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Optogenetics: Studying Proteins from Single-celled
Algae to Illuminate the Mysteries of the Brain

Karl Deisseroth

Thank you very much for this incredible honor, and for the opportunity to share
some of the joy of this work, and this time in biology, with all of you. In fact, what I hope
to do is convey some of the simplicity of the very early steps in a scientific journey. Of
course, all fields become intricate and complicated and expensive, but sometimes the
very early moments are very simple, and rich in being rewarding.

The deepest history of this field can be found even in botany, rather than in the
study of animals (Fig. 1). This gentleman here is Andrei Famintsyn, a Russian botanist.
In 1866, he published a paper describing the behavior of plants. He collected algae,
freshwater algae of the Chlamydomonas species, and in a dish he found that when he
illuminated with moderate light from the side, that algae would accumulate on the side
toward the light very quickly. More intense light would cause the algae to back off to an
intermediate location. He wrote in German, but in a Russian journal with a French

name. So, very international science even then. Now, this was botany.

“One of the next requirements (as
discussed above) is to be able to turn
the firing of one or more types of
neurcns 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 farfetched
but it is conceivable that molecular
biclogists could engineer a particular cell
type to be sensitive 1o light in this way.”

Francis Crick
(1999)

Fig. 2

A long stretch of time later, Francis Crick (of Watson and Crick DNA structure
fame) had begun thinking about the brain, and although he did not come up with a
solution, he—as he was wont to do—framed or posed the problem very well. He said,
what we need in neuroscience is the ability to turn the firing of one or more types of
neurons on and off in the alert animal in a rapid manner (Fig. 2). The ideal signal would
be light. He didn’t know how to do this (but he framed the problem well)—in fact, he
thought it would be rather a far-fetched possibility.

But the reason this was a well-posed problem was that electrical and magnetic
interventions cannot discriminate different kinds of neurons which may be right next to
each other, but do completely different things, and that’s because all neurons respond to
electricity (Fig. 3A, B). The essence of optogenetics is introducing—by genetic or
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BTN AIIER SNMER O LS9 & BRIL ORI ATIE. B
BL 30 F 572 B 28 & %5 2 HOFHOMRSLZ X 5 2 EAATE W
PHTHY . ZTHITRTOMFIIEAERU ST 57280 TT (Fig. 3A. B)o
BEFOARE I, MIEICAIE L, SGICOe L, R EAUITEZ LY VN7 HE a—
N3 28IaT%, BIEFHOUIFNFHTECL > TEATAZETY, €L T @
Ty A OARESRIIIEIC BE L 2w T, JERIZHR ) 72 SN (signal-to-noise) 2%
b7zbE&nFE 5 (Fig. 3C0).

WL RE DI B30 2 HAlPE & v ) GO T —<ITDOWT, ThAZDFER &
D EF, TOFER — MI2004ET H 1 HIZ, ¥ x — LR OMFLEO MR
WF v A0 BTy VBT EA LRMNOBEM TS, Fryiva N7y Uz
&, Famintsyn2si5e L7z BRI EEICHRT 57 X0 Ea— FLTwWET
(Fig. 4)o ZHIUTBEEFRDFHN2D DT, INHIEZ0OFEEN S LN TY
(Fig. 4a)o F¥ AU BT VIZEHEOHN Y 237 BEHESETWzOT,
HMRENOEZIZH D0 WA ENRTEF Lize T LTENL BPLATHY;
FrChHMIaBEICH D £ Lz STUDBERIFL T any v — LT, ZHUtz i
WLz v —1T3, ﬁH]H’mWL@i’fM‘E‘An% 3% R HOTE LR MRS 57200
LT, BEOWEHAL, BERWRBEOB %2 RS 2 &b o T2y 7 F IV TT,
DX BRI, SRR L TOARnY v — LX) RIS L 22 v — L TEL
AoNFE L7z, IT BMoR W IHFUEO MM CEHOB(A T2 EA L, I
PAIC X DB S5 Z EDWRETH Hh L) R IEDIE & A L)5R
HENFE L7z TIUTUBKEORD/NE R 7 NV—TT, FEFITFREDO D 55E, Feng
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anatomical means—genes encoding proteins, which sit in the membrane of the cell,
respond to light, and turn light into electricity. And because no neurons respond to light
in the brain normally, this creates a very powerful signal-to-noise (Fig. 3C).

2 -

3 ng 2007
Nature Neuroscience 2005 (vith £.5.8., F.Z. 8., G.N.) Nature 2007 (with F.2., EB., G}

Fig. 4

This question of the simplicity of the earliest experiment, is exemplified here. This
was the first moment, July 1st 2004 when I put a channelrhodopsin gene, this is the gene
encoding the protein from the single-celled algae of the kind that Famintsyn studied,
into mammalian neurons in a dish (Fig. 4). This is my writing from that time and these
are the cells from that experiment (Fig. 4a). The channelrhodopsin was coupled to a
yellow florescent protein so I could see where it went in the cell—and it went to the
membrane of the cell, which is where I wanted it to be. This was a dish not illuminated
with light, this was a dish that was illuminated with light, and this red label in the
nucleus of the cell is for the activation of a protein, a signal that I knew was indicative of
membrane activation, electrical membrane depolarization. I saw more of this in the dish
that had been illuminated with light, than in a dish that had not been. So, this de-risked
the bulk of the fundamental question, can you put an algal gene into sensitive
mammalian neurons and get them to respond to light with activation? This was my small
group at the time, very talented students Feng Zhang and Ed Boyden and others. And
over the next couple of years we did a number of experiments. Feng designing viruses
that allowed efficient delivery of the genes (Fig. 4b). Ed doing electrical recording
showing these action potentials, these brief blips of depolarization of the membrane
elicited by blue light (Fig. 4c). Feng and others working on designing fiber optics to get
light into the brain... and over the next 4 or 5 years we developed the full set of
components that allowed optogenetics to work (Fig. 4d). It was a difficult time, a
challenging time. Many people doubted—and rightly so—that the whole concept would
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Zhang GMITEI#) %°Ed Boyden GAMITHEHIR) 725 TF o ZOBOEIER THZ
S DFEEREITNE L72o Fengld, BIEFORIRMZEAZTRICT S A VA%
RILTCwE L7z (Fig. 4b)o EAXTNSOMEEIEN, HEIGICHET S N7 BB
DID LD h—hOELERTERE T Zisk L T\ F L7z (Fig. 4¢). Feng/zb
& KEBIET 272007 7 4 N—DFFHI D MATHE Lze 2L TR
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#LFEL(Fig. 4d)o KETLZA, RDPVOHLNTL, £ DAL
NLLBREZZFTTH. 20TV T M ZDHDODOKEEL->TWE Lz, Kk
M OB RED S Aiechilia & 47 OB 2 & &% I CHIKIHIE§ 5 HFE
DRFEIZE S T TIIEWED ) TL7,

Optogenetic play-in of information:
neural codes of behavior

J. Neural Engineering 2007; Nature 2007

Fig. 5

ZHEBZELHL, D F LWL RSN D B Z & Db o T DR T L 720 2007
EDZ LTT(Fig. 5)o WIZEE CFengdMT 72D, B EB)R R, &8 % i
T O E SN T 7 A N—%FRETHI L TLIz, HEAD TN E
BY. oM NAOEM~OBRB L FELHIHL ThbaZ b TnE L
720 FTTHEZIZOE R BETIUL, ENOBEARLEND 0 Ltkwni vy
ZETY,

A4 MDA v F e ANDE, ZOFYDIINS LFHCEDBEN, BE5 <
T DT T, XHIHOXRL Yy FOFY ZREY, T4 VDAL v FEFTIT
ThHE HPIIEE o> T TO@EFEOITENIED T3, STHIIERS LeBRHETL
T2V ZLTEDL) BRWEEED D A DODDHLNZHR ) F Lz T CIAT- 72005
I DTREHNL 2 BEIC L7z 2 & T3 BURTHE CTHEA, IR —EHEY- 1 7 L % ]
3 M2 L7z E 2 A, fTEP O 7 ZOMER—EEOBITIONEL 5 2
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work. There was a long way to go from the early steps in cultured neurons, to the
current state of flexible and versatile control of neurons and behaving animals.

This was, maybe, the first moment when we knew it had a good chance of
working—and this was 2007 (Fig. 5). What Feng in my lab did was deliver a fiber optic
carrying the light into the right side of the motor cortex of an animal, the part that
controls movement. And we knew—as you all do—that the right side of the brain
controls movement toward and attention toward the left side of the world. So, we
thought when we turned on the light we might see some movement to the left.

You will see a little blue dot appear on this animal’s head when the light turns on...
and it immediately starts circling left. Another trip around the food pellet before we turn
off the light, and it stops and goes back to its normal behavior. This was a stunning
moment for us! and made clear the nature of the opportunity. What followed rapidly, is
we targeted deep cells in the brain. We went down to the hypothalamus and targeted
cells that control sleep-wake cycles, and we found we could play-in activity—particular
spike patterns—to affect sleep-wake transitions in behaving mice.

Inner workings of
channelrhodopsin
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Fig. 6

Now, one theme—I will get into some interesting applications of optogenetics very
shortly—but I want to take a small interlude to talk about these proteins themselves,
because they are, in a word, beautiful. And the light activated channel is remarkable and
unprecedented, and in itself is worthy of study, and of curiosity, and of wonder.

As late as 2011, this was all we really knew about the structure of the
channelrhodopsin and the light gated pore (Fig. 6). We knew it by homology that it
likely was a seven transmembrane protein and that it would have bound to it an all-trans-
retinal, a vitamin A-like compound, that is the actual chromophore receiving light. What
we didn’t know, was where the channel pore was.
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RIZHAFER L7z b DId, ZNEEPBIRIRNIZIT TR, RERDE%BLHDT
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It had been prominently hypothesized by others that pore would not even be
within one of these seven transmembrane proteins—that it would instead lie at the
interface between two monomers of a dimer. And that level of not-knowing of course
posed severe challenges to engineering the pore, redesigning it to confer new kinds of
function. But, we've come a long way in the last 7 years or so. What is represented here
is a combination of structural modeling, molecular dynamics, and crystal structure work
that we and our colleagues have carried out over the years. We now can see that the
pore indeed lies within this protein, as shown by the blue arrows. We can see—for this
cation-conducting channelrhodopsin—that the pore is largely lined with polar and even
negative residues. We can see the retinal-binding pocket and come up with ideas on how
to shift the color tuning properties. These gray spheres are the water molecules.

We've collaborated with a number of very talented colleagues over the years in
this work. The initial channelrhodopsin structure was with Hideaki Kato and Feng, and
Osamu Nureki at the University of Tokyo, and we’ve gotten the structures of not just the
first cation-conducting channelrhodopsin as shown here, but first structures of anion-
conducting channelrhodopsins that conduct negatively charged ions instead (Fig. 7).

What we found is, not only are they interesting in their own right, but they carry a
lot of power—structural understanding brings a lot of power for creating new kinds of
tools for neuroscience. An example of that, is starting from this initial cation-conducting

structure.
Crystallography and molecular dynamics:
resolving the unique mystery of the channelrhodopsins
C1C2 @ues) GIACRT (6csM) iC++ (6CSN. 6C50)
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Kato, Zhang el al., 1 Kim, Kato et al., N: 18 Kalo, Kim et al 201
Fig. 7

In looking at it in some detail, we could see that the inner lining of the pore, as I
mentioned and as symbolized here in red, the predicted surface electrostatics of the
inner lining of the pore were largely negative—and that could play a role in deterring
the flux of anions and allowing cations to flow (Fig. 8).

Andre Berndt and Soo Lee in my lab in 2014 thought if this is true we should be
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able to change it—and so they relined the pore with a long series of molecular
modifications to create an inner lining of the channel pore that was largely positive,
regarding its predicted surface electrostatics as shown in blue.

And this indeed turned out to be a chloride channel, an anion channel, and this in
neural systems (because of the balance of chloride ions) is typically inhibitory. So, now
we can shut off action potentials with blue light instead of driving them (Fig. 9). So this
gives a flavor of the power: understanding proteins, one can totally change—and in a
very consequential way—the nature of the tool that has become available.

With other work including from a number of our colleagues, including my
longtime friend and collaborator, Peter Hegemann, we were able to advance these yet
further. Peter published an anion-conducting channelrhodopsin with a similar strategy,
different mutations with same overall effect, and we then joined forces to create a suite
of new tools including an advanced chloride channel called iC++.

We also created bistable modes of operation (Fig. 9). Here as you can see, the
light is delivered continuously to suppress action potential firing the entire time. Many
times that’s not desirable for biological applications, but we found ways of converting
this into a bistable mode of operation. So, just a flash of light would create stable
inhibition, and that in fact could be even reversed through a different color of light. And
this as you might imagine is very useful, especially for long time-scale experiments.

Fast and bistable chloride-selective (SwiChR) ChRs

Fig. 9
The nature of the ion-conducting pore became particularly clear after completion
of not just this study, but these studies just this year. We obtained the structure of iC++
(Fig. 7). This was the new anion channel that we had designed de novo, and we were
able to verify that what we had hypothesized, we were doing with our modifications was
in fact correct, and we had redesigned the pore in the way that we had planned.
About a year after our initial publication of the anion-conducting channelrhodopsin,
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FLASH (designed anion channel): control of C. elegans

ARTICLE . ARTICLE F—

Crystal structure of the natural anion-  Structural n_mchauisms n[sﬂ:lucl_ivily and
conducting channelrhodopsin GIACRL  gating in anion channelrhodopsins i

Kalo, Zhang el al., Mafure 2012 Kim, Kato et al., Nature 2018 Kalo, Kim et al., Nature 2018

Fig. 10

WG R BR L 722 8128 ) B2 BIEE U—@oR Lo T, FLASHE % f$Hi 72
BB F v Fy Aol 22 e TcEF L2 (Fig. 10)o ZLT %
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John Spudich’s group in Texas found a naturally-occurring chloride-conducting
channelrhodopsin that they called GtACR 1. We also obtained the structure of this one at
the same time as iC++, and published these together. The interesting feature of this
naturally-occurring channelrhodopsin was that it had very large currents, but was slow
in its kinetics which can be a problem for some applications. But getting the structure
allowed us to speed it up!

In that same set of papers we were able to create a new anion channel that we
called FLASH, guided by our structural understanding (Fig. 10). And we were able to
show a robust application of this in the worm C. elegans, delivering this designed anion
channel either to neurons or muscle cells of the worm, we were able to paralyze the
worm’s swimming behavior in a reversible fashion as shown here. Just to emphasize
again, we had a remarkable team of colleagues and collaborators including Hideki
Kandori and others as indicated here. So, we are grateful for our outstanding colleagues

and our international collaborators.

Diverse modes of designed photon-spike logic
B '

”’4 JUJLLW

) ‘.-:.‘.L.L.‘.‘.‘.‘.LL‘JM.‘..‘:

Now, it’s not just the ion-conduction properties that are different. We've been able
to create diverse forms of what you might call photon-spike logic, by getting an atomic-
level structural understanding of these beautiful proteins (Fig. 11). As I mentioned, we
can get both fast and bistable modes of operation, and bistable not just for inhibition but
also for excitation—we can flip cells into and out of excitable states in stable fashion. But
what I would like to focus on a little bit more is this possibility here—which is changing
the color that the channelrhodopsin responds to (Fig. 11B, D, F, G). You can see here
red flashes of light (Fig. 11D). This we achieved, beginning in 2008, culminating in 2011
creating red light driven spiking. This like all our other work was with an outstanding
team of colleagues and collaborators, many papers together over the years. What we did
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Microbial opsin genes

Fig. 12

RVRY 7 23T DX ) %% LTWET (Fig. 12). ELWSHIBREE T,
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was find a naturally occurring channelrhodopsin called (an organism called Volvox
hence the V) VChR 1, that was already red-shifted, but this additional mutation on one
end of the retinal-binding pocket further shifted it.

This is what Volvox looks like (Fig. 12). It’s a beautiful multicellular green algae.
Feng in my lab identified the Volvox gene in 2008, and that was the starting point for this
work, the first red light-driven channelrhodopsin. Many others, of our colleagues and

collaborators around the world, have since found many additional such opsins.

Single-cell optogenetics in vivo (VChRs: C1V1, bReachES)
a b

oL 1

Prakash et al., Nature Methods 2012 (with O. Yizhar, M. Schnitzer, R. Yuste)

Spina visualzalion

Fig. 13

The Volvox-derived opsins gave the first capability for single-cell control in a living
animal, and this was a huge step. We think the properties of the channel, and the ability
to be activated by certain kinds of light that allow single-cell resolution control, are
crucial—and that we achieved in 2012 (Fig. 13). Rohit Prakash in my lab and other
colleagues used a Volvox derived channelrhodopsin, called C1V1 that was, as we found,
uniquely responsive to two-photon illumination. Two-photon microscopy allows single-
cell resolution, exchange of optical information with cells even in scattering adult
mammalian brain tissue (Fig. 13a).

This allowed this sort of experiment—where we brought in a patch pipette and
electrode to record from cells in the surface (superficial layers 2/ 3 of the mouse brain)
of a living mouse—and here is the pipette with a loose-patch recording on the cell. And
if we just did raster scanning of our two-photon illumination just above the cell there was
no action potential—within the cell there was—and just below the cell it went away
(Fig. 13d). So, single-cell in 2012.

Now that was with a relatively low-throughput readout, which is an electrode
apposed to the cell. Now an advantage we didn’t fully appreciate at the time, has
become clear: these red shifted channelrhodopsins allow all-optical exchange of
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information with tissue (Fig. 14). Some of the best readouts of activity information are
blue light-driven, for example the GCaMP calcium sensors which many here in Japan
have innovated on, as well as in Canada and Virginia. Having red light play-in of
information and blue light read-out is very potent; we showed this possibility in 2014
along with David Tank, and now it’s actually quite remarkable the sorts of experiments
that can be done. We can even play in hundreds of spots of light, as indicated by these
little red circles, to cells that we pre-selected by their naturally-occurring activity
patterns during behavior. This allows us to truly mimic the naturally-occurring patterns
at cellular resolution—of hundreds of neurons across millimeter swaths of the brain,
and play in natural patterns of activity, or modify them if we wish, to determine which
aspects of those patterns are useful. That’s the single-cell resolution aspect.

One can also collect information from an entire population of cells. Like here, the
dopamine neurons, deep in the brain. And by having both the Volvox opsin to play in red
light, and a GCaMP to collect information from blue light excitation, you can doing
things like match a naturally-occurring pattern. Here a reward is being given to the
animal—a water reward to a slightly thirsty mouse triggers a signal in these dopamine
neurons, as shown in light blue, and we can now tune our optogenetic signal to match
that naturally-occurring pattern in that same animal by adjusting light intensity.

It seems like a simple thing, but to all of the quantitatively minded folks here, you
will appreciate the importance of that and of course the speed of the tool is such that
you can match the timing as well as the magnitude of the intervention as we showed in
these papers in 2016, Christina Kim and Kelly Zalocusky in my lab.

Now, this is a brief summary of where things stand for optogenetics, what you
might call modern optogenetics. We can now work on any time scale, acute or chronic,
long or short. We can tune excitation, or inhibition. We can target cells (individual cells),
or cell types, or connections in behaving animals—and crucially we can match or modify
the naturally occurring patterns—as we like—to determine what actually matters for
behavior, sensation, cognition and action.

Now, what we are seeing now is an exciting convergence of this work with other
domains of biology, other sorts of tools. One thing you might think, as you look at these
patterns, you might say, here are cells that are clearly interesting, but I'd like to know
more about them. I don’t want to stop, just seeing a flashing spot of light. I want to know
that cell in more detail. If I see it has a naturally-occurring pattern of interest, and if
that’s causal in a behavior, I want to know that cell’s molecular identity, and I want to

know its transcriptome, because that gives deep understanding and great leverage.
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One convergence that’s happening is a convergence of optogenetics with
hydrogel-tissue chemistry (Fig. 15). This is a method that we’ve developed in my lab
beginning in 2013, and now many other labs have worked on and developed beautiful
variants of this, reviewed recently here. The essence of this is to take intact tissue, cells
and tissue which have many important biomolecules, RNAs and proteins (Fig. 15a)—
and to build everywhere within the tissue at once, a scaffold shown by these wavy green
lines, a hydrogel matrix.

Hydrogel-tissue chemistry (HTC)
eLucar = MR b

Fig. 15

Then anchor the molecules of interest, the RNAs and the proteins, through
interfaces to this scaffold (Fig. 15b). This then allows one to remove lipids, solubilize,
digest—remove elements that are not desired or that impede optical access to the tissue
(Fig. 15¢c)—and one ends up with a new sort of construct, a hydrogel-tissue hybrid
where you have all the molecules of interest including RNAs that are linked stably to
this new coordinate system, re-plotted if you will, onto this new graph (Fig. 15d).

And you can work with this in diverse ways. It’s a robust structure, so you can do
many rounds of labeling and get rich molecular information with antibodies or nucleic
acid probes (Fig. 16). Crucially the native fluorescence is preserved, so the native
fluorescent calcium indicators, for example, remain in place—unquenched—and that
helps in registering the activity pattern seen during life with the molecular information
that’s accessible after life.

We have these reversible size changes as things become transparent, as we
showed in 2014, that can be useful or not. But crucially as we’ve shown, in this sort of
context one can even do sequencing of the RNA, a deep sequencing of the transcriptome
at cellular resolution.

We recently described that this year in a paper from Xiao Wang and Will Allen in
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my lab, it’s a new kind of hydrogel-tissue chemistry, but the same basic concept of
locking the nucleic acids in place into the scaffold in a stable way (Fig. 17). That allows
one to do multi-round optical sequencing, an optical sequencing method that relies on
these nano-balls of DNA, these amplicons not moving at all between different rounds (so,
an important application of hydrogel-tissue chemistry). And that lets one turn these
constellations of spots of light into richly-informed and detailed cell type maps, where
you have hundreds or even 1000 or more genes per cell identified in that same tissue,
and the goal then being—as we are working on and others—is to take this sort of
information and register that together with activity patterns during life—naturally-
occurring and causal activity patterns at cellular resolution! Clearly a very exciting
opportunity.

STARmap:
ide Cellul lution Molecul

High-content

intact tissue targeted in situ RNA sequencing approach

- STARmap: discovery and distribution of cell types in 30

Fig. 17

What I want to spend the second part of my talk on, is very exciting advances in
getting to not just information on our little patch of cells, but brain-wide information—
playing-in and reading-out information across the entire brain, but maintaining cellular
resolution.

The first approach we've taken to do this, is in the larval zebrafish (Fig. 18). This
beautiful little vertebrate affords many opportunities because of the small size and
transparency of its brain. We have preparations where we’ve delivered these fluorescent
calcium indicators to the nuclei of all of its cells and you can see in this animal all these
flashing spots of light are individual cells which we can unequivocally resolve at cellular
resolution, across the brain—many tens of thousands of neurons per animal.

This can be during behavior—we have a head-fixed but tail-free preparation. The
animal can flick its tail and report to us on what it’s trying to do, but because its head is
immobilized on agarose, we can use two-photon imaging and collect tens of thousands
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Moving toward fusing multiple data-streams
with brainwide cellular-resolution activity

2P imaging

iozo-fo
16x 0.6NA Objective
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High-speed

Head-fixed lail-free
Lovett-Barron et al., Cell 2017

Fig. 19
of neurons across the brain per second, and get a brain-wide representation of activity
(Fig. 19).

Now, we have applied this preparation to many questions. What I want to spend a
moment on is an application that has some relation to my own clinical interest. I focus
on depression in my psychiatry practice, particularly severe and treatment-resistant
depression.

Depression is a complex disease. It has many qualities to it, many symptoms
which may seem disparate. One unifying theme is a profound hopelessness, which
manifests as a passivity, a transition from active coping with challenges, to passive
coping—and we can conceptualize this as a discounting of the value of one’s own efforts
in a situation, of fundamental discounting of the worth of actively addressing a
challenge. This is (although of course we don’t study depression per se in animals) very
straightforward to study, this fundamental basic concept—of the transition from an
active coping to a passive coping with a stressor.

We and others use, for example, this very simple and tractable model, a swim
test—where a rat or mouse can be put into a cylinder of water (Fig. 20). There is an
early active-coping phase where the animal kicks actively to escape. But that transitions
to a passive-coping state where it simply floats in the water—and that’s there. Here over
time you can see that happening before your eyes—very simple and robust. But this is
an adaptive, a valuable and reasonable thing you might say, for an animal to do. And it’s
important for the animal to detect the duration of the stressor, how long it’s been going
on and the worth or value of its own actions in addressing the stressor. And then
transitioning to a passive-coping state can be valuable.

Melissa Warden in my laboratory studied this with optogenetics back in 2012. She
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found a projection of neurons from the prefrontal cortex—that controls planning, and
movements, and action-plan generation—a projection to the dorsal raphe nucleus that is
a source of the most of the serotonin in the brain (Fig. 20). That projection favored the
active-coping phase. A different projection from the same spot but to the lateral habenula
favored the passive-coping state. Very interesting results, but two very focal spots within
the complexity of an entire brain. The opportunity with the fish is we could maybe see
the entire brain, and get a complete understanding of this fundamental behavioral state
transition.

Active->passive coping state transitions in zebrafish

A. Andalman, V. Bums, M. Lovatt-Bamon

Fig. 21

The first challenge though if you go to the fish is you can’t do a swim stress,
because they really like swimming! We had to change fundamentally what we were
doing. Aaron Andalman and Vanessa Burns, along with Matt Lovett-Barron, in the lab
sorted out how to do this. Instead of a swim test, it’s a mild intermittent shock that’s
delivered into the tank (Fig. 21). It doesn’t hurt the fish, but it causes an early active-
coping response, where they swim around more—and then it transitions to a passive-
coping state where they swim around less, as they cannot escape the mild stressor
(Fig. 21B).

This—with a lot of validation—we found had the key properties that we required
in this test. For example, the animals recovered fully back to control swimming speeds if
they were put into a new tank with new water, but not if they were left in the same tank
with the same water, as shown in green here (Fig. 21E). So, this was a context-
dependent, experience-dependent passivity, and it was slowed and reversed by the
human putative anti-depressant ketamine—in other control experiments which I don’t
have time to go into. So it had the key properties we were interested in.

So, what happens across the brain as this is happening? Well, it’s happening right
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before your eyes to this fish. And again this is unbiased, we can see everything (Fig. 18).
If you look at these two regions, these two lateral regions, you might start to see activity
accumulating in those two lateral structures.

The movie will loop around to the beginning again in a moment, but just reflect on
how striking this pattern is. What is this structure? This is the fish homolog of the
lateral habenula. So, this was an amazing observation for us. It’s looped around to begin
again. So, you can see how distinct that pattern is from the initial pattern.

Active=>passive coping transitions: Hb and raphe

Fig. 22

This is how it progresses over time (Fig. 22). It steadily increases. We saw the
opposite direction effect in the raphe, a decreasel—and so that also corresponded to
those two spots we've looked at in the rodent. So, very much interesting in terms of
validating this approach. Both of those effects were blocked with ketamine, as shown in
magenta.

Now even more interesting, was what we got from our cellular resolution in this
experiment (Fig. 23). It’s not as if all the cells ramp up together. In fact some individual
cells do nothing at all for much of the stressor, and then turn on after several minutes.
Others start earlier. Others start almost right away (Fig. 23B). So, we were very
interested in this. Are there some cells that report that the stress has been going on for
a short time, and then another population that describes a longer time?

But that’s not the case (Fig. 24). In fact, it's more of a completely smooth temporal-
tiling of the duration of the stressor. The habenula encodes and represents this crucial
statistic of the stressor—crucial for guiding the behavioral state transition. This statistic
is represented by steady recruitment of individual habenula neurons into the active
ensemble. That’s not seen in the raphe; it’s something that habenula is doing
specifically—fascinating!
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Fig. 25

But at this point, purely observational. So, I haven’t shown you any optogenetics
with this yet. So, naturally-occurring patterns, very interesting—but do they matter?
And this has been the fundamental question in systems neuroscience. So, what we do
then is bring in optogenetics (Fig. 25). And we can deliver channelrhodopsin here using
a fish line from Okamoto’s group (generously provided) targeting channelrhodopsin to
these lateral habenula-homologous structures, ventral habenula in the fish. We showed
with a flash of light that we could get excitatory currents in these fish neurons, as
expected, and then we could ask what happens to behavior.

The fish that have no channelrhodopsin, as shown in black, do respond to light—
you can see natural behavioral response to blue light (Fig. 25D). They swim around a
little more, and that reverses. So, that’s just a light response in the fish. But the fish that
had channelrhodopsin in their lateral habenula-homologous structure show instead a
slight decrease, that’s reversible. That’s a small effect, but that’s in naive fish that had
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not been exposed to the stressor. Fish that had been through the inescapable stressor—
again, with no channelrhodopsin just the light response—but with channelrhodopsin
there is a profound and lasting passivity (Fig. 25E). So, experience-dependent habenula
activity is causal in this passive behavioral state transition.

... That’s excitation of the habenula.

What about inhibition of the habenula? We like to test, of course necessity, and
sufficiency as well, for these naturally-occurring patterns, and here is a suppression or
silencing of habenula activity using an inhibitory optogenetic tool. Here is a fish
swimming and in pink here is the duration of the stressor (Fig. 26). You can see the
active-coping phase as the fish swims around more, then transitioning to the passive
state which is outlasting the end of the stressor. And here the yellow light indicates
optogenetic silencing of the habenula, and you can see a reversion back to the active
coping state—that in itself is reversible as well. This movie demonstrates that pattern.
This is a little fish here, represented as this little dot, quivering in the corner. It’s in this
phase right here you will see some little zips around, but it’s not until the yellow light
comes on that you see this active coping phase return.

Behavioral effect of silencing lateral
habenula neurons

o . A, Anda , V. B
Fig. 26

We have a naturally-occurring pattern, but we don’t have to stop there. We can see

the necessity and sufficiency—and determine what actually matters, for physiology or
behavior. Now of course this is just the beginning.

These datasets are really remarkable; this is the sort of opportunity we have
(Fig. 27). You can see this is a little movie of the fish—you can see the little tail flicks
here. This is what the raw data look like—these are all the computationally-segmented
individual cells (red showing more activity, blue showing less activity). Each little white
spot is a cell—these are enormous datasets. The signal that we see in the habenula,
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you’ll see here. Here is a little tail flick, and here the fish is going to go into passivity
about halfway through. Right as we get to this point, the tail flicks will stop, right about
here—and that’s when you start to see this lateral habenula activity pattern appearing.
This leaps out to us, but think of the complexity of this dataset. We have time series for
many tens of thousands of individual neurons—we’re missing nothing in terms of data
but a great deal in terms of computational and dynamical insight into these processes.
But now we have the sort of brain-wide data, and the ability to test if ensembles or
patterns matter, that we have long dreamed of.

The last opportunity, that’s very exciting, that I want to share with you, is our
attempt to do brain-wide recording in mice (Fig. 28). Although the mammalian brain is
too light-scattering to allow an optical strategy that the zebrafish allow, we are using
these long-shank recording electrodes called Neuropixels probes, with many recording
sites and many different trajectories, for placement of these electrodes in different mice.
We can effectively do high-speed recording across the brain with different trajectories,
using behavioral tasks that allow us to integrate data across animals. One electrode per
anima, different trajectories in different animals, and linking the datasets together.

Neuropixels in mammals for brain-wide electrophysiclogical Fundamental survival drive behaviors:
recording of neuronal activity during task performance cells and mechanisms discovered with optogenetics

L LINE

Allen et al,, Science 2017
Allen et al., 2018 - Augustine et al., Nature 2018

Fig. 28 Fig. 29

‘We have done in the past a number of different types of experiments on motivated
behaviors, survival-drive behaviors (Fig. 29). We have looked at sleep, we have looked
at feeding behavior, social behavior... but what I would like to focus on for this question
is thirst. Thirst is a powerful and obviously fundamentally important to survival drive.

We have been studying the cells, which represent (in their activity) thirst, and that
cause and control thirst-related behaviors—Ilike seeking water, and drinking.

Together with Will Allen, a graduate student in my lab—and colleagues including
Liqun Luo at Stanford—we developed a way to deliver this inhibitory channelrhodopsin
that I mentioned (iC++, this is the one that we had designed based on our crystal
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structure understanding of channelrhodopsin, and we were able to use our structure to
convert that initial cation-conduction to anion-conduction and create an inhibitory
optogenetic tool).

We delivered iC++ using a genetic trick, just to those cells that had been strongly
active when the animal had been thirsty before (Fig. 30A, B). This is a strategy called
TRAP; it’s described here in this paper. Suffice it to say now, iC++ is expressed in the
cells that were strongly active during thirst in a prior episode- and particularly in this
deep structure, in the MnPO in and around the hypothalamic complex, these cells are
the cells that we hypothesized were involved in thirst.

‘What happens when you suppress the thirst neurons? Well, it’s quite striking! You
can have an animal that’s quite thirsty and it’s licking—drinking for water—hundreds of
times in the epoch... and you powerfully suppress, when you turn on the light, that
seeking-of-water in a thirsty animal (Fig. 30D-K). A very powerful effect, and that’s seen
by targeting those thirst neurons, deep in the brain. That’s silencing—but you can also
do the opposite, you can drive, excite, those thirst neurons. You can have non-thirsty
animals—here are five separate animals that are not drinking—you can turn them into
voracious consumers of water instantaneously and reversibly by exciting these thirst
neurons. And it’s not just water seeking behavior. In other experiments, we showed that
this was an aversive state, as we know thirst to be (we don’t like being thirsty). So, it
wasn’t just water acquisition, it was capturing many features of a thirsty state.

Now, having this handle on the cells that control the thirsty state, that represented
thirst, we then wanted to see if we could get a brain-wide cellular resolution
understanding of the thirsty state—what it really is, to be thirsty.

To compare different animals with different Neuropixels probe trajectories and to
leverage the speed of optogenetics, we needed a fast behavioral task—so we set up a
what’s called a go/no-go task, where you have mice that are trained to know that one
odor predicts there will be water available at a little spout, and they will get water
(Fig. 31). Another odor called the no-go odor predicts there will not be water coming.
The mice learn this behavior very quickly. These three lines here (and you will see
these three lines again and again) this is the onset and offset of the odor and then the
onset of the reward (if it happens): 0, 1 and 2 seconds. Very robust behavior: here the
mice are licking to the go cue until they become sated for water, and then they stop
licking even for the go cue. But even when they are thirsty, very little licking for the no-
go cue. So, very good performance on this very temporally precise task.

Okay, now what is the brain-wide representation of the thirsty state? Are there just
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Brain-wide neural activity dynamics
during thirst-motivated behavior s |

57% of recorded cells are task modulated in thirst;, ™
13% when sated.

Allen et al., 2018

Fig. 31

a few neurons in the hypothalamus or maybe with some motor areas controlling licking?
What really is the thirsty state? The big surprise was that it’s essentially the entire brain,
and most of the neurons in the brain. So, contrary to what you might have heard, it’s not
that half or 10% of the neurons are involved—in even a simple behavioral state, like
seeking water when thirsty. The entire brain, virtually the entire brain is mobilized. All
these are different regions, color coded across the brain. Each little horizontal very,
very thin line is recording from an individual neuron. We have many tens of thousands
of neurons. Red is more active, blue is less active, and here are these three lines: 1, 2, 3
corresponding to these three points here—and you can see this brain-wide
representation of this acquisition of water when thirsty, that’s seen with the go cue, not
with the no-go cue. So, it’s a very specific state in the animal.

Now, look at the complexity of this, and the fact that not only all these regions, but
more than half of all recorded cells across the brain are modulated by this thirst
behavior. We then asked the seemingly almost impossible question, what happens when
we drive optogenetically just this tiny population of thirst neurons, the input to those
thirst neurons, deep in the brain? Do we cause anything like that naturally-occurring
state? So, we thought we should test that... and we did.

The behavior as you will know by now is here (Fig. 32). The animals lick for water
until they are sated. We can optogenetically stimulate the input to the thirst neurons and
trigger active seeking—but still cue-elicited seeking—of water in these sated animals
that are no longer deficient in water. What is the brain-wide state that’s recruited? And
stunningly this is the thirsty brain-wide state... This is the sated state, very different and
then this is the sated but optogenetically stimulated state and it’s nearly identical to the
naturally-occurring thirst state, and it’s very complex temporal complexity of the brain-
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wide dynamics. Clear and brain-wide manifestation and cellular resolution of this thirst
state is recapitulated, and then that once you turn off the optogenetic stimulus, that
reverses. So, this shows that if you target correctly that optogenetics gives you the
power to recruit brain-wide states of incredible complexity and beauty.

I think it’s also further remarkable just to consider again that our ability to address
these questions, these fundamental questions of what it means to be in a behavioral
state, to act in a particular way, our ability to ask and answer these questions—has
become rooted in the atomic level understanding of these elegant single proteins, the
channelrhodopsins (Fig. 6).

Now, I am often asked about clinical applications of optogenetics. This is not
something that my lab works on, but we think about it all the time... and what we’re
seeing is, I think, a paradigm which is that optogenetics-guided clinical trials are already
starting, and are showing success. And this does not mean—as it never has to mean—
putting algal genes and fiber optics into the brains of people. That’s not necessary—
understanding is what’s necessary, and causal understanding is what is necessary.

Circuit dynamics of reward-seeking behavior: clinical impact

Ny &l

L = Dopaminerge projactions

Optogonatics madulalod TMS modulalod

%§;¢¢ _Q%$

Antaonello Bonci:
Chen et al, Nature 2013
Terraneo et al., 2015 Sciance 2016; Nature Neuroscience 2016 (with E. Ferenczi)

Fig. 33

An example of this: Antonello Bonci’s group has made this very clear, with some
beautiful work in 2013 (Fig. 33). They were looking at cocaine addiction in rats, and
they found that they could powerfully suppress cocaine-seeking behavior and cocaine
consumption even in the most severely cocaine addicted rats, with an optogenetic
stimulus of the medial prefrontal cortex. And this was such a powerful effect, that it
immediately went to a clinical trial using an existing intervention, a non-invasive
transcranial magnetic stimulation intervention. This is something that can be done in
awake, alert patients—but if you don’t have causal understanding of where to target, it’s
almost impossible to use. It creates a tiny little patch of excitation, centimeter scale—but

137



Lx)n?BLREZETTD, WMERPDOLDOBEDOIREIRY T3, Ui
L7ZRETH R D > TuE T, ZN05 TNE L TW AN E S B IEFAN
FHIC X DRI S NZIREC, ARBEEN O LOlgE OIREL 1ZIZFCTH Y, I
FAHGE R R RORIRHY R BIREATRD HNFE T ZOD EDiEE DIRFEDHEAD
&R D72 D IEBDSHIBUHEE L NV THBLENTB Y . SBEEFI TS X A3
BEILDLE, IR T, TTOT, 2O &, BYNENZRETIUEL b
TR TFUN NI I TR L WIS ROIREZ BT 21810 5 Z L 2R L
TWET,

MO, D VATEMREICH V) . FFEDTTETIHET 5 Z LM% BIRT 5
DMPENN) TNHDOIARNZLFERNICIN Y M 2 LATTEDDIE, ZOXHI BTV T
NeHi—8 YRIETHAF v ANT R T U RFETFLNVTHRL 722 &0 B
FoTVBEILEERWHLTWARZTETEEL L EWET (Fig. 6).

EIAT, BT X OBEEFOBRSHICOWTHRALN T §, ZHUIADOIIZESR
B ML D DOTIEH ) FLAD Az HIFEICZIUOWTEZTWET, ZLT
B72BAEH LT 2013, JGBER AT O 72REERE I Tl E o T T
B R L TWAEW) R8T T4 N TT, €L TIIUITL THEOBIET-L 67 7
AN—% NEOBICAND 2L 2 BRT H5DOTIEH ) A ) THULEEH) F
Bho BT L EDPLELZDOTH Y, FRPUROBFI UL DT,

ZOZEDOBIEZTEL & 9o NIH®Antonello Boncid 7 IV — 712D Z & & Fi
O TR L72B1C 20134EICEIE S LW ZHE L $ L2 (Fig. 33)s I b
DAHA YHPFIOWTHIZEL Tz e &5, IWIRTEERT R E 2 G fmaA i T2l
WsHZeIl2XD, WA AAEETEIR A A ¥ OBPATEINHH SN D 2 & &
ALE L7 €L TIHIERISRNBIENTH o 72720, BHFONA, TabbIE
PRIRAGREHZR RGO A & W72 KSR ICIE BIHEA S L7z, ZIUTHBEROZ
ML TVABHEIAAT) 2D TEE T, L L, ETEHENICTHREPIIDON
TOREROI R UL, HHT2DIZEAEATRETT, £ F A— b
BEOBAE R O/NS 723y F 2B L3725 ABOBICIINGR & 2 55505 &
0. REEBIRICEIT 2 Mk E Fro T i iud, 2o k) 2hiEx e 4]
REVED B 2 HRERE 71 V35 2 ERTE T AL

LU, 15513 2 ORRBIRICE S 2 A2 i 2 T 4 > — R &t
W —20% e LTREBEZITVY,. Shbnahf Y hEZICBWTI N A VEEIT

138

Commemorative Lectures

there is a lot of real estate to cover in the human brain, and unless you are armed with
causal knowledge, you'll never be able to design a clinical trial using a method like this
with any chance of succeeding.

But armed with this causal knowledge, they did a study in cocaine-addicted human
beings—an experimental group and a control group—and they found a powerful
suppression of cocaine-seeking behavior and cocaine consumption, in these human
beings with cocaine addiction. That was an early pilot study; it’s being followed up, and
data are looking promising so far. But that’s only one example.

The general point being: understanding is what we need, and particularly in
psychiatry where we lack—and had lacked for so long—an understanding of the
fundamentals. That basic advance and direction, is in my view most important, and that’s
where optogenetics is most powerful—as a discovery tool.

A final point to reflect on, I think, is not just that the wonder of these elegant
proteins—and getting to understanding them at the atomic level—has been so powerful,
but I think there is another powerful point here as well, that’s operative on the societal
level—which is to underscore this point: That the advances that we’ve been able to
make in understanding our own brains as vertebrates, as mammals with drives and
conflicts... all of this has been made possible by very basic research, even in botany
(Fig. 1)... and I think this is a good, a useful, story for people. If you are pressed for an
example of the value of basic science, I think one can find many others but this is a good
one—and you can use it, I think, to convey the value of starting small, and encouraging
that basic joy, and wonder, of studying simple and beautiful systems for their own sake.

In the last minute, I would just like to express my deep gratitude to the students
and post-doctoral fellows, laboratory staff, and wonderful collaborators and colleagues
all over the world who have made all this possible. I have the great fortune to be able to
work with an amazingly talented and creative group of students and post-doctoral
fellows over the years, but also many collaborators and colleagues whose names I have
mentioned and others. And as we all know, science is not just a team effort, it’s an effort
of society, of humanity—and this, I think, is something that is represented fully in the
story of optogenetics as well (Fig. 34).

I'll conclude there and thank you very much.
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