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
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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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