plot shows response
latencies from 96 units to electrical stimulation at 80 lA. (B) Mean latencies
of responses to trigeminal stimulation at 80 lA. Latencies for inhibitory (In)
responses are significantly longer (P < 0.001) than excitation alone (E) and
excitation followed by inhibition (E ⁄ In) responses. Single and multi units
combined.
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Fig. 5. Principal component analysis is used to separate multi unit responses. Waveforms (A) and principal component clusters (B) demonstrate three waveforms
(a–c). Waveforms a and b are single units and waveform c is stimulus artifact. Post-stimulus time histogram (PSTH) representing the composite (multi-unit) response
on channel 11 to trigeminal stimulation is shown in C. Responses to each component (single unit) are shown in PSTHs in D. Lower histogram shows stimulus artifact
(sig011c); middle and top histograms show responses from the two, individual single units separated by the offline sorter (sig011a and b). Trigeminal stimulation is at
80 lA (indicated by arrow), 200 presentations. Bin width, 0.5 ms.

Table 2. Number of single units in six animals demonstrating bimodal suppression or enhancement (multisensory integration) when trigeminal stimulation
preceded broadband noise (BBN) presentation

Experiment date*
(d ⁄m ⁄ y) dt (ms) Number of units

Latency of 100–150 ms Latency of 150–200 ms

Suppression Enhancement Suppression Enhancement

7 ⁄ 1 ⁄ 2004 5 17 16 0 6 2
15 ⁄ 1 ⁄ 2004 5 13 9 1 3 4
21 ⁄ 1 ⁄ 2004 5 16 3 13 3 12
28 ⁄ 10 ⁄ 04a 5 17 6 0 8 2
28 ⁄ 10 ⁄ 04b 5 18 11 1 7 5
18 ⁄ 9 ⁄ 2003 20 17 14 2 14 2
30 ⁄ 9 ⁄ 2003 20 17 10 4 10 5

Totals (n) – 115 69 21 51 32

Responsive (%) – 60 18 44 28

18 ⁄ 9 ⁄ 2003 95 17 6 6 5 10
30 ⁄ 9 ⁄ 2003 95 17 9 1 6 2

Calculations are made for two time periods (100–150 and 150–200 ms) during the response to the BBN stimulus. Three dt values (5, 20 and 95 ms) are shown. As
the 20- and 95-ms dt conditions were tested in the same units, the 95-ms dt condition is excluded from the total. Up to 78% of units showed multisensory integration,
depending on the time period measured. During the first half of the BBN, 60% showed suppression and 18% enhancement. During the second half of the BBN 44%
showed suppression and 28% enhancement. *First and second penetrations are indicated by a and b, respectively.
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top 0.4 mm of the DCN, consistent with the location of fusiform (also
called pyramidal) cells in layer 2 of the DCN (Hackney et al., 1990).

Discussion

Excitatory, inhibitory and complex responses to trigeminal
ganglion stimulation

Approximately 30% of DCN units tested responded to trigeminal
ganglion stimulation in the absence of acoustic stimulation. Single and
multi unit data showed the same trends. Thresholds of responses were
lowest when the stimulating electrode was located in the ophthalmic
and a portion of the mandibular divisions of the trigeminal ganglion,
shown previously to send projections to the CN (Shore et al., 2000).
Responses in the absence of sound were most often excitatory (E;

39%) but could also be excitatory followed by an inhibitory phase
(E ⁄ In; 32%) or just inhibitory (In; 28%). The In responses tended to
be recorded from locations less than 500 lm from the surface of DCN,
whereas the E and E ⁄ In responses were obtained from units located in
both superficial regions and deep DCN. The locations of units with In
responses are consistent with the locations of fusiform cells in layer 2
of the guinea pig DCN, whereas the locations of E and E ⁄ In units are
consistent with those units being both fusiform and giant cells
(Hackney et al., 1990). Additional support for this conclusion is
provided by the observation that the unit types most likely to respond
to trigeminal stimulation in this study were the pauser-buildup or
buildup unit type. Both of these unit types have been associated with
fusiform cells in layer 2 as well as giant cells in the deeper layers of

DCN (Rhode et al., 1983; Joris, 1998; Babalian et al., 2003). Some of
these units were also classified as type IV on the basis of their rate-
level responses to BF tones and noise (Young, 1998).
Previous studies have demonstrated that electrical stimulation of

second-order somatosensory nuclei, the dorsal column and trigeminal
nuclei, produced inhibition, excitation preceding inhibition and
excitation in cells in the superficial and deep layers of DCN (Saade
et al., 1989; Young et al., 1995; Kanold & Young, 2001), consistent
with the findings presented here. However, in the present study, there
was a higher prevalence of E ⁄ In and E responses compared with In
responses than in the previous studies and a lower percentage of units
that responded to the somatosensory stimulation in the absence of
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Fig. 6. Unit typing is determined by obtaining single unit (as determined in
Fig. 5) responses to 50-ms best frequency (BF) tonebursts and 50-ms
broadband noise (BBN) bursts. (A) Post-stimulus time histogram (PSTH) from
one unit (BF, )0.6 kHz; 20 dB sensation level; bin width, 0.5 ms). Bar below
graph indicates onset and duration of toneburst. (B) Rate level functions for the
same unit to the BF toneburst and 50-ms BBN burst. The unit shown here was
determined to be a buildup unit based on its PSTH shape and type IV rate level
function.

Fig. 7. Trigeminal ganglion stimulation can suppress responses to sound in
single units. (A) Unimodal stimulation. Post-stimulus time histogram (PSTH)
of responses of an isolated single unit to a broadband noise (BBN) stimulus
(40 dB SPL, 100 ms). This unit was classified as a buildup unit. (B) Bimo-
dal stimulation. PSTH of responses of the same single unit to the BBN noise
stimulus preceded by electrical stimulation of the trigeminal ganglion (onset
5 ms preceding BBN, 80 lA, 100 ls ⁄ phase). Arrow indicates onset of
electrical stimulation at 95 ms; solid bar indicates 100 ms duration of BBN,
200 presentations. Bin width, 0.5 ms. Multisensory integration to the bimodal
stimulus is calculated for times 100–150 or 150–200 ms. Suppression of more
than 50% occurs for both measures in this unit indicating maximal trigeminal
suppression of activity to the BBN at the beginning of the response and
continuing throughout its duration. (C) PSTH of the same unit’s responses to a
50-ms, best frequency toneburst, indicating a buildup response pattern. Bin
width, 1 ms; 100 repetitions. Tone onset, 0 ms. dt, time between trigeminal
stimuli and noise burst; ch, channel.
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sound stimulation. One explanation for this discrepancy could be that
more units were recorded from the deeper layers of DCN in the
present study, as more of the excitatory responses were recorded from
deeper layers in the present study and in previous studies (Young
et al., 1995). Additionally, the present study exclusively stimulated
trigeminal pathways to the CN, whereas the previous studies
stimulated a region containing cells in the dorsal column nuclei as
well as trigeminal nuclei. An additional consideration is that the
number of trials used in this study was lower than that used in the
previous studies, yielding a conservative estimate of the number of
responsive neurons in the present study.

Response latencies for all response types ranged from 5 to 30 ms,
with a mean latency around 11 ms, consistent with activation via
multiple synapses. The mean latencies, however, were significantly
shorter for E and E ⁄ In responses than for In responses, by at least
2 ms. These latency differences support the conclusions of previous
authors that the excitatory responses to somatosensory stimulation
probably reflect the activation of fusiform cells directly through
granule cells, whereas inhibitory responses are attributed to modula-
tion via an inhibitory interneuron, the cartwheel cell (Manis et al.,
1994; Young et al., 1995; Davis & Young, 1997). Thus, excitatory

Fig. 8. Trigeminal ganglion stimulation can suppress responses to sound in
single units. (A) Unimodal stimulation. Post-stimulus time histogram (PSTH)
of responses of an isolated single unit to a broadband noise (BBN) stimulus
(50 dB SPL, 100 ms). (B) Bimodal stimulation. PSTH of responses of the
same single unit to the BBN noise stimulus preceded by electrical stimulation
of the trigeminal ganglion (onset 5 ms preceding BBN; 80 lA; 100 ls ⁄ phase).
Arrow indicates onset of electrical stimulation at 95 ms; solid bar indicates
100 ms duration of BBN; 200 presentations. Bin width, 0.5 ms. Multisensory
integration to the bimodal stimulus is calculated for times 100–150 or 150–
200 ms. Suppression of more than 50% occurs during the period 150–200 ms
but not during the period 100–150 ms in this unit, indicating a delayed
maximal suppression. (C) PSTH of the same unit’s responses to a 50-ms, best
frequency toneburst, indicating a buildup response pattern. Bin width, 1 ms;
100 repetitions. Tone onset, 0 ms. dt, time between trigeminal stimuli and noise
burst.

Fig. 9. Trigeminal ganglion stimulation can enhance responses to sound in
single units. (A) Unimodal stimulation. Post-stimulus time histogram (PSTH)
of responses of an isolated single unit to a broadband noise (BBN) stimulus
(50 dB SPL, 100 ms). (B) Bimodal stimulation. PSTH of responses of the
same single unit to the BBN noise stimulus preceded by electrical stimulation
of the trigeminal ganglion (onset 5 ms preceding BBN; 80 lA; 100 ls ⁄ phase).
Arrow indicates onset of electrical stimulation at 95 ms; solid bar indicates
100-ms duration of BBN; 200 presentations. Bin width, 0.5 ms. Multisensory
integration to the bimodal stimulus is calculated for times 100–150 or 150–
200 ms. Enhancement of almost 200% occurs during the period 150–200 ms
and enhancement of almost 100% occurs during the period 100–150 ms in this
unit, indicating a more rapid effect than demonstrated for the suppression in
Fig. 7. The enhancement lasts for the duration of the stimulus. (C) PSTH of the
same unit’s responses to a 50-ms, best frequency toneburst, indicating a buildup
response pattern. Bin width, 1 ms; 100 repetitions. Tone onset, 0 ms. dt, time
between trigeminal stimuli and noise burst.
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responses would be expected to have shorter latencies than inhibitory
responses. The granule cells themselves are activated by inputs from
the trigeminal ganglion or spinal trigeminal nucleus, some of which
have mossy fiber type endings (Shore et al., 2000; Zhou & Shore,
2004; Haenggeli et al., 2005) and are thus expected to have slower
activation than direct synapses, consistent with the latencies demon-
strated in the present study of greater than 5 ms. The shortest
activation would be expected to occur through inputs arising in the
trigeminal ganglion, shown to terminate in small cell cap and marginal
cell regions of the VCN that contain granule cells (Shore & Moore,
1998; Shore et al., 2000). The parallel fiber output of these granule
cells, in turn, sends an excitatory projection to both fusiform and
cartwheel cells in the DCN (Mugnaini et al., 1980a,b). Responses with

longer latencies could be attributed to activation via additional
interneurons, either in the trigeminal nucleus (Itoh et al., 1987; Zhou
& Shore, 2004) or via higher auditory pathways that receive trigeminal
input (Shore et al., 1991; Li & Mizuno, 1997).
In addition to the granule cell–fusiform cell connection, an

additional circuit may exist, in which cells in the deep DCN are
activated through synaptic terminals from the spinal trigeminal
nucleus in the deep DCN (Zhou & Shore, 2004) and serve as
inhibitory interneurons to fusiform cells. Zhou & Shore (2004) have
indeed demonstrated terminal endings in layer 3 of the DCN, in the
vicinity of vertical (also called tuberculoventral) cells after injections
of anterograde tracers into the spinal trigeminal nucleus of the guinea
pig. Vertical cells, normally excited by VIIIth nerve input, strongly
inhibit fusiform cells and may therefore be an alternative explanation
for the inhibition observed in response to trigeminal stimulation. Of
course, terminals in this region could also directly activate giant cells
that reside in layers 3 and 4 of the DCN and provide an alternate route
for the excitation observed in buildup units.

Fig. 10. Trigeminal ganglion stimulation can alter the temporal pattern of
single units responses to sound. (A) Unimodal stimulation. Post-stimulus time
histogram (PSTH) of responses of an isolated single unit to a broadband noise
(BBN) stimulus (50 dB SPL, 100 ms). This unit was determined to be a
buildup unit. (B) Bimodal stimulation. PSTHs of responses of the same single
unit to the BBN noise stimulus preceded by electrical stimulation of the
trigeminal ganglion (onset 5 ms preceding BBN; 80 lA; 100 ls ⁄ phase).
Arrow indicates onset of electrical stimulation at 95 ms; solid bar indicates
100 ms duration of BBN; 200 presentations. Bin width, 0.5 ms. Multisensory
integration to the bimodal stimulus is calculated for times 100–150 or 150–
200 ms. Some suppression occurs during the period 150–200 ms and
enhancement of almost 70% occurs during the period 100–150 ms in this
unit, with the ultimate effect producing a reversal of the temporal pattern
evoked by the BBN after trigeminal stimulation. (C) PSTH of the same unit’s
responses to a 50-ms, best frequency toneburst, indicating a pause-chop
response pattern. Bin width, 1 ms; 100 repetitions. Tone onset, 0 ms. dt, time
between trigeminal stimuli and noise burst.

Fig. 11. Trigeminal stimulation differentially suppresses responses to broad-
band noise (BBN) depending on the temporal gap [dt (dt)] between the two
bimodal stimuli. Post-stimulus time histograms of responses from one single
unit to combined trigeminal and acoustic stimulation (80 lA + 30 dB
SPLBBN) are shown. (A) BBN alone; (B) trigeminal stimulation precedes
BBN by 60 ms; (C) trigeminal stimulation precedes BBN by 20 ms.
Suppression is greatest at small dt values. Arrow shows onset of trigeminal
stimulation; bar below PSTH shows onset and duration of BBN. Bin width,
1.0 ms. This low best frequency (BF) unit showed a typical phase-locked
response throughout the duration of BF toneburst stimulation (not shown). dt,
time between trigeminal stimuli and noise burst.
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Dorsal cochlear nucleus neurons integrate acoustic
and somatosensory stimuli

Trigeminal ganglion stimulation usually suppresses but can also
enhance dorsal cochlear nucleus responses to sound

Multisensory integration occurred in 78% of neurons tested with
bimodal stimulation. When paired with sound stimulation (BBN),

trigeminal stimulation suppressed the responses elicited to BBN
stimulation in 60% and enhanced the responses in 28% of units tested
with bimodal stimulation. This was true whether the response to
trigeminal stimulation was excitatory or inhibitory when presented in
isolation. In many cases, even when little or no response was evident
to trigeminal stimulation alone (with 100 presentations), nonetheless
responses to BBN could be altered, as shown in the greater percentage

Fig. 12. (A) Summary of integration in single units as a function of their location in the dorsal cochlear nucleus (DCN). Symbols designate the dt and time segment
across which integration was measured. Units located within 0.5 mm of the DCN surface showed greater integration than units located deeper than 0.5 mm.
Broadband noise ranged from 25 to 60 dB SPL, trigeminal stimulation was at 80 lA. (B) Unit types as a function of their location in the DCN are indicated by
specific symbols. The predominant types of units integrating trigeminal and acoustic information were buildup and pauser-buildup.
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of units affected by bimodal than trigeminal stimulation (see above
discussion of unimodal trigeminal responses in the absence of sound).
The combined responses to acoustic and trigeminal stimulation
exceeded that predicted by linear summation of the responses to
unimodal stimulation (enhancement) or were less than the larger of the
unimodal responses (suppression) thus fulfillling the criteria for
multisensory integration (Stein & Meredith, 1990; Populin & Yin,
2002).
The suppressive form of multisensory integration in DCN neurons,

whereby stimulation of trigeminal neurons more often suppressed the
responses elicited by sound, is unusual. Inputs from one modality have
generally been shown to enhance the activity induced by another
modality (Brett-Green et al., 2003, 2004). However, a recent report
demonstrated multimodal somatosensory–auditory suppression of
firing in neurons of the ectosylvian cortex that were not affected by
stimulation of either modality alone (Dehner et al., 2004). Neurons in
the superior colliculus of the awake, behaving cat were also found to
display primarily bimodal depression, in contrast to previous studies
indicating primarily enhancement in anesthetized preparations
(Populin & Yin, 2002). In the DCN, multisensory integration may
be facilitated by the adjustability of synapses between parallel fibers
and their targets, the fusiform, giant and cartwheel cells (Fujino &
Oertel, 2003; Tzounopoulos et al., 2004). In those studies, post-
synaptic depolarization (analogous to our sound stimulation) preceded
by stimulation of parallel fibers (analogous to trigeminal stimulation)
produced long-term depression or potentiation in fusiform or giant
cells (analogous to our depression and sometimes facilitation of
responses to sound). This could explain why multisensory integra-
tion can be both suppressive and facilitative in the DCN. The
suppressive ⁄ facilitative effects in our study could last up to 90 ms
when the stimuli were separated by gaps but could last the duration of
the acoustic stimulus (up to 200 ms) when bimodal stimuli were
presented simultaneously.
Figure 13 shows the proposed circuitry for multisensory integration

in the DCN. Trigeminal ganglion stimulation activates granule cells
that excite the principal output neurons of the DCN, fusiform or giant
cells, as well as inhibitory interneurons, the cartwheel cells (Golding
& Oertel, 1997). Cartwheel cells, in turn, inhibit principal cells (Davis
et al., 1996). BBN (via auditory nerve fibres) strongly activates
principal cells (Stabler et al., 1996; Young, 1998) and weakly activates

some cartwheel cells (Parham & Kim, 1995). Multisensory integration
that suppresses responses of principal cells to BBN could be achieved
by summation of weak cartwheel responses to BBN and stronger
cartwheel cell activation by trigeminal input, leading to inhibition of
the principal cell response to BBN. Similarly, facilitation of BBN
responses could occur through summation of granule cell–fusi-
form ⁄ giant cell activation by BBN and trigeminal input. The long-
lasting effect of this suppression or facilitation could be related to
membrane properties of fusiform cells that have been demonstrated to
depend on prior activity or ‘history’ (Manis, 1990). Indeed, membrane
depolarization has been shown to increase the duration of an
excitatory post-synaptic potential (Hirsch & Oertel, 1988). An
alternative mechanism of suppressive integration could be through
activation of onset units in the VCN by trigeminal stimulation (Shore
et al., 2003), some of which may be D-multipolar cells (On-chopper
cells) which can inhibit vertical and fusiform cells (Spirou et al., 1999;
Arnott et al., 2004).
Based on findings that stimulation of pinna regions in cats produced

stronger responses in DCN than stimulation of other areas of the face,
Young and colleagues have convincingly suggested that dorsal column
nuclear input to the DCN may be involved with sound localization
which, in the cat, is aided by the mobility of the pinna (Young et al.,
1995; Davis et al., 1996; Kanold & Young, 2001). However, the
guinea pig and other rodents do not move their pinnas to aid in sound
localization and nor do many other mammals.
Our study provides evidence that the DCN may not only be

involved in localization but may also act as an adaptive filter to
reduce body-generated sounds. The present study is the first to
combine activation of trigeminal inputs to the CN with sound
stimulation. This would simulate a natural condition in which the
CN would receive simultaneous auditory and somatosensory inputs,
as in chewing, respiration and self-vocalization. This study revealed
that trigeminal stimulation strongly suppressed sound-evoked activity
and even reversed the temporal firing pattern evoked by a noise
stimulus after the addition of a trigeminal stimulus (Fig. 10). These
findings are consistent with the behavior of other cerebellar-like
systems, with granule cell–parallel fiber circuits, canceling out
unwanted stimulation produced by the animal’s own movements. For
example, in the electrosensory lateral line of weakly electric fish,
electric fields generated by the animal’s own respiration are cancelled

Fig. 13. Schematic of dorsal cochlear nucleus
(DCN) circuitry putatively involved in multisen-
sory integration (after Young, 1998). Trigeminal
ganglion (TG) stimulation activates granule cells
(gr) that excite cartwheel (Ca) and fusiform (Fu) or
giant (Gi) cells. Ca cells inhibit Fu cells. Broad-
band noise (BBN) excites Fu cells and weakly
activates Ca cells. Inhibition of responses to BBN
is achieved by summation of weak Ca responses to
BBN and stronger and long-lasting Ca activation
by trigeminal input, leading to inhibition of Fu
cells. Facilitation of BBN responses can occur
through long-term potentiation of gr activation of
Fu cells. Additionally, TG stimulation may excite
onset units in ventral cochlear nucleus (VCN)
[D-multipolar cells which can inhibit vertical (V)
and Fu cells] (see text for details). Abbreviations:
a.n.f., auditory nerve fiber; D-M, D-Multipolar
cell; IC, inferior colliculus; p.f., parallel fiber;
St, stellate cell.
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out in principal cells by motor and proprioceptive information
carried via the parallel pathways that are analogous to those seen in
the mammalian DCN (Montgomery & Bodznick, 1994; Bell et al.,
1997). Thus, we propose that an additional function of the parallel
fiber inputs to the DCN, arising in the trigeminal system, is to
suppress internally generated sounds produced by chewing, respir-
ation and self-vocalization. These combined acoustic–somatosensory
activations would occur every time an animal performed these
movements.

The multisensory integration demonstrated in the present study, in
which trigeminal input enhances the responses of DCN units to noise
(see Fig. 9), may be important in improving signal-to-noise ratios
when attention is directed to a particular location (Young et al., 1995;
Kanold & Young, 2001). Thus, the DCN could act as an ‘adaptive
filter’ to suppress self-generated sounds but enhance perception of
behaviorally relevant sounds, such as the vocalizations of other
animals, generated externally and not combined with internal
somatosensory stimulation.

The anatomical substrates for this hypothesis include evidence that
several trigeminal sensory brainstem subdivisions receive propriocep-
tive inputs from vocal structures. For example, primary afferent
neurons innervating the tongue muscles project to the caudal principal
nucleus, Sp5I and Sp5C, in cat (Nazruddin et al., 1989) which, in turn,
projects to the CN (Zhou & Shore, 2004). In addition, the
temporomandibular joint and non-encapsulated tongue muscle fibers
are innervated by cells in the mandibular region of the trigeminal
ganglion (Romfh et al., 1979; Capra, 1987; Suemune et al., 1992).
Additional support is provided in reports of the suppression of
responses in neurons of the external nucleus of the inferior colliculus
in response to self-generated vocalizations but excitation in response
to externally generated vocalizations (Tammer et al., 2004). As the
DCN projects to the inferior colliculus (Ryugo et al., 1981; Willard &
Martin, 1983; Coleman & Clerici, 1987; also J. Zhou and S. Shore,
unpublished results), these responses could be, at least in part,
a reflection of the integration occurring in the DCN.

Clinical implications

Pathological changes in innervation from peripheral somatosensory
structures could also influence auditory functions requiring multisen-
sory input, such as the localization of the body in space, suppression
of body-generated sounds or feedback from vocal tract structures to
auditory nuclei. Trigeminal input to the DCN could have a significant
impact on the response characteristics of higher order neurons that
receive its output. Reduction in auditory input to the CN occurring
with deafness necessarily affects the balance of inputs from auditory
and somatosensory structures, probably affecting multisensory integ-
ration and imparting greater strength to the somatosensory inputs. The
multisensory integration demonstrated in this study could be involved
in plastic changes in the brain which may lead to perceptions of
phantom sounds (‘tinnitus’) in the absence of physical sound. The
majority of patients are able to modify their tinnitus by manipulations
of somatic regions of the head and neck (‘somatic tinnitus’), such as
jaw clenching (Levine, 1999b; Levine et al., 2003; Abel & Levine,
2004). Other patients experience the perception of tinnitus after
receiving somatic insults such as neck injuries or tooth abscess
(Lockwood et al., 1998; Pinchoff et al., 1998; Levine, 1999a). These
phantom perceptions could be a result of disrupted or altered
somatosensory input to the CN. Learning more about the anatomy
and physiology of these interactions could lead to future interventions
to provide relief to patients with somatic tinnitus.
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