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within cell membranes and subcellular regions. The mven-
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cation channels to specific cells or defined cell populations.
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intensities 1 cells, cell lines, transgenic animals, and
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usetul for driving neuronal networks, drug screeming, and
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SEQ ID NO. 1

- Met

Val

Gln
GLln
Leu
65

Trp
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Tyr
145
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Phe

' Ala

Met
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™hr
50
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' Gln
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- Tvyr
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Ala
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Glu
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115
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Arg

Gly
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195
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275
Gly

Gly

Gly

Pro
20
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Met

Ile
Phe
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Val
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Ala

Leu

180

Val'

Tle
Gly
Trp
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Leu
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Gly
Val
Ala
Asn
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Gin
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Thr
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Ile
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Val
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Val
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"His
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U
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Gly

Met
215
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vVal
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285

sSer
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ILle
4
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TVr
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Asn
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Leu
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Gly
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Val

Phe
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SEQ ID NO.
atggattétg
gtagtcgtca
gagtcgcgtg
ggctictccea
tgggaggaga
gagtttaaga
tacgccgagt
ttgtccaacg
gtgtggggcg
ggtctgtgtt
.cacaccgtgc
gtatcatggg
agcgtgtacg
ggtctgctcg
attcgcaaga

gaggacgagg
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2
gaggcgcecect
atggctctgt
gcacaaacgg
tcctactget
tctatgtgtyg
acccgeececat
ggcttctcac
actacagcag
ccacttccge
atggtgctaa
cgaagggccy
gtatgttQCC'
gctccéccgt
gccactacct

ccaccaaatt

ccgaggcetygyg

gagthCQtt
acttgtgcct

tgcccaaacg

tatgttttac

cgctatcgad
gctgtatcta
ctgcecggte
gcgcaccatyg
éatggccacc
cacgttcttt
gtgtcgccag
catcctgttc
cggccacacce
gcgegtgetg
gaacattggt

cgcggtaccce

gggcgegagc
gaggaccagt
gcgtcgaacg
gcctaccaaa
atggtcaagg
gccacaggcec

attctcattce

ggtctgettyg

ggata&gtca
cachtgcca
gtggtgactyg
atcctcggcec
atcattgacc
atccacgage

ggcactgaga

FIG. 13
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tgctatttgt
gttactgcgc
tgctgcaatg
catggaagté
tgattctcga
accgegteca
acctgtcaaa
tgtctgatat
éggtcatctt
aggcctacat
gcatggcttg
ccgagggcett
tgatgtcgaa
atatéctcat

ttgaggtcga
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aacgaaccca
gggctggatt
gcttgectgcet
aacctgcggce

gticttcttc
gt@éttgcgt
cctgacggge
tggcacaatt
cttctgcctg
¢gagggttac
gectetlicttc
cggcgtcctg
gaactgctgg
ccacggegac

gacgctggtg

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900

930



SEQ Ib_no.
atggactatg
gtggtggtya
gaatctcgcg

ggattcagca

tgggaggaga

gagtttaaga
tatgcégagt
ctgagcaacg
gtgtggggagyg
ggattgtgct
cétactgtgc
gtgagctggg
agcegtetatg
gggttgttgg
atccgcaaaa

gaagacgaag
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3
gcggcgdttt

acgggtceccgt

gcacgaacgg

ttttgetget
tctatgtgtyg
atccgtétat
ggctgctcac
actacagcag
Ctaccagcgc
atggcgcgaa
caaaéggtcg
gtatgttécc
gctccaccgt
gacactacct

ceaccaaact

ccgaggocgg
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gtctgcecegtc
cctggtecect
cgctcagacc
gatgttctat

cgccattgaa

gctctacctt

ttgtcoctgto

gagaaccatg

catggcaacc

cacattitttt
gtgcggccag
aattctcttc
aggtcacacg
gcgcgtcctg

gaacatcggce

agccgtgeea

ggacgcgaac
gaggatcaaﬁ
gcgtcaaatg
gcctaccaaa
atggttaagg
gccacaggac
atccttatcc
ggactccttg
ggctatgtta
cacgccgcca
gtcgtgaccg

attttggggc

attattgatc

atccacgagc

ggaacggaga

FIG. 14

ttttgttcgt
gttactgtgc

tcctgcagtg

.cctggaaatc

tgattdtﬁga
accgggtgca
acctgagcaa
tctcagacat
aagtcatctt
aagcatatat
gcatggcatg
chéaggttt
tgaﬁgagtéa
acatattgat

tcgaggtcga
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tactaatcct
cggatggatt
gcttgcagcea

tacatgcggc

gttetttttt

gtggcetgege
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tgchtcctg
aaattgttgg
tcacggagat

gactctegta
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LIGHT-ACTIVATED CATION CHANNEL AND
USES THEREOF

CROSS-REFERENC

L1

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 14/537,290, filed Nov. 10, 2014, now U.S. Pat.
No. 10,094,840, which 1s a continuation of U.S. application
Ser. No. 11/459,636, filed Jul. 24, 2006, now U.S. Pat. No.
8,906,360, which application claims benefit of priority to
U.S. Provisional Application No. 60/701,799, filed Jul. 22,
2005, which applications are incorporated herein by refer-
ence 1n their entireties.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

[0002] This invention was made with government support
under contracts DC007006 and MHO071315 awarded by the

National Institutes of Health. The government has certain
rights in the mvention.

FIELD OF THE INVENTION

[0003] The mnvention relates to light-activated 10n channel
proteins that can generate millisecond-timescale electrical
spikes when incorporated into neurons and illuminated with
rapid pulses of light. In particular the invention provides
millisecond-timescale temporal control of cation channels
using moderate light intensities 1n cells, cell lines, transgenic
ammals, and humans. The mvention 1s useful for driving
neuronal networks, for drug screening, and for therapy.

BACKGROUND OF THE INVENTION

[0004] Ion channel proteins control the tlow of 10ns across
membranes, for instance, between the cytoplasm and the
outside of a cell. A cation channel operates by controlling the
flow of cations such as sodium, potassium, calcium, lithium,
rubidium, and cestum. When the cation channel 1s closed,
the transport of cations across the membranes 1s slow, when
the cation channel opens, the flow of cations through the
channel increases. I the opeming of the channel results 1n a
net flow of cations to one side of the membrane, an electrical
current will be generated. The flow of 1ons across the
membrane can also result 1n a change 1n the voltage across
the membrane. I1 there 1s a net voltage across the membrane
at the time the channel 1s opened, cations will tend to tlow
so as to cause depolarization of the membrane. Neurons
(nerve cells) use rapid depolarizations to create action
potentials (spikes) creating electrical signals that propagate
down the neuron. These action potentials, nerve impulses, or
spikes occur on the millisecond time scale, and they are the
basis by which the neuron acts to signal, and control brain
and muscle function.

[0005] Neurons receive, conduct, and transmit signals. In
a motor neuron, the signals represent commands for the
contraction of a particular muscle. In a sensory neuron,
signals represent the information that a specific type of
stimulus 1s present. In an interneuron, signals represent part
of a computation that combines sensory information from
many different sources and generates an appropriate set of
motor commands 1n response. Communication depends on
an electrical disturbance in one part of the membrane
spreading to other parts of the cell. These communications
are often via an action potential, also referred to as a spike
or a nerve impulse. Neuronal signals are transmitted from

Feb. 14, 2019

cell to cell at synapses which are specialized sites of cell
contact. Synapses can be either electrical synapses (gap
junctions), or chemical synapses. The usual mechanism of
communication across a chemical synapse involves a change
in electrical potential within a first (presynaptic) neuron that
results 1n the release of neurotransmitter. The neurotrans-
mitter diffuses to a second (postsynaptic) neuron across the
gap between the neurons (the synaptic cleft). The neu-
rotransmitter can provoke an electrical response in the
postsynaptic neuron. The change created at the synapse due
to the electrical signal from the presynaptic neuron i1s a
synaptic event. Synaptic events can be excitatory or inhibi-
tory. By controlling synaptic events, the control of trans-
mission ol signals between neurons can be controlled,
allowing optical driving of activity throughout a connected
neural network.

[0006] Noninvasive temporal control of activity 1n defined
neuronal populations 1s a long-sought goal of neuroscience.
In the mammalian nervous system, 1t 1s believed that neural
computation depends on the temporally diverse, precise
spiking patterns of diflerent classes of neurons, which
express unique genetic markers and display heterogeneous

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

(1997), Klausberger et al., Nature 421:844 (2003), Hausser
et al., Neuron 19:665 (1997)) within connected networks.
While direct field stimulation and recording of neurons in
intact brain tissue have provided many insights into the
causal Tunction of circuit subfields (Kandel et al., J] Neuro-
physiol 24:243 (1961), Kandel et al., J Neurophysiol 24:225
(1961), Ditterich et al., Nat Neurosci 6:891 (2003), Gold et
al., Nature 404:390 (2000), Salzman et al., Nature 346:174
(1990), neurons belonging to a specific class are oiten
sparsely embedded within dense tissue, posing fundamental
challenges for resolving the causal role of particular neuron
types 1n information processing.

[0007] For many cellular and systems neuroscience pro-
cesses (and for nonspiking neurons in species like C.
elegans), subthreshold depolarizations convey information
of physiological significance. For example, subthreshold
depolarizations are highly potent for activating synapse-to-
nucleus signaling (Mermelstein et al., J. Neurosci. 20:266
(2000)), and the relative timing of subthreshold and suprath-
reshold depolarizations 1s critical for determining the sign of
synaptic plasticity (Bi1 et al., J. Neurosci. 18:10464 (1998)).
But compared with driving spiking, it 1s 1n principle a more
difficult task to drive reliable and precisely sized subthresh-
old depolarizations. The sharp threshold for action potential
production facilitates reliable spiking, while the all-or-none
dynamics of spiking produces virtually identical waveforms
from spike to spike, even in the presence of significant
neuron-to-neuron variability 1n electrical properties. In con-
trast, subthreshold depolarizations, which operate in the
linear regime of membrane voltage, will lack these intrinsic
normalizing mechanisms.

[0008] Despite the progress made 1n the analysis of neural
network geometry via non-cell type specific techniques like
glutamate uncaging (e.g. Shepherd et al., Neuron 38:277
(2003), Denk et al., J Neurosci Methods 54:151 (1994),
Pettit et al., J Neurophysiol 81:1424 (1999), Yoshimura et
al., Nature 433:868 (2003), Dalva et al., Science 265:255
(1994), Katz et al., ] Neurosci Methods 54:205 (1994)), no
non-invasive technology has yet been mmvented with the
requisite spatiotemporal resolution to probe neural coding in
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specific neurons at the resolution of single spikes. Previ-
ously genetically-encoded optical methods, have demon-
strated control of neuronal function only over timescales of
seconds to minutes, perhaps due to the nature of their
membrane potential control mechanisms. Kinetics roughly a
thousand times faster would enable remote control of 1ndi-
vidual spikes or synaptic events. Thus, existing genetically-
targeted approaches require expensive, custom-synthesized
exogenous compounds, and operate on the scale of seconds
to minutes (Lima et al., Cell 121:141 (2005), Banghart et al.,
Nat Neurosci 7:1381 (2004), Zemelman et al., Proc Natl
Acad Sc1 USA 100:1352 (2003), Foster et al., Nature 433:
698 (2005)).

[0009] Thus, compositions and methods for higher-tem-
poral resolution, noninvasive, and genetically-based control
ol neural activity would be desirable.

SUMMARY OF THE INVENTION

[0010] Accordingly, one aspect of the invention provides
for compositions and methods related to light-activated
cation channel (LACC) proteins with millisecond-scale
opening Kinetics that provide genetically targeted photo-
stimulation at fine temporal resolution, enabling elucidation
of the temporal activity patterns in specific neurons that
suflice to drive circuit dynamics, information processing,
and plasticity. The composition and methods herein offer
optical control of the electrical and 1onic milieu of neurons
and a variety of other cell types, both 1n vitro and 1n vivo,
at the rapid timescales important for many biological pro-
cesses—including 1on channel modulation, signal transduc-
tion, neural coding via temporal spiking and synaptic acti-
vation patterns, sensory and motor processing, mterneuron
modulation of circuit dynamics, and neuropsychiatric dys-
function. Additional aspects of the invention include com-
positions and methods relating to light-activated cation
channel proteins for drug discovery and biotechnological
and neuropsychiatric applications, advancing the ability to
characterize, detect, and treat a variety of medical disorders.

[0011] Another aspect of the present invention 1s a com-
position comprising a light-activated cation channel protein
that 1s expressed 1n a cell wherein the cell 1s selected from
the group consisting of mammalian cells, neurons, and stem
cells. In one embodiment, the light-activated cation channel
protein 1s ChR2, Chop2, ChR2-310, or Chop2-310. In
another embodiment, the light-activated cation channel pro-
tein 1s a 7/-transmembrane protein. In another embodiment,
the light-activated cation channel protein 1s a single-com-
ponent protein. In yet another embodiment, the LACC
protein covalently binds retinal.

[0012] Still another aspect of the present invention 1s an
1solated LACC protein that responds to a light stimulus
within 1 ms.

[0013] Another aspect of the present invention 1s an 1s0-
lated LACC protein that generates a stable photocurrent that
does not increase or decrease by about 10% over about 60
min

[0014] Another aspect of the present invention 1s an 1so-
lated LACC protein that generates electrical responses with
a temporal jitter of less than about 5 ms.

[0015] Another aspect of the present invention 1s an 1so-
lated LACC protein that can generate subthreshold pulses
with a coetlicient of varnation of less than about 0.2 over

about 5 pulses.
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[0016] Another aspect of the present invention 1s a nucleic
acid sequence comprising a gene for LACC protein and a
promoter. In one embodiment, the promoter is a cell specific
promoter. In another embodiment, the promoter 1s a pro-
moter for somatostatin, parvalbumin, GABAa6, L7, or
calbindin. In another embodiment, the promoter 1s a cell
general purpose promoter. In another embodiment, the pro-
moter 1s EF1-alpha. In another embodiment, the nucleic acid
sequence comprises a bacterial artificial chromosome
(BAC). In another preferred embodiment, the promoter 1s an
inducible promoter, such as a promoter inducible by a
trans-acting factor which can respond to an administered
drug.

[0017] Another aspect of the present invention 1s a fusion
protein comprising a LACC protein coupled to another
functional protein. In one embodiment, the other functional
protein 1s a fluorescent protemn. In one embodiment, the
other functional protein 1s mCherry, GFP, YFP, or CFP. In
one embodiment, the other functional protein targets a
subcellular region. In one embodiment, the other functional
protein has a PDZ or AIS domain.

[0018] Another aspect of the present invention 1s a vector
for delivering a LACC protein comprising; a nucleic acid
sequence that codes for LACC protein and a promoter. In

one embodiment the vector comprises a virus. A preferred
embodiment of a virus 1s a lentivirus or retrovirus.

[0019] Another aspect of the present invention i1s a cell
that expresses a LACC protein. In one embodiment, the cell
1s a mammal cell, a stem cell, or a neuron.

[0020] Another aspect of the present invention 1s a cell
line that expresses a LACC protein. In one embodiment, the
cell line 1s a mammal cell line, a stem cell line, or a neuronal
cell line.

[0021] Another aspect of the present invention 1s a trans-
genic animal that expresses a LACC protein. In one embodi-
ment, the transgenic ammal 1s a fly, worm, mouse, or

zebrafish.

[0022] Another aspect of the present invention 1s a method
of optically controlling cell properties comprising; causing
the cell to express light activated cation channel protein; and
exposing the cell to light to activate the LACC protein. In
one preferred embodiment, the exposing of the cell to light
creates an electrical response 1n the cell. In another preferred
embodiment, the activation of the LACC protein causes the
release of a peptide (e.g. mnsulin, leptin, neuropeptide Y,
substance P, human growth hormone, secretin, glucagon,
endorphin, oxytocin, vasopressin, or orexin/hypocretin). In
another preferred embodiment, the activation of the LACC
protein causes the release of a small molecule whose syn-
thesis or release 1s dependent on cell electrical activity (e.g.,
nitric oxide, or a cannabinoid such as anandamide or
2-arachidonylglycerol (2-AG)). In another preferred
embodiment of the invention, the activation of the LACC
protein causes the release of a cytokine. In another preferred
embodiment of the invention, the cell causes a muscle cell,
and the activation of the LACC protein comprises causing
the muscle cell to contract

[0023] Another aspect of the present invention 1s a method
of controlling synaptic transmissions comprising; causing a
neuron that ends 1n a synapse to express a LACC protein;
and exposing the neuron to light to activate the LACC
protein, wherein the exposing to light causes a synaptic
event. In one embodiment, the synaptic event creates a
synaptic transmission. In another embodiment, the synaptic
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transmission transmits a signal to a second neuron. In
another embodiment, the synaptic transmission drives activ-
ity through a connected neural network. In an embodiment,
the synaptic event 1s excitatory or inhibitory. In yet another
embodiment, the synaptic event comprises the release of a
small-molecule neuromodulator such as norepinephrine,
serotonin, dopamine, acetylcholine, D-serine, histamine, or
other small molecules that modulate cellular function.
[0024] Another aspect of the present invention 1s a method
for targeted delivery of light-activated cation-channel pro-
teins to specific cells comprising; contacting said cells with
a vector comprising a nucleic acid sequence comprising a
LACC protein wherein said vector selectively targets spe-
cific cells.

[0025] Another aspect of the present invention 1s a method
for targeted delivery of light-activated cation-channel pro-
teins to specific cells comprising; contacting said cells with
a vector comprising a nucleic acid sequence comprising a
LACC protein and a cell specific promoter, wherein said
specific cells express said LACC protein.

[0026] Another aspect of the present invention 1s a method
for screening for drugs comprising; expressing a LACC
protein 1n a group of cells; exposing said group of cells to a
compound that may have an effect on the cells; exposing
said groups of cells to light; and monitoring the electrical
response of cells within the group of cells to determine
whether or not the compound has an eflect on the cells. In
a preferred embodiment, the momnitoring of electrical

response comprises optical 1maging of fluorescence
changes.
[0027] Another aspect of the present invention 1s a method

for treating a subject comprising; delivering a vector com-
prising a LACC protein to excitable cells within the subject;
and exposing said cells to light to aflect such excitable cells.
[0028] Another aspect of the present invention 1s a method
of controlling the behavior of an organism comprising;
delivering a vector comprising a LACC protein to cells
within the organism; and

exposing said cells to light to control the organism’s behav-
10T.

[0029] Another aspect of the present invention 1s a method
of stimulating subsets of nerve cells 1n the presence of other
nerve cells comprising; exposing a group of nerve cells to a
vector capable of genetically targeting a subset of the group
of cells; and exposing the cells to light to activate the LACC
protein in the subset of cells.

[0030] Another aspect of the present invention 1s method
of driving differentiation 1n cells comprising: causing cells
to express a LACC protein; and exposing the cells to light
to activate the LACC protein, wherein the activation of the
LACC protein drives differentiation of the progeny of the
exposed cells. In a preferred embodiment, the cells comprise
stem cells.

[0031] In preferred embodiments described herein, the
light-activated cation channel protein 1s coded by a sequence
of SEQ ID No. 2 or SEQ ID No. 3.

[0032] Another aspect of the invention 1s a method of
treating a subject comprising administering to a patient in
need thereol a therapeutically eflective amount of a light
activated cation channel protein. The methods described
herein can be used for therapeutic and/or prophylatic benefit.
Preferably the light activated cation channel 1s administered
either 1 the form of a cell, the cell expressing a light
activated cation channel protein or 1n the form of a vector
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comprising a nucleic acid sequence coding a light-activated
cation channel protein, wherein the administration of the
vector causes the expression of the light activated cation
channel protemn 1n a cell 1 said patient. Preferably, the
light-activated cation channel protein 1s coded by a sequence

of SEQ ID No. 2 or SEQ ID No. 3. In preferred embodi-

ments the activation of the light-activated cation channel
protein with light causes a release of a peptide, such as
insulin, leptin, neuropeptide Y, substance P, human growth
hormone, secretin, glucagon, endorphin, oxytocin, vasopres-
sin, orexin/hypocretin, or a combination thereof. The acti-
vation of the light-activated cation channel protein can also
cause release of a small molecule, such as nitric oxide or a
cannabinoid. Also, the activation of the light-activated cat-
ion channel protein can cause release of a cytokine. In some
embodiments, the light activated cation channel 1s expressed
in a muscle cell and activation of the light-activated cation
channel protein causes the muscle cell to contract. In other
embodiments, the light activated cation channel 1s expressed
in a neuronal cell and activation of the light-activated cation
channel protein causes a synaptic event. The synaptic event
can cause the release of a small-molecule neuromodulator,

such as norepinephrine, serotonin, dopamine, acetylcholine,
D-serine, histamine, or a combination thereof. The synaptic
event can be excitatory or inhibitory. The light activated
cation channel can be expressed in a stem cell, such as
human embryonic stem cell, and activation of the light-
activated cation channel protein can cause the stem cell to
differentiate. The light activated cation channel 1s expressed
in a cancer cell and activation of the light-activated cation
channel protein causes a modulation of replication, survival,
and/or controlled death in said cancer cell. Preferably, the
light-activated cation channel protein 1s ChR2, Chop2,
ChR2-310, or Chop2-310. An embodiment of an 1n vivo or
ex vivo method comprises expressing a light activated cation
channel protein 1n a stem cell, where said light activated
cation channel protein 1s activated by exposure to light and
said activation causes a modulation of replication said stem
cell. In preferred embodiments, the light activated cation
channel 1s expressed 1n retinal ganglion cells or spinal
ganglion cells. A preferred embodiment 1s prosthetic
devices, 1.e., cells for implantation which express light
activated cation channel. Preferred prosthetics are for the
eyes or ears and preferably express ChR2, Chop2, ChR2-
310, or Chop2-310. Preferably, the light activated cation
channel protein 1s coded by a sequence of SEQ ID No. 2 or
SEQ ID No. 3.

[0033] Yet another preferred aspect 1s a method of pre-
dicting potential 10n channel modulating properties of a drug
comprising: (a) expressing a light-activated cation channel
protein and an 10n channel of iterest 1n a cell; (b) exposing
said cell to light and monitoring a first response 1n said cell;
(c) exposing said cell to a candidate drug; (d) tfurther
exposing said cell to light and monitoring a second response
in said cell; and (¢) determining an 10n channel modulating
property of said candidate drug based on a comparison of
said first and second response. The monitoring of the
responses can comprise optical imaging of changes 1n fluo-
rescence 1n said cell or monitoring a signal transduction
pathway. The signal transduction pathway can be monitored
with an antibody, fluorescent small molecule, or a geneti-
cally encoded indicator. Preferably the light-activated cation

channel protein 1s ChR2, Chop2, ChR2-310, or Chop2-310.




US 2019/0049462 Al

Preferably, the light-activated cation channel protein is
coded by a sequence of SEQ ID No. 2 or SEQ ID No. 3.

INCORPORAITION BY REFERENCE

[0034] All publications and patent applications mentioned
in this specification are herein imcorporated by reference to
the same extent as 1f each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] The novel features of the invention are set forth
with particularity in the appended claims. A better under-
standing of the features and advantages of the present
invention will be obtained by reference to the following
detailed description that sets forth illustrative embodiments,
in which the principles of the invention are utilized, and the
accompanying drawings of which:

[0036] FIG. 1A shows a micrograph of hippocampal neu-
rons expressing ChR2-YFP.

[0037] FIG. 1B shows b, Inward current in voltage-
clamped neuron (left) evoked by 1 second of excitation light
(indicated by lines throughout figures), with population data
(middle; mean+standard deviation plotted throughout fig-
ures; n=18). The figure also shows that light through a YFP
filter evokes smaller currents (right; n=5).

[0038] FIG. 1C shows currents in a hippocampal neuron
illuminated as i FIG. 1(5), 1n response to light pulses.

[0039] FIG. 1D has voltage traces showing membrane
depolarization and spikes 1n a current-clamped hippocampal
neuron (left) evoked by 1 second periods of blue light. Right,
properties of the first spike elicited (n=10), showing latency
to spike threshold, latency to spike peak, and jitter of spike
peak time.

[0040] FIG. 1E has voltage traces in response to brief light
pulse sequences, with pulses lasting 5 ms (top), 10 ms

(middle), and 15 ms (bottom).

[0041] FIG. 2A has voltage traces showing spikes 1n a
current-clamped hippocampal neuron, 1n response to three
deliveries of a Poisson train of light pulses.

[0042] FIG. 2B shows tnal-to-tnial reliability of light
evoked spike trains, as measured by comparing the presence
or absence of a spike 1n two repeated trials of the same
Poisson train delivered to the same neuron.

[0043] FIG. 2C shows trial-to-trial jitter of the light-
evoked spike trains.

[0044] FIG. 2D shows the percent fidelity of spike trans-
mission throughout the entire 8-second Poisson train.

[0045] FIG. 2E shows latency of the spikes throughout
cach light pulse sequence (1), and jitter of spike times

throughout the train (11).

[0046] FIG. 2F has voltage traces showing spikes in three
different hippocampal neurons, in response to the same
temporally patterned light stimulus as used in FIG. 2A.

[0047] FIG. 2G has a histogram showing how many of the
7 neurons spiked 1n response to each light pulse 1n the
Poisson train.

[0048] FIG. 2H shows neuron-to-neuron jitter of spikes
evoked by light stimulation.

[0049] FIG. 3A has voltage traces showing spikes 1n a
current-clamped hippocampal neuron evoked by 5, 10, 20,
or 30 Hz trains of light pulses.
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[0050] FIG. 3B has population data showing the number
of spikes (out of 20 possible) evoked 1n current-clamped
hippocampal neurons.

[0051] FIG. 3C shows the number of extraneous spikes
evoked by the trains of light pulses, for the experiment
described 1n FIG. 3B.

[0052] FIG. 3D shows jitter of spike times throughout the
train of light pulses for the experiment described 1n FIG. 3B.
[0053] FIG. 3C shows the latency to spike peak through-
out the light pulse train for the experiment described 1n FIG.
3B.

[0054] FIG. 4A has voltage traces showing subthreshold
depolarizations 1n a current-clamped hippocampal neuron
(left).

[0055] FIG. 4B illustrates how longer light pulses induced
repeatable depolarizations. Right, coetlicients of variation
(CV) for the induced voltage changes (n=5 neurons).
[0056] FIG. 4C shows excitatory synaptic transmission
driven by light pulses. The glutamatergic blocker NBQX
abolishes these synaptic responses (right).

[0057] FIG. 4D shows inhibitory synaptic transmission
driven by light pulses. The GABAergic transmission blocker
gabazine abolishes these synaptic responses (right).

[0058] FIG. SA shows membrane resistance of neurons
expressing ChR2 (CHR2+; n=18), not expressing ChR2
(CHR2-; n=18), or expressing ChR2 and measured 24 hours
alter exposure to a light-pulse protocol (CHR2+ finished;

n=12).
[0059] FIG. 5B shows membrane resting potential of the
same neurons described i FIG. SA.

[0060] FIG. 5C shows the number of spikes evoked by a
300-pA depolarisation, 1n the same neurons.

[0061] FIG. 6 shows a map of a retroviruses containing
ChR2.
[0062] FIG. 7 shows a micrograph of a clonal stem cell

line expressing ChR2 introduced by lentiviral transduction.

[0063] FIG. 8 illustrates increased nuclear Ser-133 CREB
phosphorylation in neural progenitor cell (NPC) triggered by

light.
[0064] FIG. 9 1s a micrograph of living zebrafish with
ChR2 expressed 1in a neuron (left) and muscle cell (right).

[0065] FIG. 10 illustrates an embodiment of one of the
methods of the mnvention.

[0066] FIG. 11 illustrates an embodiment of one of the
methods of the mnvention.

[0067] FIG. 12 illustrates SEQ ID. No. 1.
[0068] FIG. 13 illustrates SEQ ID. No. 2.
[0069] FIG. 14 illustrates SEQ ID. No. 3.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

[0070] The present invention provides novel compositions
and methods for controlling the electrical and chemical
properties of cell membranes using light. The present inven-
tion also provides for a noninvasive, genetically targeted,
high temporal resolution control of membrane electrical and
chemical properties.

LACC

[0071] In a preferred embodiment of the invention, the
light-activated cation channel protein comprises a 7-trans-
membrane protein.
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[0072] In a preferred embodiment of the invention, the
LACC comprises the protein, or portions of the protein
Channelrhodopsin-2 (ChR2). ChR2 is a rhodopsin derived
from the unicellular green alga Chlamydomonas reinhardtii.
The term “rhodopsin™ as used herein 1s a protein that
comprises at least two building blocks, an opsin protein, and
a covalently bound cofactor, usually retinal (retinaldehyde).

The rhodopsin ChR2 i1s derived from the opsin Channelop-
sin-2 (Chop2) (Nagel, et. al. Proc. Natl. Acad. Sci. USA

100:13940, and references cited therein). The LACC protein
of the present invention can incorporate retinal that 1s added
to the system, or, depending on the cell type that 1s used,
background levels of retinal present 1n the cell may produce
the required retinal. It 1s intended herein that the methods of
the invention encompass either the opsin or the rhodopsin
form of the LACC protein, e.g. Chop2 or ChR2. Typically,
Chop2 and ChR2 can be interconverted by the addition or
removal of the cofactor. Thus, as used herein, a LACC
protein comprises an opsin with or without a co-factor. For
example, as used herein, where a nucleic acid codes for an
opsin protein such as Chop2, it codes for a light activated
cation channel protein such as ChR2. Additionally, as used
herein, where a cell expresses an opsin protein such as
Chop2, it expresses a LACC protein.

[0073] The LACC of the present invention may also cause
the modulation of the flow of anions such as chloride across
a membrane when activated by light. Optically induced
clectrical and chemical changes due to activation of the
LACC by light are also included within the mvention.

[0074] In some embodiments of the mvention 1t 1s desir-
able to add cofactor (usually 1n the nanomolar to micromolar
range). In other embodiments, no addition of retinal 1s
required. In some cases, the medium may provide the
required cofactor. In a preferred embodiment of the present
invention, the LACC protein covalently binds retinal. The
term retinal, as used in comprises all-trans retinal, 11-cis
retinal, and other 1somers of retinal.

[0075] In some embodiments of the invention the protein
Bcdo can be expressed along with ChR2. Bedo converts the
common dietary molecule beta carotene into retinal (Yan et.
al., Genomics 72 (2):193 (2001)), thus providing retinal to
convert Chop2 to ChR2.

[0076] As used herein, the terms “ChR2” and “Chop2”
mean the full proteins or fragments thereof. A preferred
embodiment of the present invention comprises the amino
terminal 310 amino acids of Chop2 which 1s referred to
herein as Chop2-310. A preferred embodiment the present
invention comprises the amino terminal 310 amino acids of
ChR2 which 1s referred to as ChR2-310. The amino-terminal
310 amino acids of ChR2 show homology to the 7-trans-
membrane structure of many microbial-type rhodopsins, and
comprise a channel with a light-gated conductance. In an
embodiment of the invention, a LACC protein comprises a
/-transmembrane protein. Preferably the LACC protein 1s a
/-transmembrane protein that either has a binding afhnity
for retinal, or has retinal bound to it.

[0077] In a preferred embodiment, the LACC of the pres-
ent invention 1s derived from a microbial-type rhodopsin. In
a preferred embodiment, the LACC of the present invention
1s derived from a bacteriorhodopsin.

[0078] One aspect of the present mvention 1s a single-
component protein that 1s a LACC protein. As used herein,
a single component protein 1s a single covalently linked
chain of amino acids. Multiple component systems require
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communication between non-covalently linked molecules,
which can be much slower than within-protein signaling via
conformational changes. Unlike previous methods requiring
several protein components, the present invention allows the
creation of light gated membrane conductance with a single
protein component. While not being bound by theory, it 1s
believed that the retinal in ChR2, as a microbial type
rhodopsin, 1s strongly bound, allowing the retinal to re-
1somerize to the all-trans ground state 1n a dark reaction
without the need for other enzymes. This mechamism allows
for fast recovery (closing of the 1onic channel) when the
light 1s removed, and 1t obviates the need for other enzyme
components for re-generation of the all trans-retinal and
closing of the channel.

[0079] In a preferred embodiment of the invention the
light-activated cation-channel Channelrhodopsin-2 (ChR2)
1s genetically introduced 1nto a cellular membrane.

[0080] The LACC protein of the present invention also
comprises the protein sequence of Chop2-310 [SEQ ID
NO:1, depicted in FIG. 12]. “Protein” 1n this sense includes
proteins, polypeptides, and peptides. Also included within
the LACC protein of the present mvention are amino acid
variants of the naturally occurring sequences, as determined
herein. Preferably, the variants are greater than about 75%
homologous to the protein sequence of Chop2 or Chop2-
310, more preferably greater than about 80%, even more
preferably greater than about 85% and most preferably
greater than 90%. In some embodiments the homology will
be as high as about 93 to about 935 or about 98%. Homology
in this context means sequence similarity or identity, with
identity being preferred. This homology will be determined
using standard techniques known in the art. The composi-
tions ol the present invention include the protein and nucleic
acid sequences provided herein including variants which are
more than about 50% homologous to the provided sequence,
more than about 55% homologous to the provided sequence,
more than about 60% homologous to the provided sequence,
more than about 65% homologous to the provided sequence,
more than about 70% homologous to the provided sequence,
more than about 75% homologous to the provided sequence,
more than about 80% homologous to the provided sequence,
more than about 85% homologous to the provided sequence,
more than about 90% homologous to the provided sequence,
or more than about 95% homologous to the provided
sequence.

[0081] LACC proteins of the present invention may be
shorter or longer than the protein sequence of Chop2 or
Chop2-310. Thus, 1n a preferred embodiment, included
within the definition of LACC protemns are portions or
fragments of the protein sequence of Chop2 or of Chop2-
310. In addition, nucleic acids of the invention may be used
to obtain additional coding regions, and thus additional
protein sequence, using techniques known in the art.

[0082] In a preferred embodiment, the LACC proteins of
the present invention are derivative or variant protein
sequences, as compared to Chop2 or Chop2-310. That 1s, the
derivative LACC proteins of the present invention will
contain at least one amino acid substitution, deletion or
isertion, with amino acid substitutions being particularly
preferred. The amino acid substitution, insertion or deletion
may occur at any residue within the LACC protein.

[0083] Also included 1n an embodiment of the LACC
proteins of the present invention are amino acid sequence
variants of the ChR2, Chop2, ChR2-310, Chop-310 or [SEQ




US 2019/0049462 Al

ID NO:1, depicted 1n FIG. 12]. These variants fall into one
or more of three classes: substitutional, insertional or dele-
tional variants. These variants ordinarily are prepared by site
specific mutagenesis of nucleotides 1n the DNA encoding the
LACC proteins, using cassette or PCR mutagenesis or other
techniques well known 1n the art, to produce DNA encoding,
the variant, and thereafter expressing the DNA 1n recombi-
nant cell culture. Amino acid sequence variants are charac-
terized by the predetermined nature of the variation, a
feature that sets them apart from naturally occurring allelic
or interspecies variation of the LACC proteins of the present
invention. The vanants typically exhibit the same qualitative
biological activity as the naturally occurring analogue,
although variants can also be selected which have modified
characteristics.

[0084] While the site or region for introducing an amino
acid sequence variation 1s predetermined, the mutation per
s¢ need not be predetermined. For example, in order to
optimize the performance of a mutation at a given site,
random mutagenesis may be conducted at the target codon
or region and the expressed breast cancer variants screened
for the optimal combination of desired activity. Techniques
for making substitution mutations at predetermined sites 1n
DNA having a known sequence are well known, {for
example, M13 primer mutagenesis and PCR mutagenesis.

[0085] Amino acid substitutions are typically of single
residues; isertions usually will be on the order of from
about 1 to 20 amino acids, although considerably larger
insertions may be tolerated. Deletions range from about 1 to
about 20 residues, although 1n some cases deletions may be
much larger.

[0086] Substitutions, deletions, isertions or any combi-
nation thereol may be used to arrive at a final denivative.
Generally these changes are done on a few amino acids to
mimmize the alteration of the molecule. However, larger
changes may be tolerated 1n certain circumstances. In some
embodiments, small alterations 1n the characteristics of the
LACC proteins of the present invention are desired, substi-
tutions are generally made 1n accordance with the following
table:

TABLE 1
Original Exemplary
Residue Substitutions
Ala Ser
Arg Lys
Asn Gln, His
Asp Glu
Cys Ser
Gln Asn
Glu Asp
Gly Pro
His Asn, Gln
Ile, Leu, Val
Leu Ile, Val
Lys Arg, Gln, Glu
Met Leu, Ile
Phe Met, Leu, Tyr
Ser Thr
Thr Ser
Trp Tyr
Tyr Trp, Phe
Val Ile, Leu

[0087] Substantial changes in function are made by select-
ing substitutions that are less conservative than those shown
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in Table 1. For example, substitutions may be made which
more significantly affect the structure of the polypeptide
backbone 1n the area of the alteration, for example the
alpha-helical or beta-sheet structure; the charge or hydro-
phobicity of the molecule at the target site; or the bulk of the
side chain. The substitutions which in general are expected
to produce the greatest changes 1n the polypeptide’s prop-
erties are those 1 which (a) a hydrophilic residue, e.g. seryl
or threonyl 1s substituted for (or by) a hydrophobic residue,
¢.g. leucyl, 1soleucyl, phenylalanyl, valyl or alanyl; (b) a
cysteine or proline i1s substituted for (or by) any other
residue; (c) a residue having an electropositive side chain,
e.g. lysyl, arginyl, or histidyl, 1s substituted for (or by) an
clectronegative residue, e.g. glutamyl or aspartyl; or (d) a
residue having a bulky side chain, e.g. phenylalanine, 1s
substituted for (or by) one not having a side chain, e.g.
glycine.

[0088] The vanants or derivatives typically exhibit the
same qualitative activity as the Chop2, ChR2, Chop-310, or
ChR2-310 protein, although variants or derivatives also are
selected to modily the characteristics of the LACC proteins
as needed. Vanants or derivatives can show enhanced 1on
selectivity, stability, speed, compatibility, and reduced tox-
icity. For example, the protein can be modified such that 1t
can be driven by different wavelength of light than the
wavelength of around 460 nm of the wild type ChR2 protein.
The protein can be modified, for example, such that 1t can be
driven at a higher wavelength such as about 480 nm, 490
nm, 500 nm, 510 nm, 520 nm, 530 nm, 540 nm, 550 nm, 560
nm, 570 nm, 3580 nm, or 590 nm.

[0089] The LACC proteins of the present imnvention can
incorporate un-natural amino acids as well as natural amino
acids. The unnatural amino acids can be used to enhance 10n
selectivity, stability, speed, compatibility, or to lower toxic-
ity.

[0090] An aspect of the present invention 1s a fusion
protein comprising a light-activated cation channel protein.
It 1s well known 1n the art that fusion proteins can be made
that will create a single protein with the combined activities
of several proteins. In one embodiment, the fusion proteins
can be used to target Chop2 or ChR2 to specific cells or
regions within cells.

[0091] One embodiment of a fusion protein comprising a
LACC protein 1s 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 embodiment, a PDZ (PSD-95, Dlg and ZO-1)
domain 1s fused to ChR2 or Chop2 which target dendrites.

In another preferred embodiment, Axon itial segment
(AIS) domain 1s fused to ChR2 or Chop2 which target axons.

[0092] Other fusion proteins of the present invention are
proteins combining ChR2 and a fluorescent protein i order
to allow for monitoring of the localization of ChR2. Pre-
terred fusion proteins are those with red fluorescent protein
(mCherry), yvellow fluorescent protein (YFP), cyan fluores-
cent protein (CFP) and green fluorescent protein (GFP).
These fusion proteins, such as the ChR2-mCherrry fusion
protein, allow for the independent stimulation of ChR2 and
the simultaneous monitoring of localization. The simultane-
ous stimulation and monitoring of localization can be carried
out in many cell types including mammalian systems.

[0093] It 1s an aspect of the mvention to provide a light-
activated cation channel protein that 1s non-toxic in the cells
in which 1t 1s expressed. Preferably, the light-activated 1on
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channel proteins of the present invention do not perturb the
basal electrical properties, alter the dynamic electrical prop-
erties, or jeopardize the prospects for cellular survival.
Preferably, the light-activated cation channel proteins of the
present invention do not alter the membrane resistance of the
cells 1n the absence of light. Preferably, the light-activated
ion channels do not lead to apoptosis 1n the cells, nor lead
to the generation of pyknotic nuclei. Preferably, in the
absence of light, the presence of the LACC protein does not
alter cell health or ongoing electrical activity, at the level of
subthreshold changes 1n voltage or 1n spike output, either by
shunting current through leaky channels or by altering the
voltage dependence of existing neuronal input-output rela-
tionships. Preferably, the presence of LACC protein creates
no significant long-term plastic or homeostatic alterations in
the electrical properties of neurons expressing the protein.

[0094] Another aspect of the present invention provides
nucleic acid sequences which code for the LACC proteins of
the present invention. It would be understood by a person of
skill 1n the art that the LACC proteins of the present
invention can be coded for by various nucleic acids. Each
amino acid 1n the protein 1s represented by one or more sets
of 3 nucleic acids (codons). Since many amino acids are
represented by more than one codon, there 1s not a unique
nucleic acid sequence that codes for a given protein. It 1s
well understood by persons of skill in the art how to make
a nucleic acid that can code for the LACC proteins of the
present imvention by knowing the amino acid sequence of
the protein. A nucleic acid sequence that codes for a poly-
peptide or protein 1s the “gene” of that polypeptide or
protein. A gene can be RNA, DNA, or other nucleic acid
than will code for the polypeptide or protein.

[0095] One preferred embodiment of a nucleic acid
sequence comprises [SEQ ID NO:2, depicted 1n FIG. 13].
[0096] It 1s known by persons of skill in the art that the
codon systems 1n different organisms can be slightly difler-
ent, and that therefore where the expression of a given
protein from a given organism 1s desired, the nucleic acid
sequence can be modified for expression within that organ-
1S1m.

[0097] An aspect of the present invention provides a
nucleic acid sequence that codes for a light-activated cation
protein that 1s optimized for expression with a mammalian
cell. A preferred embodiment comprises a nucleic acid
sequence optimized for expression 1 a human cell.

[0098] A preferred embodiment of a nucleic acid sequence
that codes for a light-activated cation protein that i1s opti-
mized for expression with a human cell comprises [SEQ 1D

NO:3, depicted 1n FIG. 14].

[0099] Another aspect of the present invention provides
for reagents for genetically targeted expression of the LACC
proteins including ChR2. Genetic targeting can be used to
deliver light-activated cation channel proteins to specific cell
types, to specific cell subtypes, to specific spatial regions
within an organism, and to sub-cellular regions within a cell.
Genetic targeting also relates to the control of the amount of
light-activated cation channel protein expressed, and the
timing of the expression.

[0100] A preferred embodiment of a reagent for geneti-
cally targeted expression of the LACC protein comprises a
vector which contains the gene for the LACC protein.

[0101] As used herein, the term “vector” refers to a nucleic
acid molecule capable of transporting between different
genetic environments another nucleic acid to which 1t has
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been operatively linked The term *““vector” also refers to a
virus or organism that 1s capable of transporting the nucleic
acid molecule. One type of preferred vector 1s an episome,
1.€., a nucleic acid molecule capable of extra-chromosomal
replication. Preferred vectors are those capable of autono-
mous replication and/or expression of nucleic acids to which
they are linked Vectors capable of directing the expression
ol genes to which they are operatively linked are referred to
herein as “expression vectors”. Other preferred vectors are
viruses such as lentiviruses, retroviruses, adenoviruses and
phages. Preferred vectors can genetically msert LACC pro-
teins into both dividing and non-dividing cells. Preferred
vectors can genetically insert LACC protemns in-vivo or
1n-vitro.

[0102] Those vectors that include a prokaryotic replicon
can also include a prokaryotic promoter capable of directing
the expression (transcription and translation) of the LACC
protein 1n a bacterial host cell, such as E. coli. A promoter
1s an expression control element formed by a DNA sequence
that permits binding of RNA polymerase and transcription to
occur. Promoter sequences compatible with bacterial hosts
are typically provided 1n plasmid vectors containing conve-
nience restriction sites for isertion of a DNA segment of the
present invention. Typical of such vector plasmids are

pUCS, pUCY9, pBR322, and pBR329 available from BioRad
Laboratories, (Richmond, Calif.) and pPL and pKK223

available from Pharmacia, (Piscataway, N.I.).

[0103] Expression vectors compatible with eukaryotic
cells, can also be used. Fukaryotic cell expression vectors
are well known 1n the art and are available from several
commercial sources. Typically, such vectors are provided
containing convenient restriction sites for insertion of the

desired DNA homologue. Typical of such vectors are pKSV-
10 (Pharmacia), pBPV-1/PML2d (International Biotech-
nologies, Inc.), and pTDT1 (ATCC, No. 31255).

[0104] One preferred embodiment of an expression vector
of the present mvention 1s a lentivirus comprising the gene
for ChR2 or Chop2 and an EF1-alpha promoter. This len-
tivirus vector 1s used 1n one aspect of the present invention
to create stable cell lines. The term “cell line” as used herein
1s an established cell culture that will continue to proliferate
given the appropriate medium.

[0105] One preferred embodiment of an expression vector
of the present invention 1s a lentivirus comprising the gene
for ChR2 or Chop2 and a cell specific promoter. Examples
of cell specific promoters are promoters for somatostatin,
parvalbumin, GABAa6, L7, and calbindin. Other cell spe-
cific promoters are promoters for kinases such as PKC,
PKA, and CaMKII; promoters for other ligand receptors
such as NMDARI1, NMDAR2B, GluR2; promoters for ion
channels including calcium channels, potasstum channels,
chloride channels, and sodium channels; and promoters for
other markers that label classical mature and dividing cell
types, such as calretinin, nestin, and beta3-tubulin.

[0106] Another preferred embodiment 1s a lentivirus con-
taining tetracycline elements that allow control of the gene
expression levels of ChR2, simply by altering levels of
exogenous drugs such as doxycycline. This method, or other
methods that place ChR2 under the control of a drug-
dependent promoter, will enable control of the dosage of
ChR2 1n cells, allowing a given amount of light to have
different effects on electrical activation, substance release, or
cellular development
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[0107] One aspect of the invention 1s nucleic acid
sequences comprising the gene for LACC proteins and
promoters for genetically targeted expression of the pro-
teins. The genetically targeted expression of the LACCs of
the present invention can be facilitated by the selection of
promoters. The term “promoter” as used herein 1s nucleic
acid sequence that enables a specific gene to be transcribed.
The promoter usually resides near a region of DNA to be
transcribed. The promoter 1s usually recognized by an RNA
polymerase, which, under the control of the promoter,
creates RNA, which 1s then converted into the protein for
which 1t codes. By use of the appropriate promoter, the level
of expression of LACC protein can be controlled. Cells use
promoters to control where, when, and how much of a
specific protemn 1s expressed. Therefore, by selecting a
promoter that 1s selectively expressed predominantly within
one type of cell, one subtype of cells, a given spatial region
within an organism, or sub-cellular region within a cell, the
control of expression of LACC can be controlled accord-
ingly. The use of promoters also allows the control of the
amount of LACC expressed, and the timing of the expres-
sion. The promoters can be prokaryotic or eukaryotic pro-
moters.

[0108] One embodiment of the invention 1s a nucleic acid
sequence comprising the gene for LACC protemn and a
general purpose promoter. A general purpose promoter
allows expression of the LACC protein in a wide variety of
cell types. One example of a general purpose promoter of the
present 1nvention 1s The EF1-alpha promoter. The EF-1
alpha gene encodes for elongation factor-1 alpha which 1s
one of the most abundant proteins 1 eukaryotic cells and 1s
expressed 1 almost all kinds of mammalian cells. The
promoter of this “housekeeping” gene can lead to persistent
expression of the transgene in vivo. Another preferred
general promoter 1s the CMV (cytomegalovirus) promoter,
which can drive gene expression at very high levels. Still
other preferred general-purpose promoters include those for

CaMKII and synapsin I (Dittgen et. al, PNAS 101:18206-11
(2004)).

[0109] One embodiment of the present invention 1s a
nucleic acid sequence comprising the gene for LACC pro-
tein and a cell specific promoter. Examples of cell specific
promoters are promoters for somatostatin, parvalbumin,
GABAa6, L7, and calbindin. Other cell specific promoters
are promoters for kinases such as PKC, PKA, and CaMKII;
promoters for other ligand receptors such as NMDARI,
NMDAR2B, GluR2; promoters for ion channels including
calcium channels, potassium channels, chloride channels,
and sodium channels; and promoters for other markers that
label classical mature and dividing cell types, such as
calretinin, nestin, and beta3-tubulin. In a preferred embodi-
ment of the present mvention, the nucleic acid comprises a
bacterial artificial chromosome (BAC).

[0110] One embodiment of the present invention 1s pro-
moter 1s an inducible promoter. For instance, the promoter
can be inducible by a trans-acting factor which responds to
an exogenously administered drug. The promoters could be,
but are not limited to tetracycline-on or tetracycline-off, or
tamoxifen-inducible Cre-ER.

Cells

[0111] One aspect of the present mvention 1s a cell that
expresses LACC protemns, and specifically a cell that
expresses ChR2 or Chop2. Another aspect of the mnvention

Feb. 14, 2019

1s a LACC protein expressing-cell that also expresses other
ion channels, receptors, or signaling proteins, both in the
normal and/or impaired form. Another aspect to the imven-
tion 1s a business method to make commercially available
the cells of the invention.

[0112] The cells of the present invention can be created
using a vector mcluding a DNA expression vector, a virus or
an organism. Preferred vectors include lentiviruses and
retroviruses. In some cases, 1n particular where robust cell
lines are mvolved, expression of ChR2 can be induced by
using lipofection techniques, such as exposing cell lines to
micelles containing Lipofectamine or Fugene, and then
FACS-sorting to 1solate stably expressing cell lines.

[0113] Cells of any origin, preferably those cells that are
capable of growth 1n tissue culture, are candidate cells for
transiection or infection with a LACC protein such as ChR2
or Chop2. Non-limiting examples of specific cell types that
can be grown 1n culture include connective tissue elements
such as fibroblast, skeletal tissue (bone and cartilage), skel-
ctal, cardiac and smooth muscle, epithelial tissues (e.g. liver,
lung, breast, skin, bladder and kidney), neural cells (glia and
neurones), endocrine cells (adrenal, pituitary, pancreatic
islet cells), bone marrow cells, melanocytes, and many
different types of hematopoetic cells. Suitable cells can also
be cells representative of a specific body tissue from a
subject. The types of body tissues include, but are not
limited, to blood, muscle, nerve, brain, heart, lung, liver,
pancreas, spleen, thymus, esophagus, stomach, intestine,
kidney, testis, ovary, hair, skin, bone, breast, uterus, bladder,
spinal cord and various kinds of body fluids. Cells 1n culture
can be freshly 1solated from body tissues (known as primary
culture) or subcultured by expansion and/or cloning of the
cells present in the primary culture (known as cell lines).

[0114] Cells of different developmental stages (embryonic
or adult) of an organism, or more specifically of various
developmental origins including ectoderm, endoderm and
mesoderm, can also be applied. Another type of cells
embodied in the present invention 1s a “personal cell type”,
which comprises cells derived from individuals of a family,
or individuals from different generations within the same
pedigree.

[0115] Of particular interest are cells that are associated
with a particular disease or with a specific disease stage,
cells derived from natural and induced immune deficiency
states, cardiovascular disease, neuronal disease, intflamma-
tion states and diseases caused by a variety of pathogens.
The association with a particular disease or disease stage
may be established by the cell’s aberrant behavior 1n one or
more biological processes such as cell cycle regulation, cell
differentiation, apoptosis, chemotaxis, cell motility and
cytoskeletal rearrangement. A disease cell may also be

confirmed by the presence of a pathogen causing the disease
of concern (e.g. HIV for AIDS and HBYV ifor hepatitis B).

[0116] Preferred cells are mammalian cells and cell lines
derived from mammalian cells. Other preferred cells are
embryonic stem cells and adult stem cells including hemato-
poetic stem cells, bone marrow, neural stem cells, epithelial
stem cells, skin stem cells. Preferred cell lines appropnate
for ChR2 expression include, HEK cells, neural stem cell
lines, pancreatic islet cell lines, and other excitable or
secretory cells.

[0117] The LACC proteins, when activated by light can
also cause other 1on channel proteins within the membrane
to be activated. Thus, an aspect of the invention 1s a cell that
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has both the LACC protein and other 1on channels or a splice
variant of an 1on channel that can be activated by the LACC
protein. Examples of i1on channels include, but are not
limited to, Voltage-gated channels such as sodium and
potassium voltage-gated channels of nerve and muscle;
Ligand-gated such as Acetylcholine receptor, AMPA recep-
tor and other neurotransmitter-gated channels; Cyclic
nucleotide-gated channels such as calcium-activated chan-
nels; cardiac 1on channels such as HERG channels; Stretch-
activated channels; G-protein-gated channels; Inward-recti-
fier K channels; Resting channels; Store-operated channels
such as calcium release-activated calctum (CRAC) channel;
as well as other calcium channels, other potassium and
sodium channels. The one or more 10n channel proteins can
be artificial, and can be targeted to be expressed in the cell
contaiming the LACC protein.

[0118] A preferred embodiment of the invention 1s a cell
that comprises a LACC protein and one or more 10n channel
proteins that can be activated and thus controlled and whose
behavior can be understood. Another preferred embodiment
of the invention 1s a cell that comprises a LACC protein and
one or more 1on channel proteins that can be activated and
thus controlled for screening for 1on channel modulators as
described below. Another preferred embodiment of the
invention 1s a cell that comprises a LACC protein and one
or more cardiac 1on channels (e.g. HERG channel) that can
be activated and thus controlled for screening for side effect
of compounds as described below. Another preferred
embodiment 1s an article of manufacture as described below
containing a cell that comprises a LACC protein and one or
more 1on channel proteins that can be activated as described
by the method herein.

[0119] A preferred cell that expresses LACC proteins, and

specifically a cell that expresses ChR2 or Chop2 i1s a
mammalian cell.

[0120] One aspect of the present imnvention 1s a cell line
that expresses LACC proteins, and specifically a cell line
that expresses ChR2 or Chop2. The cell line of the present
invention can be created using a vector including a DNA
expression vector, a virus or an organism. Preferred vectors
include lentiviruses and retroviruses. In some cases, 1n
particular where robust cell lines are involved, expression of
ChR2 can be induced by using lipofection techniques, such
as exposing cell lines to micelles containing Lipofectamine
or Fugene, and then FACS-sorting to 1solate stably express-
ing cell lines. Preferred cell lines are mammalian cell lines
as described above. Preferred cell lines are neuronal cell
lines or other excitable cell lines. Preferred cell lines appro-
priate for ChR2 expression include HEK cells, neural stem
cell lines, pancreatic 1slet cell lines, and other excitable or
secretory cells.

[0121] A preferred cell line of the present invention 1s a
clonal neuronal stem cell line expressing ChR2 under the
EF1-alpha promoter. Such a cell line 1s useful for the
screening of drugs, particularly drugs that aflect the influ-
ence of electrical activity on neuronal genesis, development,
and apoptosis.

[0122] Another preferred cell line of the present invention
1s a line of hippocampal neurons that expresses ChR2 under
the EF1-alpha promoter. Such a cell line 1s useful for the
in-vitro screening of drugs, and as a model for controlling
neurons with light imn-vivo.

[0123] An embodiment of the invention 1s a stem cell lines
that provide therapies based on transplantable, optically
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activatable cells that release substances as described below
such as isulin, growth hormones, or other small molecules
or polypeptides. Control of substance release with the pres-
ent imnvention can be done on the second-to-minute times-
cale, allowing precise management of drug dosing, espe-
cially for conditions like diabetes or growth retardation.
[0124] The cells of the invention can be grown as a
monolayer anchored onto a solid phase substrate, or as
aggregates 1n a suspension culture. The choice of substrate
1s determined largely by the type of cell and the desired
growth parameters (e.g. growth rate, desired density, media
requirements etc.) Most cells can be propagated on a sub-
strate made of e.g., glass, plastic or ceramic material. For
certain cell types, such as neurons, epithelial and muscle
cells, substrates pre-coated with charged substances that
enhance cell attachment and spreading are preferred. Com-
monly employed coating materials mnclude biological sub-
strates that bear a net positive charge. Non-limiting
examples of biological substrates include extracellular
matrix/adhesion proteins such as laminin, fibronectin, col-
lagen, or synthetic polypeptide such as poly-lysine. A variety
of non-biological substrates such as membranes made of
nitrocellulose, nylon, polytetrafluoroethylene, or any other
implant materials can also be used to support growth of cells
in a suitable medium according to cell type.

[0125] Precautions are generally taken to maintain mem-
brane integrity and preserve cell membrane components
when harvesting cells cultured on diflerent substrates. The
method of the invention contemplate the use of traditional
method of dissociating of anchored cells or cell layers
including proteolytic enzymes such as serine proteinase,
trypsin. In addition cells of the present invention can be
removed from the culture substrates by agents that minimize
damages to the cell surface antigens. These agents include
chelating agents, such as EDTA and EGTA, which bind to
divalent metal 10ns (e.g. calcium and magnesium) known to
be necessary for cell-substrate attachment. Other suitable
cell dissociation agents encompass collagenases, dispases,
and neutral proteinases when used 1n conjunction with serine
proteinase mhibitors (e.g. soybean trypsin inhibitor). Treat-
ment of cells with these agents mostly results 1n disruption
of the extracellular matrix components while preserving the
cell surface proteins. The time required to detach the cells
anchored on a solid substrate can vary depending on the
protease enzymes chosen, but will normally be a period of
about 1 minute to 30 minutes, and preferably about 5
minutes to 15 minutes. The enzymatic treatment can be
carried out at room temperature or at about 37° C. Excess
enzyme can be removed by gentle washing with buflers
having pH and salt concentrations in the physiological range
that are routinely prepared by one skilled 1n the art.

[0126] Cell viability may be confirmed by the measure-
ment of membrane integrity. The methods for assessing
membrane integrity are known 1n the art. The most common
assay 1nvolves staining cells with a dye that reacts with
either living or dead cells. As 1s apparent to one skilled 1n the
art, exemplary dyes include trypan blue, eosin Y, naphtha-
lene black, nigrosin, erythrosin B and fast green.

Transgenic Animals

[0127] One aspect of the mvention 1s a transgenic animal
that expresses a LACC protein. A preferred embodiment 1s
a transgenic anmimal that expresses Chop2 or ChR2. Expres-
s1on of LACC protein 1n particular subsets of neurons can be
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used for analyzing circuit function, behavior, plasticity, and
ammal models of psychiatric disease

[0128] Preferred transgenic animal species of the present
invention that expresses LACC protein include zebrafish
(Danio rerio). In zebrafish, the LACC protein can be intro-
duced fish embryos by acute injection at the few-hundred
cell stage.

[0129] Another preferred transgenic animal species of the
present invention that expresses LACC protemn 1s flies
(Drosophila melanogaster). In one preferred embodiment,
flies express ChR2 under the UAS promoter for use in the
GAL4-UAS system). Another preferred transgenic animal
species of the present invention that expresses LACC pro-
tein 1s worms (Caenorhabditis elegans). In one preferred
embodiment, stable lines are made with 1njection of plas-
mids containing ChR2 under specific promoters into the
gonad.

[0130] Another preferred transgenic animal species of the
present mvention that expresses LACC protein 1s mice. In
one preferred embodiment, mice that express LACC protein
are made using BAC (bactenial artificial chromosome) trans-
genic technology, as well as position effect variegation
techniques.

[0131] One pretferred embodiment of a transgenic animal
of the present invention that expresses LACC protein 1s
Drosophila 1n which ChR2 1s expressed 1n serotonergic and
dopaminergic neurons, which are important for the driving
of motivated behavior and the creation of finely tuned motor
patterns.

[0132] One preferred embodiment of a transgenic animal
of the present invention that expresses LACC protein 1s
Caenorhabditis elegans 1 which ChR2 1s expressed in
serotonergic and dopaminergic neurons, which are impor-
tant for the driving of motivated behavior and the creation of
finely tuned motor patterns.

[0133] Another preferred embodiment of the present
invention 1s a transgenic anmimal wherein the LACC 1s
expressed under a specific promoter. Another preferred
embodiment of the present invention 1s a transgenic animal
wherein the LACC expressed 1n the transgenic animal 1s
introduced via a BAC. Another preferred embodiment of the
present invention 1s a transgenic animal wherein the LACC
gene 1s knocked into a known locus.

Channel Properties

[0134] Inthe present invention, electrical spikes, or action
potentials, are created across a membrane by 1llumination
with light. The light can be provided by a light source such
as a xenon lamp, or the light source can be a laser. While a
laser can be used, it would be understood by one skilled 1n
the art that 11 the intensity of light 1s too high, there can be
damaged to the cells under illumination due to local heating,
etc. It 1s preferred to use a light intensity that does not
damage the cells. In a preferred embodiment of the present
invention medium intensity light 1s used to activate the 1on
channel. A preferred level of light 1s between about 0.1
mW/mm2 and about 500 mW/mm?2, preferably from about
] mW/mm?2 and about 100 mW/mm2, and most preferably
from about 5 mW/mm2 and about 50 mW/mm?2 In a
preferred embodiment, the LACC protein 1s ChR2 and the
wavelength of the illuminating light 1s between about 400
nm and about 600 nm, preferably from about 450 nm and
about 550 nm, most preferably from about 450 nm and about

490 nm.
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[0135] In accordance with the present invention, it has
been discovered that the light-activated ion channels of the
invention can generate millisecond-timescale spikes when
incorporated into neurons and 1lluminated with rapid pulses

of light.

[0136] One aspect of the present invention 1s a light-
activated 1on channel that 1s expressed in an excitable cell
and will operate on the millisecond timeframe. In a preferred
embodiment, a LACC responds withuin 100 millisecond
(ms), more preferably within 10 ms, even more preferably
within 1 ms, and most preferably within 0.1 ms. A preferred
embodiment of the present invention 1s ChR2 that is
expressed 1n a neuron or other excitable cell.

[0137] In accordance with this invention, i1t has also been
discovered that a cell expressing a LACC of the present
invention will reliably generate spikes on the millisecond
timeframe.

[0138] In a preferred embodiment of a light-activated 1on
channel that 1s expressed 1n an excitable cell and will operate
on the millisecond timeframe, the excitable cell responds 1n
less than 10 ms, preferably less than 5 ms, and most
preferably within 1 ms of being illuminated.

[0139] One aspect of the present invention 1s a LACC
protein expressed 1n a cell membrane that provides stable
photo-currents over long time scales. In a preferred embodi-
ment the LACC protein 1s ChR2, and the photocurrent does
not change by more than 20% over an hour of illumination,
preferably not more than 10%, and most preferably not a
detectable change over an hour of illumination.

[0140] One aspect of the present invention 1s a LACC
protein expressed 1n a cell membrane that provides precisely
timed spikes with low temporal jitter. The temporal jitter 1s
preferably lower than 10 ms, more preferably less than 5 ms,
and most preferably lower than 3 ms when measured within
neurons.

[0141] One aspect of the present mvention 1s a LACC
protein expressed 1 a cell membrane that provides low
temporal jitter across neutrons. Low temporal jitter across
neutrons 1s desirable because 1t allows heterogeneous popu-
lations of neutrons to be controlled 1n concert. Preferably the
temporal jitter across neutrons 1s also less than 10 ms, more
preferably less than 5 ms, and most preferably lower than 3
ms. Preferably the across neutron jitter 1s within 50% of the
within neutron jitter, most preferably the across neutron
ntter 1s within 20% of the within neutron jitter, most
preferably the within neutron jitter 1s indistinguishable from
the across neutron jitter.

[0142] One aspect of the present mvention 1s a LACC
protein expressed 1 a membrane that provides reliable and
precisely timed subthreshold pulses.

[0143] It has been discovered that a cell expressing a
light-activated cation channel protein of the present inven-
tion showed small trial-to-trial variability 1n the subthresh-
old deflections evoked by repeated light pulses. The light-
activated cation channel proteins of the present invention
such as ChR2 can therefore be employed to drive rehably
timed subthreshold depolarizations with precisely deter-
mined amplitude.

[0144] An aspect of the present invention 1s a LACC
protein expressed 1 a membrane that has repeatable sub-
threshold polarizations. In a preferred embodiment of the
invention, the LACC protein expressed in a membrane
generates subthreshold pulses with a coeflicient of variation
of less than 0.2 when measured over 5 consecutive pulses,
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more preferably the coetlicient of variation 1s less than 0.15
when measured over 5 consecutive pulses, and most pret-
erably the coeflicient of variation 1s less than 0.10 when
measured over S5 pulses.

[0145] The present invention allows for the optical control
of cell properties by expressing a LACC protein within the
cell, and activating the protemn with light. The mvention
allows the optical control of excitable cells. One type of
control 1s the control of electrical properties of the cell
membrane for processes such as control of neurons and of
transmissions of signals between neurons. Another type of
control 1s control of mnflux of 1ons including Ca+2. The
control of mnflux of Ca+2 1s known to aflect thousands of
cellular processes. The optical control of the properties of
excitable cells can be carried out in-vivo or in-vitro, and can
be used for understanding biological processes, for drug
discovery, and for therapeutic uses.

[0146] Another type of control provided by the present
invention 1s the use of the activation of the LACC protein to
cause the cell to release proteins, peptides, or small mol-
ecules. In one embodiment of the invention, through the
light activation of LACC protein, the cell can be caused to
release a protein, such as a cytokine. In one embodiment of
the invention, through the light activation of ChR2, the cell
can be caused to release a peptide such as insulin, leptin,
neuropeptide Y, substance P, human growth hormone, secre-
tin, glucagon, endorphin, oxytocin, vasopressin, or orexin/
hypocretin. In another embodiment, the activation of the
LACC protein can cause the release of a small molecule
whose synthesis or release 1s dependent on electrical activ-
ity, such as mitric oxide, or a cannabinoid such as anand-
amide or 2-arachidonylglycerol (2-AG).

[0147] The present invention also allows for the control of
cellular activity beyond the release of substances. For
instance, LACC expressed 1in a muscle cell can allow for
optical control of muscle cell contraction. This optical
contraction of muscle cells, especially the contraction of
specific muscle cells 1in the presence of other muscle cells,
can be used for therapeutic purposes, or for the optical
control of muscular contractions.

[0148] The control provided by the present invention also
included initiating specific intracellular signal conduction
pathways. These pathways include, but are not limited to,
kinases, transcription factors, and second messenger sys-
tems. These pathways can be specifically activated by the
present invention due to the specific temporal pattern of light
that 1s used. The pathways can also be specifically activated
due to the specific sub-cellular localization of the LACC.

[0149] An aspect of the present invention 1s a method of
optically controlling a cell comprising; causing the cell to
express LACC protein; and i1lluminating the cell with light
to activate the LACC protein.

[0150] A preferred embodiment of the method of optically
controlling cell properties 1s a method 1n which the LACC
protein 1s ChR2.

[0151] Another preferred embodiment of the method of
optically controlling cell properties 1s a method 1n which the
cells are neurons or other excitable cells. The neurons can be
connected to other neural cells and can be 1n a neural
network.

[0152] Another preferred embodiment of the method of
optically controlling cell properties 1s a method in which the
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cells are spatially or genetically targeted subsets of cells that
express the LACC protein of the present mnvention and can
be specifically activated.

[0153] Another preferred embodiment of a method of
controlling cell properties comprises a method wherein the
activation of the LACC also controls other 1on channels
within the cell. For instance, a cell can be caused to express
LACC and one or more other 1on channel proteins which
may be artificial proteins. The LACC activation can then be
used to activate or inactivate the other 1on channel proteins
within the cell. In one embodiment, a cell expressing LACC
can be illuminated with light 1n order to depolarize the cell
membrane sufliciently to inactivate the cell’s other 1on
channels.

[0154] One aspect of the mnvention 1s a method of driving
cell differentiation using light. LACC protein can be used to
selectively target differentiating cells whose cell fate 1s
dependent on activity. For example, ChR2 can be delivered
to a progemtor cell or cell line, and then light can be used
to dnive the differentiation of the cell into appropnate
progeny.

[0155] In accordance with this invention, i1t has also been
discovered that a cell expressing a light-activated cation
channel protein of the present invention will reliably gen-
crate spikes on the muillisecond timeiframe i1f the optical
illuminations 1s provided in pulses in which a rapid light
pulse 1s followed by a period of darkness.

[0156] In a preferred embodiment of the method of opti-
cally controlling cell properties 1s a method comprising
illuminating the cell with the LACC protein with a series of
light pulses 1n which light periods are from 0.1 ms to 100
ms), preferably from 1 ms to 50 ms, most preferably
between 5 ms and 20 ms, and the periods of darkness were
greater than 1 ms, preferably greater than 10 ms, and most
preferably greater than 20 ms. The periods of darkness can
be long if desired, and can be periods of greater than seconds
to minutes.

[0157] The methods of optically controlling cell properties
of the present mvention will result i the ability to probe
causal function 1n intact neural circuits, with 1t becoming
possible to examine the role of particular neurons 1n animal
models of learning, emotion, motor coordination, and sen-
sory processing. This will enable the discovery of drugs
capable of modulating whole-circuit function, essential for
the addressing of complex neurological and psychiatric
diseases. For the first time, genetically-targeted neurons
within animals will be addressable by light on timescales
appropriate for examining the neural code mediating the
behavioral or circuit-dynamics function observed, whether
normal or dysiunctional.

[0158] The millisecond scale control of electrical signals
in neurons that 1s made possible by the present mvention
creates the ability to control synaptic events. The ease of
cliciting synaptic transmission allows LACC proteins of the
present invention icluding ChR2 to be an 1deal tool for the
temporally precise analysis of neural circuits.

[0159] Another aspect of the present invention is the use
of light to create a synaptic event. A LACC protein of the
present invention expressed within a neuron can be activated
by light to create an electrical signal within the neuron. That
clectrical signal can propagate along the neuron to the
synapse where the signal can elicit a synaptic event. The
synaptic event can be either an electrical or a chemical
synaptic event. In a preferred embodiment the synaptic event
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releases a small molecule that can modulate cellular func-
tion. In a preferred embodiment, the synaptic event com-
prises the release of a small-molecule neuromodulator such
as norepinephrine, serotonin, dopamine, acetylcholine,
D-serine, or histamine. The synaptic event can result 1n a
synaptic transmission between two neurons. The present
invention thus provides optically driven communication
between sets of neurons, and thereby provides optically
driven activity throughout a connected neural network.
[0160] A preferred embodiment for the use of light to
create a synaptic event comprises expressing ChR2 1n a first
neuron and illuminating the neuron with pulse of light to
activate ChR2 to create a spike which causes a synaptic
event. The use of light to create synaptic events can be
carried out 1n-vitro or 1-vivo.

[0161] Another preferred embodiment for the use of light
to create a synaptic event comprises expressing ChR2 1 a
first neuron and that in synaptic contact with a second
neuron, and illuminating the first neuron so as to create a
spike, wherein the spike results 1n a synaptic event at the
synapse between the first and second neurons, and the
second neuron 1s etther excited or mhibited due to the signal
from the first neuron, thus resulting 1n a synaptic transmis-
sion between the first and second neurons.

[0162] Another preferred embodiment for the use of light
to create a synaptic event comprises using a vector that 1s
targeted to deliver the LACC protein of the present invention
to specilic neurons, speciiic subsets of neurons, or specific
neuronal subtypes. The targeted delivery can be a specific
spatial targeting into different spatial areas of the specimen,
and/or the targeted delivery can be to chemical targeting to
molecularly defined classes or subclasses of neurons.

Targeted Delivery of LACC

[0163] An aspect of the invention 1s a method for targeted
delivery of lhight-activated cation-channel proteins to spe-
cific cells comprising; contacting said cells with a vector
comprising a nucleic acid sequence comprising a LACC
protein and a cell specific promoter; wherein said specific
cells express said LACC protein.

[0164] A preferred embodiment of a method for targeted
delivery of lhight-activated cation-channel proteins to spe-
cific cells comprises a method wherein the vector comprises
a nucleic acid sequence that codes for Chop2 or ChR2 and
a cell specific promoter. Preterred cell specific promoters are
the promoters for somatostatin, parvalbumin, GABAa.6, L7/,

and calbindin. Other cell specific promoters are promoters
for kinases such as PKC, PKA, and CaMKII; promoters for

other ligand receptors such as NMDAR1, NMDAR2B,
GluR2; promoters for 1on channels including calcium chan-
nels, potassium channels, chloride channels, and sodium
channels; and promoters for other markers that label clas-
sical mature and dividing cell types, such as calretinin,
nestin, and beta3-tubulin.

[0165] A preferred embodiment of a method for targeted
delivery of light-activated cation-channel proteins to spe-
cific cells comprises a method wherein the vector comprises
a lentivirus or a retrovirus.

[0166] An aspect of the invention 1s a method for targeted
delivery of light-activated cation-channel proteins to spe-
cific cells comprising; contacting said cells with a vector
comprising a nucleic acid sequence comprising a LACC
protein wherein said vector selectively targets specific cells.
Preferred vectors are lentiviruses and retrovirus.
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Methods of Treatment

[0167] Another aspect of the invention 1s a method for
treating a subject comprising delivering a vector comprising,
a LACC protein to excitable cells within the subject and
illuminating said cells with pulses of light.

[0168] A preferred embodiment of a method for treating a
subject comprises performing human therapeutic functions
in which the function of cells 1s rescued or controlled by the
genetic addition of LACC proteins such as ChR2, accom-
panied by the use of physically delivered pulses of light,
preferably blue light. Delivering a LACC protein such as
ChR2 1n human patients via viral vectors can enable control
of excitable cells by blue light, either from a wearable
optical device (for chronic stimulation) or at a fixed optical
station (for more occasional stimulation). For example,
peripheral neurons like cutaneous pain suppressing nerves,
virally transduced to express ChR2, allow light stimulation
to activate dorsal column-medial lemniscus neurons 1n order
to suppress painful C fiber responses. It has been shown that
modified herpes viruses can be used to deliver 10n channels
to pain-pathway neurons; which can be used herein with
ChR2 for the targeting of the channel to pain-pathway
neurons and for reduction of the perception of pain. Simi-
larly, patients who have rod or cone loss (such as in retinitis
pigmentosa or macular degeneration) can be virally trans-
duced to express a LACC protein such as ChR2 in retinal
ganglion cells, which restores the transduction of light 1n
pathways mediating visual perception. For instance, 1t has
been shown that long-term expression of a microbial-type
rhodopsin, channelrhodopsin-2 (ChR2), can be achieved in
rodent mner retinal neurons in vivo using delivery by an
adeno-associated viral vector. It was demonstrated that
expression of ChR2 in surviving inner retinal neurons of a
mouse with photoreceptor degeneration can restore the
ability of the retina to encode light signals and transmit the
light signals to the wvisual cortex (B1 et al. Neuron 30,
23-33(2006)). Thus, the strategy based on the expression of
ChR2 1s suitable for retinal degenerative diseases. In another
example, ChR2-expressing T lymphocytes that attack cells
bearing self-antigens can be induced to undergo apoptosis
where 1llumination induces significant Ca+2 influx; this can
be done ex vivo on blood that passes through an optical
illumination device.

[0169] In one embodiment, the optical device used to
excite LACC protein-expressing cells 1n patients 1s a light-
emitting diode (LED). The LED can be in the millimeter or
nanometer scale 1n size. One non-limiting example includes
SMLO805-B1K-TR LEDftronics. The LED can be battery-
powered or remotely power by RF by methods that are
known 1n the art. The LED can also be couple to a 68-mi-
croHenry surface-mount {ferrite core inductor such as
CF1008-682K 1{rom Gowana Electronics, NY. In one
embodiment, the wearable optical device can be non-inva-
sively activated 1n a non-wireless fashion.

[0170] The methods and compositions provided herein
can provide a beneficial effect for depression patients. Pret-
erably depression patients are treated by delivering and
exciting a LACC protein such as ChR2 to the anterior and/or
subgenual cingulate cortex and to anterior limb of internal
capsule of human patients by the methods described herein.

[0171] The methods and compositions provided herein
can also provide a beneficial effect for chronic pain patients.
Preferably chronic pain patients are treated by delivering
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and exciting a LACC protein such as ChR2 to the anterior
and/or dorsal cingulate cortex of human patients by the
methods described herein.

[0172] Similarly, the methods and compositions provided
herein can provide a beneficial effect for obesity patients.
Preferably obesity patients are treated by delivering and
exciting a LACC protein such as ChR2 to the ventromedial
nucleus of the thalamus of human patients by the methods
described herein.

[0173] Similarly, the methods and compositions provided
herein can provide a beneficial eflect for obsessive compul-
sive (OCD) patients. Preferably OCD patients are treated by
delivering and exciting a LACC protein such as ChR2 to the
anterior limb of internal capsule subthalamic nucle1r of the
thalamus of human patients by the methods described
herein.

[0174] Similarly, the methods and compositions provided
herein can provide a beneficial effect for addiction patients.
Preferably addiction patients are treated by delivering and
exciting a LACC protein such as ChR2 to the nucleus
accumbens and septum of human patients by the methods
described herein.

[0175] Similarly, the methods and compositions provided
herein can provide a beneficial eflect for Alzheimer’s
patients. Preferably Alzheimer’s patients are treated by
delivering and exciting a LACC protein such as ChR2 to
hippocampus of human patients by the methods described
herein.

[0176] Similarly, the methods and compositions provided
herein can provide a beneficial effect for Parkinson’s
patients. Preferably Parkinson’s patients are treated by
delivering and exciting a LACC protein such as ChR2 to the
subthalamic nucle1 and/or globus pallidus of human patients
by the methods described herein.

[0177] Another route for human therapy using a LACC
protein such as ChR2 1s to create a LACC protein-express-
ing secretory cell for implantation 1n patients (for example,
nanoencapsulated to avoid immune responses) in which
secretion 1s stimulated in the cells by the use of physically
delivered pulses of light. For example, ChR2-expressing
neuroendocrine cells that release thyroid hormones (such as
T4, TRH, and others) can be implanted subcutaneously to
allow for controlled peptide release over timescales from
months to years. Sequences of flashes of light allow con-
trolled release of such neuroendocrine substances, allowing
modulation of stress, reproduction, metabolism, and sleep.
Similarly, LACC protein-expressing pancreatic islet cells
can be made to release msulin when stimulated with light;
implanted cells can enable control of diabetes symptoms on
a minute-to-minute timescale without need for pump
implantation or other invasive therapy.

[0178] In one embodiment, LACC protein-expressing
cells are encapsulated prior to implantation into patients.
The cells can be macroencapsulated or nanoencapsulated.
Examples of capsules include but are not limited to semi-
permeable membranes, hollow fibers, beads and planar
diffusion devices. For example, encapsulation of dopamine-
secreting cells 1 a semipermeable membrane has been
examined to avoid rejection of implanted cells by the
immune system (Emerich et al. Neurosci Biobehav Rev 16,
437-44°7). The selectively permeable nature of the polymer
membrane permits bidirectional access of low molecular
welght compounds, including the mward diffusion of glu-
cose, oxygen and other vital nutrients, and the outward
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diffusion of dopamine. The membrane restricts the passage
of elements of the host immune system, thereby preventing
host rejection of the encapsulated cells. For example, 1t has
been shown that encapsulated PC12 cells, a catecholamin-
ergic cell line dertved from rat pheochromocytoma, can be
implanted into the striatum of monkeys and adult guinea

pigs (Date et al. Cell Transplant 9, 705-709, Aebischer et al.
Exp Neurol. 111, 269-2775). In addition, 1t has been shown
that xenotransplantation of islets or insulin producing cells
encapsulated within hollow fibers, macrobeads, or planar
diffusion devices can reverse hyperglycemia 1n mice and rats

(Tatarkiewicz et al. Transplantation 67(5) 665-671).

[0179] In another embodiment, LACC protein-expressing
cells are generated in the capsule prior to transplantation.
For instance, ES cells can be: 1) differentiated into dopamine
producing neurons, 11) transfected with a nucleic acid con-
tamning LACC as described above, and 111) grown 1n a
capsule, prior to implantation mmto patients. It has been
shown that dopaminergic neurons can be induced from ES
cells from mouse enclosed 1n hollow fibers using condition-
ing medium from PAG6 cells, the stromal cells derived from
skull bone marrow (Yamazoe et al. Biomaterials 27 (2006)
4871-4880). In these studies 3-tubulin type 111 positive cells
and tyrosine hydroxylase positive cells were efliciently
derived 1n hollow fibers after 16 days in culture, and
dopamine release was observed when the hollow fibers
containing cells were exposed to 56 mM KCI for 15 min to
induce dopamine release through depolarization of the neu-
rons.

[0180] In another embodiment, differentiated LACC pro-
temn-expressing stem cells capable of secreting dopamine
would be implanted, directly into the brain of a patient, and
then drive their activation using light. Dopamine-secreting,
cells can be transiected or infected as described herein with
a LACC protein such as ChR2, before or after the difleren-
tiation step, and then these cells can be implanted 1nto the
brain of the patients. The LACC protein-expressing stem
cells are then activated by an optical device such as a
light-emitting diode or a laser with an optical fiber attached
to the end. Since the cells are light responsive, they will
release dopamine even deep within tissue, simply by
remotely being stimulated with light.

[0181] In another embodiment, LACC protein-expressing
secretory cells are implanted into a tissue or an organ of a
patient. The secretory cell 1s transfected or infected as
described herein with a LACC protein such as ChR2, and
then these cells are implanted nto the tissue or organ of the
patient. The LACC protein-expressing secretory cells are
then 1mnduced to secrete chemicals by an optical device such
as a light-emitting diode or a laser with an optical fiber
attached to the end. FIG. 10 illustrates one embodiment of
the methods described herein, wherein cells expressing
ChR2 (by transtection or infection) allow release of sub-
stances to be controlled by pulses of light.

[0182] Examples of tissues or organs that can be
implanted with LACC protemn-expressing secretory cells
include, but are not limited to epithelium, connective tissue,
connective tissue, nervous tissue, heart, lungs, brain, eye,

stomach, spleen, pancreas, kidneys, liver, intestines, skin,
uterus, and bladder.

[0183] Examples of chemicals that can be secreted into the
tissue or organ of a patient by the methods described herein
include but are not limited to mnsulin, growth hormone, fast
neurotransmitter, dopamine, cytokines, chemokines, hor-
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mones and hormone antagonists, pituitary hormones and
their hypothalamic releasing factors, thyroid and antithyroid
drugs, estrogens and progestins, androgens, adrenocortico-
tropic hormone; adrenocortical steroids and their synthetic
analogs; mhibitors of the synthesis and actions of adreno-
cortical hormones, insulin, oral hypoglycemic agents, and
the pharmacology of the endocrine pancreas, agents aflect-
ing calcification and bone turnover: calcium, phosphate,
parathyroid hormone, vitamin D, calcitomin, vitamins such
as water-soluble vitamins, vitamin B complex, ascorbic
acid, fat-soluble vitamins, vitamins A, K, and E, growth
factors, muscarinic receptor agonists and antagonists; anti-
cholinesterase agents; agents acting at the neuromuscular
junction and/or autonomic ganglia; catecholamines, sym-
pathomimetic drugs, and adrenergic receptor agonists or
antagonists; and 3-hydroxytryptamine (3-HT, serotonin)
receptor agonists and antagonists.

[0184] In one embodiment, LACC protemn-expressing
secretory cells are implanted into the skin of a diabetic or
patient. The LACC protein-expressing secretory cells are
then 1induced to secrete insulin by an optical device such as
a light-emitting diode or a laser with an optical fiber attached
to the end.

[0185] A LACC protein such as ChR2 allows for tempo-
ral, noninvasive control of release of substances from excit-
able cells. It should be apparent that the electrical activity,
Ca+2, and secretion of different chemicals can affect literally
thousands of cellular processes. Thus, 1t 1s possible that the
general arena of applications of a LACC protein such as
ChR2 1 vivo may enable control over many biological
disease processes 1n a variety ol systems.

Controlling Organism or Cells

[0186] Another aspect of the present invention 1s a method
of controlling the behavior of an organism comprising
delivering a vector comprising a LACC protein to excitable
cells within the organism; and illuminating said cells with
pulses of light so as to control the behavior of the organism.
[0187] Another aspect of the invention involves the use of
the method described herein to control the fate of cells. The
techniques described herein are used to modulate activities
of cells that are modulated by electrical activity. The meth-
ods can be used to modulate the survival, replication,
differentiation, and/or death of cells. Channelrhodopsin 1s
used to drive any one of these processes, depending on the
precise pattern of stimulation used to drive activation of
channelrhodopsin, which would then result 1n a specific
pattern of downstream signal transduction and a specific
cellular fate response. Thus, targeting Channelrhodopsin to
specific cells, then exposing them to particular light patterns
1s used to enhance the survival of, drive differentiation or
replication of, or hasten the death of, the cells expressing the
light-activated channel. This modulation of cellular pro-
cesses 1s preferably used i1n stem cells, where particular
patterns of activity may drive the diflerentiation of stem cells
(including human embryonic stem cells), drive the replica-
tion of stem cells, or drive the death of the stem cells (1n the
case where excessive replication 1s desired to cease). If the
target cells are tumor or cancer cells, then targeting chan-
nelrhodopsin to those cells permits the use of specific and
appropriate patterns of light to kill the tumor/cancer cells.
Other suitable target cells include various secretory or organ
cells or their precursors, cardiac or other muscle cells, or
glial cells 1n the brain. In each of these cases, it may be
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desirable to control the replication, differentiation, and death
of these cells precisely. Channelrhodopsin may be usetul for
controlling these things in vitro, 1n vivo in experimental
amimals, or 1n vivo 1n humans (before or after transplantation
into the body).

Drug Screening

[0188] An aspect of the mnvention 1s a method for screen-
ing for drugs comprising expressing a LACC protein 1n a
group of cells; exposing said group of cells to a compound;
illuminating said groups of cells with light; and monitoring
the electrical response of cells within the group of cells. The
clectrical response of cells can be monitored electrically,
optically, or by other means. The electrical responses of the
cells can be seen and monitored using chemical or voltage-
sensitive dyes, or dyes that undergo oxidation or reduction.
These changes can be monitored 1 a microscope, with
optical sensors or with a camera using film, CCD arrays, and
other methods known by persons of skill in the art.

[0189] A preferred embodiment of a method of drug
screening 1s high-throughput screening for drugs affecting
the 1onic and signaling function of cells such as central and
peripheral neurons, heart muscle, pancreatic islet cells, neu-
roendocrine cells 1n pituitary and kidney, stem cells, cancer
cells, and others.

[0190] A preferred embodiment of a method of drug
screening comprises rapidly modulating voltage 1n electri-
cally excitable cells capable of fast responses (such as
neurons and heart muscle, or cell lines derived thereot), to
screen for drugs that block or activate voltage-gated 1on
channels, alter excitatory or inhibitory synaptic transmission
(play a role i epilepsy and pain), and alter muscular
confraction. Since many channels and receptors activate
rapidly, and then desensitize or inactivate, the ability to
control membrane voltage with brief pulses of light greatly
enhances the ability to develop drugs that target certain
channel, synapse, or muscle disease phenotypes. For
example, familial hemiplegic migraine patients have point
mutations 1n a calcium channel, reducing the calctum intlux,
for a given brief depolarization. The methods of the present
invention will allow for screening drugs that modulate the
calcium response (measured using a calcium dye) to a given
stereotyped depolarization, in a cell line expressing the
mutant calcium channel and ChR2, to discover ways of
improving channel function 1n this patient population.
[0191] There are many cells that do not always rapidly
change voltage, but nevertheless have significant functions
in the body downstream of electrically-driven Ca+2 influx.
For example, pancreatic 1slet cells and neuroendocrine cells
(c.g., those of the thyroid, pituitary, and adrenal glands)
release hormones 1n a Ca+2-dependent way, via the fusion of
dense core vesicles. LACC proteins of the present invention
such as ChR2, which not only causes cell depolarization but
1s capable of passing Ca+2 ions through 1ts channel pore, can
be used to activate the release of peptides or hormones from
such cells (or derived cell lines), aiding 1n the screening of
drugs that enhance or suppress hormone release. Such
discoveries can aid in the discovery of pharmacological
methods of treating problems of impaired growth, develop-
ment, metabolism, stress, and reproduction.

[0192] Finally, the LACC proteins of the present invention
including ChR2 can be used to screen for drugs that alter
slow signal transduction processes 1n cells, revealing treat-
ments for chronic disease processes ranging from cancer to
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depression. In particular, immune cells respond to ongoing
patterns of Ca+2 influx with a vanety of long-lasting
changes, which can lead to strengthening or weakening of
immune responses, or even possibly autoimmune symp-
toms. Cancer cells also express 1on channels, and may
respond to electrical activity with altered proliferation. Neu-
ral stem cells respond to depolarization and Ca+2 influx by
differentiating 1into neurons; activating stem cells expressing
LACC proteins with light can then enhance survival and
incorporation into mature tissues, a step in generation of
functional brain and other tissue.

[0193] In a preferred embodiment of a method of drug
screening, the stem cell line expressing a LACC protein of
the present mvention such as ChR2 can be used to optically
control tissue repair, and 1llumination of these stem cells
with light results in CREB phosphorylation, a critical step in
enhancing their transformation into neurons.

[0194] Another preferred embodiment 1s a method of drug
screening comprises making a human embryonic stem (ES)
cell line with ChR2 under a stem-cell specific promoter to
build cells which differentiate under optical control. Expres-
sion of ChR2 1n such cells allows discovery of drugs which
alter the activity-dependent progress of cellular life and
death amidst their environments.

[0195] Using the methods of the present invention, cells
can be forced to change developmental fate via remote
control, and a drug screening tool where this 1s possible
allows the discovery of new molecules that manipulate such
long term eflects of cell proliferation, diflerentiation, and
apoptosis. In all of these scenarios, specific cell populations
will be light-addressable on rapid timescales, allowing the
screening ol many aspects of cellular function.

[0196] These techniques are suitable for screening for
drugs that modulate ion channel function (blocking or
facilitating 10on channel function—either by blocking the
pore, aflecting the gating, or aflecting the open channel).
FIG. 11 illustrates one example of the methods for screening
drugs. First, the baseline electrical activity of the 1on channel
1s measured by flashing the light and observing the depo-
larization. The fluorescence of the cells will return to 1ts
original value after the light 1s ofl. Then a drug 1s applied,
for example, by pipetting 1n the drug (or flowing 1n through
a microfluidic channel). Finally, the light 1s re-flashed and
the electrical activity of the 1on channel 1s measured. This
technique can be used 1n combination with the whole-cell
patch clamp technique, wherein an electrode 1s placed up to
a cell, suction 1s applied to break into the cell, and to record
the activity of the cell expressing an 1on channel before and
after the application of a drug. Examples of drugs that can
be screen according to the methods described herein include,
but are not limited to, antidepressants, antipsychotics, cal-
cium antagonist, antiepilecticts, as well as drugs to treat
OCD, Alzheimer’s, Parkinson, obesity, addiction, chronic
pain, muscle and heart disorders.

[0197] One embodiment of a method for drug screening is
as follows:
[0198] 1) express a light activated channel protein, pret-

erably Channelrhodopsin, 1n a cell line; 2) express an 1on
channel of interest (“channel n”) 1 the same cell line; 3)
label the cells with a voltage sensitive dye (or other suitable
indicator, such as those described below); 4) expose said
cells to light, and record the fluorescence of the voltage
sensitive dye; 5) expose said cells to a candidate compound
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that possibly modulates the function of channel n; 6) expose
said cells to light a second time, and record the fluorescence
of the voltage sensitive dye.

Preferably, the modulation of the light activated channel
protein 1s related to the modulation of the channel n. For
example, activation of the light activated channel protein
causes an activation of channel n. This co-relation 1n activity
can be direct or indirect. The co-relation can be via a signal
transduction pathway. The co-relation 1 activity can be
directly proportional to each other or inversely proportional
to each other.

[0199] If the fluorescence 1s greater during step (6) than
step (4), presumably the candidate drug facilitates channel
function. If the fluorescence 1s smaller during step (6) than
step (4), presumably the candidate drug diminishes channel
function. If the fluorescence 1s equal 1n steps (4) and (6)
(allowing for any bleaching of the dye), then the drug does
not affect channel function. In this way, drugs that aflect
channel function can be detected rapidly. FIG. 11 illustrates
one example in which the drug 1s a negative modulator of
channel function

[0200] After preparation of the cell line m steps (1) and
(2), the cell line would suflice for the screening of many
(perhaps millions of) drugs, which modulate channel n.
Steps (4), (5), and (6) can take place 1n a robotic device that
moves a 384-well plate into the focus of an optical beam.
The wells of the plate could all contain the same cell line,
facilitating the screening of drugs that affect a particular
channel (*high throughput target screening,” see below), or
each well could contain cells of a different cell line, facili-
tating the screening of one drug against many diflerent
channels (“screening against side effects,” see below).

[0201] A voltage sensitive dye 1s preferred due its fast
kinetics, but other dyes (e.g., a calcium-sensitive dye 1n the
case that channel n 1s a calcium channel) could also serve to
indicate whether channel function 1s modulated by the drug.
Genetically encoded indicators of voltage or calcium may
also be useful for reading out the activity of the cell (e.g.,
FLASH, GCaMP2, cameleon, etc.). In this case, these
indicators would be stably expressed 1n the cell line as well.
Other methods of reading out whether the drug had an effect
are also useful—e.g., immunostaining for the phosphory-
lation of a site that 1s phosphorylated during or after periods

of 10n channel activity.

[0202] For drug screeming, 1t 1s preferred to have an optical
imaging device containing 1) a light source (light-emitting
diode (LED), lamp, laser) for 1lluminating the cell express-
ing Channelrhodopsin and driving a change 1n cell voltage,
2) a light source for illuminating a dye or indicator, possibly
the same light source as used for driving the voltage change,
and 3) a switch for alternating between the two light sources
or a beamsplitter for sitmultaneous non-interfering delivery
of both kinds of light. The fluorescence of the dye or
indicator 1s typically measured by a sensor (CCD camera,
PMT, or photodiode). This kind of device 1s useful for 1on
channel drug screening, as described above. The device
itself may also consist of a robotic arm for moving a plate
(e.g., a 384-well plate) through the arena where the light
sources and sensor are present. This kind of combined light
source/imaging device has also diagnostic applications. For
example, taking cells from a patient, expressing Channel-
rhodopsin in them, and then exposing them to light, could be
used to detect patient-specific 1on channel syndromes in
biopsy samples or 1n cells of the circulatory system.
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[0203] The methods described herein are preferably per-
formed with channelrhodopsin, but any suitable light-acti-
vated cation channel can be used.

[0204] Yet another aspect of the invention 1s methods for
high-throughput target screeming. In one embodiment, high-
throughput target screening comprises a plate reader that
moves wells containing cells of interest into the optical
stimulation/readout area, and then performs the methods
described above and illustrated 1n FIG. 11. Then the machine
moves the plate to enable the next well to be flashed, 1n turn.
Examples of well plates include 96-, 384, 1526-well plates.
In one embodiment, the high-throughput target screening
methods of the mvention can analyze up to about 2,000
drugs per day per setup. In another embodiment, the high-
throughput target screening methods of the invention can
analyze up to about 2,500,000 drugs per year per 5 setups.
[0205] In another embodiment, high-throughput target
screening comprises a chip-based system. A chip-based
system can enable sequential rather than parallel testing of
compounds on 10on channels by high-speed scanning of a
single cell across a laminar stream of solution environments
created 1n the microfluidic chips. The scanming of the
microfluidic chip, causing a cell to sample the discrete zones
of drug solutions, 1s controlled by a computer controlled
motorized scan stage. The microtluidic chips, for example,
can have eight-channel, 16-channel, 48-channels or more for
high-throughput analysis.

[0206] In another embodiment, high-throughput target
screening comprises a cell sorting device that includes an
array of discrete locations for capturing cells traveling along
a fluid flow. The discrete locations can be arranged 1n a
defined pattern across a surface such that the discrete sites
are also addressable and contain discrete zones of drug
solution. Examples of surfaces that may be used for creating
arrays of cells 1n discrete sites include, but are not limaited to,
cellulose, cellulose acetate, nitrocellulose, glass, quartz or
other crystalline substrates such as gallium arsenide, sili-
cones, metals, semiconductors, various plastics and plastic
copolymers, cyclo-olefin polymers, various membranes and
gels, microspheres, beads and paramagnetic or supramag-
netic microparticles.

[0207] Yet another aspect of the invention 1s methods for
screening against side eflects. This method allows for
screening for drugs that selectively aflect one 1on channel,
but do not aflect other 1on channels. This screening against
individual 1on channels allows for screening to predict
potential side eflects.

[0208] As an example of screening for side eflects: many
channels are expressed differentially in the heart vs. the
brain. By screening for drugs that differentially bind to
channels in the brain, but not the heart, 1t 1s possible to find
neuropsychiatric drugs that don’t affect heart function. Espe-
cially important for heart function are calcium channels,
HERG channels, other potassium channels, and other 1on
channels that aflect the rhythmicity or amplitude of the
heartbeat.

Prosthetic Devices

[0209] Another aspect of the mvention 1s the use of the
methods and compositions described herein in prosthetic
devices. Blindness, dealness, and other sensory deficits
allect millions of people worldwide, severely impacting
their quality of life. Channelrhodopsin, targeted to somatic
cells 1n the human patient, opens up a new class of sensory
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prostheses. For example, some forms of blindness destroy
photosensor function, but leave signal processing 1n down-
stream neurons intact. In such diseases, such as macular
degeneration or retinitis pigmentosa, targeting Channelrho-
dopsin to retinal ganglion cells (for example, by 1njecting
viruses expressing channelrhodopsin into the retinal cell
layers inside the eye) could enable restoration of wvisual
function. In such patients treated with channelrhodopsin
targeted to retinal ganglion cells, the retinal ganglion cells
would themselves become photosensitive, enabling vision
with resolution comparable to the native eye, and preferably
not requiring mvasive technology beyond that point. Chan-
nelrhodopsin 1s sufliciently sensitive to detect sunlight
(power ~1 kW/m"2). Alternatively, the Channelrhodopsin
can be targeted to amacrine cells or bipolar cells to enable
vision. It 1s also possible that expressing channelrhodopsin
in a retinal cell, accompanied with a projection device that
would amplily the ambient light, would enable wvision
indoors or in low-light conditions.

[0210] In another embodiment, in many age- and experi-
ence-related forms of deatness, hair cells are lost, but
downstream neurons are mntact. Expressing Channelrhodop-
sin 1n spiral ganglion cells (1.e., eight nerve neurons) would
enable activation of these cells with light. Cochlear implants
currently stimulate all the cells of the cochlea with a single
clectrode or at most a few electrodes, and do not attempt to
recapitulate any of the spatial distribution of sensory afler-
ents 1n the cochlea. By inserting a device containing 1) a
microphone to detect sound, 2) a microprocessor to analyze
the frequency components of the sound and convert them to
LED signals, and 3) multiple LEDs for emitting light 1n a
spatially patterned fashion, into the cochlea, a tonotopically-
mapped stimulator could be created, which would drnive
different frequencies of sound perception simply by target-
ing the light to appropnate cells.

[0211] In yet another embodiment, central nervous system
neurons 1 a human are infected with virus expressing
Channelrhodopsin (or otherwise come to express Channel-
rhodopsin), these neurons become capable of responding to
light. This gene therapy approach allows optical stimulation
of neuronal targets 1n the brain. If the targeted neurons are
in sensory cortex, this opens up the possibility of a new kind
of cortical sensory prosthesis. If the targeted neurons are 1n
the frontal cortex or other parts of the brain, it 1s 1n possible
that these light-sensitive neurons permit modulation of emo-
tion or cognition. If the targeted neurons were in the spinal
cord, 1t 1s possible that neurons that inhibit painful stimuli
could be driven by light. In general, this gene therapy
approach opens up a new kind of generalized prosthetic, 1n
which light 1s converted into neural activity, in defined parts
of the nervous system.

[0212] One embodiment of a prosthetic device, 1s for
implanted cells that are engineered to secrete compounds
and to respond to light, and also for hunting for neural-
circuit level targets 1n the intact animal brain, 1t may be very
useful to have an implantable or head-mounted LED, or
other small light source. Such a light source could be
implanted under the skin, under the skull, deep within the
brain, or deep within another organ of interest, in which
Channelrhodopsin-expressing cells are also located (either
exogenously introduced, or endogenously located and tar-
geted with a virus). This device could be used for stimulating
ChR2 1n cells located directly adjacent to the light source.
For the example of the cochlear implant, a strip of LEDs,
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cach individually controllable, could be useful. For the
example of the cortical implant, a 2-dimensional array of
LEDs could be useful. For the example of an insulin-
secreting cell located under the skin, a wearable blue LED
on a bracelet, powered by a battery, could be usetul.
[0213] In some embodiments, for medical applications,
the LEDs are remotely powered. A remotely-powered LED
could be made by combining an LED 1n a closed-loop series
circuit with an inductor. This would allow radioirequency
(RF) energy or rapidly changing magnetic fields (e.g., deliv-
ered by a transcranial magnetic resonance (IMS) coil) to
temporarily power-up the inductor, and thus the connected
LED, allowing local delivery of light, even deep 1n a brain
structure. Such a device could be implanted under the skin,
under the skull, deep within the brain, or deep within another
organ, of interest n which Channelrhodopsin-expressing
cells are also located (either exogenously introduced, or
endogenously located and targeted with a virus). Then a
device that can remotely deliver RF or magnetic energy
could be placed nearby, or worn on the patient, for activating
the implanted device.

Biochemical Modifications

[0214] Another aspect includes biochemical modifications
of light activated channels, such as Channelrhodopsin. Such
modifications are typically performed to target Channelrho-
dopsin to diflerent parts of a cell. Fusing channelrhodopsin
to a targeting sequence of DNA, so that the resultant protein
contains both channelrhodopsin and the targeting peptide,
could be used to send Channelrhodopsin to the presynaptic
terminal, the postsynaptic terminal, the nucleus, or other
intracellular compartments. Such {targeting sequences
include PDZ domains, glutamate and GABA receptor C-ter-
minal sequences, 1on channel c-terminal sequences, presyn-
aptic scaflolding targeting sequences, and other targeting
sequences. These versions of Channelrhodopsin could be
used to trigger specific intracellular signaling events, includ-
ing those important for neuroprotection, memory, or other
enduring signaling functions.

[0215] In a combinatorial fashion, these reagents could
complement the other applications of Channelrhodopsin.
For example: these reagents could be useful for drug screen-
ing (e.g., finding drugs that modulate the function of a
channel 1 a particular subcellular compartment). These
reagents could also be useful for prosthetic devices (e.g.,
driving activity on the dendrites of a neuron, to more closely
mimic natural synaptic activity).

[0216] The methods and devices are described herein with
LEDs, but a small laser, or a fiber optic cable that carries
light from an external source (a Xenon or mercury lamp) can
also be used. Preferred light sources used to i1lluminate the
Channelrhodopsin-expressing cells have the following prop-
erties:

[0217] stimulation times tunable from 0-25 ms, or even
longer

[0218] brightnesses tunable in the range 0-10 mW/mm 2,
or even higher

[0219] wavelengths 1n the range 440-490 nm, or broader

depending on the identity of the light-activated channel

Articles of Manutfacture

[0220] In another aspect of the mnvention, articles of manu-
facture contaiming the compositions described herein (e.g. a
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nucleic acid comprising an LACC sequence or a LACC
protein-expressing cell) are provided. The article of manu-
facture comprises a container and a label. Suitable contain-
ers include, for example, bottles, vials, syringes, plates, and
test tubes. The containers may be formed from a variety of
materials such as glass or plastic. Suitable packaging and
additional articles for use (e.g., measuring cup for liquid
preparations, foil wrapping to minimize exposure to air,
dispensers, and the like) are known 1n the art and may be
included in the article of manufacture.

[0221] In one embodiment, the container 1s a 96-, 384-,
and 1526-well plate containing different cells of interest 1n
cach well, for example, prefrozen 1n a protective medium
(e.g. medium containing 20% DMSO). The plates can be
shipped 1n dry ice and store upon receipt at —80 degrees
Celsius for short term storages. Alternatively, the plates are
stored 1n liquid nmitrogen for long term storage. This plate fit
into a plate-reader/motorized stage device as the ones
described above or a regular plate reader known in the art.

[0222] In one embodiment, the container holds a compo-
sition that 1s effective for treating a disease condition and
may have a sterile access port (for example the container
may be an intravenous solution bag or a vial having a
stopper pierceable by a hypodermic injection needle). The
active agent 1n the composition 1s the compositions of the
invention described herein (e.g. a nucleic acid comprising an
LACC sequence or a LACC protein-expressing cell). The
article of manufacture can further comprise, within the same
or a separate container, another agent such as a therapeutic
agent that 1s co-administered with the compositions of the
invention and optionally a pharmaceutically acceptable bui-
ter, such as phosphate-buflered saline, Ringer’s solution and
dextrose solution.

[0223] The label on, or associated with, the container
indicates instructions to use the composition, for instance,
the container may indicated that the composition 1s used for
treating a disease condition of choice or for screening
compounds or screening compound’s side eflfects. The con-
tainers described herein may further include other materials
desirable from a commercial and user standpoint, including
other buflers, diluents, filters, needles, syringes, and package
inserts with instructions for use.

[0224] It 1s understood that the examples described herein
in no way serve to limit the true scope of this imnvention, but
rather are presented for illustrative purposes. All references
and sequences of accession numbers cited herein are incor-
porated by reference in their entirety.

EXAMPLES

[0225] Plasmid Constructs. The ChR2-YFP gene was con-
structed by in-frame fusing EYFP (Clontech) to the C-ter-
minus of the first 310 amino acid residues of ChR2 (Gen-
cBank accession no. AF461397) via a Notl site. The

lentiviral vector pLECY'T was generated by PCR amplifying
ChR2-YFP with primers:

(SEQ ID NO: 4)
' -GGCAGCGCTGCCACCATGGATTATGGAGGCGCCCTGAGT -3
and

(SEQ ID NO: 5)
5' -GGCACTAGTCTATTACTTGTACAGCTCGTC-3"
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and ligating imto pLET (gift from Eric Wexler and Theo
Palmer, Stanford University) via the Afel and Spel restric-
tion sites. The plasmid was amplified and then purified using,
Qiagen MaxiPrep kits (Qiagen).

[0226] Viral Production. VSVg pseudotyped lentiviruses
were produced by triple-transiection of 293FT cells (Invit-
rogen) with pLECYT, pMD.G, and pCMVdeltaR8.7 (giits
from Eric Wexler and Theo Palmer) using Lipofectamine
2000. The lentiviral production protocol 1s same as previ-
ously described®* except for the use of Lipofectamine 2000
instead of calcium phosphate precipitation. After harvest,
viruses were concentrated by centrifuging in a SW28 rotor
(Beckmann Coulter) at 20,000 rpm for 2 h at 4° C. The

concentrated viral titer 1s determined via FACS sorting to be
between 5x10°8 and 1x10°9 IU/mL.

[0227] Hippocampal Cell Culture. Hippocampi of postna-
tal day O (PO) Sprague-Dawley rats (Charles River) were
removed and treated with papain (20 U/ml) for 45 min at 37°
C. The digestion was stopped with 10 ml of MEM/Earle’s
salts without L-glutamine along with 20 mM glucose, Serum
Extender (1:1000), and 10% heat-inactivated fetal bovine
serum containing 25 mg of bovine serum albumin (BSA)
and 25 mg of trypsin inhibitor. The tissue was triturated 1n
a small volume of this solution with a fire-polished Pasteur
pipette, and ~100,000 cells in 1 ml plated per coverslip in
24-well plates. Glass coverslips (prewashed overnight in
HC1 followed by several 100% EtOH washes and flame
sterilization) were coated overnight at 37° C. with 1:50
Matrigel (Collaborative Biomedical Products, Bedford,
Mass.). Cells were plated in culture medium: Neurobasal
containing 2x B-27 (Life Technologies) and 2 mM Gluta-
max-I (Life Technologies). One-half of the medium was
replaced with culture medium the next day, giving a final
serum concentration of 1.75%. No all-trans-retinal was
added to the culture medium or recording medium for any of
the experiments here described. However, B27 contains
small amounts of retinal dernivatives like retinyl acetate,
which may have assisted with ChR2 function. Additional
supplementation with all-trans-retinal, or 1ts precursors, may
assist 1n the application of ChR2 to the studying of intact
circuits.

[0228] Viral Infection. Hippocampal cultures were
infected on d.1.v. 7 using 5-fold senal dilutions of lentivirus
(~1x1076 TU/mL). Viral dilutions were added to hippocam-
pal cultures seeded on coverslips 1n 24 well plates and then
incubated at 37° C. for 7 d before recording using patch-
clamping technique.

[0229] Confocal Imaging. Images were acquired on a
Leica TCS-SP2 LSM confocal microscope using a 63X
water-immersion lens. Cells expressing ChR2-YFP were
imaged live using YFP microscope settings, in Tyrode’s
solution containing (in mM): NaCl, 125; KCl, 2; CaCl2, 3;
MgC(Cl2, 1; glucose, 30; and HEPES, 25 (pH 7.3 with NaOH).
Propidium 1odide (PI; Molecular Probes) staining was car-
ried out on live cells by adding 5 ug/mL PI to the culture
medium for 5 minutes at 37° C., washing twice with Tyrode
solution, and then counting fluorescent and nontluorescent
cells immediately. Coverslips were then fixed for 5 minutes
in PBS plus fresh 4% paratormaldehyde, permeabilized for
2 minutes with PBS plus 0.1% Trnton X-100, and then
immersed for 5 minutes in 5 ug/mlL PI for observation of any
pyknotic nucle1. At least eight different fields were examined
per coverslip.
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[0230] Flectrophysiology and optical methods. Cultured
hippocampal neurons were recorded at approximately d.1.v.
14, 7 days after infection. Neurons were recorded using the
whole-cell patch clamp technique, using Axon Multiclamp
700B (Axon Instruments, Inc.) amplifiers on an Olympus
IX71 inverted scope equipped with a 20x objective lens.
Borosilicate glass (Warner) pipette resistances were on aver-
age 4 ME2, range 3-8 ME2. Access resistance was 10-30 M¢E2
and was monitored throughout the recording. Intracellular

solution consisted of 97 potassium gluconate, 38 KCl, 0.35
EGTA, 20 HEPES, 4 magnestum ATP, 0.35 sodium GTP, 6

NaCl, and 7 phosphocreatine (pH 7.25 with KOH). Neurons
were perfused 1 Tyrode’s solution, described above. All
experiments were performed at room temperature (22-24°
C.). For all experiments except for the synaptic transmission
data shown in FIGS. 4B and 4C, we patched fluorescent cells
immersed 1 Tyrode solution containing 5 uM NBQX and 20
uM gabazine to block synaptic transmission.

Photocurrents were measured while holding neurons 1in
voltage clamp at —65 mV. Recovery from 1nactivation was
measured by measuring photocurrents while 1lluminating
neurons with pairs of pulses lasting 500 ms each, separated
by periods of darkness lasting 1-10 seconds.

[0231] Spiking was measured while 1njecting current to
keep the voltage of the cell at approximately —65 mV
(holding current ranging from 0 pA to 200 pA). For the
synaptic transmission experiments, we patched nonfluores-
cent neurons near ChR2-expressing neurons, immersed 1n
Tyrode solution containing either 20 uM gabazine to 1solate
just the excitatory postsynaptic response, or in 5 uM NBQX
to 1solate just the inhibitory postsynaptic response. To con-
firm whether the evoked potentials were indeed synaptically
driven, after synaptic stimulation we blocked all postsynap-

tic receptors with solution containing both 20 uM gabazine
and 5 uM NBQX, and rephotostimulated.

[0232] pClamp 9 software (Axon Instruments) was used to
record all data and to operate the MultiClamp 700B ampli-
fier, and a Sutter DG-4 ultratast optical switch with 300W
xenon lamp (Sutter Instruments) was used to deliver the
light pulses for ChR2 activation. A standard Endow GFP
excitation filter (excitation filter HQ470/40x, dichroic
Q495LP; Chroma) was used for delivering blue light for
ChR2 activation, in the bandwidth 450-490 nm. YFP was
visualized with a standard YFP filter (excitation HQ300/20x,
dichroic Q315LP, emission HQ335/30m; Chroma). Through
a 20x objective lens, power density of the blue light was
8-12 mW/mm?2, as measured with a silicon power meter
(Newport). Pulse sequences were synthesized by custom
software written in MATLAB (MathWorks) and then
exported through pClamp 9 via a Digidata input/output
board (Axon), attached to a PC.

Poisson trains were 8 seconds long, with Poisson parameter
A=100 or 200 ms. For Poisson trains, a 10 ms-minimum
refractory period was imposed between light pulses, for
biophysical realism.

[0233] Membrane resistance was measured in voltage
clamp mode with 20 mV pulses lasting 75 ms, and repeated
every 3 seconds. Spike rates due to direct current 1njection
were measured with pulses of 300 pA current lasting 0.5
seconds.

[0234] Data Analysis. Data was analyzed automatically
using Clampiit (Axon) and custom software written in
MATLAB. Spikes were extracted by looking for crossings
of the voltage above a threshold (typically 60 mV above




US 2019/0049462 Al

resting potential), and latencies were measured from the
onset of the light pulse to the spike peak. Extranecous spikes
were measured as the number of extra spikes after a single
light pulse, plus any spikes occurring later than 30 ms after
the onset of a light pulse.

[0235] Jitter was calculated as the standard deviation of
spike latencies, measured either throughout the spike train
(when gauging reliability throughout a train), or for the same
spike across different trains (when gauging reliability across
trials, or across neurons). For all jitter analyses, light pulses
that did not elicit a spike 1n a particular neuron were 1gnored
for the analysis of jitter of that neuron. For the across-
neurons jitter analysis shown in FIG. 2H, light pulses that
did not elicit spikes in all 7 neurons were 1gnored (leaving
31/59 light pulses for the A=100 stimulus, and 30/46 light
pulses for the A=200 stimulus).

Example 1

[0236] To obtain stable and reliable ChR2 expression for
coupling light to neuronal depolarization, we constructed
lentiviruses contaiming a ChR2-YFP fusion protein {for
genomic modification of neurons. Infection of cultured rat
CA3/CA1 neurons led to appropnately membrane-localized
and well-tolerated expression of ChR2 for days to weeks
after infection (FIG. 1A). There was no evidence of toxicity
due to the expressed protein, even at high fusion protein
expression levels. Whole-cell voltage-clamp recording of

neurons showed that conventional GFP illumination 1n the
bandwidth 450-490 nm (300W xenon lamp (Sutter DG-4),

via Chroma excitation filter HQ470/40x) induced depolar-
1zing currents with fast rise rates—reaching a maximal rise
rate of 160+111 pA/ms within 2.3+1.1 ms after the onset of
the light pulse (mean+standard deviation reported through-
out, n=18; FIG. 1B, left). Mean whole-cell inward currents
were large, 496 pA+336 pA at peak and 193 pAx177 pA at
steady-state (FIG. 1B, middle). In control experiments,
light-evoked responses were never seen in cells expressing
YFP alone (data not shown). Consistent with the known
excitation spectrum of ChR2*°, illumination of ChR2-ex-
pressing neurons with YFP-spectrum light 1n the bandwidth
490-510 nm (300W xenon lamp filtered with Chroma exci-
tation filter HQ500/20x) resulted in smaller currents than
those evoked with the GFP filters (FIG. 1B, right). Despite
the mactivation of ChR2 with sustained light exposure (FIG.

1B and ref.*"), we observed rapid recovery of peak ChR2
photocurrents in neurons (FIG. 1C; t=5.1+1.4 seconds;

recovery trajectory fit with Levenberg-Marquardt algorithm;
n=9). This rapid recovery 1s consistent with the well-known
stability of the Schiff base (the lysine in transmembrane
helix 7, which binds retinal) in microbial-type rhodopsins,
and the ability of retinal to re-isomerize to the all-trans
ground state in a dark reaction without the need for other
enzymes. In addition to the short-term recovery of peak
photocurrents shown above, light-evoked current ampli-
tudes were also stable over long timescales, remaining
unchanged 1n patch-clamped neurons throughout an hour of
pulsed light exposure (data not shown), confirming at the
functional level the lack of toxicity suggested by the con-
tocal images (FIG. 1A). Thus ChR2 can mediate rapid and
sustainable photocurrents of large amplitude, without detect-
able adverse side eflects.

Example 2

[0237] We examined whether ChR2 could drive actual
depolarization of neurons held 1n current-clamp mode, with
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the same steady 1llumination protocol we used for eliciting
ChR2-mnduced currents (FI1G. 1D, left). Early 1n an epoch of
steady 1llumination, single neuronal spikes were rapidly and
reliably elicited (8.0+1.9 ms latency to spike peak, n=10;
FIG. 1D, right), consistent with the fast rise times of ChR2
currents described above. However, for these cells, at these
specific conditions, any subsequent spikes elicited during
steady 1llumination were poorly timed (FIG. 1D, left). Thus,
for this particular sample, steady illumination was not
adequate for controlling the timing of ongoing spikes with
ChR2, despite the rehability of the first spike. Earlier
patch-clamp studies using somatic current mjection showed
that spike times were more reliable during periods of rapidly
rising membrane potential than during periods of steady
high-magnitude current injection. This 1s consistent with our
finding that steady illumination evoked a single reliably
timed spike, followed by 1rregular spiking.

Example 3

[0238] We found that the single spike reliably elicited by
steady 1llumination had extremely low temporal jitter from
trial to trial (F1G. 1D, right; 0.54+0.3 ms; n=10 neurons). This
observation led us to devise a pulsed-light paradigm, which
takes advantage of the low jitter of the single reliable spike
evoked at light pulse onset. But 1n order for such a pulsed-
light paradigm to work, the conductance and kinetics of
ChR2 would have to permit peak currents of suflicient
amplitude, during light pulses shorter than the desired inter-
spike interval. Indeed, using fast optical switching, we found
that multiple pulses of light with interspersed periods of
darkness could elicit reliable and well-timed trains of spikes
(FIG. 1E; shown for 25 Hz trains of four pulses). FIG. 1E
highlights the fact that longer light pulses evoke single
spikes with greater probability than short light pulses. The
ability to easily alter light pulse duration with fast optical
switching suggests a straightforward method for eliciting
spikes even 1n multiple neurons possessing diflerent ChR2
current densities, by simply increasing the light pulse dura-
tion until single spikes are reliably obtained in all the
neurons being 1lluminated. Rapid modulation of light power
would also allow for this kind of control. In the experiments
described here, we used light pulse durations of eitther 5, 10,
or 15 ms (n=13 high expressing neurons fired relable
spikes; n=5 low-expressing neurons fired reliable subthresh-
old depolarizations). Thus, the nonlinear nature of neuronal
spike production allow us to elicit spikes reliably, simply by
increasing the light energy delivered to the ChR2-expressing
neuron until the resultant voltage deflection 1s above the
threshold for spiking. Without the use of brief light pulses,
however, 1t 1s possible that the fast kinetics of ChR2 would
not serve as uselully in the control of reliable spike iduc-
tion: this highlights the need for optical equipment to be
matched to the bandwidth of the photostimulation reagent.

Example 4

[0239] The muillisecond-scale control discovered herein
raised the prospect of generating arbitrarily defined, even
naturalistic spike trains (such as Poisson trains, used com-
monly to model natural activity) in neurons by remote
optical control. FIG. 2A shows spike trains 1n a hippocampal
neuron in response to three deliveries of the same Poisson
distributed series of light pulses (here shown for a light pulse
series 59 pulses long, each lasting 10 ms; Poisson parameter
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+=100 ms). These optically-driven spike trains were quite
consistent across repeated deliveries of the same series of
light pulses: on average, >95% of the light pulses 1n a series
clicited spikes during one trial 11 and only 11 they elicited
spikes on a second trial, for both the A=100 ms series shown
in FIG. 2A, and a A=200 ms series comprising 46 spikes
(FIG. 2B; n=7 neurons). Following the strategy of increasing
light pulse duration to the point of reliable spiking, we used
trains of light pulses lasting 10 ms each for 4 of the 7
neurons, and trains of light pulses lasting 15 ms for the other
3 (for the analyses of FIG. 2, all data were pooled). The
trial-to-trial jitter was very small across repeated deliveries
of the same Poisson series of light pulses (2.3+1.4 ms and
1.0+0.5 ms for A=100 and A=200 respectively; FIG. 2C).
Throughout extended pulse series, the eflicacy of eliciting
spikes throughout the train was maintained (76% and 85%
percent ol light pulses successiully evoked spikes, respec-
tively; FIG. 2D). The latencies to spike after light pulse
onset were also consistent throughout the series of pulses
(14.3+3.1 ms and 13.3+3.4 ms respectively; FIG. 2E).
Finally, spike jitter remained remarkably small throughout
the train (3.9+1.4 ms and 3.3+1.2 ms; FIG. 2E). Hence,
pulsed optical activation of ChR2 can elicit precise, repeat-
able spike trains in a single neuron, over time.

Example 5

[0240] Even across diflerent neurons, activation of ChR2
by defined series of light pulses could elicit the same spike
train with strikingly high fidelity (shown for three hip-
pocampal neurons in FIG. 2F). Although the heterogeneity
of individual neurons—ifor example, 1n their membrane
capacitance (68.8422.6 pF) and resistance (178.8+94.8
ME2)—might be expected to introduce significant variability
in their itegrative electrical properties, the strong nonlin-
carity inherent 1n the coupling of light to spiking overcame
this variability. Indeed, diflerent neurons responded 1n simi-
lar ways to a given light pulse series, with 80-90% of the
light pulses 1n a train eliciting spikes 1n at least 4 of the 7 the
neurons examined (FIG. 2G). Moreover, spikes had very
low temporal jitter when measured for the same light pulse
series delivered to different neurons (3.4+1.0 ms and 3.4+1.2
ms for A=100 and A=200 respectively; FIG. 2H). Remark-
ably, this across-neuron jitter (FIG. 2H) was 1dentical to the
within-neuron jitter, measured throughout the light pulse
series (FIG. 2E). Thus, heterogeneous populations of neu-
rons can be controlled in concert, with practically the same
precision observed for the control of single neurons over
time.

Example 6

[0241] Having established the ability of ChR2 to drive
sustained naturalistic trains of spikes, we turned next to
probing quantitatively the frequency response of light-spike
coupling. ChR2 enabled driving of sustained spike trains
from 5 to 30 Hz (FIG. 3A; here tested with series of twenty
10-ms long light pulses), as suggested by the Poisson train
data (FI1G. 2). For these particular cells under these particu-
lar conditions, 1t was easier to evoke more spikes at lower
frequencies, than at higher frequencies (FIG. 3B; n=13
neurons). Light pulses delivered at 5 or 10 Hz could elicit
arbitrarily long spike trains (FI1G. 3B), with spike probabaility
dropping off at higher frequencies of stimulation (20 Hz
yielded 7.2+6.6 spikes, and 30 Hz yielded 4.0+6.3 spikes).
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For these experiments, the light pulse durations used were 5
ms (n=1), 10 ms (n=9), or 15 ms (n=3) long (data from all
n=13 cells were pooled for the population analyses of FIG.
3). As expected from the observation that light pulses
generally elicited single spikes (FIG. 1D and FIG. 2), almost
no extraneous spikes occurred during the delivery of trains
of light pulses (FIG. 3C). Even at higher frequencies, the
temporal jitter of spike timing remained very low throughout
the tramns (<5 ms; FIG. 3D), and the latency to spike
remained constant across frequencies (~10 ms throughout;
FIG. 3E). Thus ChR2 can induce spiking across a physi-
ologically relevant range of firing frequencies, appropriate
for driving trains and bursts of spikes.

Example 7

[0242] It has been found that trial-to-trial variability in the
subthreshold detlections evoked by repeated light pulses was
quite small, with coeflicient of variation 0.06+0.03 (FIG.
4B; n=5). ChR2 theretfore can be employed to drive reliably
timed subthreshold depolarizations with precisely deter-
mined amplitude.

Example 8

[0243] The high fidelity control of spiking mediated by

ChR2 suggested that it would be possible to optically drive
activity throughout connected neural networks, via synaptic
transmission. Indeed, both excitatory (FIG. 4C) and 1nhibi-
tory (FIG. 4D) synaptic events could be evoked 1n neurons
receiving input from ChR2-expressing presynaptic neurons.

These results suggest that synaptic transmission can be
controlled reliably with ChR2.

Example 9

[0244] Extensive controls were carried out to test whether
expression of ChR2 1n neurons perturbed their basal elec-
trical properties, altered their dynamic electrical properties
in the absence of light, or jeopardized their prospects for
cellular survival. Lentiviral expression of ChR2 for at least
one week did not alter neuronal membrane resistance (212+
115 ME2 for ChR2+ cells vs. 239.3+113 ME for ChR2-
cells; FIG. SA; p>0.45; n=18 each) or resting potential
(-60.6 +9.0 mV for ChR2+ vs. =59.4+6.0 mV for ChR2-;
FIG. 5B; p>0.60), measured 1n darkness. This suggests that
in neurons, ChR2 has little basal electrical activity, or even
passive shunting ability, in the absence of light. It also
suggests that expression of ChR2 did not lead to impairment
ol general cell health, as indicated by electrical determina-
tion of membrane 1ntegrity. As an imdependent measure of
membrane integrity and cell health, we stained live cultured
neurons with the membrane impermeant DNA-binding dye
propidium 1odide (PI). ChR2+ expression did not affect the
percentage of live neurons that took up PI (1/56 ChR2+
neurons vs. 1/49 ChR2- neurons; p>0.9 by x° test). Neither
did we see any pyknotic nuclel, indicative of apoptotic
degeneration, 1n cells expressing ChR2 (data not shown). We
also checked for alterations in the dynamic electrical prop-
erties of neurons, measured 1n darkness. There was no
difference 1n the voltage change resulting from 100 pA of
current injected 1n either the hyperpolarizing (-22.6+8.9 mV

for ChR2+ vs. —=24.5+8.7 mV for ChR2-; p>0.50) or depo-
larizing (+18.9+4.4 mV for ChR2+ vs. 18.7+5.2 mV for
ChR2-; p>0.90) direction, nor was there any difference 1n
the number of spikes evoked by a half-second +300 pA
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current injection (6.6+4.8 for ChR2+ vs. 5.8+3.5 for ChR2-;
FIG. 5C; p>0.33). Thus, 1n the absence of light, the presence
of ChR2 does not alter cell health or ongoing electrical
activity, at the level of subthreshold changes 1n voltage or 1n
spike output, either by shunting current through leaky chan-
nels or by altering the voltage dependence of existing
neuronal input-output relationships. These controls also sug-
gest that there were no significant long-term plastic or
homeostatic alterations i the electrical properties of neu-
rons expressing ChR2.

Example 10

[0245] In a test of whether ChR2 predisposes neurons to
light-induced problems with cellular health, we measured
the electrical properties described above, after 24 hours in
darkness post light-exposure to a typical pulse protocol (1
sec of 20 Hz 15-ms light flashes, once per minute, for 10
minutes). Exposure of neurons expressing ChR?2 to light did
not alter their basal electrical properties relative to non-

flashed neurons, with cells possessing normal membrane
resistance (178481 ME2; FIG. 5A; p>0.35; n=12) and resting,

potential (-39.7+7.0 mV; FIG. 5B; p>0.75). Exposure to
light also did not predispose neurons to cell death, as
measured by live-cell PI uptake (2/75 ChR2+ neurons vs.
3/70 ChR2- neurons; p>0.55 by x” test). Neurons expressing
ChR2 and exposed to light flashes also had normal numbers
of spikes elicited from somatic current injection (6.1+3.9;
FIG. 5C; p>0.75). Thus, the membrane integrity, cell health,
and basal electrical properties were normal 1n neurons
expressing ChR2 and exposed to light.

Example 11—Retroviruses for Insertion of ChR2

[0246] Moloney-type retroviruses selectively target divid-
ing cells (Ory et al., Proc Natl Acad Sc1 USA 93:11400
(1996)), such as stem cells. We have constructed retroviruses
containing ChR2, erther fused to a fluorescent protein, or
with an IRES to allow concomitant expression of a non-
fusion fluorescent protein (FIG. 6). These viruses drive
ChR2 under the CMV-Chicken beta actin promoter, and are
VSV-G pseudotyped to permit eflicacious infection of divid-
ing mammalian cells. These retroviruses have been gener-
ated by triply transfecting the plasmid contaiming ChR2 with
helper vectors into 29371 cells. Alternatively, we have grown
293GPG cell lines 1 growth medium containing tetracy-
cline, puromycin, and G418 to select for cells sustainably
carrying the retroviral packaging system.

Ietracycline 1s
used to suppress the expression of VSV-G, which 1s toxic to
293GPG cells, during growth phase. After cells grow to 70%
confluence, then tetracycline 1s removed to allow the expres-
sion of VSV-G. At this point, the plasmid containing Chr2
and GFP (right) are transfected into the 293GPG cells using
Lipofectamine, and cultured 293GPG cells are monitored
for signs of fluorescence as gene expression and retrovirus
production begins. These cell lines are then frozen for future
production of retrovirus. These viruses have been shown to
clicaciously infect dividing cells, both 1n vitro (kidney cell
lines, stem cells) and 1n vivo 1n rats (hippocampal stem cells,
glia). This construct will be useful for targeting ChR2 to
dividing cells ex vivo, for transplantation into humans for
therapy, for the creation of cell lines, and for the develop-
ment ol amimals with selective populations of labeled cells
for studies of diseases of cellular activity, such as epilepsy,
migraine, narcolepsy, and even autoimmune diseases.
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The lentiviruses that we have generated contain tetracycline
clements that allow control of the gene expression levels of
ChR2, simply by altering levels of exogenous drugs such as
doxycycline. This method, or other methods that place ChR2
under the control of a drug-dependent promoter, will enable
control of the dosage of ChR2 in cells, allowing a given
amount of light to have different eflects on electrical acti-
vation, substance release, or cellular development. The
lentiviruses that we have generated contain tetracycline
clements that allow control of the gene expression levels of
ChR2, simply by altering levels of exogenous drugs such as
doxycycline.

Example 12—Stem Cell Line

[0247] A clonal neural stem cell line that stably expresses
ChR2-EYFP under the control of the Efl-alpha promoter
was created by infecting cultured, nondifferentiated neural
stem cells with a lentivirus contaiming the gene for ChR2.
FIG. 7 shows a micrograph of cells from this neural pro-
genitor cell (NPC) stem cell line. This cell line 1s appropriate
for the screening of drugs that aflect the influence of
clectrical activity on neuronal genesis, development, or
apoptosis. The stem cell line we have already made 1s a
correct step in realizing the goal of optically controllable
tissue repair, and 1llumination of these stem cells with light
results 1n CREB phosphorylation, a critical step 1n enhanc-
ing their transformation into neurons (FIG. 8). These homo-
geneous stem cell lines can also be transplanted into the
brain of adult amimals, where they incorporate into hip-
pocampal circuitry and can be studied functionally after 2-6
weeks.

Example 13—Transgenic Zebrafish

[0248] Zebrafish (Danio rerio) embryos were acutely
injected at the few-hundred cell stage with plasmid DNA
containing ChR2 under promoters specific to particular cell
types in the zebrafish. A random subset of cells i the
zebrafish then takes up the DNA, and keeps the plasmids
during fish development; specific cells will then express the
ChR2 1n the plasmid. FIG. 9 shows micrographs of ChR2-
EYFP selectively expressed 1n a zebrafish trigeminal neuron
(left) and 1n a zebrafish muscle cell (right). Briefly, larvae
from 48 hours to 96 hours post fertilization were anesthe-
tized 1n 0.02% tricaine 1n fish Ringer’s solution and mounted
in 1.2% agarose for imaging and photostimulation. Illumi-
nation of the live fish expressing ChR2 1n muscle with blue
light for 0.5 seconds caused rapid, phasic, single muscle
contractions, which was never seen in zebrafish not con-
taining ChR2. Neurons tolerated the ChR2 expression well,
and were able to be loaded with fluorescent calcium dyes
(e.g., Oregon Green BAPTA-1, X-rhod-1), appropniate for
the monitoring of neural activity downstream of a selec-
tively activated neuron expressing ChR2, using two-photon
microscopy.

Example 14—Transgenic Fly

[0249] Flies (Drosophila melanogaster) have been gener-

ated that will express ChR2 under the UAS promoter, for use
in the GAL4-UAS system that enables tlexible control of

gene expression in flies. The UAS-ChR2 flies can be crossed
with a variety of GAL4 lines of Drosophila, taking advan-
tage of the large number of transgenic flies that have been
created over the last several years. We are crossing flies
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expressing UAS-ChR2 with flies containing GALA4
expressed exclusively in serotonergic and dopaminergic
neurons. This will allow studies of the driving of motivated
behavior and the creation of finely tuned motor patterns.

Example 15—Transgenic Worm

[0250] Worms (C. elegans) have been caused to express
ChR2 by the mnjection of plasmids containing ChR2 under
specific promoters into the syncytial gonad of the worm.
Worms are also co-injected with a visible marker gene, to
allow wvisual ispection of the success of generating the
transgenic nematode. The gonad of the worm takes up the
plasmid DNA and stores the DNA 1n large extrachromo-
somal arrays 1n eggs, passing the plasmid on to the worm’s
oflspring. We have made C. elegans lines targeting ChR2 to
the mechanosensory neuron AFD, the interneuron AIY, and
also the serotonergic and dopaminergic neurons. These
worms express the visible marker gene, indicating success-
ful generation of stable lines. We are expressing ChR2 in C.
elegans 1n serotonergic and dopaminergic neurons, 1mpor-
tant for the driving of motivated behavior and the creation of
finely tuned motor patterns.

Example 16—Transgenic Mouse

[0251] Mice can be made to express ChR2 transgenically
under the control of specific promoters (by pronuclear
injection ol plasmids containing ChR2 under a specific
promoter), 1 specific loc1 (“knocking 1n” a gene into an
existing locus), using BAC transgenic technology (to mimic
the natural genetic environment of a gene), or by position
ellect variegation techniques (a transgenic method allowing
genes to randomly express 1n tiny subsets of neurons). We
are pursuing all of these avenues. To rapidly demonstrate the
power of this technology, we have constructed mice that wall
allow ChR2 to be expressed in small subsets of neurons
using position elflect variegation. We have placed ChR2
underneath the promoter for the gene Thyl, an 1mmuno-
globulin superfamily member that 1s expressed by projection
neurons 1n many parts of the nervous system (Gordon et al.
Cell 50:445 (1987), Feng et al., Neuron 28:41 (2000)).
Previous transgenics expressing GFP under control of the
Thyl promoter showed that many lines of the Thyl-GFP
mice express GFP in small subsets of neurons, due to
random 1nteractions of the Thyl promoter with local control
clements (Feng et al., 2000). We have injected linearized
plasmids containing Thy1-ChR2-EYFP into embryonic stem
cells of mice, and these mice are currently being mated to
produce oflspring expressing Thyl in specific subsets of
neurons in the nervous system. These mice will prove
enormously powertul for the analysis of the function of
previously unknown cell types in the brain, leading to an
understanding of the causal function of specific neuronal

types.

Example 17—Treatment ol Photoreceptor
Degeneration 1n Rodents with ChR2

[0252] The death of photoreceptor cells caused by retinal
degenerative diseases often results 1n a complete loss of
retinal responses to light. Inner retinal neurons can be
converted to photosensitive cells by delivering channelrho-
dopsin-2 (ChR2) using a lentivirus vector. The vectors can
be constructed as described 1n the examples above
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[0253] Vector Injection—Newborn (P1) rat (Sprague-
Dawley and Long-Evans) and mouse (C57/BL and C3H/Hel
or rd1/rd1) pups can be anesthetized by chilling on 1ce. Adult
mice (rd1/rd1l) can be anesthetized by intraperitoneal 1njec-
tion of the combination of katamine (100 mg/kg) and
xylazine (10 mg/kg). Under a dissecting microscope, an
incision 1s made by scissors through the eyelid to expose the
sclera. A small perforation 1s made i1n the sclera region
posterior to the lens with a needle and viral vector suspen-
sion of 0.8-1.5 pl at the concentration of ~1 3x10"" genomic
particles/ml can be 1njected into intravitreal space through
the hole with a Hamilton syringe with a 32-gauge blunt-
ended needle. For each animal, usually, only one eye is
injected with viral vectors carrying Chop2-GFP and the
other eye 1s not injected or injected with viral vectors
carrying GFP alone. After the injection, animals are kept on
a 12/12 hr light/dark cycle. The light illumination of the
room housing the animals measured at the wavelength of
500 nm is typically 6.0x10"* photons cm™ s™*.

[0254] The expression and functional properties of the
ChR2 protein in the transfected retinal neurons can be
measured by methods known 1n the art including those
described herein.

[0255] Visual-Evoked Potential Recordings—Visual-
evoked potential recordings are carried out i wild-type
mice (C57BL/6 and 129/58V) at 4-6 months of age and in the
rd1/rd1 mice at 6-11 months of age and 2-6 months after the
viral vector 1njection. After being anesthetized by intraperi-
toneal 1njection of the combination of katamine (100 mg/kg)
and acepromazine (0.8 mg/kg), animals are mounted in a
stereotaxic apparatus. Body temperature 1s either maintained
at 34° C. with a heating pat and a rectal probe or unregu-
lated. Pupils are dilated by 1% atropine and 2.5% accuphe-
nylephrine. A small portion of the skull (-1.5x1.5 mm)
centered about 2.5 mm from the midline and 1 mm rostral
to the lambdoid suture 1s drilled and removed. Recordings
are made from visual cortex (area V1) by a glass micropi-
pette (resistance about 0.5 M after filled with 4 M NaC(Cl)
advanced 0.4 mm beneath the surface of the cortex at the
contralateral side of the stimulated eye. The stimuli are 20
ms pluses at 0.5 Hz. Responses are amplified (1,000 to
10,000), band-pass filtered (0.3¢100 Hz), digitized (1 kHz),
and are averaged between 30-250 trials.

[0256] Light Stimulation—For visual evoked potential,
light stimuli are generated by the monochromator and pro-
jected to the eyes through the optical fiber. The light
intensity 1s attenuated by neutral density filters. The light
energy 1s measured by a thin-type sensor (10Q82017) and an
optical power meter (Model: TQ8210) (Advantest, Tokyo,

Japan).

Example 18—Treatment of Hyperglycemia in Mice
by Transplantation of Macronencapsulated ChR?2
Transtected Islets

[0257] Macroencapsulated 1slets can reverse hyperglyce-
mia in diabetic animals when transplanted 1.p., s.c., or mto
the fat pad. Transplantation of macroencapsulated ChR2
transiected 1slets would provide a method for control the
release of 1nsulin 1n a temporally precise manner. This can
be accomplished by transiecting islets with ChR2 and
implanting these cells ito the skin of the animal and then
driving their activation using light.

[0258] Animals—Male Swiss Webster nude mice
(Taconic, Germantown, N.Y.) of 25-30 g can be made
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diabetic with 250 mg/kg body weight (bw) 1.p. injection of
4% streptozocin (STZ *) (Sigma, St. Louis, Mo.) dissolved
in citrate bufler, pH 4.5. Only animals with blood glucose
concentrations above 350 mg/dl are then used as recipients.
Sprague Dawley (SD) rats (Taconic) of about 250 g are used
as donors. All animals would be kept under conventional
conditions 1n acclimatized rooms with free access to stan-
dard pelleted food and tap water. Nonfasting blood glucose
levels and body weight (bw) of recipients are measured on
the day of transplantation and then weekly for the next 7
weeks. Blood glucose concentrations can be measured with
a One Touch II portable glucometer (Lifescan Inc., Milpitas,
Calif.). Additional samples of plasma from freely fed and
fasted normal mice and rats are collected to compare the
relationship between plasma glucose and whole blood glu-
cose 1n donor and recipient strains. Plasma glucose values

can be assessed by a Glucose Analyzer 2 (Beckman, Palo
Alto, Calitf.).

[0259] Islet 1solation—Rat 1slets are 1solated technique
known 1n the art. For example, 1-2 mg/ml collagenase P
(Boehringer Mannheim, Indianapolis, Ind.) solution 1s
injected into the pancreatic duct and the pancreas 1s digested
for 19 min at 37° C.; islets are then separated from the
exocrine tissue using discontinuous Histopaque-1077
(Sigma) density gradient centrifugation. Islets with diam-
eters of 50-250 um are hand picked, counted, and cultured
in RPMI-1640 tissue culture medium with the standard
glucose concentration of 200 mg/dl, supplemented with 10%
tetal calf serum, 100 U/ml penicillin, and 100 mg/ml strep-
tomycin.

[0260] Islet can be transiected with ChR2 as described 1n
the previous examples. Expression and functional properties
of ChR2 protein 1n the transfected cells can be measured by
methods known 1n the art including those described herein.

[0261] Macroencapsulation and transplantation—Ported
devices (Thera Cyte™) with an internal volume of 20 ul can
be used for islet macroencapsulation. The devices are fab-
ricated from membrane laminates composed of three layers:
a cell-retentive membrane with a nominal pore diameter of
0.45 um laminated to an outer 5 um pore diameter polytet-
rafluoroethylene vascularizing membrane with an outer
polyester mesh providing support. The membrane laminates
in a rectangular shape 1s sealed on edges by ultrasonic
welding. At one end of the device, polyethylene tubing 1s
attached to provide access to the lumen. Aliquots of 1200
islets are suspended 1n a volume of 20 ul 1n Eppendort tubes
and transferred through the port into the lumen of the device
with a Hamilton syringe; the tubing 1s sealed with Silastic
silicon glue (Dow Corning Corp., Midland, Mich.). Trans-
plantation can be performed under Metofane anesthesia.
When implanted s.c., a skin 1ncision of about 2 cm 1s made
on the back right side of the animal, followed by preparation
of a s.c. pocket with gentle blunt dissection. The device 1s
inserted nto the pocket, and the incision was closed with
wound clips.

[0262] The cells can be activated to release insulin with a
light-emitting diode or a laser with an optical fiber attached
to the end or by the methods described herein.

[0263] Glucose tolerance tests—Seven weeks after trans-
plantation, IPGTTs are performed (glucose 2 g/kg bw,
injected as a 10% solution). Before the glucose challenge, all
amimals fast for about 16 hr. Samples from snipped tails for
the blood glucose are taken at 0, 15, 30, 60, 90 and 120 min

after glucose 1njection.
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Example 19—Generation of Dopaminergic ChR2
Transiected Neurons in Hollow Fibers

[0264] Eflect of PA6 CM on ES cell differentiation—ES
cells are cultured using PA6 CM to induce neural differen-
tiation. To prepare PA6 conditioned medium (CM), contlu-
ent PA6 cells are washed three times with phosphate-
buflered saline with calcium and magnesium 10ons [PBS(+)]
and then the respective media are replaced by G-ME
supplemented with 5% KSR, 0.1 mM non-essential amino
acids, 1 mM pyruvate and 0.1 mM 2-mercaptoethanol
without/with heparin (10 or 100 mg/ml). After 48 h, the
supernatant 1s collected and filtered with a 0.22 mm {ilter.
CM collected using GMEM based media without, with 10
mg/ml and with 100 mg/ml heparin are referred to as
CM-0H, CM-10H and CM-100H, respectively.

[0265] ES cells are plated on polyornithine (Sigma)/fi-
bronectin (Invitrogen)-coated glass plates at a density of
1250 cells/cm_2 1n G-MEM supplemented with 5% KSR,
0.1 mM non-essential amino acids, 1 mM pyruvate and 0.1
mM 2-mercaptoethanol. After 5 h, CM-0H, CM-10H (final
concentration of heparin 1s 3.3 mg/ml) or CM-100H (final
concentration of heparin 1s 33 mg/ml) 1s added to the culture
plate to 13 volume of the culture medium and mixed well.

All culture dishes are maintained at 37° C. 1n air containing
5% CO2 for 16 days.

[0266] Difierentiation of ES cells i hollow fibers—Hol-
low fibers, fabricated from semi-permeable polymer mem-
branes and available 1n a variety of diameters and wall
thickness, are bundled into a housing and are used exten-
sively 1n extracorporeal artificial organs, such as artificial
kidney and artificial lung. Three diflerent kinds of hollow
fibers can be used here. FB-130F fibers are used for Hae-
modialysis (NIPRO, Osaka, Japan) and are made of cellu-
lose triacetate with a 200 mm internal diameter and 15 mm
thickness wall. Evatluxs 2A and Evafluxs SA fibers are used
for plasmapheresis (Kuraray, Okayama, Japan) and are made
of ethylene vinyl alcohol copolymer with a 175 mm 1inter-

naldiameter and 40 mm thickness wall. Hollow fibers of
FB-150F, Evafluxs 2A or Evafluxs SA are referred to as

HF-1, HF-2 or HF-3, and their molecular weight cutoil
values are 55 kDa (95% cutoil), 144 kDa (90% cutoil) and
5770 kDa (90% cutofl), respectively. ES cells are dissociated
into single cells by treating them with 0.25% trypsin and 1
mM EDTA 1n PBS. The cells are loaded 1nto a 1 ml syringe
at a concentration of 1x10” cells/ml and are gently injected
into hollow fibers 9 cm 1n length. ES cell-loaded fibers are
placed 1n 100 mm cell culture dishes and are maintained in
G-MEM supplemented with 5% KSR, 0.1 mM non-essential
amino acids, 1 mM pyruvate, 0.1 mM 2-mercaptoethanol
and 33% CM-10H. All culture dishes are kept in air con-
taining 5% CO2 at 37 1C for 16 days.

[0267] ES cells can be transiected with ChR2 prior or after
differentiation by the methods described herein.

[0268] Cell growth of culture cells can be performed by
methods known 1n the art. Differentiation of ES cells 1nto
dopaminergic neurons can be performed by methods known
in the art such as immunofluorescence analysis and RT-PCR.
Dopamine levels can be determined by methods knows 1n
the art such as Reverse-phase HPLC.

[0269] The expression and functional properties of the
ChR2 protein in the transfected cells can be measured by
methods known 1n the art including those described herein.
[0270] Generation of dopaminergic ChR2 transtected neu-
rons 1n hollow fibers 1s a promising approach to perform cell
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of example only. Numerous variations, changes, and substi-
tutions will now occur to those skilled 1n the art without
departing from the invention. It should be understood that
various alternatives to the embodiments of the invention
described herein may be employed in practicing the inven-
tion. It 1s intended that the following claims define the scope
of the mvention and that methods and structures within the
scope of these claims and their equivalents be covered
thereby. Eliciting synaptic transmission demonstrates that
ChR2 1s an 1deal tool for the temporally precise analysis of
neural circuits.

therapy, for example, of Parkinson’s disease. This method
allows for the collection and encapsulation of dopaminergic
ES progeny with mimmal damage and protection of
implanted cells from the host immune system, which are two
of the obstacles encounter today. Furthermore, ChR2 protein
expression in the dopaminergic neurons allows for the
control release of dopamine into the brain according to the
methods described herein.

While preferred embodiments of the present invention have
been shown and described herein, 1t will be obvious to those
skilled 1n the art that such embodiments are provided by way

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: b5

<210>
<211>

SEQ ID NO 1
LENGTH: 310

«212>
<213>

<400>

Met

1

Val

Gln

Gln

Leu

65

Trp

Glu

Gly

Pro

Tyr

145

Val

Phe

Ala

Arg

Met
225

Ser

Asp

Thr

Thr

50

Leu

Glu

Phe

Hisg

Val

130

Ser

Trp

Phe

Gln

210

Phe

Val

Asn

Tyr

Agh

Tyr

35

2la

Leu

Glu

Phe

Arg

115

Ile

Arg

Gly

Ala
195

Vval

Pro

TYPE: PRT
ORGANISM:

SEQUENCE :

Gly

Pro

20

Cys

Ser

Met

Tle

Phe

100

Val

Leu

Arg

Ala

Leu

180

Val

Tle

Gly

Trp
260

Chlamydomonas reinhardtii

1

Gly

Val

2la

Agn

Phe

Tyr

85

Glu

Gln

Ile

Thr

Thr

165

Gly

Tle

Thr

Leu

Ser

245

Gly

Ala

Val

Gly

Val

Tyr

70

Val

Phe

Trp

His

Met

150

Ser

Leu

Glu

Gly
Phe
230

Thr

Leu

Leu

Val

Trp

Leu

55

2la

Leu
Leu
135

Gly

2la

Gly

Met
215
Tle

Val

Leu

Ser

Agh

Tle

40

Gln

Ala

Asn

Arg

120

Ser

Leu

Met

Tyr

200

Ala

Leu

Gly

Gly

Ala

Gly

25

Glu

Trp

Gln

Tle

Pro
105

Asn

Leu

2la

Gly

185

His

Trp

Gly

Hig

His
265

Val

10

Ser

Ser

Leu

Thr

Glu

S0

Ser

Ala

Leu

Val

Thr

170

Ala

Thr

Leu

Pro

Thr
250

Gly

Val

ATrg

2la

Trp

75

Met

Met

Glu

Thr

Ser

155

Gly

Agn

Val

Phe
Glu
235

Ile

Leu

ATrg

Leu

Gly

2la

60

Val

Leu

Trp

Gly

140

ASP

Thr

Pro

Phe
220

Gly

Ile

Glu

Val

Thr

45

Gly

Ser

Leu

125

Leu

Tle

Val

Phe

Lys

205

Val

Phe

ASP

Val

Leu

Pro

30

AsSn

Phe

Thr

Val

Leu

110

Leu

Ser

Gly

Phe
190

Gly

Ser

Gly

Leu

Leu
270

Leu
15
Glu

Gly

Ser

Tle

Ob

Ala

Thr

Asn

Thr

Val

175

His

ATrg

Trp

Val

Met
255

Tle

Phe

Asp

Ala

ITle

Gly

80

Leu

Thr

Asp
Tle
160

Tle

Ala

Gly
Leu
240

Ser

Hig
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Glu His Ile Leu Ile His
275

Tle Gly Gly Thr Glu Ile

290

280

295

Glu Ala Gly Ala Val Pro
310

305

«<210> SEQ ID NO 2

<211> LENGTH:
«212> TYPERE:

930
DNA

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 2

atggattatyg

gtagtcgtca

gagtcgcgtyg

ggcttctcca

tgggaggaga

gagtttaaga

tacgccgagt

ttgtccaacy

gtgtggggcey

ggtctgtgtt

cacaccgtgc

gtatcatggyg

agcgtgtacy

ggtctgctcg

attcgcaaga

gaggacgaygy

gaggcgccct
atggctctgt
gcacaaacgg
tcctactgcet
tctatgtgtyg
acccgtcecat
ggcttctcac
actacagcag
ccacttccgce
atggtgctaa
cgaagggccg
gtatgttccc
gctccaccgt
gccactacct

ccaccaaatt

ccgaggcetygg

<210> SEQ ID NO 3

<211> LENGTH:
«212> TYPE:

530
DNA

gagtgccgtt

acttgtgcct

tgcccaaacy

tatgttttac

cgctatcgag

gctgtatcta

ctgcceggtc

gcgcaccatg

catggccacc

cacgttettt

gtgtcgccag

catcctgttc

cggcocacacc

gcgegtgcetyg

gaacattggt

cgcggtaccc

gggcgcgayc
gaggaccagt
gcgtcgaacy
gcctaccaaa
atggtcaagy
gccacaggcc
attctcattc
ggtctgetty
ggatacgtca
cacgctgcca
gtggtgactyg
atcctcoggec
atcattgacc

atccacgagc

ggcactgaga

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 3

atggactatyg

gtggtggtga

gaatctcgceg

ggattcagca

tgggaggagda

gagtttaaga

tatgcagagt

ctgagcaacy

gtgtgggggy

ggattgtgct

gcggcegettt
acgggtccgt

gcacgaacgyg

ttttgctget

tctatgtgtyg

atccctcectat

ggctgctcac

actacagcag

ctaccagcgc

atggcgcgaa

gtctgecegtce

cctggtecct

cgctcagacc

gatgttctat

cgccattgaa

gctctacctt

ttgtcctgtc

gagaaccatg

catggcaacc

cacatttttt

ggacgcgaac
gaggatcaat

gcgtcaaatyg

gcctaccaaa

atggttaagyg

gccacaggac

atccttatcc

ggactccttyg

ggctatgtta

cacgcagceca

25

-continued

285

300

tgctatttgt

gttactgcgc

tgctgcaatg

catggaagtc

tgattctcga

accgcgtceca

acctgtcaaa

tgtctgatat

aggtcatctt

aggcctacat

gcatggctty

ccgagggcett
tgatgtcgaa
atatcctcat

ttgaggtcga

ttttgttegt

gttactgtgc

tcectgecagty

cctggaaatce

tgattctcga

accgggtgca

acctgagcaa

Cctcagacat

aagtcatctt

aagcatatat

Gly Asp Ile Arg Lys Thr Thr Lys Leu Asn

Glu Val Glu Thr Leu Val Glu Asp Glu Ala

daacdaacccda

gggctggatt

gcttgctgcet

aacctgcggce

gttcttette

gtggttgegt

cctgacgggce

tggcacaatt

cttctgectyg

cgagggttac

gctettette

cggcgtectyg

gaactgctgyg

ccacggcgac

gacgctggtg

tactaatcct

cggatggatt

gcttgcagca

tacatgcggce

JULCCLCLLCLLL

gtggctgcegce

cctcaccggce

cgggactatce

CECLtgtcCctt

cgagggttat

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

530

60

120

180

240

300

360

420

480

540

600
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-continued

catactgtgc caaagggtcg gtgccgccag gtcecgtgaccg gcatggcatg getgttttte 660

gtgagctggg gtatgttcce aattcectcectte attttggggce ccgaaggttt tggcegtectg 720

agcgtcetatg gcectceccaccegt aggtcacacg attattgatce tgatgagtaa aaattgttgg 780

gggttgttgg gacactacct gcecgcegtectg atccacgagce acatattgat tcacggagat 840

atccgcaaaa ccaccaaact gaacatcgge ggaacggaga tcgaggtcga gactcectegtce 900

Jaagacgaag ccgdaggcecgg agccecgtgcecca 930

<210> SEQ ID NO 4

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Desgcription of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: 4

ggcagcgctg ccaccatgga ttatggaggce gccctgagt 39

<210> SEQ ID NO b5

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Desgcription of Artificial Sequence: Synthetic
primer

<400> SEQUENCE: b5

ggcactagtc tattacttgt acagctcgtc 30

1.-30. (canceled)

31. A method of modulating activity of a neuron, the
method comprising:
genetically moditying the neuron with an expression
vector comprising a nucleotide sequence of SEQ ID
NO:2 or SEQ ID NO:3 encoding a light-activated
cation channel polypeptide to generate a modified
neuron that expresses the light-activated cation channel
polypeptide; and
exposing the modified neuron to light, wherein the expos-
ing results 1n depolarization of the neuron.
32. The method of claim 31, wherein depolarization
occurs within 10 ms of light exposure.
33. The method of claim 31, wherein depolarization
occurs within 1 ms of light exposure.
34. The method of claim 31, wherein depolarization
occurs within 0.1 ms of light exposure.

35. The method of claim 31, wherein the light has a
wavelength of from about 450 nm to about 490 nm.

36. The method of claim 31, wherein the light has a
wavelength of about 460 nm.

37. The method of claim 31, wherein the light has an
intensity of from about 5 mW/mm?2 to about 50 mW/mm?2.

38. The method of claam 31, wherein the expression
vector 1s a viral vector.

39. The method of claim 38, wherein the viral vector 1s an
adenoviral vector.
40. The method of claim 38, wherein the viral vector 1s a

lentivirus vector.

41. The method of claim 31, wherein the nucleotide
sequence 1s operably linked to a neuron-specific promoter.

42. The method of claim 41, wherein the neuron-specific
promoter 1s a somatostatin promoter, a parvalbumin pro-
moter, a calbindin promoter, or a CaMKII promoter.

43. The method of claim 31, wherein the light-activated
cation channel polypeptide 1s ChR2.

44. The method of claim 31, wherein the exposing 1s
carried out using an implantable light source.

45. The method of claim 31, wherein the exposing 1s
carried out using a light-emitting diode.

46. The method of claam 31, wherein the neuron 1s a
hippocampal neuron.

47. The method of claim 31, wherein the neuron 1s in the
anterior or subgenual cingulate cortex.

48. The method of claam 31, wherein the neuron 1s a
retinal ganglion cell.

49. The method of claam 31, wherein the neuron 1s a
spinal ganglion cell.

50. The method of claam 31, wherein the neuron 1s a
dopaminergic neuron.

¥ ¥ H ¥ H



	Front Page
	Drawings
	Specification
	Claims

