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Applications
Most applications in optogenetics 
have involved brain research. Recent 
applications are extending to other 
organs with excitable cells, as well as to 
microorganisms and plants.

Multiple clinical trials using 
ChRs for treating retinal 
degenerative diseases 
have been initiated. Partial 
vision restoration in a blind 
patient with retinitis 
pigmentosa has been 
reported. 

Rhodopsin-based optogenetics in 
plants are not as developed as in 
animals, but they have been used 
to study pollen tube development 
and to mimic guard cell anion 
channel activity to close stomata.

The light required for plant growth will 
activate optogenetic tools when the entire 
visible spectrum is used. Therefore, 
combining a blue light-regulated 
transcriptional repressor with a red light-
triggered switch is recommended.

Improving optogenetics for 
translational cardiovascular 
research requires improving 
genetic targeting, safer viral 
vectors, longer wavelenth 
opsins and miniaturized light 
delivery sources.

To optimize the systems, 
further efforts are 
required, including the 
development of 
effective optogenetic 
tools and treatment 
strategies and improving 
gene delivery efficiency.

In cardiovascular research, 
optogenetics has been used for 
pacing or suppression of wave 
propagation during 
arrhythmias. Optogenetics can 
increase battery life of cardiac 
devices by delivering lower-
energy light pulses.

Reproducibility and data 
deposition
Reproducibility of actuators relies on 
codon use optimization; ChRs and other 
actuators are used in a diverse range of 
organisms and tissues. Gene delivery using 
viral vectors is affected by variations in the 
quality and purity of the vector as well as 
the viral titre. The spectral profile should 
be reported, including the light source, 
all filters and the optical components 
used in optogenetic experiments. Data 
type and format can be very diverse 
and so reporting standards and data 
sharing should follow guidelines for each 
subfield of optogenetics. Specifics of the 
instruments used, data acquisition and 
analysis software need to be reported.

Limitations and 
optimizations
Tissue heating and photodamage need 
to be carefully evaluated in optogenetics. 
It is important to design experiments 
that minimize photon exposure and light 
absorption by, for example, using short 
illumination cycles and opsins with red-
shifted absorption peaks. Multiphoton 
optogenetics uses pulsed lasers with high 
peak energies. Any risks can be mitigated 
by ensuring illumination with low power 
and that the targets are sufficiently 
separated compared with the thermal 
diffusion length. 

Outlook
The optogenetics toolbox is expected 
to grow, with optimization of existing 
tools in terms of kinetics, ion or substrate 
selectivity, and widening of the spectral 
range from UV to near-infrared. Additional 
actuators remain to be discovered. 
Optogenetics has translational potential, 
with promising protocols for existing and 
new therapies being developed. Using 
optogenetics in any system of excitable 
cells will drive basic knowledge in a 
number of fields in the life sciences.

Experimentation
Optogenetic experiments rely on a 
genetically encoded actuator that 
responds to light of the appropriate 
wavelength and intensity and a light 
delivery system that allows temporally 
precise activation of the cells of interest. 
A number of optogenetic actuators are 
available. Light-activated ion channels 
such as ChRs are most commonly used 
in optogenetics, although light-driven 
pumps and enzymes can also be used. 
Optogenetic tools are introduced into cells 
using transgenic or viral delivery methods. 
Their localization and expression is 
controlled with the choice of promoter. 
Light targeting approaches have generally 
been developed for applications in 
neuroscience and cardiovascular science 
but are also beginning to be applied to 
other systems. Optical fibres implanted 
into the skull are used to introduce light 
into large brain regions. Single or multiple 
cells can be independently controlled 
in time and space using multiphoton 
excitation and light shaping.

 z It is advisable to consider tissue heating 
and minimize irradiance to avoid heat-
induced changes in neuronal activity and 
behaviour. 

Results
The impact of optogenetic manipulation 
on targeted cells is measured using 
electrophysiological and optical 
recordings, immediate early gene labelling 
and non-invasive imaging modalities. 
Electrophysiological recordings can be 
done in vivo or in vitro and are the most 
direct way to characterize light-mediated 
effects. Fluorescent activity reporters can 
be integrated into the system but require 
minimization of the crosstalk between the 
recording and manipulation modalities. 
When combined with patterned 
illumination, optogenetic experiments can 
be used to determine how neural circuits 
drive behavioural processes.

Optogenetics uses natural and engineered 
photoreceptors genetically introduced into cells to 
control their activity using light. The most widely 
used optogenetic tools are channelrhodopsins (ChRs) 
from microalgae. These tools are being adapted to an 
increasing number of species.

Optogenetics for light control of biological 
systems
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shnm�ne�hsr�rl‘kk,�lnkdbtkd�rtarsq‘sd-�Sgdrd�ktlhmnorhmr�
‘kknv�chqdbs�khfgs�rshltk‘shnm�ax�noshb‘k�ehaqdr+�vghkd�‘s�
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qnmr�‘mc�sqhffdq�nee,�s‘qfds�deedbsr+�hmbktchmf�‘�sq‘mrhdms�
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F@A@�‘mc�‘kj‘khy‘shnm�ne�oqdrxm‘oshb�sdqlhm‘kr+�kd‘chmf�
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F,�oqnsdhm�rodbhehbhsx�‘mc� shlhmf�ne�‘bshu‘shnm�‘mc�
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Anw�0�z�BnloVpsldms,rodbhehb�etmbshnmr�ne�lhbpnahVk�pgncnorhmr

Anion-conducting channels (ACRs) (such asGtACR2, iC** and iChloc) canbeused �
to control chloride conductance in a light-dependentmanner. However, the effect on

neuronal excitability depends on the chloride reversal potential, which candiffer between

subcellular compartments, aswell as on themembranepotential. The figure (left) shows �
a neuron coloured according to the typical chloride reversal potential. In the somatic

compartment (top inset), shunting inhibition occurs if the reversal potential of a channel �
is close to the restingmembranepotential of the cell. In this case, channel activationdoes

not lead to a substantial current but, rather, to a conductance thatwill oppose any change

of themembranepotential from the channel reversal potential, referred to as shunting

conductance. The input resistance of the neuron is reduced, causing a smaller amplitude

of subsequent excitatory potentials. If the channel reversal potential lies between the

resting potential and the action potential threshold, however, the effects of shunting

inhibition aremore complex. In this case, ACR activationwill lead to a depolarization, �
but excitatory potential amplitudeswill still be reduced. Consequently, ACR activation

will still lead to a reduced spike rate. Upon channel closing, the input resistance then

increaseswhile themembrane potential is still depolarized, leading to a transiently

increased excitability. Furthermore, if ACRs are activated over extendedperiods of

excitatory drive, Cl| can accumulate in the cell, and thedepolarizingphase of shunting

inhibitionwill becomemore accentuated, leading to activity-dependent effects of

shunting inhibition. At the presynaptic terminal (bottom), ACR activation leads to

depolarization, and potentially even action potential initiation, especially at light �
onsetwhen thepool of activatable voltage-gated sodiumchannels is large. ACR-based

optogeneticmanipulations should thus take the unique features of compartment-specific

physiology into account.
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‘ksgntfg�sgdhq�‘ookhb‘shnm�q‘mfd�hr�m‘qqnv�‘mc�sgd�bnm,
rsqtbsr�mddc�sn�ad�noshlhydc�enq�dudqx�mdv�‘ookhb‘shnm-�
Lnqdnudq+�nmd�cq‘va‘bj�hr�sg‘s�bna‘k‘lhm,�a‘rdc�khfgs�
rdmrnqr�nq�ogxsnbgqnld,�a‘rdc�khfgs�rdmrnqr�fdmdq‘kkx�
qdpthqd�‘cchshnm�nq�bdkktk‘q�rxmsgdrhr�ne�sgd�bne‘bsnq�lnk,
dbtkdr+�l‘jhmf�sgdhq�onsdmsh‘k�enq�hmuhun�‘ookhb‘shnmr�
lnqd�bnlokdw�sg‘m�sgd�‘ookhb‘shnm�ne�sgd�qdshm‘k,�a‘rdc�
ognsnqdbdosnqr-

Rdbnmc�ldrrdmfdqr-�Ognsn‘bshu‘sdc�bxbk‘rdr�’O@Br(�g‘ud�
addm�dloknxdc�enq�chqdbs�bnmsqnk�ne�sgd�rdbnmc�ldrrdm,
fdqr�b@LO�‘mc�bFLO-�Sgd�rnktakd�aO@B�eqnl�Adffh‘sn‘�
roo-�hr�‘�s‘mcdl�ne�AKTE,�sxod�khfgs�rdmrnqr�’aktd�khfgs�
rdmrnqr�trhmf�E@C�’ek‘uhm�‘cdmhmd�chmtbkdn�shcd((�’EHF-Ω1(�
vhsg�b‘qanwx,�sdqlhm‘k�‘cdmxkxk�bxbk‘rdr-�Sgdrd�nosn,
fdmdshb�‘bst‘snqr�rgnv�lhkkhrdbnmc,�q‘mfd�nm,�jhmdshbr�
tonm�ognsnrshltk‘shnm�‘mc�rdbnmc,�q‘mfd�nee,jhmdshbr�hm��
sgd�c‘qj�’aO@B�σnee�<�01�r(27-�Bn,�dwoqdrrhnm�ne�aO@B��
vhsg�sgd�rl‘kk�oqnj‘qxnshb�ons‘rrhtl�bg‘mmdk�RsgJ�
’O@B,�J� rhkdmbdq(� hm� svn,�bnlonmdms� nosnfdmdshb�
‘ooqn‘bgdr g‘r addm dwoknhsdc enq knmf,k‘rshmf mdtqnm‘k
gxodqonk‘qhy‘shnm�hm�b‘qchnlxnbxsdr�’BL(�‘r�vdkk�‘r�hm�
ekx+�lntrd�‘mc�ydaq‘ehrg�mdtqnmr+�oqnuhchmf�ghfg�nodq,
‘shnm‘k�khfgs�rdmrhshuhsx�ats�knv�shld�qdrnktshnm27+51fl53-��
Gnvdudq+�bnkntq�lnchehb‘shnm�hr�nmkx�onrrhakd�vhsghm�
‘�rl‘kk�q‘mfd�‘qntmc�36/�ml�‘mc�nbb‘rhnm‘k�qdrhct‘k��
c‘qj�‘bshuhsx�g‘r�addm�nardqudc54-�Mdv�rodbsq‘k�vhmcnvr�
vdqd�nodmdc�ax�hmsqnctbhmf�qgncnorhm�ft‘mxkxk�bxbk‘rdr�
’QFBr(+�vghbg�‘qd�bxbk‘rdr�vhsg�‘lhmn,�sdqlhm‘kkx�
khmjdc�qgncnorhmr-�Sgdrd�qgncnorhm�bxbk‘rdr�’QgBr(�
‘qd�bg‘q‘bsdqhydc�ax�knv�c‘qj�‘bshuhsx+�deedbshud�khfgs�
‘arnqoshnm�’δ�=�21+///�L®0�bl®0(�‘mc�sgd�oqnlhrd�ne�
ekdwhakd�bnkntq�stmhmf55fl57-�QgBr�rgnv�lhkkhrdbnmc,�
q‘mfd�nee,�jhmdshbr+�‘qd�m‘stq‘kkx�FSO�rdkdbshud�‘mc�‘qd�
bnmudqshakd�hmsn�@SO�bxbk‘rdr�ax�fdmdshb�dmfhmddqhmf-�
Rnld�ldladqr�ne�sgd�etmf‘k�Bgxsqhchnlxbns‘�l‘x�trd�
gdsdqnchldqhb�QgFBr+�vhsg�nmd�aktd�nq�fqddm rdmrhshud�
qgncnorhm�b‘s‘kxrs+�‘mc�‘�rdbnmc�md‘q,�hmeq‘qdc�rdmrh,
shudlnctk‘snq�’MdnQ+�κl‘w�<�55/fl6//�ml(-�Sgdrd�MdnQr�
lhfgs�‘kknv�sn�dwsdmc�sgd�tr‘akd�rodbsq‘k�q‘mfd�hmsn�sgd�
rtodqhnq�hmeq‘qdc�rodbsq‘k�vhmcnv58-

Oqnsdhm�‘atmc‘mbd-�Bnmsqnk�nudq�sgd�bnmbdmsq‘shnm�ne�
rdkdbsdc�oqnsdhmr�vhsghm�‘�bdkk�g‘r�addm�‘�knmf,�rs‘mchmf�
fn‘k�‘mc�g‘r�rshltk‘sdc�sgd�hmsdqdrs�ne�oqnsdhm�dmfhmddqr�
enq�cdb‘cdr-�Sgd�lnrs�nauhntr�onhms�ne�hmsdqudmshnm�

hr�sgd�qdftk‘shnm�ne�sq‘mrbqhoshnm-�Oqduhntrkx�dwoknqdc�
bnmbdosr�vdqd�a‘rdc�nm�sgd�bnmmdbshnm�ne�CM@,�ahmchmf�
oqnsdhmr�sn�‘�ognsnqdbdosnq�rtbg�‘r�Ogxsnbgqnld+�EJE0�
nq�UHUHC�’khfgsflnwxfdmflunks‘fd�’KNU(�oqnsdhmr(+�nq�
BQX-�Tonm�hkktlhm‘shnm+�sgdrd�ognsnqdbdosnqr�ahmc�sn�
sgdhq�rhfm‘kkhmf�o‘qsmdq�oqnsdhmr�OHE2+�FHF@MSD@.
Stkhor�nq�BHA+�qdrodbshudkx+�vhsg�antmc�bnlonmdmsr��
ne�sgd�sq‘mrbqhoshnm�l‘bghmdqx�‘r�UO05�nq�UO53-�Hm�
khfgs+�sgd�sq‘mrbqhoshnm�bnlonmdms�hr�‘ssq‘bsdc�sn�sgd�
oqnlnsdq�qdfhnm�ne�hmsdqdrs�ax�sgd�ognsnqdbdosnq�‘mc�
rhfm‘kfloqnsdhm�hmsdq‘bshnm+�kd‘chmf�sn�sgd�‘rrdlakx�ne�
sgd�sq‘mrbqhoshnm�bnlokdw�‘mc�hmhsh‘shnm�ne�sq‘mrbqhoshnm-�
Gnvdudq+�sgd�bgnrdm�F@K3�CM@,�ahmchmf�cnl‘hmr�g‘ud�
sn�ad�hmbnqonq‘sdc�hmsn�sgd�lncdk�nqf‘mhrl�’qduhdvdc�
dkrdvgdqd6/+60(-�Sn�‘ccqdrr�‘mx�oqnlnsdq�ne�hmsdqdrs+�
oqnfq‘ll‘akd�CM@,�ahmchmf�oqnsdhmr�rtbg�‘r�yhmb�ehm,
fdq�CM@,�ahmchmf�oqnsdhmr61+�S@KDr62�‘mc�cd‘bshu‘sdc�
B‘r8�g‘ud�addm�etmbshnm‘khydc�‘r�sgd�rdbnmc�fdmdq‘,
shnm�ne�sq‘mrbqhoshnm�qdftk‘snqr63+64-�Sgd�l‘hm�b‘ud‘s�enq�
B‘r8�‘ookhb‘shnm�hr�sgd�oqnknmfdc�nbbto‘mbx�ne�B‘r8�‘s��
hsr�CM@,�ahmchmf�rhsd+�drodbh‘kkx�hmrhst‘shnmr�vgdqd�sgd�
CM@�hr�mns�bkd‘udc+�vghbg�chrstqar�fdmd�dwoqdrrhnm�oqhnq�
sn�sgd�hmsdmcdc�rs‘qs�ne�sgd�dwodqhldms65-�Hmrdqshmf�‘�KNU�
cnl‘hm�hmsn�‘m�‘msh,�BQHROQ�oqnsdhm�rtbg�‘r�@bqHH@3�
nq�@bqHHB2�’B@R@MNU@r(�nudqbnldr sghr�oqnakdl�‘mc�
l‘jdr�B‘r8�ahmchmf�adssdq�bnmsqnkk‘akd-�Sghr�‘ooqn‘bg�
vnqjr�qdkh‘akx�hm�GDJ�bdkkr+�ats�g‘r�mns�addm�qhfnqntrkx�
sdrsdc�enq�mnm,�dlaqxnmhb�bdkkr�rtbg�‘r�mdtqnmr66-

SVqfdshmf�rsqVsdfhdr
Nosnfdmdshbr�v‘r�ehqrs�‘ookhdc�hm�mdtqnrbhdmbd+�cqhudm�
ax�sgd�bnlokdwhsx�ne�mdtq‘k�bhqbthsr�‘mc�sgd�cdl‘mc�enq��
hloqnudc� rdkdbshuhsx� hm� odqstqa‘shnm‘k� ‘ooqn‘bgdr��
enq�rstcxhmf�mdtq‘k�bhqbthsr-�Fdmdshb�sdbgmhptdr+�uhq‘k�
udbsnq�sdbgmnknfx�‘mc�noshb‘k�ldsgncr�g‘ud�fqnvm�
q‘ohckx�‘qntmc�sgd cdudknohmf�nosnfdmdshb�snnkanw-��
@r�‘�qdrtks+�sgd�snnkr�‘mc�dm‘akhmf�sdbgmnknfhdr�enq�
nosnfdmdshb�dwodqhldms‘shnm�hm�mdtqnrbhdmbd+�‘r�vdkk�
‘r�sgd�etmc‘ldms‘k�tmcdqrs‘mchmf�ne�sgd�b‘ud‘sr�‘mc�
bnmrsq‘hmsr�ne�sgdhq�‘ookhb‘shnm+�‘qd�lnqd�‘cu‘mbdc�hm�
mdtqn�rbhdmbd�sg‘m�hm�nsgdq�ehdkcr-�Hm�sgd�enkknvhmf�rdb,
shnm+�vd�qduhdv�rnld�ne�sgd�l‘inq�s‘qfdshmf�‘ooqn‘bgdr�
enq�dwoqdrrhnm�ne�nosnfdmdshb�snnkr�hm�mdtq‘k�bhqbthsr-

Nmd�ne�sgd�l‘inq�admdehsr�ne�sgd�nosnfdmdshb�o‘q,
‘chfl�hr�hsr�rdkdbshuhsx�sn�cdehmdc�bdkkr�‘mc�bhqbthsr-��
Hm�mdtqnrbhdmbd�‘ookhb‘shnmr+�fdmdshb�s‘qfdshmf�ne�nosn,
fdmdshb�snnkr�g‘r�‘cu‘mbdc�bnmrhcdq‘akx+�‘mc�g‘r�oqnehsdc�
fqd‘skx�eqnl�cdudknoldmsr�hm�uhq‘k�udbsnq�sdbgmnknfhdr-�
@r�nosnfdmdshb�snnkr�‘qd�fdmdshb‘kkx�dmbncdc�‘mc�lnrskx�
rhmfkd,�bnlonmdms�‘bst‘snqr�’qdpthqhmf�sgd�hmsqnctbshnm�
ne�nmkx�nmd�fdmd�sn�sgd�s‘qfds�bdkk�onotk‘shnm(+�ltkshokd�
cdkhudqx�ldsgncr�b‘m�ad�trdc�sn�hmsqnctbd�sgdl�hmsn�sgd�
bdkkr�ne�hmsdqdrs-�S‘qfdshmf�rsq‘sdfhdr�‘qd�dhsgdq�a‘rdc�nm�
oqnlnsdq�rodbhehbhsx�chqdbskx�nq�sgqntfg�‘�bnlahm‘shnm�
ne�‘�bnmchshnm‘k�sq‘mrfdmd�dwoqdrrhnm�b‘rrdssd�sg‘s�b‘m�
ad�rvhsbgdc�nm�nq�nee�trhmf�‘�qdbnlahm‘rd-

Sq‘mrfdmhb�dwoqdrrhnm�ne�nosnfdmdshb�snnkr-�Sq‘mrfdmhb�
dwoqdrrhnm�hr�sgd�rhlokdrs�‘ooqn‘bg�sn�hlokdldms�‘r�hs�
qdpthqdr�nmkx�sgd�l‘hmsdm‘mbd�ne�‘m�norhm,�dwoqdrrhmf�
‘mhl‘k�rsq‘hm67�’EHF-Ω2‘(�nq�sgd�bqnrrhmf�ne�svn�rsq‘hmr�ne�
‘mhl‘kr-�Sgd�k‘ssdq�hmunkudr�‘�cqhudq�khmd�̌ �dmfhmddqdc�sn�
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dwoqdrr�‘�qdbnlahm‘rd�nq�sq‘mrbqhoshnm�qdftk‘snq�rtbg�‘r�
Bqd�‘mc�Ekon�’hm�qncdmsr(�nq�‘�F‘k3�cqhudq�’hm�ydaq‘ehrg(�
hm�‘�o‘qshbtk‘q�bdkk�onotk‘shnm�ˇ�‘mc�‘m�‘mhl‘k�rsq‘hm�
dwoqdrrhmf�‘�bnmchshnm‘k�norhm�fdmd�tmcdq�sgd�bnmsqnk�
ne�sgd�qdkdu‘ms�cqhudq�’EHF-Ω2a(-�Sgd�E0�oqnfdmx�ne�rtbg�‘�
bqnrr�vhkk�dwoqdrr�sgd�norhm�fdmd�hm�‘kk�bdkkr�hm�vghbg�sgd�
cqhudq�oqnsdhm�hr�dwoqdrrdc�‘mc�vhkk�sgdqdenqd�ad�‘ldm‘,
akd�sn�nosnfdmdshb�l‘mhotk‘shnm�rhlokx�ax�hkktlhm‘shmf�
sgd�s‘qfdsdc�aq‘hm�qdfhnm-�Sgd�‘ooqn‘bg�hr�rhlokd�sn�
hlokdldms+�ats�nmd�rgntkc�bnmrhcdq�onsdmsh‘k�b‘ud‘sr+�
hmbktchmf�sgd�oqdrdmbd�ne�‘wnmr�eqnl�mdtqnmr�hm�nsgdq�
aq‘hm�qdfhnmr+�vghbg�lhfgs�ad�‘bshu‘sdc�‘knmf�vhsg�sgd�
bdkk�anchdr�hm�sgd�hkktlhm‘sdc�qdfhnm-�Hm�lhbd+�dwoqdrrhnm�
ne�BgQ1�nq�dMoGQ2-/�eqnl�sgd�QNR@15�knbtr68�b‘m�ad�
pthsd�vd‘j�‘mc�mns�tmhudqr‘kkx�rteehbhdms�sn�cqhud�‘bshuhsx�
hm�dudqx�mdtqnm�rtasxod-�Dwoqdrrhnm�ne�norhm�fdmdr�eqnl�
sgd�SHFDQ�knbtr7/�rgnvdc�rsqnmfdq�norhm�dwoqdrrhnm�
‘mc�lhfgs+�sgdqdenqd+�ad�trdetk�enq�rnld�s‘qfds�mdtqnm�
onot�k‘shnmr-�Gnvdudq+�sghr�‘ooqn‘bg�qdpthqdr�fdmdq‘shnm�
‘mc.nq�aqddchmf�ne�‘�cdchb‘sdc�‘mhl‘k�rsq‘hm�enq�dudqx�
s‘qfdsdc�mdtqnm�onotk‘shnm+�‘mc�sgtr�k‘bjr sgd�udqr‘shk,
hsx�‘mc�bnrs,�deehbhdmbx�ne�uhq‘k�udbsnq,�a‘rdc�‘ooqn‘bgdr-�
@mnsgdq�onsdmsh‘k�bnmentmc�hr�tmhmsdmshnm‘k�s‘qfdshmf�
hm�rnld�cqhudq�khmdr�’rdd�enq�hmrs‘mbd�QDE-70(+�l‘jhmf�sgd�
udqhehb‘shnm�ne�cqhudq�khmdr�‘cuhr‘akd71-

Uhq‘k�udbsnq�s‘qfdshmf-�Kdmshuhq‘k�nq�‘cdmn,�‘rrnbh‘sdc�
uhqtr�’@@U(�udbsnqr�b‘m�ad�dmfhmddqdc�sn�dmbncd�nosn,
fdmdshb�‘bst‘snqr�‘mc�cdkhudqdc�dhsgdq�chqdbskx�sn�sgd�
aq‘hm�o‘qdmbgxl‘�nq�sgqntfg�rxrsdlhb�hmidbshnm�sn�
s‘qfds�dhsgdq�rodbhehb�aq‘hm�qdfhnmr�nq�aq‘hm,�vhcd�onot,
k‘shnmr+�qdrodbshudkx-�S‘qfdshmf�ne�fdmdshb‘kkx�hcdmshehdc�
mdtqnm‘k�onotk‘shnmr�hr�‘bghdudc�dhsgdq�ax�trhmf�sgd�shr,
rtd�sqnohrl�ne�sgd�uhqtr�rdqnsxod�‘mc�‘�bdkk�sxod,�rodbhehb�
oqnlnsdq�nq�dmg‘mbdq�’EHF-Ω2b(+�nq�ax�hmidbshmf�sgd�uhq‘k�
udbsnq�hmsn�‘�sq‘mrfdmhb�qdbnlahm‘rd,dwoqdrrhmf�‘mhl‘k�
rsq‘hm�’EHF-Ω2c(-�Oqnlnsdq,�a‘rdc�uhq‘k�udbsnq�s‘qfdshmf�hr�
‘ssq‘bshud�‘r�hs�cndr�mns�qdpthqd�sgd�l‘hmsdm‘mbd�ne�‘�rod,
bhehb�‘mhl‘k�rsq‘hm�enq�dudqx�s‘qfds�mdtqnm�onotk‘shnm�
‘mc�b‘m�‘krn�ad�‘ookhdc�hm�mnm,�fdmdshb�lncdkr-�Gnvdudq+�
sgd�khlhsdc�uhq‘k�o‘xkn‘c�rhyd�ˇ�o‘qshbtk‘qkx�ne�@@Ur�
ˇ�oqnghahsr�sgd�trd�ne�lnrs�m‘shud�oqnlnsdqr-�Sgd�khrs�
ne�lhmhl‘k�oqnlnsdq�nq�dmg‘mbdq�rdptdmbdr�sg‘s�g‘ud�
addm�u‘khc‘sdc�sn�rodbhehb‘kkx�dwoqdrr�hm�cdehmdc�mdtqnm�
onotk‘shnmr�hr�pthsd�qdrsqhbsdc-�Gnvdudq+�sghr�ehdkc�hr�q‘o,
hckx�dwo‘mchmf72+73�‘mc�hr�etqsgdq�chudqrhehdc�ax�rxmsgdshb�
‘ooqn‘bgdr74-

Bhqbths,�a‘rdc�uhq‘k�udbsnq�s‘qfdshmf-�Sgd�lnrs�bnl,
lnmkx�trdc�qdsqnfq‘cd�uhq‘k�sq‘bdq�hr�@@Uqdsqn75+�vghbg�
b‘m�ad�s‘jdm�to�ax�oqdrxm‘oshb�sdqlhm‘kr�‘mc�sq‘udk�hm�
qdsqnfq‘cd�sn�dwoqdrr�‘s�sgd�rnl‘�ne�knmf,�q‘mfd�oqnidbs,
hmf�mdtqnmr�’EHF-Ω2d(-�Sgd�gdqodr�rhlokdw�uhqtr�0�’GRU0(�
‘mc�b‘mhmd�‘cdmnuhqtr�1�’B@U1(�ansg�g‘ud�qdsqnfq‘cd�
s‘qfdshmf�‘ahkhshdr+�ats�sgdrd�‘qd�kdrr�qd‘chkx�‘u‘hk‘akd�‘mc�
g‘ud�addm�rgnvm sn�hlo‘hq�sgd�gd‘ksg�ne�s‘qfdsdc�mdt,
qnmr+�o‘qshbtk‘qkx�nudq�knmfdq�dwoqdrrhnm�shldr�ne�vddjr�
sn�lnmsgr76-

Rxrsdlhb� cdkhudqx� ne� @@U,�OGO� b‘orhcr-� S‘qfdshmf�
ro‘qrd�aq‘hm,�vhcd�onotk‘shnmr�hr�admdehbh‘k�enq�rnld�
dwodqhldms‘k�bnmehftq‘shnmr-�Enq�dw‘lokd+�rsqtbstq‘k�

hl‘fhmf�ne�cdmcqhshb�rohmdr�hm�sgd�bnqsdw�nq�dwbhs‘,
shnm�ne�‘�q‘mcnlkx�rdkdbsdc�ro‘qrd�dmrdlakd�hm�‘�fhudm�
aq‘hm�qdfhnm-�Enq�sghr�otqonrd+�@@U,�OGO�udbsnqr�g‘ud�
addmdmfhmddqdc�sn�bqnrr�sgd�aknncflaq‘hm�a‘qqhdq�vhsg�
ghfg�deehbhdmbx�’EHF-Ω2e(-�Sgd�@@U,�OGO�rdqnsxodr�‘kknv�
s‘qfdshmf�ne�chudqrd�bdmsq‘k�‘mc�odqhogdq‘k�mdquntr�rxr,
sdl�mdtqnmr77+78-�Sgd�r‘ld�b‘orhcr�b‘m�ad�trdc�vhsg�
Bqd,�cdodmcdms�@@U�dwoqdrrhnm�ok‘rlhcr�sn�‘kknv�ro‘qrd�
aq‘hm,�vhcd�dwoqdrrhnm�hm�‘�fdmdshb‘kkx�cdehmdc�mdtqnm‘k�
rtasxod-�Gnvdudq+�sgd�deehbhdmbx�ne�@@U,�OGO�rdqn,
sxodr�hm�bqnrrhmf�ne�sgd�aknncflaq‘hm�a‘qqhdq�b‘m�u‘qx�hm�
cheedqdms�lntrd�rsq‘hmr8/-

Dkdbsqnonq‘shnm-�Bnmbdmsq‘sdc�CM@�b‘m�‘krn�ad�hmidbsdc�
hmsn�sgd�bdqdaq‘k�udmsqhbkdr�enkknvdc�ax�hmtsdqn�dkdb,
sqnonq‘shnm80fl82+�dm‘akhmf�sgd�rstcx�ne�mdtq‘k�bdkk�e‘sd�
cdsdqlhm‘shnm�‘mc�lhfq‘shnm�nq�bnqshb‘k�k‘xdq,�rodbhehb�
dwoqdrrhnm-

-nloVqsldms �rodbhehb�etmbshnmr
Sgd�deedbshud�btqqdms�qdrtkshmf�eqnl�khfgs,�f‘sdc�bg‘mmdk�
bnmctbs‘mbd�b‘m�u‘qx�cq‘l‘shb‘kkx�nvhmf�sn�knb‘k�hnm�
bnmbdmsq‘shnm�fq‘chdms�cheedqdmbdr-�Enq�mdtqnrbhdmbd�
‘ookhb‘shnmr+�sghr�hr�o‘qshbtk‘qkx�bqtbh‘k�enq�trd�ne�@BQr-�
@s�sgd�rnl‘shb�‘mc�cdmcqhshb�bnlo‘qsldmsr+�sghr�hr�‘m�
‘cu‘ms‘fd+�‘r�sgdx�b‘m�ad�trdc�enq�rgtmshmf�hmghahshnm-�
Hmbnmsq‘rs+�@BQr�b‘m�dwdqs�dwbhs‘snqx�deedbsr�hm�‘wnmr�
‘mc�oqdrxm‘oshb�sdqlhm‘kr+�hm�vghbg�sgd�hmsq‘bdkktk‘q�
bgknqhcd�bnmbdmsq‘shnm�hr�ghfgdq�’ANWΩ0(-�Hnm�otlohmf�
qgncnorhmr+�nm�sgd�nsgdq�g‘mc+�sq‘mrknb‘sd�sgd�hnm�nudq�
sgd�ldlaq‘md�hm�‘�oqdcdsdqlhmdc�chqdbshnm+�vghbg�b‘m�
ad�‘m�‘cu‘ms‘fd�nvhmf�sn�sgd�hmbqd‘rdc�bnmsqnk�ne�hnm�
ektw-�Gnvdudq+�sgd�otlohmf,�hmctbdc�gxodqonk‘qhy‘,
shnm�‘mc�dkdu‘shnm�hm�hnm�bnmbdmsq‘shnm�b‘m�‘krn�g‘ud�
rhcd�deedbsr+�rtbg�‘r�sgd�‘kj‘khmhy‘shnm�ne�oqdrxm‘oshb�
antsnmr83�nq�‘m�‘qshehbh‘k�hmbqd‘rd�hm�hmsq‘bdkktk‘q�bgkn,
qhcd34-�Rhlhk‘qkx+�sgd�deedbsr�ne�F,�oqnsdhm,�bntokdc�‘mh,
l‘k�qgncnorhmr�nm�mdtqnm‘k�‘bshuhsx�rsqnmfkx�cdodmc�
nm�sgd�fhudm�rdbnmc�ldrrdmfdq�b‘rb‘cd�hm�sgd�knb‘k�
bnlo‘qsldms-�Enq�hmrs‘mbd+�hm�sgd�rnl‘�‘mc�cdmcqhsd+�
Fh.n�rhfm‘kkhmf�b‘m�‘bshu‘sd�F,�oqnsdhm,�bntokdc�hmv‘qc�
qdbshexhmf�ons‘rrhtl�bg‘mmdkr+�vgdqd‘r�hm�sgd�oqdrxm,
‘oshb�bnlo‘qsldms�sgd�Fh.n�o‘sgv‘x�l‘hmkx�‘bsr�sgqntfg�
hmghahshnm�ne�unks‘fd,�f‘sdc�b‘kbhtl�bg‘mmdkr�‘mc�b@LO�
rhfm‘kkhmf46-

Loshlhyhmf�dvoqdrrhnm�Vmc�sVqfdshmf
Adxnmc�rhmfkd,�bg‘mmdk�bnmctbs‘mbd+�nmd�ne�sgd�l‘hm�
e‘bsnqr� cdsdqlhmhmf� l‘whl‘k� ognsnbtqqdms� hr sgd�
mtladq�ne�etmbshnm‘k�norhm�lnkdbtkdr�hm�sgd�ldl,
aq‘md+�vghbg�hm�stqm�cdodmcr�nm�sgd�dwoqdrrhnm�kdudk+�
oqnsdhm,�enkchmf�deehb‘bx+�qdshm‘k�ahmchmf�‘eehmhsx+�ldl,
aq‘md�sq‘eehbjhmf�‘mc�oqnsdhm�stqmnudq�q‘sd-�Sgd�dwoqdr,
rhnm�kdudk�ne�‘�sq‘mrfdmd�b‘m�ad�bnmsqnkkdc�uh‘�oqnlnsdq�
rsqdmfsg�‘mc�sq‘mrfdmd�bnox�mtladq-�Sgd�norhm,�enkchmf�
deehb‘bx�‘mc�oqnsdhm�rs‘ahkhsx�vdqd�rgnvm�sn�cdodmc�nm�
sgd�‘u‘hk‘ahkhsx�ne�sgd�bgqnlnognqd�qdshm‘k84-�@ksgntfg�
qdshm‘k� ‘u‘hk‘ahkhsx� cndr� mns� rddl� sn� ad� ‘� khlhshmf��
e‘bsnq�hm�l‘ll‘kh‘m�shrrtdr+�hs�mddcr�sn�ad�qntshmdkx�
rtookdldmsdc�hm�sgd�ennc�ne�hmudqsdaq‘sd�lncdk�rxr,
sdlr�‘mc�rnld�btkstqdc�bdkk�khmdr-�Hm�ok‘msr+�sgd�‘ardmbd�
ne�qdshm‘k�b‘m�ad�bnlodmr‘sdc�enq�ax�hsr�rxmsgdrhr�uh‘�
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dwoqdrrhnm�ne�‘�a‘bsdqh‘k�α,�chnwxfdm‘rd�sg‘s�e‘bhkhs‘sdr�
qgncnorhmdwoqdrrhnm-�@�bnllnm�hrrtd�vhsg�tmlnc,
hehdc�norhm�dwoqdrrhnm�b‘rrdssdr�hr�‘ffqdf‘shnm�ne�sgd�
rxmsgdshydc�oqnsdhm�hm�sgd�dmcnok‘rlhb�qdshbtktl-�Sn�
nudqbnld�sghr�khlhs‘shnm+�sq‘eehbjhmf�lnsher�hmunkudc�
hm�sq‘mronqs�ne�ldlaq‘md�oqnsdhmr�‘knmf�sgd�rdbqdsnqx�
o‘sgv‘x�sn�sgd�bdkk�rtqe‘bd�vdqd�tshkhydc�sn�hloqnud�

ok‘rl‘�ldlaq‘md�s‘qfdshmf�’rdd�Rtookdldms‘qx�Ehf-�3(-�
Sgd�lnrs�vhcdkx�trdc�sq‘eehbjhmf�lnsher�tshkhydc�vdqd�
ehqrs�cdrbqhadc�enq�sgd�ons‘rrhtl�bg‘mmdk�Jhq1-0�ˇ�sgdrd�
lnsher�dmg‘mbd�dmcnok‘rlhb�qdshbtktl�dwonqs�‘r�vdkk�
‘r�Fnkfh�snok‘rl‘�ldlaq‘md�sq‘eehbjhmf85+�qdrtkshmf�hm�
ghfgdq�ok‘rl‘ldlaq‘md�knb‘khy‘shnm�‘mc�hmbqd‘rdc�
ognsnbtqqdmsr�hm�‘mhl‘k86�‘r�vdkk�‘r�ok‘ms87�bdkkr-

aT

c

d e

W
Rsno

b

HU�hmidbshnm

Qdsqn,Bqd

Bqd,cdodmcdms�norhm�bYrrdssd

Dwoqdrrhnm9�aqYhm,vhcd+�Ykk�mdtqnmr�dwoqdrrhmf�oqnlnsdq�|;‘

Dwoqdrrhnm9�nmkx�mdtqnmr�hm�qdfhnm�;�oqnidbshmf�sn�qdfhnm�A

Dwoqdrrhnm9�nmkx�mdtqnmr�hm�qdfhnm�;�dwoqdrrhmf�
Bqd�qdbnlahmYrd�eqnl�sgd�|;‘�knbtr�oqnlnsdq

Dwoqdrrhnm9�mdtqnmr�dwoqdrrhmf�oqnlnsdq
|;‘�hm�;;U,hmidbsdc�qdfhnm

Norhm NorhmWEO

Fdmdqhb�oqnlnsdq

Fdmdqhb�oqnlnsdqFdmdqhb�oqnlnsdq

Bqd,cdodmcdms�norhm�bYrrdssd

NorhmWEO

W

Bqd

;
;

Dwoqdrrhnm9�aqYhm,vhcd+�Ykk�mdtqnmr�dwoqdrrhmf�oqnlnsdq�|;‘

; ;
; ;;

; ;
; ;

Bqd
;

;
Bqd ;

;

9

A

Bqd
Bqd

Bqd
Bqd QdsqnfqYcd

sqYmronqs

Dwoqdrrhnm9�qYmcnlkx�rdkdbsdc�aqYhm,vhcd�onotkYshnm�
%bYm�ad�bnlahmdc�vhsg�qdbnlahmYrd,bnmchshnmYk�udbsnqr(

;;U,OGO

Norhm WEO

Norhm WEO

WEO

Norhm WEO

Bqd

‘A’ - speci&c promoter

‘A’-speci&c promoter

‘A’-speci&c promoter

‘A’-speci&c promoter
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Etqsgdq�noshlhy‘shnm�ne�etmbshnm‘k�dwoqdrrhnm�b‘m�ad�
‘bghdudc�ax�‘citrshmf�sgd�khmjdqr�adsvddm�sgd�norhm�‘mc�
sgd�nesdm�bn,�dwoqdrrdc�ektnqnognqd+�lts‘shmf�onsdmsh‘k�
tahpthshm‘shnm�rhsdr�‘mc�rbqddmhmf�q‘mcnl�lts‘shnmr�hm�
sgd�norhm�bnchmf�rdptdmbd88-�Adxnmc�hloqnudc�ognsn,
btqqdmsr+�s‘qfdshmf�‘m�norhm�sn�‘�rdkdbsdc�rtabdkktk‘q�
bnlo‘qsldms�b‘m�ad�trdc�sn�hmudrshf‘sd�sgd�etmbshnm�
ne�sgd�bgnrdm�bnlo‘qsldms+�rtbg�‘r�sgd�lhsnbgnmcqh‘+�
rxm‘oshb�udrhbkdr+�kxrnrnldr�nq�dmcnok‘rlhb�qdshbtktl�
’rdd�Rtookdldms‘qx�Ehf-�3(+�nq�sn�trd�sgd�cheedqdmsh‘k�
deedbsr�ne�hnm�bg‘mmdkr�chrbtrrdc�‘anud-�Rnl‘shb�qdrsqhb,
shnm�g‘r�addm�rtbbdrretk�hm�hmbqd‘rhmf�sgd�rodbhehbhsx�ne�
rhmfkd,�bdkk�rshltk‘shnm�ax�qdctbhmf�hm‘cudqsdms�lnct,
k‘shnm�ne�md‘qax�mdtqhsdr66+0//fl0/3+�‘r�vdkk�‘r�hm�qdctbhmf�
@BQ,�ldch‘sdc�‘wnm‘k�dwbhs‘shnm13-�Rnl‘shb�qdrsqhb,
shnm�g‘r�sgd�‘ccdc�deedbs�ne�‘bbdkdq‘shmf�sgd�deedbshud�
ognsnbtqqdms�nee,�jhmdshbr+�nvhmf�sn�sgd�dkhlhm‘shnm��
ne�ognsnbtqqdmsr�‘qhrhmf�eqnl�chrs‘k�mdtqhsdr�hm�sgd�
hkktlhm‘sdc�shrrtd�unktld+�‘r�sgdrd�‘qd�knv,�o‘rr�ehk,
sdqdc�vghkd�sq‘udkkhmf�‘knmf�sgd�mdtqhsd�sn�sgd�rnl‘shb�
bnlo‘qsldms-

@ksgntfg�s‘qfdshmf�lhbqnah‘k�qgncnorhmr�sn�oqd,
rxm‘oshb�udrhbkdr�hr�ed‘rhakd32+�dmqhbgldms�ne�qgncnorhm�
‘atmc‘mbd�hm�sgd�‘wnm‘k�ok‘rl‘�ldlaq‘md�g‘r�mns�
addm‘bghdudc-�Bxsnrnkhb�oqnsdhmr�b‘m�ad�dmqhbgdc�hm�
sgd�‘wnm�ax�lQM@�rgtsskhmf�lnsher-�Gnvdudq+�knb‘k�qgn,
cnorhm�sq‘mrk‘shnm�hm�sgd�‘wnm�g‘r�mns�addm�rtbbdrretkkx�
‘ookhdc+�onsdmsh‘kkx�nvhmf�sn�‘�k‘bj�ne�sq‘mrldlaq‘md�
oqnsdhm�rxmsgdrhr�hm�sgd�udqsdaq‘sd�‘wnm0/4-

Ihfgs�cdkhudqx�sdbgmhptdr
@ksgntfg�sgd�u‘rs�l‘inqhsx�ne�‘cu‘mbdc�khfgs�s‘qfdshmf�
‘ooqn‘bgdr�g‘ud�addm�cdudknodc�vhsg�sgd�rodbhehb�‘ookh,
b‘shnmr�ne�mdtqnm‘k�‘mc�b‘qch‘b�nosnfdmdshbr�hm�lhmc+�
sgdrd�ldsgncr�‘qd�fdmdq‘khy‘akd�‘mc�‘qd�adfhmmhmf�sn�
ad�‘ookhdc�sn�nsgdq�rxrsdlr0/5-�Nosnfdmdshbr�hr�qd‘chkx�
‘ookhb‘akd�sn�khfgs,�‘bbdrrhakd�oqdo‘q‘shnmr�rtbg�‘r�btk,
stqdc�bdkkr+�shrrtd�rkhbdr+�sq‘mro‘qdms�nqf‘mhrlr+�rtbg�

‘r�ydaq‘ehrg�k‘qu‘d+�nq�sgd�bnqshb‘k�rtqe‘bd�ne�sgd�l‘l,
l‘kh‘m�aq‘hm+�‘kknvhmf�enq�dwsdmrhud�ekdwhahkhsx�hm�khfgs�
cdkhudqx-�Enq�vgnkd�bhqbths�nq�aq‘hm�qdfhnm�nosnfdmdshbr+�
khfgs�mddcr�sn�qd‘bg�sgd�s‘qfds�vhsg�rteehbhdms�hqq‘ch‘mbd�
sn�hmctbd�norhm�‘bshu‘shnm-�Hcd‘kkx+�khfgs�rgntkc�ad�fthcdc�
hmsn�sgd�s‘qfds�rsqtbstqd�vhsg�lhmhltl�c‘l‘fd�sn�sgd�
shrrtd-�Hm�adg‘uhmf�‘mhl‘kr+�rshltk‘shnm�rgntkc�‘krn�ad�
bnmctbsdc�vhsg�lhmhl‘k�chrqtoshnm�sn�sgd�ld‘rtqdc�
adg‘uhntq+�khlhshmf�hlok‘ms‘akd�vdhfgs�‘mc�sdsgdq�rshee,
mdrr-�Vgnkd�bhqbths.qdfhnm�nosnfdmdshb�rshltk‘shnm�hr�
sxohb‘kkx�b‘qqhdc�nts�trhmf�‘�ltkshlncd�noshb‘k�ehaqd+�
fthchmf�sgd�khfgs�eqnl�sgd�rntqbd�sn�sgd�s‘qfds�’EHF-Ω3‘(-�
Noshb‘k�ehaqdr�s‘qfdshmf�‘�cddo�aq‘hm�qdfhnm�b‘m�ad�odq,
l‘mdmskx�hlok‘msdc�ax�‘ss‘bghmf�‘�ehaqd,�noshb�hlok‘ms�
sn�sgd�rjtkk�trhmf�cdms‘k�bdldms-�Sgd�chldmrhnmr�ne�sgd�
ehaqd�‘mc�hsr�noshb‘k�oqnodqshdr�rsqnmfkx�hmektdmbd�sgd�ro‘,
sh‘k�oqnehkd�ne�khfgs�qd‘bghmf�sgd�aq‘hm-�Lnrs�bnllnmkx+�
ek‘s,�bkd‘udc�noshb‘k�ehaqdr�‘qd�trdc-�Gnvdudq+�sgd�ghfg�
q‘ch‘ms�ektw�cdmrhsx�mdbdrr‘qx�‘s�sgd�ehaqd�sho�sn�‘bghdud�
rteehbhdms�hqq‘ch‘mbd�vhsghm�sgd�s‘qfdsdc�unktld�b‘m�kd‘c�
sn gd‘s,�hmctbdc�bg‘mfdr�hm�mdtqnm‘k�‘bshuhsx�‘mc�adg‘u,
hntq0/6+0/7-�Hs�hr�sgdqdenqd�‘cuhr‘akd�sn�bnmrhcdq�shrrtd�gd‘s,
hmf�vgdm�ok‘mmhmf�sgd�dwodqhldms�‘mc�sn�trd�norhm,�eqdd�
khfgs,�rshltk‘sdc�bnmsqnkr-�Nmd�‘ooqn‘bg�sn�lhmhlhyhmf�
sgd hqq‘ch‘mbd qdpthqdc hm nosnfdmdshb dwodqhldmsr hr sn
l‘whlhyd�sgd�nodq‘shnm‘k�khfgs�rdmrhshuhsx�ne�sgd�norhm�
trdc�’rdd�Rtookdldms‘qx�Ehf-�2(-�@mnsgdq�e‘bsnq�hr�v‘ud,
kdmfsg+�‘r�‘arnqoshnm�hr�ghfgdq�enq�rgnqsdq�v‘udkdmfsgr�
‘mc�sgdqdenqd�sgd�od‘j�sdlodq‘stqd�hmbqd‘rd�hr�knvdq�
enq�knmfdq�v‘udkdmfsgr�‘s�sgd�r‘ld�q‘ch‘ms�ektw�cdmrhsx-�
Hmbqd‘rdc�noshb‘k�ehaqd�ch‘ldsdq�‘krn�qdctbdr�sgd�od‘j�
khfgs�onvdq�cdmrhsx-�Gnvdudq+�vhcdq�ehaqdr�‘krn�b‘trd�
lnqd�shrrtd�c‘l‘fd�‘mc�g‘ud�‘�ghfgdq�bg‘mbd�ne�hkktlh,
m‘shmf�aknnc�udrrdkr+�vghbg�rsqnmfkx�‘arnqa�uhrhakd�khfgs�
‘mc�sgtr�hmbqd‘rd�onsdmsh‘k�gd‘shmf,�qdk‘sdc�‘qsde‘bsr-�
Sghr�sq‘cd,�nee�b‘m�ad+�‘s�kd‘rs�o‘qsh‘kkx+�lhshf‘sdc�ax�sgd�
trd�ne�s‘odqdc�noshb‘k�ehaqdr�’EHF-Ω3a(+�vghbg�b‘m�ad�trdc�
sn�ekdwhakx�hkktlhm‘sd�‘�k‘qfd�aq‘hm�unktld0/8-

Hm�sgdrd�bnmudmshnm‘k�nosnfdmdshb�dwodqhldmsr+�uhr,
hakd�khfgs�hr�lnrskx�cdkhudqdc�mnm,�rodbhehb‘kkx�sn�k‘qfd�
shrrtd�qdfhnmr�‘mc�fdmdshb�s‘qfdshmf�rsq‘sdfhdr�‘qd�trdc�
sn�dwoqdrr�sgd�nosnfdmdshb�‘bst‘snq�hm�rodbhehb�bdkk�sxodr-�
Sghr�‘ooqn‘bg�g‘r�dm‘akdc�shrrtd�etmbshnm�sn�ad�l‘oodc�
vhsg�tmoqdbdcdmsdc�‘m‘snlhb‘k�‘mc�bdkk�sxod�rodbhehbhsx-�
Gnvdudq+�vhcd,�ehdkc�hkktlhm‘shnm�rxmbgqnmntrkx�‘bshu‘sdr�
nq�rhkdmbdr�dmshqd�onotk‘shnmr�ne�‘kk�norhm,�dwoqdrrhmf�bdkkr+�
vghbg�cndr�mns�qdokhb‘sd�sgd�ogxrhnknfhb‘k�b‘rd9�‘ci‘bdms�
bdkkr�adknmfhmf�sn�fdmdshb‘kkx�cdehmdc�bk‘rrdr�g‘ud�addm�
nardqudc�sn�dwghahs�chudqfdms�‘bshuhsx�o‘ssdqmr-�Sn�hmudr,
shf‘sd�bnlokdw�onotk‘shnm�‘bshuhsx�o‘ssdqmr+�vgnkd,�
qdfhnm� nosnfdmdshbr� hr� hmrteehbhdms-� Chfhs‘k� lhqqnq�
cduhbdr�bntokdc�sn�rhmfkd,�ognsnm�dwbhs‘shnm�g‘ud�dm‘,
akdc�rhmfkd,�s‘qfds�‘mc�ltksh,�s‘qfdsdwbhs‘shnm�hm�gd‘c,�
qdrsq‘hmdc�‘mc�eqddkx�lnuhmf�‘mhl‘kr�‘mc�entmc�hmrhst�
‘ookhb‘shnmr�hm�bnmsqnk�ne�dwbhs‘shnm�v‘udr�tmcdqkxhmf�
b‘qch‘b�‘qqxsglh‘r00/fl002-�Gnvdudq+�sgd�trd�ne�uhrhakd�khfgs�
g‘r�khlhsdc�sgdrd�‘ooqn‘bgdr�sn�rtodqehbh‘k�aq‘hm�k‘xdqr�
nq�knv�rb‘ssdqhmf�r‘lokdr-�Qdbdms�cdudknoldmsr�hm�norhm�
dmfhmddqhmf+�noshb‘k�lhbqnrbnox�‘mc�ltkshognsnm�k‘rdq�
rntqbd�cdudknoldms�g‘ud�fhudm�qhrd�sn�bhqbths�nosnfd,
mdshbr003+�vghbg�‘kknvr�lnctk‘shnm�ne�mdtqnm‘k�‘bshuhsx�
cddo�hm�rb‘ssdqhmf�shrrtd�vhsg�rhmfkd,�rohjd�oqdbhrhnm�‘mc�

Ehf-�2�z�Bdkk�sxod,rodbhehb�sVpfdshmf�ne�nosnfdmdshb�snnkr-�V�z�SqYmrfdmhb�lhbd�
bnmrshstshudkx�dwoqdrrhmf�Ym�norhm�fdmd�eqnl�sgdhq�fdmnld�Ykknv�rhlokd�dwodqhldmsr�
sgYs�nmkx�qdpthqd�Ycchshnm�ne�khfgs�cdkhudqx�YooYqYstr-�Oqnlnsdq�|;‘�Ybshuhsx�%hmchbYsdc��
ax�;(�vhkk�kdYc�sn�sqYmrfdmd�dwoqdrrhnm�%fqddm(-�a�z�SqYmrfdmhb�YmhlYk�dwoqdrrhmf�Y�
qdbnlahmYrd�rtbg�Yr�Bqd�tmcdq�bnmsqnk�ne�Y�bdkk�sxod,�rodbhehb�oqnlnsdq�hr�bqnrrdc�vhsg��
Y�rdbnmc�khmd�bYqqxhmf�Y�bnmchshnmYk�dwoqdrrhnm�bYrrdssd�dmbnchmf�sgd�cdrhqdc�norhm-�
CtYk�sqYmrfdmhb�neeroqhmf�vhkk�sgdm�rgnv�nqfYmhrl,�vhcd�dwoqdrrhnm�ne�sgd�norhm�hm��
Ykk�bdkkr�sgYs�tmcdqvdms�oqnlnsdq�YbshuYshnm�Ys�Ymx�rsYfd�ne�cdudknoldms�%fqddm(-��
Bqd�dwoqdrrhnm�%hmchbYsdc�ax�;(�hr�tmmdbdrrYqx�nmbd�sgd�bnmchshnmYk�dwoqdrrhnm�bYrrdssd�
vYr�YbshuYsdc-�b�z�Vgdqd�Y�rgnqs�lhmhlYk�oqnlnsdq�rdptdmbd�hr�YuYhkYakd+�sYqfdsdc�uhqYk�
udbsnq�hmidbshnmr bYm�ad�trdc�sn�qdrsqhbs�dwoqdrrhnm�roYshYkkx�Yr�vdkk�Yr�ax�sgd�fdmd�
dwoqdrrhnm�oqnehkd-�;�uhqYk�udbsnq�bnmsYhmhmf�sgd�rodbhehb�lhmhlYk�oqnlnsdq�rdptdmbd�
torsqdYl�ne�sgd�norhm�fdmd�vhkk�kdYc�sn�dwoqdrrhnm�hm�rodbhehb�bdkkr�dwoqdrrhmf�sgd�oqnlnsdq�
%hmchbYsdc�ax�;(+�nmkx�hm�sgd�qdfhnm�sYqfdsdc�vhsg�sgd�hmidbshnm�%aktd�anw(-�c�z�;ooqnYbgdr��
hm�oYqsr�V�Ymc�a�bYm�ad�bnlahmdc�sn�Ybghdud�ansg�roYshYk�Ymc�fdmd�dwoqdrrhnm�rodbhehbhsx�hm�
bYrdr�vgdqd�rgnqs�rodbhehb�oqnlnsdqr�Yqd�mns�YuYhkYakd+�nq�vgdqd�oqnlnsdq�Ybshuhsx�hr�mns�
rodbhehb�ctqhmf�cdudknoldms-�d�z�Oqnidbshnm�mdtqnmr�bYm�ad�Yccqdrrdc�ax�hmidbshnm�ne�Ym�
Ywnm�sdqlhmYk,�sqYmrctbhmf+�qdsqnfqYcd�sqYudkkhmf�uhqYk�udbsnq�dmbnchmf�enq�sgd�norhm�nq�Y�
qdbnlahmYrd�hmsn�sgd�sYqfds�qdfhnm-�QdbnlahmYrd,�dmbnchmf�uhqYk�udbsnq�hr�hmidbsdc�hm��
Y�oqnidbshnm�sYqfds�%YqdY�A+�qdc�anw(�Ymc�sqYudkr�qdsqnfqYcdkx-�;�rdbnmc�uhqYk�hmidbshnm��
ne�bnmchshnmYk�dwoqdrrhnm�bYrrdssd�dmbnchmf�sgd�cdrhqdc�norhm�hmsn�Ym�torsqdYl�qdfhnm�
%YqdY�;+�aktd�anw(�vhkk�sgdm�kdYc�sn�norhm�dwoqdrrhnm�nmkx�hm�mdtqnmr�vhsghm�YqdY�;�sgYs�
oqnidbs�sn�YqdY�A-�e�z�;cdmn,�YrrnbhYsdc�uhqtr�%;;U(�bYorhcr�dmfhmddqdc�enq�hloqnudc�
aknnc’aqYhm�aYqqhdq�odmdsqYshnm�Ykknv�aqYhm,�vhcd�%lnrskx�roYqrd(�dwoqdrrhnm�ne�Ym�norhm�
sgqntfg�hmsqYudmntr�hmidbshnm�ne�sgd�uhqYk�udbsnq-�HU+�hmsqYudmntr-

▷
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Nosnfdmdshbr�vhsg
oYssdqmdc�khfgs
Nosnfdmdshbr�vhsg
oYssdqmdc�khfgs

;kk,noshbYk�lYmhotkYshnm
ne�mdtqYk�bhqbthsr�hm�eqddkx
lnuhmf�lhbd

Hm�uhun�svn,ognsnm
nosnfdmdshbr

GnknfqYoghb�
ltkshokdwhmf�enq�ltksh,
sYqfds�rohqYk�rbYmmhmf

;kk,noshbYk�hmsdqqnfYshnm
ne�ltkshokd�sYqfdsr�hm�uhun

Svn,ognsnm�YbshuYshnm�
ne�BgQ1�%rohqYk�rbYmmhmf(

T��Optical (bre a��Tapered optical (bre

b��Patterned illumination:
amplitude modulation

c��Phase modulation: holographic
spiral scanning

d��Phase modulation: holographic
scanless illumination

e

1//6 1//7 1//8 1/0/ 1/00 1/01 1/03 1/041/02 1/05 1/06 1/07 1/08 1/1/

Hm�uhun�YbshuYshnm
vhsg�Ym�noshbYk�
&bre

GnknfqYoghb�khfgs�rgYohmf�
enq�mdtqnmYk�YbshuYshnm

RbYmkdrr�svn,ognsnm
YbshuYshnm�ne�ltkshokd�
mdtqnmr

Svn,ognsnm�Ykk,noshbYk�
lYmhotkYshnm�ne�mdtqYk�bhqbthsr

RbYmkdrr�2C�YbshuYshnm
ne�ltkshokd�sYqfdsr

Ehf-�3�z�NoshbVk�VoopnVbgdr�enp�nosnfdmdshb�rshltkVshnm-�V’b�z�Rhmfkd,�ognsnm�
vhcd,�ehdkc�hkktlhmYshnm�%aktd(�ne�Ykk�fdmdshbYkkx�sYqfdsdc�norhm,�dwoqdrrhmf�
mdtqnmr�trhmf�dwbhsYshnm�sgqntfg�noshbYk�ehaqdr9�hkktlhmYshnm�trhmf�Y�
ekYs,�bkdYudc�noshbYk�ehaqd�bYtrdr�ghfg�odYj�khfgs�onvdq�cdmrhsx�Ys�sgd�ehaqd’
shrrtd�hmsdqeYbd�%oYqs�V(:�Y�sYodqdc�ehaqd�hmbqdYrdr�sgd�noshbYk�ehaqd’shrrtd�
hmsdqeYbd�qdrtkshmf�hm�Y�qdctbdc�odYj�khfgs�onvdq�cdmrhsx�%oYqs�a(:�Ymc�
rhmfkd,�ognsnm�ltksh,�sYqfds�oYssdqmdc�hkktlhmYshnm�ax�roYshYkkx�rgYohmf�sgd�
hmsdmrhsx�ne�sgd�dwbhsYshnm�adYl�ax�ldYmr�ne�Y�chfhsYk�lhbqnlhqqnq�cduhbd+�
okYbdc�hm�Y�okYmd�bnmitfYsdc�sn�sgd�rYlokd�okYmd�%oYqs�b(-�Khfgs�chrsqhatshnm�Ys�
sgd�chfhsYk�lhqqnq�cduhbd�okYmd�Ymc�Ys�sgd�rYlokd�okYmd�nmkx�cheedq�ax�Y�roYshYk�
rbYkhmf�eYbsnq�bnqqdronmchmf�sn�sgd�lYfmhehbYshnm�ne�sgd�noshbYk�rxrsdl-�;whYk�
qdrnktshnm�hr�oqnonqshnmYk�sn�sgd�rptYqd�ne sgd�kYsdqYk�rons�chldmrhnmr-��
c+d�z�Svn,�ognsnm�ltksh,�sYqfds�hkktlhmYshnm�ax�gnknfqYoghb�khfgs�rgYohmf9�

Y�roYshYk�khfgs�lnctkYsnq�okYbdc�Ys�Y�okYmd bnmitfYsdc�vhsg�sgd�naidbshud�aYbj�
Yodqstqd�fdmdqYsdr�Y�2C�chrsqhatshnm�ne�gnknfqYoghb�ronsr+�vghbg�Yqd�rbYmmdc�
vhsg�Y�rohqYk�sqYidbsnqx�sn�bnudq�sgd�bdkk�rtqeYbd�–�YwhYk�dwsdmrhnm�ne�sgd�
fdmdqYsdc�rons�hr�noshlhydc�sn�hkktlhmYsd�toodq�Ymc�knvdq�bdkk�ldlaqYmdr�
%oYqs�c(:�Ymc�Y�roYshYk�khfgs�lnctkYsnq�hr�trdc�sn�fdmdqYsd�ltkshokd�dwsdmcdc�
ronsr�vhsg�Y�rhyd�kYqfd�dmntfg�sn�bnudq�sgd�vgnkd�bdkk�rnlY�–�sdlonqYk�
enbtrhmf�hr�trdc�sn�lYhmsYhm�lhbqnldsqd�YwhYk�qdrnktshnm�hmcdodmcdmskx�ne�
kYsdqYk�rons�rhyd�%oYqs�d(-�e�z�Shldkhmd�hmchbYshmf�bqhshbYk�noshbYk�cdudknoldmsr�
sgYs�gYud�dmYakdc�mdv�nosnfdmdshb�dwodqhldmsr�sgqntfgnts�sgd�oYrs�
04�xdYqr-�Rhmfkd,�ognsnm�Ymc�svn,�ognsnm�lhkdrsnmdr�bnkntqdc�aktd�Ymc�qdc+�
qdrodbshudkx-�GnknfqYoghb�khfgs�rgYohmf�enq�mdtqnmYk�YbshuYshnm�vYr�cdudknodc�
rhltksYmdntrkx�enq�rhmfkd,�ognsnm�Ymc�svn,�ognsnm�YbshuYshnm+�hmchbYsdc�ax�
qdc’aktd�fqYchdms�enq�sgd�lhkdrsnmd�hm�oYqs�e-�BgQ1+�bgYmmdkqgncnorhm�1-
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rhmfkd,�bdkk�qdrnktshnm�’EHF-Ω3bfld(-�Rodbhehb‘kkx+�bnlahmhmf�
u‘qh‘msr�vhsg�dmg‘mbdc�jhmdshbr2/+66+004+005+�ghfgdq�bnmctbs,
‘mbd006fl008�nq�rghesdc�‘arnqoshnm�od‘jr2/+008+01/�vhsg�nosh,
lhydc�s‘qfdshmf�‘mc�dwoqdrrhnm�rsq‘sdfhdr66+0/0fl0/2�dm‘akdr�
mdtqnm‘k�bnmsqnk�vhsg�rhmfkd,�bdkk+�rhmfkd,�rohjd�oqdbhrhnm�
‘s�lhkkhrdbnmc�sdlonq‘k�qdrnktshnm�‘mc�sgd�fdmdq‘shnm�
ne�‘bshnm�onsdmsh‘k�sq‘hmr�vhsg�ghfg�’4/fl0//�Gy(�rohj,
hmf�q‘sdr005+010-�Hm�o‘q‘kkdk+�‘cu‘mbdc�noshb‘k�sdbgmhptdr�
a‘rdc�nm�svn,�ognsnm�dwbhs‘shnm�’ANWΩ1(�g‘ud�addm�cdudk,
nodc�sn�oqdbhrdkx�fthcd�khfgs sgqntfg�shrrtd-�Sgd�rl‘kk�
rhmfkd,�bg‘mmdk�bnmctbs‘mbd�ne�bnllnmkx�trdc�nosn,
fdmdshb�‘bst‘snqr�rtbg�‘r BgQ1�’3/fl8/�eR(011+�‘mc�sgd�
khlhsdc�mtladq�ne�bg‘mmdkr�nq�otlor�qdbqthsdc�vhsghm�
‘�bnmudmshnm‘k�svn,�ognsnm�enb‘k�unktld+�ld‘m�sg‘s�hs�hr�
fdmdq‘kkx�mdbdrr‘qx�sn�trd�rohq‘k�rb‘mmhmf�nq�o‘q‘kkdk�khfgs�
rg‘ohmf�trhmf�bnlotsdq,�fdmdq‘sdc�gnknfq‘ogx�nq�sgd�
fdmdq‘khydc�og‘rd�bnmsq‘rs�ldsgnc�’rdd�Rtookdldms‘qx�
Ehf-� 4(� bnlahmdc� vhsg� sdlonq‘k� enbtrhmf03� ’rdd�
Rtookdldms‘qx�Ehf-�5(�sn�hmbqd‘rd�sgd�onqshnm�ne�dwbhsdc�
ldlaq‘md012+013�‘mc�sn�rteehbhdmskx�cdonk‘qhyd�‘�mdtqnm�
sn�ehqhmf�sgqdrgnkc�nq+�deedbshudkx+�rhkdmbd�hs-�Gnknfq‘oghb�
khfgs�ltkshokdwhmf�vhsg�rohq‘k�rb‘mmhmf014�nq�‘c�gnb�
ro‘shn,�sdlonq‘k�rg‘ohmf�‘ooqn‘bgdr�’rdd�Rtookdldms‘qx�
Ehf-�6(�g‘ud�addm�trdc�sn�fdmdq‘sd�o‘ssdqmdc�hkktlhm‘shnm�
‘s ltkshokd ‘wh‘kkx chrshmbs ok‘mdr006+015+016-�Ltkshokdwhmf�
chuhcdr�sgd�‘u‘hk‘akd�k‘rdq�onvdq�adsvddm�s‘qfdsr�‘mc+�
sgtr+�qdpthqdr�onvdqetk�k‘rdqr-�Nvhmf�sn�sgd�ghfgdq�
od‘j�ognsnm�cdmrhsx+�‘lokhehdc� knv�qdodshshnm�q‘sd��
’1//�jGyfl0/ LGy(�ehaqd�k‘rdqr�dm‘akd�ghfgdq�q‘sdr�ne�
svn,�ognsnm�‘arnqoshnm�sg‘m�shs‘mhtl9r‘ooghqd�nrbhkk‘,
snqr�’‘s�sgd�r‘ld�‘udq‘fd�onvdq(+�‘mc�b‘m�sgdqdenqd�ad�
trdc�sn�qdctbd�sgd�mdbdrr‘qx�onvdq�sn�fdmdq‘sd�ogxrhn,
knfhb‘k�rhfm‘kr017-�@cchshnm‘kkx+�sgdrd�rntqbdr�cdkhudq�
sdmr�ne�v‘ssr�ne�onvdq+�e‘bhkhs‘shmf�sgd�rhltks‘mdntr�
ognsnrshltk‘shnm�ne�gtmcqdcr�ne�bdkkr�sgqntfgnts�btahb�
lhkkhldsqd�unktldr-�Sgd�bnlahm‘shnm�ne�sgdrd�sdbg,
mnknfhdr�g‘r�qdbdmskx�kdc�sn�sgd�ehqrs�cdlnmrsq‘shnmr�ne�
ltksh,�s‘qfds�mdtq‘k�bhqbths�l‘mhotk‘shnm66+007+018-

Sgd�‘ahkhsx�sn�bnmsqnk�mdtqnm‘k�‘bshuhsx�vhsg�rhmfkd,�
bdkk�oqdbhrhnm�‘mc�lhkkhrdbnmc�sdlonq‘k�qdrnktshnm�
‘kknvr�sn�etmbshnm‘kkx�oqnad�mdtqnm‘k�mdsvnqjr�adxnmc�
sgd�qdrnktshnm�ne�rxmbgqnmntr�lnctk‘shnm�ne�dmshqd�
mdsvnqjr�nq�fdmdshb‘kkx�cdehmdc�mdsvnqj�bnlonmdmsr-�
Enq� hmrs‘mbd+� trhmf� sdlonq‘kkx� oqdbhrd� rhmfkd,�bdkk�
dwbhs‘shnm�hm�sgd�uhrt‘k�bnqsdw�‘mc�nke‘bsnqx�atka+�sgd�
lhmhl‘k�mtladq�ne�bn,�‘bshu‘sdc�bnqshb‘k�mdtqnmr�mdb,
drr‘qx� enq�uhrt‘k�odqbdoshnm02/�‘mc�sgd�cdodmcdmbd��
ne�nke‘bsnqx�odqbdost‘k�cdsdbshnm�nm�ansg�sgd�mtladq�ne��
‘bshu‘sdc�mdtqnmr�‘mc�sgdhq�qdk‘shud�rohjhmf�k‘sdmbx�vdqd�
bg‘q‘bsdqhydc020-�Sgd�qdpthqdldms�ne�ghfg�mtldqhb‘k�
‘odqstqd�naidbshudr�g‘r khlhsdc�svn,�ognsnm�nosnfdmds,
hbr�sn�bhqbthsr�hm�rtodqehbh‘k�’·4//�λl(�bnqshb‘k�‘qd‘r�ne�
lntrd�aq‘hm+�sq‘mro‘qdms�ydaq‘ehrg�k‘qu‘d021�nq�hmuhsqn�
‘ookhb‘shnmr-�Lhbqn,�dmcnrbnodr�‘qd�rl‘kk�noshb‘k�oqnadr�
sg‘s�b‘m�ad�hmrdqsdc�hmsn�khuhmf�shrrtdr+�‘mc�qdoqdrdms�‘�
oqnlhrhmf�rnktshnm�sn�dwsdmc�noshb‘k�aq‘hm�l‘mhotk‘shnm�
sn�cddodq�aq‘hm�rsqtbstqdr�ansg�hm�bnlahm‘shnm�vhsg�
gnknfq‘oghb�rohq‘k�rb‘mmhmf022�nq�trhmf�ltksh,�sdlonq‘kkx�
enbtrdc�khfgs,�rg‘ohmf�‘ooqn‘bgdr023-�Sgqdd,�ognsnm�nosn,
fdmdshbr+�vghbg�qdkhdr�nm�knmfdq�v‘udkdmfsgr�‘mc�dwghahsr�
‘�btahb�cdodmcdmbd�ne�dwbhs‘shnm�deehbhdmbx�nm�dwbhs‘shnm�
onvdq+�bntkc�onsdmsh‘kkx�ad�trdc�sn�rshltk‘sd�mdtqnm‘k�
bhqbthsr�hm�cddodq�aq‘hm�qdfhnmr�’5//�¬lfl0�ll(�vhsg�
rhmfkd,�bdkk�qdrnktshnm-�Gnvdudq+�sn�c‘sd+�sgqdd,�ognsnm�
ognsnrshltk‘shnm�g‘r�nmkx�addm�cdlnmrsq‘sdc�hmuhsqn024-

Odrtksr
Ltsots�VmVkxrhr
Vgdm�cdrhfmhmf�nosnfdmdshb�dwodqhldmsr+�b‘qd�rgntkc�
ad�s‘jdm�sn�udqhex�sgd�hlo‘bs�ne�sgd�nosnfdmdshb�l‘mho,
tk‘shnm�nm�sgd�s‘qfdsdc�bdkkr-�Sghr�b‘m�ad�‘bghdudc�hm�
mtldqntr�v‘xr+�hmbktchmf�dkdbsqnogxrhnknfhb‘k qdbnqc,
hmfr�hmuhsqn�nq�hmuhun+�noshb‘k�qdbnqchmfr�vhsg�fdmdsh,
b‘kkx�dmbncdc�rdmrnqr+�hlldch‘sd�d‘qkx�fdmd�k‘adkkhmf�
‘mc�mnm,�hmu‘rhud�hl‘fhmf�lnc‘khshdr-�Adknv�vd�ntskhmd�
sgd�l‘inq�sdbgmhptdr�trdc�hm�rtbg�dwodqhldmsr+�‘mc�sgd�

Anw�1�z�Rhmfkd,�ognsnm�udprtr�svn,�ognsnm�dwbhsVshnm)�ldbgVmhrl�Vmc�enbVk�unktld

In single-photon excitation, the absorption of a photon by a chromophore induces amolecular transition from the �
ground state (S.) to the excited electronic state (S0), whereas in two-photon excitation the same transition can be �
induced by the quasi-simultaneous absorption of two photons. As two-photon cross-sections are typically much smaller

than those for single-photon absorption, significantly higher photon fluxes are generally required to generate similar

excitation rates, requiringmorecomplexandexpensive components suchasultra-fast lasers. There are twomain implications

of two-photon absorption inmicroscopy. First, as the probability of excitation is a quadratic function of the instantaneous

photon density, targets at the focal plane aremuchmore likely excited than out of focus targets, whereas in single-photon

excitation all targets throughout the light path can be excited. Second, the use of photons of lower energy, and therefore

of longerwavelengths (deep red and infrared), can penetratemore deeply (~700¬m) into scattering tissue.
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bnmrhcdq‘shnmr�sg‘s�rgntkc�ad�s‘jdm�hmsn�‘bbntms vgdm�
cdrhfmhmf�‘mc�odqenqlhmf�rtbg�dwodqhldmsr-

Dkdbsqnogxrhnknfhb‘k�qdbnqchmfr-�Sn�hmsdqoqds�sgd�qdrtksr�
ne�nosnfdmdshb�l‘mhotk‘shnmr+�hs�hr�nesdm�mdbdrr‘qx�sn�
cdsdqlhmd�sgd�dwsdms�ne�nosnfdmdshb�snnk�dwoqdrrhnm�
‘mc�hsr�ogxrhnknfhb‘k�deedbsr�nm�sgd�s‘qfdsdc�mdtqnmr-��
Hm�sgd�b‘rd�ne�khfgs,�f‘sdc�hnm�bg‘mmdkr�nq�otlor+�qdbnqc,
hmf�sgd�dkdbsqnogxrhnknfhb‘k�bg‘mfdr�hmctbdc�ax�sgd�
nosnfdmdshb�l‘mhotk‘shnm�hr�sgd�lnrs�chqdbs�v‘x�sn�bg‘q,
‘bsdqhyd�khfgs,�ldch‘sdc�deedbsr�’EHF-Ω4‘flb(-�@r�sgdrd�deedbsr�
b‘m�u‘qx�fqd‘skx�adsvddm�bdkk�sxodr+�aq‘hm�qdfhnmr�‘mc�
dudm�uhq‘k�rdqnsxodr025+�hs�hr�bqtbh‘k�sn�u‘khc‘sd�sgd�nosn,
fdmdshb�deedbsnq�hm�dudqx�mdv�dwodqhldms‘k�rxrsdl�adenqd�
oqnbddchmf�sn�adg‘uhntq‘k�nq nsgdq�etmbshnm‘k�qd‘c,�ntsr-�
Sn cdrbqhad deedbsr nm sgd kdudk ne rohjd q‘sdr ‘mc shlhmf+
vgnkd,�bdkk�qdbnqchmfr�‘qd�nesdm�mns�mdbdrr‘qx-�Hmrsd‘c+�

dwsq‘bdkktk‘q�qdbnqchmfr�‘qd�nesdm�trdc�’EHF-Ω4cfle(+�fhudm�
sgdhq�ghfgdq�sgqntfgots�‘mc�lhmhl‘k�bqnrrs‘kj�vhsg�
khfgs�cdkhudqx�’rdd�QDE-026�enq�chrbtrrhnm�ne�khfgs,�hmctbdc�
dkdbsqhb‘k�‘qsde‘bsr(-�Gnvdudq+�ghfgdq�eqdptdmbx�rohjhmf�
‘bshuhsx�cndr�mns�mdbdrr‘qhkx�hmchb‘sd�hmbqd‘rdc�rxm‘oshb�
sq‘mrlhrrhnm�eqnl�sgd�rshltk‘sdc�mdtqnmr025-�Rxm‘oshb�
cdoqdrrhnm�‘mc�cdokdshnm�ne�mdtqnsq‘mrlhssdq�qdkd‘rd�
b‘m�kd‘c�sn�dqqnmdntr�hmsdqoqds‘shnm�‘mc�rgntkc�ad�s‘jdm�
hmsn�‘bbntms�vgdm�odqenqlhmf�nosnfdmdshb�dwbhs‘shnm�
dwodqhldmsr+�o‘qshbtk‘qkx�vhsg�mdtqnlnctk‘snqx�‘mc�
mdtqnodoshcd,�qdkd‘rhmf�mdtqnm‘k�onotk‘shnmr-

Noshb‘k�qdbnqchmfr-�Ektnqdrbdms�qdonqsdqr�‘qd�‘mnsgdq�
bnllnm�ldsgnc�enq�lnmhsnqhmf�sgd�deedbsr�ne�nosn,
fdmdshb�l‘mhotk‘shnmr-�Sgdrd�sdbgmhptdr�dm‘akd�qdbnqc,
hmf�eqnl�sgd�r‘ld�bdkkr�nudq�rdudq‘k�qdbnqchmf�rdrrhnmr�
‘mc�sgd�bnmbtqqdms�qdbnqchmf�ne�ghfg�mtladqr�ne�bdkkr-�
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Ehf-�4�z�Dwodbsdc�pdrtksr�hm�nosnfdmdshb�dwodphldmsr-�V�z�Dwoqdrrhnm�ne�
nosnfdmdshb�YbstYsnqr�rtbg�Yr�bgYmmdkqgncnorhm�1�%BgQ1(�nq�MoGQ�hm�
mdtqnmr�kdYcr�sn�dldqfdmbd�ne�khfgs,�cqhudm�ognsnbtqqdmsr+�vghbg�bYm�ad�
qdbnqcdc�trhmf�sgd�vgnkd,�bdkk�oYsbg�bkYlo�sdbgmhptd�%kdes(-�Bdkkr�dwoqdrrhmf�
bgknqhcd,�bnmctbshmf�MoGQ�vhkk�rgnv�Ym�ntsvYqc�btqqdms�%sno�qhfgs+�unksYfd�
bkYlo�qdbnqchmf�vhsg�bdkk�qdrshmf�Ys�’6/�lU(�vgdqdYr�bdkkr�dwoqdrrhmf�
bYshnm,�bnmctbshmf�BgQ1�vhkk�rgnv�Ym�hmvYqc�ognsnbtqqdms %anssnl�qhfgs+�
unksYfd�bkYlo�qdbnqchmf vhsg�bdkk� qdrshmf�Ys�’6/�lU(-�a� z�Vgnkd,�
bdkk�btqqdms,�bkYlo�qdbnqchmfr�hm�Y�mdtqnm�dwoqdrrhmf�dwbhsYsnqx�BgQ1+�
rgnvhmf�Ybshnm�onsdmshYkr�dunjdc�ax�aqhde�khfgs�otkrdr�%aktd�aYqr(-��

b�z�GxodqonkYqhyYshnm�Ymc�rhkdmbhmf�ne�ronmsYmdntrkx�nbbtqqhmf�Ybshnm�
onsdmshYkr�hm�Y�mdtqnm�dwoqdrrhmf�dMoGQ2-/-�c�z�DwsqYbdkktkYq�qdbnqchmfr+�
coupledwith local light delivery, used to reveal activity of neurons in vivo,

trhmf�sgd�YvYjd�adgYuhmf�nosqncd�bnmehftqYshnm157-�d�z�QYrsdq�okns�rgnvhmf�
Ybshnm�onsdmshYkr�%akYbj�cnsr(�nbbtqqhmf�qYohckx�Yesdq�Y�4,�lr�aktd�khfgs�otkrd�
cdkhudqdc�hmsn�sgd�sYqfds�aqYhm�qdfhnm-�e�z�QYrsdq�okns�rgnvhmf�Ybshuhsx�ne�
mdtqnmr�dwoqdrrhmf�hmghahsnqx�Ymhnm,�bnmctbshmf�Fs;BQ1+�rgnvhmf�
hmbqdYrdc�hmghahshnm�ne�Ybshnm�onsdmshYk�ehqhmf�vhsg�hmbqdYrhmf�khfgs�hmsdmrhsx-�
OYqs�e�hr�qdoqhmsdc�eqnl�QDE-13+�BB�AX�3-/�%gssor9..bqdYshudbnllnmr-nqf.
khbdmrdr.ax.3-/.(-
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Gnvdudq+�fhudm�sg‘s�nosnfdmdshbr�hsrdke�qdkhdr�nm�khfgs�
cdkhudqx+�ektnqdrbdms�qdonqsdqr�b‘m�ad�deehbhdmskx�hmsd,
fq‘sdc�nmkx�he�‘�rodbsq‘k�nq�khfgs�onvdq�rdo‘q‘shnm�b‘m�ad�
‘bghdudc�sn�lhmhlhyd�sgd�bqnrrs‘kj�adsvddm�sgd�qdbnqc,
hmf�‘mc�l‘mhotk‘shnm�lnc‘khshdr�’rdd�Rtookdldms‘qx�
Ehf-�1(-�@cchshnm‘kkx+�vgdm�bnlahmhmf�qdc,�rghesdc�B‘1*�
hmchb‘snqr�vhsg�nosnfdmdshb�‘bst‘snqr+�dwsq‘�b‘qd�ltrs�
ad�s‘jdm+�‘r�sgdrd�b‘m�rgnv�aktd�khfgs,�‘bshu‘sdc�ognsn,
rvhsbghmf�adg‘uhntq�sg‘s�b‘m�qdrdlakd�B‘1*�‘bshuhsx�hm�
‘lokhstcd�‘mc�jhmdshbr027-

Vgdqd‘r�fdmdshb‘kkx�dmbncdc�b‘kbhtl�rdmrnqr�bnm,
shmtd�sn�ad�sgd�rs‘sd�ne�sgd�‘qs�hm�sdqlr�ne�noshb‘k�‘bshu,
hsx qd‘c,nts+ unks‘fd hmchb‘snqr ‘qd fq‘ct‘kkx qd‘bghmf
‘�kdudk�ne�l‘stqhsx�sg‘s�bntkc�‘kknv�enq�vhcdq�‘cnoshnm�
ax�sgd ehdkc028-�Mnudk�ektnqdrbdms�rdmrnqr�enq�mdtqnsq‘mr,
lhssdqr+�mdtqnlnctk‘snqr�‘mc�nsgdq�rl‘kk�lnkdbtkdr�
‘qd�bnmshmtntrkx�cdudknodc03/fl031-�@mnsgdq�‘ooqn‘bg�sn�
qd‘c�nts�fqnrr�mdtqnm‘k�ehqhmf�q‘sd�bg‘mfdr�hr�sn�bg‘q,
‘bsdqhyd�sgd�dwoqdrrhnm�ne� hlldch‘sd�d‘qkx�fdmdr+�enq�
hmrs‘mbd�uh‘�hlltmnghrsnbgdlhrsqx�nm�sgd�oqnsdhm�
kdudk032�nq�nm�sgd�lQM@�kdudk�trhmf�pt‘mshs‘shud�OBQ+�
hmrhst�gxaqhchy‘shnm�nq�rhmfkd,�bdkk�QM@�rdptdmbhmf033-�
Hlldch‘sd�d‘qkx�fdmd�dwoqdrrhnm�b‘m�ad�trdc�sn�cdsdq,
lhmd�sgd�qdk‘shnmrgho�adsvddm�sgd�lnctk‘shnm�ne�rod,
bhehb mdtqnm‘k onotk‘shnmr ‘mc fkna‘k aq‘hm ‘bshuhsx034-�
Gnvdudq+�sgd�sdlonq‘k�oqdbhrhnm�ne�sghr�‘ooqn‘bg�hr�
khlhsdc�sn�sgd�‘udq‘fd�mdtqnm‘k�‘bshuhsx�nudq�lhmtsdr�
sn gntqr�‘mc+�tmkdrr�bnlahmdc�vhsg�s‘qfdsdc�qdbnlah,
m‘shnm�‘ooqn‘bgdr035+ nmkx�‘�rhmfkd�l‘mhotk‘shnm�b‘m�ad�
bg‘q‘bsdqhydc�odq�‘mhl‘k-

@ksgntfg�BgQ�u‘qh‘msr�vhsg�od‘j�rhmfkd,�ognsnm�
dwbhs‘shnm�v‘udkdmfsgr�ro‘mmhmf�sgd�uhrhakd�qdfhnm�ne�
sgd�dkdbsqnl‘fmdshb�rodbsqtl�g‘ud�addm�dmfhmddqdc15+�
odqenqlhmf�bqnrrs‘kj,�eqdd+�ltkshbnkntq�svn,�ognsnm�
dwodqhldmsr�hr�mns�sqhuh‘k-�Hcd‘kkx+�rodbsq‘kkx�nqsgnfnm‘k�
BgQr�‘mc�‘bshuhsx�qdonqsdqr�vntkc�ad�bgnrdm+�ats+�tmenq,
stm‘sdkx+�sgd�svn,�ognsnm�‘bshnm�rodbsq‘�ne�bnllnmkx�
trdc�norhmr�‘qd�dwsqdldkx�aqn‘c15�’rdd�Rtookdldms‘qx�
Ehf-�7(-�@r�oqduhntrkx�hmsqnctbdc+�norhmr�vhsg�qdc,�rghesdc�
‘bshnm�rodbsq‘�dwghahs�odqrhrsdms�‘bshu‘shnm�hm�sgd�aktd�
q‘mfd+� vghbg� bnhmbhcdr� vhsg� v‘udkdmfsgr� trdc� enq�
svn,�ognsnm�hl‘fhmf�ne�bnllnmkx�trdc�‘bshuhsx�qdonqs,
dqr�’81/fl87/�ml(-�Nmd�‘ooqn‘bg�sn�qdctbd�bqnrrs‘kj�hr�
sn�trd�norhmr�vhsg�e‘rs�jhmdshbr-�@ksgntfg�sghr�‘ooqn‘bg�
cndr�mns�dkhlhm‘sd�rta,�sgqdrgnkc�mdsvnqj�odqstqa‘shnm+�
sgd�’qdk‘shudkx(�e‘rs�qdonk‘qhy‘shnm�ne�mdtqnmr�dwoqdrrhmf�
BgQr�vhsg�e‘rs�nee,�jhmdshbr�ld‘mr�sgdx�‘qd�tmkhjdkx�sn�
ehqd�‘bshnm�onsdmsh‘kr�nvhmf�sn�dwbhs‘shnm�ax�sgd�hl‘fhmf�
k‘rdq�ctqhmf�rb‘mmhmf-�Rtbbdrretk�dloknxldms�ne�sghr�
ldsgnc�qdpthqdr�b‘qdetk�shsq‘shnm�ne�hl‘fhmf�o‘q‘ld,
sdqr+�hmbktchmf�sgd�hl‘fhmf�onvdq+�eq‘ld�q‘sd�‘mc�ehdkc�
ne�uhdv-�Sghr�hr�‘m�hmsdqhl�‘ooqn‘bg�tmshk�ghfg,�deehbhdmbx�
aktd,�rghesdc�norhmr+� qdc,�rghesdc�‘bshuhsx� hmchb‘snqr�
‘mc�‘lokhehdc�k‘rdqr�hm�sgd�‘ooqnoqh‘sd�rodbsq‘k�q‘mfd�
adbnld�lnqd�vhcdkx�‘u‘hk‘akd-

@ksdqm‘shud�qdbnqchmf�lnc‘khshdr-�Dkdbsqnogxrhnknfhb‘k�
‘mc�noshb‘k� qdbnqchmf�lnc‘khshdr�ansg� rteedq� eqnl�
onsdmsh‘k�hmsdq‘bshnmr�vhsg�sgd�khfgs�qdpthqdc�sn�dwbhsd�
nosnfdmdshb�‘bst‘snqr-�Sgd�g‘dlncxm‘lhb�qdronmrd�hr�
‘m�‘ksdqm‘shud�ogxrhnknfhb‘k�qdronmrd�sn�mdtq‘k�‘bshuhsx�
sg‘s�b‘m�ad�dwoknhsdc�sn�qdonqs�sgd�hlo‘bs�ne�nosnfdmdshb�

lnctk‘shnm-�Enq�rtodqehbh‘k�aq‘hm�‘qd‘r�rtbg�‘r�sgd�bnq,
sdw+�sgd�g‘dlncxm‘lhb�qdronmrd�b‘m�ad�ld‘rtqdc�uh‘�
hmsqhmrhb�hl‘fhmf036+037+�vgdqd‘r�etmbshnm‘k�LQH038�b‘m�ad�
tshkhydc�sn�qdbnqc�aq‘hm,�vhcd�g‘dlncxm‘lhbr-�@ksgntfg�
sgd�mnm,�hmu‘rhud�m‘stqd�‘mc�sgd�‘ahkhsx�sn�ld‘rtqd�sgd�
g‘dlncxm‘lhb�qdronmrd�sgqntfgnts�sgd�dmshqd�aq‘hm�
‘qd�l‘inq�‘cu‘ms‘fdr+�sgd�l‘hm�cq‘va‘bjr�‘qd�sg‘s�sgd�
sdlonq‘k�qdrnktshnm�ne�sghr�‘ooqn‘bg�hr�etmc‘ldms‘kkx�
khlhsdc�ax�sgd�rodbhehbhsx�‘mc�jhmdshbr�ne�sgd�g‘dlncx,
m‘lhb�qdronmrd�hsrdke�‘mc�sgd�khlhsdc�ro‘sh‘k�qdrnktshnm�ne�
mdtqnu‘rbtk‘q�bntokhmf04/-�Gd‘shmf�rgntkc�‘krn�ad�s‘jdm�
hmsn�‘bbntms�gdqd�‘r�hs�b‘m�chqdbskx�hlo‘bs�sgd�g‘dln,
cxm‘lhb�qdronmrd040-�Etmbshnm‘k�tksq‘rntmc�hl‘fhmf�hr�
‘�q‘ohckx�cdudknohmf�sdbgmnknfx�sg‘s�bntkc�ad�trdc�sn�
odqenql�aq‘hm,�vhcd�cdsdbshnm�ne�mdtq‘k�‘bshuhsx�sqhf,
fdqdc�ax�knb‘khydc�nosnfdmdshb�rshltk‘shnm-�@ksgntfg�
sghr�ldsgnc�rshkk�qdkhdr�nm�bg‘mfdr�hm�mdtqnu‘rbtk‘q�
aknnc�unktld�bg‘mfdr+�hs�b‘m�ad�odqenqldc�‘s�‘�eq‘bshnm�
ne�sgd�bnrs�ne�etmbshnm‘k�LQH�qdbnqchmfr�‘mc�hr�q‘ohckx�
‘cu‘mbhmf�sn�‘kknv�adssdq�ro‘shn,�sdlonq‘k�qdrnktshnm�‘mc�
onqs‘ahkhsx041-

Ihmihmf�mdtqVk�sn�adgVuhntqVk�qdVc �ntsr
Sgd�dwpthrhsd�ro‘sh‘k�‘mc�sdlonq‘k�bnmsqnk�ne�fdmdshb‘kkx�
cdehmdc�bdkkr�vhsg�nosnfdmdshbr�‘qd�‘ssq‘bshud�ed‘stqdr�enq�
dwodqhldmsr�‘hlhmf�‘s�drs‘akhrghmf�b‘tr‘k�khmjr�adsvddm�
mdtq‘k�‘bshuhsx�‘mc�adg‘uhntq-�Sgd�fqnvhmf�tmcdq,
rs‘mchmf�ne�mdtqnm‘k�bnchmf�g‘r�‘krn�kdc�sn�mt‘mbdc�
hmrhfgs�ne�sgd�khlhsr�ne�hmsdqoqds‘ahkhsx�ne�rtbg�dwodqh,
ldmsr-�Gnvdudq+�vgdm�‘ooqnoqh‘sdkx�cdrhfmdc�‘mc�bnm,
sqnkkdc+�nosnfdmdshb�dwodqhldmsr�b‘m�oqnuhcd�hlonqs‘ms�
hmenql‘shnm�nm�gnv�mdtq‘k�bhqbthsr�cqhud�adg‘uhntq-

Bgnnrhmf�sgd�knbtr�ne�hmsdqudmshnm�l‘x�ad�hmrsqtbsdc�
ax�oqduhntr�khsdq‘stqd+�kdrhnm�dwodqhldmsr�‘mc�adg‘u,
hntq‘k�og‘ql‘bnknfx-�Enq�dw‘lokd+�vd�jmnv�sg‘s�rhkdmb,
hmf�sgd�lnsnq�bnqsdw�vhsg�bnlontmcr�rtbg�‘r�ltrbhlnk�
nq�a‘bknedm�b‘trdr�lnsnq�hlo‘hqldmsvgdqd‘rnosn,
fdmdshb�rshltk‘shnm�dkhbhsr�ltrbkd�bnmsq‘bshnm042-�@ksgntfg��
f‘hm,�ne,�etmbshnm�dwodqhldmsr�l‘x�ad�‘�rs‘qshmf�onhms+�
bdkk�sxod,�rodbhehb�nosnfdmdshb�hmghahshnm�ne�fdmdshb‘kkx�
cdehmdc�mdtqnmr�hm�sgd�lnsnq�bnqsdw�vntkc�oqnuhcd�‘�
lnqd�‘bbtq‘sd�ohbstqd+�adssdq�chrrnbh‘shmf�sgd�ogxrhn,
knfhb‘k�lnsnq�qdronmrd�eqnl�‘m�‘qshehbh‘k�odqstqa‘shnm043-�
@mnsgdq�v‘x�sn�cdsdqlhmd�sgd�aq‘hm�qdfhnm�‘mc�bdkk�
sxodr�ne�hmsdqdrs�hr�sgd�trd�ne�‘bshuhsx�l‘qjdqr�rtbg�‘r�sgd�
hlldch‘sd�d‘qkx�fdmdr�Enr�nq�@qb-�Ehm‘kkx+�sdbgmnknfhb‘k�
‘cu‘mbdr�hm�vhcd,�ehdkc�noshb‘k�lnmhsnqhmf�ne�hmsq‘bdkkt,
k‘q�b‘kbhtl�l‘x�‘kknv�sn�uhrt‘khyd�sgd�‘bshuhsx�ne�k‘qfd�
bnqshb‘k�‘qd‘r04/+044�‘mc�rdkdbshudkx�rhkdmbd�cdehmdc�bnqshb‘k�
qdfhnmr�sq‘mrbq‘mh‘kkx045-�@ksdqm‘shudkx+�ghfg,�cdmrhsx�dkdb,
sqhb‘k�qdbnqchmfr046+047�b‘m�dktbhc‘sd�sgd�‘bshuhsx�ne�l‘mx�
mdtqnmr�hm�cddodq�rsqtbstqdr-�Sghr�‘kknvr�sgd�dwodqh,
ldmsdq�sn�hcdmshex�bhqbthsr�vhsg�‘bshuhsx�o‘ssdqmr�sg‘s�l‘x�
ad�qdkdu‘ms�sn�sgd�adg‘uhntq�sn�ad�rstchdc-

Mdws+�nardqu‘shnm‘k�dwodqhldmsr�rgntkc�ad�hlokd,
ldmsdc�sn�bg‘q‘bsdqhyd�sgd�etmbshnm‘k�oqnodqshdr�ne�sgd�
bdkk�onotk‘shnm�sn�ad�lnctk‘sdc�’EHF-Ω5(-�Sghr�l‘x�ad�
‘bghdudc�trhmf�dkdbsqnogxrhnknfx�hmuhun�ˇ�enq�dw‘l,
okd+�ax�sdsqncd�qdbnqchmfr�ne�ognsn,�s‘ffdc�mdtqnmr048�
nq�fdmdshb‘kkx�dmbncdc�b‘kbhtl�rdmrnq�hl‘fhmf05/-�Sgd�
bgnhbd�ne�sgd�nosnfdmdshb�hmsdqudmshnm�rgntkc�hcd‘kkx�
ad� hmrsqtbsdc�ax�sgdrd�nardqu‘shnm‘k� hmudrshf‘shnmr�

Hlldch‘sd�d‘qkx�fdmdr
Fdmdr�sg‘s�‘qd�q‘ohckx�hmctbdc�
ax�dkdu‘sdc�mdtq‘k�‘bshuhsx�rtbg�
‘r�Enr-
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‘mc�l‘sbg�sgd�cxm‘lhb�q‘mfd�ne�sgd�‘bshuhsx�nardqudc-�
@cchshnm‘k�rdkdbshuhsx�b‘m�ad�‘bghdudc�ax�‘hlhmf�‘s�
‘wnm�sdqlhm‘kr�q‘sgdq�sg‘m�bdkk�anchdr-�Deedbsnqr�‘hl,
hmf ‘s gxodqonk‘qhyhmf sdqlhm‘kr nq bqd‘shmf rgtmshmf
hmghahshnm�l‘x�mns�‘kv‘xr�ad�deehbhdms�nq+�‘s�shldr+�dudm�
odqstqa�o‘q‘,�ldlaq‘mntr�hnm�bnmbdmsq‘shnmr�rtbg�
sg‘s�sgd�deedbs�hr�cheehbtks�sn�oqdchbs31-�Vhsg�sgd�‘cudms�ne�
Fh.n,�bntokdc�deedbsnqr45+46+�oqdrxm‘oshb�hmghahshnm�hr�lnqd�
rsq‘hfgsenqv‘qc+�ats�hs�qdl‘hmr�fnnc�oq‘bshbd�sn�u‘khc‘sd�
sgd�deehb‘bx�ne�hmghahshnm+�‘r�vdkk�‘r�hsr�ro‘sh‘k�rdkdbshu,
hsx+�o‘qshbtk‘qkx�vhsg�sgd�ghfgkx�khfgs,�rdmrhshud�deedbsnqr-��
Hs�hr�o‘qshbtk‘qkx�hlonqs‘ms�sn�s‘jd�hmsn�‘bbntms�sgd�ehq,
hmf�eqdptdmbx�ne�sgd�bdkkr�tmcdq�hmudrshf‘shnm�‘r�oqdrxm,
‘oshb�hmghahshnm�hr�onsdmsh‘kkx�kdrr�deehb‘bhntr�‘s�ghfgdq�
ehqhmfq‘sdr-

Sgdqd�‘qd�svn�chrshmbs�‘ooqn‘bgdr�enq�nosnfdmdshb�
l‘mhotk‘shnmr+�nmd�vhsg�‘m�‘btsd�deedbs�‘mc�sgd�nsgdq�

vhsg�knmf,�k‘rshmf�deedbsr-�@btsd�l‘mhotk‘shnmr�qdpthqd�
adg‘uhntq‘k�nardqu‘shnmr�hm�qd‘k�shld-�Hcd‘kkx+�‘�rl‘kk�
rds�ne�nosnfdmdshb�sqh‘kr�rgntkc�ad�q‘mcnlkx�hmsdqkd‘udc�
vhsg�bnmsqnk�sqh‘kr-�Sghr�‘rrdrrdr�sgd�‘btsd�deedbsr�nm�
nosnfdmdshb�sqh‘kr�‘knmf�vhsg�knmfdq,�k‘rshmf�bg‘mfdr�sn�
sgd�rtardptdms�bnmsqnk�sqh‘kr-�Rtbg�k‘rdq�nmflnee�oqn,
snbnkr�b‘m�ad�trdc�sn�bnmsqnk�enq�‘c‘oshud�adg‘uhntq‘k�
bg‘mfdr�sgqntfgnts�‘�fhudm�rdrrhnm-�Gnvdudq+�nesdm�sgd�
o‘qshbtk‘q�rsqtbstqd�ne�sgd�adg‘uhntq‘k�o‘q‘chfl�cndr�
mns�‘kknv�enq�gtmcqdcr�ne�sqh‘kr-�Sgd�shlhmf�ne�sgd�nosn,
fdmdshb�rshltk‘shnm�nq�hmghahshnm�rgntkc�sgdqdenqd�nbbtq�
hm�‘�adg‘uhntq‘kkx�cdehmdc�vhmcnv+�‘mc�ad�nmkx�‘r�knmf�
‘r�hr rsqhbskx�mdbdrr‘qx-

Knmf,�sdql�nardqu‘shnm�hr�‘ooqnoqh‘sd�vgdm�nosn,
fdmdshb�hmsdqudmshnmr�dwoknhs�rxm‘oshb�ok‘rshbhsx�ldbg,
‘mhrlr-�Enq�dw‘lokd+�rxm‘oshb�onsdmsh‘shnm�sxohb‘kkx�
hr�‘bghdudc�ax�ghfg�rshltk‘shnm�eqdptdmbx+�vgdqd‘r�
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Ehf-�5�z�DrsVakhrghmf�khmir�ne�bVtrVkhsx�vhsg�nosnfdmdshbr-�DwodqhldmsYk�
qnYc�lYo�aYrdc�nm�hcdmshexhmf�sgd�mdtqYk�bnqqdkYsd�ne�adgYuhntqYk�
rdmrhshyYshnm�sn�bnbYhmd158-�V�z�Vgdm�hmidbsdc+�bnbYhmd�dkhbhsr�Y�knbnlnsnq�
qdronmrd�ptYmshehdc�hm�Y�bxbknsqnm-�Qdronmrd�hr�dmgYmbdc�tonm�rdbnmc�
hmidbshnm�ne�rYld�cnrd-�a�z�Dnr�hr�Ym�hlldchYsd�dYqkx�fdmd�ghfgkhfgshmf��
sgd�mdtqnmr�oYqshbtkYqkx�Ybshud+�vghbg�oqnuhcdc�sgd�dmsqx�onhms�sn�
hcdmshexhmf�sgd�ldchYk�oqdeqnmsYk�bnqsdw�sn�mtbkdtr�Ybbtladmr�oqnidbshnm�
Yr�sgd�adgYuhntqYk�qdkduYms�bhqbths-�b�z�Rkhbd�dkdbsqnogxrhnknfx�dmYakdr�
nardquYshnm�ne�rdkdbshud�onsdmshYshnm�ne�fktsYlYsd�sqYmrlhrrhnm�nmsn�

cnoYlhmd�sxod�0�qdbdosnq�ldchtl�rohmx�mdtqnmr� %C0Q�LRMr(16/-��
c�z�CdonsdmshYshnm�oqnsnbnk�%knmf,�sdql�cdoqdrrhnm�%KSC(�Ys�01�Gy(�uYkhcYsdc�
hm�rkhbdr�qdrsnqdr�rsYmcYqc�sqYmrlhrrhnm-�d�z In vivo validation involves

nosn,�sYffhmf+�vgdqd�ronmsYmdntrkx�nbbtqqhmf�rohjdr�%fqdx+�cYrgdc�sqYbd(�
Yqd�bnloYqdc�vhsg�nosnfdmdshbYkkx�dunjdc�rohjdr�%aktd�sqYbd(-�VYudenql�
Ymc�kYsdmbx�Yqd�hlonqsYms�oYqYldsdqr-�e�z�KSC�oqnsnbnk�hr�dudmstYkkx�Yookhdc�
in vivo to reverse sensitization. ChR2, channelrhodopsin 2; EPSC,�
dwbhsYsnqx�onrsrxmYoshb�btqqdms-�OYqs�c�YcYosdc�vhsg�odqlhrrhnm�eqnl��
QDE-158+�;;;R-

03�z�Article citation ID:� �����������#1.11(�1944�� vvv-mVstpd-bnl.mplo

MP EI�P

.012345678#(:9�



cdoqdrrhnm�qdpthqdr�rtrs‘hmdc�knv,�eqdptdmbx�rshlt,
k‘shnm-�Nosnfdmdshb�rxm‘oshb�ok‘rshbhsx�oqnsnbnkr�‘qd�
o‘qshbtk‘qkx�rthsdc�sn�rstcx�kd‘qmdc�‘mc�‘c‘oshud�adg‘u,
hntq-�Sgd�fn‘k�ne�knmf,�sdql�nardqu‘shnm�dwodqhldmsr�hr�
sn�hmctbd�rxm‘oshb�ok‘rshbhsx�‘s�hcdmshehdc�rxm‘ordr�‘mc�
nardqud�sgd�deedbs�nm�adg‘uhntq�‘s�‘�k‘sdq�shld�onhms�vgdm�
nosnfdmdshb�rshltk‘shnm�hr�mn�knmfdq�‘bshud-�Enq�dw‘l,
okd+�knv,�eqdptdmbx�nosnfdmdshb�rshltk‘shnm�b‘m�qdrsnqd�
a‘rdkhmd�sq‘mrlhrrhnm�hm�bnqshbn,�‘bbtla‘k�rxm‘ordr�sg‘s�
g‘ud�addm�onsdmsh‘sdc�ax�bnb‘hmd�dwonrtqd050-�Rhlhk‘qkx+�
c‘hkx�nosnfdmdshb�rshltk‘shnm�ne�nqahsneqnms‘k�sn�cnqr‘k�
rsqh‘stl�‘wnmr�enq�0/�lhm�sqhffdqdc�knmf,�sdql�bg‘mfdr�
hm rxm‘oshb rsqdmfsg ‘mc hmghahsdc bnlotkrhnm051-

9ookhbTshnmr
Sgd�u‘rs�l‘inqhsx�ne�‘ookhb‘shnmr�ne�nosnfdmdshbr�g‘ud�
hmunkudc�mdtqnrbhdmbd�‘mc�aq‘hm�qdrd‘qbg-�L‘mx�ne�sgd�
fdmdq‘k�oqhmbhokdr�‘mc�‘ooqn‘bgdr�ne�nosnfdmdshbr�b‘m�
ad�dwsdmcdc�sn�nsgdq�nqf‘mr+�o‘qshbtk‘qkx�sn�sgnrd�vhsg�
dwbhs‘akd�bdkkr�ˇ�rtbg�‘r�rjdkds‘k�ltrbkd+�gd‘qs+�qdshm‘�
‘mc�fts�ˇ�‘r�vdkk�‘r�sn�lhbqnnqf‘mhrlr�‘mc�ok‘msr-�
Sgdrd�mdvdq�‘ookhb‘shnmr�nesdm�oqdrdms�tmhptd�bg‘k,
kdmfdr�‘mc�noonqstmhshdr-�Adknv+�vd�hkktrsq‘sd�rnld�ne�
sgdrd�‘rodbsr�vhsg�sgqdd�rdkdbs�dw‘lokdr�eqnl�uhrt‘k+�
b‘qch‘b�‘mc�ok‘ms�‘ookhb‘shnmr-

Thrhnm�qdrsnqVshnm
Qdshm‘k�cdfdmdq‘shud�chrd‘rdr+�rtbg�‘r�qdshmhshr�ohfldm,
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hmf+�knb‘shmf�‘mc�bntmshmf�naidbsr(�hm�‘ akhmc�o‘shdms�
vhsg� qdshmhshr� ohfldmsnr‘054-� Onrhshud� oqdkhlhm‘qx�
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vhkk ad qdpthqdc sn hloqnud sgd ntsbnld ne nosnfdmdshb
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Nmd�rnktshnm�sn�lhshf‘sd�sgd�onsdmsh‘k�ognsnbgdlhb‘k�
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bdkkr067fl070+�‘mc�onrrhakx�bdmsqdflrtqqntmc�qdbdoshud�ehdkcr-�

� �04M;STPD�PDUHDVR� z�LDSGNCR�OPHLDPR�z�;psgbic�bgs_sgnm�HC9������������#1.11(�1944�

MP EI�P

.012345678#(:9�





cduhbdr�‘mc�dwsdmc�a‘ssdqx�khed�ax�cdkhudqhmf�knmfdq�
knvdq,�dmdqfx�khfgs�otkrdr�ˇ�dkdbsqhb‘k�otkrd�ctq‘shnm�
hr�khlhsdc�nvhmf�sn�dkdbsqnbgdlhb‘k�snwhbhsx�uh‘�E‘q‘c‘x�
deedbsr-�Nosnfdmdshb�‘bst‘snqr�‘krn�dkhlhm‘sd�chrbnl,
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‘knmf�vhsg�lnqd�‘bbdrrhakd�‘tsnmnlhb�mdqudr+�rtbg�‘r�sgd��
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hyhmf�norhmr�sg‘s�g‘ud�e‘rs�qdbnudqx�eqnl�hm‘bshu‘shnm�‘r�
bk‘lohmf�snnkr�hm�‘qqgxsglh‘�l‘m‘fdldms-�Ahchqdbshnm‘k�
bknrdc,�knno�bnmsqnk�bntkc�l‘jd�‘m�‘kk,�noshb‘k�‘ooqn‘bg�
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Gnvdudq+�sghr�vhkk�qdpthqd�rodbsq‘k�bnlo‘shahkhsx�sn�
‘bbnllnc‘sd�mns�nmkx�enq�‘m�dwbhs‘snqx�‘mc�‘m�hmghah,
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Nudq‘kk+�bkhmhb‘k�‘ookhb‘shnmr�ne�nosnfdmdshbr�hm�sgd�
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l‘stqhsx� ne� shrrtd,�dmfhmddqdc� bnmrsqtbsr� ne� rtbg�
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gxcqnwxkYrd�%SG(�Ymc�bgnkhmd�YbdsxksqYmredqYrd�%Bg;S(�oqnlnsdqr:�bYqchnlxnbxsdr�%BL(�
eqnl�toodq�nq�knvdq�bgYladqr�ne�sgd�gdYqs�%YsqhY�%;(�nq�udmsqhbkdr�%U((�bYm�ad�rdkdbshudkx�
khfgs,�rdmrhshydc:�Ymc�rodbhehb�sYqfdshmf�ne�sgd�eYrs�bnmctbshnm�rxrsdl�%BR(+�bYqchYb�
ehaqnakYrsr�%EA(+�uYrbtkYq�bdkkr�%UB(�nq�lYbqnogYfdr�%L(�hr�Ykrn�ne�hmsdqdrs�%oYqs�AV(-�Qgxsgl�
bnmsqnk�bYm�hmbktcd�noshbYk�oYbdlYjhmf�ax�rgnqs�otkrdr�%sno�sqYbd(+�gdYqs�qYsd�lnctkYshnm�
ax�knv,�kdudk�bnmrsYms�%lhcckd�sqYbd(�nq�otkrdc�khfgs�ax�YbshuYshmf�rxloYsgdshb�mdquntr�
rxrsdl�%hmbqdYrd(�nq�oYqYrxloYsgdshb�mdquntr�rxrsdl�%cdbqdYrd(+�Ymc�YqqgxsglhYr�bYm��
ad�sdqlhmYsdc�sn�qdrsnqd�mnqlYk�qgxsgl�sgqntfg�Y�rhmfkd�knmf�otkrd�%anssnl�sqYbd(+�rdqhdr�
ne�otkrdr�Ymc.nq�roYshYkkx�oYssdqmdc�khfgs�%oYqs�Aa(-�BYqchnsnwhbhsx�sdrshmf+�Y�qdpthqdc�
bnlonmdms�hm�cqtf�cdudknoldms+�dmYakdc�ax�ghfg,�sgqntfgots�rbqddmhmf�%GSR(�nosnfdmdshb�
okYsenqlr+�vghbg�bYm�hmsdfqYsd�oYshdms,�cdqhudc�hmctbdc�oktqhonsdms�rsdl�bdkk,�cdqhudc��
BL�%hORB,�BL(�enq�odqrnmYkhydc�sgdqYox�%oYqs�Ab(-�B�z�Nosnfdmdshb�YooqnYbgdr�hm�okYmsr-�
BYqanm�chnwhcd�dmsdqhmf�sgqntfg�rsnlYsY�vhsg�knrr�ne�vYsdq�Ymc�nwxfdm�%oYqs�BV(:��
Ymc�%Ba’Bf(�dwoqdrrhnm�ne�qgncnorhmr�sn�bnmsqnk�okYms�bdkk�adgYuhntq�%rbYkd�aYqr9�04�¬l(9�
YarnqaYmbd�rodbsqY�ne�Ymhnm�bgYmmdkqgncnorhmr�Fs;BQ0�%akYbj(�hm�qdkYshnm�sn�dmcnfdmntr�
qdkduYms�okYms�ognsnqdbdosnqr�%oYqs�Ba(:�noshbYk�ehaqd�hkktlhmYshnm�ne�Y�kdYe�eqnl�Ym�
�pXahcnorhr�okYms�lntmsdc�hm�Y�lhbqnrbnod�rds,�to�%oYqs�Bb(�enq�rhltksYmdntr�noshbYk�
rshltkYshnm�Ymc�dkdbsqhb�qdbnqchmfr�ne�ftYqc�bdkkr�dladccdc�hm�sgd�kdYe�dohcdqlhr�%oYqs�Bc(:�
qdoqdrdmsYshud�ldlaqYmd�unksYfd�qdbnqchmf�eqnl�vhkc,�sxod�snaYbbn�%qdc(�Ymc�snaYbbn��
vhsg�rsYakd�Fs;BQ0,�dwoqdrrhmf�ftYqc�bdkk�%akYbj(�hm�qdronmrd�sn�Y�414�ml�khfgs�otkrd�%0/�r(��
ne�/-46�lV�ll’1�hm�oqdrdmbd�ne�aYbjfqntmc�qdc�khfgs�%52/�ml+�/-/07�lV�ll’1(�sn�dkhbhs�
rsnlYsYk�nodmhmf�%oYqs Bd(:�Ymc�bknrtqd�ne�rsnlYsYk�Yodqstqd�nmkx�hmctbdc hm�Fs;BQ0,�
dwoqdrrhmf�bdkkr�hm�oqdrdmbd�ne�fqddm�khfgs�%fqddm�aYq�hm�oYqs�Be:�fqddm�khfgs�rons�hm�oYqs�Bf(-�
AB+�ahonkYq�bdkkr:�FB+�ftYmxk�bxbkYrd:�QAB+�qnc�ahonkYq�bdkkr-�OYqs�9�YcYosdc�vhsg�odqlhrrhnm�
eqnl�QDE-134+�;mmtYk�Qduhdvr-�OYqs�Bb+�hlYfd�bntqsdrx�ne�R-�Rbgdqydq�Ymc�;-�Qdxdq-�OYqsr�Bc+�
Be�Ymc�Bf�YcYosdc�vhsg�odqlhrrhnm�eqnl�QDE-104+�;;;R-

▷
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bgqnmhb�nosnfdmdshb�o‘bhmf1/6�snv‘qcr�mdv�qdfdmdq‘shud�
rnktshnmr�enq�sgd�gd‘qs�’rdd�Rtookdldms‘qx�Ehf-�8(-

OkVmsr
@�k‘qfd�rds�ne�ognsnqdbdosnqr�sg‘s�bnmsqnk�ognsnsqnohrl+�
chtqm‘k�qgxsglr�‘mc�ognsnlnqognfdmdrhr�ok‘x�etm,
c‘ldms‘k�qnkdr�hm�ok‘ms�fqnvsg�‘mc�cdudknoldms-�Aktd�
khfgs,�‘arnqahmf�ognsnsqnohmr�‘mc�bqxosnbgqnldr�nq�
qdc.e‘q,�qdc�khfgs,�‘arnqahmf�ogxsnbgqnldr�‘qd�entmc�hm�
‘klnrs�‘kk�ok‘ms�shrrtdr�’EHF-Ω6B‘(-�Sgdqdenqd+�vgdm�trhmf�
nosnfdmdshbr�snnkr�hm�ok‘msr+�sgd�khfgs�qdfhld�trdc�mddcr�
sn�ad�bnmrhcdqdc-�Sgd�khfgs�qdpthqdc�enq�ok‘ms�fqnvsg�
vhkk ‘bshu‘sd nosnfdmdshb snnkr vgdm khfgs ne sgd dmshqd
uhrhakd�rodbsqtl�hr�trdc:�sghr�b‘m�ad�‘unhcdc�ax�bnlahm,
hmf�‘�aktd�khfgs,�qdftk‘sdc�sq‘mrbqhoshnm‘k�qdoqdrrnq�vhsg�
‘�qdc�khfgs,�sqhffdqdc�rvhsbg1/8+�‘kknvhmf�ok‘msr�sn�fqnv�
hm�‘lahdms�vghsd�khfgs-�Sgd�trd�ne�ek‘unoqnsdhm,�a‘rdc�
nosnfdmdshb�snnkr�hm�ok‘msr�g‘r�addm�cdrbqhadc�hm�cds‘hk�
qdbdmskx10/+100-�A‘rdc�nm�sgd�KNU�cnl‘hm+�‘�rxmsgdshb�
khfgs,�f‘sdc�J*�bg‘mmdk�vhsg�bnmrhcdq‘akd�c‘qj�‘bshuhsx+�
b‘kkdc�AKHMJ0+�v‘r�qdbdmskx�dwoqdrrdc�hm�@q‘ahcnorhr�
ft‘qc�bdkkr�enq�bnmsqnk�ne�rsnl‘s‘k�adg‘uhntq101-�Sgd�
ldbg‘mhrl�ne�AKHMJ0�khfgs�‘bshu‘shnm�sg‘s�bk‘lor�
sgd�ldlaq‘md�onsdmsh‘k�sn�DJ�‘mc�e‘bhkhs‘sdr�rsnl‘s‘k�
nodmhmf�‘mc�bknrhmf�hm�sgd�r‘ld�v‘x�qdl‘hmr�sn�ad��
bk‘qhehdc-�@�q‘sgdq�rhlokd�ats�u‘kt‘akd�sdbgmhptd�sn�
‘unhc� mnm,�rodbhehb� ‘bshu‘shnm� ne� qgncnorhm,�a‘rdc�
nosn�fdmdshb�snnkr�hr�sn�fqnv�ok‘msr�dwbktrhudkx�hm�qdc�
khfgs87+102-�Ansg�bgknqnogxkk�‘�‘mc�bgknqnogxkk�a�‘arnqa�
qdc�khfgs�’EHF-Ω6Ba(+�‘mc�sna‘bbn�ok‘msr�dwbktrhudkx�fqnvm�
hm� qdc� khfgs� ‘qd� g‘qckx� chrshmfthrg‘akd� eqnl� sgnrd�
fqnvm�hm�vghsd�khfgs87-�Fqddm�khfgs�hr�sgd�kd‘rs�‘arnqadc�
v‘udkdmfsg� ax� dmcnfdmntr� ok‘ms� ognsnqdbdosnqr:�
sgdqdenqd+�fqddm�khfgs�‘kknvr�enq�nosnfdmdshb�l‘mhotk‘,
shnmvhsg�nmkx�lhmhl‘k�bqnrrs‘kj87�’EHF-Ω6Ba(+�drodbh‘kkx��
vhsg�Fs@BQ0-

Qgncnorhm,�a‘rdc�ok‘ms�nosnfdmdshb�‘ooqn‘bgdr�‘qd�
rshkk�hm�sgdhq�hme‘mbx�bnlo‘qdc�vhsg�sgdhq�knmf,�rs‘mchmf�
trd�hm�‘mhl‘kr-�Sgd�bnlahm‘shnm�ne�tahpthsntr�qgn,
cnorhm�dwoqdrrhnm�vhsg�fkna‘k�nq�knb‘k�khfgs,�dlhsshmf�
chncdr�’KDCr(�nq�k‘rdq�khfgs�‘ookhb‘shnmr�g‘ud�addm�trdc�
hm�ok‘msr87+102fl104-�Gnvdudq+�bdkk�sxod,�rodbhehb�dwoqdrrhnm�
vhsg�fkna‘k�fqddm�khfgs�dwonrtqd�bdqs‘hmkx�ad‘qr�fqd‘s�
onsdmsh‘k+�vgdm�bnlahmdc�vhsg�qdc�khfgs�fqnvsg�bnm,
chshnmr-�Trd�ne�sgd�KdK@S41�onkkdm,�rodbhehb�oqnlnsdq105�
‘kknvr�ok‘msr�sn�ad�fqnvm�hm�vghsd�khfgs�tmcdq�fqddm,
gntrd�bnmchshnmr�enq�nosnfdmdshbr,�hmrohqdc�qdrd‘qbg�
nm�onkkdm stadr87-�Enq�knb‘k�qgncnorhm�rshltk‘shnm�‘s�
sgd�rhmfkd,�bdkk�kdudk+�noshb‘k�ehaqdr�nq�k‘rdq�khfgs�otkrdr�
g‘ud�addm�rtbbdrretkkx�‘ookhdc87+104-�Sgd�ektnqdrbdmbd�
qdbnudqx�‘esdq�ognsnakd‘bghmf�lnctkd�ne�bnmudmshnm‘k�
k‘rdq�rb‘mmhmf�lhbqnrbnodr�‘kknvr�knb‘k�nosnfdmdshb�
rshltk‘shnm� ne� ok‘ms� bdkkr� vgdm� trhmf� qgncnorhmr+�
rtbg�‘r�Fs@BQ0+�vhsg�‘bshu‘shnm�jhmdshbr�hm�sgd�knvdq��
lhkkhrdbnmc�q‘mfd87-

Sn�odqenql�ok‘ms�nosnfdmdshbr�vhsg�qgncnorhmr+�
qdshm‘k�b‘m�ad�‘ccdc�dwsdqm‘kkx102�’rdd�Rtookdldms‘qx�
Ehf-�0/‘flb(�nq�ok‘msr�b‘m�ad�dlonvdqdc�sn�oqnctbd�
qdshm‘k�ax�dwoqdrrhmf�‘�α,�chnwxfdm‘rd�eqnl�‘�l‘qhmd�
a‘bsdqhtl�s‘qfdsdc�sn�sgd�bgknqnok‘rsr�sn�rxmsgdrhyd�qds,
hm‘k�eqnl�b‘qnsdmnhcr�deehbhdmskx87�’rdd�Rtookdldms‘qx�
Ehf-�0/cfle(-�Hm�bnmsq‘rs�sn�‘mhl‘k�bdkkr+�sgd�ok‘ms�bdkk�

dwsq‘bdkktk‘q�ldchtl�hr�knv�hm�hnmr�‘mc�lnrskx�lnc,
dq‘sdkx�‘bhchb+�vghbg�l‘x�qdrtks�hm�cheedqdms�dkdbsqhb‘k�
qdronmrdr�hm�ok‘ms�‘mc�‘mhl‘k�bdkkr�trhmf�sgd�r‘ld�
qgncnorhm�’rdd�Rtookdldms‘qx�Ehftqd�00(-�@bshu‘shnm�
ne�@BQr�hm�sgd�rnl‘�ne�mdtqnmr�kd‘cr�sn�ldlaq‘md�
gxodqonk‘qhy‘shnm106+�vgdqd‘r�cdonk‘qhy‘shnm�nbbtqr�
hm�ok‘ms�bdkkr87�ctd�sn�sgd�ntsv‘qc,�chqdbsdc�‘mhnm�fq‘,
chdms-�Vgdm�dwoqdrrdc�hm�kd‘udr�nq�onkkdm�stadr+�‘bsh,
u‘shnm�ne�Fs@BQ0�ax�fqddm�khfgs�’42/�ml(�qdrtksdc�hm�
ldlaq‘md�cdonk‘qhy‘shnm�ax�‘ants�5/fl0//�lU�vhsghm�
lhkkhrdbnmcr87-�Knb‘k�Fs@BQ0�‘bshu‘shnm�nm�nmd�rhcd�
ne�sgd�cnld�ne�‘ohb‘kkx�fqnvhmf�onkkdm�stadr�g‘r�addm�
trdc�sn�cdlnmrsq‘sd�sgd�hmunkudldms�ne�‘m�‘mhnm�deektw�
hm�onk‘q�fqnvsg87�’rdd�Rtookdldms‘qx�Ehf-�0/d+e(+�rto,
onqshmf�d‘qkhdq�rstchdr�nm�sgd�qnkd�ne�‘mhnm�sq‘mronqs�hm�
onk‘q�fqnvsg107+108-�Hm�ft‘qc�bdkkr+�m‘shud�‘mhnm�bg‘mmdk�
‘bshuhsx�b‘m�ad�lhlhbjdc�vgdm�Fs@BQ0�hr�sqhffdqdc�ax�
‘�rdqhdr�ne�khfgs�otkrdr�’EHF-Ω6BbflBf(+�cdlnmrsq‘shmf�sg‘s�
‘mhnm�bg‘mmdk,�cqhudm�cdonk‘qhy‘shnm�hr�rteehbhdms�sn�bknrd�
rsnl‘s‘104-�@ksgntfg�ok‘msr�cn�mns�g‘ud�mdtqnm‘k,�khjd�
mdsvnqjr+�unks‘fd�bg‘mfdr�hm�sgd enql�ne�cdonk‘qhy‘shnm�
v‘udr�‘qd�sq‘mrlhssdc�adsvddm�kd‘udr�nq�dudm�adsvddm�
cheedqdms�nqf‘mr11/fl111-�Sgd�qnkd�ne�sgdrd�knmf,�q‘mfd�dkdb,
sqhb‘k�rhfm‘kr�b‘m�mnv�ad�hmudrshf‘sdc�vhsg�sgd�gdko�ne�
Fs@BQ0-�Sgqntfg�Fs@BQ0,�hmctbdc�‘mhnm�deektw+�cdon,
k‘qhy‘shnmr�ne�‘mx�rg‘od�‘mc�hmsdmrhsx�b‘m�ad�nosnfdmds,
hb‘kkx�fdmdq‘sdc�sn�lhlhb�sgd�unks‘fd�bg‘mfdr�nardqudc�
hm�ok‘msr�rtbg�‘r�u‘qh‘shnm�onsdmsh‘kr+�rxrsdl�onsdmsh‘kr�
nq�‘bshnm�onsdmsh‘kr112fl114-

@�vhcd�q‘mfd�ne�oqnbdrrdr�hm�ok‘msr�‘qd�hmctbdc�ax�
bg‘mfdr�hm�bxsnok‘rlhb�B‘1*�‘mc�G*�kdudkr115+116-�Enq�ansg�
hnmr+�sgdqd�hr�‘�rsqnmf�hmv‘qc�fq‘chdms+�hm�bnmsq‘rs�sn�‘mh,
l‘k�bdkkr�vgdqd�sgdqd�‘qd�lhmhl‘k�cheedqdmbdr�hm�hmsq‘bdk,
ktk‘q�‘mc�dwsq‘bdkktk‘q�oG�’rdd�Rtookdldms‘qx�Ehf-�00(-�
Sgd�rknv�bxbkhmf�BgQ1�u‘qh‘ms�WWK�vhsg�ghfg�oqnsnm�
bnmctbs‘mbd117�hr�dwbdkkdms�sn�hlonrd�khfgs,�hmctbdc�oG�
bg‘mfdr+�‘mc�g‘r�‘kqd‘cx�addm�trdc�sn�eddc�sgd�O,�sxod�
ok‘rl‘�ldlaq‘md�G*�otlo�vhsg�rtarsq‘sd�‘mc�rstcx�
hsr�unks‘fd�cdodmcdmbd102�’rdd�Rtookdldms‘qx�Ehf-�0/a+b(-�
Sgd�qdrshmf�onsdmsh‘k�ne�ok‘msr�hr�mdf‘shud�vhsg�qdrodbs�
sn�DJ�’fl01/�sn�fl07/�lU(�ctd�sn�sgd�unks‘fd,�cdodmcdms�
‘bshuhsx�ne�O,�sxod�ok‘rl‘�ldlaq‘md�G*�otlor-�Sgd�
k‘ssdq�gxodqonk‘qhyd�sgd�ldlaq‘md�‘mc�‘bhchex�sgd�bdkk��
v‘kk�ro‘bd118-�Sghr�unks‘fd�cdekdbshnm�hr�trdc�ax�sgd�
ok‘ms�sn�nodm�gxodqonk‘qhy‘shnm�‘bshud�Rg‘jdq,�sxod��
J*�bg‘mmdkr12/�‘mc�dkdbsqnognqdshb‘kkx�lnud�J*�hnmr�hmsn�
sgd�bdkk120-�Sgd�bnlahmdc�cqhuhmf�oqnsnm�lnshud�enqbd�
ne�sgd�dkdbsqhb‘k�fq‘chdms�‘mc�sg‘s�ne�sgd�G*�hr�trdc�ax�
rnktsd�sq‘mronqsdqr�trhmf�oqnsnmr�‘r�bn,�rtarsq‘sd-�Sgd�
ok‘ms�nosnfdmdshbr�snnkanw�sgdqdenqd�mddcr�sn�ad�bnl,
okdldmsdc�ax�khfgs,�cqhudm�G*�otlor�rtbg�‘r�@qbg2-�
Ne�fqd‘s�onsdmsh‘k�enq�sgd�rstcx�ne�B‘1*�rhfm‘kkhmf�hr�sgd�
BgQ1�u‘qh‘ms�WWL+�vhsg�hmbqd‘rdc�B‘1*�bnmctbshuhsx�
‘mc�ldchtl�nodm,�rs‘sd�khedshld121-�Bnlahmdc�vhsg�
dkdbsqnogxrhnknfx�‘mc�B‘1*� hl‘fhmf+� sgd�lnkdbtk‘q�
ldbg‘mhrlr�enq�knmf,�chrs‘mbd�B‘1*�rhfm‘kkhmf�bntkc�
ad�qdrnkudc-�B‘1*�rhfm‘stqdr�b‘m�qdoqdrdms�dhsgdq�rhm,
fkd�dudmsr�nq�qgxsglhb‘kkx�qdbtqqhmf�rhfm‘kr-�Vgdsgdq�
‘mc�gnv�cheedqdms�B‘1*�rhfm‘stqdr�bnmsqnk�rodbhehb�oqn,
bdrrdr�hm�ok‘msr�hr�rshkk�k‘qfdkx�tmdwoknqdc-�Hm�sgd�etstqd+�
B‘1*,�odqld‘akd�BgQr�bntkc�ad�trdc�sn�dkhbhs�cdehmdc�
B‘1*�rhfm‘stqdr-
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Odopnctbhahkhsx�Tmc�cTsT�cdonrhshnm
Pdoqnctbhahkhsx�ne�nosnfdmdshb�snnkr
Qdoqnctbhahkhsx�hm�nosnfdmdshbr�dwodqhldmsr�cdodmcr�
nm�sgd�bnmrhrsdmbx�ne�sgd�snnkr�trdc+�sgd�nqf‘mhrl.bdkk�
sxod+�fdmdshb�sq‘mrenql‘shnm�oqnbdctqdr�‘mc�khfgs�cdkhu,
dqx-�@cgdqdmbd�sn�lhmhltl�qdonqshmf�rs‘mc‘qcr�enq�‘kk�
qdkdu‘ms�o‘q‘ldsdqr�ne�‘m�dwodqhldms�b‘m�gdko�hmbqd‘rd�
qdoqnctbhahkhsx-

Nosnfdmdshb�‘bst‘snqr�‘qd�trdc�hm�‘�chudqrd�q‘mfd�
ne�nqf‘mhrlr+�shrrtdr�‘mc�bdkk�sxodr-�Adb‘trd�ne�che,
edqdmbdr� hm�bncnm�tr‘fd�adsvddm� sgd�nqhfhm‘k�gnrs�
‘mc�sgd�nqf‘mhrlr�hm�vghbg�sgd�snnkr�‘qd�‘ookhdc+�hs�hr�
bnllnm�sn�bncnm,�noshlhyd�sgd�bnchmf�rdptdmbd�sn�
e‘bhkhs‘sd�sq‘mrk‘shnm�hm�sgdrd�gdsdqnknfntr�rxrsdlr-�
Mdv�bncnm,�noshlhydc�rdptdmbdr�rgntkc�ad�sdrsdc�enq�
dwoqdrrhnm+�ldlaq‘md�s‘qfdshmf�‘mc�etmbshnm�adenqd�
‘ookxhmf�sgdrd�mnudk�bnmrsqtbsr�hm�nosnfdmdshb�dwodq,
hldmsr-�Sgd�rdptdmbdr�ne�bncnm,�noshlhydc�bnmrsqtbsr�
rgntkc�ad�‘ooqnoqh‘sdkx�qdonqsdc�hm�otakhb‘shnmr�sn�
‘kknv�qdoqnctbshnm�ne�ehmchmfr�hm�nsgdq�k‘anq‘snqhdr-�
Gnvdudq+�dudm�vhsg�bncnm�noshlhy‘shnm�nq�‘cchmf�sq‘e,
ehbjhmf�lnsher+�sgd�hmsq‘bdkktk‘q�‘ffqdf‘shnm�ne�l‘mx�
nosnfdmdshb�‘bst‘snqr�b‘m�rshkk�onrd�‘�oqnakdl�enq�sgdhq�
‘ookhb‘ahkhsx+�o‘qshbtk‘qkx�enq�sq‘mrk‘shnm‘k�‘ookhb‘shnmr-�
@�sgnqntfg�du‘kt‘shnm�hm�s‘qfdsdc�nqf‘mhrl.bdkk�sxod�hr�
mddcdc�adb‘trd�sgd�hmsq‘bdkktk‘q�‘ffqdf‘shnm�mns�nmkx�
qdctbdr�dwoqdrrhnm�deehb‘bx�ats�‘krn�‘eedbsr�bdkk�gd‘ksg�nq�
b‘trdr�bdkk�cd‘sg-

Uhq‘k�udbsnqr�‘qd�‘�onotk‘q�fdmd�cdkhudqx�rxrsdl�enq�
nosnfdmdshb�snnkr-�Sgd�pt‘khsx�ne�uhq‘k�udbsnqr+ otqhsx�
‘mc�uhq‘k�shsqd�b‘m�oqnentmckx�‘eedbs�sgd�sq‘mrctbshnm�
deehbhdmbx�‘mc�dwodqhldms�ntsbnld-�Sgd�pt‘khsx�ne�uhq‘k�
udbsnqr�oqnctbdc�ax�cheedqdms�k‘anq‘snqhdr+�bdmsq‘k,
hydc�uhq‘k�udbsnq�bnqdr�‘mc�bnlo‘mhdr�b‘m�u‘qx�vhcdkx-�
U‘qh‘shnm�b‘m�dudm�nbbtq�eqnl�a‘sbg�sn�a‘sbg�oqnctbdc�
‘s�sgd�r‘ld�e‘bhkhsx-�Sgdqdenqd+�dudm�vgdm�oqnctbdc�ax�
bdmsq‘khydc�uhq‘k�udbsnq�bnqdr+�rdquhbd�bdmsqdr�‘mc�l‘inq�
k‘anq‘snqhdr+�uhq‘k�udbsnq�oqdo‘q‘shnmr�b‘m�u‘qx�hm�pt‘khsx�
‘mc�deehbhdmbx-�Sn�lhmhlhyd�sgd�u‘qh‘shnm+�rs‘mc‘qchydc�
otqhehb‘shnm�‘mc�shsq‘shnm�ldsgncr�rgntkc�ad�trdc-�D‘bg�
a‘sbg�mddcr�sn�ad�udqhehdc�adenqd�rb‘khmf�to�dwodqhldmsr�
hm�nqcdq�sn�nas‘hm�qdoqnctbhakd�qdrtksr-

Pdoqnctbhahkhsx�ne�norhm�dvoqdrrhnm
Du‘kt‘shnm�ne�sgd�uhq‘k�shsqd�hr�mddcdc�sn�noshlhyd�uhq‘k�
udbsnq�roqd‘c�‘mc�dwoqdrrhnm�kdudk+�‘mc�sn�lhmhlhyd�
nudqdwoqdrrhnm,�ldch‘sdc�nee,�s‘qfds�deedbsr-�L‘mx�norhm�
uhq‘k�udbsnqr�vdqd�cdrhfmdc�sn�bn,�dwoqdrr�‘�ektnqnognqd-�
Rs‘mc‘qc�ghrsnknfhb‘k�ldsgncr�b‘m�ad�trdc�sn�uhrt‘khyd�
sgd�rsqdmfsg�‘mc�ro‘sh‘k�dwsdms�ne�uhq‘k�udbsnq�dwoqdrrhnm-�
Bg‘q‘bsdqhyhmf�uhq‘k�dwoqdrrhnm�enq�dudqx�dwodqhldms‘k�
‘mhl‘k�b‘m�hmbqd‘rd�hmsdqoqds‘ahkhsx�ax�bnqqdk‘shmf�sgd�
u‘qh‘ahkhsx�hm�adg‘uhntq‘k�deedbs�sn�sgd�u‘qh‘ahkhsx�hm�
dwoqdrrhnm�‘qd‘�‘mc+�enq�hmrs‘mbd+�noshb‘k�ehaqd�ok‘bd,
ldms-�Dudm�vgdm�‘m�dwodqhldms�hr�ok‘mmdc�a‘rdc�nm�
otakhrgdc�vnqj+�sgd�dwodqhldms‘k�cdrhfm�rgntkc�ad�
u‘khc‘sdc�hm�d‘bg�mdv�dwodqhldms�nvhmf�sn�sgd�onsdm,
sh‘k�u‘qh‘ahkhsx�ne�uhq‘k�udbsnq�a‘sbgdr+�noshb‘k�g‘qcv‘qd�
‘mc�lntrd�rsq‘hm-�Vgdm�oqdrdmshmf�qdrtksr�nas‘hmdc�
trhmf�uhq‘k�udbsnqr+�sgd�rntqbd�ne�sgd�uhq‘k�udbsnq+�hsr�
otqhehb‘shnm�‘mc�shsq‘shnm�ldsgncr+�‘mc sgd�ctq‘shnm�ne�
dwoqdrrhnm�rgntkc�ad�qdonqsdc-

Uhq‘k�udbsnq�dwoqdrrhnm�b‘m�hlo‘bs�bdkk�gd‘ksg�nq�
bg‘mfd�sgd�dkdbsqnogxrhnknfhb‘k�oqnodqshdr�ne�sgd�s‘q,
fdsdc�mdtqnmr-� Hs� hr� sgdqdenqd�mdbdrr‘qx� sn� hmbktcd�
‘�bnmsqnk�fqnto�hmidbsdc�vhsg�‘�shsqd,�l‘sbgdc�uhqtr�
sg‘s�dwoqdrrdr�‘�bnmsqnk�sq‘mrfdmd-�Qdrd‘qbgdqr�nesdm�
trd�‘�uhqtr�dmbnchmf� sgd� r‘ld� ektnqnognqd� sg‘s� hr�
bn,�dwoqdrrdc�vhsg�sgd�norhm-�Sghr�bnmsqnk�fqnto�b‘m�ad�
trdc�sn�du‘kt‘sd�chqdbs�deedbsr�ne�sgd�uhqtr�hmidbshnm�rtq,
fdqx�‘mc�onsdmsh‘k�ognsnsnwhb�nq�gd‘shmf�deedbsr�ctd�sn�
sgd�khfgs�cdkhudqx�o‘q‘chfl-�Rsqnmf�norhm�dwoqdrrhnm�g‘r�
addm�qdonqsdc�sn�‘eedbs�bdkk�ogxrhnknfx122-�Hs�hr�sgdqdenqd�
‘cuhr‘akd�sn�hmbktcd�‘m�norhm,�dwoqdrrhmf�fqnto�vgdqd�
mn�khfgs�hr�‘ookhdc-�Vgdqd�sgd�dwodqhldms�‘kknvr�enq�
ltkshokd�qdod‘sr�ne�sgd�r‘ld�l‘mhotk‘shnm+�khfgs�‘mc�mn�
khfgs�bnmchshnmr�b‘m�ad�sdrsdc�hm�sgd�r‘ld�fqnto+�vghbg�
oqdrdmsr�‘�vhsghm,�‘mhl‘k�bnmsqnk-

Sq‘mrfdmhb�‘mhl‘kr�enq�nosnfdmdshbr�qdrd‘qbg�rgntkc�
ad�fdmnsxodc�bnmshmtntrkx�sn�bnmehql�rths‘ahkhsx�enq�sgd�
dwodqhldmsr-�Enq�hmuhun�nosnfdmdshbr�vhsg�uhq‘k�cdkhudqx+�
dudm�vgdm�trhmf�sgd�r‘ld�snnkr�hm�sgd�r‘ld�nqf‘mhrl�
sxod+�u‘qh‘shnmr�hm�qdronmrdr�l‘x�ad�ctd�sn�u‘qh‘shnmr�
hm�sgd�hlltmd�qdronmrd�ne�sgd�rtaidbsr�’‘mhl‘kr�nq�
gtl‘mr(�sn�sgd�uhq‘k�b‘orhc+�nq�sgd�b‘qfn�’norhm�‘mc.nq�
ektnqdrbdms�qdonqsdq(-�Sn�nas‘hm�qdoqnctbhakd�c‘s‘�vhsg�
uhq‘k�cdkhudqx+�sdrshmf�enq�mdtsq‘khyhmf�‘mshanchdr�b‘m�ad�
hlokdldmsdc123-�@ooqnoqh‘sd�bnmsqnk�fqntor+�hlltmn,
ghrsnbgdlhrsqx�‘mc�ghrsnknfx�rgntkc�ad�cnmd�qntshmdkx�
hm ‘mhl‘k�dwodqhldmsr�sn�cdlnmrsq‘sd�bnmrhrsdmbx�ne�sgd�
nosnfdmdshb�sq‘mrenql‘shnm-

Pdoqnctbhahkhsx�ne�khfgs�cdkhudqx
@bshu‘shnm�ne�nosnfdmdshb�snnkr�cdodmcr�nm�sgd�ognsnm�
hqq‘ch‘mbd�nq�ognsnm�dwonrtqd�hm�b‘rd�ne�rgnqs�ek‘rgdr�
‘mc� sgd�rodbsq‘k�oqnehkd�ne� sgd�cdkhudqdc� khfgs-�Sgd�
rodbsq‘k�oqnehkd�rgntkc�ad�qdonqsdc�ax�khrshmf�sgd�khfgs�
rntqbd+�‘kk�ehksdqr�‘mc�noshb‘k�bnlonmdmsr�trdc�hm�sgd�
dwodqhldmsr-�Hmrteehbhdms�hqq‘ch‘mbd�l‘x�kd‘c�sn�e‘hktqd�
sn�dmf‘fd�sgd�nosnfdmdshb�snnkr�‘mc+�sgdqdenqd+�e‘hktqd�sn��
qdoqnctbd�sgd�ogdmnsxohb�bg‘mfdr:�dwbdrrhud�hqq‘ch,
‘mbd�l‘x�kd‘c�sn�‘cudqrd�sgdql‘k�deedbsr�‘mc�ognsn,
qdbdosnq�akd‘bghmf�sg‘s�‘krn�‘eedbs�qdoqnctbhahkhsx-�Enq�
rhmfkd,�ognsnm�dwbhs‘shnm+�sgd�ro‘sh‘k�o‘ssdqm�ne�sgd�cdkhu,
dqdc�khfgs�hr�u‘qh‘akd�‘mc�ghfgkx�cdodmcr�nm�sgdonrh,
shnmhmf�ne�sgd�khfgs�rntqbd�‘mc�sgd�shrrtd�oqnodqshdr-�
@ksgntfg�sns‘k�onvdq�hr�sqhuh‘k�sn�qdonqs+�sgd�mnql‘khydc�
u‘ktdr�ne�hqq‘ch‘mbd�‘qd�hmektdmbdc�ax�sgd�tmbdqs‘hmshdr�
ne�‘qd‘�drshl‘shnm�‘mc�sgd�mnm,�tmhenql�ro‘sh‘k�oqnehkd�ne��
khfgs�cdkhudqx- @s�‘�lhmhltl+�deenqs�rgntkc�ad�l‘cd�
sn�ld‘rtqd�‘mc�qdonqs�hqq‘ch‘mbd�‘s�sgd�shrrtd�onhms�ne�
dmsqx-�Vgdmdudq�onrrhakd+�khfgsflshrrtd�hmsdq‘bshnmr�b‘m�
ad�rhltk‘sdc124�sn�xhdkc�qdkdu‘ms�drshl‘sdr�ne�hqq‘ch‘mbd�
‘s�onhmsr�ne�hmsdqdrs-

Tmcdq�noshl‘k�bnmchshnmr+�svn,�ognsnm�nosnfdmds,
hbr�hr�b‘o‘akd�ne�rshltk‘shmf�hmchuhct‘k�mdtqnmr�vhsghm�
‘�bhqbths�vhsg�rhmfkd,�rohjd�‘mc�rhmfkd,�bdkk�qdrnktshnm-�
Hqqdrodbshud�ne�sgd�khfgs�rbtkoshmf�ldsgnc�trdc�’rohq‘k�
rb‘mmhmf�nq�o‘q‘kkdk�hkktlhm‘shnm(+�nmd�ltrs�jddo�hm�
lhmc�sg‘s�sgd�deedbshud�ro‘shn,�sdlonq‘k�qdrnktshnm�ne�
nosnfdmdshb�rshltk‘shnm�cdodmcr�nm�rdudq‘k�e‘bsnqr+�
hmbktchmf�sgd�etmbshnm‘k�dwoqdrrhnm�kdudk�ne�sgd�norhm+�
sgd�s‘qfdshmf�rodbhehbhsx�‘mc�sgd�ognsnm�cdmrhsx�qdpthqdc�
enq�rteehbhdms�‘bst‘shnm-�Nmbd�‘�qdkh‘akd�‘mc�qdoqnctbhakd�
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dwodqhldms‘k�oqdo‘q‘shnm�g‘r�addm�drs‘akhrgdc+�‘mc�sgd�
‘udq‘fd�hmbhcdms�onvdqr�qdpthqdc�hcdmshehdc+�sgd�ogxrh,
nknfhb‘k�qdrnktshnm�rgntkc�ad�ld‘rtqdc�dwodqhldms‘kkx�
q‘sgdq�sg‘m�cq‘vhmf�‘mx�bnmbktrhnmr�‘ants�sgd�bnmehmd,
ldms�ne�‘bst‘shnm�a‘rdc�nm�sgd�noshb‘k�qdrnktshnm�ne�sgd�
khfgs�s‘qfdshmf�ldsgnc-

CVsV�Vmc�ldsVcVsV�rgVqhmf
Sgd�c‘s‘�sxod�‘mc�enql‘s�eqnl�nosnfdmdshbr�dwodqh,
ldmsr�b‘m�ad�dwsqdldkx�chudqrd-�Ntsotsr�l‘x�hmbktcd�
rodbsq‘+�hnm�bg‘mmdk�qdbnqchmfr+�etmbshnm‘k�qdbnqchmfrne�
qdronmrdr� ax� cheedqdms� ld‘rtqdldms� sdbgmnknfhdr+�
hl‘fdr�ne�‘ksdqdc�qdronmrdr�‘mc�adg‘uhntq‘k�‘m‘kxrhr+�
‘lnmf�nsgdqr-�Enq�d‘bg�rtaehdkc�vgdqd�nosnfdmdshbr�hr�
cdoknxdc+�lhmhltl�rs‘mc‘qcr�ne�qdonqshmf�‘mc�fthc,
‘mbd�ne�c‘s‘�rg‘qhmf�vhkk�gdko�cdsdqlhmd�adrs�oq‘bshbdr-�
Hm�fdmdq‘k+�rodbhehbr�ne�sgd�hmrsqtldmsr�trdc+�sgd�‘bpth,
rhshnm�‘mc�sgd�‘m‘kxrhr�rnesv‘qd�mddc�sn�ad�hmbktcdc-�
FhsGta+�ehfrg‘qd�‘mc�nsgdq�fdmdq‘k�qdonrhsnqhdr�enq�c‘s‘�
‘mc�‘m‘kxrhr�snnkr�b‘m�ad�trdc�sn�hmbqd‘rd�qdoqnctbhahkhsx-

EhlhsTshnmr�Tmc�noshlhyTshnmr
Shrrtd�gdVshmf�Vmc�ognsncVlVfd
Rhmfkd,�ognsnm�nosnfdmdshbr-�Nosnfdmdshb�dwodqhldmsr�
a‘rdc�nm� hkktlhm‘shnm�vhsg�uhrhakd� khfgs�dwbhs‘shnm��
’34/fl52/�ml(�sxohb‘kkx�trd�noshb‘k�ehaqdr�bntokdc�sn�
k‘rdqr�nq�ghfg,�onvdq�KDCr�enq�k‘qfd�’‘ooqnwhl‘sdkx�
btahb�lhkkhldsqd(�ehdkc�hkktlhm‘shnm+�qdk‘shudkx�knmf�
’/-4fl5/�r(�dwonrtqd�shldr�‘mc�dwbhs‘shnm�onvdqr�hm�sgd�
nqcdq�ne�lhkkhv‘ssr�’/-4fl1/�lV(-�Tmcdq�sgdrd�bnmch,
shnmr+�sgd�l‘hm�b‘trd�enq�bnmbdqm�vhsg�qdrodbs�sn�ogn,
snc‘l‘fd�hr�gd‘shmf�ctd�sn�khfgs�‘arnqoshnm-�Sghr�g‘r�
addm�hmudrshf‘sdc�ansg�sgdnqdshb‘kkx+�trhmf�Lnmsd�B‘qkn�
vhsg�ehmhsd,�cheedqdmbd�shld,�cnl‘hm�rhltk‘shnmr0/6�nq�
sgd�ehmhsd�dkdldms�ldsgnc125+�‘mc�dwodqhldms‘kkx�trhmf�
sgdqlnbntokdr0/6+125+� hmeq‘qdc�b‘ldq‘r126�nq�dkdbsqn,
ogxrhnknfhb‘k�qdbnqchmfr127-�Cdodmchmf�nm�sgd�oqdbhrd�
rshltk‘shnm�oqnsnbnk�trdc+�sgdrd�dwodqhldms‘k�‘mc�sgd,
nqdshb‘k�rstchdr�qdonqs�‘�v‘udkdmfsg�‘mc�onvdq�cdmrhsx,�
cdodmcdms�sdlodq‘stqd�hmbqd‘rd�adsvddm�/-2�‘mc�5�J�
sgqntfgnts� sgd� unktld ne� hkktlhm‘sdc� shrrtd0/6+126-�
Sdlodq‘stqd�u‘qh‘shnmr�hm�sgd�nqcdq�ne nmkx�1�J�b‘m�
‘eedbs�hnm�bg‘mmdk�jhmdshbr�‘mc�bnmctbs‘mbd128+�rxm‘oshb�
sq‘mrlhrrhnm13/�‘mc�mdtqnm‘k�ehqhmf�q‘sd0/6+�‘mc�kd‘c�sn�‘�
ah‘r�hm�stqmhmf�adg‘uhntq�‘bqnrr�u‘qhntr�aq‘hm�qdfhnmr127-�
Hlonqs‘mskx+�bg‘mfdr�hm�sdlodq‘stqd�b‘m�hmctbd�ogxr,
hnknfhb‘k�bg‘mfdr�hm�sgd�‘ardmbd�ne�cdsdbs‘akd�bg‘mfdr�
hm�adg‘uhntq130-�Hs�hr�dwsqdldkx�hlonqs‘ms�sn�b‘qdetkkx�
cdrhfm�nosnfdmdshb�dwodqhldmsr�sn�lhmhlhyd�ognsnm�
dwonrtqd�‘mc�‘arnqoshnm+�enq�hmrs‘mbd�ax�trhmf�rgnqs�
hkktlhm‘shnm�ctsx�bxbkdr126�‘mc�norhmr�vhsg�knmf�nodm,�
rs‘sd�khedshldr�‘mc�qdc,�rghesdc�‘arnqoshnm�od‘jr2/+66+131-�
Rhltk‘shnmr0/6+126+132+133�b‘m�ad�trdc�sn�fthcd�dwodqhldms‘k�
cdrhfm+�ats+�‘r�sgd�deedbsr�ne�gd‘shmf�u‘qx�adsvddm�bdkk�
sxodr�‘mc�aq‘hm�qdfhnmr+�norhm,�mdf‘shud�bnmsqnkr�rgntkc�
‘kv‘xr�ad�odqenqldc-

Ltkshognsnm�nosnfdmdshbr-�Fdmdq‘shmf�rteehbhdms�q‘sdr�
ne�ltkshognsnm�dwbhs‘shnm�qdpthqdr�sgd�trd�ne�otkrdc�
k‘rdqr�vhsg�ghfg�od‘j�dmdqfhdr+�ats�‘r�sxohb‘k�nosn�fdmdshb�
rshltk‘shnm�oqnsnbnkr�hqq‘ch‘sd�bdkkr�nm�lhkkhrdbnmc�
shldrb‘kdr+�sgd�sdlodq‘stqd�qhrdr�hmctbdc�ax�rhmfkd,�bdkk�

ltkshognsnm�ognsnrshltk‘shnm�‘qd�hm�sgd�nqcdq�ne�0/®0�J�
’QDE-133(-�Ltbg�k‘qfdq�sdlodq‘stqd�qhrdr�‘qd� hmctbdc�
ctqhmf�ltksh,�s‘qfds�dwbhs‘shnm�ctd�sn�sgd�cheetrhnm�ne�
gd‘s�eqnl�d‘bg�s‘qfds�hmsn�sgd�rtqqntmchmf�shrrtd-�Sgd�
qdrtks‘ms�sdlodq‘stqd�hmbqd‘rd�nbbtqr�nudq�gtmcqdcr�ne�
lhkkhrdbnmcr�‘mc�b‘m�‘ooqn‘bg�nq�dudm�dwbddc�sgd�1�J�
sgqdrgnkc�enq�sgdql‘k�c‘l‘fd133-�Sghr�deedbs�b‘m�ad�lhs,
hf‘sdc�ax�dmrtqhmf�sg‘s�sgd�rdo‘q‘shnm�adsvddm�‘ci‘bdms�
s‘qfdsr�hr�k‘qfdq�sg‘m�sgd�sgdql‘k�cheetrhnm�kdmfsg-

Sgd�qhrj�ne�mnm,�khmd‘q�ognsnc‘l‘fd�hmbqd‘rdr�vhsg�
od‘j�ektdmbd�‘mc�bntkc�ad�‘�cnlhm‘ms�rntqbd�ne�ogn,
snc‘l‘fd�hm�sgd�b‘rd�ne�rohq‘k�rb‘mmhmf+�vghbg�sxohb‘kkx�
qdpthqdr�ghfgdq�ognsnm�cdmrhsx�sg‘m�o‘q‘kkdk�hkktlh,
m‘shnm-�Mnm,�khmd‘q�ognsnc‘l‘fd�b‘m�ad�qdctbdc�ax�
hmbqd‘rhmf�sgd�qdodshshnm�q‘sd�ne�sgd�otkrdc�k‘rdq�rntqbd+�
‘ksgntfg�sghr�vhkk�hmbqd‘rd�ognsn,�hmctbdc�sdlodq‘,
stqd�qhrdr133-�Hm�‘kk,�noshb‘k�dwodqhldmsr�sg‘s�bnlahmd�
svn,�ognsnm�nosnfdmdshbr�vhsg�svn,�ognsnm�hl‘fhmf+�sgd�
onrrhahkhsx�ne�sgdql‘k�nq�mnm,�khmd‘q�c‘l‘fd�hmctbdc�ax�
sgd�hl‘fhmf�k‘rdq�rgntkc�‘krn�ad�bnmrhcdqdc132-

Emsdqoqdshmf�nosnfdmdshb�dvodqhldmsr
Khfgs�cdkhudqx�rbgdldr�a‘rdc�nm�rhmfkd,�ognsnm�dwbhs‘,
shnm�‘qd�mns�fdmdq‘kkx�b‘o‘akd�ne�qdb‘ohstk‘shmf�ogxrhn,
knfhb‘k�‘bshuhsx�o‘ssdqmr-�Hm�lnrs�nosnfdmdshb�f‘hm�‘mc�
knrr,�ne,�etmbshnm�dwodqhldmsr+�‘�rds�ne�bdkkr�hr�‘bshu‘sdc�
nq�rhkdmbdc+�‘mc�sgd�deedbsr�ne�sghr�l‘mhotk‘shnm�‘qd�rta,
rdptdmskx�bg‘q‘bsdqhydc�ax�etmbshnm‘k�nq�adg‘uhntq‘k�
qd‘c,�ntsr�sn�oqnad�b‘tr‘k�cdodmcdmbhdr-�Khfgs�cdkhudqx�
uh‘�‘m�noshb�ehaqd�b‘m�ad�oqdbhrdkx�bnmsqnkkdc�hm�sdqlr�ne�
ntsots�onvdq�‘mc�sdlonq‘k�o‘ssdqm�sn�hmektdmbd�mdt,
qnm‘k�etmbshnmr�rtbg�‘r�sgd�rohjd�q‘sd�‘mc�rohjd�o‘ssdqm+�
‘mc�l‘x�ad�qdrsqhbsdc�sn�rodbhehb�rgnqs�adg‘uhntq‘k�
donbgr-�Gnvdudq+�rtbg�nosnfdmdshb�l‘mhotk‘shnmr�sxo,
hb‘kkx�kd‘c�sn�ghfgkx�rxmbgqnmntr�‘bshuhsx�o‘ssdqmr+�‘mc�
lhfgs�cqhud�sgd�bhqbthsr�sn�rs‘sdr�sg‘s�‘qd�ntsrhcd�sgdhq�
ogxrhnknfhb‘k�‘bshuhsx�q‘mfd+�onsdmsh‘kkx�bnmentmchmf�‘mx�
b‘tr‘k�hmedqdmbd�qdf‘qchmf�sgd�m‘stq‘k�etmbshnmr�ne�sgd�
bhqbths134-�Nmd�l‘inq�btqqdms�deenqs�‘hldc�‘s�nudqbnlhmf�
sgdrd�bnmrsq‘hmsr�hr�sgd�cdudknoldms�ne�snnkr enq�dunjhmf�
m‘stq‘khrshb�mdsvnqj�‘bshuhsx�o‘ssdqmr-�Rtbg�l‘mhotk‘,
shnmr�vntkc�dm‘akd�b‘tr‘k�hmedqdmbd�ne�sgd�deedbsr�ne�‘m�
‘bshuhsx�o‘ssdqm�nm�‘�fhudm�adg‘uhntq-

Mnm,�ogxrhnknfhb‘k�‘bshuhsx�o‘ssdqmr�b‘m�nbbtq�‘s�sgd�
rhmfkd,�bdkk�kdudk�‘r�vdkk�‘r�‘s�sgd�aqn‘cdq�bhqbths�rb‘kd115+116-�
Nm�sgd�rhmfkd,�bdkk�kdudk+�hnm�otlo,�ldch‘sdc�gxodqon,
k‘qhy‘shnm+�enq�hmrs‘mbd+�b‘m�kd‘c�sn�qdantmc�dwbhs‘shnm�
tonm�hmghahshnm�qdkd‘rd135�nq�sn�rtoq‘ogxrhnknfhb‘k�hnm�
bnmbdmsq‘shnmr34+83-�Ghfg,�eqdptdmbx�khfgs�otkrd�sq‘hmr�nq�
bnmrs‘ms�hkktlhm‘shnm�ne�‘m�dwbhs‘snqx�oxq‘lhc‘k�mdtqnm�
dwoqdrrhmf�‘�BBQ�b‘m+�enq�hmrs‘mbd+�kd‘c�sn�cdonk‘qhy‘,
shnm�aknbj+�deedbshudkx�qdctbhmf�q‘sgdq�sg‘m�hmbqd‘rhmf�
hsr�ehqhmf�q‘sd136-�Vgdsgdq�rtbg�qdantmc�dwbhs‘shnm�nq�
cdonk‘qhy‘shnm�aknbj�nbbtqr+�‘mc�sn�vg‘s�dwsdms+�hr�g‘qc�
sn�oqdchbs+�‘r�hs�cdodmcr�nm�l‘mx�dwodqhldms,�rodbhehb�
o‘q‘ldsdqr�vghbg�b‘m�fqd‘skx�u‘qx�adsvddm�k‘anq‘snqhdr-�
@ksgntfg�‘wnm‘k�rshltk‘shnm�b‘m�ad�trdc�sn�deedbshudkx�
hrnk‘sd�sgd�‘bshuhsx�ne�‘m�‘m‘snlhb‘kkx�cdehmdc�oqnidbshnm�
o‘sgv‘x+�nosnfdmdshb�rshltk‘shnm�ne�‘wnmr�b‘m�b‘trd�
‘mshcqnlhb�‘bshu‘shnm�ne�ansg�mdtqnm‘k�bdkk�anchdr�‘r�vdkk�
‘r�bnkk‘sdq‘kr�sn�nsgdq�aq‘hm�qdfhnmr+�kd‘chmf�sn�qdctbdc�
rodbhehbhsx�vghbg�rgntkc�ad�s‘jdm�hmsn�‘bbntms-

@mshcqnlhb�‘bshu‘shnm
Qdsqnfq‘cd�oqno‘f‘shnm�ne�‘m�
‘bshnm�onsdmsh‘k�eqnl�sgd�‘wnm�
sn�sgd�mdtqnm‘k�rnl‘-
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@s�sgd�bhqbths�kdudk+�o‘qshbtk‘qkx�vgdm�‘�k‘qfd�onqshnm�
ne�bdkkr�dwoqdrr�hnm�sq‘mrknb‘shnm,�a‘rdc�nosnfdmdshb�
snnkr�rtbg�‘r�hnm�bg‘mmdkr�nq�hnm�otlor+�sgd�rhltks‘,
mdntr�‘bshu‘shnm�ne�sgdrd�snnkr�b‘m�kd‘c�sn�sq‘mrhdms�ats�
rhfmhehb‘ms�bg‘mfdr�hm�sgd�hnm�bnlonrhshnm�ne�sgd�knb‘k�
dwsq‘bdkktk‘q�ro‘bd+�sgdqdax�hmchqdbskx�‘eedbshmf�md‘qax�
mnm,�norhm,�dwoqdrrhmf�mdtqnmr137-�Dkdbsqnogxrhnknfhb‘k�
bg‘q‘bsdqhy‘shnm�ne�sgd�nosnfdmdshb�l‘mhotk‘shnm�b‘m�
ad�odqenqldc�sn�pt‘mshex�sgd�dwsdms�ne�rtbg�tmhmsdmcdc�
deedbsr+�‘kknvhmf�sgd�noshlhy‘shnm�ne�khfgs�onvdq�‘mc�hkkt,
lhm‘shnm�o‘q‘chflr-�Nosnfdmdshb�snnkr�sg‘s�lnctk‘sd�
ahnbgdlhb‘k�‘bshuhsx�vhsghm�sgd�bdkkr�nq�nmdr�sg‘s�‘bs�nm�
rknvdq�shldrb‘kdr+�nq�nmkx�hmctbd�rta,�sgqdrgnkc�cdonk‘q,
hy‘shnm+�‘qd�kdrr�oqnmd�sn�sgd�b‘ud‘sr�hlonrdc�ax�ghfgkx�
rxmbgqnmntr�mdtqnm‘k�‘bshu‘shnm138-�Ehm‘kkx+�nosnfdmdshb�
ehqhmf�q‘sd�lnctk‘shnm�dwodqhldmsr�‘qd�lnrskx�cdrhfmdc�
sn�‘btsdkx�‘ksdq�sgd�ehqhmf�q‘sdr�ne�s‘qfdsdc�bdkkr+�vghbg�
b‘m�g‘ud�cheedqdms�deedbsr�eqnl�bgqnmhb�l‘mhotk‘shnmr-�
Aq‘hm�bhqbthsr�qdftk‘sd sgdhq�nudq‘kk�‘bshuhsx�sn�‘bghdud�
‘�gnldnrs‘shb�dpthkhaqhtl+�rtbg�sg‘s�vgdm�sgd�ehqhmf�
q‘sd�ne�‘�bhqbths�hr�sq‘mrhdmskx�hmbqd‘rdc�nq�cdbqd‘rdc�hs�
b‘m�‘btsdkx�‘eedbs�sgd�hmcdodmcdms�etmbshnmr�ne�cnvm,
rsqd‘l�bhqbthsr�‘mc�kd‘c�sn�l‘qjdckx�cheedqdms�qdrtksr�
bnlo‘qdc�vhsg�bgqnmhb�l‘mhotk‘shnmr138-�@btsd�deedbsr�
‘qd�mnql‘kkx�lnqd�rdudqd+�‘mc�bntkc�kd‘c�sn�nudqdrsh,
l‘shnm�ne�sgd�qnkdr�ne�s‘qfdsdc�qdfhnmr�hm�‘�fhudm�adg‘u,
hntq-�@ksgntfg�bgqnmhb�l‘mhotk‘shnmr�rtbg�‘r�kdrhnmr�cn�
mns�rteedq�eqnl�sghr�khlhs‘shnm+�ok‘rshb�bg‘mfdr�ctqhmf�
kdrhnm qdbnudqx�b‘m�‘krn�kd‘c�sn�‘m�tmcdqdrshl‘shnm�ne�
sgd�mdbdrrhsx�ne�‘�fhudm�hmots�sn�‘�knb‘k�bhqbths-�Hm�rtl,
l‘qx+�‘�rntmc�dwodqhldms‘k�rsq‘sdfx�rgntkc�a‘k‘mbd�sgd�
trd�ne�‘btsd�‘mc�onvdqetk�nosnfdmdshb�‘ooqn‘bgdr�vhsg�
bgqnmhb�dwodqhldmsr+�og‘ql‘bnknfhb‘k�l‘mhotk‘shnmr�
nq�kdrhnmr+�‘mc�trd�b‘tshnm�hm�bk‘hlr�ne�b‘tr‘khsx�a‘rdc�
otqdkx�nm�l‘mhotk‘shnmr�sg‘s�lhfgs�rteedq�eqnl�‘mx�ne�
sgd�‘anud,�ldmshnmdc�‘qsde‘bsr-

Mtsknni
Pdehmdldms�ne�sgd�nosnfdmdshb�snnkanv
Vd�‘mshbho‘sd�‘�etqsgdq�noshlhy‘shnm�ne�dwhrshmf�snnkr�hm�
sdqlr�ne�jhmdshbr+�hnm�nq�rtarsq‘sd�rdkdbshuhsx+�‘mc�vhcdm,
hmf�ne�sgd�rodbsq‘k�q‘mfd�eqnl�TU�sn�sgd�md‘q,�hmeq‘qdc�
sn�dmg‘mbd�sgd�trd�ne�nosnfdmdshbr-�@cchshnm‘k�khfgs,�
‘bshu‘sdc� dmyxldr� ‘kknvhmf� enq� nosnfdmdshb� bnm,
sqnk�adxnmc�bdkk�dwbhs‘ahkhsx�‘qd�rshkk�sn�ad�chrbnudqdc-�
Deenqsr�‘qd�btqqdmskx�chqdbsdc�‘s�nosnfdmdshb�bnmsqnk�
ne�sq‘mrk‘shnm+�sq‘mrbqhoshnm+�mtbkdnshcd�lnchehb‘shnm�
‘mc�dohfdmdshbr+�‘r�vdkk�‘r�oqnsdhm�cdfq‘c‘shnm-�Vd�‘qd�
‘krn�dwodbshmf�adssdq�snnkr�enq�sgd�bnmsqnk�ne�bdkktk‘q�
ldbg‘mhbr+�cdudknoldms�‘mc�cheedqdmsh‘shnm-

DmgVmbdldms�ne�aVrhb�qdrdVqbg
Nosnfdmdshbr�vhkk�etqsgdq�‘cu‘mbd�sgd�hmudrshf‘shnm�ne�
mdtq‘k�bhqbthsr-�Sghr�vhkk�mns�nmkx�drs‘akhrg�khmjr�ne�b‘t,
r‘khsx�adsvddm�mdtq‘k�‘bshuhsx�‘mc�adg‘uhntq�ats+�dudm,
st‘kkx+�fdmdq‘sd�rteehbhdms�jmnvkdcfd�enq�‘�sgdnqx�ne�sgd�
aq‘hm�sn�dldqfd-�Dlohqhb‘kkx�nardqudc�mdtq‘k�‘bshuhsx�hm�
nosnfdmdshb�dwodqhldmsr s‘jhmf�hmsn�‘bbntms�sgd�‘bshuhsx�
ne�hmchuhct‘k�mdtqnmr�l‘x�dudmst‘kkx�‘kknv�cdqhuhmf�sgd
mdtq‘k�bncd+�vghbg+�vgdm�hmsdfq‘sdc�hmsn�‘�rnkhc�sgdn,
qdshb‘k�eq‘ldvnqj+�vhkk�aqhmf�sgd�mdtqnrbhdmbdr�nm�‘�o‘q�
vhsg�nsgdq�ehdkcr�ne�m‘stq‘k�rbhdmbdr-

Nosnfdmdshbr�l‘x�‘krn�cqhud�a‘rhb�jmnvkdcfd�hm�
nsgdq�ehdkcr�ne�khed�rbhdmbd+�eqnl�b‘qch‘b�ogxrhnknfx�sn�
ok‘ms�ogxrhnknfx-�Enq�ok‘ms�nosnfdmdshbr+�vghbg�hr�rshkk�hm�
hsr�hme‘mbx+�sgdqd�hr�fqd‘s�onsdmsh‘k�sgqntfg�sgd�qdbdmskx�
hmsqnctbdc� hm�ok‘ms‘� qdshm‘k� rxmsgdrhr+�vghbg�mnv�
‘kknvr�‘bbdrr�enq�l‘mx�qgncnorhm,�a‘rdc�l‘mhotk‘shnmr-�
Hlokdldmshmf�nosnfdmdshb�‘ooqn‘bgdr�hm�‘mx�rxrsdl�ne�
dwbhs‘akd�bdkkr�vhkk�‘kknv�enq�sgd�hmudrshf‘shnm�ne�rn�e‘q�
hms‘mfhakd�ptdrshnmr-�Sghr�l‘x�‘ookx+�enq�dw‘lokd+�sn�sgd��
bnmsqnk�ne�ltrbkd�bnmsq‘bshnm�hm�sgd�gd‘qs�‘r�vdkk�‘r��
sgd�hmrtkhm�rdbqdshnm�hm�sgd�o‘mbqd‘r-

Lodm�qntsdr�ne�sqVmrkVshnm
Adxnmc�‘cu‘mbhmf�a‘rhb�rbhdmbd+�nosnfdmdshbr�‘krn�g‘r�
sq‘mrk‘shnm‘k�onsdmsh‘k+�dhsgdq�ax�hmrohqhmf�mnudk�oqn,
snbnkr�ne�dwhrshmf�sgdq‘ohdr�nq�‘r�‘�sgdq‘ox�hm�gtl‘mr-�
Rdudq‘k� onrrhakd� nosnfdmdshb‘kkx� hmrohqdc� ldchb‘k�
hmsdqudmshnmr�‘mc�sgdq‘ohdr�‘qd�‘kqd‘cx�ntskhmdc�hm�
sghr�Oqhldq-�Nosnfdmdshbr�b‘m�ad�trdc�hmuhsqn�sn�‘m‘,
kxrd�bdkktk‘q�oqnbdrrdr�hm�rhmfkd�bdkkr+�btkstqdc�shrrtd�nq�
aq‘hm�rkhbdr-�Nosnfdmdshbr�b‘m�‘krn�rhltk‘sd�bkhmhb‘kkx�
qdkdu‘ms�rbdm‘qhnr�hm�‘mhl‘k�lncdkr�ne�aq‘hm�chrd‘rdr+�
hmbktchmf�nosnfdmdshbr,�hmenqldc�dkdbsqhb‘k�rshltk‘,
shnm�oqnsnbnkr�nq�bknrdc,�eddca‘bj�bnmsqnk�rbgdldr-�
Onrrhakd�hmchb‘shnmr�‘qd�dohkdorx+�O‘qjhmrnm�chrd‘rd�nq�
‘cchbshnm-�Rnld�ne�sgdrd�hmsdqudmshnmr�l‘x�dudmst,
‘kkx�ad�dltk‘sdc�hm�gtl‘mr+�enq�dw‘lokd�vhsg�qdehmdc�
cddo�aq‘hm�rshltk‘shnm�oqnsnbnkr�nq�og‘ql‘bnknfx�’rdd�
Rtookdldms‘qxEhf-01(-

Vhsg�sgd�qdbdms oqnne�ne�oqhmbhokd�ne�nosnfdmdshb�
uhrhnm�qdrsnq‘shnm�hm�gtl‘mr�vhsg�qdshmhshr�ohfldm,
snr‘+�knmfdq,�sdql�fdmd�sgdq‘ox�noshnmr�qdl‘hm�nodm�
enq�nosnfdmdshbr+�‘ksgntfg�rdudq‘k�bg‘kkdmfdr�mddc�sn�
ad�‘ccqdrrdc-�Noshlhy‘shnm�ne�fdmd�cdkhudqx�udbsnqr�
sg‘s�‘qd�r‘ed�‘mc�oqnctbd�knmf,�k‘rshmf�dwoqdrrhnm�‘mc�
noshlhy‘shnm�ne�khfgs�cdkhudqx�sn�sgd�cdrhqdc�nqf‘m�‘qd�
drrdmsh‘k-�Mnudk�ldsgncr�enq�khfgs�cdkhudqx�cddo�hmsn�
sgd�shrrtd+�nudqbnlhmf�sgd�khlhsdc�noshb‘k�odmdsq‘,
shnm�cdosg�‘mc�sgdqdax�lhmhlhyhmf�sgd�trd�ne�noshb‘k�
ehaqdr+�‘qd�‘krn�mddcdc-�Nmd�mnm,�bnmudmshnm‘k�rnktshnm�
hr�sn�hmsqnctbd�hmrhst�rntqbdr�ne�ahnknfhb‘k�khfgs+�rtbg�
‘rktlhmnorhmr-�Sqhffdqdc�ax�‘�bgdlhb‘k�oqnbdrr�rtbg‘r�
rhlokd�rtarsq‘sd�cdkhudqx+�sgdrd�ktlhmnorhmr�cn�mns�
qdpthqd�cduhbd�hlok‘ms‘shnm�‘mc�b‘m�ad�stmdc�sn�bnm,
sqnk�hmghahsnqx�nq�dwbhs‘snqx�‘bst‘snqr-�Etqsgdq�qdlnsd�
sqhffdq�ldsgncr�hmunkud�dmdqfx,�bnmudqrhnm�rbgdldr�uh‘�
ldbg‘mn,�ktlhmdrbdms�m‘mno‘qshbkdr-�Sgd�dmdqfx�bntkc�
ad�oqnuhcdc�ax�hmsdqlhssdms�enbtrdc�tksq‘rntmc+�sgtr�
qdbg‘qfhmf�khfgs,�dlhsshmf�l‘sdqh‘kr�sg‘s�b‘m�cdkhudq�rgnqs�
norhm,�dmf‘fhmf�otkrdr-�Sgd�ldbg‘mnrdmrhshud�SQ@@J�
J*�bg‘mmdk+�enq�dw‘lokd+�bntkc�ad�rodbhehb‘kkx�‘bshu‘sdc�
ax�tksq‘rntmc�vhsg�rtalhkkhrdbnmc�jhmdshbr14/+�oqnuhchmf�
‘�mdv+�nqsgnfnm‘k�chldmrhnm�enq�dwsdqm‘k�mnm,�hmu‘rhud�
l‘mhotk‘shnm�ne�mdtq‘k�bhqbthsr-

Bkhmhb‘k�‘ookhb‘shnmr�ne�nosnfdmdshbr�sn�sgd�gd‘qs�
e‘bd�l‘mx�bg‘kkdmfdr�bnlo‘qdc�vhsg�sgd�lnqd�‘bbdrrh,
akd+�hlltmd,�oqhuhkdfdc�‘ookhb‘shnmr�sn�sgd�dxd�sg‘s�g‘ud�
rddm�sq‘mrk‘shnm‘k�‘cu‘mbdr-�Bnmrhcdqhmf�sgd�onsdmsh‘k�
hlo‘bs�enq�bnmsqnk�ne�‘qqgxsglh‘r+�deenqsr�rgntkc�bnm,
shmtd�sn�hloqnud�sgd�fdmdshb�s‘qfdshmf�ax�lnqd�rod,
bhehb�oqnlnsdqr+�r‘edq�uhq‘k�udbsnqr+�knmfdq,�v‘udkdmfsg�
norhmr�enq�adssdq�shrrtd�odmdsq‘shnm�‘mc�lhmh‘stqhydc�
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chrsqhatsdc�khfgs�rntqbdr-�A‘rhb�rbhdmbd�dwodqhldmsr�
vhsg�nosnfdmdshb� snnkr�oqnuhcd� hmu‘kt‘akd� hmrhfgsr�
enq�hloqnudldms�ne�btqqdms�b‘qch‘b�cduhbdr�‘mc�l‘x�
xhdkc�mdv�rsq‘sdfhdr�enq�‘qqgxsglh‘�bnmsqnk000+080-�Hm�sgd�
ld‘mshld+�nosnfdmdshbr,�dlonvdqdc�ghfg,�sgqntfgots�
rxrsdlr�b‘m�lnqd�hlldch‘sdkx�hloqnud�b‘qchnsnwhbhsx�
sdrshmf�‘mc�cqtf�cdudknoldms-�Rhlhk‘qkx+�hmuhsqn�‘rr‘xr�
enq�cqtf�cdudknoldms�‘mc�odqrnm‘khydc�ldchbhmd�l‘x�
trd� gtl‘mhydc� nosnfdmdshb� snnkr+� o‘shdms,�cdqhudc�
bdkkr�‘mc�dmfhmddqdc�shrrtdr�bntokdc�vhsg�ghfgkx�o‘q,
‘kkdk�‘kk,�noshb‘k�dkdbsqnogxrhnknfx�sdbgmhptdr�sn�xhdkc��

‘�knv,�bnrs+�e‘rsdq�‘mc�lnqd�deehbhdms�cqtf�cdudknoldms�
ohodkhmd-

Khjdvhrd+�rb‘k‘akd�nosnfdmdshb�bnmsqnk�ne�khuhmf�ok‘msr+�
‘r�chrbtrrdc�gdqd+�nq�lhbqnnqf‘mhrlr�b‘m�ad�kdudq‘fdc�sn�
‘ccqdrr�oqnakdlr�qdk‘sdc�sn�dmdqfx+�ennc+�ahnsdbgmnknfx�
‘mc�bkhl‘sd�bg‘kkdmfdr-�@r�sgdrd�cn�mns�hmunkud�cdoknx,
ldms�hm�sgd�gtl‘m�ancx+�sgdx�b‘m�ad�hlokdldmsdc�nm�
‘�rgnqsdq�shldrb‘kd+�vhsg�kdrr�sdbgmhb‘k�‘mc�qdftk‘snqx�
nars‘bkdr-
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Supplementary Figure 1. Mutational tuning of channelrhodopsin properties based on the

ChR2 structure.
Cartoon of the CrChR2 (C2) structure with highlighted amino acids that have been mutated in C2 or

related ChRs to successfully tune expression, selectivity, conductance, kinetics and degree of

inactivation (selection). The blue regions depict high-probability locations of water molecules based on

molecular dynamics calculations. N-terminal modification for improved expression: bReaChES1,

CsChrimson2, iC++3; S63 and N258: Ca2+-conductance4; E83 (E2´): H+-conductance5,6; E90 (E3´):

Cation conductance & selectivity: Chloc7, iC1C25, ChromeQ8; E101: H+-conductance: ChrimsonS9,

iChloc6, iC++3 and faster kinetics: ChRoME2f10; E123 (counter ion Ci1): Fast kinetics: CheTA11,

bReaChES1, Chronos12; T127: Red Shift in ChrimsonSA13; C128: Slow kinetics in SFOs14,15; L132:

Large conductance and reduced inactivation in CatCh 16,17and CoChR-3M18; H134: Selectivity,

desensitization, kinetics: CrChR2-H134R19, ChrimsonR12; D156: Slow Kinetics in SFOs20, SSFOs21,

CrChR2-XXL22; T159: Retinal binding and color: CrChR2-TC23; F219: Fast Kinetics: fChrimson24;

S256: Red shift in ReaChR25,26, Chrimson13 and larger photocurrents: ChroME2s10.
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Supplementary Figure 2: Combining optical techniques: dual-opsin manipulations and

all-optical approaches.
Left: Optical crosstalk: red shifted CCRs can also be activated by blue light but not vice versa. Top)
Sample photocurrent traces for the red shifted CCR Chrimson showing significant depolarization in

response to illumination with blue light. Middle) Action spectra of commonly used CCRs. Inset:

Jablonski diagram. Y-axis represents the energy of the opsin bound retinal with possible energy states

indicated by black bars. Absorption of a photon will result in an electron to be elevated from the ground

state (S0) to an excited state (singlet state: S). In the case of red-light sensitive opsins, the energy needed

for a transition to the first excitation state is reduced compared to blue shifted opsins. However, the

higher energy of blue light can lead to the transition to a higher excitation state (Sx), making red-light

sensitive opsins also sensitive to shorter wavelengths. Bottom) Current clamp recording of two neurons

expressing the blue shifted opsin CheRiff (left) and the red shifted opsin Chrimson (right) respectively

(adapted from 27). In case of the red shifted opsin, both red and blue illumination leads to action

potential firing.

Right: Despite this crosstalk optical techniques can still be combined using one of the following
strategies:

500400 600 700

S0

S1

Sx

0.0

0.5

1.0

R
eaC

hR

N
or
m
.p
ho
to
cu
rre
nt

wavelength (nm)

wavelength (nm)

C
hroM

E
ChRm

ine

100 ms
250 pA

400 nm 680 nm

C
hrim

sonC
oC

hR

400 500 600

ab
so
rb
an
ce

-60mV

ph
ot
oc
ur
re
nt

light power density (mW x mm-2)

max. acceptable

Red light
activated toolOperation range for

blue shifted tool

actuator activation

I Adapt Light IntensitiesOptical Crosstalk

II Compensate Blue Light Activity

III Choose Red Shifted Sensor

min.
needed
light
power

CCRACR

BiPOLES

Intra

Extra

-- -- -- +++

Red shifted OpsinBlue shifted Opsin
470 nm 595 nm 470 nm 595 nm

Blue shifted
Opsin

Red
Sensor

-65 mV

Δ
F/
F 0

Δ
V

470 nm

0.5 s
20 mV

0.5 s
20 mV

595 nm

+
+
+



Adapt light intensity: In carefully controlled experiments a blue wavelength light power range that
allows for sufficient activation of a blue light sensitive tool without activation of the red sensitive tool

can be determined. We refer to this as the operational range (blue shading). An example is the

combination of an indicator excited by blue light (e.g. GCaMP) with a red shifted ion-pump (e.g.

NpHR), that will not significantly hyperpolarize the cell at the light power necessary for sensor imaging.

However, especially when sub action potential threshold effects are taken into consideration, the

definition of “acceptable activator activation” becomes non-trivial.

Compensate blue light activity: This can be achieved by matching two opsin actuators so that the
activation of the red shifted tool by blue light is compensated by the blue light sensitive tool with

opposite but stronger effect. A recent example is BiPOLES, where the blue light activated anion channel

GtACR2 suppresses blue light activity of the fused red shifted Chrimson channel 27. Blue light inhibition

and changes of input resistance during blue light illumination of BiPOLES expressing cells might

however require careful evaluation when using BiPOLES for optical multiplexing.

Choose red shifted sensors: The blue light excitation of red shifted sensors is usually acceptable as
fluorescence decay is much faster than the fluctuations of the measured parameter such as intracellular

calcium levels. The sensor can often not be measured during blue light illumination, but the

measurement can be directly continued thereafter. Inset: Example measurements from a stCoChR and

jRCaMP1a expressing neuron. Scanning at 1100 nm does not lead to apparent firing rate changes, while

holographic single cell simulation using 920 nm light results in robust AP firing and jRCaMP1a

fluorescence increase. Top) jRCaMP1a fluorescence read out by 1100 nm two-photon raster scanning.

Bottom) Cell attached recording of the same neuron. Adapted from Forli et al., eLife 2021 (NEED TO

ADD THIS REF: https://elifesciences.org/articles/63359)

Choose fast opsins:When using two-photon scan imaging, the use of opsins with a fast-closing kinetics
combined with fast scanning of a large field of view enables to reduce the imaging cross talk by reducing

the accumulation of current between two successive laser passes. Considering that photostimulation

with spiral scanning works better with slow opsins, this strategy is particularly indicated in combination

with parallel photostimulation in which case the evoked photocurrent is independent of the opsin

kinetics.



Supplementary Figure 3: Operational light sensitivity
The operational light sensitivity (OLS) can be defined as the photocurrent induced in a rhodopsin

expressing cell for a given photon irradiance or photon exposure in case of a short light flash. OLS

depends on the probability of an opsins to enter the photocycle upon photon absorption and, in addition,

on the number of opsin proteins residing in the plasma membrane (A), the single-channel conductance

(B), and the kinetic properties (C) of the opsin. The consequences of kinetic changes may be very

different for channels (blue) and pumps (red).
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Supplementary Figure 4 Sequence motifs used for directing subcellular targeting of
optogenetic tools.

Left: Schematic of a neuron including subcellular compartments. Right: Commonly used amino-acid

sequences to target transmembrane domain proteins. (1-3) Sequences employed to reduce intracellular

accumulation by improved plasma-membrane targeting in plant (1) and mammalian cells (2-3). (4-9)

Sequences utilized to target opsins to subcellular compartments.



Supplementary Figure 5: Wavefront engineering: now

(A) In optogenetics, wavefront engineering is most commonly implemented using phase modulation

since this approach maximizes light throughput. Phase modulation relies on the fact that light

propagates at different velocities through media with different refractive indices (denoted n0 and n1

respectively). Propagation through a medium with a spatially varying refractive index introduces

relative delays (known as phase shifts) between different parts of the wavefront. Liquid crystal on

silicon spatial light modulators (LCOS-SLMs) are most widely used for implementing phase

modulation. This relatively mature technology permits the dynamic generation of arbitrary wavefronts.

Commercially available devices exhibit high pixel counts, minimal dead space between pixels and

reasonably fast (tens of milliseconds) switching times. (B) The phase shift imparted by each pixel of an

LCOS-SLM is determined by the voltage across the cell which corresponds to a particular orientation

of the birefringent liquid crystal molecules and a consequent effective refractive index. (C) Simple

wavefront shaping using Fourier holography and the most-intuitive “Gratings and Lenses” approach. In

this configuration, the SLM is positioned at a focal length, f, prior to a lens. The output pattern is the

Fourier transform of the modulated wavefront following the SLM and is generated in the focal plane (a

distance f after the lens). For clarity, transmissive SLMs are shown in the schematic diagrams but, in

practice, reflective SLMs are used for most optogenetics applications. (i) Consider the ideal case of a

plane wave incident on an SLM. When a constant voltage is applied to all SLM pixels, the profile of



the wavefront is not distorted following propagation through the SLM, and hence is focused by the lens

to a diffraction-limited spot in the focal plane. (ii) The diffraction limited spot can be displaced laterally

throughout the focal plane by applying appropriate voltages to the SLM pixels such that the SLM

imparts a linear phase ramp (grating) to the wavefront. (iii) Similarly, axial displacements can be

obtained by imprinting the phase of a suitable lens profile on the wavefront using the SLM. (iv) Three-

dimensional displacements can be obtained by a combination of phase ramps and lenses. (v) The

simplest way to generate multiple spots with arbitrary three-dimensional positions is to apply voltages

corresponding to a linear sum of the individual phase shifts to the SLM pixels. However, this approach

generally results in an inhomogeneous, pattern-dependent, distribution of intensity between different

spots since the amplitude of the complex field (LC-SLMs are usually only used to modulate phase) is

neglected. This can be remedied by using an weighted iterative algorithm (typically a variant of the

Gerchberg-Saxton approach) to optimize the hologram. (D)(i) Computer generated holography (CGH)

can also be used to generate extended patterns. For optogenetics applications, CGH has been used to

generate circular spots with diameter matched to the neuronal soma. (D)(ii)Schematic representation of

the optical path used for generalized phase contrast (GPC), which is a different, interferometric, method

used for wavefront shaping. In GPC, is a different, interferometric, method used for wavefront shaping

for optogenetic applications. Schematic representation of the optical path used for generalized phase

contrast. The beam is modulated using an SLM, which is used to impart a phase shift to the portion of

the beam corresponding to the desired pattern. In case of binary GPC, the SLM usually imparts a π

phase shift to the pixels within the pattern and 0 to those outside. A phase contrast filter (PCF) located

in the Fourier plane (FP) after the first lens (L1) typically imparts a π phase shift to the “synthetic

reference beam” (unmodulated field) with respect to the field that does not pass through the PCF. The

different portions of the beam are recombined by L2 in the Image Plane (IP), where the modulated and

synthetic reference fields interfere to form the desired, speckle-free, pattern.



Supplementary Figure 6 Temporal focusing.

In conventional 2P microscopy, a high numerical aperture objective is used to spatially focus light from

an ultrafast (pulsed) laser source to a diffraction limited spot. In this configuration, 2PE is usually

limited to a femtolitre volume in the vicinity of the focal point. However, for most optogenetic

applications, this volume does not contain a sufficiently large number of actuators to adequately

modulate the cellular parameter under investigation. Hence it is generally necessary to rapidly scan the

excitation beam or to increase the lateral beam extent in order to excite actuators throughout the cell

membrane. In general, increasing the lateral extent of the beam waist also increases its axial extent (due

to diffraction) which results in a deterioration of axial resolution. Temporal focusing (TF) is widely

used in 2P optogenetics to ameliorate the axial resolution of extended illumination patterns. TF is based

on the use of a dispersive element (such as a diffraction grating) which introduces delays between

different portions of the excitation beam, and increases the effective pulse duration at all planes outside

of the temporal focus; the plane where the different frequency components are recombined (b). For
temporally focused 2PE, the axial resolution is independent of the lateral beam extent and can approach

that of a diffraction limited spot 287. Panel a depicts a schematic diagram to illustrate the simplest

implementation of temporal focusing. An optical element (a diffraction grating) is used to spatially

separate the spectral frequencies (“colors”) of laser pulses. The different spatial frequencies are

recombined at the focal plane of the microscope objective. (b) Spatial and temporal focusing maximize
photon density, and, consequently, rates of two photon excitation at the focal plane. Spatial focusing

(left) using a lens creates an axial gradient in photon density which decays quadratically with axial

distance from the focal plane (inset), zR and φ refer to the Rayleigh range and half-angle divergence

respectively. In temporal focusing (right), the duration of laser pulses increases with distance from the

focal plane.



Supplementary Figure 7. Comparison of current methods for 3-dimensional light shaping
Generation of multiple extended temporally focused shapes is achieved in three-steps : (i) the beam

amplitude shaping to control the shape and size of the illumination spot(ii) temporal focusing to axially

confine the light absorption (iii) 3D spatial multiplexing to replicate the temporally focused shape in



the excitation volume. This can be done in multiple ways depending on the characteristic of the

generated pattern.

a) The generation of multiple shapes, temporally focused, in 3D requires 2 LC-SLMs, SLM1 and
SLM2, addressed in vertical tiles (parallel to the orientation of the grating lines and orthogonal to the

linear dispersion), each tile addresses a different pattern (defined in SLM1) at a defined axial plane

(defined in SLM2). Precisely, on SLM1 each tile generates a 2D holographic shape (here illustrated by

a star and a square), on the TF grating. SLM2 performs an independent axial displacement for each

shape by modulating the corresponding beams with the corresponding lens effect28.

b) The generation of multi temporally focused Gaussian beam (3DSHOT), requires 1 SLM which

multiplexes in 3D the temporally focused gaussian spot generated at the TF grating. SLM2 is in this

case illuminated with a temporally focused line or with an extended spot using an optical diffuser29.

c) The generation of multiplexed temporally focused holographic spots of adjustable size and shape is
achieved using a first LC-SLM (SLM1) which generates an holographic shape at the TF grating, and a

second one, SLM2, uniformly illuminated30, which multiplexes in 3D the temporally focused

holographic shape.

d) For fast sequential light patterning, a collimated beam is reflected by a galvanometric mirror (GM)
onto the diffraction grating and collimated onto the multiplexing SLM in the form of a horizontal

(orthogonal to the orientation of the grating lines) line. A deflection of the beam by the GM results in a

translation of the illuminating line on the SLM, addressed with n independent, tiled holograms. This

leads to fast switching of different groups of (2D or 3D) light patterns.



Supplementary Figure 8. Spectral ranges for two photon excitation of channelrhodopsins

and genetically-encoded calcium sensors.

A summary of the two-photon excitation spectra and closing kinetics of some of the most commonly

used opsins. For each opsin, the horizontal bars span the wavelengths over which the peak normalized

photocurrent is greater than 60% of the maximum value (indicated by an asterix) and are coloured

according to whether the channelrhodopsin predominantly conducts cations (blue) or anions (red). The

vertical grey lines indicate activation wavelengths previously used in pubmed-indexed articles. The

number of articles for a given wavelength is indicated by the shade of grey (see legend). Notably, and

unlike the single photon case, the wavelengths used for two photon excitation of channelrhodopsins

rarely coincides with the spectral peak but instead are clustered at 920 nm and between 1030 – 1070

nm. These clusters correspond to commercially available fixed wavelength laser sources with

sufficiently high peak pulse energies to permit the photoactivation of multiple cells. Whilst tunable

sources such as Ti:Sapphire lasers, optical parametric oscillators (OPO’s) and optical parametric

amplifiers (OPA’s) provide greater flexibility in terms of excitation wavelength, commercially available

versions do not currently offer comparable average powers to the fixed wavelength ytterbium fiber

sources. For reference, the excitation wavelength ranges of the most commonly used calcium activity

indicators is also shown (top).



Supplementary Figure 9: Cardiac applications of optogenetics.

A. Rhythm control can include optical pacemaking using atrial or ventricular sites (A. top left, with

permission from 31) or heart rate control (A. top right, with permission from 32) by activating the

sympathetic nervous system (increase) or the parasympathetic nervous system (decrease). Furthermore,

restoration of normal rhythm can be achieved via cardioversion of ventricular tachycardia (VT) using

patterned light in strategic shapes (A. bottom, with permission from 33). B. High-throughput drug

screening and cardiotoxicity testing is enabled by all-optical cardiac electrophysiology that allows high-

content recordings and manipulation of the action potential by light. Voltage and calcium can be

recorded optically under spontaneous conditions or under ChR2-mediated pacing in human iPSC-CMs

(with permission from 34 and cardiotoxicity risk can be quantified for any drug.



Cardiac Opportunities:

A. Rhythm control:

Applications of optogenetics to the heart started about a decade ago 31,35 and are still lagging

in scope and impact compared to neuroscience research 32. The key benefits for clinical

translation are sought in more versatile optogenetic pacing or suppression of wave propagation

during arrhythmias, compared to currently used cardiac devices (pacemakers and

cardioverter/defibrillators). Strategies for rhythm control, enabled by optogenetic actuators,

aim to lower the energy needed to power the devices, thus extending battery life, and to

eliminate discomfort and pain during classic cardioversion/defibrillation while being more

effective in control of life-threatening arrhythmias and better quality of life. Optogenetics

addresses these challenges through the ability to deliver longer lower-energy light pulses

(electrical pulse duration is limited due to electrochemical toxicity via Faraday effects) and

through cell-specific genetic targeting to engage the fast conduction system, e.g. His bundle or

Purkinjie fibers for pacing 36, 37, or to target specifically the myocytes and avoid unintended

contractions of thoracic skeletal muscle, diaphragm and vocal cords as pain-inducing electrical

defibrillation does 38. Computational modelling of the action of optogenetic tools in the heart

has been developed to help explore strategies for control of arrhythmias, both with

excitatory/depolarizing opsins and with inhibitory/hyperpolarizing opsins 36,39-42.

For optogenetic cardiac pacing to become a viable clinical alternative to the very successful

and safe electronic pacemakers, it needs to offer much lower energy to essentially eliminate

battery replacement. Optogenetic control of arrhythmias may be a more viable clinical

application. Atrial arrhythmias, such as atrial flutter and atrial fibrillation, have increased over

3-fold in the last 50 years, affecting a large proportion of the ageing population. They are

potential targets for optogenetic cardioversion due to smaller tissue thickness and better

accessibility 43,44. Ventricular arrhythmias are typically more complex, can be lethal and will

require a spatially distributed strategy of light application to terminate 40 33 45. Autonomic

control of cardiac function, via the sympathetic and the parasympathetic system, can be an

attractive target for the cell-specific optogenetic tools (Suppl. Figure XX A). Increasing

parasympathetic tone or suppression of sympathetic activity have been recognized as anti-

arrhythmic tools in various cardiac pathologies. Several recent studies have demonstrated the

use of excitatory opsins (ChR2) targeting the parasympathetic system in transgenic mice 46,47

or viral delivery of inhibitory opsins (ArchT) targeting the sympathetic system in dogs after



acute ischemia 48. Such neuro-cardiac applications may find quicker path to the clinic as the

light delivery may be implemented through easier to implant subcutaneous small LED-based

devices, similar to the electrical vagal stimulators.

B. High-throughput all-optical cardiac electrophysiology:

All-optical cardiac electrophysiology, combining optogenetic actuators and optical/optogenetic

sensors 34,49,50, just like in neuroscience, offers immediate adoption and translation.

Cardiotoxicity testing is particularly crucial in development of any new pharmaceutical and it

is required as part of the drug development pipeline. High-throughput optogenetic methods

with patient-derived cells enable new pursuits in personalized medicine 51-53, Suppl. Figure XX

B.

Bidirectional voltage control, using for example ChR2 and ArchT, in conjunction with an

optical voltage readout (Quasar1) can be used to explore drug effects on ion channels, similar

to the classic voltage clamp 54. Dynamic clamp, that reacts in real time to control the voltage

applied to a cell, can be realized using optogenetic tools (ArchT) and computer-controlled

LEDs to “inject” modifying current that yields a more mature phenotype in human induced

pluripotent stem cell derived cardiomyocytes, iPSC-CMs 55.

High-content, high-throughput cell-based assays using optogenetic sensors and actuators and

human iPSC-CMs represent the near-term translation of this technology to the cardiac area.

They are more scalable and can provide more comprehensive information (about voltage,

calcium and mechanical responses) compared to the automated planar-patch systems, due to

the non-contact nature of interrogation by light. These assays can be deployed at the preclinical

testing for all drugs to uncover electrophysiological and mechanical abnormalities beyond the

currently used compound testing in heterologous systems on potassium voltage-gated channel

subfamily H member 2 (also known as hERG) channel blocking, which a prime target for

drugs. Regulatory agencies around the world are considering a shift to such more

comprehensive cardiotoxicity assays with human iPSC-CMs 52. Some high-throughput all-

optical platforms have been already translated in the industrial setting for drug discover in

cardiac and other applications 56-58.

To advance personalized medicine, optogenetic tools have been used for disease modelling

with patient-derived iPSC-CMs, for chronic stimulation to improve maturity of these cells and



obtain more adult-like phenotype 59. Such approaches may help efforts towards regenerative

medicine. Autologous sources of somatic cells, transduced with optogenetic tools, can be

potentially used for in vivo cell delivery as alternative to classic gene therapy for tissue

regeneration or rhythm control.

Specific Requirements and Challenges:

Longer-term in vivo clinical applications face the challenges of genetic modification of the

hard-to-access cardiac muscle, potential immune responses, realizing embedded miniaturized

light control devices that are reliable and safe 32.

The main working cell type in the heart are ventricular myocytes. AAV9 is the most efficient

serotype for targeting these cells in vivo when using an ubiquitous or specific promoter, such

as Myh6, 60. The other cells of interest in the heart that have been targeted optogenetically

include atrial myocytes using NPPA promoter and a “gene painting” technique with ReaChR-

AAV9 44, and targeting cardiac fibroblasts (WT1), cardiac macrophages (CX3CR1)61, fast

conduction system cells (Cx40) 37, sympathetic neurons (tyrosine hydrolase, TH)62, and

parasympathetic neurons (choline acetyltransferase, ChAT) 46,47 in Cre-Lox transgenic mouse

models. Most studies thus far have been performed in rodents – transgenic mice and in mice

and rats with AAV9 as a delivery vector topically or systemically using tail-vein injection. To

translate the approaches to larger animals, more work is needed in finding minimally-invasive

ways of delivery to the heart, and in characterizing immune responses. Previous clinical trials

on gene therapy for cardiac disorders found that large portion of the patients had antibodies

against the viral vectors used, thus reducing the efficacy of the therapy.

Most of the published studies have used ChR2 (the H134R variant) as excitatory opsin, with

occasional ReaChR use. Inhibitory pump opsins, ArchT and Halo, have been successfully used

to hyperpolarize the membrane in myocytes and to terminate activity, although they are less

successful in termination of complex arrhythmias compared to the depolarizing (ChR2) opsins,

likely due to anode-break re-excitation of the tissue. Cl- based opsins, GtACR163, are not

trivially used in cardiac cells and tissues due to different Cl- gradient compared to neurons. In

general, more efficient and fast inhibitory opsins are desirable for arrhythmia control

applications. Also, there may be a niche for step-function-like depolarizing options that have

fast recovery from inactivation as “clamping” tools in arrhythmia management. Bidirectional

closed-loop control can make optical clamp [G] a reality at the whole organ level yet it will



require spectral compatibility to accommodate excitatory, inhibitory opsins as well as means

for optical readout of voltage.

Light delivery to the dense thick ventricular wall is non-trivial and presents even bigger

challenges compared to neuroscience applications due to the vigorous contractions and

difficulties to stabilize the devices. Light penetration in the haemoglobin-rich heart muscle

would require operation in the near-infrared and the deployment of opsins excitable in that

range. The atria are thinner (human atria are < 5mm) and along with autonomic nerves present

easier targets.



Supplementary Figure 10. Feeding or in planta production of retinal enables rhodopsin-

based plant optogenetics

(a) Scheme of an Arabidopsis plant upon external feeding of retinal for (b) simultaneous optical

stimulation and membrane voltage recordings of leaf mesophyll cells with intracellular electrodes as

indicated. Scheme in (b) from Reyer et al., 2020 64 with some minor modifications. (c) A representative

membrane potential trace of a ChR2-XXL expressing (black) and wild type (red) Arabidopsis thaliana

control leaf when extracellular retinal was added and a 5 s lasting blue-light pulse was applied. The

ChR2-XXL-mediated depolarization is counteracted by the depolarization-activated H+-pump activity

at the plasma membrane when the blue-light pulse is terminated. Pictures and the example traces (from

a to c) provided by courtesy of Dirk Becker and Antonella Reyer. (d) Stable introduction of the GtACR1

gene and that of retinal producing bacterial dioxygenase into the tobacco plant allows the functional

expression of GtACR1. This allows to steer (e) pollen tube growth direction caused by (f) large directed

membrane potential depolarizations (upper trace) induced by GtACR1-driven photocurrents (lower

trace) of up to several nA amplitude in the presence of green light (532 nm, 0.18 mW mm-2).



Supplementary Figure 11. Ion gradients determine optogenetic response in plant and

animal cell systems

A scheme comparing the ion concentration gradients and direction of ion flow across the plasma

membrane of Chlamydomonas as well as plant and animal soma cells when activating either ChR2 or

GtACR1. In (a) Chlamydomonas and (b) plant cells the extracellular space facing the plasma membrane

is low in ion concentration and pond water-like while (c) the extracellular space in most animal cells is

rich in NaCl and sea water-like. The Ca2+ inward gradient is comparable in most biological systems,

but unlike animal cells, photosynthetically active cells have a steeper (2 pH units) inward H+ gradient

generating a steeper electric potential gradient (ΔVm). Therefore, ChR2 activation leads to

depolarization, which in Chlamydomonas and plant cells is mostly based on an influx of Ca2+ and H+

but in animal soma cells on Ca2+ and Na+. Due to the reversed anion gradients in plant and animal cells,

GtACR1 activation leads to depolarization in plant cells but hyperpolarisation in the soma of neurons;

however, cell specific conditions related to Cl- reversal potential with respect to the resting membrane

potential determine GtACR1´s action in other cell types.



Supplementary Figure 12. Optogenetically inspired DBS.
a. The process starts with a successful optogenetic reversal protocol, inducing LTD at mPFC to NAc

synapses (see also Fig 6). b. Using electrical stimulation in the NAc (left), a protocol is established that

emulates the optogenetic stimulation (middle). Here D1R needed to be blocked (antagonist) to allow

the induction of LTD in D1R-MSNs (right). c. In vivo implementation combines DBS with systemic

injection of the antagonist (left) to reverse locomotor sensitization (right).



Supplementary Table 1: Studies of optogenetic vision restoration in animal models

Target
ed
major
retinal
cell
types

Optogeneti
c tools

Vectors
and
delivery
route

Promo
ters

Animal
models

Electrop
hysiologi
cal
assessme
nts

Threshold
light
sensitivity
(photons/c
m2s1)*

Behavioral
tests

Major results Refe
renc
es

RGCs ChR2 AAV2;
Intravitreal

CAG rd1 mice,
wild-type
mice and
rats

WCR,
MEA,
VEP

At low 1015 Restoration of ChR2-
mediated VEP and
light response in the
retina of rd1 mice

65

ChR2 AAV2;
Intravitreal

CAG RCS rats VEP Restoration of VEP
in RCS rats

66

Melanopsin AAV2;
Intravitreal

CMV rd1 mice WCR ~1013 (~100
lux)

PLR,
open-field
avoidance,
water maze

Restoration of light
response in the retina,
PLR, light avoidance,
and light/dark
discrimination in rd1
mice

67

ChR2 Transgenic
mice

Thy-1 Rats,
light-
induced
retinal
degenerati
on

WCR,
VEP

Low 1015 OMR Restoration of OMR
in ChR2 transgenic
rats

68

ChR2,
eNpHR

AAV2;
Intravitreal

CMV,
CAG

rd1 mice WCR,
MEA

ChR2: at
low 1015;
eNpHR: at
low 1016

Restoration of both
ON and OFF light
responses in the
retina of rd1 mice

69

ChR2 AAV2;
Intravitreal

CAG C57BL/6J
mice

Long-term safe
expression of ChR2
in the retina

70

ChR2 AAV2;
Intravitreal

CAG Marmoset MEA Functional expression
of ChR2 in the non-
human primate retina.

71

ChR2 Transgenic
mice

Thy 1 rd1 mice ECR,
OIR

~1013 OMR,
water maze

Restoration of light
responses in the
retina and cortex but
failed to restore
functional vision

72

ChR2 AAV2;
Intravitreal

CAG RCS rats VEP At low 1015 OMR Restoration of OMR 73

ChR2 AAV2;
Intravitreal
0.5 – 5
x1010GP

CAG RCS rats Absence of
immunologically
harmful reactions of
ChR2

74

ChR2,
eNpHR

Electropora
tion

CaMK
IIa

Rabbit WCR,
ECR

Creation of ON and
OFF antagonistic
center-surround
receptive field with
motif targeting in
RGCs

75

ChR2 Transgenic
mice

Thy 1 rd1 mice MEA OMR Restoration of vision
using neural code

76



ChR2,
eNpHR

AAV2;
Intravitreal

CAG,
EF1α

C57BL/6J
mice

MEA AAV-mediated
creation of ON and
OFF center-surround
antagonistic receptive
field with targeting
motifs

77

ChR2-
C132C/T15
9S

AAV2;
Intravitreal

CAG rd1 mice MEA At low 1013 Creation of ChR2
mutants with
improved light
sensitivity

78

mVChR1
(ChR1/vCh
R1
chimera)

AAV2;
Intravitreal

CAG RCS rats VEP OMR Creation of a red-
shifted ChR for
vision restoration

79

mVChR1 AAV2;
Intravitreal

CAG RCS rats Absence of
immunologically
harmful reactions
with mVChR1

80

ReaChR
AAV2;
Intravitreal

hSyn 1 rd1 mice,
macaque,
human
retina

WCR,
MEA

Locomotion,
light
avoidance

Restoration of vision
for the toleration of
high light intensity

81

ChR2 Transgenic
mice

Thy-1 rd1 mice MEA ~1015 Improvement of
restored vision by the
blockade of
spontaneous activity

82

ChR2 Transgenic
mice

Thy-1 rd1 mice MEA ~1014 Improvement of
restored vision by
dampening
spontaneous activity

83

Human
melanopsin

AAV2/8(Y
733F);
Subretinal

CAG rd1 MEA,
OIR

~1013 PLR,
light-dark
box,
object
recognition

Restoration of image
forming vision with
melanopsin

84

ChR2 +
mVChR1

Transgenic
rats;
AAV2;
Intravitreal

Thy-1,
CAG

Rats;
chemical
induced
retinal
degenerati
on

WCR,
VEP

Co-expression of
ChR2 and mVChR1
improved wavelength
and light sensitivity

85

ChR2,
Melanopsin

AAV2;
Intravitreal

hSyn 1 Canine rd
model

MEA Long-term safe
expression in the
retina of rd dogs

86

ChR2-
L132C

AAV2;
Intravitreal

SNCG rd1 mice MEA,
VEP

~1014 Improvement of light
sensitivity with RGC
specific promoter

87

ChR2-
L132C/T15
9C

AAV2;
Intravitreal

CAG Macaques Characterization of
expression of ChR2
in the macaque retina

88

ChR2-
mutants

AAV2;
Intravitreal

CAG Transgeni
c (Opn4-/-

Gnat1-/-

Cnga3-/-)
mice

PLR, OMR Restoration of vision
using a triple knock-
out blind mouse
model and optomotor
assay

89



CoChR-
H94E/L112
C/K264T

AAV2 or
AAV2.7m8
(Y444F);
Intravitreal

CAG Transgeni
c (Opn4-/-

Gnat1-/-

Cnga3-/-)
mice

MEA ~1012 OMR Restoration of visual
acuity and contrast
sensitivity under
ambient light
condition

18

Human
melanopsin

AAV2/8;
subretinal

CMV rd1 mice ERG,
VEP

Locomotion Long-term safe
expression of
melanopsin, but only
transient restoration
of visual response

90

Green cone
opsin

AAV2/2-
4YF;
Intravitreal

hsyn-1 rd1 mice MEA ~1011 Light
avoidance,
exploratory
behavior

Restoration of vision
with high light
sensitivity, light
adaptation, and
pattern discrimination

91

ReaChR;
ChR2-
L132C

AAV2;
Intravitreal

hsyn-1 Macaques MEA Restoration of visual
acuity of 20/72
estimated based on
MEA recordings

92

ChrimsonR AAV2.7m8
;
Intravitreal

CAG Macaques
MEA

At low 1015 Restoration of visual
acuity of 20/249
estimated based on
MEA recordings

93

ChrimsonR AAV2;
Intravitreal

CAG Macaques ROI Response persistent
over one year

94

mVChR1/
ChR2/CoC
hR chimera

AAV2;
Intravitreal

CAG RCS rats VEP ~1013 OMR Development of a
ChR chimera with
improved light
sensitivity

95

ON
BCs

ChR2 Electropora
tion

mGluR
6
200En

rd1 mice WCR,
MEA,
VEP

~1014 OMR,
locomotion

Restoration of visual
responses and
functional vision
through ON BC
targeting

96

ChR2 Sc-
AAV2/8;
Subretinal

mGluR
6
200En

rd1, rd10,
rd16 mice

MEA Low 1016 Water maze AAV-mediated
targeting ChR2 to
ON BCs

97

ChR2(L13
2C)

AAV2/8BP
2;
Subretinal

4x
mGluR
6
200En

rd1 mice MEA At low 1015 Improved
transduction
efficiency with
AAV2/8BP2

98

ChR2(H13
4R)

AAV2.7m8
;
Intravitreal

mGluR
6
200En

rd1 mice MEA ,
VEP

~1014 Light
avoidance

Improved
transduction
efficiency with
AAV2.7m8

99

Melanopsin
/mGluR6
chimera

AAV2,
transgenic
mice

mGluR
6
200En

rd1,
transgenic
mice

WCR,
MEA,
OIR

~1012 OMR,
water maze

Creation of
melanopsin/mGluR6
receptor chimera for
vision restoration

100

Rhodopsin AAV2;
Intravitreal

mGluR
6
200En,
CAG

rd1 mice MEA ~1012 Locomotion,
natural
scenes
stimulation

Restoration of vision
with rhodopsin

101

Rhodopsin AAV2;
Intravitreal

4x
mGluR
6
200En

rd1 mice MEA,
VEP

~1012 Light
avoidance,
mater maze,

Restoration of vision
with rhodopsin

102



fear
conditioning

ChR2
mutant +
Chrimson

AAV2;
Intravitreal

mGluR
6
200En

rd10 mice Water maze Restoration of vision
using dual
wavelength ChRs

103

CoChR-
L112C

AAV2;
Intravitreal

mGluR
6
promot
er with
introns
and
200En;
CAG

TKO
(Opn4-/-

Gnat1-/-

Cnga3-/-)
mice

MEA PLR, OMR RGC expression
exhibited higher
efficacy than ON BC
targeting

104

ChR2
mutant +
Chrimson

AAV2;
Intravitreal

mGluR
6
200En

rd10 mice WCR ~1015 Water maze,
OMR

Restoration of vision
using dual
wavelength ChRs

105

Green cone
opsin

AAV2.7m8
;
Intravitreal

hGRM
6
promot
er with
770En

rd1 mice OMR Restoration of OMR
with an improved
human GluR6
promoter

106

Cones eNpHR AAV2/8;
Subretinal

hRho,
hRo

rd1 and
Cnga3-/-

Rho-/-

mice

WCR,
MEA,
VEP

At low 1013 OMR, Light
avoidance

Restoration of vision
by targeting
surviving cone
photoreceptors

107

WCR: whole-cell recording; ECR: extracellular recording; OIR: optical imaging recording; MEA:
multi-electrode array recording; OMR: optomotor response; VEP: visually evoked potential; PLR:
pupillary light reflex; RGC: retinal ganglion cell; ON BC: ON bipolar cell.
* The Threshold Light sensitivity is estimated based on retinal electrophysiological recordings.



Supplementary Table 2: Clinical trials of optogenetic therapies for vision restoration

Company Optogenetic
tool

Targeted
retinal
cells

Vector construct
& delivery route

Link to
clinical trial

Status Results and notes

RetroSense
Therapeutics

ChR2 RGCs AAV2-CAG-
ChR2;
Intravitreal
injection

https://clinicalt
rials.gov/ct2/sh
ow/NCT02556
736

Phase
1/2a

RetroSense was acquired by
Allergen in 2016. No result has
been released.

GenSight
Biologics

ChrimsonR RGCs AAV2.7m8-
CAG-
ChrimsonR-
tdTomato;
Intravitreal
injection

https://clinicalt
rials.gov/ct2/sh
ow/NCT03326
336

Phase
1/2a

Partial recovery of visual function
in a blind patient using light-
stimulating goggles (Ref. 45).

Bionic Sight Chronos RGCs AAV-Chronos-
FP;
Intravitreal
injection

https://clinicalt
rials.gov/ct2/sh
ow/NCT04278
131

Phase
1/2

Restoration of light perception and
motion detection (source:
https://www.fightingblindness.org/
research/bionic-sight-s-
optogenetic-therapy-enables-blind-
patients-to-detect-light-and-
motion-in-early-trial-217).

Nanoscope
Therapeutics

ChR2 mutant +
Chrimson

ON BCs AAV2-mGluR6-
ChR2
mutant/Chrimson-
FP;
Intravitreal
injection

https://clinicalt
rials.gov/ct2/sh
ow/NCT04945
772

Phase 2 Improvement of vision and visual
acuity in the ambient light
environment (source:
https://nanostherapeutics.com/2021/
06/03/nanoscopes-optogenetic-
gene-therapy-restores-clinically-
meaningful-vision/).
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