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(37) ABSTRACT

Stimulation of target cells using light, e.g., 1n vivo or 1n vitro,
1s implemented using a variety of methods and devices. One
example 1nvolves a vector for delivering a light-activated
NpHR-based molecule comprising a nucleic acid sequence
that codes for light-activated NpHR-based molecule and a
promoter. Either a high expression of the molecule manifests
a toxicity level that 1s less than about 75%, or the light-
activated NpHR-based proteins are expressed using at least
two NpHR-based molecular variants. Each of the variants
characterized 1n being useftul for expressing a light-activated
NpHR-based molecule that responds to light by producing an
inhibitory current to dissuade depolarization of the neuron.
Other aspects and embodiments are directed to systems,
methods, kits, compositions of matter and molecules for 10n
pumps or for controlling inhibitory currents in a cell (e.g., in
in vivo and 1n vitro environments).

(-812




US 2009/0093403 Al

Apr. 9, 2009 Sheet 1 of 20

Patent Application Publication

w.. .Fm i R T .w .
Sl o A

. .

o R
L
.

L
il

.'..:.'--l. ..

“E

F o
P I

L e e W ke e e
L g .- . Low T . L. . . .. e

... . . ...
e ma e e e T My e eaa e L e e
- L. e P Lt . . L. . . . A e L,
. ir.li...'...'.l' lT 1I.I.'...Thl .ll.-.l-..- .1"...-.-. l.”.r..r...'.l'..'... '.I'.Ir.l'..'i'.l.r..-...-.l.r '.I.r.l.'...'.l... .-..'.I.'“ -.-.—_.l.r..—_.Ir.l._.-.—_.I.r.l.—..-._..I.—..l._..-._..-._.l._...._.-._
ow . A . . . PN A . . L. PN N . .. P
e . .._- B .-.l_-...l. . . . . . . . . CoaT '
» L - ¥
e S -
' L)
. N o
' - - aa
» Pl
S . s
. . L. oatala .
. ., R S .
' e el A
PRI » r .. Y
. M a'. . e
<ol S S
o - L e
K w ' <o
e P e oA .-
"w . . Ta"y o *
N Mo . A
[ I . -
' o ¥- "
A Yo'l aT : N
.- .- “t S
. » .
Lo . .-_“_ e .
T a . . .
. o e
. a S L I_."_.? .
e - wa . ...Iﬂ
. e i e S
. - . e )
.. - - . . .
] O L] N LI
“a Y * ._—._:I_.r.
i - R . Eoe .
» . 4 1 . .
¥ - . . 3 Y "
. o o e it
- . “a Lt oo
* e P . '
. L " -..-_l . . t.m.!‘m
A » . ] 2]
v .”. SR . . . i T
o “__.-___-_“ . e
. [N . W - 4
- n L w . .ﬂ.l...l.'._.l.
La . N [ P
o - 1Y .
.. - .. . R . T
P 3 i - Ve
e o L L. B Yy
. . r ¥ - ﬁ
.. P . Lo N .
G .__-.v. it . . ..I...I.i.-.
. - .
s ce ” A . -u-_f_-.tﬂ .
- . L. PR .
N Lt R . e
- & | 4
- .- e L
- S e 1,
. a. - . . .
. " . "a
T iy . ..
A - N 3
W - - .
.
- S L R s
. A 4 wa Lo m - .
- . LI I N o . .
PP [ . . ' ...H. e
Fa hoaw [ S e I R - .. .. [
a a e N w. kR ' . - - r n
P S e O T T . . L e o
P [ .. e .-
Al " PR ' . . . . ]
1 - N a -
. . - N e SR>
. . ¥ - " . . e
. L. a n'rn LI T
T, T ST SR, - . .
.n”"._ B i " . T e e
- - - K -‘. L L N N ] L
. L I i e o .
S et !
¥ Pl S B ]




Patent Application Publication

_!'i-w,\_-%-%

C g
: .".".."r"l."l."l."i"i"-".."-'l.""." "."l‘f' :
- i---t-t-r-t-qr_-n-q-_-q--n_q-.-'_

..... A A

LR TR I

-l.-l'.l'-l'-l -I'-I'-l'-l.'-l.-l -l.'-l. .. )

e
p
ALY

B e e e R s

T

oy w o m oo oweom oy oL T OE NN LT E W o4 oaoqom
L R I I R I G R A
Fy r =R g rF R R oF L OEFS FE R NN oroEo

ot TR AT

RN e

FASE N FER vt

Apr. 9, 2009 Sheet 2 of 20

. -'_‘-'_l

4

KRR R

P

)
W
.
LN
¥
¥
r
*
¥
4
K
4
4
4
1
-
»
-I.' )
r
LA
.-
L
L)

-
IR T LN

.' .
r

o+
L

R R

L
o

AR A A A A A -_'-'-_'-
T e e

2 w'n'

e e

_gﬂgi .

'
T
Va

- 1 4
- ros
&

r

. T

|.: :_|-

X -
1.*_ k] - -‘m‘i
A W - . .
-k P - . .
--:b: P ";:i
EN) - . .
r.b.- . ‘..
_:_: . . - _'..
T . .. . LR
,".,: :: . .F.'E
o . .. .
. ? : By
N ) P
e A

Illll'l'l'l'l_'.".—'l'll.
]
- -

i Ty T T i

-

D " N AT R ] -'---ul.i-i-.q. q.-q-q.-.q.-q.-i-*-q.-ipq i d d dp i i g -

'
]

e ale'wiriale's

Tt tete bttty

LE R ERRELIENENERERENENENE RN NI E NI N N I

LA R RRRELENLE RN RNRN 1l‘ll-- '

- -
[ ]

e ae

A, T

A A

e -
R A A 2 p 2 I ] ) Y
e e e e N \ :
¥ P e N N Mt RO R, -
oy e e e e e e e e ""!i‘{
L R R R el Tl T Sa g, - o
A e S S Y L

-

F ] > =
vt ety Jr:#:t:t*qr'lr‘ir*t*t R e *t:i-"r' R
r '

* % & X B I b Bk X & kRt & & & Bk P k¥

)

L]
r

a»
L ]

¥
X

e
e
L
4
M,
4
L

"
L ]
"i-"#:Jr:Jr:t:l-:i-:4-:4-:r:=-1':u-:4*#*1-:&:«-:#:#:#:1-:#;:#'4:#}:1*1-:#‘4:4-
N et NN N e RN et RN NN N e
A R R R R R R e A R W N R R R e ¥ XK
N R R R R R N N )
ot e S N N el e N N N N R e et R e
JEAE A R E E R R

o dp iy o

'y
L
4

{.::E'f

II'l'-__,...:'l-...-'l-_-l'.rl-.
D gﬁ;h&:
. . . _-.' » -

..'l!.ﬂ

r
I
[

N
N

e
§
;.i
ot

E:
%
3

" " F r s 1 FF s FrFrras bk

= § F F FE g EEFrEsEgFETargr

'lql'ﬁ-'ﬁ-
'r'-
... -
. n
Fa
- m
n
.
.‘l .
Fa
e
i
x

US 2009/0093403 Al




US 2009/0093403 Al

Apr. 9, 2009 Sheet 3 of 20

Patent Application Publication

A O

AT
L
I

W

>

*

E_‘H
R L LT LOP PP

...'.I LR BN

R S U L S A P )
-
|
- i .- .
*
b
- “
" h
..
L]
u
[ ]
. ".._
b
- . .
L

2
[ 4
P .o TE . . . . . . ol . . e I . . . -|- Pl
-1-.1|.__|.__....“_.....l|.1|.__n....._.....lin.__n.__J.__._..ln.r.._.__ll._..llhn.__.__.__._..iin.__....rlin.n_i.r.n.r....l.rnh.._.__.___iinl.._.rn

wyg o Tmwhwwmmmmmemmmemme o
R TR S .....‘._*..._.....MH”M....,‘.........r..,._....”....m.b.f..?...,.......:.: T AT

, : ._........rg . . .
L T SRR I SRS SO AL e AN Sa e TSN
o Lot . C.E oy
| ]
M.
]
)
[ ]

.
oy
Tatet

Tt aa
r
)
'I‘
.-
N
. M

*.

Ty

-.A'y

a

L X
R O O o A Y Y

-t

ek

ey e e e R

= o e e e o e e B B i B B B B BB

Tt g Mo W g

z.a.a%ﬁﬁ%%.&%.&?m?ﬁ.ﬁkuﬁéﬁﬂiﬂ.i

';'a—""l"l'

R

a
: .-il -i:i._l. - PR AR F
.!-.I'.':#_!. -..-4-.-.- LA

&

@



Patent Application Publication

e
AR S
N b

Apr. 9, 2009 Sheet 4 of 20

........................................... L. . .
e e _ g . .
J *:#:':*:':-I:-':#:':‘:-':-I:':-I:-I:‘:‘:l:‘:‘:‘:‘:‘:l‘: l‘:‘ ______ - -'- )
* JE ek el et el et el e et LN N L N L L L N L] L j:-l-.
el b % kb FEE L E L B G N N L] - - - e LN
L B NE L NN NN 23 F Lt bEEF TR L
SO NG NG L L NC N BN L L LB L NE L LN N L N R LN L L N K BL N B - - L
L I N LN O L e N L N NN N N B E L, ] - b *
) L L N LN e e P FEEFEE SRR R L L y -.:{ '.: - -
LI L N L NN NN N R LN NN NN NN L . ] L 3}
% & b Bk S E b L L N B NE L LN NE LN R W B g b R . - - = - - - it -
-I-I--I-l-l-lll-il-!lll‘!:llll-lllill-lillll-l- N Y y . . Y
SO NLIC N B N NG NE L L L L L L0 L L N L N LN LN N N L DI K B BN N R = A - - '1‘-.‘_.:.
EEL N N NE N L BN N L N N L L N N N BE NN NC N NEEL N R RN N N e . - . oy
] i-l“-l"‘i._‘"*‘-i'-l““‘_i‘_l‘-‘“ #i-“l‘i'-“-l“l_.-l‘*#l-llﬂ'*-‘_ €:ﬁ L L]
lllll R R B NP N B A !}

S BN )
NN

B R R RS

S 2L M et el e e et e
............... Ay s RN

L N C NE RN

L N el e ) 4 - . . -'.i:.}
L A

T o TS
L]

R FHE SR AT
.. v T .

R

T s
',r.;'?.'.-f' '

Rl ek el et e 3
A R e ] L )
& 5 ¥k b BT AT F -
et e e el L M)
ol Wt R e N
k T F & ¥ I TP s |

e e e )
B e e

L
&
T
A
L ]
L ]
x

*
-b*i'
i"-l
L L

i' L .l‘
L] _

L
] L ]
L -I’!T‘
| J L ]
I '!-Ii
e L I

L T & & i

L]
L 4*-!‘

":..
L LI

lll:ﬂl:l':l:ll:-ll:‘
L BN RC
L ] "l‘l'i"i:i:l:i
L N

L ]
4*1'11 k]

¥
B

W
.‘_".“.a- N )
:‘-I- L

RN

e T,

USRS SURKRME

L
L L BC B NE R
L ]
E
[

Z-Ii‘li--l-hi-h

_.i-‘-l-ri-u-ri-#-rj:_

L

R R e B

T
b" ‘-I ‘i .¥ *I ‘i .I *I “ ‘1 ‘b *I ‘- ‘-I ‘I “ -

'I"b'1.i"I“!"“'I"‘h"‘l"l*i'""iii'?

_ ) Y
i‘i:r P

L ]
L ]
L ]

ll“ﬂ‘l
»

>
»

;] l':i b
L #‘i L
] -i*# b
L i‘i b
;)

-I‘l_i ]

L

) »
LRt e )
e e e
Lt el e )
Ut )

x

L

i'_-l‘itliil

L)
L)
&

[

_.-Illlllll'-h-hlll-ll

o T

L ]
¥ ¥

*_¥
& ¥
,

L)
L |
3
L)
L ]

»
»

L ]
+

N y

L)

N
N ]

iy

LR |
o )
N
L)
o
w
L)
-u
o

L
*
»
L
L ]
L J
I

US 2009/0093403 Al




Patent Application Publication

s e A I'I.I L] I.'I'I.'I..!l_l‘ll.‘ll

PR T T
X RN N

. -'-'-"-"-"-"-"-"-"'-"-‘l-"-':l":'a:
sk tt!!#ttttn‘#‘#‘i -

) -Miw&'n .' )

EXRERE RN NN ENNRE SN

-r-i-i-i--i-‘ri-i-i-i-""l'..l-.l..ﬂ
......... Rt Ny om L
-il-l-l-l-i.-i--'-----ﬂ .'

....... I ..

: -:-*-'.'-'='.’~‘

. . 'm et
T & & & !--!--!-hﬂ ll
-.44_44##41!#####4

.'~.' t.t.t.t.t.-‘-‘.- R K

!".'!i!".'!i;!".".i‘!'?Hﬂﬁhhﬁﬂfﬂﬂﬁ-’i‘ﬂﬂfﬂvﬁhhw .

-

1
w

e
P
U

-

T ey

Inln'e's'n's's's

-

-

a'h'h"iii a.,;,a., iy

R .I.- .I.. .. I.I.I.-I..I.b"l'"l'*r

REE R VR R L LA ]

ho i -‘I‘l
l.l.l.l.l.l...-...i,..- 4

-
---1“*.“'.‘.‘."" b,

.";'v'w"‘-Hth e :..

L

- I-l-l.l......l.l.i.h"q. 2

........... P

. ILI.'I .I"l.' "I."I" E ] .I.-I-l"l—'l—‘ r ..

. ) .
.':::::::::::::. "
"\--|l-|l-|ltliiiiitiitl"l e -:1
.a-I-I-'l_._._.-_._._._._-.-.:'-.: . . :.
vt e T
.- ..

. g N

............... N 3 -

& "

&+ & & ¥

RS S RN E N ".' T

,-,-----,---,-W -
et LN ST

. . - L T l ke ?
_.__. . . . .-. -
e v 'h""‘b"-"-":. : . :.'
-ll.-ll.-ll.-ll--ll.-ll.lll.-ll.lll_#'-_il.il.ll-l.lll.ll. -:
b ] '
....... ¥ -
. - ‘ -n
e L A TR --'-'M'.'p-- ! ! -l'-
B e o 2 i i T : et
. A e e e e e e e e '.' k. - . . . ..'
* & L
. [ 2T
ot RN N L ddaas s . . W
B PR AR s.
' :'lllfl.l iy l.l.h.'l'.'mi."'*"'"-
RS m ey
:I;';I;l;i;l;i.-.-.I-ﬁ.i.i-‘.-"‘l“i
DD DI I T Tale el e
| atwte eyt ey
Rt e g o
L,
'-_-_r_-_-_-_:_:::_:_z:x:-_ O R
L N e I T T,
DL L
+_+_4_4_+_4_4_-I- L L N

R

-"'-"------‘-----.I.

-
T,
1

winiminininiuinin it syt

"égﬂef

. :;..* =*n

*‘-".3

l“l‘l‘.‘l" -

- l'.'!':'l:'l_i -

. - . . -
“ .. .. -.
E |

l

Apr. 9, 2009 Sheet 5 of 20

"'v.*.ﬂ e
S b T T
‘.‘I’I"‘.‘ - 2& -

*

A T

et
‘:"-'-I
|
B
L
W
Ny
]
- “-ur,r
W
o
:.'l"l'
" *
. :"'. ""- | .
-:E.-.-
='m's
]
Hon ey,
e
A |
L

-:ilriu:

ik

ot

b8
Ad e
.e:{.-.-..r - 1

-I'-l.

s

L

L. .‘-:-:F-:.-.F.--.:F.:'-'.:-.‘:-‘:-‘--':#I-'!-‘l- )

.-"...
‘I-
R L e ettt

illl

; a‘i'q'-;"f'l Ly

) -'-----'--h-
i‘i‘hill-IIHII--l"f

".---:_-h-'.'h\': A e - .., [ . - ..""-".."'l- '.. .,
B e el et e ki e e L T e P P -
i e o ™ ™ T S T .

:r Jflfiﬁf 'W:'i'f_.*,w, e
Xy 1-_1-_-_4-_1-_4 .

LU R R A R I T L
- TR NN Y W i e dp o o T |
RN e
-I-I##-I###FT--L-\-.'-.-l"'

e
': .................... N
. L mEEE S RARERERRRE .
....... ,:. ,:.:.
“lm L
ror "'bi""
.
..... [ - k-
. --------------'-"‘-'- e -.:lr"-
. .
T "f‘-"-"-"-'-"-'--"M"' .‘-' R e
............ . am - A k-
g o o
. .
............. - o
A A e
................ . Nt
..... - e LN
3 r"lr_ .:~
gl g e e e e e e T . b )
. . . . L -u -\.:b
. . - . e . -|.| r &k
. N
P -
LI [ ]
1k =
T -:I.-
.
L] r
4444-4-4---‘-‘- I. e .:Irb
.ﬁ-ﬁﬁﬁﬁﬁﬁ.“aaak.'* r - b.‘
................. e -
_tn-mw”;'ﬁ.':'t" - W
............. e e
.. S .:..
----- "
ii..iifiit'!"!"li -, -"Ir
........ ..'.. i
. . e e e e e e I|:.... Wy
e -~ .:..
. . P e -
.
. . . " -Tn
- - - K
e e ,:., :_.,
. . N . - n T
g g e e i .:'.,
.
. e e e
. [ ]
i'-t#t#t‘llllt‘ltlrIl ‘: e W
............. o W
lrir#irlr 11111 L
l-JrJlth X .- Coe -y
I.._l.l.l.l.l.l.l.l.l.--l.---ll -t 1-; .'r
...... * -.:n' ':"
kR - e
. r
’ . ’ e .i*
C o ) "
R . o
. . - .
- - ::IF
A L
e A Wt
. . LY W
. . . o
. - - e
. . N
& " "
- “om =%
[] N - .
.on W 5
.... . 'rb'll .b*
. ..‘. _b|. tb
[ r r
."- T l*
) ) L W
-'l . r"l L
.o -n LI
:,. . - LT

) : _""""1'.-l.:.:.h.i '-"-Wi-"l-

1.--.iii'llllllllllllllllll

ey e A e ko i"l-"l-"#"q-"#'

T E FY Y RS FYF AT RRS

’ l,:- .i:t,:p,:;i';';t_.i:t,:-,:- -I L .il L. .-I _II,:-,:-

HE
118

]

I
X}
"-
.

%

, jﬂSF;H-fi' fkf“uﬁqéﬁﬂﬂ'
L R

A R

gl e ay o m ar war ar ap ap e b b war e dr o w ar dr e a ar m o o m s w w ar b e o ar o w

n -*q
...... L .II.."
r -
- n LA
L e

P oy
N e
-|-.| ...... . b.'

' F

.! -‘i 'i -.

. e

-

-

A :-r .1_.I.:I_.' - :I = :' Trm :-r :' ¥ I'll .'ll - .-r .'ll .'ll

R
&

e e e e e e e e e e e e e e e e e e e e e e e e e o R R S R R e A A T

- f" -, o '
it
. A LLY
EE-O

':*M ;.

ik

US 2009/0093403 Al




US 2009/0093403 Al

B T T P PE T T T N I R B IR R I R L LR B e R R N N N N L R L LN [ 1 L L A L vop oL rr [T o rorT. 1 or 1T L A | LT T e T Ayt A A ARy AR, R R AR EE T -....
. . o® A . ' . . e .
Ut n. . .- . . r
TR R .-..-_.I " Y YRR -..-. - l I l m" I. " l l. - l..- ..I..l...l...l...l.l..lll-lll..lll“. Lol -l..-l.._-l._-l..-l.f.” ' e T e e e e R o S Bl ) __.:. il .-1_-. i rEEREFEEE l“ "._I. bl _1..." _1.-_1 l...ili.._llililllilill“. 1.....-.....1!.1.....-. "Ii.-_.__..-..__.l_- )
L . . LE “- . . . . . -.”. . . . . . X . . . . ) . . . . m - . . ”% . = .“. P . 1 e . ....'.-.. . . . . - . . . . . . . . ". E - T
“.. .-_l.- . LI 1“ -, - it Ly - - . . e . o . . l.l. .
- A Tl ' P . . . .. .. . . N . . . . . . . . " -
¥ 4 4
N - . . . . .. .. oL TL T . S Lt L T st s LT LT, . M= - aw
T P S ._i.__n.r-.l._n.vn-._n...it..n._n.t-....__t.__ ._i.._nl..._..n.vn._n....l.._ Lt B T e e i P P P P ..l.T.......!n....lrl.__..t.__.._.ll....tl..._...r.r.__..n.l.rln.._..r\.r.._.._..rtn.__.._.rt P '
. -..- a b h b o h ra h owrh radhh rdh kil rh s a b a ks dh b .J - -l > & F + b > b’ r FF FF F rF FFFF F ¥ F F F F F r Fr FI1 r Fr F o r 1] - P | [ - ..-.F |
. - . . . . . . . . . . . . . . . . " . . . . . . . . . . . . . . . . . . . » . ] . . .m.-... . o
i . ) ’ ’ .. L i i i i T ’ S S ’ ...““,,. : -
. ¥ . w ol & odpoy 4
- Hl%_l..-'.._. . n.r.r.r.-..r.r..-.l._.... rer e .-.llrl..l..l . N N NN o ...l...l...l...l.r[....l..-..-_ 1.. g T Y . . . i 1™ . i L. . i__l-_- . -
. N - BT} o l._. A L] r . L -.ll - . a L . ...-. . . .-l..r . . -J_- A o '
- ] 4 - L] 4 [} . * .
1...-_.-_... . .1.1._.._.ll1._...- . ..hi-...-l—_l.l.llllll.u i . l-. A .-m_. K .- - -_.- . .-.. A . 1- . . -k . . - - R
K Pt .l- lu.. n . . . -.l- .I._. “ . '] " -t . - . ..- ” .1 " h.- [ “ -_.. . A o .
. . . . . . . - . ‘i . . . . -. . . . . oW & . N T - ... r . . - - . - = I . on . . PR n . . . . .
. . K. .l-.ln... -Il.l.r. ” “-. . . - .. “- L” .1 “ i ". w L. 1 . ¥ ". . w"l . . [ |". . B 4.
. o '.‘ Nﬁl.... . . - . - - » " i..-_ ‘. . -. . q . -..-. F . ] -.i-. N . +
. .ﬁ...l!.._“ S W-w “a . I . . ¥ .‘“. Ko |"_ it “ . . . L . “..—.. . . ] . -...-_. . -“ . 4.
TR, I...II..I.. - . _-.". . . ¥ . . & 0 . . p . .. Y . -..ﬂ - . . on [ -
- B . ¥ e . n . 'l.-. - T, -..n . .-Ml. . Com . LI C ) .
. . . . . . i -. .. [ ..-.l. . - L (R -, SR . .—_.‘ . ..-.l- I.-I . - A .= . r
= e ¥ 1K - N .-.- . . S “.- "i . ¥ [ ] ....-. 1- N -
. - . . -.“. 5. - - - - . . | - - -
- . . . . - - r . -
L . . - P E . N - .HI_. .
.._.. . . . . . . . .ol L . ..- -
Fl . - . ¥+ - . .- - -
. a . . . . . ' . N . . ] .
L. x LT 2 V. L4 -
" . . . - e ¥ & -
. ] ] *
.ol . . " C e R t N A Coee
t - - . . . - I [ ] ¥ .
' . . o - . . - [] i - - .
) . . . . N . __.._...._.....I.'If.,.. . . C e m .-_-......_-l{l.........,_-l,._..l,.-.._l.ll. - N . . . . . .-
= .-_.-.l_.-_.-.l_!.l - .III.III..... K ' . .-. . - [] - - - ._... - F . .r -_. -
e Coe . . . . .l_l.l . . . . . . . M L e . - T .. | . . .1.1 . o . -
+ . . . . . jl . . . .- Bk d - - . r._. . . 1 - . . .- . . . . . . -
. . i - L] . . L I ]
e Em e . . . a ‘ I . [ M o " . + . . - LI .- py o . E . . - .
CEEEN B e o . ._.L-..m_-.. . .. . " L “._. . L] . ] . . -n- ] I . . . P Y ey A e . [ .-I.l..l..l.l.l..l.l..li.,.- INERE LN LR n-lll_l.
v . . - . L. 1 - ¥ - . u .. “n . . . ¥ .. T . . —...-. ¥ - . ) - Lo
' ..t i ...".. ‘. K .-." M “ 4 . - i n [ » " - . W . .-w-_ rF - . . “H . -
. . . ] . . e . e . - . n . ' o I i e . . . r . .__-.- . e
* . 5 - . . o n F ' . '.l“. [ . L. ..M ..l.-“. . - & _-. rF - “
"a l.. T ” L e Vi ._._" . " . Ak . K ) . W [ ! r. -
o C . I . . . . W e T L » - . r . . . . .. P SR n
'y i .".-." ._ o g . . .__l. ¥ . r - . “-”ﬁ . - ! .- kR e
.._” -] . . . ... ..-. " .o . 4 . . - rE e .
& . » . ] . . . . . . N - . [ » . .
- . “".m. .-. T A N . n . . .-“.-. . !l."_ . i
1 w . . .._. . P + N . r o . .
9 " . . A . . " r . F . . .- . . .. . . -
¥ - . oo - . . A
a . - A . N P .. . . -
0 * . - . ..- . ..” . . . . . -
. . .- - .- -
0 . - . . . . . O C . . . . . . . .
. [ . . . Lo
+ .h r .- " . . L .
L oh . . . . . . - I . [ .
[ ] - - d
. . . . . . . .o
o . q _ . : R
» - .
ok L . o r - I~ . “
. . . ‘
e m e wa awa i mE e T wara mw e e wa e kw2 ke e e ak ke R b o ke ad T Tt T T T T e e e eSS e 1
a2 . Lt o r. " o . --. *oy l...__. . "
LVt . . - . . . . L . . - - . e T m e . .o .
- . - - T, - . " - ' :
. : . - ! . .. 1 e T ey, . -
' . " 3 . . i " - . ' o .
r L a . et . Seag - - . e . .
h.i.ll\#.“..-. . . - -0 . . . - . . . . . (LI . . o . .
p ' : . .oe e . . W . Tr e . T
. A LI [ ] L
ll.. - \ St L . - . . - . q
. R e . . NI I . . . . e . . . . . STl . . '
. * . Rt . LT, . W N T . .
1 oA R . s’ e e . -
A . . . R R . . ", ‘e . . L . L . . . KO .
r . om * . - .n . P PR !
1 . . LT . oL v oEy - . L
. . -.-....._. . . . . . . . . . . .-...__..__. Cat . . i com LT . .
Pl . . . . . LI. |... . . . . . . [

R

%ﬁﬁ%&ﬁﬁnﬁﬁ%ﬁ%ﬂwﬁ»ﬁﬁ A

¥ L.
'
o
. . . . a . + - . . * - .
- a .
1 . . N a . a
- -
DR P . F .
- - . -
¥ .. - ’ . .
. '
a . - + - . * ..
. ' + a . -
- . . . .
-
'

W omdr s x oy

aw -

1 F 1

....r..l.....rl._......._.r.._.._.r.l.-.t....t.._.r.._..__..r........

-

1 F F

4 e

ha ok m

. -
.r.r.-i.....r.__.. N

= m ==

. = -
N i oa a o b oa xk r b oud a & a i a - i b b oa ar broa i & Jroadr & N b kA oa bk 2 Te s e
.._i.._.-.......___....i.._.._.1...n.r.._.....r.._.__....n...i.._.__.r.._..l.._l...i....i.._l..l.._.__.l.._.._....l..l.._....._...l..l.._.__.._..r....n.._.._.lh....i.._-_.li.._.._.._}.__..._...n....i.._.-..rhn.._.._

Talala w o m e
L] o E r r & o o o i bk b ok b [ ] E -
b om b dom bl e doa dp oy ok dro kbl oar kb koA ok .__.l._.......rnn.._..r.....qn.__.-.r .._.._.r e ....._u.._.__..... .......-....._n n.-..__ .....r.....rn.__ l.__..__.l.__...__.....-. ._n....._.....-. 3.

- &

- -

LN N

e

4 a’a

.

-

hod o &

S o el

‘e

L-oa
.TII*.-.!.-'.T.-.!.'*.T.'.-..'.
rl.fl.r

....._l.._..r.._.r

.1.._.|.l..1..r|.,.|.._

O A 1

4 on 4

F b odd o kb Aok ..r.lt..n..r.t.._.-..r...“tn.._...__.
x b w .r....r PR ......r e __...._n....r TS s .......n....r ..m...rn

e e

-
ety

4 L & 2 x a

s a s g mm oy oa

& ar r - & ar L & o & r = A & ron r
Tl.Tl.l.Tl.Tl....T.rI.l..!l..-.'l.l.'llb..'.rk'.r..-l..r.r...T.r..I.rlb.TlI.l.r....‘

4 K O drodr h a droam & b b b oar
A by hde g o g dow dowr koo k
Nk oo kb oo b a o dakh y by N

X

o ok

_i+-|-

-

*+ !

- .__rn..._ a a n.._n - n.rn.n - nh_.._.tn._.__ - n.._n.n.rn..._.tn._n .....1....... Al - n.._n.r.._ N
" PR ¥ - Rt x , R L .._n.r.l.....!.l Pl '

.—...T.r.Tl.r.T

e & |.r.l.r.f.l.r.f.l.f.l.r'.r

a4 a - momomam i.....r.......n.v....rn.._i....l.._.n.....l...n.._.__tl.....................!n.._.__-....T.......n.._.l.._..__.._.r.ri..
dp de o da oo b b o N kol A ko Moo o b dom d A g
b a h kb h kb b j b oadrn kb bk hdhoy ok

.._.

. . - . . . . . . " aala
roa e ar - PR X
EN NN AN, e .-i.t........n.r.__..q wx ey it

L

SR

i i

A h a4 b k& b bk b oar b j i dodr ol doomodoa Jrodoa i A 4 ik oa

boh R i b o h dr M b b ko b bk owr kg om drd o i oo a ok

|.
&

o

-

b kb oa

-

L

X

L

e "
O
E

& h

P
-k

Frd & &k oxrh

W a m a4 m a s M m = a4 ma s m sy mm mmm ay s s mm al.n

P T S
D e P e PR FL
- A a -
Tt T T Ty i i T e b Y 1

LI I R ]

b & o

P Tt

e

L]

B kW&

m ok

s s s oaa l..- 2 a aa
R dr dr N kol b e b i o A ok b ki d o d b i ki b b o ko bk kb kb ok bk ok d ke Nh .
B o h r s s Fr orah

N ....l -...a
ar
.....r.......n.r i

- -
- - .
" a2 a a2 & wa 1w

b s ks Fa

C e
m ok
o o ]
AR A Mk F
P T e

) .-. .r.l.-.

I
L
X

& i i o & A - i I - i dr x ko K F I 1 x o o Fox Jaowr ko oar dson i droad N - ] I - & a h A d o hoax kK a
A | r.._..._.r.r........_ Pt ._.__..r........n PR R .r.._.r.._ .r.._...i.l.l.r_.... X s .r.._.....__......._.r.._.n.r.._.._......_..rn.r.._..._.._..r.__..._.ti......._.._......._n......_.lr.._ r.._....ra..__..-..r 2 .._.._......_.._...i... L ....._..._ ...._..__.__.r.._.l.._.._.-.n.r.l.._.r.r.r.r.l.:-_ e
L oa drm dr dr J ek & oy Jpodroan de hode bbb Jp ¥ b d b e b b b bt b doadodad bl bad h jhbod ik kb FhoobF ki d bl hdd X dh ook iia X Jdr A dp b x b odr b oo kb b Foa
.._...._.._..r.__..rin.r.._l.r.._.r.._....
b b m b x f by dnoaw h deox h
n j j ks d ) b

a j b b b M j 4 ok drode bodrowr koar hodroar Jroa § ok J e bl ook ook b ok Fi ¥ hop B d d i FEF A
Bk de g b b o Jp M dpom Jpom dr e dr M dp deoam Jpof ko m drm o dpom ok om deom e j o mdp deam A oar dpom e b ko moy moar o de dp Jpj dp m o de h dem N dr h de e dp dek dr ke dp b owr koar dpoa e b om ke Momoa s .
O I T I T T R N T T e i i o e i e e T Ry e R S T T e e R e i iy P . .

. .._r..r.r.!.._.._....l.r.-..._ r.rl......t.a..._.._t.-..__.r.r .r......_.rr.l.._.....__.l.!.-..._ r.__.......__i.-..._.._.._. i......_tt......_.r.rl.._.r.._l.....l.._ r.l.-.n.._.r....l...._.r.r...._.rt._........ru.r.........r.-.\.._t..-........_ ......r.ru.a...t....n.....a..r.._ l.._...t.rn.l......_.....__..._..._.r.r .r......_.rn i.rr.._.........._ r.r...n....._....\ ....-t........tl.........rn.l.r.__.r.r.._.._.r.._ b ._......r..__ .
......._._.__.....r.—_.....__....r.......r.r.._.....r._..r.._.._.._..__..__..r.._....-.._.__.__..._....n......_.._..r....r.._....r.._..._.r._.__....._.r.r.._.....1.....1.._.__....n......_.-..r.._......_.._.r....r.._.._.._......_.._.r.r........._....r.._...t.._.._.._....r.r.!.._...r.__...l.._.__.tn.__ PR ) : : )

Fd b j ow A d o o kb ek owh g b bk dodaoa i ko don oy ok

rx s aoa a a > a2 a -
.r.r.rl.l.r.r.a-.l.l.r.l.r.'.ll

[ T e
..1.__l.__n.rnll.__.__l.r.__l.__.__.r.__.vlt.v.._._.__.r.r__r.qt._ll._.r__11|_._.._1|.l._...___....r.r__.r.l.__.._.__.T.n.__.T-....-tnnl.__.__.._.q1.-_-_.1
S T R N A N N N N . r . . . . . . - -

n.ll..l.l-.ra..f.r*.rr-.—.rr—.rr—l—.‘.r—ul_

.
.o

o
k . . . . . . . . . . . . . . . . .

&

-

)

-

'I.-I-I.d.
Lk

Al

-

F oo -

. M

i a ey . L Tl e ey -i.#.li\ii.#.k.i.k&.k.b.i.b-t.i..l..._.i..__..r.i......i..l.i..l..__...l1|.r.r.._.._.r.__.l.r.l.l.._..._.l.-..i.....-.....ri.r.rl.__.r.r.._......_....._.._.r.__.r.r.._.r.._......_.....r.-........_.r.r.._.l.__.r.._.._.r.-..-.h.l.r.l.-...._.r.._.r......_#kktb#iblb?k#tb*bkibbbtb-i..

T o R T L T i e e e T T I T T T T o S o M e iy e S i A
b oo s b w b m b hom drde dp dodp drog drm de h j 4 m ki b Ibm by dea dpa Fiadawa h da bk doa kb b bh s b ki owa f g ek hoa dde b ko ox b by homy how ko § bkl o ko pod h o oa by koap N hE S s h ko ko xy hom ok oa how b Kb oqhay kMR ey bkl ouw ha g koo ko oy d hon ko h kN N doard hoa by bk NNk

. . e T e NN I N I N T N .

a q & a [T R A |

"
"
b
T
"
r
)
3
r
r
L
L
L]
L]
r
"
L]
"
.
5
r
"
-
r
L]
3
r
i
ar
L]
"
"
I
"
"
b
"
-
r
L]
-
L]
rr
-y

.r.i._.r1.._.1.._..r|.._..__..r.._.r.r.._..r.._.._l.._...1-...1.._.._..r._".r._.._.._...._.._.-.__.-..r....r.._.!.r...._l
.r.._.....r....r.._.....r....._.._.._i....__.a........r.._.!.r.._.._.-.....__....t.__.r.__....l.._.!.._...\b.-n.r.rri....!....l.__.....l........l....i......_....__.._.._.__.._..._.r.._.n......_....r.._.r.r.._.r.__l.r!.._.r.!.._n.._._n....._.k .
.l.r.__.l.r.!.r.__.....r.r.....r.r.rlh.1.__.rn.r.l.....__.-..r.l.rl.._..__.__.__.n.r.__.l.r.l.__.__i.rn....__..__i.r.r.....rn.r.__n.r....r-._..r._.......r.rn.r.__.r...n.r.__.r.r.l.r__i.__l.r.__.ri.r.r.._..r.-......__h:. ]

B oadr a m e d 4 & dr s s b a b ohadd r B bradda drad hom bk ikdoawaddoadh s §ak ra kb hhdad ok dooadoa droadk hoa doad doad i
W drom bk b bl Wk j d e ok e b o & oo dpomodoh d dow koo b h b koo kh hh el Sk dd h bk bk j i b h doa k § khod sy dddo f ko .. . . . .

ko ' ' ' . . . . . . . . . . . )
R B e R R R L R R

R T S e e S S e TR il S Sl el .

e e T e S e T S S S Ay - ,

El . - . . - . . - . . - - - . -

. . - - T
=

* F v - & 4 5 r -
3

Patent Application Publication



US 2009/0093403 Al

Apr. 9, 2009 Sheet 7 of 20

Patent Application Publication

LI R R R I R R N N D DA R R RO R RS R R RN I )

L odr de h a k k kb sl d b ok om sk d b ow ok ko kot h Ml ok dohdoah h hbd ok h Myl s hk oxh
3 r [

RREA L

o u b & b r a2 ah

Ll Ll
F kP FFFFr FFFFFFFFEFEFFEFFFRFFELLREr-eFELBRDFFRFFEFEFEFFRFEFERDRFFEFEF

o a m k ok oy oawox Ak

r

R LR LR LR LR it i

LA

Er

;o

T A A, L e e

F* F h kFFrF ekt FhFFrr

-y
.l.l.. --

-y

P . . . . . . e e
-..-‘"-‘-'*---'-'-"'-**‘"-* . . . . 0 . . . . 0 . . . . . 0 . .

P I T T I A T R T R Tl o ar e  dr ke b a A FEXEE? FEE
-k kM owea h .._l.l P e T T, .__.;.. e il .._l.__ Pt P o .._l... LT .._l..._.ll.i - .._}.._
o T T A e T e T R o o N T S S e e e ol S T Sy Ay

St
s

.;l.‘-..

i

g

a

Ar b

-
-
1

.a‘i‘_:

.-._-_._.
.lﬁ..

- ...T:"l-r

i 1 m..w . wa
FE A T
T e w e

ol

i.:'%;:ﬁ.

.

st
o




Patent Application Publication

AN

C e e e e e a 1
Ly owrEE R L
. . Pl F"“..'-." .
LI
* A, .r'-..'._' .
T oy -
- o e e W -
. . Pl A

e L LT et

._-..___",'1.
L .
“Tal
"'._.hlql !

. . or

. . sy w .
==y
.....*1..

. S 3
) -‘---t-‘:-l-.-. -‘. )

.. -2
- -n .
SERLIN
L R T, "'.'.
. . Ay

- 1
r
'
1
1
r

. . . o
DI RN Y )
PRl
F

-y
r

L]

- *

. Fa
-JQ-II-I-I-“.‘
. . . . T .

e lrlq-.lr.th" .

. .-
1
¥
1
-
-
'
-
PR
- L
.'..
. . . . . 1
- . “'
ot ..*' *.‘.
-
. . . -+I-l .

oA, 1’
4
-
r
-
o
[

#F W im0
M e
L

1
1
4

. . . [t |
n
-
-
F
-

* = s
- d
E

r

r

F

-

e e e s L a s =
L N .
. . . e

ST e
..

L

I.

1

. .-

k

¥

k.

T

T

el w'a

®
L]
k)
»
*

-

-

L )

.

*
s e e e e e g

L B |
. T

‘.*."'."’.'u"*.‘r ‘.. .

e L |

- [
amm et

. e

. o
L N N l'_"' -

- . T m om s
L

.. -
Tt :':'I:'Ilh".- l. )

L
. . 0 . . . . -“'l- .

L]
CECEE O
.‘1...

-
R T ] '-"..""

Pl T

- .lr

T i

EEENaE )

»
r-
. .
'

-
. e
-'\.
r
.

o o

1
. . -k
+
=k
. .
. -
'
.

1

-

- ..
*

. . -
.

- -

]

]
- - .
.
.
-

- g
. . -

="F oy

. . . . . .‘
b |

+

. - »

“ b
= B ..'4-4-4‘1 .-

. . L. -

. 'I I"|'

E ok wr mm .

. . . . .
.
A AR i

. b‘:;--l '

K
*.

Ll

LRI B I R R

4
L

=
A T .

L

Ry
L
..'..‘
e e
L
'4.*. . .."1.--'.
A - -
;

L) : o
-
. -

- . . -

-
L) '...""" !

ar
-1-
.1.
...
_I
1
1

LI~

. . -

. . - . . :\-.

‘m om
L hw

- =

LN I R iy

o omomoa oy

Eamamaa g oa

rww e R
- -
. . . Fatwm ,
1
- -
1
- -
1
L)
-
-

. . . P
L
. L. roL
P T

-
. . . . -
-.-.
'-
)

+

*

L

[

. a

F]

. 2 m

I-.i -

-

.. P
. T

-

.

L

1

B

-l

. I.

. 0 . . 0 -1-

.
'."-"'u"u"..h* ".
i

T A Ad A e 44

- % 3 &
?
. . -
'
.
.
- . "
B LT
. oy

L]

oq
'h.l..'l-

L
L

)

E]

oA
¥4

L

2
.I-‘

L L]

Ll
SN
-

.
Jn

N L A
e

Apr. 9, 2009 Sheet 8 of 20

. . -

- . -~ P

FETERY - .

. - . . ‘I..ll' -

P
R o
-

.".*.*.‘."l LR

. .
PR 1
I

. . e
H

.,

--"-"-"\-"‘-.'q"""" .
. . e -
-.*..'.‘.

LI

X

. -—-r .
P

Rt

.

L
[T

PRl Lt
ey -

-
e .

- AR

LI

1

. . e et m
.l.h..:..':..‘.*‘..

) ) L] ] .I*I‘L'r-

hhh..-lll'

Lo
. . . -

.
PR
- - -
P -

- - . .T
[l

v aa

-

0 T-

.1.

1.

.1

*.

e

i i 'H."...':

- -
L]
d
r -
- '
Ll

. . . P .

S e w e

'y
0 -I-

.‘.

- - |.'.

-

'\-_-l.-i--i--i--l-i--q‘i' -
- - . .I'I."l

L1

-y .

- . [
-
[ T R A X
- - e
. . . .o .
r

-
0 ‘-
-
. eom .
a
L
. . Rl

. . P

R R A A

: &
- PP
-
PR

g
. . - -y -
llr.

T m = == aa

[t} -
= oroa

a

. . . R
Ll

L]

-"I-'l#i'h-l.ti

-+ 4

i

»

h
&+
r
L

.

F A B W

o e wm ol o m ®

. oata
- q
- 1
P |
- LI |

) '.-.-r-.-h.; .

- . . '}

. . . o
L -l-_-i-_-lq‘_'.'_
-

""""J-

.
el e r‘_-il'_

R

N N K BN
= oa
- . - S
F
F
-
-

e =

Ll
I-d-.-
C |
r

]

1

-

-

-

- -
a

L

LR R R AL * F

-

e

.o

. * .
. . . . "

R i
ot ﬂ'*" T m g
. e T

.‘.".*.i.*uki"...

L
. . - .
e

. r:*. . .
) . i .
LI )
o . .
- .

- -
[ '

. . I . . . . a . .
H Y -"*' 3 & - - Lo

...ll.l.l"-..-. e e Tal v L
. . . L. . . . . . . . - ad

&+
omp e Y - . L ¥
rm P T I
¥+ u -
'

FE— n'-"n."l."l"‘--"\h‘t:. .

- _4'. - - 'y

u . 4".

.
") LI N o : =
- [y -
[l

.
- o, T
FE R R R - R

-

L T R P [——

a»

L B - ol R, .
. . Ela "I * a
. . Sy . . A . . . . ¥
. " g :“"..; - . .

. ._l.._.rl.._x._q_q_lil-" I B L

- - . -

R R e R R R AR .. EEEE R R RN . craEmwwa .
o T al . T T T T e ]

o - ~ ]

. . . . P . . . r . . . . P . O e
-y " o- - - owrwew J - - L . LI L - - - mT -

i T T T w "ra "-eoa

4
. .o . . . " . . R s
R A momom
. . . R - - ¥
»
r

-----bhl’ i ...._J,..pa.a.a.a..."- -------“.. .
- L L » - L ma
. . . Y Ty . . . - - . . . . L
. . L * ."‘.'.' . 1.' "
+ L L] - F
b . . . s - . 1. . LK.
r v e .
. L Jht. e e e e e e . . - . a7 . ) -
- p*:- N A Y - RERELELS e
. -y . e . A Ty . s "\..._,_' . . - =
. . Ty . . . . . 4 - . .

»
LIS} - ag- am
V. e om ommom om e N C emmmmwm w'aT. . . -t w ety .
[ ] b L - o oa
a . ; 1
. . > -
L | 1 F - F
. - - . - . . : .
r 4 L ]
L. - . . . - . S
1. -
- e e b w e T N L N A
. A N . L T . . . - g
T r
- * ! *
. . 2 . 2 . .o . 2.
. P . . ..' . P . . _'" . . . . P 1 . P . . . _".
N R LY . . --'-J-\--\-wu'-t‘ P i Sl Rl el S . T ke ke
= mog -_.. LI = -
.". . . . ."' . . £l
- - “" - d - - ."
. . . . . . . . . . . . . . . ,*. . . . . I T
- L. - .
T - LAk kbR L R . BT I I T - 4 A s mmaag;
. . . PR T . . . . PR R T . . . . -"m = . . . -
* *
. . o - . +
L ST P SN
. . . . . - - . . . . FE . . . . R . . . . . . e ae
r >~ . -
- m.ide wm R E.E. ERC N a oy opoyom o T A EA R
Lo EmEER s P P N LR R i__._.‘. . . i < -
. . . . L3 . . . . . b . . . . . 1
. k
. . 1 . . ¥
[ . . .

Ao i dr b

-
e mon'e o

Vo L]
i RN
]
r
'
‘RN
¥

. . . . Y I . . . . P

LT - - L
. .. . . L S . . L.
[ T -
t 1 t .
. . L . . r
* LT t, r
0 -.- . . ‘- -1 . . -"
I. ‘ .1. .'.
... .. .‘ ‘...
il Il [ |
. . [ | +
- - L . .o
T
3 _I . '.' .
. . . . . PR . . P Copm . R 1 .

- .
oo L e a iy rrely
. . a=r R . .
r Ly 1
. . O . . A . ot
. . .. e .
- I *' -
+ -

*

. - - . -" . . - . . . - . - . . - "
. . .. . [
SRR R . - w A e wa amg T . Rl T a e e e
. - ' - 1. . a oy Ll
. . . R m oa T . . L.
- - - 1 ."."'. - . . - L. L
- ] .
’ q.lll " N
-‘- - .- .I-
L] 4 r
. . Cy S . -
o ’
o -
PR r .o . . . . PR
"'1.: . ' . . .I". .
- - i --n--.;-‘-"'-
- 0 0 .l - 0 0 0 0 - |+ .'- =
L} ‘- oy [
- .'l- '- ¥
1
P L .
- -'- - ‘- ..-
L) L] r
LY LT -
- -I 0 0 .- 0 0
. » b
. v ¥ -
. .
. - o - PR
o . . . . ¥ . . . . . _-'l . . . . . . 1.. .
. .. . . . - . . . e g m mow -
LA r"l-'|'--"--"-..""'.r. - gl e e = I -
'

1 . . . . -.' "'l'_. . . . . . . . . . I.
. *'. .. . L .I
- '“ .'. i. ..
L | - + ¥
- .1‘. ¥ 4
... .I. _r
-' . . *- . . r-
1 1 h
1 - !
. » . . - . P
= . . -.:.l..'. . L ..... *11 ‘-.._.#.*.*.r.. IJ'-
. LTI N I S Al T} Ll ] . . e [P .
Pl I LI I ooy
. P e, . . .
. ]
- - ]
] . ]
1‘- -'- . -.Il-
- .‘. * - .-.
... ... '. -
] +
-

» - . - . .
. . a . . P - . . . . . - . "..
- o - g - > " r - ¥ r =" =
C ommomomm g #AE . sre'mm'm'n """, . AL . -
Bt S . -y - o a
. . . e g - . . . . - o o . . . . .

- -
- -

. r
- l'. .1. -
-*- . ‘- u-.
1 1 r
. . L a-
..* .*. ‘. -
¢ - .
. . . . - . . . . . R
. . '| . RN T
. e . ., om . . P R R R L R .
A m'w ow o' . L Y
. o L e e . Te -
[T ='n - ]
A - L ]
. . . . L
.-_. . o, LT . ..
'. ..' 1. .r.
- .‘. ‘. .1 ¥
"- "- . . .- —..-
- . I. -.i. .'I
] b [l
; ” !

. . . . . - . . . . . . . . . . " . . . . . .
- - . . - . 4 % ok -
- e e L - - I.II .-h‘ A - - LR - -
ro oy - g ERa k

LA I B IR S

. '.
.*.
. . i
1.
.

US 2009/0093403 Al

B
- n .
[]
. . .. - -
a a
- » -
B
- F
.
- r .
-
P

-
a1
- r .
-
. -

L ]
-

o . .
L} -
L |

P - -
3 - -

LI C L
A
+
LS

-

-

-

- a

[ I

a a
a
a

=
b am .

- [

'

1

'

1
1
'
1
L B

-
F
F
¥
1
. D
nrom
. ¥
F
F
¥
- ="
I._:._l.II
]
[ ]
- ]
" . .. .
" ¥
- .

RE Y

oy mommmmmmmm

.Il‘ll.
-k

ym oy m gy m . om

]
- - - .ll.i.*.*.*.*.*.*.*.*.q.-.+.+.*.*.*.*.+.* *.*

Ad A A A A A A

]
[
R RE DL BE BE JE B DL RE I JE BE JE B BE L B L BE 0

i d d A d A A A

. - . . .
A . r
. . P -!'" . . . . . L P . LY x"' . LR . .
= - A -+ - L ] T 4 L g}
*. X eTa R it
. . . P ‘..'l. . . ] *..‘ . . . f. ‘.'I . . .. " ‘.
r s rF-oas . e -
- *44 " - ‘bl " .| ‘*“ . - -.
. 1 ., » ] > = j =
. . 1 ¥ . ¥ " . e
- -
. . » " . s
. -
. 1 P » L .
- -
. A » " . e




Patent Application Publication Apr. 9, 2009 Sheet 9 of 20 US 2009/0093403 Al

b
1 - H\{»\{

-
|

Probability of Inhibiting the
Second Spike (2-5, n = 6)
-
O

10 20 30
Frequency (Hz)

-
t

Probability of Inhibiting the
Second Spike (6-9, n = 6)
-
On

10 20 30
Frequency (Hz)

FI1G. 3



. LT -.ll...l_ .rﬂ_l . . q.l-ua.ln_.ltll..,.l.. . .
. . l.I-._-.._.a. . . . K . . . .|IIIIIJL.JI..-__...| St
.._.._l.._li..r.r.r.r.r.rl.._EEE_h_l ERE R R .-.I.IT'....I.IIII--_ R

US 2009/0093403 Al

.w_-.llq_.l. “.”_.“.__u”l.t..-_.h-...r..-iﬂ-ﬁ.l. . I. ' ity 1.__..-|
e - ..vtuv.,w“-,.”..”,.”..yl..t.l ti__..-i.r__.r{ g .......“.“_
tt:.“.“..“.“f“l“laral.r-.r._tmiui . o .ﬁ.___.”.

e -m.lvr..m.”l..vl”I“r””h_I.”-.l.-.}..-.rllﬁu...l.Th ) I. . ....-”-.._. .__. _..h_h.l.ll.-_..-...-_.”—l.-_l.-.lll..l ._ ..”i. . - ._..”... '

At O SO o o . Nafoel P
r l.!l!l..!.”.”...”&..-llﬁlf‘..l_.l.l.._ - .oy P v .l_-..-_l._..v._-.,..._-.-_.-..-.-.l.l.nllm!.ltl'. .1.-......_

. Lo ! e
‘o m ..._..__..._.l.....l..l._.I..I-iﬂ.-.l.-_l.l_l.-l.-.l..-.lI

gyt M B EEE R R REEA = v
.-.-.-_.I.-_.-_.-..L.I.lllm_... -..-_-..-.
e . .
. gty . A
Il—. . . P |
Vt_.__lq_l_..lll_ L T
- .-..-..-..-..-..-_.I.Illltl.t.lt._...-ltlll._ 'y S l.!.rtl..-...._-.lllql.l..l l...r.t..l.t.g_li-. i.”...-_
s . ) - - B -- d
. . . B a o . . . . . . . -ﬁllﬂl -k .
) i ' ."......_. ._._-_ " a_a
L i IIIII....I.............-....-.I...‘.__‘..__.I._...-..__. T .-.....1._....l._-l A

....._...rh . . . . A -
.o "o l_lll.“t”il..l.a.l.l.g‘ . P . el .-.l.-l_...__..il..-.-..-_l.l.lnf”..-_. . T

R ‘'’ - ......... . .

Apr. 9, 2009 Sheet 10 of 20

s lH.-. .
oy “...,..... . .I—..l..l..l.t.l......-...-ﬂ__..l - I._..-. .-..._I & . . .TE_. A
. . . .ll?l—..l.r..l..l . A .

H_I - .
.-.“. -.l..__.l..-.lllﬁ.l....lnn T_l.__ BT

. . T l.]ll.ln...l . ..r-i._-..,.l_.ll.._
A A LIIII..-_-..IHI.- . i A .
- ey o .. . ttt?tltt*lﬂhflﬂl.—.lflfl_ . __._.-.. .-_.-I.l.l.l.lll..nlq..... i
E-.T.II. . " .-.I.._I..r” P
- " .. e e WL L ....r_-.
. -
- o .
......... Illltd_lllil. . vy o, T A N ] wpm gl . . .-.n..-.
.. P . r.l_..l.l_ . . 3
..... ) ) e s . . . . . .I..-..-..i __..I_.-i.....-_“.-.“..rl.i.-l..l . . P x
BT T T o S e e [ . » [t} .-..-..-..-.. . L . . eREBREAR . . . . ....“...-. .

T
N

Patent Application Publication



Patent Application Publication Apr. 9, 2009 Sheet 11 of 20 US 2009/0093403 Al

.
R R KLY o4 o LI T L R T I . . .
J -
l-:-l-:l-:# * :4- #‘4-*1:#:4:4:#:1'1:1:;-::; .
LNE L LR LML RC et St T LT AN A S
-
.
. . b




US 2009/0093403 Al

9,2009 Sheet 12 of 20

Apr.

Patent Application Publication

I T St Tt Rt R i Bk B ol o el B e e e T ol o L o L L T I Rl Sl kTl Tl T
. . - I a e a . . * . . - a . * ¥
- .o a . - . o T = . T T T T . ..
L ] LEE I L N -ap L D L TR * & F

O TN A .n . .,._,._,.,_...._..

T

.o Tk Lo X . ‘a’ k.. . . ok .
Tt P i e R s -.__n....._.__.....r.....__

o

e ot e T A ey e, any sasa, Fhemvas

..
1 ]
BRRESONNASS AR AR A
EORCF _*u,_..._.._:..._..,r _._w:p._.p.a R TR CLaMe YO el Pl T St atid

i.l .
'a m o amma may e aaa A ) Ve moq o a ) " a ma o ae e g -
.._..__.r.r.r..__.__.r.r.rr._..l.r.r......r.__-_.r.._.v......l.-.....?.r_...rn_n_.....r...ri.......u
. o . o - o

- .- . .:.iu._ .u-r.._..-}-..t.._.nr__.r.ﬂ_ ...._4....-. : ._uu.iﬂw- __.._.-n_ J..._.n m._-ﬁr._.f_.._..m..}.-t{.........

'

'

a

-

|

- .

[
) IIIII-.—..-I . 1 ) ...-III..... LT )
TN [ T T Tt
r.__.r.r.r.r.__.r.r.rr._..__.l.r..r.r.-..r.r. . . A T A N

R T ot e ; _e...v
- . . . . . P .-.“-L

.__u

"t

;::

"-‘ ".-'

S

.| -

_..... .,......__.._ '“

;F -

T

Tgagagd g

B

Ay

e S A e

w e w e W A

.. o
.._...
e
e

-

e

¥

u".._l l._..._!_- nh.._._._iw.-__.. ...-__.l-_.____.-._..._......._r.'
s
R
* k.

II.'.I.

-.l -.l -.t

.._..__vv..__vvu_.._ i v ..__.vvu_.._ .._v.__u_v.__.._.__.._u_.._v.._.__.._ ]

.

XS

R o e B S e angy
SRS A S
w. ' :
.-. ll.
| A o
.lt_.l l._-.__-_ l_.ll..l.“...F_I -_.LI.I_. .-.-.-.-....l.l.—...._.l-.‘-. ”l ==
R,

s e A TE g
{ L A A S
E] [} LI I ) . .
L] _-..-..




US 2009/0093403 Al

Apr. 9, 2009 Sheet 13 of 20

Patent Application Publication

R T
) P
. St B - I

. . e e e - 1 . .. A C . . .
= & & b xr a a i . - o [ ]
. . . . P S A e T S . . . . . . . B ) .I.-I"-_I" .
. . e . .-u-__..l"._-_._rn.r-_ .
. . 13 *
. 3
-
i . . N
. d b dr brom & 4 B . k
- '. '“.'”.‘.TH.T.I.'.'“.'” : - - -
. C .._.. o ....._.......r.._..r.r.._ - J . . . e . . .
. M e .} . 9 . .
. - . .
- ) -y - - -
- . . . .
) - - - - -- -
-y - - - - - -
. 2
_ Py i R $ | _
! .l.—-.l.. I_r.l._ Ve . . . . . . . P Lt .
. L .
: - . .
] '
- ;
S "o 4 4oy .o . - )
] Nl e o Wl kA ks .
o - - - - - - —..r-..|14.1...—..r.—.rlf-.|—..l_l-. P - . . - . . - . . - e e e e e x e e e m .-. -. - -
» ....“ - . .-t“““""."“""-. . . . . . . . . . . . . . I -
. ; »
- - - " -- -
" f - . - - - - - " - -
- | - . . . - - - - - - - - - -
. W . . .
...l . . . . . .
r . . . .
l.-..._...._.-.. . . . . . . .
g o o



US 2009/0093403 Al

Apr. 9, 2009 Sheet 14 of 20

Patent Application Publication

am f . o a E . )
L .- ” . . . .-_”l..-_l.r-l..r P e . . - j 2 __uJIiT._. .
.. . . : 2 o
._...1H-..|.-. T r . .lﬁi‘..tlnf‘w . 3 . . ] e . . RO I
s p Jll_ ih.. v hifTElﬂ.il-. e . . e e e . . . . I O M .. .. . . . . . . . a e . . . l.lhn‘- .
B I L UL, L. L. . . . . A A m ke Rl e e e e e e e o Lt . ' .I.I”u- R T i R . . ' . . ' . . .--..l.l“‘..“‘. . . - -
. aTa e B R T . Lo ..-._...._..-. B e e e e e Tt P T e .__.... . ..._.k._..u.r e e . c e . e A e OO o A 4 AR N g m % oapEmo e m ooy i - - . . \ - . .
..ml.....I . r . . . .lit.-. . . . ra . . R A i T I I S Ll I T [l f . . . . » 2 . ...l.“..l PRl .. L
. . . . . . . . . e " e . . . . . . .. e e ke e A e ke B . M L. . . . . . . . . N A . . . .
o Pt L L LR ’ Calatut " T T . g e NP} M H_ .“-
Pty TR . Ly .-.-“_. . L2 R I PRI tln.___..l._l . -.q..__...4....—....“_....rq.“...-“.q“....“...“...“...“.___“r“t”'H.H.”"“.“.._. “.___u”".”.”...._ AT e T T ....1“. .__...__...._..._—..4_..._.M.__._L.-...”.._........__.“.__.....__..-...._...._.“.__.H.qnﬁnn B N N R P Ny
A ] e . ) . P ) . Mt . e e " Te Ty NN | il . P .. C e e e e e . L ) P P - . . - - e e e - W . .
ol S i P PR .. .r - i L ' ! o, 2 ! Lt " et ' "
. & N .-.._.-.-..__.-..,...... . SR . . . I.-I.-.l - ot - .-.l....?.-..-..-..-.l..,..-_ - .-..........-..-. S . . - . . - . . - . P . - . r - e - . . . . . - . . . .. . L .“ .
Ty R A [ ro . A T T Nl S el Tl . _._.r. » .-u- - . . . I . . Co . o e . ....iu_-. . Ilﬂ_ .
w4 dpowoa . r O &y PN A T uay o oo . r -’ [ S Mt
e .. . . [ ™ wm - PP S il b R . . . . . - . . .
P Nl g i L Sl . . = m
- . P . Y N N B e r a . -
e . 2 dp ' r = ] ..l -~
r . ] - F o g r . = -.__. r . 1 .
. . " - " = [ ] ....I ]
. o .. .- : 3 . ' o L. . PR
.. . ¥ . . . h. ..
- . . -.t..l 'y .
. L . . - . ] . 1.......!-.
pr A ' . o . -
Ml Mt '

-'.'l!-.":l:-‘i.

I
I.l

A

A

A

A,

. '.‘

b

e’

£
bt
-
£
52
'i:' -
e
e
o
4

[ ]
W'
.
-

. .

.. . it ¥

A -_..-“ S R ¥

e T Al . . .

) l._-.l1 Tl b= ..w. ”-l-..-. ."-. L _-
N .r.r.r.r.r.r.r.r-...r.r.r.-.-llr.-,.r ! IP

R ..I?#....-....n--..-....,."............

...“..-r-.....-u..r__..r-n.-

iyt 2 .-..-........-_.__..-.-._.-....-.._... .

.- L.t Lt Catat o LAttt Lt . .
e T O T e e A i
W e e e e T T e e e e e e e e e
i . T i B P i A M . . A

e e e e e e e e a T L.
AR RN
rahw owa b dhon o o ak bk kaor sk

I F 1 r F oo 0 r 1l o 1 0 o 01

. r F E .--.“_11-.
A g

-

4

-y
a

- -

. oaa Fy
—.*—. _} -I”.....-...” —.l —.l

T TEe

[Ty
[ ]

0
u1
.
»
-
L[]

-..._-_ ._-.r.. ]
T
- X =
. -I..-...-..-.
._".___.._- L .
e L
e
. .. .- - . . x . om - e e e e - P x'. .
1.-..Il. l_i.lr . .-._.lliwi.lii.-..r.-.‘l.-." ‘¥ . .I ........i. .I..i ..t. T . L R
T P P B RS-0 Gk A ' RS
T BIERTIL pag ol )
- ..-- . ) .l- 3 '. .-..II 1 3 .1'
3 L I TR L L E SR R E RIS
o VA AN e e e SRR A
.lll -_..l..l..-.__- n.-_ I..l.-. l..l...t..- _._._.__r-.iu-r_. -.l..
K. 2 -.”1 ."....”...l.l‘.
3 CHIRR e

- - . . . . . . . . . . e ae w . L )
' w n . oA gy T

T [
B O R

R N N )
B o

L)

L S )
PR 0

e e A

o b & i X & 0

.
i N by a Sy valaa

I gy
o

=

.a.l-.a T . .
N O R R I e A U e N )
. o4 F 11 F . L | r = F

e
1

kT

"\.-'.‘\-.r-'.-"- -y '-"-'.-.'l-';-.- ;-"';'.M -

-

i
Pk b ow a d h k hoaw d ko b b Mo kb d i doa d

B R A I N L T TR N R R T R BRI I T B B
PR | L T T R R R 5 e Y T R [ T

S ¥
C e
-
I._I.l_-..'..“.
T e e e e e e e e ! e . o . . .
. -
L .___tr.f._...._._._....f...u.q..._._..,.__....:H.4H._...4._._.__.kH.......4.__..4a_....._¥...4._.....4.4...._._..__...k:Ha.__.._...__.._._._..__.u...._..._..4.__..___.._-.rt...ku........_....._...-._..&...&k........_...... NN
N R N I I A A A A B AL A S I T A U e o s
o N
e I A R T o o o L L g
B L Sl L R oo o S i i L L L e N O S
T L T o et L e et i ot o L O e o
B Ny e e e ol R g o O e e Ay
e s L A o N T A A A I
N O L S i et e ey ur
T W N E e i A i R e o iy i e
Sl W L R i e e e A }
e T T T a a m a a
LA e P R L A
.”.._..4.___....-.__......___..__.4 L Rt A M N i A e T
' L o M Nl
A A
e O e
Ed
P A A
NN P
Pl
. g e
”k e
P




Patent Appl

i_=
& _‘_"r *'r -
'\... '\."\.

ication Publica

L] . LA N N
"Bl
'J-q-_ N LT |
O T
R
.“..h‘ :'.'I .
L L .
. .-J LT
: -
' l.;:ll-‘. Tatwrwte
L R A
et L
S
R -

tion

ol
L

oL
&

&

R

-l

e

e

-l
'i'

. "":";"

R

*T:'.‘

Apr. 9, 2009 Sheet 15 of 20

-q‘-‘-‘i -
[ ]
bb:‘:t:*q-*- g nr:‘q-h-.-n\
F kv bk § K ek by k)
o b b hor b kb ks F b
e I B 4 b b ek d L honomr ko
k Xk bk d Kk x rrax kb bord kb bon
w wr oo b bk honoyg w bk oy ok ok
b bk b kb b b b kb F kb b b §h b n b &
nn q F kb F 1 g Tk FY % 1 r 4
" 'r-_lr O ol T, JL M N, (PR P T T

-
.
(]

i
"

R e
- L) #'-I“::‘:E:::- 'i

L L N Fa 2t
R O O DS

AT s ey R W )
Earir N L A A AL AL AT AL AL AL AL AL AL A A A AL AL AL AL AL AT AL A Y
PO LN R IR N et JrJ|-:l-:a-:l-1_I''}:J.-:i|-:l-:4l-:‘'l-:J|-":J|-::I-1r:t:1-:J|-:'i.-:J.-:l|-:1r:&:J|-:l.';J|-:i.-:t:l-:&::l-:l-l'1|-
e I el e e R M e N R N RN e e N N M e e )
RN e X N b E R A R R e b E R R b R Rk X K R e X RN
N A NN R e N NN e N RN S RN NN SN O N
N e e R e R N e N M N R e e N R M e M )
*
e e e e e e e T e e e e e e e e e e e e

e v d w e le ey e v e e e e e A e e e et e e et e e e e e ettt

A o e

- -#'i-i.i'-i'b-i'b#*i' LA S A AL A A S AA AN "]

bb:. :I :. 'rl.-:lrbl. i X ¥ :l.:l.-:_b:b:l. :I . i:‘ﬁ:;bb:bbl :l :b i

F bk bk Ry s kR W

et '.r'a-}-.‘.l- Lt *b-*. Lt bb’r"r"-‘l i g
'-'-«"lrb-.'-"q"k*rbbbbb-'.".'ru*\-'rbbb.-"-'.‘-*ub
RO A A AL A
[ S Sl et e j-f#-‘-j-fj-_-‘h-.-‘#-f#Tﬁ..b.-‘#.-‘b.-‘b.-‘b_-‘b.-‘..-‘i-—.b.-‘b il it i, l-.i-_.

A A s s asaEEEEETrEE s R E e e % - - - ﬂ.‘g

e
l“h‘ e :5.
: LI - ) P SR T N S - S
l:] - "".ﬂ . . -.-.l.-:'.':l.'- i A y N " T--'J-:J-:b. .l.q.-:}:bbbbl-‘l*\ LREAL AL b:- 5\\""-"
N A 7 - de  wTh 'b.-'q:.ilb-.-l.bl' r'|-|r|r .' [bbj.a.1~t*b\-bb1. . . .
[t [ O T N T S T e O S S R o S A S N N N N
rd - - . B e e R I T R T R T il i R U T F r F & %" bk ke F& -
¥ - B = 4 % 'k k * n g xr F bk b b m g fh b bk F & 8 4 b kb & ronong kb woronogon ] ol hou |k
r k- B T T L N R T L e B S T O T i e Iy S Sy S P S T S R R A . .
r - 1“ h s a kb bk k- b hY P % r 2k by EAYNY E honk pd b onon ol F
-.---.‘|- -r"a"li--'rl-.j~l-~'r~---~q-*'|'rr'al-ﬁq-i-bliﬁq*b*il{brblh\ttrblhlir LI N ¥
L ey A S, T, L L L R, Lo - I v
L .1-.‘ . RN NN R N AL AL U Al ol Al L Al ol ALl Al L g"ﬁ"".- )
¥ - ate
W .‘.t . .. A s -
Tr" ‘:‘. - . .T‘.'.U..
i -k - . -
N . C oW ..!"..l.
S el B M MM M B e B, S 5, 0 o o ﬁ'} LSRN
- : .
TE ) ooty *'!'f'i‘i:l‘l-‘aﬂ'i‘i‘l'::i:: W t::*n"a-'-' :a-::‘:: e e L :;-:.‘ )
Tk : . LICC BT W etk pl e Bl Ly ) L o ey . : : . g
r -.I- AN R R R e E R T fiii:l-:n:l:lrir ; V'
LRIC v B . I L E N e, ) L Y [ i
. L) ;' B S e e - - L ] o -
S Tely L g e ilirll-:::l-"ni-: Il:'I ‘I!: l;q"‘n' . el
1:1. - :i"ll . -'-'#'-"1"4- "H‘b"'i'- ":-‘-*-":‘1- E ) . ." 1|'l-l 1-:1-*' ) :r: . -
T . i, L A b,
- - ECECI M i 0 el el Ol N et e i LN e el B L i D
e ) - .: S | e T T T et
. - e Y R E R R E Rk E R R Y R RN
LICECEE W r:l S O M M M Mo N e MR M L M,
. . RN o N ke N e e NN
2a e ey T B N N N e NN R R TR e e RN
& . - o
o - - ’F" B T Y TR B "
% - ol e B e e B e
T e I
.-r-. b -
N -
"l
- . A : iy R L T NS S
-:$ i‘ !'1-*&-*1-*'«-'.*-*—*1 *}‘b*l*l -‘-'1'1-"'}-. - -'1 -‘}-‘b'b.l e R T, y +
- md a o d v v ko bk hoap dlp bk bk §§ o FF A b oy &I ks FAr kel skt ks
- . Ba A by v o b ow ko bk b o bon e bbb § bk how b oqg § ke k4 AN kW owmoq KR o kow kom§
e '_i N NN N Y E% b om b oy h hog kb bk §owoyg i b §
- L N N R e R I A A IR ol N R A N R B o R
O "W | -‘i--|r-.--l.q-l.-lrl.--1|-p-|r|r-.|1-|I.-J.-.-.l.-a-xn.l.l.bbj-.ha--lxa-:r.hhl
] B * s = n n h bk h bhowogoweh klrnon b hopgrar h hppdt hrrord sk b ks d A o
[ . -Th h ko om oy FhoEom Ekr b e m § § oy oo s bojhoyoaw hh §oykora Fhhhom Ao F ¥ o
- "_-.1!h*~1|'r-'-r;‘.|.h‘;.'--.j}hh-r.»b-.-i-rbhl-g.--.--.-lrhhqq-qu-lri_
‘...:, . _"'.‘:"_"_"_'_"_f__ﬂ'l‘:‘l“__ g, i 7 B, e e N N N N P N e
- . .
":"l- .
i Sea . L
-: . ]
" 'Wﬂ'-'pﬁﬂ'-'n'-':'-'-’ﬂ e e A e e A . ;:‘a.‘ﬂ,'
-.- . . - - . - PRI . . - . el Ty I .- . - .
* . L L e e L L
'-I"- _:" TR o s e, e e e I *
S TR N N N e et e M
] R a0 S 3
- :“ . L L
. Sy IR et e N ol
T AR R
.#. . . . '_
) . L
) o P '-':“'ﬂ;‘}'ﬂ.ﬂ"n k
Lol I EV R R o o B W
. ", | SENPOPNE Wl a0 8l el
- - - E W WO
- . b Boa e N
= A R MM N ML,
c O o o
- .
. o .
. .
.. ﬁ'..“ ‘L .‘,.. S a et s a A s i
W g T T T LT LT OO,
§ a E om owoqyodp b b b b bk ooy "4 % ke r h %oy orowram s hhomom kA Whom koo
| S T e S o S e e T I o S e N A O T N N N N
d F % b n e R A mom komo ] BA % homof f rmomoy oy fFp by x hom k§
. o I A For F A S % om o domd o rom b omod bk oy kol o hon fh ok § R
M A N R AR N NN N N N & Fony
{4 F b nomonqg e ek hohororh [ IR N h
N b § o= ko7 on kb bk honororas b homow L R L] y
. N §f rx kb b fowrrr S Lk homoa - . w ok hom ke
N wr r o kb § nor Fh b koaon -h . LU o '
- bll:l:]-tltt I e
. - =
-t-'-i--t--:._-t-r
ottt
gt > :‘::r-
o Tty -‘-‘-::' ey
»
'ﬂl?f A
. - .
T .‘:"'r r :*# n*;"a-"'q‘r"t
L N
NN R L N )
AL I el C N RE N S R B )
PO a e
X R bW T T A N N
1
. . . .‘.I.
'. I T 1-'1-.1¢ el ., ; -

" -

e e e b,

i

Zf:

R

—
-

::_.
]

o
Tal

'.

LA
+
-

L]

k
rd

-'_:.
.

C o w
N

N 4 &£ 4 m § § 4 - m g 4 4 -4 B § K 4 & A A N 4 5 N A N § & J A fr - A 8§

" 4 4 4 " §g g 4 4 = a

4 4 4 moq 4 4 4

P L

r
F

w or a4 e o ow gy q g owryn o rwr oy hbeowr oy h howeorayoy o

a

N L N

-

NN N N NN I

-

L]
"

T4 " ¢ > rax omomr xraxy

kv a w amh buoahm

R

LRI N Y

L
" g
'y
_u

2

o

.

o

b 0 ) 0

- - I":'. -

1 { " _.:

w .
Ty

X 2 2 X
.‘;.i-
LTl
A:'_-.-

) - - - - i

. 4 . " :
R e g 1 .

':.5::::- L I '-."n..:1 R

o e
. e o T N . .o

- - . ... g 4 . - i - "-_'-

. h_.- . ;‘ . : :: g W ..1: .

LS " ‘-":"‘. ‘.'n.'.':‘ L e 'll.": : - ; VT
ey : -.:.:’.- R SR A g L g ate

LT e - R i R

ty L PR . . -

s ; Ay

y R )

I -

] - ..
- - h .
e * S
--l"a b W . . .

K- orowte o .o E-
S R ey
RO ‘*M}

.F *i lr]- L . - .

[ ] - . R

- F -

i .z._._._;}_ _

4 - "

L . . ':;;.:

e . e

."_J‘_ 1,'. .. s X x .

H':','Z:':. A

[ 5 "

B temet K
e wautala - 1

'r‘.l ‘ - -_‘. - ‘

O ' . Z _‘,.‘_ .

::4-' % L A 5
oy L -"-'n.'- .
A € s
[ S - ik - - . .
':I‘J- ¥ - ‘..".f. .
e L #.;
A w -

3
-
-

ey

[ ]
¥
o ':
&
e
L]
r
*'h-
'_‘.'-
B

L
&

:.i‘_. :‘ -. [

e

HE

RN

g

US 2009/0093403 Al




Patent Application Publication Apr.9,2009 Sheet160f20  US 2009/0093403 Al

o A
I
U Ilhi‘
n
— e
y ".
e Sl
L
11. |
X
Lo
\i
4
& I“-I'.
& \

Light Source




(g yjbusjanepp) 204n0Q

US 2009/0093403 Al

e T WBIT uanunD uoe)ox3

~
= b9~
=
~
Y
.
W
9
=
75
=
=
=
g |
=
-
& 209

) T | (v uibuajanepn) sainog

b Juauny Aopaiyu

9 Dl

Patent Application Publication



US 2009/0093403 Al

Apr. 9, 2009 Sheet 18 of 20

Patent Application Publication

m__mo
}ebiey

(moj|aA/enig)

bOL—

losuag

/K |

01L—"

HUN 90BLBUY/0UCD




US 2009/0093403 Al

] I |

0 “"_i._qﬂrwﬂhm«“ﬂmmmwu«m” :
e
S
&
&N
y—
.
=
Qs
_—
v 9, )
&N o
— ~
—
e

L
&N
r .
<

N 504n03 JybIT
S JUs.LINg UOHEHOX
32IN0Q
ybi sjgejueidw U 20eU3lU|/|04U0D
\ 294n0g 4B
pusLnNy Aojqiyu)
losuag _

718~

208"

Patent Application Publication



US 2009/0093403 Al

Apr. 9, 2009 Sheet 20 of 20

Patent Application Publication

R R R B b e

AN

)

"y

R g

Ok

[LL L



US 2009/0093403 Al

SYSTEMS, METHODS AND COMPOSITIONS
FOR OPTICAL STIMULATION OF TARGET
CELLS

RELATED PATENT DOCUMENTS

[0001] This patent document claims benefitunder 35 U.S. §
119(e) of U.S. Provisional Application Ser. No. 60/904,303
filed on Mar. 1, 2007 (STFD.165P1), this patent document 1s

incorporated by reference 1n its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to systems
and approaches for stimulating target cells, and more particu-
larly to using optics to stimulate the target cells.

BACKGROUND

[0003] Thestimulation of various cells of the body has been
used to produce a number of beneficial effects. One method of
stimulation involves the use of electrodes to ntroduce an
externally generated signal into cells. One problem faced by
clectrode-based brain stimulation techniques 1s the distrib-
uted nature of neurons responsible for a given mental process.
Conversely, different types of neurons reside close to one
another such that only certain cells 1n a given region of the
brain are activated while performing a specific task. Alterna-
tively stated, not only do heterogeneous nerve tracts move in
parallel through tight spatial confines, but the cell bodies
themselves may exist 1n mixed, sparsely embedded configu-
rations. This distributed manner of processing seems to defy
the best attempts to understand canonical order within the
central nervous system (CNS), and makes neuromodulation a
difficult therapeutic endeavor. This architecture of the brain
poses a problem for electrode-based stimulation because
clectrodes are relatively indiscriminate with regards to the
underlying physiology of the neurons that they stimulate.
Instead, physical proximity of the electrode poles to the neu-
ron 1s often the single largest determining factor as to which
neurons will be stimulated. Accordingly, it 1s generally not
teasible to absolutely restrict stimulation to a single class of
neuron using electrodes.

[0004] Another 1ssue with the use of electrodes for stimu-
lation 1s that because electrode placement dictates which
neurons will be stimulated, mechanical stability 1s frequently
inadequate, and results 1n lead migration of the electrodes
from the targeted area. Moreover, after a period of time within
the body, electrode leads frequently become encapsulated
with glial cells, raising the effective electrical resistance of
the electrodes, and hence the electrical power delivery
required to reach targeted cells. Compensatory increases in
voltage, frequency or pulse width, however, may spread the
clectrical current and increase the unintended stimulation of
additional cells.

[0005] Another method of stimulus uses photosensitive
bio-molecular structures to stimulate target cells in response
to light. For instance, light activated proteins can be used to
control the flow of 1ons through cell membranes. By facili-
tating or inhibiting the flow of positive or negative ions
through cell membranes, the cell can be briefly depolarized,
depolarized and maintained 1n that state, or hyperpolarized.
Neurons are an example of a type of cell that uses the elec-
trical currents created by depolarization to generate commu-
nication signals (1.e., nerve mmpulses). Other electrically
excitable cells include skeletal muscle, cardiac muscle, and
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endocrine cells. Neurons use rapid depolarization to transmit
signals throughout the body and for various purposes, such as
motor control (e.g., muscle contractions), sensory responses
(e.g., touch, hearing, and other senses) and computational
functions (e.g., brain functions). Thus, the control of the
depolarization of cells can be beneficial for a number of
different purposes, including (but not limited to) psychologi-
cal therapy, muscle control and sensory functions.

SUMMARY

[0006] The claimed 1nvention 1s directed to photosensitive
bio-molecular structures and related methods. The present
invention 1s exemplified in a number of implementations and
applications, some of which are summarized below.

[0007] According to one example embodiment of the
present invention, an implantable arrangement 1s 1mple-
mented having a light-generation device for generating light.
The arrangement also has a biological portion that modifies
target cells for stimulation 1n response to light generated by
the light-generation means 1n vivo.

[0008] According to another example embodiment of the
present 1nvention, target cells are stimulated using an
implantable arrangement. The arrangement includes an elec-
trical light-generation means for generating light and a bio-
logical portion. The biological portion has a photosensitive
bio-molecular arrangement that responds to the generated
light by stimulating target cells 1 vivo. Stimulation may be
manifest as either up-regulation, or down-regulation of activ-
ity at the target.

[0009] According to another example embodiment of the
present mnvention, an implantable device delivers gene trans-
fer vector, such as a virus, which induces expression of pho-
tosensitive bio-molecular membrane proteins. The device has
a light generator, responsive to ({or example, charged by or
triggered by) an external signal, to generate light and a bio-
logical arrangement that includes the photosensitive bio-mo-
lecular protein that responds to the generated light by inter-
acting with target cells 1n vivo. In this manner, the electronic
portions of the device may be used to optically stimulate
target cells. Stimulation may be manifested as either upregu-
lation (e.g., increased neuronal firng activity), or downregu-
lation (e.g., neuronal hyperpolarization, or alternatively,
chronic depolarization) of activity at the target.

[0010] According to another example embodiment of the
present invention, a method 1s implemented for stimulating
target cells using photosensitive proteins that bind with the
target cells. The method includes a step of implanting the
photosensitive proteins and a light generating device near the
target cells. The light generating device 1s activated and the
photosensitive protein stimulates the target cells 1n response
to the generated light.

[0011] Applications include those associated with any
population of electrically-excitable cells, including neurons,
skeletal, cardiac, and smooth muscle cells, and 1nsulin-secret-
ing pancreatic beta cells. Major diseases with altered excita-
tion-effector coupling include heart failure, muscular dystro-
phies, diabetes, pain, cerebral palsy, paralysis, depression,
and schizophrenia. Accordingly, the present mvention has
utility in the treatment of a wide spectrum of medical condi-
tions, from Parkinson’s disease and brain injuries to cardiac
dysrhythmias, to diabetes, and muscle spasm.

[0012] According to other example embodiments of the
present invention, methods for generating an imnhibitory neu-
ron-current flow mvolve, 1n a neuron, engineering a protein
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that responds to light by producing an ihibitory current to
dissuade depolarization of the neuron. In one such method,
the protein 1s halorhodopsin-based and in another method the
protein 1s an inhibitory protein that uses an endogenous cofac-
tor.

[0013] According to another example embodiment of the
present invention, a method for controlling action potential of
a neuron mmvolves the following steps: engineering a first light
responsive protein in the neuron; producing, in response to
light, an inhibitory current in the neuron that 1s generated
from the first light responsive protein; engineering a second
light responsive protein in the neuron; and producing, in
response to light, an excitation current in the neuron from the
second light responsive protein.

[0014] In another method for controlling a voltage level
across a cell membrane of a cell, the method comprises:
engineering a first light responsive protein in the cell; mea-
suring the voltage level across the cell membrane; and pro-
ducing, in response to light of a first wavelength and using the
first light responsive protein, a current across the cell mem-
brane that 1s responsive to the measured voltage level.

[0015] According to another example embodiment of the
present invention, a method for generating an inhibitory-
current flow 1 neurons 1s implemented. The method includes
1n a neuron, engineering an inhibitory protein that responds to
light by producing an inhibitory current to dissuade depolar-
1zation of the neuron, wherein the inhibitory protein does not
have the sequence as set forth in GenBank accession number
EF474018 and uses an endogenous cofactor to produce the
inhibitory current.

[0016] According to another example embodiment of the
present invention, a method for generating an inhibitory-
current flow 1 neurons 1s implemented. The method includes
1n a neuron, engineering a protein that responds to light by
producing an inhibitory current to dissuade depolarization of
the neuron, wherein the protein uses an endogenous cofactor

and results 1n a toxicity of the engineered neuron that 1s less
than about 75%.

[0017] According to another example embodiment of the
present invention, a method for controlling action potential of
a neuron 1s 1implemented. A first light responsive protein 1s
engineered 1n the neuron. The first light responsive protein
does not have the sequence as set forth in GenBank accession
number EF474018 and uses an endogenous cofactor to pro-
duce the ihibitory current. In response to light, an inhibitory
current 1s produced 1n the neuron, the current generated from
the first light responsive protein. A second light responsive
protein 1s engineered 1n the neuron. In response to light, an
excitation current 1s produced in the neuron from the second
light responsive protein.

[0018] According to another example embodiment of the
present invention, a method for controlling a voltage level
across a cell membrane of a cell 1s implemented. A first light
responsive protein 1s engineered 1n the cell. The voltage level
across the cell membrane 1s measured. Light of a first wave-
length 1s generated in response to the measured voltage level.
In response to light of a first wavelength and using the first
light responsive protein, a first current 1s produced across the
cell membrane that.

[0019] According to another example embodiment of the
present invention, system controls an action potential of a
neuron 1n vivo. A delivery device introduces a light respon-
stve protein to the neuron, wherein the light responsive pro-
tein produces an inhibitory current and 1s not the sequence as
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set forth 1n GenBank accession number EF474018. A light
source generates light for stimulating the light responsive
protein. A control device controls the generation of light by
the light source.

[0020] According to another example embodiment of the
present mvention, a method for treatment of a disorder 1s
implemented. In a group of neurons associated with the dis-
order, inhibitory proteins are engineered that use an endog-
enous colactor to respond to light by producing an inhibitory
current to dissuade depolarization of the neurons, wherein the
engineered group of neurons have a toxicity of less than about
75%. The neurons to light are exposed to light, thereby dis-
suading depolarization of the neurons.

[0021] According to an example embodiment of the present
invention, a light-responsive opsin 1s provided for use 1n
therapy. The opsin can be a NpHR-based molecule for use in
therapy wherein the molecule 1s capable of responding to
light by producing an inhibitory current to dissuade depolar-
ization of a neuron and wherein the protein/molecule 1s
capable of using an endogenous cofactor to produce the
inhibitory current and manifests a toxicity level that 1s less
than 75%, at a high expression level.

[0022] According to an example embodiment of the present
invention, a light-responsive opsin 1s used in treating neuro-
logical diseases. The opsin can include a nucleic acid mol-
ecule comprising a nucleotide sequence encoding a NpHR
based protein for use in the treatment of CNS disorders
wherein said protein i1s capable of responding to light by
producing an inhibitory current to dissuade depolarization of
a neuron using an endogenous cofactor to produce the inhibi-
tory current and manifests a toxicity level that 1s less than
50%, at a high expression level.

[0023] According to another example embodiment, a light-
responsive opsin 1s used i the manufacture of a medicament
for the treatment of neurological diseases. For example, an
NpHR-based protein in the manufacture of a medicament for
the treatment of CNS disorders wherein the said protein 1s
capable of responding to light by producing an inhibitory
current to dissuade depolarization of a neuron and is capable
of using an endogenous cofactor to produce the mhibitory

current and manifests a toxicity level that 1s less than 75%, at
a high expression level.

[0024] According to another example embodiment, kit 1s
provided for administering treatment. The kit includes, for
example a product containing a first light-responsive opsin
and a second-light responsive opsin as a combined prepara-
tion for simultaneous, separate or sequential use 1n the treat-
ment ol neurological diseases.

[0025] According to another example embodiment, a trans-
genic ammal 1s produced with a light-responsive opsin
expressed 1n one or more cells.

[0026] According to another example embodiment, cells
are modified, 1n a live amimal, using light-responsive opsins.
The animal 1s sacrificed and the modified cells are removed

for study.

[0027] Other aspects and embodiments are directed to sys-
tems, methods, kits, compositions of matter and molecules
for 1on pumps or for controlling inhibitory currents in a cell
(e.g., 1n 1n vivo and 1n vitro environments).

[0028] The above summary of the present invention 1s not
intended to describe each illustrated embodiment or every
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implementation of the present invention. The figures and
detailed description that follow more particularly exemplity
these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The invention may be more completely understood
in consideration of the detailed description of various
embodiments of the invention that follows 1n connection with
the accompanying drawings, in which:

[0030] FIGS. 1A, 1B, 1C, 1D, 1E, 1F, 1G, 1H, 11, 1], 1K,
1L, 1M, 1N and 10 show experimental results that are con-

sistent with an example embodiment of the present invention;
[0031] FIGS. 2A, 2B, 2C, 2D, 2E and 2F show experimen-

tal results that are consistent with an example embodiment of

the present invention;

[0032] FIGS.3A,3B,3C, 3D, 3E and 3F, show experimen-
tal results that are consistent with an example embodiment of
the present invention;

[0033] FIGS. 4A, 4B, 4C, 4D, 4E, 4F, 4G and 4H, show
experimental results that are consistent with an example
embodiment of the present invention;

[0034] FIG. 5 shows a light source and modified cell,
according to an example embodiment of the present mven-
tion;

[0035] FIG. 6 depicts an arrangement with multiple light
sources, according to an example embodiment of the present
invention;

[0036] FIG. 7 shows a system for controlling electrical
properties of one or more cells 1 vivo, according to an
example embodiment of the present invention;

[0037] FIG. 8 shows a system for controlling electrical
properties of one or more cells 1n vivo, according to an
example embodiment of the present invention, and

[0038] FIG.9shows Lentiviral vector construction, accord-
ing to an example embodiment of the present invention.
[0039] While the invention 1s amenable to various modifi-
cations and alternative forms, specifics thereof have been
shown by way of example 1n the drawings and will be
described 1n detail. It should be understood, however, that the
intention 1s not to limait the invention to the particular embodi-
ments described. On the contrary, the intention 1s to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the invention.

DETAILED DESCRIPTION

[0040] The present invention 1s believed to be useful for
facilitating practical application of a variety of photosensitive
bio-molecular structures, and the invention has been found to
be particularly suited for use 1n arrangements and methods
dealing with cellular membrane voltage control and stimula-
tion. While the present invention 1s not necessarily limited to
such applications, various aspects of the mvention may be
appreciated through a discussion of various examples using
this context.

[0041] Consistent with one example embodiment of the
present invention, a light-responsive protein/molecule 1s
engineered 1n a cell. The protein affects a flow of 10ns across
the cell membrane 1n response to light. This change in 10n
flow creates a corresponding change 1n the electrical proper-
ties of the cells including, for example, the voltage and cur-
rent flow across the cell membrane. In one instance, the
protein functions 1n vivo using an endogenous cofactor to
modily 1on flow across the cell membrane. In another
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instance, the protein changes the voltage across the cell mem-
brane so as to dissuade action potential firing 1n the cell. In yet
another mstance, the protein 1s capable of changing the elec-
trical properties of the cell within several milliseconds of the
light being introduced. For details on delivery of such pro-
teins, reference may be made to U.S. patent application Ser.
No. 11/459,636 filed on Jul. 24, 2006 and entitled “Light-
Activated Cation Channel and Uses Thereof”, which 1s fully
incorporated herein by reference.

[0042] Consistent with a more specific example embodi-
ment of the present invention a protein, NpHR, from Natrono-
monas pharaonis 1s used for temporally-precise optical 1nhi-
bition of neural activity. NpHR allows for selective inhibition
of single action potentials within rapid spike trains and sus-
tamned blockade of spiking over many minutes. The action
spectrum of NpHR 1s strongly red-shifted relative to Chan-
nelRhodopsin-2 (ChR2) (dertved from Chlamydomonas rein-
hardtii) but operates at similar light power, and NpHR func-
tions 1 mammals without exogenous cofactors. In one
instance, both NpHR and ChR2 can be expressed 1in the target
cells. Likewise, NpHR and ChR2 can be targeted to C.
elegans muscle and cholinergic motoneurons to control loco-
motion bidirectionally. In this regard, NpHR and ChR2 form
an optogenetic system for multimodal, high-speed, genet-
cally-targeted, all-optical interrogation of living neural cir-
cuits.

[0043] Certain aspects of the present invention are based on
the 1dentification and development of an archaeal light-driven
chloride pump, such as halorhodopsin (NpHR), from
Natronomonas pharaonis, for temporally-precise optical
inhibition of neural activity. The pump allows both knockout
of single action potentials within rapid spike trains and sus-
tained blockade of spiking over many minutes, and 1t operates
at stmilar light power compared to ChR2 but with a strongly
red-shifted action spectrum. The NpHR pump also functions
in mammals without exogenous cofactors.

[0044] According to other example embodiments of the
present invention, methods for generating an inhibitory neu-
ron-current flow ivolve, 1n a neuron, engineering a protein
that responds to light by producing an inhibitory current to
dissuade depolarization of the neuron. In one such method,
the protein 1s halorhodopsin-based and in another method the
protein 1s an inhibitory protein that uses an endogenous cofac-
tor.

[0045] In another example embodiment, a method for con-
trolling action potential of a neuron volves the following
steps: engineering a first light responsive protein in the neu-
ron; producing, in response to light, an inhibitory current in
the neuron and from the first light responsive protein; engi-
neering a second light responsive protein 1n the neuron; and
producing, in response to light, an excitation current 1n the
neuron from the second light responsive protein.

[0046] Another embodiment involves method for control-
ling a voltage level across a cell membrane of a cell, the
method includes: engineering a first light responsive protein
in the cell; measuring the voltage level across the cell mem-
brane; and producing, in response to light of a first wave-
length and using the first light responsive protein, a current
across the cell membrane that 1s responsive to the measured
voltage level.

[0047] Anotheraspect of the present invention 1s directed to
a system for controlling an action potential of a neuron 1n
vivo. The system includes a delivery device, a light source,
and a control device. The delivery device introduces a light
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responsive protein to the neuron, with the light responsive
protein producing an mnhibitory current. The light source gen-
erates light for stimulating the light responsive protein, and
the control device controls the generation of light by the light
source.

[0048] In more detailed embodiments, such a system 1is
turther adapted such that the delivery device introduces the
light responsive protein by one of transiection, transduction
and microinjection, and/or such that the light source 1ntro-
duces light to the neuron via one of an implantable light
generator and fiber-optics.

[0049] Another aspect of the present invention 1s directed to
a method for treatment of a disorder. The method targets a
group ol neurons associated with the disorder; and in this
group, the method includes engineering an inhibitory protein
that uses an endogenous colactor to respond to light by pro-
ducing an inhibitory current to dissuade depolarization of the
neurons, and exposing the neurons to light, thereby dissuad-
ing depolarization of the neurons.

[0050] According to yet another aspect of the present
invention 1s directed to identifying and developing an
archaeal light-driven chloride pump, such as halorhodopsin
(NpHR), from Natronomonas pharaonis, for temporally-pre-
cise optical inhibition of neural activity. The pump allows
both knockout of single action potentials within rapid spike
trains and sustained blockade of spiking over many minutes,
and 1t operates at similar light power compared to ChR2 but
with a strongly red-shifted action spectrum. The NpHR pump
also Tunctions 1n mammals without exogenous cofactors.

[0051] More detailed embodiments expand on such tech-
niques. For instance, another aspect of the present invention
co-expresses NpHR and ChR2 1n the species (e.g., a mouse
and C. elegans). Also, NpHR and ChR2 are integrated with
calcium 1maging 1n acute mammalian brain slices for bidirec-
tional optical modulation and readout of neural activity. Like-
wise, NpHR and ChR2 can be targeted to C. elegans muscle
and cholinergic motoneurons to control locomotion bidirec-
tionally. Together NpHR and ChR2 can be used as a complete
and complementary opto-genetic system for multimodal,
high-speed, genetically-targeted, all-optical interrogation of
living neural circuits.

[0052] In addition to NpHR and ChR2, there are a number
of channelrhodopsins, halorhodopsins, and microbial opsins
that can be engineered to optically regulate 10n tlux or second
messengers within cells. Various embodiments of the inven-
tion include codon-optimized, mutated, truncated, fusion
proteins, targeted versions, or otherwise modified versions of
such 10n optical regulators. Thus, ChR2 and NpHR (e.g.,
GenBank accession number 1s EF474018 for the “‘mammali-
amized’ NpHR sequence and EF47401°7 for the ‘mammalian-
1zed” ChR2(1-315) sequence) are used as representative of a
number of different embodiments. Discussions specifically
identifying ChR2 and NpHR are not meant to limait the mnven-
tion to such specific examples of optical regulators. For fur-
ther details regarding the above mentioned sequences refer-
ence can be made to “Multimodal fast optical interrogation of
neural circuitry” by Feng Zhang, et al, Nature (Apr. 5, 2007)
Vol. 446: 633-639, which 1s fully incorporated herein by

reference.

[0053] Consistent with an example embodiment of the
present mvention, a method 1s implemented for stimulating,
target cells 1n vivo using gene transier vectors (for example,
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viruses) capable of inducing photosensitive ion channel
growth (Tor example, ChR2 1on channels). The vectors can be
implanted 1n the body.

[0054] Consistent with a particular embodiment of the
present mnvention, a protein 1s introduced to one or more target
cells. When imtroduced into a cell, the protein changes the
potential of the cell 1 response to light having a certain
frequency. This may result in a change 1n resting potential that
can be used to control (dissuade) action potential firing. In a
specific example, the protein 1s a halorhodopsin that acts as a
membrane pump for transferring charge across the cell mem-
brane in response to light. Membrane pumps are energy trans-
ducers which use electromagnetic or chemical bond energy
for translocation of specific 1ons across the membrane. For
further information regarding halorhodopsin membrane
pumps reference can be made to “Halorhodopsin Is a Light-
driven Chloride Pump” by Brigitte Schobert, et al, The Jour-
nal of Biological Chemistry Vol. 257, No. 17. Sep. 10, 1982,
pp. 10306-10313, which 1s fully incorporated herein by ret-
erence.

[0055] The protein dissuades firing of the action potential
by moving the potential of the cell away from the action
potential trigger level for the cell. In many neurons, this
means that the protein increases the negative voltage seen
across the cell membrane. In a specific instance, the protein
acts as a chloride 1on pump that actively transfers negatively
charged chloride 1ons into the cell. In this manner, the protein
generates an inhibitory current across the cell membrane.
More specifically, the protein responds to light by lowering
the voltage across the cell thereby decreasing the probability
that an action potential or depolarization will occur.

[0056] As used herein, stimulation of a target cell 1s gener-
ally used to describe modification of properties of the cell. For
instance, the stimulus of a target cell may result in a change 1n
the properties of the cell membrane that can lead to the depo-
larization or polarization of the target cell. In a particular
instance, the target cell 1s a neuron and the stimulus atfects the
transmission of impulses by facilitating or inhibiting the gen-
eration of impulses by the neuron.

[0057] As discussed above, one embodiment of the present
invention mmvolves the use of an optically responsive 10on-
pump that 1s expressed 1n a cell. In a particular instance, the
cell 1s erther a neural cell or a stem cell. A specific embodi-
ment 1nvolves 1n vivo animal cells expressing the 1on-pump.
Certain aspects of the present invention are based on the
identification and development of an archaeal light-driven
chloride pump, such as halorhodopsin (NpHR), from
Natronomonas pharaonis, for temporally-precise optical
inhibition of neural activity. The pump allows both knockout
of single action potentials within rapid spike trains and sus-
tained blockade of spiking over many minutes, and 1t operates
at stmilar light power compared to ChR2 but with a strongly
red-shifted action spectrum. The NpHR pump also functions
in mammals without exogenous cofactors.

[0058] According to an example embodiment of the present
invention, an optically responsive ion-pump and/or channel 1s
expressed 1n one or more stem cells, progenitor cells, or
progeny ol stem or progenitor cells. Optical stimulation 1s
used to activate expressed pumps/channels. The activation
can be used to control the 10n concentrations (e.g., chloride,
calcium, sodium, and potassium) in the cells. This can be
particularly useful for afifecting the survival, proliferation,
differentiation, de-differentiation, or lack of differentiation in
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the cells. Thus, optical stimulus 1s implemented to provide
control over the (maturation) of stem or progenitor cells.

[0059] In a particular embodiment, optically-controlled
stimulus patterns are applied to the stem or progenitor cells
over a period of hours or days. For further details regarding
the effects of membrane potentials and 1on concentrations on
such cells reference can be made to “Excitation-Neurogen-

es1s Coupling in Adult Neural Stem/Progenitor Cells” by Karl
Deisseroth, et al, Neuron (May 27, 2004) Neuron, Vol. 42,

535-552 and to U.S. Patent Publication No. 200350267011
(U.S. patent application Ser. No. 11/134,720) entitled “Cou-
pling of Excitation and Neurogenesis 1n Neural Stem/Pro-
genitor Cells” to Deisseroth et al and filed on May 19, 2005,
which are each fully incorporated herein by reference.

[0060] In a particular embodiment, a method of driving
differentiation 1n cells 1s implemented. The cells are caused to
express light-activated NpHR-based protein. The cells are
exposed to light to activate the NpHR-based protein. The
activation drives differentiation of the exposed cell or the
progeny of the exposed cell.

[0061] In another embodiment, the cells comprise stem
cells.
[0062] Two exemplary 1on pumps originate from two

strains of archaea, Halobacterium salinarum (HsHR) and
Natrvonomonas pharaonis (NpHR). Illumination of HsHR or
NpHR-expressing oocytes leads to rapid outward currents.
Both HsHR and NpHR have excitation maxima near 580 nm
as shown 1n FIG. 1A. Specifically, FIG. 1A shows the action
spectrum of NpHR when measured in Xenopus oocytes using
a Xenon short arc lamp and narrowbandwidth 20 nm filters,
which 1s red-shifted from the known ChR2 maximum of ~460
nm. This spectral separation allows for ChR2 and an HR to be
activated independently or in synchrony to eil

ect bidirec-
tional optical modulation of membrane potential.

[0063] In an experimental test, HsHR was found to have a
lower extracellular Cl- affimity than NpHR (Km,NpHR=16

mM 1n FIG. 1B, Km,HsHR=32 mM) and measured currents
displayed rapid rundown at low extracellular [Cl-] that did
not fully recover 1in darkness. The influence of cytoplasmic
|Cl-] on HR pump currents was studied using excised giant
patches HR pump currents were not influenced by cytoplas-
mic [Cl-] (from O to 124 mM), indicating a very low aflinity
tor Cl- on the cytoplasmic side where Cl- 10ns are released,
as expected since HR-mediated chlornide pumping can
achieve molar concentrations of cytoplasmic Cl-. The pump
current exhibits more or less linear voltage dependence, and
Cl- current 1s robust for both HRs across all physiological
voltage regimes.

[0064] In one instance, a mammalian codon-optimized
NpHR gene tused with enhanced yellow fluorescent protein
(NpHR-EYFP) was introduced into cultured rat hippocampal
CA3/CA1 neurons using lentiviruses carrying the ubiquitous
EF-1a promoter (EF1 a::NpHR-EYFP). Cells expressing
NpHR-EYFP exhibited robust expression for weeks after
infection (FIG. 1C). In voltage clamp, 1llumination of NpHR -
EYFP cells with yellow light (bandwidth 573-613 nm wvia
Semrock filter FF01-593/40-25; 300 W xenon lamp) induced
rapid outward currents (FIG. 1D, top) with a peak level of
43 8+25.9 pA and a steady-state level of 36.4+24.4 pA
(meanzs.d. reported throughout this paper, n=13; FIG. 1E).

The relatwely small difference between the peak and steady-
state currents 1s believed to be indicative of rare deprotonation
of the NpHR Schifl base during the pump cycle24. The rise
time from light onset to 50% of the peak current 1s consistent
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across all cells (6.0x1.0 ms; FIG. 1F) with rise and decay time
constants of Ton=6.1x2.1 ms and Toll=6.9+£2.2 ms respec-
tively. Light-evoked responses were never seen in cells
expressing EYFP alone. In current clamp, NpHR-EYFP neu-
rons exhibited light-evoked hyperpolarization (FI1G. 1D; bot-
tom) with an average peak of 14.7+6.9 mV and a steady-state
of 12.1x6.6 mV (FIG. 1G). The delay from light onset to 50%
of hyperpolarization peak was 26.0+8.6 ms (FIG. 1F) and the
rise and decay time constants were Ton=35.6£15.1 ms and
Toll 40.5+£235.3 ms respectively. To test whether NpHR-me-
diated hyperpolarization could inhibit neuronal firing, cur-
rent-clamped neurons were 1njected with a 200 pA current
step for 2 s to evoke robust spike firing; concurrent light

delivery abolished the evoked activity (FI1G. 1H).

[0065] Images of NpHR-EYFP and ChR2-mCherry co-ex-
pressed 1n cultured hippocampal neurons were taken (FIG.
11). NpHR function was probed using cell-attached record-
ings with ChR2 photostimulation to drive reliable spike
trains. Indeed, whereas trains of blue light pulses (see “blu” in
FIG. 1J) were able to evoke action potentials, concomaitant
yellow light illumination (see “‘vel” in FIG. 1J) abolished
spike firing 1n both cell-attached and subsequent whole-cell
recoding modes (FIG. 1J). After achieving the whole-cell
configuration, voltage-clamp recording showed that indepen-
dent exposure to yellow or blue light led to outward or inward
photocurrents respectively (F1G. 1K), further confirming that
ChR2 and NpHR can be combined to achieve bidirectional,
independently addressable modulation of membrane poten-
t1al 1n the same neuron. Further confirming that NpHR 1nhibi-
tory function does not require a specific pipette chloride con-
centration under these recording conditions, 1t was found that
NpHR-mediated inhibition 1s robust across a range of rel-
evant whole-cell pipette chloride concentrations (4-25 mM)
and physiologically negative resting potentials, as expected
from the fact that NpHR 1s designed to deliver chloride 1ons to
molar levels 1n the archaeal intracellular mailieu.

[0066] Extensive controls were conducted to test whether
heterologous expression of NpHR 1n neurons would alter the
membrane properties or survival ol neurons. Lentiviral
expression of NpHR {for at least 2 weeks did not alter neuronal

resting potential (-33.1x6.3 mV for NpHR+cells, -57.0+4 .8
mV for NpHR- cells, and -56.7+£3.7 mV for NpHR+ cells
exposed to yellow light for 10 min followed by a delay period

of 1 day; FIG. 1L, n=12 each) or membrane resistance (114.
S5x34.1 M2 for NpHR+ cells, 108.9+20.1 ME2 for NpHR-

cells, and 111.4+£23 ME2 for the light-exposed NpHR+ cells;
FIG. 1M, n=12 each). These electrical measurements indi-
cated that NpHR has little basal electrical activity or passive

current-shunting ability and can be acceptable regarding cell
health.

[0067] The dynamic electrical properties of neurons were
tested with and without NpHR. There was no significant
difference 1n the number of spikes evoked by 500 ms current
injection of 300 pA (7.5£2.8 for NpHR+ neurons, 10.7£7.9
for NpHR- neurons, and 9.3x5.1 for the light-exposed
NpHR+ neurons; FIG. 1N).

[0068] To assess cell survivability, both live NpHR+ neu-
rons (with and without light exposure) and NpHR - neurons
were stained with the membrane-impermeant DNA-binding,
dye propidium 1odide to assess cell survival. NpHR expres-
sion did not affect the percentage of neurons that took up
propidium 1odide (13/240 for NpHR+ cells, 7/141 for NpHR -
cells, and 10/205 for the light-exposed NpHR+ cells; FIG.
1M, P>0.999 by X~ test). These experiments indicated that
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NpHR expression does not significantly affect the health or
basal electrical properties of neurons.

[0069] The tunability of NpHR ellicacy with different
intensities of delivered light was measured using a 200 pA
current step that drove reliable action potential trains. It was
discovered that maximal light intensity of 21.7 mW/mm”
under a 40x, 0.8 NA water-immersion objective inhibited

08.2+3.7% of the spikes.

[0070] Usinga 200 pA current step to drive reliable action
potential trains, a maximal light intensity of 21.7 mW/mm”~

under 40x, 0.8 NA water-immersion objective inhibited
08.2+3.7% of spikes (FIGS. 2A and 2B). Using 33% or 50%

of the full light intensity inhibited 74.9+22.2% and 87.3+13.
5% of spikes, respectively (FI1G. 2B). FIG. 2C shows that with
steady current injection, lower intensities of light were etlec-

tive for a shorter period of time; the delays from light onset to
the first escaped spike under 33%, 50% and 100% light inten-

sity were 533.65£388.2 ms, 757.5x235.5ms, and 990.5£19.1
ms, respectively. Therefore inhibition 1s likely to be more
clfective early 1n the light pulse, presumably due to the slight
inactivation of NpHR. Except where otherwise noted, the
remaining experiments were conducted with 21.7 mW/mm?2
yellow light delivered to the neurons.

[0071] Using trains of brief current pulses to generate spike
trains, NpHR was tested for mediation of both long-term
inhibition (to emulate lesions on the timescale of seconds to
minutes) and short-term inhibition (to modify spike firing on
the millisecond timescale). For long-term inhibition NpHR
was tested over 10 min by mjecting 300 p A current pulses at
5> Hz to drive steady action potential firing. Concurrent yellow
light was delivered continuously for 10 minutes. NpHR medi-
ated mhibition of spike trains remained effective over many
minutes as shown by FIG. 2D. 99.0£1.9% of spikes were
inhibited within the first two minutes while over 90% of
spikes were inhibited for up to 8 minutes as shown in FIG. 2E,
with n=5. The slight decrease in efficacy 1s likely due to
accumulation of non-functional NpHRs with a deprotonated
Schifl base over long periods of light exposure. While natural
reprotonation of the Schiil base 1s slow, any non-functional
NpHRs can be readily and quickly restored via brief 11lumi-
nation with blue light as shown by FIG. 2F.

[0072] NpHR activation was tested for the ability to allow
the “knockout™ of single action potentials. The fast photocur-
rent of ChR2 enables brietf pulses of blue light to drive reliable
action potential trains. Concurrently applied brief pulses of
yellow light were used to test NpHR-mediated inhibition.
FIG. 3A shows the results of an attempt to inhibit pairs of
spikes 1n action potential trains of 5, 10, 20, and 30 Hz.
Indeed, single spikes could be reliably inhibited from within
longer spike trains. Several pairs of spikes within a range of
inter-spike temporal delays were mhibited mn an effort to
define the temporal precision of NpHR. FIGS. 3A, 3B and 3C
show that both closely timed and temporally separated spike
pairs were able to be reliably inhibited, while sparing spikes
between the targeted times (n=6). Over spike rates of 5 to 30
Hz, the closely timed spikes could be selectively inhibited
with a probability of 0.95 or greater. Moreover, FIG. 3D
shows that by giving trains of millisecond-scale yellow light
pulses, 1t 1s straightforward to simulate barrages of IPSP-like
events with precise, reliable timing and amplitudes, from 5 to

100 Hz.

[0073] Since NpHR 1s a Cl- pump and not a channel, the
light-driven inhibition acts by shifting the membrane poten-
t1al and will not contribute (s1ignificantly) to shunting or input
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resistance changes. FIGS. 3E and 3F show that, whereas the
GABAA chloride channel agonist muscimol significantly
decreased neuronal input resistance, NpHR activation had no
detectable effect on the input resistance.

[0074] Since both ChR2 and NpHR can be activated with
high temporal precision using millisecondscale blue or yel-
low light pulses, an experiment was implemented to test the
possibility of driving both proteins 1 mtermingled tempo-
rally precise patterns. Such ability can be useful to noninva-
stvely activate or inhibit single 1dentified action potentials
with light in the same experiment or even 1n the same cell.
Cell attached and whole-cell recordings 1n hippocampal pyra-
midal neurons revealed that precisely patterned trains of yel-
low and blue light pulses can be used to evoke and 1nhibit
neural activity with single spike precision, and that NpHR can
be used to override multiple preselected ChR2-driven spikes
at 1dentified positions 1n prolonged spike trains.

[0075] Both NpHR and ChR2 can be functionally
expressed i the mammalian brain without exogenous deliv-
ery of 1ts required cofactor all-trans-retinal (ATR), presum-
ably due to the presence of endogenous retinoids 1n the mam-
malian brain. As an experiment, lentiviruses carrying NpHR -
EYFP were delivered under the neuronal CaMKIIo promoter
into the hippocampus of the adult mouse. Neurons throughout

the hippocampus exhibited stable expression of NpHR-
EYFP, as indicated by a robust EYFP fluorescence.

[0076] NpHR-EYFP cells in acute hippocampal slices
exhibited voltage clamp photocurrents similar to those
observed 1n cultured neurons. A current clamp recording of
NpHR-EYFP neurons revealed that temporally precise pat-
terns of spike inhibition could be achieved readily as in dis-
sociated culture. No exogenous colfactors were delivered at
any point, indicating that NpHR can be functionally applied
to mammalian systems 1n vivo.

[0077] In another instance, NpHR/ChR2 was combined 1n
a system by expressing 1n living mammalian neural circuitry,
with fura-2 calcium imaging, in an all-optical experiment.
Lentiviruses carrying ChR2-mCherry under the neuron-spe-
cific CaMKIIa promoter and NpHR-EYFP under the EF-1a.
promoter were 1njected into the brain of postnatal d4 mouse
pups; acute cortical slices were prepared at postnatal d10-14
and labeled with fura-2-AM. Inneurons co-expressing ChR2-
mCherry and NpHR-EYFP, initial sitmultaneous 1llumination
with both blue and yellow light did not lead to [Ca2+] tran-
sients while subsequent pulsed blue light alone in the same
neurons evoked ChR2-triggered [ Ca2+] transients. This dem-
onstrates that NpHR and ChR2 can be integrated to achieve
multimodal, bidirectional control of neural activity in intact

tissue. In the same 1imaged cells (where ChR2 stimulation led
to a 3.1+£0.3% increase in AF/F), the combination of NpHR

and ChR2 activation resulted 1n a 0.0£0.2% efiect on AF/F
(n=6, P<0.0001). Yellow 1llumination alone had no detectable
eifect on [Ca2+]. Since not all targeted cells are necessarily
alfected to the same degree, this optical system could comple-
ment electrophysiology to probe successiul modulation of the
targeted cell population. Thus, according to one embodiment,
the combination of ChR2 and NpHR with calcium 1maging
provides an all-optical system for interrogation of neural
circuits.

[0078] Another set of experiments were conducted to show
control of animal behavior in vivo. An 1n vivo experiment
involved expression of NpHR-ECFP fusion protein in the
body wall muscles of the nematode Caenorhabditis elegans
using the muscle-specific myosin promoter (Pmyo-3). ECFP
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fluorescence could be readily observed throughout muscle
cells and membranous muscle arm extensions. As worms
(unlike mammals) appear not to have sufficient levels of
endogenous retinoids, transgenic ammals expressing NpHR
in muscle were grown in medium containing ATR. Whole-
cell voltage-clamp recordings from dissected muscles indeed
demonstrated light-evoked outward currents (265£82 pA,
n=9). To test elfects on muscle activity, swimming behavior
in liquid medium was analyzed. Consistent with the photo-
currents observed, photoactivation of NpHR 1mmediately
(within ~150 ms) and essentially completely arrested swim-
ming behavior. Transgenic animals, raised in the absence of
ATR and wild type animals raised with and without ATR,
were used as controls. Robust paralyzing effects of light were
observed, but consistently only 1n transgenic animals raised
in the presence of ATR.

[0079] When transgenic muscle-expressing animals were
illuminated for 1 second, they quickly returned to their natu-
ral swimming rate after light stimulus termination. When
NpHR was activated in muscle for 10 seconds, amimals
remained uncoordinated for prolonged periods (up to 40 sec-
onds), before a full recovery became apparent and normal
swimming commenced.

[0080] Another experiment involved targeting of NpHR to
a specific class of genetically defined neurons 1n vivo. NpHR -
ECFP was expressed in cholinergic motoneurons using the
vesicular acetylcholine transporter promoter (Punc-17).
When 1lluminated for 1 or 10 seconds, respectively, these
ammals also strongly reduced or essentially stopped swim-
ming behavior. These animals, 1n contrast to the muscle tar-
geted individuals, recovered to normal swimming behavior
immediately, perhaps indicating more poweriul Cl- homeo-
stasis 1n neurons than in muscles, although 1n all cases full
recovery was observed consistent with the lack of toxicity
observed 1n mammalian neurons. When illuminated on solid
agar substrate, transgenic animals expressing NpHR either in
muscle, or 1n cholinergic motoneurons, exhibited rapid inhi-
bition of movement and relaxed their bodies, resulting in
overall elongation by up to 9% within ~600 ms of 1llumina-
tion.

[0081] ChR2 and NpHR were found to be able to be driven
simultaneously 1n C. elegans. With either muscle or targeted
cholinergic neuron expression (using the Pmyo-3 or Punc-17
promoters, respectively), NpHR rapidly and reversibly coun-
teracted the shortening behavior observed with ChR2 alone.
These experiments demonstrate that acetylcholine release
can be efliciently triggered from C. elegans motoneurons
using ChR2, and that ChR2 and NpHR work well together in
nematodes as well as mammals. In some i1nstances, such an
NpHR/ChR2 system enables rapid bidirectional control of
neurons on the timescale of milliseconds, thus enabling emu-
lation or alteration of the neural code. These fast genetically
based neural spike-controlling technologies powertully aug-
ment existing tools for interrogating neural systems. Indeed,
integration ol the NpHR/ChR2 neural control system with
optical activity markers like fura-2, and with GFP-based mor-
phological markers, delivers a versatile triad of technologies
for watching, listening to, and controlling living neural cir-
cuitry with light.

[0082] Both NpHR and ChR2 can be {functionally
expressed and operate at high speed in the mammalian brain
without necessitating cofactor addition. Moreover, NpHR
and ChR2 function in behaving C. elegans as well after
simple dietary ATR supplementation. When combined with
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optical 1maging or behavioral measures 1n intact tissue or
freely moving amimals, the NpHR/ChR2 system provides the
capability to directly and causally link precisely defined pat-
terns of neural activity with specific circuit behaviors.

[0083] The ability to use light to inhibit or activate neurons
has practical applications beyond basic science investiga-
tions. The NpHR/ChR2 system may be genetically targeted to
specific classes of neurons or other excitable cells involved 1n
disease processes to enable highly precise optical therapeutic
treatments. For example, 1n Parkinson’s disease where elec-
trode-based deep brain stimulation (DBS) can be therapeutic
for symptomatic relief but also gives rise to side effects,
delivery of these optogenetic tools targeted by cell type-
specific promoters to distinct disease-related neuronal types
may ultimately provide a more precise alternative with fewer
side-effects. Whether 1n basic science or clinical applications,
the spectral separation between the NpHR and ChR2 activa-
tion maxima allows for the first time bidirectional optical
control 1n the same target tissue, and permits both sufliciency

and necessity testing 1n elucidation of the roles of specific cell
types 1 high-speed intact circuit function.

[0084] Oocyte microinjection and physiology were experi-
mentally carried out using the following procedures. NpHR
cRNA was generated using the T7-cap scribe kit from
Ambion (Austin, Tex.). Stage V/VI oocytes were prepared.

Each oocyte was 1mjected with 30 to 50 ng cRNA, incubated
for 4 to 7 days at 16 to 18° C. with 1 uM ATR in the medium

(90 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM Ca(Cl2, 3
mM HEPES, pH 7.4/NaOH) to reconstitute functional HR.
As a control uninjected oocytes were incubated in the same
medium. Oocytes were recorded using two-electrode volt-
age-clamp (Turbo Tec-05) and 1lluminated with a continuous
He—Ne laser (594 nm, LYHR-0600M, Laser 2000,
Wessling, Germany). The maximum light intensity was 3
mW/mm~ and was focused to a diameter close to the dimen-
sions of the oocyte. In giant patch experiments from halor-
hodopsin-expressing oocytes a continuous He—Ne laser of
633 nm with light intensities up to 400 mW/mm? was used.

[0085] Lentiviral vector construction was experimentally
carried out using the following procedures. Lentiviral vectors
containing Synapsin I::ChR2-mCherry, CaMKIIa.::ChR2-
mCherry, and CaMKIIa::NpHR-EYFP were based on the
FCK(1.3)GW plasmid. For the construction of these lentivi-
ral vectors, the promoter was PCR amplified and cloned 1nto
the Pacl and Agel restriction sites (FIG. 9). The transgene
ChR2-mCherry or NpHR-EYFP were PCR amplified and
cloned into the Agel and EcoRI restriction sites. The pLE-
HY'T vector 1s constructed in the same way as pLECY T3 by
inserting the NpHR-EYFP gene into the Afel and Spel restric-
tion sites of pLEGT.

[0086] Forboth NpHR-EYFP and ChR2-mCherry, the pro-
tein fusion was made via a Notl restriction site. The linker
between the two proteins 1s 3'-GCGGCCGCC-3'. The start
codon on the fluorescent protein was removed deliberately to
avoid translation of the fluorescent protein alone. In addition
to the promoter, each lentiviral vector contains the HIV-1
central polypurine tract (cPPT) and the Woodchuck Hepatitis
Virus Post-transcriptional Regulatory Element (WPRE) to
improve transduction efficiency.

[0087] Lentiviral production and transduction were experi-
mentally carried out using the following procedures. High-
titer lentiviruses were produced using a second generation
lentiviral system, by cotransiection of 293FT cells (Invitro-
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gen) with pCMVARRS.74 and pMD2.G 1n addition to the viral
vector. The following protocol was used.

[0088] Day 0: Split4 T-225 flasks (Nunc) of 95% confluent
293FT cells into one 4 layer CellFactory (Nunc). Culture

using 500 mL of DMEM with 10% FBS. Incubate the plates
at 37° C. overnight. The cells should reach 90% confluence 1n
24 hours.

[0089] Day 1: Perform calcium phosphate transfection;
make DNA mixture containing 690 ug of the viral vector, 690
ug of pPCMVARS.74, and 460 ug of pMD2.G. Add 5.7 mL of
2M CaCl2 to the DNA mixture and bring the total volume to
23.775 mL with distilled H20; then, quickly combine the
DNA/CaCl2 solution with 23.75 mL of 2xHBS (50 mM
HEPES, 1.5 mM Na2HPO4, 180 mM NaCl, pH 7.05; note
that the pH 1s important); after quickly mixing by inverting 3
times, add the DNA/CaCl2/HBS solution to 500 mL of room-
temperature DMEM with 10% FBS to make the transfection
media; then, exchange the media 1n the CellFactory with the
transiection media.

[0090] Day 2: 15 hours from the time of transfection,
remove the transiection media from the CellFactory and wash
the cells 3 times with fresh room-temperature DMEM; incu-
bation longer than 15 hours may lead to cell death and
reduced viral titer; finally, replace the media with 500 mL of

fresh DMEM containing 10% FBS and incubate 1n a 37° C.
incubator for 9 hours.

[0091] Day 2.5: 24 hours from the time of transfection,
remove the media from the CellFactory and replace with 200
ml of serum-free media (UltraCULTURE, Cambrex) con-
taining 5 mM Sodium Butyrate; return the CellFactory to the
incubator.

[0092] Day 3: 40 hours from the time of transiection, col-
lect the 200 mL of media from the CellFactory. This 1s the
viral-containing supernatant. Centrifuge at 1000 rpm for 3
minutes to precipitate large cell debris and then filter the viral
supernatant using a 0.45 um low-protein binding filter tlask.
Then, centrifuge the supernatant using a SW-28 rotor (Beck-
man Coulter) for 2 hours at 55,000xg to precipitate the virus.
Usually 6 centrifuge tubes are required to concentrate all of
the viral supernatant. Before spinning, add 2 mL of PBS
containing 20% sucrose to the bottom of the centrifuge tube to
remove any remaining cell debris during centrifugation. After
centrifugation, gently decant the liquid from the centrifuge
tubes and re-suspend all 6 viral pellets with 100 uLL of 4° C.
PBS. Then, aliquot the viral solution and store at —80° C. for
tuture use. If desired, 10 mL of unconcentrated viral super-
natant can be stored before centrifugation for in vitro use in
cultured neurons. For culture applications, neurons can be
transduced simply by adding 50 ul. of unconcentrated viral
supernatant per 24-well plate well. Protein expression can be
observed 4 to 5 days later. For in vivo applications, concen-
trated virus can be directly injected into the mammalian brain.

[0093] For whole-cell and cell-attached recording in cul-
tured hippocampal neurons or acute brain slices, three 1ntra-

cellular solutions containing 4 mM chloride were prepared
(135 mM K-Gluconate, 10 mM HEPES, 4 mM KCl, 4 mM

MgATP, 0.3 mM Na3GTP, titrated to pH 7.2), 10 mM chlo-
ride (129 mM K-Gluconate, 10 mM HEPES, 10 mM KCl, 4
mM MgATP, 0.3 mM Na3GTP, titrated to pH 7.2), or 25 mM
chlonide (114 mM K-Gluconate, 10 mM HEPES, 25 mM
KCl, 4 mM MgATP, 0.3 mM Na3GTP, titrated to pH 7.2).

[0094] For cultured hippocampal neurons, Tyrode’s solu-
tion was employed as the extracellular solution (125 mM
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NaCl, 2 mM KCI, 3 mM CaCl2, 1 mM MgCl2, 30 mM
glucose, and 25 mM HEPE, titrated to pH 7.3).

[0095] For preparation of acute brain slices, mice were
sacrificed 2 weeks after viral injection. 250 um acute brain
slices were prepared 1n 1ce-cold cutting solution (64 mM
NaCl, 25 mM NaHCO3, 10 mM glucose, 120 mM sucrose,
2.5 mM KC(CI, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM
MgCl2, and equilibrated with 93% 02/5% CO2) using a
vibratome (V1T10008S, Leica). Slices were incubated 1n oxy-
genated ACSF (124 mM NaCl, 3 mM KCl, 26 mM NaHCO?3,
1.25 mM NaH2PO4, 2.4 mM CaCl2, 1.3 mM MgCl2, 10 mM
glucose, and equilibrated with 95%+02/5% CO2) at 32° C.

for 30 min to recover.

[0096] Forcalcium imaging, lentiviruses were injected into
the cortex of CS7BL/6 mice at postnatal day 4 or 5 and acute
brain slices were prepared 7 to 8 days later for adult mice.

[0097] Transgenic C. elegans Lines and Transgenes were
experimentally developed using the following procedures.
The NpHR gene was placed under the muscle-specific myo-3
promoter (untagged NpHR in transgene zxEx29[pmyo-3::
NpHR; lin-15+4] and NpHR-ECFP in transgene zxEx30
[pmyo-3::NpHR-ECFP; rol-6d]) or under the cholinergic
motoneuron specific unc-17 promoter (NpHRECFEP 1n trans-
gene zxEx33[punc-17::NpHR-ECFEP; lin-15+]). The NpHR -
ECFP fusion (zxEx30 and zxEx34, see below) was employed
to assess expression pattern. NpHR-ECFP (zxEx30) animals
showed light induced effects that were comparable to the
untagged version (zxEx29).

[0098] For co-activation of ChR2/NpHR in muscles or cho-
linergic motoneurons, transgenes zxEx32[pmyo-3::NpHR;
pmyo-3::ChR2(H134R)-EYFP; lin-15+] and zxEx34[punc-
17::NpHRECFP; punc-17::ChR2(gl)-YFP; rol-6d] were
used. Table 1 lists examples of transgenes and worm lines
used 1n various experimental tests.

TABLE 1
Transgene (Genotype Strain
zxEx29 [p myo-3:NpHR; lin-157] lin-15 /X396
(n765ts™)
zxEx30 [p myo-3::NpHR-ECFP; rol-6d] N2 /X397
zxEx32 [p myo-3:NpHR; p lin-15 /X399
myo-3::ChR2(H134R)-EYFP; lin-15™] (n765ts™)
zxEx33 [p unc-17::NpHR-ECFP; lin-15"] lin-15 X416
(n765ts™)
zxEx34 [p unc-17::NpHR-ECEFP; p N2 /X417

unc-17::ChR2(H134R)-EYFP; rol-6d]

[0099] Experimental tests for bidirectional optical neural
control and i vivo implementation were implemented.
NpHR 1n muscle were grown 1in medium containing ATR.
Whole-cell voltage-clamp recordings from dissected muscles
indeed demonstrated light-evoked outward currents (265+£82
pA,n=9).To test effects on muscle activity, swimming behav-
1or 1n liguid medium was analyzed. Consistent with the pho-
tocurrents observed, photoactivation of NpHR immediately
(within ~150 ms) and essentially completely arrested swim-
ming behavior. As controls, transgenic ammals that were
raised 1n the absence of ATR, and wild type animals that were
raised with and without ATR were used. Robust paralyzing
elfects of light were observed, but consistently only 1n trans-
genic animals raised 1n the presence of ATR. When muscle-
expressing amimals were 1lluminated for 1 s, they quickly
returned to their natural swimming rate after light stimulus
termination. When NpHR was activated in muscle for 10 s,
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amimals remained uncoordinated for prolonged periods (up to
40 seconds), before a full recovery became apparent and
normal swimming commenced.

[0100] Next, NpHR was targeted to a specific class of
genetically defined neurons in vivo. NpHR-ECFP was
expressed 1n cholinergic motoneurons using the vesicular
acetylcholine transporter promoter (Punc-17). When 1llumi-
nated for 1 or 10 s, respectively, these animals also strongly
reduced or essentially stopped swimming behavior. These
amimals, 1n contrast to the muscle-targeted individuals, recov-
ered to normal swimming behavior immediately, perhaps
indicating more poweriul C1™ homeostasis in neurons than 1n
muscles, although in all cases full recovery was observed
consistent with the lack of toxicity observed 1n mammalian
neurons.

[0101] When illuminated on solid agar substrate, trans-
genic animals expressing NpHR either in muscle, or 1 cho-
linergic motoneurons, exhibited rapid inhibition of move-
ment and relaxed their bodies, resulting in overall elongation
by up to 9% within ~600 ms of illumination. It was found that
ChR2 and NpHR could be driven simultaneously i C.
elegans as well. With either muscle or targeted cholinergic
neuron expression (using the Pmyo-3 or Punc-17 promoters,
respectively), NpHR rapidly and reversibly counteracted the
shortening behavior observed with ChR2 alone. These
experiments demonstrate that acetylcholine release can be
cificiently triggered from C. elegans motoneurons using
ChR2, and that ChR2 and NpHR work well together 1n nema-

todes as well as mammals.

[0102] Slides were develop showing cell-attached (FI1G. 4A
left) and whole-cell (FIG. 4A rnight) recording of cultured
hippocampal neurons co-expressing ChR2- mCherry and
NpHR-EYFP. Action potentials were evoked via trains of
blue light pulses (5 Hz trains, 15 ms pulse width, lowest set of
bars). NpHR-mediated ihibition was co-administered by

brief yellow light pulses (50 ms pulse width, upper sets of
bars).

[0103] A confocal image was taken from acute mouse brain
slice showing membrane-localized NpHR-EYFP expression
in the hippocampal CA3 subfield (FIG. 4B left). Current
clamp recording showed NpHR-mediated inhibition of spe-

cific spikes during a train of action potentials evoked by
pulsed current injection (300 pA, 20 Hz, FIG. 4B right).

[0104] Epifluorescence images of cortical neurons triple-
labeled with NpHR-EYFP, ChR2-mCherry, and Fura-2
showed expression in the neurons. (FIG. 4C)

[0105] Simultaneous illumination of cells co-expressing
NpHR-EYFP and ChR2-mCherry with steady yellow (con-
tinuous 1llumination, 6 s) and pulsed blue light (350 pulses at
15 ms per flash, 10 Hz) prevented [Ca2+] transients (FIG.
4D). Subsequent photostimulation of the same cells with blue
light pulses (30 pulses at 15 ms per flash, 10 Hz) evoked
reliable [Ca2+] transients. A bar graph was generated that
shows the photostimulation-induced fluorescence changes

(FI1G. 4D, n=6 ChR2-activated triple-labeled cells).

[0106] Epifluorescence images showed Pmyo-3-mediated
(transgene zxEx30) NpHR-ECFP expression 1in the body wall
muscles of C. elegans (FIG. 4E). A muscle voltage clamp
trace showed photocurrent 1n transgenic C. elegans express-
ing NpHR-ECFP (transgene zxEx30) and raised 1n the pres-
ence of ATR. A lack of response 1n transgenic animal raised 1in
the absence of ATR was noted. Animal postures from three
consecutive movie frames (frame rate 12.5 Hz), either with or
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without NpHR photoactivation, were superimposed to show
lack of movement 1n NpHR photoactivated animals.

[0107] The effect of 10 s illumination on swimming rate
(n=10 for each set) 1n wild type controls, animals expressing
NpHR 1n muscles (transgene zxEx29, FI1G. 4F blue), or cho-
linergic motoneurons (transgene zxEx33, FIG. 4F red) was
monitored. The number of swimming cycles per second was
counted 1n bins of 5 s intervals. A briefer 1 s 1llumination
protocol was also used, revealing rapid inhibition during illu-
mination and faster recovery by comparison with the 10 s
1llumination.

[0108] Theeffect of 1 sillumination on body length (n=5-6
for each set) was monitored (FIG. 4G). Movies were taken
from transgenic worms expressing NpHR 1n muscles (trans-
gene zxEx29) or cholinergic motoneurons (transgene
7zxEx33). Combined ChR2/NpHR expression in muscle cells
(transgene zxEx32) or cholinergic motoneurons (transgene
7zxEx34) ol behaving worms. A plot was generated that shows
the body length during the first frame before illumination, the
13 frames during the 1llumination and the next 11 frames after
illumination ended (FIGS. 4F, 4G and 4H) including controls
and combined ChR2/NpHR expression in muscle cells (trans-
gene zxHEc32) or cholinergic motoneurons (transgene
zxEx34) of behaving worms.

[0109] NpHR activation significantly reversed the muscle
contraction caused by ChR2 activation (n=6 per condition; *,
p<0.05; ** p<0.01; *** p<0.001; between consecutive time
points; t-test), but not 1n animals raised 1n the absence oT ATR.

[0110] According to a first experimental method, swim-
ming of a transgenic C. elegans expressing NpHR (transgene
7zxEx29) 1n muscles 1s instantaneously, and repeatedly, inhib-
ited by photoactivation of HR.

[0111] According to a second experimental method, swim-
ming of a transgenic C. elegans expressing NpHR 1n cholin-
ergic motoneurons (transgene zxEx33) 1s 1nstantaneously
inhibited by photoactivation of NpHR.

[0112] According to a third experimental method, trans-
genic C. elegans expressing NpHR-ECFEFP 1n muscles (trans-
gene zxEx30). Movement 1s rapidly inhibited (3x) by photo-
activation of HR, and the body relaxes and dilates.

[0113] According to a fourth experimental method, one
transgenic C. elegans expressing NpHR 1n muscles (trans-
gene zxEx29), and one non-transgenic control animal. Move-
ment of the transgenic animal 1s rapidly inhibited by photo-
actrvation of HR.

[0114] According to a fifth experimental method, trans-
genic C. elegans expressing NpHR 1n cholinergic motoneu-
rons (transgene zxEx33). Movement is rapidly inhibited by
photoactivation of HR, and the body relaxes and dilates.

[0115] According to a sixth experimental method, co-ex-
pression and -activation of ChR2(H134R)-EYFP and NpHR
in cholinergic motoneurons of transgenic C. elegans (trans-
gene zxEx34). The animal 1s 1lluminated with blue light (for
ChR2 activation, causing contractions, then, while ChR2 1s
still photoactivated, NpHR 1s photoactivated by yellow light,
causing significant body relaxation. When NpHR activation
ends, the animal contracts again (ChR2 still activated), and
finally, when ChR2 activation ends, the animal relaxes to the
initial body length.

[0116] According to a seventh experimental method, co-
expression and rapidly alternating activation of ChR2

(H134R)EYFP and NpHR in muscles of transgenic C.
elegans (transgene zxEx32). The animal 1s illuminated with
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alternating blue light (for ChR2 activation), causing contrac-
tions, and yellow light causing significant body relaxation.

[0117] FIG. 5 depicts an arrangement with multiple light
sources, according to an example embodiment of the present
invention. FIG. 5§ shows light sources 502 and 504 that 11lu-
minate proteins 510 and 514. The proteins 510 and 514 are
engineered within cell 512 to control current across the cell
membrane 1n response to light from light sources 502 and
504, respectively. In one 1nstance, the first protein 510 func-
tions to dissuade action potential firing, while the second
protein 514 functions to encourage action potential firng.
Each of proteins 510 and 3514 are responsive to light. In a
particular imnstance, the first protein is responsive to light from
light source 502 having a wavelength A and the second pro-
tein 1s responsive to light from light source 504 having a
wavelength B. Thus, the light sources can be used to control
cach protein independently. This can be useful for both
encouraging and dissuading action potentials in the cell. In
another instance, having both types of proteins allows for
both positive and negative control of the cell membrane volt-
age. Thus, the different light sources and proteins could be
used to control the voltage or current level (e.g., clamping) of
the cell membrane.

[0118] One method of determining responsiveness
involves quantitying the responsiveness in terms of the imten-
sity of light required to produce a given response. In some
instances, the first or second protein can still be responsive to
the alternate wavelength of light although the responsiveness
of the protein may be less than that of the primary wavelength.
Accordingly, a protein of a first type may have some respon-
stveness to the wavelength corresponding to the other type of
protein while still maintaining sufficient independence of
operation. In one such instance, control of the cell can be
implemented by shifting either the wavelength of light or the
intensity of the light. For instance, the wavelength can be
shifted between A and B to induce a corresponding increase
or decrease the membrane voltage potential.

[0119] Embodiments of the invention can be implemented
with just the protein based 1on pump(s). In a specific example,
pump 310 1s designed to operate using an endogenous cofac-
tor, such as ATR, which can be found 1n people and many
amimals. This 1s particularly useful for minimizing intrusive-
ness of 1 vivo applications because 1t can reduce the need for
foreign substances (e.g., colactors). In a particular 1nstance,
pump 1s a halorhodopsin that acts as an anion pump (e.g., C17)
that 1s activated in response to light from light source 502
within milliseconds. Such a fast response allows for the sys-
tem to control (dissuade) individual action potentials in the
cell.

[0120] According to one embodiment of the present mnven-
tion, pump 514 can optionally be implemented for purposes
other than dissuading action potential firing, such as control-
ling the voltage level of cell 508. More specifically, a sensor
can be used provide feedback to the light source 502. For
instance, this feedback could be a measurement of the voltage
or current across the cell membrane. Thus, the light source
could be configured to maintain a constant current or voltage
(e.g., clamp) across the cell. Moreover, the amount of respon-

stveness can be controlled by moditying one or more of the
intensity and wavelength of the light.

[0121] FIG. 6 shows a system for controlling electrical
properties of one or more cells 1n vivo, according to an
example embodiment of the present invention. Control/Inter-
face unit 602 enables/disables light source 604 to illuminate
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target cells 608. A delivery mechanism, such as fiber optic
cable 606, routes or otherwise directs the light to target cells
608. Fiber optic cable 606 may include a bundle of optical
cables, each capable of carrying and directing light indepen-
dently. Thus, fiber optic cable 606 can be configured to deliver
light having one or more wavelengths to multiple locations.
Sensor 610 can be implemented, e.g., as an optical device
such as an optical scope or as a voltmeter, to provide feedback
to control unit 642. In a particular instance, the feedback
includes optical imaging of the target cells or of other related
cells. In another instance, the feedback could monitor the
voltage response of the target cells, including the amount of
action potential firing.

[0122] FIG. 7 shows a system for controlling electrical
properties of one or more cells 1 vivo, according to an
example embodiment of the present invention. Control/Inter-
face unit 702 enables/disables implantable light source 704,
which 1n turn illuminates target cells 706. Light source 704 1s
shown with two light source, inhibitory current light source
708 and excitation current light source 710. Light source 708
produces light at a wavelength and intensity that an inhibitory
protein 1s responsive to, while light source 710 produces light
at a wavelength and intensity that an excitation protein 1s
responsive to. One skilled in the art would recognize that
various configurations of light source 710 are possible,
including a single inhibitory light source or an array of light
sources having one or more wavelengths. Control/Interface
unit 702 communicates with light source 704 through any
suitable communication mechanisms, such as wired commu-
nications or wireless communications using radio-frequency
signals, magnetic signals and the like. As discussed above 1n
connection with FIG. 6, sensor 712 can optionally be imple-
mented for providing feedback to control unit 702.

[0123] Another important aspect of the present invention
concerns applications and uses which benefit by reducing
toxicity of cells. In certain applications and uses, cells modi-
fied to mclude 1on pump molecules can become intolerably
toxic. Toxicity can become increasingly problematic as the
expression level increases 1n a cell or the network, for
example, when expecting consistent results under repeated
tests using the same cell or neural network. A number of
embodiments discussed above specifically mention the mam-
malianized NpHR sequence (GenBank Accession No.
EF474018). In connection with the present invention, 1t has
been discovered that this mammalianized NpHR coding
sequence has a toxicity that i1s nearly 100%. It has been
discovered that for high expression levels the mammalianized
NpHR sequence manifests toxicity at 87% which 1s consid-
ered near enough complete toxicity to be considered as a
baseline toxicity reference level which can be substantially
reduced using ditferent (NpHR-based but having a different
NpHR-based sequence) molecules. Accordingly, various
aspects of the present invention are implemented with signifi-
cantly reduced toxicity.

[0124] The toxicity levels were obtained by a stringent
process of 1dentifying any cell abnormality, such as blebs on
the cell membrane. For the purposes of this disclosure and the
data presented herein, a cell with even single abnormality 1s
considered toxic as are any dead cells. A “toxicity level,” as
used 1n this disclosure, means the percentage of cells that are
considered toxic.

[0125] As discussed herein, the expression levels are
obtained by increasing the original expression levels dis-
cussed above (1.e., about 2x10e7 nfectious units (1fu) per
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milliliter) to one of high expression of at least 3x10e7 1fu per
milliliter; very high expression of at least 4x10e7 ifu per
milliliter; ultra high expression of at least 5x10e7 ifu per
milliliter; or very ultra high expression of at least 1x10e8 ifu
per milliliter. In a particular embodiment the expression lev-
els can characterized 1n terms of their mean photo current
being 44 pA or higher.

[0126] Various embodiments of the present invention allow
for substantially reduced toxicity levels 1n high expression
level (relative to the mammalianized NpHR sequence).
[0127] According to one embodiment, an opsin sequence 1s
implemented that exhibits a toxicity of about 72%. A specific
example 1s SPChR2-NpHR, where a signal peptide (first
15aa) from ChR2 1s added to the N-terminus: DY GGAL-
SAVGRELL.

[0128] According to one embodiment, an opsin sequence 1s
implemented that exhibits a toxicity of about 69%. A specific
example 1s SPnAChR-L-NpHR, where signal peptide (23aa)
from nicotinic acetylcholine receptor 1s added to the N-ter-
minus: MGLRALMLWLLAAAGLVRESLQG.

[0129] According to one embodiment, an opsin sequence 1s

implemented that exhibits a toxicity of about 59%. A specific
example 1s NpHR-VSNL, where the PDZ binding motif
VSNL 1s added to the C-terminus.

[0130] According to one embodiment, an NpHR coding
sequence 1s implemented with a toxicity of about half of the
base-line toxicity. A specific example 1s an NpHR-based
sequence that uses the codons originally present in Natrono-
monas pharaonis. Another example 1s an NpHR-based
sequence where a signal peptide (18aa) from nicotinic ace-
tylcholine receptor 1s added to the N-terminus: MRGT-
PLLLVVSLFSLLQD.

[0131] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a toxicity of between about
34% and 40%. A specific example 1s an NpHR-based
sequence that 1s formed by adding the PDZ binding motif
ETQZ to the C-terminus (NpHR-ETQV).

[0132] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a toxicity of between about
20% and 26%. A specific example 1s an NpHR-based
sequence that 1s formed by adding the PTPP sequence to the
C-terminus to promote interaction with actin-binding protein
filamin (NpHR-actin).

[0133] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a toxicity of between about
4% and 10%. A specific example 1s an NpHR-based sequence
that 1s formed by adding the ER export signal to the C-termi-
nus: VLGSL or, more generally, VXXSL (NpHR-ERexport).
[0134] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a peak current of between
about 11.1 pA and 50 pA. A specific example 1s an NpHR-
based sequence that uses the codons originally present in
Natronomonas pharaonis.

[0135] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a peak current of between
about40pA and 61 pA. A specific example 1s an NpHR-based
sequence where a signal peptide (18aa) from nicotinic ace-
tylcholine receptor 1s added to the N-terminus: MRGT-
PLLLVVSLFSLLQD.

[0136] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a peak current of between
about49pA and 77 pA. A specific example 1s an NpHR-based
sequence that 1s formed by adding the PDZ binding motif

ETQZ to the C-terminus (NpHR-ETQV).
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[0137] According to another embodiment, an NpHR cod-
ing sequence 1s implemented with a peak current of between
about 11 pA and 70 pA. A specific example 1s an NpHR -based
sequence that 1s formed by adding the PTPP sequence to the
C-terminus to promote mnteraction with actin-binding protein
filamin (NpHR-actin). Another example 1s an NpHR-based
sequence that 1s formed by adding the ER export signal to the

C-terminus: VLGSL or, more generally, VXXSL (NpHR-

ERexport).
[0138] Experimental data results showing toxicity and peak
current for various NpHR sequences are shown 1n Table 2.
TABLE 2
Toxicity Peak
in photocurrent
Construct Molecular Modification neurons (mean +s.d)
Humanized Nnone 87%  48.0 £7.0 pA
NpHR
Non- use the original codons from 37%  29.6 £ 18.5 pA
Humanized bacteria
NpHR
SP, icnrs Added signal peptide (18aa) 37% 515 +£92pA
NpHR from nicotinic acetylcholine
receptor to the N-terminus:
MRGTPLLLVVSLEFSLLQD
NpHR- Added the PDZ binding 34%  63.7 £12.7 pA
ETQV motif ETQV to the C-
terminus
NpHR-actin Added the PTPP sequence to 23%  39.8 £ 20.2 pA
the C-terminus to promote
interaction with actin-binding
protein filamin
NpHR- Added the ER export signal 7% 403 £ 285 pA
ERexport to the C-terminus: VLGSL
(more general VXXSL)
[0139] Toxicity was assessed in cultured hippocampal neu-

rons as follows: neurons 4 days 1n vitro were nfected with
lentivirus for each of the constructs and allowed to accumu-
late protein for two weeks before assessing toxicity. Cells that
displayed large round intracellular blobs either 1n the soma or
dendrites were counted as toxic cells. The photocurrents for
cach of the constructs were assessed by electrophysiology as
described herein and also similar to that taught by “Multimo-
dal fast optical interrogation of neural circuitry” by Zhang, et
al, Nature (Apr. 5, 2007) Vol. 446: 633-639, which 1s fully
incorporated herein by reference. It should be noted that
while the neurons were allowed to express protein for at least
one week, this time frame was about half of the time allotted
in various underlying experimental tests discussed above.
Additional expression time would allow for more expression,
which 1n turn would result 1n increased toxicity and photo-
currents. Accordingly, assuming a near-linear increase 1n tox-
icity, the embodiments showing around 37% toxicity would
reach about 74%.

[0140] Various embodiments are directed toward a con-
struct that includes ER export signals, including, but not
limited to: VXXSL; FXYENE (see “A sequence motif
responsible for ER export and surface expression of Kir2.0
inward rectifier K(+) channels™ Stockklausner et al., FEBS
Lett.; 493 (2-3):129-133 March, 2001; and “Role of E
Export Signals in Controlling Surface Potasstum Channel
Numbers” Ma et al., Science Vol. 291. no. 5502:316-319,
2001); C-terminal valine residue (see “A Specific Endoplas-

mic Reticulum Export Signal Drives Transport of Stem Cell
Factor (Kitl) to the Cell Surtface” Paulhe etal., J. Biol. Chem.,

Vol. 2779, Issue 53, 55545-55533, Dec. 31, 2004); VMI (see
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“Signal-dependent export of GABA transporter 1 from the
ER-Golgi intermediate compartment 1s specified by a C-ter-
minal motit” Farhan et al., J. Cell Sc1. 121:753-761, Feb. 19,

2008.) Each of the above-mentioned references 1s 1mcorpo-
rated herein by reference 1n their entirety.

[0141] Various embodiments are directed toward a con-
struct that includes signal peptides for isertion into plasma
membrane including, but not limited to, signal peptides from
other opsins or from other transmembrane proteins such as
the nicotinic acetylcholine receptor (Isenberg et al., 1989, J.
Neurochemistry).

[0142] For additional information regarding implementa-

tion of a signal peptide (first 15aa) from ChR2 added to the
N-terminus reference can be made to “Millisecond-times-
cale, genetically-targeted optical control of neural activity”

Boyden, et al., Nature Neuroscience 8(9):1263-1268 (2005),
which 1s fully incorporated herein by reference.

[0143] For additional information regarding implementa-
tion of a signal peptide (23aa) from nicotinic acetylcholine
receptor added to the N-terminus reference can be made to
Bocquet et al., “A prokaryotic proton-gated 1on channel from

the nicotinic acetylcholine receptor family™ Nature 445:116-
119, January, 2007.

[0144] Various embodiments are directed toward a con-
struct that includes PDZ binding motifs including, but not
limited to, X(S/T)XV (e.g., ETQV) or X(5T)XL (e.g.,
VSNL).

[0145] For additional information regarding implementa-
tion of NpHR-VSNL, where the PDZ binding motif VSNL 1s
added to the C-terminus, reference can be made to “Interac-
tions with PDZ proteins are required for L-type calcium chan-
nels to activate cAMP response element-binding protein-de-
pendent gene expression” Weick et al., J. Neurosci. 23:3446-
3456, 2003, which 1s fully incorporated herein by reference.

[0146] For additional information regarding implementa-
tion of NpHR-ETQV-based sequences, reference can be
made to “Targeting and Readout Strategies for Fast Optical
Neural Control In Vitro and In Vivo” Gradinaru, et al., The
Journal of Neuroscience 27(52):14231-14238, Dec. 26,

2007, which 1s fully incorporated herein by reference.

[0147] For additional information regarding implementa-
tion ol original codon-based sequences, reference can be

made to “Light Driven Proton Pump or Chloride Pump by
Halorhodopsin™ Bamberg, et al., Proc. Natl. Acad. Sci. USA

Vol. 90: 639-643, January 1993 Biophysics, which 1s fully
incorporated herein by reference.

[0148] For additional information regarding implementa-
tion of SP, , ,» pHR-based sequences, reference can be
made to “Rapid Communication Cloming of a Putative Neu-
ronal Nicotimic Acetylcholine Receptor Subumt” Isenberg, et

al., J. Neurochem. 52(3):988-991, 1989, which 1s fully incor-
porated herein by reference.

[0149] For additional information regarding implementa-
tion of NpHR-actin-based sequences, reference can be made
to “Localization and Enhanced Current Density of the Kv4.2
Potassium Channel by Interaction with the Actin-binding
Protein Filamin” Petrecca, et al., The Journal of Neuroscience
20(23):8763-8744, December, 2000, which 1s tully incorpo-

rated herein by reference.

[0150] For additional information regarding implementa-
tion of ERexport-based sequences, reference can be made to
“Surface Expression of Kvl Voltage-Gated K+ Channels 1s
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Governed by a C-terminal Motif” Levitan, et al., TCM 10(7):
317-320, 2000, which 1s fully incorporated herein by refer-

CIICC.

[0151] The various sequences need not be implemented 1n
1solation. To the contrary, embodiments of the present inven-
tion mmvolve various combinations of the above sequences
with one another on the same gene. For example, the desired
expression levels, peak currents and toxicity levels are tai-
lored through a combination of two or more different
sequences within the target cellular structure(s). Specific
embodiments 1nvolve the selection and use of specific
sequences that bind to different portions of the gene (e.g., the
C-terminus and the N-terminus). Such selections results 1n
characteristics (e.g., toxicity, current levels and expression
levels) not present 1n embodiments that use only a single
sequence. Thus, various embodiments are directed toward
combinations of two or more of the above listed modifica-
tions. For example, a hybrid construct of SP, , -, .. .~-NpHR-
ERexport. Another example involves that addition of ChR2 to
the cell.

[0152] Thus, various embodiments can be implemented 1n
which two or more constructs are used to express an NpHR -
based protein 1n the cell. Each construct 1s capable of inde-
pendently expressing the protein. In one instance, the con-
structs can be implemented 1n the same sequence. In another
instance, the constructs can be sequentially delivered using
two or more different sequences.

[0153] Additional constructs can be implemented by co-
expressing helper proteins, such as chaperones, that could be
useful i aiding NpHR folding and trafficking.

[0154] A few example sequence listings are provided in the
Appendix, which forms part of this specification. It should be
noted that all the sequences contain the EYFP fluorescent
protein for visualization purposes. Embodiments of the
present invention can be implemented without thus EYFP
fluorescent protein. For example, each of the sequences can
be implemented either on the NpHR alone (with no fluores-
cent protein) or on the NpHR-X fluorescent protein complex.

[0155] Many human applications of the present invention
require governmental approval prior to their use. For instance,
human use of gene therapy may require such approval. How-
ever, similar gene therapies in neurons (nonproliferative cells
that are non-susceptible to neoplasms) are proceeding rap-
1dly, with active, FDA-approved clinical trials already under-
way 1nvolving viral gene delivery to human brains. This 1s
likely to facilitate the use of various embodiments of the
present invention for a large variety of applications. The fol-
lowing 1s a non-exhaustive list of a few examples of such
applications and embodiments.

[0156] Addiction is associated with a variety of brain func-
tions, including reward and expectation. Additionally, the
driving cause of addiction may vary between individuals.
According to one embodiment, addiction, for example nico-
tine addiction, may be treated with optogenetic stabilization
of small areas on the insula. Optionally, functional brain
imaging—Ifor example cued-state PET or IMRI—may be
used to locate a hypermetabolic focus 1n order to determine a
precise target spot for the intervention on the 1nsula surface.

[0157] Optogenetic excitation of the nucleus accumbens
and septum may provide reward and pleasure to a patient
without need for resorting to use of substances, and hence
may hold a key to addiction treatment. Conversely, optoge-
netic stabilization of the nucleus accumbens and septum may
be used to decrease drug craving in the context of addiction.
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In an alternative embodiment, optogenetic stabilization of
hypermetabolic activity observed at the genus of the anterior
cingulate (BA32) can be used to decrease drug craving. Opto-
genetic stabilization of cells within the arcuate nucleus of the
medial hypothalamus which contain peptide products of pro-
opiomelanocortin (POMC) and cocaine-and-amphetamine-
regulating transcript (CART) can also be used to decrease
drug addiction behavior. For further information in this
regard, reference may be made to: Nagvi N H, Rudrauf D,
Damasio H, Bechara A. “Damage to the insula disrupts addic-
tion to cigarette smoking.” Science. 2007 Jan. 26;315(5811):
531-334, which 1s fully incorporated herein by reference.

[0158] Optogenetic stimulation of neuroendocrine neurons
of the hypothalamic periventricular nucleus that secrete
somatostatin can be used to 1nhibit secretion of growth hor-
mone from the anterior pituitary, for example 1n acromegaly.
Optogenetic stabilization of neuroendocrine neurons that
secrete somatostatin or growth hormone can be used to
increase growth and physical development. Among the
changes that accompany “normal” aging, 1s a sharp decline 1n
serum growth hormone levels after the 4” and 5” decades.
Consequently, physical deterioration associated with aging
may be lessened through optogenetic stabilization of the
periventricular nucleus.

[0159] Optogenetic stabilization of the ventromedial
nucleus of the hypothalamus, particularly the pro-opiomel-
anocortin (POMC) and cocaine-and-amphetamine-regulat-
ing transcript (CART) of the arcuate nucleus, can be used to
increase appetite, and thereby treat anorexia nervosa. Alter-
natively, optogenetic stimulation of the lateral nuclei of the
hypothalamus can be used to increase appetite and eating,
behaviors.

[0160] Optogenetic excitation 1n the cholinergic cells of
alfected areas including the temporal lobe, the NBM
(Nucleus basalis of Meynert) and the posterior cingulate
gyrus (BA 31) provides stimulation, and hence neurotrophic
drive to deteriorating areas. Because the affected areas are
widespread within the brain, an analogous treatment with
implanted electrodes may be less feasible than an opto-ge-
netic approach.

[0161] Anxiety disorders are typically associated with
increased activity 1n the left temporal and frontal cortex and
amygdala, which trends toward normal as anxiety resolves.
Accordingly, the atfected left temporal and frontal regions
and amygdala may be treated with optogenetic stabilization,
so as to dampen activity in these regions.

[0162] Innormal physiology, photosensitive neural cells of
the retina, which depolarize 1n response to the light that they
receive, create a visual map of the received light pattern.
Optogenetic 1on channels can be used to mimic this process in
many parts of the body, and the eyes are no exception. In the
case of visual impairment or blindness due to damaged retina,
a Tunctionally new retina can be grown, which uses natural
ambient light rather than flashing light patterns from an
implanted device. The artificial retina grown may be placed in
the location of the original retina (where 1t can take advantage
of the optic nerve serving as a conduit back to the visual
cortex). Alternatively, the artificial retina may be placed 1n
another location, such as the forehead, provided that a conduait
tor the depolarization signals are transmitted to cortical tissue
capable of deciphering the encoded information from the
optogenetic sensor matrix. Cortical blindness could also be
treated by simulating visual pathways downstream of the
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visual cortex. The stimulation would be based on visual data
produced up stream of the visual cortex or by an artificial light
SEeNnsor.

[0163] Treatment of tachycardia may be accomplished
with optogenetic stimulation to parasympathetic nervous sys-
tem fibers including CN X or Vagus Nerve. This causes a
decrease in the SA node rate, thereby decreasing the heartrate
and force of contraction. Similarly, optogenetic stabilization
of sympathetic nervous system fibers within spinal nerves T1
through T4, serves to slow the heart. For the treatment of
pathological bradycardia, optogenetic stabilization of the
Vagus nerve, or optogenetic stimulation of sympathetic fibers
in T1 through T4 will serve to increase heart rate. Cardiac
disrhythmias resulting from aberrant electrical foci1 that out-
pace the sinoatrial node may be suppressed by treating the
aberrant electrical focus with moderate optogenetic stabiliza-
tion. This decreases the intrinsic rate of firing within the
treated tissue, and permits the sinoatrial node to regain its role
in pacing the heart’s electrical system. In a similar way, any
type of cardiac arrhythmia could be treated. Degeneration of
cardiac tissue that occurs 1n cardiomyopathy or congestive
heart failure could also be treated using this mvention; the
remaining tissue could be excited using various embodiments
of the mvention.

[0164] Optogenetic excitation stimulation of brain regions
including the frontal lobe, parietal lobes and hippocampi,
may increase processing speed, improve memory, and stimu-
late growth and interconnection of neurons, including spur-
ring development of neural progenitor cells. As an example,
one such application of the present invention 1s directed to
optogenetic excitation stimulation of targeted neurons in the
thalamus for the purpose of bringing a patient out of a near-
vegetative (barely-conscious) state. Growth of light-gated 1on
channels or pumps 1n the membrane of targeted thalamus
neurons 1s effected. These modified neurons are then stimu-
lated, e.g., via optics which may also gain access by the same
passageway, by directing a tlash of light thereupon so as to
modulate the function of the targeted neurons and/or sur-
rounding cells. For further information regarding approprate
modulation techniques (via electrode-based treatment) or fur-
ther information regarding the associated brain regions for

such patients, reference may be made to: Schiff N D, Giacino
J T, Kalmar K, Victor J D, Baker K, Gerber M, Fritz B,

Eisenberg B, O’Connor J O, Kobylarz E I, Farris S, Machado
A, McCagg C, Plum F, Fins J J, Rezair A R. Behavioral
improvements with thalamic stimulation after severe trau-

matic brain injury. Nature. Vol 448. Aug. 2, 2007 pp 600-604.

[0165] In an alternative embodiment, optogenetic excita-
tion may be used to treat weakened cardiac muscle 1 condi-
tions such as congestive heart failure. Electrical assistance to
failing heart muscle of CHF 1s generally not practical, due to
the thin-stretched, fragile state of the cardiac wall, and the
difficulty 1 providing an evenly distributed electrical cou-
pling between an electrodes and muscle. For this reason,
preferred methods to date for increasing cardiac contractility
have 1mvolved either pharmacological methods such as Beta
agonists, and mechanical approaches such as ventricular
assist devices. In this embodiment of the present invention,
optogenetic excitation 1s delivered to weakened heart muscle
via light emitting elements on the inner surface of a jacket
surround the heart or otherwise against the aifected heart
wall. Light may be diffused by means well known 1n the art,
to smoothly cover large areas of muscle, prompting contrac-
tion with each light pulse.
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[0166] Optogenetic stabilization 1n the subgenual portion
of the cingulate gyrus (Cg23), yellow light may be applied
with an implanted device. The goal would be to treat depres-
sion by suppressing target activity 1n manner analogous to
what 1s taught by Mayberg H S et al., Deep Brain Stimulation
for Treatment-Resistant Depression. Neuron, Vol. 45, 631-
660, Mar. 3, 2005, 651-660, which 1s fully incorporated
herein by reference. In an alternative embodiment, an opto-
genetic excitation stimulation method 1s to increase activity 1in
that region 1 a manner analogous to what 1s taught by
Schlaepter et al., Deep Brain stimulation to Reward Circuitry
Alleviates Anhedonia in Refractory Major Depression, Neu-
ropsychopharmacology 2007 1-10, which 1s tully incorpo-
rated herein by reference. In yet another embodiment the left
dorsolateral prefrontal cortex (LDPFC) 1s targeted with an
optogenetic excitation stimulation method. Pacing the
LDLPFC at 5-20 Hz serves to increase the basal metabolic
level of this structure which, via connecting circuitry, serves
to decrease activity 1n Cg 235, improving depression 1n the
process. Suppression of the right dorsolateral prefrontal cor-
tex (RDLPFC)1s also an effective depression treatment strat-
egy. This may be accomplished by optogenetic stabilization
onthe RDLPFC, or suppression may also be accomplished by
using optogenetic excitation stimulation, and pulsing at a
slow rate—1 Hz or less, improving depression in the process.
Vagus nerve stimulation (VNS) may be improved using an
optogenetic approach. Use of optogenetic excitation may be
used 1n order to stimulate only the vagus atferents to the brain,
such as the nodose ganglion and the jugular ganglion. Effer-
ents from the brain would not receive stimulation by this
approach, thus eliminating some of the side-effects of VNS
including discomiort 1n the throat, a cough, difficulty swal-
lowing and a hoarse voice. In an alternative embodiment, the
hippocampus may be optogenetically excited, leading to
increased dendritic and axonal sprouting, and overall growth
of the hippocampus. Other brain regions implicated 1n
depression that could be treated using this invention include
the amygdala, accumbens, orbitofrontal and orbitomedial
cortex, hippocampus, olfactory cortex, and dopaminergic,
serotonergic, and noradrenergic projections. Optogenetic
approaches could be used to control spread of activity through
structures like the hippocampus to control depressive symp-
toms.

[0167] Solong as there are viable alpha and beta cell popu-
lations 1n the pancreatic 1slets of Langerhans, the 1slets can be
targeted for the treatment of diabetes. For example, when
serum glucose 1s high (as determined manually or by closed
loop glucose detection system), optogenetic excitation may
be used to cause 1insulin release from the beta cells of the 1slets
of Langerhans in the pancreas, while optogenetic stabiliza-
tion 1s used to prevent glucagon release from the alpha cells of
the 1slets of Langerhans in the pancreas. Conversely, when
blood sugars are too low (as determined manually or by
closed loop glucose detection system), optogenetic stabiliza-
tion may be used to stop beta cell secretion of mnsulin, and
optogenetic excitation may be used to increase alpha-cell
secretion of glucagon.

[0168] For treatment of epilepsy, quenching or blocking
epileptogenic activity 1s amenable to optogenetic approaches.
Most epilepsy patients have a stereotyped pattern of activity
spread resulting from an epileptogenic focus Optogenetic
stabilization could be used to suppress the abnormal activity
betore it spreads or truncated 1t early 1n its course. Alterna-
tively, activiation of excitatory tissue via optogenetic excita-
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tion stimulation could be delivered 1n a series of deliberately
ansynchronous patterns to disrupt the emerging seizure activ-
ity. Another alternative involves the activation of optogenetic
excitation stimulation in GABAergic neurons to provide a
similar result. Thalamic relays may be targeted with optoge-
netic stabilization triggered when an abnormal EEG pattern 1s
detected.

[0169] Another embodiment involves the treatment of gas-
trointestinal disorders. The digestive system has its own,
semi-autonomous nervous system containing sensory neu-
rons, motor neurons and interneurons. These neurons control
movement of the GI tract, as well as trigger specific cells in
the gut to release acid, digestive enzymes, and hormones
including gastrin, cholecystokinin and secretin. Syndromes
that include mmadequate secretion of any of these cellular
products may be treated with optogenetic stimulation of the
producing cell types, or neurons that prompt their activity.
Conversely, optogenetic stabilization may be used to treat
syndromes 1n which excessive endocrine and exocrine prod-
ucts are being created. Disorders of lowered 1ntestinal motil-
ity, ranging from constipation (particularly in patients with
spinal cord injury) to megacolan may be treated with optoge-
netic excitation ol motor neurons 1n the intestines. Disorders
of intestinal hypermotility, including some forms of irritable
bowel syndrome may be treated with optogenetic stabiliza-
tion of neurons that control motility. Neurogentic gastric out-
let obstructions may be treated with optogenetic stabilization
of neurons and musculature i1n the pyloris. An alternative
approach to hypomobility syndromes would be to provide
optogenetic excitation to stretch-sensitive neurons in the
walls of the gut, increasing the signal that the gut 1s full and in
need of emptying.

[0170] Inthis same paradigm, an approach to hypermobil-
ity syndromes of the gut would be to provide optogenetic
stabilization to stretch receptor neurons in the lower GI, thus
providing a “false cue” that the gut was empty, and not in need
of emptying. In the case of frank fecal incontinence, gaining
improved control of the internal and external sphincters may
be preferred to slowing the motility of the entire tract. During
periods of time during which a patient needs to hold feces 1n,
optogenetic excitation of the internal anal sphincter will pro-
vide for retention. Providing optogenetic stimulation to the
external sphincter may be used to provide additional conti-
nence. When the patient 1s required to defecate, the internal
anal sphincter, and then external anal sphincter should be
relaxed, either by pausing the optogenetic stimulation, or by
adding optogenetic stabilization.

[0171] Conductive hearing loss may be treated by the use of
optical cochlear implants. Once the cochlea has been pre-
pared for optogenetic stimulation, a cochlear implant that
flashes light may be used. Sensorineural hearing loss may be
treated through optical stimulation of downstream targets in
the auditory pathway.

[0172] Another embodiment of the present imvention 1s
directed toward the treatment of blood pressure disorders,
such as hypertension. Baroreceptors and chemoreceptors in
regions such as the aorta (aortic bodies and paraaortic bodies)
and the carotid arteries (“carotic bodies™) participate the
regulation of blood pressure and respiration by sending atier-
ents via the vagus nerve (CN X), and other pathways to the
medulla and pons, particularly the solitary tract and nucleus.
Optogentetic excitation of the carotid bodies, aortic bodies,
paraortic bodies, may be used to send a false message of
“hypertension” to the solitary nucleus and tract, causing it to
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report that blood pressure should be decreased. Optogenetic
excitation or stabilization directly to appropnate parts of the
braimnstem may also be used to lower blood pressure. The
opposite modality causes the optogenetic approach to serve
as a pressor, raising blood pressure. A similar effect may also
be achieved via optogenetic excitation of the Vagus nerve, or
by optogenetic stabilization of sympathetic fibers within spi-
nal nerves T1-T4. In an alternative embodiment, hyperten-
sion may be treated with optogenetic stabilization of the
heart, resulting in decreased cardiac output and lowered
blood pressure. According to another embodiment, optoge-
ntic stabilization of aldosterone-producing cells within the
adrenal cortex may be used to decrease blood pressure. In yet
another alternative embodiment, hypertension may be treated
by optogenetic stabilization of vascular smooth muscle. Acti-
vating light may be passed transcutaneously to the peripheral
vascular bed.

[0173] Another example embodiment 1s directed toward
the treatment of hypothalamic-pituitary-adrenal axis disor-
ders. In the treatment of hypothyroidism, optogenetic excita-
tion of parvocellular neuroendocrine, neurons in the paraven-
tricular and anterior hypothalamic nucle1r can be used to
increase secretion of thyrotropin-releasing hormone (TRH).
TRH, 1n turn, stimulates anterior pituitary to secrete TSH.
Converely, hyperthyroidism may be treated with optogenetic
stabilization of the provocellular neuroendocrine neurons.
For the treatment of adrenal insuificiency, or of Addison’s
disease, optogenetic excitation of parvocellular neuroendo-
crine neurons 1n the supraoptic nucleus and paraventricular
nuclel may be used to increase the secretion of vasopressin,
which, with the help of corticotropin-releasing hormone
(CRH), stimulate anterior pituitary to secrete ACTH. Cushing
syndrome, Irequently caused by excessive ACTH secretion,
may be treated with optogenetic stabilization of the parvocel-
lular neuroendocrine neurons of supraoptic nuecleus via the
same physiological chain of effects described above. Neu-
roendocrine neurons of the arcuate nucleus produce dopam-
ine, which inhibits secretion of prolactin from the anterior
pituitary. Hyperprolactinemia can therefore be treated via
optogenetic excitation, while hypoprolactinemia can be
treated with optogenetic stabilization of the neuroendocrine
cells of the arcuate nucleus.

[0174] In the treatment of hyperautonomic states, for
example anxiety disorders, optogenetic stabilization of the
adrenal medulla may be used to reduce norepinephrine out-
put. Stmilarly, optogenetic stimulation of the adrenal medulla
may be used 1 persons with need for adrenaline surges, for
example those with severe asthma, or disorders that manifest
as chronic sleepiness.

[0175] Optogenetic stimulation of the adrenal cortex will
cause release of chemicals imcluding cortisol, testosterone,
and aldosterone. Unlike the adrenal medualla, the adrenal
cortex receives its instructions from neuroendocrine hor-
mones secreted from the pituitary and hypothalamus, the
lungs, and the kidneys. Regardles, the adrenal cortex 1s ame-
nable to optogenetic stimulation. Optogenetic stimulation of
the cortisol-producing cells of the adrenal cortex may be used
to treat Addison’s disease. Optogenetic stabilization of corti-
sol-producing cells of the adrenal cortex may be used to treat
Cushing’s disease. Optogenetic stimulation of testosterone-
producing cells may be used to treat disorders of sexual
interest in women: Optogenetic stabilization of those same
cells may be used to decrease facial hair in women. Optoge-
netic stabilization of aldosterone-producing cells within the
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adrenal cortex may be used to decrease blood pressure. Opto-
genetic excitation of aldosterone-producing cells within the
adrenal cortex may be used to increase blood pressure.

[0176] Optogenetic excitation stimulation of specific
alfected brain regions may be used to increase processing
speed, and stimulate growth and interconnection of neurons,
including spurring the maturation of neural progenitor cells.
Such uses can be particularly usetul for treatment of mental
retardation.

[0177] According to another embodiment of the present
invention, various muscle diseases and injuries can be treated.
Palsies related to muscle damage, peripheral nerve damage
and to dystrophic diseases can be treated with optogenetic
excitation to cause contraction, and optogenetic stabilization
to cause relaxation. This latter relaxation via optogenetic
stabilization approach can also be used to prevent muscle
wasting, maintain tone, and permit coordinated movement as
opposing muscle groups are contracted. Likewise, frank spas-
ticity can be treated via optogenetic stabilization.

[0178] In areas as diverse as peripheral nerve truncation,
stroke, traumatic brain injury and spinal cord injury, there is a
need to foster the growth of new neurons, and assist with their
integration into a functional network with other neurons and
with their target tissue. Re-growth of new neuronal tracts may
be encouraged via optogenetic excitation, which serves to
signal stem cells to sprout axons and dendrites, and to inte-
grate themselves with the network. Use of an optogenetic
technique (as opposed to electrodes) prevents receipt of sig-
nals by intact tissue, and serves to ensure that new target tissue
grows by virtue of a communication set up with the develop-
ing neurons, and not with an artificial signal like current
emanating from an electrode.

[0179] Obesity can be treated with optogenetic excitation
to the ventromedial nucleus of the hypothalamus, particularly
the pro-opiomelanocortin (POMC) and cocaine-and-amphet-
amine-regulating transcript (CART) of the arcuate nucleus. In
an alternative embodiment, obesity can be treated via opto-
genetic stabilization of the lateral nuclei of the hypothalamus.
In another embodiment, optogenetic stimulation to leptin-
producing cells, or to cells with leptin receptors within the
hypothalamus may be used to decrease appetite and hence
treat obesity.

[0180] Destructive lesions to the anterior capsule, and
analogous DBS to that region are established means of treat-
ing severe, intractable obsessive-compulsive disorder 48
(OCD48). Such approaches may be emulated using optoge-
netic stabilization to the anterior limb of the internal capsule,
or to regions such as BA32 and Cg24 which show metabolic
decrease as OCD remuits.

[0181] Chronic Pain can be treated using another embodi-
ment of the present invention. Flectrical stimulation methods
include local peripheral nerve stimulation, local cranial nerve
stimulation and “subthreshold” motor cortex stimulation.
Reasonable optogenic approaches include optogenetic stabi-
lization at local paintul sites. Attention to promoter selection
would ensure that other sensory and motor fibers would be
unaffected. Selective optogenetic excitation of interneurons
at the primary motor cortex also may provide effective pain
relief. Also, optogenetic stabilization at the sensory thalamus,
(particularly medial thalamic nuclei), periventricular grey
matter, and ventral raphe nucluel, may be used to produce
pain relief. In an alternative embodiment, optogenetic stabi-
lization of parvalbumin-expressing cells targeting as target-
ing strategy, may be used to treat pain by decreasing Sub-
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stance P production. The release of endogenous opiods may
be accomplished by using optogenetic excitation to increase
activity 1n the nucleus accumbens. In an alternative embodi-
ment, when POMC neurons of the arcuate nucleus of the
medial hypothalamus are optogenetically excited, beta endor-
phin are increased, providing viable treatment approaches for
depression and for chronic pain.

[0182] Parkinson’s Disease can be treated by expressing
optogenetic stabilization 1n the glutamatergic neurons in
cither the subthalamic nucleus (STN) or the globus pallidus
interna (GP1) using an excitatory-specific promoter such as
CaMKlIla, and apply optogenetic stabilization. Unlike elec-
trical modulation 1n which all cell-types are affected, only
glutamatergic STN neurons would be suppressed.

[0183] Certain personality disorders, including the border-
line and antisocial types, demonstrate focal deficits 1n brain
disorders including “hypoirontality.” Direct or indirect opto-
genetic excitation of these regions 1s anticipated to produce
improvement of symptoms. Abnormal bursts of activity 1n the
amygdala are also known to precipitate sudden, unprompted
flights 1nto rage: a symptom of borderline personality disor-
der, as well as other conditions, which can benefit from opto-
genetic  stabilization of the amygdala. Optogenetic
approaches could improve communication and synchroniza-
tion between different parts of the brain, including amygdala,
striatum, and frontal cortex, which could help in reducing
impulsiveness and improving insight.

[0184] The amygdalocentric model of post-traumatic-
stress disorder (P1SD) proposes that 1t 1s associated with
hyperarousal of the amygdala and insufficient top-down con-
trol by the medial prefrontal cortex and the hippocampus.
Accordingly, PTSD may be treated with optogenetic stabili-
zation of the amygdale or hippocampus.

[0185] Schizophremia i1s characterized by abnormalities
including auditory hallucinations. These might be treated by
suppression of the auditory cortex using optogenetic stabili-
zation. Hypofrontality associated with schizophrenia might
be treated with optogenetic excitation in the affected frontal
regions. Optogenetic approaches could improve communica-
tion and synchronization between different parts of the brain
which could help 1n reducing misattribution of self-generated
stimuli as foreign.

[0186] Optogenetic stabilization of cells within the arcuate
nucleus of the medial hypothalamus, which contain peptide
products of pro-opiomelanocortin (POMC) and cocaine-and-
amphetamine-regulating transcript (CART) can be used to
reduce compulsive sexual behavior. Optogentic excitation of
cells within the arcuate nucleus of the medial hypothalamus
which contain peptide products of pro-opiomelanocortin
(POMC) and cocaine-and-amphetamine-regulating tran-
script (CART) may be used to increase sexual interest in the
treatment of cases of disorders of sexual desire. In the treat-
ment of disorders of hypoactive sexual desire testosterone
production by the testes and the adrenal glands can be
increased through optogenetic excitation of the pituitary
gland. Optogentic excitation of the nucleus accumbens can be
used for the treatment of anorgasmia.

[0187] The suprachuasmatic nucleus secretes melatonin,
which serves to regulate sleep/wake cycles. Optogenetic exci-
tation to the suprachiasmic nucleus can be used to increase
melatonin production, mnducing sleep, and thereby treating
insomma. Orexin (hypocretin) neurons strongly excite
numerous brain nucler 1 order to promote wakefulness.
Optogentetic excitation of orexin-producing cell populations
can be used to treat narcolepsy, and chronic daytime sleepi-
ness.
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[0188] Optogenetic stimulation of the supraoptic nucleus
may be used to induce secretion of oxytocin, can be used to
promote parturition during childbirth, and can be used to treat
disorders of social attachment.

[0189] Like muscular palsies, the motor functions that have
been de-afferented by a spinal cord injury may be treated with
optogenetic excitation to cause contraction, and optogenetic
stabilization to cause relaxation. This latter relaxation via
optogenetic stabilization approach may also be used to pre-
vent muscle wasting, maintain tone, and permit coordinated
movement as opposing muscle groups are contracted. Like-
wise, frank spasticity may be treated via optogenetic stabili-
zation. Re-growth of new spinal neuronal tracts may be
encouraged via optogenetic excitation, which serves to signal
stem cells to sprout axons and dendrites, and to integrate
themselves with the network.

[0190] Stroke deficits include personality change, motor
deficits, sensory deficits, cogmitive loss, and emotional 1nsta-
bility. One strategy for the treatment of stroke deficits 1s to
provide optogenetic stimulation to brain and body structures
that have been deafferented from excitatory connections.
Similarly, optogenetic stabilization capabilities can be
imparted on brain and body structures that have been deat-
ferented from inhibitory connections.

[0191] Researchindicates that the underlying pathobiology
in Tourette’s syndrome 1s a phasic dysfunction of dopamine
transmission in cortical and subcortical regions, the thalamus,
basal ganglia and frontal cortex. In order to provide therapy,
alfected areas are preferably first identified using techniques
including functional brain imaging and magnetoencephalog-
raphy (MEG). Whether specifically identified or not, optoge-
netic stabilization of candidate tracts may be used to suppress
motor tics. Post-implantation empirical testing of device
parameters reveals which sites of optogenetic stabilization,
and which are unnecessary to continue.

[0192] In order to treat disorders of urinary or fecal incon-
tinence optogenetic stabilization can be used to the sphinc-
ters, for example via optogenetic stabilization of the bladder
detrussor smooth muscle or imnervations of that muscle.
When micturation 1s necessary, these optogenetic processes
are turned off, or alternatively can be reversed, with optoge-
netic stabilization to the (external) urinary sphincter, and
optogenetic excitation of the bladder detrussor muscle or 1ts
innervations. When a bladder has been deattferentated, for
example, when the sacral dorsal roots are cut or destroyed by
diseases of the dorsal roots such as tabes dorsalis in humans,
all reflex contractions of the bladder are abolished, and the
bladder becomes distended. Optogenetic excitation of the
muscle directly can be used to restore tone to the detrussor,
prevent kidney damage, and to assist with the micturition
process. As the bladder becomes “decentralized” and hyper-
sensitive to movement, and hence prone to incontinence,
optogenetic stabilization to the bladder muscle can be used to
minimize this reactivity of the organ.

[0193] Inorder to selectively excite/inhibit a given popula-
tion of neurons, for example those mvolved 1n the disease
state of an 1llness, several strategies can be used to target the
optogenetic proteins/molecules to specific populations.

[0194] For various embodiments of the present invention,
genetic targeting may be used to express various optogenetic
proteins or molecules. Such targeting 1involves the targeted
expression of the optogenetic proteins/molecules via genetic
control elements such as promoters (e.g., Parvalbumin,
Somatostatin, Cholecystokinin, GFAP), enhancers/silencers
(e.g., Cytomaglovirus Immediate Early Enhancer), and other
transcriptional or translational regulatory elements (e.g.
Woodchuck Hepatitis Virus Post-transcriptional Regulatory
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Element). Permutations of the promoter+enhancer+regula-
tory element combination can be used to restrict the expres-
sion of optogenetic probes to genetically-defined popula-
tions.

[0195] Various embodiments of the present invention may
be implemented using spatial/anatomical targeting. Such tar-
geting takes advantage of the fact that projection patterns of
neurons, virus or other reagents carrying genetic information
(DNA plasmids, fragments, etc), can be focally delivered to
an area where a given population of neurons project to. The
genetic material will then be transported back to the bodies of
the neurons to mediate expression of the optogenetic probes.
Alternatively, 11 1t 1s desired to label cells 1n a focal region,
viruses or genetic material may be focally delivered to the
interested region to mediate localized expression.

[0196] Various gene delivery systems are useful 1n imple-
menting one or more embodiments of the present invention.
One such delivery system 1s Adeno-Associated Virus (AAV).
AAV can be used to deliver a promoter+optogenetic probe
cassett to a specific region of interest. The choice of promoter
will drive expression 1n a specific population of neurons. For
example, using the CaMKIIa promoter will drive excitatory
neuron specific expression of optogenetic probes. AAV will
mediate long-term expression of the optogenetic probe for at
least 1 year or more. To achieve more specificity, AAV may be
pseudotyped with specific serotypes 1 to 8, with each having,
different trophism for different cell types. For instance, sero-
type 2 and 5 1s known to have good neuron-specific trophism.
[0197] Another gene deliver mechanism 1s the use of a
retrovirus. HIV or other lentivirus-based retroviral vectors
may be used to deliver a promoter+optogenetic probe cassette
to a specilic region of interest. Retroviruses may also be
pseudotyped with the Rabies virus envelope glycoprotein to
achieve retrograde transport for labeling cells based on their
axonal projection patterns. Retroviruses integrate into the
host cell’s genome, therefore are capable of mediating per-
manent expression of the optogenetic probes. Non-lentivirus
based retroviral vectors can be used to selectively label divid-
ing cells.

[0198] Gutless Adenovirus and Herpes Simplex Virus
(HSV) are two DNA based viruses that can be used to deliver
promoter+optogenetic probe cassette into specific regions of
the brain as well. HSV and Adenovirus have much larger
packaging capacities and therefore can accommodate much
larger promoter elements and can also be used to deliver
multiple optogenetic probes or other therapeutic genes along
with optogenetic probes.

[0199] Focal Electroporation can also be used to transiently
transiect neurons. DNA plasmids or fragments can be focally
delivered 1nto a specific region of the brain. By applying mild
clectrical current, surrounding local cells will receive the
DNA material and expression of the optogenetic probes.
[0200] In another instance, lipofection can be used by mix-
ing genetic material with lipid reagents and then subsequently
injected into the brain to mediate transfect of the local cells.

SEQUENCE LISTING

<l60> NUMBER OF SEQ ID NOS: 10

<210> SEQ ID NO 1

<211> LENGTH: 1599

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

Apr. 9, 2009

[0201] Various embodiments 1nvolve the use of various
control elements. In addition to genetic control elements,
other control elements (particularly promoters and enhancers
whose activities are sensitive to chemical, magnetic stimula-
tion, or infrared radiation) can be used to mediate temporally-
controlled expression ol the optogenetic probes. For example,
a promoter whose transcriptional activity 1s subject to 1nfra-
red radiation allows one to use focused radiation to fine tune
the expression of optogenetic probes 1n a focal region at only
the desired time.

[0202] According to one embodiment of the present inven-
tion, the mnvention may be used 1n animal models of DBS, for
example 1 Parkinsonian rats, to identity the target cell types
responsible for therapeutic eflects (an area of intense debate
and 1immense clinical importance). This knowledge alone
may lead to the development of improved pharmacological
and surgical strategies for treating human disease.

[0203] According to another embodiment of the present
invention, genetically-defined cell types may be linked with
complex systems-level behaviors, and may allow the eluci-
dation of the precise contribution of different cell types 1n
many different brain regions to high-level organismal func-
tioning.

[0204] Other aspects and embodiments are directed to sys-
tems, methods, kits, compositions of matter and molecules
for 1on pumps or for controlling inhibitory currents 1n a cell
(e.g., 1n 1 vivo and 1n vitro environments). As described
throughout this disclosure, including the claims, such sys-
tems, methods, kits, compositions of matter are realized in
manners consistent herewith. For example, in one embodi-
ment, the present invention 1s directed to an assembly or kit of
parts, having a product containing an NpHR-based molecular
variant and another opsin-based molecule (ChR2-based and
or NpHR-based) as a combined preparation for use 1n the
treatment of disease of a neurological or CNS disorder (as a
category of disorder types or a specific disorder as exempli-
fied herein), wherein at least the NpHR -based molecular vari-
ant 1s useful for expressing a light-activated NpHR-based
molecule that responds to light by producing an inhibitory
current to dissuade depolarization of a cell, and wherein a
high expression of the molecule manifests a toxicity level that
1s less than about 75%.

[0205] The various embodiments described above are pro-
vided by way of illustration only and should not be construed
to limit the invention. Based on the above discussion and
illustrations, those skilled 1n the art will readily recognize that
various modifications and changes may be made to the
present invention without strictly following the exemplary
embodiments and applications illustrated and described
herein. For instance, such changes may include additional
NPHR-based sequences other than those listed in the imme-
diately following Appendix. Such modifications and changes
do not depart from the true spirit and scope of the present
invention, which i1s set forth in the following appended
claims.
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18

-continued

<223> OTHER INFORMATION: humanized codon optimized sequence from

Natronomonas pharaonis

<400> SEQUENCE: 1

atgacagaga ccctgcctece cgtgaccgag agtgccecgtgg cceccttcaagce cgaggttacce 60
caaagggagt tgttcgagtt cgtgctgaac gaccctttge ttgcaagcag tcectcectatatc 120
aacatcgcac ttgcaggact gagtatactg ctgttcgttt ttatgacccg aggactcgat 180
gatccacggg caaaacttat tgctgtgtca accatccttg tgcecctgtcegt cagcattgcec 240
tcctacactg gattggcgag cggcecctgaca atttceccegtte ttgaaatgcecce agegggcecat 300
tttgcagaag gcagctcagt gatgctggga ggagaagagg tagatggtgt agtcaccatg 360
tggggacggt atctcacctg ggcactttcee acgcccatga ttcectectege tetgggtcetce 420
ctggccggaa gcaatgctac aaagctcttce acagctatca ctttcgatat cgctatgtgc 480
gtgactggcc ttgccgcggce cctgactacce tcectceccacce tcatgagatg gttcectggtac 540
gctatcagtt gtgcatgctt tcectggtggtce ttgtatatce tgctggtgga gtgggcacag 600
gacgccaaag ccgcecgggaac cgctgacatg ttcaatacce tgaagcectgtt gacagtagtg 660
atgtggctgg ggtatccaat tgtgtgggct cttggagtcecg agggtatcgce ggtgttgccc 720
gttggggtga cgagctgggg atattctttce ctggatatcg tggcaaagta cattttcecgca 780
ttcttgctee tgaactatcet gacgtcaaac gaatctgteg tgtccggcag cattttggat 840
gttccatctg cttcectgggac cccggctgat gatgecggcecg ccecgtgagcaa gggcgaggag 900
ctgttcaccg gggtggtgcecce catcctggte gagctggacg gcgacgtaaa cggccacaag 960
ttcagcgtgt ccggcgaggg cgagggcecgat gccacctacg gcaagcectgac cctgaagttce 1020
atctgcacca ccggcaagct gcccgtgcecce tggcecceccaccece tcegtgaccac ctteggctac 1080
ggcctgcagt gcttcecgceccecg ctaccceccgac cacatgaagce agcacgactt cttcaagtcece 1140
gccatgcceg aaggctacgt ccaggagcgce accatcttcet tcaaggacga cggcaactac 1200
aagacccgcg ccgaggtgaa gttcgagggce gacaccctgg tgaaccgcat cgagctgaag 1260
ggcatcgact tcaaggagga cggcaacatc ctggggcaca agctggagta caactacaac 1320
agccacaacg tctatatcat ggccgacaag cagaagaacg gcatcaaggt gaacttcaag 1380
atccgccaca acatcgagga cggcagcegtg cagctcecgceceg accactacca gcagaacacc 1440
cccatcggceg acggcecccegt gcectgcectgceccece gacaaccact acctgagceta ccagtcecgec 1500
ctgagcaaag accccaacga gaagcgcecgat cacatggtcece tgctggagtt cgtgaccgcec 1560
gccecgggatca ctceteggcat ggacgagctg tacaagtaa 15599
<210> SEQ ID NO 2
«<211> LENGTH: 1599
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Original codons from from Natronomonas
pharaonis with EYEFP
<400> SEQUENCE: 2
atgactgaga cattgccacc ggtaacggaa tcecggcectgttg cgctacaggce ggaggtgacc 60
cagagggagc tgttcgagtt cgttctcaac gaccccecctee tcecgceccagttce getgtatatt 120
aatatcgcac tggcagggct gtcgatactg cttttegtgt tcatgacgceg cggactcgac 180
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gacccacggyg
agctacaccy
ttcgccgagy
tggggccgcet
cttgctggcet

gtcaccggcc

gccatcagtt

gacgccaagg
atgtggctcyg
gtcggagtca
ttcctgetgc
gtgccgtecy
ctgttcaccy
ttcagcgtgt
atctgcacca
ggcctgcagt
gccatgcccy
aagacccgcy
ggcatcgact
agccacaacyg
atccgccaca
cccatcecggeyg
ctgagcaaag

gccgggatca

<210>
<211>
<212>
<213>
<220>
<223>

cgaaactcat

gccttgcatce

ggtcctcecggt

atctgacgtyg

ctaacgccac

tcgcagecgc

gtgcgtgttt

ctgccggtac

gctaccccat

cgtegtgggy

Ccaactacct

cgtcocgggcac

gggtggtgcec

ccgygcygagygy

ccggcaagcet

gcttegeccey

aaggctacgt

ccgaggtgaa

tcaaggagga

tctatatcat

acatcgagga

acggccccgt

accccaacda

ctctcggeat

SEQ ID NO 3
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: humanized codon optimized sequence from
Natronomonas pharaonis with signal peptide

1641
DNA

cgccgttteyg

ggggctcacc

gatgctcggce

ggcccttteg

gaagctcttt

gctgacgacc

cctegtegtc

tgcggatatyg

cgtgtgggca

atacagcttc

cacgtcgaac

tcccocgetgac

catcctggtc

cgagggcgat

gcccogtgecce

ctaccccecgac

ccaggagcgc

gttcgagggc

cggcaacatc

ggccgacaag

cggcagcgtg

gctgctgccec

gaagcgcgat

ggacgagctg

acgattttgyg

atcagcgtcc

ggcdaagagy

acaccgatga

accgccatca

tcttcgcacc

ctctacatcc

ttcaatacgc

ctcggoegtty

ctcgacatcyg

gagagcgtceg

gacgceggcecy

gagctggacy

gccacctacyg

tggcccaccec

cacatgaagc

accatcttct

gacaccctgyg

ctggggcaca

cagaagaacyg

cagctagcecy

gacaaccact

cacatggtcc

tacaagtaa

19

-continued

tgccggtggt
tcgagatgec
tagacggcgt
tactgctggce
ccttcecgacat
tgatgcggtyg
tgctcgtcga
tgaagctgcet
agggcatcgc
tcgcgaagta
tctceccggcetce
ccgtgagcaa
gcgacgtaaa
gcaagctgac
tcgtgaccac
agcacgactt
tcaaggacga
tgaaccgcat
agctggagta
gcatcaaggt
accactacca
acctgagcta

tgctggagtt

acetylcholine receptor added to the N-terminus

<400> SEQUENCE: 3

atgaggggta

accctgcctc

ttgttcgagt

cttgcaggac

Jgcaaaactta

ggattggcga

ggcagctcag

tatctcacct

cgcccecctget

ccgtgaccga

tcgtgetgaa

tgagtatact

ttgctgtgtc

gcggcectgac

tgatgctggg

gggcactttc

cctegtegtc

gagtgccgtyg

cgaccctttyg

gctgttegtt

aaccatcctt

aatttcegtt

agddagaadgad

cacgcccaty

tctetgttet

gcccttcoaag

cttgcaagca

tttatgaccc

gtgcctgtcyg

cttgaaatgc

gtagatggtg

attctecteyg

ctctgcttca

ccgaggttac

gtctctatat

gaggactcga

tcagcattgce

cagcgggcca

tagtcaccat

ctctgggtet

(23aa)

ctctategeg

agccggcecac

cgtgacgatg

gCttgggCtg

cgcgatgtgt

gttctggtac

gtgggcacag

gaccgttgtc

cgttcecttecyg

catcttcgeg

gatactcgac

gggcygaggay

cggccacaag

cctgaagttce

cttcecggctac

Cttcaagtcc

cggcaactac

cgagctgaag

caactacaac

gaacttcaag

gcagaacacc

ccagtcocgec

cgtgaccgcc

240

300

360

420

480

540

600

660

720

780

840

500

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

15995

from nicotinic

ggacacagag

ccaaagggag

caacatcgca

tgatccacgyg

ctcctacact

ttttgcagaa

gtggggacgyg

cctggecgga

60

120

180

240

300

360

420

480

Apr. 9, 2009
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agcaatgcta
cttgccecgegyg
tgtgcatgct
gccgogggaa
gggtatccaa
acgagctggg
ctgaactatc
gcttcectggga
cccatcectgg
ggcdagygycd
ctgccegtgc
cgctacccecyg
gtccaggagce
aagttcgagg
gacggcaaca
atggccgaca
gacggceaygcey
gtgctgctgce
gagaagcgcg
atggacgagc
<210>
<211>
<212>
<213>

220>
<223

caaagctctt

cccectgactac

ttectggtggt

ccgctgacat

ttgtgtgggc

gatattcttt

tgacgtcaaa

ccecocggetga

tcgagcectgga

atgccaccta

cctggceccac

accacatgaa

gcaccatctt

gcgacaccct

tcetggggca

agcagaagaa

tgcagctcgc

ccdacaaccda

atcacatggt

tgtacaagta

SEQ ID NO 4
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: humanized codon optimized sequence from

1605
DNA

cacagctatc

ctccectececac

cttgtatatc

gttcaatacc

tcttggagtc

cctggatatc

cgaatctgtc

tgatgtgagc

cggcgacgta

cggcaagctyg

ccteogtgacc

gcagcacgac

cttcaaggac

ggtgaaccygc

caagctggayg

cggcatcaag

cgaccactac

ctacctgagc

cctgcectggag

d

actttcgata

ctcatgagat

Ctgﬂtggtgg

ctgaagctgt

gagggtatcg

gtggcaaagt

gtgtccggca

aagyggcdagy

aacggccaca

accctgaagt

accttcoggcet

ttcttcaagt

gacggcaact

atcgagctga

tacaactaca

gtgaacttca

cagcagaaca

taccagtccy

ttcgtgaccy

20

-continued

tcgctatgtyg

ggttctggta

agtgggcaca

tgacagtagt

cggtgttgcec

acattttcgc

gcattttgga

agctgttcac

agttcagcgt

tcatctgcac

acggcctgca

ccgcecatgec

acaagacccg

agggcatcga

dacagccacad

agatccgceca

cccceccategyg

ccctgagcaa

ccgcecgggat

cgtgactggc
cgctatcagt
ggacgccaaa
gatgtggctyg
cgttggggtyg
attcttgetce
tgttccatct
cggggtggtyg
gtceggcegag
caccggcaag
gtgcttcgec
cgaaggctac
cgccgaggty
cttcaaggayg
cgtctatatce
caacatcgag
cgacggcoccc
agaccccaac

cactctcggce

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1641

Natronomonas pharaonis with the PDZ binding motif ETQZ added to
the C-terminus

<400> SEQUENCE: 4

atgacagaga

caaagggagt

aacatcgcac

gatccacggyg

tcctacactg

tttgcagaag

tggggacggt

ctggccggaa

gtgactggcc

gctatcagtt

gacgccaaag

atgtggcetgg

ccctgcectcce

tgttcegagtt

ttgcaggact

caaaacttat

gattggcgag

gcagctcagt

atctcacctg

gcaatgctac

ttgccgegygc

gtgcatgctt

ccgogggaac

ggtatccaat

cgtgaccgag
cgtgctgaac
gagtatactyg
tgctgtgtca
cggcctgaca
gatgctggga
ggcactttcc
aaagctcttc
cctgactacc
tctggtggtce
cgctgacatg

tgtgtgggct

agtgccgtgg
gaccctttgc
ctgttegttt
accatccttg
atttccgttce
gdagaagagyy
acgcccatga
acagctatca
tccteccacce
ttgtatatcc

Ctcaataccc

cttggagtcy

cccttcaagc

ttgcaagcag

ttatgacccg

tgcctgtegt

ttgaaatgcc

tagatggtgt

ttctcectege

ctttcgatat

tcatgagatg

tgctggtgga

tgaagctgtt

agggtatcgc

cgaggttacc

cctctatatc

aggactcgat

cagcattgcc

agcgggccat

agtcaccatg

tctgggtctce

cgctatgtgce

gttctggtac

gtgggcacag

gacagtagtyg

ggtgttgccc

60

120

180

240

300

360

420

480

540

600

660

720

Apr. 9, 2009
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gttggggtga
ttcttgetec

gttccatctg

accggggtgg
gtgtccggcyg
accaccggca
cagtgcttcg
cccgaaggcet
cgocgcecgadgyg
gacttcaagg
aacgtctata
cacaacatcg
ggcgacggcce
aaagacccca
atcactctceg
<210>
<211>
<212>
<213>

<220
<223>

cgagcetggygyg

tgaactatct

cttctgggac

tgcccatcct

aggygcdagygy

agctgcccgt

cccgctaccc

acgtccagga

tgaagttcga

aggacggcaa

tcatggccga

agdgacgdgcad

ccgtgetget

acgagaagcyg

gcatggacga

SEQ ID NO b
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: humanized codon optimized sequence from

1611
DNA

atattctttc

gacgtcaaac

ccecggcetgat

ggtcgagctg

cgatgccacc

gccectggecc

cgaccacatyg

gcgcaccatc

gggcgacacc
catcctgggy
caagcagaag
cgtgcagctc
gcccgacaac

cgatcacatyg

gctgtacaag

ctggatatcyg

gaatctgtcg

gatatggtga

gacdycygacy

tacggcaagc

accctegtga

aagcagcacyg

ttcttcaagy

ctggtgaacc

cacaagctgyg

aacggcatca

gccgaccact

cactacctga

gtcctgetgy

gagacccagg

21

-continued

tggcaaagta

tgtccggcag

gcaaydgycydda

taaacggcca

tgaccctgaa

ccaccttcegyg

acttcttcaa

acgacggcaa

gcatcgagct

agtacaacta

aggtgaactt

accagcagaa

gctaccagtc

agttcgtgac

tgtaa

cattttcgca

cattttggat

ggagctgttc

caagttcagc

gttcatctgc

ctacggcctyg

gtccgcecatyg

ctacaagacc

gaagggcatc

caadcaygCccac

caagatccgc

cacccecceccatce

cgccocctgagce

CgCcCgCCddy

Natronomonas pharaonis with the PTPP sequence added to the

C-terminus to promote interaction with actin-binding protein

filamin

<400> SEQUENCE: 5

atgacagaga

caaagggagt

aacatcgcac

gatccacggyg

tcctacactg

tttgcagaag

tggggacggt

ctggccggaa

gtgactggcc

gctatcagtt

gacgccaaag

atgtggctgyg

gttggggtga

ttettgetec

gttccatctg

ctgttcaccyg

ttcagcgtgt

GCCthGtCC

tgttcegagtt

ttgcaggact

caaaacttat

gattggcgag

gcagctcagt

atctcacctg

gcaatgctac

ttgccgeggc

gtgcatgctt

ccgegggaac

ggtatccaat

cgagctggygy

tgaactatct

cttctgggac

gggtggtgcec

ccgygcyagygy

cgtgaccgag
cgtgctgaac
gagtatactg
tgctgtgtca
cggcctgaca
gatgctggga
ggcactttcc
aaagctcttc
cctgactacc
tctggtggtc
cgctgacatyg
tgtgtgggct
atattctttc
gacgtcaaac
cceggcetgat

catcctggtc

cgagggcgat

agtgccgtgyg

gaccctttge

ctgttegttt

accatccttg

atttcegttc

ggagaagaygy

acgcccatga

acagctatca

tccectececcacce

ttgtatatcc

ttcaataccc

cttggagtcyg

ctggatatcyg

gaatctgtcyg

gatgcggcecg

gagctggacyg

gccacctacyg

cccttcaagc

ttgcaagcag

ttatgacccg

tgcctgtegt

ttgaaatgcc

tagatggtgt

ttctecectege

ctttcgatat

tcatgagatg

tgctggtgga

tgaagctgtt

agggtatcgc

tggcaaagta

tgtccggcag

ccgtgagcaa

gcgacgtaaa

gcaagctgac

cgaggttacc

cctctatatc

aggactcgat

cagcattgcc

agcgggccat

agtcaccatg

tctgggtctce

cgctatgtgce

gttctggtac

gtgggcacag

gacagtagtyg

ggtgttgccc

cattttcgca

cattttggat

ggdgcdaggag

cggccacaag

cctgaagttce

780

840

500

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1605

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020
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-continued

atctgcacca ccggcaagcet gcceccgtgcecce tggcecceccaccece tcegtgaccac cttceggctac 1080
ggcctgcagt gcttecgcececcecg ctaccceccgac cacatgaagce agcacgactt cttcaagtcce 1140
gccatgcecceceg aaggctacgt ccaggagcgce accatcttcet tcaaggacga cggcaactac 1200
aagacccgceg ccgaggtgaa gttcgagggce gacaccctgg tgaaccgcat cgagctgaag 1260
ggcatcgact tcaaggagga cggcaacatc ctggggcaca agctggagta caactacaac 1320
agccacaacg tctatatcat ggccgacaag cagaagaacg gcatcaaggt gaacttcaag 1380
atccgccaca acatcgagga cggcagcegtg cagctcecgeceg accactacca gcagaacacc 1440
cccateggeg acggcecccegt gcectgcetgcecee gacaaccact acctgagceta ccagtcecgecd 1500
ctgagcaaag accccaacga gaagcgcegat cacatggtcecce tgctggagtt cgtgaccgcecd 1560
gcececgggatca cteteggecat ggacgagctg tacaagccga ccceccgecgta a 1611
<210> SEQ ID NO 6
<211> LENGTH: 1605
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
«<220> FEATURE:
<223> OTHER INFORMATION: humanized codon optimized sequence from

Natronomonas pharaonis with the ER export signal added to the

C-terminus
<400> SEQUENCE: 6
atgacagaga ccctgcctece cgtgaccgag agtgccecgtgg cceccttcaagce cgaggttacce 60
caaagggagt tgttcgagtt cgtgctgaac gaccctttge ttgcaagcag tcectcectatatce 120
aacatcgcac ttgcaggact gagtatactg ctgttcgttt ttatgacccg aggactcgat 180
gatccacggg caaaacttat tgctgtgtca accatccttg tgcecctgtcegt cagcattgcec 240
tcctacactyg gattggcgag cggcctgaca atttcececgtte ttgaaatgcece agegggcecat 300
tttgcagaag gcagctcagt gatgctggga ggagaagagg tagatggtgt agtcaccatg 360
tggggacggt atctcacctg ggcactttcce acgcccatga ttctectege tetgggtcetce 420
ctggccggaa gcaatgctac aaagctcecttce acagctatca ctttcecgatat cgctatgtgc 480
gtgactggcce ttgccgcggce cctgactacce tcecteccacce tcatgagatg gttcectggtac 540
gctatcagtt gtgcatgctt tcectggtggtce ttgtatatce tgctggtgga gtgggcacag 600
gacgccaaag ccgcecgggaac cgctgacatg ttcaataccce tgaagcectgtt gacagtagtg 660
atgtggctgg ggtatccaat tgtgtgggct cttggagtcecg agggtatcgce ggtgttgccec 720
gttggggtga cgagctgggg atattcectttce ctggatatcg tggcaaagta cattttcegca 780
ttcttgctee tgaactatct gacgtcaaac gaatctgteg tgtccggcag cattttggat 840
gttccatctg cttcectgggac cccggctgat gatgtgagca agggcgagga gctgttcacc 900
ggggtggtgce ccatcctggt cgagctggac ggcgacgtaa acggccacaa gttcagegtg 960
tccggcgagyg gcgagggcecga tgccacctac ggcaagctga ccctgaagtt catctgcacc 1020
accggcaagce tgcccecgtgcece ctggceccacce ctecgtgacca cctteggcecta cggcecctgceag 1080
tgcttcgece gctaccceccecga ccacatgaag cagcacgact tcecttcaagtce cgeccatgcecc 1140
gaaggctacg tccaggagcg caccatcttce ttcaaggacg acggcaacta caagacccgc 1200
gccgaggtga agttcgaggg cgacaccctg gtgaaccgca tcgagctgaa gggcatcgac 1260
ttcaaggagg acggcaacat cctggggcac aagctggagt acaactacaa cagccacaac 1320
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-continued
gtctatatca tggccgacaa gcagaagaac ggcatcaagg tgaacttcaa gatccgceccac 1380
aacatcgagg acggcagcgt gcagctcgcece gaccactacce agcagaacac ccccatcecggce 1440
gacggccceeg tgctgcectgcece cgacaaccac tacctgagcet accagtceccecgce cctgagcaaa 1500
gaccccaacg agaagcgcga tcacatggtce ctgctggagt tcecgtgaccgce cgceccgggatc 1560
actctcggca tggacgagct gtacaaggtg ctgggcagcecce tgtaa 1605
<210> SEQ ID NO 7
<211> LENGTH: 1644
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: humanized codon optimized sedquence from
Natronomonas pharaonis with a gsignal peptide {(first 15aa) from
ChR2 (derived from Chlamydomonas reinhardtii) 1s added to the
N-terminus
<400> SEQUENCE: 7
atggattatg gaggcgccct gagtgccgtt gggcgcgagce tgctatttac agagaccctg 60
cctecececgtga ccgagagtge cgtggcececctt caagceccgagg ttacccaaag ggagttgttce 120
gagttcgtge tgaacgaccce tttgcttgca agcagtctct atatcaacat cgcacttgca 180
ggactgagta tactgctgtt cgtttttatg acccgaggac tcgatgatcce acgggcaaaa 240
cttattgctg tgtcaaccat ccttgtgcct gtcecgtcagca ttgcctecta cactggattg 300
gcgagcggcece tgacaatttce cgttcecttgaa atgccagcegg gccattttgce agaaggcagc 360
tcagtgatgce tgggaggaga agaggtagat ggtgtagtca ccatgtgggg acggtatctc 420
acctgggcac tttccacgcece catgattcecte ctegetcectgg gtcectectgge cggaagcaat 480
gctacaaagc tcttcacagce tatcactttce gatatcgcecta tgtgcgtgac tggcecttgcec 540
gcggccctga ctacctecte ccacctcatg agatggttcet ggtacgcectat cagttgtgcea 600
tgctttectgg tggtcttgta tatcctgcetyg gtggagtggg cacaggacgce caaagccgcyg 660
ggaaccgctg acatgttcaa taccctgaag ctgttgacag tagtgatgtg gcectggggtat 720
ccaattgtgt gggctcttgg agtcgagggt atcgecggtgt tgccegttgg ggtgacgagc 780
tggggatatt ctttcecctgga tatcgtggca aagtacattt tcecgcecattcett getcectgaac 840
tatctgacgt caaacgaatc tgtcgtgtcecce ggcagcattt tggatgttcce atctgcettcet 900
gggaccccecgyg ctgatgatgce ggccgcecgtg agcaagggcg aggagctgtt caccggggtg 960
gtgcccatcce tggtcgagcet ggacggcecgac gtaaacggcec acaagttcag cgtgtceccggce 1020
gagggcgagg gcgatgccac ctacggcaag ctgaccctga agttcatctg caccaccggc 1080
aagctgcceccecg tgccecctggcec caccctcecgtg accacctteg gctacggcect gcagtgcttce 1140
gcccecgctace ccgaccacat gaagcagcac gacttcettca agtccgceccat gececcgaaggc 1200
tacgtccagg agcgcaccat cttcecttcaag gacgacggca actacaagac ccgcgcecgag 1260
gtgaagttcg agggcgacac cctggtgaac cgcatcgagce tgaagggcat cgacttcaayg 1320
gaggacggca acatcctggg gcacaagctg gagtacaact acaacagcca caacgtctat 1380
atcatggccg acaagcagaa gaacggcatce aaggtgaact tcaagatccg ccacaacatc 1440
gaggacggca gcgtgcagcet cgccgaccac taccagcaga acacccccat cggcecgacggc 1500
ccegtgetge tgceccgacaa ccactacctg agctaccagt ccecgceccecctgag caaagacccdc 1560
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-continued

aacgagaagc gcgatcacat ggtcctgectg gagttcecgtga ccgceccgcecgg gatcactcetce 1620

ggcatggacg agctgtacaa gtaa

lo44

<210> SEQ ID NO 8

<211> LENGTH: 1665

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

«223> OTHER INFORMATION: humanized codon optimized sequence from
Natronomonas pharaonis with a signhal peptide {(23aa) from nicotinic
acetylcholine receptor is added to the N-terminus

<400> SEQUENCE: 8

atgggtcttce gtgctcttat gectttggett cttgcectgetg ctggtettgt tegtgaatcet 60

cttcaaggta cagagaccct gcectecegtyg accgagagtg ccgtggcecct tcaagcecgag 120

gttacccaaa gggagttgtt cgagttcgtg ctgaacgacce ctttgcecttge aagcagtctc 180

tatatcaaca tcgcacttgce aggactgagt atactgctgt tcecgtttttat gacccgagga 240

ctcgatgatce cacgggcaaa acttattgcect gtgtcaacca tceccttgtgece tgtcegtcagce 300

attgcctcecct acactggatt ggcgagcggce ctgacaattt ccgttcecttga aatgccageg 360

ggccattttg cagaaggcag ctcagtgatg ctgggaggag aagaggtaga tggtgtagtc 420

accatgtggg gacggtatct cacctgggca ctttceccacge ccatgattcet cctegcetcetg 480

ggtctcecctgg ccggaagcaa tgctacaaag ctcttcacag ctatcacttt cgatatcgcet 540

atgtgcgtga ctggceccttge cgcggccctg actacctcect cccacctcat gagatggttce 600

tggtacgcta tcagttgtgc atgctttctg gtggtcecttgt atatcctget ggtggagtgyg 660

gcacaggacg ccaaagccgce gggaaccgct gacatgttca ataccctgaa gcectgttgaca 720

gtagtgatgt ggctggggta tccaattgtg tgggctcttg gagtcgaggg tatcgecggtg 780

ttgccecgttyg gggtgacgag ctggggatat tcetttectgg atatcgtggce aaagtacatt 840

ttcgcattcect tgctcectgaa ctatctgacg tcaaacgaat ctgtcecgtgtce cggcagcatt 900

ttggatgttc catctgcectte tgggacccceg gcectgatgatg cggceccgecgt gagcaagggc 960

Jgaggagctgt tcaccggggt ggtgcccatc ctggtcgagce tggacggcga cgtaaacggc 1020

cacaagttca gcecgtgtceccecgg cgagggcgag ggcgatgcecca cctacggcaa gctgaccctg 1080

aagttcatct gcaccaccgg caagctgceccce gtgcecectgge ccacccectegt gaccaccttce 1140

ggctacggcecce tgcagtgcectt cgcceccecgcectac cccgaccaca tgaagcagca cgacttcecttce 1200

aagtccgcca tgcccgaagg ctacgtccag gagcgcacca tcecttcettcaa ggacgacggc 1260

aactacaaga cccgcgcecga ggtgaagttce gagggcgaca ccctggtgaa ccecgcatcgag 1320

ctgaagggca tcgacttcaa ggaggacggce aacatcctgg ggcacaagct ggagtacaac 1380

tacaacagcce acaacgtcta tatcatggcce gacaagcaga agaacggcat caaggtgaac 1440

ttcaagatcce gccacaacat cgaggacggce agcgtgcagce tcecgceccgacca ctaccagcag 1500

aacaccccca tcecggcgacgg ccecccegtgetg ctgcecccgaca accactacct gagctaccag 1560

tccgecctga gcaaagaccece caacgagaag cgcgatcaca tggtceccectget ggagttcedgtg 1620

accgccgcecyg ggatcactcect cggcatggac gagctgtaca agtaa le65

<210> SEQ ID NO 9

<211> LENGTH:
<212> TYPE:

1605
DNA
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-continued
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: humanized codon optimized sequence from
Natronomonas pharaonis with the PDZ binding motif VSNL added to
the C-terminus
<400> SEQUENCE: O
atgacagaga ccctgcectcece cgtgaccgag agtgccegtgg ccecttcaage cgaggttacce 60
caaagggagt tgttcgagtt cgtgctgaac gaccctttge ttgcaagcag tcectcectatatce 120
aacatcgcac ttgcaggact gagtatactg ctgttcecgttt ttatgacccg aggactcgat 180
gatccacggg caaaacttat tgctgtgtca accatccttg tgcectgtegt cagcattgec 240
tcctacactg gattggcgag cggcctgaca atttcececgtte ttgaaatgece agegggcecat 300
tttgcagaag gcagctcagt gatgctggga ggagaagagg tagatggtgt agtcaccatg 360
tggggacggt atctcacctg ggcactttce acgcccatga ttcectectege tetgggtcetce 420
ctggccggaa gcaatgctac aaagctcecttce acagctatca ctttcecgatat cgcectatgtgce 480
gtgactggcce ttgccgegge cctgactacce tcectceccace tcatgagatg gttetggtac 540
gctatcagtt gtgcatgcectt tctggtggtce ttgtatatce tgcectggtgga gtgggcacag 600
gacgccaaag ccgcgggaac cgctgacatg ttcaatacce tgaagcectgtt gacagtagtg 660
atgtggctgg ggtatccaat tgtgtgggct cttggagtcg agggtatcge ggtgttgcecc 720
gttggggtga cgagctgggg atattctttce ctggatatcg tggcaaagta cattttcgca 780
ttcttgctce tgaactatct gacgtcaaac gaatctgtcecg tgtccggcag cattttggat 840
gttccatctg cttctgggac cccggctgat gatatggtga gcaagggcga ggagcetgttc 900
accggggtgg tgcccatcecct ggtcecgagcetg gacggcgacg taaacggceca caagttcage 960
gtgtccggeyg agggcgaggg cgatgccacce tacggcaagce tgaccctgaa gttcecatctge 1020
accaccggca agctgcecccecgt gcececctggecce accctegtga ccaccttegg ctacggectg 1080
cagtgcttecg cccgctaccece cgaccacatg aagcagcacg acttcttcaa gtceccecgcecatg 1140
cccgaaggcet acgtccagga gcgcaccatce ttcettcaagg acgacggcaa ctacaagacce 1200
cgecgcecgagg tgaagttcga gggcgacacce ctggtgaacce gcatcgaget gaagggcatc 1260
gacttcaagg aggacggcaa catcctgggg cacaagctgg agtacaacta caacagccac 1320
aacgtctata tcatggccga caagcagaag aacggcatca aggtgaactt caagatccgc 1380
cacaacatcg aggacggcag cgtgcagctc gccgaccact accagcagaa cacccccatce 1440
ggcgacggcce ccgtgctget geccgacaac cactacctga gctaccagtce cgccctgagc 1500
aaagacccca acgagaagcg cgatcacatg gtcectgetgg agttcecgtgac cgccgcecggg 1560
atcactctcg gcatggacga gctgtacaag gtgagcaacc tgtaa 1605
<210> SEQ ID NO 10
<211> LENGTH: 1599
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: humanized codon optimized sequence from
Natronomonas pharaonis with a hybrid construct of the ER export
sighal added to the C-terminus and the signal peptide (23aa) from
nicotinic acetylcholine receptor added to the N-terminus
<400> SEQUENCE: 10
atgacagaga ccctgcectcece cgtgaccgag agtgccegtgg ccecttcaage cgaggttacce 60
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-continued
caaagggagt tgttcgagtt cgtgctgaac gaccctttge ttgcaagcag tcectctatatce 120
aacatcgcac ttgcaggact gagtatactg ctgttcecgttt ttatgacccg aggactcgat 180
gatccacggg caaaacttat tgctgtgtca accatccttg tgcecctgtegt cagcattgec 240
tcctacactg gattggcgag cggcctgaca atttcecegtte ttgaaatgcece agegggcecat 300
tttgcagaag gcagctcagt gatgctggga ggagaagagg tagatggtgt agtcaccatg 360
tggggacggt atctcacctg ggcactttce acgcccatga ttcectectege tetgggtcetce 420
ctggccggaa gcaatgctac aaagctcecttce acagctatca ctttcecgatat cgcectatgtgce 480
gtgactggcce ttgccgcegge cctgactace tectcececcace tcatgagatg gttetggtac 540
gctatcagtt gtgcatgett tcectggtggtce ttgtatatcece tgctggtgga gtgggcacag 600
gacgccaaag ccgcgggaac cgctgacatg ttcaatacce tgaagcectgtt gacagtagtg 660
atgtggctgg ggtatccaat tgtgtgggct cttggagtcg agggtatcgce ggtgttgcecc 720
gttggggtga cgagctgggg atattcttte ctggatatcg tggcaaagta cattttcgca 780
ttcecttgcectcece tgaactatct gacgtcaaac gaatctgtceg tgtceccggcag cattttggat 840
gttccatctyg cttcectgggac cccggcectgat gatgecggcecg ccecgtgagcaa gggcgaggag 900
ctgttcaccg gggtggtgcce catcctggtce gagcectggacg gcgacgtaaa cggcecacaag 960
ttcagcgtgt ccggcgaggg cgagggcgat gceccacctacg gcaagctgac cctgaagttce 1020
atctgcacca ccggcaagct gcccecgtgcecce tggcecceccaccece tcegtgaccac ctteggcectac 1080
ggcctgcagt gcttegeceg ctaccecgac cacatgaagce agcacgactt cttcaagtcc 1140
gccatgceccceg aaggctacgt ccaggagegce accatcttcet tcaaggacga cggcaactac 1200
aagacccgceg ccgaggtgaa gttcecgagggce gacaccctgg tgaaccgcat cgagctgaag 1260
ggcatcgact tcaaggagga cggcaacatce ctggggcaca agctggagta caactacaac 1320
agccacaacg tctatatcat ggccgacaag cagaagaacg gcatcaaggt gaacttcaag 1380
atccgccaca acatcgagga cggcagcegtg cagctcecgecg accactacca gcagaacacc 1440
cccatecggeg acggcecccegt getgcectgece gacaaccact acctgagcecta ccagtcecgec 1500
ctgagcaaag accccaacga gaagcgcgat cacatggtcce tgctggagtt cgtgaccgcec 1560
gccecgggatca ctceteggecat ggacgagctg tacaagtaa 1599
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What 1s claimed 1s:

1. A method for generating an inhibitory neuron-current
flow, the method comprising:

in a neuron, using a NpHR-based molecule thatresponds to
light by producing an inhibitory current to dissuade
depolarization of the neuron, wherein a high expression
ol the molecule manifests a toxicity level that 1s less than
about 75%.

2. The method of claim 1, wherein the molecule 1s
expressed using at least one of the NpHR molecular variants
from Table 2, namely, Non-Humanized NpHR, SP, ., »_.-
NpHR, NpHR-ETQV, NpHR-actin, NpHR-ERexport.

3. The method of claim 1, wherein the toxicity 1s less than
about 40%.

4. The method of claim 1, wherein the toxicity 1s less than
about 10%.

5. The method of claim 1, wherein the molecule uses an
endogenous cofactor to produce the inhibitory current, and

wherein the ihibitory current substantially dissuades depo-
larization of the neuron in less than 500 milliseconds after
being exposing to light.

6. The method of claim 1, wherein the inhibitory molecule
does not have the sequence as set forth 1n GenBank accession
number EF474018 and uses an endogenous cofactor to pro-
duce the mnhibitory current.

7. The method of claim 1, wherein the step of using a
NpHR-based molecule that responds to light by producing an
inhibitory current to dissuade depolarization of the neuron,
includes using at least two NpHR-based molecular variants.

8. The method of claim 1, wherein the step of using a
NpHR-based molecule includes causing the cell to express
light-activated NpHR-based molecule and exposing the cell
to light to activate the NpHR-based protein.

9. The method of claim 8, wherein the step of causing the
cell to express light-activated NpHR-based molecule
includes using at least two NpHR-based constructs.
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10. The method of claim 9, wherein the two NpHR-based
constructs are mdependently capable of causing the cell to
express light-activated NpHR -based protein, wherein the two
NpHR-based constructs are either part of the same sequence
or independently delivered.

11. The method of claim 10, wherein the step of using an
NpHR-based molecule includes using a ChR2-based mol-
ecule to control transmission of the neuron.

12. A method of optically controlling cell properties, com-
prising;:

causing the cell to express light-activated NpHR-based

proteins using at least two NpHR-based molecular vari-
ants, each of the variants characterized in being useful
for expressing a light-activated NpHR-based molecule
that responds to light by producing an inhibitory current
to dissuade depolarization of the neuron; and

exposing the cell to light to activate the NpHR-based pro-

tein.

13. The method of claim 12, wherein the molecule 1is
expressed using at least one of the NpHR molecular variants
from Table 2, namely, Non-Humanized NpHR, SP, ., »_ -
NpHR, NpHR-ETQV, NpHR-actin, NpHR-ERexport.

14. A method of optically controlling cell properties, com-
prising;:

causing the cell to express light-activated NpHR-based

protein; and

exposing the cell to light to activate the NpHR-based pro-

tein, wherein the NpHR-based molecule 1s characterized
in that a high expression of the molecule manifests a
toxicity level that 1s less than about 75%.

15. The method of claim 14, wherein the NpHR-based
molecule 1s characterized 1n that the high expression of the
molecule corresponds to about 3x10e7 infectious units per
milliliter.

16. A nucleic acid sequence comprising a gene for a light-
activated NpHR-based molecule and a promoter, wherein the
molecule responds to light by producing an inhibitory current
to dissuade depolarization of a neuron, wherein a high expres-
s10n of the molecule manifests a toxicity level that 1s less than
about 75%.

17. The nucleic acid sequence of claim 16, wherein the
molecule uses an endogenous cofactor to produce the inhibi-
tory current, wherein the endogenous cofactor i1s all-trans-
retinal (ATR).

18. The method of claim 16, wherein the inhibitory current
substantially dissuades depolarization of the neuron 1n less
than 500 milliseconds after being exposed to light.

19. A composition comprising: a light-activated NpHR -
based molecule that 1s expressed in a cell wherein the cell 1s
selected from the group consisting of mammalian cells, neu-
ronal cells and stem cells, wherein a high expression of the
molecule manmifests a toxicity level that 1s less than about
75%.

20. The composition of claim 19, wherein the molecule 1s
expressed using at least one of the NpHR molecular variants
from Table 2, namely, Non-Humanized NpHR, SP, ., . .-
NpHR, NpHR-ETQV, NpHR-actin, NpHR-ERexport.

21. A method of controlling synaptic transmissions, com-
prising:
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causing a neuron that ends in a synapse to express light-
activated NpHR-based molecules, and

exposing the cell to light to activate the NpHR-based mol-
ecules, wherein the step of exposing to light dissuades a
synaptic event,

wherein either

a high expression of the molecules manifests a toxicity
level that 1s less than about 75%, or

the light-activated NpHR-based molecules are
expressed using at least two NpHR-based molecular
variants, each of the variants characterized in being
usetul for expressing a light-activated NpHR-based
molecule that responds to light by producing an
inhibitory current to dissuade depolarization of the
neuron.

22. A vector for delivering a nucleic acid sequence that
codes for light-activated NpHR-based molecules and a pro-
moter, wherein either

a high expression of the molecules manifests a toxicity
level that 1s less than about 75%, or

the light-activated NpHR-based molecules are expressed
using at least two NpHR-based molecular variants, each
of the variants characterized in being useful for express-
ing a light-activated NpHR-based molecule that
responds to light by producing an mhibitory current to
dissuade depolarization of the neuron.

23. A NpHR-based molecule for use in therapy wherein the
molecule 1s capable of responding to light by producing an
inhibitory current to dissuade depolarization of a neuron and
wherein the molecule 1s capable of producing the inhibitory
current, and wherein a high expression of the molecule mani-
fests a toxicity level that 1s less than about 75%.

24. A nucleic acid molecule comprising a nucleotide
sequence encoding a NpHR based protein for use in the
treatment of CNS disorders wherein the protein 1s capable of
responding to light by producing an inhibitory current to
dissuade depolarization of a neuron, and wherein a high
expression of the molecule manifests a toxicity level that 1s
less than about 75%.

25. Use of a NpHR-based molecule 1n the manufacture of
a medicament for the treatment of neurological or CNS dis-
orders wherein the said molecule 1s capable of responding to
light by producing an inhibitory current to dissuade depolar-
ization of a neuron, and wherein a high expression of the
molecule manifests a toxicity level that i1s less than about

715%.

26. An assembly or kit of parts, comprising: a product
containing an NpHR-based molecular variant and another
opsin-based molecule as a combined preparation for use 1n
the treatment of disease of a neurological or CNS disorder,
wherein at least the NpHR-based molecular variant 1s usetul
for expressing a light-activated NpHR-based molecule that
responds to light by producing an imhibitory current to dis-
suade depolarization of a cell, and wherein a high expression
of the molecule manifests a toxicity level that 1s less than

about 75%.
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