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  Abstract 

 Optogenetics has revolutionized the toolbox arsenal that 
neuroscientists now possess to investigate neuronal circuit 
function in intact and living animals. With a combination 
of light emitting  ‘ sensors ’  and light activated  ‘ actuators ’ , 
we can monitor and control neuronal activity with minimal 
perturbation and unprecedented spatiotemporal resolution. 
Zebrafi sh neuronal circuits represent an ideal system to apply 
an optogenetic based analysis owing to its transparency, rela-
tively small size and amenability to genetic manipulation. In 
this review, we describe some of the most recent advances 
in the development and applications of optogenetic sensors 
(i.e., genetically encoded calcium indicators and voltage 
sensors) and actuators (i.e., light activated ion channels and 
ion pumps). We focus mostly on the tools that have already 
been successfully applied in zebrafi sh and on those that show 
the greatest potential for the future. We also describe cru-
cial technical aspects to implement optogenetics in zebrafi sh 
including strategies to drive a high level of transgene expres-
sion in defi ned neuronal populations, and recent optical 
advances that allow the precise spatiotemporal control of 
sample illumination.  

   Keywords:    neurobiology;   neuronal circuits;   optogenetics; 
  zebrafi sh.    

   Introduction 

 The advent of optogenetics has been arguably the greatest 
revolution in neuroscience in the past decade (Deisseroth et 
al. , 2006 ; Luo et al. , 2008 ; Miesenbock , 2009 ; Zhang et al. , 
2010 ). For the fi rst time, scientists have the ability to directly 
test the effect of silencing and activating neuronal circuits, 
while observing the activity of neuronal populations or 

behavior in live animals. This unprecedented approach relies 
on genetically encoded tools that can monitor or control neu-
ronal activity. We will refer to these proteins as optogenetic 
sensors or actuators, respectively. From the initial studies, it 
is already evident that an ideal system in which to apply opto-
genetics would be transparent to allow stimulating actuators 
with light and detecting light signals from sensor proteins. 
In addition, it must be amenable to genetic manipulation so 
that genetically encoded optogenetic tools can be expressed 
from stable or transient transgenic reporter genes. Given these 
requirements, it is no surprise that the zebrafi sh has been one 
of the fi rst model organisms in which this emerging set of 
techniques has been applied with great success (McLean and 
Fetcho , 2008 ; Baier and Scott , 2009 ; Friedrich et al. , 2010 ). 
Zebrafi sh larvae have a unique combination of properties that 
make them ideal experimental models to exploit the power 
of optogenetics maximally. First and foremost, zebrafi sh are 
transparent at embryonic and early larval stages. Secondly, 
zebrafi sh larvae have a relatively small and simple nervous 
system, making virtually any neuron accessible to high reso-
lution  in vivo  microscopy. Larval zebrafi sh develop robust 
and complex behaviors that can be used as the fi nal readout of 
neural circuit manipulation (Saint -Amant and Drapeau, 1998 ; 
Baier , 2000 ; Drapeau et al. , 2002 ; Neuhauss , 2003 ; Orger et 
al. , 2004 ; Fleisch and Neuhauss , 2006 ; Sison et al. , 2006 ). 
Furthermore, for over 30   years, the zebrafi sh has been used as 
a genetic system and a plethora of techniques exist to target 
specifi c neuronal populations. In particular, in recent years, 
the creation of effi cient transgenic methods based on the Tol2 
transposon system (Kawakami , 2004 ) and the adaptation of 
the upstream activating sequence (UAS)/Gal4 system widely 
used in  Drosophila  have enormously expanded the power of 
zebrafi sh as a model system for neurosciences (Asakawa and 
Kawakami , 2008 ; Halpern et al. , 2008 ; Scott , 2009 ). This 
review offers an updated view of the optogenetic toolbox that 
has already been successfully used in zebrafi sh and highlights 
some of the new tools that hold the greatest promise for the 
future. We also briefl y describe some technical advances that 
allow the precise targeting of specifi c neurons using both 
genetic and optical methods.  

  Optogenetic sensors for zebrafi sh neuroscience 

 In neurons, action potential spikes trigger large infl uxes of 
free divalent calcium ions (Ca 2 +  ) (Jaffe et al. , 1992 ). Voltage-
gated Ca 2 +   channels located throughout the plasma membrane 
mediate these infl uxes. Furthermore, synaptic input triggers 
local Ca 2 +   entry through neurotransmitter receptors at post-
synaptic terminals (Muller and Connor , 1991 ). Therefore, the 
pattern of action potentials and synaptic activity both lead 
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to detectable changes in Ca 2 +   concentration ([Ca 2 +  ]) (Denk 
et al. , 1996 ; Yasuda et al. , 2004 ). Intracellular imaging of 
[Ca 2 +  ] has been effi ciently performed using fl uorescent dyes 
derived from the highly selective Ca 2 +   chelator BAPTA 
(Tsien , 1980 ). Currently, researchers have a large number 
of such dyes that vary in crucial properties such as excita-
tion and emission spectra, Ca 2 +   affi nity, kinetics of associa-
tion and dissociation, fl uorescent intensity or wavelength 
ratiometric readout, and cell permeability (Paredes et al. , 
2008 ). Although these dyes have been shown to be capable 
of detecting [Ca 2 +  ] fl uctuations linked to neuronal activity in 
over three decades of research, they present some technical 
limitations. Dyes can be diffi cult to deliver inside cells in the 
intact nervous system, often requiring invasive injection pro-
cedures. Labeling in the cytoplasm can decrease over time 
owing to active secretion or subcellular compartment seques-
tration, making chronic or long-term [Ca 2 +  ] detection in the 
same cells impossible. Furthermore, chemical calcium dyes 
cannot be targeted to specifi c, genetically defi ned cell types 
or targeted to particular subcellular regions. Over a decade 
ago (Miyawaki et al. , 1997 ), these limitations were over-
come through the generation of genetically encoded calcium 
indicators (GECIs). GECIs consist of modifi ed fl uorescent 
proteins that are intrinsically capable of varying their emis-
sion properties according to the [Ca 2 +  ] in their environment 
(Barth , 2007 ; Garaschuk et al. , 2007 ; Kotlikoff , 2007 ; Hires 
et al. , 2008 ; Mank and Griesbeck , 2008 ; Wilms and Hausser , 
2009 ). GECIs can be divided into two classes, the fi rst based 
on single fl uorescent proteins and the second based on fl u-
orescent protein pairs that mediate fl uorescent resonance 
energy transfer (FRET). GECIs of the fi rst class typically 
consist of circularly permutated fl uorescent proteins whose 
spectral or fl uorescent effi ciency properties are altered in 
response to conformational changes driven by Ca 2 +   binding 
to Ca 2 +   recognition elements present in the GECI structure 
itself (Baird et al. , 1999 ; Nagai et al. , 2001; Nakai et al. , 
2001  ). Similar conformational changes driven by Ca 2 +   bind-
ing modulate FRET effi ciency in the second class of GECIs, 
altering emission intensity of both FRET donor and acceptor 
fl uorophores (Miyawaki et al. , 1997 ). GECIs can be further 
subdivided by the different Ca 2 +   recognition elements that 
they use. In most cases, the Ca 2 +   binding domains of calm-
odulin (CaM) (Miyawaki et al. , 1997 ; Nakai et al. , 2001 ) or 
troponin C (Heim and Griesbeck , 2004 ) have been utilized, 
often in engineered forms to modulate Ca 2 +   binding affi n-
ity and response properties. Despite several recent improve-
ments and intrinsic advantages, GECI performance remains 
inferior to synthetic calcium indicators in signal-to-noise 
ratio, kinetics and photostability (Knopfel et al. , 2006 ; Mank 
and Griesbeck , 2008 ). In practice, detection of single action 
potentials using GECIs is diffi cult to reach without averag-
ing (Mank and Griesbeck , 2008 ). For this reason, the use of 
synthetic calcium dyes in zebrafi sh has been predominant. 
Calcium dyes have been successfully applied to monitor neu-
ronal responses in the larval visual and olfactory systems, 
the hindbrain, and the spinal cord (Cox and Fetcho , 1996 ; 
 O ’ Malley et al., 1996 ; Friedrich and Korsching , 1997 ; Ritter 
et al. , 2001 ; Brustein et al. , 2003 ; Tabor et al. , 2004, 2008 ; 

Bhatt et al. , 2007 ; Mack -Bucher et al., 2007 ; McLean et al. , 
2007 ; Yaksi et al. , 2007 , 2009; Orger et al. , 2008 ; Ramdya 
and Engert , 2008 ; Sumbre et al. , 2008 ; Bollmann and Engert , 
2009 ; Niessing and Friedrich , 2010 ). 

 Higashijima and colleagues published the fi rst study in 
which a GECI was applied in zebrafi sh to detect neuronal 
activity (Higashijima et al. , 2003 ). The FRET based calcium 
sensor yellow cameleon 2.1 (YC2.1) (Miyawaki et al. , 1999 ) 
was used to image and measure activity in spinal cord neurons 
in larvae by confocal microscopy. In this pioneering research, 
the YC2.1 protein was expressed in the cytoplasm using a 
general neuronal promoter in transient and stable transgenic 
experiments. Action potentials produced either by electrical 
stimulation or escape responses to touch were detected in 
Rohon Beard (RB) sensory neurons, primary motoneurons, 
and CiD interneurons in the spinal cord (Higashijima et al. , 
2003 ). Owing to the ratiometric response of the YC2.1 indi-
cator and because motion artifacts do not constitute a major 
problem, the authors could image neuronal activity in the 
escape response in partially restrained animals. In RB neu-
rons, electrical stimulation that elicited a single spike could 
be detected by YC2.1. This result represents an ideal situa-
tion and is unlikely to be a general feature of other neurons. 
Because of the very long decay kinetics of the FRET signal 
(sometimes  > 10   s) and the rapid saturation of the response, 
series of action potentials could not be resolved nor the total 
number of spikes determined. Because a pan neuronal pro-
moter was used, neurons could only be identifi ed by morphol-
ogy and position within the spinal cord, and in many regions 
of the central nervous system cell labeling was too dense to 
allow single cell imaging. However, stable transgenic animals 
were normal in their development and behavior, confi rming 
that the expression of GECIs at high levels in the majority of 
neurons has little to no effect on the physiology of the ani-
mals. A statistical method has also been proposed to increase 
the signal-to-noise ratio of YC2.1 expressed in zebrafi sh neu-
rons, but has so far only been applied to dissociated trans-
genic spinal cord neurons in culture (Fan et al. , 2007 ). 

 Because of the small signals that cameleon proteins show 
 in vivo  compared to their  in vitro  performance, recent research 
in zebrafi sh has focused on other GECIs such as inverse peri-
cam (IP) (Nagai et al. , 2001 ), G-CaMP1.6 (Ohkura et al. , 
2005 ), and G-CaMP2 (Tallini et al. , 2006 ), which are single-
wavelength indicators that lack the benefi ts of ratiometric 
approaches. IP transgenic fi sh were used to detect [Ca 2 +  ] 
variations in olfactory bulb neurons in intact larvae starting 
at 2.5 days post-fertilization, and in the dissected adult olfac-
tory bulb in response to odor stimulation (Li et al. , 2005a ). 
In contrast to IP, YC2.1 did not show any signal variation in 
similar preparations. Given that both GECIs were expressed 
under the same pan neuronal promoter and their expression 
patterns were indistinguishable, the authors hypothesize that 
IP possesses a dynamic range better matching the [Ca 2 +  ] vari-
ations normally occurring in olfactory bulb neurons (Li et al. , 
2005a ). 

 Two other studies have demonstrated the potential of the 
optogenetic sensor G-CaMP1.6 (Ohkura et al. , 2005 ) when 
combined with zebrafi sh genetic tools. Distinct stages of 
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cardiac conduction in the developing heart were identifi ed 
and analyzed using a transgenic line expressing G-CaMP1.6 
under a cardiac specifi c promoter (Chi et al. , 2008 ). This tool 
was also used for a forward genetic screen to isolate novel, 
conduction-specifi c mutations, in the fi rst application of a 
GECI for such an approach. 

 Neuronal activity in the zebrafi sh larva visual system 
has also been monitored using G-CaMP1.6 (Sumbre et al. , 
2008 ). In this study, the authors used a calcium indicator dye 
to observe rhythmic activity among specifi c tectal neuronal 
ensembles following repetitive visual conditioning, but the 
additional use of a GECI allowed them to address a funda-
mental issue. Targeting the expression of G-CaMP to retinal 
ganglion cells only ruled out that the observed rhythmic activ-
ity originated in the retina and, instead, supported an intrate-
ctal mechanism. 

 A modifi cation to the G-CaMP protein allows specifi c tar-
geting to presynaptic terminals to detect synaptic activity  in 
vivo  (Dreosti et al. , 2009 ). Tallini and colleagues fused the 
G-CaMP2 (Tallini et al. , 2006 ) coding sequence to the pre-
synaptic protein synaptophysin. The resulting reporter local-
ized to presynaptic terminals, enabling their visualization  in 
vivo  and had a linear response over a wide range of spiking 
frequencies. This latter property is due to the specifi c local-
ization of the G-CaMP protein that senses only the brief cal-
cium transient in the presynaptic compartment rather than 
changes in the bulk calcium concentration in the cytoplasm. 
This construct was expressed in both tectal neurons and in 
retina bipolar cells. The presynaptic localized G-CaMP pro-
tein performed equally well in both locations, recording 
activity from the spiking neurons of the optic tectum and 
the activity patterns across dozens of ribbon synapses in the 
retina bipolar cells that display a graded voltage signal. In a 
follow-up study, an interesting, semi-automated method was 
devised to identify synapses automatically, extract dynamic 
signals, and assess the temporal and spatial relationships 
between active units, and was validated on retinal bipolar 
cells in transgenic larvae (Dorostkar et al. , 2010 ). This is 
another interesting modifi cation of G-CaMP2 fusion with the 
membrane-tethering domain of Lck kinase (Shigetomi et al. , 
2010 ). The resulting protein, Lck-GCaMP2, had a 10-fold 
increase in the level near the plasma membrane where cal-
cium transients are maximal. This resulted in an improved 
signal-to-noise ratio allowing detection of calcium transients 
in astrocytes that were missed by conventional cytoplasmic 
G-CaMP2. Additionally, because of its membrane localiza-
tion, Lck-GCaMP2 offers superior labeling and visualization 
of fi ne processes such as dendrites and axonal terminals. 

 New and better GECI sensors are quickly being developed. 
A promising new tool application to zebrafi sh is G-CaMP3, 
the latest member of the G-CaMP family of calcium sensors 
(Tian et al. , 2009 ). It has been reported to show increased 
baseline fl uorescence, 3-fold greater dynamic range, and 
higher affi nity for calcium. G-CaMP3 performed better than 
any other GECI tested in pyramidal cell dendrites and was 
capable of detecting a single action potential. It has been 
tested in model organisms including  Caenorhabditis elegans , 
 Drosophila  and mice, with zebrafi sh waiting to be added 

to the list. Recently, a novel sensor named GCaMP-HS has 
also been successfully applied in zebrafi sh spinal cord neu-
rons, showing a greatly improved performance  in vivo  (K. 
Kawakami, personal communication). 

 Despite the improvements that have been made and can be 
expected with GECIs, variation in [Ca 2 +  ] remains an indirect 
way to assess neuronal function. Even with the best record-
ing devices, Ca 2 +   kinetics are an approximation of the real 
action potential activity and membrane potential changes of 
excitable cells. To overcome this limitation, various geneti-
cally encoded sensors have been developed to detect mem-
brane voltage changes based on fl uorescent proteins (Baker et 
al. , 2008 ; Siegel and Isacoff , 2010 ). Their application  in vivo  
has been limited owing to their relatively low signal-to-noise 
ratios and slow kinetics. Recently, new improved FRET-based 
voltage sensors were described (Lundby et al. , 2008 ; Tsutsui 
et al. , 2008 ) based on the voltage sensing domain of the  Ciona 
intestinalis  voltage-containing phosphatase (Murata et al. , 
2005 ). These sensors display up to 30 %  change in emission 
ratio per 100   mV in cultured neuronal cells. Their fast on-off 
kinetics allow the recording of spikes comparable to action 
potentials with appreciable changes (2 – 7 % ) in emission ratio. 
The fi rst application of one of these voltage sensors, named 
Mermaid, (or of any genetically encoded voltage sensor) in 
an intact organism  in vivo  was to monitor voltage dynam-
ics in the developing zebrafi sh heart (Tsutsui et al. , 2010 ). 
These sensors have also successfully applied to record volt-
age changes in intact mouse brain (Akemann et al. , 2010 ) and 
they are highly promising for the future applications to record 
activity from neurons in the intact larval brain. 

 We conclude this overview of optical sensors for recording 
neuronal activity by mentioning a recently developed tech-
nique in zebrafi sh that uses bioluminescence in freely behav-
ing animals (Naumann et al. , 2010 ). Because this approach 
does not require incident light to emit, it is not formally 
an optogenetic tool, but nevertheless highlights a techni-
cal innovation. In this study, neuronal activity was detected 
from zebrafi sh in which genetically defi ned neuronal popula-
tions expressed the bioluminescent protein (GFP)-Aequorin 
(Baubet et al. , 2000 ). This protein in the presence of an 
appropriate substrate (coelenterazine) catalyzes an oxidiz-
ing reaction that emits a photon as a byproduct. Because the 
reaction is Ca 2 +   dependent and Aequorin has no basal activ-
ity at resting [Ca 2 +  ] levels, photon emission is a measure of 
neuronal excitation. The recording setup involves a large area 
photomultiplier tube in a light-proof enclosure, which does 
not provide any spatial information about the source of the 
emitted photons within the animal and therefore relies for its 
specifi city solely on the promoter used to drive  aequorin  gene 
expression. This approach allows, for the fi rst time, long-term 
monitoring of activity of a genetically specifi ed neuronal 
population in freely behaving larvae.  

  Optogenetic actuators for zebrafi sh neuroscience 

 Understanding the relevance of dynamic fi ring of neuronal 
networks to behavior requires genetic targeting of actuators 
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that enable remote control of neuronal activity with spatial 
and temporal accuracy. This novel technology has been 
applied to awake, behaving animals and has enabled the role 
of neuronal fi ring in determining behavior (Douglass et al. , 
2008 ; Arrenberg et al. , 2009 ; Wyart et al. , 2009 ; Schoonheim 
et al. , 2010 ) and in establishing short and long range synaptic 
connectivity (Petreanu et al. , 2007,   2009 ; Cruikshank et al. , 
2010 ) to be tested for the fi rst time  in vivo . 

 There are two major classes of light-gated actuators: (i) 
the microbial opsins (Ebnet et al. , 1999 ; Nagel et al. , 2003 ; 
Boyden et al. , 2005 ; Zhang et al. , 2007a ,  2008 ; Chow et al. , 
2010 ), where the retinal binds to the channel or pump to con-
trol the photo-isomerization and gating of the protein; and 
(ii) the engineered neuronal receptors/channels (Banghart et 
al. , 2004 ; Trauner and Kramer , 2004 ; Chambers et al. , 2006 ; 
Volgraf et al. , 2006 ; Gorostiza et al. , 2007 ; Szobota et al. , 
2007 ; Fortin et al. , 2008 ) tethered to a chemical photoswitch 
which controls their gating under light pulses. 

  Microbial opsins used for activating neurons 

 The microbial opsins are channels or pumps normally found 
in nature in light-sensitive cells of marine algae that exhibit 
phototaxis and photophobic behavior (Beckmann and 
Hegemann , 1991 ; Deininger et al. , 1995 ; Holland et al. , 1997 ; 
Braun and Hegemann , 1999 ; Ebnet et al. , 1999 ; Ehlenbeck 
et al. , 2002 ; Nagel et al. , 2003 ,  2005a ). They can operate at 
the millisecond timescale and do not need the addition of an 
exogenous chemical cofactor because their chromophore, all-
 trans  retinal, is present at suffi ciently high concentration in 
the extracellular space of vertebrates. Because their conduc-
tance is relatively small, they require a high level of expres-
sion at the membrane for reliable control of spiking. 

 The major channel used for triggering spiking in neurons 
is channelrhodopsin (ChR2), a blue light-sensitive cationic 
channel isolated from the green algae,  Chlamydomonas   rein-
hardtii  (Nagel et al. , 2003 ). Under blue light of relatively low 
power (on the order of 1   mW/mm 2 ), this cationic channel 
opens, leading to a depolarization of the cell (Nagel et al. , 
2003 ,  2005a ; Ernst et al. , 2008 ). The fast kinetics of ChR2 
enable reliable temporal precision, reaching spiking rates 
of approximately 40   Hz in neurons (Boyden et al. , 2005 ; Li 
et al. , 2005b ; Deisseroth et al. , 2006 ; Arenkiel et al. , 2007 ; 
Gradinaru et al. , 2007 ; Zhang et al. , 2007a , b ). In zebrafi sh, 
the original eChR2 was expressed transiently in sensory neu-
rons mediating touch (RB neurons) using an enhancer ele-
ment from the  islet   1  gene, to demonstrate that activation of a 
single sensory cell could trigger the escape response at early 
stages of development (24   h post-fertilization; Douglass et 
al. , 2008 ). 

 A variant of eChR2 with a single mutation (H134R) show-
ing larger stationary currents was characterized and validated 
in  C. elegans  (Nagel et al. , 2005b ). Recently, eChR2-H134R 
was used in zebrafi sh to determine that rhombomere 5 was 
suffi cient in controlling the motor output underlying the opto-
kinetic response (Schoonheim et al. , 2010 ). Another micro-
bial opsin, VChR1, with similar characteristics to ChR2 but 

red shifted, has been identifi ed in  Volvox   carteri  (Ebnet et al. , 
1999 ; Zhang et al. , 2008 ). 

 Novel cationic opsins or variants of existing cationic opsins 
have been recently characterized and offer attractive experi-
mental possibilities in zebrafi sh. New forms of eChR2 have 
been optimized for fast kinetics such as Chief and Chef that 
were generated by fusion of ChR2 and ChR1 (Lin et al. , 2009 ) 
and an ultra-fast variant with modifi cation of the site E123. 
This variant with faster off kinetics, termed  ‘ ChETA ’ , enables 
reliable fi ring at 200   Hz in mammalian cells (Gunaydin et 
al. , 2010 ). By contrast, bistable channelrhodopsins have been 
engineered by a mutation in site C128 of ChR2 (Berndt et 
al. , 2009 ; Schoenenberger et al. , 2009 ; Stehfest et al. , 2010 ) 
which leads to an extended lifespan of the open state while 
retaining the precise timing of ON and OFF using light pulses 
of different wavelengths (Berndt et al. , 2009 ). Owing to their 
long-lasting effect after short light pulses, these variants could 
be of particular interest for triggering immediate early genes 
(Schoenenberger et al. , 2009 ) and investigating neuromodu-
latory and neurosecretory mechanisms in zebrafi sh.  

  Microbial opsins used for silencing neurons 

 Hyperpolarization of the membrane leading to inhibition of 
spiking in neurons can be achieved by an effl ux of potassium, 
an infl ux of chloride or an effl ux of protons. The fi rst micro-
bial opsin used for silencing neurons was a light-activated 
chloride pumping halorhodopsin from  Natronomonas   phara-
onis  (NpHR) (Hegemann et al. , 1985 ; Oesterhelt et al. , 1985 ). 
Under yellow light, the pump transports chloride ions into the 
cell, leading to hyperpolarization of the membrane (Han and 
Boyden , 2007 ; Zhang et al. , 2007a ). An accumulation of NpHR 
in the intracellular compartment has been reported to lead to 
aggregation and cell toxicity. Variants of the original NpHR 
with improved targeting to the cytoplasmic membrane have 
since been engineered that produce slightly higher currents 
and reduced toxicity (Gradinaru et al. , 2008 ) (eNPhR). This 
form has been shown to reduce spiking of neurons effi ciently 
during yellow light pulses in zebrafi sh larvae (Schoonheim et 
al. , 2010 ). However, a rebound of high frequency spiking is 
observed immediately after the yellow light pulse (Arrenberg 
et al. , 2009 ), making eNpHR diffi cult to use for strictly silenc-
ing neurons. The amplitude of this rebound appears larger 
with longer pulses of yellow light observed in different cell 
types and animal models (Han and Boyden , 2007 ; Zhang et 
al. , 2007a ), which is probably owing to the effl ux of chloride 
ions following pump activation. There are three limitations 
of NpHR: the high power of yellow light necessary to induce 
effi cient silencing (in the range of 50   mW/mm 2 ) can by itself 
lead to spiking in some neurons in wild-type zebrafi sh, toxic-
ity owing to accumulation in the endoplasmic reticulum, and 
a long-lasting inactive state of the pump in response to light. 

 Improvements over NpHR have been made recently with the 
discovery of novel proton pumps, Arch from  Halobacterium 
sodomense , and Mac from  Leptosphaeria maculans . These 
proton pumps show larger currents under lower light power 
( < 10   mW/mm 2 , green-yellow for Arch and blue-green for 
Mac) and fast recovery following light-dependent inactivation 
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 in vitro  and in awake, behaving mice (Chow et al. , 2010 ). 
Their application in zebrafi sh should allow an effi cient silenc-
ing of neurons enabling to test for suffi ciency of neurons in 
circuits.  

  Engineering of light-responsive neuronal receptors 

and channels 

 An alternative approach to achieve optical control of neuronal 
activity lies in coupling existing target proteins, channels, or 
receptors to an exogenous chemical photoswitch (Fortin et 
al. , 2008 ; Gorostiza and Isacoff , 2008 ). The photoswitch core 
consists of an azobenzene functional group which revers-
ibly isomerizes with UV and green light. A maleimide group 
at one end reacts with an introduced cysteine on the target 
protein surface, whereas on the other end a ligand functions 
either as an agonist, antagonist, or blocker of the protein. 
Photoisomerization in response to UV and green light moves 
the ligand back and forth in its binding site and therefore 
controls protein function. 

 So far, light-gated glutamate receptors (Volgraf et al. , 2006 ; 
Gorostiza et al. , 2007 ; Szobota et al. , 2007 ) and potassium 
channels (Banghart et al. , 2004 ; Chambers et al. , 2006 ; Fortin 
et al. , 2008 ) have been engineered by these means. In particu-
lar, the light-gated glutamate receptor LiGluR was obtained 
by mutating iGluR6 through the addition of a single cysteine 
near the binding site of glutamate. The photoswitch MAG 
consists sequentially of a cysteine-reactive group (maleim-
ide), a switch (azobenzene), and the ligand glutamate. With 
UV light, the azobenzene bends into the  cis  confi guration, 
and thereby bringing the glutamate into the binding site of 
the receptor, gating the channel and leading to an entry of cat-
ions into the cell (Volgraf et al. , 2006 ; Gorostiza et al. , 2007 ). 
Green light extends the azobenzene group into the  trans -con-
fi guration and moves the glutamate out of the binding site, 
closing the channel. This process can occur extremely fast 
and reversibly, leading to remarkable control of neuronal fi r-
ing (Szobota et al. , 2007 ). 

 A similar engineering strategy can be extended to a wide 
variety of receptors and channels that are expressed in neu-
rons. The major advantage lies in the fact that those channels 
are expressed in neurons, with optimal targeting to the plasma 
membrane and a conductance much larger than typical micro-
bial opsins. Moreover, because we have accumulated vast 
knowledge about these neuronal proteins, it is possible to opti-
mize light-gated forms for their permeability to ions, voltage 
dependence, kinetics, and affi nity for endogenous ligands, as 
well as their intracellular targeting. The major drawback of 
applying this approach  in vivo  is the effi cient labeling of the 
engineered protein  in situ  with the exogenous photoswitch. 
However, the application of photoswitches can be effective 
in zebrafi sh larvae owing to their high permeability to small 
molecules. For example, injection of MAG into the spinal 
cord of zebrafi sh larvae allowed the effi ciently labeling of 
LiGluR in this neuronal population. Remarkably, the simple 
bath application of the photoswitch MAG enables the com-
pound to diffuse broadly through the blood-brain barrier into 
the brain of 5-day-old larvae (Szobota et al. , 2007 ; Wyart et 

al. , 2009 ). This easy labeling technique was used to demon-
strate that LiGluR-dependent activation of Kolmer Agduhr 
neurons modulates locomotion at early stages of development 
(Wyart et al. , 2009 ).   

  Genetic targeting of neuronal populations 

in zebrafi sh 

 Optogenetics relies on molecular genetic methods to target 
the expression of sensors and actuators in specifi c cell popu-
lations. In fact, the power of this approach depends on the 
restricted gene expression that can be achieved. In zebrafi sh, 
non-invasive genetic targeting typically requires the creation 
of stable transgenic lines that are produced by injection of 
a DNA construct into one-cell stage embryos (Westerfi eld , 
2000 ; Nusslein -Volhard and Dahm, 2002 ). This technique has 
become much more effi cient owing to the use of Tol2 trans-
position (Kawakami , 2004  , 2007 ) or I-SceI meganuclease 
(Grabher and Wittbrodt , 2008 ) to increase the rate of injected 
DNA integration in the genome and the generation of founder 
fi sh that carry the transgene integrated in their germline. 
If a gene with the desired expression pattern is known, its 
endogenous regulatory sequences can be cloned and used to 
drive expression of any gene of choice. This approach has 
the advantage of recapitulating the cell type-specifi c pattern 
of expression, but can also lead to frustrating results when 
not all of the regulatory elements are present in the injected 
DNA construct, causing incomplete or ectopic expression. 
To overcome this problem, bacterial artifi cial chromosomes 
(BACs) engineered by homologous recombination have been 
successfully used to create the desired transgenic construct to 
inject into embryos (Jessen et al. , 1999 ). BACs allow the use 
of longer sequences of genomic DNA (usually around 100 –
 150   kbp) that are more likely to contain all the required regu-
latory sequences to recapitulate endogenous gene expression 
accurately in transgenic animals (Yang et al. , 2006 ). Recently, 
it has been shown that the Tol2 system can be applied to BAC 
transgenesis, signifi cantly improving the effi ciency of this 
technique (Suster et al. , 2009 ). 

 An alternative approach to drive the expression of trans-
genes in specifi c neuronal populations relies on the creation 
of enhancer-trapping or gene-trapping libraries of transgenic 
lines. Such libraries have been already created in several 
screens and continue to be generated by the zebrafi sh com-
munity in increasing number (Scott et al. , 2007 ; Davison et 
al. , 2007 ; Asakawa et al. , 2008 ; Scott and Baier , 2009 ; Ogura 
et al. , 2009 ). In these transgenic fi sh, expression of a marker 
gene (usually the Gal4 transcription factor) is due to its ran-
dom insertion close to endogenous (and often unknown) reg-
ulatory sequences. 

 Because the creation of a transgenic line remains a labori-
ous process and expression patterns might not be accurately 
reproduced following random insertional events, a combina-
torial system that allows controlled expression of transgenes 
by crossing independent activator and responder lines is 
highly desirable. The bipartite Gal4/UAS system offers this 
possibility and it has been successfully applied in zebrafi sh 
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(Asakawa and Kawakami , 2008 ; Halpern et al. , 2008 ). This 
expression system uses the yeast transcription factor Gal4, 
which activates the transcription of a reporter gene of interest 
by binding to the UAS  in   trans . This binary system allows the 
expression of any reporter gene (such as an optogenetic probe) 
under the control of the UAS to be transcribed in any pattern 
where Gal4 is active. Other two-component systems are cur-
rently used in zebrafi sh, further expanding the possibilities 
to express multiple reporter genes in distinct patterns in the 
same animal. These include the LexPR/LexA (Emelyanov and 
Parinov , 2008 ), the Cre/LoxP (Langenau et al. , 2005 ; Pan et al. , 
2005 ; Thummel et al. , 2005 ; Liu et al. , 2007 , 2008; Le et al. , 
2007   ; Yoshikawa et al. , 2008 ), the EcR (Esengil et al. , 2007 ), 
and the Tet (Huang et al. , 2005 ; Zhu et al. , 2009 ) systems. 
A bipartite system offers a further advantage compared to the 
direct expression of a reporter gene of an amplifi cation step 
that produces high expression levels, which are required for 
effective optogenetic manipulations. Some of these regulatory 
systems (LexPR/LexA, EcR, and Tet) can be modulated by the 
addition of exogenous small molecules offering an additional 
temporal control of transgene expression (Esengil et al. , 2007 ; 
Emelyanov and Parinov , 2008 ; Zhu et al. , 2009 ). 

 Sometimes stable transgenesis is not required, for instance, 
when single neurons are studied and sparse labeling of a par-
ticular cell type is preferable. In this case, foreign DNA can be 
easily delivered in zebrafi sh to express a favorite optogenetic 
tool, by electroporation (Cerda et al. , 2006 ; Hendricks and 
Jesuthasan , 2007 ) or by injection in 1 – 4 cells stage embryos 
(Koster and Fraser , 2001 ; Downes et al. , 2002 ; Yoshida and 
Mishina , 2003 ; Sato et al. , 2007 ). More recently, a well-de-
signed and versatile method has been developed to generate 
marked clones of cells that express any desired gene product. 
This tool relies on both Cre recombinase and UAS/Gal4 sys-
tems (Collins et al. , 2010 ). In a fi sh line containing a trans-
gene called mosaic analysis in zebrafi sh (MAZe), heat shock 
induces Cre expression from a heat shock promoter (Halloran 
et al. , 2000 ). Recombinase-mediated recombination in a ran-
dom subset of cells is thus triggered, bringing the transcrip-
tional activator Gal4 under control of a ubiquitous promoter. 
Gal4-VP16 then activates expression of any protein from 
UAS present on another transgene. Clones of cells express-
ing any gene product can be generated by crossing MAZe 
fi sh with other lines containing UAS-driven transgenes. Heat 
shock to induce Cre expression can be performed at different 
developmental points and with different strengths to modu-
late marked cell clones size. 

 Another promising option for zebrafi sh, although not yet 
as widely used as in mammals, is viral delivery of exogenous 
DNA. Baculoviruses, sindbis, and rabies viruses can achieve 
high levels of expression of delivered genes in zebrafi sh neu-
rons (Wagle and Jesuthasan , 2003 ; Zhu et al. , 2009 ). 

  Illumination strategies for spatiotemporal 

control of actuators 

 Optical control of neuronal activity can be achieved at the mil-
lisecond resolution by using a wide diversity of light sources 

in the UV and visible range. The power required for photo-
switching is typically between 0.5   mW/mm 2  and 500   mW/
mm 2  depending on the actuator photoswitching effi ciency 
and expression level. As a light source, we can currently use 
monochromators with a galvanometer driven grating (Volgraf 
et al. , 2006 ), fast switching light sources equipped with gal-
vanometers (Wyart et al. , 2009 ), bright light-emitting diodes 
(Campagnola et al. , 2008 ), and lasers (Arrenberg et al. , 2009 ). 

 As mentioned above, spatial resolution can be achieved 
genetically with mosaic expression and a broad illumination 
source (such as a super bright light-emitting diode placed 
near the animal) (Zhu et al. , 2009 ). However, light pulses 
in the UV and visible range that act on the retina at suffi -
cient power for isomerization of retinal or chemical switches 
 in vivo  ( >  0.1   mW/mm 2 ) will affect the behavioral readout 
in wild-type animals. Unless activation persists following a 
light pulse (such as in the case of bistable opsins or of LiGluR 
after a pulse of UV light followed by no light), confi ning the 
fi eld of illumination is often a prerequisite for experiments 
on awake animals, even when expression of the actuator is 
specifi cally targeted to a neuronal population. 

 A simple and low-cost approach is the closure of the fi lled 
aperture in a classical epifl uorescence microscope scope to 
reach single cell ChR2-dependant activation (Douglass et 
al. , 2008 ). Recently, a laser coupled with an optical fi ber of 
small diameter (50 – 200    µ m) was used to restrain the spread 
of excitation to single rhombomeres in zebrafi sh larvae 
(Arrenberg et al. , 2009 ; Schoonheim et al. , 2010 ). The appli-
cation of a digital mirror device chip from Texas Instruments 
(Wang et al. , 2007 ; Wyart et al. , 2009 ) allowed light pattern-
ing and activation of either the left or right side of spinal 
cord segments. 

 Until now, the spatial resolution of photostimulation was 
limited in 3D by the cone of the illumination light. Two photon 
(2P) activation of ChR2 was originally achieved in cultures 
of mammalian neurons with spiral scanning (Rickgauer and 
Tank , 2009 ). In zebrafi sh, Zhu and colleagues recently acti-
vated ChR2 with classical 2P scanning of neurons expressing 
eChR2 at high levels (Zhu et al. , 2009 ). The use of adaptive 
optics is another innovative approach which has been suc-
cessful for generating fl exible patterns optical manipulation in 
3D. The coupling of spatial light modulators (Papagiakoumou 
et al. , 2008 ; Zahid et al. , 2010 ) with diffractive optical ele-
ments can indeed shape the wavefront of a beam to produce 
3D optical sectioning and manipulation with 2P excitation of 
ChR2 (Andrasfalvy et al. , 2010 ). This method should provide 
a solution for obtaining spatial confi nement of actuator acti-
vation and ultrafast switching to probe neuronal circuits in 
the awake and behaving zebrafi sh.    

   Acknowledgements 

 This research was supported by the ATIP/INSERM Junior grants 
(AVENIR) program from CNRS (ATIP: Action Thématique et 
Incitative sur Programme)/INSERM to F.D.B. and C.W. C.W. was 
also supported by a Marie Curie Outgoing International Fellowship 
(with the laboratory Institut Curie CNRS  –  UMR3215  ‘ Unit é  de 
G é n é tique et Biologie du D é veloppement ’ , Paris, France).  

Brought to you by | Ball State University
Authenticated | 147.226.7.162

Download Date | 5/8/13 5:24 PM



Zebrafi sh neurobiology and the optogenetic revolution  127

  References 

  Akemann, W., Mutoh, H., Perron, A., Rossier, J., and Knöpfel, T. 
(2010). Imaging brain electric signals with genetically targeted 
voltage-sensitive fl uorescent proteins. Nat. Methods  7 , 643 – 649.  

  Andrasfalvy, B.K., Zemelman, B.V., Tang, J., and Vaziri, A. (2010). 
Two-photon single-cell optogenetic control of neuronal activity by 
sculpted light. Proc. Natl. Acad. Sci. USA  107 , 11981 – 11986.  

  Arenkiel, B.R., Peca, J., Davison, I.G., Feliciano, C., Deisseroth, K., 
Augustine, G.J., Ehlers, M.D., and Feng, G. (2007). In vivo light-
induced activation of neural circuitry in transgenic mice express-
ing channelrhodopsin-2. Neuron  54 , 205 – 218.  

  Arrenberg, A.B., Del Bene, F., and Baier, H. (2009). Optical control 
of zebrafi sh behavior with halorhodopsin. Proc. Natl. Acad. Sci. 
USA  106 , 17968 – 17973.  

  Asakawa, K. and Kawakami, K. (2008). Targeted gene expression 
by the Gal4-UAS system in zebrafi sh. Dev. Growth Differ.  50 , 
391 – 399.  

  Asakawa, K., Suster, M.L., Mizusawa, K., Nagayoshi, S., Kotani, T., 
Urasaki, A., Kishimoto, Y., Hibi, M., and Kawakami, K. (2008). 
Genetic dissection of neural circuits by Tol2 transposon-medi-
ated Gal4 gene and enhancer trapping in zebrafi sh. Proc. Natl. 
Acad. Sci. USA  105 , 1255 – 1260.  

  Baier, H. (2000). Zebrafi sh on the move: towards a behavior-
genetic analysis of vertebrate vision. Curr. Opin. Neurobiol.  10 , 
451 – 455.  

  Baier, H. and Scott, E.K. (2009). Genetic and optical targeting of 
neural circuits and behavior  –  zebrafi sh in the spotlight. Curr. 
Opin. Neurobiol.  19 , 553 – 560.  

  Baird, G.S., Zacharias, D.A., and Tsien, R.Y. (1999). Circular per-
mutation and receptor insertion within green fl uorescent proteins. 
Proc. Natl. Acad. Sci. USA  96 , 11241 – 11246.  

  Baker, B.J., Mutoh, H., Dimitrov, D., Akemann, W., Perron, A., 
Iwamoto, Y., Jin, L., Cohen, L.B., Isacoff, E.Y., Pieribone, V.A., 
et al. (2008). Genetically encoded fl uorescent sensors of mem-
brane potential. Brain Cell Biol.  36 , 53 – 67.  

  Banghart, M., Borges, K., Isacoff, E., Trauner, D., and Kramer, R.H. 
(2004). Light-activated ion channels for remote control of neu-
ronal fi ring. Nat. Neurosci.  7 , 1381 – 1386.  

  Barth, A.L. (2007). Visualizing circuits and systems using transgenic 
reporters of neural activity. Curr. Opin. Neurobiol.  17 , 567 – 571.  

  Baubet, V., Le Mouellic, H., Campbell, A.K., Lucas-Meunier, E., 
Fossier, P., and Brulet, P. (2000). Chimeric green fl uorescent pro-
tein-aequorin as bioluminescent Ca2 +  reporters at the single-cell 
level. Proc. Natl. Acad. Sci. USA  97 , 7260 – 7265.  

  Beckmann, M. and Hegemann, P. (1991). In vitro identifi cation of 
rhodopsin in the green alga Chlamydomonas. Biochemistry  30 , 
3692 – 3697.  

  Berndt, A., Yizhar, O., Gunaydin, L.A., Hegemann, P., and Deisseroth, 
K. (2009). Bi-stable neural state switches. Nat. Neurosci.  12 , 
229 – 234.  

  Bhatt, D.H., McLean, D.L., Hale, M.E., and Fetcho, J.R. (2007). 
Grading movement strength by changes in fi ring intensity versus 
recruitment of spinal interneurons. Neuron  53 , 91 – 102.  

  Bollmann, J.H. and Engert, F. (2009). Subcellular topography of 
visually driven dendritic activity in the vertebrate visual system. 
Neuron  61 , 895 – 905.  

  Boyden, E.S., Zhang, F., Bamberg, E., Nagel, G., and Deisseroth, K. 
(2005). Millisecond-timescale, genetically targeted optical con-
trol of neural activity. Nat. Neurosci.  8 , 1263 – 1268.  

  Braun, F.J. and Hegemann, P. (1999). Two light-activated conduc-
tances in the eye of the green alga  Volvox   carteri . Biophys. J.  76 , 
1668 – 1678.  

  Brustein, E., Marandi, N., Kovalchuk, Y., Drapeau, P., and Konnerth, 
A. (2003).  “ In vivo ”  monitoring of neuronal network activity in 
zebrafi sh by two-photon Ca(2 + ) imaging. Pfl ugers Arch.  446 , 
766 – 773.  

  Campagnola, L., Wang, H., and Zylka, M.J. (2008). Fiber-coupled 
light-emitting diode for localized photostimulation of neurons 
expressing channelrhodopsin-2. J. Neurosci. Methods  169 , 27 – 33.  

  Cerda, G.A., Thomas, J.E., Allende, M.L., Karlstrom, R.O., and 
Palma, V. (2006). Electroporation of DNA, RNA, and morpholi-
nos into zebrafi sh embryos. Methods  39 , 207 – 211.  

  Chambers, J.J., Banghart, M.R., Trauner, D., and Kramer, R.H. 
(2006). Light-induced depolarization of neurons using a modi-
fi ed Shaker K( + ) channel and a molecular photoswitch. J. 
Neurophysiol.  96 , 2792 – 2796.  

  Chi, N.C., Shaw, R.M., Jungblut, B., Huisken, J., Ferrer, T., Arnaout, 
R., Scott, I., Beis, D., Xiao, T., Baier, H., et al. (2008). Genetic 
and physiologic dissection of the vertebrate cardiac conduction 
system. PLoS Biol.  6 , e109.  

  Chow, B.Y., Han, X., Dobry, A.S., Qian, X., Chuong, A.S., Li, M., 
Henninger, M.A., Belfort, G.M., Lin, Y., Monahan, P.E., et al. 
(2010). High-performance genetically targetable optical neural 
silencing by light-driven proton pumps. Nature  463 , 98 – 102.  

  Collins, R.T., Linker, C., and Lewis, J. (2010). MAZe: a tool for 
mosaic analysis of gene function in zebrafi sh. Nat. Methods  7 , 
219 – 223.  

  Cox, K.J. and Fetcho, J.R. (1996). Labeling blastomeres with a cal-
cium indicator: a non-invasive method of visualizing neuronal 
activity in zebrafi sh. J. Neurosci. Methods  68 , 185 – 191.  

  Cruikshank, S.J., Urabe, H., Nurmikko, A.V., and Connors, B.W. 
(2010). Pathway-specifi c feedforward circuits between thalamus 
and neocortex revealed by selective optical stimulation of axons. 
Neuron  65 , 230 – 245.  

  Davison, J.M., Akitake, C.M., Goll, M.G., Rhee, J.M., Gosse, N., 
Baier, H., Halpern, M.E., Leach, S.D., and Parsons, M.J. (2007). 
Transactivation from Gal4-VP16 transgenic insertions for tissue-
specifi c cell labeling and ablation in zebrafi sh. Dev. Biol.  304 , 
811 – 824.  

  Deininger, W., Kroger, P., Hegemann, U., Lottspeich, F., and 
Hegemann, P. (1995). Chlamyrhodopsin represents a new type of 
sensory photoreceptor. EMBO J.  14 , 5849 – 5858.  

  Deisseroth, K., Feng, G., Majewska, A.K., Miesenbock, G., Ting, A., 
and Schnitzer, M.J. (2006). Next-generation optical technologies 
for illuminating genetically targeted brain circuits. J. Neurosci. 
 26 , 10380 – 10386.  

  Denk, W., Yuste, R., Svoboda, K., and Tank, D.W. (1996). Imaging 
calcium dynamics in dendritic spines. Curr. Opin. Neurobiol.  6 , 
372 – 378.  

  Dorostkar, M.M., Dreosti, E., Odermatt, B., and Lagnado, L. (2010). 
Computational processing of optical measurements of neuronal 
and synaptic activity in networks. J. Neurosci. Methods  188 , 
141 – 150.  

  Douglass, A.D., Kraves, S., Deisseroth, K., Schier, A.F., and Engert, 
F. (2008). Escape behavior elicited by single, channelrhodopsin-
2-evoked spikes in zebrafi sh somatosensory neurons. Curr. Biol. 
 18 , 1133 – 1137.  

  Downes, G.B., Waterbury, J.A., and Granato, M. (2002). Rapid 
in vivo labeling of identifi ed zebrafi sh neurons. Genesis  34 , 
196 – 202.  

  Drapeau, P., Saint-Amant, L., Buss, R.R., Chong, M., McDearmid, 
J.R., and Brustein, E. (2002). Development of the locomotor net-
work in zebrafi sh. Prog. Neurobiol.  68 , 85 – 111.  

  Dreosti, E., Odermatt, B., Dorostkar, M.M., and Lagnado, L. (2009). 
A genetically encoded reporter of synaptic activity in vivo. Nat. 
Methods  6 , 883 – 889.  

Brought to you by | Ball State University
Authenticated | 147.226.7.162

Download Date | 5/8/13 5:24 PM



128  C. Wyart and F. Del Bene

  Ebnet, E., Fischer, M., Deininger, W., and Hegemann, P. (1999). 
Volvoxrhodopsin, a light-regulated sensory photoreceptor of 
the spheroidal green alga Volvox carteri. Plant Cell  11 , 1473 –
 1484.  

  Ehlenbeck, S., Gradmann, D., Braun, F.J., and Hegemann, P. (2002). 
Evidence for a light-induced H( + ) conductance in the eye of 
the green alga  Chlamydomonas   reinhardtii . Biophys. J.  82 , 
740 – 751.  

  Emelyanov, A. and Parinov, S. (2008). Mifepristone-inducible 
LexPR system to drive and control gene expression in transgenic 
zebrafi sh. Dev. Biol.  320 , 113 – 121.  

  Ernst, O.P., Sanchez Murcia, P.A., Daldrop, P., Tsunoda, S.P., 
Kateriya, S., and Hegemann, P. (2008). Photoactivation of chan-
nelrhodopsin. J. Biol. Chem.  283 , 1637 – 1643.  

  Esengil, H., Chang, V., Mich, J.K., and Chen, J.K. (2007). Small-
molecule regulation of zebrafi sh gene expression. Nat. Chem. 
Biol.  3 , 154 – 155.  

  Fan, X., Majumder, A., Reagin, S.S., Porter, E.L., Sornborger, A.T., 
Keith, C.H., and Lauderdale, J.D. (2007). New statistical meth-
ods enhance imaging of cameleon fl uorescence resonance energy 
transfer in cultured zebrafi sh spinal neurons. J. Biomed. Opt.  12 , 
034017.  

  Fleisch, V.C. and Neuhauss, S.C. (2006). Visual behavior in zebrafi sh. 
Zebrafi sh  3 , 191 – 201.  

  Fortin, D.L., Banghart, M.R., Dunn, T.W., Borges, K., Wagenaar, 
D.A., Gaudry, Q., Karakossian, M.H., Otis, T.S., Kristan, W.B., 
Trauner, D., et al. (2008). Photochemical control of endogenous 
ion channels and cellular excitability. Nat. Methods  5 , 331 – 338.  

  Friedrich, R.W. and Korsching, S.I. (1997). Combinatorial and 
chemotopic odorant coding in the zebrafi sh olfactory bulb visu-
alized by optical imaging. Neuron  18 , 737 – 752.  

  Friedrich, R.W., Jacobson, G.A., and Zhu, P. (2010). Circuit neuro-
science in zebrafi sh. Curr. Biol.  20 , R371 – R381.  

  Garaschuk, O., Griesbeck, O., and Konnerth, A. (2007). Troponin 
C-based biosensors: a new family of genetically encoded indi-
cators for in vivo calcium imaging in the nervous system. Cell 
Calcium  42 , 351 – 361.  

  Gorostiza, P. and Isacoff, E.Y. (2008). Nanoengineering ion channels 
for optical control. Physiology (Bethesda)  23 , 238 – 247.  

  Gorostiza, P., Volgraf, M., Numano, R., Szobota, S., Trauner, D., and 
Isacoff, E.Y. (2007). Mechanisms of photoswitch conjugation 
and light activation of an ionotropic glutamate receptor. Proc. 
Natl. Acad. Sci. USA  104 , 10865 – 10870.  

  Grabher, C. and Wittbrodt, J. (2008). Recent advances in mega-
nuclease- and transposon-mediated transgenesis of medaka and 
zebrafi sh. Methods Mol. Biol.  461 , 521 – 539.  

  Gradinaru, V., Thompson, K.R., Zhang, F., Mogri, M., Kay, K., 
Schneider, M.B., and Deisseroth, K. (2007). Targeting and read-
out strategies for fast optical neural control in vitro and in vivo. 
J. Neurosci.  27 , 14231 – 14238.  

  Gradinaru, V., Thompson, K.R., and Deisseroth, K. (2008). eNpHR: 
a  Natronomonas   halorhodopsin  enhanced for optogenetic appli-
cations. Brain Cell Biol.  36 , 129 – 139.  

  Gunaydin, L.A., Yizhar, O., Berndt, A., Sohal, V.S., Deisseroth, K., 
and Hegemann, P. (2010). Ultrafast optogenetic control. Nat. 
Neurosci.  13 , 387 – 392.  

  Halloran, M.C., Sato-Maeda, M., Warren, J.T., Su, F., Lele, Z., Krone, 
P.H., Kuwada, J.Y., and Shoji, W. (2000). Laser-induced gene 
expression in specifi c cells of transgenic zebrafi sh. Development 
 127 , 1953 – 1960.  

  Halpern, M.E., Rhee, J., Goll, M.G., Akitake, C.M., Parsons, M., and 
Leach, S.D. (2008). Gal4/UAS transgenic tools and their applica-
tion to zebrafi sh. Zebrafi sh  5 , 97 – 110.  

  Han, X. and Boyden, E.S. (2007). Multiple-color optical activation, 
silencing, and desynchronization of neural activity, with single-
spike temporal resolution. PLoS One  2 , e299.  

  Hegemann, P., Oesterbelt, D., and Steiner, M. (1985). The photocycle 
of the chloride pump halorhodopsin. I: azide-catalyzed deproto-
nation of the chromophore is a side reaction of photocycle inter-
mediates inactivating the pump. EMBO J.  4 , 2347 – 2350.  

  Heim, N. and Griesbeck, O. (2004). Genetically encoded indicators 
of cellular calcium dynamics based on troponin C and green fl uo-
rescent protein. J. Biol. Chem.  279 , 14280 – 14286.  

  Hendricks, M. and Jesuthasan, S. (2007). Electroporation-based 
methods for in vivo, whole mount and primary culture analysis 
of zebrafi sh brain development. Neural Dev.  2 , 6.  

  Higashijima, S., Masino, M.A., Mandel, A., and Fetcho, J.R. (2003). 
Imaging neuronal activity during zebrafi sh behavior with a geneti-
cally encoded calcium indicator. J. Neurophysiol.  90 , 3986 – 3997.  

  Hires, S.A., Tian, L., and Looger, L.L. (2008). Reporting neural 
activity with genetically encoded calcium indicators. Brain Cell 
Biol.  36 , 69 – 86.  

  Holland, E.M., Harz, H., Uhl, R., and Hegemann, P. (1997). Control 
of phobic behavioral responses by rhodopsin-induced photocur-
rents in Chlamydomonas. Biophys. J.  73 , 1395 – 1401.  

  Huang, C.J., Jou, T.S., Ho, Y.L., Lee, W.H., Jeng, Y.T., Hsieh, F.J., 
and Tsai, H.J. (2005). Conditional expression of a myocardium-
specifi c transgene in zebrafi sh transgenic lines. Dev. Dyn.  233 , 
1294 – 1303.  

  Jaffe, D.B., Johnston, D., Lasser-Ross, N., Lisman, J.E., Miyakawa, 
H., and Ross, W.N. (1992). The spread of Na +  spikes determines 
the pattern of dendritic Ca2 +  entry into hippocampal neurons. 
Nature  357 , 244 – 246.  

  Jessen, J.R., Willett, C.E., and Lin, S. (1999). Artifi cial chromosome 
transgenesis reveals long-distance negative regulation of rag1 in 
zebrafi sh. Nat. Genet.  23 , 15 – 16.  

  Kawakami, K. (2004). Transgenesis and gene trap methods in 
zebrafi sh by using the Tol2 transposable element. Methods Cell 
Biol.  77 , 201 – 222.  

  Kawakami, K. (2007). Tol2: a versatile gene transfer vector in verte-
brates. Genome Biol.  8  (Suppl. 1), S7.  

  Knopfel, T., Diez-Garcia, J., and Akemann, W. (2006). Optical prob-
ing of neuronal circuit dynamics: genetically encoded versus 
classical fl uorescent sensors. Trends Neurosci.  29 , 160 – 166.  

  Koster, R.W. and Fraser, S.E. (2001). Tracing transgene expression 
in living zebrafi sh embryos. Dev. Biol.  233 , 329 – 346.  

  Kotlikoff, M.I. (2007). Genetically encoded Ca2 +  indicators: using 
genetics and molecular design to understand complex physiol-
ogy. J. Physiol.  578 , 55 – 67.  

  Langenau, D.M., Feng, H., Berghmans, S., Kanki, J.P., Kutok, J.L., 
and Look, A.T. (2005). Cre/lox-regulated transgenic zebrafi sh 
model with conditional myc-induced T cell acute lymphoblastic 
leukemia. Proc. Natl. Acad. Sci. USA  102 , 6068 – 6073.  

  Le, X., Langenau, D.M., Keefe, M.D., Kutok, J.L., Neuberg, D.S., 
and Zon, L.I. (2007). Heat shock-inducible Cre/Lox approaches 
to induce diverse types of tumors and hyperplasia in transgenic 
zebrafi sh. Proc. Natl. Acad. Sci. USA  104 , 9410 – 9415.  

  Li, J., Mack, J.A., Souren, M., Yaksi, E., Higashijima, S., Mione, 
M., Fetcho, J.R., and Friedrich, R.W. (2005a). Early develop-
ment of functional spatial maps in the zebrafi sh olfactory bulb. J. 
Neurosci.  25 , 5784 – 5795.  

  Li, X., Gutierrez, D.V., Hanson, M.G., Han, J., Mark, M.D., Chiel, 
H., Hegemann, P., Landmesser, L.T., and Herlitze, S. (2005b). 
Fast noninvasive activation and inhibition of neural and network 
activity by vertebrate rhodopsin and green algae channelrhodop-
sin. Proc. Natl. Acad. Sci. USA  102 , 17816 – 17821.  

Brought to you by | Ball State University
Authenticated | 147.226.7.162

Download Date | 5/8/13 5:24 PM



Zebrafi sh neurobiology and the optogenetic revolution  129

  Lin, J.Y., Lin, M.Z., Steinbach, P., and Tsien, R.Y. (2009). 
Characterization of engineered channelrhodopsin variants with 
improved properties and kinetics. Biophys. J.  96 , 1803 – 1814.  

  Liu, W.Y., Wang, Y., Qin, Y., Wang, Y.P., and Zhu, Z.Y. (2007). Site-
directed gene integration in transgenic zebrafi sh mediated by 
cre recombinase using a combination of mutant lox sites. Mar. 
Biotechnol. (N.Y.)  9 , 420 – 428.  

  Liu, X., Li, Z., Emelyanov, A., Parinov, S., and Gong, Z. (2008). 
Generation of oocyte-specifi cally expressed cre transgenic 
zebrafi sh for female germline excision of loxP-fl anked transgene. 
Dev. Dyn.  237 , 2955 – 2962.  

  Lundby, A., Mutoh, H., Dimitrov, D., Akemann, W., and Knöpfel, T. 
(2008). Engineering of a genetically encodable fl uorescent volt-
age sensor exploiting fast Ci-VSP voltage-sensing movements. 
PLoS One  3 , e2514.  

  Luo, L., Callaway, E.M., and Svoboda, K. (2008). Genetic dissection 
of neural circuits. Neuron  57 , 634 – 660.  

  Mack-Bucher, J.A., Li, J., and Friedrich, R.W. (2007). Early func-
tional development of interneurons in the zebrafi sh olfactory 
bulb. Eur. J. Neurosci.  25 , 460 – 470.  

  Mank, M. and Griesbeck, O. (2008). Genetically encoded calcium 
indicators. Chem. Rev.  108 , 1550 – 1564.  

  McLean, D.L. and Fetcho, J.R. (2008). Using imaging and genet-
ics in zebrafi sh to study developing spinal circuits in vivo. Dev. 
Neurobiol.  68 , 817 – 834.  

  McLean, D.L., Fan, J., Higashijima, S., Hale, M.E., and Fetcho, J.R. 
(2007). A topographic map of recruitment in spinal cord. Nature 
 446 , 71 – 75.  

  Miesenbock, G. (2009). The optogenetic catechism. Science  326 , 
395 – 399.  

  Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R.Y. (1997). 
Fluorescent indicators for Ca2 +  based on green fl uorescent pro-
teins and calmodulin. Nature  388 , 882 – 887.  

  Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R.Y. (1999). 
Dynamic and quantitative Ca2 +  measurements using improved 
cameleons. Proc. Natl. Acad. Sci. USA  96 , 2135 – 2140.  

  Muller, W. and Connor, J.A. (1991). Dendritic spines as individual 
neuronal compartments for synaptic Ca2 +  responses. Nature 
 354 , 73 – 76.  

  Murata, Y., Iwasaki, H., Sasaki, M., Inaba, K., and Okamura, Y. 
(2005). Phosphoinositide phosphatase activity coupled to an 
intrinsic voltage sensor. Nature  435 , 1239 – 1243.  

  Nagai, T., Sawano, A., Park, E.S., and Miyawaki, A. (2001). 
Circularly permuted green fl uorescent proteins engineered to 
sense Ca2 + . Proc. Natl. Acad. Sci. USA  98 , 3197 – 3202.  

  Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., 
Berthold, P., Ollig, D., Hegemann, P., and Bamberg, E. 
(2003). Channelrhodopsin-2, a directly light-gated cation-
selective membrane channel. Proc. Natl. Acad. Sci. USA  100 , 
13940 – 13945.  

  Nagel, G., Szellas, T., Kateriya, S., Adeishvili, N., Hegemann, P., and 
Bamberg, E. (2005a). Channelrhodopsins: directly light-gated 
cation channels. Biochem. Soc. Trans.  33 , 863 – 866.  

  Nagel, G., Brauner, M., Liewald, J.F., Adeishvili, N., Bamberg, E., 
and Gottschalk, A. (2005b). Light activation of channelrhodop-
sin-2 in excitable cells of  Caenorhabditis   elegans  triggers rapid 
behavioral responses. Curr. Biol.  15 , 2279 – 2284.  

  Nakai, J., Ohkura, M., and Imoto, K. (2001). A high signal-to-noise 
Ca(2 + ) probe composed of a single green fl uorescent protein. 
Nat. Biotechnol.  19 , 137 – 141.  

  Naumann, E.A., Kampff, A.R., Prober, D.A., Schier, A.F., and Engert, 
F. (2010). Monitoring neural activity with bioluminescence dur-
ing natural behavior. Nat. Neurosci.  13 , 513 – 520.  

  Neuhauss, S.C. (2003). Behavioral genetic approaches to visual 
system development and function in zebrafi sh. J. Neurobiol.  54 , 
148 – 160.  

  Niessing, J. and Friedrich, R.W. (2010). Olfactory pattern clas-
sifi cation by discrete neuronal network states. Nature  465 , 
47 – 52.  

  Nusslein-Volhard, C. and Dahm, R. (2002). Zebrafi sh. A practical 
Approach (Oxford: Oxford University Press).  

  O ’ Malley, D.M., Kao, Y.H., and Fetcho, J.R. (1996). Imaging the 
functional organization of zebrafi sh hindbrain segments during 
escape behaviors. Neuron  17 , 1145 – 1155.  

  Oesterhelt, D., Hegemann, P., and Tittor, J. (1985). The photocycle 
of the chloride pump halorhodopsin. II: quantum yields and a 
kinetic model. EMBO J.  4 , 2351 – 2356.  

  Ogura, E., Okuda, Y., Kondoh, H., and Kamachi, Y. (2009). 
Adaptation of GAL4 activators for GAL4 enhancer trapping in 
zebrafi sh. Dev. Dyn.  238 , 641 – 655.  

  Ohkura, M., Matsuzaki, M., Kasai, H., Imoto, K., and Nakai, J. 
(2005). Genetically encoded bright Ca2 +  probe applicable for 
dynamic Ca2 +  imaging of dendritic spines. Anal. Chem.  77 , 
5861 – 5869.  

  Orger, M.B., Gahtan, E., Muto, A., Page-McCaw, P., Smear, M.C., 
and Baier, H. (2004). Behavioral screening assays in zebrafi sh. 
Methods Cell Biol.  77 , 53 – 68.  

  Orger, M.B., Kampff, A.R., Severi, K.E., Bollmann, J.H., and 
Engert, F. (2008). Control of visually guided behavior by dis-
tinct populations of spinal projection neurons. Nat. Neurosci.  11 , 
327 – 333.  

  Pan, X., Wan, H., Chia, W., Tong, Y., and Gong, Z. (2005). 
Demonstration of site-directed recombination in transgenic 
zebrafi sh using the Cre/loxP system. Transgenic Res.  14 , 
217 – 223.  

  Papagiakoumou, E., de Sars, V., Oron, D., and Emiliani, V. (2008). 
Patterned two-photon illumination by spatiotemporal shaping of 
ultrashort pulses. Opt. Express  16 , 22039 – 22047.  

  Paredes, R.M., Etzler, J.C., Watts, L.T., Zheng, W., and Lechleiter, 
J.D. (2008). Chemical calcium indicators. Methods  46 , 
143 – 151.  

  Petreanu, L., Huber, D., Sobczyk, A., and Svoboda, K. (2007). 
Channelrhodopsin-2-assisted circuit mapping of long-range cal-
losal projections. Nat. Neurosci.  10 , 663 – 668.  

  Petreanu, L., Mao, T., Sternson, S.M., and Svoboda, K. (2009). The 
subcellular organization of neocortical excitatory connections. 
Nature  457 , 1142 – 1145.  

  Ramdya, P. and Engert, F. (2008). Emergence of binocular func-
tional properties in a monocular neural circuit. Nat. Neurosci. 
 11 , 1083 – 1090.  

  Rickgauer, J.P. and Tank, D.W. (2009). Two-photon excitation of 
channelrhodopsin-2 at saturation. Proc. Natl. Acad. Sci. USA 
 106 , 15025 – 15030.  

  Ritter, D.A., Bhatt, D.H., and Fetcho, J.R. (2001). In vivo imag-
ing of zebrafi sh reveals differences in the spinal networks for 
escape and swimming movements. J. Neurosci.  21 , 8956 – 8965.  

  Saint-Amant, L. and Drapeau, P. (1998). Time course of the develop-
ment of motor behaviors in the zebrafi sh embryo. J. Neurobiol. 
 37 , 622 – 632.  

  Sato, T., Hamaoka, T., Aizawa, H., Hosoya, T., and Okamoto, H. 
(2007). Genetic single-cell mosaic analysis implicates eph-
rinB2 reverse signaling in projections from the posterior tectum 
to the hindbrain in zebrafi sh. J. Neurosci.  27 , 5271 – 5279.  

  Schoenenberger, P., Gerosa, D., and Oertner, T.G. (2009). Temporal 
control of immediate early gene induction by light. PLoS One 
 4 , e8185.  

Brought to you by | Ball State University
Authenticated | 147.226.7.162

Download Date | 5/8/13 5:24 PM



130  C. Wyart and F. Del Bene

  Schoonheim, P.J., Arrenberg, A.B., Del Bene, F., and Baier, H. 
(2010). Optogenetic localization and genetic perturbation 
of saccade-generating neurons in zebrafi sh. J. Neurosci.  30 , 
7111 – 7120.  

  Scott, E.K. (2009). The Gal4/UAS toolbox in zebrafi sh: new 
approaches for defi ning behavioral circuits. J. Neurochem.  110 , 
441 – 456.  

  Scott, E.K. and Baier, H. (2009). The cellular architecture of the 
larval zebrafi sh tectum, as revealed by gal4 enhancer trap lines. 
Front. Neural Circuits  3 , 13.  

  Scott, E.K., Mason, L., Arrenberg, A.B., Ziv, L., Gosse, N.J., Xiao, 
T., Chi, N.C., Asakawa, K., Kawakami, K., and Baier, H. (2007). 
Targeting neural circuitry in zebrafi sh using GAL4 enhancer 
trapping. Nat. Methods  4 , 323 – 326.  

  Shigetomi, E., Kracun, S., Sofroniew, M.V., and Khakh, B.S. (2010). 
A genetically targeted optical sensor to monitor calcium signals 
in astrocyte processes. Nat. Neurosci.  13 , 759 – 766.  

  Siegel, M.S. and Isacoff, E.Y. (2010). Green fl uorescent proteins 
(GFPs) for measuring voltage. Cold Spring Harb. Protoc.  2010 
 (4), pdb top76.  

  Sison, M., Cawker, J., Buske, C., and Gerlai, R. (2006). Fishing for 
genes infl uencing vertebrate behavior: zebrafi sh making head-
way. Lab. Anim. (N.Y.)  35 , 33 – 39.  

  Stehfest, K., Ritter, E., Berndt, A., Bartl, F., and Hegemann, P. 
(2010). The branched photocycle of the slow-cycling channel-
rhodopsin-2 mutant C128T. J. Mol. Biol.  398 , 690 – 702.  

  Sumbre, G., Muto, A., Baier, H., and Poo, M.M. (2008). Entrained 
rhythmic activities of neuronal ensembles as perceptual memory 
of time interval. Nature  456 , 102 – 106.  

  Suster, M.L., Sumiyama, K., and Kawakami, K. (2009). Transposon-
mediated BAC transgenesis in zebrafi sh and mice. BMC 
Genomics  10 , 477.  

  Szobota, S., Gorostiza, P., Del Bene, F., Wyart, C., Fortin, D.L., 
Kolstad, K.D., Tulyathan, O., Volgraf, M., Numano, R., Aaron, 
H.L., et al. (2007). Remote control of neuronal activity with a 
light-gated glutamate receptor. Neuron  54 , 535 – 545.  

  Tabor, R., Yaksi, E., Weislogel, J.M., and Friedrich, R.W. (2004). 
Processing of odor mixtures in the zebrafi sh olfactory bulb. J. 
Neurosci.  24 , 6611 – 6620.  

  Tabor, R., Yaksi, E., and Friedrich, R.W. (2008). Multiple functions 
of GABA A and GABA B receptors during pattern processing in 
the zebrafi sh olfactory bulb. Eur. J. Neurosci.  28 , 117 – 127.  

  Tallini, Y.N., Ohkura, M., Choi, B.R., Ji, G., Imoto, K., Doran, R., 
Lee, J., Plan, P., Wilson, J., Xin, H.B., et al. (2006). Imaging cel-
lular signals in the heart in vivo: cardiac expression of the high-
signal Ca2 +  indicator GCaMP2. Proc. Natl. Acad. Sci. USA  103 , 
4753 – 4758.  

  Thummel, R., Burket, C.T., Brewer, J.L., Sarras, M.P. Jr., Li, L., Perry, 
M., McDermott, J.P., Sauer, B., Hyde, D.R., and Godwin, A.R. 
(2005). Cre-mediated site-specifi c recombination in zebrafi sh 
embryos. Dev. Dyn.  233 , 1366 – 1377.  

  Tian, L., Hires, S.A., Mao, T., Huber, D., Chiappe, M.E., Chalasani, 
S.H., Petreanu, L., Akerboom, J., McKinney, S.A., Schreiter, E.R., 
et al. (2009). Imaging neural activity in worms, fl ies and mice with 
improved GCaMP calcium indicators. Nat. Methods  6 , 875 – 881.  

  Trauner, D. and Kramer, R.H. (2004). Metabolic modulation of 
potassium channels. Sci. STKE  2004  (233), pe22.  

  Tsien, R.Y. (1980). New calcium indicators and buffers with high 
selectivity against magnesium and protons: design, synthesis, and 
properties of prototype structures. Biochemistry  19 , 2396 – 2404.  

  Tsutsui, H., Karasawa, S., Okamura, Y., and Miyawaki, A. (2008). 
Improving membrane voltage measurements using FRET with 
new fl uorescent proteins. Nat. Methods  5 , 683 – 685.  

  Tsutsui, H., Higashijima, S.I., Miyawaki, A., and Okamura, Y. (2010). 
Visualizing voltage dynamics in zebrafi sh heart. J. Physiol.  588 , 
2017 – 2021.  

  Volgraf, M., Gorostiza, P., Numano, R., Kramer, R.H., Isacoff, E.Y., 
and Trauner, D. (2006). Allosteric control of an ionotropic gluta-
mate receptor with an optical switch. Nat. Chem. Biol.  2 , 47 – 52.  

  Wagle, M. and Jesuthasan, S. (2003). Baculovirus-mediated gene 
expression in zebrafi sh. Mar. Biotechnol. (N.Y.)  5 , 58 – 63.  

  Wang, S., Szobota, S., Wang, Y., Volgraf, M., Liu, Z., Sun, C., 
Trauner, D., Isacoff, E.Y., and Zhang, X. (2007). All optical inter-
face for parallel, remote, and spatiotemporal control of neuronal 
activity. Nano Lett.  7 , 3859 – 3863.  

  Westerfi eld, M. (2000). The Zebrafi sh Book. A Guide for the 
Laboratory Use of Zebrafi sh ( Danio   rerio ), 4th edition (Eugene, 
OR: University of Oregon Press).  

  Wilms, C.D. and Hausser, M. (2009). Lighting up neural networks 
using a new generation of genetically encoded calcium sensors. 
Nat. Methods  6 , 871 – 872.  

  Wyart, C., Del Bene, F., Warp, E., Scott, E.K., Trauner, D., Baier, H., 
and Isacoff, E.Y. (2009). Optogenetic dissection of a behavioural 
module in the vertebrate spinal cord. Nature  461 , 407 – 410.  

  Yaksi, E., Judkewitz, B., and Friedrich, R.W. (2007). Topological 
reorgani zation of odor representations in the olfactory bulb. 
PLoS Biol.  5 , e178.  

  Yaksi, E., von Saint Paul, F., Niessing, J., Bundschuh, S.T., and 
Friedrich, R.W. (2009). Transformation of odor representations 
in target areas of the olfactory bulb. Nat. Neurosci.  12 , 474 – 482.  

  Yang, Z., Jiang, H., Chachainasakul, T., Gong, S., Yang, X.W., 
Heintz, N., and Lin, S. (2006). Modifi ed bacterial artifi cial chro-
mosomes for zebrafi sh transgenesis. Methods  39 , 183 – 188.  

  Yasuda, R., Nimchinsky, E.A., Scheuss, V., Pologruto, T.A., Oertner, 
T.G., Sabatini, B.L., and Svoboda, K. (2004). Imaging calcium 
concentration dynamics in small neuronal compartments. Sci. 
STKE  2004 (219), pl5.  

  Yoshida, T. and Mishina, M. (2003). Neuron-specifi c gene manipu-
lations to transparent zebrafi sh embryos. Methods Cell Sci.  25 , 
15 – 23.  

  Yoshikawa, S., Kawakami, K., and Zhao, X.C. (2008). G2R Cre 
reporter transgenic zebrafi sh. Dev. Dyn.  237 , 2460 – 2465.  

  Zahid, M., Velez-Fort, M., Papagiakoumou, E., Ventalon, C., Angulo, 
M.C., and Emiliani, V. (2010). Holographic photolysis for mul-
tiple cell stimulation in mouse hippocampal slices. PLoS One  5 , 
e9431.  

  Zhang, F., Wang, L.P., Brauner, M., Liewald, J.F., Kay, K., Watzke, 
N., Wood, P.G., Bamberg, E., Nagel, G., Gottschalk, A., et al. 
(2007a). Multimodal fast optical interrogation of neural circuitry. 
Nature  446 , 633 – 639.  

  Zhang, F., Aravanis, A.M., Adamantidis, A., de Lecea, L., and Deisseroth, 
K. (2007b). Circuit-breakers: optical technologies for probing neu-
ral signals and systems. Nat. Rev. Neurosci.  8 , 577 – 581.  

  Zhang, F., Prigge, M., Beyrière, F., Tsunoda, S.P., Mattis, J., Yizhar, 
O., Hegemann, P., and Deisseroth, K. (2008). Red-shifted opto-
genetic excitation: a tool for fast neural control derived from 
 Volvox   carteri . Nat. Neurosci.  11 , 631 – 633.  

  Zhang, F., Gradinaru, V., Adamantidis, A.R., Durand, R., Airan, R.D., 
de Lecea, L., and Deisseroth, K. (2010). Optogenetic interroga-
tion of neural circuits: technology for probing mammalian brain 
structures. Nat. Protoc.  5 , 439 – 456.  

  Zhu, P., Narita, Y., Bundschuh, S.T., Fajardo, O., Schärer, Y.P., 
Chattopadhyaya, B., Bouldoires, E.A., Stepien, A.E., Deisseroth, 
K., Arber, S., et al. (2009). Optogenetic dissection of neuronal 
circuits in zebrafi sh using viral gene transfer and the Tet system. 
Front. Neural Circuits  3 , 21.    

Brought to you by | Ball State University
Authenticated | 147.226.7.162

Download Date | 5/8/13 5:24 PM


