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CELL LI NE, SYSTEM AND METHOD FOR OPTI CAL CONTROL OF
SECONDARY MESSENGERS Rel at ed Pat ent Docunent Thi s
w@atenssddecunent clains the benefit, under 35 RCBU009/045611
119(e), of U.S. Provisional Phtent Application Serial

No. 61/057,108 filed on May 29, 2008 and entitled

"Cel |l Line, % stem and Met hod for ical Control of
LideE N, W@Tmeml%

Secondary Me HQR/FQRJnaI
appl i cat (I 1 . j

I ncor por ati on- by- Ref erence of Mat er| al Subm tted
El ectronically Incorporated by reference inits

entirety i s a conput @eldtehPateheDovement i de/ am no acid
sequence |isting submtted concurrent| {/J herewi t h, and

i dentlhisiRaipnadoquaianpelgimsahe bemeitamdey 32 UASE) § 11Xekof
" g
UtgdoRRRER i Ah e Rz h6g/§€l?§§ﬁe€ﬁ%§%?ifgh3&8 ond
entifl et €el1dans IS3ktesn dnd Mythd ¢ for GptitabOeitadof8scondiry Messengers;”
generatlng secondary. nessen rs in response to optica
theryndgalyiag RrRyt app] ﬁlfe;ruwé% lmemarwo hergip bygeference.
nucl eoti de sequences, chlnerlc proteins, and uses

t her eofncofpsrfatioR 3L RO réiee o 8dteALSHbRTtcalEIs QS ATISATY
messengers in response to |ight. Background Guani ne

nucl Ewornesated hyirderepseondisgatifety ﬁwmmé‘:}f-r%débls durlegtade/

ol LR RS S ALY RLNATS, i S EP I o
Oneup343 B3teASTHEText) e ®ingdde S TFDMOSPEENS T2 NKE Ut ated big

rel ease of a secondary nessenger within a cell. The
Apgl %2089 secondary nessenger can function to regul ate
downstream cel | processes. Secondary nessengers

i ncl ude signaling nol gelie% thd'Bivedtien  api dl y

gener ated/ rel eased. These nol ecul es produce cel |l ul ar

res p@h@é@sw inyentionelaies goneially & systeatsandgppiopphias fergenerating

[
Se%ﬁos o nos%%ofrﬂesﬁ%n% tosi)pﬁﬂza §t |1§§/ %Jélg norgﬂr%iét clt!lga?ly tl(;% cell lines,
nmbmﬂh Qsqieatss, sﬂmﬁbﬁ’a psyahs anmd aml thdreofacarh heldimyg © the peduction
ystem Changes bpetween the different states of the G

Oﬁﬁeé? ARSMESRNEES Iy TesRpBFet ighta result of proteins

call ed G protein-coupled receptors (GPCRs), G
protein-linked receptors Background

Guanine nucleotide-binding proteins (G proteins) are believed to alternate
between an inactive guanosine diphosphate (GDP) state and an active guanosine
triphosphate (GTP) bound state. These two states have been linked to the release of a
secondary messenger within a cell. The released secondary messenger can function to
regulate downstream cell processes.

Secondary messengers include signaling molecules that are rapidly
generated/released. These molecules produce cellular responses by activating effector
proteins within the cell. Example cellular signaling systems include the phosphoinositol
system, the cyclic adenosine monophosphate (cAMP) system, and the arachidonic acid
system.

Changes between the different states of the G proteins can be triggered as a result
of proteins called G protein-coupled receptors (GPCRs), G protein-linked receptors

(GPLR), seven transmembrane domain receptors (7TM receptors) or heptahelical
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(GPLR), seven transmenbrane domain receptors (7TM
receptors) or heptahelicalreceptors. This protein

WO 2000/1y8%4éicl udes a variety of %ransrrerrbr ane r eRE€pUBL089/045611

These receptors respond to external stinmuli (e.g.,
light, neurotransmtters, odors or hornones) by

r{itlotE) 1B e Py IROET e B Bt ool ot 5 hese
rédepldsseshdrdio e%ﬂwytﬁnﬁlgg £bNpit antsitditinbRtefz, BASK 8t ASrmones) by

to alternate states. GPCR-related activity is ) ]
agidebiap sicagl Wansduatienpadivess svenaldn therdslls Spapralyaligands ind and

e igals and, treatnments,.. 1t s
b e Sep R D RARIREHEF HRaRignd SRR i pdpart Sutes.
CRORyedlated pEthliiiH asotipled GvithaG Bt dikssdsChteRs)is, ARCRN@E the target
many of those drugs relate to the production or
of ANy PharBlacefticals and BeyAwaisy nessenger cAWP. There is
an a bogi kI \
ol n e ye Hat Bt $OYE6 ARUrR; OF BERERL Aol ik inkoupled
reapioes ((HREIRy) iandithat manylbfithpsadrigbreeldteto tha gradomtivieor inhibition of

OSSR e R e A RTEL B L%
O O 10 GO S L Mo,

nfetabohrp.dutl amimuge disecanaslalnthersisde nfjermplex elamymaliaotbebaviors,
MP . | ate rel at.ivel | o and present
G phpuf Trgra RS s ity piie Bhsrd Sven o

ifthBelRPEKighaRRg pFbcERBNCHR QR cHérhiBalCRiEPmBthbiS fof SnodRiliting
as in nervous or cardiac tissue. These

sechadary alesseogerddeclpsuenad WP ilénslss pperatctreatpyabp slowihesrsl! present

fast ti cales. (e. g. ile scr i or._novel . .
i RS i i e et e SRR B o Gincetion with
céHaietisad, subh SYRIMeBriul Or tdi8iaaBiodR: MhBid hepfital-ARkNIIR @BEN lack

and others related to generation of secondary )
thespeasiig Prabedhesefest mescdlesd gign gvhilesrrieering fier noel therapeutics).

i npl enment ati ons. The present invention is exenplified

in a nunber of inplenentaty ons and applications, sone
of which are summarized bgwa%nsi stent with an

enbothdpRben® inviehGoris @R@fted toWRRdIntifg iR AWl &aféntiSned challenges
i mpl emented for generating secondary nessengers in a

angeqthers relatad teganicréios of srepadary sressongere 984 rejated ghagieg devices and

L [ W r t.ein vl rh in) is
LSRR VAR DS RLALE L o LORFRERLF
ingplémaithtsons@nd appliatiedl; ssire gf whick ﬁ%ﬁpmﬁﬁne(riﬂe@ balbw.

Bet a . The light responsive nenbrane protein is .

expr él}é%%ﬂem Vit %eqmb%tger& (% H}fd?r?ﬁ@ntamg@&&adéfrwhod is implemented

FERERARIE A AERRPOSREe I I ) FRTSHEE SRl B
chimptie hghttrespohsive assbssicpgoteinge.gf, rhakpyinpfs modifitdtithene or
mE)rre ae ero gfgo&ser j:erf)?ol} sglgﬁrgfs’{e.?g.,%El%gre%grg% reegéprt(i)rc alphal, Beta2)}. The
light responsive membrane protein is expressed in a cell for producing a secondary
messenger in response to light.

Consistent with an embodiment of the present invention, a method is implemented
for assessing the efficacy of a putative treatment regimen (e.g., a drug or electrical
stimulus or anything that works via these secondary messengers) relating to intracellular

messengers. A nucleotide sequence for expressing a chimeric light responsive membrane

protein (rthodopsin) is modified with one or more heterologous receptor subunits {e.g., an
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stinmulus or anything that works via these secondary
messengers) relating to intracellular nessengers. A

woowvaedHee sequence for expr efsi ng a chi nmeri cPCT/ATR1009/045611

responsi ve nenbrane protein (thodopsin) is nodified
wi th one or nore heterol ogous receptor subunits {e g.,

SR TGO AT A hd DL <1 Vit ESap e ST Arage BBsin i

%311‘3?5‘68 g c8l fR PRIRRINY RSSRIASEhedsPnded PRGNSt B lh%lg.gtfhe protein

. rotein is exposed to lidght. The effects of
ig msedetnthght eTlm&zcsexf thcﬁtma@ntiudtrmcsscﬁ t he present

di d t .
e i e o Bscitet G Rvenis S e Gl BVRE PG Bpzesne o
cHintdicQipBt RkpdHRie Iﬁ@ﬁlﬁ’éﬁ’é PORUS (rhEERRING ivithUded B trfdrd Retérologous
an adrenergic receptor (alphal, Beta2)}. An enbodi nent

resepton eulmnés éng.. pmedandreis reeeptir(dokald Bewddr d, a
nucl aotd odlméﬁé ‘gnee I;rgsrep in ex?milo dglr&tec{' ol 418 nuclggt‘ide sequence

respon3|ve ne o

foruxBrelsihe b ohiageiddighe r@fvefnlﬂéihﬁl'hﬁé Ib%llg(rhodiipsm) wnh one or
adrener?lc receptor (al phal, Bet a2)€ The above

erheieiplagous FreeRiPRRBRAIL frnd BlicnesZinsrcepior Glehad. Beta2)).
desc rThQ (R%Csnnﬁﬁéfry 8%&%%)?&6&'199&1"{1% N hd 1nt§¥(%'g¥? id%suc%’ileaes each

|nplene ation resent 1nvention
1lhrsdatdé émlbb&ldaedesmmgt ingrierhéradti dnod flthenpremane inyantiorc Ul'ter figures and

I|fyth odi ments. Brief scriptio
IZ%'HJ ‘l‘f‘ﬁ%ﬂﬁ’fﬁ)é‘ ﬂb SIPTeBYtBans FEErRRI Ry e Flg;lgoglments
under stood in consideration of the detail ed
description of vaBriefiDeseriptivmefithe Dohwings | nvention

that ollows in cpnnection wiih the acc anyi .
it avit A EveSon g R Mere ot e RO O Jeraenat  detailed
dERLPGHN SNehrioRd &ﬁﬁ@dlﬁl@ﬂt% lo% HRNhvatibh (19X BRIV i ¥BRHCNBRNWSth the

of the present invention; FIG |IB shows Enzyme-Linked
agoompansng dwngmsgva‘yhx@ﬂl SA) of CAWP, cGW, and | Pi of

[ h h hj
oot b ORGSR AR B o
elﬁb&ﬁﬁlehtslommreséﬁt m%ﬁﬁonlc shows Ca-i magi ng of cel I s
transfected with nCherry fusion proteins of opto

opt o3 cBoﬁl@M@tF@ﬁymwhlweéﬂamlv@S@hwd%w(FsUSA) pﬁ@AMP cGMP,
o £ S bR R by RSP P8 Bl P iy

exxpipdéembedinehis o fite phedeht @xetiong enbodi ment s of t he
present invention;, FIG 3A_sho
| evellG 1l GrShHE’RC@émaglf’@%ﬁﬁé%%ﬁfﬁg%\? mr@ﬁ %%%protems of
[
o 081 SRbGH (R SALRIE FARPE ROl I BESSETh cnion.
GAD Fliim2rshewaiCatimggnf of peltrrt&l:rﬁﬁeberl vaghsi@gerry fusion proteins of

optoGs and optoGq, consistent with example embodiments of the present invention;

FIG. 3A shows cAMP, IP; and IP; levels for HEK cells expressing various
constructs, consistent with example embodiments of the present invention;

FIG. 3B shows a lentiviral express vector, GAD immunostaining of opto-o;AR-
expressing cells and observed pCREB aictivation in optoXR-exbressing cells (mCherry+)

following 10 min optical stimulation, consistent with example embodiments of the

present invention;
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cells and observed pCREB activation in
opt oXR- expressing cells (nmCherry+) following 10 mn

Wopiwaatodst i mul ation, consi st elgt Wit h exanpl e PCT/US2009/045611

enbodi nents of the present ention; FIG 4A shows

optrode targeting of transduced accumbens, spi ke

wave nd basel.i ne f|r| es, for ndlca ed
constTcts Teunaeds fregineiot %ﬁ%d HIHBAPRRe NIEC YAV ¢Agns and
bReBRE Btink ?a\féﬁ"fok ﬁﬂlwa@d@onﬂﬁw%" OY¥ididht Wlfﬁ%x%bfe%?oodlments of the
recordings wth Iight stimul ation, consistent wt
pexanpmemBHMOdlnents of the present invention; FIG. 4C

sho h e in spiking,fre enc .Vers
S g A A gt ent it
e%rﬁﬁ@@hlbbﬂ\iﬁ%ﬁsl dTihe present ﬂPeﬁmV\B firing rate change

ki netics, consistent with exanple enbodi nents of the

pr es &HE. 4@1 steorvesi changedn Gpikgg fsmmcysw@h bghtaergug baseline, consistent

t f a Lrans uced re a freely noving
B SRR onBndri 05 Phset SRlRlens Sohemat i< o
pl acei@ras ﬁ{cﬁﬂﬁﬁir@ﬁﬁi chbhige k’:lfiéilcts Sshsigdt with ExGEp10 bmBodiments

freely exploring nouse, consistent with exanple
ofthB PEISHREARYCIEPNYE he present invention; FIG 5B shows

prefg (‘%‘%% o&‘% stét &5&@' t?l%ggnrﬁ?waotrﬁfsﬁﬁedcf 51‘1 Satﬁ:"&'i ll‘gq gﬁg

exanp e’e esent 1 nvent
mbseswihvdémplasted 1ﬁ$>elocﬁpticateﬁdchdhstiquﬁao‘emreﬁancma@amvmnd test and
field tests; consistent with exanple epbodi nents o
a frRee r"eé%ﬁh’ CXRIQERE MEHSe. Genststent Wit eﬁ%‘éﬂgb EﬂqP Hgn%ﬂ’iseﬁélﬂ? gresent
inventY @i ous nodifications and alternative fornmns,
speci fics thereof have been shown by way of exanple in
t he EKbvﬁBﬂsjmws pdeferehéestfer dmsol arsleapto-a1 ARt ainkistent with example
E‘P be nder st ood, however, that the intention is
eRBRdimgnts of i RreRent nyenionoan o the particul ar
embogceit 5?10% S‘ré‘s‘iﬂt? 6fjtote@ﬂlsrtzﬂl@e tRRaFiBhYopchTRId RE8 donSiBtent with

is to cover al fications, equivalents, and
e&ﬂnmﬂﬂmbwhacmﬁafﬂwngmmmtMNﬂﬁmhe splrlt and scope of
t he tion

e NG 8RR PEE B PO TR e s,
spREidiet tHeddof ARRI beealshows bpfwa of axdreply idfhe @pdwlﬁgd arblassﬂldae

systens and net hods, and e invention has been found
dqsgrllzfél ipdeteile i shopnid @mnd@r@tmérhm@er, has Jhet integtiamhig not to limit the

e e P
covevsihinodifichSormdpéquieldass and bifernatives falling within the spirit and scope of
the invention.
Detailed Description

The present invention is believed to be useful for enabling practical applications
of a variety of optical-based systems and methods, and the invention has been found to be
particularly suited for use in systems and methods dealing with optical control of
secondary messenger levels within a cell. While the present invention is not necessarily
limited to such applications, various aspects of the invention may be appreciated through
a discussion of various examples using this context.

Embodiments of the present invention involve a chimeric membrane protein that

responds to optical stimulus by causing the release of a secondary messenger within the

cell. In a specific instance, the chimeric protein is a combination of a heterologous
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limted to such applications, various aspects of the
i nvention may be appreciated through a di scussi on of
wWQ 200004894€xanpl es using this context. Enbodi nePCEUS$009/045611
the present invention invol ve a chimeric menbrane
protein that responds to optical stinmulus by causing
the rel ease of a secondary nessenger within the cell.,
rqcRpiar spwaltand apRtein Ak UndEgogsIOREITIAtIN Brisqgiiondo §ght via
. .r . - .
P B e o S el A enproteins
pldvigtetanvexampleagrois ofntighit-zespbusiveaprdteitsubati can e miodifiesido iyclude a
hI I%’E‘Eﬂ Rhodopsi ns or retinylidene proteins provide an
ELRAHAOHS BHCERIBT JtPUMtght - r esponsi ve proteins that can be
nodi fAlcgstding tb Ak bBBdithcAESBthE bRIGH InVRESRaQfroRHBHNeled to
According to an enbodi nent of the present invention, a’
cortain @i savéneransmembrane gohdligildomage isanodifieh nipelbden beterologous

a-helical.domain. s.mdified to inclu a heterol.ogou
Rt fni AR DR ks e Sl R
mMRBHSRRIMBE profbia e X6 HRREDY inilefediy 4 cofBRkaRBandeh T he conformal
protein reacts to |ight by undergoing a confornal

change feggentihe edemse/praductionfgbe sacppdpsy gepseager.
rele INe ctd o : .
RNl IR ARy TR orce for ot
chithetie aienthearrqaueiictbat respondsiiongptizalcsninmatus iy ¢amsihyp divarelease of a
protein that responds to optical stinulus by causing
sqcppdars megssaeerwithia thedistlar y messenger within the cell.

Embof} @B fihRnllo RinP ntii(fhviﬁv%livg ﬁ icEl'P Rt g)%sr;@sggsgz{n iéeterolo gous

t hat expresses a heterol ogous an meric
arpl diimeric meéhndrakipaaeinc Tie chiname memnbranaprogéspaspendsdo optical

optical stinulys triggeri the rel ease. of a .
st @B s Bt IR g s A ey e senier vibin g fell. In certain

erRPRRAEAR MeSedphsiBX BF 83 ThRferRf méMBrag bfRsih 6cOBEYH/ ARE In other
protein occurs in vivo. In other enbodi nents

ebqliments oxprossiarhef thiichimeric memtsanerproigmoeasins inedra.s in

i ., Embodj f th | i .
! ol Bl i rfsot 1SR Ry B Rl P EBBesign g fany
SURBIR QBE&RHalYmEReH el by thodifiAra Rl @intieGhRRblidebiidm@ fistein
protein coupled receptor protein (GPCR) to include the
cayplsdaprepter roteind FPOR) suinghide themapenrigtiesenser suhpnit.
i t | : f ins. t.hat
P MRl BB et ol SO EEr e 4R B Bl iR rggpond o

a Var{phy of vivetdripaai afe iiteditidshoé lightesent i nvention invol ves
the use of a chiperic GPCR protein, as disclosed .
her e embedimentetthe aresen; ifsnier rualves theatse obs chimeric GPCR

pré%ﬁg ﬁg afgé(lo%%]ﬂ,etﬁ d@&%fﬂ.eta}iy gf)whgﬁe% Sthect SROIEJTRAS

resent 1nvention are directed to expression f
meésseligenactivity of interest.

Embodiments of the present invention are directed to expression of a chimeric
GPCR protein in a variety of cell types including, but not limited to, mammalian cells,
stems cells, plant cells, and unicellular organisms like yeast and E. coli.

A specific embodiment of the present invention is related to an optimized
expression of a chimeric protein with attached fluorescent proteins for ease of
visualization, and optimized use of the modality for studying downstream effects of the

secondary messenger activity induced by light.
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GPCR protein in a variety of cell types including, but

not limted to, manmalian cells, stens cells, plant
w@edva489amd uni cel | ul ar organi sns |i ke yeast apdI/ES2009/045611

coli. A specific enbodi nent of the present invention

is related to an optim zed expression of a chineric

protein with attached fluorescent proteins for_ ease of
vi sud¥ gmkqdgmentph shegpesent aentipads direqtebtorgengliGaily targeting a

i r f o) . . .
o B Bt o R R BN IR 5000 sion
themsian Celintypesspecifie pranotts egantiat aralsklgctivatygetpresgedain a target cell

chimeric GPCR protein, as dis%losed herein, to. .

O AE R SEMRRSIT | [RIHEIeST AR enS; TEARSRESEHBRI irailipe tissuc).
PiRIdy th¥RSreMEE dpstrBdn? BRI chinfet SEPER#ot8Sn an expression vector
sel ectively expressed in a target cell type (e.qg.,
c8ybapeie rge exprassyat ¢fithe petrio sz cdll yponf mtaresti dhtssncludes

.for.cardiac .tissue)..Placi hese pronoters ppstream
iRl i O U E BT e e Prao B AR G gadFE ponse
ERaRspshstl 98l Cr&/LbRkgRémexpr essi on of the protein to a

cell type of interest. This includes inducible,

r everstodiag to an gxdpplgicswodivrnt of tha prasciyrioyastien, asgeseiaensly
B 5 SERRBER AR SR R s v o
iéresediiclit A¥@IvEInG mondplEspRite CAAMP) anaodiest ieregpaisetaligif. This

devel oped_such that, when these are_expressed in cell .
canyprouscil. fop exanerle., to ¢ipplize denerisaam elfesinep rabpingtobogy including,

. r . .
SOl 8 QAR SRR DAL Elnod AL, B
heterotegolis GIPYR hhogyulisria thedielegse distcondtryl messterd ia response to
1@%{ eeni n?ea%gé Igyzlirngu{sceutl%ical S. . he,rcyenbodl (r)r;gé %ﬁggﬁmgphate
CPAEREAl) SERRRRIY SRS A ARRA BN v
agolidast addnmonophosphat e (cGW), inositol

tri sphosphat e/,i nosi t o). . . . .

11 4, BORRRET O AR e L trchraiset emtiqnoaymethog is implemented

fR MO MNe GG of £PRGLISd @éﬁtm%ttregiﬁ{&nqaf?q dide®nér Dctiidde
resent invention, a method is inplenmented for )
stamulus of anythihgthat odaoye bitseasependary messengea)relating togiintragellular

€. 9se dr el ectrical stinmulus or. anything .that b
e P DR Bl sERBRRERS L bty s PR g € Hembrane
plofdifi ace| theliepsinyes sRATRMH Svith ortls InfiE heleraie e Reeplo kubunits

expressing a chinmeric |ight responsive nmenbrane o
{ g2 otadienasgig recepion @p@lngeﬁa%)}nnlﬁefhgéareﬁmrﬁw(@n@erabra%pr@tem is
(o) . . .
ELSEPh Aol EESRLEE o SUBHALL Sl pIRBRLEYTEN o proci

isrRpied nelighto tTdk rffbs ok e eesmtbnt Areasseeddd. f or produci ng

a secondary nessenger in_response to . light. The
pr ot Ehshlight can be arpdied gegqrding 1o FAgstEd sy Sd’FOft:‘rlFle In one

ethb&tiinifthe BifrelsP FRffthne protein responds to light within tens of
milliseconds. Thus, the stimulus profile can include a series of light pulses in rapid
succession and the resulting effects can be monitored using, for example, Ca’* sensitive
dyes.

In one instance, the cell can first be stimulated without the treatment. Once the
treatment is administered, the cell can then be stimulated again. The results of each test

can be compared to assess the effectiveness of the treatment.
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The light can be applied according to a desired
stimulus profile. In one enbodi nent the expressed

wWOoreoohnaseds prot ei n responds to %ight Wi t hi n t enBCD1S2009/045611

mlliseconds. Thus, the stinmulus profile can include a
series of light pulses in rapid succession and the
resulting effects can be nonitored using, for exanple, ..
Ca + ldgfispimepbeayiagludy p wWidrvarieh ehfiterephigmignynigtighs including,
b R DA 6 PR S R ol
pbydicalpataecttaagaf the cdlhé. . semipesitioé ceaghbs ¢red¢ctgenh stmulus) or a
cqggg'ed.to a%ieés t he effectiveness of the

UF? ]HQQQﬁqﬂP IF giﬂ%ﬂgm@gﬁ'inclyde a wide variety of

di T @8 8/l erh PR RERDHR (theRfSerk Rthd hti@l stiHhluS Bf the ieRbre@€d

to, pharmaceuticals, nodifications to the cel

n{egenand o, dnlseelwirsiaptangsihe efedtivonesasan be measurgdy éor example,

cell .(e. t enper at ure .changes,.or .electrica

b rani o v, ERRTBER St S BRI kg B R,

Or gam siBthdrRnbdeinHPané Fefinent BgintdhaaimBlbinehtsd hdipart of modeling
optical stimulus of the expressed nenbrane protein. |

aglifepsean disesdeanber ewapls, pelitepsranedsd cambe wd fesdls oF é@;nalsr)] and the
e TR s DA TGS o MO, SSSELBh S, i

trefteneht egimi@ndvahagidoren is i npl emented as part of

hr gl s i e !
o Fxpimetal Bk by st OpLGty 5 ey SMDFBdation o igeicd fon

cRAnKRaN BRIl 'BZ g%%ﬁg&%ﬁeau?%ﬁ%%me dARBS HdBcdr8d a

proteln I's express n treat ment reginen "
cAVER-taagetell cafiop eharmehdral visuadiving sessibtany actiwity using Ca” -sensitive

i e S igbtrencog e Bprenlesei Be g LIS ofepndary

ng%hgérfa%ﬁcr@&d RAKERI iPdtecit ARt REERL AR 68 eRAs being a
channel and visualizing resultant activity using Ca

therapenisé modaity yiedlf, gitvnshsmnlivatidn gleareVIP danimperone digedseestates,

. ' | y-activated dul ators of .secopdary nessenger. .
HEE ARG o Atk S Ee A ThE afisif SO BE Pl RaRBE IR by
vasoud®kter 8&coR@ir gne'%sén%&rs WReVIP, sRdabidry forlighl dctivaliomsy
the inplication of cAMP in nunmerous di seases states,

eiginesTinDHIS 1gtioel dirdings e shoesingr Hicedimama thedapsinpregpe opsin
e e a 0
B SRR Bly Y A I I v
sa6hddrairieodenpar, arfias eslciungsipitding@hdoakinatautiingy.si t e or
choosi ng for the chinera a,rhodeg;in or caqne Qpsin

wi t hFEOsilfAf 6B and 1qishovisxneranetisl dsir Lpre OPIASH, andipRt i &vo
SRR S0l SRS B DR (SR
harbetCdsletoped XPese ipntativatad nduceasampt hGdomidGEORoBmerism.
Otp%,(\)%rq provides light-responsive control of Gq signaling, whereas, OptoGs, provides
light-responsive control of Gs signaling.

In both optoGs and optoGq it has been shown that there is negligible difference in
baseline cAMP and IP; levels in darkness and that there is no crossover to other
secondary messenger pathways such as cGMP. The increased cAMP levels seen with
light stimulation of optoGq is an expected downstream effect of IP; production.

FIG. 1A shows a schematic of optoGs and optoGq, consistent with example

embodiments of the present invention. For each protein, the intracellular loops of
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exanpl es of light-activated inducers of secondary
nmessenger signaling ('optoXRs') that have been
waoeleweliggyed. These |ight-activajed i nducers ar eP@I/US2009/045611
r hodopsi n/ GPCR chi nerism QptdCG&g provi des
li ght -responsive control of Gg signaling, whereas,
provides |ight-responsjive control of Gs

r&?d@ﬁam.afrgrep agedwith ﬂaﬂ:s? stadripeis PEQSERS peripAly ogueiRd éﬂﬁw‘?f Gs

0 LIRS FAP T B oA | o ko

homas sod anrine celish dixaspbasrod mqnesmammecncpamhdy spwlshSeq. Id.

NG 1 S - opobonors: Sre-od et ad StttV of f ect

Of | R RS QoBtEdihed by HeGkilled ar?tlih‘aﬂ'sth@ al%?rﬂ)e.i@d ée‘ﬁuéﬁce@@f t‘H rotelns

and optoGg, consistent with exanple enbodi ments of
ammsmteduammemlmmhng siommpgescin Sppmirtemfrﬁmhddenmﬁs whn;blemné ito

| frhod d th t
v BRe Kok e orarignsian RIEGE ot 1B BB epvide
cbhaq)inaFcs@ta bl kvl qaReL i ¢ coding sequences

are O?tl m zed for expreSS| on in human and nuri

cel | FIGEEphsivessEngymetenk %bla?mmvgor@éa%ﬁ%@ma) @é gAMP (top),
<R igaRg g 16 (s 0= PR REy pltue By S PR wie

eit]ikﬁ‘ ndkihd, @gtodst ms(qucté fendpemovidciteaagleanbsdinbnt dfehe present
proteins are presented as non-| tin anpl e

inyigRYiRst t I Thsrreatsod! Hantis Wi Qhﬁaleesl gﬂ‘é‘ cets (af vaer SBH%ITated with
565 R&rl V%thi hiike dﬁﬂ’&l 25%3r dnld nﬂlﬁte gﬁdrt] 6r R @1@ QafkDad indicated.

SI stent, ang e or
eq ui Samaition ey Ilmpleniéh@d uhﬁgah @mrc&mqrmeemimﬂeddnverted culture

ml("fnf:})mﬁﬁrﬂ])%g?i ﬁ%hﬁé@%( E iR ‘)AA\SIEQ D§Q§q o(% lgwggﬁ}&at%lfwnh 10uM

£drENinThr SEhisuids’ R %%Eﬁﬁétﬁ%hﬁ%s‘iﬁbeedohﬁgf offRd 535559 o?@

or optoGgy, consistent an exanpl e enbodi nen
sighidicpnthsipateasedvedMP davelsTh eesPem@Ito bgbtt Nay @mﬁmﬂ@hne increase

ned.fromce hat r ed Wi
o AR S HOBS RERGMEIR TPo Y S SithnRe R ot B0
sikBiffcantly hbRadaR3 138lsiin Qésﬁ@ﬁs@ do 1ightl Wik ot bighifea&ly altering cGMP
I npl enent ed u3|ng@§n envi ronment-control |l ed inverted

leyelst dmdnereasedr edPE levels vathDRs Bogogjon i heligyed énpa consequence

@%’?’r@é’dlu ag@lmr%iea?e were treated with | QuM forskolin for
nmnutes as a saturating, positive control of the

assaylG.Qut ctvs Vadimadgirpaotickls iragreasiefitlc ANetre f@dion proteins of
response to light. No significant baseline increase of

optavpandeptaed; eansisieat with egappls embpdinieaisidhqpresent grvsugion. To
dUEL S AN NG A NP LS ?fégh ol ta&f Gant !:yclfc El%@ﬁfesg %?ﬂééze%ﬁérﬁlel

N response to out significant rin
ChiGV2 Wweyrdrsfectsd in nmesasﬁopmGsAl‘FB abmmetssrelmasemfluﬂﬁacellular Ca**

d
Stp]%‘,g rtE 1)319 gll'olgfdn?g%@ ia %é%]épof élq g(?[lnvsa‘?mrllJ eRCc%nt?I)l population was also

transfected with mCherry alone with the mutant CNGA?2 in excess. Cells were loaded
with fura-2 (20-25 minute incubation) and 2 ms exposures of 340 nm and 380 nm were
acquired every two seconds. In each of optoGs and optoGq the acquisitions alone were
sufficient to yield a Ca signal, while no significant signal was detected in the control
population.

FIG. 1 shows data obtained from a specific experimental setup, however, the

invention is not so limited. For example, various deliver techniques other than
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FIG 1C shows Ca-imaging of cells transfected with
nCherry fusion proteins of optoGs and opto(q,

W@ emgilggoent wt h exanpl e enbod%nents of the preGEIB2009/045611

i nvention. To detect cAMP, a CAMP-sel ective nutant of
the cyclic nucl eotide gated Ca2+ channel CNGA2 was
transfected in excess of optoGs. . |P3 activates release

tigpsfpsiingee ponieraplaied aglyding buf petliEmijeddpoviral irggsdyction, ballistic

0 ol popul ation
g%\aésaegw @ (t‘%r an@'}‘n gc{ngggvm 1?'%%%&%@% a do k\%\n th the
nut affthe GhieAotlopsexcande. m@ﬁﬁéc‘sfms@with adp suitabtehheterolagus
(20-25 mpute incybati and 2 XPpo es of 340 nm
reRBloS PR B b S P PRIBY EPERY TS ks B aBRESadtpRErgiE sxpepor or the
depaRiae Iﬁr}@céb@&&ﬁhé J&%otaﬁ%mrzw 1‘%@§pté‘1] BPShYEGE: or Gg- -coupled
sufficient to yield Ca signal, 'e no significant
reegioad lilketbe depmne@lmetmorwrﬁher mletapoimnlaglutnmatﬂe@ptqrs
sho dat.a obtained froma.s eri nent
et ugecg IR FRngth S PBRSE und s op i ot fprojgjp derived
fR%MR IbBvin¥ Bok ausudel 1 ver techni ques ot her
thantransfecting are contenplated including, but not

| i m Asdonding toionakmbedimeaitidie base-protein pthes tbargﬂwévase-rhodomm
me%tloxﬁ %f%?(,gg a l%u?%usgg %fs:licll %ngitﬁ?g%?o#% gnt?a?nexgll %b?acf‘ll gjrotems such
ay\/t}ieftoﬂm ypsins (kb kechasréad) ogodspsims of pther sl ninddigandrghited

as G - coupled receptors |ike the al pha2-adrenergic

recptept e the densenipe Py ¢ienipreqegtoshbt or or the serotonin

5HT2

1 e RERERA R m iy ROde (0 1 B ST QHRISE pe Rl O fese

igpletnantatiensiaclefdt, busare Aot hmdedtp, testiomandeccafiphing neural circuit and

enbodnggpt, t he base-rhodopsin is a protein derived

diseasmmade!shovi ne Bos taurus. According to one

errbop‘l(arse Al dRSHERS &, @ﬁﬁl'eﬂtap&ﬁ§ froﬁlhﬁlnl tv% application of optoGs
base-rhodopsi n nmenti oned above can al so be used and

(apte-BrAIR sandsopitastis (opta-p et revhidrheare tywe otasipies OEL@haqg/atdde
cone opsin ree odo s of.

nEfiees BESERit g atinathe caNtbt o N RRE TyGidh e to the

uy arﬁQIeO&l@ﬁthtr&%%k@ﬁE fadaly io® g&lehﬁﬂl}&ﬁﬁﬁ&sii dpPiesl thelksat e
to in vivo applications in manmals. These

(‘ pnﬁop(&q?e)rth@thémeu oeaimefestrusture-4nrctiga relpiirshipg amgng G-protein-

B T s e

rdcBptyi-ititi Agpbiocladmiol stéhaipt pdtswiapt 0- b2AR) and opt o&q

(opto-a AR), which are two exan?les of ght - act i vat ed
i nduébe ses&lfs Derain fIGs. pésadndbrelate @qia\rq %E@ClﬁA@B@&Rss that
SHI5. PSR APHELORS SNk G MR . The o

oo KBd enzlexteroltomatmg ofitds on spike firing in nucleus accumbens in vivo, and
precisely timed optoXR photostimulation in nucleus accumbens by itself sufficed to drive
conditioned place preference in freely moving mice. The optoXR approach allows testing
of hypotheses regarding the causal impact of biochemical signaling in behaving
mammals, in a targetable and temporally precise manner.

Optical control over intracellular signaling was implemented in mammals, using
shared structure—function relationships among GPCRs to develop and express in vivo
multiple distinct opsin/GPCR2 chimeras with novel transduction logic that couples signal

to effector. Consistent with various implementations, one or more chimeric opsin-
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("optoXRs') that | everage common structure-function
rel ationships ambng G proteincoupl ed receptors (GPCRs)

WO 0009a¢89%6 t and control, with h| gh spati ot enpoPel/US2009/045611

preci sion, receptor-initiated%iochenical signaling

pat hways. The results shown in FIGs. 3A and 3B rel ate

to two specific optoXRs that selectively recruit

IefieRioF RROteing e gagiaeered trke fungfigrat Withipsmahmals i sivg daregtable to

ééﬁ?ligewgll %dtrx\éf)oﬁmfg fgﬁ'eaﬁ% ttlﬁgg-:e ngﬂ?ﬁdl&g gﬁéﬁ%ﬁﬁoa&ﬂes allow for

iritng rn nuc Vi Vo
tharee o Bigh- s!peen:mbtmalt iRl ph@hd piateitl respomse) tatestdot sdscharacterize

TR P EHAL Y HgBr oV g BEheTHRaalbrgstant times. A
rAPRE RN LR B5EAG AL RYRAIAE A% TI9a5 G Rlation,

causa em Ca S|gna Ing In avi ng
syrmimmlysbetwewnallﬁfaegﬂhahilﬁomuystbmsmdaithqr fmctamestal physiological

Bl R Gas<e  AERRAdISET RS TP | mestiles. |

st r U Ral{ AN fipl AfnkRlont hé)«fés&leﬁ %&B&ﬁﬂl}@ﬁ%né&ed In one
devel op and express in vivo multiple di'stinct

emplﬂﬂ@mzm@homéheamtmeﬂhlanm of rlmdgpltun wiconreplagédcwith those of

| es si gnal ef.f ect or |stent j t
SRR RIS bR et s P iR o thd Ggropypled
h{uﬁ@ﬁeata@ﬂreﬁé@t&ﬂee@t@r(almgaﬂaaﬁé ed- doaplea hﬁma@i szombnerglc receptor
within mammal s in vivo, targetable to specific cell

(AR mathfbe Sit-veunled bedes fl@dypsm (e 1 AghExghangesof inggneallular
re%?cﬁlngﬁg@ﬁ%gﬁc% i -t&&mhzh%oﬂ?aﬁlsg cve{go&?esgl%g qmoé’yiﬂa ‘f&eptor based on

teln respons or an
stedvauraloheddlg ® tramkfed Geprotdimcoupliag iem Gglanéwptihizedieach receptor for

preci sel y-defi ned and behaVJ oral]y-rel van times. A
IRV FERETIORIR Sinjgpen # P%%Lx wricgieap fhgqutive receptors

fgfétx?)ﬁ;ré hﬁll}l{}g ¢S mboﬁnétgtemq%rﬁft 'c%bm&zglgch (gﬁ&/ %g ways in a

er ent atory systens,
hmnjdshmﬂed gignalingpletnpatiaml. oﬁleaqjto)pkmmeéﬁeb' tb Iseldﬁfal sm@e active

. ft
R HBToSS HE Ve B &R S SO g DRAPEHAPBSt |
one Gé@éﬁ@n@odlﬁ@klﬁﬁﬁﬂ{s Qgﬁt@f&lARrh%d'oﬁd AR) lw@feafhsécﬂ@ RSflkescent

rhodopsi n were replace t hose speci f
pathin n‘éalgda@on ot Eprctoral optoXR @tpr@isnognwmgac@ompbwé dhrough imaged

[é%‘jé@é{gse “19(193%)‘“ ﬁgg%%gg%ﬂ%%@%&ﬁi pitget L9 4%Sth opto-u AR

albRe RSPEART ©irbcrhRTRBY Ofia (a2 ARWitM Both bpe-FAARCE@K e to recruit

bovi ne rhodopsin (FIG 1A). Exchanges of intracellular
cycdigindviB V(a (ﬁ%)l and |th¢cheMPtg§i%5¢-(€aar ehanapl EFA2HcH60AS83M.
Rgtl c?tle & i ]f Rn%g?rg: @eéo%%ﬁ? é? E}hag g@ gﬁf gl%e]? ilgﬁltc E“uﬂtloa (504 +/- 6

mﬁm W ned )eamufﬁaamt@ ﬂn{r@prohﬁneﬁt Y@azé}g picsls downdtieam of either
manmal s. Upon activat.ion é varied |ligands, the native

optegBiubpat ia B antES] sPBdiEom (G phereyplingdiactiongk gprasgion. To test
spregi‘f'cﬂil bf 68 @%‘ﬁhﬁﬁé ccﬁl%ll@@gy gfdﬂ%'t(ﬁéﬂ{ RRGMNRY BIHK s were

illuminated with 3 mW mm™ 504 +/- 6 nm light for 60 s and then lysed and analyzed for
levels of cGMP, cAMP and IP; (a degradation product of IP3) via immunoassays. The
canonical pattern was as expected for opto-p2AR corresponding to its molecular design,
as optical stimulation yielded significant production of cAMP in opto-frAR-expressing
cells (FIG. 3A, top), comparable to that achieved with pharmacological stimulation of the
wild-type B2AR and without recruitment of IP3 (FIG. 3A, middle), [Ca®']; (FIG. 2), or
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| i gand- bi ased signaling phenonenon. The optoXRs are
likely to select a single active ensenble state upon

W@ em9ilgy4é i ght in a manner dependent on bi ol ogPCEIUS2009/045611

context. Genes encoding chi neftas (opto-onAR and opt ob
AR) were fused to a fluorescent protein. Validation of
functional optoXR expression, was acconplished_through

shhriggial fack 26vity( i Tpcpriast. loptisa! stmplatignyisiied sianifiganbpgregulation

%Tl;g%a?gé E%oﬂrté é%n%;f{t e?&&ige 511% Ele%gi%qifh ’/'}ﬁdaW? Qﬁmgaliaﬁle to levels

iniced bgaﬁhr(mme gicidstibmlatRerafitic wildtype cANR. iogetBe) withthe [Ca”];

SRR e, St SR
ngjiI %?‘H il b}%gtﬁtzﬁk' é‘%ﬁéféglh Qel WG%A tBp F'@ptlcammaon"mells

Icle ve prom nent si gnal s
edpmamtg gither oénsaittheas mpbecRnh»dulathGMB levelst (FOG. 3A, bottom),

riher andilRe e el s bl Shes g i Bt B IRy Says
r@@ﬁf@d @lﬁ%{t ‘ﬂ?@%ptéXR@ fgif af a&"!% s%@&thﬁn WREEtd thﬁtl{ff'nﬁﬁ%eﬂlodo%sm are

+/- 6 nmll for 60 s and then |
abﬂﬁdo aﬁegrytz e‘tgnfab roveea/winge of le@M@aUYE ARbimlgeght lﬁllXQSaan can activate

SR R e o P RDRESR  Prpsa ar

si}gﬁﬁlﬁﬁg]spondl ng to its nol ecul ar design, as optical
Sti ation yielded significant production of cCAMP in
opt 0 OPERER priferawEica b} intict @ewrd ltissuedims beaplested dngdudiag mdether or

e e

védtbiscadfing mhad@ﬂt@XR fhéia gc}ne(s lﬁhd.‘er cantrolaif shﬁoghamm«a brodeatér (to
activity. . In contrast, oqti cal stimulation yiel olg,d
taggqyhiqchemiel @ﬁé@@mrm e¢r! opyrpnsiagica than e paispially Gs/Ga-
PR RGP Hegf letenls s 0w i e TDAL #R0<3ihop et
wetrd dereytpeticdllAhjecledjatdithe mclehs adeemb8aof adukt heeat Tlos strategy

a&ﬁt&]@z%ﬁqlﬁgﬁ{mdugﬁ%%tt{) gg%gh%wl Eé&tﬁ tloﬁcgnndn% cgr%tpael mgr?tg n
a&ﬁhﬂ)eﬁ@ %(PAEA& Qﬁluhlssp(rﬁfl feurciRy witRet furklRl k&dtpe

sti nmul i on of expr €SSI ng ei ther construct was
smmzih:lltsf, FI6S. 38 Lﬁfataed c@lﬁddSéib@tSS)f(pﬁfﬁ@e @maffq@mtmmwnapnc terminals

er..i.ndi cati al.ing speci ficit
o eiEn bl o oatff sFREUL At Iflo & ¥k odipfuction
2@ Eokbgal lsRERIOT addumitehb GRreSHesdrédin 168l degebrdipinadiluid, optically
native rhodopsin, are able to integrate signals over a

stirawlgied dor 1) wim gnd immgdigight xsdeand jstedipySersl 33 thgsrherylated
cR ﬁ@%@?@g@@{f gﬁlg&%tegﬂé}"é@ﬁgl ﬁ\ﬂmgﬂ o eﬁ%ignaﬁng

c4spideX RWieousupplgeentadion I’(’bfa)ﬁdgeﬁﬁwrahndldﬁ sigmﬁcaﬁtljoelefrated
tested, including whether or not sup El enment ati on

PeREBrgs obsgraed by Be palo Xieeduesing poppiatprs ElienH: éé%’tht) and not in

n$r?gﬁfrﬁih£t@&tlé’s%8t°rs carrying the optoXR fusion genes
under control of the synapsin-1 pronoter (to

The functional consequences of optoXR activation on accumbens local electrical
activity was determined by recording multi-unit in vivo neuronal firing with an optrode
targeted to transduced accumbens (FIG. 4A). No significant differences in baseline firing
rates were observed in the dark with either construct (FIG. 4A, bottom right). Optical
stimulation resulted in decreased network firing in opto-frAR-expressing accumbens (left

trace in FIG. 4B illustrates effect kinetics; summary data shown in FIG. 4C and 4D
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target biochem cal nodul ation to |ocal neurons rather

than other potentially Gs/ CGgresponsive cellular tissue
we@k@aa#tose such as glia and endl thelial cells; PCTAHSBBY/045611

top left) were stereotacticalty injected into the

nucl eus accunbens of adult mce. This strategy targets

bi ochem_cal nodul ation to neurons with somatodendriti .

TePRpAChReRAgISCmeRE W IthBETYOUS pﬁw@&% i 188 Gy Optical

08 indfbdsOPHEin &0 AR RYREsiRP & HbEAS (FIG P igRBFIG. 4C,
Pe%t%% aﬁ%xgkrugeéﬁﬂrgers of gasssla%e or aff%bren &
4 e Syikafteiquericgthistogrhiss sisovddeba thekingtisrad opoXdoefiksts on firing

transduce, cel | s. yia, axon ks. a

b SHa eI W I B RaaIheE ot S B Lot iR At trsiepal

(PICE Qﬁ)e q"hl:éé e@écttﬂoghﬁ(ﬁbglgﬁ rahr ﬁlscwnﬂﬁﬁatfo'n%ﬂl the RrlieAbio¥hemical
stinmulat ed i nedi ately fixed and

vgliddtions} sfipporShnt qm@XBh oaphrofupétametly m&%ssesd)mEB) to germit

d%lfedﬁl'g qu‘n Rg(%g% gle/gt&g %?locfg d]?t?é‘ch%l%ANP Y Icgdnto rﬁé’cﬁﬂeﬁg network

pﬁzgg@gpus retinoi ds significantly el evat ed pCREB was
served in the opt oXR-expressing pog) ulations (FIG
3B, Mg l)mniﬂnerﬁaﬂon, APiREenetics weieriaed aspass the abitiy of prec1sely
C Q n
A RREEH B RS AR R E SR popey o

staeCQihd delgveryivas coibibed Witk Itl\aﬁsg'eﬁid:raipwsmf)m of eygoMRE l’b ép"tlcally
optrode targeted to transduced accunbens (FI G 4A).

cgmgcﬂ iintracgilarsignaing fadan GeuBRERy TEHEODSIR ﬂwgema?ré y REF@e
rr%%&r W68 Fdr Pgﬁﬁt 15@15510}1"(}‘1@ gAIt) héan%eﬂ%hélpﬁg (rjéVIF !rillgd eftession to be

ottomright) tical “stinmulation resu
lideted e@hxedl ameﬁmbasﬂs reironsign ipartioplao nb AR e paesessengd in afferent

N (R NSNS TR

@Eﬁ%ﬁﬁﬁﬁdﬁ\éﬁ Lk 'tar?&e@w t@@rﬁﬁﬁ@ed‘%&ﬁnlﬂ@h@‘éé ?é:i’? of a three-day operant
har nacol Oglca udi es targetln i cal

cartditiriedtplasa prefercaesassayf (FIGNQA)- rp@ paczb @I Abthetpsteanimalg were
FIG 4
e Bt oSy Mg b St ettt bt WG opA-(Digm). On day 1.

afifa@Xrecdf £:016:8d et dpphlafi@ WiHoRSoMaal SMdhtidre MOn Wyt n whenever
bi ochemical rather than electrical initiation of the

thjagimal freelygntersy theissignated eenditineg shambgi ¢ lsergtipde-cqupled
Ll t t
R R S
appryimateothp éikéliytintéhdifyesfemdrioaminehgit ot dm&ﬂga:bf(ﬁg eowindolPath
of intracellul ar. cascades and to nodul at e t wor k.
trpgips reyregy that ﬂleélﬁlhlwt&%ﬁbeétapﬁwac}bﬁ!%ﬁér@ i2ad upjgpreded
t I
AR LR AR LATTRE, A BBy DORTHS D, e lWafiaPk Afexplored
thelapparafde miitblieotiohi disdaAtéon, aghthe diedd spemtyin \blmescoandnimnﬁb chamber

with transgeni ¢ expressjion. of opto
wansiangFied BY Feie ddenendents }[’B?Féq%i ShYf f‘iﬁf’%‘? Yaéaﬁh’*&“e?@fyssmg opto-
o USRS d Arobh& it GERE§RbleYerBic@ FbiStBe conditioned side of the apparatus
following optical stimulation (FIG. 5B). This effect of temporally precise biochemical

modulation was reproducible across two separate cohorts of opto-a;AR animals (n=5-6,
P<0.05, Student’s t-test for each cohort for time in conditioned chamber; n=11, P<0.01
for the total population), whereas the other opsin genes, opto-B,AR and ChR2, appeared
less effective in driving preference. The effect of opto-a1AR stimulation in accumbens

neurons was specific to reward-related behavior and did not extend to direct modulation
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manner used for operant behavior (FIG 5A). Confoca
anal ysis reveal ed expression to be limted to | oca

WQ@e@airisnes neurons; in particqlar no | abel i ng MEEUS2009/045611

observed in afferent fibers, 'Pn distant regi ons
projecting to accunbens, in glia, or in surrounding
regions. Optical stlnulatlon was targeted to

of priedelated hehawiers 95 10&§m}93¥tac%‘f1tya ag #Pafécaél aytw@b gimplation
|
SRR ERpRLPOR R RLRER SR CEE! Bt MG A
effx@lomrchstmtme travelte qripedferceccior spiratiogty (FIGSCA,
2o s o b o Pk ) o e above
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opir<b>®|s cpmgstmgexf adnult)-mcb@ aptigalthee é@D m@gmcrhardeﬂer {droddbs) coupled

1q 4 Fsheebi A5t O b Gl PPRESH TR il o 5o gy gp-to-tp
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approach al l owed full and uni npeded exploratlon of al

5 @nan}be L l(rﬁg@) Hmicpplaceshin a yieetasticIramgilayid Kaphblngtruments)
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d@lh&[’é@lethrdﬁ@ﬁ ﬂwﬂj&rl Eleﬁdl(ﬁys@ﬁm)s wetepadsies filteroll andl@@plified (0.3-
scorers hbtably ani mal s, expressi ng opto- X1AR showed

o bt Migreqlecszode AL prplifier deM Pricranand gpalyzadowidypClamp
1? pqgo?%ga? ?)_F f&@gggﬁn < H PG tgptfl)}e%%ld%ﬂ Mlﬁﬁheﬁﬂl confirmed

t enpor preci se
bpimpétiohcal nDduIatlon was reprodu0|ble acr oss tmo

f R I 05,
S PR STEL Halses TEHER RSP O B St thet e pplied
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tHEQRR df)@i@éi fm\%ﬁgb@as ! fAméter, TROr Pabs) SluplidigotaQiz3 nm blue diode

popul at i on e ot her opsin génes, opfto-b
laaerc(C@sm,asap) pmhregmdr@tmthﬁfcemmla/@rgermng accmmhyns (0-1 00 mm from

The, ef.f ect of |.at
B i BRIGHS drlEn S0 epRdRt hEIE R el Vil GigoR generator

(Aakavimo PdPHlbé* RGireetvRREoh@ucid ia Gt stamaaid pphaiRf(SD
anxi ety-related BehaV|ors or |l oconotor activit as

Instmmt:mté)awnl@ pralle hetween ehanzhersoimeed tparesmittitee£xp Fsion. Bata
were ang D& ﬁ # paI%QU Q%? ﬂnIe SS% ih g?ﬁth %1?11\{1%&] wi’ind e(::pendent

S gni |can ance-trave rereren

blir@led \0Bsdrveds Qsingra byst()ﬂﬁ|tﬁly115@crlpﬁr&nﬁMAITQAMMathworks) For open
non-limting inplenentation that is consistent wt

th
figld destp anigmalsiyere .pﬂ?éﬁql 1 3 squarspngadickd peapuring 403 40em; light
ARG P RIRCRBHENE 88 pRERERIT ol B AR BRperiments.
Vitleasretrerangljhed bdisjutomatet] edﬁWarez(Vle@qmrd} o tetad tilneadé distance
W t A-M t t h | t rode
intheCanisl T3 1516 SHGES VFPSU5 06 o6 A ie FEm P Sl RERD.
the ﬁtﬁﬁélﬁgp&ﬁgfsﬁ'@%@?@q{ﬂﬁce(t@d %@Jsr @ggrrﬁédhsﬂlggtwoﬁaﬁmwdent st-

bel ow bregm) mce placed in‘a stereotactic frane
te§tDénal ahldtepin Mm@soﬁrfmwb Yr angtway 2840 Wt witke Fukaydmst-hoc tests

( r%ﬁ?g#i’an%aﬁ %Estgdf El\?fgu?nndl'a?rg %g} grla&gsearle Sresented as mean +/- s.e.m.,
with significance denoted as follows: *P<0.05, **P<0.01, ***P<0.001.
Further details supporting the surprising results and effectiveness of various

embodiments of the present invention can be found in 7Temporally precise in vivo control
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delivered through the fiber. Electrical signals were
bandpass filtered and anplified (0.3- 1 kHz, 1800

woL@podetvect r ode AC Anplifier, A-M Systens) andPEIHB0AL045611

with pdanp 10.0 (Mol ecul ar Bévi ces). Spikes were
detected by threshold and individually confirnmed by
i nspection. Behavioral analysis was perforne

e

obpracelfuiar sighnling, Brag Padixgase! #hpMNrge # daairlgij?s&ggAprﬂ 2009),
I i ' Thor Lab | ed t

B ol By ROl L Lacer) and regi ot er od

wi t h The dalwihg deserigeon pgviles detbidénfor §cifiOandmohrloniting method

tip). Light s deliyered with 50 nms pulse width for |,
ﬂ@ﬁfs)ocfeﬁgw%maWﬁﬁ &Y ﬁl@%?%ﬁleatew“é%%wﬁe% NGFePUEcHE. Namotgpy variations of
tﬂ(ﬂs ﬁDf'élﬁloﬁf)ﬁ‘)%? LRNGQiNRd AR AuGlEHe bR oF tRNHadcH: RRPRIAL US

nstruments) wth walls between chanbers renoved

to pPeLILt cdisBScAnpP! Oration. Data were anal yzed from
video for anount of tinme spent in each chanber by two

i ndepémdealian doldom detimizbd ssquences 0 bpig-a ARUstdarptd-f4 AR (angino acid
script.r [ MATLAB ( Mat hwor ks) . . For n.fiel
sens i By Wi & b S ahich o ectBRRA 1 psed o the -
teTRARM o RICHBI4R YA (WilhG R st Jf‘dHéh @ltele@éa) Yiﬁﬁ% AR NME5RD The linker

with the sane paranmeters as for place preference
betwigen thewptoXR wdiméhenmpdTandl (£EdGGEORE Jutlentivied vectors

sof.t war, Vi. e i Bt,) or total ti nd .di.stance in
oGBSt LR RR ity b SoolbiodNisiOnpt Bt ifmbgine for
c4ch@PRd XRIGICHRErytifi® the Akel)andHARI SitdsGAthApIanyiHyhapsMIGIGhR2

i ndi cated, was perfornmed using two-tailed Student's
mGhegy WPREIVeeiPRt ed i n M crosoft Excel) or one-way

ANOVA wi th Tukey post-hoc tests (G aphPad Prism were
usedlemjviras Bradaesjoroar graphs are presented as nean +/ -

S. e. | i f i e X P<O .
25l R SRR DALY 1P O P v Bl o oo

caifluphidesin AGH-lag&lellFaaow (Bliuhecdul tuasdaesish DMBMIdoatagning 10% FBS.
enbodi nents of the present_ jnvention can_be found in

Colénpere pritagpisetied avith P Ninep fdlmlen@yisn Vesior dasetibag aove and two

L e ) T e e

athiérlepast trgnsfetion e At 84 hTHoet tfapisfeotidm gnedirswad ¢itangad with 200-220 mL

R e T ST
pdsDMERNLP0n, th BBIEGY SuptRidiAl,) Wc&ﬁaiﬁilﬂg SifiBhRAOLRE % 26® rpm

envi si oned and within the scope of the present o
for Aveintté oamoweetiglar debmis tand dtendrtendanmsilg a4 & poolow-protein-binding

timz eguences o to-a and. _opt o- b2 ' .
RSB Ger R BE DRIP4 B
anl WO PG BedkmaaN b presiatt ehd ﬂﬁlSN@&f&b&ﬁﬁﬁ%ﬁti(ﬁﬁ?@ﬁ%érﬂatant was

or YFP I(leI th its start codon del eted) usi ngi; the Not |
disgar¢ed ang ghdg sepdtant viral pellet was dissolved in a total of 100 pL of cold (4°C)
PBS. The resuspended virus was centrifuged for 5 min at 7000 rpm to remove remaining

cellular and viral debris. Aliquots were frozen at -80°C until further use.

Animal surgery and behavior

Female C57BL/6 mice, 10-12 weeks old, were housed and handled according to
the Laboratory Vertebrate Animals protocol of Stanford University. Virus solution was
delivered to the right nucleus accumbens as follows. Animals were anaesthetized under
isoflurane and fur was sheared from the top of the head. While under isoflurane

anesthesia, the head of the animal was placed in a stereotactic frame (David Kopf
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bet ween the optoXR and nCherry/ YFP is 5 GCGGECCGCC 3'
. Lentiviral vectors containing Synapsin | optoXR
worgivensspsever e constructed by cl oni ng the transPenesio09/045611
each optoXR nCherry into the /&gel and EcoRlI sites of
t he pLenti Synapsinl hChR2 nCherry WPRE vector.
ILentivi ral Productl on High titer lentivirus was

jdding yealpmgispawas made andgerlemp) dipmgter gragigépmy was

I

d\?miﬁ’ltg{ill BT %Ilgg?gﬁ %]il(#_] gﬁi%ﬁgéé(af%gﬁ&?%rya (Nll’)@%le&% éeulrgg(ﬁeedle

(MendHib Véérét PredisivintIhstfifienng) ped-loatiel with tvlr\ls was th\tﬁ dliv(nfred into the
d b ) hel I 690

SBOENIRS (451 480 i DT NEBEI STREE il Lhahgees we

i éctE‘d RoRfo rfL/fiH'ﬁ?'lfl APRitorRhted %Y)ﬁh% mpt (‘N%%fl? C\Vbﬂ&‘ Precision

medi a was changed th 200-2 serum t
Igitturee@ts)., TERHO WiGa iy eaion, &-6nma| wasra@}oﬁfedrﬂbrstmshamlaxatlon and fluid

Aol ieors uratfio oP R e dIR o RO bEE terkdlea Eahith Stigeygn vivo

réderdih® E)gﬁrﬁ’ﬂeﬁtst Hlercﬁéﬂ?d’tgm‘}%dslﬂlféﬁ vilgPddngal d8derdt IEE{ﬂng Dental) and
filtered using a 0.45 mm | ow protein-bindin | ter

the ineikion Mas clised bsing & etiqnd (Al akior ammalstiengeta fqrdaehaworal

areagnt [ né%%??s (fC% g@i %}t %;St 12151{ %Oei Qt}lﬁes 'e'&@f]{‘ Eivylcs%ne) Wore placed with

tieaddedtilqRRh t®ihe skulpeCh@ivdtwira Sedlir@iieeBond (Parkell) and
resul t ant VI ral pellet was dissolved in a total of 100

deptalgrement d-apg Benfais Follawingedringah detBand aysemsst, animals were
ré}x‘? eﬁ'ﬁfolfrgﬁl% J{' s r%dr%lgv&%ll tJ IQ: vdr RER &t?eas?gﬁévxgeeﬁ(%rg 'ﬁﬂ'ﬂler

["'ular an brrs. I quots were frozen

maﬁﬁﬁlaimhl ICohttolt dnérhaly $&. beRavionl expierigenis umderwanhthi¢isame
Feral e C57BL/ 6 mce, 10-12 weeks old, were housed and

RN S SUEER- SR Ry ek sjinpation) peewenmental animals,
lgfe fQIER*SHject@Ii (‘))ﬁhh ilf?:ﬁéjﬁlﬂ@l)l Vifohe '1ﬁs¥ead\4f'§/ 5. SPYy ;f)t‘é%(:grf)lré@@rcénce

Ivered t e right nucleus accu ens a
ezépﬁrllllwln$ wemalsahateld hettshawd haneare prefofenue fomeitherdideathamber

d f t he of the head. Whi.l e, under
V%% A Sl Coraor Meiersira SRembesy e P At g study: >90%
oPAIP&RMalsné@ (Rdse LARLIATS 4 Jubai¥Bd, bRBKEL place preference design.
Kopfl nstrunments). A mdline scal p incision was nmade

and gcme}l,éyprgbmgﬁr crani otony was drilled 1.10mm
anterior, and 1.45 mmlateral to bregma. A beveled 33

gau génm%@lvvere(ammlﬁtﬂzed Vdelr @BOﬂuwe gnddedapsatedingng syrgical shears

SR el G bl 37 S G BB R were cut ang
stBfe8 @R Luing s&luﬁoﬂborﬁfuniﬂgrﬂdfﬁiM%Gl m.eeMeRCat1. iﬂﬁMrNéHBPm;,
an aut omat ed syringe punp (NanoF| |, Worl

2 omb NG o4 105N e 1 20bf FusvngO S Gl brand JeCT:
S R R ST KRR CRANIR IR

ore retraction o nee ani na
ctaiig adutich & 3R3S°0for 30 minvand then at room temperature until

M S

experimentation. For ex vivo optoXR stimulation, slices were loaded on the stage of an
upright microscope (BX51W, Olympus) and perfused with an artificial cerebrospinal
fluid containing 124mM NaCl, 3mM KCIl, 1.25mM NaH,PO4, 26mM NaHCOj3, 10mM
glucose, 2.4mM CaCl,, and 1.3mM MgCl, (equilibrated with 95% 0,/5% CO,). Light
from a 300W Lambda DG-4 (Sutter) was passed through a 473 nm + 20 nm bandpass
filter (Semrock) and applied to the slices using a 4X objective (0.28 NA) for 10 min

followed immediately by fixation for later analysis.
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recordi ng experinents, the craniotony was filled with
dental cenent (Lang Dental) and the incision was

W@ k@9adsdwsi ng Vet Bond (3M. For ani mal s t ar get BAI//82009/045611

behavi oral analysis, cannul asl®(C3 16G cut 4.5 nm

bel ow t he pedestal; PlasticsOne) were placed with the
pedestal flush to the skul I . Cannul ae were secured
usi ngglg%?(’liﬁ@ UPEREDF) and dental cement (Lang

Dent
ant DD @i D8y SOtk AR Bl CETREmine 2000
(Irﬁfamgefl) @4 \actllojc))la’&s hrlld)delng&:ak) fﬁfn@%kt;le?] fnﬂitdmerf -6 hrs post-
at.i on.,,Contro ni mal.s for avi Qra
t@#@&f% peCiin dangiRhcelnlaed on matreoRer sReersling s ipaded
1al ﬁHPb@IM% Fol@7 ﬂlﬁl%ﬁfc/ﬁMS@JiP%Begﬁﬁl ’Pﬁode containing 1pM

exp r1nental ani nmal s, were injected wth vehicle
13(1FIB$) 3AGarel 5%31tmeﬂlbhaﬁc €Op fisr. 20F2r mpl. dindlopried lerding.ecoverslips

h di d
Bl at S0g0 yRiZon 87 Bu et ks N Sl MR Biesd g
Iﬁs@ﬁnﬂeh%) st g £ DGIW R landiad P3G -4 WS Hitfer R OPrtiBhnbMsSyst 824 hrs

study; >90% of all animals nmet these criteria for an

aﬁqﬁr@g@d‘uom diudhAdR zpjdaif)gﬂ\ﬁ lLé€klte pswenidBi degradapgnlewere added and

Anj h o
S S R S b a1 R T
sﬁcatﬁﬁglﬁleﬁe @d3). 5cionAkell wé dpically $lnihte€ €5 1 min each (Sutter

containin accunbens were cut and stored in a cutting

38QWukangh ké@ﬂmmchand}zass FlEREPX 030N Awb; ectlve)

3%%%@%%1%?%%@ eqU| I [ rat éggvamtlﬁgé's@?’dtf l%%ere

1¥6€d nd arfabyiz: GWiHIOR B [ CisBiv) and h Bistek Beicegydeudat ed in the
cutting solution at 32-35C for 30 min and then at room

t enpenmikdifstocHeistB}PRY doRfpobRdradBis For ex vivo opt oXR
stinmul ation, slices were | oaded on the, stage of

upr i §eHowing i we semplasignpicereriiRscaAigllp R IFPrCOId 4%

e R o S S

wgteuemoecd ahdfiddCaeinght am d°o1P FArvhdviieh 2qditibratddi ib Bﬁ%&dlcrose in

950/ / 5% ht froma 300W Lanbda
Pﬁ”&?‘@ %@Ogg%ecpﬂv ?jﬁ ol o AT RO B g aioged in
cxfybf)tto?ercta.(nggtrm@,cthl)tl h&f&eﬁ@@%r?&xﬂtﬁoﬁ@ﬁ)cﬁéﬂlﬁﬁ? Fl%'eﬁﬂ)aﬁnég{sctlons

obj ective ( [ owed i nmedi at el y~ by
weiexwdshedhinf RBS hrad ‘énen awaba}tscﬂ for Si0gmialin O % Ak Aharidoive normal

d(ffg(l%ﬂ éerﬂnp%ﬁiﬂ:}m Agu ﬁ%ne\éipﬁt:ﬁ;g négl\ﬁrjeerdeq]ietlé i&fﬁgﬁpg stlmulatlon

the gt esn-aick Geaerd 1:RdF8 URR hli&ecdIB dP4IPF Awfd Mctbated with 0.5%
posttransfection. For Ca + imaging, cells plated on

Txr’eﬁ()ranéél% [:Y: eEprd\éABKsassqzys, 1m@hatdacfeldowmng R Brgell

st% ?’u?n 'é%l/elrsi; 1pEW%e%e7 ﬁ)%(y for ] %{ll’[l)l\{%glb(aféd vth%ls b 6anHI%5 %98 then
permeabilized with 0.1% Tx100 in 3% NDS. Primary antibody incubations were
conducted overnight in 0.01% Tx100 and 3% NDS for mouse anti-GAD67 1:500,
Millipore, Billerica, MA; rabbit anti-cfos 1:500, Calbiochem, San Diego, CA; rabbit anti-

phospho-CREB Ser133 1:500, Millipore. Sections were washed and incubated with
secondary antibodies (1:1000) conjugated to either FITC or Cy5 (Jackson Laboratories,
West Grove, PA) for 3 hrs at room temperature. Following 20 min incubation with DAPI
(1:50,000) sections were washed and mounted on microscope slides with PVD-DABCO.

The remaining overnight primary antibody incubations (rabbit anti-phosphoErk1/2; anti-
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ATR, at 37C and 5% at nospheric CO2 for 20-25 mn.
Fol | ow ng | oadi ng, coverslips were inmaged at

wG20mPsONmM on an A ynpus Bxgéw usi ng Met af | uBET/[S20091045611

Instruments) controlling a 300W Lanbda DG4 (Sutter).
For i mmunoassays, 18-24 hrs after transfection, | nM

YT ReOr M e -
TEINMéE RS, Wheitri RN FabBlt pBH clHnal S iReEDT e 030,
37C, 5% at r’msgﬁréri &_C(ﬁ glg r egi onsfv\gl(ll we[e.cgMO 3
Miflinogei|gogt pdydlenad artitchaine reetyliragslerasg 5300.8YlilBpavy were followed

. X 04/ . i r; X . . o
o R . R SR RIS, Ll i, aviin
biotgtHvaderalish( R seifeatnit (ABC kitPYectdr hibs, BoginksmeeC &), and
| ysed and anal yze by HTRF (CisBig) and a Bi ot ek

T8ristesiian (eaaliarElmernibstion. S110 @reartlive tg mapptagyrer sdagtructions.
nal ve : i ! Al i et .
£ anS U Pl Bl bl gl ggh FES YPS Scamninglaser
nperosfope using @ 2PNE. TRFA)r b d0RBS M ofl. ilgme@&ombbjeatimtee Four serial
term nation of. stinulation, Brains were renpved. anpd
Stﬁa&@aags%e?rrﬁoaﬂw{l PP’CB,%CIQFK‘*%W&L{%_ Getriregien Bensathy the seppila
trRMC TSI shdiniRBVas FHOBAelindhl MR b etSRELABRDS Werfednixel
on a freezing mcrotone and stored 1 n cryoprotectant
im¢nsifCofiefios br pCBEBIswtinbmactivityusaty ¥olocite (fingprovision) software.

PR B G R e e TD IR SOk RO e

adiRNKeN a?ﬁfalrim;yéi%l%}@ pdrfIrm@E Blifid & the exSrdntdIRBAdtions.
i mredi ately following stinmulation the 275 nmthick

slices were fixed for 1 hr in ice-cold 4% PFA and
i nculbabled®lwi t h 0. 5% TxI OO and 3% NDS. For MAPK assays,

' iately .fqllow HEK29 [ 1, stinmulation,
coveray et L Gratsitey i dofiyetisaiued (WG 3BeYsan and
SERGR Rfokr Bidh #85FRpN-Vila& oMl tdled Yackk bXabkibud XeRBSeontrol

~Primary antibody incubations were conducted over ni ght
injitaligs.01% TxI OO and 3% NDS for nouse anti-GAD67 1:500,

A3 o [ I | 1-- OO
VT T T PUTNT, DIl

rHeca—hyWA—t+abbit—anti=cfos; 1566
Cal bi ochem San ‘ﬁt‘é’&b‘?’ﬁCA; rabbit anti [93‘6’5%2%{-) CREB

mOBeir33 1:500, MITipare. Sections weré¢ washed and +
incubated with secondary antibaodies (1:1 000)

Meanj ugated to ej 6h#06 FI TC dro7cp509 Jack§3.6385 82.83284

DA m
LILILI

SHvoeravur o rof TOIHD 50 o tbba | SPUIER. Bagf 0705

pVhreQsH@hepBCLI ONS vere washigghrand mpunted on [ 79559
m croscope slides with PVDIDABCO Thelremaim ng

overni ght primary antibody incubations (rabbit
anti -§Qo§ hoEr kl / 2; anti phospho- MAPK p38 1: 500,
Pro ¢ di son, W ; nouse nonocl onal anti-dopan ne
D resenti®eridal Diselibd GRhE efes %ﬁpmrtda&%rywnmah FIG. 4A. Mean and
anti-dopam ne D2 receptor 1:50, M |IIlipore; goat L
Sy bpldrfar cashispbgraemimealursdoyt-teptai stlegraup varsysg@ntrol in italics.

Mttipore)—we iFfPUi Howed ouAR oB>AR
Mean 2.596154 2.439357 2.687798
SEM 0.436406 0.603845 0.346556
p-value vs XFP 0.834496 0.869791




by incubation with biotinylated secondary anti body (
1: 500, Jackson Laboratories), avidinbiotin-

wherosa4sadé sh per oxi dase treatnment (ABC kit, VeRCDUS2009/045611
Labs, Burlinganme, CA), and TSA detection (Per kin
El mer, Shelton, CT) according to manufacturer's
instructions. Confocal fluorescence inmages were
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acquiliable Bh
usi n

obj e%{taia’ve. i{]—:our

a Lei ca TCS SP5 scanni ng | aser m croscope

?in‘ﬁg %‘é(ti—',- (ﬁﬁé‘ﬁd&h }p

résm@(i ﬁf B, 4C

condition were

calcaaied edthin tHelbaseilnE @t@elﬁﬁﬂamj} anl Hme&wem the baselinaamlitha light

f or

tract. DAPI. sta
strapiatinn H%ﬁ“?dér( I4gh

|nLng was used to delineate nucl ei
the mean pi xel intensity of cfos or

pCREB 1 nrunar, ?gp JARTY USing Vol ocit]y Mogmmw sion)
sof tware. Pas e or pCREB-active cells were
identified k)Basant ensity higéshol d drﬂasiermge Light
AarAaLclrti An Analvel ol woroa np i aYa + hp
MU\'IUIQILIUII IIU I IyQIQ \,IIUI LILI LAY LU T
Peri ment al| O ng i ons. ‘f%ﬁ é?’} bﬁl}?r%?. cal )2}&@198
SEM ensiti es tor darg, Ogsent e RE G 3B )Nk
and SEMin bo [gm?or each| s gﬁ{oup -va ues for
ptvabud v Bawd t|-t est of subg@ oo@sever sus| control in | 0.000239
Italics—Table -S2 Raw nunerical baseline firing rates

(Hz) for data presented in FIG 4A Mean and SEM in

bol d .- .
b0 L) NI o Sy S ppcnticcon
ofimtracdlmddr sinalkivgpesndi are ﬁsetﬁulrfgr teatperdllsipyredion dailaoperating in vivo

esented in FI C calcul.ated withijn the baselin
wi 'E“s“ethhaYm%Héaém?&%ﬁghllféf SN PR AR AR e 2P fyrtuiting
t&tc'om#lc@(t hofc PELLRGR Jlgr{a'hﬁ? olecuf® @8WALERINY of native receptors,

ments of the present invention relate to
tlmpﬁbwgmrfgmgan a@mgtedleclmolqutmma}ﬂthﬂ adivaduphpoditige asnectaoieother

N e M LT A ¢ R
trEAieRNBRANC-dPdhdbRk Kigﬁélidg\ﬁaﬂt(way@ deRIBY dthé¥dnbdifators, including
conpl ex fabric of nultiple signali n nol ecul es

mortmh seyreansotittera pnd endogephaspmones. h@ hymberimpnts gs¢ an eptoXR
e_tech n f_oth Male 1%
a%% p%lcl:ltll’sl’ ways &%Léégg%(g% é‘é‘g xc1t ﬁ]g ceﬁlT arc%gﬁ%hz%%%eﬁ heSversatile

intdgh- gl of fidepbgtid dl‘@tlﬁﬁb@bﬂhg Wl@mﬁdgéﬁﬂﬁﬁllsﬂtargeted photosensitivity.
sevent ransnenbr ane- dependent SI gnal i ng pat hway s
¢ pyheanthodpyers relates F?daeblag Gpusal $1%1|ﬁe%n0ﬁg> FF;VI?H%%UY precise

bl%ﬁl%éh@kél%ﬁlml%ég{(g}l]&g%?o- fGbIGisRE mones.  Qther

approach in ways that extend
bey OEdlbeohmethdf eheqﬁ‘e:bmt inventapi rehtd toeongderatidrs of the phenomenon

ers elnt on Offli’g ptlcﬂﬁthtar etln

S et earhieiver Sgaafien SahiRe Forelple reoeflor
conformat1ona1 states and thereby bias the intracellular action of the receptor in coupling
to alternative transduction cascades. The optoXRs are used to induce these alternative
cascades to similar levels as with pharmacological manipulation (for example, opto-f.AR
can induce similar changes in MAPK activation compared with native ligand acting on
the wild-type B,AR); however, individual optoXRs may not always be found to permit
control of all of the conformational states that contribute to ligand biased signaling.

Retinal-based tools can be particularly useful due to the presence of the endogenous

chromophore in mammalian tissues, and the extremely low activity in the dark.
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One such enbodi nent relates to probi ng causa
significance of tenporally precise biochenm ca
wGQR@naksomg i n di verse non- excin]\t?abl e tissues. PCT/US2009/045611
Enbodi nents of the present invention relate to
consi derations of the phenonenon of |igand-biased

e e G Pedr o g iieddo Bt swaEreapmponent
r@hﬁﬁ-binﬂﬁlg' M6 AEL bdgHaRlingoh 'tl‘ié"‘tef?li)of;all‘| BreRERARIR tlbé"

coupling to altérnative transducti on cascade
opt o¥Rsbodimeenis eftthe preaserd ucentibe see @pto)éanthaﬁb te ae;tnpkdesnt

vel s as th col.o [ n
P g B SRR ot ARIC T o sy BRI conteol
W{fv@ﬁtﬁeﬁﬁlhgﬁlaﬁmgr ed with native ligand acting on
the wild-type b2AR); however, individual optoXRs may
not &longiytentywitly @mﬁ rte@lhgémdm oE@nm@bntoﬁvmhlonofva\telf@gth-shlﬁed
Vgl‘lgg)]%lg ?ﬁ%:'o%&%{R asé%) nd Slhr | rqé'lstbxgltt § f{ere%lﬁ?gl spec%ra are
ustsie fSukch dpXIRY dafi@e @ﬁl@ﬁ&lﬁﬁl? u@éful ﬂbepﬁﬁ’ﬂﬁ Bepkdfable channels of
chrompphore in_mamalian tissues, and the extrenely

bjoghemical apdieecitical gentgghr k. Opt ogeneti cs can take the
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providi ng separabl e channels bi ochem cal and

el ecth¢ vatious ombp@llmentsahmmed hcrem bl pe vitdgrateg mathdhs circuit
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re R R oS T R SR iGRE PR @i e e gneincering
ofic@rd cRalify, Bl adidl opriidhamalindRselstitdshese protein
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The vari ous enbodi nents descri bed above are provi ded

by way of illustration only and should not be
wQomweties9e€l to limt the i nvention. Based on thRCEIDS2089/045611
di scussi on and iIIustrations,m%hose skilled in the art

will readily recognize that various nodifications and
changes may be made to the present invention wthout
What ’étﬂ%}mﬁéll# ‘owi ng the exenpl ary enbodi nents and
applications illustrated and descri bed herein. For
i nstance, such changes may include variations of the
Is ec o arcthoddesgmgeting saxcbudas meﬁsﬂnlgemm 'afcéld;ahé wathod gdmprising:
changes not ?ep rt fromthe true |r|t scope
of t %‘é dég’ét%%'t‘u‘% REFBITICSHRT EXPIPE! ’B?‘P‘h ighf respansive
thJpSiti taGe FindinBEnY BRI teih Svit GHeBR thdrs het@rolobgoﬁﬁ taeptof beumts and
generating secondary nessengers in a cell, the method
conprekpicseng thodighticsppnaiva m,dndowmmeqmél fpoproducing a
ﬁ%pre55|n a chineric %)gﬁ% responsi ve rhodopsi n- based

P ReSSPBEEITeTOPRe 9 nor e het er ol ogous
receptor subunits; and expressing the light responsive

menbrane protein in a cell for producing a secondary

2res s digarethad efedgimns avhersin thgtomne op moThketereldgeds SECRIPIURNits
r n r nmore heterol ogous receptor

1%%%%%1E@“&ﬁ%ﬁﬁgglgﬂpadrenerglc receptor. 3. The nethod

of claim1, wherein the chineric |ight responS|ve

rhodgzéln based nenbrane protein is _a se

3tran haseofisiagmel, iwhergin theehireariedieho FEsB PRt Y rhodopsin-based
e Jer!%ﬁqé%%ﬁ éﬁsﬁﬁ@l?:%%@%??ot ki, one of CAWP, cyclic
guanosi‘ne nonophosphate I nosi t ol

tri sphosphate/inositol 1,4,5-

tris 0S e 0S h0|n i tol P3) and ar achi.dopj.c .
4aci d. H@w@ qfé{aﬁfgg efan}ﬁ 5460 r”é%sﬁencgﬁ%lsé’lnSBf GRMP; cyclic
gﬁzﬁﬁ)‘éﬁ%%‘l ﬁé‘t@? hﬁé’srﬂoptr}ébﬂ&phﬁe/lﬂﬁoﬁ?h Bod of

claim1, |n the step expressing is
tmphmnhbneéthplmbspholnomob(IP?) an?rﬂalmcmlohm‘dicmf claim1,
further including the step of optically stinulating
the expressed |ight responsive nmenbrane protein. 8. A

5met hade fRfhoATFRRShNY whbRirhE sepGf e%re@slrl%fﬂs atdondlished in vivo.
treatnment reginmen relating to |ntracel ar

nmessengers, the nethod conpri si ng: nndlfylng a
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or nDre het er ol ogous receptor subuni ts; expreSS|ng t he
resPonS|ve menbrane protein in a cell for

7 pr odﬂitw mythedod elsita ds (urihesnelngins the step epepiically stimplghipg the

expressed light responsive membrane protein.

8. A method for assessing the efficacy of a putative treatment regimen relating to
intracellular messengers, the method comprising:

modifying a nucleotide sequence for expressing a chimeric light responsive
rhodopsin-based membrane protein with one or more heterologous receptor subunits;

expressing the light responsive membrane protein in a cell for producing a
secondary messenger in response to light;

exposing the protein to light; and

assessing the effects of the treatment.



exposing the protein to light; and assessing the
effects of the treatnent.9. A cell expressing a

W@ booa489d6 | i ght responsi ve rhg?opsin-based e nPCEI§2009/045611
protein with one or nore hetérol ogous receptor
subunits 10. The cell of claim9, wherein the one or
nor e het erol ogous receptor subunits are adrenergic
receptors of at |east one of al phal and Beta2. 10. A
onucl eotdid& pREMHE A CRink@le 1RRPFEFGHSRG rRodopsiitlas&d mbMBEane protein
responsi ve nenbrane rhodopsi n-based protein with one

voth anerog nivet betolobrgousrecemepsubunisubuni ts. 11. A
nucl eoti de sequence according to Seq. Id. No. 1 or
Seqg. Id. No. 3 and point nutations thereof. 12. A cel
18XPr €58 c&lYot NEnAY WARr&lA itikh FHeCR mthird Betb]SMs rdcBptoNQubugits are

or Seq. Id No. 4 and point nutations thereof.
adrenergic receptors of at least one of alphal and Beta2.

10. A nucleotide sequence for expressing a chimeric light responsive membrane

rhodopsin-based protein with one or more heterologous receptor subunits.

11. A nucleotide sequence according to Seq. Id. No. 1 or Seq. Id. No. 3 and point

mutations thereof.

12. A cell expressing the amino acid according to Seq. Id. No. 2 or Seq. Id No. 4 and

point mutations thereof.



