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Abstract

Somatic tinnitus is clinically observed modulation of the pitch and loudness of tinnitus by somatic
stimulation. This phenomenon and the association of tinnitus with somatic neural disorders indicate
that neural connections between the somatosensory and auditory systems may play a role in tinnitus.
Anatomical and physiological evidence supports these observations. The trigeminal and dorsal root
ganglia relay afferent somatosensory information from the periphery to secondary sensory neurons
in the brainstem, specifically, the spinal trigeminal nucleus and dorsal column nuclei, respectively.
Each of these structures has been shown to send excitatory projections to the cochlear nucleus. Mossy
fibers from the spinal trigeminal and dorsal column nuclei terminate in the granule cell domain while
en passant boutons from the ganglia terminate in the granule cell domain and core region of the
cochlear nucleus. Sources of these somatosensory—auditory projections are associated with
proprioceptive and cutaneous, but not nociceptive, sensation. Single unit and evoked potential
recordings in the dorsal cochlear nucleus indicate that these pathways are physiologically active.
Stimulation of the dorsal column and the cervical dorsal root ganglia elicits short- and long-latency
inhibition separated by a transient excitatory peak in DCN single units. Similarly, activation of the
trigeminal ganglion elicits excitation in some DCN units and inhibition in others. Bimodal integration
inthe DCN is demonstrated by comparing responses to somatosensory and auditory stimulation alone
with responses to paired somatosensory and auditory stimulation. The modulation of firing rate and
synchrony in DCN neurons by somatatosensory input is physiological correlate of somatic tinnitus.
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Introduction: somatic tinnitus

There has long been evidence that connections exist between higher-order neurons subserving
different senses (e.g., some neurons serve both the auditory and entorhinal cortices). But only
in recent years has it become apparent that these connections exist even in first and second
order neurons of the brainstem — and, further, that the connections are functional even in
normal animals. How might these connections manifest clinically?
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Approximately two-thirds of individuals with tinnitus can modulate the loudness or pitch of
their tinnitus by voluntary or external manipulations of the jaw, movements of the eyes, or
pressure applied to head and neck regions, including the temporomandibular joint (Rubinstein
et al., 1990; Pinchoff et al., 1998). In some cases, the necessary manipulations reported were
forceful (e.g., Abel and Levine, 2004), while in others less vigorous manipulations could
produce the changes in perceived loudness and or pitch of the tinnitus (Pinchoff et al., 1998).
In addition, there is an increased prevalence of somatoform disorders in individuals with
tinnitus (Hiller et al., 1997), as well as reports of tinnitus occurring after dental pulpalgia that
resolved after endodontic therapy (Wright and Gullickson, 1996). Tinnitus is also associated
with upper craniocervical imbalances such as prolapsed intervertebral disks or instability of
the craniocervical junction, which can be resolved following stabilization surgery (Montazem,
2000). Similarly, tinnitus occurs more frequently in patients who have craniocervical
mandibular disorders such as temporomandibular joint syndrome (Chole and Parker, 1992;
Morgan, 1992; Gelb et al., 1997).

These factors have something in common: they all involve stimulation of the somatosensory
system, usually associated with the jaw, temporomandibular joint, extra-ocular muscles, and
the neck. While most reported changes in tinnitus involve somatosensory regions of the head
and neck, changes in tinnitus can even occur with stimulation of the median nerve or upper
limbs (Mgller et al., 1992; Cacace et al., 1999), all leading to the term “somatic tinnitus.”

These observations imply that there are neural connections between somatosensory centers
and auditory centers, at least in individuals with somatic tinnitus. Do these connections also
exist in the normal system? How would they function to modulate an existing tinnitus? Could
they play a role in generating tinnitus?

This chapter will describe the functional anatomy of these sensory interactions and will
demonstrate physiological properties that could account for somatic tinnitus, i.e., the
modulation of an existing tinnitus. Some attention will be given to the idea that the
generation of tinnitus may be influenced by a functional reorganization of auditory—
somatosensory interactions after diminished afferent inputs to either auditory or somatosensory
centers, e.g., following noise-induced hearing loss or tooth abscess.

Anatomical substrates of somatic tinnitus

Overview of the somatosensory system

Perception of touch, temperature and pain are all associated with the somatosensory system as
is proprioception. They involve neural processes that result in a conscious awareness of a
physical stimulus that begin at the periphery of the somatosensory system. Here, specialized
sensory receptors transform mechanical stimuli into electrical discharges in the nerve fibers
innervating the sensory organ to convey somatic sensory information from various parts of
body. Somatic sensation from the trunk, limbs, and neck are mediated by afferent fibers the
cell bodies of which are located in the dorsal root ganglia (DRG). Sensation from the head,
neck, and face is conveyed by the trigeminal nerve, the cell bodies of which are located in the
trigeminal ganglion (TG). The encoded somatic information is then conveyed into the brain
via distinct pathways.

Central processes of the DRG ascend in the brain primarily via two pathways: the spinothalamic
pathway of the anterolateral system and the dorsal column-medial lemniscal system. Each
pathway conveys different sensory modalities. The anterolateral system mediates pain,
temperature, and some deep touch, in which nociceptive neurons are mainly located in the
superficial layer (lamina I) and the substantia gelatinosa (lamina Il) of the dorsal horn. The
dorsal column-medial lemniscal system primarily mediates proprioception and discriminative

Prog Brain Res. Author manuscript; available in PMC 2008 October 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shore et al.

Page 3

sensation, and consists of two nuclei: nucleus cuneatus, which serves the upper trunk and limbs,
and nucleus gracilis, which serves the lower trunk and limbs.

Central processes of the TG terminate in the brainstem trigeminal sensory complex, which
comprises three groups of nuclei that mediate different sensory modalities: The principle
nucleus receives information about discriminative sensation and light touch; the mesencephalic
nucleus receives proprioceptive information from the jaw; and the spinal trigeminal nucleus
(Sp5) receives information about pain and temperature as well as gentle pressure and vibrissa
deflection (Hayashi et al., 1984; Jacquin et al., 1989). Sp5 also receives proprioceptive inputs
from vocal tract/intra oral structures such as the temporomandibular joint and tongue muscles
(Romfh et al., 1979; Jacquin et al., 1989; Nazruddin et al., 1989; Takemura et al., 1991;
Suemune et al., 1992). The Sp5 can be divided into three groups of nuclei: pars oralis (Sp50),
pars interpolaris (Sp51), and pars caudalis (Sp5C). The Sp5C contains three layers: (1) the
subnucleus magnocellularis; (2) the subnucleus gelatinosus; and (3) the outmost subnucleus
marginalis (Darian-Smith etal., 1963; Usunoff etal., 1997). The subnucleus gelatinosus, which
is analogous to the lamina Il in the spinal cord, primarily receives nociceptive afferents.

Both primary and secondary somatic sensory neurons project to the auditory system. The
following section will review the anatomy of these pathways with emphasis on the
somatosensory projections to the cochlear nucleus (CN).

Projections from primary somatic sensory neurons to the CN

DRG axons and fibers of the trigeminal nerve project to the ventral CN (VCN) (Pfaller and
Arvidsson, 1988; Zhan et al., 2006). The projection cells generally are small in size ranging
from 15 to 20 um in diameter in the DRG (Zhan et al., 2006), and 10 to 45 um in the TG
(Shore et al., 2000). These small projection cells may belong to the category of type B cells,
which usually give rise to unmyelinated or lightly myelinated fibers (Zhan et al., 2006).

The CN projection cells in the TG are located in the medial portion (the ophthalmic division)
and lateral portion of the ganglion (the mandibular division) (Shore et al., 2000). The terminal
field of the TG-to-CN projection is primarily located in the shell regions of the CN but there
are also terminals in some magnocellular regions of ventral CN (VCN). The TG-to-CN
projection fibers are thin (approximately 1 um) and typically form en passant boutons, mostly
clustering around the medial and lateral edges of VCN. Postsynaptic targets of TG terminals
in the VCN include dendrites of granule cells and large cells, and lumina of blood vessels
(Shore et al., 2000).

The CN projection cells in the DRG are located at the C2 level. The terminal fields of these
projection cells are concentrated along the medial edge of the VCN, dorsal ridge of the AVCN
(i.e., subpeduncular corner between the AVCN and the inferior cerebellar peduncle), and
lamina of the granule cell domain (GCD) (Pfaller and Arvidsson, 1988; Zhan et al., 2006). The
GCD includes the shell region and the fusiform cell layer of the dorsal CN (DCN) that both
contain numerous small cells (Weedman and Ryugo, 1996; Zhou and Shore, 2004). Terminal
endings of the C2 DRG-to-CN projection fibers have varied size and shapes, and are not readily
identified as boutons or mossy fibers (Zhan et al., 2006). Postsynaptic targets of the C2 DRG
projection include the primary dendrites of unipolar brush cells, and the distal dendrites of
granule cells.

Projections from secondary somatic sensory neurons to the CN

Secondary somatic sensory neurons that project to the CN are located in the Sp5 (Zhou and
Shore, 2004; Haenggeli et al., 2005) and dorsal column nuclei (Itoh et al., 1987; Weinberg and
Rustioni, 1987; Wright and Ryugo, 1996; Wolff and Kunzle, 1997; Zhou and Shore, 2004).
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The Sp5I and the Sp5C contain the majority of projection cells from Sp5 to the CN. In Sp5I,
projection cells are located in the dorsomedial and marginal areas (Fig. 1); in Sp5C, projection
cells are located in either the subnucleus marginalis or the subnucleus magnocellularis. The
subnucleus gelatinosus of Sp5, however, contains very few projection cells (Fig. 1D),
suggesting that the nociceptive Sp5 neurons may not directly project to the CN (Zhou and
Shore, 2004). The CN projection cells in the Sp5 have varied morphologies: either polygonal
somata (ranging from 10 x12 um to 25 x28 pum in diameter), or elongated somata (10 x 30-7
x 40 um) (Fig. 1), (Wolff and Kunzle, 1997;Zhou and Shore, 2004;Haenggeli et al., 2005).
Their projection fibers and terminal endings are either small to medium en passant boutons,
or large, irregular terminal swellings that resemble mossy fibers. The small Sp5 terminal
endings are scattered across the entire CN, making synaptic contacts with granule cells or large
principal cells (Zhou and Shore, 2004). The Sp5 mossy fibers are primarily located in the GCD,
making synaptic contacts with granule cells (Zhou and Shore, 2004;Haenggeli et al., 2005).

The CN projection neurons in the dorsal column nuclei usually have polygonal somata, and
aggregate in the ventral edge of the dorsal column nuclei (Fig. 1D). Like the Sp5 projections,
the fibers of CN projection neurons from the dorsal column nuclei primarily terminate in the
GCD, in the forms of mossy fibers and boutons (Itoh et al., 1987;Weinberg and Rustioni,
1987;Wright and Ryugo, 1996;Wolff and Kunzle, 1997). The postsynaptic targets of these
mossy fibers include dendrites of granule cells (Wright and Ryugo, 1996). Secondary neurons
in another ascending pathway of the DRG, the anterolateral system that mediates pain and
temperature, have not been reported to project to the auditory structures. This again suggests
a lack of direct nociceptive projections from the somatosensory system to the auditory system.

Mossy fibers are the predominent terminal endings of projection fibers from the secondary
sensory nuclei (i.e., Sp5 and dorsal column nuclei) to the CN, whereas projections from the
primary somatic ganglion cells (TG and DRG) terminate in the CN as small, en passant endings.
It is currently unknown whether or not these morphological differences in termination may
translate into distinct alterations of CN activity. The small terminals of TG projection fibers
tend to make contacts with a variety of cells, including principal cells in VCN, and thus may
directly affect CN output activity. Mossy fibers are located mostly in the GCD and make
contacts with granule cells, whose axons, the parallel fibers, synapse on the apical dendrites
of the fusiform cells — the principal output neurons of the DCN. Therefore, the secondary
somatic sensory neurons indirectly affect DCN output via the mossy fiber-parallel fiber-
fusiform cell pathway (as well as via inhibitory interneurons) (see physiology section “Effects
of dorsal root ganglion and dorsal column activation on DCN activity”).

Projections from the somatosensory system to the inferior colliculus

In addition to their projections to the CN, somatic sensory neurons project to other central
auditory structures, including inferior colliculus (IC). The IC projection cells are mainly found
in the dorsal column nuclei and Sp5 (Zhou and Shore, 2006). Some neurons in the Sp5 and the
dorsal column nuclei project to both the CN and the external cortex of IC by way of axon
collaterals (Li and Mizuno, 1997). IC projection cells have not been reported in the TG.
Projection fibers from these somatic sensory neurons form a laminar pattern of en passant
terminal endings from ventromedial to dorsolateral within the ventrolateral regions of ICX,
including the ventral border of IC, and the ventromedial edge of IC (or pericentral regions).
These regions are collectively termed “the ventrolateral border region of ICX” (ICXV, (Zhou
and Shore, 2006). The ICXV is the primary region that receives the convergent projections
from CN and somatosensory systems, and thus is likely to be involved in multimodal
integration in the IC (Shore, 2005; Jain and Shore, 2006).
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Neurotransmitters used by somatosensory pathways to the CN

Studies using light and electron microscopy suggest that projections from both primary and
secondary somatic sensory neurons to the VCN are excitatory (Wright and Ryugo, 1996; Shore
et al., 2000; Zhou and Shore, 2004; Zhan et al., 2006). Mossy fibers in the CN that originate
in the cuneate nucleus and Sp5 contain round synaptic vesicles and make asymmetric contacts
with postsynaptic targets, features indicative of excitatory synapses (Wright and Ryugo,
1996; Haenggeli et al., 2005). The TG and C2 DRG terminals in the CN have similar
ultrastructural characteristics (Shore et al., 2000; Zhan et al., 2006). The MFs from the cuneate
nucleus are labeled with an antibody to glutamate, but not to choline acetyltransferase or
GABA, thus also suggestive of a glutamatergic excitatory pathway (Wright and Ryugo,
1996).

Using double-labeling immunoreactivity technigues, Zhou et al. (2007) demonstrated that the
Sp5 projection to CN is glutamatergic, and specifically uses vesicular glutamate transporter 2
(VGLUT?2) to mediate glutamate transport at both its MF and small bouton terminal endings.
VGLUTSsselectively package glutamate into synaptic vesicles and mediate glutamate transport,
and are therefore excellent markers of glutamatergic neurons. The expression of VGLUT1 and
VGLUT?2 is distinct in the CN: the most intense VGLUT1 expression is in the magnocellular
regions of the VCN and the molecular layer of the DCN, whereas the most intense expression
of VGLUT2 is in the GCD (Zhou et al., 2007). Sp5 terminals colabel only with VGLUT2 in
the GCD (Fig. 2) whereas, auditory nerve (AN) endings, including calyceal terminals, colabel
only with VGLUT1 in the magnocellular regions of the VCN and deep layer of the DCN (Fig.
3).

The differential colocalization of VGLUT1 and VGLUT2 with AN and Sp5 terminals,
respectively, suggests these are different forms of excitatory synaptic transmission that are
dependent on the input source. Calyceal AN terminals are necessary for transmission of the
acoustic signal with high temporal precision. Thus, VGLUT1 is likely to be involved in fast
transport of glutamate in the AN terminals in the CN in order to convey precise temporal
information. The transfer of somatic sensory information to the CN, on the other hand, may
be slow in nature. MFs in the cerebellum are able to adjust synaptic strength via enhanced
neurotransmitter release (Sola et al., 2004). If a similar role in synaptic plasticity is played by
MFs in the CN GCD, VGLUT2 may be associated with DCN synaptic plasticity via the Sp5
MF-to-granule cell connections. Plasticity changes in the pathways from Sp5 to CN under
certain pathological conditions may then contribute to the enhanced activity of fusiform cells,
and thus play a role in the initiation of tinnitus.

Physiological substrates of somatic tinnitus

Physiological correlates of tinnitus in the auditory brainstem

Despite the likely contribution of peripheral factors, most comprehensive theories of tinnitus
implicate central processes, especially in the CN. Increased spontaneous rate (SR) and sound-
driven activity in DCN principal cells has been observed following noise-induced cochlear
damage, and following ossicular disruption (Sumner et al., 2005), and has been proposed as a
correlate of behavioral tinnitus in animal models (Kaltenbach, 2000; Kaltenbach et al., 2000,
2002; Brozoski et al., 2002; Chang et al., 2002; Rachel et al., 2002; Zacharek et al., 2002). One
mechanism for the increased SR could be a reduction in wideband inhibitory inputs from D-
stellate cells in the VCN (Nelken and Young, 1994; Winter and Palmer, 1995) and narrowband
inhibitory inputs from vertical cells to the fusiform cells (Nelken and Young, 1994; Zhang and
Oertel, 1994; Davis and Voigt, 1997; Rhode, 1999; Salvi et al., 2000), essentially unmasking
the excitability of the fusiform cells. Blocking glycine receptors increases sound-driven firing
rate in fusiform cells, as indicated by the conversion of nonmonotonic to monotonically rising
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rate-intensity functions for BF tones (Caspary etal., 1987; Davis and Young, 2000). This could
account for the increase in spontaneous and sound-driven responses observed following noise
trauma, giving rise to a tonal perception near to the affected frequency (Brozoski et al.,
2002).

Another mechanism that could give rise to the percept of a tonal tinnitus is an increased
regularity in the firing patterns of affected neurons. In support of this hypothesis, an increase
in correlated SRs of simultaneously recorded cells in auditory cortex was reported following
quinine administration, as well as a change in the best modulation frequency in response to
AM signals (Ochi and Eggermont, 1997). While temporal changes following noise trauma have
not been explored in the DCN, one study reported an increased bursting activity of DCN cells
following acoustic trauma (Chang et al., 2002).

Thus, in order for somatosensory neurons to alter the intensity and the character of tinnitus,
they would have to either alter the spontaneous (i.e., not driven by auditory stimuli) rates, or
the synchrony of firing among neurons in the CN, IC, or auditory cortex. Here we will
concentrate on the effects of activating somatosensory neurons on neural activity in the CN
and IC.

Effects of trigeminal nerve activation on CN activity

Effects on spontaneous rates of CN neurons—Current pulses delivered to the
ophthalmic divisions of the TG, at the origins of projecting neurons to the CN (Shore et al.,
2000), can excite neurons in the VCN (Shore et al., 2003) and excite or inhibit neurons in the
DCN (Shore, 2005; Shore and Zhou, 2006). Figure 4 shows the responses recorded from four
channels of a 16-channel recording electrode in the DCN. The onset of the electrical stimulus
in the TG is evident as stimulus artifact at 25 ms. Strong inhibitory responses are achieved on
three of the four channels. The latencies of these responses are around 12 ms for these
recordings but can range from 5 ms to 20 ms, reflecting the multisynaptic pathways that are
necessarily stimulated at the origin of the central projections from the trigeminal nerve (Shore,
2005). Figure 5 shows an example of excitatory responses recorded from four different
channels on the same mulitchannel electrode in the same animal (see Fig. 6 for electrode
configuration). Whether the units are activated or inhibited depends on the location and type
of unit rather than on the location of the stimulating electrode. Thus, activity in trigeminal
pathways to the CN can alter the spontaneous (i.e., non-sound-driven) activity of neurons in
both the VCN and the DCN. Change in the firing rate of CN neurons by incoming trigeminal
neurons could be one means by which the loudness of tinnitus is modulated in individuals with
somatic tinnitus changing the synchrony between neurons could be a mechanism for altering
the pitch of the tinnitus.

Effects of trigeminal stimulation on sound-driven rates of CN neurons—Since
tinnitus is manifest asan increase in SR, it may be valid to examine the effects of somatosensory
inputs on firing rates driven by low levels of sound, simulating a ‘greater than normal’ firing
activity (as in tinnitus).

Stimulating the TG has more complicated effects on sound-evoked responses of CN neurons.
In some cases, preceding an acoustic stimulus with a current pulse to the TG causes the sound-
evoked activity of DCN neurons to decrease (Fig. 7A). The closer in time the two stimuli are,
the more pronounced the suppression. Note that the response to the TG stimulation itself
(depicted by the arrow) in these examples is excitatory, as is the response to the sound. The
combination of the two signals results in a suppression of the response to the sound. This is an
example of multisensory integration in which the response to stimulation of both senses results
in a nonlinear combination of the responses from each system. Figure 7B shows how the
response rate of unit 16 to the sound is most depressed when the trigeminal stimulus is closest
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to the sound (delta t, dt = 20 ms), and is less depressed as the stimuli are separated in time.
Note that the response of unit 16 to a BF tone-burst is “pauser-buildup,” the typical response
pattern of pyramidal cells. This figure also shows the responses from two other units (5a and
5b) that are less affected by the trigeminal stimulus. Responses of unit 5b to sound are slightly
suppressed at mid dt values. The response type for unit 5b is typical of that shown for cartwheel
cells (Parham and Kim, 1995).

In some neurons, the addition of the TG pulse before the sound can enhance rather than suppress
the response to the sound (Fig. 8). Note in this case that the response to the preceding TG pulse
is inhibitory, i.e., suppresses SR. In these examples, when the response to TG stimulation is
inhibition, the combined response is enhancement and when the response to TG stimulation is
excitation, the combined response is suppression.

Effects of dorsal root ganglion and dorsal column activation on DCN activity

Somatic tinnitus includes the modulatory effects of neck and upper limb manipulation on the
pitch and loudness of tinnitus. Physiologically, this may correspond to modulation of neural
activity in the DCN by activation of the dorsal column nuclei and cervical DRG.

Evoked potentials—Stimulation of cervical nerves can elicit evoked potentials in the DCN.
The evoked potentials are largest in response to stimulation of the cervical nerves
corresponding to mechanoreception and proprioception in the pinna (C2), neck (C7), and
forelimbs (C8) (Kanold and Young, 2001), similar to those evoked by TG stimulation (Shore
et al., 2003). In addition, stimulation of the femoral nerve can activate cells in the DCN as
evidenced by Fos expression (McKitrick and Calaresu, 1993).

Single unit responses—Activation of dorsal column nuclei with current pulses elicits
excitatory and inhibitory single unit responses in the DCN: responses of DCN units have both
short- and long-latency inhibitory phases and a transient excitatory phase (Young et al.,
1995). The transient excitatory peak can be facilitated by multiple pulses, while the long-
latency inhibition can be suppressed by multiple pulses. Single unit responses in the DCN to
electrical activation of the DRG are similar to responses to activation of the dorsal column
nuclei but with longer latencies (Kanold and Young, 2001). In addition, dorsal column
stimulation can alter sound-evoked responses in a similar manner to that described above for
trigeminal stimulation (Saade et al., 1989; Kanold et al., 2001), producing bimodal integration.

How could this bimodal integration occur?—Figure 9 shows a schematic of the DCN
circuitry including AN and somatosensory inputs. Somatosensory stimulation activates granule
cells (gr), which excite the principal output neurons of the DCN, fusiform (fu), or giant (gi)
cells, as well as inhibitory interneurons, the cartwheel (ca) cells (Golding and Oertel, 1997)
and stellate cells (st). Cartwheel and stellate cells, in turn, inhibit principal cells (Davis et al.,
1996). Sound stimulation (via AN fibers, a.n.f.) strongly excites fusiform cells (Stabler et al.,
1996;Young, 1998) and weakly excites cartwheel cells (Parham and Kim, 1995). Suppression
of sound-evoked responses of fusiform or giant cells could be achieved by the summation of
weak responses from cartwheel cells to sound and stronger cartwheel cell responses to
trigeminal input, leading to inhibition of the principal cell response to sound. Similarly,
facilitation of responses to sound could occur through summation of granule cell — fusiform/
giant cell activation by sound and trigeminal input. Somatosensory stimulation can precede
acoustic stimulation by up to 90 ms and still alter the firing rate to acoustic stimulation for the
duration of the sound stimulus (Shore, 2005).
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Effects of Sp5 activation on IC activity

Single unit recordings from ICX reveal that trigeminal stimulation can suppress SRs as well
as produce bimodal integration of the type described above in the DCN (Shore, 2005; Jain and
Shore, 2006). Units in both locations show mostly suppression, but also show enhancement of
acoustically driven responses by trigeminal stimulation. Figure 10 shows two examples of
suppression of spontaneous and sound-driven responses in ICX neurons by trigeminal
stimulation. In these experiments, the trigeminal stimulation site was in Sp5. The top graph
shows a nonmonotonically increasing rate-level response to sound stimulation (broadband
noise), decreasing at high levels. The effects of Sp5 stimulation at several current levels are to
suppress the SRs as well as the responses to sound especially at low sound levels (20 dB SPL).
The bottom graph shows similar effects for a monotonically decreasing rate-level function:
Sp5 stimulation further decreases the response to sound around 20 dB SPL. Greater suppression
of SR occurs in the lower unit. The importance of this study is its demonstration that the effects
on SRs as well as bimodal processing initiated in the DCN are passed on to the next level to
be integrated by the extralemniscal system.

How do responses of DCN and IC neurons to combined sensory stimulation
relate to somatic tinnitus?—The suppression or enhancement of sound-evoked activity
in DCN and ICX could be analogous to the suppression or enhancement of tinnitus experienced
by some individuals with tinnitus. Maneuvers that alter the tinnitus such as clenching of the
jaw or lateral gaze would be analogous to electrical stimulation of the TG or Sp5, as described
above, that alters the neurons’ spontaneous activity or responses to sound. The underlying
mechanisms for these alterations could involve long-term depression (LTD)/potentiation
(LTP). Such long-term plasticity of synapses occurs between parallel fibers and their targets,
the fusiform, giant, and cartwheel cells. When postsynaptic depolarization is preceded by
stimulation of parallel fibers in slice experiments, LTP or LTD is produced in fusiform and
cartwheel cells (Fujino and Oertel, 2003; Tzounopoulos et al., 2004). Parallel fiber inputs to
fusiform cells are strengthened (LTP) when paired with subsequent postsynaptic firing,
whereas in cartwheel cells they are weakened (LTD) (Tzounopoulos et al., 2004). The induction
of LTP in fusiform cells and LTD in cartwheel cells has the net effect of increasing the firing
rates of fusiform cells because cartwheel cells provide feed-forward inhibition to fusiform cells.
Reversing the order of pre- and postsynaptic activation produces LTD in fusiform cells, but
does not change LTD to LTP in cartwheel cells, resulting in a net depression of firing rate in
fusiform cells.

Another mechanism that could contribute to these effects is activation of GABARg receptors in
the DCN that regulate dendritic excitability and excitatory inputs (Caspary et al., 1987).
GABAg receptors in CN are indeed strategically placed to modulate glutamatergic
neurotransmission between the granule cells and their targets, the fusiform, cartwheel, and
stellate cells in the superficial layers. The sources of GABAergic inputs to these regions could
be vertical cells or superficial stellate cells, which cocontain GABA as well as glycine
(Mugnaini, 1985; Altschuler et al., 1991; Davis and Young, 2000). These mechanisms would
be reflected also in neurons in the ICX that receive direct inputs from DCN neurons. Additional
processes within the IC may enhance the effects already evident at the level of the DCN.
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Abbreviations

CN

cochlear nucleus
DCN

dorsal cochlear nucleus
DRG

dorsal root ganglion
GCD

granule cell domain
IC

inferior colliculus
ICX

external cortex of IC
MF

mossy fiber
PSTH

poststimulus time histogram
Sp5

spinal trigeminal nucleus
Sp5C

caudal spinal trigeminal nucleus
Sp5l

interpolaris spinal trigeminal nucleus
SR

spontaneous rate
TG

trigeminal ganglion
VCN

ventral cochlear nucleus
VGLUT

vessicular glutamate transporter
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Fig. 1.

Projections from Sp5 to the CN in the guinea pig. (A—G) Retrograde labeling in the brainstem
after an injection of biotinylated dextran amine (BDA) into the CN. (A) Photomicrograph of
the injection site. The injection site is virtually restricted to the shell region of the PVCN. (B-
D): Drawings of 1 mm transverse sections across the medulla. Each dot represents one labeled
cell. The labeled neurons are located primarily on the ipsilateral side of Sp5, in the Sp5I and
Sp5C. Very few labeled cells, if any, are located in the SG (D). Labeled neurons can also be
found in the medular reticular formation (RVL and LPGi, C), inferior olive (10, C), and dorsal
column nuclei (Gr and Cu, D). Projection neurons in Sp5 have either polygonal or elongated
somata (E). Projection neurons in dorsal column nuclei and reticular formation are multipolar
(F and G). (H) Terminal labeling in the CN after placement of an anterograde tracer into Sp5I.
Most Sp5 fibers enter the CN via DAS/IAS and terminate primarily in the GCD (gray area),
but also in deep DCN. Each dot represents one to three labeled terminal endings. Scale bars =
25 um (E-G). (Abbreviations: CN, cochlear nucleus; Cu, cuneate nucleus; DAS, dorsal
acoustic striae; DCN, dorsal cochlear nucleus; GCD, granule cell domain; Gr, gracile nucleus;
IAS, intermediate acoustic striae; 10, inferior olive; LPGi, lateral paragigantocellular reticular
nucleus; PVCN, posteroventral cochlear nucleus; RVL, rostral ventrolateral reticular
formation; SG, subnucleus gelatinosus; Sp5, spinal trigeminal nucleus; Sp5C, pars caudalis of
Sp5; Sp5l, pars interpolaris of Sp5; Sp50, pars oralis of Sp5).
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Fig. 2.

High magnification confocal images (63x) showing colocalization of anterogradely labeled
Sp5 terminal endings with VGLUT2-ir in the CN. Green, VGLUT-ir. Red, Sp5 labeling.
Yellow, double labeled terminals. Figures were obtained from Z projections of stacks of serial
1 um confocal images. (A) MFs are labeled with BDA from Sp5 and VGLUT2 in the shell
region of the VCN (arrow). (B) Small boutons are labeled with BDA from Sp5 and VGLUT2
in the DCN layer 2 (arrows). (C and D) Sp5 terminal endings do not colabel with VGLUT1 in
the shell region of the VCN and the core of the VCN. Scale bar = 10 um in D (applies to A—
C). (See Color Plate 10.2 in color plate section.)
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Fig. 3.

High magnification 1 um confocal images (63%) showing colocalization of AN terminal
endings with VGLUT1-ir, but not VGLUT2-ir, in both the VCN and deep layer of the DCN.
Green, VGLUT-ir. Red, FG filled AN fibers and endings. Yellow, double-labeled terminals.
(Aand B) Colocalization of AN terminal endings with VGLUT1-ir in VCN (A) and DCN layer
3 (B). Both endbulb-like AN endings (arrows in A) and small boutons (arrowheads in A and
B) colabeled with the VGLUTL. (C and D) VGLUT2 did not label the AN endings in both
VCN (C) and DCN layer 3 (D). Scale bar = 20 um in D (applies to A-C). (See Color Plate 10.3
in color plate section.)
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Fig. 4.

Poststimulus time histograms of DCN unit responses to trigeminal ganglion stimulation show
inhibition. Responses of four unit clusters from 4 channels (9, 10, 12, 13) of 16-channel
electrode are shown. Stimulation was at 80 pA, 100 ms/phase bipolar pulses, 100 presentations.
Bin width, 0.5 ms. Arrow — electrical stimulus artifact indicates onset of TG stimulation. Inset
at right shows location of the stimulating electrode in the ophthalmic region of the TG.
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Fig. 5.

Poststimulus time histograms of DCN unit responses to trigeminal ganglion stimulation show
excitation. Responses of four different unit clusters from 4 channels (4, 10, 11, 12) of a 16-
channel electrode in the same animal but different penetration as for Fig. 4, are shown.
Stimulation was at 80 pA, 100 ms/phase bipolar pulses, 100 presentations. Bin width, 0.5 ms.
Arrow — electrical stimulus artifact indicates onset of TG stimulation. Inset at right shows
location of the stimulating electrode in the ophthalmic region of the TG.

Prog Brain Res. Author manuscript; available in PMC 2008 October 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shore et al.

Page 18

<+——— PC Board

g | @ ® 9
7 - - | 10
6 - - 11
5 L - | 12
4 (] & 13
3 - @ 14
2 | a@ @ 15
1 - @ 16
AN
1| @ 7 @ 13| @
30 @ 4| @ 10| @
2| @ 8| @ 12| @
6| @ 5/ @ 9/ @

Fig. 6.

14
16
11
15

[
o
®
®
Probe Tips

| 6-Channel
Four Shank

Configuration of the mulitchannel electrode used to record responses shown in Figs. 3 and 4.
The four shank, 16-channel electrodes are positioned on the dorsal aspect of the DCN and
lowered into the fusiform cell layer (layer 2) of the DCN. Often responses from multiunit
clusters are recorded from each channel, which are then sorted using the Plexon offline sorter,

into single units.
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Fig. 7.

(A) Poststimulus time histograms of a DCN single unit’s response to TG stimulation combined
with acoustic stimulation. The TG pulse precedes the acoustic stimulus (broadband noise at 30
dB SPL) by varying amounts designated by dt. Acoustic stimulus duration is indicated by red
bar below histograms. Arrow indicates onset of TG pulse (80 uA, 100 ms/phase bipolar pulses,
100 presentations). Responses to three different dt values are shown. Preceding the acoustic
stimulus by TG stimulation results in a diminished response to the acoustic stimulus. The effect
is stronger when the two stimuli are closer. Bin width, 0.5 ms. Arrow —electrical stimulus
artifact indicates onset of TG stimulation. (B) Quantification of the spike rates achieved in (a)
for unit 16. Spike rates for two other units, 5a and 5b, are also shown. Insets: Poststimulus time
histograms for responses to BF tonebursts indicate unit types; Unit 16 is a P-Buildup; Unit 5b
may be a cartwheel cell.
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Fig. 8.

Poststimulus time histograms of a different DCN single unit’s response to TG stimulation
combined with acoustic stimulation. The TG pulse precedes the acoustic stimulus (broadband
noise at 30 dB SL) by 5 ms. Acoustic stimulus duration is 200 ms, indicated by red bar below
histograms. Arrow indicates onset of TG pulse (80 uA, 100 ms/phase bipolar pulses, 100
presentations). In this unit, preceding the acoustic stimulus by TG stimulation results in an
enhanced response to the acoustic stimulus. Note, the buildup pattern of response indicates that
this cell was likely a pyramidal cell.
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Fig. 9.

Schematic of DCN circuitry. Pyramidal cells (Py) in layer Il of the DCN receive inputs on their
basal dendrites from auditory nerve fibers (a.n.f.) and vertical (v) cells. The apical dendrites
of the pyramidal cells receive inputs from the parallel fiber axons (pf) from granule cells (gr)
in the VCN, while their cell bodies receive inputs from cartwheel (Ca) and superficial stellate
(st) cells. Projections from the trigeminal ganglion (TG), spinal trigeminal nucleus (Sp5),
dorsal column nuclei (Gracile and cuneate n), and the dorsal root ganglion (DRG), synapse on
granule cells. (See Color Plate 10.9 in color plate section.)
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Fig. 10.

Rate-level functions for two different units in ICx (A and B) in response to broadband noise
stimuli (100 ms, 5 ms risefall times) with and without Sp5 stimulation. Trigeminal stimulus
was at the onset of the acoustic stimulus. Response to Sp5 stimulation alone was minimal, but
Sp5 stimulation reduced the responses of units in A and B to sound stimulation. The effects
were more pronounced at low sound levels. (Adapted with permission from Jain and Shore,
2006.) (See Color Plate 10.10 in color plate section.)
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Plate 10.2.

High magnification confocal images (63 x) showing colocalization of anterogradely labeled
Sp5 terminal endings with VGLUT2-ir in the CN. Green, VGLUT-ir. Red, Sp5 labeling.
Yellow, double labeled terminals. Figures were obtained from Z projections of stacks of serial
1 um confocal images. (A) MFs are labeled with BDA from Sp5 and VGLUT?2 in the shell
region of the VCN (arrow). (B) Small boutons are labeled with BDA from Sp5 and VGLUT2
in the DCN layer 2 (arrows). (C and D) Sp5 terminal endings do not colabel with VGLUT1 in
the shell region of the VCN and the core of the VCN. Scale bar = 10 um in D (applies to A-
C). (For B/W version, see page 112 in the volume.)
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Plate 10.3.

High magnification 1 pm confocal images (63 x) showing colocalization of AN terminal
endings with VGLUT1-ir, but not VGLUT2-ir, in both the VCN and deep layer of the DCN.
Green, VGLUT-ir. Red, FG filled AN fibers and endings. Yellow, double-labeled terminals.
(Aand B) Colocalization of AN terminal endings with VGLUT1-ir in VCN (A) and DCN layer
3 (B). Both endbulb-like AN endings (arrows in A) and small boutons (arrowheads in A and
B) colabeled with the VGLUTL. (C and D) VGLUT2 did not label the AN endings in both
VCN (C) and DCN layer 3 (D). Scale bar = 20 um in D (applies to A-C). (For B/W version,
see page 113 in the volume.)
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Plate 10.9.

Schematic of DCN circuitry. Pyramidal cells (Py) in layer Il of the DCN receive inputs on their
basal dendrites from auditory nerve fibers (a.n.f.) and vertical (v) cells. The apical dendrites
of the pyramidal cells receive inputs from the parallel fiber axons (pf) from granule cells (gr)
in the VCN, while their cell bodies receive inputs from cartwheel (Ca) and superficial stellate
(st) cells. Projections from the trigeminal ganglion (TG), spinal trigeminal nucleus (Sp5),
dorsal column nuclei (Gracile and cuneate n), and the dorsal root ganglion (DRG), synapse on
granule cells. (For B/W version, see page 119 in the volume.)
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Plate 10.10.

Rate-level functions for two different units in ICx (A and B) in response to broadband noise
stimuli (100 ms, 5 ms risefall times) with and without Sp5 stimulation. Trigeminal stimulus
was at the onset of the acoustic stimulus. Response to Sp5 stimulation alone was minimal, but
Sp5 stimulation reduced the responses of units in A and B to sound stimulation. The effects
were more pronounced at low sound levels. (Adapted with permission from Jain and Shore,
2006.) (For B/W version, see page 120 in the volume.)
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