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Abstract: Fundamental questions that neuroscientists have previously approached with classical
biochemical and electrophysiological techniques can now be addressed using optogenetics. The term
optogenetics reflects the key program of this emerging field, namely, combining optical and genetic
techniques. With the already impressively successful application of light-driven actuator proteins such
as microbial opsins to interact with intact neural circuits, optogenetics rose to a key technology over
the past few years. While spearheaded by tools to control membrane voltage, the more general
concept of optogenetics includes the use of a variety of genetically encoded probes for physiological
parameters ranging from membrane voltage and calcium concentration to metabolism. Here, we
provide a comprehensive overview of the state of the art in this rapidly growing discipline and attempt
to sketch some of its future prospects and challenges.

Keywords: optogenetics; optical imaging; optical control; introduction; fluorescent proteins; opsins;
database; wiki.  D
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A historical perspective on optogenetics

The term “optogenetics” was coined a few years
after neurons had first been engineered to express
opsins and other light-driven actuator proteins,
and photoevoked firing had been obtained in cell
cultures (Banghart et al., 2004; Boyden et al., 2005;
Li et al., 2005; Zemelman et al., 2002, 2003) and
behaving flies (Lima and Miesenböck, 2005). The
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term initially served as a common denomination
for approaches combining “genetic targeting of
specific neurons or proteins with optical technology
for imaging or control of the targets within intact,
living neural circuits” (Deisseroth et al., 2006).
A later definition of optogenetics as “the branch
of biotechnology which combines genetic engineer-
ing with optics to observe and control the function
of genetically targeted groups of cells with light,
often in the intact animal” (Miesenböck, 2009)
continued to gather under the same name two com-
plementary approaches with intertwined histories:
one consists in monitoring neuronal activity using
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genetically encoded fluorescent reporters (sensors),
while the other aims at controlling neuronal activity
using genetically addressable light-activated tools
(actuators). But with the lightning success of
actuators in and outside neuroscience, a more
restrictive definition of optogenetics started to gain
increasing acceptance. In the Nature Methods issue
of January 2011 featuring optogenetics as Method
of the Year 2010, optogenetics was introduced as
“the combination of genetic and optical methods
to achieve gain or loss of function of well-defined
events in specific cells of living tissue” (Deisseroth,
2011). In this section, we trace back the conceptual
roots and history of the field and try to paint a
comprehensive and balanced picture of what
optogenetics encompasses today.
ibu

ds
Early ideas

Scientific intuitions and representations of natural
phenomena are often formed and conveyed in a
visual form. The fact that neuronal activity relies
on primarily invisible electrochemical phenomena
makes its representation particularly uneasy. Yet
an appealing popular depiction of brain function
is an intricate mesh of neuronal processes
traveled by evanescent bursts of light symbolizing
electrical activity. But as this representation was
being adopted by popular media for the sake of
simplifying the communication of scientific con-
tents, the idea of optically visualizing neuronal
activity was evolving from a mere visionary
fantasy to an existing technology. Charles S.
Sherrington was probably the first to inspire this
notion in an oft-quoted passage from his book
Man on His Nature in which he imagined neuro-
nal activity as points of light (Sherrington, 1940,
pp. 176–178). Sherrington used this metaphor to
describe the different stages of a sleep-to-wake
transition, upon which the brain gradually
becomes “an enchanted loom where millions of
flashing shuttles weave a dissolving pattern.”
Beyond Sherrington’s vision, it progressively
became clear that light would be an interesting
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tool not only to interrogate but also to manipulate
neuronal activity, an idea which was publicized by
Francis H. Crick. In a 1979 article entitled
“Thinking about the brain,” Crick pointed out
the need for “a method by which all neurons of
just one type could be inactivated, leaving the
others more or less unaltered” (Crick, 1979).
Some 20 years later in a paper reviewing the cur-
rent and future benefits of molecular biology in
neuroscience, Crick explicitly envisioned that light
might be used to control and monitor the activity
of genetically defined neuronal populations
(Crick, 1999): “One of the next requirements is
to be able to turn the firing of one or more types
of neuron on and off in the alert animal in a rapid
manner. The ideal signal would be light, probably
at an infrared wavelength to allow the light to
penetrate far enough. This seems rather far-
fetched but it is conceivable that molecular bio-
logists could engineer a particular cell type to be
sensitive to light in this way. [. . .] Most modern
theories of brain action stress the firing (in one
way or another) of not single neurons but groups
of neurons. [. . .] One way-out suggestion is to
engineer these neurons so that when one of them
fires it would emit a flash of light of a particular
wavelength. The experimenter could then follow
the firing of that group of neurons alone.” Quite
remarkably, Crick’s ideas would essentially come
true within the next decade.
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From organic to genetically encoded reporters
of neuronal activity

The chemical approaches to ions and voltage
sensing

The first ideas on how to implement an optical
measure of neuronal activity emerged in the late
1960s from the study of changes in light scatter-
ing, birefringence, and fluorescence associated
with action potentials (Cohen et al., 1968). Larger
optical signals were obtained in the 1970s by
introducing voltage-sensitive organic molecules
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into neuronal membranes. This opened the field
of voltage-sensitive dye imaging which is still
intensively explored today (Peterka et al., 2011).
Another step toward the realization of
Sherrington’s vision was taken during the next
decade by Roger Y. Tsien who synthesized organic
molecules which change their fluorescence with
variations in the concentration of intracellular cal-
cium and could therefore be used as reporters of
neuronal activity (Göbel and Helmchen, 2007).
These calcium-sensitive dyes have opened an ave-
nue for noninvasive imaging of neuronal activity,
a field which has exploded during the 1990s with
modern imaging techniques such as two-photon
microscopy (Denk et al., 1990; Göbel and
Helmchen, 2007). Besides voltage and calcium
sensing, a variety of other fluorescent indicators
were developed to detect variations in sodium,
chloride, zinc, and pH but have been much less
intensely used in neurobiological research (John-
son and Spence, 2010).
ibu
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The genetic approaches to sensing chemicals
and voltage

Despite tremendously helpful, organic dyes
carried intrinsic limitations which restricted the
scope of their applicability. First, these dyes usu-
ally stain all cell types indiscriminately and there-
fore do not offer cell-type-specific activity
readout. Second, they have to be added exter-
nally and useful staining typically lasts for less
than a day, prohibiting chronic experiments such
as the study of lasting neuronal plasticity. Third,
the dyes themselves or the conditions to deliver
them into neurons can present some toxicity.
These reasons led to orienting efforts toward
substituting these dyes for proteinaceous fluores-
cent indicators which would enable chronic
staining of genetically defined neuronal
populations. This new generation of fluorescent
reporters was almost exclusively engineered
based on the green fluorescent protein (GFP)
cloned from the jellyfish Aequorea victoria
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(Prasher et al., 1992). It is interesting to note that
the work on A. victoria’s bioluminescence also led
to the cloning of the calcium-sensitive lumines-
cent protein aequorin almost 10 years before
(Inouye et al., 1985; Prasher et al., 1985). Quite
remarkably, aequorin had provided the first
report on the use of an optical protein calcium
sensor even earlier, when Ridgway and Ashley
(1967) optically recorded calcium transients after
microinjecting it into single muscle fibers of the
barnacle.

To generate fully genetically encoded fluores-
cent reporters, the classical approaches consisted
in fusing one or more fluorescent proteins (FPs)
with various protein moieties offering sensitivity
to signals such as transmembrane potential, ions
(calcium, pH, chloride, or zinc), neurotransmitters
(glutamate), or second messengers molecules like
cyclic nucleotides (Chudakov et al., 2010; Tian
and Looger, 2008). For the sensing process to be
converted into a measurable change in fluores-
cence output of the FPs, these probes usually rely
on two possible design strategies (Fig. 1). In the
first one, the photophysical properties of a single
FP are modulated by conformational changes
imposed by the sensor. In most cases, two
portions of the FP are interchanged and rec-
onnected by short spacers (circularly permuted)
so that its fluorescence becomes more sensitive
to small structural rearrangements at its
extremities. In the second one, conformational
changes are used to modify the distance or orien-
tation of two FP variants with spectral properties
allowing Förster resonance energy transfer
(FRET). While the work on certain reporters is
still in its early phase, others like voltage-sensitive
fluorescent proteins (VSFPs) and genetically
encoded calcium indicators (GECIs) have already
gone through multiple improvement steps and
show promising results. These tools are reviewed
in detail in Chapters 4 and 5, respectively. An
overview of available optical reporters for probing
the activity of genetically defined neurons is given
in Fig. 1. A general overview of optogenetic
reporters is provided in Chapter 12.
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Fig. 1. Optogenetic tools for monitoring cellular signals. (a) Sensors based on single fluorescent proteins (FPs). These sensors
usually incorporate intact GFP variants (XFPs) or their circularly permuted version (cpXFPs). Single FP-based voltage-sensitive
fluorescent proteins (VSFPs, voltage probes) are derived from a combination of a membrane-integrated voltage sensor domain
(gray and purple transmembrane domains) and cpXFPs (cpVSFPs) or XFPs (VSFP3s). Single FP calcium indicators include
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Tools for controlling genetically defined neurons

Optogenetic approaches employing microbial
rhodopsins for exciting and inhibiting neurons
are covered in Chapters 2 and 3. We are
providing here a historical overview of how mod-
ern strategies for controlling neuronal activity
with light emerged over the past 10 years.
ibu
id
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Photochemical approaches

The idea of using light-sensitivemolecular tools for
the optical control of neuronal activity (actuators)
had been latently present in the literature well
before Crick articulated their theoretical utility.
In particular, photochemistry had already provided
insights into how to convert a ligand from an inert
state into a high-affinity form, a field which would
become popular in neuroscience with the use of
caged neurotransmitters (Nerbonne, 1996). Using
this technique, synthetic photoconvertible ligands
can be used to optically modulate neuronal activity
through the activation of specific receptor proteins
(Fig. 2a). To restrict the action of the ligand to
genetically designated neurons, the receptor itself
has to be targeted to these neurons (Zemelman
et al., 2003). This method was used by Lima
and Miesenböck (2005) to elicit specific behaviors
in fruit flies using light as a trigger, providing the
first example of an optically “remote-controlled”
animal. Drag
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scaffolds based on GFP and the calmodulin-M13 complex (such a
(Camgaroo). SynaptopHluorins are indicators of vesicle release
(pHluorin) fused to the luminal side of a vesicle-associated me
phosphorylation (kinase activity) made of a fusion between a cpX
acid binding domain. (b) FRET sensors. These sensors are traditi
VSFP2s are FRET-based voltage sensors. FRET calcium indicator
and the TN sensor family (based on troponin). Chloride sensors
chloride can efficiently quench YFP fluorescence, thus reducing
Cl-sensor proteins are grafted to the subunits of a glycine recepto
receptor. FRET kinase activity sensors (Phocuses and XKARs) h
(see a). Finally, glutamate can be detected using FRET sensors ba
metabotropic glutamate receptor (mGluR1). Membranes are repres

htt
The photoactivation process can be made more
efficient by linking the ligand to the protein through
a covalent bond and obtaining a “photoswitched
tethered ligand” (PTL, Fig. 2a), a technique
used successfully to control nicotinic receptors
(Bartels et al., 1971), ionotropic glutamate receptors
(Volgraf et al., 2006), potassium channels (Banghart
et al., 2004; Chambers et al., 2006; Fortin et al.,
2011), and recently a chimeric potassium-selective
glutamate receptor called HyLighter (Janovjak
et al., 2010). Onemajor drawback of photochemical
approaches is the necessity of either delivering the
ligand or conjugating the PTL to the target protein,
which limits their use to easily accessible pre-
parations like cultured neurons, brain slices, or
small organisms such as fruit flies (Lima and
Miesenböck, 2005) or zebrafish larvae (Janovjak
et al., 2010). Photochemical approaches to control
neuronal firing have been reviewed by Gorostiza
and Isacoff (2007, 2008) and Miesenböck (2011).ora
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Genetic approaches based on animal opsins

Fully genetically encoded light-gated actuators
which do not require the addition of an exogenous
cofactor appeared as a more viable solution for
controlling neuronal activity in vivo. Not surpris-
ingly, the hunt for candidates first concentrated
on the phototransduction machineries underlying
animal vision. The light-sensitive elements in these
systems are membrane-embedded photopigments

sm
.c
s Pericam, GCaMPs, and Case) and troponin-based scaffolds
and recycling, consisting of a pH-sensitive form of GFP

mbrane protein (VAMP). Sinphos are detectors of protein
FP, a phosphorylable substrate peptide, and a phosphoamino
onally based on a FRET pair of FPs such as CFP and YFP.
s include cameleons (based on the calmodulin-M13 complex)
(Clomeleon and Cl-sensors) take advantage of the fact that
the FRET signal of a CFP-YFP pair. In BioSensor-GlyR,
r (GlyR) in order to sense chloride ions flowing through the
ave been developed using the same rationale as for Sinphos
sed on bacterial periplasmic binding proteins (PBPs) or on a
ented with the cytoplasmic side toward the bottom.



Fig. 2. Optogenetic tools for controlling neuronal activity. (a) Artificial gating of ion channels by light can be accomplished using
photochromically caged ligands or tethered ligands with a photochromic activation switch. (b) Endogenous conductances can be
modulated through light-dependent activation of intracellular second messenger cascades using animal opsins (type II opsins).
This was achieved in mammalian neurons by reconstituting a minimal fly phototransduction machinery through the heterologous
expression of three proteins (NinaE, arrestin-2, and Gqa, a system called chARGe) or by expressing single vertebrate rhodopsin
genes (not shown). Alternatively, the intracellular loops or C-terminal domain of vertebrate rhodopsins can be exchanged with
the intracellular domains of specific metabotropic receptors to gain optical control over specific signaling cascades (Opto-a1AR,
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ibu

od
called rhodopsins, each rhodopsin molecule
consisting of a protein called opsin (belonging to
the family of G-protein-coupled receptors or
GPCRs) covalently bound to a chromophore (a
vitamin A-related compound called retinal or one
of its derivatives). Upon illumination, the bound
retinal molecule undergoes isomerization, which
induces conformational changes in the opsin back-
bone and activates a G-protein signaling pathway.
This path was pioneered by Har Gobind

Khorana in the late 80s, who observed light-
dependent ionic currents in Xenopus oocytes
transfected with a bovine rhodopsin gene
(Khorana et al., 1988). The next significant step
was taken in the early 2000s by the team of Gero
Miesenböck who managed to reconstitute a mini-
mal fly phototransduction cascade in mammalian
neurons by coexpressing NinaE, a blue-sensitive
rhodopsin and two of its natural partners: the aq
G-protein subunit and arrestin-2, a protein
required for deactivation of rhodopsin. Upon illu-
mination, the excited rhodopsin activates an
endogenous phospholipase C through the action
of the G-protein, which, in turn, activates nonspe-
cific cation channels through the production of
second messengers (Fig. 2b). The system called
“chARGe” was used to optically elicit action
potential firing in cultured hippocampal neurons
(Zemelman et al., 2002) but was fastidious to
implement and carried intrinsic limitations like
slow and variable activation and deactivation
kinetics (a few hundred milliseconds to several
tens of seconds). Following a similar rationale,
subsequent studies showed that heterologous
expression of single mammalian opsins in neurons
was enough to modulate endogenous con-
ductances through specific G-protein cascades,
but with comparable slow kinetics (Gutierrez
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Opto-b2AR, and Rh-CT(5-HT1A)). (c) Naturally occurring microb
large panel of single-protein actuators which can be used to control
display an intrinsic light-gated cationic conductance and can be u
produce hyperpolarizing currents by translocating chloride i
(bacteriorhodopsins, proteorhodopsins, and archeorhodopsins). Me
bottom.
et al., 2011; Li et al., 2005; Masseck et al., 2011;
Melyan et al., 2005).

The slow kinetics observed in these approaches
is inherent to the metabotropic nature of verte-
brate and invertebrate opsin signaling, which
challenges their relevance as strategies for tempo-
rally precise control of neuronal firing. However,
in a different perspective, animal opsins were
used successfully to gain optical control over spe-
cific intracellular transduction pathways. Building
up on the work of Kim et al. (2005), the team of
Karl Deisseroth engineered chimeric receptors
by replacing the intracellular loops of the bovine
rhodopsin with those of specific adrenergic rec-
eptors (Airan et al., 2009), taking advantage of
common structure–function relationships among
GPCRs. Using these tools, they were able to
optically activate the intracellular pathways nor-
mally recruited by these receptors (the cAMP and
IP3 pathways; Fig. 2b). Following a similar
approach, the team of Stefan Herlitze produced a
light-activated receptor which recruits the
signaling cascade of a specific serotonin receptor
(Oh et al., 2010). These emerging tools might
be gathered under the name “opto-XRs” proposed
by Airan et al. (2009), where X specifies the partic-
ular pathways which is being optically hijacked
(e.g., opto-a1AR for a1 adrenergic receptors).
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The revolution of microbial opsins

Ideal light-gated actuators would be single
proteins rather than effector proteins activated
by multicomponent signaling cascades. Unexpect-
edly, such tools were to be found in branches of
biology which could have hardly been more dis-
tant from neuroscience: the study of phototropism
ial opsins (type I opsins) and their synthetic variants provide a
neuronal firing with millisecond precision. Channelrhodopsins
sed to depolarize neurons. Microbial light-driven pumps can
ons into the cell (halorhodopsins) or protons outside
mbranes are represented with the cytoplasmic side toward the
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in unicellular algae and of light-driven ion trans-
port in halophilic archaebacteria.

Indeed, animals are not the only realm that
possesses retinal opsins. Unicellular photosyn-
thetic organisms like green algae or euglenids also
express rhodopsins in a photoreceptive organelle
called the “eyespot apparatus” used to initiate
phototropic reactions (swimming toward or away
from light). In the green algae Chlamydomonas,
the eyespot contains atypical rhodopsins dis-
playing intrinsic light-gated ion conductance,
called channelrhodopsins (Nagel et al., 2005). In
2002–2003, two channelrhodopsins were cloned
from the species Chlamydomonas reinhardtii.
The first one (ChR1) is selectively permeable to
protons (Nagel et al., 2002), while the second
one (ChR2) is also permeable to other cations
(Nagel et al., 2003) and can thus mediate
depolarizing currents irrespective of the extracel-
lular pH. Due to their channel-like structure,
these proteins provided extremely rapid responses
to light when tested in Xenopus oocytes, with
photocurrents occurring within tens of micro-
seconds upon illumination with blue light
(450–500nm). A couple years later, the teams of
Karl Deisseroth and Stefan Herlitze expressed
ChR2 in cultured hippocampal neurons and
showed that ChR2-mediated photocurrents were
rapid and large enough to fire these cells with mil-
lisecond precision (Boyden et al., 2005; Li et al.,
2005). New channelrhodopsins cloned from two
other species of green algae were recently used
successfully in mammalian neurons: VChR1 from
Volvox carteri (Zhang et al., 2008) and MChR1
from Mesostigma viride (Govorunova et al.,
2011). Initially, there was considerable doubt
whether this approach would be successful, as
acknowledged in retrospect by Deisseroth himself
(Deisseroth, 2010), because no one could tell
whether the protein would fold and integrate
correctly into the cytoplasmic membrane of mam-
malian cells and if endogenous retinal would be
available at sufficient quantities. But subsequent
experiments showed that within reasonable
expression levels, ChR2 and its variants could be
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used safely to control the activity of genetically
defined neuronal populations in animal models
ranging from flies to monkeys (Fenno et al.,
2011). In only 5 years, channelrhodopsins
emerged as a technical revolution at almost all
levels of neurobiological research.

But channelrhodopsins were not the only players
in this revolution. Other microbial rhodopsins
behavingas light-driven ionpumpswere longknown
to exist in halophilic archaebacteria (Mukohata
et al., 1999) andwere discovered recently in bacteria
(Beja et al., 2000) and some eukaryotes (Waschuk
et al., 2005). Proteins like bacteriorhodopsins,
proteorhodopsins, and archaerhodopsins extrude
protons from the cytoplasm, building up a proton
gradient used for the production of ATP. Others
like halorhodopsins are used by certain halobacteria
to maintain their osmotic balance by transporting
chloride into their cytoplasm (Muller and Oren,
2003). Both types thus generate a hyperpolarizing
photocurrent which can be used to silence neuronal
activity. Interestingly, these pumps operate at differ-
ent peak sensitivity wavelengths compared to
ChR2, opening the possibility of coexpressing them
with ChR2 to achieve bidirectional control of the
same cell. Zhang et al. (2007) provided the proof
of principle that this is indeed possible by
coexpressing ChR2 and the halorhodopsin from
Natronomonas pharaonis (NpHR) in acute brain
slices and inCaenorhabditis elegans. But translating
these light-driven pumps into usable toolswas not as
straightforward as for ChR2. A common problem
with these proteins was impaired subcellular locali-
zation which decreased their tolerability when
expressed at high levels. In particular, the proteins
would accumulate at successive steps along the sec-
retary pathway to the cell surface. A number of can-
didates isolated from various species were tested
and modified by adding a series of trafficking signal
peptides to improve their membrane localization
(Gradinaru et al., 2010). Two families of pumps
emerged as promising light-activated silencers: the
series of proteins derived from NpHR (the latest
being eNpHR3.0 described in Gradinaru et al.,
2010) and the archaerhodopsins Arch from
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Halorubrum sodomense (Chow et al., 2010) and
ArchT from Halorubrum genus (Han et al., 2011).
The diversity and biophysical properties of
microbial opsins and their use in neuroscience
were reviewed extensively (Boyden, 2011; Fenno
et al., 2011; Hegemann and Moglich, 2011; Lin,
2011; Yizhar et al., 2011a,b,c). State-of-the-art
methodologies to deploy these tools in mammalian
cells were reviewed in detailed by Chow et al.
(2011). An overview of available tools for
controlling genetically defined neurons is given in
Fig. 2.
ibu
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Emerging optogenetic approaches outside
neuroscience

The origins of optogenetics are deeply rooted in
neuroscience. As described above, the first efforts
to engineer genetically encoded optical sensors
were aiming at monitoring neuronal activity. Sim-
ilarly, the first light-actuated control systems were
designed to modulate neuronal firing. But today’s
developments in the field are addressing a much
broader scope of unmet needs in the study of
biological systems. Recent progress in bioengi-
neering has provided a new panel of optogenetic
readout and control strategies to study a variety
of molecular and cellular processes (Miesenböck,
2011). go
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An expanding toolkit for sensing and monitoring
cellular activities

Optical reporters have long been used outside
neuroscience to monitor various biomolecules
and enzymatic activities (Souslova and Chudakov,
2007). The range of substances and processes
which canbeoptically tracked is quickly expanding.
A new family of indicators has been designed from
bacterial periplasmic binding proteins (PBPs) to
sense metabolites such as carbohydrates and
amino acids. These indicators use the Venus fly-
trap-like conformational change of PBPs upon

D
htt

p

binding to their substrate in order to generate a
FRET signal (Deuschle et al., 2005). Other
indicators were engineered to detect second mes-
senger molecules like H2O2 (Markvicheva et al.,
2011), enzymatic activities (kinase, protease,
GTPase), and several cellular processes (cell cycle,
actin dynamics). These recent developments are
reviewed extensively in Lalonde et al. (2005),
Okumoto et al. (2008), Frommer et al. (2009),
and Okumoto (2010). Chapter 12 of this issue
reviews the wide range of factors for which
optogenetic reporters are now available. 

An emerging repertoire of light-gated effectors to
control cell physiology

A new repertoire of light-activated tools for
manipulating identified biochemical events is
emerging. These new tools include rhodopsin-
based chimeric GPCRs like the opto-XRs which
can trigger specific intracellular signaling cascades
upon illumination (Airan et al., 2009; Kim et al.,
2005; Oh et al., 2010). Following a similar logic,
Ye et al. (2011) recently managed to functionally
link the signal transduction pathway of a verte-
brate rhodopsin to a specific gene transcription
control mechanism in order to achieve light-
induced transgene expression. Other research
lines are exploiting and improving non-mem-
brane-associated photoreceptor protein domains
to build photoswitchable cytoplasmic effectors
(Losi and Gärtner, 2011; Moglich and Moffat,
2010; Strickland et al., 2010). Such domains can
be found in numerous species of bacteria, protists,
fungi, and plants where they serve a great variety
of functions. Recently, naturally occurring photo-
activated adenylyl cyclases containing a BLUF
domain have been used to control cAMP levels
in various models (Nagahama et al., 2007;
Schroder-Lang et al., 2007; Stierl et al., 2011)
and reengineered to function as guanylyl cyclases
(Ryu et al., 2010). Other studies have taken
advantage of LOV domains to confer photosensi-
tivity to DNA-binding proteins, enzymes, and
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small GTPases (Lee et al., 2008; Moglich et al.,
2009; Strickland et al., 2008; Wu et al., 2009)
and more recently to activate endogenous calcium
channels (Pham et al., 2011). One last
exciting development consists in exploiting
reversible light-dependent protein binding
mechanisms found in plants (reviewed in Kami
et al., 2010). These mechanisms involve identified
partners such as phytochromes (Phy) and phyto-
chrome-interacting factors which can be fused to
proteins of interest to gain photocontrol over
their association. The resulting “photoactivated
dimerizers” can be used to investigate biological
processes with exquisite spatiotemporal resolu-
tion or to create new molecular pathways. This
strategy has already been used to achieve light-
gated protein translocation, protein splicing, gene
transcription, and DNA recombination (Kennedy
et al., 2010; Levskaya et al., 2009; Shimizu-Sato
et al., 2002; Toettcher et al., 2011; Tyszkiewicz
and Muir, 2008; Yazawa et al., 2009) and is
reviewed extensively in Chapter 6 of this issue.
tri
ds
Photosensitizers: using light to destroy proteins

and cells

Interacting with cells and proteins in a rapid and
reversible way is one key program of optogenetics.
But light can also be used to produce targeted
lesions, an approach which can be relevant for
perturbing neural circuits and designing models of
neurodegenerative disorders. One way of making
these lesions specific is to target light-sensitive
molecules called photosensitizers (PSs) to particu-
lar proteins or cells. When irradiated with light,
PSs generate reactive oxygen species (ROS) which
very rapidly react with any nearby biomolecule and
can eventually kill cells through apoptosis or necro-
sis. The technique, called chromophore-assisted
light inactivation (CALI), has been used exten-
sively for the treatment of precancerous lesions
and superficial tumors. Most available PSs are
organic molecules which have to be introduced
exogenously into living systems and offer very poor
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selectivity for particular cell types or proteins. One
solution to this issue is to rely on peptide-like
(peptoids) PSs which are resistant to proteolysis
and can be designed to bind specifically to virtually
any given protein (Lee et al., 2010). But a more
definitive solution for protein- and cell-type-spe-
cific CALI was the design of the first genetically
encoded PS (Bulina et al., 2006a). The protein
called KillerRed was isolated by screening a collec-
tion of GFP homologs for phototoxic effects on
Escherichia coli cells. Although its ROS-produc-
tion capacity is still inferior to chemical PSs,
KillerRed has been used successfully in zebrafish
embryos to induce cell death (Teh et al., 2010)
and in cell cultures to achieve target protein inacti-
vation (Bulina et al., 2006b) and reversible block-
age of cell division (Serebrovskaya et al., 2011).an
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A comprehensive definition of optogenetics

As pointed out before (Miesenböck, 2009), the
term “optogenetics” is a bit of a misnomer as it
does not involve any interaction between light
and the genome. But coming up with this label
was definitely a smart move judging from how
quickly it was adopted by the research commu-
nity. The term is now firmly established both in
the scientific literature and in the popular media,
but its usage has not yet crystallized around a
common acceptation.

Etymologically, “optogenetics” simply refers to
the combination of optical and genetic approaches
and implicitly designates all strategies using genet-
ically addressable light-sensitive tools to study
biological systems. As a consequence, the term
should seize on 20 years of utilization of FPs,
including for simply labeling cells and proteins.
More reasonably, optogenetics can designate the
use of genetically addressable photosensitive
elements not as inert dyes but as environmentally
sensitive fluorophores (in which light emission is
affected by identified factors) and/or as active
agents (which can transduce optical energy into
biophysical effects). This definition encompasses
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both monitoring and control strategies. We believe
that a narrower acceptation of the word is unjusti-
fied. Just like “optoelectronics” designates the
use of both light sources and detectors,
“optogenetics” should encompass the use of both
control tools and reporters.
Which control tools and which reporters should

be included in this definition? In the broadest
sense, optogenetic tools do not need to be fully
genetically encoded but only genetically “address-
able.” This means that proteins requiring an exoge-
nous cofactor to function can also be considered as
“optogenetic” as long as their expression can be
restricted to certain groups of cells. This definition
includes a range of photochemical approaches
where proteins are engineered to bind to a given
photochromic ligand. It also encompasses the use
of photoreceptor proteins in organisms lacking their
specific chromophore. In such cases, the chromo-
phore molecule has to be added exogenously (e.g.,
retinal in invertebrates for channelrhodopsin-based
applications and bilin in nonplant organisms for
phytochrome-based applications).
Finally, to what areas of biology should the term

optogenetics apply? There is no valid reason to
restrict its use to neuroscience only. Current devel-
opments even tend to show an accelerated expan-
sion of optogenetic approaches toward general
cellular and molecular biology. Overall, we wish
to conclude that a comprehensive definition of
optogenetics might be the following: optogenetics
is the combination of optical and molecular
strategies to monitor and control designated
molecular and cellular activities in living tissues
and cells using genetically addressable photosensi-
tive tools.
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Combining the tools

Optogenetic control tools clearly made their
breakthrough in neuroscience with manipulations
at the level of cell populations while observing the
consequences at the systems and behavioral levels
(Carter and de Lecea, 2011). However, it is also
clear that a detailed mechanistic analysis and
understanding of brain function will require
simultaneous observation and/or manipulation of
various neuronal types at the same cellular or cir-
cuit level. This can be partially implemented by
using optogenetics in conjunction with existing
techniques like electrical recordings. But we
believe that this methodological challenge will
be eventually more perfectly met by combining
optogenetic tools within the same experiment,
an important step which will unleash the full
power of optogenetics.  

“See it, block it, move it”

To understand and demonstrate how a biological
phenomenon works ultimately requires using a
canonical scientific methodology often
summarized by the formula “see it, block it, move
it.” The first step is to identify the conditions for
this phenomenon to occur (see it); the second step
is trying to find out which of these conditions are
necessary using loss-of-function experiments
(block it); the third step is to test the sufficiency of
one or more conditions through gain-of-function
experiments (move it). The first step aims at
establishing a correlation, while the two others
aim at demonstrating causation. Correlation in
neuroscience has been investigated in particular
using invasive electrical recordings in order to
match neuronal activity with behavior. Although
such recordings can provide hints on possible
causal relationships (e.g., when identified electrical
events precede or follow behavioral events), causa-
tion is traditionally approached using genetic (KOs
and overexpression), electrical (stimulations), sur-
gical (lesions), or pharmacological (agonists and
antagonists) interventions. None of these tec-
hniques alone provides both high temporal and
spatial (cellular) specificity. Electrical stimulations
and recordings of neuronal firing display exquisite
microsecond-scale temporal resolution but are
usually unable to discriminate between neuro-
chemical cell types. In addition, electrical
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stimulations do not discriminate between axons
and cell bodies, which seriously limits their inter-
pretative value. Conversely, pharmacological
interventions are hampered by their poor temporal
resolution although they can provide very good
neurochemical specificity.

Optogenetics is considered a true technological
breakthrough because it makes it possible to
implement the “see it, block it, move it” approach
with both high temporal resolution and high cellu-
lar (even subcellular and molecular) resolution.
Thus compared to standards of the past decade,
modern optogenetic studies might bring more
definitive answers and allow biologists to form
stronger interpretations. More remarkably, com-
bining optogenetic tools will offer the possibility
of implementing this approach in the same exper-
iment, which will dramatically increase the yield
of individual studies.
ibu

ds

Combining optogenetics with electrical
recordings

Microelectrode recordings are still the golden
standard for measuring neuronal firing, surpass-
ing by far optical sensors at least at the single cell
resolution and millisecond time scale. But electri-
cal recordings can be very advantageously com-
bined with optogenetic tools, in general, and
light-gated actuators, in particular.

First of all, electrical recordings are and will
probably remain the ultimate readout of the effi-
ciency of optogenetic activation and inactivation
protocols. Indeed, the reliability of optogenetic
control depends on a series of important para-
meters which can be preparation specific, such
as the electrophysiological properties of the target
cell type, the optical properties of the tissue, or
the expression level of the optogenetic tool
(which depends on the time postinfection when
using viral vectors). Assessing photoevoked
changes in firing during optogenetic control
experiments might even become systematic prac-
tice with the use of “optoelectrodes” which
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integrate light guides and electrodes in the same
device.

Second, optogenetic control tools can elegantly
replace stimulating electrodes in circuit mapping
experiments. Classically, these experiments con-
sist in probing functional connections between
neuronal types and brain regions using pairs of
recording and stimulating electrodes. Light-gated
actuators can substitute for electrical stimulations
in order to control efferent and afferent
connections in isolation based on their origin, des-
tination, or neurochemical identity. For example,
labeling a group of neurons anterogradely with
ChR2 or NpHR allows the experimenter to
photoexcite or inhibit specifically its axonal
projections in distant areas, even when cut from
their soma (Atasoy et al., 2008; Cruikshank
et al., 2010; Kaneda et al., 2011; Petreanu et al.,
2007, 2009; Varga et al., 2009). Conversely,
expressing these tools using retrograde trans-
synaptic activators (Gradinaru et al., 2010) or ret-
rogradely transported viruses (Lima et al., 2009)
offers the opportunity to control specifically cells
projecting to a particular region. These dual elec-
trical-optogenetic strategies can even be paired
with targeted illumination and scanning techniques
to refine and accelerate mapping processes.

Third, optogenetics can help overcome the
fact that extracellular electrical recordings do not
easily distinguish spikes from different neuronal
populations. This has been a central issue and a
great source of debates in the study of neuronal fir-
ing in vivo. Traditionally, neuronal types are
identified during recording based on electrophysi-
ological criteria like spike shape and firing
patterns. But this approach fails in the case where
two different populations have overlapping
properties. Labeling a group of neurons with
ChR2 offers the possibility to confirm their identity
online. As shown by Lima et al. (2009),
ChR2-tagged neurons can be identified in vivo by
their reliable and short latency response to brief
flashes of blue light, a strategy called PINP
(photostimulation-assisted identification of neuro-
nal populations).
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Combining optogenetic tools: Toward multicolor
interrogation of neural circuits

Multicolor control of neuronal populations

Combining several light-gated actuators in the
same experiment requires the ability to recruit
one with minimal cross-excitation of the others.
Maybe because they were isolated from organisms
living in very different ecosystems, microbial opsins
display a great diversity of spectral sensitivities. A
few of them can be excited almost separately using
different wavelengths. The best example so far is
the association of ChR2 and NpHR which allows
bidirectional control of firing of the same cells using
blue- and yellow light (Zhang et al., 2007) opening
the possibility of performing loss-of-function and
gain-of-function experiments (block it and move
it) on the same preparation.
Other “optically compatible” opsin pairs include

the blue- and yellow light-gated channelrhodopsin
variants ChR2 and VChR1 (Zhang et al., 2008)
and the blue- and red-light drivable ion pumps
Mac and NpHR (Chow et al., 2010). In theory,
these tools allow multicolor control of separate
populations of neurons simultaneously. A new
generation of red-shifted actuators includes novel
channelrhodopsins such as MChR1 from M. viride
(Govorunova et al., 2011) and C1V1s, a family of
ChR1/VChR1 chimera displaying large photo-
currents and minimal cross-activation with ChR2
(Yizhar et al., 2011a,b,c) as well as new light-
driven pumps such as Halo57, a naturally occur-
ring halorhodopsin displaying larger photocurrents
than NpHR when excited in the far red
(Klapoetke et al., 2010). These new opsins are
expanding the catalog of compatible actuators for
multicolor control of neural circuits. Optogenetic
control tools can also be combined physically as a
unique protein. Recently a tandem gene fusion
strategy was proposed for co-localized and stoi-
chiometric expression of opsin pairs (Kleinlogel
et al., 2011). This approach has a number of poten-
tial applications. Precise bidirectional control of
firing with low cell-to-cell variability of the
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excitation-to-inhibition ratios can be achieved by
fusing a ChR variant and a light-driven pump. This
strategy is also a useful way of creating new tools
with newproperties: for example,ChRvariantswith
different excitation spectra can be combined to
create a hybrid tool with a wider action spectrum.
Multicolor probing of neuronal activity

Contrary to microbial opsins, most genetically
encoded reporters were not isolated from ecolog-
ically diverse species but were engineered based
on a very limited number of FPs (GFP or YFP
for single FP sensors and CFP and YFP for FRET
sensors). However, the color palette of available
FP variants has been continuously expanding for
the past 10 years, and available FPs now span
almost the entire visible spectrum (Chudakov
et al., 2010; Day and Davidson, 2009). This opens
the door for a new generation of genetically
encoded probes with diversified and minimally
overlapping spectral characteristics. These novel
tools will be used to visualize the activity of dis-
tinct neuronal populations in parallel or to image
multiple parameters in the same cells.

FRET sensors were the first category of optical
reporters to be spectrally diversified. Indeed, gra-
fting a new pair of FPs in an existing FRET sensor
scaffold is relatively straightforward since it does
not require major modifications of the FPs. In con-
trast, updating single FP sensors can require more
work since they often incorporatemodified versions
of the FP (e.g., circularly permutated FPs). New
blue- and red-shifted spectral variants were already
produced for several FRET sensors including the
voltage sensors VSFP2s (Akemann et al., 2010),
sensors of cyclic nucleotides (Niino et al., 2009),
reporters of enzymatic activities (Ai et al., 2008;
Grant et al., 2008; Ouyang et al., 2010), or protein
translocation (Piljic and Schultz, 2008). Some of
these variantswereused todemonstrate the feasibil-
ity of double and triple FRET measurements (Ai
et al., 2008; Grant et al., 2008; Niino et al., 2009;
Ouyang et al., 2010; Piljic and Schultz, 2008).
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FRET sensors have the advantage of enabling
ratiometric measurements but the inconvenience
of using two FPs (one donor and one acceptor).
For this reason, combining more than two or three
spectrally nonoverlapping FRET sensors is very
challenging. A smart workaround is to free up one
color channel by using a nonfluorescent (dark)
acceptor which acts as a dynamic quencher for the
donor fluorescence (Ganesan et al., 2006; Niino
et al., 2010). Still, single FP sensors provide a simpler
andmore flexible solution to the problemof spectral
crossover. Single FP sensors are still almost exclu-
sively based on GFP or YFP variants except for
the blue-shifted kinase activity sensor Cyan Sinphos
(Kawai et al., 2004) and the red-shifted monochro-
matic voltage sensors VSFP3s (Perron et al., 2009).
However, the attractiveness of multicolor imaging
should promote the construction of additional spec-
tral variants of single FP sensors in the near future.
Recent efforts have focused on mutating the cal-
cium indicator scaffold introduced as GCaMP
(Nakai et al., 2001) to obtain hue-shifted variants.
Using a “molecular evolution strategy” (iterative
rounds of mutagenesis and screening of bacterial
colonies), Zhao et al. (2011) have engineered a
new set of GCaMP mutants called GECOs, com-
prising blue and red variants. Another initiative
which will accelerate the development of new cal-
cium sensors is the GECI project from the HHMI
Janelia Farm research campus (http://www.janelia.
org/team-project/geci). This project uses a high-
throughput, mammalian neuron-based imaging
platform to screen through libraries of variants. Cur-
rent lead variants include blue, cyan, and yellow
versions of the GCaMP scaffold (BCaMP,
CyCaMP, and YCaMP) as well as a red version
(RCaMP) which was engineered from scratch using
the red FP mRuby (Loren L. Looger, personal
communication).
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Combined optogenetic monitoring and control of
neuronal activity

The next big step remains the association of opti-
cal reporters and control tools within the same
experiment to allow all-optical interrogation of
neural circuits. To date, only one study has
employed this type of strategy: the work by the
team of Sharad Ramanathan described how
ChR2 and GCaMP can be combined to map func-
tional connections between groups of neurons in
C. elegans (Guo et al., 2009). Because ChR2 and
GCaMP have highly overlapping excitation
spectra, the authors had to separate the excitation
channels of the two proteins both temporally
and spatially. Similar experiments should
be greatly simplified by the use of red-shifted
activity reporters such as RCaMP and VSFP3s
(Perron et al., 2009) or alternatively by the com-
bination of red-shifted opsins with blue-shifted
reporters.

Given the current rate of expansion of the
optogenetic toolkit, the number of possible tool
combinations might soon become overwhelming,
giving unprecedented latitude for the
experimenter’s imagination. Most important, the
analytical power of “all-optogenetic” approaches
is potentially mind-blowing: combining monitor-
ing and control will allow researchers to establish
correlation and causation in the same experiment.
This should increase the yield of individual
experiments and raise the standards in many
fields of neurobiological research.
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New challenges for old technologies

Optogenetics did not evolve as a stand-alone
approach but rather emerged at the crossroads
of several independent technologies. These tech-
nologies include methods for gene delivery on
the one hand and for light delivery and collection
on the other. By constantly setting new technical
requirements, optogenetics is regularly challeng-
ing these parent technologies and driving technical
innovation. Several key techniques for opto-
genetics are reviewed in the following chapters.
Here, our intention is to provide an overview of
the emerging optogenetic know-how in neuro-
science, with a strong focus on mammalian
models.

http://www.janelia.org/team-project/geci
http://www.janelia.org/team-project/geci
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Current and future challenges for gene delivery
approaches

Optogenetic tools are genetically addressable,
which means that all or parts of them are geneti-
cally encoded. Thus, the starting point of any
optogenetic experiment consists in choosing a
particular optogenetic tool and a method to
deliver it to a target system. The main objective
of this step is to achieve expression in a function-
ally and/or genetically well-defined set of neurons.
Depending on the time and resources available as
well as experimental requirements, one can chose
to build transgenic lines (germline transgenesis)
or to acutely transfer the gene of interest to a par-
ticular organ, region, or group of cells in individ-
ual animals (somatic gene delivery). Here, we
review the current advantages and limitations of
these strategies (see also Zhang et al., 2010).
ibu

od

Somatic gene transfer in the central nervous system

Acute gene transfer can be performed using viral
vectors, the two most popular agents currently
being retroviruses (which include lentiviruses)
and adeno-associated viruses (AAVs) (Aronoff
and Petersen, 2006; Davidson and Breakefield,
2003;Monahan and Samulski, 2000; Teschemacher
et al., 2005; Wong et al., 2006). Virus injection into
the brain can be performed at all stages of life
through a simple surgical procedure (Cetin et al.,
2006; Lowery and Majewska, 2010; Pilpel et al.,
2009; Puntel et al., 2010). Electroporation is
another method for quick gene delivery which
works by forcing expression plasmids into single
or groups of cells using an electric field (Judkewitz
et al., 2009). When performed on mouse embryos
in utero, this technique can provide large numbers
of transgenic animals in a short time frame
(Walantus et al., 2007). Electroporation techniques
are reviewed in greater details in Chapter 9 of this
issue. Acute gene transfer offers a number of
advantages over transgenic lines. First, it offers
the possibility to test new genetic constructs rapidly
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(in several weeks), allowing researchers to keep up
with new optogenetic tools. Second, it can provide
higher expression levels than transgenic lines, a
feature which can be particularly important when
working with actuators with low unitary photo-
currents such as microbial opsins.

Viral vectors are currently the most popular
method for rapid gene delivery mainly because of
the versatility that they offer. Viral strategies can
be designed to yield both high levels and high
cell-type specificity of expression. Cell-type speci-
ficity can eventually be empirically achieved
through viral serotype-specific tropism but most
commonly relies on the use of specific gene
promoters. Promoters can be included in the
encapsidated transgene to allow autonomous spe-
cific expression. In case this approach yields insuf-
ficient expression, transcriptional amplification
strategies can help enhancing the expression of
the transgene (Liu et al., 2008). A popular
alternative is to inject viruses containing a Cre-
responsive expression cassette into the brain of a
Cre-expressing line (Kuhlman and Huang, 2008),
a technique which was perfected with the flip-exci-
sion (FLEX) switch system (Atasoy et al., 2008;
this system is also referred to as DiO for
doublefloxed inverse open-reading-frame). In the
FLEX/DiO system, cell-type specificity is provided
by the expression of the Cre recombinase, while
high transcription rate of the optogenetic tool is
guaranteed by a strong ubiquitous promoter pres-
ent in the Cre-responsive cassette. This method
was a godsend to optogenetics because it made
the hundreds of well-characterized Cre-expressing
mouse strains generated over the past decade ame-
nable to optogenetics. In particular, FLEX/DiO
constructs offer the possibility to quickly test sev-
eral optogenetic tools on the same type of neurons
using the same mouse strain. In theory, FLEX/
DiO viruses can also be coinjected with custom
Cre-expressing viruses to implement a transcrip-
tional amplification strategy. This approach might
reveal useful in species with still very limited cata-
logs of Cre-expressing transgenic lines such as rats
(Witten et al., in preparation).
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Viral approaches can also provide multiple
levels of spatial specificity. First, stereotaxic viral
injections can be optimized in order to restrict
the expression of one or several optogenetic tools
to one or more anatomically identified brain
regions. Second, strategies for retrograde trans-
synaptic expression can be used to target neurons
projecting to a particular brain area. Such
strategies can employ retrogradely transported
viruses like the herpes simplex virus (Berges
et al., 2007; Lima et al., 2009), rabies, and pseudo-
rabies viruses (Osakada et al., 2011; Wickersham
et al., 2007a,b) or certain AAV serotypes
(Masamizu et al., 2011). An elegant alternative
consists in using a dual-virus approach in which
one virus expresses WGA-Cre, a fusion between
the Cre and the transcellular tracer protein wheat
germ agglutinin (WGA), while the other expresses
an optogenetic tool under the control of a
FLEX/DiO cassette. The method (described in
Gradinaru et al., 2010) follows a three-step pro-
cess: (1) the first virus is used to infect a particular
brain region (region A), while the other is
injected into an upstream structure (region B);
(2) WGA-Cre is produced in neurons of region
A and traffics transsynaptically into their presyn-
aptic neurons; and (3) WGA-Cre activates the
transcription of the tool of interest only neurons
of region B projecting to region A.

Despite their appreciable flexibility, viral
approaches have a number of limitations. First,
infection efficiency is usually spatially inhomoge-
neous, with expression decreasing away from the
injection point. Even within the site of injection
not all potentially targeted cells express the same
amount of the protein depending, for example, on
the number of viral copies incorporated into the
cells. Overall infection rates are also highly
dependent on the quality/titer of the virus prepa-
ration which can vary from one batch to the other
and introduce variability in the experiment out-
come. This important issue has only been
addressed and discussed on very few occasions
(Aponte et al., 2011; Haubensak et al., 2010; Lin
et al., 2011). Inhomogeneous expression can be
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partially overcome by performing viral injections
in neonates, a method which can yield more wide-
spread expression (Passini and Wolfe, 2001; Pilpel
et al., 2009).

Another limitation is the potential toxicity of
proteins expressed at high levels using viral gene
delivery. High transcription rates may rapidly
lead to toxic accumulation of the protein, thus
reducing the time window for experimentation.
This issue has not been clearly addressed yet in
the literature. Other issues include potential
immunogenicity of viral particles and DNA pack-
aging limitations of viruses. Indeed, viral capsids
can only accommodate exogenous DNA
fragments up to a certain limit. This limit (around
5kb for AAVs and 10–15kb for lentiviruses) is
not an absolute one in the sense that viral par-
ticles can still be produced with larger inserts
but with lower titers. Viral gene delivery
approaches are reviewed in Chapters 9 and 11
of this issue.ido
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Germline transgenesis

Most of the drawbacks of viruses can be over-
come by germline transgenesis. This approach
aims at establishing lines of transgenic animals
expressing the protein of interest stably and con-
stitutively, eliminating the need of delivering the
gene of interest on a single animal basis. Avail-
able methods for germline transgenesis are
detailed in Chapter 9 of this issue. When com-
pared to viral approaches, the main issue of
“optogenetic” transgenic lines so far has been
their lower expression levels. This limitation can
be problematic for optogenetic tools requiring
high expression levels such as microbial opsins.
Nevertheless, a number of mouse strains
expressing optical reporters (GCaMPs, VSFPs,
synaptopHluorin and Clomeleon) or control tools
(ChR2, VChR1, ChETA, NpHR, eNpHR3 and
Arch) have been generated. These lines express
the optogenetic tool under the control of either
a specific promoter (Thy1, ChAT, VGAT,

m
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TPH2, VGluT2, PV) or a Cre-activated cassette.
The latter type of strain can be crossed with any
existing Cre driver line to achieve targeted
expression through cell-type-specific recombina-
tion. Available mouse lines for optogenetic
applications are described in Chapter 10 of this
issue.
Although transgenesis clearly saves time and

money on the long run, its implementation can be
costly and time consuming. While this is true for
classical transgenesis techniques (pronuclear micro-
injection and ES integration into blastocysts), new
techniques such as testis electroporation (Dhup
andMajumdar, 2008), lentivirus-mediated, and zinc
finger nucleases-mediated transgenesis (Le Provost
et al., 2010) might hold the keys for rapid and effi-
cient germline transgenesis in various mammalian
species.
ibu
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Cell-subtype specificity through intersectional
genetic strategies

Current optogenetic approaches achieve cell-type
specificity through the use of single promoters,
but discrete cellular subtypes are often defined
by the selective coexpression of several markers
rather than just one. This is the case for
cortical circuits in which functionally distinct
subtypes of inhibitory interneurons express spe-
cific combinations of calcium-binding proteins,
neuropeptides, enzymes, and receptors (Ascoli
et al., 2008; Kubota et al., 2011). To target neuronal
subpopulations, future optogenetic approaches
might employ intersectional strategies to restrict
the expression of a transgene to cells coexpressing
a particular set of genes. In the mouse, intersec-
tional gene activation was implemented using a
dual-recombinase method in order to refine fate
mapping studies (Dymecki et al., 2010). In this
method, the transcription of a transgene is depen-
dent on the removal of two STOP cassettes by
two independent recombinases (e.g., Cre and
FLPe) expressed under the control of different
promoters. A similar intersectional strategy could
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easily be transposed to the FLEX switch system,
which already requires two recombination events
to produce stable transgene inversion (Atasoy
et al., 2008). Intersectional approaches might
become more andmore attractive with the increas-
ing number of FLPe driver lines and the use
of novel site-specific recombinases (Nern et al.,
2011). Intersectional expression strategies are
reviewed in detail in Chapters 9 and 10 of this issue.
Light delivery and collection

Optogenetics builds on an experimental hardware
that blends standard technologies and recent
innovations in optical imaging, digital microscopy,
and photonics. While much of today’s instrumen-
tation is inspired by widespread applications of
light microscopy in biology and other disciplines,
optogenetics poses new challenges that are likely
to expand the technical platform in bioimaging
and biophotonics.
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Breaking new grounds in microscopic imaging of
neuronal activity

Before the advent of modern genetically encoded
optical sensors, the use of nonprotein reporters
of neuronal activity had already prompted
significant advances in microscopic imaging tec-
hniques. Optogenetic probes should prolong this
momentum by opening new possibilities such as
deeper imaging over longer periods of time.

Classically, single cell-resolved fluorescence
images are obtained using conventional mono-
or multiphoton microscopy combined with laser-
scanning techniques. This approach has been
used extensively in combination with organic dyes
to image neuronal activity in thin preparations
(small animals, cultured cells, or brain slices) or
superficial brain structures in head-fixed animals.
Because dyes can report neuronal activity with
relatively high temporal precision (several
milliseconds), one major improvement in the past
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decade was to achieve high scan rates using new
scanning schemes (Saggau, 2006). Fast-scan opti-
cal imaging allowed researchers to follow the
activity of neuronal networks with combined high
temporal and spatial resolution. Genetically
encoded optical probes offer a new ground for
further developments in the field by allowing
multiscale imaging (from large cortical areas to
subcellular compartments) over longer periods
of time (weeks vs. hours in the case of organic
dyes).

Today’s challenges for light microscopy consist
in accessing deep structures (>1mm) and imaging
neuronal activity in unrestrained animals, with
the long-term goal of combining the two. By
eliminating the need of a dye-loading step and
allowing long-term imaging, genetically encoded
activity reporters have dramatically increased
the attractiveness of such approaches. Several
options have already been investigated. On the
side of deep-brain imaging, thin (<1mm of
diameter) gradient refractive index microlenses
can be inserted into the brain to increase the
reach of laser-scanning microscopy, acting as an
optical relay or “microendoscope.” Micro-
endoscopy can also be implemented by scanning
through high-density optical fiber bundles
implanted into deep-brain structures, with each
optical fiber behaving as an individual pixel
(Vincent et al., 2006). On the side of freely behav-
ing animals, prototypes of lightweight (1–4g) por-
table optical microscopes have been designed but
their usability is still limited (see Wilt et al., 2009
for review).

Optogenetics might also influence the evolution
of light sources and detectors. Because the sensi-
tivity of genetically encoded reporters still lags
behind the one of nonprotein sensors (Knöpfel
et al., 2006), increasing the quantum yields of
detectors and the stability of light sources will
represent critical improvements. One solution
for low-noise illumination consists in adapting
semiconductor light sources like light-emitting
diodes (LEDs) to optical microscopy (Albeanu
et al., 2008).
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Light delivery techniques for optogenetic control
of brain activity

Compared to the challenges of optical micros-
copy, delivering light into the brain to control
neuronal activity can seem almost trivial. But this
is probably the field where optogenetics is driving
the strongest innovation. The main concern is to
supply light at a sufficient intensity to a defined
volume of brain tissue. Illuminating spatially
restricted areas in superficial brain structures or
thin preparations can be done using conventional
laser-scanning techniques, digital micromirror
devices (Jerome et al., 2011), holographic pat-
terned light (Papagiakoumou et al., 2010, this
technique is reviewed in Chapter 7), or LED
microarrays (Grossman et al., 2010). Alterna-
tively, head-mounted LEDs offer a simple way
of delivering light to the surface of the brain in
unrestrained animals (Huber et al., 2008; Iwai
et al., 2011). Along this line of work, the team
of Ed Boyden recently engineered a wirelessly
powered and controlled LED system for brain
surface illumination weighting only 2g (Wentz
et al., 2011).

Illuminating deep brain areas requires the
use of light guides such as optical fibers, an
approach which has become standard in the past
couple of years. Fiberoptic light delivery can be
implemented easily in freely behaving animals.
A number of accessories have been developed
for this purpose, including implantable optical
fiber pieces with miniaturized connectors as well
as fiberoptic rotary joints to allow free rotations
of the fiber connected to the animal (Gradinaru
et al., 2007; Kravitz and Kreitzer, 2011; Yizhar
et al., 2011a,b,c). Recent commercial versions of
these products can incorporate an independent
channel for liquid delivery. Laser beams offer
convenient light sources which can be easily
manipulated and focused (launched) into the
fiber core (typically <200mm of diameter). LEDs
offer a cheaper alternative and can also be cou-
pled to optical fibers (pigtailed) but with lower
coupling efficiency than lasers. Alternatives to
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optical fibers are under investigation such as
waveguide materials which can be deposited onto
thin layers of silicon to create multipoint light
delivery probes (Zorzos et al., 2010). Chapter 11
of this issue reviews some important technical
considerations to take into account for fiberoptic
light delivery into the brain.
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Optoelectrodes: New devices for combined light
delivery and electrical recording

One new requirement of optogenetics is the possi-
bility of delivering light and recording electrical
activity with the same implantable device. These
“optoelectrodes” (or optrodes) are particularly
useful to assess the efficiency of photostimulation
and -inhibition in vivo. Many different opto-
electrode designs have been introduced in the past
5 years. Optical fibers can be simply glued onto or
bundled with existing single and multielectrode
systems (Anikeeva et al., 2011; Diester et al.,
2011; Gradinaru et al., 2007, 2009; Halassa
et al., 2011; Kravitz and Kreitzer, 2011; Royer
et al., 2010; Zhang et al., 2010) or gold metalized
to behave as electrodes (Zhang et al., 2009). Alter-
natively, 2D multielectrode silicon probes can be
modified to integrate waveguide materials (Cho
et al., 2010). In the near future, electrical wires
might be embedded into the structure of optical
fibers. Wires can be added at the fabrication stage
by inserting them in a large-diameter optical fiber
“preform” and then pulling out a thin string from
the heated preform.
One problem facing the use of optoelectrodes

is direct interaction between light and metal
electrodes when immersed in brain tissue (or
saline), a phenomenon which causes light-induced
electrical artifacts that can obscure local field
potential and spike recordings. These artifacts
are most likely due to a photovoltaic effect (also
referred to as photogalvanic or Becquerel effect)
but have not been investigated and discussed in
detail, except on a few occasions (Ayling et al.,
2009; Cardin et al., 2010; Han et al., 2009). Efforts
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are underway to develop “light-proof” electrodes
using, for example, indium tin oxide coating
(Zorzos et al., 2009). Glass electrodes are devoid
of such light-induced artifacts but are mostly
suited for recordings in isolated preparations or
immobilized animals. Recently, LeChasseur
et al. (2011) introduced a thin (<20mm at the
tip) fiberoptic microprobe containing one core
for light delivery and one electrolyte-filled hollow
core for neuronal recording. This strategy allows
combined artifact-free single unit recording and
photocontrol with minimal damage to the tissue.
The issue of light artifacts on metal electrodes is
covered in Chapter 11.rtín

 

Collecting bulk fluorescence in vivo

Monitoring neuronal activity optically often
rhymes with imaging the activity of single neurons.
But a simpler approach consists in retrieving
global (bulk) fluorescence signals rather than
single cell-resolved microscopic images, in order
to obtain information on population activity. This
approach was implemented on anesthetized mice
expressing optical reporters (GCaMP2 or syn-
aptopHluorin) in order to map responses elicited
by sensory or local electrical stimulations
(Diez-Garcia et al., 2007; Fletcher et al., 2009;
Petzold et al., 2009). Bulk fluorescence measures
are also easy to implement in freely behaving
animals using the same fiberoptic hardware used
for light delivery. This approach has been
pioneered in particular by the team of Matthew
E. Larkum using nonprotein calcium-sensitive
dyes (Murayama and Larkum, 2009; Murayama
et al., 2007). Since genetically encoded probes
have raised the relevance of bulk fluorescence
measurements by providing cell-type-specific
signals, this methodology might soon become
more widely adopted. As an example, Lütcke
et al. (2010) recently reported the use of optical
fibers to measure large-scale sensory-evoked cor-
tical activity in GECI-expressing freely moving
mice.
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Another potential application of bulk fluores-
cence measurements is to map and assess trans-
gene expression in vivo following viral infection.
Most optogenetic tools are indeed either fluores-
cent or fused with FPs in order to facilitate
histological examination. Optical fibers can be
used to localize the core of an infection, where
optogenetic signals and effects are expected to
be higher, prior to recording or stimulation.
Chronic measurements of fluorescence signals
can also track the expression of a transgene and
help define optimal time windows for experimen-
tation. This approach was used recently to guide
optogenetic stimulations in nonhuman primates
(Diester et al., 2011). In the future, fiberoptic
deep-brain fluorescence measurements might
even be adopted to assess transgene expression
in viral therapy approaches in humans, including
potential optogenetic therapies.
ibu
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Spreading the knowledge and tools

Optogenetics is a field with nearly unprecedented
momentum. Optogenetic approaches are becoming
standard practice in neuroscience and optogenetic
tools are evolving at a frenetic pace.While the vital-
ity and creativity of the field can be nothing but
warmly acclaimed, it has its flip side: it is simply
becoming challenging for researchers to keep up
with it.

Acknowledging this glaring situation naturally
leads to the question of how scientific and techni-
cal knowledge should be optimally spread among
researchers. Review articles, which are the tradi-
tional way of summarizing the current state of
the art on a particular topic, are intrinsically not
adapted to a rapidly evolving field because of
their relatively long periodicity, limited article
lengths, and incompressible publication delays.
The snapshot that they provide, although poten-
tially comprehensive at the time of publication,
often loses some of its representativity within
the next months.
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Keeping up with optogenetics through Web
collaboration

On the use of wikis in science

Collaborative Web-based solutions are a weapon
of choice to tame a rapid flow of information
and hold a constantly up-to-date body of knowl-
edge. Among them, wikis have proven their effi-
ciency for sharing and organizing many bits of
information across large communities of users.
They provide key advantages which are worth
enumerating. First, they are extremely reactive
since they can be rapidly edited from anywhere
and by anyone. Second, they are extraordinarily
dynamic since their content can be modified and
corrected at will by a potentially unlimited num-
ber of users. Third, the content of a wiki is very
rich since it can incorporate much more than just
text and pictures by storing virtually any type of
file. And last but not least, the access to the large
majority of them is totally free. However, the
success of a wiki is never guaranteed from start
and resides in its ability to attain the critical mass
of users necessary for its effectiveness and dura-
bility. Without this critical mass, it usually falls
into disuse.

Inspired by the remarkable success of the online
encyclopedia Wikipedia, scientific wikis have
started to proliferate within the past few years with
the common aim of sharing protocols, tricks, and
ideas (Butler, 2005; Pearson, 2006; Waldrop,
2008).As a result, many different fields of biological
research of various sizes and focuses have been
“wiki-fied.” For example, OpenWetWare (http://
www.openwetware.org), created in 2005 by
students from the Massachusetts Institute of Tech-
nology, is hosting information about protocols in
biochemistry and molecular genetics, gathering
around 9000 users frommore than 100 laboratories.
These efforts participate in promoting the general
concept of “open research” where researchers
make clear and exhaustive accounts of their
methodology unlike inmany peer-reviewed articles.
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As new genetically encoded optical tools are
greeted by an irresistible wind of enthusiasm and
excitement among neurobiologists, it seems that a
similar effort for sharing the emerging optogenetic
know-how is very timely. Such a project exists: a
wiki platform called OpenOptogenetics was
launched during the summer of 2010 (http://www.
openoptogenetics.org). This platform is fully
supported by researchers and aims at providing
up-to-date technical information about all aspects
of optogenetics.
ibu
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OpenOptogenetics, an open wiki about
optogenetics

Pioneer laboratories in optogenetics have started to
share their protocols and experience online through
dedicated Web pages such as the Optogenetic
Resource Center of the Deisseroth lab (http://www.
stanford.edu/group/dlab/optogenetics/) or the sec-
tion “Protocols andReagents” of Edward Boyden’s
Synthetic Neurobiology Group (http://www.
syntheticneurobiology.org/protocols). By adopting
a fully open framework, OpenOptogenetics aims at
pushing the collaboration a step further. The wiki is
fully supported and administered by researchers
and allows anyone to create and edit pages through
a simple registration step. OpenOptogenetics is
committed to a number of missions: (1) maintaining
an inventory of all available optogenetic tools, their
properties, and where to obtain them or the trans-
genic lines expressing them; (2) providing detailed
protocols related to common procedures (e.g., gene
or light delivery into the brain); (3) describing and
comparing the available hardware (light sources,
fiberoptic components, optoelectrodes), as well as
guides on how to build economical setups for most
common applications; (4) linking to books, reviews,
or other documentations about optogenetics; (5)
keeping an up-to-date list of scientific events
(workshops, conferences) related to optogenetics;
(6)providinganewsfeedtrackingthe latest technical
developments in the field.
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Promoting the diffusion of an emerging techni-
cal know-how is especially meaningful. Facilitating
and democratizing the implementation of new
techniques has a positive impact on how quickly
and how widely they are adopted. Open-
Optogenetics will help newcomers take the right
decisions on how to best set up their experiments
according to their needs and resources. The infor-
mation available in the wiki should, for example,
help people pick the appropriate channel-
rhodopsin variant or decide which light source
to buy, a key question for laboratories with tight
budgets. OpenOptogenetics should not just
benefit to the end users. By channelizing the
demand for information and guidance, it should
help technology makers deal with an increasing
number of inquiries about their resources and
protocols. Finally, an efficient horizontal transfer
of information can be expected to raise the profile
of methods by spreading subtle and usually
unpublished (but nonetheless important) method-
ological tricks.
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Distributing the tools

Sharing sequences

Knowledge is not the only thing that can be
shared. One of the pillars of modern molecular
biology is the management and sharing of the
millions of nucleotide sequences isolated every
year across the world. These sequences are made
publicly available and searchable by institutional
databases such as the International Nucleotide
Sequence Database Collaboration (http://www.
insdc.org/). At a smaller scale, biologists also
share recombinant DNA under “ready-to-use”
forms such as bacterial plasmids. Synthetic
plasmids used routinely in genetic engineering
are called vectors. These vectors have become
essential tools to store and multiply genes and to
perform common cloning procedures. Several
initiatives are exploiting the power of Web-based
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strategies not only to better share vector informa-
tion but also to physically distribute them. These
existing solutions are most appropriate for a rapid
and fair diffusion of optogenetic tools.

Several laboratories and companies are hosting
and maintaining their own online vector database
but only two platforms have emerged as popular
and potentially comprehensive vector repositories:
PlasmID (http://plasmid.med.harvard.edu/PLAS-
MID/) and Addgene (http://www.addgene.org).
PlasmID was established in 2004 to facilitate the
search and request of plasmids from the DNA
Resource Core of the Dana-Farber/Harvard Can-
cer Center and is currently supported by several
institutions (Zuo et al., 2007). Addgene was
started the same year as a nonprofit organization
and was initially funded by private donations and
small business loans (Fan et al., 2005). Both pla-
tforms are backed up by solid plasmid storage
and sequencing facilities and distribute their
samples internationally at low cost.

PlasmID’s strategy is oriented toward gathering
large existing collections, whereas Addgene is
very proactively working with individual labor-
atories. Addgene was created with the objective
of reducing the burden on researchers to store,
maintain, and distribute plasmid clones and
supporting information. Its financial model is to
set prices such that revenues from requests
(around $65 per plasmid) are just enough to cover
the operating costs. This point of financial self-
sustainability was reached in 2007, only 3 years
after the creation of the organization. Addgene’s
catalog currently has over 15,000 plasmids from
around 1000 laboratories and keeps on growing.
Searching this catalog online is particularly user-
friendly: most plasmids are linked to the
corresponding articles, allowing scientists to
quickly find the actual experiments performed
with them, and a color code tracks their popular-
ity (how many times they were requested).
Addgene was born just on time to catch on with
the recent boom of optogenetics. The major
players in optogenetic engineering have already
deposited over 60 constructs in only a few years.
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It is thus relatively safe to predict that Addgene
will become a major platform for the distribution
of optogenetic tools.
Sharing transgenic animals

Distribution channels similar to Addgene also
exist for transgenic animals. The Jackson Labor-
atories (http://www.jax.org/), one of the biggest
world’s source of genetically modified mouse
strains, already distributes more than 20 lines
expressing optogenetic tools under the control of
specific promoters or a Cre-activated cassette
(http://research.jax.org/grs/optogenetics.html). Both
reporter strains and FLEX/DiO viruses allow
the use of the hundreds of available Cre driver
mouse lines for optogenetic applications. Data
repositories for Cre transgenics are starting to
emerge, such as Cre-X-Mice (http://nagy.mshri.
on.ca/cre_new/index.php), and large-scale efforts
are under way to expand the catalog of Cre lines
through the GENSAT project (Geschwind,
2004; Heintz, 2004, http://www.gensat.org), the
Cre Driver Network (http://www.credrivermice.
org/), and the Allen Institute for Brain Science
(http://www.brain-map.org/).
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Concluding remarks

From the beginning, optogenetics has been more
than just a toolbox. It represents the answer
to the experimental difficulties in bridging the
complexity and diversity of molecular and cellular
neurophysiology with systemic functions. This is a
necessary step for several large-scale projects
aimed at reverse engineering the cerebral
cortex, including the Blue Brain Project (http://
bluebrain.epfl.ch) at EPFL (Ecole Polytechnique
Fédérale de Lausanne) that is currently running
for a very large European Commission research
grant and the ambitious goal to deciphering the
neuronal code at the Allen Institute for Brain
Science (www.alleninstitute.org). Optogenetics
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can be seen as a revolutionary new field, but at
the same time, it evolved over decades propelled
by visionary expectations and a pedigree of scien-
tific discoveries and inventions. The perspective
presented in this introductory chapter of the Prog-
ress in Brain Research issue on optogenetics sets
the scene for the subsequent chapters dealing with
specific optogenetic tools and their application to
brain research.
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