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(57) Abstract: A light-sensitive G-protein coupled receptor includes a light sensitive extracellular domain and a heterologous in-
tracellular domain capable of modulating an intracellular signaling pathway.
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SYSTEM AND METHOD FOR CONTROLLING
G-PROTEIN COUPLED RECEPTOR PATHWAYS

RELATED APPLICATION

[0081]  This application claims priority from LS. Provistonal Application
Neo. 60/833,378, filed July 26, 2006, the subject matier which is incorperated herein by

reference,

GOVERNMENT FUNDING

{0002} This invention was made with government support under Grant No.
NSG47752 awarded by the National Institute of Health. The government has certain

nghts in the invention.

FIELD OF THE INVENTION

{6003} The present invention relates to a light-sensitive G-protein coupled receptor

and to a method of controlling G-protein coupled receptor pathways,

BACKGROUND

0004} G-protein coupled receptors (GPURs) constitute a major class of proteins
responsible for fransducing a signal within a cell. GPCRs have three structural

domains: an aming ferminal extracsllular domain, a seven transmembrane domain
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containing seven transmembrane domains, three extracellular loops, and three
intracelular loops, and a carboxy terminal intraceliular domain. Upon binding of a
Higand fo an extracellular portion of a GPCR, a signal is transduced within the cel that
results in a changs in a biological or physiclogical property of the cell. GPCRg, along
with G-proteins and effectors (intracellular enzymes and channels moduolated by G-
proteins), are the components of a modular signaling system that connects the state of
mntraceliular second messengers to extracetlular inpats,

o

{0003}  The GPCR protein superfamily can be divided into five families: Family I,
receptors typilied by rhodopsin and the §-2-adrenergic receptor and currently
represented by over 200 unique members (Dohlman et al., Annu. Rev. Biochen.
50:653-688 (1991}): Family 11, the parathyroid hormone/caleitonin/secretin receptor
family (Juppner et al., Science 234:1024-1026 (1991 Lin et al,, Science 254:1022-
1024 (1991)); Family I, the metabotropic ghutamate receptor family (Nakanishi,
Science 258 397:603 (1992)); Family IV, the cAMP receptor family, important in the
chemetaxis and development of D. discoldeam (Kiein et al., Science 241:1467-1472
(1988)); and Family V, the fungal mating pheromone receptors such as STE2 (Kurjan,
Annu. Rev, Biochem. 61:1097-1129 (1992)),
[B086] G proteins represent a family of heterotrimeric proteins composed of . B,
and y subunis, that bind guanine nucleotides. These proteins are usually linked to cell
surface receptors, e.g., receptors containing seven fransmembrane domains.
Following ligand binding to the GPCR, a conformational change is transmitted to the
G protein, which causes the g-subunit fo exchange a bound GDP molecule for a GTP
molecule and to dissociate from the B, y-subunits. The GTP-bound form of the o -
subunit typically functions as an effector-modulating meiety, leading to the production
of second messengers, such as cAMP (e.g., by activation of adenv! cyelase),
diacvlglycerol or inositol phmphatc\ Greater than 20 diffevent types of ¢-subunits are
known in humans. These subunits associate with a smaller pool of B and y subunits.
Examples of mammalian G proteins include Gi, Go, Ga, Gs and Gt. G proteins are
deseribed exiensively in Lodish of al., Molecular Cell Riology, (Scientific American
Books Inc., New York, N.Y.. 1993), the contents of which are incc:rpm‘ated herein by

reference. GPCRs, G proteins and G protein-linked effector and second messenger

]
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systems have been reviewed in The G-Protein Linked Receptor Fact Book, Watson et

al,, eds., Academic Press {1994).

SUMMARY OF THE INVENTION

{007} The present invention relates to a light-sensitive G-protein coupled receptor
that comprises a light sensitive extracellular domain and a hetorologous intracellular
domain capable of modulating au intracellnlar signaling pathway. The G-protein
coupled receptor can comprise an opsin with a heterologous intracetinlar domain. The
opsin can be selected from the group consisting of rhodopsin, blue opsin, and red
opsin. In one aspect of the invention, the intraceliular domain can be coupled v a G-
protein subunit to affect at least one G-protein pathway selected from the group
consisting of a Gi pathway, a Gy pathway, and a Gs pathway.

[0008]  In another aspect of the invention, the intracellular domain can correspond
to at least a portion of the SHT receptor domain effective to modulate serctonergic
signaling. The intracellular domain can comprise an amine acld sequence
corresponding to an amino acid sequence of af least one SHT intracellnlar loop
selected from the group consisting of a SHT-2A loop, a SHT-1A loop, and a SHT-4A
foop.

[6609]  The present invention also relates to @ mammalian cell that coruprises a
first light-sensitive G-protein coupled receptor and a second light-sensitive G-protein
coupled receptor. The first light-sensitive G-protein coupled reveptor can be activated
by light having a first wavelength and once activated affect a first cell signaling
pathway. The second Hight-sensitive G-protein coupled receptor can be activated by
light having a second wavelength and once activated affect a second signaling
pathway. The second wavelength can be different than the first wavelength and the
second signaling pathway can be different {rom the first signaling pathway.

0010} In an aspect of the invention, al least one of the first G-protein coupled
receptor and the second G-protein coupled receptor can comprise a light sensitive
extracellular domain and a hetorologous intracellular domain capable of modulating
an intraceliular signaling pathway. At least one of the first light-sensitive G-protein
coupled receptor and the second G-protein coupled receeptror can comprise an opsin

with a heterologous inraceliular domain. The opsin can be selected from the group
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consisting of rhodopsin, blue opsin, and red opsin. The intracellular domain can
couple a G-protein subunit o affect at least one Geprotemn pathway selected from the
group consisting of a (Gi pathway, a Gq pathway, and a Gs pathway. The intracellular
domain can correspond to at least a portion of the SHT receptor domain effective to
medulate serotonergic signaling,

{0011} The present invention further relates 1o a method of controlling G-protein
coupled receptor pathways in a cell. In the method, a frst light-sensitive G-protein
coupled receptor and luciferase can be co-expressed in a cell or inferconnected cells.
An amount of luciferin can then be administered to the cell or interconnected cells.
The amount of luciferin administered 1o the colls can be effective to react with the
luciferase and produce lght to activate the first G-protein coupled receptor. The first
Geprotein coupled receptor can be activated by a first wavelength of lght and affect a
first G-protein signaling pathway.

{0012} In an aspect of the invention, a second light-sensitive G-protein coupled
receptor can be co-expressed with the first G-protein coupled receptor and the
luciferase. The second light-sensitive G-protein coupled receptor can be activated by
a second wavelength of light and affect a second G-protfein signaling pathway. The
second wavelength of light and the second G-protein signaling pathway can be
ditferent than the first wavelength of light and the first G-protein signaling pathway,
[6013] In a further aspect of the invention, a third light-sensitive G-protein
coupled receptor can be co-expressed with the first G-protein coupled receptor and the
huciferase, the third light-sensitive G-protein coupled receptor being activated by a
third wavelength of light and affect a third G-protein signaling pathway. The third
wavelength of light and the third G-protein signaling pathway can be different than the
first wavelength of light and the first G-protein signaling pathway.

[0014] At least one of the first light-sensitive G-protein coupled receptor, the
second light-sensitive G-protein coupled receptor, and the third Hght sensitive G-
protein coupled receptor can comprise an opsin with a heterologous intracellular
domain. The opsia can be selected from the group consisting of rhodopsin, blue opsin,

and red opsin,
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[0815] At least one of the first ight-sensitive G~protein coupled receptor, the
second Hght-sensitive G-protein coupled receptor, and the third lght sensitive G-
protein coupled receptor can inclade an intracetlular domain corresponding o at least
a portion of the SHT receptor domain effective to modulate serotonergic signaling.
{6016} In yet another aspect of the invention, the first light-sensitive G-protetn
coupled receptor and the tuciferase can be co-expressed in myocardial cells, in spinal
cord nerve cells, and brain nerve cells and used 1o modulate. respectively, contraction
of myocardial tissue, motomeuron activity after spinal cord injury, and brain nerve

cell activity.

BRIEF DESCRIPTION OF THE DRAWINGS

{06171 Fig. 1 illustrates the principle of activation of the major GPCR pathways,
(3q, Gi/o and Gs by the vertebrate blue opsin (activated by blue light), rhodepsin
{activated by green Hght) and red opsin {activated by red hight). GPCR coupling to
different G protein pathways is determined by the intracelludar protein domains of the
GPCR, which will be mutated to allow sufficient coupling of the effector protein.
[0018]  Fig. 2 illustrates plots showing vertebrate thodopsin modulates GIRK and
P/Q-type Ca®* channels via Gifo-PTX- sensitive pathwayvs., () K current traces of
GIRK /2 channels coexpressed with RO4 or mAChR-M2 in HEK293 cells before,
daring, and after light stimulation (Zeff} or 10 1MCarb application (Right), Currents
were elicited by 300-ms voltage ramps from ~100 to +30 mV. (B) Comparison of the
GPCR-induced current increase in the presence and absence of 3 nmol PTX. () Time
course traces of GPCR-mediated activation of GIRK currents. GIRK currents were
recorded at -60 mV. (D) Comparison of the time constants of the GPCR-induced
GIRK current changes before andafter GPOR activation. {(£) Ba™ current traces of

Fo A P = c a 2
P/Q-type Ca* channels (2.1, Biy, and 58 subunits) coexpressed with RO or

N

i
mAChR-M2 tn HEK293 cells before, during, and after light stimulation (Leff) or

10 MdCarb application (Right). (F) GPCRinduced depolarizing shift in the voltage
dependence of activation curve of P/Q-type Ca™ currents. Currents were clicited from
a holding potential of <60 mV by Sums-long, 5-mV voltage steps from <10 to +63 mV,
Relative tail currents were plotied against the voltage pulses. (@) Time course traces

of GPCR-mediated inhibition of P/Q-type Ca™* currents. Ba®  currents were elicited
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by voltage pulses from -60 1o +20 mV and measured every . {(#) Comparison of the
time constants of the GPCR-induced P/(3-tvpe channel current changes before and

after GPCR activation. Throughout all experiiments munber in parentheses indicate

f'-‘

the number of experiments and statistical significance as indicated

(%, P<0.05; %% P <001, ANOVA),
{00191 Fig. 3 illustrates fonctional expression and characterization of verlebrate

rhodopsin in cultured hippocampal newrons. {4) Colocalization of RO4 and
synaptobrevin in cultured hippocampal neurons. {Leffy Fluorescence patterns of
vewrons from lowdensity hippocampal cultures transfected with RO4 reveal a punctate
stainmig. RO4 was detected with an anti-RO4 antibody and visualized with an Alexa

48 8»-»::@1;;31{@& semndmy antibod}-‘. (Cm;»ier_} }-!'_ippocampai cells were stained with an

&n‘i:ibady. {Right} Overiay of RO4 and synaptobrevin I staining,. Yellow indicates
colocalization. (8) RO4 induced voltage change during a long {Lipper) and short
{Lowery hight pulse, (C) Average GPCR {RO4, GABABinduced hyperpolarization
of cultured hippocampal neurons. Throughout the experiments GABABR recepiors
were activated by application of 30 uM baclofen (Bacl). (D) Time course of GPCR
{RO4, GABAB)-induced hyperpolarization and recovery from hyperpolarization after
switching off the light or washing out baclofen. () Voltage traces of current-induced
{30 pA) newronal fiving of cultired hippocampal newrons before and during Hght
activation of RO4. (F) Comparison of the number of action potentials measured after
current injection for a nenron before and during light activation of RO4. ()
Comparison of EPSC amplitude before, during, and after hight application for EPSCs
measured in antaptic hippocampal cultures expressing RO4. EPFSCs in autaptic
hippocampal neurons were elicited by 2-ms voltage pulses from 60 to +10 mV,
(#) Comparison of GPFCR (RO4, GABAB)-induced EPSC inhibition measured in
autaptic hippocampal neurons, {) Time constants of GPCR (RO4, GABAB)-induced
EPSC inhibition and release from inhibition. EPSCUs were clicited every S s as
described in G, (/) Autaptic EPSC traces elicited by 2-ms voltage pulses from ~6{ to
+10mVseparated by 50 ms (20-Hz stimulation) before and after Hght activation of

RO4, (K) Comparison of paired pulse facilitation before and after GPCR (RO4,
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GABAB) activation for a 20-Hz stimulation protocol. The amplitude of the second

EPSC was compared with the fest EPSC.

{0020} Fig. 4 illustrates functional expression and characterization of green algae
ChR2 in cultvred hippocampal newrons. (4) Colocalization of ChR2 and
synaptobrevin in cultured hippocampal newrons. (Leff) Fluorescence patterns of

newrons from low-density hippocampal cultures transfected with GFP-ChR2 reveal a

punctate staining. {Center) Hippocampal cells were stained with an antisynaptobrevin

H antibody and visualized with an Alexa 368-coupled secondary antibody. (Right)

Overlay of GFP-ChR2 and synaptobrevin [f staining, Yellow indicates colocalization.

(B} Voltage traces of ChR2-induced newronal firing of cultured hippocampal neurons

for light stimuli with increasing duration. () Voltage traces of ChR2-induced

neuronal firing of cultured hippocampal neurons for light stimuli with different
frequencies, (£2) Number of action potentials measured in neurons expressing ChR2.

Action potentials were elicited by a train of 10 stimuli for different light stimulation

frequencies with a light duration of 3 ms. (£) Light activation of ChR2 expressed in

excitatory {Upper) or inhibitory (Lower) presynaptic netrons induce activation or
inhibition in the paired postsynaptic neurons. {£7 and £4) EPSC (Upper) or IPSC

{Lower) were elicited by a 2-ms voliage pulse from ~60 to +10 mV in the postsynaptic

autaptic neuron, {(£2 and E5) Light activation of the excitatory and inhibitory

presynaptic cells expressing ChR2 induced EPSC (Upper) or IPSC (Lower) on the
postsynaptic, autaptic neurons. (£3) Presynaptically (excitatory) light induced spiking
or subthreshold depolarization (fnser} of the postsynaptic newron after a single 5-ms
light pulse (Leff) or a 10-Hz/5-ms light stimulation protocol (Righs). Five light pulses
were apphied. (£6) Presynaptically {inhibitory) light induced hyperpolarization of the
postsynaptic neurons after a single S-ms light pulse. (E7) Schematic diagram of the
seuronal circuit analyzed. Gray indicates the presynaptic neuron expressing ChR2.

{F) Average amplitude of the light induced EPSCs or IPSCs. (G) Average amplitude

of the light induced hyperpolarization (IPSP) or depolarization (EPSP), when the

depolarization was not sufficient to trigger an action potential.

{0021} Fig 5 itlustates RO4 and ChR2 can be used to regulate the frequency of

spontaneous rhythmnic activity in isolated embryonic chick spinal cords and Hving

=3



WO 2008/014382 PCT/US2007/074439

embryos. (4} Diagram of 1solated chicken spinal cord preparation showing the
position of the recording suction elecirode; regions electroporated with either ChRZ or
RO4 are shown in gray. {8) Electrical recording from motor nerve of ChR2 lumbar-
clectroporated embryo showing two control episodes in the absence of light (Unper)
with an expanded time base trace of a single episode shown (Lower). Bursts of many
motor axons firing synchronously and individual motor axons firing asynchronously
are noted, (€} Plot of the intervals (in min} between bursting episodes from a lombar
clectroporated ChRZ embryo subjected to a long interval of continuous light (circles)
or 3-s pulses of light {triangles): filled symbols indicate episodes elicited in the
presence of light, and open circles indicate episodes ocourring in the absence of light.
{11 Electrical recordings showing episodes (denoted by brackets) occurring during
several minutes of continuous lght (Upper) or elicited by a 3-5 pulse of light at the
position of the asterisk (Zower). (E) Comparison of unit activity preceding bursts that
occurred spontaneously in a nonelectroporated embryo (Top) or were elicited by light
when ChR2 was expressed selectively in the lumbar cord (Middle) or cervical cord
{(Bottom). Time of light exposure is indicated by dashed line. () Bar graph of the
percent change in motor nnit activity ocolrring in control embryve and one
slectroporated at cervical or lumbar Jevel during a 3-s exposwee to lght. (G) The
frequency of axial movements of stage 2526 embryos in ove, 3 days after ChR2 was
electroporated into cervical cord segments, in the presence or absence of 475 nM light.
{} Piot of intervals between bursting episodes in embryos electroporated with RO4 at
lnmbar level when exposed 10 a long interval of continnous light (circles) or 3-s light
pulses at different repetition rates (triangles); filled symbols indicaie episodes
oceurring in the presence of light, open svmbels indicate those that occurred in the
absence of light. (/) Activation of RO4 by brief light pulses triggers bursting episodes.
{Top) After a spontancons episode (no. 1) a 2-s light pulse was able to frigger a
premature bursting episode (0. 2); both are shown on expanded time bases in Middle
and Bortom, respectively {see text for more detatl). (/) Bar graph of change in motor
unit activity in the period preceding the first burst of a spontancous episode or one
evoked by light activation ol RO4. (R) Light activation of RO4 can synchronize the

trrsting behavior of spinal cord motonewrons, Right and left sides of a RO4 fumbar
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electroporated cord exhibit independent (asynchronous) thythms when they are
surgically separated at the midline {fop pair of traces) However, the bursts triggered
after the cessation of a light stimulus resulis in their synchronization (bottom pair of
traces). L83, lumbar segment 3; Sp.N., spinal nerve.

{022 Fig. 6 illusirates activation of vertebrate rhodopsin induces paired-pulse
facilitation of P/Q-type Ca®” channels is comparable to the mAChR-M2 induced
facilitation. {4} Ba®™ current traces of PAQ-type Ca™ channels documenting prepulse
facilitation induced by the vertebrate rhodopsin RO4 (Leffy or mAChR-M2 {Righn
activation, From g holding potential of -60mV a 5-ms-long first test pulse to + 20mV
was clicited, After I § a 10- ms-long prepulse to +150 mV was elicited 2 ms before 2
second S-ms-long test pulse to +20 mV. The peak current elicited by the second S-ms

1

test pulse was compared with the peak current elicited by the first S-ms test pulse and
is given as the facilitation ratio (B). (B Facilitation ratio of P/Q-type Ca™ currents
during GPCR activation. Facilitation ratio was determined by dividing the peak
curvent slicited by the second test pulse by the peak cwrrent elicited by the first test
pulse for the protocol shown in 4. In the presence of 3¢ p M PTX the G protein-
mediated inhibition of the Ca™ channel is blocked. Therefare no facilitation is
ohserved.
{0023}  Fig. 7 illustrates biophysical charactenization of the C terminally truncated,
GFP~tagped ChR2 in HEK293 cells, (4} Light-induced ChR2 currents in HEK293
cells after & 10-ms light pulse. Step potentials were from -100 to +30 mV in 25-mV
steps. The current traces reveal the inward rectifying behavior of ChR2. {B)
Activation and deactivation time constants for ChR2 currents after 10-ms light puls
for the indicated potentials. The deactivation time constant is voltage dependent. The
more depolarized the cell the slower is the deactivation of ChRZ currents. () Lighi-
mduced ChR2 cuarrents measured at -60 mV for the recovery of steady-state current to
peak current. {[3) Peak current recovery for ChR? currents afler a 1,000-msec light
pulse. C and 22 show that the pegk current recovers to 100% of its original value
within 20-30 s. (£) Comparison between highi~induced ChR2 corrents using 10- to 20~
Hz/10-ms light pulses in comparison with a continuous 1,000-ms light pulse. (fnsef)

The second current within the 20-Hz/10-ms light pulse protocol is shown on a larger

9.
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time scale. The ChR2 activates withina ms. () Comparison between lighi-induced
current reduction for ChR2 currents elicited by different light stinmdation protocols.

E and F illustrate that the shorter the light pulses for ChR2 activation the smaller is the
ChR2 current reduction relative to the maximal peak currents. Thus during &
prolonged light pulse the ChR2 steady-state current is more reduced than during
repetitive, short light stimulation protocols. {{) Activation and deactivation time for
ChR2 currents cheited with 10-ms light polses at -60 mV. (H) Traces of light (ChR2)-
induced voltage changes in HEK293 cells after 10-ms (Leff} or 1,000-ms {Right) light
activation of ChR2. () Light-induced depolarization mediated by ChR2 for 18- and
1,000-ms light duration. # and / illustrate the time course of the membrane voltage
changes during activation and deactivation of ChR2 and demonstrate that the voltage
changes are much slower than the underlying current changes. () Traces of light
(ChR2)-induced voltage changes during a 10- or 20-Hz protocel with S-ms Hght
pulses. (K} Light-induced depolarization mediated by ChR2 during light trains with
different frequencies. J and K iltustrate that during repetitive stimulations with
frequencies > S Hz the voltage change mediated by ChR2 current is additive at
high-frequency, short-daration light pulses.

{0024]  Fig. 8 illustrates expression of RO4 and ChRZ in stage 25-26 {(embrvonic
day 4.5-3) chick spinal cords. Whole-moum spinal cord preparations are viewed from
the ventral surface after a ventral laminectomy to allow visualization of cords (caudal,
Left, vostral, Righry. (Upper) In this example, the RO4 constract had been injected
into the central canal in the lumbar region of a stage 16 (embryonic day 2.5-3) chicken
embryo with the electroporation protocol described by Hanson and Landmesser {13
applied twice, with reversal of electrode polarity in between. This process resulted
several days later in extensive expression of RO4 on both sides of the cord from
lumbosacral segmenst (L8) 1-5. There was less strong expression in LS6 and iIn
T{thoracic segment) 7 and o expression at other levels of the cord (data not shown).
The extent of expression varied somewhat between embryos and only those with
strong expression over most of the lumbosacral cord were chosen for the phvsiological
experiments with RO4. Many motoneurons, identified by their location in the lajeral

motar colunm {asterisks) and their axons in the ventral roots, which also contained the

-10-
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construct (arrows), were labeled. The protocol used has been found to also label
varying proportions of interneurons, identified by their location in transverse spinal
cord sections {G.H., unpublished observations). Based on their locations in cord
whole mounts, varying numbers of inferneurons were aiso expressing the
electroporated construet in the present experiments, although we did not attempt to
quaniify their proportion. The extent of the labeling depended on the age of the
embryo injected and the amount of construct injected into the central canal.
(LowerYChRZ was electroporated with a similar protocel as above. However, the
construct was selectively injected into either the fambar cord (Leff), where in this
example its expression was higher on the embryo’s right side or into the cervical cord
{(Right}, resulting in selective expression in these regions. Asterisks indicate labeling

of cells in the lateral motor columyn and arrows indicate labeled motor axens inthe

ventral roots. {Scale bar: 100 pm.)

DETAILED DESCRIPTION

{00251  The present invertion relates 1o Hght-sensitive (or light-activated) G-
protein coupled receptors and to systems and methods of using such GPCRs for
controlting GPCR pathways. The light-sensitive GPCRs include a light sensitive
extracellular domain and a hetorologons intracellular domain capable of modulating
an intracellular signaling pathway.

[0026]  The system and methods of the present invention can allow for
simultaneons andfor separated activation of any chosen GPCR pathway and can be
applied in any type of cell system. The present invention is based on the ides that the
extracellular and transmembrane domains of the vertebrate rhodopsin use light energy
1o activate G-proteins at the intracellular site of a cell. The intracellular G-protein can
be ransmitted by the intracellular loops of the GPCR of choice (e.g., SHT receptor
subtypes) and introduced into a light-sensitive GPCR (e.g., rhodopsin‘opsin) that can
be activated by different wavelenghts. The intraceliular regions of a GPCR determine
the G protein specificity, the precise targeting of the GPUR 1o subcellular struciures,
such as dendrites and the interaction with intracellular proteins necessary for subtype

and cell type specific function.

J11-
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{08271 Inan aspect eof the invention, the system and methods of the present
invention can be combined with a bioluminescence system, such a luciferase system.
Co-expression of luciferase and a GPCR in accordance with the present invention,
such as blue-green-red lght sensitive GPCRy, in a cell allow for internal activation of
GPCR pathways. This is important for performing experimests in Bving animals
{e.g., humans} since the system can b activated by intake or infusion of luciferin ina
temporsl manner. This system and method can also be used to exploit or determine
the role of specific GPCR and in particular the cross-talk of GPCRs in disease as well
a3 be used for drug sereens, It will be appreciated that the bioluminescence system
need not be limited to a lnciferase-luciferin system and that other biohuminescence
systems can be used in the invention.

[8028]  The system and method of the present invention is based on the findings
that vetebrate (rat) rhodopsin RO4 can be activated by green light and couples to the
Gitfo (pertussin loxin seusitive) pathway in heterologous expression svstems as well as
neurons and nearonal cireuits in chicken embryos, Vertebrate rthodoposin can be
activated by light without any addition of ligands, such as all-trans retinal in chicken
embryos. Moreover, it was found that light application was sufficient to activate
rhodopsin in intact embryos and that light could be applied for several hours indicating
that light will penetrate the tissue and will not damage the cells.

{00291  Additionally, it was demonstrated that luciferase can activate vertebrate
thodopsin and channel thodopsin 2 when co-sxpressed in HEK293 cells. Therefore,
the system and methods of the present invention can be used to activate GPCRs or
light activated ion channels, such as the green algae channel rhodospin or light
activated enzymes controlling second messenger pathways, in vive, by injection or
intake of the luciferase ligand fuciferin, which crosses the blood brain barrier,

{B036] Accordingly, the present invention relates to a svstem for controlling or
nodulating GPUR pathways. The sysiem can use Hght to control, for example, the
GPCR pathways, Gg (SHT-2A), Gifo (SHT-14) and Gs (3HT-4A) within one cell
and/or different splice variants within one GPCR family (e.g., SHTIAIBID) in
neuronal civcuits and animals. The system includes rhodosping and opsins that are

activated by different wavelengths. The intracellular regions of the rhodopsins and the
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opsins are nmiutated to allow coupling to the GiYe, Gs, and Gq pathways. Activation of
the respective pathways can be controlled separately or in concert depending on the
wavelength applied. Based on the excitation range of opsinrhodopsing the different
receptors can be controtled simultaneously.

[0021} In an aspect of the invention, intracellular loops derived from GPCRs
mvolved in serotonergic signaling can be selected to study the effects of Hght activated
intracellular signaling pathways mediaied by neurotransmitter serotornin.
Malfunctions in the serotonergic transmitter systent can cause, for example,
schizophrenia, depression, anxiety and obesity and drugs acting via serotongrgic
GPCRs are used to treat patiends for thelr symptoms.

16032} Fig. 1 illustrates one example of a system In accordance with an aspect of
the invention. The system includes three hight-sensitive GPCRs, Le., blue opsin,
rhodopsin, and red opsin, that comprise heterologous intracelilar foops. Inthe
system, the intracellular loops of blue opsin are exchanged with SHT-2A loops for Gy
coupling, the intracellular loops of thodopsin are exchanged with SHT-1A loops for
(Gi/o eoupling, and the intracellular loops of red opsin are exchanged with SHT-44A
foops for (s coupling. The system essentially acts a Hght activated red/green/blue
intraceliudar switch,

[0033] G protein specificity of the chimeric light-sensitive GPCRs can be
demuonsivated in HEK293 cells. Specifically, (g coupling of the blue opsin/SHT-2A
receptor can be demonstrated by monitoring the Ca®™ reloase via activation of
phospolipase C/IP3 pathway. Gt/o coupling of the rhodopsin/SHT-1 A receptor can be
demonstrated by measuring the activation of coexpressed G-protein inward rectifying
K" channels. Os coupling of the opsin/SHT-4A can be demonstrated by measuring the
activation of voexpressed L-type Ca™* channels and AKAP proteins.

{0034]  In another aspect of the invention Blue-Green-Red switches {e.g., chimeric
blue opsin/SHT-2A, rhodopsin/SHT-1A, red opsin/SHT-4A) can be expressed together
with lociferase in the serotonergic transmigter system of transgenic mice nsing the
promator PET-1. PET-1 allows specific expression of the receptors in serotonergic
neurons and the activation of the receptors with luciferin. Expression of these

chimeric light-activated (or light sensitive) GPCRs within the brain allows for
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non-invasive control of neurotransmitter signaling with animals and provides a
method to readily determine intraceilular phenomenons related to mood changes.
{0033]  The systems and methods of present invention can also be expressed, for
example, in a heart cell via heart specific promotors for modulating the contractions
{or excitability) of the heart, in the spinal cord via HBY promotor for modulating
motor neuron activity after spinal cord ingury, and in nevral cells or brain areas
affocted by degenerative diseases, such ag Parkinson’s disease, to control excitahility
in the brain area a nerve cells of choice.

Example:

Fast noninvasive activation and inhibition of neural and network activity by veriebrate
rhodopsn and green algae channed thodopain

{0036] A major challenge in understanding the relationship between neural
activity and development and between neuronal circuit activity and specific behaviors
1510 be able to control the activity of large populations of nearons or regions of
individual nerve cells sinnultancously. Recently, it was demonstrated that neuronal
circuits can be manipulated by expressing mutated ion channels or G protein-coupled
receptors {GPCRs). The application of these technigues to contrel neuronal function
especially in neural circuits and living animals is limited by their relatively slow time
course, the complexity of the constructs to be expressed, or the requirement to apply
and wash out ligands. To overcome these {imitations, we developed molecular probes
that could hyperpolarize or depolarize cells on a ms time scale and be used in intact
vertebrate systems 1o examine behavior, To produce hyperpolarization of the
somato-dendritic membrane or inhibition of synaptic transmitter release, the GPCR mat
rhodopsin 4 (RO4), a member of the vertebrate rhodopsin family, that acis via the
Gi/o pathway to regulate exeitability by increasing somato-dendritic X and
decreasing presynaptic Ca*™ conductances in neurons, was used. To depolarize the

cell membrane, channel rhodopsin (ChR2) from the green algae Chlamydomonas
reinhardi, a cation selective chanunel directly gated by light, was expressed to
produce a high Na™ conductance. The properties of these light-activated switches
were gxtensively characterized and shown to be useful for modulating neuronal

excitability and synaptic transmission in cultured hippocampal neurons. They were
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then introduced into the embryonic chiek spinal cord and shown to be capable of

controlling spontancous rhythmic activity in isolated cords and living embryos.

Materials and Methods

Plasmid Construsis

[0037]  For copstructing ChR2(1-315)-GFP, ¢DNA of ChR2 {GenBank accession
no. AF461397) was PCR-amplified and cloned into Hindill and Sacll siies of p
FGRP-NT (Clontech). SinRep(nsP28)dSP-EGFP was constructed by subcloning
another subgenomic promoter with EGFP into the Apal site of the original
SinRep(nsP287™) following the procedure described inJ Newrosei, Methods 133,
81-90, which is herein incorporated by reference. RO4 and ChR2{1-315) were cloned
into the Xbai and Miul sites of SinRep(nsP2S™*)dSP-EGFP. Muscarinic AChR M2
{human) was cloned inte pcDNA3. 1{+) and purchased from the UMR ¢DNA Resource
Center (Rolfa, MO}, Sindbis virus vector SinRep(nsP2S™ and helper DH-BB were
kindly provided by P. Osten {Max Planck Institute for Medical Research, Heidelberg)
and RO4 by A, Huber (University of Karlsrube, Karlseuhe, Germany) (GenBank

accession no, 246937).
Cell Culture

{0038} Culturing, maintaining, and transfection of human embrvonic kidney
(HEK) 293 gells (1sA201 cells) and low~density and awtaptic hippocampal neurons
were performed. To detect the distribution of RO4 and ChR2, neurons were

rapsfected by using the caleium phosphate method.

Viral Production and Infection

(0039} Sindbis pseudovirions were prepared according to Invitrogen’s directions
{Sindbis Expression System),

{0040] Viral titer was =1 x 10% unit per ml stocked in -80°C. For neuronal
infection, viral solution was added to cultured hippocarnpal neurons on coverslips in
24-well plates. Expression was detected after 10 h and reached maximal expression

after 24 h,

-15-
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Immunocviochemistry and Image Acguisition

10041}  Hippocampal neurons (~2-3 weeks in cnlture) were transfected with
RO4 or ChR2-GFP for 24 b, then fixed with 4% paraformaldehyde and permeabilized
with (.2% Tritoen X-100 in PBS, Anfti-opsin (Sigma) and anti~-GFP (Molecular
Probes) were used 1o label RO4 and ChR2-GFP. Anti-synaptobrevin-2 (SYSY) was
used to colabel neurons with anti-opsin or amti~-GFP. Neurons were incubated with
primary antibody overnight at 4°C and after washing they were incubated with Alex
488- and Alex 368-conjugated secondary antibody (Molecular Probes)y for 30 min at
room temperature. Cells were embedded in Prolong Gold antifade (Molecular
Probes). Images were acquired with a Zeiss [LSM 410 confocal microscope and
analyzed by using VOLOCITY software (Improvision, Lexington, MA). Spinal cord
whole mounts were stained with the above antibodies as described by Hanson and

Landmesser,

Application of Retinal to RO4~ or ChR2-Expressing Cells

[0042]  Bath application of all~trans retinal 100 oM (Sigma}] 2 min betore the
experiment was sufficient for light activation of both proteins in all preparations
tested, i.e., HEK293 cells, cubtured hippocampal neurons, and isolated chicken spinal
cord. Exogenous applcation of retinal compounds was not required for
light-mediated activation of RO4 and ChR2 in chicken embryos in ovo,

[0043]  Phototransduction in many systens invelves the isomerization of the
photosensitive pigment retinal, an aldehyde of vitamin A. Vertebrates and
invertebrates use devivatives of 11-cis retinal, whereas bacteria and plants use all-rans
isomers as chromophores. Therefore, it was crucial to investigate which retinal
compound had to be applied for sulficient activation of the light switches and/or if
different tissues or cell types would be able 1o provide sufficient photosensitive
pigments from their own metabolic substrates. We observed that a single bath
application lasting 2 min of all-trans retinal or ctinal {hotk 100 oM (Sigma)]. but
not vitamin A, to cultures of HEK293 cells or rat neurens and to isolated embryonic
chick spinal cord preparations was sufficient to enable light-driven events during

experiments lasting up 0 6 h. Whereas retinal was required for light activation of
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isolated spinal cord preparations after several hours in vitro. freshly isolated cords did
not require it. This finding suggested that such compounds might be present in the
developing erabryo but be washed out during the experiment. Indeed, light was able
to elicit movements in embryos in ove without application of retinal. {t is, however,
possible that not all tissues will have sufficient amounts of retinal-like compounds to

enable light activation without their exogenous application.

Flectrophvaiology and Data Anabysis

{6044} For P/Q-type and GIRK channe! recordings in HEK293 cells, Ca™* channel
{0521, Bsp. and @25} or GIRK channel (GIRK 1/2) subunits and M2 or RO4 were
coexpressed 1 sA20] celis, and Ca”* channel-mediated Ba®™ or GIRK.-mediated K
currents were measured and analyzed as described (3}, For ChR2 recording in
HEK293 cells, ChR2(1-315)-GPF was twansfected in tsA201 cells. The pipette
selution contained 140 mM KCL, 5 mM EGTA, 2 mM MgCls, and 10 mM Hepes, pi
7.4, and the bath solution contained 140 mM NaCl, 2 mM MgCl, T mM Cally, and
10 mM Hepes, pH 7.4,

6045} Cuttured hippocampal neurons were recorded on days 1014 i vitro

12-24 b after Sindbis vivuy infection. Extracellular recording solation contained

172 mM NaCl, 2.4 mM KCL 10 mM Hepes, 10 mM glucose, 4 mM CaCly, and

4 MgCh (pH 7.3); internal selution contained 145 mM potassiun gluconate, 15 mM
Hepes, 1 mM potassiom-EGTA, 4 mM Na-ATP, and 6.4 mM Na-GTP (pH 7.3). Far
presynaptic inhibition and paired-pulse facilitation, only areas contalning a singfie.
neuron forming excifatory synapses (autapses) were used. The effect of light on firing
was tested by silencing synaptic activity with 1 pM 6-cvano-T-nitroquinoxaline-2,3

53 4

dione (Sigma) and 10 uM bicuculline (Sigma). Cells were perfused with 100 nM all-
trans retinal {Sigma) for 2 min before the experiment and then perfused with exiernal
solution (see Discyssion for rationale ). Carb (10 gM) (Sigma), 5 oM PTX (Sigma),
and 50 gM baclofen (Sigma) were used in expesiments when indicated.

{80401 {Humination of paiches was achieved with a TILL Photonics (Planegg,
{ermany) Polychrome H monochromator containing a 75-W xenon short are lamp
with an ontpot of 250-690 nm and 473 nm was used to excite ChR2 or RO4. The

Hight intensity was 1 X 10°° W measured by power meter (Coherent. Santa Clarg, CAY,
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and the light source was controlled by the EPCY. Light and perfusion traces were

programmed in PULSE software.

Sninal Cord Prepasation and Measurements.

047} Inove clectroporation, imaging of motor axons, recording of spontansous
bursting episodes in isolated spinal cord preparations, and the quantification of unit
activity were as deseribed by Hanson and Landmesser. Statistical significance
throughout the experiments was tested with ANOVA by using IGOR software.

Standard errors are given s mean /. SEM.

Resulls

Vertebrate Rhodopsin Can Be Used to Inhibit Neuronal Excitability and Synaptic
Transmission

{O48] Yertebrate rhodopsin couples to the G protetn transducin, the a-subunit of
which belongs to the (1 subfamily, thos raising the possibility that mammalian
rhodopsins would couple to other Gife family members. In neurons, the pertussis
toxin (PTX-sensitive Gifo pathway activates G protein inward rectifving potassium
channels {GIR¥Y) and inhibits presynaptic voltage-gated Ca” channels. GIRK
channels are predonninantly expressed on dondrites where they can hyperpolarize
neurons, Presynaptic Ca™* channels control transmitter release and inhibiting them via
Gt/o-coupled receptors inhibits Ca™ influx and transmitter release.

[0049]  To determine whether vertebrate rhodopsin conld be used as a light-
activated switch to reduce neuronal excitability postsynaptically and transmitter
release presynaptically, RO4 was coexpressed with either GIRK channe! subunits

1 and 2 or the P/Q-type Ca2” channel consisting of the 1 2.1, By, and 30 sabanits.
The mACHhR M2 (mAChR-M2) was also expressed 1o serve as g positive control for
G protein modulation of GIRK and presynaptic Ca2" channels via Gifo-PT X-sensitive
(GPCRs, because it modulates both GIRK and P/Q-type Ca2” channels i vive and in
heterologous expression systems, We first demonstrated in HEK cells that both of
these channels were modulated by light activation of RO4 in & manner very similar to

their modulation via mACKHR-M2.
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[0050]  Activation of the GPCRs by either light or the ACHR agonist carbachol
(Cardy) increassd GIRK-mediated K currents by comparable amounts (Fig. 2 4 and B)
and with comparable activation and deactivation kinetics (Fig. 2 C and 3.
Importantly, Heht activation of RO4 was blocked by prior application of PTX,
indicating that activation of GIRK chaunnels by vertebrate rhodopsin is mediated via
PTX-sensitive pathways (Fig. 28). The amount of desensitization during long light or
Heand exposure times was modest and compzu-able between the two [8.7 £0.8% (n =4}
for mACHR-M?2 and 8.741.1% (r =4} for RO4), indicating that RO can be activated
by Hight over long time pertods, When RO4 and mAChR-M2 were coexpressed with
the P/Q-type Ca®" channel, light caused reversible inhibition of the Ca™ currents

{Fig. 2 F and G and Fig. 6). Light or Carb caused a similar shift in the voltage
dependence of activation to more depolarized potentials (Fig. 2F). In addition, the

{3 protein inhibition caused by light was reversed by high pesitive prepulses applied
shortly before a test pulse {Fig. 6) over a voliage range between -10 and -65 mV (data
not shown) similar to the inhibition caused by Carb. Furthermwore, lightmediated
channel inkibition was inhibited by PTX {Fig. 63 The time constants for onset of
inhibition and reversal of inhibition were also comparable between RQ4 and
MAChR-M2 (ton = 37 §, 1o % 2060 &, Fig. 2 G and #). Thus, vertebrate rhodopsin
modalates GIRK and P/Q-type Ca™" channels via PTX-sensitive pathways with similar
efficacy and activation and deactivation kinetics as the mAChHR.

00511  Because RO4 activates GIRKs, which control excitability postsynaptically,
and inhibits Ca?* channels of the Ca,2 famuly, which trigger transmitter release
presynaptically, we next investigated in cultered hippocampal neuwrons whether light
activation of RO4 could hyperpolarize neurons somato-dendritically to decrease their
firing as well as inhibit presynaptic Ca™ {nflux to modulate short-term synaptic
plasticity such as paired-pulse facilitation. Exogencusly expressed RO4 was localized
somato-dendritically and tramsported to 70-80% of the synaptic sites where it
colocalized with the presynaptic neuronal marker synaptobrevin II (Fig, 34). E\,i.ght
activation of RO4 induced a 9-mV hyperpolarization within ms comparable to the
hyperpoelarization induced by activation of endogenous GABAg receptors by S0uM

baclofen (Fig. 3 B and C). The hyperpolarization was stable during light application
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(measured up to 30 5) but was rapidly reversed when the light was switched oft
(Fig. 3 Band D). The time constants for hyperpolarization and repolarization were
rauch faster than in HEK293 cells (compare Figs. 3D and 2C) probably because of the
effect of endogenous proteins, such as RGS proteins, which accelerate the GTPase
activity of the G proteins. These observations are comparable to the described actions
of Gifo-coupled receptors on membiuane changes o neurons. More importantly, the
hyperpolarization induced by light was capable of reducing the number of action
potentials produced during a depolarizing current pulse (Fig. 3 £ and F).
0852 Because RO4 appeared to be localized at synapses and inhibits PAQ-type
Ca*" channels in HEK293 cells, we investigated whether Hght activation of RO4 could
be used {0 control presynaptic function. We analyzed facilitation properties before
and after light application and compared these to the effeet of activating the GABAs
receptor with baclefen (Fig. 3 G-&). Light activation of RO4 reduced the excitatory
postsynaptic current (EPSC) amplitude by 40% compared with 60% when the
GABAB receptor was activated (Fig. 3 G and #}, presumably because of 4 reduction
in guantal content. The time constants for these effects were comparable for both

receplors {Tu = 0.3-0.68,tw ™ 4-6 s (Fig. 3])}. As would be expected if this reduction

facilitation for both receptor types was increased (Fig. 3/ and K}, Taken together,
these results show that light activation of RO4 can be used to control cell excitability
via hyperpolarization of the somatodendritic membrane as well as presynaptically via
reduction of transmitter refease

Green Alpae ChR2 Can Be Used to Precisely Drive Newronal Firing on a Past (ms)
Time Scale

{0053]  ChRs are microbial tvpe rhodopsins with an intrinsic light-gated cation
conductance. ChRI from C. reinhardii is specific for profons, whereas ChR2 is a less
selective cation channel with conductance for H' > Na™» K> Ca2”. Because the
conductance of ChR2 is higher than that of ChR1 and the C terminally truncated
version of ChR2 {1315} is as active as the full-length protein, all expertments were
carried out with the ChR2 (1315} fragment fused to GFP at the C-terminal end of

ChR2 (1-315). To test whether the ChR2 can act to depolarize cells when activated
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by light, ChR2 (1-315) was first expressed and extensively characterized in HEK293
cells (Fig, 7). Light activation of ChR2 was found to cavse depolarizations of 10-25
mV within 10 ms, with repolarization ocourring within 200 ms. Thus ChR2 should be
capabie of depelarizing neurony sufficiently to ¢licit action potentials.
{0054} When exogenously expressed iy hippocampal neurons, ChR2 appeared to
jocalize both somato-dendritically and at 50-70% of the synaptic sites defined by
synapiobrevin 2 immunostaining {Fig. 44). A S-ms light activation was sufficient to
elicit action potentials i >90% of the experiments performed, whereas longer light
exposwre led fo continuous subthreshold depolarization of the neurcns (Fig. 48}
When stimulated at 3 Hz most stimuli elicited action potentials, but as the frequency
of stimulation was increased, the proportion that triggered subthreshold EPSPs
increased {Fig. 4 Cand D). We next tested whether presvnaptically expressed ChR2
was capable of triggering synaptic transmission on postsynaptic neurons. Pairs of
hippocampal neurons were analyzed, in which a GFP-ChRZ expressing neuron
synapsed with a ChR2-negative neuron that had formed autapses on its own soma
{(Fig. 4E, F- diagram). We found that inhibitory postsyraptic currents (IPSCs) as well
as EPSCs could be successtully rriggered by light activation of the presynaptic neuron
(Fig. 47}, The light-activated cwrents were different in amplitude than the sutaptic
currents elicited by clectrically stimulating the postsynaptic neuron (Fig. 4F),
indicating that they are mediated through different neuronal comtacts. In three of
seven experiments Hght-activated postsynaptic EPSCs were sufficient to trigger
somate-dendritic firing up 020 Hz. In the remaining four experiments subthreshold
EPSPs were observed (Fig. 4, £;). Lighi-induced postsynaptic IPSCs cansed
somatodendritic hyperpolarization (Fig. 4F, Eg). As expected the IPSC/ EPSC
amplitudes and degree of hyperpolarization or depolarization varied between analyzed
neuronal pairs, as they would depend on the amount of synaptic contacts formed
between the presynaptic and postsynaptic neuron (Fig. 4 Fand G).

Activation of RO4 and ChR2 Can Be Used to Control Spontancous Activily in
Isolated Intact Spinal Cords and Livine Embrvos

{0835] Our next goal was to show that these light-sensitive proteins could be used

to control circuit behavior in whole animal preparations. Early embryonic chick spinal
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cords exhibit thythmic episodes of spontaneous bursting activity, which are generated
by recurrent excitatory connections betwoen motonenrons and GABAergic and

3

glycinergic interneurons, all of which are excitatory at this stags of development.
Recently. it has been shown that the normal pattern and ﬁ‘equency of this carly
spontanecus activity is required for appropriate motor axou path finding in the chick
and for the development of cord circuits that enable appropriate flexor extensor and
right-left phasing during locomotor-like activity in the mouse.
[0036]  To assess whether such network activity, especially the frequency of
spomtancous bursting episodes, could be controtled noninvasively by Heht, constructs
for GFP-ChR2 or GFP-RO4 under the control of the CMV prometer were
electroporated into the spinal cords of stage 16 {embryonic day 2-3} chick embryos
in ovo. At stage 26 (embryonic day 4.5-5) igolated spinal cord-hind limls preparations
were made, and the constructs were found to be expressed in many neurons including
notor and interneurons (Fig. 8) and could be expressed selectively in lumbar or
cervical cord by varying the eleetroporation protocol. Suction electrode recordings
from lumbar motor nerves (Fig. 5 4 and B) revealed that as in contrel erabryos the
electroporated embryos exhibited episodes consisting of several bursts every 4 min
(Fig. 3 # and ). Thus the electroporation protocol and expression of thess constructs
r several days did not appear to have any adverse effects on the development of the
cord cireults responsible to generating this activity. The asynchronous firing of
individual motoneurons between bursts and between episodes could also be detected
{Fig. 5B, arrow). When exposed to contirmuous light (Fig: 50, e) the interepisode
intervals in this cord, electroporated at the lumbar level with ChR2, were shortened to
<} min, They were, however, less rhythmic than confrol spontancous episodes and
consisted of single bursts (Fig. 5D Upper). In contrast, the application of a 3-s light
pulse was able to elicit @ normal three-burst episode shortly after a spontaneous
episode (Fig. 40 Lower), and such pulses when repeated could drive episodes at
precise frequencies, in the example shown (Fig, 5C, &) at 2-muin fntervals, The
expanded time base traces {Fig. 3F) show that light first elicited an increase in lumbar
motor unit firing that subsequently resulted in a burst very siniiar o spontaneous

sodes in nonelectroporated embryos. However, when expression of ChR2 was
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restricted 1o the cervical cord, lumbar motor nerve recordings revealed that it was also
possible to drive episodes in the Jumbar cord by light without a previous increase in
humbar unit activity, by generating episedes that propagated from the cervical level
(Fig. 3 £ and /). Thus light. as has been previously shown for electrical stimulation,
can be used to elicit episodes either by activation of local lumbar interncurons and
motoneurons or activation of neurons many cord segments distant,

{00571 To asses whether light could be used to drive rthythmic activity in infact
embrvos {1 ovo, axial movements, which are precisely corvelated with electrically
recorded episodes of activity, were videotaped under red light that did not activaie the
cervicaily electroporated ChR2. When several light pulses of the wavelength
necessary o activate ChR2 were given through & window in the shell, cach elicited &
clear movement episode. Furthermore, a significant increase in the frequency of axial
movements could be maintained by continuous application of light over several
minutes (Fig. 5(7). These observations indicate that the light switches can act i intact
animal preparations withowut application of all-trans retinal (see Discussion) and that
the Hght used is able to penetrate through the amuion and layers of tissue to activate
the spinal cord neurons.

{0058] Because light activation of RO4 hyperpolarized hippocampal neurons, we
next explored whether it could be used o suppress spontaneous bursting activity.
During continnous Hght, the inferval between spontaneous episodes increased only
modestly in cords with tumbar expression of RO4 (Fig. 5§, e}, This finding was not
entirely unexpected because regions of cord not electroporated with RO4 would still
be able to depolarize and contribute 1o the excitation required to elicit a bursting
episode. Surprisingly, however, a 2-s pulse of hight actually elicited a premature
episode (37, 2) 1 min after a spontancous episode (Fig. 5L 1), Yet when 1+, 1.5+ or 2-g
pulses of light were given, lumbar motor unit activity was suppressed during the light

gered only when the light was switched off (Fig. 51, 2).

gy

and the episode was trig
During the light exposure asynchronous firing of motoneurons was also suppressed

{Fig. 51 Bottom and J). Thus, while the activation of RO4 in intact cord circuits could
affect excitability by the activation of other G protein-coupled pathways, for example,

by activating glycine receptors that are excitatory at this stage, our results suggest that

K
o]
123



WO 2008/014382 PCT/US2007/074439

in the embrovaic day 3 chick cord hyperpolarization of the wansfected neurons
predominates. We propose that such hyperpolarization of cells within the cireuit (27),
possibly by relieving the inactivation of voltage-gated Na' channels, enhances the
probability that these cells will fire together, when the light is extinguished and thus
provides another means for synchronizing bursting episodes within the cireuit. Thus
light activation of RO4 could precisely drive episodes at 1-, 1.5+, or 2-5 intervals

(Fig. SH, &). In addition, when the connections between the right and leff sides of the
cord are surgically severed, the episodes on the two sides ocour asynchronousty, but

~

can be synchronized by Hght activation of RO4 (Fig, SK).

{0659]  This study has shown that veriebrate thodopsin RO4 and green algae ChR2
can he used to control neuronal function when activated by light. RO4 acted
pastsynaptically to hyperpolarize neurons and tuhibit action potential fiving and

T

presynaptically to reduce transmitter release. We alse demonstrated that ChR2 could

function somato-dendritically {0 depolarize neurons and cause action potential firing.
Whether it is transported to the presynaptic terminal where currents generated by #t
could modulate transmission refmains to be determined. However, the trausport of
RO4 to presynaptic sites, where i was capable of modulating presynaptic function
(transmitter release and paired-pulse facilitation), sugpest that it will be a useful ol
for studying G protein-mediated effects al the vertebrate presynaptic terminal in the
ms time range and will provide a means for precise temporal activation and
deactivation of presynaptic (O proteins. Such precise activation is not possible with
activating GPCRs with ligands, because washowt, transpert, or degradation of the
ligands is slow. It is likely that ms activation of presynaptic terminal G proteins will
lead to insights imo the presynaptic function of G proteins, and in particular for events
involved in short-teum synaptic plasticily and modulation of transmitter release.
{0060}  ChR2, which appears to be the protein of choice for increasing exeitability
and firing of newrons, was also very recently characterized in neuron. We observed
that light stimulation frequencies >3z led to a decrease in the success rate of action
potential firing, probably because of the use-dependent decrease 1 ChRI currents

combined with a frequency-dependent increase in Na' channel inactivation. The 5-Hz
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stimulation protocol, which we found resulted in a high success rate in eliciting frains
of action potentials, is in agreement with the 200-ms time it takes to recover from the
ChR2-induced depolarization (Fig. 7). Thus the extent to which a neuron will be able
to precisely follow the frequency of light pulses will probably depend on the

membrane properties of the different classes of newrons.

{0061} A potential concern refated to the use of light-activated switches is the
extent to which the Hght will penetrate tissues. However, we demoustrated here that
the applied light was sufficient to activate both isolated spinal cords and intact
embryonic day 5-6 chick embryos inside the egg, where hight was applied through a
window in the shell. Furthermore, the fact that Hght stimuli could be applied to the
chick cords over many hours without altering the pattern or frequency of the
spontaneous thythmic activity in the absence of light suggests that the Hght has not
damaged the complex cord cirenits required for generating this activity, Taken
together, our experiments thus demonstrate that neuronal circuits within intact
embryos can be controlled by a noninvasive techuique without the need for any
chemical compounds.

{0062}  Thus, the light switches we have developed should provide impeortant tools
for characterizing cell and network function in Hving animals or tissue. Placing these
switches ander the control of speeific promoters will enable one to control the activity
of specific subsets of neurons and thus determine their role tn complex behaviors, as,
for example, defining the roles of subclasses of internewrons and motoneurons in
locomuotion. Besides their utility for basic characterization of neuronal cireyit function
and behavior, these proteins will provide additional tools for developing externally,
light-controlled molecular machines to circumvent disease or trauma-induced
alterations in nervous system excitability, such as afier spinal cord injuries, heart
arthythimia, and Parkinson’s disease,

{0063} All publications cited in this application are herein incorporated by

reference in their entirety.



WO 2008/014382 PCT/US2007/074439

Having described the invention, the following is claimed:

i, A Hght-sensitive G-protein coupled receptor comprising:
a Hght sensitive extracellular domain and a hetorologous intracellular

domain capable of modulating an intracellular signaling pathway.

2, The lght-sensitive G-protein coupled receptor of claim 1 comprising an
opsin with a heterologouns intracellnlar domain,
3. The light-sensitive G-protein coupled receptor of claim 1, the opsin

being selected from the group consisting of rhodepsin, blue opsin, and red opsin,

4. The light-sensitive G-protein coupled receplor of claim 1, the
intracellular domain coupling & G-protein subunit to affect at least one G-protein

™

pathway selecied from group of Gi, Gy, and Gs,

3. The light-sensitive G~protein conpled receptor of claim 1, the
intracellular domain corresponding to at least a portion of the SHT receptor domain

X

effective 10 modulate serotonergie signaling.

6. The light-sensitive G-protein coupled receptor of claim 1, the
intraceltular domain comprising an amine acid sequence coresponding o an amino
actd sequence of at least one SHT intracellular loop selected from the group consisting

of a SHT-2A loop. a SHT-1A leop, and a SHT-4A laop.

7. A mammalian cell comprising:

a first Hght-sensitive G-protein coupled receptor, the first GPCR being
activaied by light having a first wavelength and once activated affecting a first cell
stgnaling pathway,

a second light-sensitive G-protein coupled receptor, the second GPCR

heing sctivated by light having a second wavelength and once activaied affecting a
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second signaling pathway, the second wavelength being different than the first
wavelength and the second signaling pathway being different from the first signaling

pathway.

&. The mammalian cell of claim 7, at least one of the Yirst GPCR and the
second GPCR comprising a light sensitive extracelhilar domain and a hetorologeus

intracellular domain capable of modulating an intracellular signaling pathway.

8. The mammalian cell of claim &, at Ieast one of the frst GPCR and the

second GPCR comprising an opsin with a heterologous intracellular domain,

10, The mammalian cell of claim 9, the opsin being selected from the

group consisting of rhodopsin, blue opsin, and red opsin,

{1,  The mammalian cell of claim 8, the intracellular domain coupling 8 G-
protein subunit to affect at least one G-protein pathway selected from group of Gi, Ga,

and Gs,

12, The mammalian cell of claim §, the intracellular domain corresponding
to at least a portion of the SHT receptor domain effective to modulate serofonergic

signaling,

13, The mammalian cell of claim 7, further comprising luciferase.

14, A method of controlling G-protein coupled receptor pathways in a cell,
the method comprising:
co-expressing a first light-sensitive G-protein coupled receptor and
lucilerase ina cell or interconnected cells; and
administering to the cell an amount of luciferin, the amount being
sffective to react with the luciterase and produce light to activate the first G-protein

coupled receptor,
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15, The method of claim 14, the first G-protein coupled receptor being
activated by a first wavelength of light and affecting a first G-protein signaling

pathway.

16, The method of claim 15, further comprising co-expressing a second
Hght-sensitive G-protein coupled receptor with the first G-protein coupled receptor
and the tuciferase, the second light-sensitive G-protein coupled receptor being
activated by a second wavelength of Hght and affecting a second G-protein signaling

pathway,

17, The method of claim 16, the second wavelength of lght and the second
G-protein signaling pathway being different than the first wavelength of light and the

first G-protein signaling pathway,

18.  The method of claim of claim {7, further comprising co-expressing a
third light-sensitive G-protein coupled receptor with the first G-protein coupled
receptar and the huciferase, the third light-sensitive G-protein coupled receptor being
activated by a third wavelength of light and affecting a third G-protein signalling

pathway.

19, The method of claim 18, the third wavelength of light and the third G-
protein signaling pathway being different than the first wavelength of Hgltt and the

first G-protein signaling pathway,
¥ 8 )

20. The method of claim 19, at least one of the first light-sensitive G-
protein coupled receptor, the second light-sensitive G-protein coupled receptor, and
the third light sensitive G-protein coupled receptor comprising an opsin with a

heterclogous intracellular domain,

21.  The method of claim 20, the opsin being selected from the group

consisting of rhodopsin, blue opsin, and red opsin.

8.
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22, The method of claim 21, at least one of the first light-sensitive G-
protein coupled receptor, the second light-sensitive G-protemn coupled receptor, and
the third Haht sensitive G-protein coupled receptor including an the mtracellular
domain corresponding to at least a portion of the SHT receptor domain effective to

modulate serotonergic signaling.

23, The method of claim 14, the first light-sensitive G-profein coupled
receptor and the luciferase being co-expressed in myocardial cells, and being used fo

modulate contraction of myocardial tissue.

24, The method of claim 14, the first light-sensitive G-protein coupled
receptor and the luciferase being co-expressed In spinal cord nerve cells via HBO

promoter, and being used 1o modulate motorneuron activity afier spinal cord injury.

25, The method of claim 14, the first light-sensttive G-protein conpled
receptor and the luciferase being co-expressed in spinal cord nerve cells via HBY
promoter, and being nsed to modulate motomeuron activity after injury.

26.  The method of clair, the first light-sensitive G-protein coupled
receptor and the luciferase being co-expressed in nerve cells, and being used to

modaiate nerve cell activity,
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