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PERSONALIZED AUDITORY-SOMATOSENSORY STIMULATION TO TREAT TINNITUS
[0001]

CROSS-REFERENCE TO RELATED APPLICATION

[0002] This application claims the benefit of U.S. Application No. 61/800,607, filed
March 15, 2013, entitled “Personalized Auditory-Somatosensory Stimulation to Treat
Tinnitus” and U.S. Application No. 61/803,062, filed March 18, 2013, entitled “Personalized

Auditory-Somatosensory Stimulation to Treat Tinnitus”.

BACKGROUND OF THE DISCLOSURE

Field of Technology

[0003] The present disclosure relates generally to treatment and tinnitus and, more
particularly, to the use of a bimodal stimulation, with stimulation of the auditory and

somatosensory systems, to treat tinnitus.
Background

[0004] The background description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventor, to the extent
it is described in this background section, as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are neither expressly nor impliedly admitted

as prior art against the present disclosure.

[0005] Tinnitus is the phantom perception of sound experienced in a subject’s ear or
head, when no actual sound is present. Tinnitus, considered subjective phenomenon, can
vary in degrees of severity. One commonly referred to expression of tinnitus is “ringing in the

ears”; but there are many different forms of tinnitus.

[0006] Tinnitus has been linked to somatosensory innervation of the auditory system.
For example, both tinnitus patients and normal subjects report that somatosensory stimuli
such as pressure on the face or movement of the jaw or neck can elicit or modulate the
tinnitus perception. In terms of physiology, converging somatosensory and auditory inputs

are integrated
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in the dorsal cochlear nucleus (DCN), an auditory brainstem nucleus receiving afferent input from
the auditory nerve. It is believed that somatosensory input to this DCN plays a role in the induction

of tonotopically-restricted hyperactivity in the DCN that has been correlated with tinnitus.

[0007] Unfortunately, present techniques for reducing tinnitus are inadequate. Some
techniques, for example, are overly intrusive, requiring deep brain access through embedded
probes, which makes these techniques undesirable for widespread use. Some techniques provide
temporary relief from the tinnitus using external stimuli but fail to address the underlying causes of
tinnitus in patients, leaving patient’s susceptible to further tinnitus bouts, and often soon after

treatment.
SUMMARY

[0008] The disclosure demonstrates stimulus timing dependent plasticity in vivo as a
mechanism underlying multisensory integration. The timing rules and time course of the observed
stimulus-timing dependent plasticity closely mimic those of spike-timing dependent plasticity that
has been demonstrated in vitro in the dorsal cochlear nucleus (DCN). Spike-timing dependent
plasticity is important for adaptive processing and is a mechanism for deemphasizing body-
generated signals, such as vocalizations, by suppressing sound-evoked responses that are
predicted by activation of somatosensory inputs. By manipulating spike timing dependent plasticity
through unique multisensory stimulation, we have developed techniques capable of reducing and
removing phantom sound perception or tinnitus, in which cross-modal plasticity is an underlying

mechanism.

[0009] The disclosure provides techniques for controllably timed stimulation of both the
somatosensory system and the auditory system, in such a manner, that an individual’s brain
activity is altered through spike-timing dependent plasticity, thereby reducing or removing tinnitus.
We show that multisensory neurons in the DCN show long-lasting plasticity of sound-evoked
responses and spontaneous activity when stimulated with combined somatosensory-auditory
stimulation. By varying the intervals between sound and somatosensory stimuli, we show for the
first time in vivo that this DCN bimodal plasticity is stimulus-timing dependent. The timing rules
and time courses of the observed stimulus-timing dependent plasticity closely mimic those of

spike-timing dependent plasticity that have been demonstrated in vitro at parallel-fiber synapses
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onto DCN principal cells. Furthermore, the degree of inhibition in neuron firing influences whether
that neuron has Hebbian or anti-Hebbian timing rules. As demonstrated, anti-Hebbian timing rules
reflect adaptive filtering, which in the DCN would result in suppression of sound-evoked responses
that are predicted by activation of somatosensory inputs, leading to the suppression of body-

generated signals such as self-vocalization.

[0010] Inan embodiment, a method of treating tinnitus in a subject, includes:
generating an audible stimulation signal having a first firing point and first firing period; generating
a somatosensory stimulation signal to stimulate a somatosensory system of a subject, the
somatosensory stimulation signal having a second firing point and second firing period; and
establishing a timing order and timing difference between the first firing point and the second
firing point to reduce the tinnitus, wherein the first firing period and the second firing period are to
be maintained asynchronously to reduce tinnitus so that onset of the first firing period does not

significantly overlap onset of the second firing period.

[0011] In another embodiment, a system for treating an auditory condition in a subject,
comprises: a processor and a memory; and a bimodal stimulation system configured to, generate
an audible stimulation signal having a first firing point and first firing period, stimulus onset, and/or
duration, generate a somatosensory stimulation signal to stimulate a somatosensory system of a
subject, the somatosensory stimulation signal having a second firing point and second firing period,
stimulus onset, and/or duration, and establish a timing order and timing difference between the
first firing point and the second firing point to reduce the tinnitus, wherein the first firing period
and the second firing period are to be maintained asynchronously to reduce tinnitus so that the

onset of the first firing period does not overlap the onset of the second firing period.

[0012] Inyet another embodiment, a computer-readable storage medium having stored
thereon a set of instructions, executable by a processor, for treating an auditory condition in a
subject, the instructions comprises: instructions for generating an audible stimulation signal having
a first firing point and first firing period, stimulus onset, and/or duration; instructions for
generating a somatosensory stimulation signal to stimulate a somatosensory system of a subject,
the somatosensory stimulation signal having a second firing point and second firing periad,

stimulus onset, and/or duration; and instructions for establishing a timing order and timing
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difference between the first firing point and the second firing point to reduce the tinnitus, wherein
the first firing period and the second firing period are to be maintained asynchronously to reduce
tinnitus so that the onset of the first firing period does not overlap the onset of the second firing

period.

[0013] Inanother embodiment, a computer-readable storage medium having stored
thereon a set of instructions, executable by a processor, for treating an auditory condition in the a
subject, the instructions comprises: instructions for determining optimal parameter values for an
audible stimulation signal and a somatosensory stimulation signal to alter firing rates for neurons
in the auditory pathway, including but not limited to dorsal cochlear nucleus, ventral cochlear
nucleus, inferior colliculus, auditory cortex, and/or other nuclei associated with tinnitus. More
generally, the optimal parameter values may be determined to alter firing rates along any of the

auditory and non-auditory pathways involved in the auditory condition (e.g., tinnitus).

[0014] In another embodiment, a method, for treating an auditory condition in the
subject, the method comprises: determining optimal parameter values for an audible stimulation
signal and a somatosensory stimulation signal to alter firing rates for neurons in the auditory
pathway, including but not limited to dorsal cochlear nucleus, ventral cochlear nucleus, inferior
colliculus, auditory cortex, and/or other nuclei associated with tinnitus. More generally, the
optimal parameter values may be determined to alter firing rates along any of the auditory and

non-auditory pathways involved in the auditory condition (e.g., tinnitus).

[0015] In some examples, the method includes increasing firing rates for the neurons in
the auditory pathway, including but not limited to dorsal cochlear nucleus, ventral cochlear
nucleus, inferior colliculus, auditory cortex, and/or other nuclei associated with tinnitus. More
generally, the optimal parameter values may be determined to alter firing rates along any of the

auditory and non-auditory pathways involved in the auditory condition (e.g., tinnitus).

[0016] In some examples, the method includes decreasing firing rates for the neurons in
the auditory pathway, including but not limited to dorsal cochlear nucleus, ventral cochlear
nucleus, inferior colliculus, auditory cortex, and/or other nuclei associated with tinnitus. More
generally, the optimal parameter values may be determined to alter firing rates along any of the

auditory and non-auditory pathways involved in the auditory condition (e.g., tinnitus).
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[0017] In another embodiment, a system for treating an auditory condition in a subject,
the system comprises: a processor and a memory; and a bimodal stimulation system configured to,
determine optimal parameter values for an audible stimulation signal and a somatosensory
stimulation signal to alter firing rates for neurons in the dorsal cochlear nucleus, ventral cochlear
nucleus, and/or auditory cortex. More generally, the optimal parameter values may be
determined to alter firing rates along any of the auditory and non-auditory pathways involved in

the auditory condition (e.g., tinnitus).

[0018] Inyet another embodiment, a method of treatment comprises: identifying, in a
bimodal stimulation system, initial parameters for timing and intervals of a bimodal stimulation for
a subject by identifying stimulation parameters that in the subject produce a reduction in objective
measures of neural correlates of tinnitus assessed by any of an electroencephalography test,
auditory brainstem response (ABR) test, or subjective measures of tinnitus perception assessed by

any of a psychophysical tinnitus matching test or patient questionnaires.

[0019] In another embodiment, a system of treatment comprises: a processor and a
memory; and a bimodal stimulation system configured to identify initial parameters for timing and
intervals of a bimodal stimulation for a subject by identifying stimulation parameters that in a
subject produce a reduction in objective measures of neural correlates of tinnitus assessed by any
of an electroencephalography test, auditory brainstem response (ABR) test, or subjective measures
of tinnitus perception assessed by any of a psychophysical tinnitus matching test or patient

questionnaires.

[0020] In another embodiment, a computer-readable storage medium having stored
thereon a set of instructions, executable by a processor, for treating an auditory condition in a
subject, the instructions comprises: instructions for identifying initial parameters for timing and
intervals of a bimodal stimulation for a subject by identifying stimulation parameters that in the
subject produce a reduction in objective measures of neural correlates of tinnitus assessed by any
of an electroencephalography test, auditory brainstem response (ABR) test, or subjective measures
of tinnitus perception assessed by any of a psychophysical tinnitus matching test or patient

questionnaires.
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[0021] In some examples, the bimodal stimulation comprises an audible stimulation

signal and a somatosensory stimulation signal.

[0021a] In some examples, a system for treating an auditory condition in a subject, the
system being capable of stimulating (i) a somatosensory system of the subject with a
generated somatosensory stimulation signal and (ii) an auditory system of the subject with an
audible stimulation signal, the system comprising: a bimodal stimulation system having an
audible signal generator, a somatosensory signal generator, a processor and a memory,
wherein the processor is operatively coupled to the audible signal generator and the
somatosensory signal generator to control each, and wherein the bimodal stimulation system
is configured to, generate, in the audible signal generator, the audible stimulation signal
having a first firing point and first firing period, stimulus onset, and/or duration, and generate,
in the somatosensory signal generator, the somatosensory stimulation signal to stimulate a
somatosensory system of a subject, the somatosensory stimulation signal having a second
firing point and second firing period, stimulus onset, and/or duration, wherein the memory
stores instructions that when executed by the processor cause the processor to: establish a
timing order and timing difference between the first firing point and the second firing point to
reduce the auditory condition, wherein the first firing period and the second firing period are
to be maintained asynchronously to reduce the auditory condition so that the onset of the first

firing period does not overlap the onset of the second firing period.

[0021b] In some examples, a non-transitory computer-readable storage medium
having stored thereon a set of instructions, executable by a system including a processor, an
audible signal generator, and a somatosensory signal generator, for treating an auditory
condition in a subject, the instructions comprising: instructions for generating an audible
stimulation signal having a first firing point and first firing period, stimulus onset, and/or
duration; instructions for generating a somatosensory stimulation signal to stimulate a
somatosensory system of a subject, the somatosensory stimulation signal having a second
firing point and second firing period, stimulus onset, and/or duration; and instructions for
establishing a timing order and timing difference between the first firing point and the second
firing point to reduce the auditory condition, wherein the first firing period and the second
firing period are capable of being maintained asynchronously to reduce the auditory condition

so that the first firing period does not overlap the second firing period.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Fig. 1A is an example multisensory stimulation configuration 100 for bimodal

stimulation of two different types of synapses.

[0023] Fig. 1B illustrates an example protocol 200 for measuring the effect of bimodal
stimulation on neurons, through the use of a bimodal pairing protocol, having 5 steps, in the

illustrated example.

[0024] Fig. 1C illustrates five plots of firing rate versus time (a firing rate map), for

each of the steps in Fig. 1B.

[0025] Fig. 2A illustrates plots of spike counts versus time for 7 (seven) different

bimodal timing values, between a somatosensory stimulation and an auditory stimulation.

[0026] Figs. 2B-2E each illustrate a plot of change in firing rates versus time for
different times after bimodal stimuli (e.g., 5 mins, 15 mins, and 25 mins) corresponding to the
protocol of Fig. 1B, for Hebbian-like (Fig. 2B), anti-Hebbian-like (Fig. 2C), enhanced
(Fig. 2D), and suppressed (Fig. 2E) measurements.

[0027] Figs. 2F-2I each illustrate a plot of demonstrating the mean single unit timing

rules for each group are shown in Figs. 2B-2E, with corresponding identities.

[0028] Fig. 3A illustrates a plot of a firing rate mapping, for different times after

bimodal stimulation, showing maximal enhancement and suppression.

[0029] Fig. 3B illustrates a plot of spike rates for different, extended periods of time
after bimodal stimulation.

[0030] Fig. 4 illustrates a plot of change in firing rate versus bimodal interval to show
a population estimate of the stimulus-timing dependence of bimodal plasticity, in accordance

with an example.

-Ba-
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[0031] Figs. 5A and 5B illustrate plots of change in firing rate for bimodal stimulation
versus unimodal tone stimulation (Fig. 5A) and unimodal somatosensory stimulation (Fig. 5B),

respectively.

[0032] Figs. 6A and 6B illustrate responses of six different neurons to 5p5 stimulation
with either an inhibitory response (Fig. 6A) or an excitatory response (Fig. 6B), for Hebbian timing

rules.

[0033] Figs. 6C and 6D illustrate responses of six different neurons to 5p5 stimulation
with either an inhibitory response (Fig. 6C) or an excitatory response (Fig. 6D), for Anti-Hebbian

timing rules.

[0034] Fig. 7A illustrates a plot of percentage of neurons that experience Hebbian and

anti-Hebbian-like units for types |, I-1ll, Ill, and IV, response map classifications.

[0035] Fig. 7B illustrates a plot of changes in firing rate versus bimodal interval for
buildup or pauser-buildup units with type | or type Il response areas exhibiting Hebbian-like timing

rules.

[0036] Fig. 7Cillustrates a plot of changes in firing rate versus bimodal interval for
buildup or pauser-buildup units with type IV or IV-T response maps exhibited only anti-Hebbian

timing rules.

[0037] Fig. 8 is a plot of change in firing rate versus change in spontaneous rate and

showing a linear regression analysis.

[0038] Fig. 9illustrates multiple plots of noise exposure, gap detection testing for
tinnitus, auditory brainstem response threshold measurements, and partition of guinea pigs into

sham, exposure, and tinnitus regions, in accordance with an example.

[0039] Fig. 10A illustrates a schematic of the startle based gap-detection assay text for
tinnitus, illustrated no gap (top row) and gap trials (50 ms gap, 50 ms before the startle sound,
bottom two rows). Each test included background sound (grey bar) with a 10 ms, 115 dB startle
pulse embedded (black bar). The guinea pig startles in response to the startle stimulus, with the
amplitude of the response shown by the height of each arrow. In animals without tinnitus, the gap

introduces a suppression of the startle response (middle row). In animals with tinnitus, the gap is

-7-
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filled by the tinnitus (bottom row) and the startle response shows less reduction relative to the no

gap startle response (top row arrow).

[0040] Fig. 10Billustrates a histogram of the normalized startle distribution (white line)
partitioned into two distributions: no evidence for tinnitus (left bars) and evidence for tinnitus

(right bars).

[0041] Fig. 10C illustrates a plot of the posterior probabilities that normalized startle

values belong to the tinnitus or non-tinnitus distributions.

[0042] Fig. 10D illustrates a histogram of the partitioned distribution of post-exposure

normalized startle observations for sham animals.

[0043] Fig. 10E illustrates a histogram of the partitioned distribution of normalized

startle observations for baseline (pre-exposure) observations from sham and exposed animals.

[0044] Fig. 10Fillustrates a histogram of the partitioned distribution of post-exposure

normalized startle observations from exposed animals.

[0045] Fig. 11A-11D illustrate plots of ABR threshold shift versus frequency for the left
(exposed) and right (unexposed) ear for a noise-exposed group of subjects and for a sham group of

subjects, in accordance with an example.

[0046] Fig. 12A illustrates percent of sham (white bars) and exposed (black bars) guinea

pigs that show evidence for tinnitus in different frequency bands.

[0047] Fig. 12Billustrates a normalized startle response amplitudes in each frequency

band for exposed animals (black bars) compared to sham animals (white bars).

[0048] Fig. 12C illustrates a normalized startle response amplitudes in each frequency

band for tinnitus animals (ET) compared to animals without tinnitus (ENT) and sham animals.

[0049] Fig. 13Aillustrates two examples of single-unit Hebbian timing rules, one from a
sham and one from a noise-exposed guinea pig. A cartoon at the top of the panel demonstrates
the relative order of Sp5 and sound stimuli. A vertical line in the cartoon represents the Sp5

stimulus and the sinusoid represents the tone stimulus.
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[0050] Fig. 13B illustrates two examples of single unit anti-Hebbian timing rules, one

from a sham and one from a noise-exposed guinea pig.

[0051] Fig. 13Cillustrates the percent of principal units that showed Hebbian-like (H),
anti-Hebbian-like (aH), enhancing (E) and suppressing (S) timing rules from sham (left) and noise-
exposed (right) animals. Stacked bars indicate units from below (black), within (white), and above

(grey) the damaged frequency region.

[0052] Fig. 13D illustrates timing rules shifted from Hebbian in sham animals to anti-
Hebbian in exposed animals. Mean timing rules showing bimodal plasticity of sound-evoked firing

rates for units from sham and exposed guinea pigs.

[0053] Fig. 14A illustrates mean timing rules showing bimodal plasticity of sound-evoked
firing rates for units from sham, ENT, and ET guinea pigs. A cartoon at the top of the panel
demonstrates the relative order of Sp5 and sound stimuli, where a vertical line represents the Sp5

stimulation and the sinusoid represents the tone stimulus.

[0054] Fig. 14B illustrates the percent of units that showed Hebbian-like (H), anti-
Hebbian-like (aH), enhancing (E) and suppressing (S) timing rules from sham (left), ENT (middle)

and ET (right) animals.

[0055] Fig. 15A illustrates spontaneous firing rates before any bimodal stimulation for

each unit as a function of each unit’s best frequency for sham, ENT, and ET units.

[0056] Fig. 15B illustrates mean spontaneous rates for units with best frequencies below

12 kHz.

[0057] Fig. 15C illustrates mean spontaneous rates for units with best frequencies above

12 kHz.

[0058] Fig. 15D illustrates a mean timing rules show bimodal plasticity of spontaneous

firing rates for units from sham, ENT, and ET guinea pigs.

[0059] Fig. 16 is a plot of a distribution of responses to Sp5 stimulation for different test

groups (sham, ET, and ENT), in accordance with an example.
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[0060] Fig. 17Aillustrates an example hardware system for implementing the tinnitus

reduction techniques described herein, in accordance with an example.

[0061] Fig. 17Billustrates a software platform that may be executed by instructions on a

computer to implement techniques described herein, in accordance with an example.

[0062] Fig. 18 illustrates an exemplary bimodal stimulation system for performing the

techniques described herein, in accordance with an example.

DETAILED DESCRIPTION

[0063] Generally, examples are described for providing multisensory stimuli to reduce or
eliminate phantom sound perception or tinnitus. Stimulation of both the somatosensory system
and the auditory system is achieved, but in a counterintuitive, timed manner, in which spacing
between auditory and somatosensory stimuli is used to activate spike-timing dependent plasticity
in target neurons in such a manner that spontaneous activity is reduced, thereby reducing or

removing tinnitus.

[0064] Conventional bimodal stimulation techniques relied upon simultaneous
stimulation of systems, with the belief that contemporaneous triggering of vagal nerve stimulation,
to stimulate neuromodulatory inputs to auditory cortex from nucleus basalis, with sound
stimulation would treat such conditions as tinnitus by triggering remapping of the cortical
topographic frequency map. Recent studies have shown that cortical remapping is not necessary
for tinnitus. To develop the present techniques, however, bimodal plasticity induction in the DCN
was assessed in vivo in a different manner, by measuring sound-evoked and spontaneous firing
rates before and after bimodal stimulation, and where, in these examples, the second system

stimulated is the somatosensory system.

[0065] Fig. 1A is an example multisensory stimulation configuration 100 for bimodal
stimulation of two different types of synapses. Fig. 1A shows different cell types that connect with
each other (Gr = granule cells; St= stellate cells). Stimulation of the somatosensory system is
achieved through electrical pulses 102, in this example, delivered to 5p5 to activate parallel fiber-
fusiform (Fu) (e.g., at the face and part of the somatosensory system — the parallel fibers connect
the somatosensory system with the cochlear nucleus fusiform and cartwheel cells) and cartwheel

cell (Ca) synapses (e.g., part of the cochlear nucleus), paired with a 50-ms tone burst 104 to the
-10-
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auditory system to elicit spiking activity in the fusiform (Fu) and cartwheel (Ca) cells. Dorsal
cochlear nucleus unit responses to unimodal tones and spontaneous activity following
bimodal stimulation were recorded with a multi-channel electrode 106 placed into the DCN

using a standard protocol.

[0066] Fig. 1B illustrates an example protocol 200 for implementation of the bimodal
stimulation, through the use of a bimodal pairing protocol. For each of the bimodal stimulation
pairings in Fig. 1B a corresponding firing rate plots shown in Fig. 1C. As shown, the present
techniques are able to suppress, in some examples, and enhance, in others, responses to
sounds through bimodal stimulation. As represented in Fig. 1C, for example, bimodal
stimulation, in particular the relative timing of such stimuli, has been adjusted such that the
spontaneous activity and responses to tones (initially 202) were suppressed for 5 min (206),
15 min (208), and 25 (210) mins after bimodal stimulation (204), under different firing
conditions. This resulted in the plots in Fig. 1C. Bimodal enhancement and suppression, in
examples herein, were measured by comparing unimodal (auditory) response magnitudes at
different times after bimodal stimulation to unimodal response magnitudes before bimodal
stimulation. These are equivalent to the “late” or long-lasting changes previously described in
Dehmel et al., Noise overexposure alters long-term somatosensory-auditory processing in
the dorsal cochlear nucleus-possible basis for tinnitus-related hyperacitivy?, J. Neurosci.,
32(5): 1660-71 (2012) that reflect plasticity. This “bimodal plasticity” contrasts with bimodal
integration in which bimodal enhancement and suppression were measured by comparing

responses during bimodal stimulation with unimodal (auditory) responses.

[0067] In any event, in some examples, the present techniques include stimulating
with auditory and somatosensory stimuli and then waiting a time period to observe that the
effects are still there. The results show the long-lasting effect necessary to induce long-
lasting suppression of tinnitus and may be contrasted with immediate effects, which are less

relevant to tinnitus suppression.

[0068] As we have shown, bimodal plasticity is stimulus-timing dependent. In vivo
stimulus timing dependent plasticity has been shown to reflect underlying Hebbian and ani-
Hebbian spike timing dependent plasticity (STDP). To assess stimulus-timing dependence
for our techniques, in an example, the bimodal stimulation protocol (Fig. 1B) was repeated
with varying bimodal intervals, e.g., 5p5 stimulation onset minus sound onset. As illustrated in

the example of
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Fig. 2A, which shows plots of auditory response for different timings between the somatosensory
stimulation and the auditory stimulation, the auditory response was suppressed after bimodal
stimulation when somatosensory system stimulation (5p5) preceded the auditory stimulation, but
the auditory response was enhanced if the auditory stimulation preceded the somatosensory
stimulation. This corresponds to values for bimodal interval (BI) below 0 ms (e.g., -40 ms, -20 ms, -
10 ms) and values for Bl above 0 ms (10 ms, 20 ms, and 40 ms), respectively, i.e., where negative
bimodal intervals indicate somatosensory stimulation precedes the auditory stimulation, and
positive bimodal intervals indicate auditory preceding somatosensory stimulation. Bimodal
plasticity was considered stimulus-timing dependent when the sound-evoked firing rates increased
or decreased following bimodal stimulation at some, but not all, of the bimodal intervals tested.
What we found was that all units in which responses to sound were modulated by the bimodal
pairing protocol showed stimulus-timing dependence (i.e., the firing rate increased or decreased
by at least 20% following at least one bimodal interval tested). The particular amount of increase
or decrease in firing rate may be adjusted as discussed herein; of course, this particular amount is

provided by way of example.

[0069] For each unit demonstrating stimulus-timing-dependent plasticity, a timing rule
was constructed from the percent change in firing rate as a function of bimodal interval. The
timing rules are illustrated in Figs. 2B-2E, and correspond to those of Fig. 1B with plots for 5 mins
(220), 15 mins (222), and 25 mins (224) after exposure to the bimodal stimulation. Timing rules
were classified into Hebbian-like (Fig. 2B), anti-Hebbian-like (Fig. 2C), enhanced (Fig. 2D), and
suppressed (Fig. 2E). Mean single unit timing rules for each group are shown in Figs. 2F — 21, with
corresponding identifies. As shown, Hebbian-like units were maximally enhanced when the
somatosensory stimulation preceded auditory stimulation and maximally suppressed when
auditory stimulation preceded somatosensory stimulation, likely reflecting Hebbian STDP at the
parallel-fusiform cell synapse (n=5; Fig. 2B and 2F). Anti-Hebbian-like units were maximally
suppressed when somatosensory stimulation preceded auditory stimulation and maximally
enhanced when auditory stimulation preceded somatosensory stimulation (n=7; Fig. 2C, 2G), likely
reflecting a combination of Hebbian STDP at the parallel-fusiform cell synapse and anti-Hebbian
STDP at the parallel-cartwheel synapse. Other units were either enhanced (n=2; Figs. 2D, 2H) or

suppressed (n=2; Figs. 2E, 21) by all bimodal pairing protocols. Although not shown, comparison of
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single and multi-unit clusters, meaning that with the present techniques we can record from one
or more neurons using these electrodes and then we can separate some of them into single
neuron (unit) responses using principal component analysis, indicated that the same Hebbian-like
(n=25), anti-Hebbian-like (n=18), enhanced (n=18), suppressed (n=12) timing rules were observed
in multi-unit clusters. Thirty three multi units showed a complex dependence of suppression and

enhancement on the bimodal interval (not shown).

[0070] Synaptic plasticity at parallel fiber synapses in the DCN develops over the course
of several minutes. To compare the bimodal plasticity time course to synaptic plasticity time
courses, bimodal plasticity was measured at 5, 15, and 25 minutes after bimodal stimulation, using
the protocol of Fig. 1B, for both single and multi-units. The maximal enhancement and
suppression and the bimodal interval that induced maximal enhancement and suppression were
used to estimate the effect of bimodal stimulation on the DCN neural population. The change in
firing rate following bimodal stimulation was often greater at 15 or 25 minutes than at 5 minutes
after bimodal stimulation (see, e.g., Fig. 2B-E). Maximal bimodal enhancement plateaued 15
minutes following bimodal pairing and started to recover at 25 minutes, as shown in Fig. 3A (top).
In contrast, maximal bimodal suppression continued to develop over 25 minutes as shown in Fig.
3A (bottom). Median maximal suppression was -28% (n=126) after 25 minutes while median
maximal enhancement was 40% (n=126) by 25 minutes after bimodal pairing. These data indicate
that tone responses began to recover towards baseline 25 minutes after application of the bimodal
stimulus pairing. This performance is provided by way of example, however. In some examples,
responses to tones recovered to baseline levels within 90 minutes after the bimodal pairing (see,

e.g., Fig. 3B).

[0071] To determine the proper timing and order of bimodal stimulation of the
somatosensory and auditory systems, a firing rate mapping, like that of Figs. 2F-21 and Fig. 3A, may
be used to assess stimulus-timing dependent plasticity. In the illustrated example, the DCN neural
population is dominated by anti-Hebbian-like stimulus-timing dependent plasticity. Having a
technique to identify the maximum bimodal enhancement and suppression with corresponding
bimodal intervals allowed a population estimate of the stimulus-timing dependence of bimodal
plasticity in the DCN. An example is shown in Fig 4. When the most effective bimodal pairing

protocol (e.g., bimodal interval) consisted of Sp5 (somatosensory stimulation) following (auditory)
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tone stimulation by 20 or 40 ms, Sp5 synchronous with tone stimulation, or Sp5 preceding tone
stimulation by 10 ms, bimodal stimulation was most likely to produce enhancement. In contrast,
when the most effective bimodal stimulation protocol was Sp5 preceding the tone stimulation by

20 or 40 ms or following tones by 10 ms, induced bimodal suppression resulted.

[0072] We also found that our bimodal stimulation techniques induced stronger
persistent effects than unimodal stimulation. Attendant to our proposed hypothesis that STDP
underlies long-lasting bimodal plasticity is that paired auditory and somatosensory stimulation
induce long-lasting suppression or enhancement of tone-evoked responses. To test this, changes
in unimodal tone-evoked responses were measured during protocols in which the bimodal
stimulus was replaced by a unimodal stimulus (i.e., with either sound or Sp5 stimulation alone).
Figs. 5A and 5B illustrate the change in firing rate for bimodal stimulation versus unimodal tone
stimulation (Fig. 5A) and unimodal somatosensory stimulation (Fig. 5B), respectively. Maximal
bimodal enhancement and suppression were significantly stronger than enhancement or
suppression of the tone-evoked response following unimodal tone stimulation (Fig. 5A). However,
only maximal suppression, and not enhancement, following bimodal stimulation was stronger than
that following unimodal 5p5 stimulation (Fig. 5B). Thus, activation of both somatosensory and
auditory inputs has a greater long-lasting effect on DCN unit responses than either activation of

auditory or somatosensory inputs alone.

[0073] We found from our testing of variations to timing and ordering of bimodal
stimuli, that units excited by Sp5 stimulation exhibited Hebbian timing rules while units inhibited
by Sp5 stimulation exhibited anti-Hebbian timing rules. Activation of somatosensory neurons has
previously been shown to elicit excitation, inhibition, or complex responses in DCN neurons.
Somatosensory stimulation elicits either excitatory or inhibitory responses in a particular fusiform
cell depending on whether input is conveyed to that fusiform cell directly from parallel fiber inputs
or via inhibitory interneurons (cartwheel cells). Although 5p5 stimulation amplitude was selected
to activate sub-threshold somatosensory inputs, eleven units had measurable excitatory or
inhibitory responses to unimodal 5p5 stimulation and clearly defined Hebbian or anti-Hebbian
timing rules. For example, in an example, we measured this by examining the effect of
somatosensory stimulation on the sound-evoked response. If it affected the response but elicited

no response on its own, this was defined as sub threshold. Five out of six units that responded to
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5p5 stimulation with excitatory responses exhibited Hebbian timing rules, suggesting that Hebbian
timing rules were driven by parallel fiber-to-fusiform cell synapses (Fig. 6A and 6B). In contrast,
four out of five units that responded to 5p5 stimulation with inhibition exhibited anti-Hebbian
timing rules, suggesting anti-Hebbian dependence on parallel fiber-to-cartwheel cell synapses (Fig.
6C and 6D). Units that did not show clear stimulus-timing dependency were just as likely to be

excited or inhibited by 5p5 stimulation alone (not shown).

[0074] We also found that bimodal stimulus timing rules correlated with inhibitory
inputs, inhibitory inputs are those neural connections from other neurons that decrease the
response rate of the neuron in question. To examine this, units were classified according to
traditional physiological response schemes for a guinea pig by their frequency response maps
(n=63 units; types 1,11,111, I-111, IV, and IV-T), where types refer to the amount of inhibition that
is reflected in the response of the units to sound, and Type 1 has the least inhibition, Type IV has
the most, and their temporal responses properties at a best frequency (n=66 units; buildup, pause-
buildup, chopper, onset, and primary-like). These physiological response properties are linked to
intrinsic, morphological, and network properties of DCN neurons, including their somatosensory
innervation. We found that the proportion of units with Hebbian and anti-Hebbian-like timing
rules correlated with the degree of inhibition reflected in their response areas. Fig. 7A, for
example, shows the proportion of Hebbian and anti-Hebbian-like units for types I, I-IlI, Ill, and IV,
response map classifications usually associated with fusiform or giant cells. Hebbian-like timing
rules were more likely to be found in units with Type | response areas with no inhibition than in
units with Type Ill or IV response areas with significant inhibition away from a best frequency or at
high intensities. Thus, units with less inhibition tended to follow Hebbian rules and those with

more inhibition tended to follow anti-hebbian rules.

[0075] Timing rules and the strength of bimodal plasticity were also compared for
groups of units with each combination of the temporal and receptive field response types. Two
classes of neurons had consistent bimodal timing rules. Buildup or pauser-buildup units with type |
or type |l response areas exhibited clear Hebbian-like timing rules (Fig. 7B). In contrast, onset units

with type IV or IV-T response maps exhibited only anti-Hebbian timing rules (Fig. 7C).
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[0076] We also determined that spontaneous rate changes correlate with changes in
sound-evoked firing rate. After bimodal stimulation the changes in sound-driven and spontaneous
firing rates were significantly correlated for all bimodal intervals except for -20 ms (0.21 < R2 <
0.48). The highest correlation in sound-driven and spontaneous firing rates was observed
following the +10 ms bimodal interval (Fig. 8, linear regression analysis, DF=82; R2=0.48; p=2.62e-
13). However, changes in sound-evoked and spontaneous firing rates were not significantly

correlated following bimodal stimulation at an interval of -20 ms.

[0077] Itis believed that part of the reasoning behind the unexpected results herein is
the influence of network and intrinsic properties on bimodal plasticity. For example, the timing
rule continuum, from Hebbian-like to anti-Hebbian-like to complex, developed herein seems to
result from the variety of DCN neural types and suggests that intrinsic or network mechanisms act
alongside STDP to control bimodal plasticity. We also believe that bimodal plasticity timing rules
may also be influenced by cholinergic input from the superior olivary complex or the tegmental
nuclei, which modulate STDP in the DCN, converting Hebbian LTP to anti-Hebbian LTD at parallel

fiber-fusiform cell synapses.

[0078] Our determination that physiological classes of DCN neurons exhibit differing
stimulus-timing dependencies implies that physiological (and likely morphological) subtypes of
DCN neurons perform different functions with their multimodal inputs. Our data indicates that
DCN neurons with less inhibitory influence (Type | receptive fields) are more likely to display
Hebbian-like stimulus timing dependence while those with significant inhibitory influence (Type Il
and IV receptive fields) are more likely to display anti-Hebbian-like stimulus timing dependence.
This may reflect inhibitory influences from vertical cell or cartwheel cells on post-synaptic spiking
patterns which, in fusiform cells, are likely determined by long-lasting or pre-hyperpolarizing
inhibition. The timing rules for STDP induction in other systems depend not only on the relative
timing of pre-synaptic activity and post-synaptic spikes, but also on the number and pattern of

post-synaptic spikes.

[0079] Alternatively, the source of sound-driven inhibition to DCN principal cells may
also exhibit predominantly Hebbian-like stimulus-timing dependent plasticity, resulting in anti-

Hebbian-like timing rules in recipient neurons. One source could be type Il neurons, putative
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vertical cells. Type Il neurons supply inhibition to fusiform and giant cells, are inhibited by
somatosensory and parallel fiber input, and as we’ve found exhibit Hebbian-like stimulus-timing

dependent plasticity.

[0080] Hebbian and anti-Hebbian STDP are important mechanisms for adaptive
processing in cerebellar-like circuits. Neural responses to stimuli in these circuits exhibit long-
lasting adaptation induced by correlations between primary sensory input and error signals
supplied by motor control or secondary sensory inputs. We describe the first in vivo experiments
evaluating mechanisms for multisensory adaptive processing in the DCN. Thus, we show that
adaptive processing in the DCN is a mechanism to suppress responses to sound predicted by non-
auditory signals, such as self-generated sound preceded by somatosensory input. While various
techniques are described herein, including techniques for determining optimum ways to reduce
tinnitus, hyperacusis, and the like, numerous variations are contemplated and will be apparent to
persons of ordinary skill upon reading this disclosure. For example, the techniques may also adapt
sound localization signals in the DCN to pinna or head position. A high proportion of DCN neurons
exhibited anti-Hebbian-like timing rules, with responses to tones suppressed when 5p5 stimulation
preceded the tone and enhanced when the tone preceded 5p5 stimulation. This observation is
consistent with the hypothesis that DCN neurons cancel self-generated sounds predicted by

preceding somatosensory activation.

[0081] Reports of elevated spontaneous firing rates in the DCN after tinnitus-inducing
noise, implicates this structure as a site of phantom sound, or "tinnitus", generation in animal
models of tinnitus. Because DCN neurons are maore responsive to somatosensory stimulation
following hearing damage, bimodal plasticity in DCN is believed to play a role in somatic tinnitus,
i.e., the modulation of the pitch and loudness of a phantom sound perception by pressure or
manipulation of the head and neck. In fact, as we’ve shown, the effect of bimodal stimulation,
e.g., with 5p5 preceding tone stimulation, shifts from suppression in normal animals to
enhancement in guinea pigs with behavioral evidence of tinnitus, which suggests that bimodal

plasticity may contribute to DCN hyperactivity in tinnitus.

[0082] First Example Testing Protocols: The experimental procedures used for one set of

example testing procedures, corresponding to Figs. 1A-C, are now described. Animals: Male
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pigmented guinea pigs (n=5) from the University of Michigan colony (300-400 g; Ann Arbor, MI)
were used. Surgical approach and electrode placement: Guinea pigs were anesthetized (S.D.,
ketamine and xylazine; 40 mg/kg, 10 mg/kg) and their heads fixed in a stereotaxic frame using a
bite bar and hollow ear bars placed into the ear canals. Core temperature was maintained at 38 °C.
A left craniotomy was performed and a small amount of cerebellum was aspirated (leaving
paraflocculus intact) to allow for visual placement of the recording electrode. Supplemental doses
of ketamine and xylazine (1.M.) were administered at least hourly when indicated by response to a
toe pinch. The guinea pig's condition was monitored by assessment of body temperature,

respiration and heart rates, and unit thresholds.

[0083] A concentric bipolar stimulating electrode (FHC, Bowdoin, ME) was dipped in
fluorogold and placed stereotaxically into 5p5; -10 degrees below horizontal, 0.28 +/- 0.03 cm
lateral from midline; 0.25 +/- 0.02 cm caudal from transverse sinus; 0.9 +/- 0.1 cm below surface of
cerebellum. The location of the electrode was reconstructed post-mortem. A four-shank, thirty
two-channel silicon-substrate electrode (site spacing = 100 um, shank pitch = 250 um, site area =
177 um2, impedance = 1-3 mOhms, available from NeuroNexus, Ann Arbor, MI) was placed at the
DCN surface with each medial-to-lateral shank positioned within a different iso-frequency layer.
The electrode was then lowered 0.8 — 1.0 um into DCN until the uppermost site on each shank
responded to sound. In one guinea pig, after completing the recording protocol the DCN electrode
was moved to a more medial location and a new frequency was selected for stimulation while the

5p5 stimulating electrode remained in place.

[0084] Auditory and somatosensory stimulation: Neural activity in response to unimodal
tones was recorded before and at 5, 15, and 25 minutes after the bimodal stimulation protocol
(Fig. 1B). Tone signals (50 ms duration) gated with a cosine window (2 ms rise/fall time) were
generated using Open Ex and an RX8 DSP (TDT, Alachula, FL) with 12 bit precision and sampling
frequency set at 100 kHz. Sound was delivered to the left ear through the hollow ear bar by a
shielded speaker (DT770, Beyer) driven by an HB7 amplifier (TDT, Alachula, FL). The system
response was measured using a condenser microphone attached to the hollow earbar by a 'A" long
tube approximating the ear canal. Sound levels were adjusted to account for the system response
using a programmable attenuator (PA5, TDT, Alachula, FL) to deliver calibrated levels (dB SPL) at

frequencies from 200 Hz to 24 kHz.
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[0085] The bimodal stimulation protocol included 500 trials of the 50 ms tones
combined with electrical activation of 5p5 locations known to project to DCN. Five biphasic (100
us/phase) current pulses at 1000 Hz were delivered to 5p5 through a concentric bipolar electrode
using a custom isolated constant current source. The current amplitude was set to the highest
level (range: 50-70 IA) that did not elicit movement artifact. The tone level (60-65 dB SPL) and
frequency were fixed for the duration of the recording and were selected to reliably elicit
responses to sound from most recording sites. The bimodal interval was defined as the onset of
the 5p5 stimulus minus the onset of the tone, with negative values indicating 5p5-leading tone
stimulation and positive values indicating tone-leading 5p5 stimulation. Varied bimodal intervals
were used to assess stimulus-timing dependence of bimodal plasticity. During each recording
session, the bimodal interval was randomly selected from the following intervals until all
conditions were tested: -40, -20, -10, 0, +10, +20, +40, or +60 ms. For the unimodal control

protocols, either the current amplitude was set to 0 uA or the sound level was set to 0 dB SPL.

[0086] Spike detection and sorting: Voltages recorded from the multi-channel recording
electrode were digitized by a PZ2 preamp (Fs=12 kHz, TDT, available from Alachua, FL, USA) and
band-pass filtered (300 Hz — 3 kHz) before online spike detection using a fixed voltage threshold
set at 2.5 standard deviations above background noise (RZ2, TDT, Alachua, FL, USA). Spike
waveform shippets and timestamps were saved to a PC using Open Explorer (TDT, Alachua, FL,
USA). Waveform snippets were sorted using principal components of the waveform shape and K-
means cluster analysis with fixed variance (95%) and 5 clusters (OpenSorter, TDT, Alachua, FL,
USA). Clusters with a J2 value above le-5 were not considered well isolated and were combined.
Single units were identified by consistency of waveform shape and amplitude. Spikes up to 15 ms
after the onset of the current stimulation were contaminated by electrical artifacts and ringing and
excluded from all analyses. While multi-unit clusters could not be identified as isolated single
units, the waveform shapes, amplitudes, and response properties were consistent over the

duration of the recording.

[0087] Experimental design: To characterize unit responses to sound according to
standard classification schemes, tone stimuli were presented before any 5p5 stimulation. Tone
levels (0 — 85 dB SPL; 5 dB steps) and frequencies were varied (200 Hz - 23 kHz; 0.1 octave steps)

between trials (200 ms trial; 50 ms tone) with each condition repeated 10-20 times. The current
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amplitude for 5p5 stimulation was set at the highest amplitude that did not elicit ipsilateral facial
twitches (60-80 IA). At the current amplitude presented, few units showed supra-threshold
responses to somatosensory stimulation, but clearly sub-threshold responses were elicited, as

evidenced by the bimodal effects.

[0088] Unimodal trials were recorded at four time points: before, and 5, 15, and 25
minutes after the bimodal stimulation protocol (Fig. 1B). Responses were recorded to unimodal
tones (TONE) presented at the same level (60-65 dB SPL) as in the bimodal stimulation protocol
(200 trials, 5 trials per second). Two minutes of spontaneous activity (SPONT) was also recorded at
each time point before and after the bimodal stimulation protocol. All unimodal tones and rate
level functions were at the same frequency used for bimodal stimulation. The entire recording
block in Fig. 1B (the combined pairs 202-210) lasted for 30-35 minutes with unimodal recordings at
each time point lasting for 5-7 minutes and the bimodal stimulation protocol lasting for 4-5
minutes. The recording block in Fig. 1B was repeated randomly for each bimodal interval tested (-
40, -20, -10, 0, 10, 20, 40, or 60 ms). In one guinea pig, control recording blocks were repeated in
which unimodal tone or Sp5 stimuli replaced the bimodal stimuli. After the final recording block,
the responses to unimodal tones were measured every 15-30 minutes for as long as possible to

assess recovery after bimodal stimulation.

[0089] Unit characterization: All units were characterized by best frequency, threshold,
frequency response map and temporal response patterns at best frequency. Response maps were
constructed by computing the sound-evoked firing rate during the 50 ms tone minus spontaneous
firing rate measured during the last 50 ms of each trial. Excitation or inhibition was considered
significant when the firing rate was greater than 2.5 standard deviations above or below the mean
spike rate of all trials with no sound. Post-stimulus time histograms were constructed for each unit
from 50-200 trials with the tone level 10-30 dB above threshold and frequency within 0.1 octave of
the identified best frequency. Unit classification by receptive field and post-stimulus time
histogram provide indirect evidence for the synaptic drive and intrinsic processing, respectively, of

individual neurons in DCN.

[0090] Figs. 9-16 result from other example testing that we performed to use stimulus-

timing dependent bimodal plasticity to asses STDP metaplasticity in a guinea pig model of tinnitus.
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We found that bimodal plasticity timing rules were broader and more likely to be anti-Hebbian in
guinea pigs with tinnitus than in sham guinea pigs or those without tinnitus after noise damage,

which suggests that tinnitus may be linked to metaplasticity of STDP in the DCN.

[0091] As discussed further below, in this example protocol testing, guinea pigs were
exposed to a narrowband noise that produced a temporary shift in auditory brainstem response
thresholds known to produce tinnitus. Sixty percent of guinea pigs developed tinnitus according to
behavioral testing by gap-induced prepulse inhibition of the acoustic startle. Following noise-
exposure and tinnitus induction, stimulus-timing dependent plasticity was measured by comparing
responses to sound before and after paired somatosensory and auditory stimulation with varying
intervals and orders. What we found was that timing rules in animals with verified tinnitus were
broader and more likely to be anti-Hebbian than timing rules in sham animals or noise-exposed
animals that did not develop tinnitus. Furthermore, exposed animals with tinnitus had weaker
suppressive responses than either sham animals or exposed animals without tinnitus. Broader
timing rules combined with weaker bimodal suppression in animals with tinnitus suggested that
somatosensory inputs to the DCN have a strengthened, enhancing effect in tinnitus. These results
suggested that tinnitus development was linked to DCN spike-timing dependent plasticity, and thus
provided further confirmation of what we described above that the present techniques provide

potential tinnitus therapies.

[0092] As demonstrated, STDP in animals with tinnitus is compared to those animals
without tinnitus. That these further experiments further demonstrated that the techniques herein,
such as ways in which one can change the firing rate in the DCN using bimodal stimulation based
on the ordering and spacing, can be used to find the specific orders and intervals of bimodal
stimulation that lead to a decrease in firing rate of the majority of neurons that send the signal to
the auditory cortex. Thus these further experiments provide additional examples in neurons that
may be contributing to the tinnitus percept of specific timing rules and techniques for determining
timing rules that create increases or decreases in such firing rates. From these timing rules, we can
take those rules that decrease the firing rates to treat tinnitus. For example, the role of bimodal
STDP in the DCN is to identify spatiotemporal patterns in auditory nerve activity correlated with
somatosensory inputs. In the normal system, narrow STDP timing rules heighten or suppress the

responsivity of DCN neurons to auditory nerve inputs that are tightly correlated with
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somatosensory events. Broader timing rules in tinnitus animals would increase the likelihood of a
somatosensory event triggering anti-Hebbian or Hebbian plasticity, leading to heightened
responsivity to spontaneous, as well as driven, auditory nerve spiking patterns. The resulting
hyperactivity could be a neural representation of tinnitus. This mechanism may act cooperatively
with the decreases in granule cell resistance observed after noise exposure that further enhance
the strength of somatosensory inputs. Furthermore, the corresponding decrease in bimodal
suppression in tinnitus animals would further enhance the hyperactivity. The tinnitus-associated
changes in bimodal stimulus-timing dependent plasticity suggest that somatosensory inputs have a
greater influence on DCN neural activity in animals that developed tinnitus than in those that did
not. A similar process is found in visual cortex, where broadened STDP timing rules after visual
deprivation cause long-term potentiation of spontaneous inputs to visual cortex at lower

spontaneous firing rates than in the normal visual cortex.

[0093] From this example, we noticed a number of effects from endemic to shifts in
bimodal stimulation effects over certain frequency ranges, which is particular useful as the
frequency range for a patients tinnitus sensitivity will vary from patient to patient, making

identifying useful operating ranges of bimodal stimulation important.

[0094] We demonstrated that narrow-band noise exposure centered at 7 kHz induced
temporary threshold shifts between 7 and 16 kHz. Noise exposure induced a TTS as demonstrated
by auditory brainstem response (ABR) thresholds. For example, ABR thresholds in the exposed ear
(Fig. 11A) but not the unexposed ear (Fig. 11B) were elevated immediately after exposure and
recovered to baseline by 1 week after noise exposure. Maximum threshold elevation was 35 dB
(mean) +/- 3.5 dB (s.d.) at 9 kHz after the first exposure and 19 dB (mean) +/- 2.1 dB (s.d.) at 10 kHz
after the second exposure with thresholds elevated in a band from the exposure frequency to 2
octaves above the exposure frequency. ABR thresholds in sham-exposed guinea pigs were not
elevated above baseline in either ear (Fig. 11C and Fig. 11D). Data for post exposure 1 (230),

recovery 1 (232), post exposure 2 (234), and recovery 2 (236), and final (238) are all shown.

[0095] We also demonstrated that exposure to narrowband noise induced tinnitus in the
12 — 14 kHz band in 60 % of guinea pigs. Gap-induced prepulse inhibition of acoustic startle

(GPIAS) was used to assess each guinea pig for evidence of a frequency specific tinnitus percept.
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During baseline startle testing, all guinea pigs exhibited normal gap detection with smaller startle
responses when there was a gap than when there was no gap. All guinea pigs exhibited normalized
startle responses below 0.5 during baseline, with the normalized startle response defined as the
ratio of the startle response amplitude with gap prepulse (AG) to the startle response amplitude
without gap (ANG). Impaired gap detection, which was considered evidence for tinnitus, was
identified by significantly elevated normalized startle responses. Following the TTS-inducing noise
exposure, 60 percent of exposed guinea pigs were identified as having tinnitus in the 12-14 kHz
band, half of which also showed evidence for tinnitus in either the 4-8 kHz, 8-10 kHz, or 16-18 kHz
bands (Fig. 12A). Guinea pigs with evidence for tinnitus in the 12-14 kHz bands were thus placed
into the Exposed with Tinnitus (ET) group. The remaining 40% of exposed guinea pigs that showed
no evidence for tinnitus in any tested frequency band were placed into the Exposed with No

Tinnitus (ENT) group, while the sham animals were considered as a separate group (Sham).

[0096] To validate the ET and ENT groupings, gap detection ability was compared
between all exposed and sham guinea pigs (Fig. 12B), and between the ET, ENT and sham guinea
pigs (Fig. 12C). The normalized startle response was not significantly elevated for any frequency
band in all exposed guinea pigs (Fig. 12B). However, normalized startle responses were
significantly elevated, indicating impaired gap detection ability, for the 4-6, 8-10, and 12-14 kHz
bands in the ET group but not in the ENT group (Fig. 12C). The normalized startle response was not
sighificantly elevated for the BBN background signal or the 16-18 kHz background signal either in
the ET group or the ENT group (Fig. 12C).

[0097] We found that bimodal plasticity timing rules were predominantly anti-Hebbian
and suppressing in noise-exposed animals. We measured the stimulus-timing dependence of
bimodal plasticity and demonstrated predominantly Hebbian-like timing rules in normal animals.
In order to separate noise-exposure driven changes in neural mechanisms from those associated
with tinnitus, stimulus-timing dependent bimodal plasticity was first compared between principal
cell units from Sham (n = 100 units) and Exposed (n = 288 units) guinea pigs and then between
exposed animals that developed tinnitus (ET) or did not develop tinnitus (ENT). Bimodal plasticity
was assessed by identifying significant changes in sound-evoked average firing rates 15 minutes
after bimodal stimulation. The dependence of bimodal plasticity on stimulus timing was confirmed

by repeatedly measuring bimodal plasticity using the protocol in Fig. 1A and varying the bimodal
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interval (10, 20, and 40 ms) and order (Sp5 or tone leading) in the bimodal pairing protocol.
Bimodal intervals were classified as eliciting significant bimodal plasticity if the firing rates before

and 15 minutes after were significantly different (t-test, p < 0.05).

[0098] Timing rules were constructed for each unit by plotting the change in sound-
evoked firing rates observed 15 minutes after various bimodal pairing orders and intervals. These
timing rules were classified as Hebbian-like (n = 132; examples from sham and noise-exposed
animals shown in Fig. 13A), anti-Hebbian-like (n = 69; examples from sham and noise-exposed
animals shown in Fig. 13B), enhancing (n = 44), or suppressing (n = 143). In units with Hebbian-like
timing rules, sound-evoked firing rates increased after bimodal stimulation when Sp5 stimulation
preceded tone onset and decreased after bimodal stimulation when Sp5 stimulation followed tone
onset (Fig. 13A). Note that the temporal window for enhancing bimodal plasticity is broader in this
unit from a noise-exposed animal from the ET group, with enhancement observed after bimodal
intervals of -10, 10, and 20 ms. In contrast, in the unit from the sham animal enhancement is only
observed with bimodal intervals of 10 and 20 ms. In units with anti-Hebbian-like timing rules,
sound-evoked firing rates increased 15 minutes after Sp5 stimulation followed tone onset and
decreased 15 minutes after Sp5 stimulation preceded tone onset (Fig. 13B). Responses in the
remaining units were only enhanced or suppressed following bimodal stimulation at the tested

bimodal intervals (individual units not shown).

[0099] Units from sham animals were distributed among the timing rule classes in
proportions similar to normal animals, with most units showing Hebbian-like timing rules (Fig. 13C,
left column). In contrast, after noise exposure, units with anti-Hebbian and suppressive timing
rules were significantly more prevalent (Chi Squared proportion test; Sham vs. Exposed; DF = 3;
Chi?=25.2564; p<0.0001) than Hebbian or enhancing units (Fig. 13C, right column). Further
breakdown of units into those with BFs within the TTS frequency region (8-16 kHz) and those
outside these regions (below 8 kHz and above 16 kHz) reveal that units within the TTS frequency

region comprised the highest percentages of units in the anti-Hebbian class.

[0100] Mean timing rules estimate the effect of somatosensory-auditory pairing at
specific intervals on DCN population activity. Mean population timing rules from all sham and

exposed units 15 minutes after bimodal stimulation revealed a shift in the population timing rules
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from Hebbian-like to anti-Hebbian-like in the noise-exposed animals (Fig. 13D). In sham animals,
the mean population timing rule was Hebbian-like, with enhancement of sound-evoked firing rates
when Sp5 preceded sound stimulation (positive values) and suppression when Sp5 stimulation
followed sound stimulation (negative values; Fig. 13D, sham). In noise-exposed animals, the
reverse occurred, with suppression of sound-evoked firing rates for Sp5 preceding sound
stimulation and enhancement with Sp5 following sound stimulation (Fig. 13D, exposed). A two-way
ANOVA with exposure group (Group) and bimodal interval (Bl) revealed a significant main effect of
bimodal interval and a significant interaction between bimodal interval and exposure group (Group
—F(1)=1.38, p=0.240; Bl — F(5) = 5.37, p <0.001; Exposure Group x Bimodal Interval — F(5) = 14.47,
p < 0.001). Bimodal intervals for which there were significant differences between exposure groups

according to Tukey-Kramer’s post-hoc tests are designated in Fig. 13D by stars.

[0101] We found that anti-Hebbian bimodal enhancement was broader in guinea pigs
exhibiting tinnitus, while suppressive bimodal plasticity was broader in animals without tinnitus.
To establish tinnitus-specific differences in bimodal stimulus-timing dependent plasticity, we
compared responses between Sham (n = 100 units), ENT (n = 63 units), and ET (n = 225 units)
guinea pigs before and 15 minutes after bimodal stimulation of varying orders and intervals. Mean
population timing rules for ET, ENT, and sham units revealed that bimodal plasticity was converted
from Hebbian-like to anti-Hebbian-like timing rules in both the ET and ENT groups (Fig. 14A). In the
ET animals there were more bimodal intervals at which enhancement occurred (-40, -20, -10, and
10 ms) than in the ENT group (only -20 ms), revealing a broadening of the timing rules for the
enhancement phase of the curve in the ET animals. While firing rate suppression was observed at +
20 ms for both ET and ENT animals, there was a broadening of the suppressive phase of the curve
in the ENT animals, with suppression at both +10 and +20 ms as compared to only +20 ms in the ET
animals (Fig. 14A). The broadening of the timing rules in the enhancement phase in ET animals and
in the suppressive phase in ENT animals was in contrast to narrow, Hebbian-like timing rules in
sham animals, in which maximal enhancement and suppression were found at bimodal intervals of
+20 ms and -10 ms respectively. A two-way ANOVA with tinnitus group (TG) and bimodal interval
(BI) revealed significant main effects of tinnitus group and bimodal interval and a significant
interaction between bimodal interval and exposure group (TG — F(2) =4.02, p = 0.018; BI - F(5) =

4.72, p <0.001; TGxBI — F(10) = 7.34, p < 0.001). Bimodal intervals for which there were significant
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differences between tinnitus groups according to Tukey-Kramer’s post-hoc tests are shown as stars

in Fig. 14A.

[0102] Corresponding with the shifts in population timing rules, anti-Hebbian-like units
were most common in ET animals while suppressive units were predominant in ENT animals (Fig.
14B;, Chi’*=52.82; DF=11; p <0.001, stars in Fig. 14B). The shift towards anti-Hebbian-like units in ET

animals was more prominent in units within the tinnitus frequency bands.

[0103] We also demonstrated that timing rules were broader and anti-Hebbian in noise-
exposed animals. Above, we measured the stimulus-timing dependence of bimodal plasticity to
reveal the contribution of spike-timing dependent synaptic plasticity to bimodal plasticity. In these
examples, we recorded responses from Sham (n = 100 units), ENT (n = 63 units), and ET (n =225
units) guinea pigs before, 3 and 15 minutes after bimodal stimulation with varying orders and

intervals (Fig 13A).

[0104] Mean population timing rules from all sham and noise-exposed units 3 and 15
minutes after bimodal stimulation revealed that noise exposure shifts the population timing rule
from Hebbian-like to anti-Hebbian-like in noise-exposed animals (Fig. 13B). In sham animals, both
3 and 15 minutes after bimodal stimulation, the mean population timing rule was Hebbian-like,
with enhancement of sound-evoked firing rates when Sp5 preceded sound stimulation and
suppression when Sp5 stimulation followed sound stimulation (Fig. 13B, labeled 302). In noise-
exposed animals, the reverse occurred, with suppression of sound-evoked firing rates for Sp5
preceding sound stimulation and enhancement with Sp5 following sound stimulation (Fig. 13B,

labeled 306).

[0105] We also demonstrated that timing rules were broadest in noise-exposed animals
with tinnitus compared to those without tinnitus. Mean population timing rules for ET, ENT, and
sham units revealed that long-lasting bimodal plasticity 15 minutes after bimodal stimulation was
converted from Hebbian-like to anti- Hebbian-like timing rules in both the ET and ENT groups, but
were broader in only the ET group (Fig. 13C). Additionally, in ENT animals, maximal enhancement
and suppression were found at bimodal intervals of -20 ms and +20 ms respectively, similar to
what was observed in sham guinea pigs with maximal enhancement and suppression observed at

10 ms and -20 ms respectively. However, in ET animals, maximal enhancement and suppression
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were observed at the broadest bimodal intervals tested (+40 and -40 ms), suggesting that bimodal

plasticity timing rules broaden in association with tinnitus.

[0106] We found that anti-Hebbian bimodal plasticity was dominant in animals
exhibiting tinnitus, while suppressive bimodal plasticity was dominant in animals without tinnitus.
Timing rules were constructed for individual units from responses 15 minutes after bimodal
stimulation and were classified following the scheme previously described as Hebbian-like (n =
132), anti-Hebbian-like (n = 69), suppressing (n = 143), or enhancing (n = 44) timing rules. Units
from sham animals were distributed among the timing rule classes similarly to units from normal
animals but after noise exposure, anti-Hebbian-like units were most common in ET animals while
suppressive units were predominant in ENT animals (Fig. 14A). This corresponds with the shift in

the population timing rule from Hebbian-like to anti-Hebbian-like (Fig 13C).

[0107] Mean timing rules are shown for Hebbian, anti-Hebbian, and suppressive units
from sham and ET animals in Figures 14B-G. Hebbian-like timing rules were similar and highly
variable in both sham and ET animals (Fig. 14B-C). Additionally, bimodal suppression was weaker

in ET animals than in sham animals (Fig. 14F-G).

[0108] We also found that anti-Hebbian bimodal plasticity of spontaneous rates was
dominant in noise-exposed guinea pigs exhibiting tinnitus, while suppressive bimodal plasticity of
spontaneous rates was dominant in animals without tinnitus. Tinnitus is associated with
spontaneous hyperactivity in the DCN and other auditory structures. Spontaneous firing rates
measured before any bimodal stimulation revealed elevated spontaneous firing rates in the ET
group in frequency regions with threshold shifts and evidence for tinnitus (below 12 kHz; Figs. 15A
and 15B) but not above 12 kHz (Figs. 15A and 15C). It is therefore important to assess the influence
of bimodal stimulation on subsequent spontaneous activity in sham, ENT, and ET animals. Fig. 15D
plots the change in spontaneous activity observed in DCN neurons 15 minutes after various
bimodal pairing orders and intervals in the three groups. These timing rules constructed from
changes in spontaneous rates in units from ENT animals were generally suppressive. In contrast,
units from ET animals exhibited anti-Hebbian-like timing rules with enhancement at the -20 ms
intervals and less suppression at all positive intervals than the ENT animals. A two-way ANOVA

with tinnitus group (TG) and bimodal interval (Bl) revealed significant main effects of tinnitus group
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and a significant interaction between bimodal interval and exposure group (TG — F(2) = 14.06, p <

0.0001; Bl - F(5) = 1.12, p = 0.35; TGxBI — F(10) = 2.41, p = 0.008).

[0109] Further still, we demonstrated that exposed with tinnitus animals had more
excitatory responses to Sp5 stimulation, over animals that were not exposed with tinnitus.
Responses to Sp5 stimulation alone were recorded to identify whether the distribution of
excitatory, inhibitory, and complex unimodal Sp5 responses differed with TTS-inducing noise
exposure and with tinnitus (Fig. 16). Data plot 1 is the excitatory, unimodal response case. Data
plot 2 is the mixed response case. Data plot 3 is the inhibitory unimodal response case. Unimodal
Sp5 responses were more likely to be excitatory and less likely to be inhibitory in ET animals than in
sham animals. In contrast, unimodal responses were more likely to be complex (E/In) in ENT

animals.

[0110] Thus, as shown, to identify changes in stimulus-timing dependence associated
with noise-exposure, bimodal plasticity timing rules were compared between sham and all noise-
exposed animals. We observed three significant noise-exposure associated changes: 1) timing
rules were more likely to be anti-Hebbian than Hebbian, 2) timing rules were broader, and 3)
timing rules were more likely to be suppressive than enhancing. To identify changes specifically
associated with noise-exposure induced tinnitus, we compared timing rules from noise-exposed
animals with tinnitus to timing rules from noise-exposed animals without tinnitus and sham
animals. There were two striking differences in bimodal plasticity in tinnitus animals: 1) Timing
rules were more likely to be governed by Hebbian or anti-Hebbian timing rules than suppressive or
enhancing timing rules, and 2) Anti-Hebbian timing rules were broader. These results likely

represent underlying changes in STDP, suggesting a potential role for STDP in generating tinnitus.

[0111] The role of bimodal STDP in the DCN is to identify spatiotemporal patterns in
auditory nerve activity that are correlated with somatosensory inputs. In a normal system, narrow
STDP timing rules heighten or suppress the responsivity of DCN neurons to auditory nerve inputs
that are tightly correlated with somatosensory events. The broader timing rules in tinnitus animals
would increase the likelihood of a somatosensory event triggering anti-Hebbian or Hebbian
plasticity, leading to heightened responsivity to spontaneous, as well as driven, auditory nerve

spiking patterns. The resulting hyperactivity could be a neural representation of tinnitus. This
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mechanism could act cooperatively with the decreases in granule cell resistance observed after
noise exposure that further enhance the strength of somatosensory inputs. Furthermore, the
corresponding decrease in bimodal suppression in tinnitus animals would further enhance the
hyperactivity. The tinnitus-associated changes in bimodal stimulus-timing dependent plasticity
suggest that somatosensory inputs have a greater influence on DCN neural activity in animals that

developed tinnitus than in those that did not.

[0112] We believe that noise-exposure and tinnitus are associated with STDP
metaplasticity that is likely driven by a combination of redistribution of somatosensory innervation
and reduced influence of glycinergic cartwheel cells, cholinergic neuromodulation, and potentially

changes in NMDAR and PKC-mediated signaling cascades.

[0113] Thus, these results confirm that metaplasticity of STDP in the DCN is new neural
correlate of tinnitus. The specific combination of STDP changes in DCN after noise exposure may
drive spontaneous neural activity toward spiking patterns that represent tinnitus in DCN and
higher auditory structures in the auditory system. The influence of metaplasticity in higher centers
could further drive spontaneous activity towards perceptual awareness. In the end, these
experiments further demonstrate the particular and unexpected advantages of this technique in

the treatment of tinnitus.

[0114] The experimental procedures used for a second set of example testing
procedures, corresponding to Figs. 9-16, were as follows. Animals: Female pigmented guinea pigs
(n=16) from the EIm Hill colony (300-400 g; Ann Arbor, MI) were used in this study. Experimental
design: This study was designed to assess the effect of noise-exposure induced tinnitus on
stimulus- timing dependent bimodal plasticity of sound-evoked responses and spontaneous
activity. Sixteen female guinea pigs (Elm Hill, 10 noise-exposed and 6 sham-exposed) were
behaviorally tested semiweekly before and after a two hour noise exposure (Fig. 9, plot “A”: 97 dB
noise with % octave band centered at 7 kHz) using an acoustic startle-based gap detection assay for
tinnitus (Fig. 9, plot “B”). Ten guinea pigs were first exposed to the narrowband noise 3-6 weeks
after baseline gap detection testing. Six to 8 weeks later, each guinea pig was exposed a second
time to the same narrowband noise. The remaining 6 guinea pigs were sham-exposed at the same

time. Auditory brainstem response (ABR) thresholds were measured before beginning gap
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detection (B), immediately after the first and second noise exposures to assess threshold
shift (E1 & E2), one week after each noise exposure to assess recovery of thresholds (R1 &
R2), and immediately before unit recordings (F; Fig. 9, plot “C”). Four to six weeks after the
2" noise exposure, single and multi-unit spontaneous activity, rate level functions, and
bimodal stimulus-timing dependent plasticity were assessed in an acute DCN recording
preparation and compared between sham and exposed groups and between tinnitus and no
tinnitus groups (Fig. 9, plot “D”).

[0115] Gap detection testing for tinnitus: Guinea pigs were behaviorally tested with a
startle-based gap detection assay for tinnitus two times per week following the previously
described protocol )Dehmel et al., Noise overexposure alters long-term somatosensory-
auditory processing in the dorsal cochlear nucleus-possible basis for tinnitus-related
hyperactivity?, J. Neurosci., 32(5): 1660-71 (2012)). In brief, guinea pigs were placed on top
of a piezoelectric force measurement plate to measure movement elicited by a loud
broadband noise (the startle stimulus; 115 dB, 200-20 kHz). Each trial consisted of a
background noise with (Gap trials) or without (No-Gap trials) a 50 ms silent gap embedded
50 ms before the startle stimulus onset. The 60 dB background noise was either broad band
noise or bandpass filtered noise with a 2 kHz band and lower cutoff frequencies of 4, 8, 12,
16 or 20 kHz. Intervals between trials randomly varied between 18 and 24 seconds. For each
day of testing, an observation of the normalized startle response was computed as the ratio
[Ac/Ang], where Ag is the mean amplitude of the startle response from 10 trials with gap on
one day and Ang is the mean amplitude of the startle response from 10 trials with no gap on
the same day (Fig. 10A). To assess the normalized startle responses within each frequency
band for evidence of tinnitus for each frequency band (12 KHz is shown), the distribution of
normalized startle trials from all observations from all animals was analyzed using Gaussian
mixture modeling (Statistics Toolbox, Matlab release 2012b) assuming that the normalized
startle observations were drawn from one of two distributions, the normal distribution
(Fig. 10B, 402) and the tinnitus distribution (Fig. 10B, 404). The normalized startle
observations were placed into the tinnitus group when the posterior probability was greater
than 0.55 (Fig. 10C, 406). For each frequency band, using the threshold established by the
Gaussian mixture model, the distributions of normalized startle responses from sham animals
after noise exposure (Sham, Fig. 10D), all animals before noise exposure (Baseline,

Fig. 10E), and exposed animals after noise exposure (Exposed, Fig. 10F) were partitioned

into tinnitus and no tinnitus observations. Animals from the exposed group that demonstrated
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more tinnitus observations than were found during baseline testing were considered to have

tinnitus within the tested frequency
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band. For Figs. 10D-10F only the distribution 402 is labeled, corresponding to non-tinnitus; the
other distribution values correspond to distribution 404, corresponding to tinnitus. For statistical
evaluation, animals with no exposure were assigned to the sham group, noise-exposed animals
with no evidence for tinnitus were assigned to the Exposed-No-Tinnitus (ENT) group, and noise-
exposed animals with evidence for tinnitus were assigned to the Exposed-Tinnitus (ET) group. Pre-
pulse inhibition was assessed in the same manner as gap-detection. All groups of animals showed
no differences in pre-pulse inhibition before and after the noise damage. This result was taken to
mean that baseline temporal processing was unchanged by the noise damage and therefore any
changes in gap-detection were as a result of the tinnitus “filling the gap” and not because of a

temporal processing dysfunction or hearing loss.

[0116] Surgical approach for neural recordings: Guinea pigs were anesthetized
(subcutaneous injection of ketamine and xylazine, 40 mg/kg, 10 mg/kg; at the incision site a
subcutaneous injection of lidocaine, 4 mg/kg) and ophthalmic ointment applied to their eyes. Their
heads were fixed in a stereotaxic frame using a bite bar and hollow ear bars were placed into the
ear canals. Core temperature was maintained at 38 °C. A left craniotomy was performed and a
small amount of cerebellum was aspirated (leaving paraflocculus intact) to allow for visual
placement of the recording electrode. Supplemental doses of ketamine and xylazine (I.M.) were
administered at least hourly when indicated by response to a toe pinch. The guinea pig’s
physiological condition was monitored by assessment of body temperature, respiration and heart
rates, and unit thresholds. After the completion of neural recording, the guinea pig was sacrificed

by I.P. injection of sodium pentobarbitol followed by decapitation.

[0117] Electrode placement: A concentric bipolar stimulating electrode (FHC, Bowdoin,
ME) was placed stereotaxically into Sp5 after being dipped in fluorogold; -10 degrees below
horizontal, 0.28 +/- 0.03 ¢cm lateral from midline; 0.25 +/- 0.02 cm caudal from transverse sinus; 0.9
+/- 0.1 cm below surface of cerebellum. Post-mortem reconstruction confirmed electrode
locations. A four-shank, thirty two-channel silicon-substrate electrode (site spacing = 100 um,
shank pitch = 250 um, site area = 177 um2, impedance = 1-3 mOhms, NeuroNexus, Ann Arbor, MI)
was placed with the tips 0.8 —1.0 um below the surface of the DCN with shanks rostral-to-caudal
approximately within an iso-frequency layer. If the top site on each shank did not respond to

sound, the electrode was lowered until they responded to noise.
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[0118] Auditory and somatosensory stimulation: Cosine window-gated Tone signals (50
ms duration, 2 ms rise/fall time) were generated using Open Ex and an RX8 DSP (TDT, Alachula, FL)
with 12 bit precision and sampling frequency set at 100 kHz. A shielded speaker (DT770, Beyer)
driven by an HB7 amplifier (TDT, Alachula, FL) delivered sound through a hollow earbar to the left
year. The system response was measured using a condenser microphone attached to the hollow
earbar by a %4” long tube approximating the ear canal. Sound levels were adjusted to account for
the system response using a programmable attenuator (PAS5, TDT, Alachula, FL) to deliver
calibrated levels (dB SPL) at frequencies from 200 Hz to 24 kHz. Neurons in somatosensory
brainstem nuclei known to project to DCN were activated by three biphasic (100 us/phase) current
pulses at 1000 Hz delivered to Sp5 through a concentric bipolar electrode. The current amplitude

was set to the highest level (range: 50-70 pA) that did not elicit movement artifact.

[0119] Assessment of stimulus-timing dependent bimodal plasticity: Stimulus-timing
dependent plasticity was assessed in all guinea pigs using an established in vivo bimodal plasticity
induction protocol. In short, spontaneous activity and responses to unimodal tone stimuli were
recorded at three time points: before, and 3 and 15 minutes after the bimodal stimulation
protocol. The bimodal stimulation protocol in this example consisted of 300 trials of the 50 ms
tones combined with Sp5 activation. The bimodal interval was defined as the Sp5 stimulus onset
time minus the tone stimulus onset time. Thus, positive bimodal intervals indicate Sp5-leading tone
stimulation and negative bimodal intervals indicate tone-leading Sp5 stimulation. Stimulus-timing
dependence was assessed by varying the bimodal interval and measuring the change in unimodal
tone-evoked firing rates before and after bimodal stimulation. The recording block was repeated
with the bimodal interval between tone and somatosensory stimuli randomly selected from the
following list: -40, -20, -10, 0, 10, 20, or 40 ms. Control recording blocks were also included in
which unimodal tone or Sp5 stimuli replaced the bimodal stimuli. To assess recovery after bimodal
stimulation, responses to unimodal tones were measured every 15-30 minutes for as long as

possible to assess recovery after bimodal stimulation.

[0120] To assess recovery after bimodal stimulation, responses to unimodal tones were
measured every 15-30 minutes after the final bimodal stimulation block for up to 2 hours. Timing
rules for principal cell units (excluding units with type Il receptive fields) were classified as Hebbian,

anti-Hebbian, suppressing, or enhancing by comparing the mean change in firing rate ( i.e., the
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firing rate before bimodal stimulation subtracted from the firing rate after bimodal pairing) when
the Sp5 stimulus preceded the sound and when the Sp5 stimulus followed the sound. Timing rule
classification corresponded to that used previously. For comparison between sham, ET, and ENT
animals, spontaneous firing rates were measured from the first recording block before any bimodal

stimulation.

[0121] Spike detection and sorting: Voltages from each site were digitized by a PZ2
preamp (Fs=12 kHz, TDT, Alachua, FL, USA) and band-pass filtered (300 Hz — 3 kHz). Online spike
detection used a voltage threshold set 2.5 standard deviations above background noise (RZ2, TDT,
Alachua, FL, USA). Timestamps and waveform snippets were saved to a PC and sorted using
principal components of the waveform shape and K-means cluster analysis with fixed variance
(95%) and 5 clusters (Plexon Offline Sorter). Cluster distinctness was confirmed with pairwise
cluster statistics (p>0.05; Plexon Offline Sorter) and visually by a trained observer. When a spike
was present in a 1 ms window across 80% of channels, any spikes within that window were
considered artifact and removed from further analysis. The waveform shapes, amplitudes, and
response properties of multi-unit clusters in this study were consistent over the duration of the

recording.

[0122] As discussed herein, the techniques may apply the auditory component of
bimodal stimulation at frequencies identified as tinnitus frequencies or at other frequencies
determined to reduce tinnitus. In further examples, the techniques may present timing intervals
at, for example, +10 ms or +20 ms (i.e., somatosensory stimulation before auditory stimulation) at
the tinnitus frequency, while timing intervals at, for example, -10 ms and -20 ms (i.e., auditory
stimulation before somatosensory stimulation) for 'off-tinnitus' frequencies. This will have the
effect of reducing hyperactivity seen at the tinnitus frequency regions of the cochlear nucleus and
increasing activity in regions not associated with tinnitus, thus 'equalizing' the firing rates across all
frequencies. Further still, in some examples, the treatment techniques herein may present a
statistical distribution of bimodal intervals. For example, the tinnitus frequency could be paired
with somatosensory stimulation at intervals pulled from a Gaussian distribution centered at -15 ms
with a standard deviation of 2 ms. Non-tinnitus frequencies could be either paired at intervals
pulled from a broad Gaussian or uniform distribution centered at O ms or could be paired at

intervals pulled from a Gaussian distribution centered at +15 ms with a standard deviation of 2 ms.
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Having varied bimodal intervals, for example, over a statistical distribution, a few features may
result. It may allow for fine tuning any initial bimodal interval, which may be useful for initial
intervals that are estimates. Moreover, neurons may have varied preferred timings for
suppression. Therefore, by varying the bimodal interval, on different trials, the techniques may
more readily achieve the maximal suppression for some neurons and partial suppression for
others. Further still, by applying a distribution of bimodal treatments, one can address the

possibility that preferred intervals will drift over time with the state of the auditory system.

[0123] Figs. 17A and 17B illustrate an example hardware system and software diagram
as may be used for implementing the tinnitus reduction techniques described herein. Fig. 17A
illustrates a bimodal stimulation machine 900 having a processing unit 902 (and memory not
shown) that executes instructions providing a user interface 904 to a user, for example through a
display screen and that interfaces with a computer 906 that may provide instructions to the
machine 900 for performing bimodal stimulation of a patient. As discussed in examples herein, the
computer 906 may perform signal and data analysis to determine timing controls, e.g., determining
the order, spacing, frequency, amplitudes, etc. for two stimulation signals, an auditory stimulation
signal and a somatosensory stimulation signal, transmitted via an audio signal generator 908 and
an electrical signal generator 910 in the illustrated example of Fig. 17A. While various features
are described as performed by one or both of the machine 900 and the computer 906, it will be
understand that any of the features described herein may be performed one or both of these, and
that either individually or collected may be referred to herein as an example bimodal stimulation

system, of which other examples are also provided herein, including in Fig. 18.

[0124] Fig. 17Billustrates a software platform 950 that may be executed by instruction
on the machine 900, the computer 906, or some combination thereof, in various example
implementations of the present techniques. A startup mode 952 initiates operation through a
boot process 954, from which the machine 900 enters into an input mode 956. From the input
mode 956, the machine 900 determines, at a decision block 958, whether the machine is to be in
the input mode 956 or a protocol mode (also termed a treatment mode) 960, e.g., as may be
selected by a user. An optional block 957 is shown a represents a user input waiting call instruction
with a five minute limit before initiating system shutdown 959. In input mode 956, the platform

950 determines, at block 962, whether the user interface is on or not, where if it is not already one,
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then it is turned on at block 964. Either way, control is provide to an input awaiting block 966,
which awaits input from the user via block 968 and more specifically may request from the use
whether the user wants to run a trial bimodal stimulation procedure. If so, a user inputs a request
at block 969 before passing control back to the block 966 and on to a protocol switching mode

initiator 970. Otherwise the block 968 passes control to shutdown procedure 959.

[0125] Once, at block 958, a protocol mode exists, control is passed to the protocol
model 960, and more specifically to an update parameters block 972 that determines the
parameters for bimodal stimulation, including the order, spacing, frequency, amplitudes, of the
auditory system and somatosensory system stimulation signals. In some examples, these
parameters may be retrieved from a historical data of past treatment parameters. In some
examples, these parameters may be prognostically determined from current and/or historical
patient data, such as physiological data measured for a patient. In some examples, these
parameters may be determined from patient input. For example, with the machine 900
implemented as point of care computer, such as a laptop, tablet computer, mobile smart phone,
netbook, notebook computer, personal data assistant, handheld device, or desktop device, a user
may be presented with a user interface that allows them to select the parameters for both the
auditory system and somatosensory system stimulation signals, until the tinnitus or hyperacusis,
etc. has been sufficiently treated. As such as smart device, the machine 900 may record the
parameters as the user is identifying the optimum parameter settings for treatment, including
recording the time and day of the treatment. In some examples, the smart device also
automatically determines an optimum adjustment scale, selectively determining over which
parameter ranges to apply a course tunability adjustment scale of the parameter value versus over
which parameter ranges to apply a fine tunability adjustment scale. In this way, the smart device
may allow a patient to do course adjustments on parameters, until those parameter values
approach a predicted range, from which the smart device may switch to a fine adjustment scale to

allow a patient better control in determining the exact parameters.

[0126] In any event, in the illustrated example, the block 972 updates the parameters for
bimodal stimulation from stored data; and these parameters are sent to hardware such as to the
transducers 908 and 910 through a block 974 and the bimodal stimulation treatment is provided to

the patient. The treatment may be for a determined or predetermined period of time. Therefore,
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in some examples, a control loop is used to successively apply the bimodal stimulation treatment
for the desired time period until it is determined at the block 976 that the treatment protocol is
finished. The treatment duration may be automatically determined by the system, may be set by
the patient or health care provider, may be determined from historical data on the patient, or may
be determined from historical data across an identified patient population. These are provided by
way of example. When the protocol mode set is finished (as determined at block 976) the mode is
switched to an input mode, via a block 978. A user may modulate various parameters to affect the
timing between an auditory system stimulus and a somatosensory system stimulus, such as
repetition count, and stimulus parameters such as intensity, frequency, time separation, time
delay, and duration, where such control may be achieved over a millisecond or smaller time

control, in some examples.

[0127] Fig. 18 illustrates an exemplary bimodal stimulation system for implementing the
blocks of the method and apparatus includes a general-purpose computing device in the form of a
computer 12. Components of computer 12 may include, but are not limited to, a processing unit
14 and a system memory 16. The computer 12 may operate in a networked environment using
logical connections to one or more remote computers, such as remote computers 70-1, 70-2, ... 70-
n, via a local area network (LAN) 72 and/or a wide area network (WAN) 73 via a modem or other
network interface 75. These remote computers 70 may include other computers like computer 12,
but in some examples, these remote computers 70 include one or more of {i) an auditory
stimulation machine, (ii) a somatosensory stimulation machine, (iii) a signal records database

systems, (iv) a scanner, and/or (v) a signal filtering system.

[0128] In the illustrated example, the computer 12 is connected to a bimodal stimulation
machine, labeled machine 70-1. The bimodal stimulation machine 70-1 may be a stand-alone
system, having multiple stimulation leads for transmitting bimodal stimulation signals in
accordance with the techniques described herein. In other examples, a series of stimulation

probes may be connected directly to the computer 12.

[0129] Computer 12 typically includes a variety of computer readable media that may be
any available media that may be accessed by computer 12 and includes both volatile and

nonvolatile media, removable and non-removable media. The system memory 16 includes
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computer storage media in the form of volatile and/or nonvolatile memory such as read only
memory (ROM) and random access memory (RAM). The ROM may include a basic input/output
system (BIOS). RAM typically contains data and/or program modules that include operating
system 20, application programs 22, other program modules 24, and program data 26. For
example, the tinnitus detection, bimodal stimulation analysis, and bimodal stimulation treatment
techniques described herein may be implemented as instructions stored in the application
programs block 22 and executable by computer 12. The computer 12 may also include other
removable/non-removable, volatile/nonvolatile computer storage media such as a hard disk drive,
a magnetic disk drive that reads from or writes to a magnetic disk, and an optical disk drive that

reads from or writes to an optical disk.

[0130] A user may enter commands and information into the computer 12 through input
devices such as a keyboard 30 and pointing device 32, commonly referred to as a mouse, trackball
or touch pad. Other input devices (not illustrated) may include a microphone, joystick, game pad,
satellite dish, scanner, or the like. These and other input devices are often connected to the
processing unit 14 through a user input interface 35 that is coupled to a system bus, but may be
connected by other interface and bus structures, such as a parallel port, game port or a universal
serial bus (USB). A monitor 40 or other type of display device may also be connected to the
processor 14 via an interface, such as a video interface 42. In addition to the monitor, computers
may also include other peripheral output devices such as speakers 50 and printer 52, which may be

connected through an output peripheral interface 55.

[0131] Generally, the techniques herein may be coded any computing language for
execution on computer 12. Stimulation instruction data may be determined at the remote
computers 70-1, 70-2, ... 70-n or at any of the computer storage devices of computer 12. The
instructions may be stored on any of these computers and devices as well. Furthermore, the
remote computers 70-1, 70-2, ... 70-n may be receive instructions from a patient indicating
perceived effectiveness the bimodal stimulation, for the computer 12 or the remote computers to

adjust the stimulation control signals in response thereto.

[0132] A user may input or select the condition parameters through an input mechanism

to set the applied bimodal stimulation. Although, in other examples, the parameters for bimodal
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stimulation may be pre-selected or automatically determined, for example, based on a particular
type of analysis that is to be performed. The output of the executable program may be displayed
on a display (e.g., a monitor 40), sent to a printer 52, stored for later use by the computer 12, or
offloaded to another system, such as one of the remote computers 70. The output may be in the
form of an image (such as the figures herein), a graph, a table or any combination thereof, by way
of example. Operations of the system may be recorded in a log database for future reference as

shown. This log database may be accessed at subsequent times.

[0133] With the systems described, by way of example herein (e.g., Figs. 17A, 17B, and
18), techniques to treat tinnitus may be achieved. Further, it will be appreciated that examples
described herein as achieved by any of the machines and/or software of these figures, may be
achieved by any other of these machines and/or software, as well as by other systems. These
techniques include generating an audible stimulation signal (e.g., a pure tone, a narrowband noise,
a broadband noise, a harmonic complex, etc., or some combination thereof) having a first firing
point and first firing period, stimulus onset, and/or duration. They may also include generating a
somatosensory stimulation signal to stimulate a somatosensory system of a subject, the
somatosensory stimulation signal having a second firing point and second firing period, stimulus
onset, and/or duration. A timing order and timing difference between the first firing point and the
second firing point may then be established to reduce the tinnitus. The first firing period and the
second firing period may be maintained asynchronously to reduce tinnitus so that the onset of the
first firing period does not overlap the onset of the second firing period. In some examples, the
entire first and second firing periods do not overlap. In some examples, the first firing point will be
before the second firing point, while in other examples, the firing point order will be reversed. The
timing order may be changed to determine a desired reduction or illumination in tinnitus, for

example, based on responses of subject.

[0134] The bimodal stimulation machine 70-1, for example, may be controlled to
establish first and second firing conditions (e.g., firing points, firing periods, duration, stimulation
signal pattern for both electrical and auditory signals, stimulation signal intensities) to reduce or
remove tinnitus. In some examples, the machine 70-1 may include probes positioned to apply, to a
subject, a somatosensory stimulation signal by applying stimulation to the brain to stimulate the

somatosensory system. In some examples, the machine 70-1 may include probes that applying the
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somatosensory stimulation signal to the subject by applying stimulation to the trigeminal nerve via
facial stimulation or the cervical spinal nerve of the subject to stimulate the somatosensory
system. In some examples, the probes are deep brain region probes that stimulate the
somatosensory system. Thus in some examples, the somatosensory stimulation signal to a subject
results from applying stimulation to a surface region of the brain of the subject or to a surface
structure on the face or a surface structure on the neck of the subject to stimulate the
somatosensory system. These stimulations, whether auditory stimulation and somatosensory

stimulation, may be provided through a mechanical or electrical stimulation.

[0135] In addition to applying the bimodal stimulation, the systems described may be
used to determine a timing profile for a subject. The timing profile may contain timing data of
different timing orders and timing differences between the first firing point and the second firing
point and containing perceived tinnitus data for the different timing orders and timing differences.
That data may be stored in the memory 16, for example, as timing profile data, which may be later
used by the machine 12 to determine a suggested tinnitus treatment regimen for bimodal

stimulation using the auditory stimulation signal and the somatosensory stimulation signal.

[0136] For example, different timing orders may be provided to a subject through the
stimulation machine 70-1, while the subject responds, using the machine 70-1 (or other input
device or verbally to a practitioner using the machine 12) with a perceived reduction in tinnitus.
That perception data is recorded by the machine 12 along with the bimodal stimulation conditions
to develop a timing profile for how to reduce tinnitus experienced by that particular subject. That
profile may be developed over numerous tests, i.e., based on historically collected data for the

patient.

[0137] Using this timing profile, the machine 12 can, in some examples, determine an
initial timing profile for a subject, the timing profile containing an initial timing order and timing
difference for the first firing point and the second firing point. The timing profile has been

determined to reduce tinnitus after onset.

[0138] In this way the systems described herein can automatically establish a timing

order and timing difference between first and second firing points to reduce tinnitus.
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[0139] In some examples, the timing profile may be developed to include global time
data, so that the timing profile includes project times of day, days in the week, etc. when tinnitus
seems to occur more frequency for the patient. The machine 12 may use the timing profile to

attempt to pre-empt onsets of tinnitus based on this timing profile example.

[0140] Thus, the machine 12 may adjust the timing order and timing difference between
firing points to determine a tinnitus reduction profile for a period of time, where this profile may
be accessed later for applying bimodal stimulation. For example, when a treatment time is
identified (e.g., a future point in time or from an trigger such as subject activating the bimodal
stimulation treatment upon perceiving tinnitus), this profile may be accessed to identify a timing
order and timing difference for the treatment time, which may then be applied using the
stimulation machine 70-1. In some examples, the machine 12 may periodically adjust the first
and/or second firing periods to affect tinnitus reduction. In any event, as will be appreciated by
the foregoing adjusting the timing order and the timing difference between the first firing point

and the second firing point to selectively increase or decrease firing rates in an identified neurons.

[0141] While example implementations are described for treating tinnitus, the present
techniques are not limited to the treatment of tinnitus. The techniques may be used to treat any
number of auditory conditions, of which hyperacusis is an example. Moreover the application
programs 22 may include other instructions for treating an auditory condition. These include:
instructions for increasing firing rates for the neurons in the dorsal cochlear nucleus, ventral
cochlear nucleus, and/or auditory cortex; instructions for decreasing firing rates for the neurons in
the dorsal cochlear nucleus, ventral cochlear nucleus, inferior colliculus, auditory cortex and/or

other nuclei associated with tinnitus.

[0142] In some examples, the computer 12 determines optimal parameter values for an
audible stimulation signal and a somatosensory stimulation signal to alter firing rates for neurons

in the dorsal cochlear nucleus, ventral cochlear nucleus, and/or auditory cortex.

[0143] In some examples, the computer 12 identifies initial parameters for timing and
intervals of a bimodal stimulation for a subject by identifying stimulation parameters that in the

subject produce a reduction in objective measures of neural correlates of tinnitus assessed by any
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of an electroencephalography test, auditory brainstem response (ABR) test, or psychophysical

tinnitus matching test.

[0144] It will be appreciated that the techniques may be used to treat any number of
auditory diseases, using targeted neural suppression or enhancement via specifically-timed
auditory-somatosensory stimulation. These include cochlear implants and central auditory
processing disorder. For cochlear implants, tonotopic remapping after implantation occurs
gradually and likely plays a role in implant training. During training, cochlear implant stimulation
followed by somatosensory stimulation would lead to enhanced responses, potentially accelerating
tonotopic remapping. For auditory processing disorders, complex sounds that are poorly
distinguished could be presented followed by somatosensory stimulation, leading to enhanced

responses to those complex sounds, and better neural representation.

[0145] It will be appreciated that the above descriptions are provided by way of example

and that numerous modifications may be made within context of the present techniques.

[0146] More generally, the various blocks, operations, and techniques described above
may be implemented in hardware, firmware, software, or any combination of hardware, firmware,
and/or software. When implemented in hardware, some or all of the blocks, operations,
techniques, etc. may be implemented in, for example, a custom integrated circuit (IC), an
application specific integrated circuit (ASIC), a field programmable logic array (FPGA), a

programmable logic array (PLA), etc.

[0147] When implemented in software, the software may be stored in any computer
readable memory such as on a magnetic disk, an optical disk, or other storage medium, in a RAM
or ROM or flash memory of a computer, processor, hard disk drive, optical disk drive, tape drive,
etc. Likewise, the software may be delivered to a user or a system via any known or desired
delivery method including, for example, on a computer readable disk or other transportable
computer storage mechanism or via communication media. Communication media typically
embodies computer readable instructions, data structures, program modules or other data in a
modulated data signal such as a carrier wave or other transport mechanism. The term “modulated

Ill

data signal” means a signal that has one or more of its characteristics set or changed in such a

manner as to encode information in the signal. By way of example, and not limitation,
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communication media includes wired media such as a wired network or direct-wired connection,
and wireless media such as acoustic, radio frequency, infrared and other wireless media. Thus, the
software may be delivered to a user or a system via a communication channel such as a telephone
line, a DSL line, a cable television line, a wireless communication channel, the Internet, etc. (which
are viewed as being the same as or interchangeable with providing such software via a

transportable storage medium).

[0148] Moreover, while the present invention has been described with reference to
specific examples, which are intended to be illustrative only and not to be limiting of the invention,
it will be apparent to those of ordinary skill in the art that changes, additions and/or deletions may
be made to the disclosed embodiments without departing from the spirit and scope of the

invention.

[0149] Thus, although certain apparatus constructed in accordance with the teachings of
the invention have been described herein, the scope of coverage of this patent is not limited
thereto. On the contrary, this patent covers all embodiments of the teachings of the invention
fairly falling within the scope of the appended claims either literally or under the doctrine of

equivalents.
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CLAIMS:

1. A system for treating an auditory condition in a subject, the system being capable
of stimulating (i) a somatosensory system of the subject with a generated somatosensory
stimulation signal and (ii) an auditory system of the subject with an audible stimulation signal,

the system comprising:

a bimodal stimulation system having an audible signal generator, a somatosensory
signal generator, a processor and a memory, wherein the processor is operatively coupled to
the audible signal generator and the somatosensory signal generator to control each, and

wherein the bimodal stimulation system is configured to,

generate, in the audible signal generator, the audible stimulation signal having a first

firing point and first firing period, stimulus onset, and/or duration, and

generate, in the somatosensory signal generator, the somatosensory stimulation
signal to stimulate a somatosensory system of a subject, the somatosensory stimulation

signal having a second firing point and second firing period, stimulus onset, and/or duration,

wherein the memory stores instructions that when executed by the processor

cause the processor to:

establish a timing order and timing difference between the first firing point and the
second firing point to reduce the auditory condition, wherein the first firing period and the
second firing period are to be maintained asynchronously to reduce the auditory condition so

that the onset of the first firing period does not overlap the onset of the second firing period.

2. The system of claim 1, wherein the bimodal stimulation system is further
configured to change the timing order between the first firing point and the second firing point

to determine a desired reduction in auditory condition.

3. The system of claim 1, wherein the bimodal stimulation system is further
configured to adjust the timing difference between the first firing point and the second firing

point to determine a desired reduction in the auditory condition.

4. The system of claim 1, wherein the bimodal stimulation system is further
configured to apply the somatosensory stimulation signal to the subject by applying
stimulation to the brain of the subject through one or more electrodes to stimulate the

somatosensory system.
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5. The system of claim 4, wherein the bimodal stimulation system is further
configured to apply the somatosensory stimulation signal to the subject by applying
stimulation to the trigeminal nerve via facial stimulation through one or more electrodes or the
cervical spinal nerve of the subject through one or more electrodes to stimulate the

somatosensory system.

6. The system of claim 4, wherein the bimodal stimulation system is further
configured to apply the somatosensory stimulation signal to the subject by applying
stimulation to a deep brain region of the subject through one or more electrodes to stimulate

the somatosensory system.

7. The system of claim 4, wherein the bimodal stimulation system is further
configured to apply the somatosensory stimulation signal to the subject by applying
stimulation to a surface region of the brain of the subject through one or more electrodes or
to a surface structure on the face or a surface structure on the neck of the subject through

one or more electrodes to stimulate the somatosensory system.

8. The system of claim 1, wherein at least one of the auditory stimulation signal and
the somatosensory stimulation signal is provided to the subject through a mechanical or

electrical stimulation.

9. The system of claim 1, wherein the bimodal stimulation system is further

configured to:

determine a timing profile for the subject, the timing profile containing timing data of
different timing orders and timing differences between the first firing point and the second
firing point and containing perceived auditory condition data for the different timing orders

and timing differences; and

store the timing profile for access in determining a suggested auditory condition
treatment regimen for the auditory stimulation signal and the somatosensory stimulation

signal.

10. The system of claim 1, wherein the bimodal stimulation system is further

configured to:

determine an initial timing profile for the subject, the timing profile containing an initial
timing order and timing difference for the first firing point and the second firing point, and

determined to reduce the auditory condition after onset.
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11. The system of claim 1, wherein the bimodal stimulation system is further

configured to:
receive an indication of the onset of the auditory condition; and

automatically establish the timing order and the timing difference between the first

firing point and the second firing point to reduce the auditory condition.

12. The system of claim 1, wherein the bimodal stimulation system is further

configured to:

adjust, over a period of time, the timing order and the timing difference between the
first firing point and the second firing point to determine an auditory condition reduction profile

for the period of time;
and store the auditory condition reduction profile.

13. The system of claim 12, wherein the bimodal stimulation system is further
configured to establish the timing order and the timing difference between the first firing point

and the second firing point by:
accessing the auditory condition reduction profile; and

determining the timing order and the timing difference from the auditory condition

reduction profile.

14. The system of claim 12, wherein the bimodal stimulation system is further
configured to establish the timing order and the timing difference between the first firing point

and the second firing point by:
identifying a treatment time;
accessing the auditory condition reduction profile;

identifying the timing order and the timing difference corresponding to the treatment

time from the auditory condition reduction profile; and

applying the generated auditory stimulation signal and somatosensory stimulation

signal based on the identified corresponding timing order and timing difference.
15. The system of claim 14, wherein the identified treatment time is a present time.

16. The system of claim 14, wherein the identified treatment time is a future time.
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17. The system of claim 1, wherein the bimodal stimulation system is further
configured to adjust the first firing period and/or the second firing period to reduce the

auditory condition.

18. The system of claim 1, wherein the bimodal stimulation system is further
configured to periodically adjust the first firing period and/or the second firing period to reduce

the auditory condition.

19. The system of claim 1, wherein the bimodal stimulation system is further
configured to adjust the timing order and the timing difference between the first firing point
and the second firing point to selectively increase or decrease firing rates in an identified

neurons.
20. The system of claim 1, wherein the auditory condition is tinnitus.
21. The system of claim 1, wherein the auditory condition is hyperacusis.

22. A non-transitory computer-readable storage medium having stored thereon a set
of instructions, executable by a system including a processor, an audible signal generator,
and a somatosensory signal generator, for treating an auditory condition in a subject, the

instructions comprising:

instructions for generating an audible stimulation signal having a first firing point and

first firing period, stimulus onset, and/or duration;

instructions for generating a somatosensory stimulation signal to stimulate a
somatosensory system of a subject, the somatosensory stimulation signal having a second

firing point and second firing period, stimulus onset, and/or duration; and

instructions for establishing a timing order and timing difference between the first
firing point and the second firing point to reduce the auditory condition, wherein the first firing
period and the second firing period are capable of being maintained asynchronously to
reduce the auditory condition so that the first firing period does not overlap the second firing

period.

23. The non-transitory computer-readable storage medium of claim 22, wherein the

auditory condition is tinnitus.

24. The non-transitory computer-readable storage medium of claim 22, wherein the

auditory condition is hyperacusis.
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25. The non-transitory computer-readable storage medium of claim 22, the

instructions further comprising:

instructions for determining optimal parameter values for the audible stimulation
signal and a somatosensory stimulation signal to alter firing rates for neurons in the auditory

and non-auditory pathways involved in the auditory condition.

26. The non-transitory computer-readable storage medium of claim 22, the

instructions further comprising:

instructions for determining optimal parameter values for the audible stimulation
signal and a somatosensory stimulation signal to increase firing rates for the neurons in the

auditory and non-auditory pathways involved in the auditory condition.

27. The non-transitory computer-readable storage medium of claim 22, the

instructions further comprising:

instructions for determining optimal parameter values for the audible stimulation
signal and a somatosensory stimulation signal to decrease firing rates for the neurons in the

auditory and non-auditory pathways involved in the auditory condition.
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