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METHODS AND DEVICES FOR IMPROVING SENSORY PERCEPTION BY TONIC
VAGUS NERVE STIMULATION

[0001]  All references cited herein, including, but not limited to patents and patent
applications, are incorporated by reference in their entirety. This application claims priority to
and the benefit of U.S. Provisional Patent Application No. 62/861,715 filed June 14, 2019,
which is hereby incorporated by reference in its entirety. Certain data disclosed herein was
published after the earliest priority date of this application. Rodenkirch et. al., Rapid and
transient enhancement of thalamic information transmission induced by vagus nerve
stimulation, J. Neural Eng. 17 026027, (April 8, 2020).

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] This invention was made with government support under 1847315 awarded by the
National Science Foundation and MH112267 awarded by the National Institutes of Health.

The government has certain rights in the invention.

BACKGROUND

[0003] Recent work has shown that the locus coeruleus (LC), the sole source of
norepinephrine (NE) to the forebrain, provides behavioral-state-relevant modulation of the
neural coding in the early stage of the somatosensory pathway . Specifically, it was found
that LC activation enhances thalamic feature selectivity via norepinephrine regulation of
intrathalamic circuit dynamics. Modulation of sensory processing has many translational
applications; however, the LC is a deep brainstem nucleus which prevents direct noninvasive
activation with currently available techniques 2. However, peripheral nerve stimulation
techniques provide a pathway for treatment, due to their ability to readily activate
downstream neuromodulatory systems with minimal invasiveness and reduced side effects °.
Previous research has shown that vagus nerve stimulation (VNS) activates the LC ©. Further,
VNS has been approved by the FDA (U.S. Food and Drug Administration) for use in
treatment of epilepsy and tinnitus in humans, and has been proposed as a treatment for a
wide variety of neurodisorders including depression, autism, stroke-induced damage, and
PTSD (post-traumatic stress disorder) 3. Recently, techniques allowing for non-invasive

transcutaneous VNS have been developed and commercially implemented #17. VNS has
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been shown to activate neuromodulatory networks, including the locus-coeruleus-
norepinephrine (LC-NE) system 618,

[0004] Previous work has focused on using the VNS to facilitate the neuroplasticity of
brain circuits, likely through activation of neuromodulatory pathways '°. These VNS-induced
neuroplasticity-driven changes can persist over long timescales 2.

[0005] Locus Coeruleus (LC) activation improves feature selectivity in the ventral
posteromedial nucleus (VPm), effectively increasing the sensory-stimulus related information
transmitted by thalamic relay neurons to the cortex resulting in improved perception of details
of sensory stimuli 1. Vagus nerve stimulation (VNS) can be used to increase LC activity °.
VNS has been studied as a therapy to treat neurological disorders including epilepsy,
depression, stroke, and tinnitus. LC activation has been correlated with pupil diameter 2.
[0006] When sensory information enters the brain, it is encoded as a neural signal. The
encoded sensory information is then processed through multiple brain regions prior to
perception. This processing of sensory information is imperfect, introducing noise that
degrades the accuracy of the resulting perception. Therefore, perceptual acuity is dependent
on the quality of sensory processing.

[0007] Accurate perception of details in tactile, auditory, and visual stimuli is useful for
performing tasks correctly and safely. Once sensory information is encoded as neural
activity, it is processed through multiple brain regions (i.e. thalamus, cortex) before
perception occurs. Therefore, perceptual acuity is dependent upon high-fidelity, accurate
processing of sensory stimuli by the brain (i.e. sensory processing). Accuracy of perception
exerts a heavy influence on an individual’s ability to complete workplace tasks, compete at
sports, or even enjoy hobbies. Unfortunately, sensory loss is all too common. For example,
one study found 94 percent of adults over 57 years of age had a deficiency in at least one
sensory modality 22. This suggests that, in the United States, roughly 64 million suffer from
some form of age-related sensory loss. As the elderly population grows, the population
suffering from age-related sensory loss will increase, stressing current facilities that are not
well designed to accommodate individuals with impaired senses 23. However, elderly
individuals are not the only ones at risk of sensory loss. In addition to aging, traumatic brain
injury (TBI) and various neurological disorders can also degrade sensory acuity 2426, Finally,

even individuals with normally accurate perception can occasionally suffer from impaired
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senses. This is because there are multiple commonly occurring factors, such as fatigue and
inattention 228, that can degrade the sensory acuity of individuals with usually healthy
senses.

[0008] Our reliance on our senses makes sensory loss highly disruptive to quality of life.
Sensory loss is well-known to be isolating and can have devasting effects on mental health
29, Impaired senses in the elderly are especially damaging as they can interfere with their
ability to live independently. For example, compromised sense of touch often leads to
difficulty buttoning shirts 2° or grasping objects needed to complete personal hygiene tasks.
Degraded visual and auditory senses result in communication breakdown 23 and stress
important support relationships . The combined effects of sensory loss often result in
depression, anxiety, and withdrawal from social situations. Finally, sensory loss is associated
with increased risk of accidents, such as falls, that can have life threatening consequences
81 Even temporarily impaired senses in otherwise healthy individuals, which can occur due to
fatigue or inattention 27:28, can cause significant negative effects. For example, sensory
misperceptions arising from degraded sensory acuity can result in costly human error for
military service members or workers who operate heavy machinery. Further, for individuals
competing at sports or e-sports where peak performance is key, inaccurate perception can
cause incorrect decisions and failure.

[0009] There is currently a dearth of available methods for improving sensory processing
and those that do exist have many drawbacks. Stimulants improve sensory processing but
cause cardiac damage %, insomnia, anxiety, and addiction 33 34, Various nootropics brands
make often unverified claims their supplements improve brain function. However, nootropics
are largely ineffective and occasionally dangerous due lack of proper testing 3°. For example,
one research group found that after they published minimal preclinical research suggesting a
compound might improve cognitive function, a nootropics company begun marketing the
compound without any tests of long-term toxicity 6. Consumers’ willingness to potentially risk
their health by consuming research grade compounds without clinical testing highlights an
unfulfilled need for technology that can improve sensory ability. Finally, as both stimulants
and nootropics are taken orally, their effect has a delayed onset (30 to 60 minutes from
ingestion) and cannot be turned off if desired. Taken together, these observations make it
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clear there is an unmet clinical need for bioelectronic technology that can improve sensory
processing on-demand without risk of addiction, cardiac damage, or insomnia.

[0010] What is needed are methods and devices to improve perception of sensory
information to, for example, enhance sensory perception and treat sensory components of

neurological disorders.

SUMMARY OF THE INVENTION

[0011]  Aspects described herein provide methods of modifying sensory processing in a
subject by applying a tonic vagus nerve stimulation to the subject wherein the sensory
processing of the subject is modified. The rapid, and transient effects of VNS can
substantially affect the sensory processing within the thalamus on a short timescale. This
new application of VNS does not depend on long-term changes induced by neuroplasticity,
but rather utilizes VNS for short-term, rapid improvement of sensory processing in the
thalamus (e.g., effects disappear within a minute of cessation of VNS).

[0012] In another aspect, tonic VNS (e.g., extended tonic VNS) can improve thalamic
sensory processing through increasing the feature selectivity and information transmission
efficiency and rate of sensory neurons. As described herein, traditional duty-cycled VNS is
sub-optimal for sensory enhancement as it creates a fluctuating bias on sensory evoked
response due to the rapid, transient nature of the effects of VNS on sensory processing.
Methods and apparatus described herein use VNS to improve behavioral performance in
perceptual tasks.

[0013] Further aspects provide methods of modifying sensory processing in a subject, by
determining a mean value and a variance value for the pupil diameter from the first time point
to the second time point; measuring the pupil diameter and determining a pupil diameter
value; and applying tonic vagus nerve stimulation to the subject when the pupil diameter
value is at least about one to three standard deviations from the variance value for pupil
diameter. In some instances, the subject is exposed to a sensory stimulation.

[0014] In yet another aspect, methods of modifying sensory processing in a subject by
exposing the subject to a sensory stimulation; measuring a change (e.g., sampling a
measurement over the time range from a first time point to a second time point) in a pupil
diameter from a first time point to a second time point; determining a mean value and a

variance value for the pupil diameter from the first time point to the second time point;
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measuring the pupil diameter and determining a pupil diameter value; and applying tonic,
continuous vagus nerve stimulation to the subject when the pupil diameter value is at least
about one to three standard deviations from the variance value for pupil diameter are
provided.

[0015] Aspects described herein provide methods of modifying sensory processing in a
subject by detecting when the subject is in need of a sensory processing modification;
applying tonic vagus nerve stimulation to the subject to provide the sensory processing
modification; and discontinuing applying the sensory processing modification when the
subject no longer is in need of sensory processing modification.

[0016] Further aspects provide a method of modifying sensory processing in a subject, by
measuring a change (e.g., sampling a measurement over the time range from a first time
point to a second time point) in a bioelectronic signal (e.g., EEG (synchronization, relative
power band strength, spatial pattern analysis),), EKG (heart rate, heart rate variability),
change in blood pressure, ECOG (synchronization, relative power band strength, spatial
pattern analysis), respiratory rate, perspiration (e.g., measured by conductivity of skin
surface), or a signal recorded from invasive or noninvasive brain-machine interface) from a
first time to a second time; determining a mean value and a variance value for the signal from
the first time to the second time; measuring the bioelectronic signal and determining a
measured value for the bioelectronic signal; and applying tonic vagus nerve stimulation to the
subject when the measured value is at least about one to three standard deviations from the
variance value.

[0017] Further aspects provide vagus nerve stimulation devices adapted to apply tonic
vagus nerve stimulation to a subject to modify sensory processing in the subject, wherein a
time of applying the tonic vagus nerve stimulation for at least about 3 seconds, at least about
30 seconds, or at least about 4 minutes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1A shows an exemplary diagram of an experimental setup and VNS
electrode cuff implantation;

[0019] Figure 1B shows an exemplary VPm neuron response to punctate stimulation of
the animal’s principle whisker;

[0020] Figure 1C shows exemplary whisker and VNS patterns;
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[0021] Figure 1D shows an exemplary summary of feature modulation factor during the
control period versus the end of the rest period;

[0022] Figure 1E shows an exemplary summary of the percent of spikes in bursts during
the control period versus the end of the rest period;

[0023] Figure 1F shows an exemplary summary of improvement in information
transmission efficiency during the control period versus the end of the rest period;

[0024] Figure 2A shows an exemplary spike raster plot of an example VPm response to
repeated presentation of the same white Gaussian noise (WGN) whisker stimulation
referenced above with and without VNS;

[0025] Figure 2B shows an exemplary firing rate of VPm neurons to the same WGN
whisker stimulation referenced above with and without VNS;

[0026] Figure 2C shows an exemplary linear-nonlinear Poisson model used for white
noise reverse correlation analysis;

[0027] Figure 2D shows an exemplary kinetic feature encoded by an example VPm
neuron recovered with and without VNS and corresponding nonlinear tuning functions (inset);
[0028] Figure 2E shows an exemplary summary of feature modulation factor with and
without VNS;

[0029] Figure 2F shows an exemplary summary of improvement in information
transmission efficiency by VNS;

[0030] Figure 2G shows an exemplary summary plot of information conveyed by tonic
spikes, burst spikes, and burst events;

[0031] Figure 2H shows an exemplary summary of percent of thalamic spikes in bursts
with and without VNS;

[0032] Figure 2] shows an exemplary summary of information transmission efficiency
(bits/spike) with standard duty-cycle VNS;

[0033] Figure 2J shows an exemplary summary of information transmission rate
(bits/second) with standard duty-cycle VNS;

[0034] Figure 3A shows exemplary feature selectivity of an example VPm neuron
recovered during the different periods of standard duty-cycle VNS (inset shows

corresponding nonlinear tuning function);
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[0035] Figure 3B shows an exemplary summary of feature modulation factor during the
different periods of standard duty-cycle VNS;

[0036] Figure 3C shows an exemplary summary of fraction of spikes during the different
periods of standard duty-cycle VNS;

[0037] Figure 3D shows an exemplary summary of improvement in information
transmission during the different periods of standard duty-cycle VNS;

[0038] Figure 4A shows an exemplary summary of VPm firing rate in response to the
same whisker stimulation referenced above during the varying patterns;

[0039] Figure 4B shows an exemplary summary of feature modulation factor during the
different VNS patterns;

[0040] Figure 4C shows an exemplary summary of improvement in information
transmission efficiency (bits/spike) during the different VNS patterns;

[0041] Figure 4D shows an exemplary summary of fraction of spikes in bursts during the
different VNS patterns;

[0042] Figure 4E shows an exemplary summary of information transmission efficiency
(bits/spike) with different VNS patterns;

[0043] Figure 4F shows an exemplary summary of firing rate during the different periods
of fast duty-cycle VNS;

[0044] Figure 4G shows an exemplary summary of fraction of spikes factor during the
different periods of fast duty-cycle VNS;

[0045] Figure 4H shows an exemplary summary of feature modulation during the different
periods of fast duty-cycle VNS;

[0046] Figure 4] shows an exemplary summary of improvement of information
transmission efficiency during the different periods of fast duty-cycle VNS;

[0047] Figure 5A shows an exemplary summary of VPm firing rate during varying
amplitudes of fast duty-cycle VNS;

[0048] Figure 5B shows an exemplary feature selectivity of an example VPm neuron
recovered during varying amplitudes of fast duty-cycle VNS;

[0049] Figure 5C shows an exemplary summary of feature modulation factor during
varying amplitudes of fast duty-cycle VNS;
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[0050] Figure 5D shows an exemplary summary of improvement in information
transmission during varying amplitudes of fast duty-cycle VNS;

[0051] Figure 5E shows an exemplary summary of fraction of spikes in bursts during
varying amplitudes of fast duty-cycle VNS;

[0052] Figure 5F shows an exemplary summary of VPm firing rate during varying
amplitudes of tonic VNS;

[0053] Figure 5G shown an exemplary feature selectivity of an example VPm neuron
recovered during varying amplitudes of tonic VNS (inset shows corresponding nonlinear
tuning function);

[0054] Figure 5H shows an exemplary summary of feature modulation factor during
varying amplitudes of tonic VNS;

[0055] Figure 51 shows an exemplary summary of improvement in information
transmission efficiency during varying amplitudes of tonic VNS;

[0056] Figure 5J shows an exemplary summary of fraction of spikes in bursts during
varying amplitudes of tonic VNS;

[0057] Figure 6A shows an exemplary summary of VPm firing rate during varying
frequencies of tonic VNS;

[0058] Figure 6B shows an exemplary summary of fraction of spikes in bursts during
varying frequencies of tonic VNS;

[0059] Figure 6C shows an exemplary summary of feature selectivity of an example VPm
neuron recovered during varying frequencies of tonic VNS (inset shows corresponding
nonlinear tuning function;

[0060] Figure 6D shows an exemplary summary of feature modulation factor during
varying frequencies of tonic VNS;

[0061] Figure 6E shows an exemplary summary of improvement in information
transmission efficiency during varying frequencies of tonic VNS;

[0062] Figure 7A shows an exemplary summary of perievent spike raster of the same
neurons response to multiple presentations of the same frozen WGN stimulus, with
responses during 5 Hz LC activation (yellow dots) overlaid on top of responses during control
conditions (blue dots) (top), and corresponding SDFs of the above responses for both control

and 5 Hz LC activation, dotted lines indicate event threshold;
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[0063] Figure 7B shows an exemplary summary of average events/sec that are classified
as removed events during control conditions (2.6 plus or minus 0.2 Hz) (left) and average
events/sec that are classified as emerged events during 5 Hz LC activation (1.9 plus or
minus 0.2 Hz) (right);

[0064] Figure 7C shows an exemplary summary of percent of all control events that are
removed during 5 Hz LC activation (50 plus or minus 4 percent) (left) and percent of all
events classified as emerged events during 5 Hz LC activation (40 plus or minus 3 percent)
(right);

[0065] Figure 8A shows an example of recovered feature selectivity for VPm spikes falling
in different event types;

[0066] Figure 8B shows exemplary non-linear tuning functions corresponding to the
feature selectivity in Figure 8A;

[0067] Figure 8C shows an exemplary population average of feature modulation factor for
spikes falling within removed events vs. spikes falling within emerged events;

[0068] Figure 8D shows an exemplary population average of information transmission
efficiency for spikes falling within removed events vs. spikes falling within emerged events;
[0069] Figure 8E shows an exemplary population average of feature modulation factor for
spikes falling within conserved events without LC stimulation vs. spikes falling within
conserved events with 5Hz LC stimulation;

[0070] Figure 8F shows an exemplary population average of information transmission
efficiency for spikes falling within conserved events without LC stimulation vs. spikes falling
within conserved events with 5 Hz LC stimulation;

[0071] Figure 8G shows an exemplary population average of information transmission
efficiency for spikes falling within removed events vs. spikes falling within emerged events;
[0072] Figure 8H shows an exemplary population average of information transmission
efficiency for spikes falling within conserved events without LC stimulation vs. spikes falling
within conserved events with 5 Hz LC stimulation;

[0073] Figure 81 shows an exemplary population average of information transmission
efficiency for spikes falling within removed events vs. spikes falling within emerged events;
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[0074] Figure 8J shows an exemplary population average of information transmission
efficiency for spikes falling within conserved events without LC stimulation vs. spikes falling
within conserved events with 5 Hz LC stimulation;

[0075] Figure 9A shows an example of feature coefficient value over time for a specific
neuron and directional feature selectivity (left top) (red stars indicate the peaks with the
largest positive value) and SDF of the same neuron’s actual response to the whisker stimulus
(left bottom)(blue stars indicated observed events) and directionally selective feature
corresponding to the panels (right);

[0076] Figure 9B shows an example of the feature coefficient value over time for a
specific neuron and non-directional feature selectivity (left top) (red stars indicate the peaks
with the largest absolute value) and SDF of the same neuron’s actual response to the
whisker stimulus (left bottom) (blue stars) and non-directionally selective feature
corresponding to the panels (right);

[0077] Figure 9C shows exemplary fraction of events occurring at “ideal” timepoints with
and without LC stimulation at 5 Hz;

[0078] Figure 9D shows an exemplary population average of directionality of nonlinear
tuning functions corresponding to significant feature selectivity with and without 5 Hz LC
stimulation

[0079] Figure 10A shows an example of original versus reconstructed whisker deflection
stimulus with and without LC stimulation;

[0080] Figure 10B shows an example the correlation coefficient between and original and
reconstructed stimulus versus the number of features used for reconstruction with and
without LC stimulation;

[0081] Figure 10C shows an example of RMSE (root mean square error) between original
and reconstructed stimulus versus the number of features used for reconstruction;

[0082] Figure 11A shows an example of TRN neuron with significant feature selectivity,
within and without LC stimulation;

[0083] Figure 11B shows exemplary nonlinear tuning functions corresponding to the
feature selectivity of Figure 11A;

[0084] Figure 11C shows an example of TRN neuron with significant feature selectivity

during LC stimulation that lacked significant feature selectivity without LC stimulation; and

10



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

[0085] Figure 11D shows exemplary nonlinear tuning functions corresponding to the
feature selectivity of Figure 11C.

DETAILED DESCRIPTION

[0086] Aspects described herein provide bioelectronic methods of and devices for
improving perceptual acuity based on arousal-linked neuromodulation of sensory processing.
Methods of using peripheral stimulation of the vagus nerve to induce neuromodulation that
sharpens sensory acuity through optimizing sensory processing are provided. Devices
described herein can be externally worn, transcutaneous vagus nerve stimulators (nVNS).
[0087] In some aspects, the devices are lightweight, noninvasive neural interface that can
be easily taken on and off, allowing users to engage the device during important moments.
For example, nVNS can be used during social situations where ability to communicate clearly
is key or when working in potentially dangerous conditions or with potentially dangerous
equipment. In some instances, the devices are noninvasive, with electrical current being
delivered to the vagus nerve through the skin by, for example, an external adhesive flat
electrode patch resting above where the vagus nerve runs through neck.

[0088] Methods and devices described herein improve current methods of modifying
sensory processing, including stimulants and nootropics. nVNS is well-known to be a safe
and effective method of inducing neuromodulation unlike addictive stimulants that cause
cardiac damage and insomnia and nootropics which lack long-term safety testing. In some
instances, the underlying mechanism of action for the methods and devices described herein
can provide full strength of effect seconds after activation and the effect remains constant
until deactivation. The methods and devices described herein can be used in an on-demand,
task dependent manner unlike orally administered stimulants whose effect cannot be rapidly
switched on and off.

[0089] Aspects described herein provide methods of modifying sensory processing in a
subject by applying a tonic vagus nerve stimulation to the subject wherein the sensory
processing of the subject is modified. The term “tonic” refers to sustained or graded
stimulation or a sufficiently rapid duty cycle stimulation. In some instances, a tonic vagus
nerve stimulation does not contain periods of quiescence longer than about 10 seconds.
[0090] Previous implanted VNS devices have maximum speed duty cycle that has a

period of quiescence (i.e., off cycle) of 12 seconds. In some instances, aspects descried

11
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herein have a period of quiescence not greater than about 10 or 11 seconds. Without being
bound by theory, it is believed that the effects on sensory processing fade after a long period
of quiescence, which creates a fluctuating bias on sensory processing. See, e.q., Paragraphs
[00215]-[00217], [00223]-[00226], [00230]-[00233] herein.

[0091] Previous gammacore transcutaneous VNS devices use a continuous pattern to
treat cluster headaches and migraines. However, the VNS is delivered without any
quiescence periods, so the VNS is delivered for only up to 3 minutes before stopping to
prevent damage. These previous devices are designed to deliver 3 minutes of stimulation at
a time spaced out by hour intervals. In contrast, aspects described herein deliver continuous
stimulation a task that may exceed 3 minutes and thus the previous devices would not be
suitable for these aspects. Further aspects include periods of quiescence in the VNS
stimulation to prevent charge build up. Therefore, in another aspect, fast duty-cycle VNS can
be used for enhancing sensory acuity.

[0092] The term “modifying sensory processing” refers to changing sensory processing
(e.g., vision, hearing, smell, taste, touch etc.) in a subject. In one aspect, the modification is
improving sensory processing such that the subject performs tasks in an improved manner
(e.g., faster, more accurate, more safely, or for a longer period of time).

[0093] In one aspect, the frequency of the vagus nerve stimulation is at least about 0.3
Hz, between about 0.5 and 80 Hz, or between about 30 and 60 Hz. See, e.q., Paragraphs
[00242]-[00246] herein. In some instances, the vagus nerve stimulation pulse structure is
selected from the group consisting of one or more cycles of single biphasic square pulse,
asymmetric biphasic pulse, triangle biphasic pulse, gaussian biphasic pulse, interphase gap
biphasic pulse, psuedomonophasic pulse, sinusodial pulse.

[0094] In some instances, at least about 0.2 mA, about 0.5 to about 3 mA, or about 1.5 to
about 2.5 mA of a current of the vagus nerve stimulation reaches the vagus nerve. See, e.Q.,
Paragraphs [00234]-[00240] herein.

[0095] In some instances, a time of applying the tonic vagus nerve stimulation is at least
about 3 seconds, at least about 30 seconds, or at least about 4 minutes.

[0096] The sensory processing is modified by the methods described herein within less
than about 1 second, about less than 10 seconds, or less than about 1 minute. The modified

sensory processing can be transient. The term “transient” refers a period of time that is not
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permanent. In some instances, the period of time can be brief or short (e.g., dissipating within
about 5 seconds, 30 seconds, or 1 minute). See, e.q., Paragraphs [00215]-[00217] herein.
[0097] The vagus nerve stimulation can be continuous or discontinuous. The term
“continuous” refers to without interruption and the term “discontinuous” refers to with
interruption.

[0098] The discontinuous vagus nerve stimulation can be in the form of a duty cycle. The
term “duty cycle” refers to a period of time for a signal to complete an on-off cycle. In some
instances, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 7 to about 10 seconds. In one aspect, the portion of the duty cycle when
vagus nerve stimulation is not applied is not greater than about 3 to 7 seconds. In another
aspect, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 0.5 to 3 seconds. See, e.g., Paragraphs [00215]-[00217], [00223]-[00226],
[00230]-[00233] herein.

[0099] In some instances, the modifying of sensory processing increases sensory acuity
or perceptual sensitivity. The term “sensory acuity” refers to the ability of one or more senses
to accurately interpret a signal. In some instances, increasing of the sensory acuity
comprises enhancing the acuity of a sensory modality (e.g., visual, auditory, olfactory,
gustatory, and tactile stimuli).

[00100] In some instances, the modifying of sensory processing comprises reducing
misperception-induced errors. See, e.g., Rodenkirch et al., Locus coeruleus activation
enhances thalamic feature selectivity via norepinephrine regulation of intrathalamic circuit
dynamics, Nature Neuroscience, vol. 22 (January 2019), Figure 8, page 130 and
accompanying text. In another aspect, the modifying sensory processing comprises selective
activation of the Locus Coeruleus.

[00101] In some instances, the modifying of sensory processing comprises altering the
temporal structure of neural activity used to encode a stimulus. See, e.g., Paragraphs
[00251]-[00255], [00256]-[00265], [00266]-[00275] herein.

[00102] In some instances, the modifying of sensory processing facilitates the writing of
information to the brain by brain-machine interface (e.g. patterned microstimulation used by
sensory neuroprosthetics, augmented/virtual reality applied directly to sensory pathways).
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[00103] In one aspect, the modifying of sensory processing does not arise from lasting
neuroplastic changes. See, e.q., Paragraphs [00215]-[00217] herein.

[00104] In another aspect, the modifying of sensory processing improves the ability to
perform multisensory integration (e.g., using two or more senses in combination such as
using both visual and tactile feedback to catch a ball). Improving the ability to perform multi-
sensory integration can be measured, for example, by an increase in sensory acuity in two or
more senses which can be quantified by an increase in perceptual sensitivity on tasks which
may require simultaneous use of two or more senses.

[00105] In some instances, the modifying of sensory processing arises due to
neuromodulation which reduces calcium t-channel activity. Calcium t-channels are
responsible for burst spiking activity. Calcium t-channel influence, and the resulting calcium t-
channel induced burst spiking activity, was found to degrade the efficiency and rate of
information transmitted by thalamocortical sensory neurons. LC stimulation and VNS
decrease bursting activity. LC stimulation decreased bursting rate by ~60% and it is
estimated that calcium t-channel current contributions to thalamic spiking decrease by ~25%
with LC stimulation. See, e.q9., Rodenkirch et al., Locus coeruleus activation enhances

thalamic feature selectivity via norepinephrine requlation of intrathalamic circuit dynamics,

Nature Neuroscience, vol. 22 (January 2019), (Figures 5, 6, 7) and accompanying text. VNS
decreases the probability of a spike being in a burst by ~10 to 25%. See, e.9., Rodenkirch et.

al., Rapid and transient enhancement of thalamic information fransmission induced by vagus

nerve stimulation, J. Neural Eng. 17 026027 (Figures 2h, 7e,j and 8e) and accompanying

text.

[00106] In further aspects, the modifying of sensory processing reduces the occurrence of
sensory perception that is uncomfortable or distracting (e.g., in individuals with sensory
processing disorders that can make certain auditory, visual, gustatory, olfactory, or tactile
stimulation uncomfortable, painful, overwhelming, or distracting).

[00107] In some instances, the modifying of sensory processing selectively favors a
specific sensory modality (e.g., modification is stronger for one sense versus another sense —
tactile versus auditory).

[00108] In further aspects, the modifying of sensory processing comprises increasing

norepinephrine concentration in the sensory pathway portions of the brain (e.g., thalamus,
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cortex). See, e.g., Rodenkirch et. al., Locus coeruleus activation enhances thalamic feature

selectivity via norepinephrine requlation of intrathalamic circuit dynamics, Nature

Neuroscience, vol. 22 (January 2019), (Figure 4) and accompanying text.

[00109] In another aspect, the efficiency of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein. The
term “increased information transmission efficiency” refers to the efficiency of the transfer of
information by a sensory neuron in regards to the information (i.e. bits) a each spike of a
neuron’s spiking response encodes about the absence/presence of a feature in the stimulus
similar (i.e. mutual information between stimulus and spike train).

[00110] In yet another aspect, a rate of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.g.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein.
[00111] In a further aspect, the correlation coefficient between an original stimulus and a
reconstructed stimulus is increased on average by at least about 10%, or at least about 20%,
or by about 25% to 60%, compared to a subject that does not receive vagus nerve
stimulation. See, e.qg., Paragraphs [00277]-[00287] herein.

[00112] In some instances, the vagus nerve stimulation is not paired with a sensory
stimulation one or more times. Previously, bursts of VNS has been applied by pairing the
VNS with another stimuli (i.e., a tactile stimuli (fingerpad tap) or a audio stimuli (frequency
tone)) over a long period of time.?% 3746 This method can improve detection of the particular
paired stimuli after a period of time and is neuroplasticity-based. The previous methods do
not improve sensory acuity generally or for stimuli beyond the paired stimulus.

[00113] In accordance with aspects described herein, the VNS can be applied to any
suitable location in order to modify sensory processing. In some instances, the vagus nerve
stimulation is applied to a cervical region of the subject (e.g., left cervical region, right cervical
region of the subject or both). In some instances, the vagus nerve stimulation is applied to
the auricular transcutaneous region (left auricular transcutaneous region, right auricular

transcutaneous region of the subject or both).
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[00114] In some instances, the modifying of sensory processing comprises improving
sensory perception in a subject having one or more impaired senses (e.g., a visual
impairment, an auditory impairment, a tactile impairment, an olfaction impairment, and a
gustatory impairment).

[00115] In some aspects the subject does not have an impairment condition in need of
sensory modification (e.g., a visual impairment, an auditory impairment, a tactile impairment,
an olfaction impairment, and a gustatory impairment). For example, such a subject might be
considered to be generally healthy.

[00116] Further aspects provide methods of modifying sensory processing in a subject, by
determining a mean value and a variance value for the pupil diameter from the first time point
to the second time point; measuring the pupil diameter and determining a pupil diameter
value; and applying tonic vagus nerve stimulation to the subject when the pupil diameter
value is at least about one to three standard deviations from the mean value for pupil
diameter. In some instances, the subject is exposed to a sensory stimulation.

[00117] In this aspect, pupil diameter can be measured with modified eyewear or a camera
(e.g., webcam, contact lens, and eye implant). For example, a subject (e.g., air traffic control
personnel) can wear modified glasses (e.g., Google glass or similar device) that monitors
pupil diameter during a series of tasks. Pupil diameter can be calibrated by calculating a
mean and variance value for pupil diameter from a first time point to a second time point.
Periodic measurements can be taken during a series of tasks. When pupil diameter is at
least about one to three standard deviations from the mean value, vagus nerve stimulation
can be applied as described herein for a desired period of time (e.g., 1, 4, 5, 10, 15, 30, 45,
60, 90 seconds etc.) or continuously during a given task (e.g., guiding the landing of a plane).
[00118] In another aspect, pupil diameter or another proxy for reduced sensory processing
can be measured by an algorithm or machine learning method to determine when VNS
stimulation is needed and the length of time for VNS treatment. Alternatively, the length of
time can be predetermined for a given task.

[00119] In one aspect, the frequency of the vagus nerve stimulation is at least about 0.3
Hz, between about 0.5 and 80 Hz, or between about 30 and 60 Hz. See, e.q., Paragraphs
[00242]-[00246] herein.
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[00120] In some instances, at least about 0.2 mA, about 0.5 to about 3 mA, or about 1.5 to
about 2.5 mA of a current of the vagus nerve stimulation reaches the vagus nerve. See, e.Q.,
Paragraphs [00234]-[00241] herein. In another aspect, about 1 to about 60 mA or 5 to about
30 mA of a current leaves a device generating the vagus nerve stimulation.

[00121] In some instances, a time of applying the tonic vagus nerve stimulation is at least
about 3 seconds, at least about 30 seconds, or at least about 4 minutes.

[00122] The sensory processing is modified by the methods described herein within less
than about 1 second, about less than 10 seconds, or less than about 1 minute. The modified
sensory processing can be transient. The term “transient” refers a period of time that is not
permanent. In some instances, the period of time can be brief or short (e.g., dissipating within
about 5 seconds, 30 seconds, or 1 minute). See, e.q., Paragraphs [00215]-[00217] herein.
[00123] The vagus nerve stimulation can be continuous or discontinuous. The term
“continuous” refers to without interruption and the term “discontinuous” refers to with
interruption.

[00124] The discontinuous vagus nerve stimulation can be in the form of a duty cycle. The
term “duty cycle” refers to a period of time for a signal to complete and on-off cycle. In some
instances, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 7 to about 10 seconds. In one aspect, the portion of the duty cycle when
vagus nerve stimulation is not applied is not greater than about 3 to 7 seconds. In another
aspect, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 0.5 to 3 seconds. See, e.g., Paragraphs [00215]-[00217], [00223]-[00226],
[00230]-[00233] herein.

[00125] In some instances, the modifying of sensory processing increases sensory acuity.
The term “sensory acuity” refers to the ability of one or more senses to accurately interpret a
signal. In some instances, increasing of the sensory acuity comprises enhancing the acuity of
a sensory modality (e.g., visual, auditory, olfactory, gustatory, and tactile stimuli). Increased
perceptual sensitivity is a widely accepted measure of increased sensory acuity.

[00126] In some instances, the modifying of sensory processing comprises reducing
misperception-induced errors. See, e.g., Rodenkirch et al., Locus coeruleus activation
enhances thalamic feature selectivity via norepinephrine regulation of intrathalamic circuit

dynamics, Nature Neuroscience, vol. 22 (January 2019), Figure 8, page 130 and
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accompanying text. In another aspect, the modifying sensory processing comprises selective
activation of the Locus Coeruleus.

[00127] In some instances, the modifying of sensory processing comprises altering the
temporal structure of neural activity used to encode a stimulus. See, e.g., Paragraphs
[00251]-[00255], [00256]-[00265], [00266]-[00276] herein.

[00128] In some instances, the modifying of sensory processing facilitates the writing of
information to the brain by brain-machine interface (e.g. patterned microstimulation used by
sensory neuroprosthetics, augmented/virtual reality applied directly to sensory pathways).
[00129] In one aspect, the modifying of sensory processing does not arise from
neuroplastic changes. See, e.q., Paragraphs [00215]-[00217] herein.

[00130] In another aspect, the modifying of sensory processing improves the ability to
perform multisensory integration (e.g., using two or more senses in combination such as
using both visual and tactile feedback to catch a ball). Improving the ability to perform multi-
sensory integration can be measured, for example, by an increase in sensory acuity in two or
more senses which can be quantified by an increase in perceptual sensitivity on tasks which
require simultaneous use of two or more senses.

[00131] In some instances, the modifying of sensory processing arises due to
neuromodulation which reduces calcium t-channel activity. Calcium t-channels are
responsible for burst spiking activity. Calcium t-channel influence, and the resulting calcium t-
channel induced burst spiking activity, was found to degrade the efficiency and rate of
information transmitted by thalamocortical sensory neurons. LC stimulation and VNS
decrease bursting activity. LC stimulation decreased bursting rate by ~60% and it is
estimated that calcium t-channel current contributions to thalamic spiking decrease by ~25%
with LC stimulation. See, e.q9., Rodenkirch et al., Locus coeruleus activation enhances

thalamic feature selectivity via norepinephrine requlation of intrathalamic circuit dynamics,

Nature Neuroscience, vol. 22 (January 2019), (Figures 5, 6, 7) and accompanying text. VNS
decreases the probability of a spike being in a burst by ~10 to 25%. See, e.9., Rodenkirch et.

al., Rapid and transient enhancement of thalamic information fransmission induced by vagus

nerve stimulation, J. Neural Eng. 17 026027 (Figures 2h, 7e,j and 8e) and accompanying

text.
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[00132] In further aspects, the modifying of sensory processing reduces the occurrence of
sensory perception that is uncomfortable or distracting (e.g., in individuals with sensory
processing disorder that can make certain auditory, visual, gustatory, olfactory or tactile
stimulation uncomfortable, painful, overwhelming, or distracting).

[00133] In some instances, the modifying of sensory processing selectively favors a
specific sensory modality (e.g., modification is stronger for one sense versus another sense —
tactile versus auditory).

[00134] In further aspects, the modifying of sensory processing comprises increasing
norepinephrine concentration in the sensory pathway portions of the brain (e.g., thalamus,
cortex). See, e.q., Rodenkirch et al., Locus coeruleus activation enhances thalamic feature

selectivity via norepinephrine requlation of intrathalamic circuit dynamics, Nature

Neuroscience, vol. 22 (January 2019), (Figure 4) and accompanying text.

[00135] In another aspect, the efficiency of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein. The
term “increased information transmission efficiency” refers to the efficiency of the transfer of
information by a sensory neuron in regards to the information (i.e. bits) a each spike of a
neuron’s spiking response encodes about the absence/presence of a feature in the stimulus
similar (i.e. mutual information between stimulus and spike train).

[00136] In yet another aspect, a rate of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein.
[00137] In a further aspect, the correlation coefficient between an original stimulus and a
reconstructed stimulus is increased on average by at least about 10%, or at least about 20%,
or by about 25% to 60%, compared to a subject that does not receive vagus nerve
stimulation. See, e.qg., Paragraphs [00277]-[00287] herein.

[00138] In some instances, the vagus nerve stimulation is not paired with a sensory

stimulation one or more times.
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[00139] In accordance with aspects described herein, the VNS can be applied to any
suitable location in order to modify sensory processing. In some instances, the vagus nerve
stimulation is applied to a cervical region of the subject (e.g., left cervical region, right cervical
region of the subject or both). In some instances, the vagus nerve stimulation is applied to
the auricular transcutaneous region (left auricular transcutaneous region, right auricular
transcutaneous region of the subject or both).

[00140] In some instances, the modifying of sensory processing comprises improving
sensory perception in a subject having one or more impaired senses (e.g., a visual
impairment, an auditory impairment, a tactile impairment, an olfaction impairment, and a
gustatory impairment).

[00141] In some aspects, the subject does not have an impairment condition in need of
sensory modification (e.g., a visual impairment, an auditory impairment, a tactile impairment,
an olfaction impairment, and a gustatory impairment). For example, such a subject might be
considered to be generally healthy.

[00142] Aspects described herein provide methods of modifying sensory processing in a
subject by detecting when the subject is in need of a sensory processing modification;
applying tonic, vagus nerve stimulation to the subject to provide the sensory processing
modification; and discontinuing applying the sensory processing modification when the
subject no longer is in need of sensory processing modification.

[00143] In one aspect, vagus nerve stimulation (e.g., continuous, tonic vagus nerve
stimulation) can be applied when needed and discontinued when the stimulation is not
needed. For example, a subject operating performing quality control inspection of a product
can have vagus nerve stimulation applied to improve sensory processing only when the
product being inspected is present. The presence or absence of an object can be
determined, for example, using a camera or other sensory, smart eyewear etc. In another
example, a subject performing a task requiring a higher level of concentration (e.g., surgery,
flying an airplane, operating heavy machinery) can have vagus nerve stimulation applied to
improve sensory processing only when engaged in the task.

[00144] In some instances, detecting that the subject is in need of the sensory processing
modification comprises determining a mean value and a variance value for the pupil diameter

from the first time point to the second time point; measuring the pupil diameter and
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determining a pupil diameter value; and applying tonic vagus nerve stimulation to the subject
when the pupil diameter value is at least about one to three standard deviations from the
variance value for pupil diameter.

[00145] In one aspect, the frequency of the vagus nerve stimulation is at least about 0.3
Hz, between about 0.5 and 80 Hz, or between about 30 and 60 Hz. See, e.q., Paragraphs
[00242]-[00246] herein.

[00146] In some instances, at least about 0.2 mA, about 0.5 to about 3 mA, or about 1.5 to
about 2.5 mA of a current of the vagus nerve stimulation reaches the vagus nerve. See, e.Q.,
Paragraphs [00234]-[00241] herein. In another aspect, about 1 to about 60 mA or 5 to about
30 mA of a current leaves a device generating the vagus nerve stimulation.

[00147] In some instances, a time of applying the tonic vagus nerve stimulation is at least
about 3 seconds, at least about 30 seconds, or at least about 4 minutes.

[00148] The sensory processing is modified by the methods described herein within less
than about 1 second, about less than 10 seconds, or less than about 1 minute. The modified
sensory processing can be transient. The term “transient” refers a period of time that is not
permanent. In some instances, the period of time can be brief or short (e.g., dissipating within
about 5 seconds, 30 seconds, or 1 minute). See, e.g., Paragraphs [00215]-[00217] herein.
[00149] The vagus nerve stimulation can be continuous or discontinuous. The term
“continuous” refers to without interruption and the term “discontinuous” refers to with
interruption.

[00150] The discontinuous vagus nerve stimulation can be in the form of a duty cycle. The
term “duty cycle” refers to a period of time for a signal to complete and on-off cycle. In some
instances, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 7 to about 10 seconds. In one aspect, the portion of the duty cycle when
vagus nerve stimulation is not applied is not greater than about 3 to 7 seconds. In another
aspect, the portion of the duty cycle when vagus nerve stimulation is not applied is not
greater than about 0.5 to 3 seconds. See, e.g., Paragraphs [00215]-[00217], [00223]-[00226],
[00230]-[00233] herein.

[00151] In some instances, the modifying of sensory processing increases sensory acuity.
The term “sensory acuity” refers to the ability of one or more senses to accurately interpret a

signal. In some instances, increasing of the sensory acuity comprises enhancing the acuity of
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a sensory modality (e.g., visual, auditory, olfactory, gustatory, and tactile stimuli). Increased
perceptual sensitivity is a widely accepted measure of increased sensory acuity.

[00152] In some instances, the modifying of sensory processing comprises reducing
misperception-induced errors. See, e.g., Rodenkirch et al., Locus coeruleus activation
enhances thalamic feature selectivity via norepinephrine regulation of intrathalamic circuit
dynamics, Nature Neuroscience, vol. 22 (January 2019), Figure 8, page 130. In another
aspect, the modifying sensory processing comprises selective activation of the Locus
Coeruleus.

[00153] In some instances, the modifying of sensory processing comprises altering the
temporal structure of neural activity used to encode a stimulus. See, e.g., Paragraphs
[00251]-[00255], [00256]-[00265], [00266]-[00276] herein.

[00154] In some instances, the modifying of sensory processing facilitates the writing of
information to the brain by brain-machine interface (e.g. patterned microstimulation used by
sensory neuroprosthetics, augmented/virtual reality applied directly to sensory pathways).
[00155] In one aspect, the modifying of sensory processing does not arise from lasting
neuroplastic changes. See, e.q., Paragraphs [00215]-[00217] herein.

[00156] In another aspect, the modifying of sensory processing improves the ability to
perform multisensory integration (e.g., using two or more senses in combination such as
using both visual and tactile feedback to catch a ball). Improving the ability to perform multi-
sensory integration can be measured, for example, by an increase in sensory acuity in two or
more senses which can be quantified by an increase in perceptual sensitivity on tasks which
may require simultaneous use of two or more senses.

[00157] In some instances, the modifying of sensory processing arises due to
neuromodulation which reduces calcium t-channel activity. Calcium t-channels are
responsible for burst spiking activity. Calcium t-channel influence, and the resulting calcium t-
channel induced burst spiking activity, was found to degrade the efficiency and rate of
information transmitted by thalamocortical sensory neurons. LC stimulation and VNS
decrease bursting activity. LC stimulation decreased bursting rate by ~60% and it is
estimated that calcium t-channel current contributions to thalamic spiking decrease by ~25%
with LC stimulation. See, e.q9., Rodenkirch et al., Locus coeruleus activation enhances

thalamic feature selectivity via norepinephrine requlation of intrathalamic circuit dynamics,
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Nature Neuroscience, vol. 22 (January 2019), (Figures 5, 6, 7) and accompanying text. VNS
decreases the probability of a spike being in a burst by ~10 to 25%. See, €.9., Rodenkirch et.

al., Rapid and transient enhancement of thalamic information fransmission induced by vagus

nerve stimulation, J. Neural Eng. 17 026027 (Figures 2h, 7e,j and 8e) and accompanying

text.

[00158] In further aspects, the modifying of sensory processing reduces the occurrence of
sensory perception that is uncomfortable or distracting (e.g., in individuals with sensory
processing disorder that can make certain auditory, visual, gustatory, olfactory or tactile
stimulation uncomfortable, painful, overwhelming, or distracting).

[00159] In some instances, the modifying of sensory processing selectively favors a
specific sensory modality (e.g., modification is stronger for one sense versus another sense —
tactile versus auditory).

[00160] In further aspects, the modifying of sensory processing comprises increasing
norepinephrine concentration in the sensory pathway portions of the brain (e.g., thalamus,

cortex). Rodenkirch et al., Locus coeruleus activation enhances thalamic feature selectivity

via norepinephrine regulation of intrathalamic circuit dynamics, Nature Neuroscience, vol. 22

(January 2019), (Figures 4) and accompanying text.

[00161] In another aspect, the efficiency of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein. The
term “increased information transmission efficiency” refers to the efficiency of the transfer of
information by a sensory neuron in regards to the information (i.e. bits) a each spike of a
neuron’s spiking response encodes about the absence/presence of a feature in the stimulus
similar (i.e. mutual information between stimulus and spike train).

[00162] In yet another aspect, a rate of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein.
[00163] In a further aspect, the correlation coefficient between an original stimulus and a

reconstructed stimulus is increased on average by at least about 10%, or at least about 20%,
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or by about 25% to 60%, compared to a subject that does not receive vagus nerve
stimulation. See, e.g., Paragraphs [00277]-[00287] herein.

[00164] In some instances, the vagus nerve stimulation is not paired with a sensory
stimulation one or more times. Previously, bursts of VNS have been applied by pairing the
VNS with another stimuli (i.e., a tactile stimulus (finger pad tap) or a audio stimuli (frequency
tone)) over a long period of time. 20 3746 This method can improve detection of the particular
paired stimuli after a period of time and is neuroplasticity-based. The previous methods do
not improve sensory acuity generally or for any stimuli.

[00165] In accordance with aspects described herein, the VNS can be applied to any
suitable location in order to modify sensory processing. In some instances, the vagus nerve
stimulation is applied to a cervical region of the subject (e.g., left cervical region, right cervical
region of the subject or both). In some instances, the vagus nerve stimulation is applied to
the auricular transcutaneous region (left auricular transcutaneous region, right auricular
transcutaneous region of the subject or both).

[00166] In some instances, the modifying of sensory processing comprises improving
sensory perception in a subject having one or more impaired senses (e.g., a visual
impairment, an auditory impairment, a tactile impairment, an olfaction impairment, and a
gustatory impairment).

[00167] In some aspects the subject does not have an impairment condition in need of
sensory modification (e.g., a visual impairment, an auditory impairment, a tactile impairment,
an olfaction impairment, and a gustatory impairment). For example, such a subject might be
considered to be generally healthy.

[00168] Further aspects provide a method of modifying sensory processing in a subject, by
measuring a change (e.g., sampling a measurement over the time range from a first time
point to a second time point) in a bioelectronic signal (e.g., EEG (synchronization, relative
power band strength), EKG (heart rate, heart rate variability), change in blood pressure,
ECOG, respiratory rate, perspiration (e.g., measured by conductivity of skin surface), or a
signal recorded from invasive or noninvasive brain-machine interface) from a first time to a
second time; determining a mean value and a variance value for the signal from the first time

to the second time; measuring the bioelectronic signal and determining a measured value for
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the bioelectronic signal; and applying tonic vagus nerve stimulation to the subject when the
measured value is at least about one to three standard deviations from the mean value.
[00169] Further aspects provide vagus nerve stimulation devices adapted to apply tonic
vagus nerve stimulation to a subject to modify sensory processing in the subject, wherein a
time of applying the tonic vagus nerve stimulation for at least about 3 seconds, at least about
30 seconds, or at least about 4 minutes. In some aspects, the vagus nerve stimulation is
continuous or discontinuous.

[00170] The term “adapted to” refers to a device that is configured or programmed to apply
vagus nerve stimulation as described herein. For example, the device can include a
microprocessor programmed to apply tonic vagus nerve stimulation for at least about 3
seconds, at least about 30 seconds, or at least about 4 minutes and wherein the sensory
processing is modified within less than about 1 second, about less than 10 seconds, or less
than about 1 minute. The device can be configured or programmed to apply the vagus nerve
stimulation in accordance with the methods described herein.

[00171] In some instances, the device can be operated manually by a subject in order to
apply vagus nerve stimulation on demand. In another aspect, the device can further include a
prosthetic device adapted to attach to a body part (i.e., arm, leg, head, torso etc.) and apply
vagus nerve stimulation to improve sensory processing to accomplish a particular task.
[00172] In some instances, the modifying of sensory processing increases sensory acuity.
The term “sensory acuity” refers to the ability of one or more senses to accurately interpret a
signal. In some instances, increasing of the sensory acuity comprises enhancing the acuity of
a sensory modality (e.g., visual, auditory, olfactory, gustatory, and tactile stimuli). Increased
perceptual sensitivity is a widely accepted measure of increased sensory acuity.

[00173] In some instances, the modifying of sensory processing comprises reducing
misperception-induced errors. See, e.g., Rodenkirch et al., Locus coeruleus activation
enhances thalamic feature selectivity via norepinephrine regulation of intrathalamic circuit
dynamics, Nature Neuroscience, vol. 22 (January 2019), Figure 8, page 130. In another
aspect, the modifying sensory processing comprises selective activation of the Locus

Coeruleus.
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[00174] In some instances, the modifying of sensory processing comprises altering the
temporal structure of neural activity used to encode a stimulus. See, e.g., Paragraphs
[00251]-[00255], [00256]-[00265], [00266]-[00276] herein.

[00175] In some instances, the modifying of sensory processing facilitates the writing of
information to the brain by brain-machine interface (e.g. patterned microstimulation used by
sensory neuroprosthetics, augmented/virtual reality applied directly to sensory pathways).
[00176] In one aspect, the modifying of sensory processing does not arise from lasting
neuroplastic changes. See, e.q., Paragraphs [00215]-[00217] herein.

[00177] In another aspect, the modifying of sensory processing improves the ability to
perform multisensory integration (e.g., using two or more senses in combination such as
using both visual and tactile feedback to catch a ball). Improving the ability to perform multi-
sensory integration can be measured, for example, by an increase in sensory acuity in two or
more senses which can be quantified by an increase in perceptual sensitivity on tasks which
require simultaneous use of two or more senses.

[00178] In some instances, the modifying of sensory processing arises due to
neuromodulation which reduces calcium t-channel activity. Calcium t-channels are
responsible for burst spiking activity. Calcium t-channel influence, and the resulting calcium t-
channel induced burst spiking activity, was found to degrade the efficiency and rate of
information transmitted by thalamocortical sensory neurons. LC stimulation and VNS
decrease bursting activity. LC stimulation decreased bursting rate by ~60% and it is
estimated that calcium t-channel current contributions to thalamic spiking decrease by ~25%
with LC stimulation. See, e.q9., Rodenkirch et al., Locus coeruleus activation enhances

thalamic feature selectivity via norepinephrine requlation of intrathalamic circuit dynamics,

Nature Neuroscience, vol. 22 (January 2019), (Figures 5, 6, 7) and accompanying text. VNS
decreases the probability of a spike being in a burst by ~10 to 25%. See, €.9., Rodenkirch et.

al., Rapid and transient enhancement of thalamic information fransmission induced by vagus

nerve stimulation, J. Neural Eng. 17 026027 (Figures 2h, 7e,j and 8e) and accompanying

text.
[00179] In further aspects, the modifying of sensory processing reduces the occurrence of

sensory perception that is uncomfortable or distracting (e.g., in individuals with sensory
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processing disorder that can make certain auditory, visual, gustatory, olfactory, or tactile
stimulation uncomfortable, painful, overwhelming, or distracting).

[00180] In some instances, the modifying of sensory processing selectively favors a
specific sensory modality. (e.g., modification is stronger for one sense versus another sense
— tactile versus auditory).

[00181] In further aspects, the modifying of sensory processing comprises increasing
norepinephrine concentration in the sensory pathway portions of the brain (e.g., thalamus,
cortex). See, e.q., Rodenkirch et al., Locus coeruleus activation enhances thalamic feature

selectivity via norepinephrine requlation of intrathalamic circuit dynamics, Nature

Neuroscience, vol. 22 (January 2019), (Figure 4) and accompanying text.

[00182] The term “increased information transmission efficiency” refers to the efficiency of
the transfer of information by a sensory neuron in regards to the information (i.e. bits) a each
spike of a neuron’s spiking response encodes about the absence/presence of a feature in the
stimulus similar (i.e. mutual information between stimulus and spike train).

[00183] In yet another aspect, a rate of sensory related information transmitted by a
thalamocortical relay neuron in a subject is increased on average by at least about 100 to
200% compared to a subject that does not receive the vagus nerve stimulation. See, e.q.,
Paragraphs [00218]-[00222], [00227]-[00228], [00234]-[00241], [00242]-[00246] herein.
[00184] In a further aspect, the correlation coefficient between an original stimulus and a
reconstructed stimulus is increased on average by at least about 10%, or at least about 20%,
or by about 25% to 60%, compared to a subject that does not receive vagus nerve
stimulation. See, e.g., Paragraphs [00277]-[00287] herein.

[00185] In some instances, the vagus nerve stimulation is not paired with a sensory
stimulation one or more times.

[00186] In accordance with aspects described herein, the VNS can be applied to any
suitable location in order to modify sensory processing. In some instances, the vagus nerve
stimulation is applied to a cervical region of the subject (e.g., left cervical region, right cervical
region of the subject or both). In some instances, the vagus nerve stimulation is applied to
the auricular transcutaneous region (left auricular transcutaneous region, right auricular

transcutaneous region of the subject or both).
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[00187] In some instances, the modifying of sensory processing comprises improving
sensory perception in a subject having one or more impaired senses (e.g., a visual
impairment, an auditory impairment, a tactile impairment, an olfaction impairment, and a
gustatory impairment).

[00188] In some aspects the subject does not have an impairment condition in need of
sensory modification (e.g., a visual impairment, an auditory impairment, a tactile impairment,
an olfaction impairment, and a gustatory impairment). For example, such a subject might be
considered to be generally healthy.

[00189] In some instances, the device is invasive, non-invasive, or minimally invasive. The
term “non-invasive” refers to devices and methods of peripheral nerve stimulation that do not
require physically penetrating the skin (e.g. transcutaneous, focused ultrasound, vibrational).
The term “invasive” refers to devices and methods of peripheral nerve stimulation that may
require physically penetrating the skin. “Minimally invasive” methods refer to those that may
partially physically penetrate the skin, but in a manner that is painless and safe (e.g.
microneedle array surface patch where microneedles slightly penetrate skin without pain or
requiring any surgery, and can be easily taken on/off).

[00190] Devices described herein can further comprise a prosthetic device adapted to be
associated with a body part of the subject in need of vagus nerve stimulation.

[00191] In some aspects, the prosthetic device can be adapted to direct the vagus nerve
stimulation to a cervical region of the subject. In one aspect, a cervical region comprises a
left cervical region, a right cervical region of the subject or both.

[00192] In some aspects, the prosthetic device is adapted to direct the vagus nerve
stimulation to an auricular transcutaneous region of the subject. In one aspect, a cervical
region comprises a left auricular transcutaneous region, a right auricular transcutaneous
region of the subject or both.

[00193] In some instances, the prosthetic device can be a suitable medical device, article
of clothing, or an accessory that can be invasive, non-invasive, or minimally invasive. The
prosthetic device can house, be in contact with, or otherwise associated with a vagus nerve
stimulating device as described herein. In some instances, the prosthetic device is selected
from the group consisting of eyeglasses, sunglasses, a hearing aid, a neck brace, a

craniofacial prosthetic, a voice prosthetic (e.g. laryngeal devices), compression stimulation
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devices (e.g. weighted blankets, or compression style shirts designed to induce
neuromodulation), sensory neuroprostheses (e.g. cochlear implant, retina implant, visual
cortex implant, auditory cortex implant), an orbital prostheses, a cervical collar, a halo vest, a
dental implant, a facial implant, a helmet, a vehicle or machinery cockpit, machinery controls
(e.g., a wire running to stimulating patch worn while using the machinery), a head-up display,
a headset, a necklace, earrings, goggles (e.g., for athletics or protection), a tiara, a scarf,
jewelry, a headdress, a headscarf, a hat, a tie, a bonnet, ear muffs (e.g., for warmth or to
protect hearing), headphones, headsets, a shawl, a lanyard, a wig, a hood (e.g., for a shirt or
coat), a headband, a hair tie, a barrette, a hair clip, a neck pillow, a shirt collar, a rifle scope,
binoculars, a night vision device, a telescope, hair piece, virtual reality headset, phone
headset, phone, a video game controller, a video game system, clothing, an adhesive patch,
a blood pressure monitor, a heart rate monitor, an oximeter, a watch, a smart watch, a
phone, and 3D glasses.

[00194] Figures 1A-1F provide the results of an exemplary experiment confirming the
transient nature of VNS effects on sensory processing using VNS by measuring VNS
amplitude, frequency, and sensory neurons response to whisker stimulation during the rest
period following VNS (e.g. 4575 seconds after the cessation of VNS).

[00195] Figures 2A-2J illustrate that VNS increases feature selectivity and information
transmission while also suppressing burst firing.

[00196] Figures 3A-3D illustrate that standard duty cycle VNS (i.e. 30 seconds on / 60
seconds off) is suboptimal for optimizing perception as it was observed to create a fluctuating
bias in sensory processing state. During the off period the effects of VNS on sensory
processing dissipate then return during the next on cycle. This would interfere with
discriminating between two stimuli delivered at different periods of the duty-cycled VNS.
[00197] Figures 4A-4l illustrate that exemplary patterns of tonic and fast duty-cycled VNS
(e.g., VNS without a quiescence period greater than about 10 seconds, for example, 3
seconds on / 7 seconds off) could be used to enhance sensory processing without creating a
fluctuating sensory processing bias. VNS with a fast duty cycle (i.e. 3 seconds on / 7 seconds
off) enhanced sensory processing without inducing a fluctuating bias while at the same time
still containing relatively short periods of quiescence to minimize likelihood of damage to the

nerve.
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[00198] Based on Figures 5A-5J, aspects described herein show that increasing the
amplitude of tonic VNS and fast duty-cycle VNS (3 sec on / 7 sec off) results in increased
improvements in sensory processing as evidenced by increased feature selectivity and
information transmission. In some instances, these patterns can be optimized to induce a
stronger improvement than VNS patterns with long periods of quiescence (i.e. greater than
about 10 seconds) that induce a fluctuating bias on sensory processing.

[00199] Figures 6A-6E illustrate that increasing the frequency of tonic VNS results in
increased improvements in sensory processing as evidenced by increased feature selectivity
and information transmission. In some instances, continuous tonic 30 Hz VNS improves
sensory information transmission rate at about twice the strength of standard duty-cycled
VNS, as it does not induce a fluctuating bias on sensory processing.

[00200] Figures 7A-7C show that exemplary LC-activation can alter the temporal spiking
structure thalamocortical sensory relay neurons used to encode the same sensory stimulus.
[00201] Figures 8A-8J show that exemplary LC-activation-induced alteration of the
temporal structure thalamocortical sensory relay neurons used to encode sensory stimulus
can generate an encoding system that is more optimal for encoding detailed sensory
information (e.g., transmits more sensory-related information per spike and per second,
which are efficiency and rate respectively).

[00202] Figures 9A-9D show that an example of LC-activation-induced alteration of the
temporal structure thalamocortical sensory relay neurons used to encode sensory stimulus is
optimal for encoding sensory stimuli. In this example, during LC activation, the neurons more
selectively respond to only features in sensory stimuli that most closely match the feature
whose presence/absence is encoded. Here, the “feature coefficient” refers to how similar the
stimulus is at that timepoint to the neuron-encoded feature. LC activation, in this example,
also increases the directional selectivity of thalamocortical sensory relay neurons, indicating
that LC activation likely improves the ability to discriminate stimuli direction.

[00203] Figures 10A-10C show LC-activation-induced improved thalamic information
encoding allows for a more accurate reconstruction of the original stimulus from thalamic
neurons feature selectivity and spike trains.

[00204] Figures 11A-11D show LC activation can (1) increase the rate of sensory related

information transmitted for a subset of thalamic reticular nucleus (TRN) neurons and (2)
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induce gated feature selectivity in a subset of thalamic reticular nucleus (TRN) that did not
selectively respond to features without LC stimulation.

[00205] Aspects described herein provide methods of modifying sensory processing in a
subject, comprising applying continuous, tonic vagus nerve stimulation to a subject at a
frequency of at least about 5 Hz. The term “continuous” refers to without interruption. The
term “tonic” refers to a sustained or graded as compared to duty-cycled patterns. The term
“‘modifying sensory processing” refers to changing sensory processing (e.g., vision, hearing,
smell, taste, touch etc.) in a subject. In one aspect, the modification is improving sensory
processing such that the subject performs tasks in an improved manner (e.g., faster, more
accurate, for a longer period of time).

[00206] In another aspect, the amplitude of the continuous, tonic vagus nerve stimulation
can be about 0.25 mA or from about 0.1 mA to about 3 mA.

[00207] The time for applying the continuous, tonic vagus nerve stimulation can be least at
least about 1 seconds, 5 seconds, 10 seconds, 15 seconds, 30 seconds 45 second, 60
second, 90 seconds, 180 seconds or longer.

[00208] As discussed herein, the modified sensory processing occurs within less than
about one second and is short term or transient (e.g., within about 1 minute following
cessation of VNS).

[00209] Further aspects provide methods of modifying sensory processing in a subject, by:
exposing the subject to a sensory stimulation; measuring a change in a pupil dilation from a
first time point to a second time point; determining a mean value for the pupil dilation from the
first time point to the second time point; measuring the pupil dilation and determining a pupil
dilation value; and applying tonic, continuous vagus nerve stimulation to the subject when the
pupil dilation value is at least two standard deviations from the mean value for pupil dilation.
[00210] In this aspect, pupil dilation can be measured with modified eyewear or a camera.
For example, a subject (e.g., air traffic control personnel) can wear modified glasses (e.g.,
Google glass or similar device) that monitors pupil dilation during a series of tasks. Pupil
dilation can be calibrated by calculating a mean for pupil dilation from a first time point to a
second time point. Periodic measurements can be taken during a series of tasks. When pupil
dilation is at least about two standard deviations from the mean value, vagus nerve

stimulation can be applied as described herein for a desired period of time (e.g., 1, 5, 10, 15,
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30, 45, 60, 90 seconds etc.) or continuously during a given task (e.g., guiding the landing of a
plane).

[00211] In another aspect, pupil dilation or another proxy for reduced sensory processing
can be measured by an algorithm or machine learning method to determine when VNS
stimulation is needed and the length of time for VNS treatment.

[00212] Further aspects provide methods of modifying sensory processing in a subject, by
detecting when the subject to a predetermined sensory stimulation; applying tonic,
continuous vagus nerve stimulation to the subject when the predetermined sensory
stimulation is detected; and discontinuing applying continuous vagus nerve stimulation to the
subject when the predetermined sensory stimulation is not detected.

[00213] In this aspect, a subject can be exposed to a predetermine stimulus (e.g.,
photograph, document, human or animal, car on assembly line etc.) and vagus nerve
stimulation (e.g., continuous, tonic vagus nerve stimulation) can be applied only when the
predetermined stimulus is present and discontinued the predetermined stimulus is not
present. For example, a subject operating a quality control inspection of a product can use
this aspect to improve sensory processing only when the product being inspected is present.
The presence or absence of an object can be determined using a camera or other sensory,
smart eyewear etc.

[00214] Further aspects provide an apparatus for applying continuous, tonic vagus nerve
stimulation to a subject in accordance with methods described herein. Such an apparatus
can be operated manually by a subject in order to apply vagus nerve stimulation on demand.
In another aspect, the device can further include a prosthetic device adapted to attach to a
body part (i.e., arm, leg, head, torso etc.) and apply vagus nerve stimulation to improve
sensory processing to accomplish a particular task.

EXAMPLES

Example 1

[00215] To understand the extent to which VNS modulates thalamic sensory processing,
single-unit activity was recorded from the VPm (ventral posteromedial nucleus) of the rat
vibrissa pathway in response to repeated WGN whisker deflection while VNS stimulation
patterns were systematically varied (Figure 1A). The VPm is a relay nucleus in the thalamus

that gates somatosensory information to cortex 4748, VPm neurons reliably respond to

32



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

stimulation of the neuron’s corresponding principle whisker 4% 50 (Figure 1B). Four different
VNS patterns were tested: no stimulation (as a control), standard duty-cycle (30 Hz, 30 son /
60 s off duty-cycle), continuous tonic (10 Hz), and fast duty-cycle (30 Hz, 3 s on / 7 s off duty-
cycle) (Figure 1C). Each VNS pattern lasted 180 s, during which 12 repetitions of the frozen
15 s WGN whisker stimulation were delivered, with a at least 75 s of rest period between
them.

VNS modulation of sensory processing is transient

[00216] To ensure the system had ample time to reset to baseline conditions during the
rest periods interleaved between VNS conditions, each VPm neuron’s response during the
control time period without VNS stimulation was compared to the same neurons response
occurring during the second half of all of the rest periods (45 - 75 s after the cessation of the
preceding VNS condition). Confirming correct experimental design, the effects of VNS on
sensory processing were transient and dissipated within 60 seconds of cessation of VNS.
This was quantitatively confirmed as there was no significant difference in feature modulation
(Figure 1D; 1 during control period vs 0.96+0.04 during second half of rest periods, 36
features, 25 neurons, 6 rats, p = 0.27, paired t-test), the percent of spikes in bursts (Figure
1E; 23+2% during control period vs 24+2% during second half of rest periods, 25 neurons, 6
rats, p = 0.48, paired t-test), and information transmission (Figure 1F; 0.13+0.03 bits/spike
during control period vs 0.1420.04 bits/spike during second half of rest periods, 36 features,
25 neurons, 6 rats, p = 0.21, Wilcoxon signed-rank test).

[00217] These results suggest that, unlike previously reported VNS-induced effects which
are neuroplasticity-based and last over long timescales, VNS enhancement of sensory
processing rapidly dissipates following cessation of VNS. Further, this confirms that the
periods of rest time inserted between VNS conditions in this experiment were long enough to
allow for the system to return to baseline conditions.

Example 2

Standard duty-cycle VNS improved thalamic feature selectivity and information
transmission

[00218] To estimate the feature selectivity of VPm neurons and the effects of VNS on
thalamic sensory processing, the response of VPm neurons to the same frozen white

Gaussian noise (WGN) whisker stimulation with and without VNS was compared. The
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striations clearly visible in the raster plots of recorded VPm spiking activity in response to
repeated presentations of the same WGN stimulation indicated that the neurons were
sensitive to certain kinetic features in the stimulus, as the cells reliably fired at certain time
points during each presentation (Figure 2A).

[00219] Standard duty-cycle VNS (i.e. 30 Hz, 30 s on / 60 s off) did not change the firing
rate of the thalamic relay neurons (Figure 2B; 11.0£0.6 Hz during control periods vs
11.5+0.7 Hz during standard duty-cycle VNS, 25 neurons, 6 rats, p = 0.20, paired t-test;
Mean+SEM reported for all results unless otherwise stated). Spike triggered covariance
analysis was used to assess the selectivity of the response of the VPm neurons to specific
features ' 5! (Figure 2C). This showed that VNS improved the feature selectivity of VPm
neurons as indicated by (1) an increase in the amplitude of the recovered kinetic features the
neurons selectively responded to, and (2) the tilting up of nonlinear tuning function at high
feature coefficient values ' (Figure 2D).

[00220] As the magnitude of the feature coefficient at any given time point represents the
similarity between the stimulus and a feature, this alteration in the shape of the nonlinear
tuning function indicates an increased selectivity of the neuron to only spike-following stimuli
that closely match the neuron’s encoded feature. To quantitatively measure the change in the
amplitude of the recovered features, a feature modulation factor as previously defined was
used ' (see Methods). A feature modulation factor of 1 suggests that there was no
significant change in encoded kinetic features, whereas a value greater than 1 suggests an
increase in amplitude without a change in shape. Standard duty-cycle VNS was found to
result in feature modulation factors significantly larger than 1 (Figure 2E; 1 without VNS vs
1.212£0.05 during standard duty-cycle VNS, 36 features, 25 neurons, 6 rats, p = 1.8e-2,
paired t-test).

[00221] To quantify the effects of VNS on both the encoded kinetic features and nonlinear
tuning functions for each neuron, an information theoretic approach was employed to
estimate the information transmitted by each VPm spike about the presence/absence of the
encoded feature in the stimulus '. Consistent with observations of improved feature
selectivity, standard duty-cycle VNS dramatically increased both information transmission
efficiency (Figure 2F; 202+27% of control bits/spike with standard duty-cycle VNS, 36

features, 25 neurons, 6 rats, p = 5.0e-5, Wilcoxon signed-rank test; Figure 21, 0.13+0.03
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bits/spike without VNS vs 0.20+0.05 bits/spike with standard duty-cycle VNS, 36 features, 25
neurons, 6 rats, p = 4.6e-4)) and information transmission rate (Figure 2J; 206+28% of
control bits/second with standard duty-cycle VNS, 36 features, 25 neurons, 6 rats, p = 1.4e-6,
Wilcoxon signed-rank test).

[00222] Consistent with previous work, thalamic relay neurons exhibited burst firing under
control conditions ' %2, Since thalamic bursts have been linked to deterioration of
transmission of information about detailed stimulus features % %4, VNS-induced
enhancement of sensory processing might also coincide with suppressed burst firing of VPm
neurons. Thalamic burst spikes did not transmit as much information as tonic spikes (Figure
2G, 0.1820.05 bits/spike with tonic spikes vs 0.03520.005 bits/spike with burst spikes,
without VNS, 36 features, 25 neurons, 6 rats, p = 1.3e-4, Wilcoxon signed-rank test). When
comparing the information transmitted by tonic spikes to that transmitted by each burst when
considered as a point event, burst events on average transmitted less information than tonic
spikes (Figure 2G, 0.18+0.05 bits/spike with tonic spikes vs 0.080+0.01 bits/spike with burst
events, without VNS, 36 features, 25 neurons, 6 rats, p = 0.08, Wilcoxon signed-rank test).
However, the difference was not quite significant, most likely due to limited sampling. As
expected, VNS decreased the fraction of VPm spikes in bursts (Figure 2H; 23+2% without
VNS vs 21+2% during standard duty-cycle VNS, 25 neurons, 6 rats, p = 1.3e-3, paired t-test).
Example 3

The short timescale of VNS effects on thalamic sensory processing caused standard
duty-cycle patterns of VNS to induce a fluctuating thalamic sensory processing state
[00223] A typical therapeutically employed VNS stimulation pattern traditionally uses a
relatively slow duty-cycle (e.g. 30 s on / 60 s off). The off period of the standard VNS pattern
used described herein (60 s) is longer than the period it takes for the effects of VNS on
sensory processing to dissipate (~45 s). Although relatively slow duty-cycled patterns have
proved to efficiently mitigate symptoms in neurological disorders, it was unclear how
switching VNS on and off would modulate thalamic state given that the effects of VNS on
VPm sensory processing occur and dissipate on such short timescales.

[00224] To test this, the responses of VPm neurons during the on period of VNS were
compared to the same neurons’ responses during the first 30 s and second 30 s of the off

period. Interestingly, the effect of VNS on thalamic feature selectivity and information
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transmission rapidly diminished during the off period. The amplitude of the recovered
encoded features was significantly smaller during the second 30 s of the VNS off period than
during the VNS on period (Figure 3A). Quantifying this difference in recovered feature
amplitude using the feature modulation factor, the factor was larger during the on sections
than the off sections of the standard duty-cycle VNS (Figure 3B; 1.20£0.06 during on period
vs 1.06%0.05 during second half of off period, 36 features, 25 neurons, 6 rats, p 2.8e-2,
paired t-test).

[00225] The fluctuations in thalamic processing state induced by standard duty-cycle VNS
was further evidenced by the observation that there was a significant change in percent of
spikes in bursts in the second 30 s of the VNS off period as compared to the VNS on period
(Figure 3C; 19+2% during on period vs 22+2% during second half of off period, 25 neurons,
6 rats, p = 8.2e-5, paired t-test).

[00226] Accordingly, the information transmitted per spike was significantly less during the
second half of the off period than the on period of the standard duty-cycle VNS (Figure 3D,;
254131% of control bits/spike during on period vs 190+£26% of control bits/spike during
second half of off period, 36 features, 25 neurons, 6 rats, p = 1.3e-2, paired t-test). Taken
together these results indicate that standard duty-cycle VNS created a fluctuating state of
sensory processing in the thalamus that is sub-optimal for perceptual sensitivity. This
fluctuating state would be sub-optimal for perceptual sensitivity, as the same stimulus
occurring during the on period of the VNS cycle would evoke a different thalamic response
than if it occurred during the off period of the VNS cycle and therefore may be incorrectly
perceived as a different stimulus.

Example 4

Tonic and Fast duty-cycle VNS (i.e. 3 sec on / 7 sec off) enhanced thalamic information
transmission without inducing fluctuations

[00227] In this example, the data suggests that VNS rapidly induces improvement in
thalamic sensory processing, and that this improvement quickly fades away once VNS is
turned off. In addition, the data suggests that standard duty-cycle VNS patterns create a
fluctuating sensory processing state. As described herein, one way to achieve the benefits of
VNS on sensory processing without creating a fluctuating processing state would be to use

fast duty-cycle VNS (e.g. 3 s on/ 7 s off) or continuous tonic VNS which do not have long off
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periods. To assess whether these stimulation patterns could be used for optimal, fluctuation-
free enhancement of sensory processing, standard duty-cycle (30 s on 60 s off), fast duty-
cycle (3 s on 7 s off), and continuous (10 Hz) VNS were performed in the same recording
session, and the effects of the various VNS patterns on thalamic feature selectivity were
compared. None of standard duty-cycle (30 s on 60 s off), fast duty-cycle (3 s on 7 s off), and
continuous (10 Hz) VNS resulted in a significantly different VPm firing rate as compared to
control conditions (Figure 4A; 11.0£0.6 Hz without VNS vs 10.9+0.7 Hz during 10 Hz tonic
VNS, 11.2£0.7 Hz during fast duty-cycle VNS, and 11.6+0.7 Hz during standard duty-cycle
VNS, 25 neurons, 6 rats, p = 0.79, 0.53 and 0.21 respectively, paired t-test).

[00228] Standard duty-cycle (30 s on 60 s off), fast duty-cycle (3 s on 7 s off), and
continuous (10 Hz) VNS produced similar improvements in (1) thalamic feature selectivity as
quantified by the feature modulation factor (Figure 4B; 1.12+0.05 during standard duty-cycle
VNS vs 1.14£0.04 during 10 Hz tonic VNS or 1.1520.05 during fast duty-cycle VNS, 36
features, 25 neurons, 6 rats, p = 0.61 and 0.33, respectively, paired t-test) and (2)
information transmission efficiency (Figure 4C; 202+27% of control bits/spike during
standard duty-cycle VNS vs 197+£19% of control bits/spike during 10 Hz tonic VNS or
2231£29% of control bits/spike during fast duty-cycle VNS, 36 features, 25 neurons, 6 rats, p
=0.84 and 0.19, respectively, paired t-test; Figure 4E 0.20+0.05 bits/spike during standard
duty-cycle VNS vs 0.18+0.04 bits/spike during 10 Hz tonic VNS and 0.20+0.05 bits/spike
during fast duty-cycle VNS, 36 features, 25 neurons, 6 rats, p = 0.77 and 0.53 respectively,
Wilcoxon signed-rank test and paired t-test respectively).

[00229] Standard duty-cycle (30 s on 60 s off), fast duty-cycle (3 s on 7 s off), and
continuous (10 Hz) VNS produced a VPm response with a similar percent of spikes in bursts
with all VNS patterns resulting in a decrease in the percent of spikes in bursts when
compared to control conditions. (Figure 4D; 21£2% during standard duty-cycle VNS vs
20£2% during 10 Hz tonic VNS or 21+2% during fast duty-cycle VNS, 25 neurons, 6 rats, p =
0.04 and 0.56, respectively, paired t-test). To investigate whether fast duty-cycle VNS
introduced any fluctuations in VPm sensory processing state similar to those observed to be
induced by standard duty-cycle VNS (in a similar fashion as to the analysis of the different
stages of the standard duty-cycle) the response of the VPm neurons during the on periods of
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the fast duty-cycle stimulus was segmented, and compared with the same neuron’s response
during the first or second half of the off period.

[00230] Here, there was no significant difference in firing rate (Figure 4F; 11.3+0.7 Hz
during on period vs 11.2+0.7 Hz during first half of off period or 11.1+0.7 Hz during second
half of off period, 25 neurons, 6 rats, p =0.19 and = 0.22 respectively, paired t-test) and
percent of spikes in bursts (Figure 4G; 21+£2% during on period vs 21£2% during first half of
off period or 21+2% during second half of off period, 25 neurons, 6 rats, p = 0.59 and = 0.85
respectively, paired t-test) between on the on period of fast duty-cycle VNS and the first half
or second half of the off cycle.

[00231] Both the improvement in feature selectivity and change in nonlinear tuning function
did not fluctuate between the on period and first half and second half of the off periods of fast
duty-cycle VNS. This lack of fluctuation in feature selectivity during fast duty-cycle translated
to no difference in the feature modulation factor between the on period and either half of the
off period (Figure 4H; 1.12+0.05 during on period vs 1.18+0.06 during first half of off period
or 1.17+0.07 during second half of off period, 36 features, 25 neurons, 6 rats, p = 0.30 and =
0.37 respectively, paired t-test).

[00232] Further, there was no difference in the strength of improvement of information
transmission efficiency between the on period and either half of the off periods of fast duty-
cycle VNS (Figure 41; 236+32% of control bits/spike during on period vs 223+25% of control
bits/spike during first half of off period or 256+45% of control bits/spike during second half of
off period, 36 features, 25 neurons, 6 rats, p = 0.64 and = 0.89 respectively, paired t-test and
Wilcoxon signed-rank test respectively).

[00233] Together, these exemplary results indicate that both fast duty-cycle VNS and tonic
VNS result in the same level of improvement in thalamic sensory processing as standard
duty-cycle VNS, without inducing a fluctuating thalamic sensory processing state that was
induced by standard duty-cycle VNS. This is important as during a fluctuating thalamic
sensory processing state, the same stimulus would evoke a different thalamic response if
received at different time points in the fluctuation which may degrade the ability to

discriminate between similar stimuli.

Example 5
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The effects of fast duty-cycle and tonic VNS on thalamic sensory processing were
amplitude dependent

[00234] These results indicate that both fast duty-cycle and tonic VNS can be used to
optimally enhance thalamic sensory processing whereas standard duty-cycle VNS is
suboptimal for this purpose as it induces fluctuations in thalamic processing state. During the
experiments which compared the effects of these stimulation patterns, all VNS pulses were
delivered at a fixed current amplitude of 1 mA. However, The amplitude of VNS being
currently used in clinical situations can vary from patient to patient and exists within a wide
range of values %%%7. It has been found that some effects of VNS have an inverted U shape
relationship with VNS amplitude %862, Therefore, to determine the effects of different
amplitudes of VNS on sensory processing, new experiments were conducted to examine the
sensitivity of VNS effects on thalamic information transmission to VNS amplitude. Four
different VNS amplitudes were compared: 0 (as a control), 0.4 mA, 1 mA, and 1.6 mA.
[00235] When analyzing fast duty-cycle VNS at different amplitudes, none of the three
amplitudes induced changes in VPm firing rate in response to WGN whisker stimulation as
compared to the control period (Figure 5A, 11.3x2.1 Hz during control without VNS vs.
11.6£2.4 Hz during 0.4 mA fast duty-cycle VNS, 11.1+£2.3 Hz during 1 mA fast duty-cycle
VNS, and 10.36+1.8 Hz during 1.6 mA fast duty-cycle VNS, 7 neurons, 2 rats, p = 0.65, 0.80,
and 0.21 respectively, paired t-test).

[00236] Fast duty-cycle VNS-induced improvement in feature selectivity and information
transmission monotonically increased with amplitude (Figure 5B) as quantitatively measured
by the feature modulation factor (Figure 5C; 1 during control without VNS vs. 0.98+0.07
during 0.4 mA fast duty-cycle VNS, 1.05£0.07 during 1 mA fast duty-cycle VNS, or 1.11+0.04
during 1.6 mA fast duty-cycle VNS, 13 features, 7 neurons, 2 rats, p = 0.78, 0.44, and 0.02
respectively, paired t-test) and information transmission efficiency (Figure 5D, 116£12% of
control bits/spike during 0.4 mA fast duty-cycle VNS, 138+14% of control bits/spike during 1
mA fast duty-cycle VNS, or 144+17% of control bits/spike during 1.6 mA fast duty-cycle VNS,
13 features, 7 neurons, 2 rats, p = 0.20, 1.6e-2, and 2.3e-2 respectively, paired t-test).
[00237] Burst firing also deceased monotonically with the increase in fast duty-cycle VNS
amplitude as evidenced by a decrease in the percent of spikes in bursts (Figure 5E,
14.92£2.4% during control without VNS vs. 13.5£2.3% during 0.4 mA fast duty-cycle VNS,
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11.5£2.0% during 1 mA fast duty-cycle VNS, or 11.3+2.0% during 1.6 mA fast duty-cycle
VNS, 7 neurons, 2 rats, p = 0.17, 1.6e-2, and 6.9¢e-4 respectively, paired t-test).

[00238] Similarly, when analyzing 10 Hz tonic VNS at different amplitudes, none of the
three amplitudes induced changes in VPm firing rate in response to WGN whisker stimulation
as compared to the control period (Figure 5F, 10.0+1.1 Hz during control without VNS vs.
9.9+1.1 Hz during 0.4 mA 10 Hz VNS, 9.4+1.1 Hz during 1 mA 10 Hz VNS, and 9.1+1.1 Hz
during 1.6 mA 10 Hz VNS, 16 neurons, 5 rats, p = 0.84, 0.46, and 0.08 respectively, paired t-
test).

[00239] Tonic VNS-induced improvement of feature selectivity monotonically increased
with amplitude of VNS (Figure 5G) as quantitatively measured by feature modulation factor
(Figure 5H; 1 during control without VNS vs. 0.95+0.05 during 0.4 mA 10 Hz VNS, 1.12+0.06
during 1 mA 10 Hz VNS, or 1.2820.06 during 1.6 mA 10 Hz VNS, 24 features, 16 neurons, 5
rats, p = 0.33, 0.048, and 2.0e-4 respectively, paired t-test) and information transmission
efficiency (Figure 51, 125+£8% of control bits/spike during 0.4 mA 10 Hz VNS, 182+17%o0f
control bits/spike during 1 mA 10 Hz VNS, or 272+38% of control bits/spike during 1.6 mA 10
Hz VNS, 24 features, 16 neurons, 5 rats, p = 7.5e-3, 7.4e-5, and 1.7e-4 respectively, paired
t-test).

[00240] Burst firing also decreased monotonically with the increase in tonic VNS amplitude
as evidenced by a decrease in the percent of spikes in bursts (Figure 5J, 28.1+3.3% during
control without VNS vs. 27.1£3.5% during 0.4 mA 10 Hz VNS, 24.7+3.4% during 1 mA 10 Hz
VNS, or 22.5£3.3% during 1.6 mA 10 Hz VNS, 16 neurons, 5 rats, p = 0.36, 5.6e-2, and
6.9e-5 respectively, paired t-test).

[00241] Taken together, these characterization results suggest that VNS rapidly improves
thalamic sensory processing in an amplitude dependent fashion.

Example 6

The effects of VNS on thalamic sensory processing were frequency dependent
[00242] VNS with different frequencies can have distinguishable effects in clinical
applications %57, Therefore, it was important to evaluate how different frequencies of VNS
affect thalamic sensory processing. To this end the responses of VPm neurons during 10 Hz,
1 mA continuous tonic VNS were compared to the same neurons’ responses during 30 Hz, 1

40



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

mA continuous tonic VNS stimulation (taken from the On periods of the standard duty-cycle
VNS).

[00243] Again, both frequencies of tonic VNS resulted in firing rates that were not
significantly different than during the control period (Figure 6A; 11.0+0.6 Hz during control
without VNS vs 10.9£0.7 Hz with 10 Hz VNS or 11.3£0.7 Hz during 30 Hz VNS, 25 neurons,
6 rats, p = 0.79 and 0.49 respectively, paired t-test).

[00244] Percent of spikes in bursts decreased monotonically with increasing tonic VNS
frequency (Figure 6B; 23.0£2.3% during control without VNS vs 19.4+2.2% with 10 Hz VNS
or 18.8+2.0% during 30 Hz VNS, 25 neurons, 6 rats, p = 1.2e-5 and 1.8e-5 respectively,
paired t-test).

[00245] Moreover, 30 Hz VNS produced a stronger increase in recovered feature
amplitude and tilting up of the nonlinear tuning function. When the effects of 10 Hz and 30 Hz
VNS on the recovered features were quantified, it was observed that both produced a
significantly larger feature modulation factor than 1, which increased monotonically with
increasing tonic VNS frequency (Figure 6C, 1 during control without VNS vs 1.14+0.04
during 10 Hz VNS or 1.20+0.06 during 30 Hz VNS, 36 features, 25 neurons, 6 rats, p = 1.7e-
3 and 1.9e-3 respectively, paired t-test).

[00246] Consequently, due to VNS effects on sensory processing increasing monotonically
with tonic VNS frequency, the information transmission efficiency also monotonically
increased with VNS frequency (Figure 6D, 198+19% of control bits/spike during 10 Hz VNS
vs. 255+32% of control bits/spike during 30 Hz VNS, 36 features, 25 neurons, 6 rats, p =
8.2e-6 and 2.2e-5, respectively, paired t-test). Information transmission efficiency was
significantly more strongly improved with 30 Hz VNS than with 10 Hz (Figure 6E, p = 6.8e-3,
paired t-test).

Example 7

LC modulation of thalamoreticulo-thalamic circuit dynamics changed the temporal
structure used by VPm neurons to encode the same WGN whisker stimulus.

[00247] Single-unit activity of VPm neurons in response to repeated presentations of a
frozen WGN whisker deflection pattern was recorded while activation condition of the LC-NE
system in pentobarbital-anesthetized rats was varied . Here, the encoding of the high
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dimensional spatiotemporal whisker deflection signal into a neuron’s spike train was modeled
using the linear-nonlinear-Poisson cascade model 51 64,

[00248] In response to multiple presentations of the same WGN whisker stimulation, VPm
neurons respond reliably at specific timepoints which correspond to sections of the stimulus
which closely match the kinetic features the neuron selectively encodes for. These timepoints
at which a reliable response occurs, called events, were identified through using a threshold
(3x mean firing rate) to identify peaks in the spike density function (SDF). Once multiple
responses of a neuron to the same frozen stimulus have been recorded, the SDF was
generated by first collapsing the perievent raster into a peristimulus time histogram (PSTH),
then smoothing the PSTH by convolving it with an adaptive kernel (see methods).

[00249] Through reverse correlation analysis, the kinetic feature(s) to which each VPm
neuron selectively responded to was recovered and then the corresponding nonlinear tuning
function(s) was calculated, illustrating the sensitivity of the neuron’s response to how closely
the stimulus resembles that feature. An information theoretic approach was used (see
methods) to quantify the mutual information between a neuron’s spike response and the
absence/presence of the features the neuron selectivity encodes for in the stimulus .
[00250] Interestingly, previous work showed that neither an LC-induced general reduction
in firing rate nor the LC-activation-induced improvement in reliability could be responsible for
the observed LC-activation-induced improvement in information transmission efficiency and
rate 3. Further, previous work had also found that removal of bursting spikes could also not
explain the observed LC-activation-induced enhancement of sensory processing, as tonic
spikes during LC activation carried significantly more information than tonic spikes without LC
activation 3. How then is the temporal pattern of the VPm response used to encode the
absence/presence of features in the incoming stimulus changed in such a way as to optimize
the efficiency and rate of the information transmitted?

[00251] To investigate this question further the temporal structure of events each VPm
neurons used to encode the frozen WGN stimulus with and without LC stimulation was
compared. When the perievent raster and SDF of the VPm response with 5 Hz LC
stimulation was overlayed over that of the VPm response without LC stimulation, it can be
clearly seen that LC stimulation alters the temporal event structure (Figure 7A).
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[00252] Some events are conserved across both control and LC-activation conditions
(Figure 7A, conserved events labeled with purple boxes). However, LC-activation results in
the removal of some events that were present under controlled conditions (Figure 7A,
removed events labeled with red boxes). Further, LC-activation results in the addition of
some new events that were not present under control conditions (Figure 7A, emerged
events labeled with green boxes).

[00253] This suggest that LC-activation may optimize the temporal structure each VPm
neuron uses to encode a specific stimulus by removing less-optimal events and adding more-
optimal events.

[00254] To allow for further analysis of the change in temporal event structure, event types
were classified as follows. Any 5 Hz LC stimulation events that overlapped with a 0 Hz LC
stimulation event were considered “conserved events”. VPm events during 0 Hz LC
stimulation which did not overlap with any events during 5 Hz LC stimulation were considered
“removed events” while VPm events during 5 Hz LC stimulation which did not overlap with
any events during 0 Hz LC stimulation were considered “emerged events” (Figure 7A).
[00255] Here it was found that approximately half of the events found during control
conditions were removed with LC stimulation; while approximately 40 percent of the events
found during 5 Hz LC-activation were newly emerged and not present during control
conditions (Figures 7B-7C, 32 neurons across 19 rats).

Example 8

LC-activation resulted in a removal of less informative events and an introduction of
more informative events

[00256] Next, to determine if there was any difference in the feature selectivity of the spikes
in the different event types, four different groups of spikes were selected: spikes without LC
stimulation that occurred during removed events, spikes without LC stimulation that occurred
during conserved events, spikes during 5 Hz LC-activation that occurred during conserved
events, and spikes during 5 HZ LC-activation that occurred during emerged events.

[00257] When the feature selectivity for spikes in each subtype of event is recovered, the
feature selectivity of spikes during LC-activation that fell within newly emerged events had an
improved feature selectivity as compared to spikes during control conditions that fell within

removed events (Figures 8A-8B). This improved feature selectivity of emerged vs removed
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events indicates the LC-mediated removal and introduction of events favors optimal feature
selectivity.

[00258] The amplitude of the recovered features for removed and emerged event spikes
was then compared with that of the amplitude of the feature selectivity recovered using all
control condition spikes by calculating the feature modulation factor (see methods). The
feature modulation factor increases to values greater than 1 when the recovered feature
amplitude is greater than that of the feature selectivity recovered during the control periods.
Here, indeed spikes during emerged events had a significantly greater feature modulation
factor than spikes during removed events (Figure 8C, 1.0£0.1 for spikes within removed
events vs 1.7£0.1 for spikes within emerged events, 59 features across 32 neurons across
19 rats, p = 6.2e-5, paired t-test).

[00259] An information theoretic approach was then employed to quantify the information
transmitted by these spikes about the absence/presence of the feature they selectively
encode for in the stimulus. The results showed that spikes within emerged events carried
significantly more information than spikes within removed events (Figure 8D, 0.20+0.02
bits/spike within removed events vs 0.6720.10 bits/spike within emerged events, 59 features
across 32 neurons across 19 rats, p = 3.9e-9, Wilcoxon signed-rank test).

[00260] When comparing spikes that occurred during conserved event times without LC
stimulation with spikes that occurred during conserved event times with LC stimulation, it was
found that the feature selectivity of these spikes are improved by LC-activation as well
(Figures 8A-8B). This suggests that even within conserved events, LC-activation causes a
shift of the distribution of spikes into the more informative conserved events and away from
the less informative conserved events.

[00261] A significantly greater feature modulation factor for spikes that occurred during
conserved event times with LC stimulation than spikes that occurred during conserved event
times without LC stimulation was observed (Figure 8E, 1.8+0.1 for spikes within conserved
events without LC stimulation vs 2.2+0.1 for spikes within conserved events with 5 Hz LC
stimulation, 59 features across 32 neurons across 19 rats, p = 1.3e-6, paired t-test).

[00262] Further, spikes that occurred during conserved event times with LC stimulation
carried significantly more information than spikes that occurred during conserved event times

without LC stimulation (Figure 8F, 0.37+0.05 bits/spike within conserved events without LC
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stimulation vs 0.93+0.14 bits/spike within conserved events with 5 Hz LC stimulation, 59
features across 32 neurons across 19 rats, p = 9.3e-10, paired t-test).

[00263] To verify that the change in event structure and observed differences in the
information encoded by spikes within the different event types was not an artifact of the
threshold chosen to identify event times from the SDF, the above analysis was performed
again, but using different event thresholds (e.g. 2x and 4x mean firing rate).

[00264] With both of these new event thresholds there is still the same increase in
bits/spike for emerged vs removed events (Figure 8G, 2x mean firing rate event threshold,
0.15+0.02 bits/spike within removed events without LC stimulation vs 0.6920.14 bits/spike
within emerged events with 5 Hz LC stimulation, 59 features across 32 neurons across 19
rats, p = 6.8e-9, Wilcoxon signed-rank test, Figure 8l, 4x mean firing rate event threshold,
0.29+0.04 bits/spike within removed events without LC stimulation vs 0.8110.14 bits/spike
within emerged events with 5 Hz LC stimulation, 59 features across 32 neurons across 19
rats, p = 8.5e-11, Wilcoxon signed-rank test).

[00265] Further with both event thresholds there is still the same increase in bits/spike
between spikes in conserved events occurring with LC stimulation vs spikes in conserved
events occurring without LC stimulation (Figure 8H, 2x mean firing rate event threshold,
0.25+0.03 bits/spike within conserved events without LC stimulation vs 0.82+0.12 bits/spike
within conserved events with 5 Hz LC stimulation, 59 features across 32 neurons across 19
rats, p = 7.1e-9, Wilcoxon signed-rank test, Figure 8J, 4x mean firing rate event threshold,
0.45+0.06 bits/spike within conserved events without LC stimulation vs 1.07+0.16 bits/spike
within conserved events with 5 Hz LC stimulation, 59 features across 32 neurons across 19
rats, p = 1.7e-9, Wilcoxon signed-rank test).

Example 9

The reorganization of the temporal response events of VPm neurons during LC
activation favors ideal event placement for feature selectivity

[00266] Having found that LC-activation results in a restructuring of the temporal positions
of the reliable response events used by the same VPm neuron to encode the same stimulus,
how ideal the encoding pattern of each VPm neuron was with and without LC stimulation was
investigated. In this example, a definition of what an ideal encoding of the stimulus into a
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corresponding response events would look like for a neuron with a specific feature selectivity
was determined.

[00267] Here, the search is constrained for each neuron’s ideal response by using the
same exact number of events in the ideal response as were present in each neuron’s actual
SDF.

[00268] To find ideal the timepoints to place these events, first the feature coefficient value
was calculated (i.e. the dot product between the 20 ms of preceding stimulus and feature
selectivity) for each timepoint of the WGN stimulus (Figure 9A-9B).

[00269] Without being bound by theory, it is believed that a very informative neuron would
only respond at the timepoints when the feature coefficient has a large magnitude (e.g. the
peaks in the resulting feature coefficient vector). However, whether a neuron’s response is
directionally sensitive to the sign of the feature coefficient (i.e. sensitive to only large positive
feature coefficient values vs large negative and positive feature coefficient values) varies
across neurons. A neuron selectively responding to a specific feature in a directional fashion
would ideally fire at large magnitude feature coefficients only if they are positive value
(Figure 9A). While a neuron selectively responding to a specific feature in a non-directional
fashion would ideally fire at large magnitudes of feature coefficients regardless of whether
they were negative (the inverse of the feature) or positive (Figure 9B).

[00270] To determine whether a neuron’s feature selectivity was directional or non-
directional, for each feature the directionality of the corresponding nonlinear tuning index was
guantified using an directionality alpha value as defined by °' (see methods). A feature
selectivity which is directionally selective will exhibit an asymmetric nonlinear tuning function
(Figure 9A, right panel), and will have an alpha value close to 1. A feature selectivity which is
not directionally selective will have a corresponding nonlinear tuning function that appears
symmetric across the y axis (Figure 9B, right panel), and an alpha value close to 0.

[00271] Interestingly, LC stimulation slightly increased the directionality of VPm feature
selectivity as measured by alpha (Figure 9D, alpha = 0.44%0.04 without LC stimulation vs
0.55£0.04 with 5 Hz LC stimulation, 59 features across 32 neurons across 19 rats, p = 6.8e-
4, paired t-test).

[00272] When deciding if each feature a neuron selectively responded to was encoded in a

directional manner or not, the average directionality alpha values between the feature
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selectivity with and without LC-activation was used. Any resulting average directionality alpha
value which fell beneath a threshold (alpha=0.3) was considered to be non-directionally
selective while any average that fell above was considered to be directionally selective.
[00273] After the directionality of each feature selectivity was calculated then the peaks in
the corresponding feature coefficient vector which would be most ideal to position our events
could be identified.

[00274] Here, the same number of events as observed in the original response was
conserved but the event times were moved to be ideally located, i.e. at the peaks in the
feature coefficient vector with the largest positive values for directionally selective features
(Figure 9A, red stars) or largest absolute values for non-directionally selective features
(Figure 9B, red stars).

[00275] The encoding by these ideal event timepoints was than compared with the actual
event timepoints observed with and without LC stimulation (Figure 9A-9B, blue stars). Here
LC stimulation increased the fraction of events that occurred at an ideal event timepoint
(Figure 9C, 0.20x0.01 without LC stimulation vs 0.23+0.01 with 5 Hz LC stimulation, 59
features across 32 neurons across 19 rats, p = 6.0e-6, paired t-test).

[00276] Taken together with the previous results, this shows that LC-activation results in a
changing of the temporal event structure in such as a way that favors more informative, and
therefore more optimal, event locations.

Example 10

Thalamicortical responses during LC activation can be decoded into a more accurate
reconstruction of the original stimulus than without LC activation

[00277] Next, to investigate how the changes in the stimulus encoding properties of
individual thalamicortical neurons impacted the ability of a population of VPm neurons to
accurately encode a spatiotemporal whisker stimulus, a subset of VPm recordings was
selected for which all the responses where driven by the same frozen WGN stimulus. From
an ideal observer standpoint of view, it was analyzed as to how accurately decoding and
reconstructing the original stimulus knowing only the VPm neurons’ responses and feature
selectivity could be done with and without LC stimulation (see Methods).

[00278] To reconstruct the original stimulus, it was assumed the preceding strength of the

feature in the stimulus was relative to the average spiking response of the neuron at that
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timepoint (See Methods). Initially, only directional feature selectivity was used to reconstruct
an approximation as non-directional feature selectivity needed to be orientated correctly to
improve reconstruction accuracy.

[00279] The reconstruction was then improved using non-directional feature selectivity by
assuming the direction of the feature selectivity at any timepoint is equal to that of the
approximation reconstructed using only directional feature selectivity.

[00280] Interestingly, the final reconstruction is more accurate when using the spiking
response and feature selectivity of the neurons during 5 Hz LC stimulation as compared to
the reconstruction generated using the spiking response and feature selectivity of the
neurons without LC stimulation (Figure 10A).

[00281] This shows that LC stimulation optimizes the encoding of sensory-related
information in the thalamus in a manner which allows for a more accurate recovery of the
original stimuli from the thalamocortical spike trains, suggesting the accuracy of the
perception of stimuli could be enhanced as well. Indeed, in previous work, it was found that
LC-stimulation enhanced the perceptual sensitivity of rats discriminating between two
different frequencies of whisker stimulation 3.

[00282] To quantify how LC stimulation affects how closely the reconstruction matches the
original stimulus, and how LC stimulation affected the ratio of decoded stimulus accuracy to
features used to decode it, the above method of decoding of the stimulus from directional
PSTH-feature pairs multiple times was performed multiple times for each possible number of
features used. For each directional reconstruction, the correlation coefficient between that
reconstruction and the original stimulus was saved.

[00283] When looking at a plot of average correlation coefficient versus number of features
used for directional reconstruction, it was found that the accuracy of the reconstruction
increases with increasing number of features used (Figure 10B).

[00284] It was also found that adding another feature reduced accuracy, indicating there is
some redundancy in the information carried by each feature selectivity.

[00285] In this example, no matter how many features are used for reconstruction, LC
stimulation resulted in a more accurate reconstruction as measured by either correlation
coefficient (Figure 10B) or RMSE between the reconstruction and original stimulus (Figure
10C).
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[00286] Interestingly, when reconstructing with directional features only, the difference
between the accuracy of reconstruction with and without LC stimulation increased as the
number of features decoded from increases. Without being bound by theory, it is believed
that perhaps LC activation decreases the redundancy of information carried by VPm
neurons.

[00287] A similar analysis investigating how the accuracy of the directional reconstruction
is improved by adding in different amounts of non-directional features improved the
reconstruction was then performed (Figure 10B). The results of this analysis also showed
that LC stimulation results in a more accurate reconstruction when decoded from both
directional and non-directional features (Figure 10B, Figure 10C).

Example 11

LC stimulation affected the feature selectivity of a subset of TRN neurons.

[00288] Here, the effects of LC activation on TRN feature selectivity were elucidated.
Interestingly, approximately 43 percent of TRN neurons exhibited a significant feature
selectivity with and without LC stimulation.

[00289] Of these TRN neurons, which always exhibit feature selectivity, approximately half
of them exhibited an LC-activation-induced improvement in feature selectivity (Figure 11A-
11B).

[00290] 20 percent of TRN neurons did not exhibit a significant feature selectivity without
LC stimulation, but did have a significant feature selectivity with 5 Hz LC stimulation (Figure
11C-11D). The feature selectivity of these neurons could then be considered gated by LC
activation, only occurring during states of high arousal as indexed by LC activity.

[00291] This suggest that LC-activation induced changes in intrathalamic dynamics allow
for TRN neurons to respond to whisker stimuli in a more feature selective manner.

[00292] If TRN neurons project to, and therefore inhibit, VPm neurons with relatively
orthogonal feature selectivity, then increases in the selectivity of the TRN neurons can
sharpen the innervated VPm neurons’ feature selectivity. For example, inhibitory TRN
neurons selectively responding to features relatively orthogonal to the feature selectivity of
the VPm neuron which they inhibit will result in an inhibition of the VPm neuron’s response at
timepoints when the stimulus does not closely match the innervated VPm neuron’s feature

selectivity. A shift from general to feature selective TRN inhibition of VPm neurons may

49



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

explain why LC-activation changes the temporal response structure of a VPm neuron to the

same whisker stimulus.

DISCUSSION

[00293] Previous work has focused on using VNS to facilitate the neuroplasticity of brain
circuits, likely through activation of neuromodulatory systems which are known to induce
neuroplasticity . These changes require pairing stimuli or tasks with VNS activation and
take place over weeks to months 2°. In contrast, as described herein, it was found that VNS
was also able to drastically affect the sensory processing within the thalamus at a short
timescale, requiring no prior pairing. Further, the effects of VNS on sensory processing were
found to be transient as they dissipated quickly following cessation of VNS. This new
application of VNS therefore does not depend on long-term changes induced by
neuroplasticity, instead VNS activation results in rapid, transient regulation of sensory
processing in the thalamus most likely through activation of neuromodulation centers that can
rapidly change thalamic neurochemical state, such as the LC.

[00294] VNS-induced improvements of thalamic sensory processing occurred through
enhancement of feature selectivity and resulted in an increased efficiency and rate of
sensory information transmitted by the VPm neurons. Previous studies have shown a causal
link between enhanced thalamic sensory processing and improved perceptual performance
% Therefore, as this data shows that VNS improves thalamic sensory processing, it
suggests that certain patterns of VNS could potentially be used to improve behavioral
performance in perceptual tasks.

[00295] VNS improved thalamic feature selectivity and information transmission in similar
fashion as direct LC stimulation.

[00296] Previous work demonstrated a causal relationship between LC-stimulation induced
suppression of thalamic bursts and improvement in information transmission 1, it is important
to note that VNS also suppressed burst firing in the thalamus. This is not unexpected as it
has been shown that the vagus nerve exerts influence on LC activity through the projection of
the NTS and that VNS increases LC activity & 7.

[00297] However, the NTS also projects to neuromodulatory nuclei other than the LC,
including the basal forebrain ¢ which projects to the sensory thalamus as well. Activation of

either the LC or the basal forebrain has been shown to modulate sensory processing 169 70,
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Therefore, the improved thalamic sensory processing observed here may be attributed to the
collective action of the modulatory systems activated by VNS. It is worth noting that
neuromodulatory nuclei are heavily interconnected ! 72. For example, VNS has been shown
to exert excitatory influence on both the LC and the dorsal raphe nucleus but there is no
direct projection from the NTS to the dorsal raphe nucleus & 3. Therefore, VNS may
modulate thalamic sensory processing through either direct or indirect activation of the
different neuromodulatory systems.

[00298] Previous work using the cat common peroneal nerve model has shown that neural
tissue is less likely to be damaged when using electrical stimulation delivered with an
intermittent duty-cycle 7. In current clinical treatments, VNS is most commonly given in a
duty-cycle fashion, such as 30 s on /60 s off 555775 which is based on the assumption that
duty-cycled stimulation poses less of a risk of damaging a nerve 7. VNS improvement of
thalamic sensory processing is transient and rapidly dissipates following cessation of VNS,
which resulted in the effects of VNS dissipating during the off periods of the standard duty-
cycle VNS. This fluctuating thalamic processing state resulted in VPm neurons exhibiting a
difference in feature modulation, sensory information transmission efficiency, and burst firing
rate during the on versus the off period of standard duty-cycle VNS.

[00299] Standard duty-cycle VNS-induced fluctuating sensory processing state would
presumably induce a fluctuating bias in perception that was not related to the stimulus and
therefore would act as noise, therefore it is particularly detrimental to the precise information
processing needed during perceptual discrimination tasks. For example, the same stimulus
would produce different neural responses if received during the on period versus the off
period of the standard duty-cycle, which may cause the same stimuli to be perceived as two
different stimuli.

[00300] VNS with a fast duty-cycle of 3 s on 7 s off did not induce fluctuations in thalamic
sensory processing state, presumably due to the fact that the time constants of VNS
modulation of sensory processing in the thalamus are faster than those of standard duty-
cycle VNS patterns but not those of a fast duty-cycle VNS pattern.

[00301] Increasing the frequency of VNS as well as the amplitude of fast duty-cycle VNS
and tonic VNS resulted in stronger improvements in sensory processing as evidenced by

increased feature selectivity and improved stimulus-related information transmission. These

51



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

results suggest that an optimal state for perceptual processing is best achieved using high
frequency and high amplitude VNS delivered either continuously or at least with a high
frequency duty-cycle.

[00302] Strong types of VNS patterns potentially pose a higher risk of vagus nerve damage
or patient discomfort if delivered too aggressively. One method effectively enhance
perception of stimuli with minimal nerve damage risk would be to time the activation of the
continuous tonic VNS relative to the stimulus events, so that tonic VNS is delivered
continuously during any time period which the user might receive a behaviorally important
stimulus but is shut off in between these periods when stimuli will not be received. This type
of stimulus-locked VNS-enhancement of sensory processing would be facilitated by the fact
that VNS-induced improvements in perception rapidly onset once VNS is initiated. Previous
work suggested that the activation of the LC-NE system is more beneficial during harder
tasks '. Therefore, task-dependent on-demand VNS may be an optimal configuration in
enhancing behavioral performance.

[00303] The ability to switch on fast duty-cycle or tonic VNS during time periods when
sensory perception enhancement is required, would be highly helpful for individuals suffering
from these disorders. For example, individuals with compromised senses of touch often
struggle with tasks such as buttoning their shirt or grasping objects 0. A non-invasive VNS
system could be designed in such a way that the user could turn it on prior to the task and
switch it off afterwards. This would allow for a high frequency, high amplitude, continuous
tonic or fast duty-cycle VNS without risk of nerve damage as the time period in use would be
relatively minimal. This type of on-demand perception enhancement device is possible due to
the rapid onset of sensory processing enhancement by VNS shown here, and does not
require long-term periods of stimulation to see effects such as the neuroplasticity-based
methods used to treat epilepsy and depression.

[00304] Newly developed sensory neuroprotheses have attempted to use patterned
microstimulation of different regions along the sensory pathway, such as the sensory cortex
and thalamus, to recover senses lost due to disease, degeneration, or injury 7681, When
using these neuroprotheses to write information to the brain to produce desired perception,
the state of the brain regions being written to can be taken into consideration as brain state

heavily influences perception and behavior 82 83, Changes in brain state may cause the same
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microstimulation pattern to produce different results of neuron activation or may change the
reading-out of the resulting neuron activation by higher-order brain regions and therefore
cause the same microstimulation pattern to evoke different perceptual experiences.

[00305] This study suggests the increases in feature selectivity and improvements in
information transmission that result from LC activation and VNS occur due to a shift in
intrathalamic dynamics that reduces membrane potential fluctuations of sensory thalamic
relay neurons . Membrane potential fluctuations are non-optimal for sensory processing as
they introduce a non-stimulus-related bias. For this same reason it is likely that membrane
potential fluctuations would be non-optimal for the writing of information to sensory regions
necessitated by sensory neuroprotheses. Therefore, coupling the ability to modulate
information processing state through patterned VNS with current sensory neuroprosthetic
writing techniques, may allow for improvements in the accuracy and reliability of
neuroprosthetic sensations.

[00306] Tailoring brain-state to create an optimal state for writing information to the brain
could also be applicable to non-invasive brain stimulation methods for sensory and cognitive
neuroprotheses as fluctuating brain state would induce the same bias on their ability to
reliably and accurately write information to regions along the pathway.

[00307] In sensory neuroprostheses using patterned microstimulation, a major goal is for
patients to better discriminate between sensations evoked by microstimulation from
neighboring electrodes in the implanted array. For example, the ability of individuals with
cochlear implants to discriminate between stimulation from neighboring electrodes in their
cochlear implant varies widely across patients 8 and improved discriminability is associated
with better speech recognition. Therefore, it would be worthwhile to investigate the effects of
non-invasive-VNS-induced modulation on the minimal distance between discriminable
microstimulation electrodes in sensory systems.

[00308] LC tonic activity has been correlated with sensory processing, with increased tonic
firing causing improved sensory processing and perceptual discrimination abilities. Causal
links between LC tonic activity and pupil size and cortical EEG pattern have also been shown
21, indicating that the LC activity can be indexed using changes in pupil diameter and/or
EEG patterns. Therefore, a self-optimizing sensory enhancement neuroprothesis could

consist of a closed loop system. This system would read out the current state of arousal and
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sensory processing via tracking pupil diameter and/or other physiological signals indexing
brain state. It could then identify time periods in which the user’s sensory processing is
drifting away from detailed, feature identification and discrimination to more basic detection
and correct this change by delivering VNS.

[00309] Previous research has suggested that certain pharmaceutical compounds, such as
amphetamines, may enhance processing of sensory stimuli 887, VNS enhancement of
sensory processing could either replace or augment pharmacological treatments. VNS is
superior to pharmaceuticals as non-invasive VNS does not suffer from tolerance build up
associated with pharmacological techniques and can be tuned to have minimal side effects
88_

[00310] Previous work has shown that increases in thalamic feature selectivity and
information transmission efficiency and rate translate to improved performance on perceptual
discrimination tasks 1. Specifically, the ability of rats to discriminate between whisker stimuli
delivered at varying frequencies was improved as evidenced by an increased perceptual
sensitivity (d’). Results described herein suggest that non-invasive VNS can be used to
rapidly enhance perceptual sensitivity in humans. This could be helpful for many work-related
tasks such as image and audio discrimination or operating machinery. Further, VNS-induced
enhancement of sensory processing could be beneficial for military personnel and sports and
e-sports, where the ability to discriminate between small differences in visual, auditory, and
tactile stimuli make a huge difference on performance.

[00311] Further supporting our argument that LC enhances sensory processing not
primarily through modulation of gain or SNR (signal to noise ratio), it was unexpectedly found
that LC activation changes the temporally precise firing pattern the VPm uses to encode the
same stimulus. However, it is counterintuitive that this change in encoding pattern would
occur without a change in the kinetic features for which the neuron is encoded. Using the
methods and devices described herein, the new encoded pattern is optimized as it increases
the efficiency and rate of stimulus-related information transmitted by VPm neurons.

[00312] Previously, LC-induced enhancement of sensory processing was shown to result in
an enhancement of the feature selectivity as well as an improvement of information
transmission efficiency and rate of VPm neurons . Here, it was shown that LC stimulation

allows for a more accurate recovery of the original stimulus when decoding it from the
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response of a population of VPm neurons as an ideal observer, suggesting that LC
stimulation enhances the accuracy of the perception of whisker stimuli.

[00313] When investigating whether event timepoints occur at ideal locations, a VPm
neuron may selectively encode for multiple features. Therefore, event timepoints which may
be non-ideal for one of the neuron’s feature may be ideal for another. Interestingly, as
described herein, an increase in the fraction of events occurring at ideal times for the feature
selectivity of neurons selective for one feature as well as neurons selective for multiple. If the
change in the temporal structure of reliable events used to encode a whisker stimulus
resulted in an improved feature selectivity for one feature at the cost of a degraded feature
selectivity for another feature one would expect to see a mixed result of LC activation on the
fraction of events at ideal times. Instead, observed improvement occurred across the vast
majority of feature selectivity, suggesting that removed events were not ideal events for any
of the features the neuron encoded for. In this way LC-mediated change in temporal
response structure does not shift the feature selectivity towards one feature at the expense of
another, but rather improves the feature selectivity for all features selectively responded to by
the neuron.

[00314] As shown previously, the mechanism underlying this optimization of thalamic
state for sensory processing is the action of LC-induced increased NE concentration in the
thalamus. The action of NE resulted in a reduction in calcium t-channel activity in both the
VPm and TRN, which is believed to decrease the subthreshold membrane potential
fluctuations of VPm neurons. Removal of these underlying noisy fluctuations may change the
response of VPm neurons to be more solely related to stimulus-relevant input from the PrV.
[00315] It has been proposed that sensory processing exists along a gradient between a
bursting thalamic state optimized for detection and a tonic thalamic state optimized for
discrimination 8992, The TRN receives topographically aligned input from sensory thalamus
regions, and in return provides topographically aligned inhibitory input to thalamic relay cells
93,94 thus whether the TRN is responding in a non-selective bursting fashion or a tonic
feature selective manner heavily impacts thalamocortical transmission of sensory
information.

[00316] During times of high LC arousal, when a stimulus is delivered to the whisker, VPm

neurons whose feature selectivity most closely matches the incoming stimulus would likely
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spike first, and through the negative feedback loop of the TRN may inhibit the response of
other competing VPm neurons whose feature selectivity less closely matches the stimulus,
as their response would be predicted to be relatively delayed. Therefore, in this state the
selective TRN inhibitory feedback creates a winner-takes-all response in which only the VPm
neurons whose feature selectivity most closely matches the stimulus are given the
opportunity to spike. This type of encoding would enhance the discriminability of stimuli as
different stimuli would evoke unique populations of VPm neurons.

[00317] During states of low LC arousal, calcium t-channels are likely to be primed and
therefore a whisker stimulus is likely to evoke a rapid response from multiple VPm neurons,
even those whose feature selectivity doesn’t closely match the stimulus, as their response is
facilitated by the all-or-nothing nature of calcium t-channel activation. In this state, the TRN
selective feedback would not occur quickly enough to beat out the VPm action potentials due
to calcium t-channel activity boosting the rate at which those action potentials occur. Instead
the TRN feedback would be received after the VPm neurons have already spiked, which
would then push the VPm neurons further into a hyperpolarized state and therefore re-prime
their calcium t-channels for bursting activity. This type of encoding would enhance the
detection of stimuli, as every stimulus would evoke a strong multi-neuron response, but
would degrade the discrimination of different stimuli as they may evoke population responses
that are too overlapping to discriminate

[00318] Although the aspects described herein analyzed the tactile sensory pathway, it is
believed that the LC-NE system modulates sensory processing of visual and auditory
modalities in a similar manner. This is because previous research has correlated increased
attention and NE levels with reduced bursting activity in both visual and auditory
thalamocortical neurons 8% 90.95-101 "Ag the LC is a well-known neuromodulator of attention
and arousal %2, these findings indicate the LC is able to optimize perception in a behavioral-
state-relevant manner 92 193 by improving thalamocortical transmission of detailed sensory
information during time periods of increased attention and arousal. Therefore, methods and
devices herein can be used for LC modulation gustatory and olfactory sensory processing as
well.

[00319] Itis important to note that neuromodulatory systems are well persevered over

evolution, and the function of neuromodulatory systems are similar in humans and other
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mammals such as rodents 194, Therefore, the results of these preclinical studies are
translatable to humans as shown by the well-accepted animal models used herein.

Methods

[00320] Surgery. All animal work was approved by the Columbia University Institutional
Animal Care and Use Committee and the procedures were conducted in compliance with
NIH guidelines. 16 adult albino rats (Sprague-Dawley, Charles River Laboratories,
Wilmington, MA; ~225-275 g at time of implantation) were used in this study. Animals were
housed 1-2 per cage in a dedicated housing facility, which maintained a twelve-hour light and
dark cycle.

[00321] Rats were sedated with 5% vaporized isoflurane in their home cages before being
transported to the surgery suite at 2% vaporized isoflurane. Rats where then mounted on a
stereotaxic frame, and the anesthetic was switched to ketamine/xylazine (80/8 mg/kg) ®.
Body temperature was kept at 37 °C by a servo-controlled heating pad (FHC Inc, Bowdoin,
ME). Blood-oxygen saturation level and heart rate were continuously monitored using a non-
invasive monitor (Nonin Medical Inc, Plymouth, MN).

[00322] To allow for implantation of the VNS cuff, an incision was made on the left ventral
side of the rats. A magnetic fixator retraction system (Fine Scientific Tools, Foster City, CA)
was used to separate the sternohyoid and sternomastoid muscles longitudinally, providing
clear access to the vagus nerve running next to the carotid artery within the carotid sheath.
Glass tools were used to separate the vagus nerve from the carotid sheath so as to minimize
any potential damage to the nerve. A platinum—iridium bipolar cuff electrode % was then
placed around the vagus nerve to allow for delivery of VNS. An insulated lead connected to
the VNS cuff was then ran out of the incision, which was closed with sutures.

[00323] Following VNS implantation, the animal was carefully mounted on a custom-
modified stereotaxic frame (RWD Life Science, China) on top of a floating air table to allow
for a craniotomy to be created above the VPm to for insertion of a recording electrode. Any
exposed brain surface was then covered in warm saline, contained by retaining wells created
around the craniotomies.

[00324] Electrophysiology. Single, sharp, tungsten microelectrodes (75 um in diameter,
impedance of ~3-5 MQ, FHC Inc, Bowdoin, ME) were used to record extracellular single-unit

activity. A hydraulic micropositioner (David Kopf, Tujunga, CA) allowed for slow, controlled

57



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

electrode positioning with micrometer resolution, and thus allowed for close proximity
placement to recorded neurons. Extracellular neural signals were referenced to a ground
screw in contact with the surface of the dura, contralateral to the recording site, then band-
pass filtered (300-8k Hz) and digitized at 40 kHz using a Plexon recording system (OmniPlex,
Plexon Inc., Dallas, TX). Spike sorting of single units was performed using commercially
available software (Offline Sorter, Plexon).

[00325] The VPm was targeted using stereotaxic coordinates from the rat brain atlas 1%.
VPm neuron identity was confirmed by a strong response to the mechanical stimulation of
the neuron’s principal whisker 4890, Only large, easily isolatable VPm units with a minimum
refractory period greater than 1 ms and a stable waveform throughout the entire recording
were used. Burst spiking was defined as any two or more spikes occurring with an 1Sls
(interspike intervals) of 4 ms or less and following at least 100 ms of quiescence 3.

[00326] Vagus Nerve Stimulation. The vagus nerve cuff lead was connected to a calibrated
electrical microstimulator (Multi Channel Systems, Reutlingen, Germany), which was then
triggered by an xPC target real-time system (MathWorks, MA) running at 1 kHz. During
periods of VNS, cathode-leading biphasic current pulses (250 us per phase) were delivered
at either 10 or 30 Hz with amplitudes of either 0.4, 1, or 1.6 mA with duty-cycles of either
continuous, fast (3 s on /7 s off), or standard (30 s on / 60 s off). For each recording, multiple
repetitions of each VNS condition were delivered in a random order. Each VNS condition
delivery lasted 180 s with 75-90 seconds of rest time inserted following to allow for the
system to reset to baseline conditions before beginning the next condition. As currently
practiced in humans, only the left vagus nerve was stimulated as stimulation of the right
vagus nerve has been shown to cause cardiac irregularities due to right vagus nerve
efferents innervating the sinoatrial node '°7. Further, the polarity of VNS was fixed, with the
(negative electrode cranial) as a reversal of this polarity has been shown to induce
bradycardia 1.

[00327] Whisker Stimulation. A custom modified galvo motor (galvanometer optical
scanner model 6210H, Cambridge Technologies) controlled by a closed-loop system
(micromax 67145 board, Cambridge Technology) as described in 1% was used to deliver
precise, high-frequency mechanical whisker stimulations (12.5 mm shaft). The galvo motor’s

position was controlled via the same xPC target real-time system controlling VNS/LC
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activation. Accuracy of whisker stimulation was verified by using the Plexon recording system
to also record the galvo motor’s output analog position signal. Whiskers were cut to a length
of ~10 mm and inserted into the deflecting arm, which was positioned ~5 mm from
whiskerpad. The WGN was low pass filtered (butterworth, 10th order) at 250 Hz '. The galvo
motor was used to continuously deliver whisker deflection following a signal consisting of
continuous repetitions of a 15 second clip of frozen white Gaussian noise (WGN). The plane
of whisker deflection was fixed throughout the recording to determine if neurons had similar
or altered responses to identical stimuli under varying conditions of VNS.

[00328] Data Analysis. Here, it was assumed that VPm neurons encode for stimulus-
related information via the linear-nonlinear-Poisson model (LNP) as previously detailed by *
51,64 Through analyzing the neuron’s spiking response to a repeated delivery of a frozen
WGN whisker deflection pattern, the neurons’ feature selectivity can be recovered, which can
be represented by a linear filter set and the corresponding set of nonlinear tuning functions.
Specifically, each neuron’s first significant feature was recovered as the spike triggered
average (STA) whisker displacement during the 20 ms window preceding each spike. Spike
triggered covariance (STC) analysis was then used to recover the remaining set of significant

features for any neurons which selectively responded to more than one kinetic feature 4.
N
1 S
STA = Nz $(t,)
n=1

N
1 R i
STC = 7— Z [5(t) — STA][S(t,) — STA]"

[00329] Where tn is the time of the nt" spike, §(tn) is a vector representing the stimulus
during the temporal window preceding a spike, and N is the total number of spikes.

[00330] Statistical significance of STAs was determined using a bootstrap procedure with
1000 bootstrap trials. Recovered STAs were considered insignificant if their amplitude fell
within the 99.9 percentile of the bootstrap displacement range. The significance of STC
recovered filters was determined using nestled bootstrapping of the eigenvalues
corresponding to the STC recovered filters. A recovered eigenvalue that exceeded the 99.9
percentile of its corresponding bootstrap range of its filter was considered significant.

Neurons without significant feature selectivity were excluded from further analysis.
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[00331] To quantify the modulation of the recovered features by LC activation, a feature
modulation factor is defined as *:

control feature - conditional feature

eature modulation factor =
f f control feature - control feature

[00332] To estimate each nonlinear tuning function corresponding to each significant
recovered feature, the feature coefficient for each spike (i.e. the dot product between a
neuron’s linear filter and the stimulus preceding each spike) was calculated. The probability
distribution of feature coefficient values k given a spike (i.e. Prob(k|spike)) could then be
determined. To calculate all possible feature coefficients for the stimulus used, a 20 ms
window was slid through the 15 s WGN stimulus, from which a probability distribution of all
feature coefficient values (i.e. Prob(k)) was generated. By dividing Prob(k|spike) by Prob(k),
the nonlinear tuning functions are produced that map firing rate to feature coefficient value.
[00333] To quantify the information the spike train conveys about the absence/presence of
a feature under varying VNS or LC stimulation conditions, mutual information between the
presence/absence of a feature and the observation of a spike for each condition was
calculated as '1°
Prob(k|spike)

Prob(k)

[00334] Where Kk is the feature. Information transmission rate (i.e. bits/second) was

Info(k; spike) = fdk * Prob(k|spike) = log,(

calculated by multiplying bits/spike by the average firing rate of the neuron in response to
WGN stimulus.

[00335] Statistics. A one-sample Kolmogorov-Smirnov test was used to assess the
normality of data before performing statistical tests. If the samples were normally distributed,
a paired or unpaired t-test was used. Otherwise, the Mann-Whitney U-test was used for
unpaired samples or the Wilcoxon signed-rank test for paired samples. Multiple comparisons
were corrected with Bonferroni correction.

[00336] Electrophysiology. All experimental data analyzed in this study were previously
published in a study investigating how LC activation affects thalamic feature selectivity 3.
Detailed surgical and electrophysiological methods behind the generation of the data can be
found detailed in 3. Briefly, rats where anesthetized with sodium pentobarbital and mounted
to a stereotaxic frame to allow for craniotomies to be performed which gave access to the LC
and VPm or TRN. For rats which underwent electronic LC microstimulation, a recording
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electrode was advanced into the LC, with LC location being confirmed by the characteristic
response of LC neurons to paw pinch '"'. The recording system was then disconnected, and
the electrode was connected to an electrical microstimulator (S88, Grass Instrument,
Warwick, Rl). For rats that underwent optogenetic LC stimulation, 4 weeks prior to the
experiment, a lentivirus was injected directly into the rat’s LC which allowed for selective
transfection of noradrenergic neurons to express Channelrhodopsin2 (pLenti-PRSx8-
hChR2(H134R)-mCherry, the UNC vector core, ~7€9 vp/ml). At the beginning of an
optogenetic LC stimulation experiments, a fiber optic cannula was advanced so as to be
positioned against the LC, and then was attached to an LED driver (Plexon, 493 nm
wavelength). For all experiments, a recording electrode was then advanced into the VPm or
TRN, with VPmM/TRN neurons being identified by their stereotaxic coordinates and response
to punctate whisker deflection 4°.

[00337] Experimental paradigm. The experimental procedures briefly described here are
discussed in more detail in the original publication of this data set 3. Briefly, a frozen block of
WGN whisker deflection was repeatedly delivered to the primary whisker via a custom
modified galvomotor '%° (galvanometer optical scanner model 6210H, Cambridge
Technologies) controlled by a closed-loop system (micromax 67145 board, Cambridge
Technology). Single-unit recordings of VPm neurons responses to multiple repetitions of the
stimulus were then captured via a Plexon recording system (OmniPlex, Plexon Inc., Dallas,
TX). During each recording, LC activation condition was varied. Therefore, at the end of each
recording a data set of multiple responses of the same VPm neuron to the same frozen WGN
stimulus for each condition of LC activation was generated. This allowed us to analyze how
LC activation changes the way in which each VPm neuron selectively encodes for
information about the kinetic features in the stimulus. In one aspect, the response of VPm
neurons without LC stimulation versus their response with 5 Hz LC stimulation was analyzed.
[00338] Reverse correlation analysis. The response of both VPm and TRN neurons using
the linear-nonlinear-Poisson cascade model (LNP) was modeled °'- 84, Through analyzing
multiple responses of a neuron to the same frozen WGN stimulus, the kinetic features can be
identified in the stimulus to which the neuron selectively responds. Each neuron’s significant
features were recovered by first calculating the spike triggered average (STA) followed by

calculating the spike triggered covariance (STC) matrix to recover the remaining set of
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significant features for any neurons which selectively responded to more than one kinetic

feature 5164,
N
1 N
STA =% z $(t,)
n=1

N
1 - -
STC =—— z [5(t,) — STA][S(t,) — STA]"

n=1
[00339] Where tn is the time of the nt" spike, §(tn) is a vector representing the stimulus
during the temporal window preceding that spike, and N is the total number of spikes.
Statistical significance of features was determined using bootstrap procedures 4. To quantify
the change in amplitude of features recovered during different LC activation conditions, a

feature modulation factor was used, previously defined as 3:

control feature - conditional feature

eature modulation factor =
! ! control feature - control feature

[00340] Once the linear portion of the LNP model was recovered, i.e. the kinetic features
the neuron selectively responded to, the corresponding nonlinear tuning functions for each
feature can be calculated by dividing the probability distribution of feature coefficients given a

spike by the probability distribution of all possible feature coefficients found in the stimulus:

Prob(k|spike)
Prob(k)

Nonlinear tuning function =
[00341] Where k is feature coefficient values, i.e. the dot product between the linear filter
and the preceding stimulus.
[00342] The strength of the directionality of the selective response to a specific feature
was quantified via analyzing the symmetry of the nonlinear tuning function as follows:
G(B) — G(—B)

G(B)

[00343] Where G is the nonlinear tuning function and B is equal to 2 standard deviations of

directionality alpha value =

feature coefficient value.

[00344] Information conveyed by VPm neurons about the features they selectively

responded to was quantified as 5119 :

Prob(k|spike)
Prob(k)

Info(k; spike) = fdk « Prob(k|spike) = log,(
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[00345] Where k is the feature coefficient and the resulting bits/spike value indicates the
mutual information between the absence/presence of that kinetic feature in the stimulus and
the occurrence of a spike by this neuron.

[00346] To allow for identification of reliable events in the response of neurons to the same
WGN whisker stimulus, the peristimulus time histogram (PSTH) of the neuron’s responses
was binned (2 ms bins) and convolved with an adaptive boxcar kernel 12, whose size was
dynamically increased from 1 at each bin until the bins spanned by that kernel contained at
least 10 spikes, to produce a spike density function (SDF). A threshold (3 times the mean
firing rate unless otherwise stated) was then used to identify peaks in the SDF which were
then considered events 12,

[00347] Decoding VPm responses. To reconstruct an approximation of the original stimulus
from an ideal observer viewpoint the average temporal response pattern of each neuron to
the incoming stimulus (e.g. the peristimulus time histogram) was calculated, as well as the
features for which that neuron was encoded. For neurons that were selective for multiple
features, each feature-PSTH pair was considered unique. Only the directionally selective
feature-PSTH pairs were selected to use for the initial reconstruction. This was done as from
an ideal observer viewpoint the non-directionally selective features are not informative until
directionality of the stimulus can be predetermined.

[00348] For each directionally selective feature-PSTH pair, at each timepoint in the PSTH
the preceding strength of the feature in the stimulus was assumed to be relative to the PSTH
value in that bin (i.e. average spike count/trial at that timepoint). The reconstructed vector at
each point for a directionally selective feature-PSTH pair was therefore calculated as:

T-1
TeCconStructiongirectional feature (t) = z feature(T — i) « PSTH(t +1i)
i=1

[00349] Where the bin size for both the PSTH and feature are equal to the sampling
frequency of the original stimulus (i.e. 5000 Hz, 0.2 ms bins) and T is the length of the
feature. All reconstruction vectors corresponding to each directional feature-PSTH pair were
summed, and the z-score of the resulting vector to generate a reconstruction of the original

stimulus was determined.

directional reconstruction = z score( z reconstructiong;rectional feature)
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[00350] Using the directional reconstruction to approximate the original stimulus
direction at any timepoint, the reconstruction was further improved using the non-directionally
selective feature-PSTH pairs. To this end, for each non-directionally selective feature-PSTH
pair a reconstruction was generated which was at each point equal to:
[00351] reconstruction,on—_girectionat reature(t) = YT-YAx feature(T — i)« PSTH(t + i)

A = 1if dot(directional reconstruction(t — T: t), feature) = 0

A = —1if dot(directional reconstruction(t — T: t), feature) < 0
[00352] The value of A effectively flips the feature at any timepoint so that its direction is
chosen to be the direction which best matches the reconstruction generated from directional
features only. Once a reconstructed stimulus vector was calculated for each non-directionally
selective feature-PSTH pair, a reconstruction of the stimulus using both directional and non-
directional feature-PSTH pair reconstructions was generated as:

complete reconstruction

= z score( z TeconstructionSgirectional feature

+ z reconstructionSyon—girectional feature)

[00353] Statistics. All statistical tests were two-sided. A one-sample Kolmogorov-Smirnov
test was used to assess the normality of data before performing statistical tests. If the
samples were normally distributed, a paired or unpaired t-test was used. Otherwise, the two-
sided Mann-Whitney U-test was used for unpaired samples or the two-sided Wilcoxon
signed-rank test for paired samples. Bonferroni correction was used for multiple

comparisons.
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CLAIMS

1. A method of modifying a sensory processing in a subject, comprising applying a
tonic vagus nerve stimulation to the subject wherein the sensory processing of the subject is
modified.

2. The method of claim 1, wherein a frequency of the vagus nerve stimulation is at
least about 0.3 Hz.

3. The method of claim 2, wherein the frequency is between about 0.5 and 80 Hz.
4. The method of claim 3, wherein the frequency is between about 30 and 60 Hz.

5. The method of claim 1, wherein at least about 0.2 mA of a current of the vagus

nerve stimulation reaches a vagus nerve.

6. The method of claim 5, wherein about 0.5 to about 3 mA of the current of the vagus

nerve stimulation reaches the vagus nerve.

7. The method of claim 6, wherein about 1.5 to about 2.5 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

8. The method of claim 1, wherein about 1 to about 60 mA of a current leaves a device

generating the vagus nerve stimulation.

9. The method of claim 8, wherein about 5 to about 30 mA of the current leaves the

device generating the vagus nerve stimulation.

10. The method of claim 1, wherein a time of applying the tonic vagus nerve
stimulation is at least about 3 seconds.

11. The method of claim 10, wherein the time of applying the tonic vagus nerve
stimulation is at least about 30 seconds.

12. The method of claim 11, wherein the time of applying the tonic vagus nerve

stimulation is at least about 4 minutes.

13. The method of claim 1, wherein the sensory processing is modified within less

than about 1 second.
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14. The method of claim 13, wherein the sensory processing is modified within less
than about 10 seconds.

15. The method of claim 13, wherein the sensory processing is modified within less

than about 1 minute.
16. The method of claim 1, wherein the modified sensory processing is transient.
17. The method of claim 1, wherein the vagus nerve stimulation is continuous.
18. The method of claim 1, wherein the vagus nerve stimulation is discontinuous.

19. The method of claim 18, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 7 to about 10 seconds.

20. The method of claim 18, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 3 to about 7 seconds.

21. The method of claim 18, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 0.5 to about 3 seconds.

22. The method of claim 1, wherein the modifying of sensory processing comprises

increasing a sensory acuity.

23. The method of claim 22, wherein the increasing of the sensory acuity comprises
enhancing an acuity of a sensory modality.

24. The method of claim 23, wherein the sensory modality is selected from the group
consisting of visual, auditory, olfactory, gustatory, and tactile stimuli.

25. The method of claim 1, wherein the modifying of sensory processing comprises

reducing an occurrence of a misperception-induced error.

26. The method of claim 1, wherein the modifying of sensory processing comprises

selective activation of a locus coeruleus.
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27. The method of claim 1, wherein the modifying of sensory processing comprises

altering a temporal structure of a neural activity used to encode a stimuli.

28. The method of claim 1, wherein the modifying of sensory processing facilitates a

writing of information to a brain by brain-machine interface.

29. The method of claim 1, wherein the modifying of sensory processing does not

arise from a neuroplastic change.

30. The method of claim 1, wherein the modifying of sensory processing improves the
ability to perform a multisensory integration.

31. The method of claim 1, wherein the modifying of sensory processing arises due to

a neuromodulation which reduces a calcium t-channel activity.

32. The method of claim 1, wherein the modifying of sensory processing reduces an
occurrence of a sensory perception that is uncomfortable or distracting.

33. The method of claim 1, wherein the modifying of sensory processing selectively

favors a specific sensory modality.

34. The method of claim 1, wherein modifying sensory processing increases a
norepinephrine concentration in a sensory pathway portion of a brain.

35. The method of claim 26, wherein an efficiency of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least

about 100 to 200% compared to a subject that does not receive the vagus nerve stimulation.

36. The method of claim 26, wherein a rate of sensory related information transmitted
by a thalamocortical relay neuron in a subject is increased on average by at least about 100
to 200% compared to a subject that does not receive the vagus nerve stimulation.

37. The method of claim 17, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 10%

compared to a subject that does not receive vagus nerve stimulation.

38. The method of claim 37, wherein a correlation coefficient between an original

stimulus and a reconstructed stimulus is increased on average by at least about 20%.
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39. The method of claim 38, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by about 25 to 60%.

40. The method of claim 1, wherein the vagus nerve stimulation is not paired with a

sensory stimulation one or more times.

41. The method of claim 1, wherein the vagus nerve stimulation is applied to a cervical
region of the subject.

42. The method of claim 41, wherein the cervical region comprises a left cervical
region and a right cervical region of the subject.

43. The method of claim 42, wherein the vagus nerve stimulation is applied to the left
cervical region or the right cervical region of the subject.

44. The method of claim 1, wherein the vagus nerve stimulation is applied to an

auricular transcutaneous region.

45. The method of claim 44, wherein the auricular transcutaneous region comprises a
left auricular transcutaneous region and a right auricular transcutaneous region of the

subject.

46. The method of claim 45, wherein the vagus nerve stimulation is applied to the left

auricular transcutaneous region or the right auricular transcutaneous region of the subject.

47. The method of claim 1, wherein the modifying of sensory processing comprises

improving a sensory perception in a subject having one or more impaired senses.

48. The method of claim 47, wherein the one or more impaired senses are selected
from the group consisting of one or more of a visual impairment, an auditory impairment, a

tactile impairment, an olfaction impairment, and a gustatory impairment.

49. The method of claim 1, wherein the subject does not have an impairment condition

in need of sensory modification.

50. The method of claim 49, wherein the impairment condition is selected from one or
more of the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.
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51. A method of modifying sensory processing in a subject, comprising:

determining a mean value and a variance value for a pupil diameter of at least one
eye of the subject measured from a first time point to a second time point;

measuring the pupil diameter and determining a pupil diameter value; and

applying tonic vagus nerve stimulation to the subject when the pupil diameter value is
at least about one to three standard deviations from the mean value for pupil diameter.

52. The method of claim 51, further comprising exposing the subject to a sensory

stimulation.

53. The method of claim 51, wherein a frequency of the vagus nerve stimulation is at
least about 0.3 Hz.

54. The method of claim 53, wherein the frequency of the vagus nerve stimulation is
between about 0.5 and 80 Hz.

55. The method of claim 54, wherein the frequency of the vagus nerve stimulation is
between about 30 and 60 Hz.

56. The method of claim 51, wherein at least about 0.2 mA of a current of the vagus

nerve stimulation reaches a vagus nerve.

57. The method of claim 56, wherein about 0.5 to about 3 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

58. The method of claim 57, wherein about 1.5 to about 2.5 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

59. The method of claim 51, wherein about 1 to about 60 mA of a current leaves a

device generating the vagus nerve stimulation.

60. The method of claim 59, wherein about 5 to about 30 mA of the current leaves the

device generating the vagus nerve stimulation.

61. The method of claim 51, wherein a time of applying the tonic vagus nerve
stimulation is at least about 3 seconds.

62. The method of claim 61, wherein the time of applying the tonic vagus nerve
stimulation is at least about 30 seconds.
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63. The method of claim 62, wherein the time of applying the tonic vagus nerve

stimulation is at least about 4 minutes.

64. The method of claim 51, wherein the sensory processing is modified within less

than about 1 second.

65. The method of claim 64, wherein the sensory processing is modified within less

than about 10 seconds.

66. The method of claim 65, wherein the sensory processing is modified within less

than about 1 minute.
67. The method of claim 51, wherein the modified sensory processing is transient.
68. The method of claim 51, wherein the vagus nerve stimulation is continuous.
69. The method of claim 51, wherein the vagus nerve stimulation is discontinuous.

70. The method of claim 69, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein

vagus nerve stimulation is not applied is not greater than about 7 to about 10 seconds.

71. The method of claim 69, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein

vagus nerve stimulation is not applied is not greater than about 3 to about 7 seconds.

72. The method of claim 69, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein

vagus nerve stimulation is not applied is not greater than about 0.5 to about 3 seconds.

73. The method of claim 51, wherein the modifying of sensory processing comprises

increasing a sensory acuity.

74. The method of claim 73, wherein the increasing of the sensory acuity comprises

enhancing an acuity of a sensory modality.

75. The method of claim 74, wherein the sensory modality is selected from the group

consisting of one or more of visual, auditory, olfactory, gustatory, and tactile stimuli.
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76. The method of claim 51, wherein the modifying of sensory processing comprises

reducing an occurrence of a misperception-induced error.

77. The method of claim 51, wherein the modifying sensory processing comprises a
selective optogenetic activation of a locus coeruleus.

78. The method of claim 51, wherein the modifying of sensory processing comprises

altering a temporal structure of a neural activity used to encode a stimuli.

79. The method of claim 51, wherein the modifying of sensory processing facilitates a

writing of information to a brain by brain-machine interface.

80. The method of claim 51, wherein the modifying of sensory processing does not

arise from a neuroplastic change.

81. The method of claim 51, wherein the modifying of sensory processing improves
the ability to perform a multisensory integration.

82. The method of claim 51, wherein the modifying of sensory processing arises due

to a neuromodulation which reduces a calcium t-channel activity.

83. The method of claim 51, wherein the modifying of sensory processing reduces an

occurrence of a sensory perception that is uncomfortable or distracting.

84. The method of claim 51, wherein the modifying of sensory processing selectively

favors a specific sensory modality.

85. The method of claim 51, wherein modifying sensory processing increases a
norepinephrine concentration in a sensory pathway portions of a brain.

86. The method of claim 77, wherein an efficiency of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least

about 100 to 200% compared to a subject that did not receive the vagus nerve stimulation.

87. The method of claim 77, wherein a rate of sensory related information transmitted
by a thalamocortical relay neuron in a subject is increased on average by at least about 100
to 200% compared to a subject that does not receive the vagus nerve stimulation.
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88. The method of claim 77, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 10%

compared to a subject that does not receive vagus nerve stimulation.

89. The method of claim 88, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 20%.

90. The method of claim 89, wherein a correlation coefficient between an original

stimulus and a reconstructed stimulus is increased on average by about 25 to 60%.

91. The method of claim 51, wherein the vagus nerve stimulation is not paired with

sensory stimulation.

92. The method of claim 51, wherein the vagus nerve stimulation is applied to a

cervical region of the subject.

93. The method of claim 92, wherein the cervical region comprises a left cervical
region and a right cervical region of the subject.

94. The method of claim 93, wherein the vagus nerve stimulation is applied to the left

cervical region or the right cervical region of the subject.

95. The method of claim 93, wherein the vagus nerve stimulation is applied to an

auricular transcutaneous region of the subject.

96. The method of claim 95, wherein the auricular transcutaneous region comprises a
left auricular transcutaneous region and a right auricular transcutaneous region of the

subject.

97. The method of claim 96, wherein the vagus nerve stimulation is applied to the left

auricular transcutaneous region or the right auricular transcutaneous region of the subject.

98. The method of claim 51, wherein the modifying of sensory processing comprises

improving a sensory perception in a subject having one or more impaired senses.

99. The method of claim 98, wherein the one or more impaired senses are selected
from the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.
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100. The method of claim 51, wherein the subject does not have an impairment

condition in need of a sensory modification.

101. The method of claim 100, wherein the impairment condition is selected from one
or more of the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.

102. A method of modifying sensory processing in a subject, comprising:

detecting when the subject is in need of a sensory processing modification;

applying tonic vagus nerve stimulation to the subject to provide the sensory
processing modification; and

discontinuing applying the sensory processing modification when the subject no longer

is in need of the sensory processing modification.

103. The method of claim 102, wherein detecting that the subject is in need of the
sensory processing modification comprises determining a mean value and a variance value
for a pupil diameter of an eye of the subject from a first time point to a second time point;
measuring the pupil diameter and determining a pupil diameter value; and applying tonic
vagus nerve stimulation to the subject when the pupil diameter value is at least about one to
three standard deviations from the variance value for pupil diameter.

104. The method of claim 102, wherein a frequency of the vagus nerve stimulation is

at least about 0.3 Hz.

105. The method of claim 104, wherein the frequency of the vagus nerve stimulation is
between about 0.5 and 80 Hz.

106. The method of claim 105, wherein the frequency is between about 30 and 60 Hz.

107. The method of claim 102, wherein at least about 0.2 mA of a current of the vagus

nerve stimulation reaches a vagus nerve.

108. The method of claim 107, wherein about 0.5 to about 3 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

109. The method of claim 108, wherein about 1.5 to about 2.5 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

83



CA 03143205 2021-12-13

WO 2020/252428 PCT/US2020/037660

110. The method of claim 102, wherein about 1 to about 60 mA of a current leaves a

device generating the vagus nerve stimulation.

111. The method of claim 110, wherein about 5 to about 30 mA of the current leaves

the device generating the vagus nerve stimulation.

112. The method of claim 102, wherein a time of applying the tonic vagus nerve
stimulation is at least about 3 seconds.

113. The method of claim 112, wherein the time of applying the tonic vagus nerve
stimulation is at least about 30 seconds.

114. The method of claim 113, wherein the time of applying the tonic vagus nerve

stimulation is at least about 4 minutes.

115. The method of claim 102, wherein the sensory processing is modified within less
than about 1 second.

116. The method of claim 115, wherein the sensory processing is modified within less
than about 10 seconds.

117. The method of claim 116, wherein the sensory processing is modified within less

than about 1 minute.
118. The method of claim 102, wherein the modified sensory processing is transient.
119. The method of claim 102, wherein the vagus nerve stimulation is continuous.
120. The method of claim 102, wherein the vagus nerve stimulation is discontinuous.

121. The method of claim 120, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 7 to about 10 seconds.

122. The method of claim 120, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 3 to about 7 seconds.
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123. The method of claim 120, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein

vagus nerve stimulation is not applied is not greater than about 0.5 to about 3 seconds.

124. The method of claim 102, wherein the modifying of sensory processing

comprises increasing a sensory acuity.

125. The method of claim 124, wherein the increasing of the sensory acuity comprises

enhancing an acuity of a sensory modality.

126. The method of claim 125, wherein the sensory modality is selected from the

group consisting of visual, auditory, olfactory, gustatory, and tactile stimuli.

127. The method of claim 102, wherein the modifying of sensory processing

comprises reducing an occurrence of a misperception-induced error.

128. The method of claim 102, wherein the modifying sensory processing comprises

selective activation of a locus coeruleus.

129. The method of claim 102, wherein the modifying of sensory processing

comprises altering a temporal structure of a neural activity used to encode a stimuli.

130. The method of claim 102, wherein the modifying of sensory processing facilitates

a writing of information to a brain by brain-machine interface.

131. The method of claim 102, wherein the modifying of sensory processing does not

arise from a neuroplastic change.

132. The method of claim 102, wherein the modifying of sensory processing improves
the ability to perform a multisensory integration.

133. The method of claim 102, wherein the modifying of sensory processing arises

due to a neuromodulation which reduces a calcium t-channel activity.

134. The method of claim 102, wherein the modifying of sensory processing reduces
an occurrence of a sensory perception that is uncomfortable or distracting.

135. The method of claim 102, wherein the modifying of sensory processing

selectively favors a specific sensory modality.
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136. The method of claim 102, wherein modifying sensory processing increases a
norepinephrine concentration in a sensory pathway portion of a brain.

137. The method of claim 128, wherein an efficiency of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least
about 100 to 200% compared to a subject that does not receive the vagus nerve stimulation.

138. The method of claim 128, wherein a rate of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least
about 100 to 200% compared to a subject that does not receive the vagus nerve stimulation.

139. The method of claim 128, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 10%

compared to a subject that does not receive vagus nerve stimulation.

140. The method of claim 139, wherein a correlation coefficient between an original

stimulus and a reconstructed stimulus is increased on average by at least about 20%.

141. The method of claim 140, wherein a correlation coefficient between an original

stimulus and a reconstructed stimulus is increased on average by about 25 to 60%.

142. The method of claim 102, wherein the vagus nerve stimulation is not paired with

a sensory stimulation one or more times.

143. The method of claim 102, wherein the vagus nerve stimulation is applied to a

cervical region of the subject.

144. The method of claim 143, wherein the cervical region comprises a left cervical

region and a right cervical region of the subject.

145. The method of claim 144, wherein the vagus nerve stimulation is applied to the

left cervical region or the right cervical region of the subject.

146. The method of claim 102, wherein the vagus nerve stimulation is applied to an

auricular transcutaneous region.

147. The method of claim 146, wherein the auricular transcutaneous region comprises
a left auricular transcutaneous region and a right auricular transcutaneous region of the

subject.
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148. The method of claim 147, wherein the vagus nerve stimulation is applied to the
left auricular transcutaneous region or the right auricular transcutaneous region of the

subject.

149. The method of claim 102, wherein the modifying of sensory processing

comprises improving a sensory perception in a subject having one or more impaired senses.

150. The method of claim 149, wherein the one or more impaired senses is selected
from the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.

151. The method of claim 102, wherein the subject does not have an impairment

condition in need of a sensory modification.

152. The method of claim 151, wherein the impairment condition is selected from one
or more of the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.
153. A method of modifying sensory processing in a subject, comprising:
measuring a change in a bioelectronic signal from a first time to a second time;

determining a mean value and a variance value for the bioelectronic signal from the first

time to the second time;
determining a measured value for the bioelectronic signal; and

applying tonic vagus nerve stimulation to the subject when the measured value is at least

one to three standard deviations from the mean value.

154. A vagus nerve stimulation device adapted to apply a tonic vagus nerve
stimulation to a subject to modify sensory processing in the subject, wherein a time of

applying the tonic vagus nerve stimulation is at least about 4 minutes.

155. The device of claim 154, wherein a frequency of the vagus nerve stimulation is at
least about 0.3 Hz.

156. The device of claim 155, wherein the frequency is between about 0.5 and 80 Hz.

157. The device of claim 156, wherein the frequency is between about 30 and 60 Hz.
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158. The device of claim 154, wherein at least about 0.2 mA of a current of the vagus

nerve stimulation reaches a vagus nerve.

159. The device of claim 158, wherein about 0.5 to about 3 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

160. The device of claim 159, wherein about 1.5 to about 2.5 mA of the current of the

vagus nerve stimulation reaches the vagus nerve.

161. The device of claim 154, wherein about 1 to about 60 mA of a current leaves a

device generating the vagus nerve stimulation.

162. The device of claim 161, wherein about 5 to about 30 mA of the current leaves

the device generating the vagus nerve stimulation.

163. The device of claim 162, wherein the sensory processing is modified within less
than about 1 second.

164. The device of claim 163, wherein the sensory processing is modified within less
than about 10 seconds.

165. The device of claim 164, wherein the sensory processing is modified within less

than about 1 minute.
166. The device of claim 154, wherein the modified sensory processing is transient.
167. The device of claim 154, wherein the vagus nerve stimulation is continuous.
168. The device of claim 154, wherein the vagus nerve stimulation is discontinuous.

169. The device of claim 168, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 7 to about 10 seconds.

170. The device of claim 168, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein
vagus nerve stimulation is not applied is not greater than about 3 to about 7 seconds.
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171. The device of claim 168, wherein the discontinuous vagus nerve stimulation is in
the form of a duty cycle, and wherein a time period of a portion of the duty cycle wherein

vagus nerve stimulation is not applied is not greater than about 0.5 to about 3 seconds.

172. The device of claim 154, wherein the modifying of sensory processing comprises

increasing a sensory acuity.

173. The device of claim 172, wherein the increasing of the sensory acuity comprises

enhancing an acuity of a sensory modality.

174. The device of claim 173, wherein the sensory modality is selected from the group
consisting of visual, auditory, olfactory, gustatory, and tactile stimuli.

175. The device of claim 154, wherein the modifying of sensory processing comprises

reducing an occurrence of a misperception-induced error.

176. The device of claim 154, wherein the modifying sensory processing comprises

selective activation of a locus coeruleus.

177. The device of claim 154, wherein the modifying of sensory processing comprises

altering a temporal structure of a neural activity used to encode a stimuli.

178. The device of claim 154, wherein the modifying of sensory processing facilitates

a writing of information to a brain by brain-machine interface.

179. The device of claim 154, wherein the modifying of sensory processing does not

arise from a neuroplastic change.

180. The device of claim 154, wherein the modifying of sensory processing improves
the ability to perform a multisensory integration.

181. The device of claim 154, wherein the modifying of sensory processing arises due

to a neuromodulation which reduces a calcium t-channel activity.

182. The device of claim 154, wherein the modifying of sensory processing reduces
an occurrence of a sensory perception that is uncomfortable or distracting.

183. The device of claim 154, wherein the modifying of sensory processing selectively

favors a specific sensory modality.
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184. The device of claim 154, wherein modifying sensory processing increases a
norepinephrine concentration in a sensory pathway portion of a brain.

185. The device of claim 176, wherein an efficiency of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least
about 100 to 200% compared to a subject that does not receive the vagus nerve stimulation.

186. The device of claim 176, wherein a rate of sensory related information
transmitted by a thalamocortical relay neuron in a subject is increased on average by at least
about 100 to 200% compared to a subject that does not receive the vagus nerve stimulation.

187. The device of claim 172, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 10%

compared to a subject that does not receive vagus nerve stimulation.

188. The device of claim 187, wherein a correlation coefficient between an original
stimulus and a reconstructed stimulus is increased on average by at least about 20%.

189. The device of claim 188, wherein a correlation coefficient between an original

stimulus and a reconstructed stimulus is increased on average by about 25 to 60%.

190. The device of claim 154, wherein the vagus nerve stimulation is not paired with a

sensory stimulation one or more times.

191. The device of claim 154, wherein the vagus nerve stimulation is applied to a

cervical region of the subject.

192. The device of claim 191, wherein the cervical region comprises a left cervical
region and a right cervical region of the subject.

193. The device of claim 192, wherein the vagus nerve stimulation is applied to the left

cervical region or the right cervical region of the subject.

194. The device of claim 154, wherein the vagus nerve stimulation is applied to an

auricular transcutaneous region.

195. The device of claim 194, wherein the auricular transcutaneous region comprises
a left auricular transcutaneous region and a right auricular transcutaneous region of the

subject.
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196. The device of claim 195, wherein the vagus nerve stimulation is applied to the left

auricular transcutaneous region or the right auricular transcutaneous region of the subject.

197. The device of claim 154, wherein the modifying of sensory processing comprises

improving a sensory perception in a subject having one or more impaired senses.

198. The device of claim 197, wherein the one or more impaired senses is selected
from the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.

199. The device of claim 154, wherein the subject does not have an impairment

condition in need of a sensory modification.

200. The device of claim 199, wherein the impairment condition is selected from one
or more of the group consisting of a visual impairment, an auditory impairment, a tactile

impairment, an olfaction impairment, and a gustatory impairment.

201. The device of claim 154, wherein the device is invasive, non-invasive, or

minimally invasive.

202. The device of claim 154, further comprising a prosthetic device adapted to be

associated with a body part of the subject.

203. The device of claim 202, wherein the prosthetic device is adapted to direct the

vagus nerve stimulation to a cervical region of the subject.

204. The device of claim 203, wherein the cervical region comprises a left cervical

region and a right cervical region of the subject.

205. The device of claim 204, wherein the prosthetic device is adapted to direct the
vagus nerve stimulation to the left cervical region or the right cervical region of the subject.

206. The device of claim 204, wherein the prosthetic device is adapted to direct the
vagus nerve stimulation to the left cervical region and the right cervical region of the subject.

207. The device of claim 204, wherein the prosthetic device is adapted to direct the

vagus nerve stimulation to an auricular transcutaneous region of the subject.
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208. The device of claim 207, wherein the auricular transcutaneous region comprises
a left auricular transcutaneous region and a right auricular transcutaneous region of the

subject.

209. The device of claim 208, wherein the vagus nerve stimulation is applied to the left

auricular transcutaneous region or the right auricular transcutaneous region of the subject

210. The device of claim 202, wherein the prosthetic device is selected from the group
consisting of eyeglasses, sunglasses, a hearing aid, a neck brace, a craniofacial prosthetic, a
voice prosthetic, compression stimulation devices, sensory neuroprostheses, an orbital
prostheses, a cervical collar, a halo vest, a dental implant, a facial implant, a helmet, a
vehicle or machinery cockpit, machinery controls, a head-up display, a headset, a necklace,
earrings, goggles, a tiara, a scarf, jewelry, a headdress, a headscarf, a hat, a tie, a bonnet,
ear muffs, headphones, headsets, a shawl, a lanyard, a wig, a hood, a headband, a hair tie,
a beret, a hair clip, a neck pillow, a shirt collar, a rifle scope, binoculars, a night vision device,
a telescope, virtual reality headset, a video game controller, a video game system, clothing,
an adhesive patch, a blood pressure monitor, a heart rate monitor, an oximeter, a watch, a

smart watch, a phone, and 3D glasses.

211. A method of modifying sensory processing in a subject, comprising applying
continuous, tonic vagus nerve stimulation to a subject at a frequency of at least about 5 Hz.

212. The method of claim 211, wherein an amplitude of the continuous, tonic vagus
nerve stimulation is at least about 0.25 mA.

213. The method of claim 211, wherein a time of applying the continuous, tonic vagus

nerve stimulation is at least about 30 seconds.

214. The method of claim 211, wherein the sensory processing is modified within less

than about one second.
215. The method of claim 211, wherein the modified sensory processing is transient.

216. A method of modifying sensory processing in a subject, comprising:

exposing the subject to a sensory stimulation;

measuring a change in a pupil dilation from a first time point to a second time point;
determining a mean value for the pupil dilation from the first time point to the second
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time point;

measuring the pupil dilation and determining a pupil dilation value; and

applying tonic, continuous vagus nerve stimulation to the subject when the pupil
dilation value is at least two standard deviations from the mean value for pupil dilation.

217. The method of claim 216, wherein an amplitude of the continuous, tonic vagus
nerve stimulation is at least about 0.25 mA.

218. The method of claim 216, wherein a time of applying the continuous, tonic vagus
nerve stimulation is at least about 30 seconds.

219. The method of claim 216, wherein the sensory processing is modified within less
than about one second.

220. The method of claim 216, wherein the modified sensory processing is transient.

221. A method of modifying sensory processing in a subject, comprising:

detecting when the subject to a predetermined sensory stimulation;

applying tonic, continuous vagus nerve stimulation to the subject when the
predetermined sensory stimulation is detected; and

discontinuing applying continuous vagus nerve stimulation to the subject when the
predetermined sensory stimulation is not detected.

222. The method of claim 221, wherein an amplitude of the continuous, tonic vagus
nerve stimulation is at least about 0.25 mA.

223. The method of claim 221, wherein a time of applying the continuous, tonic vagus
nerve stimulation is at least about 30 seconds.

224. The method of claim 221, wherein the sensory processing is modified within less
than about one second.

225. The method of claim 221, wherein the modified sensory processing is transient.

226. A prosthetic device for applying vagus nerve stimulation to a subject, comprising:
a prosthetic device adapted to be associated with a body part of the subject in need of

vagus nerve stimulation; and
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a vagus nerve stimulation device capable of applying tonic, continuous vagus nerve

stimulation to the subject.

227. The prosthetic device of claim 226, wherein an amplitude of the continuous, tonic

vagus nerve stimulation is from about 0.1 to about 3 mA.

228. The prosthetic device of claim 226, wherein a time of applying the continuous,

tonic vagus nerve stimulation is at least about 30 to about 180 seconds.

229. The prosthetic device of claim 226, wherein the prosthetic device modifies

sensory processing within less than about one second.

230. The prosthetic device of claim 229, wherein the modified sensory processing is

transient.
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