
TechNews
OPTOGENETICS TURNS 10

A male Drosophila raises a wing and “sings” due to neuronal activation of song neurons using FlyMAD. Credit: Dan Bath, Janelia Farm 
Research Campus, HHMI.

Ten years ago, Karl Deisseroth and Ed Boyden performed a series 
of late-night experiments that launched a new era in neurobiology 
research.

The pair were collaborating on the idea that they could control 
neural behavior using only light to activate specific ion channels that 
could then activate neurons. If such a channel could be made to 
open on demand, they reasoned, it could be used to probe neural 
function, connectivity, and even neurological disease. By restricting 
expression of the light-sensitive channels to certain smell receptor 
neurons, for example, researchers could induce an animal to smell 
something that isn’t there and then watch what happens.

They were actually not the first to have this idea. The concept 
of using light to control action potentials in neurons was initially 
proposed years earlier by DNA structure pioneer Francis Crick. 
The tools needed to implement such an idea were even known to 
exist—microbial opsins, a class of proteins that includes bacteriorho-
dopsins, halorhodopsins, and channelrhodopsins, were known to 
move charged particles across bacterial membranes in response 
to light—but nobody had been able to put them together into a 
useful neurobiological tool.

Deisseroth and Boyden keyed in on one of those microbial 
opsins, channelrhodopsin-2 (ChR2), which is a light-gated cation 
channel. When illuminated with light, ChR2 opens to allow positively 
charged ions to flow into a cell. Between March and July of 2004, the 

researchers obtained a clone of ChR2 from Georg Nagel, expressed 
it in rat neurons, and showed by “activity-dependent transcription 
factor activation” that the channel seemed to work.

In the early hours of August 4, 2004, Boyden placed the cells 
under a microscope, attached an electrode to one genetically 
modified cell, and flipped the light switch. Momentarily bathed in a 
blue glow, the neuron depolarized.

“It pretty much worked on the first try,” recalls Boyden, now an 
associate professor at the MIT Media Lab.

With proof of the approach’s potential, the critical task of devel-
oping a system to express and target ChR2 to specific neurons fell 
to Feng Zhang, a young graduate student who joined Deisseroth’s 
lab in 2004. 

The first description of their collaborative efforts was published 
in the August 2005 issue of Nature Neuroscience (1), just a few 
months after Gero Miesenböck and Susana Lima demonstrated 
that a genetically encoded “phototrigger“—an ATP-gated ion 
channel called P2X2—could cause Drosophila neurons to fire when 
combined with a light-gated form of ATP (2). But that system was 
relatively slow and required two pieces to function. Deisseroth, 
Boyden and Zhang’s approach was faster and easier to use.

Powered by these new tools and clever experimental designs, the 
field of “optogenetics” has exploded, and there now are more than 715 
papers on the topic in PubMed. “I thought it had a chance of working,” 

It has been a decade since researchers first showed they could control 
neurons with light. Jeffrey Perkel takes a look at the technique that 
changed how we study the brain.
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says Deisseroth, now the D.H. Chen Professor of 
Bioengineering at Stanford, of those early studies with 
Boyden and Zhang, “but I don’t think anybody could 
have predicted quite how useful it’s been.”

A Neural Atlas
The power of optogenetics is implied in its name, 
a blending of optics and genetics. Using genetic 
techniques, researchers can restrict the expression of 
light-sensitive channels to specific neurons, providing 
a spatial resolution impossible to match with implanted 
electrodes or drugs. Using optics, researchers can 
control those channels on demand and even restrict 
activation to specific illuminated regions. 

Marta Zlatic, a group leader at the Howard Hughes 
Medical Institute’s Janelia Farm Research Campus, is 
leveraging all those benefits to build a functional atlas 
of the fly brain. Specifically, she is interested in under-
standing which neurons evoke specific behaviors in 
fly larvae—which are involved in trying to escape a 
perceived threat, for instance, and which are involved 
in crawling fast or crawling slow. 

“Having an atlas of neurons that are involved in a 
common behavior is a starting point for understanding 
how these neurons might be interconnected with other neurons and 
… how actions are selected by the nervous system,” she explains. 

To generate her atlas, Zlatic and her team used 1049 distinct GAL4 
fly lines, each of which express ChR2 in a defined handful (up to about 
15) of the larvae’s 10,000 neurons, plus 4 positive and 1 negative 
control line. For each experiment, anywhere from 20 to 100 genetically 
identical flies were placed on a plate positioned above a light source 
and illuminated with blue light. Then, an imaging and unsupervised 
machine learning analysis system recorded the animals’ responses, 
looking for shifts in population behavior, which were catalogued 
without user intervention. 

In some cases, Zlatic says, neural activation caused the larvae to 
suddenly speed up; other sets of neurons caused them to freeze, or 
suddenly turn. Frequently, the animals exhibited behavioral sequences, 
such as turning followed by fast crawling. The tricky part was that 
activating the same neuron in animals from the same fly line did not 
always evoke the same sequence. Rather, the optogenetic stimulation 
nudged the population’s constellation of activities towards a particular 
set of behaviors, like a group of teenagers in a mall suddenly deciding 
to check their cell phones at once. “What activation does is it biases 
the probability towards a small number of possible behaviors.”

In total, the system detected and cataloged the neural composition 
of 29 distinct behaviors in some 37,780 larvae, a first step in mapping 
function to cellular identity (3). 

Zlatic plans to overlay connectivity and neural activity maps onto 
her growing atlas, from which she hopes to work out the principles 
by which the nervous system decides between different actions—
concepts she believes will translate to other animals. Her husband, 
Janelia Farm group leader Albert Cardona, is already about 2 years 
into an electron microscopy-based connectomics project to map all 
10,000 neurons in the larval brain, which would be the largest connec-
tivity map published to date. 

“If we understand how neurons that control a specific action are 
interconnected with each other and with other neurons, and how their 
activity patterns are really correlated, we will be able to mechanisti-
cally explain the circuit motifs by which a nervous system generates 
action,” Zlatic says. 

Total Recall
Roberto Malinow, the Shiley-Marcos Professor in the Department 
of Neuroscience and Section of Neurobiology at the University of 
California at San Diego, is using optogenetics to tease apart another 
aspect of neurobiology: memory formation. 

In the 1990 movie “Total Recall,” Arnold Schwarzenegger has 
the memory of a trip to Mars implanted into his brain. Predictably, 

Instrumentation like that shown above is used to activate genetically encoded ion 
channels by supplying light of specific wavelengths in a variety of optogentics 
applications. Credit: Soo Yeun Lee, Andre Berndt, and Karl Deisseroth, Stanford University.

Startled by blue/green light, Drosophila is more traditionally studied 
thermogenetically. Red-shifted opsins like CsChrimson “completely 
change the ballgame,” says Jayaraman. Credit: Karin Pan.
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bloody mayhem ensues. Such 
extensive neuromanipu-
lation remains the stuff 
of science fiction for 
humans. But today, 
researchers armed with 
optogenetic tools are able to 
tweak the memories of genetically tractable 
rodents. 

Malinow recently used 
a ChR2 variant called 
oChIEF (modified to have 
a faster response time) 
to probe the synaptic 
changes occurring in rats as memories 
form and are erased (4).

The study involved two well-known 
phenomena, long-term potentiation (LTP) 
and long-term depression (LTD), which 
involve the strengthening and weakening of 
synaptic connections, respectively, and 
the learning process called associative 
memory. In associative memory, an animal 
comes to associate some harmless stimulus with pain, causing it 
to freeze when it encounters it, Malinow explains. A long-standing 
hypothesis is that LTP is used to make such memories, and Malinow 
set out to test that idea directly. 

“It was never possible to study [LTP and LTD] in a synapse that you 
knew had undergone changes or had participated in the formation 
of a memory,” he says. 

In traditional associative memory studies, an electric shock is 
associated with an audible cue or tone. Here, the signal was a series of 
light pulses delivered directly to the brain. Malinow expressed oChIEF in 
two brain regions that respond to sound, the medial geniculate nucleus 
and auditory cortex. But he was specifically interested in the neurons 
that enervated the amygdala, which handles fear, so he directed 
his stimulating light at the amygdala itself, watching for changes in 
the animals’ fear response. In this model, it’s not clear exactly what 
the animal “hears” as the light flashes, Malinow concedes—“the 

animal probably has never experi-
enced whatever we’re stimulating 
optogenetically.” Nevertheless, he and 
his colleagues could use that stimulus 
to tinker with the animals’ memory. 

The team found that by delivering 
specific sets of light pulses with precise 

timing, thereby inducing either LTP or LTD, it was 
possible to repeatedly activate and deactivate 

the conditioned response—that is, 
turn the memory of pain on and off, a 
process called bidirectional plasticity. 

“We’ve provided the strongest 
evidence to date that when you learn 
something, it’s actually synapses that 

are changing in your brain,” Malinow notes. 

Fruit Flies and Missile Command
Even as Malinow probes deep memory, other 

researchers are turning to optogentics 
to modify the circuitry governing specific 
behaviors. 

Andrew Straw, a Fellow at the Research Institute of Molecular 
Pathology in Vienna, Austria, studies fly behavior. Specifically, he’s 
interested in how “goal-oriented” behavior arises. Does a fly seek out 
food explicitly, for instance, or does it just respond to the oncoming 
stream of stimuli? 

But fruit flies are hard to study optogenetically. Light doesn’t easily 
penetrate the animals’ exoskeleton, not to mention that they actually 
can see the blue and green excitation light most frequently used in 
such studies. “Either they kick their legs madly or they shrink back,” 
explains Vivek Jayaraman, a group leader and fly researcher at HHMI’s 
Janelia Farm Research Campus. That startle response complicates 
data interpretation, so many Drosophila researchers have eschewed 
optogenetics in favor of thermogenetics, which controls neuronal 
activity with heat. 

In thermogenetics, animals are genetically modified to express 
either dTrpA1, a warmth-gated neural activator protein, or a temper-
ature-sensitive allele of the Shibire gene, which acts as a neural 
silencer. Similar to optogenetics, these proteins can be expressed in 
specific cellular subsets. Traditionally, these proteins are controlled 
by heating the environment, but that approach has slow kinetics. So 
Straw and colleagues recently developed a more targeted approach. 

Called FlyMAD—the fly mind-altering device—the system uses 
laser light as a heat source. FlyMAD comprises a laser-tracking system 
and moving mirrors to monitor and target flies as they walk around 
an arena, zapping them with an infrared laser beam like the old Atari 
video game, Missile Command. Focused to within 100 μm or so, 
the system is actually able to target specific body parts to activate 
neurons in the thoracic ganglia, head, or antenna (5). Straw also used 
the system with a red-light laser to trigger a true optogenetic protein, 
called Chrimson, showing that the two stimuli could theoretically be 
multiplexed (see “Modifying the optogenetic world”)

In one experiment, the team used FlyMAD to activate so-called 
“moonwalker” neurons, inducing a backwards walking motion akin 
to Michael Jackson’s famous dance move. Turning on the IR laser 
stopped and reversed the flies’ forward motion within one second. In 

The crystal structure of channelrhodopsin. (From 
H.E. Kato, et al., Nature, 482:369-74, 2012) Credit: 
Karl Deisseroth, Stanford University.

Andrew Straw is part of a growing group of researchers using op-
togenetic approaches to tease apart basic neurological processes. 
Credit: IMP/Heribert Corn.
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another experiment, they used the system to 
induce courtship behavior towards a fly-sized 
Plasticine bead by targeting thoracic neurons. 

Triggering a fly to become smitten with an 
inanimate bead sounds like science fiction, 
right? Not according to Straw. “The only 
problem with the word ‘science fiction’ is, 
this isn’t fiction.” 
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Modifying the Optogenetic World
 

The original optogenetic tool, channelrhodopsin-2 (ChR2) is an inward conduct-
ing cation channel that activates neurons. But ChR2 “wasn’t very fast,” says Ed 
Boyden, and it sometimes stumbles when presented with rapid firing sequences. 
ChR2 was also relatively insensitive to light and responded only to blue light, which 
cannot penetrate deep into biological tissues.

Recently, Boyden’s lab described two new ChR2 alternatives to overcome these 
limitations (6). Chronos, he says, is blue-light sensitive and fast, “something like 
twice as fast as even the nearest competitor,” making it “a good general-purpose 
optogenetic tool.” Chrimson is a red-shifted activator, capable of activation by light 
as far-red as 735 nm. Red light penetrates better into biological tissue than blue 
light, enabling the control of deeper neurons. It isn’t the first red-shifted optoge-
netics tool, but Chrimson’s excitation peaks are 45 nm farther red than any other 
tool to date, Boyden says. Chronos and Chrimson are thus sufficiently spectrally 
distinct, so they can be easily multiplexed to control distinct neural populations. 

Chrimson is especially useful for the Drosophila community, says Vivek Jayara-
man, a group leader at HHMI’s Janelia Farm Research Campus, since it has a suf-
ficiently far-red excitation spectrum for use in optogenetic experiments without 
inducing the confounding startle response. “At Janelia, it’s now something that 
literally every lab that’s doing these kind of experiments uses,” notes Jayaraman.

Working with Boyden, Jayaraman’s team expressed a Chrimson variant in flies 
and showed they could activate sweet taste receptors, which induce the animal 
to extend its proboscis—the fly equivalent of sticking out its tongue, he says (6). 
Another Janelia Farm group leader, Gwyneth Card, used that same variant to study 
escape strategies in the fly (7).

Karl Deisseroth, meanwhile, recently expanded the inhibitory toolset. Traditional 
optogenetic inhibitors have functioned as inward facing anion pumps or outward 
directed cation pumps. Working off the ChR2 crystal structure, Deisseroth’s team 
modified nine amino acids in the protein pore to convert a cation channel into a 
chloride channel, called iC1C2 (8). “We just effectively reupholstered the whole 
inside of the channel,” he says. 

Deisseroth’s team is now working to port those iC1C2 mutations onto red-shifted 
channelrhodopsins. “Then you can start to do two-color channel-based inhibition.” 

- J.P.


