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ABSTRACT

A neural connection between the trigeminal ganglion and the auditory brainstem was
investigated by using retrograde and anterograde tract tracing methods: iontophoretic injec-
tions of biocytin or biotinylated dextran-amine (BDA) were made into the guinea pig trigem-
inal ganglion, and anterograde labeling was examined in the cochlear nucleus and superior
olivary complex. Terminal labeling after biocytin and BDA injections into the ganglion was
found to be most dense in the marginal cell area and secondarily in the magnocellular area
of the ventral cochlear nucleus (VCN). Anterograde and retrograde labeling was also seen in
the shell regions of the lateral superior olivary complex and in periolivary regions.
The labeling was seen in the neuropil, on neuronal somata, and in regions surrounding
blood vessels. Retrograde labeling was investigated using either wheatgerm agglutinin-
horseradish peroxidase (WGA-HRP), BDA, or a fluorescent tracer, iontophoretically injected
into the VCN. Cells filled by retrograde labeling were found in the ophthalmic and mandib-
ular divisions of the trigeminal ganglion. We have previously shown that these divisions
project to the cochlea and middle ear, respectively. This study provides the first evidence that
the trigeminal ganglion innervates the cochlear nucleus and superior olivary complex. This
projection from a predominantly somatosensory ganglion may be related to integration
mechanisms involving the auditory end organ and its central targets. J. Comp. Neurol. 419:
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somatosensory

It is well established that somatosensory stimuli evoke
responses in auditory neurons (Aitkin et al., 1978, 1981).
Such multisensory integration may play a role in localiz-
ing the body in space, once attributed only to higher cen-
ters such as the superior colliculus where auditory, so-
matosensory, and visual inputs converge (Drager and
Hubel, 1976; Chalupa and Rhoades, 1977). The trigeminal
system is one major component of this integration, con-
tributing a major source of somatosensory input to the
superior colliculus from the brainstem trigeminal complex
(Killackney and Erzurumlu, 1981). More recent neuroana-
tomical data indicate that somatosensory and auditory
information converge at more peripheral sites. First-order
relay somatosensory neurons, which subserve tactile and
kinesthetic sensations, send direct projections to the co-
chlear nucleus: for example, the dorsal column nuclei and
interpolar and caudal spinal trigeminal nuclei send fibers
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directly to the dorsal cochlear nucleus (DCN) and the
granule cell region of the ventral cochlear nucleus (Itoh et
al., 1987; Weinberg and Rustioni, 1987). A projection from
the cuneate nucleus gives rise to mossy fiber terminals in
the dorsal DCN and granule cell domains of the cochlear
nucleus (Wright and Ryugo, 1996). These projections may
be excitatory or inhibitory (Saade et al., 1989; Young et al.,
1995) as demonstrated by electrical stimulation and tac-
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tile manipulation of the pinna (Young et al., 1995). Be-
cause changes in pinna position provide important spec-
tral cues for sound localization (Rice et al., 1992),
somatosensory input to the cochlear nucleus regarding
pinna position may aid in sound localization performed by
DCN cells. Somatosensory innervation of the cochlear nu-
cleus or superior olivary complex may also be involved in
mechanisms related to neck movements, which play a role
in orientation to acoustic stimuli.

The present investigation demonstrates that second-
order auditory neurons in the cochlear nucleus are inner-
vated by both the ophthalmic and mandibular divisions of
the trigeminal ganglion, which also project to the cochlea
and middle ear, respectively (Vass et al., 1997, 1998b).
The ophthalmic division of the trigeminal ganglion also
innervates the extraocular muscles (Aigner et al., 1997),
raising the interesting possibility of interactions among
these three systems. A second major finding indicates that
a reciprocal connection exists between neurons in the shell
regions of the lateral superior olivary complex and the
trigeminal ganglion. Together with the trigeminal gan-
glion innervation of the small cell cap region of the an-
teroventral cochlear nucleus (AVCN), this projection may
form part of the olivocochlear feedback system.

MATERIALS AND METHODS

All experiments were carried out in accordance with the
NIH Guide For the Care and Use of Laboratory Animals.
Twelve pigmented guinea pigs (250-350 g; NIH Outbred
strain, Murphy Breeding Laboratory, Plainfield, IN) were
used in this study. The guinea pigs were anesthetized
with ketamine hydrochloride (Ketaset; 80 mg/kg) and xy-
lazine (Rompun; 4 mg/kg) and placed in a stereotaxic
frame (David Kopf, Tujunga, CA), then a longitudinal
incision was made in the scalp. Periodic drug supplements
were used to maintain anesthetic levels throughout the
procedure.

Abbreviations

AVCN anteroventral cochlear nucleus

AVII accessory facial nucleus

BDA biotinylated dextran amine

DAB 3,3'-diaminobenzidine tetrahydrochloride
DCN dorsal cochlear nucleus

LNTB lateral nucleus of the trapezoid body
LPO lateral periolivary region

LSO lateral superior olivary complex
Mand mandibular division

Max maxillary division

MSO medial superior olivary complex
MTB medial nucleus of the trapezoid body

M5 motor nucleus of the fifth cranial (trigeminal) nerve
OCA octopus cell area

Oph ophthalmic division

PN pontine nucleus

PR5 principal trigeminal nucleus
PVCN posteroventral cochlear nucleus
RN raphe nucleus

RPO rostral periolivary region

R7 root of the 7th cranial nerve
SCC small cell cap of the VCN

ST5 spinal trigeminal nucleus

TZ trapezoid body

VCN ventral cochlear nucleus
VNTB ventral nucleus of the trapezoid body
WGA-HRP  wheatgerm agglutinin-horseradish peroxidase
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Anterograde tracing

Injections using biocytin and BDA. Biocytin and bi-
otinylated dextran-amine (BDA) injections were made
into the trigeminal ganglion, and anterograde labeling
was examined in the cochlear nucleus, a light microscopic
evaluation in five animals and an electron microscopic
evaluation in two animals. The location of the trigeminal
ganglion was identified by using stereotaxic coordinates
(0.37 ecm caudal to bregma, 0.45 cm lateral from midline,
1.3 cm ventral to bregma), a small hole was drilled in the
skull without disturbing the meninges, and a glass mi-
cropipette (tip diameter 25-30 pm) was lowered 13 mm by
micromanipulator into the left trigeminal ganglion. Ionto-
phoretic injections of biocytin or BDA were delivered via a
glass microelectrode by using a constant current genera-
tor (Stoelting, 3 pA alternating for 20 minutes). Biocytin
(Sigma Chemical Co., St. Louis, MO; B-4261) was pre-
pared as a 5% solution in 0.05 M Tris buffer (pH 7.6). The
solution could be stored at 4°C for up to 7 days with no
noticeable loss of activity. Dental cement was used to seal
the opening, the overlying skin was sutured, and the an-
imals were allowed to recover.

Light microscopic assessment. Twenty-four hours
after the biocytin and 4-6 days after BDA injections,
animals were euthanized. Each guinea pig was anesthe-
tized with nembutal (15 mg/kg, i.p.) and ketamine (40
mg/kg, i.m.) and perfused through the left ventricle of the
heart with 200 ml of 0.1 M pH 7.4 phosphate buffer,
followed by 200 ml of 1% paraformaldehyde and 1.5%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2—-7.4. The
flow of the fixative to the trigeminal ganglia and brain-
stem by way of the common carotid arteries was maxi-
mized by occluding the brachial arteries and the descend-
ing aorta. Following perfusion-fixation, both the brain and
trigeminal ganglia were isolated and placed in fresh fixa-
tive (2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M phosphate buffer, pH 7.2-7.4) for 2—4 hours at 4°C.
The tissues were then incubated overnight at 4°C with
30% sucrose in 0.1 M phosphate buffer.

Each specimen was frozen with dry ice in 100% ethanol
and frozen transverse sections obtained serially at 30-pm
increments on a sliding microtome. For BDA and biocytin,
the sections were first incubated for 2 hours in Avidin-D-
horseradish peroxidase (HRP; Vector Laboratories, Inc.,
Burlingame, CA; #A-2004), in 0.1 M phosphate buffer with
1% Triton X-100 (Sigma 9002-93-1), pH 7.4, and then
reacted with 3,3'-diaminobenzidine tetrahydrochloride
(DAB). Slides were counterstained for 3.5 minutes in 1%
aqueous neutral red (J.T. Baker Inc., Phillipsburg, NJ, R
747-03; Mesulam, 1978), buffered at pH 4.8 with acetate
buffer. The slides were washed in distilled H,O, dehy-
drated in graded EtOH, cleared in xylene, coverslipped by
using Permount, and studied using a Leitz Dialux micro-
scope equipped with a drawing tube.

Slides were examined by using brightfield microscopy to
locate and map labeled neurons located in the trigeminal
ganglion injection site and anterograde labeling of neuron
puncta in the auditory brainstem. Photomicrographs and
camera lucida drawings were digitized and imported to
Adobe Photoshop for labeling and contrast adjustment.

Electron microscopic evaluation. Three guinea pigs
were processed for electron microscopy, two 24 hours after
biocytin and one 4—6 days after BDA injections were made
into ventral cochlear nucleus (VCN) as described above.
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Guinea pigs were deeply anesthetized with an intraperi-
toneal injection of sodium pentobarbital (75 mg/kg) and
perfused transcardially with 600—800 ml of 3% parafor-
maldehyde and 0.5% glutaraldehyde in 0.15 M sodium
cacodylate buffer (pH 7.35) at the rate of 50—70 ml/min.
The brainstem was removed and immersed in the same
fixative for 2—4 hours at 4°C, followed by an overnight
wash in cold phosphate-buffered saline (PBS), pH 7.2-7 4.
Transverse sections through the auditory brainstem were
obtained at a thickness of 60 pm with a Vibratome (Pelco
101, St. Louis, MO). For enzymatic reaction to reveal
biocytin and BDA label, the sections were first incubated
for 2 hours in Avidin-D-HRP (Vector Laboratories, Inc.
#A-2004), dissolved in 1% Triton X-100 (Sigma 9002-93-1)
in 0.1 M phosphate buffer, pH 7.4. The sections were then
incubated for 8 minutes in 0.075% DAB and 0.005% H,O,
(Sigma, H-1009). The reacted sections were postfixed at
room temperature for 1 hour in 0.2 % osmium tetroxide in
0.15 M cacodylate buffer, pH 7.35. Following osmication,
the sections were washed in three 5-minute changes of
cacodylate buffer, dehydrated in graded ethanols, and flat-
embedded in epoxy resin between sheets of ACLAR (Ted
Pella, Redding CA; Embed 812, EMSciences, Fort Wash-
ington, PA). After polymerization, subdivisions of the co-
chlear nucleus were dissected from the plastic sections
and glued to blank resin blocks with a cyanoacrylate ad-
hesive (Borden Wonderbond, Borden, Columbus, OH).
Ninety-five-nm sections were cut with an ultramicrotome
(Reichert Ultracut, Vienna, Austria), mounted onto pre-
cleaned nickel grids, counterstained with lead citrate and
uranyl acetate, and examined with a JEOL EM-1200 elec-
tron microscope.

Retrograde tracing using WGA-HRP
and BDA

Injections. For wheatgerm agglutinin-horseradish
peroxidase (WGA-HRP; n = 5), BDA (n = 2), and fluores-
cent tracer (n = 4) injections, the left cochlear nucleus was
approached from the posterior fossa and visualized by
aspirating a small part of the overlying cerebellum. A
glass micropipette filled with a solution of 2% WGA-HRP,
or 10 % BDA (MW 10,000, Molecular Probes, Eugene, OR)
in phosphate-buffered saline (pH 7.4), was placed under
visual control on the lateral surface of the DCN. After the
micropipette placement, the brain was covered with warm
mineral oil to prevent tissue desiccation and reduce brain
pulsation. Evoked potentials in response to click stimula-
tion were recorded as the electrode was advanced in a
rostral-ventral direction (Shore and Nuttall, 1985). At a
depth corresponding to the maximum-amplitude evoked
potential, positive current (3—5 pA, continuous for WGA-
HRP, fluorogold and fast blue, and pulsed 7 seconds on, 7
seconds off for BDA) was passed through the micropipette
for 2-5 minutes. After the micropipette was removed,
some neck muscle was applied to replace the volume of
aspirated brain, dental cement was used to seal the open-
ing, and the skin was sutured. The animal was allowed to
recover.

Retrograde labeling. After the injections, 24 hours
for WGA-HRP and 4-6 days for BDA were allowed for
adequate neuron labeling. In some animals in which one
fluorescent tracer was injected into the VCN, the skin
overlying the jaw was injected with a second fluorescent
tracer in order to label sensory cells in the trigeminal
ganglion for comparison with cells labeled by VCN injec-
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tions. Animals were then perfused and tissue processed as
described above for the light microscopic analysis of bio-
cytin anterograde transport for HRP, or by incubating
BDA-containing sections with avidin-conjugated fluores-
cent markers (Vector Labs, 1:50 in 0.1 M PBS, pH 8.2).

Neurons labeled by retrograde transport of WGA-HRP
or BDA in the trigeminal ganglion were mapped by using
a brightfield microscope equipped with a camera lucida
drawing tube. The labeled cells in each section were
counted manually. Cells with a distinctly labeled outline
and either a relatively clear central nuclear zone or an
almost homogeneous black labeling of the cytoplasm,
which are criteria indicating that the major part of the cell
was included in the section, were selected for mapping.
For labeled cells, soma shape, size, and location in the
ganglion were recorded. Soma size was measured by using
a calibrated eyepiece micrometer without correction for
tissue shrinkage which occurs during processing. Stu-
dent’s t-test was used to determine the significance level of
cell size differences in different divisions of the ganglion.
Fluorescent labeled cells were viewed by using a Nikon
epifluorescence microscope with the appropriate filters for
fluorogold, fast blue, rhodamine, and fluoroscine isothio-
cyanate (FITC) emission.

Controls for endogenous peroxidase activity. To control
for the presence of endogenous peroxidase activity in tri-
geminal afferent neurons, trigeminal ganglia from two
animals were fixed by vascular perfusion, sectioned seri-
ally at 30 wm, and processed according to the DAB tech-
nique without exposure to reagents containing exogenous
HRP. Sections were then examined under bright- and
darkfield illumination. No labeling was seen under these
conditions.

Controls for nonspecific labeling. To control for the
possibility that some of the visualized reaction product
may have resulted from the nonspecific deposition of in-
cubation medium components, several sections from each
experimental animal were treated with medium lacking
the chromogen DAB. To rule out the possibility that the
visualized reaction product resulted from the nonenzy-
matic hydrolysis of an incubation medium component,
several sections from each experiment were heated for
15-20 minutes at 90-100°C to inactivate the enzymes
prior to incubation in the complete medium. No labeling
was seen under these conditions.

RESULTS

Anterograde labeling following injections
into the trigeminal ganglion

The biocytin and BDA injection sites in the trigeminal
ganglion were characterized by a central core of labeled
neurons that appeared to be completely filled with agent.
Most cells around the injection site exhibited dense label-
ing. The reaction product was present in the form of small,
evenly distributed cytoplasmic granules. The nucleus was
clearly visible in most labeled neurons. Labeled axons
emerged from the central core of the injection site.

Cochlear nucleus. Following survival periods of 24
hours for biocytin and 4—6 days for BDA injections, light
microscopic examination revealed numerous labeled
puncta or synaptic terminals in the ipsilateral magnocel-
lular regions of VCN, and in the surrounding marginal cell
areas. The most dense concentration of puncta was in the
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Fig. 1. Terminals from thin axons of the trigeminal ganglion end
in the small cell cap (SCC) region of the anteroventral cochlear nu-
cleus (AVCN). A transverse section (inset) of the ventral cochlear
nucleus (VCN) is drawn, indicating the location of terminals by stip-
pling. Large arrow points to an expanded drawing of some of these

S.E. SHORE ET AL.

terminals at upper left. Small arrow points to photomicrograph at
lower right, showing an expanded view of some of the terminals. The
axons typically form boutons de passage. D, dorsal; M, medial. Large
scale bar = 5 pm; small scale bar = 10 pm.
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marginal cell area (or small cell cap) of the VCN in the
form of beads or varicosities (Fig. 1). Labeled axons in this
area were thin (around 1 pm), suggesting slow conduction
velocities, and typically formed boutons de passage (Fig.
1). Puncta were also located on the lateral edges of the
granule cell area.

In the magnocellular regions of anteroventral and pos-
teroventral cochlear nucleus (AVCN and PVCN), labeled
terminals tended to cluster towards the edges of the nu-
cleus both medially and laterally. Puncta were seen both
on cell bodies (Fig. 2A) and in the proximity of, or sur-
rounding blood vessels (Fig. 2B). Labeling in the vicinity of
blood vessels was also observed in the marginal cell area.
Occasional labeling in the vicinity of blood vessels was
also observed in the contralateral VCN.

EM examination of labeled terminals in the cochlear
nucleus

Marginal cell area of VCN. Densely labeled terminals
were observed synapsing on dendrites in the marginal cell
area of the VCN (Fig. 3A,B). The terminals were often
apposed to two or more dendrites (Fig. 3B). In some cases,
there was evidence for asymmetric junctional thickening
(Fig. 3A,B). Quantitative measurements of vesicles in one
labeled terminal yielded average areas of 1,396 nm?, with
an average roundness value of 0.92. On this basis, vesicles
were judged to be small, round, consistent with the clas-
sification of Cant and Morest (1979) and Cant (1993). No
correction factors were applied for the outer margins of the
vesicles being sometimes obscured by reaction product.

Magnocellular cell area of VCN. Two types of associa-
tions were observed in the magnocellular regions of VCN.
Many labeled terminals were seen in close association
with blood vessels. Less numerous labeled terminals were
observed making axodendritic contacts, often on spines, or
axosomatic contacts onto spherical bushy or globular
bushy cells.

Trigeminal nucleus. Biocytin and BDA injections into
the trigeminal ganglion resulted in dense anterograde
labeling in the ipsilateral principal trigeminal nucleus
and the sensory root of the trigeminal nerve. The diame-
ters of labeled axons and terminal arborizations in the
trigeminal nucleus were considerably larger (greater than
2 wm) than those labeled in the marginal cell area. Label-
ing in the trigeminal nucleus was not associated with
blood vessels.

Superior olivary complex. After BDA injections into
the trigeminal ganglion, terminal labeling was observed
in ipsilateral “shell” regions (Vetter and Mugnaini, 1992;
Warr et al., 1997) of the lateral superior olivary complex
(LSO; Fig. 4), the lateral nucleus of the trapezoid body
(LNTB), and the lateral periolivary area (LPO) rostral to
LSO (Fig. 5).

Fig. 2. A: Brightfield micrograph of biocytin-labeled puncta on a
cell in anteroventral cochlear nucleus (AVCN) 24 hours after an
injection was made into the left trigeminal ganglion. This cell was
located towards the medial border of AVCN. B: Brightfield micro-
graph of biocytin-labeled puncta surrounding the lumen of a blood
vessel in the magnocellular region of posteroventral cochlear nucleus
(PVCN). Scale bar = 10 wm for A; 20 pm for B.
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Fig. 3. Trigeminal ganglion fibers synapse on dendrites in the icles (arrowhead). B: A terminal apposed to two dendrites (D1 and
marginal cell area of anteroventral cochlear nucleus (AVCN). A: This  D2) is shown. Asymmetric junctional thickening (small arrow) is
electron micrograph shows asymmetric junctional thickening in a  evident. The terminals contained primarily small, round vesicles,
biotinylated dextran amine (BDA)-labeled terminal (arrowhead), ap- although occasional, larger vesicles were seen (large arrow). Scale
posed to a dendrite. The terminal contains mainly small, round ves- bars = 250 nm.
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Fig. 4. Camera lucida drawings showing the locations of labeled
cells in the “shell,” or surrounding regions of the lateral superior
olivary complex (LSO). Data from three sections are included. Some of
the labeled cells (inset, color micrograph) contain reaction product in

Retrograde labeling following injections
into the trigeminal ganglion

Cells exhibiting reaction product throughout the cyto-
plasm and dendrites were observed primarily in the ipsi-
lateral motor trigeminal nucleus, raphe nuclei, and pon-
tine nuclei of both sides. Fewer labeled cells were observed
in the ipsilateral cochlear nucleus, superior olivary com-
plex, and principal trigeminal nucleus (Figs. 4—6). La-
beled cells in the cochlear nucleus were usually located in
the ventral regions of AVCN and PVCN towards the cen-
ter, whereas those in the LSO were located on the mar-
gins, in the “shell” regions (Figs. 4 and 6).

Retrograde labeling following injections
into the cochlear nucleus

Histologic examination confirmed that WGA-HRP and
BDA injections were localized to the VCN. As we reported
previously (Shore et al., 1991, 1992; Shore and Moore,
1998), retrogradely labeled cells projecting to the VCN
were found throughout the brainstem. In this investiga-
tion, we focused on labeled cells in the trigeminal gan-
glion.

Retrogradely labeled cells in the trigeminal gan-
glion. Injections of WGA-HRP, BDA, or fluorescent
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LAT

their cytoplasm suggestive of retrograde uptake. Numbered cells are
enlarged drawings of indicated labeled cells. Large dots indicate ret-
rograde labeling; small dots indicate anterograde labeling; asterisks
indicate labeled puncta around blood vessels. Scale bar = 20 pm.

tracers into the VCN produced robust labeling of cells
primarily in the ipsilateral trigeminal ganglion, but
labeled cells were also observed on the contralateral
side. The heaviest labeling was seen in the medial por-
tion of the ganglion and at the origin of the ophthalmic
nerve. Labeled cells were observed mostly on the medial
side of the ophthalmic nerve. There were also numerous
labeled cells laterally, in the posterior portion of the
mandibular division of the ganglion. Fewer labeled cells
were seen in the mid-medial and posteromedial portions
of the trigeminal ganglia (Fig. 7A,B). Labeling after a
cochlear injection with WGA-HRP (Fig. 7C,D), is re-
stricted to the ophthalmic division.

The distribution of HRP-WGA- and BDA-labeled cells
according to their maximal diameter indicates that the
labeled cells in the ophthalmic division (Fig. 8A) were
larger than in the mandibular division (Fig. 8B, P <
.05). Labeled cells in the ophthalmic division had max-
imal diameters ranging from 10 to 45 pm, with a mean
of 20 pwm. In contrast, labeled cells in the mandibular
division had maximal diameters ranging from 10 to 28
pm, with a mean of 12 wm. Most cells were densely
labeled, with the reaction products appearing as small,
evenly distributed cytoplasmic granules that created a

MED
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Fig. 5. Camera lucida drawings showing the locations of labeled
cells in the lateral nucleus of the trapezoid body (LNTB) and RPO.
The drawings in the upper left inset represent enlarged drawings of

stippled appearance. The nucleus was clearly visible in
the majority of labeled neurons (Fig. 9). The labeled
cells tended to be of two types: those having oval or
elongated somata with two processes, or those with
polygonal somata and three processes. The use of fluo-
rescent tracers enabled us to inject one tracer into the
VCN and compare the labeled cells with those labeled
by an injection of second tracer into the skin of the
mandible (Figs. 10 and 11). The cells labeled by VCN
injections were usually smaller, with a smaller, less
prominent nucleus than those labeled by skin injec-
tions, and demonstrated uneven surfaces (Figs. 10 and
11, top panels). These surface irregularities may indi-
cate terminal labeling, suggestive of a reciprocal projec-
tion.

labeled cells in the lateral periolivary region (LPO). Large dots indi-
cate retrograde labeling; small dots indicate anterograde labeling.
MSO, medial superior olivary complex. Scale bar = 20 pm.

DISCUSSION

This study provides the first evidence that the trigemi-
nal ganglion sends a projection to auditory areas of the
medulla and pons, primarily the cochlear nucleus and
LSO. There is some indication that these projections may
be reciprocal.

Trigeminal ganglion projections to the
cochlear nucleus

As in other primary sensory systems, the cochlear nu-
clei are known to receive efferent information from higher
auditory centers. These pathways run parallel to the as-
cending pathways, presumably to enhance or attenuate
incoming sensory information from the auditory nerve.
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Medial

Fig. 6. Camera lucida reconstructions of transverse sections
through the brainstem of one guinea pig following a biotinylated
dextran amine (BDA) injection into the left trigeminal ganglion. An-
terograde labeling is shown by stippling; retrograde labeling is shown
by large dots; asterisks indicate anterograde labeling around blood
vessels. Examples of retrograde labeling (large dots) are seen primar-

Because many of the neurons projecting out of the VCN
receive descending information from their target neurons
(Covey et al., 1984; Spangler and Warr, 1991; Winter et
al., 1989; Spangler et al., 1987; Shore et al., 1991, 1992),
some consider these projections to have a feedback func-
tion. Whereas modulatory interactions of heterosensory
pathways have been described in higher nuclei of the
central nervous system (Aitkin et al., 1978), only in recent
years has it become apparent that input from nonauditory
sensory systems also impinges on first-order auditory neu-
rons. In the present study, injections of anterograde trac-
ers into the trigeminal ganglion produced the most dense
labeling in the marginal cell (including small cell cap)
region of the cochlear nucleus. The labeled axons in this
area were thin (around 1 pm), suggesting slow conduction
velocities. Their axodendritic terminals, containing small
spherical vesicles, are likely to be excitatory (Ostapoff and
Morest, 1991). Other excitatory inputs to this area include

Caudal

ily in pontine nucleus (PN), motor nucleus of the fifth cranial (trigem-
inal) nerve (M5), and raphe nucleus (RN). More sparse retrograde
labeling is seen in principal trigeminal nucleus (PR5), lateral superior
olivary complex (LSO), and anteroventral cochlear nucleus (AVCN).
For other abbreviations, see list.

the cuneate nucleus, dorsal column nuclei, interpolar and
caudal spinal trigeminal nuclei (Itoh et al., 1987; Wolff
and Kunzle, 1997), which form possible glutamatergic
synapses with granule cells (Wright and Ryugo, 1996).
Immunocytochemical studies of the cochlear nucleus also
reveal puncta that stain for substance P, a known sensory
neurotransmitter (Adams, 1993), whose locations coincide
terminations of projections from the somatosensory re-
gions described by Itoh et al. (1986), thus implicating
substance P as another possible neurotransmitter of those
projections. Substance P is involved in the cochlear pro-
jection from the trigeminal ganglion (Vass et al., 1997,
1998b) and thus may also be the neurotransmitter of the
trigeminal ganglion-cochlear nucleus projection.
Injections of retrograde tracer into one cochlear nucleus
produced labeling in both trigeminal ganglia, although the
contralateral side was sparsely labeled. Contralateral in-
nervation has also been reported for cerebral blood vessels
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Fig. 8. Distribution of wheatgerm agglutinin-horseradish peroxi-
dase (WGA-HRP) and biotinylated dextran amine (BDA)-labeled cells
in the trigeminal ganglion according to their maximal soma diame-
ters. These data represent a random sample taken from 5 ganglia.
A: Ophthalmic division; n = 222. B: Mandibular division; n = 148.

(Edvinsson et al., 1989) and cochlear blood supply (Vass et
al., 1997, 1998b). As shown for the projection from the
trigeminal ganglion to the cochlea by using WGA-HRP
(Vass et al., 1997), two types of cells, bipolar and multi-
polar, comprise the projection from the trigeminal gan-
glion to the cochlear nucleus. Both cell types are located in
the same region of the ganglion (ophthalmic) that projects
to the cochlea, as well as a restricted part of the mandib-
ular division. Cells of similar size and shape, with two or
three processes, have also been observed to innervate ce-
rebral blood vessels (Moskowitz, 1984).

The cells labeled by mandibular skin and cochlear nu-
cleus injections in this study indicate that the cells pro-
jecting to the cochlear nucleus are smaller than the sen-

Fig. 7. Schematic of horizontal sections through the trigeminal
ganglia of one representative animal after a 2% wheatgerm
agglutinin-horseradish peroxidase (WGA-HRP) injection was made
into the ventral cochlear nucleus (VCN). The injection site is shown at
upper left. A: Ipsilateral (Ipsi) trigeminal ganglion. B: Contralateral
(Contra) trigeminal ganglion. Each dot represents a single labeled
neuron, and data are taken from 3 consecutive sections. C: Schematic
horizontal section through the ipsilateral trigeminal ganglion, and
(D) the contralateral trigeminal ganglion after a 2% WGA-HRP injec-
tion was made into the cochlea (reproduced from Vass et al., 1997,
with permission). For abbreviations, see list.
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Fig. 9. Brightfield photomicrograph of wheatgerm agglutinin-
horseradish peroxidase (WGA-HRP)-labeled cell bodies in the oph-
thalmic division of the ipsilateral trigeminal ganglion after injection
into the cochlear nucleus. The cell bodies shown here are polygonal
with three processes (top), or elongated with two processes (middle
and bottom). Scale bar = 20 pm.

sory cells innervating the skin overlying the mandible.
The presence of terminal labeling on the surface of the
cochlear nucleus-projecting cells indicates the possibility
of this projection being reciprocal.

Trigeminal ganglion projections to the LSO

The trigeminal ganglion, in contrast to other somato-
sensory pathways, innervates both neurons and blood ves-
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Fig. 10. Photomicrographs of injection sites (insets) and individ-
ual trigeminal ganglion somata filled by retrograde labeling (main
body of micrograph) . The neurons were labeled 1 week after fluoro-
gold and fast-blue were injected into the cochlear nucleus and the skin
overlying the mandible, respectively. The fluorogold-labeled neuron

sels in the cochear nucleus, and “shell” regions of LSO
which are known to send projections to the cochlea (Vetter
and Mugnaini, 1992; Warr et al., 1997). The small cell cap
region of the cochlear nucleus, which is heavily innervated
by the trigeminal ganglion, is also innervated by type II
spiral ganglion cells. It is also innervated by collaterals of
the olivocochlear system which project to cochlear hair
cells and type I auditory nerve fibers (Brown and Benson,
1992; Brown, 1993; Benson et al., 1996; Ye et al., 1999). In
addition, the trigeminal ganglion innervates both the au-
ditory and vestibular portions of the labyrinth (Vass et al.,
1997, 1998). Because the trigeminal ganglion projects to
olivocochlear regions of the LSO as well as to the small cell
cap region, which forms a reciprocal connection with olivo-
cochlear neurons (Brown and Benson, 1992; Brown, 1993;
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Mandible

projecting to the cochlear nucleus (top) has an irregular surface,
perhaps indicating terminal endings, whereas the fast-blue-labeled
neuron (bottom) projecting to the mandible has a prominent, enlarged
nucleus. Scale bar = 25 pm.

Benson et al., 1996; Ye et al., 1999), we may speculate that
this projection could form part of the olivocochlear feed-
back system.

Function of somatosensory input to the
auditory brainstem

Physiological studies demonstrate that electrical stim-
ulation of the dorsal column and trigeminal nuclei usually
inhibits, but can also excite cells in the superficial and
deep layers of DCN and VCN (Saade et al., 1989; Young et
al., 1995). The inhibition to DCN neurons is produced
through excitation of cells in the granular regions, which
in turn modify (inhibit) the activity of principal cells in the
DCN (Young et al., 1995). Tactile manipulation of the
pinna likewise can inhibit DCN neurons, suggesting that
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Mandible

Fig. 11. An individual trigeminal ganglion neuron (red cell, top,
right) is filled by retrograde labeling 6 days after an injection of
fluororuby into the posteroventral cochlear nucleus (left column of
micrograph). The injection site (arrow) shows deposits of fluororuby in
lateral posteroventral cochlear nucleus (PVCN) with an adjacent oc-
topus cell to the right which was filled by spread of the injection. The
blue cell shown on bottom right is a cell filled by retrograde labeling

some of the cells stimulated electrically are those which
represent the pinna and back of the head (Young et al.,
1995). Thus, brainstem somatosensory input concerning
pinna position may provide sound localization information
to DCN cells.

Furthermore, the ophthalmic portion of the trigeminal
ganglion also innervates extraocular muscles (Aigner et
al., 1997). This raises another interesting possibility that
these connections might be involved in vestibulo-ocular
reflexes. Direct connections from the vestibular end or-
gans to the cochlear nucleus have indeed been demon-
strated (Kvetter and Perachio, 1989), as well as direct
primary projections from the trigeminal ganglion to the
lateral and superior vestibular nuclei (Pfaller and Arvids-
son, 1988). Pfaller and Arvidsson (1988), by using HRP-
WGA injections into the trigeminal and dorsal root gan-
glia of the rat, observed terminal labeling along the medial
edge of the VCN after injections into the C2 dorsal root
ganglion but not after injections into the trigeminal gan-
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6 days after the skin overlying the mandible was injected with fast
blue (injection site not shown). The fluororuby-labeled neuron project-
ing to the PVCN has an irregular surface, similar to that shown in
Fig. 10, perhaps indicating terminal endings, whereas the fast-blue-
labeled neuron, projecting to the mandible, has a prominent, enlarged
nucleus. Scale bar = 20 pm.

glion. It is possible that species, tracer, and survival-time
differences could account for the disparity in findings.
The present study demonstrates that the regions of the
trigeminal ganglion, which innervate the cochlear nu-
cleus, overlap the regions that innervate both the cochlea
and the middle ear: The ophthalmic division innervates
the cochlea, and the mandibular region innervates the
middle ear (Vass et al., 1997). The intriguing possibility
therefore exists of a role for the trigeminal ganglion in the
middle ear reflex. Support for this hypothesis is provided
by the finding that cutaneous stimulation of the perior-
bital and external ear regions can evoke the middle ear
reflex (Moller, 1975). The ascending limb of this reflex arc
may be trigeminal input from the external auditory me-
atus (Folan-Curran et al., 1994). The first central relay
station of the middle ear reflex is the VCN, which sends a
projection bilaterally to the motor neurons of the tensor
tympani and stapedius muscles located in the trigeminal
and facial nuclei, respectively (Itoh et al., 1986; Rouiller et
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al., 1989). Thus, the trigeminal ganglion, activated by
cutaneous stimulation in the region of the external ear,
may modulate the activity of neurons in the VCN, which
in turn project to motor neurons of the tensor tympani and
stapedius. Because we have shown that the trigeminal
ganglion projects to the middle ear, the cochlea and the
VCN (Vass et al., 1997, 1998, and present study), modu-
lation of the middle ear reflex could occur through direct
trigeminal ganglion projections to the VCN and middle
ear muscles. The projection may also be involved in cen-
tral or “somatic” tinnitus, which can be initiated or mod-
ified by somatic stimulation of the head and neck region
(Lockwood et al., 1998).

Finally, the observation, after biocytin injections into
the trigeminal ganglion, that many of the labeled puncta
in the VCN and LSO were located around the lumina of
blood vessels, suggests an involvement of this pathway in
the regulation of blood flow or metabolism in the cochlear
nucleus and superior olivary complex. Stimulation of the
trigeminal ganglion results in changes in cochlear and in
cerebral blood flow (Vass et al., 1995; Goadsby et al., 1997,
Lambert et al., 1997). Additionally, in peripheral and cen-
tral blood vessels, administration of capsaicin, which stim-
ulates release of substance P, produces sustained vasodi-
latation, increased vascular permeability (Jansco, 1992),
and an increase in cochlear blood flow (Vass et al., 1994).
In cerebral circulation, substance P-containing neurons
may be associated with headache pain or reactions to
trauma such as breakdown of the blood-brain barrier
(Duckles and Buck, 1982). In the cochlea, the trigeminal
ganglion may play a role in the pathophysiology of Me-
nieres disease (Vass et al., 1998b).

Trigeminal input to the cochlear nucleus and other au-
ditory brainstem neurons could have a great impact on the
metabolism and function of cochlear nucleus neurons if it
targets both the neurons and their vascular supply. Our
anatomical characterization of this projection will set the
stage for detailed functional studies of this potentially
important projection. Our findings provide a unique op-
portunity to study the relationship between cochlear and
cochlear nucleus innervation because tracer injections
into the trigeminal ganglion also produce labeling in the
cochlear vasculature (Vass et al., 1997). Because changes
in peripheral hearing structures that occur with deafness
may affect the structure of central auditory neurons, then
pathological changes in innervation from peripheral so-
matosensory structures could also profoundly affect audi-
tory functions requiring multisensory input, such as the
localization of the body in space.
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