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Abstract

Optogenetics, the use of microbial rhodopsins to make the electrical activity of targeted neurons
controllable by light, has swept through neuroscience, enabling thousands of scientists to study
how specific neuron types contribute to behaviors and pathologies, and how they might serve as
novel therapeutic targets. By activating a set of neurons, one can probe what functions they can
initiate or sustain, and by silencing a set of neurons, one can probe the functions they are necessary
for. We here review the biophysics of these molecules, asking why they became so useful in
neuroscience for the study of brain circuitry. We review the history of the field, including early
thinking, early experiments, applications of optogenetics, pre-optogenetics targeted neural control
tools, and the history of discovering and characterizing microbial rhodopsins. We then review the
biophysical attributes of rhodopsins that make them so useful to neuroscience — their classes and
structure, their photocycles, their photocurrent magnitudes and kinetics, their action spectra, and
their ion selectivity. Our hope is to convey to the reader how specific biophysical properties of these
molecules made them especially useful to neuroscientists for a difficult problem — the control of
high-speed electrical activity, with great precision and ease, in the brain.

Introduction

The brain contains a large diversity of neuron types, and other cell types like glia, which work
together in dense, complex networks to implement behavior, cognition, and emotion. Different
neuronal cell types change in different ways in different brain diseases and conditions that affect
over a billion people around the world, none of which can be fully cured or ameliorated. These
kinds of neuron differ in their shapes and sizes, in what genes they express, in how they are wired,
and in how they physiologically affect one another. They compute using a diversity of molecular
and physical signals, perhaps most prominently millisecond-timescale electrical signals that are
generated in neurons in response to chemical inputs at neuron—neuron connections called
synapses, and are integrated toward the firing of millisecond-timescale electrical pulses called
action potentials, or spikes, which in turn propagate throughout the complex arbors of neurons,
causing release of chemicals at other synapses.

Neural electrical recordings, over the first century of modern neuroscience, enabled the
observation of neural electrical activity patterns that are associated with specific behaviors, or
with specific brain diseases and conditions, both in humans and in animal model organisms such
as mice. But observing a pattern of neural activity in a specific set of neurons during a specific brain
state or process does not prove that the neural activity observed plays a causal role in the brain state
or process — perhaps the neural activity that is causally involved with the state or process is found
elsewhere in the brain, or perhaps one subset of the neural activity observed is more important for
the state or process than another subset. Therefore, methods of precisely controlling neural
activity, so that its impact on a behavior or a disease can be causally assessed, are necessary. If
you could turn on the activity of a specific set of neurons, you could figure out whether they can
initiate, sustain, or modulate a given behavioral, cognitive, or emotional process, or a given disease
state, or potential therapeutic process. If you could turn off a specific set of neurons, you could
figure out whether they are needed for such a state or process. Pharmacological modulation of
neurons has been very influential in basic and applied neuroscience, but the effects take place over
timescales of seconds to minutes or longer, limited by factors such as the rate of diffusion of drugs
into and out of the brain, and furthermore, the effects are felt by multiple types of neuron. Brain
stimulation through the delivery of electric fields, magnetic fields, ultrasound, and other forms of
energy (e.g., heat), while potentially quite fast, are also nonspecific in their mechanism of
stimulation, and thus can affect multiple kinds of neuron within a densely packed neural network.
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The toolbox of optogenetics solves this problem. In optogenetics
(‘opto’ referring to light, and ‘genetics’ because the toolset is gen-
etically encoded), neuroscientists express genes encoding for
microbial rhodopsins, naturally occurring proteins that serve as
light-driven ion pumps and channels, found in organisms such as
archaea, algae, and bacteria, in genetically targeted neurons so that
their electrical activity becomes controllable by light. The word
optogenetics is sometimes more broadly used to refer to any
genetically encoded tool that enables control of a cellular process
with light (Liu and Tucker, 2017); here we focus on optogenetic
control of neural electrical activity via the genetic expression, and
light activation, of microbial rhodopsins.

Microbial rhodopsins are seven transmembrane proteins that
normally respond to sunlight, capturing solar energy in the form of
ion gradients, or serving as simple photosensors for organisms to
navigate in their environments. These proteins covalently bind the
vitamin A variant all-trans-retinal, which serves as the photosensitive
moiety. Upon illumination by light of the appropriate color, all-trans-
retinal isomerizes to 13-cis retinal, and the protein then begins a series
of rapid conformational changes that result in the fast transport of
specific ions from one side of the membrane to the other. These
molecules have closed photocycles — the retinal recovers back to the
all-trans form in the dark, without the need for other cell types, or
enzymes, to facilitate recovery; thus, the molecules can be light-driven
over and over again, as self-contained, autonomous units.

In this review, the first half covers a historical perspective on
optogenetics. We first discuss early thinking and perspective on the
topic, followed by personal reflections on the early days of optoge-
netic control of neurons. We follow this with a brief summary of the
diversity of applications optogenetics has seen in its first decade and a
half. We then review the long path of targeted neural activity control
technologies that preceded optogenetics, followed by a review of the
history of the discovery and characterization of the microbial rho-
dopsins themselves. The second half of the review delves into the
biophysical properties of rhodopsins that make them such great
neural control tools. We review the classes and structure of rhodop-
sins, their photocycles, their photocurrent magnitudes and kinetics,
their action spectra (the colors of light that engage them), and their
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ion selectivity. Our hope here is to provide a comprehensive review at
a specific interdisciplinary interface between two fields, which
yielded great impact — namely, how the biophysics of these rhodop-
sins led them to be so useful in neuroscience.

Historical perspective on optogenetics
Concept of optogenetics and early optogenetics experiments

The need for optogenetics, and the specifications desired for the
technology to possess, were enunciated long before the technology
was actually invented (see Figure 1 for a timeline of some key dates
discussed in the first half of this review). Perhaps, Francis Crick was
the first to frame the key specifications that the technology should
exhibit. As early as 1979, Crick suggested that a technology ‘by which
all neurons of just one type could be inactivated, leaving the others
more or less unaltered” would accelerate neuroscience discovery
(Crick, 1979). Later, in lectures that took place over many years
(according to Roger Tsien, who himself explored the topic of optical
control of neurons), and that culminated in an influential essay titled
‘The impact of molecular biology on neuroscience’ (Crick, 1999),
Crick stated that a key need would be ‘to be able to turn the firing of
one or more types of neuron on and off in the alert animal in a rapid
manner. The ideal signal would be light, probably at an infrared
wavelength to allow the light to penetrate far enough. This seems
rather far-fetched but it is conceivable that molecular biologists could
engineer a particular cell type to be sensitive to light in this way’.

This was a daunting challenge, as Crick was aware, calling the
idea ‘far-fetched’ even in the same breath that he put forth his call to
arms: any such technology, to be useful in neuroscience, would have
to meet four independent criteria, outlined in Crick’s challenge.

First, the technology should be targetable to a specific neuron
‘type’, and not others, even densely packed neighboring cells that
serve functions radically different from those of the targeted type —
suggesting the need for genetic targetability of the technology, or
something equivalently powerful and easy-to-use.

Second, the technology should be ‘rapid’ enough to keep up with
high-speed neural codes, ideally matching the speed of the most
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Figure 1. Timeline of key discoveries and innovations in optogenetics.
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Box 1. Generalizing Crick’s criteria to other kinds of molecular tool.

It is interesting to think about the generalization of Crick’s criteria, toward
general guidelines for creating a molecular technology of great use in
biology. Let us consider two examples — GFP and CRISPR — as genetically
encoded tools which have had great impact throughout biology. Both of
them, curiously enough, do seem to meet generalized forms of Crick’s
criteria. First, both are fully genetically encoded and thus can be targeted
to different ‘types’ of cellin the living body — GFP, for imaging, and CRISPR, for
targeted genome editing. Second, both of them are capable of precision
suitable to address the most fundamental building blocks of their respective
domain — GFP can be used to visualize individual cells and even molecules,
and CRISPR can be used to alter individual genes and even genomic bases.
Third, both technologies are very easy to use and robust. GFP needs no
chemical supplementation (other than molecular oxygen, which is typically
abundant in biological systems) for use in the living cell or body, making it
easier to use than earlier genetically targeted methods of fluorescent
biomolecular visualization, which required small molecule chemical
administration. CRISPR is genetically programmable via nucleic acids, to
target a specific genomic locus, making it easier to use than earlier methods
of genome editing that required protein engineering. Finally, each has a clear
mechanism of action, being implemented by a single well-understood
protein, from a bioorthogonal species quite different from mammalian
cells commonly studied in biomedicine. In our modern era of genomic
search, directed evolution, and Al-guided molecular design, perhaps the
‘generalized Crick criteria’ could be coded up, or even automated, to
accelerate the search for new molecular tools to advance biology and
medicine.

fundamental building blocks of brain activity — such as the indi-
vidual action potential — implying the need for millisecond-
timescale temporal precision.

Third, the technology should be easy enough to use, and robust
enough, that it could be applied widely in complex neuroscience
experiments, even in the delicate, difficult context of the ‘alert
animal’ (the simplicity of use of green fluorescent protein (GFP),
which needs no chemical supplementation to be used in the awake
mammalian brain, comes to mind (Box 1)).

Fourth, the technology should control neural ‘firing’ specifically,
with a clear mechanism of action, so that there were no concerns
about whether an unknown but required intermediary protein or
other gene product was present or absent in a given cell type, or
whether such an intermediary protein or other gene product could
cause side effects, by coupling to unexpected physiological effectors
in a given cell type.

Would such a technology be possible to create, and would it
truly be useful in everyday neuroscience?

As a student at Stanford in spring 2000, one of us (Boyden) met
another student, Karl Deisseroth, and we started brainstorming
about how one might control neural activity in specific cell types by
equipping targeted neurons with genetically encoded molecules
that would transduce different forms of energy, such as magnetic
fields, into electrical signals.

Reading old papers (Oesterhelt and Stoeckenius, 1971; Schobert
and Lanyi, 1982; Hildebrandt et al, 1993; Hoffmann et al, 1994;
Nagel et al, 1995; Okuno et al, 1999), I became fascinated by the
possibility of expressing microbial rhodopsins in neurons to make
them sensitive to light and started requesting clones of such genes
from colleagues (for a behind-the-scenes look at these early days,
please see Boyden (2011). I started with the light-driven chloride
pump N. pharaonis halorhodopsin, because of a curious article
suggesting that this protein might pump chloride well at modest salt
concentrations (similar to those found in the brain, I noted at the
time), in contrast to other microbial rhodopsins that worked best at
high salt concentrations (perhaps because at the time, the best-studied
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microbial rhodopsins had been isolated from ‘halophilic’ archaea that
live in high salinity environments) (Okuno et al., 1999). That May, I
emailed a request for this gene to Janos Lanyi, an opsin pioneer, who
forwarded my request to his colleague Richard Needleman, who
kindly sent the gene over. I had already headed out for the summer
to a neuroscience course at the Marine Biology Laboratory in Woods
Hole, Massachusetts. I asked Richard to send the gene to Karl. After
returning to Stanford in fall 2000, I found myself rapidly caught up in
learning lots of new skills in order to perform my PhD research on
motor learning in the cerebellum, conducted in the labs of Jennifer
Raymond and Dick Tsien, my PhD coadvisors, and I left the opsin
project on the back burner for a while.

In the fall of 2003 and early 2004, Karl, then doing postdoctoral
work in Rob Malenka’s lab, and I, mid-way through my PhD in
Jennifer’s and Dick’s labs, started discussing genetically targeted
neural control again. I had noticed a paper by Nagel et al. (2003),
describing a light-activated cation channel, channelrhodopsin-2,
and showing that this protein could be functionally expressed in
oocytes or cultured HEK cells. I emailed Karl to propose that we
reach out to Georg to see if they would be willing to share the gene.
Georg kindly shared the gene, and we expressed it in cultured
mammalian neurons.

There were many ways this experiment could have gone wrong —
perhaps the protein could have been toxic to neurons, or perhaps
the protein would not have functioned in neurons (perhaps it
misfolded, or otherwise was compromised), or perhaps the effects
would be too weak to be biologically meaningful. Or perhaps the
protein would require the all-trans-retinal chemical cofactor to be
supplemented, making usage too complex for everyday use in the
alert mammalian brain. But amazingly, and serendipitously, it
worked on the very first try!

On August 4, 2004, around 1 o’clock in the morning, working in
Dick Tsien’s lab, I took a channelrhodopsin-2-expressing cultured
mammalian neuron, began to electrophysiologically record it, and
shined blue light on it — and to my amazement, it fired action
potentials rapidly, precisely, and immediately. That night’s experi-
ments confirmed that channelrhodopsin-2 was well-expressed, and
functional, in neurons. The protein was well-tolerated enough by
neurons, that it could be expressed at high levels, enough to mediate
strong depolarizations. Brief pulses of blue light resulted in single,
precisely timed action potentials in neurons, and trains of such
pulses could result in precisely timed trains of action potentials.
Repeatedly stimulating a neuron did not seem to cause a reduction
in the opsin’s performance, suggesting that such optical control of
neurons could be sustained over behaviorally relevant time periods.
Serendipity had struck!

Follow-on experiments in the months to come, many performed
in the Tsien lab, reinforced the excitement of that first night’s
experimentation: the molecule was safe, functional, and effective.
In August 2005, Karl and I published a paper reporting that the
light-gated cation channel channelrhodopsin-2 from C. reinhardtii,
expressed in cultured mammalian neurons, met all four of the
criteria that Crick laid out (Boyden et al., 2005). First, the small
gene encoding for this protein could be genetically expressed in
targeted neurons, using standard gene delivery and gene expression
strategies common in biology. Second, the protein, expressed in
neurons, was fast enough to mediate millisecond-timescale action
potentials, in response to pulses of blue light. Third, the protein was
easy to use in neurons, for example responding to blue light from a
standard GFP excitation filter on a conventional microscope.

Most serendipitously, perhaps, the obligate chemical cofactor
all-trans-retinal did not need to be supplemented to mammalian


https://doi.org/10.1017/S0033583523000033

neurons — for whatever reason, mammalian neurons had sufficient
background levels of all-trans-retinal to enable the function of
microbial rhodopsins, which greatly simplified experiments. This
serendipity (Box 2) was reminiscent of how GFP spread quickly in
biology in part because it required no chemical cofactors to be
supplemented for its function (in contrast to some other biologic-
ally targeted fluorescent labeling schemes of the time).

Finally, since the protein directly coupled light to ion flux,
without the need for another intermediary protein to achieve this
coupling in neurons, there were no concerns about such intermedi-
ary proteins being potentially lacking in some neuron types, or
about such intermediary proteins potentially causing side effects
through coupling to unexpected downstream effectors. Thus,
channelrhodopsin-2 fully enabled half of Crick’s proposed goal,
specifically in the domain of neural activation. Several other papers
using channelrhodopsin-2 in mouse brain slices, chick spinal cord,
the worm C. elegans, and the mouse retina, came out in the months
following, confirming these four properties of channelrhodopsin-2
in different contexts (Li et al., 2005; Nagel et al., 2005; Bi et al., 2006;
Ishizuka et al., 2006).

In 2007, after I started my group at MIT, Xue Han and I showed
that the light-driven chloride pump N. pharaonis halorhodopsin —
the very first microbial opsin clone I requested from colleagues,
back in the spring of 2000 — possessed these four properties in the
domain of neural silencing (Han and Boyden, 2007). Our paper was
followed shortly after, by a paper on the same molecule, from the
Deisseroth lab (Zhang et al., 2007). The silencing was not very
strong, however, perhaps because the halorhodopsin was not func-
tionally expressed at high enough levels in mammalian neurons. In
2010, my group at MIT showed that a light-driven proton pump
from H. sodomense, archaerhodopsin-3, could mediate much more
powerful neural silencing, with ~100% reduction of neural firing in
cortical neurons of awake behaving mice in response to pulses of
light (Chow et al., 2010), followed shortly after by a paper from the
Deisseroth lab showing that the photocurrents of the N. pharaonis
halorhodopsin could be improved by adding trafficking signals that
boosted neural functional expression (Gradinaru et al, 2010).

These molecules, thus, enabled the other half of Crick’s pro-
posed goal, specifically in the domain of neural silencing. They
remain popular to this day. We, and many others, have continued
to discover new molecules that are more optimal for specialized
purposes (discussed at length in the final parts of this review) — as
just a few examples, enabling very fast neural control (Klapoetke
et al., 2014), enabling less invasive neural control (Han et al., 2011;
Chuong et al,, 2014; Klapoetke et al., 2014), enabling multiplexed
neural control (Klapoetke et al., 2014), enabling ion-selective neural
control (Cho et al., 2019), and enabling very spatially precise neural
control (Shemesh et al, 2017), amongst others — which are also
helping neuroscientists tackle a great many specialized problems.

In summary, the class of microbial rhodopsins, with little or no
modification from their natural state, was able to address a key need
in neuroscience, enabling the fast, easy-to-use, and reliable activa-
tion and silencing of electrical activity in specific neuron types, in
response to light. This was largely due to serendipity: the molecules
might not have been fast or strong enough, when embedded in the
neuronal milieu, to mediate neural firing, or they may have proven
toxic in delicate mammalian neurons, or they may have required
chemical supplementation of all-trans-retinal to function in mam-
malian neurons, greatly complicating experimentation.

In the years since, optogenetic tools have been used in practically
every part of neuroscience to study how the activities of specific cell
types contribute to behaviors, pathological states, or potential
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Box 2. Optogenetics and the need for chemical supplementation.

As noted earlier (Box 1), part of the utility of GFP arose from its ease of use —
no chemicals needed to be supplemented for its everyday biological use in
cells and organisms. In our original 2005 paper on the first use of microbial
rhodopsins to mediate optical activation of neurons, we noted in the
Discussion and Methods sections that ‘no all-trans retinal was added either
to the culture medium or recording solution for any of the experiments
described here’, expressing surprise that mammalian neurons seemed to
do just fine with opsin functionality, even without adding all-trans-retinal.
This turned out to be important for the ease of use of optogenetics in
everyday neuroscience: if optogenetics required gene delivery to the living
mammalian brain, implantation of an optical fiber (say, one that could be
connected to an external light source) to target the region of interest with
pulses of light, and then, on top of all that, infusion (either continuously or at
time of experiment) of all-trans-retinal into the target region of the brain, the
experiments would have been much more complicated than if only gene
delivery (quite routine in neuroscience) and optical fiber implantation
(analogous to ordinary electrode implantation) were required. In what
might be regarded as a close call, although mammalian neurons did not
require supplementation with all-trans-retinal for microbial rhodopsins to
function, optogenetics does not work in the worm C. elegans or the fruit fly
D. melanogaster without all-trans-retinal supplementation; fortunately, for
these small animals, all-trans-retinal can be easily supplemented in sufficient
quantities by adding it to the environment or to the food (Nagel et al., 2005;
Schroll et al., 2006).

therapeutic processes. Because the tools are easy to express in
targeted neurons, using standard gene delivery and transgenesis
strategies, they are widely used in the major model organisms
utilized in neuroscience, including mice, rats, nonhuman primates,
flies, fish, and worms. We have distributed these tools as freely as
possible to the neuroscience community, for example, working with
DNA-repository services like Addgene to distribute plasmids, and
viral vector cores at many different institutions to distribute viruses.
They have been used by perhaps thousands of researchers in
animals to probe literally hundreds of topics related to normal
and pathological brain states and processes. It is probably impos-
sible to list all of the papers that utilize optogenetics and still
maintain a cohesive review, especially one focused on the biophys-
ics of the rhodopsins in their neuroscience roles, but in the next
section we try to give a flavor for the kinds of results people have
obtained, using optogenetic tools in neuroscience, before moving
onto discussion of the biophysical details of optogenetics and how
these properties helped these tools stand out in neuroscience utility.

Application of rhodopsins in neuroscience

In this section, we give examples of the kind of results scientists
have obtained, first in basic science studies of how neurons work
together in circuits to generate behavior in a variety of model
organisms, and then in studies to probe the nature of brain diseases
and to think about new strategies to treat them. Although the
promise of optogenetics has paid off hugely in the understanding
of the brain, revealing the causal substrates of a great many behav-
iors and diseases, and pointing in many cases toward potential new
treatment strategies, a second major potential impact — direct
application of optogenetics in humans, as a therapeutic — is starting
to be substantiated by data from human patients with blindness,
and may represent a second payoff of optogenetics; we discuss this
new direction briefly at the end of this section.

Optogenetic tools have been used in mammals including mice
and rats to reveal neural populations and activity patterns that drive
parental behaviors (Kohl et al,, 2018), that enhance spatial object
recognition (Kempadoo et al, 2016), that drive attacks upon


https://doi.org/10.1017/S0033583523000033

Quarterly Reviews of Biophysics

intruders (Lin et al, 2011), that control the timing of breathing
(Sherman et al., 2015), that are needed for social memory formation
(Oliva et al., 2020), that regulate the formation of social-spatial
associations (Murugan et al., 2017), that improve visual perception
(Lee et al., 2012), that boost wakefulness (Cho et al, 2017), that
control locomotor-like bursting in spinal cord central pattern gen-
erators (Hagglund et al, 2013), that control the duration and
physiological properties of sleep episodes (Jego et al., 2013), that
are necessary for formation of long-term memories (Kitamura et al,
2017), that encode the laterality of sensory inputs (Ketzef et al,
2017), that contribute to goal-directed attentional processing (Kim
et al., 2016), that play a causal role in face gender discrimination
(Afrazetal, 2015), that are necessary for driving water consumption
in conditions of thirst (Zimmerman et al., 2016), that recapitulate
innate responses to odors (Root ef al., 2014), that control food intake
in conditions of hunger (Nectow et al., 2017), that modulate specific
aspects of movement (Gritton et al., 2019), that control memory-
guided eye movements (Acker ef al., 2016), that induce aversion or
preference to a place (Kim et al., 2019), that promote conditioned
reward-seeking behavior (Otis et al., 2017), that regulate paternal
behavior (Stagkourakis et al., 2020), and that provide signals to the
hippocampus to help neurons encode for places (Zhang et al., 2013)
— amongst countless other results.

In important small model organisms for neuroscience, optoge-
netics has proven very useful in defining neural populations and
activity patterns that contribute to neural computations and behaviors.

In fruit flies, optogenetics has been used to reveal neural popu-
lations and activity patterns that control acquired feeding prefer-
ences (Musso et al., 2019), that control chemotactic navigational
decision-making (Hernandez-Nunez et al, 2015), that drive or
inhibit courtship (Seeholzer et al., 2018), that promote sleep and
suppress locomotor activity (Guo et al, 2016), that drive a long-
lasting internal state in the female brain that regulates a diverse set
of behaviors (Deutsch et al., 2020), that process touch signals in a
set of parallel comparisons (Tuthill and Wilson, 2016), that control
context-appropriate walking programs (Bidaye et al., 2020), that
result in a diversity of complex and novel behavioral sequences
(Vogelstein et al., 2014), and that represent the heading direction of
a fly-through ring attractor dynamics (Kim et al. 2017), amongst
many other discoveries.

In the larval zebrafish, optogenetics revealed neural populations
and activity patterns that controlled saccadic eye movements
(Schoonheim et al., 2010), that increase sleep (Oikonomou et al.,
2019), that control swim turn direction (Dunn et al., 2016), that
provide sensory feedback to spinal circuits during fast locomotion
(Knafo et al., 2017), that produce a coordinated swimming pattern
(Ljunggren et al, 2014), that stop ongoing swimming (Kimura
et al, 2013), and that contribute to movement in response to
noxious stimuli (Wee et al., 2019), amongst other discoveries.

In the worm C. elegans, optogenetics has been used to pinpoint
neurons involved with generating locomotor rhythms (Fouad et al,
2018), and to explore how a single neuron can regulate multiple
behavioral outputs (Li et al., 2014), how specific neurons mediate the
switching of behavioral state in response to oxygen concentrations
reflective of surface exposure (Laurent et al, 2015), how inter-
neurons integrate multiple kinds of olfactory input toward a repre-
sentation of valence (Dobosiewicz et al., 2019), how a single neuron
encodes a memory of a chemotactic set point (Luo ef al., 2014), how
synaptic energy demand regulates the clustering of a glycolytic
protein (Jang et al.,, 2016), how specific neurons contribute oscilla-
tory activity to control backward locomotion (Gao et al, 2018), and
how specific interneurons control the locomotory programs for
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chemotaxis (Kocabas et al., 2012) — again, amongst a large number
of studies from all over the world.

Beyond the most commonly used model organisms in neuro-
science, optogenetics has also been applied to the study of neural
circuits and behaviors in other species important in neuroscience,
including nonhuman primates (Han et al., 2009).

Optogenetics has also been used to study diseases in animal
models of brain disorders, pinpointing cell types and neural circuits
that could serve as therapeutic targets for treating brain diseases,
and even revealing neural activity patterns that could, when
induced by brain stimulation technology, potentially serve thera-
peutic roles. Optogenetic control of neurons has revealed, in animal
species and models relevant to human diseases and conditions,
neural populations and activity patterns that clean up multiple
molecular pathologies associated with Alzheimer’s disease
(Taccarino et al.,, 2016), that wake the brain up from anesthesia
(Taylor et al, 2016), that relieve anxiety-like states in stressed mice
(Kumar et al.,, 2013), that control the acquisition of learned fear
(Wolff et al., 2014) or the encoding of contextual fear memories
(Kheirbek et al, 2013), that control the generalization of fear
memories (Xu and Sudhof, 2013), that promote compulsive seeking
of sugar (Nieh et al, 2015), that promote spinal cord repair after
injury (Llorens-Bobadilla et al, 2020), that restore respiratory
diaphragm motor activity after spinal cord injury (Alilain et al,
2008), that drive depression-like behaviors (Yang et al., 2018), that
participate in or promote post-stroke motor recovery (Cheng et al.,
2014; Wabhl et al., 2017), that are dysregulated in states of obesity
(Pirzgalska et al., 2017; Reed et al., 2019; Beutler et al., 2020), that
normalize motor behavior in Huntington’s model mice
(Fernandez-Garcia et al, 2020), that cause long-lasting motor
recovery in dopamine-depleted mice (Mastro et al, 2017), that
control cocaine-seeking behavior relevant to addiction (Martin-
Garcia et al., 2014), that disrupt the role of sleep in consolidating
memories (Swift et al, 2018), that inhibit epileptic bursting in
hippocampal and cortical brain circuits (Tonnesen et al., 2009),
that stop seizures in vivo (Krook-Magnuson ef al., 2013), that halt
seizures that result from stroke (Paz et al., 2013), that ameliorate
Parkinsonian motor symptoms (Yu et al., 2020), that contribute to
stem-cell derived reduction of Parkinson’s symptoms (Steinbeck
etal., 2015), and that overcome developmental limitations on social
learning (Nardou et al., 2019) — again, out of a great many clinically
informative results from a large number of groups.

The widespread usage of optogenetics in awake-behaving ani-
mals has been greatly facilitated by the utility of ordinary laser, LED,
fiber optic, and microscopy technology, to deliver light to the brain,
effectively, easily, and safely. Many of the mouse studies above, for
example, involved implanting an optic fiber into the brain, with one
end aimed at a brain region of interest. The brain region of interest
will typically have had one cell type of interest made sensitive to
light through the expression of an appropriate light-activated pump
or channel in the cell type of interest, using standard gene delivery
mechanisms (e.g.,an AAV virus, containing the gene encoding for a
given opsin, perhaps under regulatory sequences to help a specific
cell type express the gene selectively, could be stereotactically
injected into the region of interest). At the time of a behavioral
experiment, the other end of the optic fiber, which emerges from
the brain, would be connected to an external LED or laser of the
appropriate color, which would then be pulsed by a computer, to
drive the neural code according to some experimental goal. For
small animals like worms, flies, and fish, they are often simply
placed under a standard microscope, which then delivers light of
appropriate color and timing, to the brain or body. Transgenic
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methods will have been used to enable specific cell types, in the
brain or body, to express the rhodopsins.

As optics hardware improves over time — for example, multi-
photon, digital micromirror device, and holographic light sculpting
hardware, have been making their way more and more into neuro-
science in recent years, to facilitate neural imaging — such devices
are being adapted for making optogenetic control more and more
spatially precise, as well. Reviewing the optical hardware of opto-
genetics is beyond the scope of this review, which is focused on the
chemistry and biophysics of the molecules and how those proper-
ties yielded impact on neuroscience. Although our focus in the
aforementioned examples has been on the application of optoge-
netics in the intact brain, often in behaving animals, we note that
countless studies in vitro, including studies of mechanisms of
neural communication, intraneuronal computation, neural plasti-
city, circuit organization, and circuit dynamics, performed using
acute brain slices and other in vitro preparations such as cultured
primary neurons, as well as in many nonneuronal systems com-
prising excitable cells such as heart and musculature, have been
enabled by optogenetics as well.

Optogenetics has had an enormous impact on the study of the
brain, pointing to cell types, neural circuits, and neural codes that
causally contribute to a diversity of behaviors, disease states, and
potential therapeutic states. In this regard, optogenetic usage is
proven and mainstream, and is now routinely used in everyday
neuroscience to probe the cellular and circuit mediators of normal
and abnormal neural processes. In the last few years, however, a
second frontier has begun to gain more attention — the potential for
directly using optogenetics in human patients, to treat diseases or
restore function. For optogenetics to be used in a human patient,
since it would require both a gene therapy to introduce the gene into
specific cells in the body, as well as a hardware device for controlled
light delivery to target cells, there would need to be a rationale for a
specific cell type or neural circuit target to be selected to express the
optogenetic molecule; there would need to be optical hardware to
deliver light of the appropriate color and power to the region of
interest, precisely and safely; and there would need to be preclinical
data as well as clinical trials to support both the safety of the molecule
in the body (since they evolved in species very different from humans,
a lack of toxicity of the gene product, and a lack of immune response
against it, ideally over timescales relevant to human disease treat-
ment, would have to be confirmed) as well as the efficacy of the neural
modulation in ameliorating the condition or restoring function.

In summer 2021, these goals converged for the first time in a
human patient (Sahel et al.,, 2021), with the first case study being
reported of a patient suffering from retinitis pigmentosa, a disease
that causes photoreceptor loss and resulting blindness, achieving a
partial restoration of functional vision after AAV-mediated deliv-
ery of the gene encoding for the light-driven cation channel Chrim-
sonR (Klapoetke et al., 2014) into the eye, targeting normally light-
insensitive retinal ganglion cells, to make them light-sensitive. In
this way, the retina could convert light into neural signals for relay
on to the brain, even though the natural photoreceptors were gone.
The patient wore goggles that captured images of the world and
projected processed images in the form of patterned light pulses of
appropriate color and power, to the retina. In this patient, there
were no adverse events reported. Tantalizingly, there was signifi-
cant restoration of functional vision, including the ability to per-
ceive, reach for, and touch objects, to the point of being able to
perform some daily visual activities — perceiving crosswalks and
doors on the street and in hallways respectively, and detecting
household objects like plates and phones. Perception persisted over

https://doi.org/10.1017/50033583523000033 Published online by Cambridge University Press

Kiryl D. Piatkevich and Edward S. Boyden

the duration of the study (over 1.5 years of testing). Future studies
will be needed, in a larger cohort of patients, both in the context of
this disease and in any diseases to be explored in the future, to fully
understand the potential of optogenetics in direct treatment of
human diseases and in restoration of function.

The landscape of pioneering neural control technologies

In the years before 2005, when the first use of microbial rhodopsins
to mediate optical control of neural activity was published, many
pioneering scientists and engineers worked on innovative strategies
to enable neural control that was more precise than classical
pharmacology and electrical stimulation. Each of these techniques
met a subset of the four criteria mentioned above, so although none
of these techniques spread throughout neuroscience at the time, they
validated key aspects of the concept of precision neuron control. In
this section, we briefly review the landscape of precision neural
control in 2005 and before, going over different classes of technology
and what aspects of neural control they enabled. Although many of
these classes of tool have improved post-2005 and some are now in
widespread use in neuroscience, reviewing these post-2005
improvements and inventions is beyond the scope of this review,
which is focused on optogenetics and the biophysics thereof.

One class of methods involved the direct optical stimulation of
neurons. Such techniques could be very fast, because they use light
as the trigger, but given their reliance on endogenous, sometimes
unclear, mechanisms of action, it could be hard to judge how well a
given technology could be targeted to different cell types, whether it
would be generally easy to use, and whether unknown intermedi-
aries were required that may not be universally available across
different cell types, or that could engage pathways that cause side
effects. Hints of the possibility of using light to directly control
cellular excitability go back over a century; for example, one paper
in 1891 reported the excitation of muscle fibers using light
(Arsonval, 1891). Following previous biophysical observations
(Chalazonitis, 1964), it was shown that shining visible laser light
on neurons of Aplysia could be used to trigger neural activity with
second-timescale latency (Fork, 1971), with unclear mechanism of
action (Allegre et al, 1994). Another report showed that two-
photon excitation could be used to activate neurons directly in
mouse cortical brain slices (Hirase et al., 2002), with millisecond
precision, although again the mechanism of action was unclear; one
possibility the authors mentioned was the laser-induced formation
of microholes in the membrane. Infrared light was also shown to be
capable of directly exciting peripheral nerves in vivo in frogs and
rats, potentially through a thermal effect (Wells et al., 2005).

A second class of methods used small-molecule chemicals to
help mediate the conversion of light into a neural activating stimu-
lus. Such techniques could again be very fast but could not be
targeted to a specific neuron type, and the requirement for exogen-
ous chemical delivery would require such delivery to occur in the
living brain for behavioral use. Optical activation of neurons using
light to uncage the neurotransmitter glutamate at sites in rat cortical
and hippocampal brain slices (Callaway and Katz, 1993) resulted in
millisecond-timescale neural activation of nearby neurons, with a
clear mechanism of action since it simulated pulsatile transmitter
presence. Another study showed that staining neurons from
leeches, frogs, and other species with a specific small molecule
dye resulted in laser-elicited action potentials within milliseconds
(Farber and Grinvald, 1983), with an unclear mechanism of action,
although one possibility the authors mentioned is the transient
formation of membrane channels.
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A third class of methods used the genetic expression of an ion
channel gene, or ion channel modulating gene, to perturb electrical
activity in targeted cells. Such a strategy would be limited to a
temporal precision associated with the rate of gene expression,
but would be easy to use, requiring nothing beyond gene delivery
to operate, and would have a clear mechanism of physiological
action. Expressing natural or modified potassium channels that
hyperpolarize neurons, using standard gene delivery, transgenesis,
and/or inducible gene expression strategies, in mammalian neurons
and other excitable cells in culture and in vivo, and in Aplysia,
Xenopus, C. elegans, and Drosophila neurons and other excitable
cells, enabled in many cases the electrical quieting or silencing of
these cells (Kaang et al., 1992; Jones and Ribera, 1994; Ehrengruber
et al., 1997; Johns et al., 1999; Peckol et al., 1999; Sutherland et al.,
1999; Nadeau et al., 2000; Baines et al., 2001; Falk et al, 2001;
Paradis et al, 2001; White et al, 2001; Burrone et al, 2002;
Nitabach et al., 2002; Yu et al., 2004) with a time precision of hours
to days and no need for chemical supplementation, although some
of these studies noted that long-term expression of such channels
could cause various side effects and toxicities, perhaps as a conse-
quence of extremely long duration hyperpolarization. Expressing
an appropriately mutated glutamate receptor in specific C. elegans
neurons caused them to be activated, and for specific behaviors to
be elicited (Zheng et al., 1999). Another study showed that tethering
to the cell membrane ion channel-blocking toxins that blockade
sodium channels, calcium channels, and other channels, could be
achieved in a genetically encoded construct; in living zebrafish, such
a strategy was used to block cholinergic receptors (Ibafez-Tallon
et al., 2004).

A fourth class of methods used a gene that encoded for an ion
channel, which could then be actuated by a chemical (‘chemoge-
netics’). A related class of method used a gene that encoded for an
ion channel that could be equipped with a chemical and then
actuated using light (‘photopharmacogenetics’). The time precision
of chemogenetics would be related to the adding or removing of the
chemical; the time precision of photopharmacogenetics would be
related to the timescale of the delivery oflight. Cell type targetability
would be facilitated by the genetic nature of the ion channel;
delivery of a chemical must be achieved for use in the living brain.
The mechanism of action would be as clear as the understanding of
the nature of the ion channel biology and of the chemical ligand.
One study virally delivered the C. elegans chloride channel GluCl to
cultured rat hippocampal neurons and showed that the drug iver-
mectin could be used to silence their electrical activity (Slimko et al.,
2002); the time to achieve silencing was seconds. Another study
showed that genetic delivery of a potassium channel engineered to
bind a photoswitchable tethered pore blocker (building from earlier
studies on using photoswitchable tethered ligands to activate ion
channel proteins such as cholinergic receptors (Bartels et al., 1971;
Lester et al., 1980)) to cultured hippocampal neurons, followed by
the delivery of the photoswitchable tethered pore blocker, enabled
these neurons to be activated by light within seconds (Banghart
et al., 2004). In another study, expressing the capsaicin-activated
cation channel TRPVI in a specific neuron in C. elegans, and
exposing the worm to capsaicin, caused behaviors consistent with
the activation of the targeted neuron (Tobin et al,, 2002). In another
study, investigators expressed ion channels that are gated by agon-
ists not naturally found in the nervous system, such as the TRPV1
channel or the P2X2 channel, in cultured hippocampal neurons,
and then found that adding the agonists capsaicin or ATP respect-
ively, or optically uncaging caged capsaicin or ATP onto, these
neurons resulted within seconds in neural activity (Zemelman et al.,

https://doi.org/10.1017/50033583523000033 Published online by Cambridge University Press

2003); by expressing the P2X2 channel in specific Drosophila
neurons and injecting caged ATP into the central nervous system,
light illumination was able to reveal behaviors triggered by activa-
tion of those neurons (Lima and Miesenbdck, 2005).

A fifth class of methods used a gene that encodes for a signaling
cascade molecule (sometimes with accessory proteins to help it
function), most often a G-protein coupled receptor (GPCR), that
could couple to downstream physiological effectors (such as
endogenous ion channels). The GPCR could then be actuated by
a chemical, for example, a ligand that binds the receptor. Alterna-
tively, the GPCR could be equipped with a chemical and then
actuated by light. As with the previous class, the time precision
would be related to the adding or removing of the chemical, or by
the delivery of light; cell type targetability would be facilitated by the
genetic nature of the signaling cascade; delivery of a chemical must
be achieved for use in the living brain. The mechanism of action
could depend on the nature of the cell type being targeted; for
signaling cascades downstream of a GPCR, unknown but required
intermediary proteins may be present or absent in a given cell type,
or such intermediary proteins could cause side effects by coupling
to other, unexpected physiological effectors. However, such inter-
mediaries may also amplify the impact of a chemical or optical
trigger on neural physiology, increasing the amplitude of an effect.
In one study, expression of a modified human kappa opioid GPCR
in the mouse heart enabled, upon administration of the drug
spiradoline, reduction of heart rate within seconds (Redfern et al.,
1999); this GPCR signals through Gi, which in the heart inhibits
adenylyl cyclase and activates a membrane potassium channel. By
expressing the Drosophila allatostatin receptor, which exhibits Gi/o
signaling, along with G-protein-coupled inwardly rectifying potas-
sium (GIRK) channel subunits that are regulated by Gi/o (required
because at the age of the brain being studied, such GIRK channels
are not yet expressed), in cultured ferret visual cortex brain slices,
neurons could be silenced within minutes of adding the ligand
allatostatin (Lechner et al, 2002). Another approach involved
equipping cells with the gene for a G-protein coupled rhodopsin
and a retinal cofactor. In one such study, frog oocytes received the
gene for bovine rhodopsin and then were incubated with 11-cis-
retinal; illumination caused engagement of the G protein Gt, and
caused photocurrents within seconds (Khorana et al., 1988). In
another study, investigators expressed G-protein coupled Drosoph-
ila rhodopsin, arrestin-2, and the Gqalpha subunit of the down-
stream G protein cascade, in cultured hippocampal neurons, and
added an initial dose of all-trans-retinal beyond background levels
to reconstitute the rhodopsin (Zemelman et al., 2002); this rhod-
opsin signaled to available downstream effectors, ultimately open-
ing available cation channels in cells in which they are expressed.
Upon illumination, neural activity began within hundreds of milli-
seconds to tens of seconds. Three studies published almost on the
same day showed that expressing human melanopsin in cultured
mammalian cells, supplemented with 9-cis or 11-cis retinaldehyde,
resulted, upon illumination, in G-protein-mediated photocurrents
within seconds (Melyan et al., 2005; Panda et al., 2005; Qiu et al.,
2005).

We have focused our discussion above on pioneering tools that
manipulated electrical activity in targeted cells, before 2005. Of
course, manipulations of many other biological functions that affect
neural signaling, including alteration of synapses or synaptic trans-
mission in targeted cells, as well as ways of lesioning or killing
targeted cells, have played major roles in neuroscience, both
before and after 2005, but are beyond the scope of this review. In
addition, this review is not intending to comprehensively review
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nonoptogenetic technologies for controlling targeted neural elec-
trical activity after 2005, since the goal was to outline the landscape
at the time, in hopes of exploring what biophysical properties of
microbial rhodopsins led to optogenetics taking off. Many non-
optogenetic toolsets for controlling targeted neural electrical activ-
ity, including novel toolsets (e.g., magnetogenetics, sonogenetics),
as well as extensions of the aforementioned ones (e.g., chemoge-
netics), have exploded in utility and popularity since 2005, in their
own right, both because of continued ingenious engineering and
resulting improved performance, as well as availability of synergis-
tic tools (e.g., viral gene delivery and the availability of viruses from
core facilities has facilitated the deployment and use of a great many
such genetically encoded tools throughout neuroscience).

The landscape of opsin discovery and application

We here review the microbial opsin discoveries that preceded the
adaptation of microbial rhodopsins for mediating the optical con-
trol of neural electrical activity; the section following will review the
biophysical properties of rhodopsins that conferred their utility for
specific neuroscience experiments. Microbial rhodopsins were first
reported in the early 1970s, with the discovery of bacteriorhodop-
sin, a protein in the halophilic archaeal species Halobacterium
salinarum (formerly known as Halobacterium halobium) that was
found to be a rhodopsin-like protein, a membrane protein that
bound retinal and that exhibited particular compositional and
spectral properties, and that pumped protons outwards across
cellular membranes in response to light (Oesterhelt and Stoeck-
enius, 1971, 1973), helping store the energy of sunlight in a chem-
ical gradient for downstream ATP production (Danon and
Stoeckenius, 1974).

Around a decade later, a second rhodopsin-like protein, a light-
driven chloride pump, named halorhodopsin, was discovered in the
same species of archaea, where it also contributes to bioenergetic
functions (Matsuno-Yagi and Mukohata, 1977; Lindley and Mac-
Donald, 1979; Lanyi and Weber, 1980; Matsuno-Yagi and Muko-
hata, 1980; Mukohata and Kaji, 1981; Schobert and Lanyi, 1982).

In the early 1980s, a third rhodopsin-like protein was found in
H. salinarum, which contributes to its phototaxis, and thus was
named sensory rhodopsin (Bogomolni and Spudich, 1982; Spudich
and Spudich, 1982; Spudich and Bogomolni, 1984); this molecule
did not pass ions, but instead triggered a nonionic signal transduc-
tion chain to control flagellar movement (Hoff et al., 1997).

In the years since these early discoveries, a search throughout the
tree of life for other such rhodopsin-like proteins in microbes has
yielded a great many different versions, with different spectral
sensitivities, kinetics, ion sensitivities, structures and internal
mechanisms, and other properties, from diverse archaea and bac-
teria, and even eukaryotes such as fungi (Bieszke et al, 1999a,
1999b). Some of these molecules, as noted above, such as a light-
driven proton pump from H. sodomense (Chow et al., 2010), and a
light-driven chloride pump from N. pharaonis (Han and Boyden,
2007; Zhang et al, 2007; Gradinaru et al, 2010), have become
widespread in neuroscience for light-driven neural silencing.

Curiously, even bacteriorhodopsin, the first microbial opsin to
be discovered, could mediate sizable inhibitory photocurrents in
cultured neurons, suggesting that perhaps the use of microbial
rhodopsins to make neurons controllable by light could have begun
years earlier, in principle (Chow ef al., 2010).

One of the most important discoveries that contributed to the
development of optogenetics, was that specific rhodopsins medi-
ated algal phototaxis, by converting light signals into fast ion

https://doi.org/10.1017/50033583523000033 Published online by Cambridge University Press

Kiryl D. Piatkevich and Edward S. Boyden

channel currents (Foster ef al., 1984; Harz and Hegemann, 1991;
Hegemann et al., 1991; Lawson et al., 1991; Takahashi et al, 1991;
Sineshchekov et al., 2002). Algal phototaxis had been documented
more than 150 years ago by Famintsyn, who described the effect of
light intensity on the movement of the unicellular alga
C. reinhardtii (Deisseroth and Hegemann, 2017; Salomé and Mer-
chant, 2019). One of the genes mediating this response in
C. reinhardtii was found, upon expression in oocytes, to encode a
light-gated proton channel, named channelrhodopsin-1 (Nagel
et al, 2002), and the other gene, upon expression in oocytes,
HEK?293, and BHK cells, was found to encode a nonspecific cation
channel, named channelrhodopsin-2 (Nagel et al., 2003). The latter
molecule was able to mediate optical neural activation with single-
spike precision (Boyden et al, 2005) and is the most widespread
molecule for neural activation with light. Since these papers, many
new ion pumps and channels of many kinds, discussed in the next
section, have been discovered, many with specialized and powerful
applications in neuroscience.

In parallel to these discoveries, scientists and engineers were
finding that these microbial rhodopsins could be genetically
expressed in other organisms, both to achieve bioengineering goals,
as well as to facilitate their study. One early study expressed
bacteriorhodopsin in E. coli, to facilitate its study, although expres-
sion was poor (Dunn et al., 1987), and codon optimization and
signal sequence addition had to be performed to improve yield
(Karnik et al., 1987).

Later studies showed that bacteriorhodopsin could be expressed
in eukaryotic cells. One such study expressed bacteriorhodopsin in
yeast (Hildebrandt et al., 1989), and found that the protein was able
to pump protons across the plasma membrane, out of the cell
(Hildebrandt et al., 1993). Targeted expression of bacteriorhodop-
sin to the mitochondria of yeast enabled them to rely less on sugar
for metabolism, equipping the yeast with a rudimentary form of
photosynthesis (Hoffmann et al., 1994) — perhaps one of the first
applications of microbial rhodopsins to a bioengineering goal.

Regarding vertebrate cells: frog oocytes expressed the gene for
bacteriorhodopsin, and exhibited light-driven currents (Nagel
et al, 1995); this facilitated the use of voltage clamp and patch
clamp methods to characterize the photocurrents. Bacteriorhodop-
sin could be also expressed in cultured mammalian cells, using the
human HEK293 cell line, where it exhibited excellent photocur-
rents (Geibel et al., 2001); this study also showed that membrane
expression could be boosted in these animal cells by appending a
targeting sequence. These studies led to many downstream experi-
ments in a variety of cell types, both revealing fundamental bio-
physical properties of rhodopsins, as well as paving the way for
broader and broader application of rhodopsins toward different
engineering goals.

Structure and biophysics of microbial rhodopsins
Opsin classification and structure

Microbial rhodopsins, both natural and engineered, exhibit a var-
iety of structural and biophysical properties that help them mediate
powerful, specific neural electrical activity control in response to
light (Figure 2). In the remainder of this review, we go over the
opsin classes and their structural properties, followed by sections on
their photocycles, their photocurrent magnitudes and kinetics,
their action spectra, and their ion selectivities, both diving into
the biophysical mechanisms underlying these properties, and how
these properties fit well with urgent neuroscience needs.
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Figure 2. 3D protein structure and chromophore-protein interactions of rhodopsins. (a, from left to right) 3D protein structures of single subunits and respective conducted ions for
the C1C2 cation channelrhodopsin (PDB 3UG9), the GtACR1 anion channelrhodopsin (PDB 6CSM), the archaerhodopsin-2 outward proton pump (PDB 2El4), and the N. pharaonis
inward chloride pump (PDB 3AT7K). (b) Key residues in the ChR2 channelrhodopsin (PDB 6EID).

Microbial rhodopsins, also called type I rhodopsins (as opposed
to the type II rhodopsins found in animals, which are G-protein
coupled), are found in bacteria, archaea, algae, and other species,
where they mediate light-driven energy conversion or light-driven
sensory transduction processes (Govorunova et al., 2017). Based on
their biophysical properties, the microbial rhodopsins used in
neuroscience for mediating the control of neural electrical activity
with light can be divided into four major groups: light-driven
outward proton pumps (also referred to as bacteriorhodopsins or
BRs), light-driven inward chloride pumps (also referred to as
halorhodopsins or HRs), light-activated cation channels (often
referred to as channelrhodopsins, ChRs, or more recently cation

https://doi.org/10.1017/50033583523000033 Published online by Cambridge University Press

channelrhodopsins, CCRs), and light-activated anion channels
(often referred to as anion channelrhodopsins or ACRs).

In addition, a fifth group of microbial rhodopsins, represented
by recently discovered potassium-selective channelrhodopsins
(referred to as kalium channelrhodopsins, KCRs) (Govorunova
et al., 2022; Vierock et al. 2022), has emerged. Such rhodopsins
pass cations, but in contrast to other light-gated cation channels, are
outward-passing channels, and thus cause neural silencing effects.
KCRs hold great promise for neuroscience applications, and as they
are explored, validated, and optimized in different contexts, they
may find many powerful uses in neuroscience (Govorunova et al,
2023). For the purposes of this review, which focuses on biophysics
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of neural control, we focus on the four major groups of microbial
rhodopsins that have been most thoroughly biophysically charac-
terized.

Despite distinct mechanisms of ion transport and varying bio-
physical characteristics, all microbial rhodopsins share a relatively
high overall amino acid similarity (Spudich et al.,, 2000; Man et al.,
2003; Song and Gunner, 2014), ranging from 25-80% homology, as
well as a highly conserved overall 3D structure comprising seven
a-helix transmembrane domains (Pebay-Peyroula et al, 1997;
Kolbe et al., 2000; Kato et al., 2012). The core of an opsin comprises
~250-320 amino acids, and incorporates the obligate co-factor
all-trans-retinal, which serves as the photosensitive moiety
(Figure 2). Retinal attaches to a specific lysine side chain on the
opsin protein, autocatalytically via a protonated Schiff base linkage,
forming the functional opsin protein, termed rhodopsin. The
N-terminal domain of rhodopsins is exposed to the extracellular
space and the C-terminal domain is located intracellularly, and is
often fused to a fluorescent protein for opsin expression visualiza-
tion.

Comparative analysis of channelrhodopsins and ion pumps
revealed several distinct structural features of these two classes of
optogenetic tool. First, wild-type ChRs, but not wild-type light-
driven pumps, harbor an intracellular signaling domain (Nagel
et al, 2003) which contributes to subcellular localization and
signaling function in native organisms (Mittelmeier et al, 2011).
This intracellular domain is not required for photocurrent gener-
ation, and is usually removed during biophysical investigations of
photocurrent (and perhaps replaced with a fluorescent protein to
facilitate visualization during heterologous expression) (Nagel
et al.,, 2002, 2003). Determination of the first crystal structures for
the wild-type and chimeric channelrhodopsins, ChR2 and C1C2,
respectively, revealed a dimeric oligomerization state (Miiller et al,
2011; Kato et al., 2012), which has been seen for other cation and
anion ChRs with solved crystal structure, such as C1C2 (with
improved resolution) (Volkov et al, 2017), C1Chrimson (Oda
et al.,, 2018), GtACR1 (Kim et al., 2018), and iC++ (Kato et al,
2018); the newly developed red-shifted ChR ChRmine was reported
to form trimers (Kishi et al, 2022), perhaps more similar to light-
driven ion pumps (Kishi et al,, 2022). Indeed, BRs and HRs mostly
exist in trimers in native membrane environments (Essen et al.,
1998; Sasaki et al., 2009; Shibata et al., 2010, 2018), although it was
shown that the functional unit responsible for the ion transport
photocycle is the monomeric form (Dencher and Heyn, 1979;
Grzesiek and Dencher, 1988). Oligomerization of BRs improves
their structural stability and increases incorporation of all-trans-
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retinal (Dencher et al., 1983; Brouillette et al., 1989); trimer—trimer
interactions may also facilitate the full natural photo-reaction
pathway (Yamashita et al., 2013). Due to the oligomeric state of
rhodopsins, C-terminal fusions to monomeric fluorescent proteins
may help minimize disruption of opsin localization and function, in
neuroscience contexts.

The high-resolution crystal structures of microbial rhodopsins
have provided much insight into ion conduction and transport
specificity due to specific amino acid configurations, as well as
chromophore-amino acid interactions that regulate the colors of
light that best drive opsin function (Figure 2b). For example, crystal
structures of bacteriorhodopsins and halorhodopsins revealed
molecular details of ion transport pathways and mechanisms,
including structures of intermediate states after light absorption,
and key amino acids (and key bound water molecules) that bind to,
transport, and release ions in a directional fashion along the pathway
through the protein that crosses the membrane (Luecke et al,, 1998,
1999a, 1999b; Facciotti et al, 2001; Lanyi and Luecke, 2001; Patzelt
et al., 2002; Enami et al., 2006; Kouyama et al, 2010; Song and
Gunner, 2014; Kouyama et al., 2015; Mous et al., 2022). 3D struc-
tures of cation and anion ChRs such as C1C2 (with improved
resolution over the first reported structure) (Volkov et al, 2017),
the cation channelrhodopsin C1Chrimson (chimera of ChR1 and
CsChrimson) (Oda et al., 2018), the natural ACR called GtACR1
(Kim et al., 2018; Li et al., 2019, 2021), the engineered ACR iC++
(Kato et al, 2018), and the red-shifted engineered cation channelr-
hodopsin ChRmine (Kishi et al., 2022) revealed molecular deter-
minants of rhodopsins’ kinetics, spectral tuning, and ion selectivity.
High-resolution structures of rhodopsins are guiding the rational
design of novel optogenetic tools with altered biophysical properties,
enabling tools customized for specialized needs in neuroscience
(Kaneko et al., 2017). In addition, genomic search and molecular
mutant screening are enabling the identification of novel rhodopsins
and the tuning of properties of rhodopsins, including photocurrent
(Figure 3), spectral tuning (Figure 4), light sensitivity (Figure 5),
kinetics, and many other features (Figure 6).

Photocycle

Upon photon absorption, the retinal chromophore of an opsin
undergoes isomerization, initiating a series of functional and con-
formational changes in the protein, also known as the photocycle
(Stehfest and Hegemann, 2010; Schneider et al., 2015). These light-
induced protein conformational changes result in ion transport
across the membrane in which the protein is embedded, measured
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Figure 3. Photocurrent traces of representative rhodopsins. (a) Photocurrent traces of the ChR2, Chronos, C1V1TT, and Chrimson cation channelrhodopsins showing peak
photocurrent (/peak), steady-state photocurrent (/seady-state), and desensitization kinetics (zgesensitization)- (b) Photocurrent traces of the Phobos, iC++, GtACR1, and Aurora anion
channelrhodopsins (measured in HEK cells). (c) Photocurrent traces of the Mac, ArchT, and Arch outward proton pumps (measured in cultured neurons). (d) Photocurrent traces of
the NpHR/Halo and Jaws inward chloride pumps (measured in cultured neurons). Traces are recorded in cultured cells under saturating light powers near respective peak
wavelengths of corresponding rhodopsins at holding potential of —70 mV. Data from Chuong et al. (2014), Klapoetke et al. (2014), Govorunova et al. (2015), and Wietek et al. (2017).
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electrophysiologically as photocurrent, either by opening an ion-
permeable pore in rhodopsin, thus allowing multiple ions to pas-
sively cross the membrane (bidirectionally, governed by the voltage
across the membrane, the concentration of ions on either side of the
membrane, and any rectification or other intrinsic properties of the
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rhodopsin) per absorbed photon, or by actively pumping ions, uni-
directionally translocating one ion per absorbed photon in a fash-
ion that is less dependent on ion concentration and membrane
voltage. The opsin photocycle involves multiple, usually short-lived
(e.g., lasting microseconds to milliseconds) intermediate states
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characterized by different conformations of the retinal chromo-
phore, different protein conformations, and different interactions
between the retinal and local amino acids. The intermediates are
traditionally named for their absorption peaks, as determined by
standard absorption spectroscopy. A halorhodopsin, for example,
will typically start out in a state where its absorption peak is in the
yellow range (i.e., ~580 nm), and upon illumination it will rapidly
change into a conformation that has an absorption peak of 600 nm,
followed by conformations with absorption peaks of 520, 640, and
565 nm, followed by a reversion back to a conformation with peak
absorption of 580 nm (Essen, 2002).

Microbial rhodopsins have closed photocycles, that is, they end
up in the same state as they started, which is one reason they are
useful tools in biology. In contrast, the type II rhodopsins of
mammalian photoreceptors end in a state that is covalently differ-
ent from their initial state, requiring significant cellular machinery
for their recycling into an active form. It should be noted though
that not all conformational changes are associated with a spectro-
scopic shift, so such descriptions are an approximation, albeit a
useful one. The initial transition is extremely fast, taking less than a
nanosecond to occur. During the latter conformational changes,
key sets of amino acids, which serve as ion binding sites, capable of
strong electrostatic interactions with target ions to assist with their
transport, will change conformation, causing the ion of interest to
be handed off from site to site throughout the protein, with sites
changing ion affinity as appropriate, so that the ion eventually
traverses the membrane (from the extracellular side to the cyto-
plasmic side, for a halorhodopsin; in the other direction, for a
bacteriorhodopsin). The initial uptake of an ion, and the final
release of the ion into the environment, are governed by passive
diffusion from/to the environment, so availability of appropriate
ions in sufficient concentrations is essential.

Photocurrent magnitude and kinetics

Whereas light-driven ion pumps transport one ion per photon
absorbed, light-driven ion channels can transport multiple ions
per photon absorbed. The effectiveness of light in inducing voltage
changes in a target neuron is in significant part determined by the
number of ions that can be translocated by a rhodopsin across the
membrane per unit of time, which is defined as the unitary photo-
current, times the number of functional proteins in the membrane,
which is a measure of protein-membrane expression (including
successful membrane trafficking, protein folding, and retinal
incorporation, amongst other key factors). For a light-gated ion
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channel, it is challenging to obtain the unitary photocurrent of a
single rhodopsin molecule, because its ion conductance is several
orders of magnitude lower than that of the voltage and ligand-gated
ion channels typically studied in neuroscience (Baumgarten et al,,
1995; Picones et al., 2001; Doering et al., 2005), and below the limit
for direct measurements with state-of-the-art methods like single
channel patch clamp. Thus, various research groups have used
different methods to estimate the ion conductance of a single
light-gated ion channel, its unitary conductance (Nagel et al,
2003; Feldbauer et al, 2009; Lin et al, 2009; Kleinlogel et al,
2011; Govorunova et al., 2013). Due to the different methods
employed by the various groups, the estimated unitary conductance
reported for the same rhodopsin variant can vary, sometimes by an
order of magnitude, between reports (Harz et al., 1992; Nagel et al.,
2003; Lin et al., 2009). However, over time, general consensuses can
emerge; for example, the unitary conductance of ChR2, one of the
most widely used cation channelrhodopsins, estimated by station-
ary noise analysis, is in the range of 30-40 S (Feldbauer et al., 2009;
Govorunova et al., 2013), which corresponds to translocation of
10-14 ions per molecule during one typical photocycle, equating to
approximately 10°~10* ions per molecule per second. Overall, the
unitary conductance of rhodopsins can vary, across molecules, over
an order of magnitude or more: for example, the PsChR channelr-
hodopsin has threefold higher ion conductance versus that of ChR2
(Govorunova et al, 2013), and the largest unitary conductance
among rhodopsins was perhaps demonstrated by the natural anion
channelrhodopsin GtACR2, reaching ~600 fS (Govorunova et al,
2015).

Despite their low unitary conductances, ChRs can efficiently
drive actional potentials in neuroscience experiments, since they
are only required to depolarize neural membranes above the action
potential threshold, which can be quite low. For example, activation
of only ~170,000 ChR2 molecules (or ~ 240 molecules/um” in a
soma of 15 um diameter) could be sufficient to evoke an action
potential, whereas a typical opsin expression level might be 100—
500 molecules/um”. In more detail: assuming linearity, and no
changes in membrane resistance during depolarization: (1) assume
a ballpark neural membrane resistance of 50 MQ; (2) a ~15 mV
depolarization is sufficient to cross action potential threshold;
(3) the voltage or ion driving force experienced by the ChR2
molecule is 0—(—60 mV) = 60 mV; (4) the unitary conductance
of ChR2 is 30fS; (5) then, the current needed to depolarize the
neuron by 15mV would be I = 15mV/50 MQ =300 pA=3x 10~ °A;
(6) each molecule of ChR2 is capable of carrying g x V = 30
fS x 60 mV = 1.8 fA = 1.8 x 107" A; (7) N = 300 pA/1.8
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fA = ~170,000 molecules or 240 molecules/um?; (8) since the
driving force experienced by ChR2 will be reduced by ~25% upon
15 mV depolarization, we can calculate an estimated bound on the
maximum number of ChR2 molecules needed, by increasing the
final channel count by 25%, to 75 molecules/um”. Given an esti-
mated surface area of the neuron soma of ~700 um?* (soma of
15 um), the average expression level of rhodopsins in neurons
could be estimated as ~100-500 molecules/um?, sufficient for
neural control, based on the calculations above. However, it should
be taken into account that the maximum photocurrent is achieved
at saturating light power, which depends on the light sensitivity of
the opsin (considered in more detail below); therefore the actual
probability of eliciting a spike will also be determined by the
illumination intensity. Similar calculations can be also applied to
light-driven pumps, which have higher driving force (indeed, being
pumps, they can transport ions even against a gradient), and
therefore will provide more constant photocurrent amidst voltage
fluctuations; however, the light sensitivity of a pump is typically
severalfold lower than that of a channel, and thus typically will
require higher illumination intensity.

Due to the difficulty in measuring it, the unitary conductance is
often not reported for an opsin when it is being characterized for its
performance as a neuroscience tool, but rather the total photocur-
rent generated by all functional opsin molecules in a single cell, is
measured and reported (Lin et al., 2009; Mattis et al., 2011; Kla-
poetke et al., 2014). Depending on the direction of the photocurrent
generated under physiological conditions, rhodopsins can be clas-
sified into two major groups. The first group is represented by
cation channelrhodopsins (CCRs) that generate inward-directed
photocurrents carried by protons and cations, inducing depolar-
ization of membrane potentials at the cell body, at neuron poten-
tials from —80 to —60 mV. One exception to this is the recent
discovery of channelrhodopsins with high potassium conductance,
which conduct K+ outwards upon light gating, and thus have the
opposite physiological effect, hyperpolarization rather than
depolarization. In this review, we will thus call the older, H+/Na
+ -conducting CCRs depolarizing CCRs, and the new K +
-conducting CCR a hyperpolarizing CCR or KCRs (Govorunova
et al., 2023). In the second group, anion ChRs and light-driven ion
pumps generate outward-directed photocurrents, thus causing
inhibition of neural depolarization, or hyperpolarization.

ChRs and light-driven ion pumps exhibit distinct photocurrent
profiles, due to their different mechanisms of ion translocation
(Figure 3). The illumination of a ChR with a light pulse typically
evokes a rapid rise in photocurrent, until it reaches a peak current
(Ipear)> which then decays (in a fashion that can be often modeled by
a biexponential decay) to a steady-state photocurrent (Ieady-state) in
a process denoted inactivation or desensitization. The kinetics of
ChR photocurrent can be modeled by a four-state electrophysio-
logical photocycle model (Nikolic et al., 2009). After rhodopsins are
in the desensitized state, evoked photocurrents will be below the
peak photocurrent, unless the ChR is allowed to recover in the dark,
which can take several seconds or longer, depending on the opsin
under consideration (Figure 6). Due to the need for prolonged
illumination in many optogenetic applications, for example in the
study of neural dynamics and behavior, an important parameter
defining the performance of a rhodopsin from a neuroscience
perspective is the ability to generate stable photocurrent responses
over behaviorally relevant timescales. Photocurrent stability
depends on steady-state/peak photocurrent ratio (Isteady-state/ Ipeak)s
desensitization kinetics (Zqesensitization)> and recovery kinetics from
desensitization in darkness (Trecoverys Figures 3 and 6). The steady-
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state/peak photocurrent ratio represents the amount of photocur-
rent that persists during extended illumination, while Z4eensitization
and Trecovery cOTTEspond, respectively, to the rate of reduction and the
rate of recovery of photocurrent to I,e.x when in the dark. Based
upon these parameters, a rhodopsin possessing higher Iseqdy-state/
Tpealo SIOWeT Taesensitizations and faster Trecovery> Will generate more
stable photocurrent during extended illumination periods, and
would thus likely be more preferable — all else being equal — for a
typical optogenetic experiment.

For example, based on photocurrent measurements performed
in mammalian cells, ChR2 exhibits a > 70% drop in photocurrent
within ~60 ms of illumination and requires about 30 seconds in
darkness to completely restore its photocurrent (Lin et al, 2009;
Lin, 2011; Mattis et al., 2011; Figure 6). As a result, the probability of
driving action potentials during a long train of light pulses quickly
decreases for ChR2 at modest light power (2 mW/mm?), because
the peak photocurrent rapidly declines and not much steady-state
current is being elicited at this low power (Lin et al., 2009; Mattis
et al, 2011; Figure 5a). However, it should be noted that the
reliability of eliciting spikes during sustained light pulse trains,
can be significantly improved at higher light intensities (20 mW/
mm?) due to the higher contribution of steady-state photocurrent
at these higher powers (Mattis et al., 2011; Figure 5a). The ChR2
mutant CatCh (Kleinlogel et al., 2011) and the chimera rhodopsins
C1VI1TT (Yizhar et al., 2011) and ChIEF (Lin et al., 2009) exhibit
very small desensitizations, of about 10-20% during typical con-
tinuous illumination, and thus show consistent reliability at modest
light powers (2 mW/mm?) (Mattis et al, 2011). Of course, the
probability of spike elicitation depends on the overall photocurrent
amplitude, and not just the kinetics — thus a depolarizing CCR with
a very large photocurrent, even if it has suboptimal kinetics, could
still be useful for driving spikes with high probability.

One complicating factor is that all of these emergent properties —
Isteady-state/ Ipeaks Tdesensitization, and the photocurrent magnitude —are
generated by a population of rhodopsins, each engaged in a photo-
cycle that is driven by received photons, and once the photocycle
has begun, is governed in a stochastic fashion by internal as well as
external parameters. Thus, these macroscopically measurable bio-
physical parameters are affected by the applied light power density
and wavelength, which are thus key parameters to take into con-
sideration during opsin selection, especially for in vivo application
in mammals, where light absorbance (e.g., by blood) and scattering
(e.g., by lipids) mean that different neurons might receive different
amounts of light power when light is delivered in typical fashion, for
example, from an LED, laser, or optical fiber. Some rules of thumb
are useful to consider. For example, in general, at higher light power
densities, desensitization rate increases. Thus, rhodopsins with high
light sensitivity require lower light power densities and, therefore,
will, in general, engage less light-dependent z4esensitization 2UgMeN-
tation during a typical neuroscience experiment.

As with photocurrent, light sensitivity can be represented as a
single molecule characteristic, or as a cumulative property of the
entire set of functional rhodopsin molecules in a given neuron.
Single-molecule light sensitivity is an intrinsic opsin property,
which is determined by light activation efficiency — a product of
extinction coefficient (photon absorption cross-section, perhaps in
the vicinity of ~50,000 M~' ¢cm™') (Beckmann and Hegemann,
1991; Muders et al, 2014)and quantum yield (probability of an
opsin advancing to the next stage of the photocycle, upon absorp-
tion of one photon, which is in the range from 30 to 80% across
rhodopsins) (Ernst et al., 2014). However, effective light sensitivity,
measured on an ensemble of functional opsin molecules in a cell, is
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a much more practical way to characterize the light-dependent
performance of rhodopsins. To first order, effective light sensitivity
can be quantitatively represented by the light intensity required to
achieve half-maximal photocurrent, or effective power density for
50% activation (EDP50; Figure 5). High light sensitivity, corres-
ponding to a lower EDP50 value, facilitates stimulation of larger
volumes of tissue for a given light power, and reduces phototoxicity
on illuminated cells because less light power is required for a given
desired volume of illumination. This property also can enable less
invasive modulation of cells, or control of neurons far from a light
source. For light-gated ion channels, effective light sensitivity
exhibits a strong correlation with the rate of channel closure,
measured after a light pulse shuts off (Mattis et al., 2011). A slower
channel closure rate means that more ions are transported into or
out of the cell per light pulse, all other things equal — and thus
corresponds to higher light sensitivity; thus, there is a tradeoff
between off kinetics and light sensitivity. Of course, experiment-
dependent conditions like the nature of light propagation in a
specific biological system, or varying expression levels of opsin
proteins, mean that while the biophysical characteristics here dis-
cussed are useful in choosing an opsin for an application, some
optimization may be required for any given experiment.

Opsin kinetics affects another neuroscience experiment parameter
—the temporal precision of optogenetic control. Photocurrent rise and
fall rates contribute to the temporal precision of action potential
activation or silencing, upon light pulse delivery to an opsin-
expressing neurons. For cation ChRs, on kinetics is often designated
by a parameter 7, defined as time after a light pulse begins to reach
peak photocurrent (Berndt et al., 2011; Mattis et al,, 2011) or, in some
cases, as time to 90% of the peak (Chater et al., 2010; Klapoetke ef al,
2014), when a typically short (2-5 ms) and bright light pulse is
delivered, as is common in spike-driving optogenetics experiments
(Figure 6a). For ion pumps and anion channelrhodopsins, kinetic
parameters are measured under longer light stimulations, typically 1 s
or longer. Because overall photocurrent results from the balance
between channel opening rate, and desensitization, the time to peak
is an emergent property of the applied light power density, and as a
result can vary by an order of magnitude from one experimental
condition to another, for the same opsin. In general, a higher light
power density will result in a shorter time-to-peak.

Another commonly discussed parameter, useful when choosing
a depolarizing CCR for a neuroscience experiment, is the temporal
precision of the action potentials that result from a light pulse
delivery. The time to the peak of an action potential, after light
onset, often called the action potential latency of a channelrhodop-
sin variant, and depends on not only the kinetics of the opsin, but
also its photocurrent (Chaigneau et al., 2016; Ronzitti et al., 2016;
Shemesh et al., 2017). Another parameter describing the temporal
precision of light-evoked action potentials is the jitter, defined as
the standard deviation of the action potential latency; a high jitter
means that spike trains will be noisier and more unreliable in
timing. Due to the desensitization of depolarizing CCRs, latency,
as well as jitter, generally increase during trains of light flashes
(Chater et al., 2010). Therefore, an opsin with a large and stable
photocurrent can support higher temporal precision action poten-
tial trains, as has been seen, for example, with the high conductance
depolarizing CCR CoChR (Shemesh et al, 2017).

Unlike the rise time, the decay of photocurrent after the termin-
ation of a light pulse does not show light intensity dependence. In
regard to ChRs, photocurrent generally decays biexponentially
following light offset (Figure 6a), whereas for light-driven pumps,
the closing kinetics is monoexponential. For convenience, closing
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rate, abbreviated as the off kinetic parameter 7., is usually reported
as a single value, obtained either from a monoexponential fit of the
decay, or as the weighted linear combination of the two-time
constants defining a bi-exponential curve. For depolarizing CCRs,
fast-off kinetics help with the avoiding of sustained depolarization
after a light pulse ends; continued depolarization could result in
excess spikes for a given light pulse, with usually uncontrolled
timing. When light pulses are delivered at high frequencies, and if
each light pulse is desired to result in one precisely timed spike, then
fast-off kinetics can prevent continued depolarization from one
light pulse from interfering with the depolarization caused by the
following light pulse. Stimulation of channelrhodopsins with light
pulses delivered faster than the channel-closing rate results in an
accumulation of open channelrhodopsin molecules, which can
result in an enduring plateau of depolarization — which can lead
to uncontrolled spiking, or spike failures if endogenous sodium
channels inactivate from the sustained depolarization (Mattis et al.,
2011; Herman et al., 2014).

More generally, since the physiological range of membrane
potentials experienced by neurons is quite wide, ranging typically
from —80 mV to +10 mV, but often going to even greater extremes,
from below —100 mV to beyond +50 mV, it is important to keep in
mind that the photocurrent magnitudes of all rhodopsins exhibit
voltage dependence. Within a class of opsin, overall I-V trends will
generally follow a specific pattern (Figure 6¢), and thus I-V curve
shape may not be the most critical selection criterion for choosing a
specific opsin from a class of phenotypically similar molecules;
nevertheless, the I-V curve does represent a fundamental property
important for understanding the biophysical principles of optoge-
netics. The voltage dependence of a photocurrent is characterized
by the reversal potential E,.,, defined as the membrane potential
corresponding to zero photocurrent. I-V curves for depolarizing
CCRs are typically asymmetric, except for examples like Chrimson
(Vierock et al., 2017), showing higher inward conductance at more
negative membrane potential values, with a reversal potential close
to 0 mV (Feldbauer et al., 2009; Chater et al., 2010; Gradmann et al.,
2011). Naturally occurring anion ChRs, as well as newer engineered
chloride ChRs, have E,., similar to that of the chloride anion in a
given cell, and exhibit linear current—voltage relationships
(Govorunova et al., 2015, 2017; Wietek et al., 2015; Berndt et al,
2016), unlike those for cation ChRs. In contrast to ChRs, the
reversal potential of light-driven ion pumps is extremely negative,
because pumps dissipate energy in the service of ion transport and
thus can go against a concentration gradient; assuming linear
current—voltage relationships beyond the physiological range of
membrane potentials, one can extrapolate that the reversal poten-
tial may fall in the range of —300 to —400 mV (Seki et al., 2007;
Chow et al., 2010; Chuong et al.,, 2014). This property of light-
driven pumps means that unnatural distributions of ions can arise
from extensive pump use, which in turn could result in artifacts in
controlling physiology, as discussed below.

Action spectrum

Action spectrum, the dependence of photocurrent magnitude on
illumination wavelength, defines the optimal wavelength for opsin
activation and governs how multiple rhodopsins can be used in the
same system, or how an opsin can be used in conjunction with
simultaneous neural activity imaging. In addition, with red light
going deeper in the brain than other colors of visible light, due to
lower levels of absorption, seeking red-shifted rhodopsins has been
a priority to enable larger volumes of brain tissue to be illuminated,
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with lower light powers. Maxima of spectral responses for rhodop-
sins published to date span a wide range of wavelengths, from 435 to
605 nm (Figure 4). In addition, action spectrum shapes can vary a
lot, with the full width at half maximum ranging from ~100 to
~200 nm, most likely due to the action spectrum reflecting a
superposition of data from multiple chromophore states, possess-
ing different absorption properties. Due to the wide action spectra
of rhodopsins, compared with the full width at half maximum of
GFP-like fluorescent proteins (30-70 nm), spectrally multiplexed
optogenetic control is possible for no more than two rhodopsins,
each chosen from an extreme of the spectral palette, and typically
requires fine-tuning of light intensities, protein expression level,
and stimulation pulse duration, for successful independent control
of multiple rhodopsins in the same system (Klapoetke et al., 2014;
Hooks, 2018). Coexpression of blue-driven GtACR2 and red-
driven Chrimson enabled sensitive, reliable control of neuronal
silencing and spiking, respectively, within the same cell (Vierock
et al., 2021). The blue shoulder exhibited by all action spectra also
makes it challenging to combine even the furthest red-shifted
rhodopsins with optical read-out using common GFP-derived
biosensors, because continuous blue light illumination, even at
low light powers (e.g., 0.1 mW/mm?, as used for GFP imaging),
can be integrated by rhodopsins over extended imaging periods,
sometimes causing substantial alternations in membrane potential
(Klapoetke et al., 2014; Trojanowski et al.,, 2015). Using red and
near-infrared sensors in conjunction with blue-light activated rho-
dopsins avoids this issue, and may yield a more straightforward
approach for spectral multiplexing of neural control and imaging
(Piatkevich et al., 2018; Piatkevich et al.,, 2019; Qian et al., 2019,
2020). However, to date, there are relatively few red-shifted sensors
of neuronal activity available (Lin and Schnitzer, 2016; Piatkevich
et al, 2019).

Although fundamentally and technically more challenging than
wide-field one-photon illumination, two-photon activation of indi-
vidual neurons offers excellent multiplexing capability, because light
can be directed to a targeted cell and not others, with high spatial
resolution, even in scattering tissue such as in the living mammalian
brain (Oron et al, 2012; Papagiakoumou et al., 2020). The two-
photon action spectrum is generally not fully predictable, consider-
ing just the one-photon action spectrum; however, the two-photon
action spectrum maximum is approximately two times that of the
one-photon action spectrum maximum. A standard Ti-Sapphire
laser, as widely used in two-photon microscopy, was sufficient for
both in vitro and in vivo photostimulation of multiple ChRs with
single neuron spatial precision (Rickgauer and Tank, 2009; Andras-
falvy et al., 2010; Packer et al., 2015; Shemesh et al.,, 2017), as well as
engagement of ion pumps (Carrillo-Reid et al., 2019; Chen et al,
2019; Marshel et al., 2019). Recent advances in optical illumination
methods enable simultaneous two-photon photostimulation of
many neurons within a volume of interest, with single-cell
(or even subcellular) resolution, with millisecond timescale preci-
sion (Pégard et al., 2017; Shemesh et al., 2017; Mardinly et al., 2018)
in a fashion that can be combined with two-photon imaging of
targeted cells (Peterka et al., 2011; Carrillo-Reid et al., 2019; Marshel
et al.,, 2019).

New high-power laser setups are beginning to enable three-
photon optogenetics, with the potential for deeper penetration into
the brain, although this has been only demonstrated in cultured
neurons so far (Rowlands et al., 2016). In general, the properties of
the photon-excited state of a rhodopsin do not depend on the way it
was excited, so the fundamental biophysical properties of rhodop-
sins associated with the excited state under two-photon
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illumination, such as Isteadyfstate/ Ipeak’ Tdesensitization> Trecovery> and Toff>
should correspond to those measured under one-photon activation.
However, under two-photon excitation, in which light arrives in
subpicosecond duration pulses at high (e.g., 500 kHz—-80 MHz)
repetition rates, rather than the continuous flux of photons seen in
one-photon optogenetics, the photocurrent achievable, and the z,,,,
may depend on the details of the illumination used, including
properties of the laser. Since photoactivation is typically spatially
multiplexed with two-photon control, for example, a scanning laser
might have to be steered to different neurons at different points of
time; since photoactivation occurs only during illumination
periods, slow channel off-kinetics can be beneficial for accumulat-
ing open channelrhodopsins over illumination periods, eventually
contributing to higher maximum photocurrent (Packer et al., 2012;
Prakash et al., 2012). Nevertheless, two-photon activation of the
ultrafast depolarizing ChR Chronos (Klapoetke et al., 2014) and of a
proton pump with fast photocycle, Arch (Chow et al, 2010), has
been shown to be sufficient for optogenetic control of neurons in
acute brain slice (Prakash et al, 2012; Ronzitti et al., 2016).

lon selectivity

Optogenetic tools transport specific ions, which may exist in differ-
ent concentrations in different neural states, and which can have
different effects on downstream physiology. Thus, it is important to
consider the ion selectivity of a given rhodopsin, to understand and
to be able to predict the impact of the usage of a given opsin on the
biochemical processes of a cell. Rhodopsins exhibiting a diversity of
ion selectivities have been discovered and characterized. Some
rhodopsins have been engineered for altered ion selectivity, thus
expanding the neuroscientist’s toolbox. We have discussed,
throughout this paper, four major classes of rhodopsins of wide
application in neuroscience — cation-conducting channelrhodop-
sins (also known as just channelrhodopsin, ChRs, or CCRs as used
by some authors), which are typically depolarizing except for the
recently discovered class of K'-conducting channelrhodopsins
(Govorunova et al., 2022; Vierock et al. 2022); anion-conducting
channelrhodopsins (also referred to as ACRs); inward light-driven
chloride pumps; and outward light-driven proton pumps. For each
class of rhodopsins, the name indicates the types of ions each
rhodopsin is selective for, and CCRs are additionally subcategorized
as depolarizing or hyperpolarizing; colloquially, the word ‘cation’ is
sometimes dropped from the phrase cation ChR, since the first ChRs
to be used in neuroscience were all cation-conducting and thus
sometimes ChR, when used alone, refers to a depolarizing cation
ChR2 (Boyden et al, 2005). ACRs derived from ChRs via protein
engineering are sometimes referred to as designed or engineered
ACRs (dACRs (Kato et al., 2018) or eACRs (Wietek et al., 2017),
respectively, for short).

All studied cation ChRs conduct protons and physiologically
relevant monovalent and bivalent metal cations, such as sodium,
potassium, calcium, and magnesium, with inward rectification
(note the asymmetric I-V curves in Figure 6¢). All ChRs are ion-
selective, with the following relative conductivities typical: H"
> > Na' > K' > Ca®" > Mg*", likely because of the differential
binding affinity of ions to key amino acid residues within the pore
(Schneider et al., 2013). Relative ion conductivities vary across ChR
species, and show strong voltage- and pH-dependence (Schneider
et al, 2013), meaning that the ion composition of the photocurrent
depends on the existing ion gradients across the plasma membrane.
For example, for ChR2 at more negative membrane voltages, the
sodium photocurrent is several times higher than when measured
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at a voltage closer to the reversal potential of sodium, where
photocurrent is more carried by protons (Berndt et al, 2010;
Schneider et al.,, 2013). For ChR2, despite its very high selectivity
toward protons (the selectivity ratio, Py */Py,", is about 2 x 10%)
(Nagel et al., 2003; Berndt et al., 2010; Vierock et al., 2017), under
physiological conditions common in the brain, where the extracel-
lular concentration of sodium is ~150 mM and the pH is ~7.3-7.4,
about half of the photocurrent is carried by protons. The rest of the
photocurrent is carried mainly by sodium, with a small fraction of
calcium and magnesium ions, while the contribution of potassium
current is negligible due to its higher concentration inside cells (and
such ChRs are inwardly rectifying).

Structure—function relationships for ion selectivity in rhodopsin
are still poorly understood, and therefore the rational design of an
entirely ion-selective cation channel has been very challenging.
There exist multiple engineered and naturally occurred ChR vari-
ants with improved sodium, calcium, or magnesium conductance;
however, their improved cation selective properties arose as much,
or more, from serendipity than from rational design. For example,
the first generated point mutant of ChR2, the H134R mutant,
sometimes called ChR2y, has found widespread application in
neuroscience and exhibits a modest increase in sodium current
compared to its precursor (Gradmann et al., 2011). Another wild-
type channelrhodopsin, PsChR from Platymonas tetraselmis
subcordiformis, has one of the highest sodium selectivities among
all studied wild-type channelrhodopsin (Py,/Pnay ~ 5 -10°)
(Govorunova et al., 2013; Duan et al., 2019). The D139H mutation
of PsChR further increased Na* selectivity, over H, by fivefold.
Furthermore, PsChR D139H showed a fivefold larger photocurrent
than wild-type PsChR. Interestingly, the single amino acid substi-
tution E143S, in the ion pore of Chrimson (called ChrimsonS),
increased sodium selectivity by more than two orders of magnitude,
with Py, /Py, going from 1.3 x 107 to 5.3 x 10°, thus significantly
altering the ion composition of the photocurrent. To put this into
context: under physiological conditions, 90% of Chrimson’s photo-
current is carried by protons; however, in the case of ChrimsonsS,
only 20% of the photocurrent consists of protons. This increase in
selectivity, however, comes at the cost of reduced photocurrent — by
about 2.5-fold. This is one of the reasons opsin engineering is
challenging — it is hard to change one property of an opsin com-
pletely independently of all other properties of an opsin. In add-
ition, red-shifted channelrhodopsins, such as the C1V1 chimera
and its accelerated variants, have increased conductance for cal-
cium and magnesium (Prigge et al., 2012; Schneider et al, 2013),
although another channelrhodopsin with very high calcium con-
ductance, named calcium franslocating channelrhodopsin (CatCh)
and its improved variant CatCh*, are mutants of ChR2 (Li et al.,
2012; Prigge et al., 2012; Kim et al. 2017; Mager et al., 2017).

In terms of the wild-type ChR2, significant conductance of
calcium ions occurs only under certain conditions, such as high
extracellular calcium concentration, created artificially (Caldwell
et al., 2008; Schneider et al., 2013), or under high local intracel-
lular calcium concentration, for example, originating from intra-
cellular Ca stores (Figueiredo et al, 2014). It is common to
observe an elevation in intracellular [Ca®>*] upon ChR2 photo-
activation in neurons, but this is likely often due primarily to the
secondary activation of voltage-gated calcium channels by ChR2-
mediated depolarization (Zhang and Oertner, 2007; Li et al,
2012). Therefore, the interpretation of any observed changes in
ion concentration, upon optogenetic stimulation, must take into
account the endogenous channels and pumps responsible for
neural function.
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Of course, whether an ion channel or pump results in a depolar-
izing or hyperpolarizing effect depends on the details of the cell’s
physiology. As an example, the chloride gradient across the plasma
membrane can differ in neurons at various developmental stages
(Kaila et al., 2014; Heigele et al., 2016; Raimondo et al.,, 2017; Sato
et al., 2017), across neuronal compartments (Turecek and Trussell,
2001; Price and Trussell, 2006; Szabadics et al., 2006; Khirug et al,
2008; Pugh and Jahr, 2011) and across normal versus pathological
conditions (Cohen et al., 2002; Huberfeld et al., 2007; Price et al.,
2009; Boulenguez et al., 2010; Tao et al., 2012; Nelson and Valakh,
2015; Tang et al., 2016). For example, under normal conditions the
cytoplasmic [CI'] ~ 4-7 mM in somata of mature neurons
(Bregestovski et al., 2009; Sato et al., 2017) is lower than extracellular
[CI'], and thus activation of anion channelrhodopsins results in
inward-directed photocurrent, shunting depolarization of the cell to
the reversal potential of chloride, which is usually near the resting
membrane potential (Wietek et al, 2015; Berndt et al., 2016; Chung
et al., 2017; Zhang et al., 2017). Axons can accumulate three to five
times higher [CI'] than in their parent cell bodies, however (Price
and Trussell, 2006; Khirug et al., 2008), so that even brief illumin-
ation (10 ms) of axons expressing GtACRs, chloride specific chan-
nelrhodopsins, could cause presynaptic release (Mahn et al., 2016)
and evoke antidromic spikes (Malyshev et al., 2017) in acute brain
slices, due to outward chloride photocurrent resulting in light-
driven depolarization. It should be noted that selective illumination
of somata of the same neuron types efficiently inhibited action
potentials (Malyshev et al., 2017).

In contrast, light-driven chloride pumps can hyperpolarize
neurons across a wide range of conditions, due to the active
transport of chloride ions into cells under illumination, which is
largely of the chloride gradient or the membrane potential across
the membrane (Han and Boyden, 2007; Gradinaru et al, 2008;
Mattis et al, 2011; Chuong et al, 2014). However, even brief
activation of chloride pumps in neurons (1-10s) leads to an
increase in intracellular chloride concentration, which can cause
positive shifts in the GABAergic reversal potential (Raimondo et al.,
2012; Alfonsa et al, 2015), which can induce rebound activity.
Rebound activity also can be triggered by hyperpolarization-
activated I;, currents (Biel et al., 2009; Tonnesen et al., 2009). Thus,
following illumination to photoinhibit cells, increased firing rates
have been observed both in acute slice preparations (Raimondo
etal., 2012; Alfonsa et al., 2015) and in vivo in mice (Madisen et al.,
2012; Chuong et al., 2014) and zebrafish (Arrenberg et al, 2009),
thus making it important to characterize how photoactivation of a
rhodopsin will change the voltage or firing activity of a particular
cell type when using these tools. Similarly, illumination of light-
driven proton pumps for extended periods of time could increase
spontaneous presynaptic transmitter release, perhaps by facilitating
a calcium influx (Mahn et al., 2016).

Although changes in cellular pH driven by light-driven proton
pumps are numerically small (e.g., 0.1-0.2 pH units for a typical
illumination pattern in a neuron (Chow et al., 2010)), local changes,
potentially coupled to the presence of specific pH-sensitive proteins
in certain cell types or compartments, may respond to such
changes. In short, neural silencing must be carefully thought
through, because the long durations over which optogenetic silen-
cers are typically utilized, mean that changes in ion concentrations
must be considered, and controlled for. The recent discovery of
light-driven potassium channels may offer an alternative to the
above reagents, by helping avoid artifacts associated with chloride
or protons (Govorunova et al., 2022; Vierock et al. 2022) And, other
pumps are being discovered, which may have uses in neuroscience.
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For example, a light-driven sodium pump, KR2, was discovered in
Krokinobacter eikastus (Inoue et al., 2013). It has potential as a
neural silencer, and in a trafficking-enhanced form which boosted
membrane expression and photocurrents, denoted eKR2, showed
the ability to reduce firing in stimulated cultured neurons in
response to 540 nm light of few mW/mm? irradiance, although
to our knowledge it has not been utilized in vivo (Grimm et al,
2018). Strategically mutagenizing light-driven sodium pumps can
impart potassium pumping capability (Gushchin et al., 2015; Kato
et al.,, 2015), opening up yet another potential future direction.

Conclusion

In summary, while some of the properties of rhodopsins that helped
them meet CricK’s criteria for success were out-of-the-blue seren-
dipitous — who would have known, for example, that mammalian
neurons spontaneously had enough all-trans-retinal around, to
enable opsin proteins to function without chemical supplementa-
tion? — some of Crick’s criteria were met because of well-
understood biophysical properties of rhodopsins. The high speed
of operation of rhodopsins arises because of specific properties of
their structures, which lend themselves to closed photocycles,
favorable kinetics on par with the high speed of neurons, and light
sensitivities and action spectra which are well matched to light
penetration properties of mammalian brain. The clear mechanisms
of action of rhodopsins means that the interpretation of experi-
ments is straightforward, and the presence of alternative choices for
some opsin categories (e.g., the neural silencers discussed above)
opens up the possibility of experiment-specific customization of
reagent use, so that undesired artifacts can be avoided.

Going forward: even as existing opsin toolsets have become
widespread in neuroscience, there is much opportunity going for-
ward to apply rhodopsins in even more scientific, and perhaps
medical contexts (Sahel et al, 2021); new strategies, such as
machine learning-assisted directed evolution and-software protein
structure prediction may help with further optimization of opsin
reagents (Bedbrook et al,, 2019; Jumper et al., 2021); and synergistic
tools such as neural imaging and closed-loop optogenetic control
will enable rhodopsins to be used in more and more complex
neuroscience question contexts. In some ways the first chapters
of the optogenetics story are complete, but in other ways, the
adventure is just beginning.
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