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( 57 ) ABSTRACT 

The present invention provides compositions and methods 
for light - activated cation channel proteins and their uses 
within cell membranes and subcellular regions . The inven 
tion provides for proteins , nucleic acids , vectors and meth 
ods for genetically targeted expression of light - activated 
cation channels to specific cells or defined cell populations . 
In particular the invention provides millisecond - timescale 
temporal control of cation channels using moderate light 
intensities in cells , cell lines , transgenic animals , and 
humans . The invention provides for optically generating 
electrical spikes in nerve cells and other excitable cells 
useful for driving neuronal networks , drug screening , and 
therapy . 
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SEQ ID NO . 2 

u atggattatg gaggcgccct gagtgccgtt gggcgcgagc tgctatttgt aacgaaccca 60 t t t g CO accc 

gtagtcgtca atggctctgt acttgtgcct gaggaccagt gttactgegc gggctggatt 120 

gagtcgcgtg gcacaaacgg tgcccaaacg gcgtcgaacg tgctgcaatg gottgctgct 180 

ggcttctcca tcctactgct tatgttttac gcctaccaaa catggaagtc aacctgcggc 240 

tgggaggaga tctatgtgtg cgctatcgag atggtcaagg tgattctcga gttcttcttc 300 

gagtttaaga acccgtccat gctgtatcta gccacaggcc accgcgtcca gtggttgcgt 360 
le 

tacgccgagt ggcttctcac ctgcccggtc attctcattc acctgtcaaa cctgacgggc 420 

ttgtccaacg actacagcag gcgcaccatg ggtctgcttg tgtctgatat tggcacaatt 480 

do bolo gtgtggggcg ccacttccgc catggccacc ggatacgtca aggtcatctt cttctgcctg 540 

ggtctgtgtt atggtgctaa cacgttcttt cacgctgcca aggcctacat cgagggttac 600 

cacaccgtgc cgaagggccg gtgtcgccag gtggtgactg gcatggcttg gctcttcttc 660 
a 

gtatcatggg gtatgttccc catcctgttc atcctcggcc ccgagggctt cggcgtcctg 720 
s 

agcgtgtacg gctccaccgt cggccacacc atcattgacc tgatgtcgaa gaactgctgg 780 

ggtctgctcg gccactacct gcgcgtgctg atccacgagc atatcctcat ccacggcgac 840 
s 

attcgcaaga ccaccaaatt gaacattggt ggcactgaga ttgaggtcga gacgctggtg 900 

gaggacgagg ccgaggctgg cgcggtaccc 930 

FIG . 13 
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SEQ ID NO . 3 

atggactatg goggcgcttt gtctgccgtc ggacgcgaac ttttgttogt tactaatcct 60 

gtggtggtga acgggtccgt cctggtccct gaggatcaat gttactgtgc cggatggatt 120 

gaatctcgcg gcacgaacgg cgctcagacc gcgtcaaatg tcctgcagtg gottgcagca 180 

ggattcagca ttttgctgct gatgttctat gcctaccaaa cctggaaatc tacatgoggc 240 

tgggaggaga tctatgtgtg cgccattgaa atggttaagg tgattctcga gttctttttt 300 

gagtttaaga atccctctat gctctacctt gccacaggac accgggtgca gtggctgcgc 360 

tatgcagagt ggctgctcac ttgtcctgtc atccttatcc acctgagcaa cctcaccggc 420 

ctgagcaacg actacagcag gagaaccatg ggactccttg tctcagacat cgggactatc 480 

gtgtgggggg ctaccagcgc catggcaacc ggctatgtta aagtcatctt cttttgtctt 540 

ggattgtgct atggcgcgaa cacatttttt cacgccgcca aagcatatat cgagggttat 600 

catactgtgc caaagggtcg gtgccgccag gtcgtgaccg gcatggcatg gctgtttttc 660 

gtgagctggg gtatgttccc aattctcttc attttggggc ccgaaggttt tggcgtcctg 720 

agcgtctatg gctccaccgt aggtcacacg attattgatc tgatgagtaa aaattgttgg 780 

gggttgttgg gacactacct gcgcgtcctg atccacgagc acatattgat tcacggagat 840 

atccgcaaaa ccaccaaact gaacatcggc ggaacggaga togaggtcga gactctcgtc 900 

gaagacgaag ccgaggccgg agccgtgcca 930 

FIG . 14 
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DELIVERY OF A LIGHT - ACTIVATED either electrical synapses ( gap junctions ) , or chemical syn 
CATION CHANNEL INTO THE BRAIN OF A apses . The usual mechanism of communication across a 

SUBJECT chemical synapse involves a change in electrical potential 
within a first ( presynaptic ) neuron that results in the release 

CROSS - REFERENCE 5 of neurotransmitter . The neurotransmitter diffuses to a sec 
ond ( postsynaptic ) neuron across the gap between the neu 

This application is a divisional under 35 U . S . C . $ 120 of rons ( the synaptic cleft ) . The neurotransmitter can provoke 
U . S . patent application Ser . No . 11 / 459 , 637 filed on Jul . 24 . an electrical response in the postsynaptic neuron . The 
2006 ; which claims benefit under 35 U . S . C . $ 119 ( e ) of U . S . change created at the synapse due to the electrical signal 
Provisional Application No . 60 / 701 , 799 filed Jul . 22 , 2005 . 10 from the presynaptic neuron is a synaptic event . Synaptic 
which are fully incorporated herein by reference in their events can be excitatory or inhibitory . By controlling syn 
entirety . aptic events , the control of transmission of signals between 

neurons can be controlled , allowing optical driving of activ 
FEDERALLY - SPONSORED RESEARCH OR ity throughout a connected neural network . 

DEVELOPMENT 15 Noninvasive temporal control of activity in defined neu 
ronal populations is a long - sought goal of neuroscience . In 

This invention was made with Government support under the mammalian nervous system , it is believed that neural 
contracts DC007006 and MH071315 awarded by the computation depends on the temporally diverse , precise 
National Institutes of Health . The Government has certain spiking patterns of different classes of neurons , which 
rights in the invention . 20 express unique genetic markers and display heterogeneous 

morphological and wiring properties ( e . g . Pouille et al . , 
FIELD OF THE INVENTION Nature 429 : 717 ( 2004 ) , Nirenberg et al . , Neuron 18 : 637 

( 1997 ) , Klausberger et al . , Nature 421 : 844 ( 2003 ) , Hausser 
The invention relates to light - activated ion channel pro - et al . , Neuron 19 : 665 ( 1997 ) ) within connected networks . 

teins that can generate millisecond - timescale electrical 25 While direct field stimulation and recording of neurons in 
spikes when incorporated into neurons and illuminated with intact brain tissue have provided many insights into the 
rapid pulses of light . In particular the invention provides causal function of circuit subfields ( Kandel et al . , J Neuro 
millisecond - timescale temporal control of cation channels physiol 24 : 243 ( 1961 ) , Kandel et al . , J Neurophysiol 24 : 225 
using moderate light intensities in cells , cell lines , transgenic ( 1961 ) , Ditterich et al . , Nat Neurosci 6 : 891 ( 2003 ) , Gold et 
animals , and humans . The invention is useful for driving 30 al . , Nature 404 : 390 ( 2000 ) , Salzman et al . , Nature 346 : 174 
neuronal networks , for drug screening , and for therapy . ( 1990 ) , neurons belonging to a specific class are often 

sparsely embedded within dense tissue , posing fundamental 
BACKGROUND OF THE INVENTION challenges for resolving the causal role of particular neuron 

types in information processing . 
Ion channel proteins control the flow of ions across 35 For many cellular and systems neuroscience processes 

membranes , for instance , between the cytoplasm and the ( and for nonspiking neurons in species like C . elegans ) , 
outside of a cell . A cation channel operates by controlling the subthreshold depolarizations convey information of physi 
flow of cations such as sodium , potassium , calcium , lithium , ological significance . For example , subthreshold depolariza 
rubidium , and cesium . When the cation channel is closed , tions are highly potent for activating synapse - to - nucleus 
the transport of cations across the membranes is slow , when 40 signaling ( Mermelstein et al . , J . Neurosci . 20 : 266 ( 2000 ) ) , 
the cation channel opens , the flow of cations through the and the relative timing of subthreshold and suprathreshold 
channel increases . If the opening of the channel results in a depolarizations is critical for determining the sign of syn 
net flow of cations to one side of the membrane , an electrical aptic plasticity ( Bi et al . , J . Neurosci . 18 : 10464 ( 1998 ) ) . But 
current will be generated . The flow of ions across the compared with driving spiking , it is in principle a more 
membrane can also result in a change in the voltage across 45 difficult task to drive reliable and precisely sized subthresh 
the membrane . If there is a net voltage across the membrane old depolarizations . The sharp threshold for action potential 
at the time the channel is opened , cations will tend to flow production facilitates reliable spiking , while the all - or - none 
so as to cause depolarization of the membrane . Neurons dynamics of spiking produces virtually identical waveforms 
( nerve cells ) use rapid depolarizations to create action from spike to spike , even in the presence of significant 
potentials ( spikes ) creating electrical signals that propagate 50 neuron - to - neuron variability in electrical properties . In con 
down the neuron . These action potentials , nerve impulses , or trast , subthreshold depolarizations , which operate in the 
spikes occur on the millisecond time scale , and they are the linear regime of membrane voltage , will lack these intrinsic 
basis by which the neuron acts to signal , and control brain normalizing mechanisms . 
and muscle function . Despite the progress made in the analysis of neural 

Neurons receive , conduct , and transmit signals . In a motor 55 network geometry via non - cell type specific techniques like 
neuron , the signals represent commands for the contraction glutamate uncaging ( e . g . Shepherd et al . , Neuron 38 : 277 
of a particular muscle . In a sensory neuron , signals represent ( 2003 ) , Denk et al . , J Neurosci Methods 54 : 151 ( 1994 ) , 
the information that a specific type of stimulus is present . In Pettit et al . , J Neurophysiol 81 : 1424 ( 1999 ) , Yoshimura et 
an interneuron , signals represent part of a computation that al . , Nature 433 : 868 ( 2005 ) , Dalva et al . , Science 265 : 255 
combines sensory information from many different sources 60 ( 1994 ) , Katz et al . , J Neurosci Methods 54 : 205 ( 1994 ) ) , no 
and generates an appropriate set of motor commands in non - invasive technology has yet been invented with the 
response . Communication depends on an electrical distur - requisite spatiotemporal resolution to probe neural coding in 
bance in one part of the membrane spreading to other parts specific neurons at the resolution of single spikes . Previ 
of the cell . These communications are often via an action ously genetically - encoded optical methods , have demon 
potential , also referred to as a spike or a nerve impulse . 65 strated control of neuronal function only over timescales of 
Neuronal signals are transmitted from cell to cell at synapses seconds to minutes , perhaps due to the nature of their 
which are specialized sites of cell contact . Synapses can be membrane potential control mechanisms . Kinetics roughly a 
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thousand times faster would enable remote control of indi inducible promoter , such as a promoter inducible by a 
vidual spikes or synaptic events . Thus , existing genetically trans - acting factor which can respond to an administered 
targeted approaches require expensive , custom - synthesized drug . 
exogenous compounds , and operate on the scale of seconds Another aspect of the present invention is a fusion protein 
to minutes ( Lima et al . , Cell 121 : 141 ( 2005 ) , Banghart et al . , 5 comprising a LACC protein coupled to another functional 
Nat Neurosci 7 : 1381 ( 2004 ) , Zemelman et al . , Proc Natl protein . In one embodiment , the other functional protein is 
Acad Sci USA 100 : 1352 ( 2003 ) , Foster et al . , Nature 433 : a fluorescent protein . In one embodiment , the other func 
698 ( 2005 ) ) . tional protein is mCherry , GFP , YFP , or CFP . In one embodi Thus , compositions and methods for higher - temporal ment , the other functional protein targets a subcellular resolution , noninvasive , and genetically - based control of 10 region . In one embodiment , the other functional protein has neural activity would be desirable . a PDZ or AIS domain . 

SUMMARY OF THE INVENTION Another aspect of the present invention is a vector for 
delivering a LACC protein comprising ; a nucleic acid 

Accordingly , one aspect of the invention provides for 15 sequence that codes for LACC protein and a promoter . In 
compositions and methods related to light - activated cation one embodiment the vector comprises a virus . A preferred 
channel ( LACC ) proteins with millisecond - scale opening embodiment of a virus is a lentivirus or retrovirus . 
kinetics that provide genetically targeted photostimulation at Another aspect of the present invention is a cell that 
fine temporal resolution , enabling elucidation of the tempo - expresses a LACC protein . In one embodiment , the cell is a 
ral activity patterns in specific neurons that suffice to drive 20 mammal cell , a stem cell , or a neuron . 
circuit dynamics , information processing , and plasticity . The Another aspect of the present invention is a cell line that 
composition and methods herein offer optical control of the expresses a LACC protein . In one embodiment , the cell line 
electrical and ionic milieu of neurons and a variety of other is a mammal cell line , a stem cell line , or a neuronal cell line . 
cell types , both in vitro and in vivo , at the rapid timescales Another aspect of the present invention is a transgenic 
important for many biological processes including ion 25 animal that expresses a LACC protein . In one embodiment , 
channel modulation , signal transduction , neural coding via the transgenic animal is a fly , worm , mouse , or zebrafish . 
temporal spiking and synaptic activation patterns , sensory Another aspect of the present invention is a method of 
and motor processing , interneuron modulation of circuit optically controlling cell properties comprising ; causing the 
dynamics , and neuropsychiatric dysfunction . Additional cell to express light activated cation channel protein ; and 
aspects of the invention include compositions and methods 30 exposing the cell to light to activate the LACC protein . In 
relating to light - activated cation channel proteins for drug one preferred embodiment , the exposing of the cell to light 
discovery and biotechnological and neuropsychiatric appli - creates an electrical response in the cell . In another preferred 
cations , advancing the ability to characterize , detect , and embodiment , the activation of the LACC protein causes the 
treat a variety of medical disorders . release of a peptide ( e . g . insulin , leptin , neuropeptide Y , 

Another aspect of the present invention is a composition 35 substance P , human growth hormone , secretin , glucagon , 
comprising a light - activated cation channel protein that is endorphin , oxytocin , vasopressin , or orexin / hypocretin ) . In 
expressed in a cell wherein the cell is selected from the another preferred embodiment , the activation of the LACC 
group consisting of mammalian cells , neurons , and stem protein causes the release of a small molecule whose syn 
cells . In one embodiment , the light - activated cation channel thesis or release is dependent on cell electrical activity ( e . g . , 
protein is ChR2 , Chop2 , ChR2 - 310 , or Chop2 - 310 . In 40 nitric oxide , or a cannabinoid such as anandamide or 
another embodiment , the light - activated cation channel pro - 2 - arachidonylglycerol ( 2 - AG ) ) . In another preferred 
tein is a 7 - transmembrane protein . In another embodiment , embodiment of the invention , the activation of the LACC 
the light - activated cation channel protein is a single - com - protein causes the release of a cytokine . In another preferred 
ponent protein . In yet another embodiment , the LACC embodiment of the invention , the cell causes a muscle cell , 
protein covalently binds retinal . 45 and the activation of the LACC protein comprises causing 

Still another aspect of the present invention is an isolated the muscle cell to contract 
LACC protein that responds to a light stimulus within 1 ms . Another aspect of the present invention is a method of 

Another aspect of the present invention is an isolated controlling synaptic transmissions comprising ; causing a 
LACC protein that generates a stable photocurrent that does neuron that ends in a synapse to express a LACC protein ; 
not increase or decrease by about 10 % over about 60 min . 50 and exposing the neuron to light to activate the LACC 

Another aspect of the present invention is an isolated protein , wherein the exposing to light causes a synaptic 
LACC protein that generates electrical responses with a event . In one embodiment , the synaptic event creates a 
temporal jitter of less than about 5 ms . synaptic transmission . In another embodiment , the synaptic 

Another aspect of the present invention is an isolated transmission transmits a signal to a second neuron . In 
LACC protein that can generate subthreshold pulses with a 55 another embodiment , the synaptic transmission drives activ 
coefficient of variation of less than about 0 . 2 over about 5 ity through a connected neural network . In an embodiment , 
pulses . the synaptic event is excitatory or inhibitory . In yet another 

Another aspect of the present invention is a nucleic acid embodiment , the synaptic event comprises the release of a 
sequence comprising a gene for LACC protein and a pro small - molecule neuromodulator such as norepinephrine , 
moter . In one embodiment , the promoter is a cell specific 60 serotonin , dopamine , acetylcholine , D - serine , histamine , or 
promoter . In another embodiment , the promoter is a pro - other small molecules that modulate cellular function . 
moter for somatostatin , parvalbumin , GABAa6 , LT , or Another aspect of the present invention is a method for 
calbindin . In another embodiment , the promoter is a cell targeted delivery of light - activated cation - channel proteins 
general purpose promoter . In another embodiment , the pro - to specific cells comprising ; contacting said cells with a 
moter is EF1 - alpha . In another embodiment , the nucleic acid 65 vector comprising a nucleic acid sequence comprising a 
sequence comprises a bacterial artificial chromosome LACC protein wherein said vector selectively targets spe 
( BAC ) . In another preferred embodiment , the promoter is an cific cells . 
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Another aspect of the present invention is a method for light activated cation channel is expressed in a neuronal cell 
targeted delivery of light - activated cation - channel proteins and activation of the light - activated cation channel protein 
to specific cells comprising ; contacting said cells with a causes a synaptic event . The synaptic event can cause the 
vector comprising a nucleic acid sequence comprising a release of a small - molecule neuromodulator , such as nor 
LACC protein and a cell specific promoter , wherein said 5 epinephrine , serotonin , dopamine , acetylcholine , D - serine , 
specific cells express said LACC protein . histamine , or a combination thereof . The synaptic event can 

Another aspect of the present invention is a method for be excitatory or inhibitory . The light activated cation chan screening for drugs comprising ; expressing a LACC protein nel can be expressed in a stem cell , such as human embry in a group of cells ; exposing said group of cells to a onic stem cell , and activation of the light - activated cation compound that may have an effect on the cells ; exposing 10 channel protein can cause the stem cell to differentiate . The said groups of cells to light ; and monitoring the electrical light activated cation channel is expressed in a cancer cell response of cells within the group of cells to determine 
whether or not the compound has an effect on the cells . In and activation of the light - activated cation channel protein 
a preferred embodiment , the monitoring of electrical causes a modulation of replication , survival , and / or con 
response comprises optical imaging of fluorescence 15 trol trolled death in said cancer cell . Preferably , the light - acti 
changes . vated cation channel protein is ChR2 , Chop2 , ChR2 - 310 , or 

Another aspect of the present invention is a method for Chop2 - 310 . An embodiment of an in vivo or ex vivo method 
treating a subject comprising ; delivering a vector comprising comprises expressing a light activated cation channel protein 
a LACC protein to excitable cells within the subject ; and in a stem cell , where said light activated cation channel 
exposing said cells to light to affect such excitable cells . 20 protein is activated by exposure to light and said activation 

Another aspect of the present invention is a method of causes a modulation of replication said stem cell . In pre 
controlling the behavior of an organism comprising ; deliv - ferred embodiments , the light activated cation channel is 
ering a vector comprising a LACC protein to cells within the expressed in retinal ganglion cells or spinal ganglion cells . 
organism ; and exposing said cells to light to control the A preferred embodiment is prosthetic devices , i . e . , cells for 
organism ' s behavior . 25 implantation which express light activated cation channel . 

Another aspect of the present invention is a method of Preferred prosthetics are for the eyes or ears and preferably 
stimulating subsets of nerve cells in the presence of other express ChR2 , Chop2 , ChR2 - 310 , or Chop2 - 310 . Prefer 
nerve cells comprising ; exposing a group of nerve cells to a ably , the light activated cation channel protein is coded by 
vector capable of genetically targeting a subset of the group a sequence of SEO ID No . 2 or SEO ID No . 3 . 
of cells ; and exposing the cells to light to activate the LACC 30 Yet another preferred aspect is a method of predicting 
protein in the subset of cells . potential ion channel modulating properties of a drug com 

Another aspect of the present invention is method of prising : ( a ) expressing a light - activated cation channel pro 
driving differentiation in cells comprising : causing cells to tein and an ion channel of interest in a cell ; ( b ) exposing said 
express a LACC protein ; and exposing the cells to light to cell to light and monitoring a first response in said cell ; ( c ) 
activate the LACC protein , wherein the activation of the 35 exposing said cell to a candidate drug ; ( d ) further exposing 
LACC protein drives differentiation of the progeny of the said cell to light and monitoring a second response in said 
exposed cells . In a preferred embodiment , the cells comprise cell ; and ( e ) determining an ion channel modulating property 
stem cells . of said candidate drug based on a comparison of said first 

In preferred embodiments described herein , the light - and second response . The monitoring of the responses can 
activated cation channel protein is coded by a sequence of 40 comprise optical imaging of changes in fluorescence in said 
SEQ ID No . 2 or SEQ ID No . 3 . cell or monitoring a signal transduction pathway . The signal 

Another aspect of the invention is a method of treating a Another aspect of the invention is a method of treating a transduction pathway can be monitored with an antibody , 
subject comprising administering to a patient in need thereof fluorescent small molecule , or a genetically encoded indi 
a therapeutically effective amount of a light activated cation cator . Preferably the light - activated cation channel protein is 
channel protein . The methods described herein can be used 45 ChR2 , Chop2 , ChR2 - 310 , or Chop2 - 310 . Preferably , the 
for therapeutic and / or prophylatic benefit . Preferably the light - activated cation channel protein is coded by a sequence 
light activated cation channel is administered either in the of SEO ID No . 2 or SEO ID No . 3 . 
form of a cell , the cell expressing a light activated cation 
channel protein or in the form of a vector comprising a INCORPORATION BY REFERENCE 
nucleic acid sequence coding a light - activated cation chan - 50 
nel protein , wherein the administration of the vector causes All publications and patent applications mentioned in this 
the expression of the light activated cation channel protein specification are herein incorporated by reference to the 
in a cell in said patient . Preferably , the light - activated cation same extent as if each individual publication or patent 
channel protein is coded by a sequence of SEQ ID No . 2 or application was specifically and individually indicated to be 
SEQ ID No . 3 . In preferred embodiments the activation of 55 incorporated by reference . 
the light - activated cation channel protein with light causes a 
release of a peptide , such as insulin , leptin , neuropeptide Y , BRIEF DESCRIPTION OF THE DRAWINGS 
substance P , human growth hormone , secretin , glucagon , 
endorphin , oxytocin , vasopressin , orexin / hypocretin , or a The novel features of the invention are set forth with 
combination thereof . The activation of the light - activated 60 particularity in the appended claims . A better understanding 
cation channel protein can also cause release of a small of the features and advantages of the present invention will 
molecule , such as nitric oxide or a cannabinoid . Also , the be obtained by reference to the following detailed descrip 
activation of the light - activated cation channel protein can t ion that sets forth illustrative embodiments , in which the 
cause release of a cytokine . In some embodiments , the light principles of the invention are utilized , and the accompany 
activated cation channel is expressed in a muscle cell and 65 ing drawings of which : 
activation of the light - activated cation channel protein FIG . 1 ( a ) shows a micrograph of hippocampal neurons 
causes the muscle cell to contract . In other embodiments , the expressing ChR2 - YFP . 
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FIG . 1 ( 6 ) shows b , Inward current in voltage - clamped FIG . 5 ( b ) shows membrane resting potential of the same 
neuron ( left ) evoked by 1 second of excitation light ( indi neurons described in FIG . 5 ( a ) . 
cated by lines throughout figures ) , with population data FIG . 5 ( c ) shows the number of spikes evoked by a 300 - PA 
( middle ; mean + standard deviation plotted throughout fig - depolarisation , in the same neurons . 
ures ; n = 18 ) . The figure also shows that light through a YFP 5 FIG . 6 shows a map of a retroviruses containing ChR2 . 
filter evokes smaller currents ( right ; n = 5 ) . FIG . 7 shows a micrograph of a clonal stem cell line 

FIG . 1 ( c ) shows currents in a hippocampal neuron illu - expressing ChR2 introduced by lentiviral transduction . 
minated as in FIG . 1 ( b ) , in response to light pulses . FIG . 8 illustrates increased nuclear Ser - 133 CREB phos 

FIG . 1 ( d ) has voltage traces showing membrane depolar - phorylation in neural progenitor cell ( NPC ) triggered by 
ization and spikes in a current - clamped hippocampal neuron 10 light . 
( left ) evoked by 1 second periods of blue light . Right , FIG . 9 is a micrograph of living zebrafish with ChR2 
properties of the first spike elicited ( n = 10 ) , showing latency expressed in a neuron ( left ) and muscle cell ( right ) . 
to spike threshold , latency to spike peak , and jitter of spike FIG . 10 illustrates an embodiment of one of the methods 
peak time . of the invention . 

FIG . 1 ( e ) has voltage traces in response to brief light pulse 15 FIG . 11 illustrates an embodiment of one of the methods 
sequences , with pulses lasting 5 ms ( top ) , 10 ms ( middle ) , of the invention . 
and 15 ms ( bottom ) . FIG . 12 illustrates SEO ID . No . 1 . 

FIG . 2 ( a ) has voltage traces showing spikes in a current FIG . 13 illustrates SEQ ID . No . 2 . 
clamped hippocampal neuron , in response to three deliveries FIG . 14 illustrates SEQ ID . No . 3 . 
of a Poisson train of light pulses . 

FIG . 2 ( b ) shows trial - to - trial reliability of light evoked DETAILED DESCRIPTION OF THE 
spike trains , as measured by comparing the presence or INVENTION 
absence of a spike in two repeated trials of the same Poisson 
train delivered to the same neuron . The present invention provides novel compositions and 

FIG . 2 ( c ) shows trial - to - trial jitter of the light - evoked 25 methods for controlling the electrical and chemical proper 
spike trains . ties of cell membranes using light . The present invention 

FIG . 2 ( d ) shows the percent fidelity of spike transmission also provides for a noninvasive , genetically targeted , high 
throughout the entire 8 - second Poisson train . temporal resolution control of membrane electrical and 

FIG . 2 ( e ) shows latency of the spikes throughout each chemical properties . 
light pulse sequence ( i ) , and jitter of spike times throughout 30 LACC 
the train ( ii ) . In a preferred embodiment of the invention , the light 

FIG . 2 ) has voltage traces showing spikes in three activated cation channel protein comprises a 7 - transmem 
different hippocampal neurons , in response to the same brane protein . 
temporally patterned light stimulus as used in FIG . 2 ( a ) . In a preferred embodiment of the invention , the LACC 

FIG . 2 ( g ) has a histogram showing how many of the 7 35 comprises the protein , or portions of the protein Channel 
neurons spiked in response to each light pulse in the Poisson rhodopsin - 2 ( ChR2 ) . ChR2 is a rhodopsin derived from the 
train . unicellular green alga Chlamydomonas reinhardtii . The term 

FIG . 2 ( h ) shows neuron - to - neuron jitter of spikes evoked " rhodopsin ” as used herein is a protein that comprises at 
by light stimulation . least two building blocks , an opsin protein , and a covalently 

FIG . 3 ( a ) has voltage traces showing spikes in a current - 40 bound cofactor , usually retinal ( retinaldehyde ) . The rhodop 
clamped hippocampal neuron evoked by 5 , 10 , 20 , or 30 Hz sin ChR2 is derived from the opsin Channelopsin - 2 ( Chop2 ) 
trains of light pulses . ( Nagel , et . al . Proc . Natl . Acad . Sci . USA 100 : 13940 , and 

FIG . 3 ( b ) has population data showing the number of references cited therein ) . The LACC protein of the present 
spikes ( out of 20 possible ) evoked in current - clamped hip - invention can incorporate retinal that is added to the system , 
pocampal neurons . 45 or , depending on the cell type that is used , background levels 

FIG . 3 ( c ) shows the number of extraneous spikes evoked of retinal present in the cell may produce the required 
by the trains of light pulses , for the experiment described in retinal . It is intended herein that the methods of the invention 
FIG . 3 ( 6 ) . encompass either the opsin or the rhodopsin form of the 

FIG . 3 ( d ) shows jitter of spike times throughout the train LACC protein , e . g . Chop2 or ChR2 . Typically , Chop2 and 
of light pulses for the experiment described in FIG . 3 ( b ) . 50 ChR2 can be interconverted by the addition or removal of 

FIG . 3 ( e ) shows the latency to spike peak throughout the the cofactor . Thus , as used herein , a LACC protein com 
light pulse train for the experiment described in FIG . 3 ( 6 ) . prises an opsin with or without a co - factor . For example , as 

FIG . 4 ( a ) has voltage traces showing subthreshold depo - used herein , where a nucleic acid codes for an opsin protein 
larizations in a current - clamped hippocampal neuron ( left ) . such as Chop2 , it codes for a light activated cation channel 

FIG . 4 ( b ) illustrates how longer light pulses induced 55 protein such as ChR2 . Additionally , as used herein , where a 
repeatable depolarizations . Right , coefficients of variation cell expresses an opsin protein such as Chop2 , it expresses 
( CV ) for the induced voltage changes ( n = 5 neurons ) . a LACC protein . 

FIG . 4 ( c ) shows excitatory synaptic transmission driven The LACC of the present invention may also cause the 
by light pulses . The glutamatergic blocker NBQX abolishes modulation of the flow of anions such as chloride across a 
these synaptic responses ( right ) . 60 membrane when activated by light . Optically induced elec 

FIG . 4 ( d ) shows inhibitory synaptic transmission driven trical and chemical changes due to activation of the LACC 
by light pulses . The GABAergic transmission blocker gaba - by light are also included within the invention . 
zine abolishes these synaptic responses ( right ) . In some embodiments of the invention it is desirable to 

FIG . 5 ( a ) shows membrane resistance of neurons express - add cofactor ( usually in the nanomolar to micromolar 
ing ChR2 ( CHR2 + ; n = 18 ) , not expressing ChR2 ( CHR2 – ; 65 range ) . In other embodiments , no addition of retinal is 
n = 18 ) , or expressing ChR2 and measured 24 hours after required . In some cases , the medium may provide the 
exposure to a light - pulse protocol ( CHR2 + finished ; n = 12 ) . required cofactor . In a preferred embodiment of the present 
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invention , the LACC protein covalently binds retinal . The more than about 65 % homologous to the provided sequence , 
term retinal , as used in comprises all - trans retinal , 11 - cis more than about 70 % homologous to the provided sequence , 
retinal , and other isomers of retinal . more than about 75 % homologous to the provided sequence , 

In some embodiments of the invention the protein Bcdo more than about 80 % homologous to the provided sequence , 
can be expressed along with ChR2 . Bcdo converts the 5 more than about 85 % homologous to the provided sequence , 
common dietary molecule beta carotene into retinal ( Yan et . more than about 90 % homologous to the provided sequence , 
al . , Genomics 72 ( 2 ) : 193 ( 2001 ) ) , thus providing retinal to or more than about 95 % homologous to the provided convert Chop2 to ChR2 . sequence . 

As used herein , the terms “ ChR2 ” and “ Chop2 ” mean the LACC proteins of the present invention may be shorter or full proteins or fragments thereof . A preferred embodiment 10 longer than the protein sequence of Chop2 or Chop2 - 310 . of the present invention comprises the amino terminal 310 Thus , in a preferred embodiment , included within the defi amino acids of Chop2 which is referred to herein as Chop2 
310 . A preferred embodiment the present invention com nition of LACC proteins are portions or fragments of the 
prises the amino terminal 310 amino acids of ChR2 which protein sequence of Chop2 or of Chop2 - 310 . In addition , 
is referred to as ChR2 - 310 . The amino - terminal 310 amino 15 nucleic acids of the invention may be used to obtain addi 
acids of ChR2 show homology to the 7 - transmembrane tional coding regions , and thus additional protein sequence , 
structure of many microbial - type rhodopsins , and comprise using techniques known in the art . 
a channel with a light - gated conductance . In an embodiment In a preferred embodiment , the LACC proteins of the 
of the invention , a LACC protein comprises a 7 - transmem present invention are derivative or variant protein 
brane protein . Preferably the LACC protein is a 7 - trans - 20 sequences , as compared to Chop2 or Chop2 - 310 . That is , the 
membrane protein that either has a binding affinity for derivative LACC proteins of the present invention will 
retinal , or has retinal bound to it . contain at least one amino acid substitution , deletion or 

In a preferred embodiment , the LACC of the present insertion , with amino acid substitutions being particularly 
invention is derived from a microbial - type rhodopsin . In a preferred . The amino acid substitution , insertion or deletion 
preferred embodiment , the LACC of the present invention is 25 may occur at any residue within the LACC protein . 
derived from a bacteriorhodopsin . Also included in an embodiment of the LACC proteins of 

One aspect of the present invention is a single - component the present invention are amino acid sequence variants of the 
protein that is a LACC protein . As used herein , a single ChR2 , Chop2 , ChR2 - 310 , Chop - 310 or [ SEQ ID NO : 1 , component protein is a single covalently linked chain of depicted in FIG . 12 ] . These variants fall into one or more of amino acids . Multiple component systems require commu - 30 three classes : substitutional , insertional or deletional vari nication between non - covalently linked molecules , which ants . These variants ordinarily are prepared by site specific can be much slower than within - protein signaling via con mutagenesis of nucleotides in the DNA encoding the LACC formational changes . Unlike previous methods requiring proteins , using cassette or PCR mutagenesis or other tech several protein components , the present invention allows the 
creation of light gated membrane conductance with a single 35 niqu ole z niques well known in the art , to produce DNA encoding the 
protein component . While not being bound by theory , it is variant , and thereafter expressing the DNA in recombinant 
believed that the retinal in ChR2 , as a microbial type cell culture . Amino acid sequence variants are characterized 
rhodopsin , is strongly bound , allowing the retinal to re - by the predetermined nature of the variation , a feature that 
isomerize to the all - trans ground state in a dark reaction sets them apart from naturally occurring allelic or interspe 
without the need for other enzymes . This mechanism allows 40 cies variation of the LACC proteins of the present invention . 
for fast recovery ( closing of the ionic channel ) when the The variants typically exhibit the same qualitative biological 
light is removed , and it obviates the need for other enzyme activity as the naturally occurring analogue , although vari 
components for re - generation of the all trans - retinal and ants can also be selected which have modified characteris 
closing of the channel . tics . 

In a preferred embodiment of the invention the light - 45 While the site or region for introducing an amino acid 
activated cation - channel Channelrhodopsin - 2 ( ChR2 ) is sequence variation is predetermined , the mutation per se 
genetically introduced into a cellular membrane . need not be predetermined . For example , in order to opti 

The LACC protein of the present invention also com - mize the performance of a mutation at a given site , random 
prises the protein sequence of Chop2 - 310 [ SEQ ID NO : 1 , mutagenesis may be conducted at the target codon or region 
depicted in FIG . 12 ] . “ Protein ” in this sense includes pro - 50 and the expressed breast cancer variants screened for the 
teins , polypeptides , and peptides . Also included within the optimal combination of desired activity . Techniques for 
LACC protein of the present invention are amino acid making substitution mutations at predetermined sites in 
variants of the naturally occurring sequences , as determined DNA having a known sequence are well known , for 
herein . Preferably , the variants are greater than about 75 % example , M13 primer mutagenesis and PCR mutagenesis . 
homologous to the protein sequence of Chop2 or Chop2 - 55 Amino acid substitutions are typically of single residues ; 
310 , more preferably greater than about 80 % , even more insertions usually will be on the order of from about 1 to 20 
preferably greater than about 85 % and most preferably amino acids , although considerably larger insertions may be 
greater than 90 % . In some embodiments the homology will tolerated . Deletions range from about 1 to about 20 residues , 
be as high as about 93 to about 95 or about 98 % . Homology although in some cases deletions may be much larger . 
in this context means sequence similarity or identity , with 60 Substitutions , deletions , insertions or any combination 
identity being preferred . This homology will be determined thereof may be used to arrive at a final derivative . Generally 
using standard techniques known in the art . The composi these changes are done on a few amino acids to minimize the 
tions of the present invention include the protein and nucleic alteration of the molecule . However , larger changes may be 
acid sequences provided herein including variants which are tolerated in certain circumstances . In some embodiments , 
more than about 50 % homologous to the provided sequence , 65 small alterations in the characteristics of the LACC proteins 
more than about 55 % homologous to the provided sequence of the present invention are desired , substitutions are gen 
more than about 60 % homologous to the provided sequence , erally made in accordance with the following table : 
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5 ity . 

ASP Glu 

Gln 

15 

GIY Pro 

Ile , 

Trp 

TABLE I The LACC proteins of the present invention can incor 
porate un - natural amino acids as well as natural amino acids . 

Original Exemplary The unnatural amino acids can be used to enhance ion Residue Substitutions selectivity , stability , speed , compatibility , or to lower toxic 
Ala Ser 

An aspect of the present invention is a fusion protein Arg Lys 
comprising a light - activated cation channel protein . It is well 

Asn Gin , His known in the art that fusion proteins can be made that will 
create a single protein with the combined activities of 

10 several proteins . In one embodiment , the fusion proteins can 
Cys Ser be used to target Chop2 or ChR2 to specific cells or regions 

within cells . Asn One embodiment of a fusion protein comprising a LACC 
Glu Asp protein is a fusion protein that targets sub - cellular regions of 

the cell . The fusion proteins can target , for instance , axons , 
dendrites , and synapses of neurons . In one preferred 

His Asn , Gin embodiment , a PDZ ( PSD - 95 , Dlg and Z0 - 1 ) domain is 
fused to ChR2 or Chop2 which target dendrites . In another 

Leu , Val 20 preferred embodiment , Axon initial segment ( AIS ) domain 
Leu Ile , Val is fused to ChR2 or Chop2 which target axons . 

Other fusion proteins of the present invention are proteins 
Lys Arg , Gin , Glu combining ChR2 and a fluorescent protein in order to allow 
Met Leu , Ile for monitoring of the localization of ChR2 . Preferred fusion 

25 proteins are those with red fluorescent protein ( mCherry ) , 
Phe Met , Leu , Tyr yellow fluorescent protein ( YFP ) , cyan fluorescent protein 

( CFP ) and green fluorescent protein ( GFP ) . These fusion 
Ser Thr proteins , such as the ChR2 - mCherrry fusion protein , allow 
Thr Ser for the independent stimulation of ChR2 and the simulta 

30 neous monitoring of localization . The simultaneous stimu 
Tyr lation and monitoring of localization can be carried out in 

Tyr many cell types including mammalian systems . Trp , Phe It is an aspect of the invention to provide a light - activated 
Val Ile , Leu cation channel protein that is non - toxic in the cells in which 

35 it is expressed . Preferably , the light - activated ion channel 
Substantial changes in function are made by selecting proteins of the present invention do not perturb the basal 

substitutions that are less conservative than those shown in electrical properties , alter the dynamic electrical properties , 
Table 1 . For example , substitutions may be made which or jeopardize the prospects for cellular survival . Preferably , 
more significantly affect the structure of the polypeptide the light - activated cation channel proteins of the present 
backbone in the area of the alteration , for example the 40 invention do not alter the membrane resistance of the cells 
alpha - helical or beta - sheet structure ; the charge or hydro - in the absence of light . Preferably , the light - activated ion 
phobicity of the molecule at the target site ; or the bulk of the channels do not lead to apoptosis in the cells , nor lead to the 
side chain . The substitutions which in general are expected generation of pyknotic nuclei . Preferably , in the absence of 
to produce the greatest changes in the polypeptide ' s prop light , the presence of the LACC protein does not alter cell 
erties are those in which ( a ) a hydrophilic residue , e . g . seryl 45 health or ongoing electrical activity , at the level of sub 
or threonyl is substituted for ( or by ) a hydrophobic residue , threshold changes in voltage or in spike output , either by 
e . g . leucyl , isoleucyl , phenylalanyl , valyl or alanyl ; ( b ) a shunting current through leaky channels or by altering the 
cysteine or proline is substituted for ( or by ) any other voltage dependence of existing neuronal input - output rela 
residue ; ( c ) a residue having an electropositive side chain , tionships . Preferably , the presence of LACC protein creates 
e . g . lysyl , arginyl , or histidyl , is substituted for ( or by an 50 no significant long - term plastic or homeostatic alterations in 
electronegative residue , e . g . glutamyl or aspartyl ; or ( d ) a the electrical properties of neurons expressing the protein . 
residue having a bulky side chain , e . g . phenylalanine , is Another aspect of the present invention provides nucleic 
substituted for ( or by ) one not having a side chain , e . g . acid sequences which code for the LACC proteins of the 
glycine . present invention . It would be understood by a person of 

The variants or derivatives typically exhibit the same 55 skill in the art that the LACC proteins of the present 
qualitative activity as the Chop2 , ChR2 , Chop - 310 , or invention can be coded for by various nucleic acids . Each 
ChR2 - 310 protein , although variants or derivatives also are amino acid in the protein is represented by one or more sets 
selected to modify the characteristics of the LACC proteins of 3 nucleic acids ( codons ) . Since many amino acids are 
as needed . Variants or derivatives can show enhanced ion represented by more than one codon , there is not a unique 
selectivity , stability , speed , compatibility , and reduced tox - 60 nucleic acid sequence that codes for a given protein . It is 
icity . For example , the protein can be modified such that it well understood by persons of skill in the art how to make 
can be driven by different wavelength of light than the a nucleic acid that can code for the LACC proteins of the 
wavelength of around 460 nm of the wild type ChR2 protein . present invention by knowing the amino acid sequence of 
The protein can be modified , for example , such that it can be the protein . A nucleic acid sequence that codes for a poly 
driven at a higher wavelength such as about 480 nm , 49065 peptide or protein is the " gene ” of that polypeptide or 
nm , 500 nm , 510 nm , 520 nm , 530 nm , 540 nm , 550 nm , 560 protein . A gene can be RNA , DNA , or other nucleic acid 
nm , 570 nm , 580 nm , or 590 nm . than will code for the polypeptide or protein . 
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One preferred embodiment of a nucleic acid sequence One preferred embodiment of an expression vector of the 
comprises [ SEQ ID NO : 2 , depicted in FIG . 13 ] . present invention is a lentivirus comprising the gene for 

It is known by persons of skill in the art that the codon ChR2 or Chop2 and an EF1 - alpha promoter . This lentivirus 
systems in different organisms can be slightly different , and vector is used in one aspect of the present invention to create 
that therefore where the expression of a given protein from 5 stable cell lines . The term " cell line ” as used herein is an 
a given organism is desired , the nucleic acid sequence can be established cell culture that will continue to proliferate given 
modified for expression within that organism . the appropriate medium . 

An aspect of the present invention provides a nucleic acid One preferred embodiment of an expression vector of the 
sequence that codes for a light - activated cation protein that present invention is a lentivirus comprising the gene for 
is optimized for expression with a mammalian cell . A " ChR2 or Chop2 and a cell specific promoter . Examples of 
preferred embodiment comprises a nucleic acid sequence cell specific promoters are promoters for somatostatin , par 
optimized for expression in a human cell . valbumin , GABA , 6 , L7 , and calbindin . Other cell specific 

A preferred embodiment of a nucleic acid sequence that promoters are promoters for kinases such as PKC , PKA , and 
codes for a light - activated cation protein that is optimized 15 CaMKII ; promoters for other ligand receptors such as 
for expression with a human cell comprises [ SEQ ID NO : 3 , NMDAR1 , NMDAR2B , GluR2 ; promoters for ion channels 
depicted in FIG . 14 ] . including calcium channels , potassium channels , chloride 

Another aspect of the present invention provides for channels , and sodium channels , and promoters for other 
reagents for genetically targeted expression of the LACC markers that label classical mature and dividing cell types , 
proteins including ChR2 . Genetic targeting can be used to 20 such as calretinin , nestin , and beta3 - tubulin . 
deliver light - activated cation channel proteins to specific cell Another preferred embodiment is a lentivirus containing 
types , to specific cell subtypes , to specific spatial regions tetracycline elements that allow control of the gene expres 
within an organism , and to sub - cellular regions within a cell . sion levels of ChR2 , simply by altering levels of exogenous 
Genetic targeting also relates to the control of the amount of drugs such as doxycycline . This method , or other methods 
light - activated cation channel protein expressed , and the 25 that place ChR2 under the control of a drug - dependent 
timing of the expression . promoter , will enable control of the dosage of ChR2 in cells , 

A preferred embodiment of a reagent for genetically allowing a given amount of light to have different effects on 
targeted expression of the LACC protein comprises a vector electrical activation , substance release , or cellular develop 
which contains the gene for the LACC protein . ment 
As used herein , the term “ vector ” refers to a nucleic acid 30 One aspect of the invention is nucleic acid sequences 

molecule capable of transporting between different genetic comprising the gene for LACC proteins and promoters for 
environments another nucleic acid to which it has been genetically targeted expression of the proteins . The geneti 
operatively linked . The term “ vector ” also refers to a virus cally targeted expression of the LACCs of the present 
or organism that is capable of transporting the nucleic acid invention can be facilitated by the selection of promoters . 
molecule . One type of preferred vector is an episome , i . e . , a 35 The term “ promoter ” as used herein is nucleic acid sequence 
nucleic acid molecule capable of extra - chromosomal repli - that enables a specific gene to be transcribed . The promoter 
cation . Preferred vectors are those capable of autonomous usually resides near a region of DNA to be transcribed . The 
replication and / or expression of nucleic acids to which they promoter is usually recognized by an RNA polymerase , 
are linked Vectors capable of directing the expression of which , under the control of the promoter , creates RNA , 
genes to which they are operatively linked are referred to 40 which is then converted into the protein for which it codes . 
herein as “ expression vectors ” . Other preferred vectors are By use of the appropriate promoter , the level of expression 
viruses such as lentiviruses , retroviruses , adenoviruses and of LACC protein can be controlled . Cells use promoters to 
phages . Preferred vectors can genetically insert LACC pro - control where , when , and how much of a specific protein is 
teins into both dividing and non - dividing cells . Preferred expressed . Therefore , by selecting a promoter that is selec 
vectors can genetically insert LACC proteins in - vivo or 45 tively expressed predominantly within one type of cell , one 
in - vitro . subtype of cells , a given spatial region within an organism , 

Those vectors that include a prokaryotic replicon can also or sub - cellular region within a cell , the control of expression 
include a prokaryotic promoter capable of directing the of LACC can be controlled accordingly . The use of promot 
expression ( transcription and translation ) of the LACC pro - ers also allows the control of the amount of LACC 
tein in a bacterial host cell , such as E . coli . A promoter is an 50 expressed , and the timing of the expression . The promoters 
expression control element formed by a DNA sequence that can be prokaryotic or eukaryotic promoters . 
permits binding of RNA polymerase and transcription to One embodiment of the invention is a nucleic acid 
occur . Promoter sequences compatible with bacterial hosts sequence comprising the gene for LACC protein and a 
are typically provided in plasmid vectors containing conve general purpose promoter . A general purpose promoter 
nience restriction sites for insertion of a DNA segment of the 55 allows expression of the LACC protein in a wide variety of 
present invention . Typical of such vector plasmids are cell types . One example of a general purpose promoter of the 
PUC8 , PUC9 , PBR322 , and PBR329 available from BioRad present invention is The EF1 - alpha promoter . The EF - 1 
Laboratories , ( Richmond , Calif . ) and pPL and pKK223 alpha gene encodes for elongation factor - 1 alpha which is 
available from Pharmacia , ( Piscataway , N . J . ) . one of the most abundant proteins in eukaryotic cells and is 

Expression vectors compatible with eukaryotic cells , can 60 expressed in almost all kinds of mammalian cells . The 
also be used . Eukaryotic cell expression vectors are well promoter of this “ housekeeping ” gene can lead to persistent 
known in the art and are available from several commercial expression of the transgene in vivo . Another preferred 
sources . Typically , such vectors are provided containing general promoter is the CMV ( cytomegalovirus ) promoter , 
convenient restriction sites for insertion of the desired DNA which can drive gene expression at very high levels . Still 
homologue . Typical of such vectors are pKSV - 10 ( Pharma - 65 other preferred general - purpose promoters include those for 
cia ) , pBPV - 1 / PML2d ( International Biotechnologies , Inc . ) , CaMKII and synapsin I ( Dittgen et . al , PNAS101 : 18206 - 11 
and PTDT1 ( ATCC , No . 31255 ) . ( 2004 ) ) . 
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One embodiment of the present invention is a nucleic acid derived from natural and induced immune deficiency states , 

sequence comprising the gene for LACC protein and a cell cardiovascular disease , neuronal disease , inflammation 
specific promoter . Examples of cell specific promoters are states and diseases caused by a variety of pathogens . The 
promoters for somatostatin , parvalbumin , GABA 6 , 17 , association with a particular disease or disease stage may be 
and calbindin . Other cell specific promoters are promoters 5 established by the cell ' s aberrant behavior in one or more 
for kinases such as PKC , PKA , and CaMKII ; promoters for biological processes such as cell cycle regulation , cell dif 
other ligand receptors such as NMDAR1 , NMDAR2B , ferentiation , apoptosis , chemotaxis , cell motility and cyto 
GluR2 ; promoters for ion channels including calcium chan - skeletal rearrangement . A disease cell may also be confirmed 
nels , potassium channels , chloride channels , and sodium by the presence of a pathogen causing the disease of concern 
channels ; and promoters for other markers that label clas - 10 ( e . g . HIV for AIDS and HBV for hepatitis B ) . 
sical mature and dividing cell types , such as calretinin , Preferred cells are mammalian cells and cell lines derived 
nestin , and beta3 - tubulin . In a preferred embodiment of the from mammalian cells . Other preferred cells are embryonic 
present invention , the nucleic acid comprises a bacterial stem cells and adult stem cells including hematopoetic stem 
artificial chromosome ( BAC ) . cells , bone marrow , neural stem cells , epithelial stem cells , 
One embodiment of the present invention is promoter is 15 skin stem cells . Preferred cell lines appropriate for ChR2 

an inducible promoter . For instance , the promoter can be expression include , HEK cells , neural stem cell lines , pan 
inducible by a trans - acting factor which responds to an creatic islet cell lines , and other excitable or secretory cells . 
exogenously administered drug . The promoters could be , but The LACC proteins , when activated by light can also 
are not limited to tetracycline - on or tetracycline - off , or cause other ion channel proteins within the membrane to be 
tamoxifen - inducible Cre - ER . 20 activated . Thus , an aspect of the invention is a cell that has 
Cells both the LACC protein and other ion channels or a splice 
One aspect of the present invention is a cell that expresses variant of an ion channel that can be activated by the LACC 

LACC proteins , and specifically a cell that expresses ChR2 protein . Examples of ion channels include , but are not 
or Chop2 . Another aspect of the invention is a LACC protein limited to , Voltage - gated channels such as sodium and 
expressing - cell that also expresses other ion channels , recep - 25 potassium voltage - gated channels of nerve and muscle ; 
tors , or signaling proteins , both in the normal and / or Ligand - gated such as Acetylcholine receptor , AMPA recep 
impaired form . Another aspect to the invention is a business tor and other neurotransmitter - gated channels ; Cyclic 
method to make commercially available the cells of the nucleotide - gated channels such as calcium - activated chan 
invention . nels ; cardiac ion channels such as HERG channels ; Stretch 

The cells of the present invention can be created using a 30 activated channels ; G - protein - gated channels ; Inward - recti 
vector including a DNA expression vector , a virus or an fier K channels ; Resting channels ; Store - operated channels 
organism . Preferred vectors include lentiviruses and retro - such as calcium release - activated calcium ( CRAC ) channel ; 
viruses . In some cases , in particular where robust cell lines as well as other calcium channels , other potassium and 
are involved , expression of ChR2 can be induced by using sodium channels . The one or more ion channel proteins can 
lipofection techniques , such as exposing cell lines to 35 de artificial , and can be targeted to be expressed in the cell 
micelles containing Lipofectamine or Fugene , and then containing the LACC protein . 
FACS - sorting to isolate stably expressing cell lines . A preferred embodiment of the invention is a cell that 

Cells of any origin , preferably those cells that are capable comprises a LACC protein and one or more ion channel 
of growth in tissue culture , are candidate cells for transfec - proteins that can be activated and thus controlled and whose 
tion or infection with a LACC protein such as ChR2 or 40 behavior can be understood . Another preferred embodiment 
Chop2 . Non - limiting examples of specific cell types that can of the invention is a cell that comprises a LACC protein and 
be grown in culture include connective tissue elements such one or more ion channel proteins that can be activated and 
as fibroblast , skeletal tissue ( bone and cartilage ) , skeletal , thus controlled for screening for ion channel modulators as 
cardiac and smooth muscle , epithelial tissues ( e . g . liver , described below . Another preferred embodiment of the 
lung , breast , skin , bladder and kidney ) , neural cells ( glia and 45 invention is a cell that comprises a LACC protein and one 
neurones ) , endocrine cells ( adrenal , pituitary , pancreatic or more cardiac ion channels ( e . g . HERG channel ) that can 
islet cells ) , bone marrow cells , melanocytes , and many be activated and thus controlled for screening for side effect 
different types of hematopoetic cells . Suitable cells can also of compounds as described below . Another preferred 
be cells representative of a specific body tissue from a embodiment is an article of manufacture as described below 
subject . The types of body tissues include , but are not 50 containing a cell that comprises a LACC protein and one or 
limited , to blood , muscle , nerve , brain , heart , lung , liver , more ion channel proteins that can be activated as described 
pancreas , spleen , thymus , esophagus , stomach , intestine , by the method herein . 
kidney , testis , ovary , hair , skin , bone , breast , uterus , bladder , preferred cell that expresses LACC proteins , and spe 
spinal cord and various kinds of body fluids . Cells in culture cifically a cell that expresses ChR2 or Chop2 is a mamma 
can be freshly isolated from body tissues ( known as primary 55 lian cell . 
culture ) or subcultured by expansion and / or cloning of the One aspect of the present invention is a cell line that 
cells present in the primary culture ( known as cell lines ) . expresses LACC proteins , and specifically a cell line that 

Cells of different developmental stages ( embryonic or expresses ChR2 or Chop2 . The cell line of the present 
adult ) of an organism , or more specifically of various invention can be created using a vector including a DNA 
developmental origins including ectoderm , endoderm and 60 expression vector , a virus or an organism . Preferred vectors 
mesoderm , can also be applied . Another type of cells include lentiviruses and retroviruses . In some cases , in 
embodied in the present invention is a “ personal cell type ” , particular where robust cell lines are involved , expression of 
which comprises cells derived from individuals of a family , ChR2 can be induced by using lipofection techniques , such 
or individuals from different generations within the same as exposing cell lines to micelles containing Lipofectamine 
pedigree . 65 or Fugene , and then FACS - sorting to isolate stably express 
Of particular interest are cells that are associated with a ing cell lines . Preferred cell lines are mammalian cell lines 

particular disease or with a specific disease stage , cells as described above . Preferred cell lines are neuronal cell 
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lines or other excitable cell lines . Preferred cell lines appro - having pH and salt concentrations in the physiological range 
priate for ChR2 expression include HEK cells , neural stem that are routinely prepared by one skilled in the art . 
cell lines , pancreatic islet cell lines , and other excitable or Cell viability may be confirmed by the measurement of 
secretory cells . membrane integrity . The methods for assessing membrane 

A preferred cell line of the present invention is a clonal 5 integrity are known in the art . The most common assay 
neuronal stem cell line expressing ChR2 under the EF1 - involves staining cells with a dye that reacts with either 
alpha promoter Such a cell line is useful for the screening alpha promoter . Such a cell line is useful for the screening living or dead cells . As is apparent to one skilled in the art , 
of drugs , particularly drugs that affect the influence of exemplary dyes include trypan blue , eosin Y , naphthalene 

electrical activity on neuronal genesis , development , and black , nigrosin , erythrosin B and fast green . 
10 Transgenic Animals apoptosis . One aspect of the invention is a transgenic animal that Another preferred cell line of the present invention is a expresses a LACC protein . A preferred embodiment is a line of hippocampal neurons that expresses ChR2 under the transgenic animal that expresses Chop2 or ChR2 . Expres 

EF1 - alpha promoter . Such a cell line is useful for the in - vitro sion of LACC protein in particular subsets of neurons can be screening of drugs , and as a model for controlling neurons 15 Foming neurons 15 used for analyzing circuit function , behavior , plasticity , and 
with light in - vivo . animal models of psychiatric disease 

An embodiment of the invention is a stem cell lines that Preferred transgenic animal species of the present inven 
provide therapies based on transplantable , optically activat - tion that expresses LACC protein include zebrafish ( Danio 
able cells that release substances as described below such as rerio ) . In zebrafish , the LACC protein can be introduced fish 
insulin , growth hormones , or other small molecules or 20 embryos by acute injection at the few - hundred cell stage . 
polypeptides . Control of substance release with the present Another preferred transgenic animal species of the present 
invention can be done on the second - to - minute timescale , invention that expresses LACC protein is flies ( Drosophila 
allowing precise management of drug dosing , especially for melanogaster ) . In one preferred embodiment , flies express 
conditions like diabetes or growth retardation . ChR2 under the UAS promoter for use in the GAL4 - UAS 

The cells of the invention can be grown as a monolayer 25 system ) . Another preferred transgenic animal species of the 
anchored onto a solid phase substrate , or as aggregates in a present invention that expresses LACC protein is worms 
suspension culture . The choice of substrate is determined ( Caenorhabditis elegans ) . In one preferred embodiment , 
largely by the type of cell and the desired growth parameters stable lines are made with injection of plasmids containing 
( e . g . growth rate , desired density , media requirements etc . ) ChR2 under specific promoters into the gonad . 
Most cells can be propagated on a substrate made of e . g . , 30 Another preferred transgenic animal species of the present 
glass , plastic or ceramic material . For certain cell types , such invention that expresses LACC protein is mice . In one 
as neurons , epithelial and muscle cells , substrates pre - coated preferred embodiment , mice that express LACC protein are 
with charged substances that enhance cell attachment and made using BAC ( bacterial artificial chromosome ) trans 
spreading are preferred . Commonly employed coating mate - genic technology , as well as position effect variegation 
rials include biological substrates that bear a net positive 35 techniques . 
charge . Non - limiting examples of biological substrates One preferred embodiment of a transgenic animal of the 
include extracellular matrix / adhesion proteins such as lami present invention that expresses LACC protein is Droso 
nin , fibronectin , collagen , or synthetic polypeptide such as phila in which ChR2 is expressed in serotonergic and 
poly - lysine . A variety of non - biological substrates such as dopaminergic neurons , which are important for the driving 
membranes made of nitrocellulose , nylon , polytetrafluoro - 40 of motivated behavior and the creation of finely tuned motor 
ethylene , or any other implant materials can also be used to patterns . 
support growth of cells in a suitable medium according to One preferred embodiment of a transgenic animal of the 
cell type . present invention that expresses LACC protein is Cae 

Precautions are generally taken to maintain membrane norhabditis elegans in which ChR2 is expressed in seroton 
integrity and preserve cell membrane components when 45 ergic and dopaminergic neurons , which are important for the 
harvesting , cells cultured on different substrates . The driving of motivated behavior and the creation of finely 
method of the invention contemplate the use of traditional tuned motor patterns . 
method of dissociating of anchored cells or cell layers Another preferred embodiment of the present invention is 
including proteolytic enzymes such as serine proteinase , a transgenic animal wherein the LACC is expressed under a 
trypsin . In addition cells of the present invention can be 50 specific promoter . Another preferred embodiment of the 
removed from the culture substrates by agents that minimize present invention is a transgenic animal wherein the LACC 
damages to the cell surface antigens . These agents include expressed in the transgenic animal is introduced via a BAC . 
chelating agents , such as EDTA and EGTA , which bind to Another preferred embodiment of the present invention is a 
divalent metal ions ( e . g . calcium and magnesium ) known to transgenic animal wherein the LACC gene is knocked into 
be necessary for cell - substrate attachment . Other suitable 55 a known locus . 
cell dissociation agents encompass collagenases , dispases , 
and neutral proteinases when used in conjunction with serine In the present invention , electrical spikes , or action poten 
proteinase inhibitors ( e . g . soybean trypsin inhibitor ) . Treat - tials , are created across a membrane by illumination with 
ment of cells with these agents mostly results in disruption light . The light can be provided by a light source such as a 
of the extracellular matrix components while preserving the 60 xenon lamp , or the light source can be a laser . While a laser 
cell surface proteins . The time required to detach the cells can be used , it would be understood by one skilled in the art 
anchored on a solid substrate can vary depending on the that if the intensity of light is too high , there can be damaged 
protease enzymes chosen , but will normally be a period of to the cells under illumination due to local heating , etc . It is 
about 1 minute to 30 minutes , and preferably about 5 preferred to use a light intensity that does not damage the 
minutes to 15 minutes . The enzymatic treatment can be 65 cells . In a preferred embodiment of the present invention 
carried out at room temperature or at about 37° C . Excess medium intensity light is used to activate the ion channel . A 
enzyme can be removed by gentle washing with buffers preferred level of light is between about 0 . 1 mW / mm2 and 
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about 500 mW / mm² , preferably from about 1 mW / mm² and polarizations . In a preferred embodiment of the invention , 
about 100 mW / mm² , and most preferably from about 5 the LACC protein expressed in a membrane generates 
mW / mm² and about 50 mW / mm² . In a preferred embodi - subthreshold pulses with a coefficient of variation of less 
ment , the LACC protein is ChR2 and the wavelength of the than 0 . 2 when measured over 5 consecutive pulses , more 
illuminating light is between about 400 nm and about 600 5 preferably the coefficient of variation is less than 0 . 15 when 
nm , preferably from about 450 nm and about 550 nm , most measured over 5 consecutive pulses , and most preferably the preferably from about 450 nm and about 490 nm . coefficient of variation is less than 0 . 10 when measured over In accordance with the present invention , it has been 5 pulses . 
discovered that the light - activated ion channels of the inven The present invention allows for the optical control of cell tion can generate millisecond - timescale spikes when incor - 10 properties by expressing a LACC protein within the cell , and porated into neurons and illuminated with rapid pulses of activating the protein with light . The invention allows the light . 
One aspect of the present invention is a light - activated ion optical control of excitable cells . One type of control is the 

channel that is expressed in an excitable cell and will operate control of electrical properties of the cell membrane for 
on the millisecond timeframe . In a preferred embodiment , a 15 processes such as control of neurons and of transmissions of hent a 15 processes such as control of neurons and of transmissions of 
LACC responds within 100 millisecond ( ms ) , more prefer signals between neurons . Another type of control is control 
ably within 10 ms , even more preferably within 1 ms , and of influx of ions including Ca + 2 . The control of influx of 
most preferably within 0 . 1 ms . A preferred embodiment of Ca + 2 is known to affect thousands of cellular processes . The 
the present invention is ChR2 that is expressed in a neuron optical control of the properties of excitable cells can be 
or other excitable cell . 20 carried out in - vivo or in - vitro , and can be used for under 

In accordance with this invention , it has also been dis - standing biological processes , for drug discovery , and for 
covered that a cell expressing a LACC of the present therapeutic uses . 
invention will reliably generate spikes on the millisecond Another type of control provided by the present invention 
timeframe . is the use of the activation of the LACC protein to cause the 

In a preferred embodiment of a light - activated ion channel 25 cell to release proteins , peptides , or small molecules . In one 
that is expressed in an excitable cell and will operate on the embodiment of the invention , through the light activation of 
millisecond timeframe , the excitable cell responds in less LACC protein , the cell can be caused to release a protein , 

s than 5 ms , and most preferably such as a cytokine . In one embodiment of the invention , 
within 1 ms of being illuminated . through the light activation of ChR2 , the cell can be caused One aspect of the present invention is a LACC protein 30 to release a peptide such as insulin , leptin , neuropeptide Y , expressed in a cell membrane that provides stable photo substance P , human growth hormone , secretin , glucagon , currents over long time scales . In a preferred embodiment 
the LACC protein is ChR2 , and the photocurrent does not endorphin , oxytocin , vasopressin , or orexin / hypocretin . In 

another embodiment , the activation of the LACC protein can change by more than 20 % over an hour of illumination , 
preferably not more than 10 % , and most preferably not a 35 cau 25 cause the release of a small molecule whose synthesis or 
detectable change over an hour of illumination . release is dependent on electrical activity , such as nitric 
One aspect of the present invention is a LACC protein oxide , or a cannabinoid such as anandamide or 2 - arachido 

expressed in a cell membrane that provides precisely timed nylglycerol ( 2 - AG ) . 
spikes with low temporal jitter . The temporal jitter is pref The present invention also allows for the control of 
erably lower than 10 ms , more preferably less than 5 ms , and 40 cellular activity beyond the release of substances . For 
most preferably lower than 3 ms when measured within instance , LACC expressed in a muscle cell can allow for 
neurons . optical control of muscle cell contraction . This optical 

One aspect of the present invention is a LACC protein contraction of muscle cells , especially the contraction of 
expressed in a cell membrane that provides low temporal specific muscle cells in the presence of other muscle cells , 
jitter across neutrons . Low temporal jitter across neutrons is 45 can be used for therapeutic purposes , or for the optical 
desirable because it allows heterogeneous populations of control of muscular contractions . 
neutrons to be controlled in concert . Preferably the temporal The control provided by the present invention also 
jitter across neutrons is also less than 10 ms , more preferably included initiating specific intracellular signal conduction 
less than 5 ms , and most preferably lower than 3 ms . pathways . These pathways include , but are not limited to , 
Preferably the across neutron jitter is within 50 % of the 50 kinases , transcription factors , and second messenger sys 
within neutron jitter , most preferably the across neutron tems . These pathways can be specifically activated by the 
jitter is within 20 % of the within neutron jitter , most present invention due to the specific temporal pattern of light 
preferably the within neutron jitter is indistinguishable from that is used . The pathways can also be specifically activated 
the across neutron jitter . due to the specific sub - cellular localization of the LACC . 
One aspect of the present invention is a LACC protein 55 An aspect of the present invention is a method of optically 

expressed in a membrane that provides reliable and precisely controlling a cell comprising ; causing the cell to express 
timed subthreshold pulses . LACC protein ; and illuminating the cell with light to acti 

It has been discovered that a cell expressing a light - vate the LACC protein . 
activated cation channel protein of the present invention preferred embodiment of the method of optically con 
showed small trial - to - trial variability in the subthreshold 60 trolling cell properties is a method in which the LACC 
deflections evoked by repeated light pulses . The light - protein is ChR2 . 
activated cation channel proteins of the present invention Another preferred embodiment of the method of optically 
such as ChR2 can therefore be employed to drive reliably controlling cell properties is a method in which the cells are 
timed subthreshold depolarizations with precisely deter - neurons or other excitable cells . The neurons can be con 
mined amplitude . 65 nected to other neural cells and can be in a neural network . 
An aspect of the present invention is a LACC protein Another preferred embodiment of the method of optically 

expressed in a membrane that has repeatable subthreshold controlling cell properties is a method in which the cells are 
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spatially or genetically targeted subsets of cells that express D - serine , or histamine . The synaptic event can result in a 
the LACC protein of the present invention and can be synaptic transmission between two neurons . The present 
specifically activated . invention thus provides optically driven communication 

Another preferred embodiment of a method of controlling between sets of neurons , and thereby provides optically 
cell properties comprises a method wherein the activation of 5 driven activity throughout a connected neural network . 
the LACC also controls other ion channels within the cell . A preferred embodiment for the use of light to create a 
For instance , a cell can be caused to express LACC and one synaptic event comprises expressing ChR2 in a first neuron 
or more other ion channel proteins which may be artificial and illuminating the neuron with pulse of light to activate 
proteins . The LACC activation can then be used to activate ChR2 to create a spike which causes a synaptic event . The 
or inactivate the other ion channel proteins within the cell . 10 use of light to create synaptic events can be carried out 
In one embodiment , a cell expressing LACC can be illumi - in - vitro or in - vivo . 
nated with light in order to depolarize the cell membrane Another preferred embodiment for the use of light to 
sufficiently to inactivate the cell ' s other ion channels . create a synaptic event comprises expressing ChR2 in a first 
One aspect of the invention is a method of driving cell neuron and that in synaptic contact with a second neuron , 

differentiation using light . LACC protein can be used to 15 and illuminating the first neuron so as to create a spike , 
selectively target differentiating cells whose cell fate is wherein the spike results in a synaptic event at the synapse 
dependent on activity . For example , ChR2 can be delivered between the first and second neurons , and the second neuron 
to a progenitor cell or cell line , and then light can be used is either excited or inhibited due to the signal from the first 
to drive the differentiation of the cell into appropriate neuron , thus resulting in a synaptic transmission between the 
progeny . 20 first and second neurons . 

In accordance with this invention , it has also been dis - Another preferred embodiment for the use of light to 
covered that a cell expressing a light - activated cation chan create a synaptic event comprises using a vector that is 
nel protein of the present invention will reliably generate targeted to deliver the LACC protein of the present invention 
spikes on the millisecond timeframe if the optical illumina - to specific neurons , specific subsets of neurons , or specific 
tions is provided in pulses in which a rapid light pulse is 25 neuronal subtypes . The targeted delivery can be a specific 
followed by a period of darkness . spatial targeting into different spatial areas of the specimen , 

In a preferred embodiment of the method of optically and / or the targeted delivery can be to chemical targeting to 
controlling cell properties is a method comprising illumi - molecularly defined classes or subclasses of neurons . 
nating the cell with the LACC protein with a series of light Targeted Delivery of LACC 
pulses in which light periods are from 0 . 1 ms to 100 ms ) , 30 An aspect of the invention is a method for targeted 
preferably from 1 ms to 50 ms , most preferably between 5 delivery of light - activated cation - channel proteins to spe 
ms and 20 ms , and the periods of darkness were greater than cific cells comprising ; contacting said cells with a vector 
1 ms , preferably greater than 10 ms , and most preferably comprising a nucleic acid sequence comprising a LACC 
greater than 20 ms . The periods of darkness can be long if protein and a cell specific promoter ; wherein said specific 
desired , and can be periods of greater than seconds to 35 cells express said LACC protein . 
minutes . A preferred embodiment of a method for targeted delivery 

The methods of optically controlling cell properties of the of light - activated cation - channel proteins to specific cells 
present invention will result in the ability to probe causal comprises a method wherein the vector comprises a nucleic 
function in intact neural circuits , with it becoming possible acid sequence that codes for Chop2 or ChR2 and a cell 
to examine the role of particular neurons in animal models 40 specific promoter . Preferred cell specific promoters are the 
of learning , emotion , motor coordination , and sensory pro - promoters for somatostatin , parvalbumin , GABAQ6 , 17 , 
cessing . This will enable the discovery of drugs capable of and calbindin . Other cell specific promoters are promoters 
modulating whole - circuit function , essential for the address for kinases such as PKC , PKA , and CaMKII ; promoters for 
ing of complex neurological and psychiatric diseases . For other ligand receptors such as NMDAR1 , NMDAR2B , 
the first time , genetically - targeted neurons within animals 45 GluR2 ; promoters for ion channels including calcium chan 
will be addressable by light on timescales appropriate for nels , potassium channels , chloride channels , and sodium 
examining the neural code mediating the behavioral or channels , and promoters for other markers that label clas 
circuit - dynamics function observed , whether normal or dys - sical mature and dividing cell types , such as calretinin , 
functional . nestin , and beta3 - tubulin . 

The millisecond scale control of electrical signals in 50 A preferred embodiment of a method for targeted delivery 
neurons that is made possible by the present invention of light - activated cation - channel proteins to specific cells 
creates the ability to control synaptic events . The ease of comprises a method wherein the vector comprises a lenti 
eliciting synaptic transmission allows LACC proteins of the virus or a retrovirus . 
present invention including ChR2 to be an ideal tool for the An aspect of the invention is a method for targeted 
temporally precise analysis of neural circuits . 55 delivery of light - activated cation - channel proteins to spe 

Another aspect of the present invention is the use of light cific cells comprising ; contacting said cells with a vector 
to create a synaptic event . A LACC protein of the present comprising a nucleic acid sequence comprising a LACC 
invention expressed within a neuron can be activated by protein wherein said vector selectively targets specific cells . 
light to create an electrical signal within the neuron . That Preferred vectors are lentiviruses and retrovirus . 
electrical signal can propagate along the neuron to the 60 Methods of Treatment 
synapse where the signal can elicit a synaptic event . The Another aspect of the invention is a method for treating a 
synaptic event can be either an electrical or a chemical subject comprising delivering a vector comprising a LACC 
synaptic event . In a preferred embodiment the synaptic event protein to excitable cells within the subject and illuminating 
releases a small molecule that can modulate cellular func - said cells with pulses of light . 
tion . In a preferred embodiment , the synaptic event com - 65 A preferred embodiment of a method for treating a subject 
prises the release of a small - molecule neuromodulator such comprises performing human therapeutic functions in which 
as norepinephrine , serotonin , dopamine , acetylcholine , the function of cells is rescued or controlled by the genetic 
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addition of LACC proteins such as ChR2 , accompanied by delivering and exciting a LACC protein such as ChR2 to the 
the use of physically delivered pulses of light , preferably anterior limb of internal capsule subthalamic nuclei of the 
blue light . Delivering a LACC protein such as ChR2 in thalamus of human patients by the methods described 
human patients via viral vectors can enable control of herein . 
excitable cells by blue light , either from a wearable optical 5 Similarly , the methods and compositions provided herein 
device ( for chronic stimulation ) or at a fixed optical station can provide a beneficial effect for addiction patients . Pref 
( for more occasional stimulation ) . For example , peripheral erably addiction patients are treated by delivering and excit 
neurons like cutaneous pain suppressing nerves , virally i ng a LACC protein such as ChR2 to the nucleus accumbens 
transduced to express ChR2 , allow light stimulation to and septum of human patients by the methods described 
activate dorsal column - medial lemniscus neurons in order to 10 herein . 
suppress painful C fiber responses . It has been shown that Similarly , the methods and compositions provided herein 
modified herpes viruses can be used to deliver ion channels can provide a beneficial effect for Alzheimer ' s patients . 
to pain - pathway neurons ; which can be used herein with Preferably Alzheimer ' s patients are treated by delivering and 
ChR2 for the targeting of the channel to pain - pathway exciting a LACC protein such as ChR2 to hippocampus of 
neurons and for reduction of the perception of pain . Simi - 15 human patients by the methods described herein . 
larly , patients who have rod or cone loss ( such as in retinitis Similarly , the methods and compositions provided herein 
pigmentosa or macular degeneration ) can be virally trans - can provide a beneficial effect for Parkinson ' s patients . 
duced to express a LACC protein such as ChR2 in retinal Preferably Parkinson ' s patients are treated by delivering and 
ganglion cells , which restores the transduction of light in exciting a LACC protein such as ChR2 to the subthalamic 
pathways mediating visual perception . For instance , it has 20 nuclei and / or globus pallidus of human patients by the 
been shown that long - term expression of a microbial - type methods described herein . 
rhodopsin , channelrhodopsin - 2 ( ChR2 ) , can be achieved in Another route for human therapy using a LACC protein 
rodent inner retinal neurons in vivo using delivery by an such as ChR2 is to create a LACC protein - expressing 
adeno - associated viral vector . It was demonstrated that secretory cell for implantation in patients ( for example , 
expression of ChR2 in surviving inner retinal neurons of a 25 nanoencapsulated to avoid immune responses ) in which 
mouse with photoreceptor degeneration can restore the secretion is stimulated in the cells by the use of physically 
ability of the retina to encode light signals and transmit the delivered pulses of light . For example , ChR2 - expressing 
light signals to the visual cortex ( Bi et al . Neuron 50 , 23 - 33 neuroendocrine cells that release thyroid hormones ( such as 
( 2006 ) ) . Thus , the strategy based on the expression of ChR2 T4 , TRH , and others ) can be implanted subcutaneously to 
is suitable for retinal degenerative diseases . In another 30 allow for controlled peptide release over timescales from 
example , ChR2 - expressing T lymphocytes that attack cells months to years . Sequences of flashes of light allow con 
bearing self - antigens can be induced to undergo apoptosis trolled release of such neuroendocrine substances , allowing 
where illumination induces significant Ca + 2 influx ; this can modulation of stress , reproduction , metabolism , and sleep . 
be done ex vivo on blood that passes through an optical Similarly , LACC protein - expressing pancreatic islet cells 
illumination device . 35 can be made to release insulin when stimulated with light ; 

In one embodiment , the optical device used to excite implanted cells can enable control of diabetes symptoms on 
LACC protein - expressing cells in patients is a light - emitting a minute - to - minute timescale without need for pump 
diode ( LED ) . The LED can be in the millimeter or nano - implantation or other invasive therapy . 
meter scale in size . One non - limiting example includes In one embodiment , LACC protein - expressing cells are 
SML0805 - B1K - TR LEDtronics . The LED can be battery - 40 encapsulated prior to implantation into patients . The cells 
powered or remotely power by RF by methods that are can be macroencapsulated or nanoencapsulated . Examples 
known in the art . The LED can also be couple to a 68 - mi - of capsules include but are not limited to semipermeable 
croHenry surface - mount ferrite core inductor such as membranes , hollow fibers , beads and planar diffusion 
CF1008 - 682K from Gowana Electronics , NY . In one devices . For example , encapsulation of dopamine - secreting 
embodiment , the wearable optical device can be non - inva - 45 cells in a semipermeable membrane has been examined to 
sively activated in a non - wireless fashion . avoid rejection of implanted cells by the immune system 

The methods and compositions provided herein can pro - ( Emerich et al . Neurosci Biobehav Rev 16 , 437 - 447 ) . The 
vide a beneficial effect for depression patients . Preferably selectively permeable nature of the polymer membrane 
depression patients are treated by delivering and exciting a permits bidirectional access of low molecular weight com 
LACC protein such as ChR2 to the anterior and / or sub - 50 pounds , including the inward diffusion of glucose , oxygen 
genual cingulate cortex and to anterior limb of internal and other vital nutrients , and the outward diffusion of 
capsule of human patients by the methods described herein . dopamine . The membrane restricts the passage of elements 

The methods and compositions provided herein can also of the host immune system , thereby preventing host rejec 
provide a beneficial effect for chronic pain patients . Prefer - tion of the encapsulated cells . For example , it has been 
ably chronic pain patients are treated by delivering and 55 shown that encapsulated PC12 cells , a catecholaminergic 
exciting a LACC protein such as ChR2 to the anterior and / or cell line derived from rat pheochromocytoma , can be 
dorsal cingulate cortex of human patients by the methods implanted into the striatum of monkeys and adult guinea 
described herein . pigs ( Date et al . Cell Transplant 9 , 705 - 709 , Aebischer et al . 

Similarly , the methods and compositions provided herein Exp Neurol . 111 , 269 - 275 ) . In addition , it has been shown 
can provide a beneficial effect for obesity patients . Prefer - 60 that xenotransplantation of islets or insulin producing cells 
ably obesity patients are treated by delivering and exciting encapsulated within hollow fibers , macrobeads , or planar 
a LACC protein such as ChR2 to the ventromedial nucleus diffusion devices can reverse hyperglycemia in mice and rats 
of the thalamus of human patients by the methods described ( Tatarkiewicz et al . Transplantation 67 ( 5 ) 665 - 671 ) . 
herein . In another embodiment , LACC protein - expressing cells 

Similarly , the methods and compositions provided herein 65 are generated in the capsule prior to transplantation . For 
can provide a beneficial effect for obsessive compulsive instance , ES cells can be : i ) differentiated into dopamine 
( OCD ) patients . Preferably OCD patients are treated by producing neurons , ii ) transfected with a nucleic acid con 
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taining LACC as described above , and iii ) grown in a secrete insulin by an optical device such as a light - emitting 
capsule , prior to implantation into patients . It has been diode or a laser with an optical fiber attached to the end . 
shown that dopaminergic neurons can be induced from ES LACC protein such as ChR2 allows for temporal , 
cells from mouse enclosed in hollow fibers using condition - noninvasive control of release of substances from excitable 
ing medium from PA6 cells , the stromal cells derived from 5 cells . It should be apparent that the electrical activity , Ca + 2 , 
skull bone marrow ( Yamazoe et al . Biomaterials 27 ( 2006 ) and secretion of different chemicals can affect literally 
4871 - 4880 ) . In these studies B - tubulin type III positive cells thousands of cellular processes . Thus , it is possible that the and tyrosine hydroxylase positive cells were efficiently general arena of applications of a LACC protein such as 
derived in hollow fibers after 16 days in culture , and ChR2 in vivo may enable control over many biological dopamine release was observed when the hollow fibers 10 : disease processes in a variety of systems . containing cells were exposed to 56 mM KC1 for 15 min to Controlling Organism or Cells induce dopamine release through depolarization of the neu Another aspect of the present invention is a method of rons . 

In another embodiment , differentiated LACC protein controlling the behavior of an organism comprising deliv 
expressing stem cells capable of secreting dopamine would 15 ering a vector comprising a LACC protein to excitable cells 
be implanted , directly into the brain of a patient , and then within the organism ; and illuminating said cells with pulses 
drive their activation using light . Dopamine - secreting cells of light so as to control the behavior of the organism . 
can be transfected or infected as described herein with a Another aspect of the invention involves the use of the 
LACC protein such as ChR2 , before or after the differen method described herein to control the fate of cells . The 
tiation step , and then these cells can be implanted into the 20 techniques described herein are used to modulate activities 
brain of the patients . The LACC protein - expressing stem of cells that are modulated by electrical activity . The meth 
cells are then activated by an optical device such as a ods can be used to modulate the survival , replication , 
light - emitting diode or a laser with an optical fiber attached differentiation , and / or death of cells . Channelrhodopsin is 
to the end . Since the cells are light responsive , they will used to drive any one of these processes , depending on the 
release dopamine even deep within tissue , simply by 25 precise pattern of stimulation used to drive activation of 
remotely being stimulated with light . channelrhodopsin , which would then result in a specific 

In another embodiment , LACC protein - expressing secre - pattern of downstream signal transduction and a specific 
tory cells are implanted into a tissue or an organ of a patient . cellular fate response . Thus , targeting Channelrhodopsin to 
The secretory cell is transfected or infected as described specific cells , then exposing them to particular light patterns 
herein with a LACC protein such as ChR2 , and then these 30 is used to enhance the survival of , drive differentiation or 
cells are implanted into the tissue or organ of the patient . The replication of , or hasten the death of , the cells expressing the 
LACC protein - expressing secretory cells are then induced to light - activated channel . This modulation of cellular pro 
secrete chemicals by an optical device such as a light - cesses is preferably used in stem cells , where particular 
emitting diode or a laser with an optical fiber attached to the patterns of activity may drive the differentiation of stem cells 
end . FIG . 10 illustrates one embodiment of the methods 35 ( including human embryonic stem cells ) , drive the replica 
described herein , wherein cells expressing ChR2 ( by trans - tion of stem cells , or drive the death of the stem cells ( in the 
fection or infection ) allow release of substances to be case where excessive replication is desired to cease ) . If the 
controlled by pulses of light . target cells are tumor or cancer cells , then targeting chan 

Examples of tissues or organs that can be implanted with nelrhodopsin to those cells permits the use of specific and 
LACC protein - expressing secretory cells include , but are not 40 appropriate patterns of light to kill the tumor / cancer cells . 
limited to epithelium , connective tissue , connective tissue , Other suitable target cells include various secretory or organ 
nervous tissue , heart , lungs , brain , eye , stomach , spleen , cells or their precursors , cardiac or other muscle cells , or 
pancreas , kidneys , liver , intestines , skin , uterus , and bladder . glial cells in the brain . In each of these cases , it may be 

Examples of chemicals that can be secreted into the tissue desirable to control the replication , differentiation , and death 
or organ of a patient by the methods described herein include 45 of these cells precisely . Channelrhodopsin may be useful for 
but are not limited to insulin , growth hormone , fast neu - controlling these things in vitro , in vivo in experimental 
rotransmitter , dopamine , cytokines , chemokines , hormones animals , or in vivo in humans ( before or after transplantation 
and hormone antagonists , pituitary hormones and their into the body ) . 
hypothalamic releasing factors , thyroid and antithyroid Drug Screening 
drugs , estrogens and progestins , androgens , adrenocortico - 50 An aspect of the invention is a method for screening for 
tropic hormone ; adrenocortical steroids and their synthetic drugs comprising expressing a LACC protein in a group of 
analogs ; inhibitors of the synthesis and actions of adreno - cells ; exposing said group of cells to a compound ; illumi 
cortical hormones , insulin , oral hypoglycemic agents , and nating said groups of cells with light ; and monitoring the 
the pharmacology of the endocrine pancreas , agents affect - electrical response of cells within the group of cells . The 
ing calcification and bone turnover : calcium , phosphate , 55 electrical response of cells can be monitored electrically , 
parathyroid hormone , vitamin D , calcitonin , vitamins such optically , or by other means . The electrical responses of the 
as water - soluble vitamins , vitamin B complex , ascorbic cells can be seen and monitored using chemical or voltage 
acid , fat - soluble vitamins , vitamins A , K , and E , growth sensitive dyes , or dyes that undergo oxidation or reduction . 
factors , muscarinic receptor agonists and antagonists ; anti - These changes can be monitored in a microscope , with 
cholinesterase agents ; agents acting at the neuromuscular 60 optical sensors or with a camera using film , CCD arrays , and 
junction and / or autonomic ganglia ; catecholamines , sym other methods known by persons of skill in the art . 
pathomimetic drugs , and adrenergic receptor agonists or A preferred embodiment of a method of drug screening is 
antagonists ; and 5 - hydroxytryptamine ( 5 - HT , serotonin ) high - throughput screening for drugs affecting the ionic and 
receptor agonists and antagonists . signaling function of cells such as central and peripheral 

In one embodiment , LACC protein - expressing secretory 65 neurons , heart muscle , pancreatic islet cells , neuroendocrine 
cells are implanted into the skin of a diabetic or patient . The cells in pituitary and kidney , stem cells , cancer cells , and 
LACC protein - expressing secretory cells are then induced to others . 
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A preferred embodiment of a method of drug screening effects of cell proliferation , differentiation , and apoptosis . In 
comprises rapidly modulating voltage in electrically excit - all of these scenarios , specific cell populations will be 
able cells capable of fast responses ( such as neurons and light - addressable on rapid timescales , allowing the screen 
heart muscle , or cell lines derived thereof ) , to screen for ing of many aspects of cellular function . 
drugs that block or activate voltage - gated ion channels , alter 5 These techniques are suitable for screening for drugs that 
excitatory or inhibitory synaptic transmission ( play a role in modulate ion channel function ( blocking or facilitating ion 
epilepsy and pain ) , and alter muscular contraction . Since channel function either by blocking the pore , affecting the 
many channels and receptors activate rapidly , and then gating , or affecting the open channel ) . FIG . 11 illustrates one 
desensitize or inactivate , the ability to control membrane example of the methods for screening drugs . First , the 
voltage with brief pulses of light greatly enhances the ability 10 baseline electrical activity of the ion channel is measured by 
to develop drugs that target certain channel , synapse , or flashing the light and observing the depolarization . The 
muscle disease phenotypes . For example , familial hemiple - fluorescence of the cells will return to its original value after 
gic migraine patients have point mutations in a calcium the light is off . Then a drug is applied , for example , by 
channel , reducing the calcium influx , for a given brief pipetting in the drug ( or flowing in through a microfluidic 
depolarization . The methods of the present invention will 15 channel ) . Finally , the light is re - flashed and the electrical 
allow for screening drugs that modulate the calcium activity of the ion channel is measured . This technique can 
response ( measured using a calcium dye ) to a given stereo - be used in combination with the whole - cell patch clamp 
typed depolarization , in a cell line expressing the mutant technique , wherein an electrode is placed up to a cell , 
calcium channel and ChR2 , to discover ways of improving suction is applied to break into the cell , and to record the 
channel function in this patient population . 20 activity of the cell expressing an ion channel before and after 

There are many cells that do not always rapidly change the application of a drug . Examples of drugs that can be 
voltage , but nevertheless have significant functions in the screen according to the methods described herein include , 
body downstream of electrically - driven Ca + 2 influx . For but are not limited to , antidepressants , antipsychotics , cal 
example , pancreatic islet cells and neuroendocrine cells cium antagonist , antiepilecticts , as well as drugs to treat 
( e . g . , those of the thyroid , pituitary , and adrenal glands ) 25 OCD , Alzheimer ' s , Parkinson , obesity , addiction , chronic 
release hormones in a Ca + 2 - dependent way , via the fusion of pain , muscle and heart disorders . 
dense core vesicles . LACC proteins of the present invention One embodiment of a method for drug screening is as 
such as ChR2 , which not only causes cell depolarization but follows : 
is capable of passing Ca + 2 ions through its channel pore , can 1 ) express a light activated channel protein , preferably 
be used to activate the release of peptides or hormones from 30 Channelrhodopsin , in a cell line ; 
such cells ( or derived cell lines ) , aiding in the screening of 2 ) express an ion channel of interest ( " channel n ” ) in the 
drugs that enhance or suppress hormone release . Such same cell line ; 
discoveries can aid in the discovery of pharmacological 3 ) label the cells with a voltage sensitive dye ( or other 
methods of treating problems of impaired growth , develop suitable indicator , such as those described below ) ; 
ment , metabolism , stress , and reproduction . 4 ) expose said cells to light , and record the fluorescence 

Finally , the LACC proteins of the present invention of the voltage sensitive dye ; 
including . ChR2 can be used to screen for drugs that alter 5 ) expose said cells to a candidate compound that possibly 
slow signal transduction processes in cells , revealing treat modulates the function of channel n ; 
ments for chronic disease processes ranging from cancer to 6 ) expose said cells to light a second time , and record the 
depression . In particular , immune cells respond to ongoing 40 fluorescence of the voltage sensitive dye . 
patterns of Ca + 2 influx with a variety of long - lasting Preferably , the modulation of the light activated channel 
changes , which can lead to strengthening or weakening of protein is related to the modulation of the channel n . For 
immune responses , or even possibly autoimmune symp - example , activation of the light activated channel protein 
toms . Cancer cells also express ion channels , and may causes an activation of channel n . This co - relation in activity 
respond to electrical activity with altered proliferation . Neu - 45 can be direct or indirect . The co - relation can be via a signal 
ral stem cells respond to depolarization and Ca + 2 influx by transduction pathway . The co - relation in activity can be 
differentiating into neurons ; activating stem cells expressing directly proportional to each other or inversely proportional 
LACC proteins with light can then enhance survival and to each other . 
incorporation into mature tissues , a step in generation of If the fluorescence is greater during step ( 6 ) than step ( 4 ) , 
functional brain and other tissue . 50 presumably the candidate drug facilitates channel function . 

In a preferred embodiment of a method of drug screening , If the fluorescence is smaller during step ( 6 ) than step ( 4 ) , 
the stem cell line expressing a LACC protein of the present presumably the candidate drug diminishes channel function . 
invention such as ChR2 can be used to optically control If the fluorescence is equal in steps ( 4 ) and ( 6 ) ( allowing for 
tissue repair , and illumination of these stem cells with light any bleaching of the dye ) , then the drug does not affect 
results in CREB phosphorylation , a critical step in enhanc - 55 channel function . In this way , drugs that affect channel 
ing their transformation into neurons . function can be detected rapidly . FIG . 11 illustrates one 

Another preferred embodiment is a method of drug example in which the drug is a negative modulator of 
screening comprises making a human embryonic stem ( ES ) channel function 
cell line with ChR2 under a stem - cell specific promoter to After preparation of the cell line in steps ( 1 ) and ( 2 ) , the 
build cells which differentiate under optical control . Expres - 60 cell line would suffice for the screening of many ( perhaps 
sion of ChR2 in such cells allows discovery of drugs which millions of ) drugs , which modulate channel n . Steps ( 4 ) , ( 5 ) , 
alter the activity - dependent progress of cellular life and and ( 6 ) can take place in a robotic device that moves a 
death amidst their environments . 384 - well plate into the focus of an optical beam . The wells 

Using the methods of the present invention , cells can be of the plate could all contain the same cell line , facilitating 
forced to change developmental fate via remote control , and 65 the screening of drugs that affect a particular channel ( “ high 
a drug screening tool where this is possible allows the throughput target screening , ” see below ) , or each well could 
discovery of new molecules that manipulate such long term contain cells of a different cell line , facilitating the screening 

35 
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of one drug against many different channels ( “ screening Examples of surfaces that may be used for creating arrays of 
against side effects , ” see below ) . cells in discrete sites include , but are not limited to , cellu 

A voltage sensitive dye is preferred due its fast kinetics , lose , cellulose acetate , nitrocellulose , glass , quartz or other 
but other dyes ( e . g . , a calcium - sensitive dye in the case that crystalline substrates such as gallium arsenide , silicones , 
channel n is a calcium channel ) could also serve to indicate 5 metals , semiconductors , various plastics and plastic copo 
whether channel function is modulated by the drug . Geneti - lymers , cyclo - olefin polymers , various membranes and gels , 
cally encoded indicators of voltage or calcium may also be microspheres , beads and paramagnetic or supramagnetic 
useful for reading out the activity of the cell ( e . g . , FLASH , microparticles . 
GCAMP2 , cameleon , etc . ) . In this case , these indicators Yet another aspect of the invention is methods for screen 
would be stably expressed in the cell line as well . Other 10 ing against side effects . This method allows for screening for 
methods of reading out whether the drug had an effect are drugs that selectively affect one ion channel , but do not 
also useful - e . g . , immunostaining for the phosphorylation affect other ion channels . This screening against individual 
of a site that is phosphorylated during or after periods of ion ion channels allows for screening to predict potential side 
channel activity . effects . 

For drug screening , it is preferred to have an optical 15 As an example of screening for side effects : many chan 
imaging device containing 1 ) a light source ( light - emitting nels are expressed differentially in the heart vs . the brain . By 
diode ( LED ) , lamp , laser ) for illuminating the cell express - screening for drugs that differentially bind to channels in the 
ing Channelrhodopsin and driving a change in cell voltage , brain , but not the heart , it is possible to find neuropsychiatric 
2 ) a light source for illuminating a dye or indicator , possibly drugs that don ' t affect heart function . Especially important 
the same light source as used for driving the voltage change , 20 for heart function are calcium channels , HERG channels , 
and 3 ) a switch for alternating between the two light sources other potassium channels , and other ion channels that affect 
or a beamsplitter for simultaneous non - interfering delivery the rhythmicity or amplitude of the heartbeat . 
of both kinds of light . The fluorescence of the dye or Prosthetic Devices 
indicator is typically measured by a sensor ( CCD camera , Another aspect of the invention is the use of the methods 
PMT , or photodiode ) . This kind of device is useful for ion 25 and compositions described herein in prosthetic devices . 
channel drug screening , as described above . The device Blindness , deafness , and other sensory deficits affect mil 
itself may also consist of a robotic arm for moving a plate lions of people worldwide , severely impacting their quality 
( e . g . , a 384 - well plate ) through the arena where the light of life . Channelrhodopsin , targeted to somatic cells in the 
sources and sensor are present . This kind of combined light human patient , opens up a new class of sensory prostheses . 
source / imaging device has also diagnostic applications . For 30 For example , some forms of blindness destroy photosensor 
example , taking cells from a patient , expressing Channel - function , but leave signal processing in downstream neurons 
rhodopsin in them , and then exposing them to light , could be intact . In such diseases , such as macular degeneration or 
used to detect patient - specific ion channel syndromes in retinitis pigmentosa , targeting Channelrhodopsin to retinal 
biopsy samples or in cells of the circulatory system . ganglion cells ( for example , by injecting viruses expressing 

The methods described herein are preferably performed 35 channelrhodopsin into the retinal cell layers inside the eye ) 
with channelrhodopsin , but any suitable light - activated cat could enable restoration of visual function . In such patients 
ion channel can be used . treated with channelrhodopsin targeted to retinal ganglion 

Yet another aspect of the invention is methods for high cells , the retinal ganglion cells would themselves become 
throughput target screening . In one embodiment , high photosensitive , enabling vision with resolution comparable 
throughput target screening comprises a plate reader that 40 to the native eye , and preferably not requiring invasive 
moves wells containing cells of interest into the optical technology beyond that point . Channelrhodopsin is suffi 
stimulation / readout area , and then performs the methods ciently sensitive to detect sunlight ( power - 1 kW / m 2 ) . 
described above and illustrated in FIG . 11 . Then the machine Alternatively , the Channelrhodopsin can be targeted to ama 
moves the plate to enable the next well to be flashed , in turn . crine cells or bipolar cells to enable vision . It is also possible 
Examples of well plates include 96 - , 384 , 1526 - well plates . 45 that expressing channelrhodopsin in a retinal cell , accom 
In one embodiment , the high - throughput target screening panied with a projection device that would amplify the 
methods of the invention can analyze up to about 2 , 000 ambient light , would enable vision indoors or in low - light 
drugs per day per setup . In another embodiment , the high - conditions . 
throughput target screening methods of the invention can In another embodiment , in many age - and experience 
analyze up to about 2 , 500 , 000 drugs per year per 5 setups . 50 related forms of deafness , hair cells are lost , but downstream 

In another embodiment , high - throughput target screening neurons are intact . Expressing Channelrhodopsin in spiral 
comprises a chip - based system . A chip - based system can ganglion cells ( i . e . , eight nerve neurons ) would enable 
enable sequential rather than parallel testing of compounds activation of these cells with light . Cochlear implants cur 
on ion channels by high - speed scanning of a single cell rently stimulate all the cells of the cochlea with a single 
across a laminar stream of solution environments created in 55 electrode or at most a few electrodes , and do not attempt to 
the microfluidic chips . The scanning of the microfluidic recapitulate any of the spatial distribution of sensory affer 
chip , causing a cell to sample the discrete zones of drug ents in the cochlea . By inserting a device containing 1 ) a 
solutions , is controlled by a computer controlled motorized microphone to detect sound , 2 ) a microprocessor to analyze 
scan stage . The microfluidic chips , for example , can have the frequency components of the sound and convert them to 
eight - channel , 16 - channel , 48 - channels or more for high - 60 LED signals , and 3 ) multiple LEDs for emitting light in a 
throughput analysis . spatially patterned fashion , into the cochlea , a tonotopically 

In another embodiment , high - throughput target screening mapped stimulator could be created , which would drive 
comprises a cell sorting device that includes an array of different frequencies of sound perception simply by target 
discrete locations for capturing cells traveling along a fluid ing the light to appropriate cells . 
flow . The discrete locations can be arranged in a defined 65 In yet another embodiment , central nervous system neu 
pattern across a surface such that the discrete sites are also rons in a human are infected with virus expressing Chan 
addressable and contain discrete zones of drug solution . nelrhodopsin ( or otherwise come to express Channelrhodop 
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sin ) , these neurons become capable of responding to light . ( e . g . , finding drugs that modulate the function of a channel 
This gene therapy approach allows optical stimulation of in a particular subcellular compartment ) . These reagents 
neuronal targets in the brain . If the targeted neurons are in could also be useful for prosthetic devices ( e . g . , driving 
sensory cortex , this opens up the possibility of a new kind activity on the dendrites of a neuron , to more closely mimic 
of cortical sensory prosthesis . If the targeted neurons are in 5 natural synaptic activity ) . 
the frontal cortex or other parts of the brain , it is in possible The methods and devices are described herein with LEDs , 
that these light - sensitive neurons permit modulation of emo but a small laser , or a fiber optic cable that carries light from tion or cognition . If the targeted neurons were in the spinal an external source ( a xenon or mercury lamp ) can also be cord , it is possible that neurons that inhibit painful stimuli used . Preferred light sources used to illuminate the Chan could be driven by light . In general , this gene therapy 10 nelrhodopsin - expressing cells have the following properties : approach opens up a new kind of generalized prosthetic , in stimulation times tunable from 0 - 25 ms , or even longer which light is converted into neural activity , in defined parts brightnesses tunable in the range 0 - 10 mW / mm ̂ 2 , or even of the nervous system . 
One embodiment of a prosthetic device , is for implanted higher 

cells that are engineered to secrete compounds and to 15 wavelengths in the range 440 - 490 nm , or broader depend 
respond to light , and also for hunting for neural - circuit level i ng on the identity of the light - activated channel 
targets in the intact animal brain , it may be very useful to Articles of Manufacture 
have an implantable or head - mounted LED , or other small In another aspect of the invention , articles of manufacture 
light source . Such a light source could be implanted under containing the compositions described herein ( e . g . a nucleic 
the skin , under the skull , deep within the brain , or deep 20 acid comprising an LACC sequence or a LACC protein 
within another organ of interest , in which Channelrhodop - expressing cell ) are provided . The article of manufacture 
sin - expressing cells are also located ( either exogenously comprises a container and a label . Suitable containers 
introduced , or endogenously located and targeted with a include , for example , bottles , vials , syringes , plates , and test 
virus ) . This device could be used for stimulating ChR2 in tubes . The containers may be formed from a variety of 
cells located directly adjacent to the light source . For the 25 materials such as glass or plastic . Suitable packaging and 
example of the cochlear implant , a strip of LEDs , each additional articles for use ( e . g . , measuring cup for liquid 
individually controllable , could be useful . For the example preparations , foil wrapping to minimize exposure to air , 
of the cortical implant , a 2 - dimensional array of LEDs could dispensers , and the like ) are known in the art and may be 
be useful . For the example of an insulin - secreting cell included in the article of manufacture . 
located under the skin , a wearable blue LED on a bracelet , 30 In one embodiment , the container is a 96 - , 384 - , and powered by a battery , could be useful . 1526 - well plate containing different cells of interest in each In some embodiments , for medical applications , the LEDs well , for example , prefrozen in a protective medium ( e . g . are remotely powered . A remotely - powered LED could be 
made by combining an LED in a closed - loop series circuit medium containing 20 % DMSO ) . The plates can be shipped 
with an inductor . This would allow radiofrequency ( RF ) 35 in dry ice and store upon receipt at - 80 degrees Celsius for 
energy or rapidly changing magnetic fields ( e . g . , delivered short term storages . Alternatively , the plates are stored in 
by a transcranial magnetic resonance ( TMS ) coil ) to tem liquid nitrogen for long term storage . This plate fit into a 
porarily power - up the inductor , and thus the connected LED , plate - reader / motorized stage device as the ones described 
allowing local delivery of light , even deep in a brain above or a regular plate reader known in the art . 
structure . Such a device could be implanted under the skin , 40 In one embodiment , the container holds a composition 
under the skull , deep within the brain , or deep within another that is effective for treating a disease condition and may have 
organ , of interest in which Channelrhodopsin - expressing a sterile access port ( for example the container may be an 
cells are also located ( either exogenously introduced , or intravenous solution bag or a vial having a stopper pierce 
endogenously located and targeted with a virus ) . Then a able by a hypodermic injection needle ) . The active agent in 
device that can remotely deliver RF or magnetic energy 45 the composition is the compositions of the invention 
could be placed nearby , or worn on the patient , for activating described herein ( e . g . a nucleic acid comprising an LACC 
the implanted device . sequence or a LACC protein - expressing cell ) . The article of 
Biochemical Modifications manufacture can further comprise , within the same or a 

Another aspect includes biochemical modifications of separate container , another agent such as a therapeutic agent 
light activated channels , such as Channelrhodopsin . Such 50 that is co - administered with the compositions of the inven 
modifications are typically performed to target Channelrho - tion and optionally a pharmaceutically acceptable buffer , 
dopsin to different parts of a cell . Fusing channelrhodopsin such as phosphate - buffered saline , Ringer ' s solution and 
to a targeting sequence of DNA , so that the resultant protein dextrose solution . 
contains both channelrhodopsin and the targeting peptide , The label on , or associated with , the container indicates 
could be used to send Channelrhodopsin to the presynaptic 55 instructions to use the composition , for instance , the con 
terminal , the postsynaptic terminal , the nucleus , or other tainer may indicated that the composition is used for treating 
intracellular compartments . Such targeting sequences a disease condition of choice or for screening compounds or 
include PDZ domains , glutamate and GABA receptor C - ter - screening compound ' s side effects . The containers described 
minal sequences , ion channel c - terminal sequences , presyn herein may further include other materials desirable from a 
aptic scaffolding targeting sequences , and other targeting 60 commercial and user standpoint , including other buffers , 
sequences . These versions of Channelrhodopsin could be diluents , filters , needles , syringes , and package inserts with 
used to trigger specific intracellular signaling events , includ - instructions for use . 
ing those important for neuroprotection , memory , or other It is understood that the examples described herein in no 
enduring signaling functions . way serve to limit the true scope of this invention , but rather 

In a combinatorial fashion , these reagents could comple - 65 are presented for illustrative purposes . All references and 
ment the other applications of Channelrhodopsin . For sequences of accession numbers cited herein are incorpo 
example : these reagents could be useful for drug screening rated by reference in their entirety . 
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EXAMPLES counting fluorescent and nonfluorescent cells immediately . 
Coverslips were then fixed for 5 minutes in PBS plus fresh 

Plasmid Constructs . 4 % paraformaldehyde , permeabilized for 2 minutes with 
The ChR2 - YFP gene was constructed by in - frame fusing PBS plus 0 . 1 % Triton X - 100 , and then immersed for 5 

EYFP ( Clontech ) to the C - terminus of the first 310 amino 5 minutes in 5 ug / mL PI for observation of any pyknotic 
acid residues of ChR2 ( GeneBank accession no . AF461397 ) nuclei . At least eight different fields were examined per 
via a Notl site . The lentiviral vector PLECYT was generated coverslip . 
by PCR amplifying ChR2 - YFP with primers : Electrophysiology and Optical Methods . 
5 ' - GGCAGCGCTGCCACCATGGATTATGGAGGCGC Cultured hippocampal neurons were recorded at approxi 
CCTGAGT - 3 ' ( SEO ID NO : 4 ) and 5 - GGCACTAGTCT - 10 mately d . i . v . 14 , 7 days after infection . Neurons were 
ATTACTTGTACAGCTCGTC - 3 ' ( SEQ ID NO : 5 ) and ligat - recorded using the whole - cell patch clamp technique , using 
ing into pLET ( gift from Eric Wexler and Theo Palmer , Axon Multiclamp 700B ( Axon Instruments , Inc . ) amplifiers 
Stanford University ) via the Afel and Spel restriction sites . on an Olympus IX71 inverted scope equipped with a 20x 
The plasmid was amplified and then purified using Qiagen objective lens . Borosilicate glass ( Warner ) pipette resis 
MaxiPrep kits ( Qiagen ) . 15 tances were on average 4 M2 , range 3 - 8 M2 . Access 

Viral Production . resistance was 10 - 3092 and was monitored throughout the 
VSVg pseudotyped lentiviruses were produced by triple recording . Intracellular solution consisted of 97 potassium 

transfection of 293FT cells ( Invitrogen ) with PLECYT , gluconate , 38 KCI , 0 . 35 EGTA , 20 HEPES , 4 magnesium 
PMD . G , and PCMVdeltaR8 . 7 ( gifts from Eric Wexler and ATP , 0 . 35 sodium GTP , 6 NaCl , and 7 phosphocreatine ( pH 
Theo Palmer ) using Lipofectamine 2000 . The lentiviral 20 7 . 25 with KOH ) . Neurons were perfused in Tyrode ' s solu 
production protocol is same as previously described42 tion , described above . All experiments were performed at 
except for the use of Lipofectamine 2000 instead of calcium room temperature ( 22 - 24° C . ) . For all experiments except 
phosphate precipitation . After harvest , viruses were concen - for the synaptic transmission data shown in FIGS . 46 and 4c , 
trated by centrifuging in a SW28 rotor ( Beckmann Coulter ) we patched fluorescent cells immersed in Tyrode solution 
at 20 , 000 rpm for 2 h at 4° C . The concentrated viral titer is 25 containing 5 ÙM NBQX and 20 uM gabazine to block 
determined via FACS sorting to be between 5x10 ̂ 8 and synaptic transmission . 
1x10 ̂ 9 IU / mL . Photocurrents were measured while holding neurons in 

Hippocampal Cell Culture . voltage clamp at - 65 mV . Recovery from inactivation was 
Hippocampi of postnatal day O ( PO ) Sprague - Dawley rats measured by measuring photocurrents while illuminating 

( Charles River ) were removed and treated with papain ( 20 30 neurons with pairs of pulses lasting 500 ms each , separated 
U / ml ) for 45 mM at 37° C . The digestion was stopped with by periods of darkness lasting 1 - 10 seconds . 
10 ml of MEM / Earle ' s salts without L - glutamine along with Spiking was measured while injecting current to keep the 
20 mM glucose , Serum Extender ( 1 : 1000 ) , and 10 % heat - voltage of the cell at approximately — 65 mV ( holding cur 
inactivated fetal bovine serum containing 25 mg of bovine rent ranging from O pA to 200 PA ) . For the synaptic 
serum albumin ( BSA ) and 25 mg of trypsin inhibitor . The 35 transmission experiments , we patched nonfluorescent neu 
tissue was triturated in a small volume of this solution with rons near ChR2 - expressing neurons , immersed in Tyrode 
a fire - polished Pasteur pipette , and 100 , 000 cells in 1 ml solution containing either 20 uM gabazine to isolate just the 
plated per coverslip in 24 - well plates . Glass coverslips excitatory postsynaptic response , or in 5 uM NBOX to 
( prewashed overnight in HCl followed by several 100 % isolate just the inhibitory postsynaptic response . To confirm 
EtOH washes and flame sterilization ) were coated overnight 40 whether the evoked potentials were indeed synaptically 
at 37° C . with 1 : 50 Matrigel ( Collaborative Biomedical driven , after synaptic stimulation we blocked all postsynap 
Products , Bedford , Mass . ) . Cells were plated in ( Life Tech - tic receptors with solution containing both 20 uM gabazine 
nologies ) . One - half of the medium was replaced with culture and 5 UM NBQX , and rephotostimulated . 
medium the next day , giving a final serum concentration of pClamp 9 software ( Axon Instruments ) was used to 
1 . 75 % . No all - trans - retinal was added to the culture medium 45 record all data and to operate the MultiClamp 700B ampli 
or recording medium for any of the experiments here fier , and a Sutter DG - 4 ultrafast optical switch with 300W 
described . However , B27 contains small amounts of retinal xenon lamp ( Sutter Instruments ) was used to deliver the 
derivatives like retinyl acetate , which may have assisted light pulses for ChR2 activation . A standard Endow GFP 
with ChR2 function . Additional supplementation with all - excitation filter ( excitation filter HQ470 / 40x , dichroic 
trans - retinal , or its precursors , may assist in the application 50 0495LP ; Chroma ) was used for delivering blue light for 
of ChR2 to the studying of intact circuits . ChR2 activation , in the bandwidth 450 - 490 nm . YFP was 

Viral Infection . visualized with a standard YFP filter ( excitation HQ500 / 20x , 
Hippocampal cultures were infected on d . i . v . 7 using dichroic Q515LP , emission HQ535 / 30m ; Chroma ) . Through 

5 - fold serial dilutions of lentivirus ( ~ 1x10 ̂ 6 IU / mL ) Viral a 20x objective lens , power density of the blue light was 
dilutions were added to hippocampal cultures seeded on 55 8 - 12 mW / mm2 , as measured with a silicon power meter 
coverslips in 24 well plates and then incubated at 37° C . for ( Newport ) . Pulse sequences were synthesized by custom 
7 d before recording using patch - clamping technique . software written in MATLAB ( MathWorks ) and then 

Confocal Imaging . exported through pClamp 9 via a Digidata input / output 
Images were acquired on a Leica TCS - SP2 LSM confocal board ( Axon ) , attached to a PC . 

microscope using a 63x water - immersion lens . Cells 60 Poisson trains were 8 seconds long , with Poisson parameter 
expressing ChR2 - YFP were imaged live using YFP micro 2 = 100 or 200 ms . For Poisson trains , a 10 ms - minimum 
scope settings , in Tyrode ' s solution containing ( in mM ) : refractory period was imposed between light pulses , for 
NaCl , 125 ; KC1 , 2 ; CaCl2 , 3 ; MgCl2 , 1 ; glucose , 30 ; and biophysical realism . 
HEPES , 25 ( pH 7 . 3 with NaOH ) . Propidium iodide ( PI ; Membrane resistance was measured in voltage clamp 
Molecular Probes ) staining was carried out on live cells by 65 mode with 20 mV pulses lasting 75 ms , and repeated every 
adding 5 ug / mL PI to the culture medium for 5 minutes at 3 seconds . Spike rates due to direct current injection were 
37° C . , washing twice with Tyrode solution , and then measured with pulses of 300 pA current lasting 0 . 5 seconds . 
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Data Analysis . ChR2 can mediate rapid and sustainable photocurrents of 
Data was analyzed automatically using Clampfit ( Axon ) large amplitude , without detectable adverse side effects . 

and custom software written in MATLAB . Spikes were 
extracted by looking for crossings of the voltage above a Example 2 
threshold ( typically 60 mV above resting potential ) , and 5 
latencies were measured from the onset of the light pulse to We examined whether ChR2 could drive actual depolar 
the spike peak . Extraneous spikes were measured as the ization of neurons held in current - clamp mode , with the 
number of extra spikes after a single light pulse , plus any same steady illumination protocol we used for eliciting 
spikes occurring later than 30 ms after the onset of a light ChR2 - induced currents ( FIG . 1d , left ) . Early in an epoch of 
pulse . 10 steady illumination , single neuronal spikes were rapidly and 

Jitter was calculated as the standard deviation of spike reliably elicited ( 8 . 0 + 1 . 9 ms latency to spike peak , n = 10 ; 
latencies , measured either throughout the spike train ( when FIG . 1d , right ) , consistent with the fast rise times of ChR2 

currents described above . However , for these cells , at these gauging reliability throughout a train ) , or for the same spike 
specific conditions , any subsequent spikes elicited during across different trains ( when gauging reliability across trials , 

or across neurons ) . For all jitter analyses , light pulses that steady illumination were poorly timed ( FIG . 1d , left ) . Thus , 
for this particular sample , steady illumination was not did not elicit a spike in a particular neuron were ignored for adequate for controlling the timing of ongoing spikes with 

the analysis of jitter of that neuron . For the across - neurons ChR2 , despite the reliability of the first spike . Earlier jitter analysis shown in FIG . 2h , light pulses that did not patch - clamp studies using somatic current injection showed 
elicit spikes in all 7 neurons were ignored ( leaving 31 / 59 20 that spike times were more reliable during periods of rapidly 
light pulses for the N = 100 stimulus , and 30 / 46 light pulses rising membrane potential than during periods of steady 
for the N = 200 stimulus ) . high - magnitude current injection . This is consistent with our 

finding that steady illumination evoked a single reliably Example 1 timed spike , followed by irregular spiking . 
25 

To obtain stable and reliable ChR2 expression for cou Example 3 
pling light to neuronal depolarization , we constructed len 
tiviruses containing a ChR2 - YFP fusion protein for genomic We found that the single spike reliably elicited by steady 
modification of neurons . Infection of cultured rat CA3 / CA1 illumination had extremely low temporal jitter from trial to 
neurons led to appropriately membrane - localized and well - 30 trial ( FIG . 1d , right ; 0 . 5 + 0 . 3 ms ; n = 10 neurons ) . This 
tolerated expression of ChR2 for days to weeks after infec observation led us to devise a pulsed - light paradigm , which 
tion ( FIG . 1a ) . There was no evidence of toxicity due to the takes advantage of the low jitter of the single reliable spike 
expressed protein , even at high fusion protein expression evoked at light pulse onset . But in order for such a pulsed 
levels . Whole - cell voltage - clamp recording of neurons light paradigm to work , the conductance and kinetics of 
showed that conventional GFP illumination in the band and 35 ChR2 would have to permit peak currents of sufficient 
width 450 - 490 nm ( 300W xenon lamp ( Sutter DG - 4 ) , via amplitude , during light pulses shorter than the desired inter 

Chroma excitation filter HQ470 / 40x ) induced depolarizing spike interval . Indeed , using fast optical switching , we found 
that multiple pulses of light with interspersed periods of 

currents with fast rise rates — reaching a maximal rise rate of darkness could elicit reliable and well - timed trains of spikes 
160 + 111 pAlms within 2 . 3 + 1 . 1 ms after the onset of the light 40 ( FIG . le ; shown for 25 Hz trains of four pulses ) . FIG . le pulse ( mean - standard deviation reported throughout , n = 18 ; highlights the fact that longer light pulses evoke single 
FIG . 1b , left ) . Mean whole - cell inward currents were large , currents were large , spikes with greater probability than short light pulses . The 
496 PA?336 PA at peak and 193 pA = 177 pA at steady - state ability to easily alter light pulse duration with fast optical 
( FIG . 16 , middle ) . In control experiments , light - evoked switching suggests a straightforward method for eliciting 
responses were never seen in cells expressing YFP alone 45 spikes even in multiple neurons possessing different ChR2 
( data not shown ) . Consistent with the known excitation current densities , by simply increasing the light pulse dura 
spectrum of ChR220 , illumination of ChR2 - expressing neu tion until single spikes are reliably obtained in all the 
rons with YFP - spectrum light in the bandwidth 490 - 510 nm neurons being illuminated . Rapid modulation of light power 
( 300 W xenon lamp filtered with Chroma excitation filter would also allow for this kind of control . In the experiments 
HQ500 / 20x ) resulted in smaller currents than those evoked 50 described here , we used light pulse durations of either 5 , 10 , 
with the GFP filters ( FIG . 1b , right ) . Despite the inactivation or 15 ms ( n = 13 high expressing neurons fired reliable 
of ChR2 with sustained light exposure ( FIG . 1b and ref 20 . spikes ; n = 5 low - expressing neurons fired reliable subthresh 
we observed rapid recovery of peak ChR2 photocurrents in old depolarizations ) . Thus , the nonlinear nature of neuronal 
neurons ( FIG . 1c ; T = 5 . 1 + 1 . 4 seconds ; recovery trajectory fit spike production allow us to elicit spikes reliably , simply by 
with Levenberg - Marquardt algorithm ; n = 9 ) . This rapid is rapid 55 increasing the light energy delivered to the ChR2 - expressing 
recovery is consistent with the well - known stability of the neuron until the resultant voltage deflection is above the 

threshold for spiking . Without the use of brief light pulses , Schiff base ( the lysine in transmembrane helix 7 , which 
binds retinal ) in microbial - type rhodopsins , and the ability however , it is possible that the fast kinetics of ChR2 would 

not serve as usefully in the control of reliable spike induc of retinal to re - isomerize to the all - trans ground state in a 4 60 tion : this highlights the need for optical equipment to be dark reaction without the need for other enzymes . In addi matched to the bandwidth of the photo stimulation reagent . tion to the short - term recovery of peak photocurrents shown 
above , light - evoked current amplitudes were also stable over Example 4 
long timescales , remaining unchanged in patch - clamped 
neurons throughout an hour of pulsed light exposure ( data 65 The millisecond - scale control discovered herein raised 
not shown ) , confirming at the functional level the lack of the prospect of generating arbitrarily defined , even natural 
toxicity suggested by the confocal images ( FIG . 1a ) . Thus istic spike trains ( such as Poisson trains , used commonly to 
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model natural activity ) in neurons by remote optical control . arbitrarily long spike trains ( FIG . 36 ) , with spike probability 
FIG . 2a shows spike trains in a hippocampal neuron in dropping off at higher frequencies of stimulation ( 20 Hz 
response to three deliveries of the same Poisson distributed yielded 7 . 2 + 6 . 6 spikes , and 30 Hz yielded 4 . 0 + 6 . 3 spikes ) . 
series of light pulses ( here shown for a light pulse series 59 For these experiments , the light pulse durations used were 5 
pulses long , each lasting 10 ms ; Poisson parameter à = 100 5 ms ( n = 1 ) , 10 ms ( n = 9 ) , or ms ( n = 3 ) long ( data from all n = 13 
ms ) . These optically - driven spike trains were quite consis cells were pooled for the population analyses of FIG . 3 ) . As 
tent across repeated deliveries of the same series of light expected from the observation that light pulses generally 
pulses : on average , > 95 % of the light pulses in a series elicited single spikes ( FIG . ld and FIG . 2 ) , almost no 
elicited spikes during one trial if and only if they elicited extraneous spikes occurred during the delivery of trains of 
spikes on a second trial , for both the à = 100 ms series shown 10 light pulses ( FIG . 3c ) . Even at higher frequencies , the 
in FIG . 2a , and a = 200 ms series comprising 46 spikes temporal jitter of spike timing remained very low throughout 
( FIG . 2b ; n = 7 neurons ) . Following the strategy of increasing the trains ( < 5 ms ; FIG . 3d ) , and the latency to spike 
light pulse duration to the point of reliable spiking , we used remained constant across frequencies ( ~ 10 ms throughout ; 
trains of light pulses lasting 10 ms each for 4 of the 7 FIG . 3e ) . Thus ChR2 can induce spiking across a physi 
neurons , and trains of light pulses lasting 15 ms for the other 15 ologically relevant range of firing frequencies , appropriate 
3 ( for the analyses of FIG . 2 , all data were pooled ) . The for driving trains and bursts of spikes . 
trial - to - trial jitter was very small across repeated deliveries 
of the same Poisson series of light pulses ( 2 . 3 + 1 . 4 ms and Example 7 
1 . 0 + 0 . 5 ms for a = 100 and N = 200 respectively ; FIG . 2e ) . 
Throughout extended pulse series , the efficacy of eliciting 20 It has been found that trial - to - trial variability in the 
spikes throughout the train was maintained ( 76 % and 85 % subthreshold deflections evoked by repeated light pulses was 
percent of light pulses successfully evoked spikes , respec - quite small , with coefficient of variation 0 . 06 + 0 . 03 ( FIG . 4b ; 
tively ; FIG . 2d ) . The latencies to spike after light pulse onset n = 5 ) . ChR2 therefore can be employed to drive reliably 
were also consistent throughout the series of pulses ( 14 . 3 + timed subthreshold depolarizations with precisely deter 
3 . 1 ms and 13 . 3 + 3 . 4 ms respectively ; FIG . 2e ) . Finally , spike 25 mined amplitude . 
jitter remained remarkably small throughout the train ( 3 . 9 + 
1 . 4 ms and 3 . 3 + 1 . 2 ms ; FIG . 2e ) . Hence , pulsed optical Example 8 
activation of ChR2 can elicit precise , repeatable spike trains 
in a single neuron , over time . The high fidelity control of spiking mediated by ChR2 

30 suggested that it would be possible to optically drive activity 
Example 5 throughout connected neural networks , via synaptic trans 

mission . Indeed , both excitatory ( FIG . 4c ) and inhibitory 
Even across different neurons , activation of ChR2 by ( FIG . 4d ) synaptic events could be evoked in neurons 

defined series of light pulses could elicit the same spike train receiving input from ChR2 - expressing presynaptic neurons . 
with strikingly high fidelity ( shown for three hippocampal 35 These results suggest that synaptic transmission can be 
neurons in FIG . 27 ) . Although the heterogeneity of indi - controlled reliably with ChR2 . 
vidual neurons — for example , in their membrane capaci 
tance ( 68 . 8 + 22 . 6 pF ) and resistance ( 178 . 8 + 94 . 8 M2 ) Example 9 
might be expected to introduce significant variability in their 
integrative electrical properties , the strong nonlinearity 40 Extensive controls were carried out to test whether 
inherent in the coupling of light to spiking overcame this expression of ChR2 in neurons perturbed their basal elec 
variability . Indeed , different neurons responded in similar trical properties , altered their dynamic electrical properties 
ways to a given light pulse series , with 80 - 90 % of the light in the absence of light , or jeopardized their prospects for 
pulses in a train eliciting spikes in at least 4 of the 7 the cellular survival . Lentiviral expression of ChR2 for at least 
neurons examined ( FIG . 2g ) . Moreover , spikes had very low 45 one week did not alter neuronal membrane resistance ( 212 + 
temporal jitter when measured for the same light pulse series 115 M222 for ChR2 + cells vs . 239 . 3 + 113 M . 2 for ChR2 
delivered to different neurons ( 3 . 4 + 1 . 0 ms and 3 . 4 + 1 . 2 ms cells ; FIG . 5a ; p > 0 . 45 ; n = 18 each ) or resting potential 
for 2 = 100 and ^ = 200 respectively ; FIG . 2h ) . Remarkably , ( - 60 . 6 + 9 . 0 mV for ChR2 + vs . - 59 . 4 + 6 . 0 mV for ChR2 - ; 
this across - neuron jitter ( FIG . 2h ) was identical to the FIG . 5b ; p > 0 . 60 ) , measured in darkness . This suggests that 
within - neuron jitter , measured throughout the light pulse 50 in neurons , ChR2 has little basal electrical activity , or even 
series ( FIG . 2e ) . Thus , heterogeneous populations of neu passive shunting ability , in the absence of light . It also 
rons can be controlled in concert , with practically the same suggests that expression of ChR2 did not lead to impairment 
precision observed for the control of single neurons over of general cell health , as indicated by electrical determina 
time . tion of membrane integrity . As an independent measure of 

55 membrane integrity and cell health , we stained live cultured 
Example 6 neurons with the membrane impermeant DNA - binding dye 

propidium iodide ( PI ) . ChR2 + expression did not affect the 
Having established the ability of ChR2 to drive sustained percentage of live neurons that took up PI ( 1 / 56 ChR2 + 

naturalistic trains of spikes , we turned next to probing neurons vs . 1 / 49 ChR2 - neurons ; p > 0 . 9 by x2 test ) . Neither 
quantitatively the frequency response of light - spike cou - 60 did we see any pyknotic nuclei , indicative of apoptotic 
pling . ChR2 enabled driving of sustained spike trains from degeneration , in cells expressing ChR2 ( data not shown ) . We 
5 to 30 Hz ( FIG . 3a ; here tested with series of twenty 10 - ms also checked for alterations in the dynamic electrical prop 
long light pulses ) , as suggested by the Poisson train data erties of neurons , measured in darkness . There was no 
( FIG . 2 ) . For these particular cells under these particular difference in the voltage change resulting from 100 PA of 
conditions , it was easier to evoke more spikes at lower 65 current injected in either the hyperpolarizing ( - 22 . 6 + 8 . 9 mV 
frequencies , than at higher frequencies ( FIG . 3b ; n = 13 for ChR2 + vs . – 24 . 5 + 8 . 7 mV for ChR2 - ; p > 0 . 50 ) or depo 
neurons ) . Light pulses delivered at 5 or 10 Hz could elicit larizing ( + 18 . 9 + 4 . 4 mV for ChR2 + vs . 18 . 7 + 5 . 2 mV for 
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ChR2 - ; p > 0 . 90 ) direction , nor was there any difference in The lentiviruses that we have generated contain tetracycline 
the number of spikes evoked by a half - second + 300 pA elements that allow control of the gene expression levels of 
current injection ( 6 . 6 + 4 . 8 for ChR2 + vs . 5 . 8 + 3 . 5 for ChR2 - ; ChR2 , simply by altering levels of exogenous drugs such as 
FIG . 5c ; p > 0 . 55 ) . Thus , in the absence of light , the presence doxycycline . This method , or other methods that place ChR2 
of ChR2 does not alter cell health or ongoing electrical 5 under the control of a drug - dependent promoter , will enable 
activity , at the level of subthreshold changes in voltage or in control of the dosage of ChR2 in cells , allowing a given 
spike output , either by shunting current through leaky chan amount of light to have different effects on electrical acti 
nels or by altering the voltage dependence of existing vation , substance release , or cellular development . The 
neuronal input - output relationships . These controls also sug - lentiviruses that we have generated contain tetracycline 
gest that there were no significant long - term plastic or 10 elements that allow control of the gene expression levels of 
homeostatic alterations in the electrical properties of neu ChR2 , simply by altering levels of exogenous drugs such as 
rons expressing ChR2 . doxycycline . 

Example 10 Example 12 — Stem Cell Line 
15 

In a test of whether ChR2 predisposes neurons to light A clonal neural stem cell line that stably expresses ChR2 
induced problems with cellular health , we measured the EYFP under the control of the Efl - alpha promoter was 
electrical properties described above , after 24 hours in created by infecting cultured , nondifferentiated neural stem 
darkness post light - exposure to a typical pulse protocol ( 1 cells with a lentivirus containing the gene for ChR2 . FIG . 7 
sec of 20 Hz 15 - ms light flashes , once per minute , for 10 20 shows a micrograph of cells from this neural progenitor cell 
minutes ) . Exposure of neurons expressing ChR2 to light did ( NPC ) stem cell line . This cell line is appropriate for the 
not alter their basal electrical properties relative to non - screening of drugs that affect the influence of electrical 
flashed neurons , with cells possessing normal membrane activity on neuronal genesis , development , or apoptosis . The 
resistance ( 178 + 81 M2 ; FIG . 5a ; p > 0 . 35 ; n = 12 ) and resting stem cell line we have already made is a correct step in 
potential ( - 59 . 7 + 7 . 0 mV ; FIG . 5b ; p > 0 . 75 ) . Exposure to 25 realizing the goal of optically controllable tissue repair , and 
light also did not predispose neurons to cell death , as illumination of these stem cells with light results in CREB 
measured by live - cell PI uptake ( 2 / 75 ChR2 + - neurons vs . phosphorylation , a critical step in enhancing their transfor 
3 / 70 ChR2 - neurons ; p > 0 . 55 by x? test ) . Neurons expressing mation into neurons ( FIG . 8 ) . These homogeneous stem cell 
ChR2 and exposed to light flashes also had normal numbers lines can also be transplanted into the brain of adult animals , 
of spikes elicited from somatic current injection ( 6 . 1 + 3 . 9 ; 30 where they incorporate into hippocampal circuitry and can 
FIG . 5c ; p > 0 . 75 ) . Thus , the membrane integrity , cell health , be studied functionally after 2 - 6 weeks . 
and basal electrical properties were normal in neurons 
expressing ChR2 and exposed to light . Example 13 — Transgenic Zebrafish 

Example 11 — Retroviruses for Insertion of ChR2 35 Zebrafish ( Danio rerio ) embryos were acutely injected at 
the few - hundred cell stage with plasmid DNA containing 

Moloney - type retroviruses selectively target dividing ChR2 under promoters specific to particular cell types in the 
cells ( Ory et al . , Proc Natl Acad Sci USA 93 : 11400 ( 1996 ) ) , zebrafish . A random subset of cells in the zebrafish then 
such as stem cells . We have constructed retroviruses con - takes up the DNA , and keeps the plasmids during fish 
taining ChR2 , either fused to a fluorescent protein , or with 40 development ; specific cells will then express the ChR2 in the 
an IRES to allow concomitant expression of a non - fusion plasmid . FIG . 9 shows micrographs of ChR2 - EYFP selec 
fluorescent protein ( FIG . 6 ) . These viruses drive ChR2 under tively expressed in a zebrafish trigeminal neuron ( left ) and 
the CMV - Chicken beta actin promoter , and are VSV - G in a zebrafish muscle cell ( right ) . Briefly , larvae from 48 
pseudotyped to permit efficacious infection of dividing hours to 96 hours post fertilization were anesthetized in 
mammalian cells . These retroviruses have been generated by 45 0 . 02 % tricaine in fish Ringer ' s solution and mounted in 
triply transfecting the plasmid containing ChR2 with helper 1 . 2 % agarose for imaging and photostimulation . Illumina 
vectors into 293T cells . Alternatively , we have grown tion of the live fish expressing ChR2 in muscle with blue 
293GPG cell lines in growth medium containing tetracy - light for 0 . 5 seconds caused rapid , phasic , single muscle 
cline , puromycin , and G418 to select for cells sustainably contractions , which was never seen in zebrafish not con 
carrying the retroviral packaging system . Tetracycline is 50 taining ChR2 . Neurons tolerated the ChR2 expression well , 
used to suppress the expression of VSV - G , which is toxic to and were able to be loaded with fluorescent calcium dyes 
293GPG cells , during growth phase . After cells grow to 70 % ( e . g . , Oregon Green BAPTA - 1 , X - rhod - 1 ) , appropriate for 
confluence , then tetracycline is removed to allow the expres - the monitoring of neural activity downstream of a selec 
sion of VSV - G . At this point , the plasmid containing Chr2 tively activated neuron expressing ChR2 , using two - photon 
and GFP ( right ) are transfected into the 293GPG cells using 55 microscopy . 
Lipofectamine , and cultured 293GPG cells are monitored 
for signs of fluorescence as gene expression and retrovirus Example 14 — Transgenic Fly 
production begins . These cell lines are then frozen for future 
production of retrovirus . These viruses have been shown to Flies ( Drosophila melanogaster ) have been generated that 
efficaciously infect dividing cells , both in vitro ( kidney cell 60 will express ChR2 under the UAS promoter , for use in the 
lines , stem cells ) and in vivo in rats ( hippocampal stem cells , GAL4 - UAS system that enables flexible control of gene 
glia ) . This construct will be useful for targeting ChR2 to expression in flies . The UAS - ChR2 flies can be crossed with 
dividing cells ex vivo , for transplantation into humans for a variety of GAL4 lines of Drosophila , taking advantage of 
therapy , for the creation of cell lines , and for the develop the large number of transgenic flies that have been created 
ment of animals with selective populations of labeled cells 65 over the last several years . We are crossing flies expressing 
for studies of diseases of cellular activity , such as epilepsy , UAS - ChR2 with flies containing GAL4 expressed exclu 
migraine , narcolepsy , and even autoimmune diseases . sively in serotonergic and dopaminergic neurons . This will 
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allow studies of the driving of motivated behavior and the anesthetized by intraperitoneal injection of the combination 
creation of finely tuned motor patterns . of katamine ( 100 mg / kg ) and xylazine ( 10 mg / kg ) . Under a 

dissecting microscope , an incision is made by scissors 
Example 15 — Transgenic Worm through the eyelid to expose the sclera . A small perforation 

5 is made in the sclera region posterior to the lens with a 
Worms ( C . elegans ) have been caused to express ChR2 by needle and viral vector suspension of 0 . 8 - 1 . 5 ul at the 

the injection of plasmids containing ChR2 under specific concentration of ~ 13x1011 genomic particles / ml can be 
promoters into the syncytial gonad of the worm . Worms are injected into intravitreal space through the hole with a 
also co - injected with a visible marker gene , to allow visual Hamilton syringe with a 32 - gauge blunt - ended needle . For 
inspection of the success of generating the transgenic nema - 10 each animal , usually , only one eye is injected with viral 
tode . The gonad of the worm takes up the plasmid DNA and vectors carrying Chop2 - GFP and the other eye is not 
stores the DNA in large extrachromosomal arrays in eggs , injected or injected with viral vectors carrying GFP alone . 
passing the plasmid on to the worm ' s offspring . We have After the injection , animals are kept on a 12 / 12 hr light / dark 
made C . elegans lines targeting ChR2 to the mechanosen cycle . The light illumination of the room housing the ani 
sory neuron AFD , the interneuron AIY , and also the sero - 15 mals measured at the wavelength of 500 nm is typically 
tonergic and dopaminergic neurons . These worms express 6 . 0x1014 photons cm - 2 5 - 1 . 
the visible marker gene , indicating successful generation of The expression and functional properties of the ChR2 
stable lines . We are expressing ChR2 in C . elegans in protein in the transfected retinal neurons can be measured by 
serotonergic and dopaminergic neurons , important for the methods known in the art including those described herein . 
driving of motivated behavior and the creation of finely 20 Visual - Evoked Potential Recordings — 
tuned motor patterns . Visual - evoked potential recordings are carried out in 

wild - type mice ( C57BL / 6 and 129 / SV ) at 4 - 6 months of age 
Example 16 — Transgenic Mouse and in the rd1 / rd1 mice at 6 - 11 months of age and 2 - 6 

months after the viral vector injection . After being anesthe 
Mice can be made to express ChR2 transgenically under 25 tized by intraperitoneal injection of the combination of 

the control of specific promoters ( by pronuclear injection of katamine ( 100 mg / kg ) and acepromazine ( 0 . 8 mg / kg ) , ani 
plasmids containing ChR2 under a specific promoter ) , in mals are mounted in a stereotaxic apparatus . Body tempera 
specific loci ( “ knocking in ” a gene into an existing locus ) , ture is either maintained at 34° C . with a heating pat and a 
using BAC transgenic technology ( to mimic the natural rectal probe or unregulated . Pupils are dilated by 1 % atro 
genetic environment of a gene ) , or by position effect varie - 30 pine and 2 . 5 % accu - phenylephrine . A small portion of the 
gation techniques ( a transgenic method allowing genes to skull ( ~ 1 . 5x1 . 5 mm ) centered about 2 . 5 mm from the 
randomly express in tiny subsets of neurons ) . We are pur midline and 1 mm rostral to the lambdoid suture is drilled 
suing all of these avenues . To rapidly demonstrate the power and removed . Recordings are made from visual cortex ( area 
of this technology , we have constructed mice that will allow V1 ) by a glass micropipette ( resistance about 0 . 5 M after 
ChR2 to be expressed in small subsets of neurons using 35 filled with 4 M NaCl ) advanced 0 . 4 mm beneath the surface 
position effect variegation . We have placed ChR2 under of the cortex at the contralateral side of the stimulated eye . 
neath the promoter for the gene Thyl , an immunoglobulin The stimuli are 20 ms pluses at 0 . 5 Hz . Responses are 
superfamily member that is expressed by projection neurons amplified ( 1 , 000 to 10 , 000 ) , band - pass filtered ( 0 . 3e100 Hz ) , 
in many parts of the nervous system ( Gordon et al . Cell digitized ( 1 kHz ) , and are averaged between 30 - 250 trials . 
50 : 445 ( 1987 ) , Feng et al . , Neuron 28 : 41 ( 2000 ) ) . Previous 40 Light Stimulation 
transgenics expressing GFP under control of the Thy1 For visual evoked potential , light stimuli are generated by 
promoter showed that many lines of the Thy1 - GFP mice the monochromator and projected to the eyes through the 
express GFP in small subsets of neurons , due to random optical fiber . The light intensity is attenuated by neutral 
interactions of the Thyl promoter with local control ele - density filters . The light energy is measured by a thin - type 
ments ( Feng et al . , 2000 ) . We have injected linearized 45 sensor ( TQ82017 ) and an optical power meter ( Model : 
plasmids containing Thyl - ChR2 - EYFP into embryonic stem TQ8210 ) ( Advantest , Tokyo , Japan ) . 
cells of mice , and these mice are currently being mated to 
produce offspring expressing Thyl in specific subsets of Example 18 — Treatment of Hyperglycemia in Mice 
neurons in the nervous system . These mice will prove by Transplantation of Macronencapsulated ChR2 
enormously powerful for the analysis of the function of 50 Transfected Islets 
previously unknown cell types in the brain , leading to an 
understanding of the causal function of specific neuronal Macroencapsulated islets can reverse hyperglycemia in 
types . diabetic animals when transplanted i . p . , s . c . , or into the fat 

pad . Transplantation of macroencapsulated ChR2 trans 
Example 17 — Treatment of Photoreceptor 55 fected islets would provide a method for control the release 

Degeneration in Rodents with ChR2 of insulin in a temporally precise manner . This can be 
accomplished by transfecting islets with ChR2 and implant 

The death of photoreceptor cells caused by retinal degen ing these cells into the skin of the animal and then driving 
erative diseases often results in a complete loss of retinal their activation using light . 
responses to light Inner retinal neurons can be converted to 60A nimals 
photosensitive cells by delivering channelrhodopsin - 2 Male Swiss Webster nude mice ( Taconic , Germantown , 
( ChR2 ) using a lentivirus vector . The vectors can be con - N . Y . ) of 25 - 30 g can be made diabetic with 250 mg / kg body 
structed as described in the examples above weight ( bw ) i . p . injection of 4 % streptozocin ( STZ * ) 

Vector Injection ( Sigma , St . Louis , Mo . ) dissolved in citrate buffer , pH 4 . 5 . 
Newborn ( P1 ) rat ( Sprague - Dawley and Long - Evans ) and 65 Only animals with blood glucose concentrations above 350 

mouse ( C57 / BL and C3H / HeJ or rd1 / rdl ) pups can be mg / dl are then used as recipients . Sprague Dawley ( SD ) rats 
anesthetized by chilling on ice . Adult mice ( rd1 / rdl ) can be ( Taconic ) of about 250 g are used as donors . All animals 
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would be kept under conventional conditions in acclimatized and then the respective media are replaced by G - MEM 
rooms with free access to standard pelleted food and tap supplemented with 5 % KSR , 0 . 1 mM non - essential amino 
water . Nonfasting blood glucose levels and body weight acids , 1 mM pyruvate and 0 . 1 mM 2 - mercaptoethanol 
( bw ) of recipients are measured on the day of transplantation without / with heparin ( 10 or 100 mg / ml ) . After 48 h , the 
and then weekly for the next 7 weeks . Blood glucose 5 supernatant is collected and filtered with a 0 . 22 mm filter . 
concentrations can be measured with a One Touch II por - CM collected using GMEM based media without , with 10 
table glucometer ( Lifescan Inc . , Milpitas , Calif . ) . Additional mg / ml and with 100 mg / ml heparin are referred to as 
samples of plasma from freely fed and fasted normal mice CM - OH , CM - 10H and CM - 100H , respectively . 
and rats are collected to compare the relationship between ES cells are plated on polyornithine ( Sigma ) / fibronectin 
plasma glucose and whole blood glucose in donor and 10 ( Iny 1 ( Invitrogen ) - coated glass plates at a density of 1250 cells / recipient strains . Plasma glucose values can be assessed by cm _ 2 in G - MEM supplemented with 5 % KSR , 0 . 1 mm a Glucose Analyzer 2 ( Beckman , Palo Alto , Calif . ) . non - essential amino acids , 1 mM pyruvate and 0 . 1 mm Islet isolation 

Rat islets are isolated technique known in the art . For 2 - mercaptoethanol . After 5 h , CM - OH , CM - 10H ( final con 
example , 1 - 2 mg / ml collagenase P ( Boehringer Mannheim , 15 centration of heparin is 3 . 3 mg / ml ) or CM - 100H ( final 
Indianapolis , Ind . ) solution is injected into the pancreatic concentration of heparin is 33 mg / ml ) is added to the culture 
duct and the pancreas is digested for 19 min at 37° C . ; islets plate to 13 volume of the culture medium and mixed well . 
are then separated from the exocrine tissue using discon All culture dishes are maintained at 37° C . in air containing 
tinuous Histopaque - 1077 ( Sigma ) density gradient centrifu 5 % CO2 for 16 days . 
gation . Islets with diameters of 50 - 250 um are hand picked , 20 Differentiation of ES Cells in Hollow Fibers — 
counted , and cultured in RPMI - 1640 tissue culture medium Hollow fibers , fabricated from semi - permeable polymer 
with the standard glucose concentration of 200 mg / dl , membranes and available in a variety of diameters and wall 
supplemented with 10 % fetal calf serum , 100 U / ml penicil thickness , are bundled into a housing and are used exten 
lin , and 100 mg / ml streptomycin . sively in extracorporeal artificial organs , such as artificial 

Islet can be transfected with ChR2 as described in the 25 kidney and artificial lung . Three different kinds of hollow 
previous examples . Expression and functional properties of fibers can be used here . FB - 150F fibers are used for Hae 
ChR2 protein in the transfected cells can be measured by modialysis ( NIPRO , Osaka , Japan ) and are made of cellu 
methods known in the art including those described herein . lose triacetate with a 200 mm internal diameter and 15 mm 

Macroencapsulation and transplantation thickness wall . Evafluxs 2A and Evafluxs 5A fibers are used 
Ported devices ( Thera CyteTM ) with an internal volume of 30 for plasmapheresis ( Kuraray , Okayama , Japan ) and are made 

20 can be used for islet macroencapsulation . The devices are of ethylene vinyl alcohol copolymer with a 175 mm inter 
fabricated from membrane laminates composed of three naldiameter and 40 mm thickness wall . Hollow fibers of 
layers : a cell - retentive membrane with a nominal pore FB - 150F , Evafluxs 2A or Evafluxs 5A are referred to as 
diameter of 0 . 45 um laminated to an outer 5 um pore HF - 1 , HF - 2 or HF - 3 , and their molecular weight cutoff 
diameter polytetrafluoroethylene vascularizing membrane 35 values are 55 kDa ( 95 % cutoff ) , 144 kDa ( 90 % cutoff ) and 
with an outer polyester mesh providing support . The mem - 570 kDa ( 90 % cutoff ) , respectively . ES cells are dissociated 
brane laminates in a rectangular shape is sealed on edges by into single cells by treating them with 0 . 25 % trypsin and 1 
ultrasonic welding . At one end of the device , polyethylene mM EDTA in PBS . The cells are loaded into a 1 ml syringe 
tubing is attached to provide access to the lumen . Aliquots at a concentration of 1x10 ' cells / ml and are gently injected 
of 1200 islets are suspended in a volume of 20 ul in 40 into hollow fibers 9 cm in length . ES cell - loaded fibers are 
Eppendorf tubes and transferred through the port into the placed in 100 mm cell culture dishes and are maintained in 
lumen of the device with a Hamilton syringe ; the tubing is G - MEM supplemented with 5 % KSR , 0 . 1 mM non - essential 
sealed with Silastic silicon glue ( Dow Corning Corp . , Mid amino acids , 1 mM pyruvate , 0 . 1 mM 2 - mercaptoethanol 
land , Mich . ) . Transplantation can be performed under Meto - and 33 % CM - 10H . All culture dishes are kept in air con 
fane anesthesia . When implanted s . c . , a skin incision of 45 taining 5 % CO2 at 37 1 C for 16 days . 
about 2 cm is made on the back right side of the animal , ES cells can be transfected with ChR2 prior or after 
followed by preparation of a s . c . pocket with gentle blunt differentiation by the methods described herein . 
dissection . The device is inserted into the pocket , and the Cell growth of culture cells can be performed by methods 
incision was closed with wound clips . known in the art . Differentiation of ES cells into dopamin 

The cells can be activated to release insulin with a 50 ergic neurons can be performed by methods known in the art 
light - emitting diode or a laser with an optical fiber attached such as immunofluorescence analysis and RT - PCR . Dop 
to the end or by the methods described herein . amine levels can be determined by methods knows in the art 

Glucose Tolerance Tests — such as Reverse - phase HPLC . 
Seven weeks after transplantation , IPGTTs are performed The expression and functional properties of the ChR2 

( glucose 2 g / kg bw , injected as a 10 % solution ) . Before the 55 protein in the transfected cells can be measured by methods 
glucose challenge , all animals fast for about 16 hr . Samples known in the art including those described herein . 
from snipped tails for the blood glucose are taken at 0 , 15 , Generation of dopaminergic ChR2 transfected neurons in 
30 , 60 , 90 and 120 min after glucose injection . hollow fibers is a promising approach to perform cell 

therapy , for example , of Parkinson ' s disease . This method 
Example 19 — Generation of Dopaminergic ChR2 60 allows for the collection and encapsulation of dopaminergic 

Transfected Neurons in Hollow Fibers ES progeny with minimal damage and protection of 
implanted cells from the host immune system , which are two 

Effect of PA6 CM on ES Cell Differentiation of the obstacles encounter today . Furthermore , ChR2 protein 
ES cells are cultured using PA6 CM to induce neural expression in the dopaminergic neurons allows for the 

differentiation . To prepare PA6 conditioned medium ( CM ) , 65 control release of dopamine into the brain according to the 
confluent PA6 cells are washed three times with phosphate methods described herein . While preferred embodiments of 
buffered saline with calcium and magnesium ions [ PBS ( + ) ] the present invention have been shown and described herein , 
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it will be obvious to those skilled in the art that such employed in practicing the invention . It is intended that the 
embodiments are provided by way of example only . Numer following claims define the scope of the invention and that 
ous variations , changes , and substitutions will now occur to methods and structures within the scope of these claims and 
those skilled in the art without departing from the invention . their equivalents be covered thereby . Eliciting synaptic 
It should be understood that various alternatives to the 5 transmission demonstrates that ChR2 is an ideal tool for the 
embodiments of the invention described herein may be temporally precise analysis of neural circuits . 

SEQUENCE LISTING 

< 1602 NUMBER OF SEO ID NOS : 5 

< 210 > SEO ID NO 1 
< 211 > LENGTH : 310 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Chlamydomonas reinhardtii 

< 400 > SEQUENCE : 1 

Met Asp Tyr Gly Gly Ala Leu Ser Ala Val Gly Arg Glu Leu Leu Phe 
15 11 

& Val Thr Asn Pro Val Val Val Asn Gly Ser Val Leu Val Pro Glu Asp 
301 

Gin Cys Tyr Cys Ala Gly Trp Ile Glu Ser Arg Gly Thr Asn Gly Ala 3 

Gln Thr Ala Ser Asn Val Leu Gin Trp Leu Ala Ala Gly Phe Ser Ile 
55 

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

Trp Glu Glu Ile Tyr Val Cys Ala Ile Glu Met Val Lys Val Ile Leu 
85 95 

Glu Phe Phe Phe Glu Phe Lys Asn Pro Ser Met Leu Tyr Leu Ala Thr 
110 

Gly His Arg Val Gin Trp Leu Arg Tyr Ala Glu Trp Leu Leu Thr Cys ?? 8mm Pro Val Ile Leu Ile His Leu Ser Asn Leu Thr Gly Leu Ser Asn Asp 
135 

5 

mmmm mmm mmmmmm mmmmm m 

Tyr Ser Arg Arg Thr Met Gly Leu Leu Val Ser Asp Ile Gly Thr Ile 
145 150 160 

- 

a 

mmmmm mmmmmm smmmmm * Val Trp Gly Ala Thr Ser Ala Met Ala Thr Gly Tyr Val Lys Val Ile 
165 175 mmmmmm mmm 

Phe Phe Cys Leu G ] y Leu Cys Tyr Gly Ala Asn Thr Phe Phe His Ala 
190 

Ala Lys Ala Tyr Ile Glu Gly Tyr His Thr Val Pro Lys Gly Arg Cys 

Arg Gin Val Val Thr Gly Met Ala Trp Leu Phe Phe Val Ser Trp Gly 
215 

Met Phe Pro Ile Leu Phe Ile Leu Gly Pro Glu Gly Phe Gly Val Leu 
225 230 240 

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

Lys Asn cys Trp Gly Leu Leu Gly His Tyr Leu Arg Val Leu Ile His 
270 

Glu His Ile Leu Ile His Gly Asp Ile Arg Lys Thr Thr Lys Leu Asn 

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

Glu Ala Gly Ala Val Pro 
305 310 
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- continued 
< 210 > SEO ID NO 2 
< 211 > LENGTH : 930 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Chlamydomonas reinhardtii 

< 400 > SEQUENCE : 2 

atggattatg gaggcgccct gagtgccgtt gggcgcgagc tgctatttgt aacgaaccca 60 
gtagtcgtca atggctctgt acttgtgcct gaggaccagt gttactgcgc gggctggatt 120 

gagtcgcgtg gcacaaacgg tgcccaaacg gcgtcgaacg tgctgcaatg gottgctgct 180 

ggcttctcca tcctactgct tatgttttac gcctaccaaa catggaagtc aacctgcggo 240 

tgggaggaga tctatgtgtg cgctatcgag atggtcaagg tgattctcga gttcttcttc 300 

gagtttaaga acccgtccat gctgtatcta gccacaggcc accgcgtcca gtggttgcgt 360 

tacgccgagt ggcttctcac ctgcccggtc attctcattc acctgtcaaa cctgacgggc 420 

ttgtccaacg actacagcag gcgcaccatg ggtctgcttg tgtctgatat tggcacaatt 480 

gtgtggggcg ccacttccgc catggccacc ggatacgtca aggtcatctt cttctgcctg 540 

ggtctgtgtt atggtgctaa cacgttcttt cacgctgcca aggcctacat cgagggttac 600 

cacaccgtgc cgaagggccg gtgtcgccag gtggtgactg gcatggcttg gctcttcttc 660 

gtatcatggg gtatgttccc catcctgttc atcctcggcc ccgagggctt cggcgtcctg 720 
agcgtgtacg gctccaccgt cggccacacc atcattgacc tgatgtcgaa gaactgctgg 780 

ggtctgctcg gccactacct gcgcgtgctg atccacgagc atatcctcat ccacggcgac 840 

attcgcaaga ccaccaaatt gaacattggt ggcactgaga ttgaggtcga gacgctggtg 900 

gaggacgagg ccgaggctgg cgcggtacco 930 

< 210 > SEQ ID NO 3 
< 211 > LENGTH : 930 
212 > TYPE : DNA 

< 213 > ORGANISM : Chlamydomonas reinhardtii 

< 400 > SEQUENCE : 3 

atggactatg goggcgcttt gtctgccgtc ggacgcgaac ttttgttcgt tactaatcct 60 

gtggtggtga acgggtccgt cctggtccct gaggatcaat gttactgtgc cggatggatt 120 

gaatctcgcg gcacgaacgg cgctcagacc gcgtcaaatg tcctgcagtg gottgcagca 180 
ggattcagca ttttgctgct gatgttctat gcctaccaaa cctggaaatc tacatgcggc 240 

tgggaggaga tctatgtgtg cgccattgaa atggttaagg tgattctcga gttctttttt 300 

gagtttaaga atccctctat gctctacctt gccacaggac accgggtgca gtggctgcgc 360 

tatgcagagt ggctgctcac ttgtcctgtc atccttatcc acctgagcaa cctcaccggc 420 

ctgagcaacg actacagcag gagaaccatg ggactccttg tctcagacat cgggactatc 480 

gtgtgggggg ctaccagcgc catggcaacc ggctatgtta aagtcatctt cttttgtctt 540 

ggattgtgct atggcgcgaa cacatttttt cacgccgcca aagcatatat cgagggttat 600 

catactgtgc caaagggtcg gtgccgccag gtcgtgaccg gcatggcatg gotgtttttc 660 

gtgagctggg gtatgttccc aattctcttc attttggggc ccgaaggttt tggcgtcctg 720 
agcgtctatg gotccaccgt aggtcacacg attattgatc tgatgagtaa aaattgttgg 780 

gggttgttgg gacactacct gcgcgtcctg atccacgagc acatattgat tcacggagat 840 

atccgcaaaa ccaccaaact gaacatcggc ggaacggaga tcgaggtcga gactctcgtc 900 

gaagacgaag ccgaggccgg agccgtgcca 930 
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- continued 

< 210 > SEQ ID NO 4 
< 211 > LENGTH : 39 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Description of Artificial Sequence : Synthetic 

primer 

N E ?? ? ??? 

< 400 > SEQUENCE : 4 
ggcagcgctg ccaccatgga ttatggaggc gccctgagt 39 

< 210 > SEQ ID NO 5 
< 211 > LENGTH : 30 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Description of Artificial Sequence : Synthetic 

primer 

< 400 > SEQUENCE : 5 

ggcactagtc tattacttgt acagctcgtc 30 

What is claimed is : 25 3 . The method of claim 1 , wherein the neuron is in the 
1 . A method of delivering a light activated cation channel anterior cingulate cortex of the brain . 

into a brain of a subject , the method comprising : a ) admin - 4 . The method of claim 1 . wherein the light activated 
istering directly to a portion of a brain in a subject a viral cation channel protein is ChR2 . 
vector comprising a nucleotide sequence encoding a light 5 . The method of claim 1 , wherein said activating com activated cation channel that comprises an amino acid 30 
sequence having at least about 95 % amino acid sequence prises presenting a series of light pulses separated by less 
identity to the amino acid sequence set forth in SEQ ID NO : than about 50 milliseconds . 
1 , wherein said nucleotide sequence is operably linked to a 6 . The method of claim 1 , wherein said promoter is a Thyl 
promoter that provides for expression of the light activated promoter . 
cation channel in a neuron in the portion of the brain , and 35 7 . The method of claim 1 , wherein said light source is a 
wherein the portion of the brain is one or more of the anterior light - emitting diode , a laser , or a fiber optic cable . 
cingulate cortex , the subgenual anterior cingulate cortex , 8 . The method of claim 1 . wherein the light has an 
and the anterior limb of internal capsule ; b ) introducing a intensity of from 0 . 1 mW / mm2 to 50 mW / mm2 
light source near the portion of the brain ; and c ) activating 
the light activated cation channel in the neuron using light 40 wavelength of from 440 nm to 590 nm . 9 . The method of claim 1 , wherein the light has a 
from the light source . 

2 . The method of claim 1 , wherein the step of activating 10 . The method of claim 1 , wherein the light has a 
the light activated cation channel protein includes presenting wavelength of from 440 nm to 490 nm . 
a series of light pulses at a rate of at least about 20 Hz . * * * * * 


