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(57) Abstract: Electrical neuromodulation uses electric current to interfere with nociceptive (pain-related) signals. Delivery of novel
ionic direct current (iDC) to peripheral nerves can block nociceptive signal conduction without interfering with non-painful tactile or
proprioceptive signals. A cuff lead for delivering iDC is disclosed for blocking action potential (AP) propagation in a neuron. The cuff
lead delivers iDC to a nerve via a microfluidic lead filled with conductive media such as a gel. The cuff lead can take the form of a
tripolar nerve cuff configured to contact a surface of a peripheral nerve. The cuff lead delivering iDC to the nerve according to the present
invention has been shown to block AP propagation in a rat sciatic nerve and can be used as a treatment for blocking pathological pain.
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ELECTRODE LEAD AND METHOD FOR PAIN BLOCKING USING FONIC
BIRECT CURRENT

CROSS REFERENCE TO RELATED APPLICATIONS

5 [6GG1]  Thus application claims the benefit of U.S. Provisional Patent Application No.
63/493.504 filed on, March 31, 2023, whuch 15 incorporated by reference, herein, in 15
entirefy.

GOVERNMENT RIGHTS

{6602} This invention was made with government support under grant NSOY2726 awarded

10 by the National Institutes of Health. The govermment has certamn rights in the invention.

FIELD OF THE INVENTION

[B603] The present invention relates generally o medical devices. More particularly, the
present invention relates t¢ a system and method for pain biocking using energy delivered to
a microfluidic cuff which may be in the form of iounic direct current.

i5 BACKGROUND OF THE INVENTION

[6064] Pain management remmams a problem for which new solutions are needed and
especially i the case of chronic patn, Newropathic pain 15 caused by damage to the
somatosensory nervous system, and chronie inflanmymatory pain siems from an extended

wmmune response following tissue injury. Hallmarks of chronic pan include pain

(R

0 hypersenstiivity sympioms, such as allodynia {pain in response fo non-painful stimuit) and
hyperalgesia (exaggerated pain responses}.

[6605]  Treatment of chronic neuropathic and inflammatory pain is difficult. Medications
effective agamst acute pain are not suitable for the prolonged consumption necessary to treat

chronic pain due to risks of toxicity, addiction. and abuse. In particular, over-use of opioids

i
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has contributed to an addiction epidemic. Anti-epilepiic medication {e.g., gabapentin) and t1i-
cyclic antidepressants provide clintcally significant pain relief (>30% reduction) for around
one third of neuropathic pam patients, but are accompanied by drowsiness, dizziness, gait

disturbance, and peripheral oedema, and prediction of efficacy 1s difficult. Corticosteroid

.

5 ijections can temporarily relieve intractable mflammatory pain, but there are restrictions on
how many can be administered due to accumudating adverse effects. At present, the available

conveniional medications cannot be considered a satisfactory solution.

{6006}  Electrical neuromodulation has emerged as an innovative altemative. Delivery of
electric current 1o neural bssue can disrupt nociceptive signals before they reach the braim and

10 are perceived as pain. The earliest example of newromodulation for pain 15 the spinal cord
stimulator {SCS). Its analgesic mechamsm is based on the “Gate Theory” that nociceptive
{AS/C) signals are attenuated or “gated’ i the spinal cord by innocucus tactile {Af) signals.
Therefore, SCSs traditionally deliver a low-frequency waveform of current to excite dorsal
columm AR fibers, in turn reducing nociceptive signals. Randomized control trials have

15 shown SCS (o provide chinically sigmificant relief for ~45% of people. However, orthedromic
Af excitation causes parassthesia which many patients find uncomfortable; the effectiveness
of current delivery {and thus analgesia) is prone to postural changes; spinal surgery is

required for device implantation; and many studies repori poor efficacy beyond 12 months.

{6607} Novel SCS waveform paradigms {e.g., burst, high frequency) and feedback-loop
20 innovations have mitigated paraesthesia and inconsistent analgesic coverage. While they
demonsirate superior efficacy to traditional SCS, »24-month trials of these latest upgrades are

yet to be performed. Over 40% of patients still report <80% pain relief. Thers remains a need
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to develop treatments for this significant subset of patients whose pain s not mitigated by

existing medicines or lechnologies.

{60038} Accordingly, there is a need in the art for an improved method and system for
blocking pain.

SUMMARY OF THE INVENTION

3009} The foregoing needs are met, {o a greal extent. by the present invention which
provides a device including a cuff configured o contact a peripheral nerve. The device also
ncludes microflmdic channels. The microfhudic channels define an inner space. The
microfluidic channels are configured 1o conduct energy such as ionic direct current to the

peripheral nerve o selectively suppress the spiking activity of pain transmitting nerve fibers.

{6619} In accordance with an aspect of the present invention, the device further includes a
conduit of energy. The cuff s formed from a biocompatible matenial such as silicone. The
cuft is configured {o maintain contact with a surface of the peripheral nerve. The cuff is
coupled to the mucrofhndic channels, and the cuff contacts the peripheral nerve. Each of the
microfluidic channels 1s filled with a conductive media such as a gel. Each of the mucrofluidic
channels is connected (o a direct current sowrce. The microfhadic channels have a tripolar
configuration. The inpolar configuration imcludes a central channel flanked by two return
channels. Delivery of ionic direct current occurs in three phases: a 10 s ramp on, 90 ¢

constant iomc direct current delivery, and a 10 s ramp off.

HHE B! In accordance with another aspect of the present invention, a device includes
three channels, wherein each of the three channels defines an imner space. The three channels

are configured 1o conduct energy such as ionic direct current o a target,

(5]



o

&3

Iy

WO 2024/206993 PCT/US2024/022499

(6612} In accordance with another aspect of the present invention, the device includes a
cuff for delivenng energy to the target. The device further includes a conduit of energy. The
cuff is formed from a biocompatible material such as silicone. The cuft 13 configured o
contact a surface of a peripheral nerve. Bach of the three channels is filled with a conductive
media such as a gel. Each of the three channels is connecied to a direct current source. The
three channels have a tripolar configuration. The tripolar configuration includes a central
channel flanked by two return channels. Delivery of ionic direct current occurs in three

phases: a 10 s ramp on, 90 s constard jomic direct current delivery, and a 10 s ramp off

BRIEF BESCRIPTION OF THE DRAWINGS

[6013] The accompanying drawings provide visual representations, which will be used to
more fully describe the representative embodiments disclosed herein and can be used by
those skilled in the art 1o better understand them and their inherent advantages. In these
drawings, like reference numerals identity corresponding elements and.

[B014] FIG. | hustrates a top-down view of a tripolar lead for delivering ionic direct
current (iB3C} according {0 an embodiment of the present invention.

[BG15] FIGS. 2A-2F dustrate perspective views of a fabrication method of a tripolar lead
according to an embodiment of the present invention,

3316} FIG. 3 illusirates placement of a filed tripolar cuft lead and an unfilled tripolar
cufl lead placed around the sciatic nerve in the rat

387} FIGS. 4A-41) dlustrate graphical views of examples of recorded eCAP signal
hefore, during and after the application of 1DC delivered via the d=1 4mun and g=2mm cuif

tead.
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{6618} FIG. S illustrates a graphical view of measuwred eCAP amplitude (peak to peak)in
accordance with the amphitude of applied iDC.

6619} FIG. 6 llustrates graphical views of 1D applied to the rat sciatic nerve atienuates
activity of small-diameter (AS/C) Gbers at lower amplitudes than large-diameter {AfS) fibers.
6620} FIGS. 7TA and 78 iHusirate sinage and graphical views associated with an iDC
delivery protocol.

6021] FIGS. 8A and 8B illustrate graphical views of development of pain
hypersensitivity in CFA-injected and nerve-injurad rats.

{8022} FIGS. 9A and 9B iHlustrate schematic and image views of MEA insertion and
recording locations.

{B023] FIG. 10 illustrates image views of a noxious thermal physiological stimudus,
Noxious thermal stimulation — one of four phvsiclogical stinul paradigms used — was
evoked by a 980 nm diode laser pulse (1 ms duration}.

16G24] FIG. 11 iHustrates graphical views of examples of multi~unit voltage traces of
evoked nevronal activity.

[8G25] FIG. 172 tHustrates graphical views of examples of evoked simgle-umit responses
exiracted by spike-sorting.

{6026] FIGS. 134 and 13B illustrate graphical views of net neuronal activity 1o conirol
{non-i3C) recordings by neuron type.

1686271 FIG. 14 iltustrates qualitative examples of iDC s effects across phases and
stimulation tvpes.

{6028 FIGS 15A and 158 illustrate graphical views of an effect of 1DC on net evoked

neuronal activity.
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(6629} FIGS. 16A and 16B iHlustrate graphical views of an effect of 1DC polanity and
amplitude on neuronal suppression.
[6036] FIG. 17 iHustrates a graphical view of recovery times following 1DC suppression.
Recordings of activity were made for up 10 30 mvinudes afier 1DC cessation,
[6031] FIGK. 18A and 138 sliustrate graphical views of net activity in conirol recordings
by newron modality {fvpe) in healthy animals.
{60321 FIG. 19 illustrates a graphical view of an effect of iDC on net neuronal activity in
healthy arumals,
[6033] FIG. 20 illustrates a graphical view of an effect of amplitude on net newronal
activity,
[6034] FIGS. 21A-21D dlustrate a cuft design and method of msertion, according (0 an
embodiment of the present invention.

DETAILED DESCRIPTION
[B6035] The presently disclosed subject matter now will be described more fully
hereinatier with reference to the accompanving Drawings. in which some, but not all
embodiments of the mventions are shown. Like numbers refer to like elements throughout.
The presently disclosed subject matier may be embodied in many different forms and should
not be construed as hmited to the embodiments set forth herein; rather, these embodiments
are provided so that this disclosure will satisfy applicable legal requirements. Indeed. many
modifications and other embodiments of the presently disclosed subject matter set forth
herein will come to nund 10 one skilled n the art to which the presently disclosad subject
matter pertains having the benefit of the teachings presented in the foregoing descriptions and

the assoctated Drawings. Therefore, it is 1o be understood that the presently disciosed subject

6
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matter is not to be limited 1o the specific embodimenis disclosed and thai modifications and
other embodiments are intended to be included within the scope of the appended claims.
6636} Electrical neuromodulation uses electne current to interfere with nociceptive

(pain-related) signals. Dehivery of novel tomc direct corrent (DC) to peripheral nerves can

.

5 block nociceptive signal conduction without inferfering with non-painful tactile or
proprioceptive signals. A cufflead for delivering 1DC 15 disclosed for blocking action
potential {AP) propagation in a neuron. The cuff lead delivers 1DC o the nerve via a
microfhudic lead flled with conductive media. The cuff lead can take the form of a tripolar
nerve cuff with a self-curling sihicone roembrane to wrap around the nerve. The cuff lead

10 dehvenng 1iDC to the nerve according o the present invention has heen shown to block AP

propagation i dorsal root ganglion neurons and n the spinal cord dorsal horn and can be

used as a treatment for blocking nociceptive pain.

66377 More particularly, direct current (DC) can be applied to block AP propagation

along the nerve. In animal studies, DC has been shown to block motor fibers in a sciatic

{621

nerve. DC has also been shown to selectively block pain specific Ad and C fibers at lower
amplitudes than those required to block somatosensory and muscle fibers. However,
prolonged delivery of DC can damage the nerve due 1o the harmful bvproducts produced by
the electrochemical reactions at the metal electrodes. Therefore. the application of DC must

be limited 1 duration, strictly below a threshold determined by the charge injection capacity

S

0 {CIC} of electrode and the amplitude of applied BC, to avoid nerve damage.

16638  Delivery of DBC to nerves as 1onic flow (1DC) rather than electrical current s a
novel neuromodulation paradigm. 1DC complies with safety guidelines. because it s rectified

(transformed) from charge-balanced AC using novel engineering devices. avoiding toxic by-
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products entirely. As DC 13 stili being owiputted to the nerve, iDC maintains all the desirable
properties of traditional electnic DC discussed above. Studies in the vestibular and peripheral
nervous systerns have demonstrated this i vive. This is significant because it aliows, for the

first time, DC o be debivered for long durations in the body safely. There are clear

.

5 imphications for such a newromodalation paradigm n the context of chronie pain treatment,

[#639] To increase the safe duration of DO delivery, an electrolvie-filled lead can be used
to separate the nerve from being in direct contact with the electrode. A monopolar lead
configuration spreads current in the body and can cause undesired muscle twitching. This
muscle twitching has also been observed in patients with a newral implant using monopolar
10 configuration. A bipolar configuration can be used to himut the current spread, but neural
excitation can still occur due to the retuming current flowing in a direction opposite to the
blocking current. In condrast, a tripolar contiguration 1s proposed, herein, to create two
blocking regions on both sides of the center electrode to confine the current spread to a small

region along the nerve and prevent unintended excuation of the nerve,

15 [6640]  An exemnplary embodiment of the present inveniion therefore includes a lead with
three microfluidic chanpels that can securely wrap arcund the sciatic nerve with a self-carling
membrane as a cufl to deliver tripolar ionic direct current (iDC). The lead is made of
biocompatible material such as silicone and 1s fabricated with 3D printing and molding
techmiques. It should be noted that the use of stlicone and 31 printed fabrication are included

20 heremn by way of exarople, and any suitable biocompatible matenial and method of
manufacture known to or concetvable to one of skill in the art can also be used. To
demounsirate the functionality of a device and method according to the present invention, two

types (3 of each} of cuff leads that differed in the distance between channels and cuff

8
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diameters were tested on rat sciatic nerves. In an exemplary use of a device and method
according to the present invention, the nerve was blocked for 1 hour via this interface was

able 1o recover with no observed damage.

#0641} FIG 1 dllustrates a top-down view of a tripolar lead for delivering 1onic direct
current {iDC) according to an embodiment of the present invention. The tripolar 1DC lead 10
includes a self-curling silicone membrane 12 for wrapping around the nerve, and three
channels 14, 16, and 18, The channels 14, 16, and 18 are filled with a conductive media such
as a gel. The channels 14, 16, and 18 conduct 1DC from a direct current source 1o the nerve,
The polanity of the three chanmels 14, 16, and 18 can be controlied by switching the leads to

which it is connecied at the source of divect current.

{6642} Insome embodiments the tripolar lead can take the form of a central channel
flanked by two return channels (e, tripolar configuration}. The polarity of the central
channel can be reversed, such that anodic {positive center, negalive retuwrn) and cathodic
(negative center, positive returmns) iDC can be delivered. In the anodic configuration, 1DC 1s
delivered to the nerve through the cuft™s central channel. The two flanking channels act as an
isolated electrical return. This tripolar configuration is used because 1t reduces the current
density of the return elecirodes and privnary electrode “side lobes”, which can induce

excHation,

{68437 The tripolar lead is configured to be coupled 1o a sowrce of energy such as direct
current in order to deliver the 1DC 1o the nerve. In some embodiments the source of energy

can take the form of a freeform stimulator which can deliver 1onic dirvect cusrent without
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adverse reactions at the electrode interfaces. This decreases potentially toxic electrochemical

reactions and imcreases the duralion that the device can be used for treatment.

{6644} FIGS. 2A-2F iliustrate perspective views of a fabrication method of a tripolar fead
according o an embodiment of the present invention. The following desecribes the fabrication
of a tripolar lead. according to an embodiment of the present invention. The followimg
description is included hergin by wayv of example and is not intended to be considered
hmuting. A device according to the present invention can be manufactured with anv materials
and any fabrication method known to or conceivable to one of skall in the art. A mold
structured as a pillar array supporting a horizontal ovlinder was 3D printed (FormLabs 3B
printer and BioMed Clear Resin, Formbabs, Somerville, MA, US) and was then spray coated
with release agent (Ease release 200, Mann release technologies, Macungie, PA, US). In FIG.
24, the mold was secured onto a glass slide with double sided tape (Nano tape 0.5inch,
Trazon, China) such that the mold would be stable in a spin coating machine. Biocompatible
silicone MED2-4220 (Avanior, Radnor Township, PA, US) was selected o fabnicate the cufl
The silicone kit contams two bguid parts (A and B) which need 1o be mxed to irutiate curing.
First, part A was poured over to thoroughly cover mold surface. The mold was then spun at
1000 RPM (revolutions per munute) for 20 sec to make a thin layer of part A on mold surface.
After that, part B was poured over the mold and was then spun under 1000 RPM for 20 sec.
The coated mold was then transferred mic an oven and cured under 70 °C for 30 minues.
After the first laver of silicone was cured, a second laver of silicone was coated by repeating
the previous spin coatings of part A and B and was then cured in oven under 70 °C for 1
hour. The mold coated with cured silicone rubber, tllusirated in FIG. 2B, was then removed

from the glass shide.
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[BG45] A piece of silicone membrane was attached to the cuff such that the attached
membrane can be grasped by tweezer {o unfold the cufl To make the membrane, a glass shide
was spray coated with release agent (Ease release 200, Mann release technologies, Macungie,
PA, US) and was then spin coated sequentially with part A and B liquid silicons with same
spinning raie of 700 RPM for 20 sec {or each silicone part. The coated glass shide was then
cured under 70 °C for one hour it an oven. A prece of rectangular membrane was cut from
the glass shide and was placed on the cuff body with the long edge of membrane aligned with
the line right below the horizontal cylinder shown as 1 FIG. 2C. A small amount of part A
and B silicone muxture was applied along the aligning hine such that, afier being cured, the
membrane was firmly attached to the cuff. The mold with the aligned membrane was then

transterred into oven for curing (70 °C for 30 nmunutes).

{6046}  After that, the attached membrane was flipped over o expose the silicone on the
mold surface. A cut was made on the silicone on mold surface along the red dashed line 1o
open the silicone layer on the hornzontal eylinder shown, as tustrated 1 FIG. 2D, Ovee the
stlicone layer was opened, the mold was pulled out of silicone, as dlustrated in FIG. 2E. The
teft silicone body was trimomed nio five identical cuffs with three channels, as iHusirated in
FIG. 2F. Each cutt contans three flind channels (two side channels and one mid channel) and
a self-curing mermbrane which can be wrapped around nerve. The diameter of the self-curing
and the distance between the channels were denoted as "d” and "¢’ respeciively in FIG 2F

and can be changed as neaded in the moid design.

[6047]  Inan exemplary expeniment using a tripelar cuff, accordimg to the present
wmvention, elecincal pulses (ronophasic, aroplitude ranged from 2mA 1o SmA, pulse

duration=100us, pulse period=0.4s) were applied to stimulate at a paw of a rat, as illustrated

i1
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in FIG. 3, with an isolated pulse generator (Model 2100, AM-system, Sequim, WA). FIG. 3
Hustrates placement of a filled tripolar cuff lead and an unfilied tripolar cufflead placed
around a sciatic nerve in the rat. The filled cuff lead wraps around the mid-sciatic nerve to
deliver iDC with the signs indicating the polanity of each channel. The unfilled lead and the
5  Ag/AgCl electrodes {grey wires) were used to measure the evoked compound action potential
(eCAP) induced by the pulses. To increase the signal to noise ratio in ¢CAP and secure the
position of Ag/AgCl elecirode, an unfilled cuft lead was wrapped around the nerve with
Ag/AgClwire elecirode inserted into the middle channel to contact sciatic nerve. To
complete the measurement circuil, another Ag/AgCl wire electrode was placed next to the
unfilled cufflead to touch the surrounding tissue. The measured eC AP signal was processed
by a differential AC amplifier (Model 1700, AM-system, Sequim, WA) with a setting of low
cut-off = 1Hz, high cut-off=10kHz, gain=1000, notch="ON’. The processed signal was then
recorded with CED Power 1401 (Cambridge Electronic Design Limited, Milion, CB, UK).

Three micropipetie tips {10pl) were inserted into the three channels of another cuff lead (the

[

[62]

filled cuft. illustrated in FI(G 3) to create three electrolyte reservoirs 1o separately house three
stamless steel electrodes (coiled stamnless steel wire) coated with PEDOT:PSS (3-4% in H2O,
Sigma-Aldrich, 8t Lows, MO, US). The cuff lead and reservoirs were fillad with Krebs—
Henseleit solution (EcoCyte Bioscience, TX, US) to deliver iDC provided by an analog
stimutus isolator {Model 2200, AM-systemy, Sequim, WA}, The stainless-steel elecirodes

20 placed in the side reservoirs were used as positive glectrodes {anodes) which hvperpolarize
transmembrane potential. Whale the elactrode 1n the nmuddle reservoir was used as negative

electrode {cathodg) which depolarizas the transmembrane potential.



i

WO 2024/206993 PCT/US2024/022499

(6848} To stimulate all neurons in the sciatic nerve the amplitude of pulses was increased
by 0.5mA mcrement until reaching the maximum amplitude of eCAP. The pulse amplitude
varied due to the wetling condition of paw skin. To search for the minimum iDC requared {or
neural blocking, the current delivered by the filled cuff lead ramped linearly from 9 {0 2mA
for 8 seconds, holding at 2maA for 1 second, then linearly ramped down to OmA for another 8
seconds. Because the efficacy of 1DC blocking can be impacted by the diameter of self-
curling {d} and the distance between the channels (g) due o current spreading and shunting
respectively, cuff lead with d=1.dmm and g=2mm and cufl lead with d=2mro and g=1 Smm
were fested within same rat. The laiter one was expected to be less effective in neural
blocking due to the increased current shuniing between the channels and increased current
spreading with a loose wrapping. To venfy the measured eCAP signal with a negative
comirol, at the end of each rat experiment sciatic nerve was cut at the distal side of the filled

cuff lead and was expected to disappear completely.

[B049]  FIGS. 4A-4D illustrate graphical views of examples of recorded ¢C AP signal
hefore, during and after the apphcation of 1DC delivered via the d=1.4muyo and g=2mm culf
tead. Before the application of iDC, as dlustrated in FIG. 44, the eCAP signal was captured
~2ms after the artifact induced by the pulse stimulus at paw. The haghest and lowest peaks of
the lumped eC AP signal were measured and used their difference to be the indicator of neural
blocking To eliminate the impact of random notse, the calculated eCAP difference was
deducted with the bound of random noise ranging from 20mV to 30mV. FIG 4B diustrates
the eCAP during the application of 2mA 1DC. The amplitude of lumped eCAP signal was
obvicushy reduced indicating an effective newral blocking. FIG 4C illustrates the recovery of

eC AP signal after the iDC was tumed off {OmA)}. After testing both cuff leads with different

13
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‘d” and ‘g’, the sciatic nerve was cut at the disial side of the filied cuff lead to verify the
sCAP signal. As shown in FIG. 4D {negative control}, there was no eCAP signal observed

after the scialic nerve was cul.

[B6536]  Three cuff leads each with d=1 dmm/g=2mm, vs d=1 6mnv/g=1 Smm (6 cuffs total)
were tested for ability to block nerve propagation in three rats. In the (d=1 4dmnmv/g=2mm}
case {black circles, as illustrated in FIG. 5), the eCAP signal was 3.8+ 4. 4mV (pk-pk})
when 1DC= OmA and started (o decrease after iDC=~0.4mA. As the applied 1DC kept
increasing, the eCAP conunuously decreased until saturated at its pk-pk amplitude of

~

27.546.2mA {equuivalent to ~70% decrease in eCAP) with the applied iDC=1.4mA.

{86581} FiG. S idlustrates a graphical view of measured eCAP amplitude (peak to peak) in
accordance with the amplitude of applied 1DC. The circle plot is the result of the cases tested
with the cuft lead with d=1.4mm and g=2mm. The square plot is the result of the cases tested
with the cuff lead with &=2mm and g=1 5mm. The red dashed line represents a 70% decrease
in the amplitude of eCAP signal. N=3, three rats were tested with both types of cufl leads, 6
cuft leads were tested in total. Further increase 1n1DC was not effeciive in decreasing the
eCAP signal. 1DC delivered from this cuff could not completely block all neurons in the
nerve either due to ils geometry or non-ideal electrical isolation. The eCAP signal remained
relatively unchanged throughout the application of iDC i experimenis conducted with the
d=1.omm/g=1.5mm cuffs (bigger diameter, smaller channel distance), as lustraied m FIG. 5.
iDC clearly had no impact on the nerve block using this cuff. This s due to shunting between
the channels around the nerve. The larger diameter and closer distance between the channels

forced the current 1o short cireut, preventing the current from entering the nerve.
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[8652] A cufflead that can deliver iDC to block action potential propagation in the sciatic
nerve. The threshold current using tripolar configuration for an effective neural block was
tested on rats by ramping the amplitude of the applied iDC and measuring the eCAPs m the
sciatic nerve. The required amplitude of current for an effective neural block was ~1.4mA
with d=1 dmm and g=2mm culf lead. In contrast, the cuff leads with d=2rom and g=1.5mm
were ineffective in blocking the AP conduction with the same iDC range from OmA (0 2mA.
The difference in the results obtamned with the different cuff leads implies that the geometric
parameters {the diameter of the cwrl and the distance between the channels) may be important
factors influencing the threshold of 13C for neural block. To optimize the cuff lead and

mintnze the threshold current, more values of the geometric parameters can be tested.

[60533] In another exemplary implemeniation of the device and method of the present
mvention, that is not meant o be considered hmiting, two distinet animal models were used
to test 1DCs effects in chrowmie newropathic and inflanmmatory pam conditions. Behavioral
tests confitmed that injured animals developed pain hypersensifivity. In vivo
electrophysiological recordings from the spinal cord before, during, and afier 1DC delivery to
the sciatic nerve revealed 1DCs selective effects on neuronal activity m chronic pain
condittons. Specifically, nociceptive-evoked neuronal activity was sigoificantly suppressed at
500 uA and 1000 pA, while imnocucus-evoked activity remained unaffected in both
mflaromatory and neurcpathic pain models. There were no differences m effects between
different 1DC amplitudes or between positive and negative 1D3C. Of the neurons that
recovered following iDC cessation, those evoked by nociceptive stimult took significantly

longer to recover than mnocuous-evoked neurons. Together, the resulis strongly support 1DC,



A

(@]

WO 2024/206993 PCT/US2024/022499

and the device and method of the present invention, as anovel ireatment for milammatory

and neuropathic pain, particularly medication-resisiant conditions affecting the periphery.

{6054} iDC blocks small-diameter nerve fibers at lower amplitudes than large-diameter
fibers, as tlustrated in FIG. 6. FIG. 6 llustrates graphical vigws of 1DC applied to the rat
scialic nerve attenuates activity of small-diameter (AS/C) fibers at lower amplitudes than
large-diameter (Af) fibers. At low amplitudes {0.2-0.4 mA) the C-LFP (e, the contribution
of C-fibers to the local field potential, lefty and Ad/C components of WDIR neuronal activity
(right} are partially reduced compared to baseline, while the A-LFP (left) and A WDR
components (right) are unatfected. At the highest aroplitude (0.8 mA) the C-LFP and AS/C
components become filly attenuaied while the A-LFP and Af componenis are only partially
reduced. This novel phenomenon contradicts the long-held axiom that nerve biock thresholds

are mversely proportional to fiber diameter.

[B6S5) i known that VGSCs are differentially expressed on nerve {ibers of different
diameters; These differences in channel expression dictate block threshold, rather than fiber
diameter size per se, to evplain their results. This is significant as small-diameter {(AS8/C)
fibers conduct nociceptive signals while large-diameter (Aa/Af) fibers conduct fonocaous
hight touch and proprioceptive signals. 1DC is therefore capable of achieving nociceptive-
specific nerve block. Pan relief without disraption of other sensory modalities like touch or
proprioception would be a significant step forward m pain treatment. No other device or

waveform paradigm has achieved this.

[6056]  FIGS. 7A and 7B dlustrate image and graphical views associated with an iDC

dehverv protocol. FIG 7A illustrates aniroage view of a silicone nerve cuff electrode used fo

16
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deliver 1DC. It consisis of a ceniral channel flanked by two reture channels (e, tripolar
configuration). The polanty of the central channel could be reversed by switching the leads
coming {rom the A-M Systems DC source (not pictured). This enabled testing of anodic
{posilive center, negative retwrn) and cathodic {negative center, positive retums) 1DC.
Pictured 13 the anodic configuration. FIG. 7B iHlustrates a graph of the specific iDC waveform
used 1 this study. Ramping {10 5 on/off) mitigated onset and offset excitation. Constant
phase amplitudes of 500 and 1000 pA were fested. The constant iDC duration was 90 s for all

trials.

[6057] In the exemplary implementation of FIGS. 7A and 78, a inpolar silicone nerve cuff
electrode, according to the present invention, was fitted around the left sciatic nerve,
proximal to the site of injury. This involved surgically exposing the sciatic nerve and clearing
away connective fissue o allow sufficient space. The cuff electrode used included a ceniral
channel flanked by two return channels, as illustrated in FIG. 7A. These channels were
mndividually filled with electrolytic agar gel and connected 10 an A-M Systems 4100 Isolated
High-Power Stimulator (Sequirm, USA) that served as a DC power source. DC was thus
delivered 1o the nerve via a stream of ions, or wonic direct current (DC), rather than via a
metal electrode. iDC was delivered o the nerve through the cuff’s central channel. The two
flanking channels acted as the isolated elecirical retum. Ths tripolar configuration was used.
because it reduces the current density of the return electrodes and primary elecirode “side

lobes”, which can induce excitation.

16058] 1DC delivery occurred in three phases: 10 s rarap o, 90 5 constant 1DC delivery, 10
s rarnp off, as ilhustrated 1n FIG. 7B, Ramping nutigates onset and offsef responses. Constant

phase 1DC amplitudes of 500 and 1000 pA were tested based on previous studies and known

17
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block thresholds of sensorv fibers. A recovery period lasting the duration of the steady phase
was given between each 1DC apphication. The polanty of the channels was reversed 1o test

both anodic {positive) and cathodic (negative) iDC,

[3059]  Spinal neuronal responses were evoked by physiologically stimulating the skin of
the injured hindpaw. Four different stimudation paradigms were used: two noxious {painful}
and two innocuous (nog-painful). This allowed nociceptive and non-nociceptive spinal
responses (o be evoked, respectively. All simuli were applied 1o the plantar surface of the

hindpaw except the propriocephtive stumulus, which rotaled the ankle and knee joints.

[6068] Noxtous thermal spinal responses were gvoked by heating the paw with a 980 nm
diode taser (Changchun Optoelectronics Technology Co., Changchun, PRC). Beam
intensities across all experiments ranged 3.75-14.6 W depending on stimulation location {e.g.,

paw pad vs. digity and individual animal threshold differences. Beam diameter remained

s

constant (4 mm). One full set of recordings consisted of 3 single repetitions {pulses). Pulse
tasted 1 ms and were spaced ~100 s apart. A ThermaCAM Reporter7 Pro thermal camera
(FLIR Systems, Oregon, USA) was used to confivm the paw surface temperature upon faser

stimulation. bmage analysis was performed i Tnage/.

{6661} Noxious pinch responses were evoked by firm, manual presses of the paw with a
wooden rod. A pressure sensor under the paw detected onset timnings of each press. One full
set of recordings consisted of 3 sets of 10 repetitions {presses). Presses fasted ~0.25 s and

were made ai ~§ Hy.

[6662] Tactile responses were evoked by a SignalForce V4.0 shaker (DataPhysics, Sania
Clara, USA) connected to a lightweight aluminum rod (1 mm diameter). The shaker was

18
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programmed o displace by 100 1m which genily pressed the rod into the paw, givingit a
fight touch. One full set of recordings consisted of 5 sets of 10 repetitions (presses) deliverad

at 1 Hz.

133637 Proprioceptive responses were evoked by a wooden rod attached to a stepper motor
{Pololu Corp., Las Vegas, USA) positioned under the ankle The motor was programmed o
rotate 15° over 200 ms and then retumn to starting position, per repetiiion. This briefly rotated
the ankle and knee joints. One full set of recordings consisted of 5 sets of 10 repetitions

{(rotations) delivered at 1 Hz=.

[B064] Recordings of evoked spinal activity in response to stimulations of the injured
hindpaw were roade before, durimg, and after iDC delivery. PreaDC (control} recordings
were of neuronal activity evoked by the physiological stimulus alone. During-1DC (test)
recordings were of activity evoked by the physiological stimulus while i1DC was delivered to
the sciatic nerve. Post-1DC {recovery) recordings were of evoked activity followimg 1DC
cessation. 1DC block has been reported to persist after iDC dehivery has stopped; therefore.
recovery recordings were made at intervals of 1-3 nunutes for up to 30 muinutes following
iDC cessation, or unti the evoked response qualitatively retumed. Dngital triggers aligning
with the onset of physiclogical stimulations mformed recording imings. Spontaneous activity
(1.e.. without physiological stimuli or 1DC) recordings were made to ensure digital iriggering
of the stimulation equupment was not itself evoking neuronal activity. 3-5 trial sats were
collected for each condition (3 for laser tnials, 5 for other stimuli}. Al recordings ware made
using the 32-channe] MEA connected {0 an INTAN RHS recording and data acquisition
svstem (Intan Technologies, LA, USA}Y. This systen recorded voltage changes across each

recording channel of the MEA at a sampling rate of 30 kHz.
19
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[8865] Processing of electrophysiology data was done using custom progranuming SCripis
writtten i the high-level language, Ju/ia. Raw MEA recordings were firsi sorted into trials
based off digital trigger iming information. All recording signals were band-pass filiered

(300-5000 He) then visualized in the code-editing software, Fisua! Studio Code (Microsoft,

.

5 WA, USA) Multi-unit responses were selected for further analvsis if they were clearly

evoked by a physiological stimulus and present across at least three adjacent channels.

[6666] For each group of three adjacent chanmels exhibiting similar responses, spikes
occurning at the same time and with identical shapes were concatenated into a single
wavelorm. The shape of this waveform was analvzed by principal components analysis

10 (PCA) and the principal components clustered using an unsupervised k-means algorithm.
This created a wavefomm template representing the typical spike profile of an individual
neuron. For example, three similar chaonel responses evoked by the tactile stumulus would be
chosen. and the principal features of each spike would be avalyred via PCA to creaie

teroplates that represented the spike shapes of unique “tactile’ neurons.

15 (6867 This was repeated for various channels and recording locations to generate anique
ternplates for every individual neuron encountered. Templates were then matched against
spike trace recordings evobed by other physiological stimuli. Individual neurons were
classified as tactile-, proprioceptive-, noxious thermal-, or noxious pinch-domunant based on
the tvpe of physiological stimult they most strongly responded to. To observe the effects of

20 1DC, neuron templates generated from pre-iDC recordings were matched aganst their during-
3¢ and post-iDC recordings. Siatistical analysis of the differences 1n the number of evoked
spikes before vs. durning vs. after 1DC allowed quantitative analysis of 1DC’s effects on

neuronal activity,
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(6668} Statistical analysis was performed in R (R Core Team, 2022} using custom soripts.
For each behavioral test, changes o withdrawal thresholds or Tatencies were analyzed using a
2-way-ANOV A, This considered changes over time {pre~injury vs. day 3 vs. day 4/7} as well

as changes between hindpaws (injured ve. uninjured). Where significant effects were found,

.

5 compansons were made using Tokev p-values (emmeans function in B). Data are visualized
and reported as individual points and estimaled marginal means (EMM} with 953% confidence

mtervals (C) and degrees of freedom (df). Significance was defined as p <0.05.

[3069]  The nwmwber of simgle-onit spikes before and after each phystological stimulation
trial within equal-duration windows were counted for each recording, using a custom Judia

10 scnpt Window timings were based off expected peak response times, which varied
depending on stimudus type, as shown in Table 1. An “evoked’ response was defined as
having more spikes n the post-tnal window than the pre-tnal window (determined by a
pawred i-test, p < 0.05) and with a mean net response of =1 spike per tiial {calculated by
subtracting the pre-stiroulus count from the post-stimulus count). Only neurons which

15 dispiayed an evoked response according o these criteria were further analyzed. Addiionally,
to control for tachle cells” low activation thresholds which resulted in thero being activated
by all stimuli, analvsis on propricceptive and nociceptive neurons was restricted to only those

that didn’t also respond to the tactile stimulus,

{6676 Statistical analvsis was performed in 8 using custom scrpts. Evoked neuronal

20 responses were exarmned for changes in the number of evoked spikes before, duning, and
after 1DC. Pre-1DC recordings served as controls to which during- and post-1DC recordings
were compared. ANOV A statistics were not appropriate to analyze variance n this

population due to variable interdependence. Effects of iDC were instead determined using
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Linear muxed-effecis models with Satterthwaite’s method to account for random factors and

nesied data (LMER; fmer funciion mm R). Fixed factors in both models included physiclogical

stimulus, injury model, experimental phase, iDC amplitude, and recovery time. The LMER

random faciors were unigue animal and neuron identifiers. Model fitting was assessed by

.

5 mspection of residual plots. Where the LMER analysis found significant interactions between

factors, post-hoc analysis using Tukey’s test determined how this mieraction affected

neuronal activity. All data are reported as EMMs with 95% C1's and df and visualized as

ndividual pomts with boxplots. Sigmificance was defined as p < 0.05,

[0671]

Table 1. Window timings for various physislogical stimuli recordings. Tumings

10 represent the windows used to count and compare number of spikes, to determine the amount

of evoked newronal activity. Windows are based off espected peak response times, which

vary according to conduction velociiies of different neuron types. Times are relative to the

onset of the physiological stimultus (0 mg). Pre~ and post- windows are of equal duration

within each stimulus tvpe.

Physislogical stimubus

Pre-stimuius window {(ms)

Post-stimulus window {ms)

Tactile S50 -0 {0 - 50
Propricceptive -400 — 0 0 - 400
Noxicus pinch -500 - 0 106 — 600
Neaxious thermal -800 - O 1000 — 1800

[y
82}

[0672)

FIGS. 8A and 88 iHustrate graphical views of developmernt of pain

hypersensitivity in CFA-injected and nerve-injured rats. The von Frev and Hargreaves tests

measured mechacal allodynia and thermal hyperalgesia. respectively. Both tests werg

performed on all rats (CFA » = 12; SN1 # = 10) prior to injury and ther on days 3 and 4 {CFA

20 rats)or days 3 and 7 {(8IN1 rats) post-imjury. CFA rats had 100 uL. CFA njecied
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subcutanecusty inlo the left hindpaw. SNI rats had two out of three {2/3) of their left sciatic
nerve branches ligated and axotomized, sparing only the tibial branch. FIG. 8A illustrates the
von Frey results. In both amimal models, ipsilateral (imyured) hindpaw withdrawal thresholds
significantly decreased following injury {days 3 and days 4/7) compared {o pre-injury {p <
5 0.001), and these thresholds were significantly lower than the contralateral side (p < 0.001).

FIG. 8B illastrates the Hargreaves results. In the CFA but not SNI model, ipsilateral latencies
significantly decreased following mjury {days 3 and 4) {(p < 0.001), and these lalencies were
significantly lower than the contralateral side {(p <0 001).
[6073] To confirm the development of allodvnia following wulateral injury {CFA

10 injection ot SNI of the left hindpaw), mechamecal withdrawal thresholds were measured using
the von Frey Test. In CFA rats, hindpaw side and time post-irgury were found to have a
significant effect on withdrawal thresholds (LM, both p < 0.001, n = 12 rats}, as shown in
F1G. 8A and interaction with one another (LM, p < 0.001). Post-hoc analysis revealed that

ipsilateral {injured) hindpaw thresholds were significantly lower on davs 3 (EMM =4 2¥; (i

[

=227 629 df =63 Tukey p<<0.001} and 4 (EMM = 3 83; (i =174 5.93; df = 63; Tukey

[62]

7 < 0.001) comparad to baseline (EMM = 1835 C1 =16 34, 21.36; df = 63}. The ipsilateral
threshold did not significantly change tfrom dav 3 to dav 4 (p = 0.95) There were no
significant changes in coniralateral thresholds (LM, all p > .38} or anv sex effects (LM, p=
5.091).

20 00744 In 5NI rats, hindpaw side, time post-injury, and sex each had a significant effect
on withdrawal thresholds (LM, p < 0.001 for ime, p < 0.001 for side. p = 0.002 forsex. nn =
i0 rats). as tHustrated 1n FIG. 8A. Time and hindpaw side had a signtficant interaction with
one another (LM, p < (.001). Post-hoc analysis showed that ipstiateral but not contralateral

withdrawal thresholds were significantly lower on days 3 {EMM = 5.06; CI = 2.64, 7.48. df =
23
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46; Tukey p <0.601) and 7 (EMM =4 90; Ci =258, 7.23; df = 46; Tukey p < 0.001}
compared to baseline (EMM = 1889, CI = 16,57, 21.22; df = 46}. The mean ipsilateral
threshold did not significantly change from days 3 to 7 (LM, p = 0.99). Sex had no significant
interactions with other factors (all p > 0.21), but males had higher withdrawal thresholds

5 across all triads (EMM =159, C1 = 14 4, 17 4; df = 46, Tukey p = 0.0022) compared to
females (EMM = 12,8, CI = 11.3, 14.0; df = 46},
[6G75] The Hargreaves Test was used fo confirm thermal hyperalgesia by measuring
tatency to withdrawal from a noxious thermal stimulus. In CF A rats, lundpaw side, time post-
myury, and sex each had significant effects on withdrawal thresholds (LM, p = 0.0048 for

10 time, p < 0.001 for side., p = 0.025 for sex, 7 = 12 rats}, as illusirated in FIG. 8B Time and

hindpaw side had a significant jnteraction with one another (LM, p = 0 0038). Post-hoe
analysis revealed that ipsilateral withdrawal thresholds were significantly lower on days 3
(EMM =627, CI=444 811, df =58; Tukev p < 0.001) and 4 (EMM = 5.64; (1 =378,

7.58; df = 58; Tukev p < 0.001) compared to baseline (EMM =11 .36: C1 =952 1320, df =

[

{621

58). The ipsilateral latency did not significantly change from davs 3 to 4 (LM, »p = 0.90). No
significant differences in contralateral latencies occurred (LM, ali pp > 0.96). Sex had no
significant interactions with other factors (all p > 0.18), but females had a higher mean
latency across all trials (EMM = 10.68: C1 =969, 11.7. df = 46, p = 0.024) compared to
males (EMM =893 CI=778, 10.1; df = 46).

20 [0076] In 5NI rats, hindpaw side was the only factor 1o have a significant effect on
withdrawal latency (LM, p=0.017. » = 10 rats} The mean latency for contralateral hindpaws
{EMM = 118, Cl= 1098, 12.7; df = 46; Tukey p = 0.022) was found to be sigmficantly

higher on average across all Hargreaves trials compared to ipstiateral hindpaws (EMM =
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10.4; C1 =958, 11.3; df = 46). No other significant effects were sbserved (LM, p = 0.81 for
time, p = 0.99 for sex).

[6G77] FIGS. 9A and 9B iHustrate schematic and tmage views of MEA insertion and
recording locations. FIG. 9A illustrates a schematic showing various locations across the
dorsal surface of the spinal cord where the 32-channel recording MEA was inserted. The
intersection of the T13/L.1 border and posterior spinal vein was defined as the (0,8)
coordinate and locations were measured relative o this using a stereotlaxic frame.
Measuremenis are accuraie in the rostro-caudal and medio-tateral axes to +£0.1 mam. FIG 9B
iHustrates an image view of a transverse section of the spinal cord at the level T13. The white
arrow poinis to an example trace of an MEA tract from one of the experiments.
Cryosectioning for this image was performed by Catherine Guo. Cross-reference to an
anagtonucal atlas confirmed the location in the dorsal hom laminae V.

j6678] FI1G. 10 illustrates image views of a noxious thermal physiological stimulus.
Noxious thermal stimulation - one of four phyvsiological stimuli paradigms used — was
evoked by a 980 nm diode laser pulse (1 ms duration}. The plantar hindpaw surface 1s shown
during laser stimulation at 3.75 (feft) and 14.6 (right) Watts. This represents the range used
across experiments. The labelled temperature for each spot represents the maximum within
the circular outline and 15 given in degrees Celsius. Images were taken with a Therma{ AM.
6079 FIGG. 11 tllustrates graphical views of examples of mulii-unit voltage traces of
evoked neuronal activity. Traces show the visualization of raw recordings obtained from the
MEA as a plot of voltage over time. Each trace shows the voltage changes of mukliiple
neurons {i.e., multi-unit} in response 1o a single trial of the respective physiological stinmuilus
(tactile, proprioceptive, noxious pinch, noxious thermal}. Red dots represent responses

identified as being above threshold (1.e., an action potential spike).
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[6G39] FIG. 12 tHustrates graphical views of examples of evoked single-unit responses
extracted by spike-sorting. Raster plots show spike activity of a single neuron at rest {ie.,
spontaneous activity, left) and then in response (o a physiological stimulus {nght). Rasters
were extracted by spike-sorting protocol and are arranged by neuron classification. For
example, the tactile rasters {lop) show responses of a neuron whose template was derived
from the tactile stimalus, and which responds most strongly to the {actile stimulus, and has
thus been classified as a tactie-donunant neuron. Within each raster, each row represenis one
physiological stumulation trial. For shmulation trials, the vertical bar at O ms represents the
onset of the siimulus. For each raster shown here, the stimulus applied corresponded to the
neuron type {e g, the tactile stimulus was applied to the tactile-dominant neuron).

6681] (Once pain hypersensitivity had been established, in vive spinal electrophysiology
experiments were performed. Neuronal activity was recorded from the dorsal spinal cord at
the levels T13-L1, as illustrated in FIG. 2. FIG. 10 shows an example physiclogical stimulus
{noxaous thermal) being applied to evoke neuronal activity. Visuahization of raw muli-unit
voitage traces showed qualitatively that neuronal activity could be captured, and that
additional neuronal activity could be evoked by phvsiologically stimulating the hindpaw, as
ihustrated in FIG. 11, Generation of raster plots qualitatively confirmed that spike-sorting
could extract smgle-unit activity from these mulii-unit fraces, as llustrated in FIG. 12.
3082} FIGS. 13A and 138 illustrate graphical views of net neuronal activity in control
{non-1D) recordings by neuron type. Recordings from a total of 512 neurons were obtained
across all expertments. The number of action potential spikes of each neuron per stimulation
trial (i.e.. net activity} is plotted against neuron type and arranged by the type of stimulus
applied o evoke the response. All recordings are in the absence of iDC. FIG. 13A illustrates

net responses from all control (non~1DCY recordings made (n = 5123, FIG, 13B dlustrates net
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control responses from neurons which passed the criteria for an evoked response {n = 220).
Only these neurons were {urther analyzed. Note the absence of activity for the two noxious-
classified neurons in response 1o the innocuous stimuldi; these neurons were activaied
exclustvely by noxious stimuli,

[6083] Across all electrophysiology experiments (= 22 rats), recordings from a total of
5312 umque neurons were obiained (104 tactile, 131 proprioceptive, 179 noxious pinch, 98
nosious thermal). FIG 13A 1Hustrates the net activity of these neurons in response to
phystological stimulation of the wyured hindpaw across all control recordings (e, recordings
in the absence of iBC} 220 of the 312 neurons passed criteria for an evoked response (78
tactile, 53 proprioceptive, 36 noxious pinch, 53 noxious thermal). F1G. 138 illustrates the
activity of only these evoked neurons in response to the fowr phyvsiological stimuli. While
some of the evoked factile and propricceptive neurons also responded to noxious stimuli, no
evoked nociceptive {pinch or thermal} neurons responded to anv innocuous stimuli.

[B0R4] After establishing that evoked newronal activity could successfully be collected
and classified, the effects of D€ were examined by recording activity before, during, and
after 1DC delivery. Data was analvzed across a total of 7 = 195 evoked neurons from 8 CFA
(4M/F) and 8 SNI (4M/4F) rais. The impedance of the cuff electrode delivering the 1DC
ranged from 70-100 k2 at | Hz. This was suffictenily low to allow maximum current (1000
1A 1o be dehivered without exceeding compliance. 1DC recordings were grouped into three
experimental phases: pre-iDC, during-1B{, and post-1DC. To examine 1D s effecis on
different neuron tvpes, recordings werg also grouped according to the physiological stimulus
that was applied for that recording.

HESY] FIG. 14 illustrates qualitative examples of iB{ s effects across phases and

stimulation tvpes. FIG. 14 illustrates graphical views of examples of single-unit activity
27
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before, during, and after iDC. Rasters are arranged according to dominant cell tvpe (1.e.,
tactile, proprioceptive, nosious pinch, nexious thermal) and experumental phase (1.e., pre-,
duning-, post-il¥C). Withun each raster, each row represents one physiclogical stimulation
trial. The vertical bar at 0 ms represents the onset of the stimuolus. The during-1DC amplitude
in these examples is ai 500 A, Note the pronounced reduction in activity following the
noxious pinch and noxious thermal stimuli, but not the tactile or propriocepiive stimuli,
durmg 1DC delivery {(roiddle panels).

[BOB6] FIGS. 15A and 158 illustrate graphical views of an effect of 1DC on net evoked
neuronal activity. Spinal recordings of neuronal activity evoked by physiologically
stimulating the injured hindpaw were moade before, during, and after 1DC. Results are
arranged according to experimental phase and stimulus tvpe for both FIG 13A, which shows
CFA rats (2 = 80 neurons/R rats) and FIG. 15B, which shows SN rats (7 = 115 neurons/8
rats). In both injury models, iDC significantly reduced the number of spikes evoked by the
noxious pinch and noxious thermal stimuli but not the tactile or proprioceptive stimuli (all p
< 0.001}. Across all trials, evoked activity was significantly greater in CF A rais than SNI rats
{(note y-axis difference). Note raw data 1s visualized with medians and mterquaritie ranges io
show 1ts spread. but statistics are reported as estimated marginal means and confidence
ntervals for pair-wise assessment of iDC s effects on individual neurons. *#* p < 0.061
16087} Experimental phase (pre, during, and post-1BC), sitimulation tvpe (factile, noxtous
pinch, etc ), and injwy model (CFA, SN} were each found to have a significant effect on
neuronal activity (LMER, p < 0.001 for phase: p < 0.001 {or stimalt; p = 0.022 for inpury, n =
195 neurons/16 rats). There was a significant interaction between experimental phase and
stimmdation tvpe (LMER, p <€.001) but no other significant interactions (LMER, p > 0.05}.

Post-hoc analvsis showed that im response o the noxious thermal stumulus, nevronal activity
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significantly decreased during-iDC (EMM = 12,83, CI = 8.33, 17.13; df = 237, Tukey p <
(.001) compared to pre-1DC (EMM = 28, Cf = 23,70, 32,30, df = 239} in both CFA-injected
rats, as ilustraied 10 FIG 15A, and SNI rate, as iHusirated in FIG 158, When the iBC wag
tarned off, activity sigmficantly increased (post-1DC EMM == 1636, CI = 11.91, 2081, df =
271, Tukey p = 0.0054) compared to dunng-1DC; however, activity did not recover back 1o
baseline as there was still a significant difference between the pre- and post-iDC phases
{(Tukey p < 0.001}4, as iHlustrated in FIGS. 154 and 158, 1DC sioularly caused a significant
reduction in responses to the noxious pinch stimulus (EMM = 4 38; (1 =-0.27, 9.03, df =
220; Tukey p < 0.0601}) compared 1o baseling (EMM =927, Ci=44.61, 13.93,df =222}
Activity remained significantly suppressed in the post-1D3C recovery phase (EMM = 6 58; (1
=1.97, 11.19; df = 213; Tukey p = 0.032) and this was not significantly higher than the
during-1DC phase (Tukey pr = 0.089). 1DC did not have anv significant effects on neuronal
activity evoked by the tactile (Tukev p = (.18} or proprioceptive (Tukey p = 0.55) stimuli in
both CF A-mnjected rats. as tlusirated in FIG. 15A and SN rais, as lustrated in FIG. 158,

CFA rats displayed sigmificantly greater evoked neuronal activity overall (EFMM = 11.37: CI

8.39, 14.15. df =201, p= 0.016) compared to SNI rats (EMM =679 CI =432, 9725, df =
184), although acuvity did not differ across phase or stiimulation tvpe by injury model
{(LMER, ail p > 0.10). No sex differences were observed (LMER, p=0.13}.

B088] FIGS. 16A and 168 illustrate graphical views of an effect of 1DC polarity and
amplitude on neuronal suppression. Neuronal activity is grouped by 1BC polarity and
amphitude. Significant reductions mn noxious pinch and thermal-evoked activity were
observed during both 500 and 1000 u A 1DC; however, there was no significant differgnce
between the effects of 500 vs. 1000 pA for any condition. Similarly, there was no significant

difference between anodic vs. cathodic 1BC effects for any condition. Effects were the same
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in both the CFA (top, » = 80 neurons/8 rats} and SNI {(botiom, # == 115 neurons/¥ rais) pain
models. As above, raw dala are visuahzed with medians and interquartile ranges, but statistics
are reported as estimated marginal means and confidence intervals *** p < 0.001; ns = not

significant.

[6G589] The amplitude and polarity of current have previously been reported to impact

ez

how electrical newromodulation affects neuronal membrane potentials, especially in
computational modelling studies, To investigate if these factors changed how 1DC suppressed
neuronal activity in chronic pain models in vive, both anodic (positive) and cathodic
{negative} iDC amplitudes of 500 and 1000 pA were tesied. The resulis for CFA and SNT

10 wmodels are presented separately, as tustrated in FIGS. 164 and 16B, because overall activity

m these models differed, as shown above.

098] iD3C amplitude was found to have a significant effect on neurounal activity
{(EMER, p < 0.001, == 195} and interaction with stumulation type {LMER, p <0.001} At 500

pA there was significantly less neuronal activity evoked by the noxious pinch (EMM = 5.21;
15 CE=0.38,10.05; df =291, Tukey p = 0.0091) and noxious thermal (EMM = 12,69, CI =837,
17.0%; df =297 Tukey p < 0.001) stirmdi compared to § pA {pinch EMM = 9.87; CI =335,
14.40; df = 230; thermal EMM = 26.99; CI = 2289, 31.10; df = 252). This was also true {or
1000 pA (pinch EMM =324, C=-1.80, 8.27, df = 333; Tukey p < 0.001; thermal EMM =
9.65, C1 =521, 14.08; df = 324; Tukey p <0.001). However. post-hoc analysis showed that
20 the effects of 500 and 1000 pA were not significantly different from one another for any
stimulation tvpe (all Tukey p > 0.16). Effects were the same 1 both injury models (LMER, p

=(.26), as illusiraied in FIGS. 16A and 16B.
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{6091} Similarly, iDC polarity was reported to have a sigmificant effect on net newronal
activity (LMER, p < 0.001, » = 193} and have an interaction with stimulation type {LMER, p
< (.001}; however, post-hoc analysis revealed that all significant differences were between
pre-iDC and anodic/cathodic 1DC {i.e., between pre- and durmg-1DC experimental phas

The effects of anodic vs. cathodic 1DC were not significantly different from one another ai

gither 500 or 1000 pA across any of the stimudation types (all Tukey p > 0.55) Effecis were

the same in both imjury models (LMER, = 0.26), as iHustrated in FIGS. 16A and 168,
[B692] FiG 17 lustraies a graphical view of recovery times {ollowing 1BC

suppression. Recordings of activity were made for up (o 30 minutes afler iDC cessation. A
neuron was considered fully recovered once s activity was not statistically significantly
different from s pre~-iDC level (assessed by pared t-test, p < 0.053). The figure shows the
average time taken for neurons (i = 182) 1o reach full recovery, arranged by stimulation fype.
Neurons evoked by the noxious thermal stimulus (1.e., nociceptive neurons) ook significantly
tonger than neurons evoked by any other stimulus. Pinch-evoked neurons (i.e., nocicoplive
neurons ) took longer than the two innocuous stimudi. The innocuous-evoked neurons
recovered the quickest and did not differ in time o recovery. There were no significant

differences m CFA vs. SN recovery times, so they were grouped here. ¥%% p < .001; ¥ p <
- o ra

[6093] i2C nerve block has previously been shown to he reversible. This is an
urportant feature for neuromodulation paradigms that have potential for climcal translation.
Therefore, how suppressed neuronal activity was recovered post-iDDC was explored, as
dlustrated n FIG. 17, Recordings of net neuronal activity were made {or up to 30 nunutes

following 1DC cessation or until a full recovery was qualitatively observed. A suppressed
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neuron was considered fully recovered onee its activity was not significantly different (paired
t-test, p < G.05) from the pre-iBC recording. While it has already been shown that 1DC did
not significantly reduce mnocuous activity at a whole-population level, as Hustrated m FIGS.
15A and 15B and 16A and 168, mdividual tactile- and proprioceptive-evoked neurons
occassionally had their activity suppressed (.e., a statistically significant reduction in their
pre- ve. during-iDC evoked activity), enabling analysis of recovery times in these neurons
100, A full recovery occurred 1 100% of suppressed tactile- and proprioceplive-evoked
neurons, 70% of noxious thermal-evoked neurons, and 22.22% of pinch-evoked neurons. No

significant differences were found between CFA vs. SNI recoverv times (LMER, p > 0.035).

[B094] The time (mun) to full recovery was significantly affected by stimulation type
{EMER, p <0.001, 1 = 182). Neurons evoked by the noxious thermal stimulus {ook the
tongest to recover on average (EMM =996, CI =896, 10.97; df = 124), {ollowed bv pinch-
evoked (EMM =398, Cl =2.32, 5.64; df = 125}, tactile~evoked (EMM = 1.32; CI =0.67,
1.97; df = 125), and then proprioceptive-evoked (EMM =1 00; C1 =-0.023, 2.02; éf= 121
neurons. The noxious thermal recovery was significantly longer than all others (all p <
(.001). Recovery from pinch was significantly longer than from the proprioceptive {p =
(.016) and tactile {(p = 0.020) stimuli. There was no difference between the tactile and

proprioceptive stimulus recovery times {(p = 0.95}

6095} Finally, background (spontancous) activily was suromed to investigate if it was
affecied by 183C, as there 15 a concern that elecirical newromodulation can mcrease basal
neuronal firng. Stimulation type (LMER, p <0.001), but not iDC phase (LMER. p=0.15)
had a significant effect. Post-hoc analysis revealed there was increased spontaneous activity

in noxious pinch-evoked neurons only (Tukey p = 0.046).

M
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[060%6] in this exemplary implementation, when 1DC was delivered 1o the sciatic nerve
of injured rats, evoked nociceptive activily was significantly reduced, while evoked
mnocucus achivity was not. Specifically, 1DC suppressed neuronal activity evoked by a sharp
pinch and a hot thermal stimulus. These ave physiologically meaninghiul stimuali which
represent ltkely sources of pain for patients in everyday hife 1DC s selective suppression is
significant because nociceptive information 1s well-known to be transmitted along primary
sensory neurons via small-diameter C- and A8 {ibers. This suggests iDC exerted its effects by
selectively suppressing small-diameter fibers while leaving large-diameter (Af) fibers
unaffected. Selective modulation of small-diarseter fibers represents an unprecedented level

of neural control, supporting 1DC as a pronusing mterveniional technology.

[6097] Fi1G. 19 illustraies a graphical view ol an effect of 1DC on net neuronal activity
m healthy antmals. Sinalardy, to the current study’s findings, 1DC reduced only the neuronal
activity evoked by noxious pinch and thermal stimuli. Tanocuous tactile~ and proprioceptive-
evoked activity was not significantly affected. No recovery from during-DC to postDC was

observed. ¥ p < 0.001 ** p < 0.01.

[6098] Uniike previous iDC studies that report complete nociceptive block, here only
partial suppression was observed. For exarople, 1DC reduced noxious thermal-evoked activity
by ~55% (28 spikes/trial down to 12.83) at both 500 and 1000 pA, as tustrated 1n FIGS.
154 and 15B. This was a statistically significant reduction but not to the extent previously
reported at comparable amplitudes (~90% biock at 800 uA), or other previous findings in
healthy animals, as iHustrated 1o FIG. 19. The mechanisros of nerve block with 1DC are
reasonably well understood. Depolarization of neuronal membrane potentials tonically

inactivates YV GSCs {cathodic block), or hyperpolarization of neurons heolds them below the
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threshold of VGSC activation (anodic block). Therefore, one possible explanation for these
findings is that while iDC blocked the majority of penpheral nociceptive input as expected,
any unbiocked input was amphified due to pathological central sensitization in the pain

models. Chronic pain invokes spinal microglial activation, redoced descending inhibition,

.

5  and enhanced glutamate release, increasing dorsal hom neuronal excitability. Here, 1DC was
acting locally on the sciatic nerve, so not affecting these central changes within the fime
frame studied. Therefore, even small amounis of unblocked primary nociceptive input could
explain why dorsal bora activity was not found to be completely silenced. Over longer
periods of time, it may be possible that 13C could mdirectly reverse ceniral changes by

10 rectifying pathological peripheral input; however, this has not vet been investigated. Chronic

13O studies may reveal more msight mnto ths.

[8099] Partial suppression of nociceptive activity may also be explained by specific
electrode configuration. The tripolar configuration generates a more complex electric field
around the nerve. This has been shown 1o have a grealer stochastic and graded effect on
15 neuronal membrane polentials, aligrung with the observations associated with a device
according to the present invention From a clintcal perspective, the capacity for a partial or
graded block mav be superior as it provides fner control over the extent of nociceptive

inhibition rather than an “all or nothing” outcome.

[60166] DC was equally effective in two different models of chronic pain. Ao

20 wmflammatory {CFA)Y and a neuropathic (SNT) model were chosen due to their distingt
pathophysiclogy. o test 1DC s utility, Chronie mflammation has an especially profound
nociceptive component due to peripheral sensitization following ussue imjury. The results

reflected this, with CFA (nflammatory) rats displayving significantly greater activity on
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average across all irials, as illustrated in FIGS. 15A and 13B. Despite this, (DC was equally
effective in both inpury models. The results here are limited, because direct statistical
comparison 1o 10C s effects in healthy controls, as Hustrated in FIG. 19 has not been done.
This will form an important part of the analysis once the datasetls are combined for {uture
publication. Nevertheless, the current findings alone suggest iDC s efficacious across various
peripherdl pain conditions, regardiess of etiology. This is clinically advantagsous as existing
electrical neuromodulation treatments tend o dernonstrate efficacy only within very select
patient populations, such as those with lower back pain. 1DC may avoid this piifall and offer

relief for numerous pain conditions.

[BG101] No differences between the effects of anodic and cathodic 1DC were found;
however, this was not unexpected. While early DC modelling and 1solated nerve conduction
studies report lower block thresholds for anodic 1DC, more recent in vive studies with
complex physiological parameters show hittle or no difference. DC neuromodulation
outcomes are known to vary with even small changes n electric field geometry. Factors
mcluding axon diameter/rovelination, axon-electrode distance/contact, electrode array (mono-
/hi-/iripolar), and distance from the soma can affect thus. Such variables can be difficult to
control in vivo, s0 1113 not surprising to see discrepanciss compared to i sifice modelling
predictions. Especially in chronic pain models. where the environment surrounding the nerve
is inflamed and may have scar tissue, the DC electric field-nerve interaction is not occurring
in wdeal conditions. Nevertheless, the fact that polarity had no effect in the study suggests
iD{7s effects are robust. The finding that 1DC does not induce a general mcrease in
background {(spontaneous) activity 15 also promising, as this would defeat the purpose of

trying to reduce nociceptive activity. While there was an increase specifically during pinch

[
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triais, this could be explained by pinch-sensitive neurons’ tendency to “wind-up” in response
to repeated stimulation, as in these exsperiments. Wind-up is a well-known phenomenon that
occurs independently of 1DC. A follow-up stady with more spaced-out pinch trials could

confirm 1DC ic noi the cause of this increased activity.

[6G192] FIG. 20 ilustrates a graphical vigw of an effect of amphitude on net neuronal
activity. In contrast to the current study s findings, the ampiitude of iDC did significantly
affect the extent of nerve block 1n healthy animals. Future studies examining exact
suppression thresholds, likely falling between 50-500 pA, should be conducted. ¥** p <

0.001.

[BG103] Another critical parameter of electrical newromoduiation is current amplitude. It
dictates how much charge is delivered to nervous tissue, which is anaiogous o the “dosage’
ol an electrical-based treatment. Two amplitudes of 1DC (500 and 1000 pA) were tested and
found that the effects of 1DC did not signilficantly differ between them. This was unexpecied
and does not align with previous studies, which report a strong posttive correlation between
amphiude and degree of nerve block. This includes a study which found increased 1DC block
at grealer amplitudes, as iHlostrated i FIG. 20, However, this study tested higher values
(1000 pA and 2000 p A} so the outcomes are not directly comparable. Here, improved 1DC
nerve cuff electrodes with lower impedances and better electrode-nerve contact were used.
As discussed above, such factors can mfluence the effectiveness of BC nsuromodulation
Improvements likely caused lower araplitudes to have greater effects. However, this does not
explain why a dose-response effect was not observed. {1 15 possible there 15 a roaximal
(asymptotic) tevel of iDC suppression which had already been surpassed at 560 uA. This

would explain why the 1000 u A had no significant additional effect. This 13 what the data

~
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sugeests, but it remains unclear why other studies using comparable amplitudes did not find

this. The use of chronic pain models may offer an explanation. It is possible 500 and 1000 pA

was too small of a range to have significantly different effects within the hy perexcited pam

number of wnque cells within the timeframe of one experiment. As such, the results should
not be mnterpreted (o mean increased 1DC amplitude has no further effect on nerve
suppression and at tugher amplitudes (e.g., >2000 pA) greater nociceptive block and partial
nnocuous fiber block would be observed. This should be confirmed in follow-up siudies to
examine whether 1DC can invoke {ull nerve block in chronic pain models. Nevertheless,
suppression at smaller currents 1s preferred from g climical perspective. Lower voltage power
sources and higher impedance nerve cuffs can be used. This translates 1o smaller devices for
implantation and lower power consumpiions, important considerations for implantable
electronics. A dose-respouse of amplitudes between ~30-530C A provides a range for the

lowest and most effective amplitude in chronic pain conditions.

[66104] The final component of iDC’s effects 15 recovery from suppression. First, afler
iDC was switched off, suppressed nociceptive activity significantly increased towards pre-
13C levels, but not completely. Post-iDC activity remained on average sigraficantly lower
than pre-iDC activity, as illustrated in FIGS. 15A and 15B. One possibility is that 1DC was
simply damaging the nerve. This concem is the main reason recovery time was observed. The
implementations were structured so that many subsequent sets of recordings were observed;
given 1DC is applied homogenously to the whole nerve, if the nerve was being killed. no

recordings past the {irst set could be obtained. Instead, strong responses were evoked for 106-
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12 howrs. Therefore, nerve damage was not the cause of reduced neuronal activity. However,

future studies could examing histology of the nerve post-iBC to confirm this,

[60105] A more likely possibility ts that neurons take fonger than 30 minutes {0 recover
from IDC, which was the longest time possible to wait per recovery set. This mav be

expected, because BC-based newromodulation block is known to persist following cessation.
Given that partial recovery is scowrring, a {ull return o baseline is possible given more time.
Neurons could take up to 120-180 minutes to recover. Longer recovery times for single-unit
activity than summed population responses may also explain why longer recover imes were
observed, compared 1o a rapid S-mimule recovery {or population {mulii-unit) aclivity

following iDC cessation.

{66106 The second recovery finding was that among the sub-population of neurons that
did fully recover, nociceptive neurons remained suppressed for significantly longer than
mnocucus ngarons, as tlustrated in FIG. 17, This is consistent with previous reports, but the
reasons for this difference are not yet understood. Possible hvpotheses include differences in
eating kingtics of ion channels expressed on specific newronal sub-populations, or prolonged
accumuiation of ion species within the exiracellular space having long~term effects on driving
forces. Explanations become more difficult when pathological changes to 1on channel
expression due to chronic pain are considered. Downregulation of the K+/Cl- colransporter 2,
for example, 15 known to disrupt the regulation of K+ and Cl- 1on concentrations and 1n tum
membrane excitability. Further movestigations into these mechamisms should be pursued, as a
greater understanding of recovery fimes may inform an mnovative DC treatment paradigm.
1D2C could be delivered at high amplitudes to rapidiy suppress all nocicephive activity fora

short period of time, then be switched off. The results hereim suggest that any affected
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mnocucus signals would recover near-instantaneously while nociceptive newrons would
remain suppressed. Pertodic oyveling of iDC (e.g., short on, long off) may be safficient to keep
slow-recovering nociceplive neurons below a certain level of activity, vielding along-

duration analgesic effect from short-duration 1DC. This is of course speculative but highhights

.

5 the potential of future investigations in this area.

[30187] The aims of this study depend on the successful establishment of chronic pain
models. The animal models used are widely recogmized to induce allodynia and hyperalgesia,
two chronic pain svimptomns shared between rodents and humans. As expected, both CFA and
SNI rats developed intense mechanical hypersensitivity (allodvmiay following injury.

10 Qualitative increases i known pain behaviors such as licking, guarding, and lifting of the
mjured hindpaw were also observed. Thresholds did not change from day 3 to day 4 (CFA

ratsy or 7 (SNI rats), suggesting mechanical allodynia was robust.

[6G108] Inereased thernmal pain senstiivity also developed in CFA rais but not 1y SN rais.
This ahigns with literature showing that heat hypersensitivity does not develop in the spaved

15 tibiad SNI vartation that was used. The reasons for this are unclear but may be due to the
specific fiber-type composition of the rat tibial nerve. Regardless, the ubial vanation was
used as electrophysiological recordings were {oo difficult to obiain using the original model,
which only leaves the slirg sural dermatome tnnervated. Chronic pain-like changes were
established in all rats by the time of the electrophysiology experiments. This conclusion s

20 reinforced by a recent electrophvsiology study showing significant increases in the

excitability and fining of dorsal horn neurons in a similar animal model.
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[6G109] Recent preclinical paim research has reported strong sexual dimorphism,
highlighting more pronounced nearopathic pain in fermales. Across all von Frey trials,
females displaved significantly lower withdrawal thresholds; however, they did not develop
stronger allodynia as other studies have reported. In contrast, across all Hargreaves trials,
males had lower withdrawal laiencies. No significant sex effects were found in the
electrophysiology experiments. Combined behavioral and electrophysiological data suggests
sex differences may be mediated by ceniral mechamsms {e.g.. cortical changes. limbic
differences, eic } rather than iv the peaphery. This could be mvestigated via cortical
electrophysiology pain studies, to add to the growing body of literature highlighting sexual

dimorphism in pain and its importance 1o prechnical and clinical research.

[60116] FIGS. 18A and 18B illustrate graphical views of net activity in control
recordings by neuron modality (type) in healthy animals. FIG. 18A illusirates net activily
from all control recordings made, and FIG. 188 iHusirates net activity from only those

neurons whose responses were evoked according to criteria,

66111} A cnitical assumption of this study 15 that increased neuronal activity evoked by
nociceptive sitmuli corresponds to an increase in the firing of nociceptive newons. This relies
on having a robust newron classification svstem. As described in the methods, a neuron whose
spike terplate was derived from a recording of noxious pinch-evoked activity, and which
responded most to the pinch stimulus, was a “noxious pinch~dommant™ neuron, for example.
This method was previously used with success, finding that nociceptive newrons were
exclusively activaied by nociceptive stimuli, as Ulustrated in FIGS, 18A and 188, However,
classifications using this svstem become less strasghtforward i chronic pain models where

phenomena like aliodynia represent tacuile neurons beconing nociceptive. Inflammmatory pain
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conditions especially have been shown to induce phenotypic switching, whereby a
subpopulation of large-diameter AS neurons adopt a C-fiber-like phenotype, expressing
substance P and actively contributing to spinal hyperexcitability. To mitigate the concern of

misclassification, the analysis was narrowed by removing nociceptive neurons which also

82}

responded fo mnocuous stimuli. Aithough this reduced the range of neurons examined, it
allowed for confidence that a suppression of pinch- or thermal-evoked activity was a
suppression of nociceptive neurons. Future studies could wtilize additional classification
measures, such as action potential velocity as determined by response latency, to aid in
neuron classification. This is possible because noxious information travels in small-diameter,

16 unmyelinated fibers significantly slower than innocuous information does m large-diameter,

myelinated fibers.

[6G112] Evoked responses were qualitatively observed to degrade over ime. Activity

during-1D¢C was therefore always compared to the most recent non-1DC recording (<5 min

o

effects, but this remains a possibility. Additionally, DC-based neuromodulation is known to
change spike shape. It is possible that the spike-sorting could report a “block™ if the action
potential shape changed enough that it was not recognized and maiched to its own baseline
template. This was addressed by manually mspecting random samples of an “unmatched” bin
crealed by the spike-sorting that displayed all non-matched spikes. This effect was not

~
8]

20 observed in any inspected samples; however, inspections could not be done for every set.

[6G113] It is clear from existing literature that the effects of DC-based nevromoedulation
on nerve membrane poteniials are highly complex. In a study using an ulira-low frequency

waveform hike iDC, block of large-diameter (AS) fibers at amplitudes where small-diameter
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{AS8/C) fibers were only partially suppressed was reported. However, the difference m block
thresholds of AR and C-fibers reported was significantly less than that observed in high-
frequency AC block studies, suggesting there may be a finer balance between what 15
preferentially suppressed when low-frequency DC-like waveforms are used. Another study
showed the same effect in the opposite direction: total block of small-diameter fibers was
accommparued by partial suppression of arge-diarmeter fibers. Together, these indicate that
complex low-frequency wavetorms can elicit fiber-specific nerve blocks to varying degrees.
The exact tatio or preference of block is malleable and dependent on the exact waveform
parameters used. Here, 1t is shown that tnipolar delivery of 103 hikely results 1o a preferential
suppression of small-diameter fibers, and this is maintained in hyperexcited chromc pain
environments. With greater understanding of these nuanced mechanistic differences, there ig

potential for powerful control of neuronal membrane potentials using waveforms hike iDC.

001 14] #3C can sigmificantly reduce nociceplive neuronal activity, suggesting a
preferential suppression of small-diameter (Ad/C) fibers in the periphery. The data on 1DC
sugeests potential for clinical use in chronic pain. The immediate next step is to combing
glectrophysiclogy data with the healthy conirol data coliecied previously, as illustrated in
FIGS. 18A, 188, 19, and 20. This will reveal how 1BC s effecis differ between healthy and
njured animals. A qualitative companson of resalts, as Hlustrated 10 FIGS. 154, 158, and
FIG. 19, indicates 1DC may suppress injured animals’ neuronal activity to healthy animals’
basehine levels. Should this be the case, 1DC could present itself as a treatment capable of
restoring normal pain sensation; an outcome which would be even more preferrable than total

removal of pain sensations.
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[6G115] 1D may also plav an important role in treating currently intractable pain
conditions. Osteo- and rheumatoid arthritis, mononeuropathies like carpal tunnel syndrome,
and localized cases of chronic diabetic peripheral neuropathy or chemotherapy-induced
peripheral newropathy may be relieved by 1DC. These are severe conditions requiring an
urgent solution. Important precedents supporting elinical 1DC studies have recently been set

with the testing of peripheral neuromodulation devices in hunans.

[60116] Finallv, outside the realm of pain, selective modulation of small-drameter fibers
has several important applications. In the area of prosthetics, for example, recruitment in
motor control naturally occurs in the order of small- to large-diameter. This is relevant for

greater grading of muscle force o improve neural prosthetics for ampuless and something

which 1DC may be able to contribute,

[BG117] iDC can be used to suppress pawn-related neuronal activity, without impairing
activity refated to the sensations of touch or movement. These results strongly suggest that
DO s worthy of hurther mvestigation as a potential treatment {or chronic pain conditions,
especially those affecting the periphery. Independent of its use in this way, the resalts provide
a strong wolivabion and direction for further exploration of 1IDC as a versatile
nevromodulation paradigm. The possibilities across science and medicine are vast and
exciting. The ttme o explore these 1s now.

[66118] In the exemplary implementation described, 1BC was delivered to the sciatic nerve
via a silicone nerve cuff electrode. 2 mb each of parts A and B of Rebound-40 silicone rubber
{(Smooth-On. PA, USA) were then mixed and poured over the slide, which was immediately

spin-coated at 600 rpm for 10 seconds to obtain an even silicone coating. While this cured. a
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custom-designed, paper-based, three-channel (i.e, tripoiar) template was cul oul using a
Cricut machine (UT, USA}. The paper template was spraved with two coats of Ease Release
200 non-stick agent (Mann Release Technologies, PA, USA) befure being gently pressed info
the cured silicone layer on the glass shde. Another layer of silicone was poured over the
paper ternplate (1.5 mi each of parts A and B) and again spin-coated at 600 rpm for 10
seconds. Once cured, a final layer (1 mb cach of parts A and B) was poured and spin-coaled
at the same settings. Once this final layver had cured, a thin imcision was made {o exiract the
paper template, leaving three hollow chamnels within the sthicone cuff. A plastic tube was
then atiached to the top-end of each channel and a 3% w/v agar electrolyiic solution was
heated and svringed into the tubes to fill the three channels. The agar solidifies upon cooling,
teaving sohd agar-filled channels within the cuft. The tubes/channels weve then connected to
an A-M Systems 4100 DC power supply. DC was thus delivered 1o the sciatic nerve via the
electrolytic agar channels as a stream of 1ons 1.e., as fonic direct current. The completed
slicone cuffis shown in FIG. 7A. The fabrication and use of this cuff 1s significant as it
represents a clinically feasible way to deliver i13C via an implantable device. There is
growing interest in biomedical engineering research for such implantable nerve cuils for

pain,

[66119] FIGS. 21A-21D illustrate a cuff design and method of insertion, according to an
embodiment of the present invention. FIGS. 21A-21D illustrate a cuff design 100 that allows
for the cuff to be positioned arcund the nerve 108 with no flap to be draped around the nerve,
The design of the cuff 100 shown in FIGS. 21A-21D allows for a nunimally mvasive
mplaniation through a needle. FIG 21 A illustrates that the cuff 100 condaing channels 102

and 104 that aliow stiff stylets 103 and 105 to be placed in them to straighten the tip 106 of
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the cuff 100, The cuff 100 is shown approaching the nerve 108 from the side-view. FIG.
218 llustrates a side view of the cuff 100 with the tip 106 positioned around the nerve 103
once the stylets 103 and 195 are removed from channels 102 and 104, The hines indicate the
channels 102 and 104 naturally angled at the tip 106. The cuff 100 can be formed from
siltcons in some embodiments. Alternately, the cuff 100 can be formed from any other
biocompatible material known o or conceivable by one of skill in the art. The cuff 1001
manufaciured so that the tip 106 15 angled as 1o encase the nerve 108 and the chanuvels 1062
and 104 naturally follow the curvature of the structure of the tip 106, FIG. 21 diustrates a
perspective view of the nerve 108 and the cuff 100 positioned around 1. FIG. 211 illustrates
a perspective view of an internal trajectory of the microfluidic channels 110 and the contact
between the microfluidic channels and the nerve 108 at the top of the structure.

[66128] In some embodiments, function of the present mvention can be carried out in
conjunchion with a computer, processor, non-transitory computer readable medium, or
alternately a computing device or non-transitory computer readable medium incorporated into

the medical device associated with the present invention.

[B0123] A non-transttory computer readable mediur 1s understood to mean aoy article of
manufacture that can be read by a computer. Such non-transitory computer readable media
includes, but is not limited 1o, magnetic media, such as a floppy disk, flexible digk, hard disk,
reel-to-reel tape, cartridge tape, cassette tape or cards, optical media such as CD-ROM,
writable compact disc, magneto-optical media in disc, tape or card form, and paper media,
such as punched cards and paper tape. The computing device can be a special computer

designed specifically for this purpose. The computing device can be unique to the present
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mvention and designed specifically to carry out the method and operation of the present

nvention.

[66122] The many features and advantages of the invention are apparent from the detailed

pecification, and thus, it is intended by the appended claims to cover all such features and

@

advantages of the invention which fall within the true spirit and scope of the invention.

a

Further, because numerous modifications and vanations will readily ocowr to those skilled in
the art, 1t is not desired to Limit the invention {o the exact copstruction and operation
iustrated and described, and accordingly, all suitable modifications and equivalenis may be
resorted to, falling within the scope of the invention. While exemplary embodiments are

10 provided herein, these examples are not meant {o be considered imiting. The examples are
provided merely as a way to llustrale the present invention. Any suitable implementation of

the present invention known to or conceivable by one of skill in the art could also be used.
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What is claimed is:

3

C"\

9.

10

I

A device comprising:

a cuff configurad to contact a peripheral nerve;

meoroflindic channels, wherein each of the microfluidic channels defines an inner
space, and wherein the microfividic channels are configured 1o conduct energy such
as tonic direct current to the peripheral nerve {o selectively suppress the spiking
activity of pain transnutting nerve bers,

The device of claim 1 further comprising a conduit of energy.

The device of claim 1 wheremn the cuff is formed {rom a biccompatible matenal such
as silicone.

The device of claim 1 wherein the cuff is configured to maintain contact with a
surface of the peripheral nerve.

The device of claim 4 wheren the cuff is coupled to the microfluidic channels, and
the cuff contacts the peripheral nerve.

The device of claim 1 wheren each of the microfludic channels is filled with a
conductive media such as a gel.

The device of claim 1 wherein each of the microflwdic channels is connected to a
direct current source.

The device of claim 7 wherein the mucrofluidic channels have a tripolar configuration.
The device of claim 8 wherein the tripolar configuration includes a central channel
flanked by two return channels.

The device of claxm 7 wherein delivery of tonic direct current occurs i three phases:
a 10 s ramp on. 90 s constant ionic divect current delivery, and a 10 s ramp off.

A device comprising:
47
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13

14,

17.

20,

three channels, wherein each of the three channels defines an inner space, and
wherein the three channels are configured to conduct engrgy such as tonme direct

current to a target.

. The device of claim 11 further comprising a cufT for debivering energy to the target.

The device 11 of claim further comprising a conduit of energy.
The device of claim 12 wherein the cuff is formed from a biocompatible material such

as silicone.

. The device of claim 12 wherein the cuff 1s configured to contact a surface of a

peripheral nerve.

. The device of claim 11 whersin each of the three channels 1s filled with a conductive

media such as a gel.
The device of claim 16 wherein each of the thres channels 15 connected 1o a direct

current source.

. The device of claim 17 wherein the three channels have a tripolar configuration.

. The device of claim 18 wherain the tripolar configuration includes a central channel

flanked by two return channels.
The device of claim 17 whereain deliverv of ionic direct current nocurs in three phases:

a 10 s ramp on, 20 s constant ionic direct current delivery, and a 10 s ramp off.
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