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TREATMENT OF EYE DISORDERS

CROSS REFERENCE TO RELATED APPLICATIONS

fol}  This applicavon claims the benefit of ULS. Provisional Patent Application No.
62/338.493, filed July 28, 2017,

TECHNICAL FIELD

{2} This disclosure relates to the treatment of eve disorders, more particulaly to

methods and medical devicss that deliver electromodulation therapy for such purposes.

BACKGROUND

j88631  Ocular neovascular diseases, such as diabetic retinopathy (DR), are the most
vommon cause of moderate to severe vision loss in developed countries {reference '], These
diseases are typically {reated with intraccular injections of drugs that target VEGF. The
release of VEGF 15 thought to contribute to mereased vascular permeability i the eve and
inappropriate new vessel growth. The VEGY njections must be given every 4-6 weeks and
cary 3 number of risks. The drugs are effective in slowing disease progressics but do not

prevent eventual vision loss.

{6084}  Several hnex of evidence suggest a criticsl vole of the sympathetic nervons system in
matniaining ocular vascular homeosiasis {reference 71 Evidence in animal models suggests
that a decrease of the §-adrensrgic function may result in reduction or exacerbation of the
vascular changes, thas suggesting possible dual effects of f~adrenoreceptor (B-AR)
maodaolation, There is also evidence suggesting that these vascular changes are assoctated with
changes in the expression and secretion of angiogenic growth factors, such as vascular
endothelial growth factor (VEGF) and pigment epitheliam-derived factor (PEDF), which are

regulated by the sympathetic nerves freferences ¥ %},

{6085  These observations have prompted the wse of §-AR blockers in therapy. For

example, oral adnunistration of the B1-2-AR blocker proprasolod in climcal tials in

}Ldn’tpudmm P. A, Jowmal of Molecular Medicine, 2013, 91311-321
{ Casing, &7 &l i’m;._,zcss i Revtosl and Bye Research, 2004742703129,
} Wiley et of Em st Ophthabmel Vie Sai, 2006; 471343843,
is

‘t Steinte of o, Exp Eyve Res, 2006; 83(1n16-23.
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preferm infants with retinopathy of prematunity (ROP)Y produced positive results in tevms of
efficacy. although safetv problens were also reported. However, there are data demonstrating
significant anti-apoptotic effects exerted by B-AR agonists; therefore if B-AR blockers were
used to inhibil aberrant neovascularization, there may be a burden to pay w terms of impaired

newronal viability [reference ).

{et0s]  The disclosure atms to provide firther and improved prestments of eve disorders,

such as eve disordess that are associated with vasenlar remodeling, g ocular nepvascular

diseases.
SUMMARY
{0671 The ventors found that modulation of neurad activity of an eye-related sympathetic

nerve {e.g the internal carotid nerve (KON)) is capable of regulating vascular remodeling, so
i provides a way {o treat eve disorders, such as ocular neovascular diseases, In particular, the
mventors found an increase in the TNFo levels in the retina as a resalt of denervation the ICN
n naive rats. The results therefore suggest that applying a signal (e.g sn electrical signal) to
the ICN to modulate {e.g. stimulate) the neural activity of the ICN could be an effective
sivategy for treating eve disorders, for example, an eve disorder that is assoviated with ocdar
neovascularization, such as retinal neovascolarization (e.g. diabetic vetinopathy (DR)ora

neovascular disease caused by injury to the evel.

{8681 Thus, the disclosure provides a method of treating an gyve disorder i a sulyject by
reversibly modolating the neoral activity of an eve-related symipathetic nerve. A preferred
way of reversibly modulating (e.g stinudating} the newral activity of the eve-related
svinpathetic nerve neural gctivity uses a device or system which applies a signal {e.g an

electrical signal) to the eye-related svimmpathetic nerve.

[608%]  The disclosure glso provides 3 method of reating an eye disorder inv 3 subject,
comprising applving a signal to an eve-related sympathetic nerve iy the subject to reversibly

nodulate (e.g stimudate) the neural sctivity of the eve-related synpathetic nerve,

[0 The disclosure provides an implantable device or system according 1o the disclosure
vomprising at least one nevral interfacing slement, such as a transducer, preferably an

alectrode, suttable for placement on, i, or around an eye-related sympathetic nerve, and a

Vg
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signal penerator for generating a signal o be applied to the eve-related sympathetic nerve via
the at least one neural interfacing element such that the signal reversibly modulates {e.g.
stimulates} the neural activity of the eve-related sympathetic nerve to produce a change,
preferably an improvement, i1 one oy more physiological parameters in the subject. The
physiclogical parameters may be one or more of the group consisting of the level of an
angiogenic growth factor in the eve, neovascukarization (e g retinal neovascularization),
ooelar blood flow, blood pressure, blood oxygenation, the extent of vision impairment, the
level of an imnume response modulator (e.g a oytokine) in the eve, the extent of blood vessel
leakage i the eve, the extent of macular edema, the presence of retingl exudates, the presence
of capillary microaneurysms, the presence of hemorrhages. the extent of retinal cell death, the
extent of capillary basement mentbrane thickening, the level of an oxidative stress marker,

and the level of & peroxynitrite marker,

T The disclosure also provides a method of tregting an eve disorder in a subject,
comprising: {1} implanting in the subjeet a device or svstem of the disclosure; (i) positioning
a neural interfacing slement of the device or system in signaling contact with an eye-related

svinpathetic nerve in the subject; and optionally (i) activating the device or system.

o121 Sinularly, the disclosure provides a method of reversibly modulating (e g
stimulating ) neural activity in an eye-relgted syimpathetic nerve in a subject, comprising: {1)
implapting in the subject a device or systent of the disclosare; (11} positioning a negral
interfacing element in signaling contact with an eve-velated sympathetic nerve in the subject;

and optionally (1) activating the device or system.

{0131 The disclosure also provides s method of implanting a device or a system of the
disclosure in a subject, comprising: positioning a newral mierfacing element of the device or

sysiem m signahing confact with an eve-related sympathetic nerve in the subject.

{114} The disclosure also provides a device or a system of the disclosure, wherein the

device or system is attached 1o an eve-related svmpathetic nerve,

{0015} The disclosure also provides the use of g device or system for treating an eye
disordery in a sabject, by reversibly modulating {(e.g. stimulating) the neural activity in an eve-

related symipathetic nerve in the subject.
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[l The disclosure also provides a charged particle for use v a method of treating an
eye disorder, wheremn the charged particle causes reversible depolanzation of the nerve
membrane of an sye-related synypathetic perve, such that an action potential is penerated de

aove-in the modified nerve.

{017 The disclosure also provides a modified eyve-related syrapathetic nerve 1o which a
newpl imterfacing element of the systenm or device of the disclosure is attached. The neural
ingerfacing element is in signaling contact with the eve-related sympathetic nerve and so the
sye-related svmpathetic nerve can be distinguished from the eve-related sympathetic nerve in
Hs natural state. Furthermore, the nerve 1s located in a subject who suffers from, or is at nisk

of, an eve disarder.

[0018] The disclosure also provides a moditied eve-related sympathetic nerve, wherein
neural activity s reversibly modulated {e.g. stimulated) by applying a signal to the eve-

refated sympathetic nerve,

G619 The disclosure also provides s modified eve-relaied symipathetic nerve, wherein the
aerve membrane is reversibly depolarized by an electrie field, such that an action potential is

zenerated de rove in the modified eye-related sympathetic nerve,

{28 The disclosure also provides a modified eve-related sympathetic nerve bounded by a
uerve membrane, comprising a distribetion of potassium and sodium jons movable across the
nerve menmbrane to alter the electrical membrane potential of the nerve so as o propagate an
action potential along the nerve in 3 normal state; wherein at least a portion of the eye-related
sympathetic nerve 1s sabject {o the application of a temporary external electrical field which
modifies the concentration of potasstom and sodnam wons within the nerve, cansing
depolanzation of the nerve membrane, thereby, in a disrupted state, temporarily generating an
action potemtial e nove across that portion; wheram the nerve returns o is normad state once

the external elecirical field is removed.

j21  The disclosure slso provides a modifisd eve-related sympathetic nerve obtamable by

reversibly modulating (e g stinulating) newral activity of the eve-related sympathetic nerve

according to 3 method of the disclosure,
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221 The disclosure aleo provides a method of modifving an eve-related sympathetic
nerve’s activity, comprising a step of applying a signal to the eve-related sympathetic nerve
in order 1o reversibly modulate {(e.g. stimulate) the neural activity of the eye-related
sympathetic nerve in a subject. Preferably the method does not fnvelve a method for
wreatiment of the human or animal body by surgery. The subject already carries a device or

system of the disclosure which is in signaling comtact with the eve-related sympathetic nerve.

{8231 The disclosure also provides a2 method of controlling a device or system of the
discelosure which is in signaling contact with the eve-related sympathetic nerve, comprising a
step of sending control mstractions to the device or system, iy response to which the device

or systemn applies a signal fo the eve-relaied sympathetic nerve,

{0824 The disclosure also provides a computer svstem unplemented method, wherem the
method comprises applving a aignal to an eve-related sympathetic nerve via at least one
neural terfacing element, preferably an electrode, such that the signal reversibly modulates
the nenral activity of the eve-related sympathetic nerve 1o produce a change in a
physiclogical parameter in the subject, wherein the at least one neural interficing element is
suitable for placement on, in, or around an eve-related sympathetic nerve, wherein the
physiclogical parameter i1s one or more of the group consisting oft the level of an angiogenic
growth factor in the eve, neovascularization {e.g. retinal neovasculanization), ocular blood
flow, blood pressure, blood oxygenation, the extent of vision impatrmend, the level of an
e response modalator (e.g. a cytokiney in the eve, the extent of blood vessel feakage in
the eye, the extent of macular edenia, the presence of retingl exudates, the presence of
capillary nucroanewrysns, the presence of hemorrhages, the extent of retinal cell death, the
axtent of capillary basement membrane thickening, the level of an oxidative stress marker,

and the level of a peroxynitrite marker.

BRIEF DESCRIPTION OF THE DREAWINGS
{028 Figure 1 is » diagram of the sympathetic and parasympathetic tnpervation of the eve
and lacrimal glands, adapted from [reference %) Sympathetic fibers (S) arise from the

supertor cervical ganglion (SCGY and travel along the mternal carotid artery {1C), then

{1 Dnammond ef ¢, Brain, 1992; 113y 1429-1445,
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{shown as a dotted line) project to the frontal artertes (FA) and sweat glands {(SGY.
Parasympathetic fibers {(PS), originating in the superior salivatory nuclens (SSN), traverse the
facial nerve (CrN7) and the greater superficial petrosal nerve (GSP) 1o join the vidian nerve
{VN)and synapse in the sphenopalatine ganglion (SPG); postpanglionic fibers then loop back
as orbital rami (OR} 1o the cavernous sinus and intemal caronid artery where they forma
retro-orhital plexus with sympathetic and trigeminal fibers, before advancing (o supply the
lacrimal glands (LG} and cutaneous circulation of the forchead. Also shown is the external

carotid artery (EC) and the frst division of the trigenunsl nevve (V1)

{26]  Figure 2 shows photographs of ICN transection i a rat. Figure 2A shows &
photograph of the surgical procedure showing transection of the left ION. Figuve 2B shows

ptosis of the ipsilateral evelid observed 24 howrs after surgery.

fO87]  Figwre 3 shows TNF-u protein levels in the reting 6 weeks after unilateral ION

transection, as messured by ELISA (= 5 rats). Error bars represent 5D,

[B02R]  Figwre 4 s a block diagraw iHlustrating clements of a system for performing
electrical modulgtion in an eve-related sympathetic nerve (e g. the TUN) according to the

present disclosure,

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
An eye-related sympathetic nerve

{31291 The autonomic nervous svstem influences numerous ocular functions [reference ¥|,
weluding papil diameter and ocular acconunodation, ooalar blood flow, and intra~ocudar
pressure. Sympathetic imnervation of the eye arises from preganglionic peurons located i the
{8-T2 sepments of the spinal cord, a region texmed the cthospinal center of Budge {and
Waller), The axons of these preganglionic neurons project {0 the sympathetic chain ganglia
and travel in the sympathetic trank to the supernior cervical ganglion where they contact post
ganghiomc neurons. The mygjority of the posiganghonic axons leave the superior cervical
zanglion through either the external carotid nerve or the internal carotid nerve (ICN). The

ICN travels along the internal carotid artery, then projects to the frontal arteries and sweat

1¥] MeDougal and Gambin, 2015, Compr Physiol; S(11430-473.

- -
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glands. The ION is the eye’s only source of sympathetic innervation {reference 7, see Figare

11,

{80306] The superior carvical ganglion lies on the transverse processes of the second and
third cervical vertebrae and iz posatbly formed from fowr fused ganglia. The mnternal carotid

avtery within the cavotid sheath s anterior, and longus capitis muscle is posterior. The lower

upper end connects with the ION {raference ™

HHIZE]  PostgangHonic branches of the superior cervical ganghion are distributed i the ICN,
which ascends with the internal carotid artery nto the cavotid canal to enter the cranial cavity,

and in lateral, medial and antesior branches {references 8.%].

{O032]  The supenior cervical ganglion 18 8 cousistent structure; uman cadavene studies
show that it car be detected iny every specimen on both sides [references ? ¥ 132 B (e
study shovs that the conumon carotid artery bifurcation 15 a good landmark for localizing the
superior cervical ganglion for anaesthetic block [reference Y. The data show that the average
distance from the inferior pole of the superior cervical ganglion to the commen carotid arlery

hifurcation is 4.1 mm {female) and 2.9 num (male}.

B33 Parasympathetic fibers, originating in the saperior salivatory nucleus, traverse the
facial nerve (CrN7) and the greater superficial peirosal nerve lo join the vidian nerve and
svnapse in the sphenopalatine ganglion; postganghonic fibers then loop back as orbital rami
to the cavernous sinus and internal carotid artery where they form a retro-orbital plexus with
sympathetic and trigeminal {ibers, before advancing o supply the lacrimal glands and

citaneous crculation of the forchead.

{71 Smiith et o, Jowmal of Comparative Meawrology: 100 301:406.500.

¥ Gray s Asarong 31 ed.

7] Sditseoka, K, T Biketand, and L Sate, Morpholopios] eelatfondip between the supetior pervios] ganglion

and corvieal nerves in Japancse cadaver donors, Breain Behav, 2007 %2y p. o069

{9 Wisee, L1, ef of, A heat map of superior cervical ganglion location relative to the conumon carotid artery
hifareation. Anesth Analy, 30120 11402): p. 462-5.

1Y Parbiogulian, 2., e wf., A morphometric anabysis of the superior cervical ganghion and is surrounding

structures. Surg Ruediol Anaf, 2016, 38(3% p. 299.302,

P Yin 7., ef o, Newrosnatony ared clinical analysis of the cervical synipathotic tronk and longus colli, 3
Proswed Res, 2015, 2906): p. 3817,

{91 Savlam, CY ., of of, Nevroanatomy of cervieal sympathetio trunke 2 cadavenio smdy. Clin Anat, 2008,

223y p. 324-30,
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34 Parasympathetic mnervation of the eve also originates from newrons i the Edinger-
Westphal preganglionic (EWpg) cell group, the awtonomic sahdivision of the third cranial
nerve nucleus, which lies i the rostral mesencephalon. The newons in EWpg project by way

of the ceulomotor (111 netve to postganglionic cells 1o the ciliavy gaoghion.

{80351 Targets of sympathetic bmervation of the eve inchude blood vessels (g choroidal
hlood vessels, iris blood vessels, viliary body blood vessels, episcleral blood vessels). The
nearal activity of an eve-related sympathetic ngrve is naturally associated with the regulation
of vascular remodeling in the eve, e.g aliering strocture and arrangement in blood vessels
through cell growth, cell death, cell migration andior production or degradation of the
extracetlulay matrix. A potential mechmusim for the vascular remodeling roay be alterations in

the regulation of angiogenic growth factors, e.g. VEGF and PEDF.

[8638]  Thus, by modulating newral activity i an eve-telated svimpathetic nerve, it is
possible to decrease the level of pro-inflanunstory eytokines i the eye, thereby assisting in
pregling eve condiions, such as ovular necvascolar disesses. For exammple, stimulation of the
neural activity of an eye-related svinpathetic nerve can cause a decrease in the level of a pro-
wflammatory ovtokineg {e.g. TNF-u} in the retina, and this could be an effective strategy for

treating diabetic retinopathy (DR).

{8837 The disclosure can modulate activily at any site along an eye~-related sympathetic
nerve, For example, the sie may be at the cervical portion of the sympathetic trunk, e.g. at
the superior cervical ganglion. The site mav be at a postganglhionic sympathetic nerve
projecting from the superior cervical ganglion toward the eve, such as the ICN. Altermatively,
the site may be at a preganglionic eve-related sympathetic nerve in the cervical sympathetic

frunk.

{HIAR]  Preferably, the eye-related syrpathenc serve is modulated at the ION, The
disclosure may wmodulate at any site along the ION. For example, the site 1y in the neck, and
¢.g. the signal is applied at the ION in the neck. For example, the site is beneath andfor
adjacent o the hypoglossal nerve m the neck. Preferably, the site 1s amenable for electrodes

attachment.



WO 2019/023640 PCT/US2018/044190

9] The eve-related sympathetic nerve may be modulated at the superior cervical
ganglion. Newronal subpopulations exist in specific regions of the superior cervical ganghion,
For examyple, the cell bodies of neurons whose axons project out the ICN are located

14 1Y

primarily in the rostral part of the superior cervical ganglion [references ¥ % The disclosere
preferably modulates these cell bodies. The disclosure preferably modulates the rostral pant of

the superior cervical ganghion.

{id]  Thus, the disclosure may mnvolve applying a sipnal to an eye-related sympathetic
nerve, ¢.g. the superior cervical ganglion or the cervical portion of the sympathetic trank,
such that all the nerve fibers within the nerve are modulated. Alternatively, the disclosare
may involve applying & signal 10 an eve-related syropatbetic nerve, e.g superior cervical
ganglion or the cervical portion of the sympathetic trunk, such that only a portion (e.g. spatial
sefectiony of the nerve fibers andfor cell bodiss within the nerve are modulated; The
disclosure may additionally mnvolve a step of selecting eve-related sympathetic nerve fibars
prior to applying a signal. Methods of selective modulation of nerve fibers within a nerve are

Wy

known in the art {e.g. see [references 78],

{41 Where the disclosure refers o 8 modified eve-related sympathetic nerve, this nerve

is ideally present im situ in a subject.

Modulation of neural activity

{8842 According io the disclosare, applving a signal {e.g. anelectrical signal) to an eye-
related sympathetic nerve results in neural activity in at least part of the nerve being
modulated. Modulation of neural activity, as used herein, is {aken {0 mean that the signaling
activity of the nerve is altered from the baseline neural activity - that i3, the signaling activity
of the nerve in the sabject prior to any intervention. Such modulation may stimulate or
otherwise change the neural activity compared to basehing activity. As used herein, "neural
activity” of a nerve means the signaling activity of the nerve, for example the amplitude,
frequency andfor pattem of action potentials i the nerve. The term “patiern™, as used herein

it the context of action potentials i the nerve, 18 intended to include one or more of local

{14 Li und Hom {2006} J, Neurophysiod 95:187-1935,

%] Bowers and Zigmond (1979) 185; 381-392.

6 Accorner &7 o, I Physiol, {1977y, 3730 339-561,

{71 Avres of ol J Newrophysiol. 116 3160 {2016y

P8 Bruns e af. (20151 Nowology and Urodynamies 300371

-0
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field potential(s), compound action potential(s), ageregate action potential{s), and also

magnitudes, frequencies, areas under the curve and other patterns of sction potentials in the

nerve or sub-groups (e.g. fascicules) of neurons theren.

j8643]  Oneadvantage of the discloswre 18 that wodulation st newral activily iy reversible.
Hence, the modolation of neural activity 18 not permanent. For example, upon cessation of the
application of a signal, newral activity i the nerve returns substantiadly towards baseling
neural acvity within 1-60 seconds, or within {-6¢ minutes, or within 1-24 hours {e.g. within
1-12 hours, 1-6 hours, 1-4 hours, 1-2 howursy, or within 1-7 days {e.g 1-4 days, 1-2 davs). In
some instances of reversible modalation, the neural activily returns sebstantially fully to
baseline neural activity, That is, the neural activity following cessation of the apphication of a
signal 15 substantially the same as the nearal activity prior o a signal being apphied. Hence,
the nerve or the porbon of {he nerve bas regained #s normal physiological capacity

propagaie action potentials,

{1 other embodiments, moedulation of the neural activity may be substantially
persistent. Asused herein, “persistent’ 1z taken to mean that the modulated neural activity has
a protonged effect. For example, upon cessation of the application of a signal, neural activity
in the nerve remains substantially the same as when the signal was being applied ~ f.e. the
neural activity during and following signal apphication is substantially the same. Reversible

mudutation s preferred.

{08458]  According to the disclosure, stimudation refers 1o newral activity in at least part of an
eve~related sympathetic nerve bemg inoreased compared 1o baseline nearal achivity o that
part of the nerve ~ that is, the signaling activity of the nerve i the subject prior to any
iniervention. This increase in activity can be across the whole nerve, in which case neunral

activity 1s increased across the whole nerve.

fide]  Sumulation typically mvolves increasing neural activity ¢ g generating action
potentials beyond the point of the stimulation in at least a part of the eve-related sympathetic
nerve, Al any point aloag the axon, a functioning nerve will have a distribution of potassium
and sodivm jons across the nerve membrane. The distnibution at one point along the axon
determines the electrical membrane potential of the axon at that pomt, which i tum

influences the distribution of potassium and sodium ions at an adjacent point, which in turn
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determines the electrical membrane potential of the axon at that point, and soon. This s a
nerve operating m #s normal state, wherein asction potentials propagate from point to adjacent

point along the axon, and which can be observed using conventional experimentation.

j8847  One way of characterizing a stimulation of neural activity 15 8 distribwiion of
potassium and sodiant ions 81 one or wore points in the axon, which s created not by virtue
of the electrical membrane potential at adjzcent a point or ponts of the nerve as a resultof a
propagating action potential, but by virtue of the application of a temaporary exteral electrical
field. The temporary external electrical field argficially modifies the distribution of
potassium and sodinm ons within a point in the nerve, causing depolanzation of the perve
memhrane that would not otherwise occur. The depolarization of the nerve membrane caused
by the temporary external electrical field generates de nove action potential across that point.
This is g perve operaling 1w a discupted state, which can be obsereed by a distribution of
potassium and sodinm tons at g pott I the axen (the point which has been stimulated) that
has an electrical membrane potential that is not influenced or determined by a the electrical

mentbrane potential of an adjacent point.

{48 Stimudation of nearal activity is thuy wndersiood {6 be increasing neural achivity
from continuing past the point of signal applicaton. Thus, the nerve at the point of signal
application is modified in that the nerve membrane i3 reversibly depolarized by an electnic
fizld, such that a e nrovo action polential i3 geperated and propagates through the modified
nerve. Hence, the nerve at the pomt of sigoal application 1 wodified in that a de nove action

potential is generated.

{491 When an electnical signal is ased with the disclosure, the stimulation is based on the
influsnce of electrical currents {e.g: charped particles, which may be one or more electrons in
an alectrode attached to the nerve, or one or more ions outside the nerve or within the nerve,

for instance) on the distribution of tons across the nerve membrane.

[B038  Stimulation of the neural sctivity may be partial stinndation. Partial stmulation may
be such that the total signaling activity of the whole nerve is partially increased, or that the
total signating activity of a subset of nerve fibers of the nerve is fully increased (¢, there is
no nearal activity 1o that subset of fibers of the nerve), or that the total signaling of a subset of

nerve fibers of the nerve is partially increased compared to baseline peural activity 1o that

- 11 -
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subset of fibets of the nerve. For example, an mcrease in newral activity of 5%, 1%, 153%,
20%%, 25%, 30%, 35%, 409, 453%, S0%, 60%, 0%, RO%, 20% or 95%, or an increase of
neural activily in a subset of nerve fibers of the nerve. The neural activily may be measured
by methods known in the art, for example, by the number of sction potentials which
propagate through the sxon sgnddor the amplitude of the local feld potential reflecting the

sunwned activity of the action potentials.

{I31F  The disclosure may selectively stimnulate nerve fibers of various sizes withina
aerve. Larger nerve fibers fend o have a lower threshold for stimulation than smaller nerve
fibers. Thus, for example, moreasing signal amphitade (e g, increasing amplitude of an
electric signal) may generate stipnlation of the smaller fibers #s well as lareer fibers, For
example, asymmetrical {{riangular instead of square pulse) waveforms may be used stimulate

C-fibers (unmyelinated).

{053 Modulation of neural sctivity may be an alteration in the patterst of action potentials,
v will be apprecisted that the pattern of action potentials can be modulated withowt
necessarily changing the overall frequency or amplitude. For example, nodulation of neural
activity may be such that the pattern of action potentials 1s aliered to more closely resemble a

healihy state rather than a disease state.

0S¥ Modulation of neural activity may comprise altering the neural activity in various
other wavs, {or example increasing or decreasing a particular part of the neural activity andfor
stimolating pew elements of activity, for example: in particulay intervals of time, in particulay

frequency bands, according to particular pattenss and so forth.

{0684]  Modulation of neural activity may be {at least partially) corrective. As used beren,
“corrective” is taken 1o mean that the modulated neyral activity alters the neural activity
towards the pattern of neural setivity in g healthy sobject, and this is called axonal
modalation therapy. That 1s, upon cessation of signal application, neural activity in the nerve
more closely resembles (ideally, substantially fully resembles) the pattern of action potentials
in the nerve observed in a healthy subject than prior to signal application, Such corrective
modiiation can be any modulation as defined herein. For example, application of a signal
may vesull in an increase on neural activity, and upon cessation of sigoal application the

patiern of action potentials in the nerve resembles the pattern of action potentials observed in

- 12 =
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a healthy subject. By way of further example, application of the signal may result in neorgd
activity resemibling the pattern of action potentials observed in a healthy subject and, upon
cessation of the signal, the patfern of action potentials in the nerve remains the pattern of

action polentials observed i a healthy subject.

Eye divordery
ISR The disclosure Iy wieful m weating aneve disorder. For example, the disclosure is
useful in slowing, stopping or reversing progression of an eye disorder, such as an oculay

neovascular disease.

[o086]  The disclosure is particularly useful fir treating eye disorders that are associated
with ocular neovascularization, such as retinal neovasculanzation. For example, the
disclosure 13 usefu! for an eve disorder that 1s caused by or associated with the growth of
blood vessels and/or blood vessel leakage 1o the eve. The disclosure may also be usefid for
fregling eve disorders that have an inbalance of anglogenic growth {actors compared to the

physiolopical homeostatic state.

{8871 The disclosure may also be usefid for treating an ocular neovascular disease caused
by mjury to the eve, ez by applving a signal {e.g. an electrical signal) to modulate (e g
stimuilate) the neural activity of an eye-related sympathetic nerve. For example, the eve injury
may be 3 retinal injury, a comeal injury or conjunctival injury. The eye injury may be caused
by trmama, e.g. sorgical injories, chemical born, corneal transplant, nfectious or

inflammatory diseases.

{BOS8]  The disclosure s particularly useful for treating diabetic retinopathy (DR), eg. by
applyving s sgnal {e.g. an electrical signal) to modulsie {e.g stimulate) the neural activity of
an eve-refated svmpathetic nerve. DR s defined as the progressive dysfimetion of the retinad
vasculature caused by chronic hyperglveenma. Symptoms of DR include microaneurysms,
retinal hemorrhages, retinal Iipid exudates, cotton-wool spots, capillary nonperfusion,
macular edema, ngovascularization, incresse in TNF-g lavels and ncreased retinal capillary
basement wenibrane thickness. Associated symptoms include vilreons hemorrhage, retinal

detachment, neovascular glaucoma, premature cataract and cramal nerve palsies.

]
Frrey
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89T DR may progress through four stages: mild nonproliferative retinopathy, moderate
nonproliferative retinopathy, severe nonproliferative retinopathy and proliferative diabetic
retinopathy [reference ™. Mild nonproliferative retinopathy mav be characterized by the
presence of at least one microanenrysm. Moderate nonproliferative retinopathy may be
chargeterized by multiple microaneurysms, dot-and-hlot hemonhages, venous beading,
andior cotion woot spots. A diagnosis for severs nonprofiferative retmopathy s made i the
patient has any of the following: diffused intraretinal hesmorthages and mucrcaneurysms i 4
quadrants, venous beading in 22 quadrants, or ntrarctioal wicrovascalar abooraalities in 21
quadrant. Proliferative dinbetic retinopathy may be characterized by retinal
nenvascularization, frtbravasenlar proliferation in the reting and vitreous fluid, vitreous
hemorrhages, retinal detachment, neovascular glavcoma, severe viston foss and blindness.
The disclosure may be useful in slowing, stopping or reversing the progression of DR, andfor

any of the symptoms of DR,

{idiedl]  Diabetic macular edema (DME) is the most prevalent cause of moderate vision loss
i subjects with disbetes and 1s a common complication of DR, a disease affecting the blood
vessels of the retina. Chinically significant DME ocours when fluid leaks into the conter of the
maculs, the Hght-sensitive part of the reting résponsible for sharp, direct viston. Fluid in the
macula can causg severe vision loss or blindness. The disclosure may also he useful for
treating DME, ez by applving a signal (e 2. an electrical signal) 1o modulate {e g stimulate)

the neural activity of an eye-related sympathetic nerve.

{861} The disclosure may also be useful for treating central retinal vemn occlusion
(CRVQOY, ez by applyving a signal (e g. an electrical signal) to modulate (e.g stinwilate) the
neural activity of an eye-related sympathetic nerve. CRVQ 13 cansed by obatruction of the
central retinal vein that feads to a back-up of blood and fluid in the retina. The reting can also
begome ischemic, resulting in the growth of new, nappropriate blood vessels that can cause

forther vision foss and more sertons complications.

{80821 A subject of the disclosore may, inaddiiion 1o having an inplant, recetve medicing
for thelr eye condition. For nstance, & subject having an implant sccording to the disclosure

may recetve ant anti-VEGE agent, e g an anti-VEGE antibody such gs ranibizumab (which

%1 hitpstiinel aib.govhealy disbetic/retinoputhy,
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will usually continue medication which was cccurring before receiving the implant). Thas the
disclosure provides the use of these medicines i combination with a device or system of the

disclosure.

j8883] A subject suntable for the diselosure may be any age, but will nyaally be ot least 10,

20, 30, 40, 80, 83,60, 65, T, 78, B0 or 83 vears of age.

Physielogical parameters

jied]  Treatment of an eye disorder can be assessed i variows ways, bt typically involves
detervunmng an ynprovement in one or more physiological parameters of the subject. As used
heremn, an “improvement in a determined physiological parsmeter” is taken to mean that, for
any given physiclogical parameter, an improvement is a change m the value of that parameter
in the subject towards the normal valae or normal range for that valug - L& towards the

expected vahue in a healthy subject.

{0681 As used herein, worseming of @ determined physiological parameter is taken fo mean
that, for any given physiological parameter, worsening is a change m the value of that
parameter in the subject away from the normal valae or pormal range for that value -7 e

away from the expected value 1 a healthy subject.

fof66]  Useful physiological parameters of the disclosare may be one or move of the group
consisting of the level of an angiogenic growih factor in the eve, neovascularization {e.g.
retinal neovascularization), ocular blood flow, bood pressure, blood oxygenation, the extent
of vision impairment, the level of an inunune response modulator {eg a cytokine} in the eye,
the extent of blood vessel leakage in the eye, the extent of macular edema, the presence of
retinal exudates, the presence of vapillary microaneurvsms, the presence of hemmrhages, the
extent of retinal cell death, the extent of capillary basement membrane thickening, the level

of an oxidative stress marker, and the level of a peroxymitnite marker.

[B067]  For example, a subject having an eye disorder associated with retinal ocular
nepvascularization, such as DR, an improvement in a physiological parameter may
{depending on which abnovmal values a subject is exhibiting} be one or more of the group
coisisting of g decrease inihe level of a pro-mflanmmatory oyiokine {e.g TNF) 1 the ove,

g decrease m retinal neovascularization, a decvegse in retinal exudates, g decrease 1o capillary

'
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microaneurysns, 8 decrease in hemorrhages, a decrease i macalar edemn, 4 decrease
retinal cell death, a decrease i capillary basement membrane thickening, 8 decrease m the
level of an oxidative stress marker, a decrease i the level of a peroxynitrite marker, an
increase in blood oxygenstion, and an mmprovement in viston. The disclosure ruight not lead

t0 g change in all of these physiologics! parameters,

{0681 Soitable methods for deternuning the value for one or more physiological parameter
will be appraciated by the skilled person. By wav of exanple, central vision may be assessed
by the Amsler Grid test. Retinal imaging is a typical way for identifving changes in the retina
and macula. Commonly used retinal imaging techunigues are color fundus photography,
fluorescein angiography (FA), indocyanine greem angrography (1CGA), optical coherence
tomography (OC T}, and fundus autofluorescence {FAF), For example, retinal imaging
fechniques can dentify whether the macula 1 thickened or abnormal, and whether gny fhad
has leaked into the reting. Typically, diagoosis of DR is by funduscopy. Color fundus
photography helps grade the level of retinopathy. Fluorescein angiopraphy is used ©©
determine the extent of retinopathy, o develop 8 ireatment plan, and to monitor the resulis of
treatment. Optical coherence tomography 1s also usefid to assess severity of macuolar edema

andd treatment responsg.

[B069]  The disclosure preferably ncreases the levels of anti-infammatory cyiokines i the
eve, andfor decreases the levely of pro-inflammatory ovtokines in the eve. Ways to measure
the levels of these oytokines are knowy in the art, For example, the protein levels of these
gytokines may be measured in a sumple from the subject, eg. in the agoneous bumor, with

ELISA.

Y Pro-inflammatory oviokines are known in the arl. Examples of these include tumor
necrosis factor (TINF also known as TNF-o or cachectin), intedesdkin (113-1q, 1L-15, IL-2,
{L-5, 1L-6, -8, 1L~15, IL-18, mterferon v (IFN-y), platelet-activating factor {PAF),
thromboxane, soluble adhesion molecules, vasnactive newropeptides, phospholipase A2,
plasminogen activator inhibitoyr (PAL-1}, free radical generation neopterin, CD4,
prostacyeling neutrophul elagtase, protemn kinase, monooyie chemotactic proteins | and 2
{(MCP-1, MCP-2), macrophage migration inhibitory factor (MIF}, high mobility group box
protein 1 {HMGB-1), and other known factors. Anti-inflammatory oytokines are also known

in the art. Examples of these inchade L4, H-10, TL~17 1L~13, IL~lo, and TNF-a receptor. It
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will be recognived that some of pro-inflammatory eviokines may act a3 anti-inflanunatory
cytokines in certain circumstances, and vice~versa. Such cytokines are tepically referred to as

platotropic cyiokings.

j8871]  The disclosure preferably reduoces the fevel of TNF- in the retina. For exanple,
applying a signal {eg an electrical signal} 1o stimolate an eve-related sympathetic nerve {eg

the IONY may cause reduction i the Jevel of TNF-ir,

{72 The disclosure preferably decresses the levels of pro-angiogenic growth factors,
such as vascular endothelial growth factor (VEGF), e g VEGF-A_ and/or increases the levels
of anti-angiogenic growth faciors, such as pigment epithehal-derived factor (PEDF}, PEDF s

M For example,

anti-angrogenic al low doses, but pro-angiogenic at high doses [reference
applving a signal {e.g. an elecirical signal) to modulate (e.g. stimulate) an eye-related

sympathetic nerve (e.g the JON) may cause these changes.

{6073 Oxidative stress markers and peroxyniirite markers, and methods of measuring the

My Y,

levels of these markers, are well known in the art {e.g. see references <5 =},

{0674 In certain embodiments of the disclosure, treatment of the condition 1s indicated by
an imoprovement in the profile of neural activity in the eve-relmed svmpathetic nerve. Thats,
treatment of the condition is indicated by the neural activity in the eye-related sympathetic

uerve approaching the neural activity 1 a healthy subgect.

7S] As osed herein, a physiological parameter is not affected by modulation of the
neutral activity of the eye-related sympathetic nerve if the parameter does not change (in
response o the eve-related sympathetic nerve activity modulation) from the normal valee or
normal range for that vahse of thet parameter exlubited by the subject or subject when no
imtervention has been performed Ze. 1t does not depart from the baseline value for that

parameter,

{76 Preferably, modulation of the newral activity of the eye-related sympathetic nerve

has nunimal ampact on pupil diameter. More preferably, modudation of the nearal activity of

0 RS Apbsedal, Hesstipative Ophibalnology 80 Visual Soicnoe, ol 45, pp. 44914397, 2004
N 1y g 4 : Py

{"j{E Blasiak evad, BioMed Reseavch demational {2014) 768026

B Chdou, (20013 1 Oenl, Phamseel. Ther (211 89-98,
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the eye-telated sympathetic nerve does not prodace a change in pupil diameter. Changes i
pupil diameter {e.g. the extent of pupil constriction} mav thus be a usefud indicator for
optimization of the parameters of the system or device of the disclosure, If pupil diameter i3

affected, the methods of the disclosure could be applied while the subject is asleep:

077 The skilled person will appreciate that the baseline for avy neural aciivity or
physiclogical parameter in an subject need not be a fixed or specific value, but rather can
fHuctuate within a normal range or mav be an average value with associated error and
confidence intervals. Suitable methods for determining baseline values are well known {o the

skitled person.

781 As ased herein, a physiological parameter is determinied 1y a subject whey the value
for that parameter exhibited by the subject at the time of detection is determined. A detector
{e.g. a physiological sensor subsystem, a physiological data processing module,

physiological sensor, efc.) is any element able to make such a determination.

{80791 Thus, in cortaim embodiments, the discloswre further comprises g step of determining
one or move physiological parameters of the subject, wherein the signal is applied ouly when
the determined physiclogical parameter meeats or excesds a predefined threshold value. In
such embodiments wherein more than one physiclogical parameter of the subject 15
determined, the signal may be appbied when avy one of the determined physiologicat
parameters meets or exceads ifs threshold value, alternatively only when all of the determined
physiclogical parameters meet or exceed their threshold values. In certain embodiments
wherein the signal 15 applied by 8 device or system of the disclosure, the device or sysiem
further comprises at least one detector configured to determine the one or more physiological

parameters of the subject.

{HIRE  In certain embodiments, the phvsiological parameter s an action potential or patlern
of action potentials i a nerve of the subject, wherein the action potential or pattern of action
potentials s associated with the condition that is to be treated. For example, the nerve is the
eve-related sympathetic nerve. In this embodiment, the pattern of action potentials

determined by the at least one detector may be associated with an eve disorder.
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O8] I will be appreciated that any two phesiological parameters may be determined in
parallel embodiments, the controller is coupled detect the patiern of gction potentials

tolerance in the subject.

J8883] A “predefined threshold value™ {or 8 physiological parameter is the minsmum {or
naximum} value for that parameter that must be exhibited by a subject or subject before the
spegitied intervention is applied, For gy given parameter, the threshold value may be
defined as a value indicative of a pathological state or 3 disease state (e.g. the bload
oxveenation level in the eye is greater than a threshold tevel, or greater than the bloed
oxygenation level in the eye of a healthy subject). The threshold value may be defined as a
value indicative of the ouset of a pathological state or a disease state, Thus, depending on the
predefined threshold value, the disclosure can be used as a teatment. Alternatively, the
threshold value may be defined as a valpe indicative of g physiologicad state of the subject
{that the subject i3, for example, gsleep, post-prandial, or exercising}). Appropriate values for
any given physiological parameter would be simply determined by the skilled person (for

axample, with reference to medical standards of practice).

[OO83]  Such a threshold value for a given physiological parameter is exceeded if the value
exhibited by the subject is bevond the threshold value ~ that s, the exhibited value s ¢
gregter departure from the normal or healthy value for that physiological parameter than the

predefined threshold value.

Awr implantable device ar systemt for implementing the disclesare

HHIR4L  An implantable svstem according to the disclosure comprises an implaniable device
{e.g. unplantable device 106 of Figure 4). The mplantable device comprises at {east one
sevral interfacing element sach as o transducer, preferably an electrode (¢ g electrode 108),
suitable for placement on, i, or around an eye-related sympathetic nerve. The implantable
system preferably also comprises a processor (e.g. nucroprocessor 113) coupled to the at least

one newral interfacing element.

{6085} The ut least one neural interfacing element may take many forms, and includes any
compaonent which, when used i an implantable device or system for implementing the
disclnsure, is capable of applying a stimulus or other signal that modulates electrical activity,

e.g., action potentials, in a nerve,
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[86]  The vavions components of the implantable system are preferably part of a single
physical device, either sharing a conumon housing or being a physically separated collection
of interconnected components connected by elecitical leads {e.g. leads 107}, Asan
alietnative, however, the disclosare may use a system wmowhich the components are physically
sepatate, and communicate wirelessly, Thus, for instance, the gt least one newmal interfacing
element (e electrode 108) and the implantable device (e g, implantable device 106) can be
part of 3 umitary device, or together may form an implantable system {e.g. implaniable system
116). In both cases, further components may also be present (o form a larger device or system

{e.g system 100},

Sautable forms of o modalating signal

JOORTE  The discloswre waes a signal appled via one or wore newral interfacing elements
{e.z. electrode 108) placed in signaling contact with an eve-related sympathetic nerve {e.g.

the HON}.

[RS8 Signals applied according to the disclosure are ideally non-destructive. As used
herewn, & "non-destroctive signal” i3 a signal that, when applied, does not irreversibly damage
the underlying neural signal conduction ability of the nerve. That is, application of a non-
destructive signal maintains the ability of the nerve (e g an eve-related sympathetic nerve) or
fibers thereot, or other perve fissug to which the signal 1s applied, to conduct action potentials
when application of the signal ceases, even if that conduction 18 in practice arbificially

stimalated as a result of applicstion of the non-destructive signal.

{HHIRSY  The signal will usually be an electrical signal, which may be, for example, a voltage
or current waveform. The af least one neural mierfacing element (e.g. electrode 108) of the

umplantable system (e g, implantable system 116} is configured to apply the electrical signals
to a nerve, or & part thereof. However, electrical signals are just one way of implementing the

disclosure, as is further discussed below.

{6090]  An electrical signal can take various forms, for example, a voltage or current. In
ceriain such embodiments the sigual applied comprises a direct currvent (DO, such as a
charge-balanced DC, or a charged-balance alternating curvent (AC)Y wavelform, or both a DC

and an AC waveform, A combination of charge balanced DC and AC 15 particularly useful,
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with the DC being applied for a short initia} period after which only AC is used [reference ™,
As used herein, “charpe-balanced” i relation to ¢ DC current is taken (o mean that the
posiive or pegative charge mntroduced into any svstem {e.g anerve) as a result of a DC
cwrrent bemg applied 1s balanced by the intvoduction of the opposite charge in order to
achieve overall {net) nentrahity, In other wouds, a charge-halance DC current inclodes a

cathedic pulse and 30 snodic pulse.

{91 In certain embodiments, the DC wavefornm or AC wavelorm may be a square,
sinusoidal, trianguelar, trapexoidal, guasitrapezodial or complex wavetorm. The DC waveform
may alternatively be g constant amphitude waveform. In certamn embodiments the elecinieal
signal is an AC sinusoidal waveform, In other erobodiments, wavelorm comprise one o more

palse trains, each comprising a plurality of charge-balanced biphasic pulses.

{08921  The signal may be applied i basts. The range oF burst dorations may be from
seconds 1o hours; applied contimuously ina duty oyeled manner from G.01% o 100%, with a
predeiermined thme imterval between bursis. The electiie signal may be applied as step change
or as @ ramp change in currard o intensity, Particular signal parameters for modulating {e.g.

stinnslating) an eve-related sympathetic nerve are further deseribed below.

fn3l  Modulation of the newral sctivity of the eve-related sympathetic nerve can be
achieved using electrical signals which serve to replicate the normal newral activity of the

nerve,

{0894} With reference again to Figure 4, the implantable system 116 comprises an
implantable device 106 which mav comprise a signal generator 117 (not shown); for
example, a pulse generator. When the implantable device comprises a pulse generator, the
implantable device 106 may be referred to as an implantable pulse generator. The signal
generator 117 may also be a voltage or current source. The signal generator 117 may be pre-
progranmmed o deliver one or more pre-defined wavefonms with signal parameters falling
within the range given below. Alternatively, the signal generator 117 nay be convrolliable to
adjust one or more of the signal parameters described further below, Control may be open

loop, wherem the operator of the tmplantable device 106 may configure the signal generator

'] Franke #f of. J. Neural Eng, 2014; 11{SR036012.
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using an external controller (e.g. controller 101), or control may be closed loop, wherein
signal generator modifies the signal parameters in response to one or more physiological

parameters of the subject, as 15 Rurther described below.

Signal parameters for modulating neural activity

{958 In all of the above examyples, the signal generator 117 may be configured to deliver
an electrical signal for modulating {e.g. stinndating) an eve-related sympathetic nerve (e g

the ICN). In the present application, the signal generator 117 s configured to apply an

electrical signal with certain signal paraneters o modulate {e.g. stimulate) neural activity in
an eve-related sympathetic nerve {e.g the ICN}. Stgnal parameters for modulating (e g
stimalating} the eve-related svmpathetic nerve, which are described herein, may inchude

waveform, amphitude and frequency.

[o096]  In certain embodiments for stimulating newal sclivity i an eye-related synipathetic
nerve, the electrical signal has a frequency of 1 Hz to 50 Ha. Whilst frequencies of between }
Hx and 30 Hz are possible, frequencies between 1 Hz and 30 Hz are expected to be more
viable and frequencies between 1 He and 20 Hz move viable still. Frequencies of 1 Hz, 5 Hz

and particularly 10 Hz are preferred, though any frequency within the range may be chosen.

[0097]  The signal generator 117 may be configured to deliver one or more pulse tramns at
mtervals according to the above-mentioned frequencies. For example, a frequency of 1 to 50
Hz results in a pulse interval between 1 palse per second and 5 pulses per second, withina
ziven pulse train. The range of pulse widths may be from 0.61 to 2 ms (including, f
applicable, both positive and negative phases of the pulse, i the case of a charge-balanced
hiphasic pulse). The range of pulse amplitudes may be from 0.01 to 10 mA peak-to-peak. For
stimulating neoral activity, advantages have noted in respect of pulses of shorter pulse widths
and fower amplitudes. In particular pulse widihs between 0.2 ms and 0.5 ms and pulse
amplitudes between (.35 mA and (.60 mA are preferred, though wavelorms with pulse
widths between 30 ps and 1 ms and pulse amplitudes betwesn (1.20 mA and 0.65 mA are also

advantageous.

{0981 In certain embodiments for stimudating newral activity in an eve-related sympathetic
nerve, the electrical signal has a current between (1.1 o 5 mA, preferably between 0.35 ma

and 1 m4, preferably between 0.60 mA and (1.65 mA. It will be appreciated by the skilled

S22
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person that the current amphiude of an applied electrical signal necessary to achisve the
intended modulation of the nearal activity will depend upon the positioning of the electrode
and the associated electrophysiological characteristics {e.g. tmpedance}. It is within the
ability of the skilled person 1o determine the appropriaie current amphitude for achieving the

intended modulation of the neural activity in a given subject.,

» Elecrrades

j0699]  As mentioned above, the implantable systern comprises at least one newral
mterfacing element, the neural interfacing element is preferably an electrode 108, The neural
interface is configured to at least partially and preferably fully circumvent the eve-related
sympathetic nerve. The geometry of the neural imterface is defined in part by the anatonmy of
the eve-related sympathetic nerve. In particular, the geometry may be limited by the length of
the eve-related sympathetic nerve andéor by the dismeter of the eye-related svimpathetic
nerve. For example, the dimensions of the ganglia useful with the disclosure are shown m

Table 1.
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Mean M. Max.
{mm} {mm) {num}
Superionr corvical gavghion Length Vo262 131 45.7
Width 81x54 8 17.6
Single middie corvical Length §9x54 30 EENY
ganglion Width S1e21 29 9.6
nferior cervical! Length 1132496 51 23
cervicothoracic ganglion Width §2&30 38 156

Table 1. Measurements of the superior cervical ganglion, single middle cervical ganghon
and the inferior cervicalicervicothoracic ganglion freference 24,

[B0180]  In some embodiments (for exanmple, Figure 4), electrode 108 may be coupled to
implantable device 106 of smplantable svstem 116 via electrical leads 107, Alternatively,
implantable device 106 mav be directly integrated with the electrode 108 without leads. In
@iny case, implantsble device 106 mayv comprise DC current blocking outpat cireuits,
optionally based on capaciiors andéor nductors, on all culpnt channels {e.g. outputs to the
electrode 108, or physiological sensor 111). Electrode 108 may be shaped as one of a
rectangle, an oval, an ellipsoid, a vod, a straight wire, a curved ware, a helically wound wire, s
barh, g hook, or a cuff. In addition o electrode 108 which, in use, i3 located on, in, or negr an
eve-related sympathetic nerve {e.g, the ICN), thers may also be a larger indifferent elecirode

placed 119 {not shown) i the adjacent tissue.

{081811  Preferably, electrode 108 may contain at least two electrically conductive exposed
gontacts 109 configured, in use, to be placed on, in, or negr an eye-refated sympathetic nerve
to inpervate the eve. Exposed contacts 109 may be positioned, in use, transversely along the
axis of an eve-related sympathetic perve. In this confimusation, the distance batween sach of
the at least two exposed contacts may be between about 0.5 mm and about 3 mm, optionally
between aboui 1 mm and 3 mm, optionally hetween about | vam and 2 mam. Each of the at
least two sxposed contacts 109 may have a surflice area in contact with an eve-related

sympathetic nerve which is equal 1o that of the other. The surface area may range between

[} Saylam o of. Clinlcal Qnatomy, 23:324-330,
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aboat 0.1 non? and abont 100 mn?, optonally between aboui 1 mm® to 56 oun?, optionally

between about 1 mm? to 20 nun’, optionally about 5 mm® to 10 mm?,

{80182} A particularly preferred form of electrode 108 for use m the present disclosure is
an electrode arvay. Electrode arrays are capable of stimulating the nerve in a spatially

selective manner, as is known (see, e.g. [references 16, 17, 181}

[80183]  The electrode arrays may be of the penetrating ov non-penelrating type. A suitable
electrode array may be an ICS-96 MultiPort plangr array from Blackrock Microsysiems, One
passible configuration has Y0 channels: 4x 10 and $x 140 split planar arrays, with

approximately 2000 muw’ sarface area, 1 mnrshaft length, and 0.4 i interelecirode spacing.

] BExposed contacts 109 may be madated by a nov-conductive biocompatible

material, which may be spaced transversely along the eye-related svinpathetic nerve in use,

Other suitable forms of newral interfacing elerment wnd signal

{00185]  The signal may comprise an electromagoetic signal, such as an optical sigeal.
Optical signals can conveniently be applied using a laser andfor o light enutiing diode
confipured to apply the optical signal. Optogenstics is a technique in which genetically-
moditied cells express photosensitive features, which can then be activated with ight to
modalate cell function. Many different optogenetic tools have been developed for stimulating
peural firing. A list of optogenetic tools to suppress neural sctivity is congnled in

freference >, Thus lght can be used with genetic modification of target cells to achieve

stimulation of neural activity.

{00166} The signal may use thernmal enerpy, and the temperatare of a nerve can be modified
1o stimulate the propagation of neurs! activity. Heating the nevrve can be used to modulate
nearal sctivity. In certain such embodiments, the neural interface is a small implantable or
wearabie ransducer or device for radiant electromagnetic heating using visible, infraved, or
microwave radiation, for example using g laser diode or a light emitting diode. In certain such
embodiments, the radiant signal has an energy density less than 500 mW/icm®. Further, in

certamn embodiments, the radiant sipnal is modaelated with a modulation frequency of less

{5 Kramerar of , Optogenctic pharmacology for conteol of native newronal sipnaling proteins, 2013 1673816~
3%
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than 3 Hx, optionally 1 Hz. In certain aliernative embodiments, the newral interface ts a small
implamtable or wearable transdocer or device for conductive heating, such as an electrically
resistive element, which can be used to provide a fast, reversible, and spatially very localized

heatmg effect (see for example reference [reference **. In certain embodiments, the signal

. b

increases the temperature of the nerve by up to 5°C.

{81071 The sipnal may conyrise a mechanical signal. In tertam embodiments, the
mechanical siunal is a pressure signal. In certam such embodiments, the newral interface 15 a
transducer which generates pressure of up 10 25¢ mmHyg to be applied 1o the nerve which

stinuilates newral actvity.

[OO108]  In certain alternative embodiments, the sigoal 13 an ulirasonic signall In certain
such embodiments, the neural interface is an ulirasound transducer, and the ultrasonic signal
has a frequency below 0.8 MHz, optionally (.1-0.5 MHx, optionally 0.1 MHz In certan
embodiments, the ultrasonic signal has a density of below 10 Wicw”, for example 1.5 Wiom®

or 9.5 Wiem®,

{01091 Another mechanical form of signal for modelating neural sctivity uses ulirssound
which mayv conveniently be maplemented using external, for example wearable, instead of

implanted, wltrasound transducers.

Micraprocessor

j08116] The implantable system 116, in particular the tmplantable devics 106, may
comprise g processor, Tor example microprocessor 113, Microprocessor 113 may be
responsible for riggering the beginning andf/or end of the signals delivered o the nerve (eg.,
an gve-related svinpathetic nerve) by the at least one neural interfacing slement. Opticnally,
microprocassor 113 may also be responsible for generating and/or controlling the parameters

of the signal.

faaiil Microprocessor 113 may be configired o operate in an open-loop fashion,
wherein 3 pre-defined signal {e.z. as described above} is delivered to the nerve at a given
periodicity {or continpously } and for a given duration {or indefinitely) with or without an

external trigger, and withowt any control or feedback mechamsm. Altematively,

IR

%] Duke e of. {20023 1 Nenral Bog, 901036063,
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microprocessor 113 may be configured {0 operate in 4 closed-loop fashion, wherein a signal
is applied based on a control or feedback mechanism. As described elsewhere herein, the
external trigper may be an external controller 101 operable by the operator to mitiate dehivery

of a sigoal

OTI Microprocessor 113 of the inplantable system 116, In particular of the implantable
device 106, may be consiructed 50 as o generate, i use, a preconfigured andfor operator-
selectable signal that is independent of anv nput. Preferably, however, microprovessor 113
is responsive 1o an external signal, more preferably information {e. g data) pertaining to ong

or more physiological parameters of the subject.

[ea113)  Microprocessor 113 may be triggered apon receipt of a signal generated by an
operator, such as a physician or the subject in which the device 116 15 implanted. To that end,
the implantable system 116 may be part of a sysiem which additionally comprises an external
system 118 comprising a controller 101, An example of such a system is described below

with reference to Figure 4,

0114 External system 118 of sysiem 100 is external the implantsble system 116 and
external to the subject, and comprises controller 101, Controller 101 may be used for
controlling andfor externally powering tmplantable systern 116, To this end, controller 101
may comprise a powering snit 102 andfor a programming wmit 103, The external system 118
may further comprise a power transnussion antenna 104 and s data Fansmission antenna 1935,

as further described below.

{68115]  The controfler 101 andfor microprocessor 113 may be configured to apply any one
or more of the above signals to the nerve internnttently or continuously. Intermittent
application of a signal involves applyving the signal in an {on-off): pattern, wheren > 1. For
mstance, the signal can be apphed continvously for at least 3 days, optionally at least 7 days,
before ceasing for a period {e.g. 1 day, 2 days, 3 days, 1 week, 2 weeks, | month), before
being again applied continuoushy for at least 5 days, ef¢. Thus the signal is applied for a first
iime period, then stopped for a second time periad, then reapplied for a third time period,
then stopped for a fourth time period, ere. In sach an embodiment, the {irst, second, third and
fourth peniods run sequentially and consecutively. The duration of the first, second, third and

fourth time periods 1s independently selected. That is, the duration of each time period may
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be the same or different to any of the other time pertods. Tn certain such embodiments, the
duration of each of the frst, second, third and fourth time periods may be any time from |
second ()10 10 davs {d), s to 7d, 3sto4d, Ssto 24 hours (24 h), 30st0 12 h, T minto 12 h,
Smintofh Smintfoth Woaintooh, 0mintod b 3 mintodh, P hiodh Incettan
embodiments, the duration of each of the first, second, third mnd fourth time periods s 35,
1, 30s, 605, 2 min, S min, 10 min, 20 nun, 30 min, 40 min, 30 min, 60 min, 90 min, 21, 3
BoAh 3h6h Th 3hoh 10 IR 1IZH 130, V4h 150 160 17h 18h, 106, 20k 21
B, 220,23 h, 24 b, 2d, 3d, 44, 534, 6d, 7.

{H116]  In certain embodiments, the signal is gpplied by controller 101 andior
microprocessar for a specific amount of time per day. In certain such emmbodirsents, the signal
is applied for 11 nun, 20 min, 30 nun, 40 min, 30 min, 60 min, 0 min, 2h, 3h, 48, 5h. 6 h,
THSHOR 100 11 12k 13k, 145, 15K 165, 17h 18h, 195,205, 21 B, 22k, 23 h
per day. In certain such embodinments, the signal 5 applied continvously for the speilied
amount of time. In certain alternative such embodiments, the signal may be applied
discontinuously across the day, provided the total time of appHcation smounts to the specified

time.

17l Contingous application may continue definitely, e g permanently. Ahematively,
the continuous application may be for & nunimum period, for example the signal may be

eontinuoualy apphied fov at feast 5 days, or at least 7 days.

{08118 Whetber the signal applhied to the nerve is controlied by controlier 101, or whether
the signal is continwousty apphed divectly by nicroprocessor 13, althoagh the signal might

he a series of pulses, the gaps between those pulses do not mean the signal 1s not

continuousty applied.

IS In certain embodiments, the signal is applied only when the subjsct is i a specific
state g ouly when the subject 1s awake, only when the subject 1s asleep. prior to andfor after

the mgestion of food, prior to andior after the subject undertakes exercise, efe.

[00128]  The various embodiments for timing for modulgtion of neural sctivily in the nerve

can all be achieved using controller 161 in a device or system of the discloswre.

SR -
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Other companents of the system including the tmplantahie device

[08121]  In addiion to the aforementioned elecirode 108 and micropracessor 113, the
implantable svstem 116 may comprise one or more of the following components: implaniable
sranseerver 110 physiological sensor 111; power source 112; memory 114, and physiological
data processing module 115, Additicnally or altermatively, the physiological sensor 111;
memory 114; and physiological data processing module 115 may be part of a sub-sysiem
externgl 1o the implantable system, Optionally, the extornal sub-systemn may be capable of
communicating with the implantable system, for example wirelessly via the implantable

fransceiver 110,

O8I In sone embodiments, oue oy more of the following componenis may preferably
be contmived in the implantable device 186 power source 112 memory 114 and 8

physiological data processing module 115

{¥I123]  The power source 112 may comprise a current source and/or a voltage source for
providing the power for the signal deliverad to an eve-related sympathetic nerve by the
electrode 108, The power source 112 may also provide power for the other components of the
mplantable device 106 and/or inplantable systens 116, such as the microprocessor 113,
memory 114, and mmplantable transcetver 11 The power source 112 may comprise a

batterv, the batlery may be rechargeable.

JO8124} |t will be appreciated that the availability of power s Hitted 1y implantable
devices, and the disclosure has been devised with this constraint in mind. The implantable
device 106 and/or immplantable system 116 may be powered by mductive powering or a

rechargeable power sowee.

2R Memory 114 may store power data and data pertaining to the one of more
physiological parameters from nternal system 116, For instance, memory 114 may store dala
periaining 1o one or more signals indicative of the one or more physiclogical parameters
detected by physiological sensor 111, andfor the one or more corresponding physiological
parameters deternuned via physiological data processing module 115, Inaddition or
alternatively, memory 114 may store power data and data pertaining to the one or more

physiclogical parameters from external svstem 118 via the implantable transceiver 110, To

229 .
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this end, the implantable transcetver 110 may form part of a commumication subsystem of the

systemt 100, as is further discussed below.

{80126} Physiclogical data processing module 1135 is configured to process one or more
signais indicative of one or more physiological paramelers detected by the physiological
sensor 11, to determine one or more comresponding physiological parameters. Physiological
data provessing module 115 may be configured for reducing the stxe of the data penaining to
the one of more physiological parameters for storing i memory 1 14 andfor for transmitting
o the external system via implantable transceiver 110, Implantable transcetver 110 may
comprise an one or more antenna{e). The implantable transcerver 100 may vse any suntable
signaling process such as RF, wireless, infrared and so on, fr transmitting signals ontside of

the body, for instance to system 100 of which the implantable system 116 15 one part.

{86127 Alternatively or addittonally, physivlogical data processing modale 115 may be
configured 1o process the siguals indicative of the one or wore physiclogical pavameters
andior process the deternuined ong or more physiclogical parameters (o deternune the
gyvolution of the eye-related medival condition in the subject. In such case, the implantable
sysiem 116, in particular the implantable device 106, will include a capability of calibrating
and tuning the signal parameters based oo the one or wore physiological parameters of the

subject and the deternuned evolution of the eve-related medical condition in the subject, as is

further discussed below,

{08128] The physiological data processing module 115 and the al least one physiological
sensor 111 may form a physwological sensor subsysteny, also known herein as a detector,
gither as part of the implantable system 116, part of the implantable device 106, or external to

the mmplantable systam.

{28 Physielogical sensor 111 comprises one or more sensors, each configured to detect
& signal indicative of one of the one or more physiological parameters deseribed above. For
example, the physiclogical sensor 110 is configured for one or more of: detecting
electrodermal activity using an electrical sensor; detecting electroretinographic activity using
an electrical sensor; detecting biomwolecule concentration using electrical, RF or optical

{visible, infrared) biochemical sensors; or & combination thersofl

'
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M The phvsiological parameters deternuned by the physiological data processing
module 115 may be used 1o trigger the microprocessor 113 to deliver a signal of the kinds
described above to an eve-related sympathetic nerve using the elecirode 108, Upon receipt of
the signal indicative of a physiological parameter recetved from physiological sensor 111, the
physiological data processor S may deternnine the phvsiological parameter of the subject,
and the evolution of the eve-related medical condition, by calenlating i accordance with

technigues known in the ast.

3 The memory 114 may store physiological data pertaining to normal fevels of the
one or more physiological parameters. The data may be specific to the subject into which the
imphadable systern 116 1s implanted, and gleaned from various tests known in the wrt. Upon

receipt of the signal indicative of a physiological parameter received from physiclogical
sensor L1 or else pentodically or upon demand from physilogical sensor 11 the
physiclogical data processor 15 mav compare the physiological parameter detenmined from
the signal received from physiological sensor 111 with the data pertaining to a normal fevel
of the physiological parameter stored in the memory 114, and determine whether the received
signals are indicative of imsufficient or excessive of a particular physiological parameter, and

thus imdicative of the evolution of the eve-related medical condition in the subject.

{60132 The implantable system 116 andéor mplantable device 106 may be configured
such that if and when an insufficient of excassive level of a physiclogical parameter is
detervained by phystologieal data processor 113, the physiological data processor 115 trigeens
delivery of a signal to an eye-related sympathetic nerve by the neural interface (e.g. electrode
108}, in the manner described elsewhere herein. For instance, if physiological parameter
mdicative of worsenming of any of the physiological parameters andfor of the disease ix
determined, the physiological data processor 115 may trigger delivery of a signal which
danipens secretion of the respective biochemicnl, as described elsewhere herein. Particnlar
physiological parameters relevant to the present disclosure are described above, When one or
move signals indicative of one or more of these physiological parameters are received by the
physiological data processor HES, a signal may be apphied 10 an eve-related synpathetic nerve

via the electrode 108,

AR As an alternative to, or in addition o, the ability of the implantabrle systeny 116

andfor implantable device 106 to vespond 1o physiological parameters of the sabject, the

'
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microprocessor 113 may be triggered upon receipt of a signal generated by an operalor {e.g. a
physician or the subject in which the svstem 116 is implanted). To that end, the implantable
system 116 may be part of a system 1Y which comprises external systerm 11€ and controller

101, as 15 Durther described below,

Svseea including implantable device

PN With reference to Figure 4, the imiplantable device 106 of the disclosure may be
part of a system L0 that inclodes a number of sebgystems, for example the implantable
system 116 and the external system 8, The external system 118 may be used for powering
and programming the implantable system 116 and/or the implantable device 106 through

homan skin and underlying tissues.

{68135]  The external subsystem 118 may comprise, in addition to controller 101, one or
ntove of! a powering unit 102, for wirelessly recharging the battery of power source 112 used
to power the implantable device 106; and, a programnung uvmt 103 configwred o
communicate with the implantable transcetver 114, The programmung wait 103 and the
implantable transcetver 110 may form a communication sebsystem. In some embodiments,
powering unit 102 is housed topether with programing anit 103, In other embodiments, they

can be housed in separate davices.

{66136} The external subsystem 118 may also comprise one or more of! power
fransmission antenna 104; and data fransmission antenna 103, Power ransmission antenna
104 may be configured for transmitting an electromagnetic field at a low frequency (e.g.,
from 30 kHx to 10 MHz), Data transmission antenna 105 may be configured to transmit data
for programmung or reprogramiming the unplantable device 106, and may be used in addition
to the power transmaission antenna 104 for transmitting an electromagnetic fleld at a high
frequency (e.g., from | MHz to 10 GHz). The temperature in the skin will not increase by
more than 2 degress Celstus above the swrrounding tissue during the operation of the power
transmission antenna 104, The at least one antennae of the implantable transceiver 110 may
he configured 1o receive power from the external electromagnetic field generated by power
ransmission autenna 104, which may be used to charge the rechargeable battery of power

source 112,

'
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JI37E The power transmission antenna 104, data transmission antenna 108, and the at
least one antennag of implantable transceiver 110 have certain characteristics such a resonant
frequency and a quality facior {Q). One nnplementation of the antennale) is a coil of wire
with or without & fervite core fornung an mductor with a defined wductance. This inductor
nay be coupled with a resonating capacitor and a resistive loss to form the resonant curcuit,
The frequancy 18 set to match that of the electromagnetic field generated by the power
fransoussion antenna 105, A second antenna of the at least one antennae of implantable
transcetver 1} can be used in boplantable system 116 for data reception and trapsmission
from/to the external system IR, If more than one antenna 15 used i the implaniable system
116, these antennas are rotated 30 degrees from one ancther teoachieve g better degree of
power transfer efficiency during shight musalignment with the with power transmission

antenna 104,

JOI3RT  External system 118 may comprise one or more external body-worn physiological
sensors 121 (not shown) to detect signals indicative of one or more phyvsiclogical paraneters.
The signals may be transpmited to the implantable system 116 via the at least one antenae of
umplantable transceiver 110, Alternatively or additionally, the signals may be transouitted to
the external system 116 and then to the noplantable system 116 via the at least one dntennae
of implantable transceiver 110, As with signals indicative of one or move physiological
parameters detected by the implanted physiclogical sensor 111, the signals indicative of one
or mare phyvsiological parameters detected by the external sensor 121 may be processed by
the physiological data processing module 113 to determine the one or more phystological
parameters anddor stored in memory 114 fo operate the tmplantable systemy 116 in a closed-
foop fashion. The physiclogical pararocters of the subject determined vin wignals recetved
from the external sensor 121 may be used in addition to alternatively 1o the physivlogical

parameters determined via signals réceived from the implanted physiclopical sensor 111,

{08138 For example, in a particular embodiment a detector external to the implantable
device may include an optical detector inclading a camera capable of tmaging the eve and
determining changes in physiological parsioeters, i particular the physiological parameters
described above. As explained above, in response to the detenmination of one or more of
these physiological parameters, the detecior may trigger delivery of signal o an evé-related

syrpathetic nerve by the electrode 108, or may wodify the parameters of the signal being

&
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dehivered or a signal to be delivered to an eyve-related sympathetic nerve by the electrode 108

in the fusure.

{08146] The system 100 may mclede a safety protection feature that discontinues the
elecirical stimalation of an eve-related sympathetic nerve in the following exemplary events:
abnormal operation of the implantable system 116 {e.g. overvoltage): abnormal readout from
g roplanted physiclogical sensor 111 {e.g tenperature incredse of more than 2 degress
Celsins or excessivaly high or low elecivical iinpedance at the electrode-tissue intarface),
abnormal readowt from an external bodyv-worn physiclogical sensor 121 (not shown); or
abnormal response to stimulation detected by an operator {e.g. a physician or the subject).
The safety precaution feature may be implamented via controller 101 and conwnunicated to

the 1mplantable system 116, or mternally within the implantable system 116,

{06141} The external system 1IN may comprise an actuator 120 {not shown) which, spon
being pressed by an operator {e.g a physician or the subject), will deliver 4 signal, via
controfler 101 and the respective conumnunication subsystem, to trigger the microprocessor

113 of the implantable system 116 to deliver a signal to the nerve by the electrode 108

42 Svystem 100 of the disclosure, including the external systen 118, but in particular
wnplantable system 116, is preferably made from, or coated with, a blostable and
biocompatible material. This means that the device or system is both protected from damage
due to exposure 10 the body’s tissues and also minimizes the risk that the device or system
elicts an unfavorable reaction by the host (which could ultimately lead to rejection). The
maierial used io nwake or coat the device or system should ideally resist the formation of
hiofilms. Suitable matenals include, but are not hmited to, poly(p-xviviene) polymers (known

as Parylenes} and polytetrafluorosthylene.
{43 The boplantalde device 116 of the disclosure will gensrally weigh less than 50 g

General
{80144} The term “comprising” encompasses “including” as well as "consisting” e 8
composition “comprising” X may consist exchusively of X or may melade something

sdditronpl g X + Y.
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4R The word “substantially™ does not exclude “completely™ ¢ ¢ a composition which
is “substantially free” from Y may be completely free from Y. Where necessary, the word
“substantially” may be omitted from the detimtion of the disclosura.

j68148]  The term “about™ m relation to & nomerical value x iy optioms] and means, for

example, £+10%.

{801471  Unless otherwise indicated each embodument as described hevem nay be combined

with anothet ernbodiment as deseribed Berein,

MODES FOR CARRYING QUT THE DISCLONURE

{B0148]  The aim of the experimental study was 1o test the validity of newral modulation. In
particular, the experimental study aimed to evaluate the effects of ION denervation on pro-
mflanumatory cviokine levels in the reting, ez, the effects of unilateral ICN denervation on
retinal TNF-o protein levels were measured in the ipsilateral versus contralateral {control}
gyve. Elevated retinal TNF-¢ levels arg observed in patients with DR thug, this study tested

whether ICN denervation produced a phenotype resembling that of DR,

Meihady

[B0149]  Female Sprague Dawley rats (n =8}, aged ~P60, underwent unilateral lON
fransection. For ICN transection, rats were anesthetized with ketamune/xylazine placed n the
supine position i order {0 expose ventral structures of the neck. Upper limbs were extended,
providing better exposition of the curgical area. A vertical incision was made i the middle of
the neck. The incision began 2 om below the intermandibular region in the presternal region,
The skin was retracted, and tissue underneath was dissected by bhunt dissection, including
superficial cervical fascia with mandibular glands. Neck muascles were exposed {stemohyoid,
omohyoid, sternomastoid, and posterior belly of the digastric muscles), and the carotid
iriangle was located betwesn the muscles. Within the triangle, the carotid bifurcation was
identified and separated into s structures {external and internal carotid arteries). The
occipital avtery and hypoglossal nerve were clearly observed. The SCG was wdentified below
those siryctures, and the interngl and external carotid nerves were exposed. The ICN was
fully transected distal to the SCG, beneath/adjacent 1o the hypoglossal nerve (Figure 2A)
Following transection, the skin mcision was closed with a non-absorbable suture {nyvlon 6-0),

and antibiotic ointment was applied. To verify successful surgery, evelid and eveball position
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were evaluated over the next 3 days. Plosis of the ipsilateral evelid was generally observed
within 412 hrs after surgery, followed by exophthabnos between 1224 hrs. Permanent
ptosis ensued ~24 hrs after ION trapsection (Figure 2B). Animals without apparent plosis

were euthanized,

[O0IS0]  Animals were euthamzed 6 weeks after ION transection, and eves were enucleated.
The retinas were isolated from each eye. Control and denervated retings were pooled
separatelv and homogenized i 230 pb. of buffer (88 mM Tris-HCL 4 mM M2, 8.5 mM
pheavimethylsulfonyl fluoride) containing mixed protease intubitors {Roche, Basel,
Switzerland) for protein exiraction. Protein homogenates were centnifuged at 14,000 g for 10
min o rersove ssue debris. Total protein concentration wis deternuned by a Bio-Rad
protein assay (Bio-Rad Laboratories, Hercples, CA). TNF-o protein expression in the retinas
wits assessed with 100 pg total protess per ssmple in {nphoate with 8 TNF-o ELISA kit (Cell

Applications, San Diego, CA}. The detection range of this gssay 15 15-1000 pg/mL.

Resrhis and disenssion

BEISH Howas found that ION transection caused elevated retinal TNF-u levels, TNFeg
protein levels in denervated retinas increased by ~3 3-fold relative to protein levels in
contralateral retinas (see Figure 3). This finding resembles those in freference ] and
Ireference 2], n which ~AR receptor knockout mice exhibited 20-360%6 higher retinal TNF-¢
protein levels than wild-type mice. Becaase upregulation of inflammatory cytokines such as

TNF-u 13 unplicated in the pathogenesis of DR, the resulis suggest that electrical stimulation

£
pec

of the ICN could serve as a possible treatment for the disease.

PRURZE  Hence, this stady suggests that electrical modulation {e g stimulation} of the JTON
activity could be an effective strategy for treating eve disorders, e.g eve disorders that ave
associated with retinal neovascularization, such as DR_ or ocular neovascular diseases cansed

by mpry (o the eve.

(7] Hang or ol 2013 PLON One, 87, ¢7085%,
P51 Panjala ef of, 2011, Molecular Viston, 17, 18221828
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What 1s claimed:

I A device or system comprising at least one newral mierfacing element, preferably an
electrode, suitable for placement on, in, or around an eye-related sympathetic nerve, and a
signal generator for generating a signal to be applied to the eve-related sympathetic nerve via
the at least one neoral nterfacing element such that the signal reversibly modulates peuvral
activity of the gve-relnted svmpathietic nerve to produce a change in a physiological pargmeter
i a subject, wherein the physiolozical parameter is one or more of the group consisting off a
level of an angiogenic growith factor in the eve, neovascularization (e.p. retinal
neovascularization), ocolar blood flow, blood pressure, blood oxygenation, an extent of vision
impatrment, a level of an inunune response modulator {e.¢. a cytokine) in the eve, an extent of
blood vessel leakage in the eve, an extent of macular edema, a presence of retinal exudates, a
presence of capillary microaneurysms, g presence of hemorrhages, an extent of retmal cell
death, an extent of capillary basement membrane thickening, a level of an oxadative stress

marker, and a level of a peroxynitrite marker,

2. The device or svstem of claim 1, wherein the gve-elated sympathetic nerve is
modulated at a superior cervical ganglion or a postganglionic sympathetic nerve projeciing

from the superior cervical ganglion toward the eve.

3 The device or system of claim I, wherein the evewrelated sympathetic nerve 1s

modulated at an internal carotid nerve (JCN).

4, The device or systemr of claim 2, wherein the eye-related sympathetic nerve is

modudated af the sapertor cervical ganghion.

5. The device or system of claim 4, whereinn the superior cervical ganghion is modulated

at cell bodies of nevrons having axons that project out the ICN.

6. The device or system of claim 1, wherein the eve-related sympathetic nerve is

modulated unilaterally or bilaterallv.

7. The device or system of claim 1, whersin the at least one neural interfacing slement is

attached to the eye-related sympathetic nerve.
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8. The device or system of claim 1, wherein the at least one neural interfacing element 18
at least one electrode, and the signal generator is a voltage or current sonrce configured to
generate an electrical signal to be applied to the eve-related synpathetic nerve, via the at least

one electrode.

9, The device or systemy of claim 8, wheretn the electrical signal comprises a chavge~

halanced DC signal andfor g charge-balanced AC signal.

10, The device or system of clagim 1, wherein the signal stimulates the nevral activity of the

eyve-related sympathetic nerve.

11, Thedevice or system of claim 10, whersin the change in the physiological parameter is
one or more of the group consisting of: a decrease in the level of a pro-inflavamatory oytokine
{e.g TNF-u) in the eve. a decrease in retinal neovascularization, a decrease in retinal exodates,
a decrease i capillary microanewrysins, a decrgase in hemorrhages, a decrease i macular
edema, a decrease in retinal cell death, a decrease in capillary basement membrane thickening,
a decrease in the level of an oxsdative stress marker, a decrease i the level of a peroxynitrite

mnarker, an increase m blood oxyaenation i the eve, and an improvement in vision.
12, The device or system of claim 10, for use in treating diabetic retinopathy (DR).

13, The device or svstem of claim 10, wheram the electrical signal has a frequency between
I Hz and 50 Hz.

4. The device or svstemt of claim 1, comprising a detector {e.g. physiological seusor
subsystem) for detecting one or more sigoals mdicative of one or wore physiological
parameters; determiing from the one or more signals one or more physiological parameters;
determining the one or more physiological parameters indicative of worsening of the
physiological parameter; and causing the signal to be applied {0 the eve-related sympathetic

nerve via the at teast one electrode.

150 The device or system of clatim 14, further comprising 8 memory for storing dita
pertaming 1o physiological parameters in a healthy subject, wherein determimng the ope or

more physiological parameters indicabive of worsening of the physiological parameter

comgises comparing the one or more physiological pavameters with the data.

'
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16, The device or system of claim !, comprising a conunonication subsystem for receiving
a control signal from a comtroller and, upon detection of saxd one or move control signals, cause
the electrical signal to be applied o the eve-related svmpathbetic nerve via the at least one

electrode.

17, The device or system of clany |, wheretn the sipnal generator 1¢ configured o apply

the eleciric signg! for a finite period of time.

IR, The device or system of claim |, wherein the sigoal generator 15 configured © apply

the eleciric signal perindically,

190 A method of reversibly modulating neurad activily 1 an eve-related sympathetic nerve,
comprising: {1} implanting in the subject a device or system of claim 1 positioning the neural
interfacing element in signaling contact with the eye-related sympathetic nerve; and optionally

(i1} activating the device or systent

20,  The method of claim 19, wherein the method is for treating an eye disordsr, such as an

ocular nepvascolar disease.

21 The method of claim 20, whergin the method 1s for treating diabetic retinopathy {DR)

or aivovular neovascular disease cauvsed by miury to the eye.

22, A metbod for treating an eye disorder, comprising applying a signal to an eyve-related
symypathetic nerve via at feast one neural interfacing element, preferably an electrode, such that
the signal reversibly modolates the neardd activity of the eve-related sympathetic nerve to
produce g change in a physiological parameter in the subject, wherein the at least one nearad
interfucing element 1s suitable for placernent on, in, or around an eve-related syvmpathelic nerve,
wherein the physiological parameter is one or more of the group consisting of! the level of an
angiogenic growth factor in the eve, neovascularization {e.g. retinal neovascularization), ovalar
blood fow, blood pressure, blood oxygenation, an extent of vision impairment, 8 level of an
imnwne response modulator {(e.g a cytokine) in the eye, an extent of blood vessel leakage in
the eve, an extent of macelar edema, a presence of retinal exudates, a presence of capillary
micrognewrysms, a presence of hemorthages, an extent of retinal cell death, an extent of
capillary basement membrane thickening, a level of an oxidative stress marker, and a level of

& peroxyuitrite marker.
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23, The method of claim 22, wherein the eye disorder 15 diabetic retivopathy (DR) or an

ocular neovascular disease caused by injury to the eye.

24, Use ofa device or system for treating an eye disorder in a subject, preferably in asubject
who suffers from an eye disorder, by reversibly modulating newal activity in an eye-related

sympathetic nerve in the subject.

25 Use of clanm 24, wheremn the device or system is the device or system according o

elatn 1,

26, A charged particle for use in a method of treating an eye disorder, wherein the charged
particle canses reversible depolarization of the nerve membrane of an eve-related sympathetic

nerve, such that an action potential is generated de wove in the modified nerve.

27, A muodified eye-related sympathetic nerve 1o which one or mwore newal mterfacing
elements of the system or device of clatm 1 is atiached, wheretn the one or move newral
imterfacing elements is in signaling contact with the nerve and so the nerve can be distinguished
from the nerve in its natural state, and wherein the nerve is located in a patient who suifers

from an eye disorder.

28 A wmodified eye-related sympathetic nerve, wherein the perve membrane 18 reversibly
depolarized by an electric field, such that an action potential is generated de nove in the

modified eye-related sympathetic nerve,

29, A modified eve-related aympathelic serve bounded by 8 nerve membrane, comprising
a distribution of potassiuny snd sodiant ions movable across the nerve membrane 10 alter the
elecinical membrane potential of the verve so as to propagste s achion potential slong the nerve
in a normal state; whersin at least a portion of the eve-related sympathetic nerve is subject to
application of a temporary external electrical field which modifies concentration of polassium
and sodium 1ons within the nerve, causing depolanization of the nerve membrane, thereby, n a
disrupted siate, temporarily generating an action potential de nove across that portion; wherein

the nerve returns to us normal state once the external elecinical field is removed.

3 A modified eve-related sympathetic nerve oblamable by modulating newal activity of

the eve-related synpathetic nerve sccording 1o a method of claim 29



WO 2019/023640 PCT/US2018/044190

31, Amethod of controlling a device or system of the claim | which s 1o sigualing contact
with an eve-related sympathetic nerve, comprising a step of sending control mnstructions to the
device or systamn, s rasponse to which the device or system applies a signal © the eve-related

sympathetic nerve,

32, A computer system implemented method, wherein the method comprises applying a
sigial to an eve-related sympathetic nerve via at legst one pewral interfacing element,
preferably an electrods, such that the signal reversibly modulates the newral activity of the eye-
related sympathetic nerve to produce a change in a physiological parameter in the subject,
wherein the at least ove neuvral mterfacing elernent is suitable for placement on, i, or around
an eve-related synmpathetic nerve, wherein the physiological parameter 15 one or more of the
group consisting of: the level of an angiogenic growth factor in the eve, neovascularization
{e.2. retmal, choroidal or corneal neovascudanzation), ocular blood flow, blood pressure, blood
pxvgenation, the exient of vision impairment, the level of an immune response modulator {e.g.
& eytokine} in the eve, the extent of blood vessel leakage in the eve, the extent of macular
edema, the presencs of retinal exudates, the presence of capillary microaneurysms, the presence
of hemorrhages, the extent of retinal cell death, the extent of capiltary basement membrane

thickening, the level of an oxidative stress marker, and the level of a peroxynitrite marker.
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