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15 Overview
The stimulation of various cells of the body has been used to produce a number of
beneficial effects. One method of stimulation involves the use of electrodes to introduce
an externally generated signal into cells. One problem faced by electrode-based brain
stimulation techniques is the distributed nature of neurons responsible for a given mental
20  process. Conversely, different types of neurons reside close to one another such that only
certain cells in a given region of the brain are activated while performing a specific task.
Alternatively stated, not only do heterogeneous nerve tracts move in parallel through tight
spatial confines, but the cell bodies themselves may exist in mixed, sparsely embedded
configurations. This distributed manner of processing seems to defy the best attempts to
25  understand canonical order within the CNS, and makes neuromodulation a difficult
therapeutic endeavor. This architecture of the brain poses a problem for electrode-based
stimulation because electrodes are relatively indiscriminate with regards to the underlying
physiology of the neurons that they stimulate. Instead, physical proximity of the
electrode poles to the neuron is often the single largest determining factor as to which
30  neurons will be stimulated. Accordingly, it is generally not feasible to absolutely restrict
stimulation to a single class of neurons using electrodes.
Another issue with the use of electrodes for stimulation is that because electrode

placement dictates which neurons will be stimulated, mechanical stability is frequently



2 inadequate, and results in lead migration of the electrodes from the targeted area. Moreover, after a
period of time within the body, electrode leads frequently become encapsulated with glial cells, raising
the effectiveie¥Wibi8distance of the electrodes, ang hence the electricaPSdWeEReER# equired to
reach targeted cells. Compensatory 5increases in voltage, frequency or pulse width, however, may
spread the electrical current and increase the unintended stimulation of additional cells. Another

method of stimuliegiiiesiabetesrsitivadirmralesWathstulstHrR I Froiiutata dakdrireglls in response
to light. For instance, light activated proteins or malecules can be used to_control the flow of ions

through cell MARRERYe 288 ArRETRS T IMSo IHHLIER G A% flistmdsdembdTsATRERIDR A through cell
membranes, theAllIaaa bathsaly derolarizatiderRiaived andonatyisinges brhsleiiaiades,

hyperpolarized. Neurong%ére an example ﬁ?f a type of cell that uses the electrical currents created by

depolarizatiodt6 Yits e Lerhitimeas H ryrRIdauireddr Asanibiarastsd estier CRIBRRRSHPBX citable

cells inclgde skeleisdsmissltgeartigaomiissipuaaivaad tiine &l sdyapiens s kapikd2eeRatarization
to transmit signals throughout the (%?

dy and for, varigus purpgses, such as motor control (e.g., muscle
contractions) 288 HFRATe doHuste ‘{f.\fszHE ,t‘rﬁ’é‘afﬁor?gs,dgﬁﬂl@tﬁ‘%lllssenses) and computational functions

(e.g., brain functionsAnbités nibeh6@ oY SliRithe wiepplasisatinnot el smisiscaRbaneiiciel tor a number of
different purpases, including (hut not limited tg})(%%tsychological th?ég{)y, muscle control and sensory
functions. 20)&@5‘8&?6‘!‘% RS ARGrS ARSI ted BhitertfitieB T M IRIF LR Stures and

related methafisledtioguasbBLRERt i iSHEFRMPII6Hitha thtbnBiecell imnpldmasiati®ymailitating
applicatjgns, some, of which gre summarized below. . According tg one example embodiment of the
present veridANAH ARg Lptee naﬂagﬁf&m%aﬁwsmaﬁ@&%%ﬁd’&ﬂ%&én@%ﬁ%ﬁ €e for
generating lighieThdcthdiriacdopsiadiiaal haa milictagichinnbriemibarmpsifiesddreat calsdas

stimulation in response tq light generated hy the light-generation means in viyv. According to
another exan‘?ﬁ?@’éﬁmaﬁ ehropreldheioe Plestget SIFERFs SR ARE R ZHiiAplantable

arrangementtd fénarsa@emeititacion sipadl saleetrical i ghipgRaeyatinnemaans dalpexetabiag light and a

biological portign.. The biological 30pqrtion has a photosepsitive bio-mglecular arrangement that
responds to tﬁ"g%é‘?flng%e ﬁ%ﬁﬁ “sgﬁ AtfHCt AR IS ATt STHFRRS S HRidifested as

either upsregdlglitdri eitidawntiaguhadicpraf adivityhautiddgBtand for various purposes, such as
motor control (e.g., muscle contractions), sensory responses (e.g., touch, hearing, and
other senses) and computational functions (e.g., brain functions). Thus, the control of the
depolarization of cells can be beneficial for a number of different purposes, including (but
not limited to) psychological therapy, muscle control and sensory functions.

20 Aspects of the invention are directed to photosensitive bio-molecular structures
and related methods. The present invention is exemplified in a number of
implementations and applications, some of which are summarized below.

According to one example embodiment of the present invention, an implantable
arrangement is implemented having a light-generation device for generating light. The

25 arrangement also has a biological portion that modifies target cells for stimulation in
response to light generated by the light-generation means in vivo.

According to another example embodiment of the present invention, target cells
are stimulated using an implantable arrangement. The arrangement includes an electrical
light-generation means for generating light and a biological portion. The biological

30  portion has a photosensitive bio-molecular arrangement that responds to the generated
light by stimulating target cells in vivo. Stimulation may be manifested as either up-

regulation, or down-regulation of activity at the target.



WO 2009/131837PCT/US2009/039949 3 According to another example embodiment of the
present invention, an implantable device delivers gene transfer vector, such as a virus, which induces
expression YRAYYE&HSitive bio-molecular membrane;proteins. The devicePtdEl@HYAdEH rator,
responsive to (for example, charged by or triggered by) an external signal, to 5generate light and a
biological arrangement that includes the photosensitive bio-molecular protein that responds to the

generated light by infesasiimgp i anastealisia YiNPodinibis SraRNEr. 4R BIGSHRMCAROTtIONS of the

device may be used to optically stimulate target cells. Stimulation may be manifested as either
up-regulation {BRIanfAble extes el iueraIgrae STARSoRY R SNGH-PE QUIBHOAYE G IRdisenal
hyperpolarizagigsreesi i BFHE N BIBLMERRAIEF FREBAE BribdRs Atiedar8 thas a figROrding to

another example embodiment of the present invention, a method is implemented for stimulating target

cells using pheRBEBHSTRSHNBTNHEOHRT BERith Ahra sadldut eetrieerd PorAB e R si2a &) of
implanting the,ahelesapRItNI RIeisinS AN drfight-eanerating drRYas pRBiRaArIet kel TRt

generating device is activated and 15the photosensitive protein stimulates the target cells in response

to the generafSaifighhat spnendsiie therrnsied digkidbrintemsiimg s sugatests Brvivo. In this
electrically-exgiiahie, ¢rYS1dBEUIHINSLASIHOBB1RKELSIBS 1aIIRUsSMRASBHBAMBF QiR S1cAR et

insulin-secreting pancreatic beta cells. Major diseases with altered excitation-effector coupling include
heart failure, RSUISCOTEPAYRERIHITES bemBRtES!SoaR cHbrE BRIk Pdiagysiactsapie 8sigiondband

schiZOphreniq&ﬁ%%ﬁing&@hm%g&@m@g,WM@%&@M@H} &f Atpdaisagctrum of
medical conditions, from Parkinson's disease and brain injuries to cardiac dysrhythmias, to diabetes,
and musfle spHSric depokuiziinmy 96 asthahesdhfiaghbodiments of the present invention, methods

for generating an exgitaRNHpeldrbiéer eRAHPW ERYRHdEmithBITehd PReLABIRCSTIRG 2 RHeRHY Zothat
responds to light by producing.an excitation current to encourage depolarization of the neuron. In one

such method THASREMTH foraimelatngteiash eslls arag photosrpsibs Ry damniha) Wpthwithdient
invention is nefiteRaed Thélgrehteifacadi usiaied Rnedinsant Pheisendmplepnaiiasiandof the

present invention. The figures and detailed description that follow mare particularly pIifC)( these

embodimentdi&hérpeisnedaacset s satssissysabhs hehirasaaatipaslevreds %Fig%??ﬁgn

15  the photosensitive protein stimulates the target cells in response to the generated light.
Applications include those associated with any population of electrically-excitable
cells, including neurons, skeletal, cardiac, smooth muscle cells, and insulin-secreting
pancreatic beta cells. Major diseases with altered excitation-effector coupling include
heart failure, muscular dystrophies, diabetes, pain, cerebral palsy, paralysis, depression,
20 and schizophrenia. Accordingly, the present invention has utility in the treatment of a
wide spectrum of medical conditions, from Parkinson’s disease and brain injuries to
cardiac dysrhythmias, to diabetes, and muscle spasm.
According to other example embodiments of the present invention, methods for
generating an excitation neuron-current flow involve, in a neuron, engineering a protein
25  that responds to light by producing an excitation current to encourage depolarization of
the neuron. In one such method, the protein is derived from Volvox carteri.
The above summary of the present invention is not intended to describe each
illustrated embodiment or every implementation of the present invention. The figures and
detailed description that follow more particularly exemplify these embodiments.

30



The invention may be more completely understood in consideration of the detailed description of
various embodiments of the invention that follows in connection with the accompanying drawings, in
which: SFIGVA MY B bheroidal alga Volvox carteri, consistent with an eX&H$ie2iétitent of the
present invention; FIG. 1B shows all-trans retinal Schiff base and related protein sequences,
consistent with an example embodiment of the present invention; FIG. 1C evoked

photocurrents relative to light intensitym%}qﬁgggﬂjyh%@ 10} m@gjgsembodiment of the present

invention; FIG. 1D shows an inwardly rectifying current-voltage relationship, consistent with an
example embodimenkhsritheiesamyirenaencomplerey mmdersipedrie sansderdipnefithetstailedo

specific ions, GaRsisHRA JYiRA0LEXABRIERIARAFME bR RREERITINEGR UBANdR Ik Gwlfh Shows
activation percentage relative to optical wavelength, consistent with an example embodiment of the
present invenfiiempanying dpavdngsini eiiebas expressing VChRI-EYFP and exhibiting
membrange-localizeddrY FAATluRtes somes,aansisions wii ansxampia embadinsetabiiie present

invention; 20FIG. 2B shows VChRI-EYFP neurons photocurrents when illuminated with 531run and

589nm light, CaMRgdignhahthmBEEHIRVERI9BEIment of the present invention; FIG. 2C shows

whole-cell inward cupientsihaadaim @ad EMsiaht ceesisterimthRNayaRRIeesbodiment of the
present invention; FIG. 2D shows twenty 5ms light pulses delivered to VChR1 -EYFP neurons in

25 current clafPPSELSETOH shegrendcanbodingatiiin RisseRbiRYRBtMhodiment of the present
invention;  FIG. 2ghowe{Br-RPIs0tagRaQ e85 HEAPIKRD AN UAMSIEIRHBNEIES, consistent

with an example embodiment of the present invention; FIG. 2F shows that increasing frequencies
of light pliseSEMpEs sMhadidt @ BHSREIGR iR HEYb arization, consistent with an example
embodiment of the QrRSeNDIWSREQR inwaldlF ree REEHERAIRAISIAN COnsRASISIeAL With an

example embodiment of the present invention; WO 2009/131837PCT/US2009/039949 5
an example embodiment of the present invention;

FIG. 1E shows membrane currents relative to specific ions, consistent with an
example embodiment of the present invention;

15 FIG. 1F shows activation percentage relative to optical wavelength, consistent
with an example embodiment of the present invention;

FIG. 2A shows neurons expressing VChR1-EYFP and exhibiting membrane-
localized EYFP fluorescence, consistent with an example embodiment of the present
invention;

20 FIG. 2B shows VChR1-EYFP neurons photocurrents when illuminated with
531nm and 589nm light, consistent with an example embodiment of the present invention;

FIG. 2C shows whole-cell inward currents for 53 1nm and 589nm light, consistent
with an example embodiment of the present invention;

FIG. 2D shows twenty 5ms light pulses delivered to VChR1-EYFP neurons in

25  current clamp at various frequencies, consistent with an example embodiment of the
present invention;

FIG. 2E shows the percentages of successful spikes at various frequencies,
consistent with an example embodiment of the present invention;

FIG. 2F shows that increasing frequencies of light pulses delivered increased

30 steady-state depolarization, consistent with an example embodiment of the present
invention;

FIG. 2G shows the membrane resistance, consistent with an example embodiment

of the present invention;



FIG. 2H shows resting membrane potential, consistent with an example embodiment of the present
invention; FIG. 3A shows voltage responses to optical stimulation at different wavelengths,

consistent WkR W ¥ké#iIle embodiment of the present invention; 5FIG. 3B BRbW32@AeHage of
successful spikes for optical stimulation at different wavelengths and intensities, consistent with an

example embodiment of the present invention; FIG. 3C shows a percentage

for optical stimulatioprgy aiffeigiIYeVGIeNELHANML FERRFNE S HORRIFISRINUINAY

of successful spikes
mple embodiment

of the 10present invention; FIG. 4A-D shows direct optical inhibition of local subthalamic nucleus
(STN) neurorinimdineat of dheristenbbrisgtidtioglia within the STN; FIG. 6A-C shows optical

depolarization of STN@geykoas akYERIEDIEpoHSRGIESHAST Gnfiifor P itrgkaR Wikrlign @l he tissue

volume recruited by optical intervention; FIG. 8A-C shows selective optical contro

| of affefent fibers in

the STN;  FGissguipviticnsserpisveanbpdoarstisdineirsssnidpeeniionsurons in anterior primary
motor costex; 20F'GF!(Q@‘BQE&QX"&}?&P&@E@&w&@%ﬁ&@scﬁﬂ%%@cﬁﬁas‘ihhﬁ%@ioﬁ%'c shows an

additional histological characterization; FIG." 12A-D shows additional

ehavioral results; FIG. 13A-D

shows additishEFeiatwaptlysrihsgiad [rsenitsess ongiasnbvaiio ws Hiynnisrambasdireessafidie optrode
traces; 25Fl%rg§/f}f§h§gmgﬁ.latency of MI response to optical stimulation of STN; and FIG. 16A47

shows changes in frequency characteristics of neuronal activity produced by optical stimulation
FIG. 3C shows a percentage of successful spikes for optical stimulation at

different wavelengths and intensities, consistent with an example embodiment of the

10 present invention;

FIG. 4A-D shows direct optical inhibition of local subthalamic nucleus (STN)

neurons;

FIG. 5A-C shows targeting astroglia within the STN;

FIG. 6A-C shows optical depolarization of STN neurons at different frequencies;

15 FIG. 7A-C shows quantification of the tissue volume recruited by optical

intervention;

FIG. 8A-C shows selective optical control of afferent fibers in the STN;

FIG. 9A-D shows selective optical stimulation of layer V neurons in anterior

primary motor cortex;

20 FIG. 10A-C shows substantia nigra lesion and cannula track;
FIG. 11A-C shows an additional histological characterization;
FIG. 12A-D shows additional behavioral results;
FIG. 13A-D shows additional electrophysiological results;
FIG. 14A-D shows high-temporal resolution optrode traces;

25 FIG. 15A-C shows latency of M1 response to optical stimulation of
FIG. 16A-F shows changes in frequency characteristics of neuronal

produced by optical stimulation

STN; and

activity

While the invention is amenable to various modifications and alternative forms,

specifics thereof have been shown by way of example in the drawings and will be

30  described in detail. It should be understood, however, that the intention is not to limit the

invention to the particular embodiments described. On the contrary, the intention is to

cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention.



While the invention is amenable to various modifications and alternative forms, specifics thereof have
been shown by way of example in the drawings and will be 30described in detail. It should be
understood YWBWEB 1§t the intention is not to limit the invention to the pafidularetBstitents
described. On the contrary, the intention is to cover all modifications, equivalents, and alternatives
falling within the spirit and scope of the invention. WO 2009/131837PCT/US2009/039949 6 Detailed

Description The present invention is beliqy&giig‘fﬁegéﬁﬂi&r facilitating practical applications of a

variety of photosensitive bio-maolecular structures, and the invention has been found to be particularly

suited for use in arralifoPressRE HiygHemsdelipsrig Retisebliar Boldatinepracisshaarbisationand

stimulqtion. V\%E%%ﬂ?@ﬁﬁﬂ&ﬂ&%@ﬂ% ﬁ&%él@_&ﬁ%?@{ﬂ)&ﬂm&?%@tﬁ@%@H@Hﬁ@ﬂ@%eﬁ%ﬂ% aspects
of the invention may be appreciated through a discussion of various examples using this context.

Consistent with RsnagigiHaple |riesh RSB RIN Seaak: Adangthieds deplingeptregtialarotein/molecule
is enginegred,ia Arrelle yﬁ'ﬁa@%@ﬂﬁ@ﬁﬁﬂ%ﬁtﬁ'@éﬁ%ﬁ@%ﬁ@%%&% FRLMSMRENG IR E&IRPSE tO

light. This change in ion flow creates a corresponding change in the electrical properties of thé cells

including, for Bsaterhie sisd 9BRECRIIARY KARAINAIBGF QDY acsdipmambbasepTpcired Huengte, the

protein functigqgs'@lyg}@l@ommﬁ?gp@@{ﬁgggﬁ@bmpdiw ion flow across the cell membrane. In
another instance, the protein changes the voltage across the cell membrane so as to 15dissuade

action potential firin§ RReidcBENVIIR gBe srutnle Fabediaen effhaerssent #psniéons ahighling the

electrical propagisskihe calmikinreresalmilisacande sl the jebldeineRradssedr ionsConsistent
with a more specific example embodiment of the present invention, a protein, herein identified as

VChRI, Hom sarisheselimsmbeneonsisees k- HedtisE o shangg Botoidlor S&#ES dctivity. VChR1

allows for selggtivg,exgiialionhrlSinglR EURRBPRBTSEOIUEINGLIRE APNEIALI s Ak haRitk Spike trains
and sustained blockade of spiking over many minutes. The action spectrum of VChR1 is strongly

red-shifted retaltpeadndimmr e diopeastessdheralldnamiiaswer disdsiqeseiisPrasifmstiontout

exogenous cefagiarasil ARRHIRIaNRs ¥61aEtd¢amBaiEPIeX ISR hapd INRiHRaRe/qn ChR2 in 25
the target cells. Likewise, VChRI, NpHR and ChR2 can be targeted to C. elegans muscle
another instance, the protein changes the voltage across the cell membrane so as to

15  dissuade action potential firing in the cell. In yet another instance, the protein is capable
of changing the electrical properties of the cell within several milliseconds of the light
being introduced.

Consistent with a more specific example embodiment of the present invention, a
protein, herein identified as VChR1, from Volvox carteri is used for temporally-precise

20  optical control of neural activity. VChR1 allows for selective excitation of single action
potentials including the generation of rapid spike trains and sustained blockade of spiking
over many minutes. The action spectrum of VChR1 is strongly red-shifted relative to
ChR2 but operates at similar light power, and functions in mammals without exogenous
cofactors. In one instance, VChRI1 can be co-expressed with and NpHR and/or ChR2 in

25  the target cells. Likewise, VChR1, NpHR and ChR2 can be targeted to C. elegans muscle
and cholinergic motoneurons to control locomotion bidirectionally. In this regard,
VChR1, NpHR and ChR2 form an optogenetic system for multimodal, high-speed,
genetically-targeted, all-optical interrogation of living neural circuits.

Embodiments of the present invention are directed to the VChR1 protein. Various

30 embodiments are directed toward a plasmid that contains the DNA or nucleotide sequence
that expresses the VChR1 protein. Yet other embodiments are directed toward an

expression vector for expression of the VChR1 protein. A non-exclusive list of



and cholinergic motoneurons to control locomotion bidirectionally. In this regard, VChRI, NpHR and
ChR2 form an optogenetic system for multimodal, high-speed, genetically-targeted, all-optical
interrogatioVé& MANd3A&ITral circuits. Embodiments of the present in&EER2P&/HiPeEted to the
VChR1 protein. Various 30 embodiments are directed toward a plasmid that contains the DNA or
nucleotide sequence that expresses the VOIR] protein. Yet other embodiments are directed toward an

expression vegardai et oMl des DAIRA, Ripie hd b RAPRAGIHEY eAIRStaEr Whbodiment of
2009/131837PCT/US2009/039949 7 _expression vectors includes bacterial, viral and plant plasmids.

Another embdBfPEFEBE IRECPHoads Gitcriad &n hstarrderays:satls il s dhaY (HRR La¥essithe VChR1

protein.  Aspects gkpRetpresRabiavantintearRAlircad Ryl Yarationm &f Srensrpelfisembodiment
of VChR1 disclosed.in FIG. 1B. One such aspect includes mutations of the 5 protein, These mutations

may, for exanfIRROHiRARIE SorGhR bdiselepedhingt Hroddh fHag sheh Binsaidngides matgionseoiilifelength
of light that agipsaipe thRcREGiRIALIbASHGNGICivaiRlemirP i AnieTsiRdapIer IforqeMrasgience,

including the channelrhodopsin ChR2 and the halorhodopsin NpHR, permit millisecond-precision

optical controf BGR-AtERseichangs tha wayelenathinl ekt thit artive e SHEe=hR2 is 10a blue
light-driven cation chanabihaictrates Rie BIsLpitsimRddNRId B i suysiiaundghtcdiigp ¢hloride pump

that can inhibit neurons, the combination of these two proteins allows independent neural excitation

and inhibition ShaMsEhedensia S Reamdihs halorhodrrito BHE @ somit maithess W daessigiedtion channel
with action spgsiidamcsigrifieppticsiiBddsimtivedd GPRAvIMAH!thalkeneaxersieNnidesting pidhe

differentjal 15contribution or interaction of two distinct cell types in circuit computation or behavior.

One ChEb-refaplie dightdvehertian shapnel drabr s Dsisdicregee A R HIA Jymaleshlighicribed,

but the absorgtiaereiaeHUE kPRt i mAnsltheuRRRtaRy denbinaiss Al Wtwallyridengical to those
of ChR2. A second Volyox ChR more related to ChR1 from Chlarnydomonas reinhardtil (FIG. 1B) was

discovered. THIS We i Jiesats s walaxsiatotud ihibitoamihefame i a@igsn gy third |y 45
experimental i@gbr\dpid F2halia S0 HEHEH R 6NP BAtfoAEMaE PRt Holi@PFpesitanand found to evoke

photocurrents were similar 1101 those of ChR1 from . . . .
significantly shifted relative to ChR2, would allow experimental testing of the differential

15  contribution or interaction of two distinct cell types in circuit computation or behavior.

One ChR2-related sequence from the spheroidal alga Volvox carteri (FIG. 1A) has
been described, but the absorption spectrum of the protein and the photocycle dynamics
are virtually identical to those of ChR2. A second Volvox ChR more related to ChR1
from Chlamydomonas reinhardtii (F1IG. 1B) was discovered. This new protein and

20  variants thereof are herein referred to as VChR1.

In an experimental test, VChR1 was expressed in Xenopus oocytes and HEK293
cells, and found to evoke photocurrents were similar to those of ChR1 from
Chlamydomonas. The photocurrents were graded with light intensity, and displayed
inactivation from a fast peak toward a slightly reduced stationary plateau (FIG. 1C). The

25  peak appeared preferentially at light of relatively high intensity, likely attributable to
increased accumulation of an expected late non-conducting photocycle intermediate
(FIG. 1C), and as light intensity approached saturation the evoked current displayed a
characteristic minimum before steady-state is reached. VChR1 exhibited an inwardly
rectifying current-voltage relationship (FIG. 1D) and under neuronal physiological

30  conditions conducted chiefly Na+ but also H+, K+, and Ca2+ (FIG. 1E).

Primary-structural differences between VChR1 and the Chlamydomonas ChRs
were identified to allow for prediction of the altered absorption properties (FIG. 1B,
depicting SEQ. ID. NOs. 001 (ChR2), 002 (ChR1) and 003 (VChR1), with primary-



Chlamydomonas. The photocurrents were graded with light intensity, and displayed inactivation from a
fast peak toward a slightly reduced stationary plateau (FIG. 1C). The 25 peak appeared preferentially
at light of re¥ifAVENPHIIRIAtensity, likely attributable to jncreased accumulatiBRTOP B EEREE late
non-conducting photocycle intermediate (FIG. 1C), and as light intensity approached saturation the
evoked current displayed a characteristic minimum before steady-state is reached. VChR1 exhibited

an inwardly regHiynacareRined AeR FBIALEN SRR (R4 B ARYibRCISNBRUIRAR PRSIological 30

conditions conducted chiefly Na+ but a%so 1-1+, K+, and Ca2+ (FIG. 1E). Primary-structural

differences b&tREstoisrotcaHd afdesieaoriadmmsindBnmbsetiendamimaanstaltinm: gddiction of

the aliered ahaKoipRIRRSINEA S, ARoeplsYAgk B 15 NQ 0 (HRENARP {5k and 003
(VChR1), with primary- WO 2009/131837PCT/US2009/039949 8 structural differences highlighted).

First, based oR§sREakRaleaEdoms drmeatralabations (MMM b tequntsiRiuepEM R hesorption
maximung at L4e.aeD AN SRISARAI BERIPPEHIe! k%BgIFﬁ@sm?tm AN a4 PR UNIRREISP

additional quantum mechanical-molecular mechanical calculations (QM/MM), the counterion complex
of the ScofactoRinguhvisamerizetion pad@hntaeycln dynamyicsi Bresy o raggleticdtiat®®or tuning,

photoisomerizaiiarbal é IR RS foyamias Basadar-bMalagy, Withcethes Bireshiplansin genes for
which the 3D structure is known, the counterion complex in ChR2 should be defined by R120, E123,

and D253. HéW&AFhavkd be defindby B Fily e snbBIahotirwrves Srgovesideeypiesivlly,
highlighted cQlyiaas P beBaonr1 hatheenaticalaalqulatangishinechilhRia ey sgagadional

experiments predict that three residues of the RSB binding pocket could significantly contribute to

absorptith diffseistisal saleHations Bl HdtapsH PR RonabexPs M dErdistdhatiBieq 182, and

S256 in ChRZ(idfesHf SRAUSH teadighiobtedcaldunailitfiltheoiRfhek Wasys sinected to be
located near the RSB p-ionone ring (FIG. 1B structure, 103 and may, in 1500n%1‘nction with C183,

determine abdEFBrsHEcEsFreeng mictbial dmdensinriatsinfkdihesgiaminm tsitiers bbb d8itaen of the
RSB (FIG. 1@sgistwrer21P)GIN EQ&}EM&@ A3higeaedina:eRd 0b thadIemls expastaksedagimore

polar than in ChR1 and ChR2, since the two positions 181 and 183 have been substituted with a polar

Ser, while coffvBfderpiskneahsiRSHLP-ionone sine TS alR smrluss AORARAMAY% Ma at position 256.
The 20 combipatiar@biRese dree Qa%ﬁﬂﬁ%%ﬂﬁﬁm&ﬂn,lﬁﬁﬂésgﬁ [RfLanekinan

expectation of a redistribution of positive charge along the RSB polyene sistem and a substantial

redshift, likelf 8558 thaputrnated i aeot s Ry Bd K AR structupgy LLOJtHE YHRY thedls H114,

E235, and E34fotlel Sng Bndidtiio NS cobutpiiated 92 ba i REpRMethia Machiatadhe RSB shayge
distribution bg%gng-range coupling, and 25 here the Hi MN exchange in both VChR1 and ChR1 is

further predidfdtEPiRerdiRns 1Y gk B3 favshesnrebatiiieshwitha Pek 295 WS 6¥BYEESAE maximum
of ChR1 (whigfe ¢35 migbexpeassyeidnt nearent) issipisashsiBhyARKSpHiRIbA 086 thBkof ChR2, but

the combination of many significant changes in VChR1 predicted a robust wavelength shift on a scale

useful Y deff ation of these threg exphangasatppstions 181, 183, and 256 resulting’in an

expectation of a redistribution of positive charge along the RSB polyene system and a
substantial redshift, likely by more than 40 nm, in VChR1 compared to ChR2.
Three other amino acids H114, E235, and E245 (FIG. 1B, highlighted columns
102) are expected to modulate the RSB charge distribution by long-range coupling, and
25  here the H114N exchange in both VChR1 and ChR1 is further predicted to increase the
RSB potential at the B-ionone end. The 495 nm absorbance maximum of ChR1 (which
does not express well in neurons), is indeed slightly red-shifted from that of ChR2, but
the combination of many significant changes in VChR1 predicted a robust wavelength
shift on a scale useful for defining a new class of tool for neuroscience.
30 To initially probe the wavelength-dependence, VChR1-expressing oocytes were
excited using 10 ns laser flashes across a range of wavelengths, to allow delineation of a
markedly red-shifted action spéctrum that revealed a maximum at ~535 nm and a small

shoulder at lower wavelengths consistent with a second isoform peaking at 505 nm



30To initially probe the wavelength-dependence, VChRI -expressing oocytes were excited using 10 ns
laser flashes across a range of wavelengths, to allow delineation of a markedly red-shifted action
spectrum thBtF@YRHIéPa maximum at -535 nm and a gmall shoulder at lowEFWavaIHE#E R onsistent
with a second isoform peaking at 505 nm WO 2009/131837PCT/US2009/039949 9 (FIG. IF). A
lentivirus carrying the alpha-CaMKII promoter to drive strong protein expression was constructed to

test the funC“gEG.f M&h R%éﬁtﬁﬁﬂ@&bﬁrﬁﬁ%’iﬁ%iﬁ%ﬂ%%?ﬁé%% IR SSYSRRpRIMembrane

domains of VChR1 (residues 1-300, based on homology with the first 315 residues of ChR2) were
in-frame fuse8XPreRE@ENYAS consiivaiad odesidihsiungtpastieMEhidtdmnsrenRrI-Ey ePYaNgurons

expressing VGRIENER el deamambranaonalizanor F fpcscance simizpignat

reported previously for hR?-EYFP (FIG. 2A), with expression level slightly weaker compared with
ChR2-EYFP @sihgmedosywithethafirst Aigrgschxsiol ehBrssrsp inctmsneNiassitadhesynipehRI-EYFP

neurons sxhiig KGNS RRIOBUERERLE N ERHHTCAIGAOMIN SEHkam SAkeusR GERAM lioht (FIG.

2B). Mean whole-cell inward currents were 208.8+22.3 pA (mean s.e.m. reported unless otherwise

stated, n=20)laREPIgxhibited Aerly aaobiapetorplizrd tedhvilborsyasws sk se thataapgrtednd 13.8
mW/mm2 of 539 fpdlighs,atite SarrplerIEspastivall (kifs2oh IBRRIARMIRARRIGRIRSC] the rise of

the photocurrent were faster when closer to the wavelength of maximum activation due to the 15shift

in absorption CHEFHRAENER seinadpe semplertivaglstpba-COWKIDapression ¥ePT589 on = 8.0+0.7

ms (n = 11 foR3dr IR0 A RRHS ISR (10hs bR CRLIEIRAM NG IS GIREHERTRIARTS YYETe
T531 off =133.4+11.7 ms (n = 11) and r589 off= 135.7+9.8 ms (n = 10?;. The frequency dependence

of VChR® in avigkitt] gskerdgx aredigBi§lehiAB R OVbravehe) sl Ry GrENEY WSPE rim or 589

nm delivered 3ghRREXR AGHIANS AN RBESRE AR (RREMRAL(HRACE-007 LR TbEXEHalen in
FIG. 2D). At up to 10 Hz, more than 90% of tested cells fired 100% of the action potentials in the train

at either wavérsH§tnvheriHuoinaiedaiithy pre Mkl tdspadight gnd d3.omyrama sd S R man 2F). In
these strongly; ginfeseiRehilsdSliRleBP{IRY. 50Y!d A AdvenHP i8Rk Rp fel Gse2b tRyramidal

neurons in culture typically cannot follow 50 Hz or beyond in response to either current injection or

H
ChR2 photosthXPsHERR Ayricasten whsnsdrasidia e Janels o baradiBiaRebvetey 48s Exls light
pulse, mest ligaly duiethfslyien dRibdasay CARSFRURIBHIBS BN 32(1sHRMRENR210. As

with ChR2, VChR1 could also trigger EPSP-like subthreshold depolarizations with lower stimulation

light 30 intendffss. o &lifdkof mrnsnisk baAdbemn epdied ifblenr 88 mmatbee sriresremtiieshold

membrane voliage shanggsanihvitiereasingrfreqygnaies phight Pulsesdalbeeriperingreagedl g
steady-state depolarization (FIG. 2F). WO 2009/131837PCT/US2009/039949

ms (n = 10). ’
The frequency dependence of VChR1 in evoking spikes was explored using trains
20  oftwenty 5 ms light pulses at 531 nm or 589 nm delivered to VChR1-EYFP neurons in
current clamp (exemplar traces from 589 nm excitation in FIG. 2D). At up to 10 Hz,
more than 90% of tested cells fired 100% of the action potentials in the train at either
wavelength, and at 20 Hz cells typically fired in response to ~65% of light pulses
(FIG. 2E). In these strongly expressing cells, reliable spiking could be driven up to 30 Hz
25  (FIG. 2D; pyramidal neurons in culture typically cannot follow 50 Hz or beyond in
response to either current injection or ChR2 photostimulation), and at 531 nm, doublets of
spikes were occasionally evoked for each light pulse, most likely due to the slower toff
decay constant of 133 ms compared to 12 ms for ChR210. As with ChR2, VChR1 could
also trigger EPSP-like subthreshold depolarizations with lower stimulation light
30 intensities. Delivery of light pulse barrages evoked typical summation of the
subthreshold membrane voltage changes, with increasing frequencies of light pulses

delivering increased steady-state depolarization (FIG. 2F).



10 To test for possible effects on membrane integrity, the membrane resistance and resting
membrane potential were compared (FIGs. 2G and 2H) by whole-cell patch clamp, among 1)
VChRI-EYFPéEXHRELEIREE72) non-transduced, and 3) \/1(6th-EYFP-expressir?@WéW@ﬂ%’Wﬁ’
patch-clamped 24 hr after exposure to a typical light pulse protocol (1 s of 520 Hz, 5 ms light flashes,
once per minute, for 10 minutes). All cells recorded exhibited comparable values, suggesting that

VChRI-EYFP expresgion dig notsianifligantly altel. menr %ﬂ%‘ﬂ%&%‘%%&%ﬁ%%sé Bee liar

distribution appeared similar to that of ChR2, with strong membrane localization, and VChR1 was well

tolerated by th@é@&m@h@ﬂﬂ orsovie ngﬂ(ﬁmm @G NPE R 1) hyawBoletivedl Bughldatepiation
was needed wiffy 10 lﬁfﬁ%ﬁﬁﬁhﬁﬁf’%&ﬁ%ﬁ%} ¥ AGHIARRHRESE48 WhR@QE‘}?IméﬁﬁQ@n%osms'

which require incorporation of all-trans retinal to form the RSB and bécome functional rhodopsins, but

vertebrate nebebrie g paielkhlamned dd hreliat cepeovigda aiqnisstighmilss medderldiiored proteins
without sypplegniatine plhemical Gafasia sdgsting Wﬁlﬂﬁﬁfé&ém%'l Qg0 Mg hfwQnounced

spectral separation between 15ChR2 and VChR1 activation would be sufficient to enable separable

activation usiﬁ@nli%ablﬁéf?émm@%%ﬁl@? W&@B&%ﬂ%@@m&i@m@wmﬁqm akr 406nm
and 589nm were, selacted agdifeho pREA! SXGEANAR WRYEIRRIN SIP-RIOPS RERRIBRIR ATt ¥ alon of

ChR2 and VChRI. For neurons expressing either ChR2 or VChRI, testing was performed for evoked
action potentigighistreapsresebranediveabratimmnd S hiHt wes puabidelaasdbydhess sonmyselivered at

5Hz. Each wayglepgth Wﬁﬁ%‘ﬁf@ﬁﬁ&‘f%ﬁﬁ@iHS%ﬁﬂ{AQE“rQﬁE‘?ﬂt%i&?gé&&%?{éﬂi(l%s“ﬁé@d@&‘x%{ﬁlthat

maximize ChR2 activation while minimizing VChR1 activation at 406nm, and vice versa. It was

discovelfd tHitecMRhRhdryreHRiGerBedrens tessasarstall easadamiripirdonpinanatsgdonm light
respectively (flird e dfplialidiCoF AR AR YERRS HEeR A YR ORI s Alningied with 589nm

25light pulses since the absorption is practically zero at this wavelength, whereas VChR1 neurons

fired reliably tQHpPHB BRI COIBIORIGOYSHP TN hE hasa era dopodiiepnperee RS wlen
llluminated W AQGRAM At Gl bbIGRs GRhBUE AR PRI AT SPeiichY BBgMGRR L cells were

capable of firing occasional action potentials in resg;nse to 406nm flashes (generally, all rhodopsins
exhibit some absorphestiag #is g s s aBohstiha o ced speeBaSenesatom beiwesnSo -> S2

wansition, theyaescepagenRispienRabhe Rdustin s b n ha tapL et nianly was

reduced to 1.2 mW/mm2 (n=10, FIG. 3C), an intensity which continued to reliably and robustly drive
spiking in theddfmentwayslengths of light. Based upon the action spectra (FIG. 1F), 406nm and

589nm were selected as likely optimal excitation wavelengths to probe separable

activation of ChR2 and VChR1. For neurons expressing either ChR2 or VChR1, testing

was performed for evoked action potentials in response to trains of twenty Sms light

20  pulses (406nm and 589nm) delivered at SHz. Each wavelength was tested at several
different light intensities to determine parameters that maximize ChR2 activation while
minimizing VChR1 activation at 406nm, and vice versa. It was discovered that ChR2 and
VChR1 neurons can be separately activated by 406nm and 589nm light respectively
(FIG. 3A). In fact, no ChR2 neurons fired action potentials when illuminated with 589nm

25  light pulses since the absorption is practically zero at this wavelength, whereas VChR1
neurons fired reliably at this wavelength. Conversely all ChR2 neurons fired 20 action
potentials when illuminated with 406nm light, at all three light intensities (n=10, FIG. 3B).
While VChR1 cells were capable of firing occasional action potentials in response to
406nm flashes (generally, all rhodopsins exhibit some absorption at this wavelength due

30 to transition to the second electronic state, SO -> S2 transition), the percentage of spikes
could be reduced to 13+9% when the 406nm light intensity was reduced to 1.2 mW/mm?2
(n=10, FIG. 3C), an intensity which continued to reliably and robustly drive spiking in the
ChR2 neurons.



WO 2009/131837PCT/US2009/039949 11 As currently implemented, the simultaneous application
of VChR1 and ChR2 could be used to test progressive recruitment of different cell populations in
controlling WEROBEREFr. For example, two different,intemeuron or neuroMoBUSAY/ (38t ations
could be recruited in stepwise fashion: first by isolating population A with yellow light, 5 followed by
driving the combination of populations A and B with added blue light. This kind of experiment has been

the primary driving force,ebing develpingAYSIanA Rl SshAbARCEPORARSINRSHRS complexity

of neural information processirig and interactions of different neuromodulatory systems will require fast
optical excitatfonldthausedtatedisogesseivn spruimeentpiediipsnbedbnsinedatibisdtberitedtinditations

and 10 modulafan gRiingde. "HELEHEH! YOAMGRANFORARA or nolbisllESRISShaRRR ]
types can be tested in separate experiments, for convenience in some experiments it might be useful
to drive two is@ﬁl@@%&!&ﬂéﬂ@ sepifieednthiansdirpidntiselrting opesjstiomantitiyspemaiabiategy
would engail %ﬂ&&@&%gﬁ&}imm}{@&ﬁmﬁ&i’oﬁ%? &pdigﬁ&lagtg%#a%%ﬂﬁ RGOS RBhRteyigger

reliable 15ChR2 and VChR1 spikes respectively, which will simply require independent calibration in

each experimiihPpeeparanen pas heqn ths @y drivisedarsdiebinihie wWmagareingd-employed
using a monoghrMetah AEIFIING {UIaEShR YRl E GRS ilish YRR riabeiRd Rrpulation will be

exclusively controlled, and as the excitation wavelendgth becomes progressively more blue beyond 535
nm, the contr_imﬁréﬁ@flﬂfef Qﬁ@qmammﬁmwmé&mﬁ@@émigpm}@mmmar@ﬁ(FlG. 1F).
Molecular refipaments (59w AURAIIINCR R ARTLRAHAVPEIRGISRRHE B AbYIGRR L hhan be
implemented to provide further separation at the blue end of the spectrum. The identification and
charactdflzatiBreéiiaionreatioe yenewalgienddanigtamhbabgigefines the third major functionally
distinct category of s APIRORIENE A6 A Yaladle (e pigepaAlaa e arpaiatiomand function of
neural circuits, following the introduction of ChR2 for blue-light neural excitation and NpHR for
yellow-light néavapmfﬁﬁnimﬁqm@mm@ﬁwtm_ghbh@w@ rwriéaﬁ@ ﬁwmk@w aepyhbpesatum,
VChR1 d'Sp'QMﬁé}@H{t{ﬁHQA.W%}%ﬁh%%&fifﬂéﬁ{eﬂ'dBﬁlﬂQf@&e{f%QH%@&[&%@tQﬁ RESkEthe
steady-state current (FIGs. 1C, 2B) compared with _C_hRZ; while typically 30 peak current magnitude in
channelrhoddBEHBWE FoRds RN Ag melight inteesities spliginnhie seprarel ydtiager, mliebleady-state to
peak rajig is larger fan VR 1 paRGhI nderaier vl R SXRUBERHe YV Ribrati
2009/131837PCT/US2009/039949 12 %.%%The 'e’xistlence ofgﬁvl\?gwlgngrdgg’[{)}({andent%.co%r%rollatbfgtle?)?citation
proteins operi8 gehsdiersnental eepartpp ieatiRKGRciddiny, Hutrpsiapetef lighiseliustiens for

treatment of g5, be employed using a monochrometer or multiple filters; at yellow wavelengths, the

VChR1-labeled population will be exclusively controlled, and as the excitation
wavelength becomes progressively more blue beyond 535 nm, the contribution of the
20  ChR2-labeled population will become steadily more dominant (FIG. 1F). Molecular
refinements (e.g., blueshifting ChR2 and narrowing the spectrum of VChR1) can be
implemented to provide further separation at the blue end of the spectrum.
The identification and characterization of VChR1 for yellow-light neural
excitation here defines the third major functionally distinct category of fast optogenetic
25  tools available for interrogating the organization and function of neural circuits,
following the introduction of ChR2 for blue-light neural excitation and NpHR for yellow-
light neural inhibition. In addition to its functionally significant red-shifted action
spectrum, VChR1 displays additional properties that are of interest, including reduced
ratio of peak to steady-state current (FIGs. 1C, 2B) compared with ChR2; while typically
30  peak current magnitude in channelrhodopsins depends on light intensity, external pH, and
membrane voltage, the steady-state to peak ratio is larger for VChR1 than ChR2 under all

conditions we have explored.



variety of disorders and the use of a plurality of light-responsive proteins that can be selected so as to
respond to a plurality of respective optical wavelengths. The family of 5 single-component proteins has
been showrX@ PE4Y&HEYO multiple wavelengths and ipfensities of light. AspRlelslER#/4a%tion allow
for further mutations and/or searches for sequences that allow for additional optical wavelengths
and/or individually controllable protein channels. Variations on the optical stimulus (e.g., a wavelength,

intensity or duration prefigkeAlAbFaRE HISSndeRiRIanNesI hidHatiaRd piiesHVaychdepiRiboverlaps
in the excitation wavelengths of two different ion channe] proteins to allow excitation of both proteins at

the same tim&°1/# BAfaety,eh anRtisatiansHBodtagn b hagt Aot AR IeRHABSHOFEEMEIRLA Thus, in a
neural applicaiigtPHEdseiraéio AnehRBRGISIMAYIRFANY GT SRR péRIEIBreRIRUIGEEseaRI centage

relative to a second set of ion channels. 15Many human applications of the present invention require

governmentaPHppRSVs Bl iesnadt Y Pislins el respastiveortisel Srayelcaaisrapedamiteqlire such

approvals HowRyes. cHmpleicae PR IBRKARIS BdBr I oR So( RepdRAIPIHa il Sl € s Haioalie din- susceptible
to neoplasms) are p,roceedirllt% rapidly, with active, FDA-approved clinical trials already un&grway
S

involving viralfYenutifsiRiighb Kipestsirths ImpsriRu v b R IR atians 2aUPY 5676

embodimentsef J8guBRese HalMIRIWI g6 el dtianaroytideyval dppiaatinvoringi{ationming is a
non-exhaustive list of a few examples of such applications and emboﬂ{g{nents. Addictjon is

associated wRASOHRIRIE PEPSHAIPPAIIE DY LIRS ABG QPG A SER PR i8n 2 XFYSSREWY, the driving
cause of addigliensiyay vartptyeeinisida/be dscActoidingiR Onenmawsirptiladaigtion, for

example nicotine addiction, may be treated with optogengtic(;%a}&ilization g@r&%ﬂ areas on the insula.
Optionalf}, fuﬁ&ﬁﬂeﬁaﬂﬁ%@ﬁw&éﬁﬂ%ﬁﬁ%w@% S ALY PEF TP, PIEER ¢ docate a
hyper metabelil{ipeusiiftiitef totHeiRtaiRaf R Saihe tagetsat iachminiarycmtgroiibenisula
surface. Optogenetic excitation of the nucleus accumbens and ?eptilm may provid%éeward 30 and

pleasure to alpXGEHHEIRAbISY RlseH TornsoPifty- 1o hus BY a6 13 SRESTHALBId a key to

addiction treaiagnél GRRY prselccapirRanaticakiinaliebesé freconeieteREBEMDEBecand septum may
be used to decrease drug craving in the context of addiction. In an alternative embodiment,
optogenetic SEILAARRSH of hyper metabolic activity WO 2009/131837PCT/US2009/039949 13

observed at the genmvighfhiaateipplicnmHats (RAsaainbentsediquiecseasutisagtipyigal
Optogenetic stabilization of cells within the arcuate nucleus of the medial hypothalamus which contain
peptide prod T3P SRSILRIEMENA MG (B ARG EHE ?Qﬁdgﬁﬁ]fﬁqgi ?ﬁfﬁ%‘-?@&ﬁ?&ﬂhg transcript

(CART) can aleavbeetisemhilardesedsenpidyia adelisiohbahpavitehidrduelhathinfarnation in this regard,
reference may be made to: Nagvi NH, Rudrauf D, Damasio |I, Becharg A. "Damage to the insula
disrupts addiEtR5RY @a@ﬁ@m}ﬁg@%&%ﬁ@&gzaw%{aw%;aétﬂ%f(s@f PR f@&me is fully

incorporated hrigilydeipi@rtaydpionanetindtvpmation i ne higandbeine Neisantilaiine
hypothazlg micfacilitate the use of various embodiments of the present invention for a large variety of
applications. The following is a non-exhaustive list of a few examples of such
applications and embodiments.
Addiction is associated with a variety of brain functions, including reward and
expectation. Additionally, the driving cause of addiction may vary between individuals.
25  According to one embodiment, addiction, for example nicotine addiction, may be treated
with optogenetic stabilization of small areas on the insula. Optionally, functional brain
imaging, for example cued-state PET or fMRI, may be used to locate a hyper metabolic
focus in order to determine a precise target spot for the intervention on the insula surface.
Optogenetic excitation of the nucleus accumbens and septum may provide reward
30  and pleasure to a patient without need for resorting to use of substances, and hence may
hold a key to addiction treatment. Conversely, optogenetic stabilization of the nucleus

accumbens and septum may be used to decrease drug craving in the context of addiction.

In an alternative embodiment, optogenetic stabilization of hyper metabolic activity



10periventricular nucleus that secrete somatostatin can be used to inhibit secretion of growth hormone
from the anterior pituitary, for example in acromegaly. Optogenetic stabilization of neuroendocrine
neurons tha§e24td Y8¥atostatin or growth hormong gan be used to incre&S&'§raft ALt Hhysical
development. Among the changes that accompany "normal” aging, is a sharp decline in serum growth
hormone levels after the 154th and 5th decades. Consequently, physical deterioration associated with

aging may beJgssepgd: o %@@9%%%@9%@@@@%&)%%6&%@&6%'a&&e&é@%
eus

Optogenetic stabilization of the ventromedial nuc of the hypothalamus, particularly the
pro-opiomelasEEaRgn (Rringartintelibizntiemabicsisoribinihraredrintrg araséhpeddkT) of the
arcuate nucleys, GRNNGUSHAILR REHaRSE-PRRE IS IANY SIS RIHARESURIRNRRIYDaRd

Alternatively, optogenetic stimulation of the lateral nuclei of the hypothalamus can be used to increase

appetite and €9gHghEMgBRhctamigs R ENSEERO AGATHD cAB AR gLV fetTertRd areas
includingghe tempaIaldesepiha B VAR veiaies hasaliaRiiMiewsboany IBrRAsEHaY Saiaddeayrus

(BA 31) provides stimulation, and hence neurotg{rﬁhic drive to deteriorating areas. 25Because the

affected areadad¥i Myt Rtvmmsis HirBeshamdo gRamaentmbsitinridisnapitdieidddes may

be less feasiie dhar-aP SRIRIBENSIGABLI 266N Jan 26\ BNiStyHlippsders BraRiealfuagsociated with
increased activity in the left temporal and frontal cortex and amygdala, which trends toward normal as
anxiety resold@%‘.’@&%ﬁéih@?ﬁ}"c iR et temporal and frontal regions and amygdala may 30be

treated with optogengfifostabiliz stigiAR A IAARNREDARMIBLI0 AN 85 ErESB}pBhalami® Normal
physiology, photosensitive neural cells of the retina, which depolarize in response to the light that they

receive, |BreaH\ABITWABUsTeHR thet srveslqispmptogiatin espByErditoihibrIsEL LAl SENERd 1o
mimic this progeamik Memrasiieidhsifadyy, WMQ L34 REzhlY SOPRYARER49 14 and the eyes

are no exception. In the case of visual impairment or blindness due to damaged retina, a functionally

new retina caFiabeligRARM Ol PFEFOERAQCHAR REY IR SRS H P P A P A RIS O RR8R - rom an
implanted deyegsdd® tificial salineh FRVPhysRYIRR RiRGRkiR thadesaline chahgeareanal retina (where

it can take advantage of the SOEtic nerve serving as a conduit back tg the visual cortex). Alternatively,

the artificial réGFRMAZPYHE A SRR NS IR LU VR HRAR D el #EE Eonduit for
the depelarization sighale a16s transiliealy, GHjiGehligsiea sanah iaedasiphatngiterncseed

information from the optogenetic sensor matrix. Cortical blindness,could also be treated by simulating

visual pathwd§eSersiriatruei i asensie siabyirionod heRerayrsyricular nucleus.

Optogenetic stabilization of the ventromedial nucleus of the hypothalamus,
particularly the pro-opiomelanocortin (POMC) and cocaine-and-amphetamine-regulating
transcript (CART) of the arcuate nucleus, can be used to increase appetite, and thereby

20 treat anorexia nervosa. Alternatively, optogenetic stimulation of the lateral nuclei of the
hypothalamus can be used to increase appetite and eating behaviors.

Optogenetic excitation in the cholinergic cells of affected areas including the
temporal lobe, the NBM (Nucleus basalis of Meynert) and the posterior cingulate gyrus
(BA 31) provides stimulation, and hence neurotrophic drive to deteriorating areas.

25  Because the affected areas are widespread within the brain, an analogous treatment with
implanted electrodes may be less feasible than an opto-genetic approach.

Anxiety disorders are typically associated with increased activity in the left
temporal and frontal cortex and amygdala, which trends toward normal as anxiety
resolves. Accordingly, the affected left temporal and frontal regions and amygdala may

30  be treated with optogenetic stabilization, so as to dampen activity in these regions.

In normal physiology, photosensitive neural cells of the retina, which depolarize

in response to the light that they receive, create a visual map of the received light pattern.

Optogenetic ion channels can be used to mimic this process in many parts of the body,



10would be based on visual data produced up stream of the visual cortex or by an artificial light
sensor. Treatment of tachycardia may be accomplished with optogenetic stimulation to
parasympath&igatigdt system fibers including CN X, or Vagus Nerve. ThRCEARE8%dPease in the
SA node rate, thereby decreasing the heart rate and force of contraction. 15Similarly, optogenetic
stabilization of sympathetic nervous system fibers within spinal nerves Ti through T4, serves to slow

the heart. For iedreaiment ‘ﬂt)%&%@&{9%QT%%@r6¥%§ﬁqg%&%eﬁ%i%ﬁﬂ@s@h{r@ty agus nerve,

or optogenetic stimulation of sympathetic fibers in Tl through T4 will serve to increase heart rate.
Cardiac disrhg@imarss F@gamﬂggmﬁapab@m@mf‘é&tﬁéanﬂaﬁ:gfﬁmwb@bélﬁﬁ&@m&ﬁmhﬁ@aélaiﬁy 20 be

suppressed by {reating ﬁlfslﬁﬁ%ﬁﬁgﬂ{ Slacicadrcys WEhmOodaraie-oniRoanelis.plahiizatiap This

decreases the intrinsic rate of Tiring within the treated tissue, and permits the sinoatrial node to regain

its role in paciR@vthe Pleseddretbe dosatieysibthe prigiaphipting Syhaiaitype Bke afyriageftheia could be
treated. Beg {9&&9&9&&%91@%%@&%&&1@5&@%&1@xﬁéﬁgi%Wélagatm%ahmﬁﬂ@ah%faﬁai'ufe could

also be treated 25using this invention; the remaining tissue cou be excited using various

embodiments&itAd&RBapksed in enptise astiecitshcs SimdorsherdopiorddsdebrsA<camduidiieg the

frontal lobe, paueialdpleadirs RN GRMPInRaKdAGHEA B RAcRSSIRghapRST dRpIRMEIgRIOTY, and
stimulate growth and interconnection of neurons, including spurrlggH eveIoE ment of 30neural

progenitor cefBcodedinfoumapnn Grw i ARPIRAOITBTItHB #FES &R nesgiceutd gigs be
optogenetic exeiialiayy stimiatipn aliargsirchpessarsiRdhechalatismieoins PHpeamAkRERYINg a

patient out of a near-vegetative (barely-conscious) state. Growth of light-gated ion channels or pumps
in the mémbraoslditaRssed Prmumphiatigursiissd uperernofibeaisolopitrs by 63 99HcH effected.

These modifiﬁgm%ﬁg&s are then stimulated (e.qg., via optics which may also gain access by the same
passageway) by directing a flash of light thereupon so as to modulate the function of the targeted

neurons and/or surrdaFriRgNESiachyCatiAERaNBR REaRPPHEYST VI QB Senfiie SHIBYIAREB fOtechniques
(via electrodeshagesh fertmentvars Mhet ifermativnirRiardingihe sesReaiedIRigrgions for such

patients, reference

decrease in the SA node rate, thereby decreasing the heart rate and force of contraction.

15  Similarly, optogenetic stabilization of sympathetic nervous system fibers within spinal
nerves T1 through T4, serves to slow the heart. For the treatment of pathological
bradycardia, optogenetic stabilization of the Vagus nerve, or optogenetic stimulation of
sympathetic fibers in T1 through T4 will serve to increase heart rate. Cardiac
disrhythmias resulting from aberrant electrical foci that outpace the sinoatrial node may

20  be suppressed by treating the aberrant electrical focus with moderate optogenetic
stabilization. This decreases the intrinsic rate of firing within the treated tissue, and
permits the sinoatrial node to regain its role in pacing the heart’s electrical system. In a
similar way, any type of cardiac arrhythmia could be treated. Degeneration of cardiac
tissue that occurs in cardiomyopathy or congestive heart failure could also be treated

25  using this invention; the remaining tissue could be excited using various embodiments of
the invention.

Optogenetic excitation stimulation of brain regions including the frontal lobe,
parietal lobes and hippocampi, may increase processing speed, improve memory, and
stimulate growth and interconnection of neurons, including spurring development of

30  neural progenitor cells. As an example, one such application of the present invention is
directed to optogenetic excitation stimulation of targeted neurons in the thalamus for the
purpose of bringing a patient out of a near-vegetative (barely-conscious) state. Growth of

light-gated ion channels or pumps in the membrane of targeted thalamus neurons is



may be made to: Schiff ND, Giacino JT, Kalmar K, Victor JD, Baker K, Gerber M, Fritz B, Eisenberg B,
O'Connor JO, Kobylarz EL Farris S, Machado A, McCagg C, Plum F, Fins JJ, Rezai AR "Behavioral
improvemeORPABMIc stimulation after severe trgumatic brain injury, "BCAURBIPEI3WAB Aug 2,
2007, pp. 600-604. 10In an alternative embodiment, optogenetic excitation may be used to treat
weakened cardiac muscle in conditions such as congestive heart failure. Electrical assistance to failing

heart muscle o CHE isfeRarRIARl RARIRASHE QR IR S BIobed, fingilensiate af i cardiac

wall, and the difficulty in providing an evenly distributed electrical coupling between ari electrodes and
muscle. For tigRitageess bysiheefemne pasragroty 1 diecesinhe ddesting bahtithereaparaxifttihave involved

either pharmagglpgieaiineieASSHEhaRRRIBALUMREHS « AL, BETDANIGR) RPN OFCRESSIE as

ventricular assist devices In this embodiment of the present invention, optogenetic excitation is

delivered to WBkHieHEGhERA NS depieRTiatstaadulieipa eienees ticlsaspderiased Grataenat
surroundsthe BeaRLQIISANIRR A9aaRHCRlTRERdhaerst il il 2P Mmay e difiurad By.means

well known in the art, to smoothly cover large areas of muscle, prompting contraction with each light

pulse.  OptoygebrinadedsiisehihYiaanipydhukpppridn Yieks Hhdakes KyfserbeddsFi@low light

may be applig m@&ﬁermlwt%ﬁsym-ﬁ@%ﬁ@%@%}%@?&&%rm@%@tmﬂﬁqﬁsing target
activity in manner analogous to what is taught by 25 Mayberg HS el al., "Deep Brain Stimulation for
Treatment-R&dRtdhtRsapi &BioRehridend impepvamegts1opbohakris Simwletopgfigssesde, which is

fully incorporatgehbereindy #5igienaatnavaltergtiveembagimsnis@aprtogenetic excitation

stimulation method is to increase activity in that region in a manner analogous to what is taught by

Schlaegf@r et al., "DEe#BHaMmakKS ARbRod iRk WRlRENRHGIHYCHABONIRY AR NEEdI4IRIB0 Refractory
Major DepresgioRenMeLRRSY tRRRNIAINRRRIRIR LA RRohgkQivdiehriscillyeneocpeigied herein by

reference. In yet another embodiment, the left dorsolateral prefrontal cortex (LDPFC) is targeted

with an optogiitRnesExAiGRShat At metiddl tagsagrally nosimactical, siatoghs thin-
2009/131837hife{iida 2000103096 3R 2 A G0 éﬁﬁ@@%ﬁfﬁ&l@g%w&%aﬁ@&ﬂ%\é@@f this structure

which, via connecting circuitry, serves to decrease activity in Cg 25, improving depression in the

process. Supfeabisadilastisahr s herarsransitsirederandimisple djas thisseasrerfective
depressign trgairnest siEateay «f MEMaNReARERIRe v ARIRGERRtcstaRiligatignon 5 the

RDLPFC, or suppression may also be accomplished by using optogenetic excitation stimulation, and

pulsing at a S@rmaeolegicahmethgdssuchias Belargetitedaiomseahicst sppErchayschdive stimulation

(VNS) may b@éﬁﬁ@éﬁ%%&%ﬂ@e@ﬁé&ﬂ&ﬁﬁ%ﬁﬁmf&f Hﬁ%%s@ﬂ@%ﬂ%%,%@@gﬂaimay b? used in
order to stimulate only the vagus afferents to the brain, such as the nodose ganglion and the jugular

ganglion. Efférsiaiion Belsliysecsrianeaisres derscanelsiviulahb sTBiRG APProtcn the d8fminating
some of the sigig:6E 8¢t AERENRRRING MG AiasOiP (HRIRE JBIART RCAUI e Aiffisy yaBwaligning and a

hoarse voice. In an alternative embodiment, the hippocampus may be optogenetically excited, leading

to incred®ed BBRAEERPA Ry TarE BRIy BB ATy OB AYSh LEERMIERS BStABISHAIN

regions impligaiathithdeBresRigehitaicaid R dpuitgated using this invention include the amygdala,
accumbens, orbitofrontal and orbitomedial cortex, hippocampus, olfactory cortex, and dopaminergic,

serotonergic, and n&tBigsHEHsistpPdigationdn s ihesatial Aopienfdhecdm sl e td-€ntrol spread
of activity througbustibktwias HKagPRIRRACAMBIFIR PN J e PR SINEWHIP IR S treat

depression by suppressing target activity in manner analogous to what is taught by
25  Mayberg HS et al., “Deep Brain Stimulation for Treatment-Resistant Depression,”
Neuron, Vol. 45, 651-660, March 3, 2005, pp. 651-660, which is fully incorporated
herein by reference. In an alternative embodiment, an optogenetic excitation stimulation
method is to increase activity in that region in a manner analogous to what is taught by
Schlaepfer et al., “Deep Brain stimulation to Reward Circuitry Alleviates Anhedonia in
30  Refractory Major Depression,” Neuropsychopharmacology 2007, pp. 1-10, which is fully
incorporated herein by reference.
In yet another embodiment, the left dorsolateral prefrontal cortex (LDPFC) is
targeted with an optogenetic excitation stimulation method. Pacing the LDLPFC at 5-20



So long as there are viable alpha and beta cell populations in the pancreatic islets 20 of Langerhans,
the islets can be targeted for the treatment of diabetes. For example, when serum glucose is high (as
determined WHARMM3#3Fy closed loop glucose detec}tgon system), optogenB&&/ExeMb My be used
to cause insulin release from the beta cells of the islets of Langerhans in the pancreas, while
optogenetic stabilization is used to prevent glucagon release from the alpha cells of the islets of
cangernans e RADEISA-ASCROVSIIPH-AAR RYG THER 3 ALIRAVAh(asdaiEUARe manually
or by closed loop glucose detection system), optogenetic stabilization may be used to stop beta cell
secretion of isdglitrardoptdgdaettemadtitibhinfay bb e ving depsessiapidhecnreetetion of
glucagon. .FOS%E&}?& 8%&1%'Hq%gyd&m%%&%%mspQ%ﬂgﬁmiéstgw%léf?&@veenable to
optogenetic approaches. Most epilepsy patients have a stereotyped pattern of acté\égy spread resulting
from an epilepeprssierfénasnOptetriegtic Bhibilianberressuplbdied by epteapptioestabdizpiomoRl activity
before it spregds.qs tpneased ib Satdn ixcauss. Alemalivale Refvation plexciatmiissge via
optogene%ic ex_citatiqr?ﬁ?ﬁnulg#o‘%%could V\l% 2005/%3183%PCT/[%200%%)%9§%9 17 be delivered in a
series of delilsératddjiensyndpulsingsap atsbans ats diseupt Hrecsdsssyimpasing dasetston Ahtheer

altermative inyplyes, o afivation afaRRRRIRIRSAIRIAN AlRVNAD GABRBMIGEeUrons o

provide a similar result. Thalamic relays may be targeted with optogenetic stabilization triggered when
an abnormal ERGaskitdsaoberineraticarstinsioa By dipissdinerdestieiruiatn spboh§as@ntestinal

disorders. Therdig@alive Ry 1S, 1acH 5 MY h R SHORAMAMSNERYAH S DAHETB L ONFARIAG sensory

neurons, motor neurons and interneurons. These neurons control movement of the Gl tract, as well as

trigger dfecifiécsnitbabmia yortd relagsel v rinaRfian Bychis ARaToashd thes eHHBAHER BRIRTG gastrin,
cholecystokinip. and SeRIQUR SXSRENGS D BGHe DAUCIHRIR. SPCsERAtRAMPERRBR ARIIIar

products may be treated with optogenetic stimulation of the producing cell types, or neurons that
prompt their agthathoTsmveiessyn optalinativestaindinent QSuBRBSRE%E B9ndromes in which

excessive engoering-ARAQLTRE, REQEEIRAHRARIEY BRARK. MiPRKERP préansEeshiniRgliam! motility,

ranging 15from constipation (particularly in patients with spinal cord injury to.megracolan may be
treated with & thehinperampnmStiien rrarsgirnsamrtictisd dn Briwrerios G1ahtesimhe

hypermpgiityypleint ome RS RN U SR BaDR AR Th@pogenetic

stabilization of neurons that control motility. Neurogentic gastric outlet obstructions may be treated with

optogenetic stettipratibal spriexybirpeswnpisscliegine rriox g derrningrgite FRERI0BLBIS 3N to
hypomobility yndtemesabjddasde mv&%s&a@@sg&%eﬁatipsetesézf%%ﬁﬁ@pégy@aa%@rons in the

walls of the gut, increasing the signal that the gut is full and in need of emptying. In this same

paradigm, antappradbroasihysasmesittyeshsdidrrsaBpusdarReL E S S8 or SRR UPtogenetic
stabilization to stretey [BGeROhBRHRNSIABINAAWE (HethtiiTR piRNigiRd RthiRa Gesidhatthe gut

was empty, and not in need of emptying. In the case of frank fecal incontinence, gaining improved

control & thedhlemesrhaes cheifialsssmbetassics forths drerragnbofd dinhsictnd M SHIRGRIF tE ERtire
tract. During 9&{199%1195&&% fAlingsviichanatieahRaeds: teyalddetesy prrRiRarastioaxcitation of the

internal anal sphincter will provide for retention. Providing optogenetic stimulation to the
system), optogenetic excitation may be used to cause insulin release from the beta cells of

the islets of Langerhans in the pancreas, while optogenetic stabilization is used to prevent
glucagon release from the alpha cells of the islets of Langerhans in the pancreas.

25  Conversely, when blood sugars are too low (as determined manually or by closed loop
glucose detection system), optogenetic stabilization may be used to stop beta cell
secretion of insulin, and optogenetic excitation may be used to increase alpha-cell
secretion of glucagon.

For treatment of epilepsy, quenching or blocking epileptogenic activity is

30 amenable to optogenetic approaches. Most epilepsy patients have a stereotyped pattern of
activity spread resulting from an.epileptogenic focus. Optogenetic stabilization could be
used to suppress the abnormal activity before it spreads or truncated it early in its course.

Alternatively, activation of excitatory tissue via optogenetic excitation stimulation could



30 external sphincter may be used to provide additional continence. When the patient is required to
defecate, the internal anal sphincter, and then external anal sphincter should be relaxed, either by
pausing theWBt8YeH&t3Stimulation, or by adding optpgenetic stabilization. PEAYS2009/039949
2009/131837PCT/US2009/039949 18 Conductive ﬂearing loss may be treated by the use of
optical cochlear implants. Once the cochlea has been prepared for optogenetic stimulation, a cochlear

implant that flgshesJighl HaYsPRN S H-RESRIPSWALNGRIRIIRSS MY BertinalrdkHeaudb optical

stimulation of downstream targets in the auditory pathway. 5SAnother embodiment of the present

invention is diveiEiEE W6t tHaetbatltanaii W obprestheractisdion Af atieeastisyprsiatienn.
BaroreceptorgaagishGMAIGAaPAL B ASHARS S YRV AR DS ARHASERIC PrgitsiaRdapaiaapsic bodies)

and the carotid arteries (“"carotic bodies") participate in the regulation of blood pressure and respiration
by sending aftaizgied Withiwipggnatisestobilizaion IW%%&WW%E%@H%%% 10pons,
particulardy thg.sQljtayry tract and nucleus. Optogenetic excitation of the carotid bodies, aortic bodies,
paraortic bodies, may be used to send a false message of "hyFertension".to the solitary nucleus and

tract, causing it to rep8pthsaemRApratEe Widhritisat sdtropteyurk disesdststdicor
stabilization difgeti0IRRIPHEIR B Lnthe REABRIRIN MR A I ReHeSH MR iR@nBbepd pressure.

The opposite modality causes 15the optogenetic approach to serve as a pressor, raising blood
pressure. A sTEFEANEBOIRAGUERS BRIRIFERHORS dRSEEISIvnS G s BRetifubsEive, or by

optogenetic s{ghilizatipn ok syaRatriisitas ithie shiptasivescld difedteatiatealived
embodiment, hypertension may be treated with ogtqgenetic stabilization of the heart, resulting in

decreastl caharrosetpuelaAnEsrsvdn shoderprokiinantsesiatiny AT Seririnsirifnent,
optogenetic s{ghilizatien Qi AAIE NS PIRAUCRN A ISdiRIn Hhs Adrepakaciiax spryhrtised to

decrease blood pressure. In yet another alternative embodiment, hypertension may be treated by

optogenetie stABIHARBHOSREREIHF B eRlIH PR ORLAE0 T REMEPL ReBaHRatedCPINEE e ously
to the periphesgloseachiashsd-ARpthelySdmaia e b ymathissdncckichiovwasdbedaeatment of

hypothalamic- 25pituitary-adrenal axis disorders. In the treatment of hypothyrojdism, optogenetic

excitation of pa/exinsRRdreis FE bAME, Fiedirdniserle ablRRF 18W§W5W@9¥8Wh§?ﬁ‘§fﬂglamic
nuclei ca befisaddadnsiasseecEation oh thieitopint ejsasiosrhanfupnad THephcblard Ry Beturn,

stimulates anterior pituitary to secrete TSH. Conversely, . . . .

treated with optogenetic excitation of motor nieurons in the intestines. Disorders of
intestinal hypermotility, including some forms of irritable bowel syndrome may be treated
with optogenetic stabilization of neurons that control motility. Neurogentic gastric outlet
obstructions may be treated with optogenetic stabilization of neurons and musculature in

20  the pyloris. An alternative approach to hypomobility syndromes would be to provide
optogenetic excitation to stretch-sensitive neurons in the walls of the gut, increasing the
signal that the gut is full and in need of emptying.

In this same paradigm, an approach to hypermobility syndromes of the gut would

be to provide optogenetic stabilization to stretch receptor neurons in the lower GI, thus

25  providing a “false cue” that the gut was empty, and not in need of emptying. In the case
of frank fecal incontinence, gaining improved control of the internal and external
sphincters may be preferred to slowing the motility of the entire tract. During periods of
time during which a patient needs to hold feces in, optogenetic excitation of the internal
anal sphincter will provide for retention. Providing optogenetic stimulation to the

30  external sphincter may be used to provide additional continence. When the patient is
required to defecate, the internal anal sphincter, and then external anal sphincter should
be relaxed, either by pausing the optogenetic stimulation, or by adding optogenetic

stabilization.



hyperthyroidism may be treated with optogenetic stabilization of the provocellular 30 neuroendocrine
neurons. For the treatment of adrenal insufficiency, or of Addison's disease, optogenetic excitation of
parvocellulaVRAMIE3HHrine neurons in the supraopijg nucleus and paravaiilidifiziteithay be
used to increase the secretion of vasopressin, which, with the help of corticotropin-releasing hormone
(CRH), stimulate anterior WO 2009/131837PCT/US2009/039949 19 pituitary to secrete ACTH.

Cushing syndrome, fraguent. sausad RYEXGS TIVRAGTE SRSTRlor oRAG HRaleshiyiihaptogenetic

stabilization of the parvocellular neuroendocrine neurons of supraoptic nucleus via the same

physiological Enalst etrbdes bg&?bembnrmoé forontospridie FiEmddiionssogideardmpam dbitus
produce dopaming, ARYIGILINAIL Ge QLGN AL RIPRGHA ITRI% msy%yeféafeangh ldyReIprolactinemia

can therefore be treated via’optogenetic excitation, while hypoprolactinemia can be treated with
optogenetic stébiigatipmadideenstaroeierisiie theidiene rathigte nucleus. In the treatment of

hyperautgnomic statgg, {RLeXa03AlG, 3R o dISRLER! S RNIRIEREHFSIRPIAALIONIRS agalif i medulla

may be used to reduce norepinephrine 10output. Similarly, optogenetic stimulation of the adrenal

medulla may bleaketrsmrdstnmdanitisusbers Ropadeasiamn BaRERIS PleFse3tthsBraNgIsSerioh i8evere
asthma, or d'%%%%@Ssmtéyﬁ@fé‘oﬁé&é}m@B&%@%ﬂk‘fﬁ%&ﬁ%@é}%ﬁéf@fé‘@&%@%}t@i@@fena' cortex

will cause release of chemicals including cortisol, testosterone, and aldosterone. Unlike the adrenal

medualla, thelsraretialhogigsribratisinetes i dhn seayador ¢fdHo P presHE SR ECHIFANORLY secreted from
the pituitary and fiypoialamUsa e §1&%Wﬁ@ﬂ%¥%dﬁ?&?’ﬁﬁ§§y§@@tﬁ@ﬁ%@@t‘lﬁé’gﬁd( is

amenable to optogenetic stimulation. Optogenetic stimulation of the cortisol-producing cells of the

adrenal brteRanuypaiicatthg satiman st and suskus OBRIgesnstic sEahrtaneh Bedratdi-producing
cells of the agjeal CRAGXINALDPAHEEHILLBERS CHANIROR LI16 38R 2FIRIAURREIC stimulation of

testosterone-producing cells may be used to treat disorders of sexual interest in women: Optogenetic

stabilization of¥RsSEERERTE Eethesrlitany pudguwband draciseansing Win Pt thahblogd dyeissik:
stabilization %%lﬂ@%@&@?éﬁ&ﬁlq&%gﬂ%w&mnﬁ%%fﬁﬂﬁhﬁﬁf% MRy ey appripEacTsase blood

pressure. Optogenetic excitation of al rone-producing cells within the adrenal cortex may be used
to increase b@‘&éq@@;gggmér}ay also be used to lower blood pressure. The opposite modality causes

15  the optogenetic approach to serve as a pressor, raising blood pressure. A similar effect
may also be achieved via optogenetic excitation of the Vagus nerve, or by optogenetic
stabilization of sympathetic fibers within spinal nerves T1-T4. In an alternative
embodiment, hypertension may be treated with optogenetic stabilization of the heart,
resulting in decreased cardiac output and lowered blood pressure. According to another

20  embodiment, optogenetic stabilization of aldosterone-producing cells within the adrenal
cortex may be used to decrease blood pressure. In yet another alternative embodiment,
hypertension may be treated by optogenetic stabilization of vascular smooth muscle.
Activating light may be passed transcutaneously to the peripheral vascular bed.

Another example embodiment is directed toward the treatment of hypothalamic-

25  pituitary-adrenal axis disorders. In the treatment of hypothyroidism, optogenetic
excitation of parvocellular neuroendocrine, neurons in the paraventricular and anterior
hypothalamic nuclei can be used to increase secretion of thyrotropin-releasing hormone
(TRH). TRH, in turn, stimulates anterior pituitary to secrete TSH. Conversely,
hyperthyroidism may be treated with optogenetic stabilization of the provocellular

30 neuroendocrine neurons. For the treaﬁnent of adrenal insufficiency, or of Addison’s
disease, optogenetic excitation of parvocellular neuroendocrine neurons in the supraoptic
nucleus and paraventricular nuclei may be used to increase the secretion of vasopressin,

which, with the help of corticotropin-releasing hormone (CRH), stimulate anterior



Optogenetic excitation stimulation of specific affected brain regions may be used to increase
processing speed, and stimulate growth and interconnection of neurons, including spurring the
maturation 8YA28e&1ptdenitor cells. Such uses can hg particularly useful BETERANEY 384 ental
retardation. 30According to another embodiment of the present invention, various muscle diseases
and injuries can be treated. Palsies related to muscle damage, peripheral nerve damage and to
dystrophic disgages £a0 e ieated Wit qoiRRENGHRMIE RUARIB UGS FNtaclion, and ppfogenetic
stabilization t caugrelaxa{tion. This'latter re ’égx}g%i.og wga’} .W%EZOgQ 131839&@#]%%?0(%?039949 20
optogenetic stgbiRtigtiomaypedersiedanitisploganstd stbilisasionmidsiosvaetzibtianaintain tone, and
et coor e RYEE AR RPN ANREIL AIURRAIR Q&ﬂggﬁk%ﬂolbg?%'éﬁaiﬁ%@%§9&§t'c'ty
can be treated via optogenetic stabilization. In areas as diverse as peripheral nerve truncation, stroke,
traumatic braifefisfibgd Bkowe splpatosoddiniveyncirons if thaerehatefosedsuhpregoostdafananeneurons,
and assisy with thair INBAALRR-INIR G HRRIARRABRMNAINAIN OREE AR PR AR AR, Brget
tissue. Re-growth o% new neuronal traébti‘sr(‘s may be encouraged \ﬁg%p%@ge%?%xcﬁat%n, Wtﬁala; serves
to signal stenthasiibors bp totedwitoatnenatgriveeiiaiinniovnte fraepthlastsedvas quintbeHeeasdvork. Use

of an optogengiig nghaldbe @S ARPAREFJARISIIANERIBHASIN GFEPLIORISIURRIDY Intact tissue,
and serves to ensure that new target tissue grows by virtue of a communication set up with the
developing neurqns,Iaﬁ’@?ﬁtﬁaIfﬁwn‘aﬁféﬁﬂm‘ml@miqiﬁét@&r@\@@m@imﬁmg%disardé@ctrode. Obesity
can be treated with ORIOYERRISESHIEAYRP é&&%ﬂﬁ@&[ﬁmﬁ{ii?'b@qg@&%%(ﬁneemgﬂﬂﬁé?mﬂﬁa

particularly the pro-opiomelanocortin (POMC) and cocaine-and- 15amphetamine-regulating transcript
(CART) ¥ th@&t@ﬂat&lmlﬂdus?mamueﬁﬁm@@nbé&m edrcshaxubianniox beused iawpogenetic
stabilization of iie-alg i BURE AU ¥R oA te thanaliey smbodmehl, GRiRgRIEIG i mulation
to leptin-producing cells or to cells with'leptin receptors within the hypothalamus may be used to
decrease app@ﬂtéfaﬁdlh@lﬁ@élﬂé@fﬁbﬁ%ﬁy. 20Destructive Ies_ions to the anterior capsule and
analogous DES to (g keiatiase ERiaRIAHR GaKAA S RRRRAIPHAE rdUARE B emicals

obsessive-compulsive disorder 4
including cortisol, testosterone, and aldosterone. Unlike the adrenal medualla, the adrenal

15  cortex receives its instructions from neuroendocrine hormones secreted from the pituitary
and hypothalamus, the lungs, and the kidneys. Regardless, the adrenal cortex is amenable
to optogenetic stimulation. Optogenetic stimulation of the cortisol-producing cells of the
adrenal cortex may be used to treat Addison’s disease. Optogenetic stabilization of
cortisol-producing cells of the adrenal cortex may be used to treat Cushing’s disease.

20  Optogenetic stimulation of testosterone-producing cells may be used to treat disorders of
sexual interest in women: Optogenetic stabilization of those same cells may be used to
decrease facial hair in women. Optogenetic stabilization of aldosterone-producing cells
within the adrenal cortex may be used to decrease blood pressure. Optogenetic excitation
of aldosterone-producing cells within the adrenal cortex may be used to increase blood

25  pressure.

Optogenetic excitation stimulation of specific affected brain regions may be used
to increase processing speed, and stimulate growth and interconnection of neurons,
including spurring the maturation of neural progenitor cells. Such uses can be
particularly useful for treatment of mental retardation.

30 According to another embodiment of the present invention, various muscle
diseases and injuries can be treated. Palsies related to muscle damage, peripheral nerve
damage and to dystrophic diseases can be treated with optogenetic excitation to cause

contraction, and optogenetic stabilization to cause relaxation. This latter relaxation via



(0OCD48). Such approaches may be emulated using optogenetic stabilization to the anterior limb of the
internal capsule, or to regions such as BA32 and Cg24 which show metabolic decrease as OCD
remits. 25CHYOOYA#3En be treated using another ggbodiment of the pre@eRUPRISAIBY 4E |ectrical
stimulation methods include local peripheral nerve stimulation, local cranial nerve stimulation and "sub
threshold" motor cortex stimulation. Reasonable autogenic approaches include optogenetic

stabilization a&é‘gf?&ﬁ@Ek‘%bﬁi’i%%i%%&@f%Qci?c%%%%t% ﬁ?é%ﬁ%ﬁ&%’ﬂ@@?&% ‘GA0atohaHRaASOry and

motor fibers w be unarttecte elective optogenetic excitation of interneurons at the primary

motor cortex 4186, m@/mummw@ p@iﬁ@i@fﬁ&l@pp@ﬂ@u@gewéﬁ@ grelni 2acigaratagiedsensory |

thalamus, (paﬂfé{iﬁébé H%ﬁﬂé%b&@ﬁ 'Eaﬂ%%'%%a%ﬁ%&%ﬁ@gﬁ%@ﬂ&%ﬁlﬁ%ﬁo&ﬂd ventral raphe nuclei,

may be used to produce pain reliet.”In an alternative e Iment, optogenetic WO

2009/_131837PCT/UBQ@@@@@@@@szlasmb_iphambmmpmwmnirﬁmémﬁe&mmgémg as

targeting siraigay JAY hed SREHOMHER LAY HSHISASHOMRRIAGED RGHHEaN JIR/aleRSe O
e daccomplishe

endogenous opiods may y using optogenetic excitation to increase activity in the
nucleus accuthbienstegraiivaleimafvectonsbditvenk wikotha omasrodsofitfecirengabtisseteus 5of
the medial hypqot ' ' ' IeTol rQyiding viable
treatment appﬁgagcdﬁgﬁ‘%% gge%gﬁg%ﬁnﬁ:ﬁg%%%% %ﬁ%&%@&ﬂ%&;ﬁ%@éﬁgg r?%ﬁftﬁ g?s’% r%%frzsw including
the borderlinsanesantieotibsigpes!lddorrprentasorsoaididsiiEins, @@_ﬁ@@m&gtmlmgp with
“hypofrontality, Bligeh" DAGELPBIRRIRIE RFIIANA Binsepriansinar dpaigtocpinduce

improvement of 10 symptoms. Abno bursts of activity in the amygdala are’also known to
precipitdfe suefddenalmpioipes disightandtemegdo grwﬁmlm@gma@rﬁﬁ@m@mmdmwmr@@, as well
as other condifigns, Whiah,£al ReVafit fHam.opigaRRsliG. SRR UARHaN Ahihe amyaraia RRpgenetic
approaches could improve communication and synchronization between different parts of the brain,
including amyRyerert, snaaating ﬁi@@fﬁ@rﬂbﬁt{@d@x, which could 15help in reducing impulsiveness and
improving insight. o, amyedaloREN it BRAREALROSLYRIIRHP Y SSRURRIHIST ARIGR Y, Proposes

that it is associated with hyperarousal of the amygdala and insufficient top-down control by the medial

prefrontal cortescamethwdampparatiquaslndearsimpipmatapaeriin KRQMSbend rpcapiergBaetic
stabilization of the Ap¥adale L RSEARLRRIAIS RRAAS S H AR YRR Malities

including auditory hallucinations. These migfi be treated by sugﬁ)ressmn of the auditory cortex using

optogenetic SteRbngiment. PRAsHIcATbe/ a3ttt EPPSERisepHIEHIam el erabreslolied
optogenetic exeifRlm UG LHeqiRMIPHIAJERRAB. PRINORAE L ARRICAE RS R FRNIA-JBRIRE

communication and synchronization between different parts of the brain which 25could help in
reducing mis&eiibetisreesarith dinsiateeestrrun ikirohsdpypothalamus may be used to decrease

appetite and hence treat obesity.

20 Destructive lesions to the anterior capsule and analogous DBS to that region are
established means of treating severe, intractable obsessive-compulsive disorder 48
(OCD48). Such approaches may be emulated using optogenetic stabilization to the
anterior limb of the internal capsule, or to regions such as BA32 and Cg24 which show
metabolic decrease as OCD remits.

25 Chronic pain can be treated using another embodiment of the present invention.
Electrical stimulation methods include local peripheral nerve stimulation, local cranial
nerve stimulation and “sub threshold” motor cortex stimulation. Reasonable autogenic
approaches include optogenetic stabilization at local painful sites. Attention to promoter
selection would ensure that other sensory and motor fibers would be unaffected.

30  Selective optogenetic excitation of interneurons at the primary motor cortex also may
provide effective pain relief. Also, optogenetic stabilization at the sensory thalamus,
(particularly medial thalamic nuclei), periventricular grey matter, and ventral raphe nuclei,

may be used to produce pain relief. In an alternative embodiment, optogenetic



Optogenetic stabilization of cells within the arcuate nucleus of the medial hypothalamus, which contain
peptide products of pro-opiomelanocortin (POMC) and cocaine-and-amphetamine-regulating transcript
(CART), caVisk2(&¥thi83reduce compulsive sexual befjavior. Optogenetic eRETHHNVBIBERPwithin the
arcuate nucleus of 30 the medial hypothalamus which contain peptide products of
pro-opiomelanocortin (POMC) and cocaine-and-amphetamine-regulating transcript (CART) may be

used to increasg el BIESER N IERIReHLLaRsaR AR dake A SebRLISHIS 1a (o

treatment of disorders of hypoactive sexual desire testosterone production by the testes W
2009/131837 0Ty $2008ycROT4s 2 Sy tenecal psndrefiand d barelrasp ofcnsiogeness gRiBAtogenctic

excitation of the, PRI, AP BIAGERS BE G SHAtOBRI IS M HFIRUR RECHINIBNM 4R Ritiged for the

treatment of anofgasmla. :Eﬁe suprachiasmatlgnucleus secretes melatonin, which serves to regulate

Ssleep/wake eyciusb@piogemeitceatingiontodinesiprhoniioMic Reidiensddhersaystanisipiétease
melatoniny Pro&'f‘&%%ﬂ?&i‘iﬁg&ﬁé?%ﬁu,é&% Hb%g?%{eﬁ%ilt}‘ gOsQMBle: QR NYRCGGENaeurons

strongly excite numerous bfain nuclei in order to promote vyakefulness. Optogentetic excitation of
orexin-produchngviding sinblatiortneent bepreashied lvedeprassisie pag, faneheppiiidlaytime sleepiness.

100ptogenetic stmugalipf gfe AHAABRIANIRSIRAREHIAU IR IGR ACRIGTIARA] oxytocin, can

be used to promote parturition during childbirth, and can be used to treat disorders 0Ot social

attachment. demm@trﬂtﬁsfﬂﬂ@r@ﬁ%ﬁ“@émh@mdi&rﬂmimﬁgd@ﬁﬁt‘mpéfmw@é1’a@é¥%‘ﬁt@iﬁ%‘§ﬂr§§pinaI
cord injury may, e reated Witl APIAYRIRTE Slaian 9 LAUPR ADUARIRN, BV IGRARIOgeNetic
stabilization to cause relaxation. This latter relaxation via optogcnetic stabilization approach may also
be usedlb prevemtomsscisbumiH@umtsntaativite inHe pevrarabosieHdm By e BYpposing
muscle aroups e £AMASHRHleA HiHs it SRSHAI AN BYhediARIE drB AMRARISHIR SRDIIzalon
Re-growth of new spinal neuronal tracts may be encouraged via optogenetic excitation, which serves

to signal stenediiastoter sprditiensondisheaebenrBsiramopioseagtiastahdindeneal thermeeativork.
Stroke deﬁCit%%%%ﬁ%tﬁiﬁg?f@é%g%ﬂﬂﬁnﬁﬂ%% gsficienenseindslris-FRapiND@REeRNd

emotional insta rategy for the treatment of stroke deficits Is to provide optogenetic

stimulation todifrertrris el the betineinehxting gmpedtla sairtventarfamid atidsryBishottdns.
Similarly ;0pte@eENEIic sHRRIZAANFARRBI LIRS Ap A hBGdSRarted on brain and body structures that

have been deafferented from inhibitory connections. Research indicates that the underlying
pathobiology in bureﬁbesagwgﬂféﬁf@qglg model of post-traumatic-stress disorder (PTSD) proposes

that it is associated with hyperarousal of the amygdala and insufficient top-down control
by the medial prefrontal cortex and the hippocampus. Accordingly, PTSD may be
treated with optogenetic stabilization of the amygdale or hippocampus.

20 Schizophrenia is characterized by abnormalities including auditory hallucinations.
These might be treated by suppression of the auditory cortex using optogenetic
stabilization. Hypofrontality associated with schizophrenia might be treated with
optogenetic excitation in the affected frontal regions. Optogenetic approaches could
improve communication and synchronization between different parts of the brain which

25  could help in reducing misattribution of self-generated stimuli as foreign.

Optogenetic stabilization of cells within the arcuate nucleus of the medial
hypothalamus, which contain peptide products of pro-opiomelanocortin (POMC) and
cocaine-and-amphetamine-regulating transcript (CART), can be used to reduce
compulsive sexual behavior. Optogenetic excitation of cells within the arcuate nucleus of

30  the medial hypothalamus which contain peptide products of pro-opiomelanocortin
(POMC) and cocaine-and-amphetamine-regulating transcript (CART) may be used to
increase sexual interest in the treatment of cases of disorders of sexual desire. In the

treatment of disorders of hypoactive sexual desire testosterone production by the testes



phasic dysfunction of dopamine transmission in cortical and subcortical regions, the thalamus, basal
ganglia and frontal cortex. In order to provide therapy, affected areas are 30 preferably first identified
using technQe¥#dREHg functional brain imaging angd magnetoencephal RfrAFM(IMEEY+4Vhether
specifically identified or not, optogenetic stabilization of candidate tracts may be used to suppress
motor tics. Post-implantation WO 2009/131837PCT/US2009/039949 23 empirical testing of device

parameters reyeAlR WHehariema! opspsnets iR lleatioBL RAdIAER B ANGRR ARG A FONtInUE.

In order to treat disorders of urinary or fecal incontinence optogenetic stabilization can be Used to the
sphincters, foglerdmpricgansteogieiiationsefiihizatelsustasrimbrisciandstised dpsho BeaimasERS or
innervations qf that muscle. When micturation is necessary, these optogenetic processes are turned
off, or alternatively can be reversed, with optogenetic stabilization to the (external) urinary sphincter,
and optogenetic excithfichnsiechiasnatigamalsunseeipimelatonits WHEhARIBPROLLEaHEE bladder has

been deas‘fef%‘ﬂé@&%@m@@r@é&@?%&dﬂé@&&@*&éﬂﬁﬁ%@&}% SRR ARAH Al dastionest bydisgases of the

dorsal 10roots such as tabes dorsalis in humans, all reflex contractions of the bladder are abolished,
and the bladdectsesomelstanitepisticiynogenene sleenation berely Hogdns infcsmizaR1sEilsed to

restore tone (@i del A HEURTIBEK CATIRNS B RSOt BRI RHIHoN process. As the

bladder becomes "decentralized" and hypersensitive to movement, and hence prone to incontinence,
optogenetic svedkitifidnoss i Qpetsnstiecxsiation efamieprodyeingnathpopupliopssambg et organ.

In order to Se{?&lﬁ%%ﬁ@!%%ﬁ@ﬁ@yﬂﬁ%@&ﬂ@!éﬂeUrons’ for example those involved in the

disease state of an illness, several strategies can be used to target the optogenetic proteins/molecules
to specilie populatiofteesngtit stimelirinh tesupranatisradelstimanthsiisge e irduaqetmetiony be

used 2000 expiess YRS OBIOIRNSGRINISIB AR RS, SHARISHRGNEL GRS fRgeted

expression of the optogenetic proteins/molecules via genetic control elements such as promoters (e.g.,
Parvalbumin, &wissrsstasecidagredyBeskinin, GFAP), enhancers/silencers (e.g., Cytomaglovirus

Immediate Early Enhapegnand:pilisilansintienpalotensiptionabisauiaian,sieemesia (9.,

Woodchuck Hepatitis Virus 25Post-transcriptional Regulatory Element). Permutations of the

promoter+eniiaies eerdgnitrp paldn BaeEemith ansLensip Xl iR sHee SRNE3FeRsTN of
optogengfic pigREIfeRSMBIGAMAGINGIRIIIBIMAS: This latter relaxation via optogenetic

stabilization approach may also be used to prevent muscle wasting, maintain tone, and

permit coordinated movement as opposing muscle groups are contracted. Likewise, frank

spasticity may be treated via optogenetic stabilization. Re-growth of new spinal neuronal

tracts may be encouraged via optogenetic excitation, which serves to signal stem cells to
20  sprout axons and dendrites, and to integrate themselves with the network.

Stroke deficits include personality change, motor deficits, sensory deficits,
cognitive loss, and emotional instability. One strategy for the treatment of stroke deficits
is to provide optogenetic stimulation to brain and body structures that have been
deafferented from excitatory connections. Similarly, optogenetic stabilization capabilities

25  can be imparted on brain and body structures that have been deafferented from inhibitory
connections.

Research indicates that the underlying pathobiology in Tourette’s syndrome is a
phasic dysfunction of dopamine transmission in cortical and subcortical regions, the
thalamus, basal ganglia and frontal cortex. In order to provide therapy, affected areas are

30  preferably first identified using techniques including functional brain imaging and
magnetoencephalography (MEG). Whether specifically identified or not, optogenetic

stabilization of candidate tracts may be used to suppress motor tics. Post-implantation



Various embodiments of the present invention may be implemented using spatial/anatomical targeting.
Such targeting takes advantage of the fact that projection 30 patterns of neurons, virus or other
reagents calYPRg0gdatt¥ information (DNA plasmids#l'ragments, etc), can BETAERNWENEed to an
area where a given population of neurons project to. The genetic material will then be transported back
to the bodies of the neurons to mediate expression of the optogenetic probes. Alternatively, if it is
desired to labgl, WO, 2009131 8XRC T 5200032943 A4 R, A dPRAIIRBIOBmiTlSgR £ genetic
material may be focally delivered to the interested region to mediate localized expression. Various
gene deliveryasgstdrieh are WHeeassIinis €aTBimigg one or more embodiments of the present invention.
One such delivery systenisAMEAIMSRREER iU EANhOATHERNL RBSERLIR JBIHYRLRion

promoter+optogenetic probe cassette to a specific region of interest. The Choice of promoter will drive

expression in@%b@@ﬁﬁép@ﬁménbh}@ﬂerﬁeﬁ@éﬁgamaké&a@mwa@ﬁ@s{ﬁb@&mref Brohladdewill drive
excitatory neygn, seecfi SIRRIIN CHARIVLENRLGHRRAPER A ViikmeiRiadongsthup xRy ession of
the optogenetic probe for at least one year or more. To achieve more 10 specificity, AAV may be
pseudotyped e SpEIRBASIIBEPBRESSE taeduped eHcrntamgtavabrenn hoprisretbdtiierent cell types.
For instance, B%Iéﬁé‘%i@sé’élﬁl%%i&ﬁ‘%é?e&?éfﬁa@?%&%%ﬁﬂﬁ%ﬁ@&iQﬁd&R@F’éﬁkt‘i‘@Qﬁ@ﬁét%ﬂ&fde'ivefy

mechanism is the use of a retrovirus. HIV or other lentivirus-based retroviral vectors may be used to

deliver a prorfisidladinndelretrerorisela SeisdanertativupeWiretradibddarihasreesn deattarruisiad may
also be pseudg:per Uty G RERIRTYHURENBIRFUMEOPHRIEB I ARG JQHGR AR LaNSPort for

labeling cells based on their axonal 2 rojection patterns. Retroviruses integrate into the host cell's

genoméd,Ghereforesash aapdsicdorselisintwgpermtieexsprirasiinns piitbedyadgdenatscapedisbed,
Non-lentivirus hageonigHR R RROHRaAE WhddonsglectiMelvdaks HvidiRgI2Aaeliay can ByILIESS

Adenovirus and Herpes Simplex Virus (HSV) aré two DNA-based viruses that can be used to deliver

promoter+opwéﬁeﬁésmm@agsﬁﬁedmt@sg%@ﬁd%tgk%@%fdﬁ@%ﬁaiw%qf@éﬁiSH@héh@ Adenovirus
have much lagaet, PREKAGING GAPRE IR, A N EEEINE SR RRRAMVIPIME RPERAsARrApMOter

elements and can also be used to 25deliver multiple optogenetic probes or other therapeutic genes
along with opteRjeresit.ishbence prone to incontinence, optogenetic stabilization to the bladder

15 muscle can be used to minimize this reactivity of the organ.

In order to selectively excite/inhibit a given population of neurons, for example
those involved in the disease state of an illness, several strategies can be used to target the
optogenetic proteins/molecules to specific populations.

For various embodiments of the present invention, genetic targeting may be used

20  to express various optogenetic proteins or molecules. Such targeting involves the
targeted expression of the optogenetic proteins/molecules via genetic control elements
such as promoters (e.g., Parvalbumin, Somatostatin, Cholecystokinin, GFAP),
enhancers/silencers (e.g., Cytomaglovirus Immediate Early Enhancer), and other
transcriptional or translational regulatory elements (e.g., Woodchuck Hepatitis Virus

25  Post-transcriptional Regulatory Element). Permutations of the
promoter+enhancer+regulatory element combination can be used to restrict the
expression of optogenetic probes to genetically-defined populations.

Various embodiments of the present invention may be implemented using
spatial/anatomical targeting. Such targeting takes advantage of the fact that projection

30 patterns of neurons, virus or other reagents carrying genetic information (DNA plasmids,
fragments, etc), can be focally delivered to an area where a given population of neurons
project to. The genetic material will then be transported back to the bodies of the neurons

to mediate expression of the optogenetic probes. Alternatively, if it is desired to label



Focal Electroporation can also be used to transiently transfect neurons. DNA plasmids or fragments
can be focally delivered into a specific region of the brain. By applying mild electrical current,
surroundingSt eI 311 receive the DNA material 39 and expression of tREBpBgEHEe43robes.
In another instance, lipofection can be used by mixing genetic material with lipid reagents and then
subsequently injected into the brain to mediate transfection of the local cells. WO
2009131537RGTSA00Y NS R oY IS SNRUMENBINANE W UEALNLOUS contol
elements. In addition to geneﬁc control elentents, other control elements particularly promoters and
enhancers whoszeatstilitemate swdsitivlchdmiqatsaiamgnetic stimulation or infrared radiation) can be
used to mediate tem%%%%‘%%é@éﬁge ; E’é}?@i‘g%r%fl}!}?‘u?@éﬁ‘%%dﬂgﬁk%&{ﬁ S bPmarExample, a
promoter whose transcriptiofial activity is subject to infrared radiation alldws one to use focused
radiation to firenhosbinieaterfthe sissent opteyanetiomr shdsdaliyvéncay siegidn Adomybrodetided time.

Barki Do be.t . ) S erai
meurons o et e s e S R
excitatory-spepiic s oegoterofaterast CaM ciiuicemﬂpa@pmm@énieﬁ@spatﬂﬁmm spatidecelectrical
glﬂ%@%ﬁiﬁ'&@@‘ ?&%‘i’l’l‘ﬁ%‘ﬂ%ﬂ&& pressed.

modulation inwhigh all cRlLVRGS ae, .g‘?a%eg?e Q% 0
Aspects of th® pﬁesent invention are directet towards testing'a m of a neural circuit or disease.

The model cmmwfmmmﬁbmmlugmsuﬁdiﬁmﬂi IBidiate lsjgmnThg output
response Can&ﬁ%éﬁ%ﬁ%g%%%gﬁ)geﬂmf@aﬁé RiFsl T?é};%%%%ﬁ%@%?rﬁ@?eﬁaﬁ?g 65 Rpinstance,
Ude an electrical sponse of downstre

characteristics can inc am neurons and/or behavioral response
of a patitht. Tapeeididite mddemaptugesetid wrpod svittesprpiies sedtapenlitp 8t padiveehibatitgmodel. The
optogenetic PLARSR A6 ' e ﬁﬁg hagasteristics nitgred and compared to an 20
output predictegﬁﬁy%eo%qﬁﬁ%q%ﬁ?eggﬂﬁgﬁi Igegmeétaé%{é%t,&gthsgﬁgggﬂgf (;%%ogenetic probes allows for
fine tuning of havdgprdekneehtspiey aldupbishprobes. As electrical probes provide only limited ability to
e s 2B e SHIAR LR OLPETAI AFGES T Qb AP drecty
stimulating nearby areas. égogeene%tﬁyc r%i)es |§r§oégg heretl)n provide a 25mechanism for more
precise seleclionivirtiseasidutiroidedtisatorpmiaisbensedtiredslivara promoter-+optogenetic probe

15  cassette to a specific region of interest. Retroviruses may also be pseudo-typed with the

Rabies virus envelope glycoprotein to achieve retrograde transport for labeling cells

based on their axonal projection patterns. Retroviruses integrate into the host cell’s

genome, therefore are capable of mediating permanent expression of the optogenetic

probes. Non-lentivirus based retroviral vectors can be used to selectively label dividing
20  cells.

Gutless Adenovirus and Herpes Simplex Virus (HSV) are two DNA-based viruses
that can be used to deliver promoter+optogenetic probe cassette into specific regions of
the brain as well. HSV and Adenovirus have much larger packaging capacities and
therefore can accommodate much larger promoter elements and can also be used to

25  deliver multiple optogenetic probes or other therapeutic genes along with optogenetic
probes.

Focal Electroporation can also be used to transiently transfect neurons. DNA
plasmids or fragments can be focally delivered into a specific region of the brain. By
applying mild electrical current, surrounding local cells will receive the DNA material

30  and expression of the optogenetic probes.

In another instance, lipofection can be used by mixing genetic material with lipid

reagents and then subsequently injected into the brain to mediate ﬁansfection of the local

cells.



from the optogenetic probes can be directed to very specific types of circuits/cells, such as afferent
fibers. The following description provides an example implementation consistent with such an
embodimenWVAheP/hdé&EHt to show the feasibility and %ide-ranging applicabRftf 1OY28eHeIdf present
invention. 30According to one embodiment of the preSent invention, the invention may be used in
animal models of DBS, for example in Parkinsonian rats, to identify the target cell types responsible for
therapeutic effects (an area of intense debate and imm lini Q ts. In addition t
20001131837PCT/USS00ETGTRBAS %n‘é’gﬂé’r?ggf o Seito §§§i‘t§$ﬁme@ ‘may lead to the.
development génetieroveitiob kbmmeads) loticat antebbalgivalts(padipdetymreantaysand anharegsse.  One
such app"Ca“%‘édé‘V%’éYlev%dQs“gfetesferﬁ‘sﬁf)vte?{‘&'?ﬁ;é’{{;ghg?a%%&égét]ﬂﬁgﬁﬁ%? ﬁ%ﬁﬁﬁ%&?&&k&m Ehyveen two
neural groups. y?argetlng the expression 0 a R2 to different neural populations and
stimulating edshusdthta miftbagnteiraguahegotttighd eTprassiol bf she dcgeootieishes d&tiveen the two
groups. Each group can be individually.co f' RS 1e CHVe Wavslength fidiphiofRis can be
particulal;:?; us%ﬁj %F’aap%ﬁ?gﬂ%ﬁg %Oﬁ]ﬁﬁ%%ﬂggg%a%ﬁgpme t of the two groups presgnts issues
with individuabtettradeingseda shntiomtaiterigth tieliginreTsion ofepliegangEhmEpPADie fosts) are less

suscep_tlble tpréeé?glrtllggotn e %T{E%T%i?eed"@L %roup aqd can be Ie_ss r_ellant upon preuse_spatlal I_ocatlon of
the optical stimtlus. he delivery of the proteins to cells in vivo can be accomplished using a

number of different diliversdeiaddiscasetaods tcated S erprosingieptersinay sbilseationinifglantable
device that delivers ¢ er},c%f l%%ﬂgo%%?@é‘{?(%et e %ﬁﬂﬁ%‘mﬁ%ﬁﬁﬁ&ﬁ@ Zﬁﬁf%@ﬁl&ﬁ@s‘ﬂﬁﬂﬂ%ﬂor- The
ude a light ec

implantable dBvice canalso e elivery mechanism. The light delivery can be
accompli8hedinising (€oPidxsimgp e dixgitatonitinecifiodusnicrDs)chibe Coplicdlanndepaliers. Another

embodiment of g ReRAIERIAN ks U RalEdRl R ATRRINAIIaM cel (e meluding
survival/death, differentiation and replication. The 20 modulation of electrical properties has been
shown to controlysghrteelieizie STaYioers cashviglbbecmpiressedd to provide stimulus patterns that

modity stem cell fate, & sfecfif, XARAIE S GARSISIRT NGRS RGPS HeRdl D Qsisagiom. K. et

al. "Excitationneurogeriesis coupling in adult neural stem/progenitor cells,” Neuron 42, pp. 535-552
(2004), whichcisduillpinismeralde hmdihdoy define oot sespetiserod th siieri s o rchraint invention
Is direct?gi to }QSuPEEgSJIX Cllﬁ!: t(g)utput response can be assessed using a number of different
measurable characteristics. For instance, characteristics can include an electrical response
of downstream neurons and/or behavioral response of a patient. To test the model,
optogentic probes are expressed at an input position for the model. The optogenetic
probes are stimulated and the output characteristics are monitored and compared to an
20  output predicted by the model.
In certain implementations, the use of optogenetic probes allows for fine tuning of
models defined using electrical probes. As electrical probes provide only limited ability
to direct the stimulus and thus are not well suited for stimulus of certain areas without
also directly stimulating nearby areas. Optogenetic probes disclosed herein provide a
25  mechanism for more precise selection of the stimulus location. For instance, the stimulus
from the optogenetic probes can be directed to very specific types of circuits/cells, such
as afferent fibers. The following description provides an example implementation
consistent with such an embodiment and is meant to show the feasibility and wide-
ranging applicability for aspects of present invention.
30 According to one embodiment of the present invention, the invention may be used
in animal models of DBS, for example in Parkinsonian rats, to identify the target cell

types responsible for therapeutic effects (an area of intense debate and immense clinical



assess the efficacy of treatments. This can include, but is not limited to, drug screening, treatment
regimens or modeling of treatments/disorders. In a specific embodiment, VChR1 is used as the
primary opt®4N¢t¥sd#Elve protein in such assessments. In alternate emb8SHERYNIBIMIL is used
with other types of optically responsive proteins 30 (€.9., ChR2 and/or NpHR) that respond to different
wavelengths. A specific embodiment of the present invention involves the use of VChRL1 to

generate & mammalian coflngp(pized SRNASESNERCE AT SUINGRRESHRNA L. Menlo Park, CA)

WO 2009/1318%7 ntiviral vector construction was accomplished using
the following phathogslogithRiqd ¥ERivm stoongies ftedreatifshvgneChisease-300) with EYFP via a Notl

restriction site. The fysion gene was.then li into, i fralpha-CaMKII
lentiviral backbone tfg%ee%u%?gqﬁ/gaplﬁgﬁﬁYggﬁﬂ?&i}%ﬁRﬁﬁ%ﬁéﬁgggﬁfﬁg‘gﬁé or{??sliﬁrgction of the
pLenti-CaMKdepkfeh EVHP) WePREMavtorewat preyiouBly degdiisherepmasimattVémRirasds were
generated. F ther, details regarding th thuct S v be made
o Zhang: F. SRR A B S e Ea-o36
(2007), whicHighiullyl hooigbratenl breaciomyplisieddrtwedn theltwedrhimsodaviparaunsambavere

prepared as described in B n, RS., Zhang. F.. B , : [
"MiIIisecond-tllIrlr13'(1:'(%{51Ié%lf1 (ii}}llgceor{%ﬁgﬁﬂ/%\lgl e%theecailr 8%%?82?’83%%?? I[g{%gl'ﬁ‘l ‘J}Jﬁ%aﬁinﬁ%% EN%%&%I%I?%JMIY

of heura urosci 8, pp.
1263-1268 (20@45)] fehigpplatidnsioonpiriatbd $patishapyangtsnenicel the twhetenps|pressardisgues cultured
hippocampal neurons,.the.intracellu solutio j - R A0-fpM HEPES, 10
mM KC1, 4 mﬁ%ﬁ&%ﬁz@gﬂ?ﬂ?lﬁl %ﬁi‘%@iﬁg’ %tf%%tgég %ﬁgﬁ%@%ﬁgiﬁ%ﬁe%ip%oc%%pal neurons,
Tyrode'$Gsoludiorion@s @misksyradcastinls extreaitingldresononemeurs gnonmand|canpiagerelianthm CacCl2,

1mM MgClZu 3 mléﬂig%%%?ﬁl mqtﬁ)%@p@hgggﬁ\%ﬁmﬁgto pH 7.3). Recordings were conducted on

an upright Leica mIcroscope equipp N a 2040X water-immersion objective. Borosilicate
glass (Sutter Instruridntdylpipetief thsiptatriestoests BMiDo githbs pspgardishag NAingAcEEsbIEsistance

wass 10-30 MOy g N (94 sleb i AUEPULOR e ding: &k RRPUIES e conducted in

the presence of synaptic transmission blockers as described in Boyden, E'S., ZhEmg, F., Bamberg,
E., Nagel, G.i&apsitsdrodnyice Witideldverd-ainvsicatide gearsanssl ptangetBaneswhisda eontPoFbhieural

follonin e L e e e 300w
Xenon lamp: dgenivliferRntan be/as-omplisBahnsites fur-sgaypiehightamisios Hodas G589k 5-25)
(Semrock). fiber optics and/or Lasers.
Another embodiment of the present invention involves the use of VChRI in
affecting stem cell fate including survival/death, differentiation and replication. The

20  modulation of electrical properties has been shown to control stem cell fate. Various
techniques can be used to provide stimulus patterns that modify stem cell fate. A specific
example is consistent with those techniques used in Deisseroth, K. ef al. “Excitation-
neurogenesis coupling in adult neural stem/progenitor cells,” Neuron 42, pp. 535-552
(2004), which is fully incorporated herein by reference.

25 Another embodiment of the present invention is directed to the use of VChR1 to
assess the efficacy of treatments. This can include, but is not limited to, drug screening,
treatment regimens or modeling of treatments/disorders. In a specific embodiment,

VChR1 is used as the primary optically responsive protein in such assessments. In
alternate embodiments, VChR1 is used with other types of optically responsive proteins

30  (e.g, ChR2 and/or NpHR) that respond to different wavelengths.

A specific embodiment of the present invention involves the use of VChR1 to

generate a mammalian codon-optimized cDNA sequence and synthesized (DNA 2.0,

Menlo Park, CA).



For oocyte experiments, a synthetic DNA sequence corresponding to VChR11- 30 313 (vchopl;
adapted to human codon-usage, Geneart, Regensburg, Germany) was subcloned into VChR1
PGEMHE aN{OpeIABIBRNAS encoding ChR2 and VGhRI, synthesized in \RESHSHOPERMHEplasmid
by T7 RNA polymerase (m1Viessage mMachine, Ambion), were injected into the oocytes (50 ng/cell).
The oocytes were WO 2009/131837PCT/US2009/039949 28 stored for 3-7 days in the dark at 18C in

Ringer solution (96 MMMNAGH, &AMk SN GASARILHBMMACHR FIMAVABSeHa0H, PH 7.5)

in the presence of 1 mg/ml penicillin, 1 mg/ml streptomycin, 1 uM all-trans-retinal, and 0.5 niM

theophylline. V&hRIE¥E8exqs eagatiaiethtonveinh YGRS ocyids FoeiE piaroad dag ésiam

Saction specta. 16-1s faseh leabomi4Rth 072 EMnt A AQEP RIAORBR SshaloRhippm@Rainbow OPO
(OPOTEK, Carlsbad, CA) gumped by the third harmonic of a Brilliant b Nd-YAG-Laser (Quantel, Les

Ulis Cedex, Flenibéy ppfidel gengTato s/ Rl-oral eV A EY Bitd! YiHe WHBHfgsci¥e-05X (NPI
Electronig, TarymlGEIRAININYSS SRTBANSAIRICRREEN e Waltage Lhangsshelans o mV at a half

saturating laser flash. Data 10 acquisition and light triggering were controlled with pCLAMP software
via DigiData Heagibasie Racembinené ienbviveseresragmsyisre, FosAyrther doaibmepidingidcussion
includes a defailedhiscHIRIaR'GERIGING fRey isratat-ARRlikANRRL @ HRAIRIGN! Angl. characterization of

Parkinson's Diseasp (PD). This specific implementation and the corresponding results arc not meant
to be limiting.“Muitimesta deficantign iHegoartien A ORI} SHHEEYS hNHE R a0 w9 Lk&83P direct,
reversible, bomé%gm&iripﬁlgg,Ig%hg(ggﬁwg%ggﬂtgg,yrgg@rﬁg_urons would be therapeutic in PD. The

STN measures <1mma3 in rats, but targeting accuracy can be aided by extracellular recordings during

opsin vééor introducEsHuEsHA derBIwmPahasHIBs YEERTy P PaRRUSSHRRY pa Bt Eris
distinguishablgyfpmorleringdegions 1l 6. 4 peRkdfainl MBS imesederirabyBXcitatory

structure embedded within an inhibitory network. This anatomical arrangement enables a targeting

strategy for s&Eesied epticelanitrdw{mrarak gytivityhiNatNguasciSe RPrd <64l 3ARI & AW Bhifitne

is fully incorporated herein by reference.
For whole-cell recording in cultured hippocampal neurons, the intracellular
15  solution contained 129 mM K-Gluconate, 10 mM HEPES, 10 mM KCl, 4 mM MgATP,
and 0.3 mM Na3GTP, titrated to pH 7.2. For cultured hippocampal neurons, Tyrode’s
solution was employed as the extracellular solution (125 mM NaCl, 2 mM KCI, 3 mM
CaCl2, 1 mM MgCI2, 30 mM glucose, and 25 mM HEPES, titrated to pH 7.3).
Recordings were conducted on an upright Leica DM-LFSA microscope equipped with a
20 40X water-immersion objective. Borosilicate glass (Sutter Instruments) pipette
resistances were ~5 MQ, with a range of 4-6 MC). Access resistance was 10-30 MQ and
monitored for stability throughout the recording. All recordings were conducted in the
presence of synaptic transmission blockers as described in Boyden, E.S., Zhang, F.,
Bamberg, E., Nagel, G. & Deisseroth, K. “Millisecond-timescale, genetically targeted
25  optical control of neural activity,” Nat Neurosci 8, pp. 1263-1268 (2005).

For hippocampal neuron photostimulation, the following three filters were used in
the Lambda DG-4 optical switch (Sutter Instruments) with a 300W Xenon lamp: 406nm
(FF01-406/15-25), 531nm (FF01-531/22-25), and 589nm (FF01-589/15-25) (Semrock).

For oocyte experiments, a synthetic DNA sequence corresponding to VChR11-

30 313 (vchopl; adapted to human codon-usage, Geneart, Regensburg, Germany) was
subcloned into VChR1 pGEMHE and pEGFP. cRNAs encoding ChR2 and VChRI,
synthesized in vitro from pGEMHEplasmid by T7 RNA polymerase (mMessage
mMachine, Ambion), were injected into the oocytes (50 ng/cell). The oocytes were



CaMKIlla promoter, selective for excitatory glutamatergic neurons and not inhibitory 25cells, fibers of
passage, glia, or neighboring structures. In this way true optical inhibition is targeted to the dominant
local neuroMQFEWAAIS3STN. Optical circuit interventigns were tested in ratBGRAIRAPHERMIMade
hemiparkinsonian by injection of 6-hydroxydopamine (b-0I-IDA) unilaterally into the right medial
forebrain bundle (MFB). Loss of nigral dopaminergic cells following 6- 30 OHDA administration was

confirmed by dcraases. iasing yrinsyASR ‘e aI USRI IN RSSUPRIRAIS Rigiacears compacta

(FIG. WA). These hemiparkinsonian rodents have specific deficits in contralateral (left) limb use and

display (rightwatayMbfaaiols IpsidiMalis.thabMPRSHNEOHe Ri deSintdrdguspisnoen te/stbjects are
given WO 2000/1 3137 RCTAS200/939948 9 MRliElaing 1, Ae AR MREARALRyaluation, and

decrease in frequency upon treatment with dopamine agonists or following electrical DBS (FIG. 4D,

right). This amphetafhieslpritdsvritegroplaey pierapusdeeVis rRfterylsEctPsEipragkstpobtain
hemiparkinsopian radeqts, Whigh 5 ResGemRRmevah vt oeidahaviRraliassayesueh as

locomotion, 5climbing, and head position bias. To directly inhibit the excitatory STN neurons, we

delivered lentRéinbew EPR)iHIPANBHR Garddbath € S hmmansprortehitd heamigbe SiaBafllfamt b

hemiparkinsomal.ryrg@.-&ggw@m&%@@@&&grp&ﬂe&%wﬁ %B?ﬁgiﬂl?)otﬁé(ﬁg X ASH9hm (@S
shown by CaMKIlla and glutamate expression; FIG. 4B, right; FIG. 11A), robust (95.73% 1.96 s.e.m

infection rate Egbbg}sié@-iﬂh&agmdiﬁ?émﬁg@%@ﬂ%ﬂi@ﬂgwi@msﬁmm fhesSympgnwtedn, left
and middle). Tonalidaie e, seling BRMRIPISAGNEIEE IR AT QRICA £ ULP R ATRY Biig optical

stimulation/electrical recording device (optrode) was employed in isoflurane-anesthetized animals to
confirm tRat cMariRtivasRdrigiraReURS Wssrtoomrallebivih pSEavdIR palimgusrradeiaiditdeurons in

the STN (FIGy ﬁ@ffﬁe@c@é{ﬁbﬁb@la}%ﬁé&i%ﬁﬁﬁﬂ%}t@%?d inhibition was temporally 15precise
and reversible, and extended across all frequen’% bands of neuronal firing (FIG. 4C, FIG. 16A). For

behavioral rotation abBajalipvie sésemssiaans Pedstailed Jiscussio tegerbiagrssalis e edupled to a
561nm laser diode 10 4rive elirHE: HRisRLREAMasIHohiRlRel s @hiedronomathplegical

rotational behavior, but despite precise targeting .
implementation and the corresponding results are not meant to be limiting.

15 To first address the most widely-held hypothesis in the field, we asked if direct,
reversible, bona fide inhibition of local-circuit excitatory STN neurons would be
therapeutic in PD. The STN measures <1mm’ in rats, but targeting accuracy can be aided
by extracellular recordings during opsin vector introduction, since STN is characterized
by a particular firing pattern which is distinguishable from bordering regions (FIG. 4A,

20  FIG. 10C).

The STN is a predominantly excitatory structure embedded within an inhibitory
network. This anatomical arrangement enables a targeting strategy for selective STN
inhibition (FIG. 4B), in which eNpHR is expressed under control of the
CaMKIIa promoter, selective for excitatory glutamatergic neurons and not inhibitory

25  cells, fibers of passage, glia, or neighboring structures. In this way true optical inhibition
is targeted to the dominant local neuron type within STN.

Optical circuit interventions were tested in rats that had been made
hemiparkinsonian by injection of 6-hydroxydopamine (6-OHDA) unilaterally into the
right medial forebrain bundle (MFB). Loss of nigral dopaminergic cells following 6-

30 OHDA administration was confirmed by decreased tyrosine hydroxylase levels
unilaterally in the substantia nigra pars compacta (FIG. 10A). These hemiparkinsonian
rodents have specific deficits in contralateral (left) limb use and display (rightward)

rotations ipsilateral to the lesion, which increase in frequency when the subjects are given



20 and robust physiological efficacy of eNpHR inhibition, the hemiparkinsonian animals did not show
even minimal changes in rotational behavior with direct true optical inhibition of the local excitatory
STN neuron¥ QRAWY/28$3Th addition, there was no eff ¢t on path length and HeHEB8SHBAMas in
response to light during these experiments (see suppefementary methods). While muscimol and
lidocaine administration to the region of 25 the STN in monkeys and rodents can relieve Parkinsonian

symptoms (30) e ARMNFIR AN e AR s sdlalRiene AR AaEIegE A sing

activity in excita neurons o appeared not sufficient by itself to"affect motor

symptoms. AnwiﬂhslqpqgéitﬂIﬁgdsiitmﬁgﬁwéng@betdmliM@i&%?@?&b-rﬂbmtmmﬁch
would have tnﬁtﬁgﬁ%ﬁ%‘gﬁi@é@?ﬁﬁ@%é%ﬁg%?&?H&Hﬁﬁ’%hg;{%ﬂﬂféﬁ@ﬁ feRs R withsecent findings

indicating that a -derived factor (adenosine) accumulates during DBS and plays a role in

DBS-mediatetpdertsuetiinh sz samieplearanted vddeatherd ernierp AssassShsBastineomBeidMa-derived
modulatogs whigh,Gap éﬁ(&@% AR EC TR0V ARBIAR SO AN, RastsYAABHS Gwrents in the

STN. ChR2 presents an interesting possibility for recfuitment of glia; whén opened by light, in addition

to Na+ and IGIdivsra@HRzizatsasenpaieetd Bardahe keMEd e ygmota o thenisatin N @factivate

ChR2-expresHhSRRaAUEAMROVSUR fRE RN AARIRISNES {pdaeR! duiadipyaldated
5 with GFAP and S10013 staining (FIG. 5A, FIG. 11B). Optrode recordings revealed that blue light

stimulation of STeeanshererais GadiKH evirdahugmathrpresviomi blG rhibitéeffiditankl 4iting in the
STN (FIG. 5B, fpi(a: A2As0nith veyiahls, detayion e Amesca's af-Seserdnkiny pyshive citing

astroglial cells by this mechanism was not sufficient to cause even trace responses in motor pathology

in parkidonizandogenieiqitc theoSBY e ¥R Yo and lesidstfe ard@ NabdppoditisesWidsvere also not
affected by "%Mf@gé&@&%@%@&%ﬂ&% ihessidYpn RakmeiiR e e RLiRResof local

STN inhibitio a contributing factor in DBS resporise, as not all STN neurons may be affected in the

same way by deticecepitatimomismmioved iseflamansatinsibeived aimade i copbeny dantRNeHRicient to
treat parkinso@@h_ﬁ%ﬂﬁfﬂmﬁ’Wpﬂwﬁﬁ}pfﬁﬁwﬁ%’{%@&%ﬁh&ﬂ%@f%comaﬁﬁw&@%H@@T‘N at

particular frequencies could play important roles in"both pathology and treatment. For example, PD

is characteriz€dBy4satitogiéarieBe IO béfn) oEkinsal ixner@reded Hiybitigravan trapeeridnizing STN
at gammg freguenaias May AU URIG R ELSUTRIYIS I RS RG1A TRAUEBE IR DAY YiRRsEN Symptoms.

Because simple 20inhibition of excitatory cell bodies in the STN"did not affect behavioral pathology,
and since higfFHeqtfendBst®ilation (I-IFS: 90-130 Hz) is used for electrical DBS, we used ChR2 to

drive high-frequencyrgseiliatiapmindiisragsithimdhe WS itiecied, GR\NeiERRA into the
STN (FIG. 6A) and used pulsed illumination with a 473nm’laser diode to activate excitatory neurons in
the STN (FIGIbgortic Weasywleh i zsthmilsssr disds dodierioNebRaFlkstarsBEYeE, FIG. 120).
?F‘Tépﬁ% ;bu&iﬁg&i%&&@im% TEREURR PURBIEIAl RRMTBRA SRkFSRIBUNRIMObRORS BRI banimals
20" and robust physiological efficacy of eNpHR inhibition, the hemiparkinsonian animals did
not show even minimal changes in rotational behavior with direct true optical inhibition
of the local excitatory STN neurons (FIG. 4D). In addition, there was no effect on path
length and head position bias in response to light during these experiments (see
supplementary methods). While muscimol and lidocaine administration to the region of
25  the STN in monkeys and rodents can relieve Parkinsonian symptoms (30), the data in
FIG. 4 show that the more specific intervention of selectively decreasing activity in
excitatory local neurons of the STN appeared not sufficient by itself to affect motor
symptoms.
Another possibility is that DBS could be driving secretion of glial modulators
30  which would have the capability to modulate local STN circuitry; this would be
consistent with recent findings indicating that a glial-derived factor (adenosine)

accumulates during DBS and plays a role in DBS-mediated attenuation of thalamic

tremor. Indeed, the STN expresses receptors for glia-derived modulators which can



HFS delivered locally to the STN area failed to affect PD behavioral symptoms (path length and head
position bias were unchanged by light - see supplementary methods). Animals tested in parallel with
beta frequeNt Pi¥Es8I20 showed no behavioral resgonse, 30indicating tHft {HRAIAEEERLIUding a
contributory role) directly generated oscillations within the STN excitatory neurons are not sufficient to
account for therapeutic effects. We have previously measured in cortical and hypothalamic tissue
the propagatlﬂﬁlﬁ;iggaet%qt%;ﬁub&r&%mﬂ,%'gm @Hﬁ@'ﬂ&%&ﬁ@%‘%@%&&%ﬂid@’ﬁﬁ?ﬁﬁﬁwﬁd that WO
2009/131837PCT/US2009/039949 31 substantial tissue v_o.lumeswgcpmparg. le to that of the STN)
could reliablyTservéiarenicef &lia; pepenvacd brdight drrrddiian e ol depsa B aMicals® microbial

opsin currents, i wascimporiantinsreReaiARd extendibesrmeasvanente R brRRAsetting. First, we
confirmed that the Ero&egaﬂon measurements of blue light (473 nm) in brain 5tissue represent a lower

bound on the fsaRloped icH AR roriefifedargebttBRig vloerlastesdiayy pidiises delivered
from the 561%@1%%@%&@%@50#5&%%%.@} PRY‘!%E)P(%‘(%H&%@SPB@@% RRRINENItRIN 1 5mm of

the fiber for either wavelength of Ii(}qgl%t . 7TA). We next extended these findings with a functional

assay for tisshiiedighiistHartatinne ifioevHE s stieheRk Al daRhisHesstRIG. 7B,C). After
10 an in vivo ppicat Stidkatie rRasadign dargeted tothercaMiiiavith R RER @srip@SHY in freely

moving rats, we performed immunohistochemistry for c-fos, a biochemical marker of neuronal

activation. WEBBs@ged seenndse Hosvaren aeemifing psiroelial oabls Syahis wrrbepiendfhe (FIG. 7C):
indeed, as expaataeh iR AKE I9bh SeRECEND INABRURITS PEIRILYSAUSASNDEIN rhRipIdEhat at

least 0 7 mm3 of STN is recruited by 1@5‘;£ht stimulation, closely matching the actual volume of the

STN (FI8. 70CTHE el3R): Rtk ety ard hepd e osdiomdinig el wadtfecsdydisdt dHRE by the

optical modulglion AMRMIEMS. W RIASHE data THHGARKETKIEHRC FOMIA &SI SRMBINYing axonal
projections that enter the STN, as DBS electrodes will potently modulate not just local cells and their

efferents, butiBEBIDERFEAGRRRMNS Fieigs HERBSHeHmiRa1e 82hals INbNSHLsimmsbas the

lentiviruses transdee SRR BRIIRE WY ansedGna alfRranatioxoms. dRawesatibs Popelliltyathat PD
motor behavioral responses are modulated by targeting afferent projections to the STN, we used

Thyl::ChR2 tefisgemeararoswilicisnt HrocH BakiRsEan S BPEIoaHs PHBHRSHS Ather WEWkified that in
Thyl::ChR?2 lipedfnishiR2-YFP is excluded from cell bodies in 25the S'TN but is abundant in afferent
fibers (FIG. 8A). We conducted, optrode recordings in anesthetized 6-OHDA mice (FIG. 10B) to

assess local effects VAMEaTk pisiAibioR b Parinngretsncsor U Ry yapodag folfitdn both
frequency-depg 18feais (FréGnfR). Fitsdxeprh Favsdiihak i@ bsffRmeldias s0dheS TN

potently reduced STN spiking across all frequencg bands; this effect did not 30completely shut down
local circuitryb&a Rsgilianpmtindheigrsa srnghie, B4 SHAHF R BIER IR A eI RIAEHREY 8B FIG.
13C, D; FIG. dfhoitDNs dguoshiRatildiaf miipranridinary wereasshhnbaniagetnsy difigein the
STN without affecting endogenous bursting (FIG. 8B, FIG. 14D). We next assessed the img)act of
these S%%Ciﬁénhlbltlon of excitatory cell bodies in the STN did not affect behavioral pathology, an
since high-frequency stimulation (HFS: 90-130 Hz) is used for electrical DBS, we used
ChR2 to drive high-frequency oscillations in this range within the STN. We injected
CaMKIIa::ChR2 into the STN (FIG. 6A) and used pulsed illumination with a 473nm
laser diode to activate excitatory neurons in the STN (FIG. 6B, FIG. 14B) during
25  behavioral testing in parkinsonian rodents (FIG. 6C, FIG. 12C). Despite robust effects on
high-frequency power of neuronal spike rate in STN of anesthetized animals (FIG. 16B),
HFS delivered locally to the STN area failed to affect PD behavioral symptoms (path
length and head position bias were unchanged by light - see supplementary methods).
Animals tested in parallel with beta frequency pulses also showed no behavioral response,
30 indicating that (while not excluding a contributory role) directly generated oscillations
within the STN excitatory neurons are not sufficient to account for therapeutic effects.

We have previously measured in cortical and hypothalamic tissue the propagation

of blue light in the setting of laser diode-fiberoptic illumination; we observed that



WO 2009/131837PCT/US2009/039949 32 interventions on PD behavior in 6-OHDA mice, and for the
first time among the optogenetic interventions, we observed marked effects. Driving STN afferent
fibers with HF&3¥8B(I8§3and reversibly ameliorated PR symptoms, measur&& by reatid#arbehavior
and head position bias (FIG. 8C). The RFS effects were not subtle; indeed, in nearly 5every case
these severely parkinsonian animals were restored to behavior indistinguishable from normal, and in

every case thg, eiARaUHS RIRaLITIDEAAS.ARAJUIN GV EIS Y UDJRIK R8Ty RR RIGRald@tatons

upon discontinuation of the light pulse paradigm. Notably, treated animals could freely switch

directions of figkiepraier depsHz sHifsismble #oie Rity siotghealhosigailigapt migahiakioRpontrast with
optical HFS, Qaiieatl O{-Fa ﬁ%@g&@r&%ﬁ%ﬁ%@@%&ﬂtﬂ@% SURSRARELE B SyeAtPQgiy driving

increased ipsilateral rotational behavior (FIG. 8C), demonstrating that behavioral effects seen do not

result from sikisHs d¥esegfimmeddbal thaiprapagrieaiareasrepana o ol rrdehts47P asmliadisiarventions,
driving SN affeipntiRasmitadel bouaadt- e difesrniidysmadeiaied RRSY RIS Lattdnapner

corresponding to frequencies of stimulation linked 15 clinically to ameliorated or exacerbated PD

symptoms.  of AoWickerseray ahtemhdelivesed o dhs oadmpdiser divdedhorsigecoiecorietiernaps
underlying thediilfyofthers IdhasvatasiRBHIROEs MR RY @t theserafiatratsvikelvanisioute

together to the therapeutic effects, and it is unlikely that a single source of fibers completely accounts

for the behavii#hl itEetd/Sedhe Reverisndsd tigsioredinssaitoafiardinashagiantsr Hete to determine
the general Cl%éﬁlﬁfﬂ@ﬁﬁlﬁé@fcm{%%%i%ﬂt?%%ﬁwh i1bR2ApiNalslsPiRY. GBRE expeession

chiefly in excitatory projection neurons. Indeed, the inhibitort)é@markers 0OAD67 and GABA were not
detectabf® in A Ve pirpednpitiriosnaedisguiargsteddn) therfedylidilorifiRB ot risFHASUYBNS from 25

the GABAergjs Ratidahvaig GHRNS L eRERRE) iYRRINAIRLREISHP F8H £aHo  &i5ogithical
neuromodulatory markers (doiamjne.and acetylcholine) within the STN Thyl ::ChR2 fibers (FIG. 11C),
ruling out dopBRHHSE Rfiacsramakagtieatioan e ebssiid FROWEIFAFravatiiBrRENhI&biEources of

excitatory fibprorangiRUPRNLIMRSFNS. Al(GhRded Bsibhie realkRading abHeqxelaiory
parafascicular or pedunculopontine nuclei, potential 30 contributors of exgitatory fibers to the STN.

Within neocoSRYFERSEE #hddisBhermsnet e Yaupddhat stdeadd dsry 9his EXd e Eons that
project 16 sm;SincahRanAagigaii SRR ERNAC v bekiveeBrITNSINd(PImaL) Malgkfadex M1 has

been WO 2009/131837PCT/US2009/039949
light penetration was not limiting since the entire STN is recruited by the optical
modulation paradigms of Figs. 4-6.

Therapeutic effects could arise from driving axonal projections that enter the STN,

as DBS electrodes will potently modulate not just local cells and their efferents, but also
20  afferent fibers. Optogenetics discriminates these two possibilities, as the lentiviruses

transduce somata without transducing afferent axons. To assess the possibility that PD

motor behavioral responses are modulated by targeting afferent projections to the STN,

we used Thyl::ChR2 transgenic mice in which ChR2 is expressed in projection neurons,

and we verified that in Thy1::ChR2 line 18, ChR2-YFP is excluded from cell bodies in
25  the STN but is abundant in afferent fibers (FIG. 8A).

We conducted optrode recordings in anesthetized 6-OHDA mice (FIG. 10B) to
assess local effects on STN physiology of driving afferent axons selectively, and found
frequency-dependent effects (FIG. 8B). First, we observed that HFS of afferent fibers to
the STN potently reduced STN spiking across all frequency bands; this effect did not

30 completely shut down local circuitry, as low-amplitude high-frequency oscillations
persisted during stimulation (FIG. 8B; FIG. 13C, D; FIG. 14C). Next, we found that LFS
of afferent fibers increased beta-frequency firing in the STN without affecting

endogenous bursting (FIG. 8B, FIG. 14D). We next assessed the impact of these specific



33 suggested to underlie PD circuit dysfunction, we therefore explored Ml as a possible contributor.
We verified in Thyl::ChR2 MI the presence of strong and selective ChR2 expression largely restricted
to layer V n&P8%#d8drresponding apical dendrites but Snot in cells withR¢ SIRBIRYBREIG. 9A,
right). To probe the functional connectivity between thése layer V projection neurons and STN in the
PD animals, we conducted a separated-optrode experiment in anesthetized animals in which the

fibcroptic and. ing el lacaehin At iff | ons. i . ChR2 animals
(P16 0B). By e B R ot M and
STN, we founebthgersitecisteventionslatioabséiid kinckededfatysidiusmeebint aftdrentithgrirvtik STN

(FIG. 9C, FIG, A idromically. i jcal
stimulation inG}tIrgFe§ g%%;zg%%%%b%i%é%@é%%%%g%@%ﬁ%%gg S ﬁﬂ%ﬁéﬁgiﬁae%%n
including fronanddicad apsifikelpias Mrﬁ@)h@@dﬁ@@ffdﬁﬁrmn@twbﬁvs widpESinfoestipnal
influences betyaen Md daerslo: Moﬁ%%gqQ‘lé{%}'&'?@%&%’}%"f}éﬁg’&idpde.ed’ we found that

. ¢ . .
selective M1 layer V FIFS optlca?/s imulation sufficed to ameliorate PD symptoms in a similar manner

to STN stimuﬁaﬂéﬁ_ﬁim@ﬁ}@h]aﬁ@fmmm?ﬂemhgﬁfrgrﬁ@ﬁ_ﬁ&@laﬁbﬁtrapb@ﬁravfﬁicgIilll@.l@if)tw’ ledd position
bias and locogalion (el YrmFbetid M%&H&EP%‘&&?&H ARRLegicRlRIBH PR %@é}sgosmon

bias were reducéd by optical HFS to MI; In contrast, while 20 not augmenting the pat , optical 20

Hz (LFS) stinﬂg@ﬁéﬁiﬁo&qmblb{aﬁw%@iﬁpdw@‘éﬁéme(lﬁlwi@,@?ﬁ}péﬁﬁ@@ﬁéﬁﬁ@ﬁd@iIight
intensities acgb%Yﬁ&ﬂeﬁWHPf%%t%FPi'QHtQQ&Of‘c%'%e‘r\éé.LIE§tﬁlﬁr&°éo‘?ﬁ%§t%fﬁ%%£ﬁﬁ5@ﬂﬁlt%i‘aV'Or'

unlike M2 LFS cortical stimulation'that can elicit contralateral rotations. Finally, increased functional

mobilityl®ith MESIRS Bat elothiesgmeadtetsmfiibers wionsgquethiicstioptominbyedivds 2meissasce and

speed of locomain.inBRT 1GHIRR Mise: Bchaasraesint amphaiaming MLUES allgyed the

otherwise bradykinetic animals to move freely without eliciting Fotational behavior (FIG. 9F). FIG. 4

shows direct agftieablhfiomi sl Yobayisg Mofetaehactiahc dhatsorsaderaatiestieuditese &on, and fiber

depth were guigiesh by recRIiES 8, TN WikhAOiRSurarREedhY iR silaataanajncerta (Z1) and
internal capsule (IC). (B) Confocal images of STN neurons expressing CaMKIllicm eNpHR-EYFP and

labeled for exgRdtdHeA i GHBPORBACHIKINSI eRfEeS P ns ivifivauesesrahstimaiianlinkethe STN

expressigg Caica; eNRER:GXER ip AnesthiatiaghifpioAats reduced STN activity; WO
2009/131837PCT/US2009/039949
A diverse array of fibers from widespread brain areas converge on the STN,

perhaps underlying the utility of the STN as a focal DBS target. Many of these afferents
likely contribute together to the therapeutic effects, and it is unlikely that a single source
of fibers completely accounts for the behavioral effects seen. However, we explored these

20  afferents in greater detail to determine the‘ general class of fibers that may be
contributory.

Thy1::ChR2 animals display ChR2 expression chiefly in excitatory projection
neurons. Indeed, the inhibitory markers GAD67 and GABA were not detectable in
Thy1::ChR2 fibers within STN (Figure 9A, leff), effectively ruling out contributions from

25  the GABAergic pallidal projections (LGP/GPe). We also found no localization of major
neuromodulatory markers (dopamine and acetylcholine) within the STN Thy1::ChR2
fibers (FIG. 11C), ruling out dopaminergic SNr as a relevant fiber origin as well. We next
explored possible sources of excitatory fibers, and found no expression of ChR2-YFP in
the cell bodies of the excitatory parafascicular or pedunculopontine nuclei, potential

30  contributors of excitatory fibers to the STN. Within neocortex of these mice, however,
ChR2-YFP is expressed strongly in excitatory neurons that project to STN. Since
pathologically strong connectivity between STN and primary motor cortex M1 has been



34 representative optrode trace and amplitude spectrum shown. Mean spiking frequency was reduced
from29 3Hzto5 1Hz (mean s.e.m., p <0.001, Student's t-test, n = 8 traces from different STN
coordinates\P2UMFA3Y. (D) Amphetamine-induced jqtations were not affEEBYRYRMALion of the
STN in these animals (p > 0.05, n = 4 rats, t-test 5witha = 0). The red arrow indicates direction of
pathologic effects, while the green arrow indicates direction of therapeutic effects. The electrical
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rodent is fully corebtder. Data in all figures are mean s.e.m. nsp > 0.05, * p < 0.05, 10**p < 0.01, *** p
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astrocytes expressirslgp &E&ﬁfgg#g%hﬂcm\qggs%ﬁ%?%%ﬁ %éﬁéﬁg%ﬁfé@gf%%m lllumination of
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inhibited spikihefweith telsyapeoiYsptapé RO nouesand JEMynohoieenimds wo ensdurtedaraces from

different STN ' j -QPﬁ!rcé! | <R NiNQ-| jons were not
affected by 5&/%%‘1%5‘%@%%%%%% :‘{:1 %@%ﬁ%&lg}gig t, gz\;%qg}gﬁ%éﬁg?g s,{%?gs_t 20 with a =
0). FIG. 6 skowingplicctretigsorsricatisading W difigrenisbzidittgions frefiehicidRI Aniowhfocal

mages o S RSB AR AT GG R 3R Rl eghdapdhercuaipigns neuror

specific CaM > ms pulse width) of the STN expressing
CaMKfid9Chrethmidheamng MIBLOFHAunstthes oedisd Mittstmulsien arbisdond peteetlto iafhrased laser

diode (represgfalive Haee iAMHARRIIHE SREGHEM1¥0W)) ahiaAMENGY A ePRINGRGEaREd fom 41

2 Hz to 85 2 Hz (HFS vs.pre, n = 5 traces: p <0.001, t-test, post, n = 3 traces; traces were sampled

from differenttiNrovitiyarssuited hniemtigal SinasioatimiheeSIRIUESE - rbiatBAsIoeT8dted affected by
high (left, 130,52, MfMi5eal eI MR EAE re2fo b Zne1iifng frof RS F I SR GREY, FPoptical

stimulation. FIG. 7 shows quantification of the tiSsue volume recruited by optical intervention (A)

Intensity valudsdodiszBaeomles) tharsaitia qifedo0f RIS dmetienchirdtusuroe istwiessy Md danshction of
depth inlgrain\ﬁiﬁﬁﬂ%ﬁgo% ng g%%l%%ﬂfﬁ%&ﬁ@ﬂ@%l'%tfw& that selective M1 layer V

2009/131837PCT/US2009/039949 35 source) indicates the mlnimum.inter.;}i@/ required to activate
channelrhodolEhortirgliioretiopsibices fcontbioarieddd s3BPROTN incLybRdas Mreadiy STN

CaMKilla::ChRgs MGt %@%@ﬁ%&%é&%@ I RGd RIS SR ORIPHRIRIHF E TGS AP feRyst

neuronal activation produced by Tight stimulation in vivo. Arrowheads indicate c-fos positive cells. 5

Freely movingesitsoaxpinssuif docorration $H1G-(8En1D-ahsrmalb SEdhstiralayoparethalpgitaled with 473nm
gt (20 Hiz, S agiism iy piGkiThe 2T WeYolme asy harad atopaiosadhiplienins estimated

to be at least 0.7 mm3 (dashed lines indicate STN boundaries); robust c-fos activation was observed

medial-Reraingt. ausnentinethepeholeste vatica!SB0HA M ShefasHationdatMdl @nd no Hhsmnsytic
subthalamic sliges W%@E, F), and even at the highest light intensities achievable without

epileptogenesis, M1 LFS did not drive or modify rotational behavior, unlike M2 LFS
cortical stimulation that can elicit contralateral rotations. Finally, increased functional
mobility with M1 HFS but not LFS was confirmed with quantification of increased
25  distance and speed of locomotion in PD Thy1::ChR2 mice; in the absence of
amphetamine, M1 HFS allowed the otherwise bradykinetic animals to move freely
without eliciting rotational behavior (FIG. 9F).
FIG. 4 shows direct optical inhibition of local STN neurons. (A) Cannula
placement, virus injection, and fiber depth were guided by recordings of the STN, which
30  issurrounded by the silent zona incerta (ZI) and internal capsule (IC). (B) Confocal
images of STN neurons expressing CaMKIIa::eNpHR-EYFP and labeled for excitatory
neuron-specific CaMKIIo, (right). (C) Continuous 561nm illumination of the STN
expressing CaMKIIo.::eNpHR-EYFP in anesthetized 6-OHDA rats reduced STN activity;



10 confocal microscopy with DAPI counterstain. FIG. 8 shows selective optical control of afferent
fibers in the STN. (A) Confocal images of Thyl::ChR2-EYFP expression in the STN and DAPI staining
for nuclei sH¥RSEBIEERRIE expression in fibers and nojcell bodies (right). (BYGRANHIEINP30 Hz, 5
ms pulse width) of the SIN region in an anesthetized Thyl::ChR2-EYFP 6-011DA mouse 15with 473nm
light inhibited STN large-amplitude spikes (sample trace, top left), while inducing smaller-amplitude

high-frequen%&%gélﬁé%@%elé&e%&éﬁ HRRUCHL S {2AdWh. Bm RpIRmY iRl BIGEed
reliable spiking at 20 Hz (bottom left). While RFS prevented burstmg (top right, p <0.001, n = 3), LFS

had no signifigedicestdiam R D3 tregutidy iy (nserrpleeledt HAPBlaStrlent $4tesE) o8 on
spikes/burst (Rt 5ighti RFAPIER BorBrirsaR)? dnidtmicabiARfa-aline thare erimabnsleft,

100-130 Hz, 5 ms, n = 5 mice) produced robust therapeutic effects, reducing ipsilateral rotations and

allowing animyReaetedfyciodier iredasas ahtheftrasin dhereanimalsdecoldleh, 20 S 516 n =5

mice) exacerhaiad pagholicAMRRIY FRISING MREASCHIPHIRIBAL GRIRNGHESURSHREIS MR
reversible (P%S{B hanges were significant by t-test with p. = 0 for both HES 25(p <0,001, n = 5 mice)

and LFS (p < Qaﬁ&@ﬁﬁmﬂ ebihgransHtis &‘&in@ﬁi@‘ﬁ%ﬁﬁlﬁf)“@m&% Wé%hfposition bias
also showed @hish GOH SEUAR WA GIES R ARl et dHTES\G 20011 PfizPed fOpuIse= 2 mice),

but not with LFS (LFS vs. light off: p> 0.05, n = 2 mice). FIG. 9 shows selective gptical stimulation of

layer V neuroWédial @0 primary 80 mbterteniter. TA)-Eaet ehngs Qb Al QMR Heta# no
colocalizationyythy JdaykFIRcEr¥dcRdnSutANidl el Aricaddeneii assf i PANRUBORS,GaD.bS; seen

rising to the pial surface &22, 23) (right). (B) Schematic for optical stimulation of M1 with simultaneous
recordingin ST 6t *ErR2MIRE. (C) Optical stimulation (473nm) of WO

2009/131837PCT/UBRH0DIAZI48 AGi Y ARE Sinwiane ausTEROANG dn S il e SHoHBgI Thy]
::ChR2 mice. Optical HFS (130 Hz, 5 ms pulse width) of M1 modulated activity in both Ml and STN.

Optical LFS (28PeyteSeaysrsing Hothe MERSHY AT HSHT AR B) BRRAI I-iFs

(130 Hz, 5 mg|pidhseinltbF RIYeRA-pheta PR NdRTEd Hate at talipARéd 6=OHDADALs.
Thyl::ChR2 mice (p < 0.01, n = 5 mice) in contrast to gptical LFS (20 Hz, 5 ms pulse Widé';’éx >0.05,n
=% mice: (1d3PUse Eecouslifeyresest At SPREAOHS SR SO ALIEULREN A YL ighe of

p < 0.00%, n 240nigedeWiils bisst Rad fitteradiests(diS 6. I oif - tR&E, fiom AiMge): B|EIMple
t-test. (F) HFS but not LFS to M1 significantl Oincreased path len t,%f(gF%ép <0.01, n = 2 mice) and
climbing (p <e@lmates in 3 AnEadls). el ﬁ&ﬁﬁﬂﬁ@%&fﬂﬁﬂ FRIOPY A 981a% S HFS are

shown (100 sgepds £REh 4path IBROBRPESQFRCINRS0 + AGeRIding SaacREric MffiemesTation, the
following steps followed in obtaining the results discussed herein. Tq verify the phenot rpe of cells and

measure c-foSCRERARICT S8 mAlse WHAESTHERDE oGl A BB RIS IR D ENAINIONAT SR
transcardially,Ha iy sdontaieeserid b pamiormadein RTAYiN BBS @ll7-4). Binesere

fixed overnigr;‘tlij[ﬂ 30/20 (ISFA and then equilibrated in 30% sucrose in PBS. 40 um-thick coronal
FIG. 6 shows optical depolarization of STN neurons at different frequencies. (A)
Confocal images of STN neurons expressing CaMKIIa::ChR2-mCherry and labeled for
the excitatory neuron specific CaMKIIo marker. (B) Optical HFS (120 Hz, 5 ms pulse
width) of the STN expressing CaMKIIa::ChR2-mCherry in 6-OHDA rats recorded with
25  the optrode connected to a 473nm laser diode (representative trace and amplitude
spectrum shown). Frequency of spiking increased from 41 + 2 Hz to 85 + 2 Hz (HFS vs.
pre, n =5 traces: p < 0.001, #-test, post, n = 3 traces; traces were sampled from different
STN coordinates in 1 animal). (C) Amphetamine-induced rotations were not affected by
high (left, 130 Hz, 5 ms, n = 5 rats) or low (middle, 20 Hz, 5 ms, n = 2 rats) frequency
30  optical stimulation.
FIG. 7 shows quantification of the tissue volume recruited by optical intervention.
(A) Intensity values for 473nm (blue) and 561nm (yellow) light are shown for a 400pm
fiber as a function of depth in brain tissue. The dashed line at 1 mW/mm? (30 mW light



sections were cut on a freezing microtome and stored in cryoprotectant at 4C until processed for
immunohistochemistry. Free-floating sections were washed in PBS and then incubated for 30 mm in
0.3% Triton XOLBYY13880) and 3% normal donkey sejum 20 (NDS). Slices Rr& R4 %vernight
with primary antibody in 0.01% Tx100 and 3% NDS (rabbit anti-cfos 1:500, rabbit anti-GFAP 1:500,
mouse anti-MAP2 1:500, mouse anti-OAD67 1:500, rabbit anti-GABA 1:200, mouse anti-vGlutl 1:500,

mouse antvGl. ;SO0 MAUTE ARK AN ISHA:2ARALEP, o0l IR iARA Rk ANt-lutamate

1:200, chicken anti-tyrosine hydroxylase 1:500, and goat anti-choline acetyltransferase 25 1:200).

Sections werdalsshodeptias 4B) Grndbeakbiinages o Sdnd asprmsissaressne1CTURdbH (dated to FITC,
Cy3 or 5 0111 2L Q9IRS BUGEAIONI010 20,000 LRI QAR! 30,990) secions

géw' &
were washed and mounted on microscope slides wﬂlg évg}%;ABCO. Confocal fluorescence images
were acquiredatiyatisognpivgad berlighirssoopsieming 30-A2oxigasilisals ¢0hs POSHEIGAIS.

immersiag 0%@8&%&%@3{%@&&%\&%@9 Bf S1RS rtivaliRRaSeHah FREKIMAYRSEAYGRHRG @ depth

of 20 um through tiple'medial-lateral, anterior-posterior and dorsal-ventral subthalamic sections

were acquirevitbidglagulighe RGBringss Tdsawdadhnely She o spduazadhra e e sUaMse- of c-fos
positive. WO gQOHBR RS TdmaRAUORORA:3( 008 ngﬁ%@cpb{ﬂgg exnegingrecfos

immunoreactivity above background levels and using the DAPI stainln%(toldti%ineate nuclei. To
SV TR i EiTeactive

determine théearsleriesyarabasseriesioptivetigateanitsaried prdiahtaigea
neurons per 33%%%&%9 RbWaTR AR RIRER R ROSFHHY Sulfh oH IRk eHR - LRCk MABES

subthalamic sections. Large 5fieid_images of entire slices were collected on a Leica MZ16FA
stereoni@roscop@cabrmiviearopy: with g entersénas used were constructed using cloning

techniques. The Caliglq @NRER ceRslUsturS RosUsEE YRR ANRIHE IR0 Ph e RUR-EYFP

construct previously published and cloned’in-frame into the Agel and EcoRT restriction sites of a

lentivirus caripiagehef GaVIK AR OIOEE: cxpresspTianvhel BN AR LRORE siairing o5 Bleh BysPCR
amplification Qélyaﬁ&Q%&@mmse&%&wm%wﬂge@%@m imkR (18 \ge! s EcoRl

restriction sites of a lentivirus carrying the CaM KInggomoter. he GFAP::ChR2 construct was
produced by PapiaciidithefcaMNhrpeirndrernvatstirstzehFhytofbler It COURT BeRR2-
mCherryscongifyCh #HR01Be: b AQHTTACI AERURIAMRRAIIR S{iafpte HiGR, U livifir (>109
pfu/mL) was then produce%ﬁi/ia calcium phosphatek%o- transfecti(on o¢293FT cggjlrlls@v{/)ith.the lentiviral

vector, pCMVindRsing sal e udohighy fregueraynssilations 981 eRwéle) sRrtirmld
serum-free megdiyy 6GRL4NIRIwidth) produced reliable spiking at 20 Hz (bottom leff). While HFS

prevented bursting (top right, p <0.001, n = 3), LFS had no significant effect on burst
frequency by 2 sample #-test (p > 0.05, n = 3 traces) nor on spikes/burst (bottom right, p >
20  0.05, n= 23 traces). (C) Optical HFS to STN in these animals (/eff, 100-130 Hz, 5 ms,n=
5 mice) produced robust therapeutic effects, reducing ipsilateral rotations and allowing
animals to freely switch directions. In contrast, optical LFS (second left, 20 Hz, 5 ms, n =
5 mice) exacerbated pathologic effects, causing increased ipsilateral rotations. Both
effects were reversible (Post). Changes were significant by #-test with p = 0 for both HFS
25  (p<0.001, n=5 mice) and LFS (p <0.05, n = 5 mice) compared to baseline (light off).
(F) Contralateral head position bias also showed robust correction with HFS by 2 sample
t-test (HFS vs. light off: p < 0.05; n =2 mice), but not with LFS (LFS vs. light off: p >
0.05, n =2 mice).
FIG. 9 shows selective optical stimulation of layer V neurons in anterior primary
30 motor cortex. (A) GAD67 and GABA staining showed no colocalization with
Thy1::ChR2-EYFP in STN (leff). Apical dendrites of layer V neurons can be seen rising
to the pial surface (22, 23) (right). (B) Schematic for optical stimulation of M1 with
simultaneous recording in STN of Thy1::ChR2 mice. (C) Optical stimulation (473nm) of



mM sodium butyrate; the supernatant was collected 16 h later and concentrated by ultracentrifugation
at 50,000 x g with 20% sucrose cushion. The resulting viral pellet was 20 resuspended in phosphate
buffered salth@ 2#09/1888th of the original volume. Tognsure that there woll§ BE ALYt ANt
expression leak in non-targeted cell types, we employed a Cre-inducible AAV vector with a
double-floxed inverted open reading frame (ORD, wherein the ChR2-EYFP sequence is present in the

antisense oriqgialian HRRA BRSSPI AIMERIS I OB I RRE YRR @

25stable, irreversible fashion and thereby activate sustained Ch YFP expression under control of

the strong anﬂlé@rfizitétmémw’édﬁ?&mé&ﬁbmmmqé getivitajrpbeth dver gd Rd ¥ Harbcaldgublished
results). To C?g)tfirti%%)-a?ﬂx@ JECURIRBNAR MBS Bolh R A NAIGREREHS) (BFYIROHWe pairs of

incompatible lox sites (loxP and 10x2722) was synthesized and the C_hR2-EY P’transgene was
inserted betwdf e PP Bndelsidipredosdamphpiariveisdusad npstlatsrat ietadsntimdPdouble-foxed

reverse GhRHRFYPHFISRURYARGIPAINP 7 Mogifiey MP&&H&Q&H*&%MWW&@%&NWMQ

the EF-la promoter and the Woodchuck hepafitis virus posttranscriptional regulatory element (WPRE)

to enhance expleswistihThe Pdbmbidanican-iosicrots were- SEdstpptalamral wead position bias
20091131837 GTS2000DRRRR 4% A4 YBEOALRIOINS AL OpE0ed e cor at he

University of North Carolina. The final viral Concentration was 2 x 1012 genome copieriséglc) / ml4.

Adult rats (feiefatetitlshersobiehsofioh arttohise(Fraieand-samil/-tsty 81/ IBa dr idd 51530 g) were
the subjects qfing 36 BXRATIMARISIAD ARG 1Y % ahnd glh ?,@?Qeﬁﬁieég%ﬁieéimml@%nipulation of

our animals were in strict accord with guidelines from the National Institute of Health and have been

approved by MMmbers atige; Stsamig (risstudanplemsihabciare dwdngsend afishilic? amisborgeries
were performaq)ygg&)rn%gggﬁ 59&9_1@ fis Rodg s uere anaesthetized using 1.5% isoflurane (for

surgeries longer than 1 hr) or 1.p. injection (90 mg/kg ketamine and 5mg/kg xylazine for rats; 80 10

mg/kg and 15-20 mdireoidispdetagciiae implommiationp Sratellaminasicns fol lrsdinaiginénganed
with 70% ethanol ApARELRANSIRLIRETHAGES MAHSISIRCUE RRRARI R AR AN Qiynent was

applied to prevent eye drying. A midline scalp incision was made and then small craniotomies were
performed usiAgeatsMErAGoAtshSiredevite sprhuraRrntebarhite ambirenssaedisHyn the medial

forebrainsbunglesali 2k 3bRoft Wk s ANRE (FA AR 118 W 747 BRI WG eadniection in
the STN (rat:-3.6 mm AP, 2.5 mm ML; mouse: -1.9 mm AP, 1.7 min ML). For rodents that were

injected with RafeEviehs i e RErnend Yica cwiiatrddr RO6rene 648 BBed 18 retthiserPi@mine the
location of thg s M &g e HFRlYEE R G ¥hd SRIRYVASH Sp Mk claR: Urcai@nd -4 mm in

mice. The concentrated i . ) ) )
processed for immunohistochemistry. Free-floating sections were washed in PBS and

then incubated for 30 min in 0.3% Triton X-100 (Tx100) and 3% normal donkey serum
20  (NDS). Slices were incubated overnight with primary antibody in 0.01% Tx100 and 3%
NDS (rabbit anti-cfos 1:500, rabbit anti-GFAP 1:500, mouse anti-MAP2 1:500, mouse
anti-GAD67 1:500, rabbit anti-GABA 1:200, mouse anti-vGlutl 1:500, mouse anti-
vGlut2 1:500, mouse anti-CaMKIIo, 1:200, mouse anti-S100p 1:250, rabbit anti-glutamate
1:200, chicken anti-tyrosine hydroxylase 1:500, and goat anti-choline acetyltransferase
25  1:200). Sections were then washed and incubated with secondary antibodies (1:1000)
conjugated to FITC, Cy3 or CyS5 for 3 hrs at room temperature. Following a 20 min
incubation with DAPI (1:50,000) sections were washed and mounted on microscope
slides with PVA-DABCO.
Confocal fluorescence images were acquired on a scanning laser microscope using
30 a20X/0.70NA or a 40X/1.25NA oil immersion objective. To determine the volume of
c-fos activation, serial stack images covering a depth of 20 pm through multiple medial-
lateral, anterior-posterior and dorsal-ventral subthalamic sections were acquired using

equivalent settings. The image analysis software calculated the number of c-fos positive



20 lentivirus (described above) was delivered to the STN using a 10g1 syringe and a thin 34 gauge
metal needle; the injection volume and flow rate (3 sites within the STN along the dorsal-ventral axis;
each injectiBHOA890. 8 7at 0.1 gl/min) was controlled3);vith an injection pumPCEKHERWDAN P injection,
the needle was left in place for 10 additional minutes and then slowly withdrawn. 256-OHDA was then
used to lesion the substantia nigra and produce hemi- Parkinsonian rodents. Desipramine (20mg/kg

for rats; 10 mg/kq far mice: noradrenerdic reuptake inhibitor. qa%gq r ic
terminals) Wageﬁg%elﬁ E?g‘fé’d %(?ﬁ:gi\}\?égi{%& rﬁ%b}%@%‘t’é‘%@é{%%ﬁ(g%g 4 %lgfﬂoi%ft% %9%%{%;{ gl for
mice) with 0.1t% BstBIsieintig (tolphigvetetmietpiadatidatcondo Ko Atérd el fighsdnetdial Yorebrain
bundle 30 (rat; -2 AP ,+2.ML, and.-7.5 DM; e; - + 440 usion for
the 6-OHDA ir%%tgﬁg}ln rdaﬁ}:l%fpg %ﬁ%ﬁé%of S(I; was a'tiﬁ’ggarraﬁt)ge%?% %%}]%10%@%?%{4m |n,1\éa}rcl1 t?e&n%éedle was
left in situ for alscecditidRaY Empiosites. iV 2ploiecalsdamRamAgSAalatgBelandEgctiona, filsegeyuide (rat:
C312G, g]ou%ee:lg: 1?}91'3’ %g Ofh Iie?\]/ s%eclgst\(z)vefoerc%n?ﬁe% eﬁe eg ﬂ%lgacl\q%lrgﬁaﬁé}(&?ﬁ{?} UG .a!n tissue and
reduce tiSsue movement), and then inserted throug the craniotomy to a depth of approximately 400
pm above the STN dretitévamteotopsicasming thergeorensthvigse consryczeNisiogscPingne layer of

adnesive cemenl sfallowad P erRAARIASHG CMENLIARLSEAAR SPBYFCRE SRR Sysifm to the
skull. After 20 mln,% e scan was sealed back using tissue ‘adhesive."The animal was kept on a
heating pad wNibHReEX &t edifsturtpresinasinpihl edomd idlen@l 6-fragikg hin dkeghaed subcutaneously
following the surgj 0 e [0 MiRimi S t : €3 120, mouse: C3
130) was inse%rfég%i%g%(%écgﬁag ]f?f)ge(r)%%? @ﬁz@én% %ﬁé’?e%%{ﬂgﬁéf%%@ﬁ%ﬁ%%em& a stimulation
electrode) (MS308KB): WaR Arepiatitst W&hﬁ(@ﬁwdmé’ﬁr%@@ddié@ﬁgv@ﬁﬁhe ¢HRAvBChs®HDA
injection, in Viy5, GYRCRINALACOIIINANASHIGY HIE SO ARIPITING U0 ASIDRAILESTM, and the
stimulation electrode was inserted to that depth and securéd using one layer of adhesive cement
followed by clemivpastiarndnssthe Ciddidlaghesiotewdbacdhly: (EdArenstaecipas preduegdhal was
kept on a heat] t} i j YenprAinimize
discomfort. A"j}récx‘%%t(qu cgagp%%o&éggri@végé%%ﬁge t%%g\%?r@%%%%g%gc%%gﬁ Simultaneous
optical stimulatfdreamidenstuitasieg thdidgdhaad Pegbresgistian einimecdients was done as described
previously using an t I ( IMﬁBh' pm) tightly
attachezg}t/o an opticgﬁ) éﬁﬁﬁ: (Pg%)%}%grﬁ’;% %ﬁﬁ%@g@ ?ﬁ% ﬂa%%gg%gg&%%(ﬁ)gﬁnné) thar?gfﬁibtip of the

fiber, to ensuteiitfientination28s e cdbovdduthelawiiarat yeeion malYbYi Rl 76 eafdmdR A1 65distinct

reglons, smal LieRiIARIRRESE, SR ARANEDUAINPIJ SoHARERB0Mh BRI ARARNAES Was Placed

above one regionthrough one craniotomy and a plain electrode or optrode
mM sodium butyrate; the supernatant was collected 16 h later and concentrated by

ultracentrifugation at 50,000 x g with 20% sucrose cushion. The resulting viral pellet was
20  resuspended in phosphate buffered saline at 1/1000th of the original volume.

To ensure that there would be no significant expression leak in non-targeted cell
types, we employed a Cre-inducible AAV vector with a double-floxed inverted open
reading frame (ORF), wherein the ChR2-EYFP sequence is present in the antisense
orientation. Upon transduction, Cre-expressing cells invert the ChR2-EYFP ORF in a

25  stable, irreversible fashion and thereby activate sustained ChR2-EYFP expression under
control of the strong and constitutively active elongation factor 1o (EF-1a)) promoter
(Feng Zhang, unpublished results). To construct Cre-activated recombinant AAV vectors,
the DNA cassette carrying two pairs of incompatible lox sites (loxP and lox2722) was
synthesized and the ChR2-EYFP transgene was inserted between the loxP and lox2722

30 sites in the reverse orientation. The resulting double-floxed reverse ChR2-EYFP cassette
was cloned into a modified version of the pAAV2-MCS vector carrying the EF-1a
promoter and the Woodchuck hepatitis virus posttranscriptional regulatory element

(WPRE) to enhance expression. The recombinant AAV vectors were serotyped with



25 was placed in the other region through a separate craniotomy (see FIG. 9B for diagram).
Stimulation in the anterior motor cortex was achieved by placing the optical fiber just above the brain
surface, actNY&#YIdyERS of the cortex; for STN stimylation, the fiber was VOTIABY MR STN. The
STN was identified using its highly stereotyped firing pattern and the fact that it is surrounded
dorso-ventrally by silent regions. The optical 30 fiber was coupled to a 473 nm or 561 mn laser diode
(30 mW fiber Qutput LaiRg B4 Ueepirlings WRredRDErinvatieReNBaiized with
1.5% isoflurar%a% yr?d%%%@%ﬁ%éﬁ??&%ﬁ%gi§?¢J§%e$%nealzinjections of.ketamine(;l (80 mg/kg)/xylazine
(15-20 mg/kg¥euditail Thlamlpyirol aadcarigfivatwas32 2 A bo gedeneseqpses g)dtH-collect WO
2009/131837PCT/UR2009/039049,40: data and generate light plses,hypughdhe finsrd he recorded
signal was band passg}ﬁtereés §tg3 OHzl%)%w’IS Hzﬂﬁrg% %800 Mﬁ:roelectrode AC Amplifier). For precise
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Animals were accepted for experimental investigation only if amphetamine reliably induced rotations in
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non-reflective cylinder (rat: diameter 25 cm, height 61 cm; ) ) )
20  lentivirus (described above) was delivered to the STN using a 10pl syringe and a thin 34

gauge metal needle; the injection volume and flow rate (3 sites within the STN along the
dorsal-ventral axis; each injection was 0.6 ul at 0.1 pl/min) was controlled with an
injection pump. After the final injection, the needle was left in place for 10 additional
minutes and then slowly withdrawn.

25 6-OHDA was then used to lesion the substantia nigra and produce hemi-
Parkinsonian rodents. Desipramine (20mg/kg for rats; 10 mg/kg for mice; noradrenergic
reuptake inhibitor to prevent damage to noradrenergic terminals) was administered,
followed ~30 minutes later by 6-OHDA (8 pg/4 ul for rats; 6 pg/2 pl for mice) with 0.1%
ascorbic acid (to prevent degradation of 6-OHDA) into the right medial forebrain bundle

30 (rat: =2 AP, +2 ML, and -7.5 DV; mouse: -1.2 AP, +1.2 ML, and -4.75 DV). The
perfusion for the 6-OHDA injection (rat: 4 ul, mouse 2 pl) was at the rate of 1.2 pl/min

for 4 min, and the needle was left in situ for an additional 5 minutes.
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a blue or yellow diode 30 laser (473 nm or fiber output) was mounted on a
micromanipuliesrerpatomainiawer dirsemieEsdrdysthiaR G IR tRHbergsedie Vet T fiber was
moved down intgth&tissksie 100 um increments and the power was measured. When the fiber

reached the Petri dish, the power measured was compared to the initial measurement WO
2009/131837PCT/UShagtnemsaptical stimulation and electrical recording in a single region in

living rodents was done as described previously using an optrode composed of an

20  extracellular tungsten electrode (1 MQ, ~125 pm) tightly attached to an optical fiber
(~200 pum) with the tip of the electrode deeper (~0.4 mm) than the tip of the fiber, to
ensure illumination of the recorded neurons. For stimulation and recording in two distinct
regions, small craniotomies were created above both target regions, and a fiber or optrode
was placed above one region through one craniotomy and a plain electrode or optrode

25  was placed in the other region through a separate craniotomy (see FIG. 9B for diagram).
Stimulation in the anterior motor cortex was achieved by placing the optical fiber just
above the brain surface, activating layer 5 of the cortex; for STN stimulation, the fiber
was 300 um above the STN. The STN was identified using its highly stereotyped firing
pattern and the fact that it is surrounded dorso-ventrally by silent regions. The optical

30  fiber was coupled to a 473 nm or 561 nm laser diode (30 mW fiber output) from
CrystaLaser. Single unit recordings were done in rats anesthetized with 1.5% isoflurane
and mice anesthetized with intraperitoneal injections of ketamine (80 mg/kg)/xylazine

(15-20 mg/kg) cocktail. pClamp 10 and a Digidata 1322A board were used to both collect



through the solution to confirm the total power output through the fiber. The percent transmission
fraction was then calculated as the ratio between the power measured through tissue and the power
measured tAYOLAHIBIL}AIN. The power intensity was then calculated by corRGdeviriganesneit intensity
spread due to the conical shape of the 30 mW 5 light output from a 400 um fiber based on the fiber's
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of spikes, are listed below. Pre-Stimulation Light On Post-Stimulation Staft En Spikes Start End
Spikes $tart millimeter deep). To ensure stability of the fiber during testing in moving animals, an

internal cannula adapter was glued to the stripped optical fiber. To insert the fiber, rodents
were briefly placed under isoflurane and the fiber was inserted while the animal was
recovering from anesthesia. The internal cannula adapter snapped onto the cannula guide
and the bottom half of the plastic portion of a dummy cannula was also used to ensure the
15  adapter remained connected to the top of the cannula guide.
For optical stimulation, the fiber was connected to a 473 nm or 561 nm laser diode
(20 mW fiber output) through an FC/PC adapter. Laser output was controlled using a
function generator (33220A) to vary the frequency, duty cycle, and intensity. For
Thy1::ChR2 animals, the average minimum intensity used to produce therapeutic
20  behavior was 10 mW. A custom aluminum rotating optical commutator was used to
release torsion in the fiber caused by the animal’s rotation.
Motor behavior was assessed using amphetamine-induced rotations, head position
bias, climbing, and track length. Animals were accepted for experimental investigation
only if amphetamine reliably induced rotations in the ipsilateral direction confirming a 6-
25  OHDA lesion of the substantia nigra. Before and after each stimulation trial, a trial of
equal length with the light off was used as a control. Each of these trials was about 3
minutes long making the entire off-on-off sequence 9 minutes long. For amphetamine-
induced behavior, amphetamine (rat: 2 mg/kg; mouse: 2.6 mg/kg) was injected 30
minutes before behavioral measurements; the fiber was inserted into the cannula and the
30  rodent placed in an opaque, non-reflective cylinder (rat: diameter 25 cm, height 61 cm;
mouse: diameter 20 cm, height 46 cm) 10 minutes before the behavioral experiments.
Rotations ipsilateral to the 6-OHDA lesions (clockwise turns) were counted, and

contralateral rotations were subtracted. The percentage change calculation considered the
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change in rotational bias relative to the period without stimulation. Head position bias
was determined by counting the number of head tilts (>10° deviation left or right of
midline) over time. Each time the rodent rose up and touched either paw to the wall of the
cylinder was counted as an instance of climbing. Track length was measured with
Viewer. After the completion of behavior experiments, cannula placement was confirmed
by slicing.

For experiments where optical stimulation did not produce a change in the rodent
behavior, we also collected path length and head position bias data while the rodents were
under amphetamine. Continuous 561nm illumination of the STN expressing
CaMKIlo::eNpHR-EYFP in 6-OHDA rats did not affect path length (cm/min; light on vs.
light off: 757.05 + 163.11 vs. 785.74 + 157.56, p = 0.90, n = 4 rats; mean =+ s.e.m; 2-
sample z-test) or head position bias (% of time to the right; light on vs. light off: 99.92 +
0.08 vs. 99.75 + 0.25, p = 0.56, n = 4 rats; mean =+ s.e.m; 2-sample #-test). Optical HFS
(120 Hz, 5 ms pulse width) or LFS (20 Hz, 5 ms pulse width) of the STN expressing
CaMKIIa::ChR2-mCherry in 6-OHDA rats did not affect path length (cm/min; HFS vs.
light off: 803.82 = 129.04 vs. 851.95 + 166.20, p = 0.83, n = 5 rats; LFS vs. light off:
847.15 + 141.95 vs. 779.11 £ 104.01, p = 0.74, n = 2 rats; mean * s.e.m; 2-sample /-test)
or head position bias (% of time to the right; HFS vs. light off: 93.97 + 3.78 vs. 94.20 +
2.96, p=10.96, n = 5 rats; LFS vs. light off: 98.50 + 1.50 vs. 98.50 £ 0.50, p=1.00,n =2
rats; mean + s.e.m; 2-sample #-test). 473nm illumination of the STN expressing
GFAP::ChR2-mCherry in 6-OHDA rats also did not affect path length (cm/min; light on
vs. light off: 1042.52 + 113.73 vs. 1025.47 = 113.63, p = 0.92, n = 4 rats; mean + s.e.m;
2-sample t-test) or head position bias (% of time to the right; light on vs. light off: 98.16 +
0.98 vs. 98.98 + 0.65, p = 0.52, n = 4 rats; mean * s.e.m; 2-sample #-test).

Light transmission measurements were conducted with blocks of brain tissue
prepared from two 300 g Fisher rats and immediately tested. Blocks of tissue 2 mm in
thickness were cut in 0—4 °C sucrose solution using a vibratome. The tissue was then
placed in a Petri dish containing the same sucrose solution over the photodetector of a
power meter. The tip of a 200 pm diameter optical fiber coupled to a blue or yellow diode
laser (473 nm or 561 nm, 30 mW fiber output) was mounted on a micromanipulator. First,
the power was measured through the solution. Then, the tip of the fiber was moved down
into the tissue in 100 pm increments and the power was measured. When the fiber

reached the Petri dish, the power measured was compared to the initial measurement
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through the solution to confirm the total power output through the fiber. The percent
transmission fraction was then calculated as the ratio between the power measured
through tissue and the power measured through solution. The power intensity was then
calculated by considering the light intensity spread due to the conical shape of the 30 mW

5  light output from a 400 um fiber based on the fiber’s numerical aperture of 0.37. The
fiber output was assumed to be uniform across the diameter of the cone. Measurements
were made through grey matter in three blocks of brain tissue for each wavelength with
one block each moving anterior-posterior in the thalamus and in the cortex and dorsal-
ventral through the thalamus.

10 Threshold search in Clampfit was used for automated detection of spikes in the
multi-unit recording, which was then validated by visual inspection; the spike waveforms
displayed by Clampfit were observed to check the quality of spike detection. For traces
with multiple spike populations, thresholds were set to capture all the spikes; during
bursting, it is likely that multiple neurons were recorded from simultaneously. Bursts

15  were identified in Clampfit; any two consecutive spikes occurring in an interval less than
300 ms were counted as belonging to the same burst and only bursts of at least 3 spikes
were included. To quantify the neural activity at different frequencies, spectra for in vivo
extracellular recording traces were generated using a wavelet transform after converting
the traces into binary spike trains. The trace was then converted into a histogram with a

20  binwidth of 0.5 ms for each of the duration-matched pre-stimulation, stimulation, and
post-stimulation epochs. The start and end times for each of the segments, as well as the

number of spikes, are listed below.
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Table 1. The three segments of each power spectra were time matched; this table
shows the segments of each trace (the start and end time in seconds), as well as
the number of spikes detected during each period. Time intervals were chosen to
reflect stationary states before, during, and after stimulation for each trace, to

account for temporal delays in onset or offset of physiological effects.

The spike histograms were then convolved with a wavelet to measure the amplitude
of the spectra at frequencies below 150 Hz over time. The average amplitude over time

for each frequency was then plotted. The wavelet used is reproduced below.
t2 .
9,0 = e faomemimint

o =4/3f)-

For determining the change in activity of multiple frequency bands, amplitude
spectra for multiple duration-matched baseline and stimulation sweeps were calculated as
described above. Mean amplitude within each frequency band was determined and the
ratio of this value (stimulation/baseline) was calculated. Spike latencies of the M1
response to optical stimulation of the STN were determined by measuring the delay
between the first peaks in simultaneous optrode recordings of M1 and STN of a
Thy1::ChR2-EYFP 6-OHDA mouse. 20 Hz, 5 ms pulse width of 473nm light was used to
activate the STN.

FIG. 10 shows substantia nigra lesion and cannula track. Loss of nigral
dopaminergic cells following 6-OHDA administration in rat (A) and mouse (B): coronal
slices (rat: AP -5.8; mouse AP -3) show decreased tyrosine hydroxylase levels (red)
unilaterally in the substantia nigra pars compacta; SNc is outlined by white brackets.
Insets below show higher resolution images of the lesioned (/eff) and unlesioned (right)
sides of the substantia nigra. (C) Cannula track is visible in a coronal slice showing

correct placement of the cannula above the STN area.
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FIG. 11 shows an additional histological characterization. (A) STN cells
expressing CaMKlla::eNpHR-EYFP (green) label for the excitatory neuron specific
glutamate marker (red). (B) STN cells expressing GFAP::ChR2-mCherry (red) costain
with the astroglia-specific marker S100p (green). In both (A) and (B) yellow indicates

5  colocalization of the two markers. (C) Representative confocal images of TH stain for
dopamine (fop) and CHAT stain for acetylcholine (botfom) showed no colocalization with
Thy1::ChR2-EYFP expression in the STN.

FIG. 12 shows additional behavioral results. (A) Continuous 473nm illumination

of the STN expressing GFAP::ChR2-mCherry in an anesthetized 6-OHDA mouse

10 completely inhibited STN activity. (B) and (C): Extension of mouse results. (B)
Amphetamine-induced rotations were not affected by 50% duty cycle illumination of the
GFAP::ChR2 expressing STN in 6-OHDA mice (n =1 mouse and 2 sessions). (C)
Amphetamine-induced rotations were not affected by high (130 Hz, 5ms pulse width, n =
1 mouse and 2 sessions) or low (20 Hz, 5Sms, n = 1 mouse and 1 session) frequency

15  optical stimulation in the CaMKIla::ChR2 expressing STN in 6-OHDA mice. (D) and
(C): Modulation of inhibitory neurons during behavior. Although mainly excitatory, STN
has about 7-10% percent cells that stain for inhibitory neuronal markers, such as
GADG65/67 and parvalbumin (Allen Brain Atlas). To obtain specific expression in either
GADG67 or parvalbumin neurons we injected GAD67-Cre and parvalbumin-Cre mice

20  respectively (gift of Sylvia Arber) with a Cre-inducible adeno-associated virus (AAV)
vector carrying ChR2-EYFP (Methods). Cre-dependent opsin expression was observed in
the STN region, but behavior was unchanged with optical stimulation. (D) Amphetamine-
induced rotations were not affected by high (130 Hz, Sms, n = 2 mice and 4 sessions) or
low (20 Hz, Sms; n = 1 mouse and 2 sessions) frequency optical stimulation in 6-OHDA

25  GAD67-Cre mice. (E) Amphetamine-induced rotations were not affected by high (130
Hz, 5Sms, n = 2 mice and 2 sessions) or low (20 Hz, Sms, n = 2 mice and 2 sessions)
frequency optical stimulation in 6-OHDA parvalbumin-Cre mice.

FIG. 13 shows additional electrophysiological results. Isolation of large
amplitude (A) and small amplitude (B) units from the trace in FIG. 4C and corresponding

30  power spectra. Red lines represent average waveforms for all superimposed spikes that
occurred during 70s of baseline activity (n = 205 spikes for large amplitude unit and n =
428 spikes for small amplitude unit). Both small and large amplitude units showed

decreased activity during light that returned to normal baseline levels after stimulation.
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(C) Response of STN to optical stimulation of STN in a Thyl::ChR2-EYFP 6-OHDA
mouse at 90Hz. The STN is initially excited but activity is reduced in the emergent
stationary state measured by loss of the large amplitude spikes evident during the
baseline; nevertheless, significant low amplitude activity persists throughout the
stimulation. (D) High-temporal resolution trace of the STN response to optical
stimulation of STN in a Thy1::ChR2-EYFP 6-OHDA mouse at 130Hz (see FIG. 5B for
full trace). Again, the STN initially responds with a spike followed by low amplitude
activity throughout stimulation. Changes in amplitude of the local circuit responses can
reflect either altered recruited cell number or altered excitability of recruited cellular
elements. While optrode recordings cannot report on the precise cell types involved in
generating activity, by eliminating the electrical stimulation artifact these recordings
provide a window into the amplitude and timing properties of local circuit electrical
responses arising from local excitatory or inhibitory cell types and fibers in the STN
region that could not be achieved with electrical stimulation.

FIG. 14 shows high-temporal resolution optrode traces. (A) Single unit activity in
CaMKlla::eNpHR-EYFP expressing STN with continuous 561 nm light illumination in
an anesthetized 6-OHDA rat (corresponding to trace in FIG. 4C). (B) Neuronal activity in
CaMKIla::ChR2-mCherry expfessing STN with high frequency optical stimulation (120
Hz, 5 ms pulse width, 473 nm) in an anesthetized 6-OHDA rat (corresponding to trace in
FIG. 3B). (C) and (D) Activity in the STN region in an anesthetized Thy1::ChR2-EYFP
6-OHDA mouse in response to high (HFS, 130 Hz, 5 ms) and low (LFS, 20 Hz, 5 ms)
frequency optical stimulation using 473 nm light. Note the low amplitude of activity in
the HFS trace (corresponding to trace in FIG. 5B).

FIG. 15 shows latency of M1 response to optical stimulation of STN. (A)
Response of M1 Layer 5 (L5) to optical stimulation of STN in the Thy1::ChR2-EYFP 6-
OHDA mouse at 20Hz, 5ms pulse width. (B) While stimulating STN with light,
simultaneous recordings of light-induced activity in the STN (fop frace) and M1/L5
(bottom trace) revealed short latency differences between the first peaks consistent with
antidromic spiking. (C) Individual latency differences between the first peak in STN and
M1/L5 for 16 stimulation bouts revealed minimal jitter (S.D. = 0.032 ms) consistent with
antidromic spiking in the well-known M1-STN projection.

FIG. 16 shows changes in frequency characteristics of neuronal activity produced

by optical stimulation. (A) Activity in all frequency bands was reduced by continuous
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561nm illumination of the STN expressing CaMKIIa::eNpHR-EYFP in anesthetized 6-
OHDA rats (n = 5 sweeps). Frequency bands are defined as: delta 1-3 Hz; theta 4-8 Hz;
alpha 9-12 Hz; beta 13-30 Hz; gamma 31-80 Hz; high frequency (HF) 81-130 Hz. (B)
Optical HFS (120 Hz, 5 ms pulse width) of the STN expressing CaMKIIa::ChR2-
mCherry in 6-OHDA rats reduced activity for frequencies between 4 and 80 Hz, while
increasing activity in the HF band (n = 3). (C) Activity change in M1 (leff, n = 4) and
STN (right, n = 4) produced by optical HFS (130 Hz, 5 ms) stimulation of M1 in 6-
OHDA Thy1::ChR2 mice. Delta activity in both M1 and STN was reduced. (D) Activity
change in M1 (left, n=4) and STN (right, n = 4) produced by optical LFS (20 Hz, 5 ms)
stimulation of M1 in 6-OHDA Thy1::ChR2 mice. Beta, gamma, and HF activity in both
M1 and STN was increased. (E) Optical LFS (20 Hz, 5 ms) of the STN in 6-OHDA
Thy1::ChR2 mice increased activity in the beta, gamma, and HF bands (n = 3). (F) Spike
counts for duration-matched baseline and optical stimulation segments for each
experiment type. Optical stimulation of the STN expressing CaMKlIlo::GFAP-mCherry
and optical HFS in 6-OHDA Thy1::ChR2 mice abolished spiking activity, reducing
activity across all frequencies to zero (not shown). Error bars are s.e.m.; f-test with pu =
100 used for statistics, * p < 0.05.

The various embodiments described above are provided by way of illustration
only and should not be construed to limit the invention. Based on the above discussion
and illustrations, those skilled in the art will readily recognize that various modifications
and changes may be made to the present invention without strictly following the
exemplary embodiments and applications illustrated and described herein. For instance,
such changes may include additional modifications to VChR 1-based sequences. Such
modifications and changes do not depart from the true spirit and scope of the present

invention, which is set forth in the following claims.



102.5142.5 0 175 215 145 Fig 13 (eNpHR, large unit) Table 1. The three segments of each
power spectra were time matched; this table ShOWﬁ_}he segments of each trace (the start and end time
in seconds), as well as the number of spikes detected during each period. Time intervals were chosen
to

CLAIMS

1. A cell engineered to express a light-responsive VChR1 protein from Volvox
carteri.

2. The cell of claim 1, wherein the VChR1 protein exhibits excitation at 535 nm,

531 nm, or 589 nm.

3. The cell of claim 1, wherein the VChR1 protein comprises the amino acid
sequence set forth in SEQ ID NO:3.

4. The cell of any one of claims 1-3 wherein the cell is a neuronal cell or a stem
cell.

5. A population of cells comprising cells of any one of claims 1-4.

6. The population of cells of claim 5 further comprising cells containing a light-

responsive ChR2 protein from Chlamydomonas reinhardtii, optionally wherein the

ChR2 protein comprises the amino acid sequence set forth in SEQ ID NO:2.

7. The population of cells of claim 5 or claim 6 further comprising cells containing

a light-responsive NpHR protein from Natromonas pharaonis.

8. A polynucleotide encoding a light-responsive VChR1 protein from Volvox

carteri for use in the preparation of the cell of any one of claims 1-4.

9. The polynucleotide of claim 8, wherein the polynucleotide comprises a
nucleotide sequence encoding the amino acid sequence set forth in SEQ ID NO:3.

10.  The polynucleotide of claim 8 or 9, wherein the nucleotide sequence is codon

optimized for expression in a mammalian cell.
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Sreflect stationary states before, during, and after stimulation for each trace, to account for temporal
delays in onset or offset of physiological effects. he spike histograms were then convolved with a
wavelet to measure the amplitude of the spectra at frequencies below 150 Iz over time. The average
amplitude over time 10 for each frequency was then plotted. The wavelet used is reproduced below.
g(f=e-r2 120.2 e-21Tif t a = 4/(3f).  For determining the change in activity of multiple frequency

bands, amplituderepestigriatetidele sluratipnanatchedhasgling and siineratiotheweeprvifie
calculated as descriped aboye. Mean amplitude within each fr?quencg bhand was determipned and the
ratio of (SRS TstirORRIOAN ALZAFL) s PLAIRIEE SBRRANCRBELE 16 IWFOTOLEInbHEs 1o

optical styfpHaticamkingomdieere determined by measuring the delay between the First peaks in
simultaneous optrode recordings of M1 and STN of a Thyl ::ChR2-EYFP 6-OHDA mouse. 20 Hz, 5 ms
pulse width of 473nm light was used to activate the STN. FIG. 10 shows substantia nigra lesion and

cannula track. Lpss pbhiguall@dtidepsiaing igie asflis| satevanpl 6 WhErdimdnei pistyaiionestic (& )rand
mouse (B): coronal slices (rat: AP -5.8; mouse AP -3) show decreased tyrosine hydroxylase levels
(red) unil [b?éﬁﬂf?ﬁstf%]s Hntia nigra pars compacta; SNc is outlined by white brackets. Insets below
show higher resolution images of the lesioned (left) and unlesioned (right) sides of the substantia

nigra. (C) Cannula track is vjsible in a coronal slice showing 25 correct placement of the carmula
e BTN SV S S S RO 0SS PIeE RO SIS A AN
histological characterization. (A) STN cells expressing CaMKIllIct::eNplIR-EYFP (green) label for the
excitatory neurap specific glutamate marker (red). (B) STN cells expressing GFAP;:ChR2-mCherry
(rech) cootlin with e SPU RO BN AL S S QP S EBIR (R 0 B hbates
5colocaliaataxenivdssteatedrkiets (CARepeesantative confocal images of TH stain for dopamine (top)
and CHAT stain for acetylcholine (bottom) showed no colocalization with Thy! ::ChR2-EYFP

expression in the STN.
15. A method of using the cells of any of claims 1-4 comprising activating the

VChrl protein with light.

16. A method of using the population of cells of any of claims 5-7 comprising
activating the VChR1 protein and/or the ChR2 protein and/or the NpHR protein with
light.

17.  The cell of claim 1 containing at least two heterologous light-activated light ion
channel molecules, the molecules activating the ion channel in response to light
having respective wavelengths so as to allow for independent control of each ion

channel.

18. A method of using the cells of claim 17 comprising activating the ion channels

at their respective wavelengths.

19. An animal that is a model for deep brain stimulation (DBS), wherein the

animal comprises a population of cells of any of claims 5-7.

EP 09735499.7
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FIG. 12 shows additional behavioral results. (A) Continuous 473run illumination of the STN expressing
GFAP::ChR2-mChery in an anesthetized 6-01-IDA mouse 10completely inhibited STN activity. (B) and
(C): Extension of mouse results. (B) Amphetamine-induced rotations were not affected by 50% duty
cycle illumination of the GFAP::ChR2 expressing STN in 6-OHDA mice (n = 1 mouse and 2 sessions).
(C) Amphetamine-induced rotations were rsoraffeczedhypegh (130 Hz, 5ms pulse width, n = 1 mouse
and 2 sessions) or low (20 Hz, 5mEWENEENLLEE ¥Ad 1 session) frequency 15 optical stimulation in
the CaMi§Ha: fhbRbexpressing StENsing-dHD Adnicr. GRharst-¢CluMaegiulation of inhibitory neurons
during behavigii gtrai mainly excitatory, STN has about 7-10% percent cells that stain for
inhibitory neu@ﬁ%ﬁr@é SrSHeh as GAD65/67 and parvalbutnin (Allen Brain Atlas). To obtain specific
expression in either GAD67 or parvalbumin neurons we injected GAD67-Cre and parvalbumin-Cre
mice Zé%spigggfgﬁ HEGHSY AR W (RithT 8 Pe iR UETB K- Al end Mgt ate @Virus (AAV) vector
carrying ChR2- P (Methods). Cre-dependent opsin expression was observed in the STN region,
but beid0ror wHsPuAERARFIGed with optical stimulation. (D) Amphetamine-induced rotations were not
affectegpy high ¢k3@4d348mMs, n = 2 mice and 4 sessions) or low (20 Hz, 5ms, n = | mouse and 2
sessiens) frequoescypyidcal stimulation in 6-O0HDA 25 GAD67-Cre mice. (E) Amphetamine-induced
rotatigrh?éﬁger% not affected by high (130 Hz, 5ms, n = 2 mice and 2 sessions) or low (20 Hz, 5ms, n =2
mice and 2 sessions) frequency optical stimulation in 6-OHDA parvalbumin-Cre mice. FIG. 13
shows bftitioresttesie birosinyiofogical results. Isolation of large amplitude (A) and small amplitude (B)
units fropg.the trace in FIG. 4C and corresponding 30 power spectra. Red lines represent average
wavetams fopadl superimposed spikes that occurred during 70s of baseline activity (n = 205 spikes for
large %ﬁ Etu@é?%tlgpgl ng 428 spikes for small amplitude unit). Both small and large amplitude units
showed decreased activity d?mng ight that returned to normal baseline levels after stimulation. WO
2009/432B37PCT/US2009/039949 45 (C) Response of STN to optical stimulation of STN in a Thyl
:ChRZEYFPEHHDRHbUse at 90Hz. The STN is initially excited but activity is reduced in the
emergepbstationary state measured by loss of the large amplitude spikes evident during the baseline;
nevertheless, significant low_amplitude actiyity persjsts throughout stimulation. (D) High-temporal
resollgpls(}n %Sreéjcé of tél'égﬁl(lore@’ oqﬁgg t%)egp%!%J %ﬁlﬁnéﬁa%i(l‘r? of ?Ne?nwa%fﬁyt‘:?&h R2-EYFP 6-011DA
mouse at 130Hz (see FIG. 5B for full trace). Again, the STN initially responds with a spike followed by

low amnw; eﬂjv' gllhmggglﬂytﬁ% ation. %rigngg's i&grrmgt%er q;é?epc}o&al circuit responses can

reflect either altere@gecruited Cell numberxyy altered excitability afgecruited cellular

Val Ala Thr GIn Asp Gly Pro Asp Tyr Val Phe His Arg Ala His Glu
35 40 45

Arg Met Leu Ser Ala Leu Cys Leu Met Phe Tyr Gly Tyr GIn Thr Trp
50 55 60

Lys Ser Thr Cys Gly Trp Glu Glu Ile Tyr Val Ala Thr Ile Glu Met
65 70 75 80

Ile Lys Phe lle lle Glu Tyr Phe His Glu Phe Asp Glu Pro Ala Val
85 90 95

Ile Tyr Ser Ser Asn Gly Asn Lys Thr Val Trp Leu Arg Tyr Ala Glu
100 105 110

Trp Leu Leu Thr Cys Arg Val Ile Leu Ile His Leu Ser Asn Leu Thr
115 120 125

Gly Leu Ala Asn Asp Tyr Asn Lys Arg Thr Met Gly Leu Leu Val Ser
130 135 140

Asp lle Gly Thr Ile Val Trp Gly Thr Thr Ala Ala Leu Ser Lys Gly
145 150 155 160
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10elements. While optrode recordings cannot report on the precise cell types involved in generating
activity, by eliminating the electrical stimulation artifact these recordings provide a window into the
amplitude and timing properties of local circuit electrical responses arising from local excitatory or
inhibitory cell types and fibers in the STN region that could not be achieved with electrical stimulation.
15FIG. 14 shows high-temporal resolution $fpodeaPateSTPA) Single unit activity in
CaMKlla::eNpHR-EYEP, ex Sj TN i nti \ght Jllumjpation in an anesthetized
6-OHI§)JX?r§t coArFFés%%EdigEFt)'cg)ﬁt%a%?e%i?E?GW%E%)%@ﬁ%ﬁ%@c@i@hﬂé&ﬁk||a::Cth-mCherry
expressing SIN with high frequency optical stimulation (120 Hz, 5 ms pulse width, 473 nm) in an
anesﬂﬁﬁ.tiz%b‘pﬂt'%nraiu(gomsgyeokm oy ragedned G 35§ ang (Activity in the STN region
in an anesthetized T8yl::ChR2-EYFP 6-0HB# mouse in responsedo high (HTS, 130 Hz, 5 ms) and low
(LFS, 20 Hz, 5 ms) frequency optical stimulation using 473 tun light. Note the low amplitude of activity
in thersS racei(carresppading spacsuinvklGarBryirl Ged :n$h0ows lataincy,pf M1 response to optical
stimulation of 39N. (A) 25 Response M1 Layer 5 (L5) to offtfcal stimulation of STN in the
Thyl::ChR2-EYFP 6- OHDA mouse at 20Hz, 5ms pulse width. (B) While stimulating SIN with light,
simuleireays reeordipgs bf light-rduced activitein the $EN (tap tacPrandIMI/LS (bottom trace)
revealed shétt latency differencedietween the first peakélconsistent with antidromic spiking. (C)
Individual latency differences between the first peak in STN and 30 MI/L5 for 16 stimulation bouts
reveafdy Mnsntdljities ($1B. As0.C32 ity cmmsiSeanthathl hﬁti‘tl@rﬂiiﬁsﬁil@n%liﬂ the well-known MI-STN
proje@t%:‘n. FIG. 16 shovv%3(9nanges in frequencf%%aracteristics of neufdflal activity produced by
optical stimulation. (A) Activity in all frequency bands was reduced by continuous WO

2009181 gsPPEs/ W2 (iR 0300 49 6: s TrhnlIppiniafo ek thEYSTIN ljfrd<ding
CaMKlla::eNpHR-EYFP in anesthetized 6- O rats (n = 5 sweeps). Frequency bands are defined
as: delta 1-3 Hz; theta 4-8 Hz; alpha 9-12 Hz; beta 13-30 Hz; gamma 31-80 Hz; high frequency (HF)
81-13VAi2/ak) Spill IS ﬁiszﬂrf, 4 Hisygaseriidit) e Bralexpressiy CaMmKila:ChR2- 5
mCherry in 6-OHDA rats reduced activity for frequencies between 4 and 80 Hz, while increasing
activity inthe HF b 1( = 3). (C) Actiyity change in Ml (left, n. = 4) and STN (right, n = 4) produced by
opticrﬁﬂ)ﬁlzg'l r(‘ljé'@-ﬁlz}"11 r}%ss g%?n'&u éﬁogéf ﬁjlnineg-u fbk hggécﬁﬁﬁg gr'{icge?tDelta activity in both M1
and STN was reduced. (D) Activity change in Ml (left, n = 4) and STN (right, n = 4) produced by optical
LFS (¢9)H%; S 815) &Qus%gwIQQSn of M1 in 6-OHDA Thyl::ChR2 mice. Beta, gamma, and HF activity in
both M1 apgbSTN was increased. (E) Optical LIS (20 Hz, 5 ms) of the STN in 6-OHDA Thyl ::ChR2
mice increased activity in the beta, gamma, and HF bands (n = 3). (F) Spike counts for
duratigyrfaatched baseline and optical stimulation segments for each experiment type. Optical
stimuktiarr of308 STN expressing CaMKlla::GFAP-mCherry 15and optical HFS in 6-01IDA Thyl

“ChREiAte dieisher.aplingagiviy. reducing

<220>
<223> ChR2 Protein

<400> 2
Met Asp Tyr Gly Gly Ala Leu Ser Ala Val Gly Arg Glu Leu Leu Phe
1 5 10 15

Val Thr Asn Pro Val Val Val Asn Gly Ser Val Leu Val Pro Glu Asp
20 25 30

GIn Cys Tyr Cys Ala Gly Trp lle Glu Ser Arg Gly Thr Asn Gly Ala
35 40 45

GIn Thr Ala Ser Asn Val Leu GIn Trp Leu Ala Ala Gly Phe Ser lle
50 55 60

Leu Leu Leu Met Phe Tyr Ala Tyr GIn Thr Trp Lys Ser Thr Cys Gly
65 70 75 80

Trp Glu Glu 1lle Tyr Val Cys Ala Ile Glu Met Val Lys Val lle Leu
Page 2



activity across all frequencies to zero (not shown). Error bars are s.e.m.; t-test with tt -- 100 used for
statistics, * p <0.05. The various embodiments described above are provided by way of illustration
only and should not be construed to limit the invention. Based on the above discussion 20and
illustrations, those skilled in the art will readily recognize that various modifications and changes may
be made to the present invention without si€tly ZoRewingTie exemplary embodiments and
applications illustrated &% described herein. instance, such chanies may include additional
modifications to VChRI-based sequences. Such modifications and changes do not depart from the true
spirit &hd 8bepBhef the réserhe Biviveltibm rhvel iYedet et v thewoNbwiby claims. 47 CLAIMS 1. A
cell engineered to é)?r?ress a Iight-responsi’\?éls VChRL1 protein from Volvox carteri. 2. The cell of claim
1, wherein the VChRL1 protein exhibits excitation at 535 nm, 531 nm, or 589 nm. 3. The cell of claim 1,
wheréiMHé v iR 1plofehf Eam;#ﬁébgﬁeTé(miﬁbaaéthséaaéfg;é ket fofth fYSEQ ID NO:3. 4. The cell
of any one of claims 1-3 wherein the cell is a neuronal cell or a stem cell. 5. A population of cells
comprising cells of any one of claims 1-4. 6. The ulation of cells of claim 5 further comprising cells

i PO
contarrﬁﬂglé(!igﬂtgréseb‘oﬁgﬁlé"fﬁ]Fégéoﬁﬁﬁiﬁﬁfbheﬁhﬁﬁﬁﬁdérﬁﬁh’ag%iﬁﬁﬁréﬁi‘? optionally wherein the
ChR2 protein comprises the amino acid sequence set forth in SEQ ID NO:2. 7. The population of cells
of claim 5 or claim 6 further comprjsing cells c iping a light-responsive NpHR protein from
Natroﬁénggrpfggpagﬁ .%r@%l%riﬁg\%&iégueg%tﬁjgﬂga |8ht'—‘rgs§g gl%é R1 protein from Volvox
carter/for use in the preparation of the cell of any one of claims 1-4. 9. The polynucleotide of claim 8,
whereiNeRANQUARP G CIPPURES B FIPaife SRANSRCGANEYdING ing amino acid sequence set
forth in SEQ ID NO:3. 1®sThe polynucleotide ofelaim 8 or 9, whereintbe nucleotide sequence is
codon optimized for expression in a mammalian cell. 48

Phe Phe Cys Leu Gly Leu Cys Tyr Gly Ala Asn Thr Phe Phe His Ala
180 185 190

Ala Lys Ala Tyr lle Glu Gly Tyr His Thr Val Pro Lys Gly Arg Cys
195 200 205

Arg GIn VvVal Val Thr Gly Met Ala Trp Leu Phe Phe Val Ser Trp Gly
210 215 220

Met Phe Pro lle Leu Phe lle Leu Gly Pro Glu Gly Phe Gly Vval Leu
225 230 235 240

Ser Val Tyr Gly Ser Thr Val Gly His Thr Ile Ile Asp Leu Met Ser
245 250 255

Lys Asn Cys Trp Gly Leu Leu Gly His Tyr Leu Arg Val Leu lle His
260 265 270

Glu His Ile Leu l1le His Gly Asp lle Arg Lys Thr Thr Lys Leu Asn
275 280 285

Ile Gly Gly Thr Glu Ile Glu Val Glu Thr Leu Val Glu Asp Glu Ala
290 295 300

Glu
305

<210> 3

<211> 300

<212> PRT

<213> Artificial Sequence

<220>
<223> VChR1

<400> 3
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11. The polynucleotide of any one of claims 8-10, wherein the nucleotide sequence is operably linked
to a promoter, optionally wherein the promoter is an alpha-CaMKIl promoter. 12. The polynucleotide
of any one of claims 8-11, wherein the polynucleotide is in an expression vector. 13. The
polynucleotide of claim 12, wherein the expression vector is a viral vector. 14. The polynucleotide of
claim 13, wherein the viral vector is a lentiaTabveeancor sreadenoassociated virus (AAV) vector. 15. A
meth fUSI lls_qQf f claims 1-4 I§ing activating t hrl protein with light. 16. A
methg_%tgfA %Eizg/mzﬁigﬂ%tgﬂgo%:%%e& 5%3‘/ 3%%]5{%125 %g Egﬁpe%rﬁégi:%egting the VChRL1 protein
and/or the ChR2 protein and/or the NpHR protein with light. 17. The cell of claim 1 containing at least
two heteralpgons,lighi-antivajefl ight MWQ%W@C@{%C}}@ fgg)leg;ge@.@ctivating the ion channel
in response to lightdtaving respective wavefengths so as to allowsfor independent control of each ion
channel. 18. A method of using the cells of claim 17 comprising activating the ion channels at their
respegiiyerwavelangigssekO sy anmal thetis paadel fgisderp hirinadmulation (DBS), wherein the
animal compri$és a population of cell4@f any of claims 5-7. 45

Thr Leu GIn Trp Val Val Phe Ala Leu Ser Val Ala Cys Leu Gly Trp
50 55 60

Tyr Ala Tyr GIn Ala Trp Arg Ala Thr Cys Gly Trp Glu Glu VvVal Tyr
65 70 75 80

Val Ala Leu lle Glu Met Met Lys Ser lle lle Glu Ala Phe His Glu
85 90 95

Phe Asp Ser Pro Ala Thr Leu Trp Leu Ser Ser Gly Asn Gly Val Vval
100 105 110

Trp Met Arg Tyr Gly Glu Trp Leu Leu Thr Cys Pro Val Leu Leu lle
115 120 125

His Leu Ser Asn Leu Thr Gly Leu Lys Asp Asp Tyr Ser Lys Arg Thr
130 135 140

Met Gly Leu Leu Val Ser Asp Val Gly Cys Ile Val Trp Gly Ala Thr
145 150 155 160

Ser Ala Met Cys Thr Gly Trp Thr Lys lle Leu Phe Phe Leu lle Ser
165 170 175

Leu Ser Tyr Gly Met Tyr Thr Tyr Phe His Ala Ala Lys Val Tyr lle
180 185 190

Glu Ala Phe His Thr Val Pro Lys Gly Ile Cys Arg Glu Leu Vval Arg
195 200 205

Val Met Ala Trp Thr Phe Phe Val Ala Trp Gly Met Phe Pro Val Leu
210 215 220

Phe Leu Leu Gly Thr Glu Gly Phe Gly His Ile Ser Pro Tyr Gly Ser
225 230 235 240

Ala lle Gly His Ser Ile Leu Asp Leu lle Ala Lys Asn Met Trp Gly
245 250 255

Val Leu Gly Asn Tyr Leu Arg Val Lys lle His Glu His lle Leu Leu
260 265 270
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STFD_212PCT_ST25

Tyr Gly Asp lle Arg Lys Lys GIn Lys Ile Thr 1le Ala Gly GIn Glu
275 280 285

Met Glu Val Glu Thr Leu Val Ala Glu Glu Glu Asp
290 295 300
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