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Introduction

To truly understand biological systems, one must possess
the ability to selectively manipulate their parts and observe
the outcome. (For purposes of this review, we refer mostly
to targets of neuroscience; however, the principles covered
here largely extend to myriad samples from microbes to
plants to the intestine, etc.).

Drugs are the most commonly employed way of intro-
ducing such perturbations, but they act on endogenous pro-
teins that frequently exist inmultiple cell types, complicating
the interpretation of experiments. Whatever the applied
stimulus, it is best to introduce optimized exogenous reagents
into the systems under studydenabling manipulations to be
targeted to specific cells and pathways. (It is also possible to
target manipulations through other means, such as drugs that
acquire cell-type specificity through targeting via antibodies
and/or cell surface receptor ligands, but as far as we are
aware, existing reagents fall short in terms of necessary
specificity.) Many types of perturbations are useful in living
systems and can be divided into rough categories such as the
following: depolarize or hyperpolarize cells, induce or
repress the activity of a specific pathway, induce or inhibit
expression of a particular gene, activate or repress a specific
protein, degrade a specific protein, etc. User-supplied trig-
gers for such manipulations to occur include the following:
addition of a small molecule (“chemogenetics”dideally
inert on endogenous proteins) [1], sound waves (“sonoge-
netics”) [2], alteration of temperature (“thermogenetics”d
almost exclusively used for small invertebrates) [3], and light
(“optogenetics”). There are reports of using magnetic fields
(“magnetogenetics”) [4], but there is no evidence that such
effects are reproducible or even physically possible [5,6]. Of
these, themost commonly used, for multiple reasons, is light.

Many factors make light an ideal user-controlled stim-
ulus for the manipulation of samples. Light is quickly
delivered, and most light-sensitive proteins and other
molecules respond quickly to light stimuli, making many
optogenetic systems relatively rapid in comparison to, for

instance, drug-modulated systems. Light is also quite easy
to deliver in localized patterns, allowing for targeted
stimulation. Multiple wavelengths can be delivered sepa-
rately to distinct (or overlapping) regions, potentially
allowing combinatorial control of diverse components.
Finally, light can be delivered to shallow brain regions (and
peripheral sites) relatively noninvasively, and to deeper
brain regions with some effort.

However, there are also a number of shortcomingsof using
light for control. Robust and uniform penetration of light into
the sample is the most significant concern. For systems
requiring modulation of many cells, particularly at depth, the
use of systems controlled by small molecule drugs would
generally be recommended instead of optogenetic approaches.
When light is delivered through the use of fibers, lenses, or
other optical devices, such interventions can produce signifi-
cant cellular death, scar formation, and biofouling. The
foreign-body response of tissue to objects triggers substantial
molecular alterations, the implications of which are incom-
pletely defined, but can involve reactive astrogliosis, oxidative
stress, and perturbed vascularization. Head-mounted light-
delivery devices can be heavy and/or restrictive, and thus
perturb behavior, particularly for small animals (e.g., mouse
behavior is much more disrupted than rat behavior). More
generally, all light causes tissue heating, which can have
dramatic effects on cell health, physiology, and animal
behavior. This is most concerning for tiny animals such as
flies. Light itself also damages tissue, most obviously through
photochemistry (e.g., oxidation and radicalization) and pho-
tobleaching of critical endogenousmolecules. Furthermore, of
course, light is ubiquitous, meaning that the sample is never
completely unstimulated, despite precautions. Light passes
through the eyes into the brain with surprising ease, and even
through the skull withmodest efficacy [7]dwhich can disrupt
animal behavior (as can the converse: stimulating light in the
brain perceived as a visual stimulus through the back of the
eyes.) Light-responsive proteins exist in all samples, particu-
larly in the eyes but to some extent in all tissuesdnotably,
deep-brain photoreceptors [8].
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The use of optogenetic tools has accelerated research on
many fronts in disparate fields. Additional, perhaps most,
limitations on the utility of optogenetics must, however, be
placed squarely on the shortcomings of the current suite of
tools (and potential inherent limits in their performance.)
The vast majority of optogenetic effectors are gated by blue
light, which has significant penetration issues and can be
phototoxic under high intensity; redder wavelengths would
in general be preferred. Furthermore, multiplexing requires
tools making use of other parts of the visible spectrum (and
redder wavelengths). A related issue is that most chromo-
phores for optogenetic reagents have very broad action
spectra (w250 nm bandwidth for retinal; w200 nm band-
width for flavin), complicating both multiplexing and their
use alongside many optical imaging reagentsdnarrower
action spectra would be preferred for effectors in most
situations. More generally, the current classes of opto-
genetic effectors are few, mostly limited to (1) channels and
pumps (most with poor ion selectivity), (2) dimerizers, and
(3) a handful of enzymes. The number of optogenetic tools
that perform a very specific function in cells is small.
Although progress has undeniably been made, much
additional research and engineering will be required to
dramatically expand the optogenetic toolkit.

Rather than providing a survey of research findings, this
review covers general considerations of optogenetics ex-
periments, and then focuses largely on molecular tools: the
existing suite, their features and limitations, and goals for
the creation and validation of additional reagents.

General Considerations

As stated earlier, considerations differ substantially based
on the model organism, preparation, and experimental
goals. Transparent organisms such as zebrafish allow
straightforward light deliverydalthough for all samples, it
is generally not known to where the stimulating light
penetrated and to where it did not, potentially confounding
experiments if one assumes that light reached all cells to the
same extent. (Idealized optogenetics experiments would
include a mechanism by which to indicate which cells
experienced the perturbationdand perhaps to what extent.
As an intermediate measure, photoconvertible fluorescent
proteins could be coexpressed and used as a “dosimeter” of
activating light delivery. This could be immediately tested
with reagents that already include a fluorescent protein
component, for instance, to boost expression and mem-
brane targeting. Alternatively, a tethered or coexpressed
fluorophore could enable tracking of the delivered lightd
such a dosimeter would best be ratiometric to partially
control for expression level differences.) In the absence of
such a mechanism to label cells receiving the stimulus, it is
generally assumed that all cells expressing the effector
(perhaps imaged indirectly through the use of the

aforementioned fluorescent protein) received the stimu-
lating light and that all expressing cells underwent stimu-
lation. In fact, of course, different cells will receive
different amounts of light, and cell-to-cell variability in
protein complement, ionic composition, state, etc. could
dramatically alter the function of the exogenous reagents.
The extent to which such caveats come into play in opto-
genetics experiments is essentially unknown. For instance,
rheobase, the minimal current required to elicit an action
potential, is not a fixed parameter and varies between in-
dividual neurons of the same class. Therefore, even if the
optogenetic tool was equivalently expressed and identically
activated by light, it would not be expected to produce the
same effect on all the neurons, implying that binary in-
terpretations of “off” and “on” for populations of neurons
in optogenetic experiments may be simplistic.

In contrast to transparent organisms, mice (Fig. 16.1A)
typically require the creation of a cranial window or im-
plantation of a light guide such as an optical fiber. As
mentioned earlier, some light does indeed pass through the
skull and eyes, but optogenetic effectors typically require
intense illumination, necessitating measures to increase
light access. Adult flies (Fig. 16.1B) have a dark, waxy
cuticle that severely hampers light penetration. Before the
development of red-shifted effectors, optogenetic experi-
ments in adult flies were incredibly difficult; with red-
shifted opsins (see later) like ReaChR and Chrimson (for
activation) and yellow/orange opsins like GtACR (for in-
hibition), cuticle removal is now rarely required. Light
delivery to larval flies (Fig. 16.1C) is easier than to adults,
but they exhibit numerous light-dependent responses,
complicating experiments.

For a given preparation, there are numerous mecha-
nisms for light generation and delivery. Obviously, light
can be shone broadly on samples, turning on (or off) ef-
fectors widelydthis is mostly done in essentially trans-
parent organisms like fish and worms, and in preparations
such as cell culture. More commonly, light is delivered
locally (to a specific brain region), through an optical fiber
(Fig. 16.1D) or another such light guide in larger animals
and focused illumination in smaller ones. The light emitted
from the source may be delivered to the sample with wide-
field illumination (Fig. 16.1E), reaching many expressing
cells in the area; for some applications, delivery of
patterned light (for instance, through a spatial light modu-
lator [9], with holographic illumination [10], or with
temporal focusing [11]) can be used to activate predefined
cells (Fig. 16.1F)dfor example, cells that have been
identified as being of interest through functional imaging.
The greatest spatial selectivity in optogenetic stimulation is
afforded through the use of infrared 2-photon stimulating
light (Fig. 16.1G) [12]. (Of course, the downside of this
approach is the need to extensively scan the point over
cells, given the low conductance and high desensitization
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of opsins and other optogenetic channels. Also, 2-photon-
excited properties of molecules can differ substantially
from 1-photon-excited properties.) In addition to targeting
the light stimulus to specific cell populations and individual
cells, great progress has been made in subcellular opto-
genetics (Fig. 16.1H) [13], for example, light-evoked acti-
vation of ion transport across the mitochondrial membrane
or localization of a synaptic protein to the active zone. In
general, this requires reagent targeting through genetic
fusion to specific targets, light patterning on desired areas,
and optogenetic effectors engineered for small-volume
activation (see the section on dimerizers later.)

We also note that Cre-dependent lines (mostly in
mouse, but also used in rat and zebrafish) inducible by the
drug tamoxifen (i.e., CreERT2 and related lines [14]) should
be treated with great caution for neuroscience experiments.
In addition to reagent-quality concerns such as high

background and low levels of drug induction, tamoxifen of
course signals through estrogen and other steroid receptors
and thus dramatically alters behaviors (e.g., affecting lo-
comotor activity, social interaction, and anxiety after
single-dose administration [15]). Furthermore, it has
recently been found that tamoxifen inhibits sodium channel
currents [16], rendering neuroscience results involving
tamoxifen very fraught from a biophysical perspective, as
well. Certainly, experiments should be done as long after
tamoxifen administration as is possible. A much preferable
solution would be the generation and validation of
recombinases inducible by molecules with no physiological
effects; further, the effector should be insensitive to
endogenous molecules (CreERT2 retains binding to estro-
gen and other steroids and thus has background activation
[17]). Cre is also associated with genomic toxicity through
cryptic loxP site recombination [18].

FIGURE 16.1 Samples for optogenetics. (A) Mouse. (B) Drosophila adult, and (C) Larva. (D) Local delivery of light to a rodent brain region through an
optical fiber. (E) Wide-field illumination of a neuronal field. (F) Patterned illumination of specific cells in the field, potentially in a given temporal
program. (G) 1-Photon light reaches cells along an input cone. 2-Photon light activates small voxels, potentially over a single cell body. (H) Subcellular
activation of optogenetic effectors.
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Optogenetic Reagents

The first optogenetic experiments were conducted with
small molecules (e.g., neurotransmitters) synthesized to
bear “photocages” that are released by the incident light.
Such reagents are critical and for many applications offer
the only real way to probe a pathway’s function. For
instance, it is inconceivable to reproduce the function of
photo-uncaging of nicotine [19]da molecule with activity
against a number of distinct receptors and targetsdin a
protein-based system. (Such systems, however, would be
critical for determining the activity of nicotine on those
specific proteinsdwhich is impossible with uncaging of the
cognate drug.) For this review, we limit ourselves to
genetically encoded (i.e., protein-based, although all known
photoreceptors make use of small molecule cofactors as the
actual light sensors) systems that are exogenously supplied
to samples (sometimes along with the accompanying small
molecule cofactor) to introduce light responsivity.

Microbial Opsins

The underlying driving forces of many cellular processes are
the standing gradients of many cations and anions, primarily
Naþ, Kþ, Cl", Hþ, Ca2þ, and others to a lesser extent
(Fig. 16.2A). In animals and other eukaryotes, ions are pri-
marily conducted through high-specificity ion channels,
pumps, and transporters. It is clear that ancestors of these
proteins arose first in bacteria and other microbes. Indeed,
there are numerous extant ion channels and pumps in these
organisms today, including the specific class of microbial
opsins (Fig. 16.2B). Several decades ago, it was discovered
that such proteins underlay one of the fundamental physio-
logical processes in microbes (and indeed most living or-
ganisms): that of the diurnal cycle. In many microbes, this
process is directly encoded through light-gated ion influx
and efflux [20]. Once genes encoding such proteins were
identified and cloned, it was determined that they displayed
homology to eukaryotic photoreceptor proteins such as

FIGURE 16.2 Ion gradients and the effect of microbial opsins on them. (A) In most excitable cells, pumps and transporters maintain high extracellular
levels of Naþ, Ca2þ, and Cl", with high intracellular levels of K+. Usually, extracellular pH is neutral or slightly basic but can differ dramatically. (B) A
subset of microbial ion channels and pumps. Channelrhodopsin-2 (ChR2) is a fairly nonspecific cation channel, letting Naþ and Ca2þ in, and Kþ out.
However, the flux of Hþ is w6 orders of magnitude higher than other ions. Anion-conducting channelrhodopsin mutants (ACRs) have greater selectivity
for Cl", but still conduct many other ions.
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rhodopsin, the photopigment of retinal rods [21]. Rhodop-
sins and other eukaryotic photoreceptors are G protein-
coupled receptors (GPCRs; see next section) signaling
through intracellular second-messenger pathways. Instead,
many microbial homologs directly flux ions through a con-
ducting pore and hence were dubbed “channelrhodopsins.”
Structural characterization confirmed the high degree of
similarity between the microbial channels and the eukaryotic
photoreceptors. Intriguingly, in addition to the relatively
well-characterized microbial opsins from bacteria, Archaea,
algae and fungi, channelrhodopsin homologs have been
recently discovered in several viruses [22].

Alteration of ion gradients can drive many physiological
processes, and so it is unsurprising thatmicrobial opsins have
found wide usage in numerous biological realms. In neuro-
science, their use to elicit or inhibit action potentials is easily
the most common application of optogenetics. The first
depolarizing opsin identified was channelrhodopsin-2
(ChR2) [23]. (Channelrhodopsin-1 was identified a year
earlierdit conducts Hþ at quite low levels and did not find
wide uptake in the field.) Pioneering experiments demon-
strated that these opsins could be used to generate ionic
currents across the membranes of various cell types and to
depolarize neurons [23e27].

Over the past 15 years, numerous ChR2 homologs have
been identified across many clades of microbial life [28].
Structure-guided mutagenesis was first performed using
homology models with mammalian rhodopsin and subse-
quently from high-resolution crystal structure determination
of the microbial opsins themselves [29]. Through genomic
screening and mutagenesis, obtained mutants display a fair
bit of variation in multiple channel properties: ion speci-
ficity, conductance, action spectrum, and kinetics of
conductance onset and offset (including variants with very
long offset, dubbed “step-function opsins” [30]dalthough
these proteins suffer from dramatic desensitization [31]).

The precise choice of opsin will depend critically on the
preparation and the question at hand. Generally, best-in-
class microbial opsins currently include: activators such as
Chrimson [32], Chronos [32], ReaChR [33], ChIEF [34],
ChETA (e.g., CrChR2-E123TeT159C) [35], and ChRger
[36]; inhibitors such as the Cl" pump Natronomonas
pharaonis halorhodopsin 3 (eNpHR3) [37] and the Hþ

pumps Arch-T [38] and Jaws [39], and the Cl"-passing
ChR2 mutant GtACR-1/2 [40]; and Ca2þ-permeable ChR2
mutants (e.g., CrChR2-L132C-T159S) [41]. For a detailed
discussion of the strengths and weaknesses of specific
variants, see for instance Ref. [42]. It should be noted that
the “Ca2þ permeability” opsins (broadly referred to as
“CatChR”) in fact have only modest improvement
(w1.5e3x) of Ca2þ selectivitydmeaning that they remain
fairly nonspecific cation channels (with a vast preference
for Hþ). Where redder activation light is required, the ac-
tivators Chrimson and ReaChR, and the silencer GtACR,

are preferred. Of course, this list will constantly evolve as
new tools are developed and further characterization of
existing tools is performed.

It must be noted that wild-type microbial opsins typi-
cally traffic quite poorly in eukaryotic cells, producing
large intracellular aggregates with very little protein
reaching the plasma membrane. For this reason, most
modern opsins include multiple Golgi and endoplasmic
reticulum export sequences, and almost always carry a
fused fluorescent protein for improved expression level and
membrane display (such fused fluorescent proteins can be
made dark so as not to consume an imaging/activation
optical channel while still improving folding and display).
However, such enhanced opsins still routinely show
incomplete membrane traffickingdthe activity of such
intracellular pools of opsin is essentially unknown; for
instance, ion passage across the endoplasmic reticulum and
Golgi could greatly perturb cellular activity.

A recent innovation in opsin engineering is the dis-
covery that it is possible to invert their natural topology
through the addition of an N-terminal transmembrane helix
[43]. In addition to being of profound basic science interest,
such topology-inverted opsins can provide functionality not
seen in naturally derived proteins. The inverted-ChR2
mutant dubbed “FLInChR” [43] exhibits strongly hyper-
polarizing currents and functions in some cells where other
silencers fall short. It is, unsurprisingly, not as simple as
“invert an activator to create a silencer,” or any other po-
tential rule of thumb. The ion conductance of FLInChR
remains unclear, despite fairly exhaustive sampling of
buffer compositions. It is almost certain that topological
inversion alters numerous properties, including membrane
targeting, ion specificity, conductance, desensitization, and
voltage-dependence. It is imperative that new tools gener-
ated in such a fashion are thoroughly characterized for them
to be used optimally.

Opsins can be targeted through protein fusions to
diverse subcellular locales, such as the soma [44,45],
dendrites [46], axon initial segment [47], and mitochondria
[48]. An innovative method to tag active synapses [49] has
been the use of targeted mRNA trafficking (for instance,
through axon- or dendrite-targeting mRNA elements or use
of the MS2-MCP system of protein-RNA hairpin binders
[50]) followed by local transcription and/or translation
through activity-dependent enhancers and ribosome-
binding elements, respectively, delivered in construct un-
translated regions.

As a final note, many applications either require or
benefit from the addition of exogenous all-trans-retinal
cofactor. For flies, this can be delivered through their food,
and in fish and worms it can be placed into the medium. In
addition to potentially boosting existing applications, this
opens the door for the development and delivery of
nonnatural retinals with altered properties once bound by

Optogenetics CHAPTER | 16 287



their apo-proteins. This has been demonstrated for worms
with the synthesis and delivery of dimethylaminoretinal,
naphthyl-retinal, and thiophene-retinal, which altered the
spectral, kinetic, and conductance properties of ChR2,
Arch, and Mac [51]. Recently, bond-inserted retinals
resulted in further red-shifting of ReaChR and Chrimson
[52], although their in vivo utility has not been studied yet,
as far as we are aware.

G Protein-Coupled Receptors

GPCRs were among the first genetically encoded opto-
genetic effectors used and have of late been enjoying
renewed interest. GPCRs signal through a heterotrimeric G
protein complex (a-, b-, g-subunitsdwith a being the
primary determinant of transduced pathwaydFig. 16.3A;
also important are arrestins and accessory Regulator of G
protein Signaling (RGS) proteins, not shown). In 1988,
expression of bovine rhodopsin (a hyperpolarizing trans-
ducin (Gt)-coupled receptor) in Xenopus oocytes, followed
by incubation with 11-cis-retinal (note different retinal
isomer than microbial proteins), facilitated light-driven in-
ward currents [53], indicating that endogenous G proteins
and related machinery are sufficiently conserved between
cow and frog, and adequate expression of the genes occurs
in oocytes, to essentially recreate the light-sensitive
pathway of the vertebrate rod photoreceptor cell ex situ.
However, there are two caveats for systems employing
vertebrate opsins for optogenetics: vertebrate rhodopsins
hyperpolarize upon light stimulation, whereas invertebrate
homologs depolarizedand critically, after a single cycle
vertebrate rhodopsins expel cis-trans-isomerized retinal,
which must be then enzymatically regenerated to 11-cis-
retinal (in the retinal pigment epithelium in vivo) before it
can be bound again to rhodopsin. Thus, vertebrate rho-
dopsins are quite prone to run-down; it is theoretically
possible to supply the complement of enzymes required to
regenerate 11-cis-retinal in the cells of interest, but this
would require the delivery of more transgenes (i.e., retinal
photoisomerase), potential concerns about stoichiometry of
expression, and likely limits on rhodopsin duty cycle
despite efforts to address this.

Invertebrate opsins, by contrast, are by and large
bistable molecules that photochemically regenerate light-
sensitive retinal from the inactivated form without retinal
dissociation or enzymatic activity. Thus, invertebrate op-
sins constitute a more robust set of optogenetic effectors
than their vertebrate homologs (they are not without their
downsides, however.) In 2002, the expression of a 10-gene
Drosophila melanogaster photoreceptor light-dependent
signal cascade in cultured mammalian neurons produced
robust currents [54]. Following the addition of 11-cis-
retinal, shining white light on the cells produced large, slow

(lasting w30 s) depolarizations. Further experiments
showed that a minimal set of three proteins (together called
“chARGe”: the blue light-sensitive rhodopsin NinaE,
arrestin-2, and Gaq) sufficed to reproduce the depolariza-
tion. (The evolutionary distance between flies and mam-
mals is the reason that these experiments require
onboarding the appropriate arrestin and G protein, whereas
the lower cow-to-frog distance allowed endogenous ma-
chinery to suffice. It is likely that protein engineering of
NinaE and related opsins could remold their intracellular
loops to interact with endogenous arrestins and G proteins,
thus creating a 1-component system.)

FIGURE 16.3 G protein-coupled receptors, opto-XRs, and soluble
nucleotide-modifying enzymes. (A) GPCRs signal through a hetero-
trimeric G protein complex (a, b, g), as well as arrestins and accessory
Regulator of G protein Signaling (RGS) proteins (not shown). Depending
on the coupled G proteins and accessory elements, signaling can be pre-
dominantly through several different pathways. Many other variables
(protein complement, cell state, etc.) can perturb G protein signaling as
well as signaling through arrestins and other pathways (“GPCR bias,” not
shown). GPCR activation typically involves hydrolysis of GTP to GDP
and phosphate, or GMP and pyrophosphate. (B) Opto-XRs are chimeric
molecules made from a light-sensitive opsin such as rhodopsin, with
intracellular loops grafted from a GPCR. Fluorescent proteins are almost
always fused to the C-termini of opsin constructs, both for visualization
and improvement of membrane trafficking. (C) Soluble light-gated
nucleotidyl cyclases and phosphodiesterases. Most cyclases used are
improved versions of naturally evolved enzymes. The most commonly
used phosphodiesterases are derived from protein engineering (e.g., LAPD
for cAMP activity).

288 PART | I Molecular Imaging Technologies



The eyespot opsin from box jellyfish (“JellyOp”) [55]
shows improved photobleaching relative to other opsins
and rhodopsins. JellyOp has been harnessed as a Gas-
signaling tool (as with opto-b2AR; see later) to promote
cAMP generation in neurons [56]. A hybrid opsin, coupling
the blue light-sensing components of blue opsin with the
intracellular loops of JellyOp, produced “Crblue” [57]d
which drives Gas signaling with light blue enough to allow
simultaneous imaging of fluorescent proteins such as GFP
and YFP; without opsin blue-shifting, imaging of the
fluorescent protein would have activated the effector. (It is
not immediately obvious why a jellyfish opsin works well
in mammalian neurons without arrestin and G protein
complementation.) Recently, less well-characterized pho-
toreceptors such as parapinopsin, peropsin, encephalopsin
(Opn3), melanopsin (Opn4), neuropsin (Opn5), long
wavelength-sensitive bistable opsin, pteropsin, teleost
multiple tissue opsin, and others have been explored as
optogenetic scaffolds [58e62].

Opto-XRs

In addition to the naturally evolved light-driven GPCRs
discussed in the previous section, there is a class of wholly
engineered proteins that function as light-evoked GPCRs.
These reagents are created by forming chimeric sequences
between an opsin (the photoresponsive machinery) and a
GPCR (typically the three intracellular loops and the C-
terminus, all of which are implicated in signaling through
G proteins and arrestins Fig. 16.3B). This family, termed
the “opto-XRs,” now contains a number of members:
adrenergic receptors b2AR and a1AR [63] (the first opto-
XRs created, in 2005dand regenerated with very similar
sequence in 2009 in Ref. [64]; glutamate receptor mGluR6
[65]; adenosine 2A receptor [66]; serotonin receptor 5-
HT1A [67]); serotonin receptor 5-HT2C [68]; dopamine
D1 receptor [69]; m-opioid receptor [70]; and GPR37, an
orphan GPCR [71]. A variety of opsins have been used in
constructing these chimeras. Importantly, the opto-XRs
lose the dimerization of the cognate GPCRs (which is
mediated through the helices that have been replaced by
opsin sequence) and thus may not necessarily maintain the
localization and function of the cognate receptor [72]. Due
to this and overexpression/trafficking concerns, as well as
potentially perturbed G protein/arrestin signaling, opto-XR
stimulation cannot be taken to reflect the effects of cognate
receptor activation without additional experiments.
Regardless, opto-XRs offer ways to manipulate signaling
pathways not currently accessible through other reagents.

For both the naturally evolved light-driven GPCRs and
the synthetic GPCRs, it should be noted thatdas with all

GPCRsdthey can be driven into more G protein-mediated
signaling or more arrestin-mediated signaling (known as
GPCR “bias” [73]; most commonly discussed with regard to
agonist molecules, but increasingly understood in a more
holistic form [74]). Thus, cell type and cell state differences
could profoundly affect the function of these reagents; in fact,
cell-type-specific chemogenetic effectors (GPCR designer
receptors exclusively activated by designer drugs,
DREADDs) have been created based on the differential
expression of G proteins across cell types [75]. Thus, it cannot
be assumed that GPCR-based reagents act similarly across
cells and organisms due to complement ofGproteins, arrestins
and other accessory proteins, phosphorylation state, etc.

Enzymes

Several naturally evolved soluble enzyme systems are light-
dependent. Most notable among these are two major classes
of nucleotide-transforming enzymes: the soluble nucleo-
tidyl cyclases [76], and nucleotide phosphodiesterases [77].
Together these constitute major inputs to photoavoidance/
phototaxis and other light input-driven phenotypes of
plants, fungi, and many prokaryotesdby controlling the
production and degradation of the universal intracellular
signaling molecules cAMP and cGMP (Fig. 16.3C). Well-
characterized photoactivated adenylyl cyclases include
those from Euglena gracilis (euPAC [78] and PACa [79]),
Beggiatoa sp. PS (bPAC) [80], and Oscillatoria acuminata
(OaPAC) [81]dall driven by blue-light using FAD
(BLUF) photoreceptors (see later) coupled to catalytic do-
mains. bPAC was further engineered to have GTPdinstead
of ATPdspecificity through structure-guided mutagenesis,
producing a soluble photoactivatable guanylyl cyclase,
named BlgC [82]. The most commonly used photoactivated
phosphodiesterase is light-activatable cAMP/cGMP-
phosphodiesterase (LAPD), rationally designed as a
chimera of a red light-driven phytochrome and an alloste-
rically coupled human phosphodiesterase 2A [83].

In addition to the classical soluble enzymes, a recently
discovered subclass of microbial opsins is the “two-
component cyclase opsins” [84], which apparently carry an
additional transmembrane helix relative to the standard seven
for GPCRs (thus being classified as Ib opsins), and which
seem to function as light-inhibited, ATP-dependent guanylyl
cyclases rather thanGPCRs. It appears that these “2c-Cyclop”
opsins signal through light-induced inhibition of a histidine
kinase domain, which in turn phosphorylates a response
regulator domain, which then activates a guanylyl cyclase.
Given this three-step signaling mechanism, it is unsurprising
that the kinetics of the 2c-Cyclop proteins are quite slow,
developing and declining over many minutes [84].

Optogenetics CHAPTER | 16 289



Dimerizers

Particularly powerful components of the optogenetics toolkit
are reagents with the ability to bring proteins together, typi-
cally to induce a functional transformation requiring their
mutual presence. This is accomplished through photo-
dimerizers, of which quite a number have been demonstrated
(Fig. 16.4A). Most of these are built upon a framework of
photoreceptors from plants, fungi, or cyanobacteriadwhere
their in vivo role is to modulate signal transduction cascades
in a sunlight-dependent manner. There are many photore-
ceptors in the Light/Oxygen/Voltage-sensing (LOVdomain)
superfamily [85,86], originally discovered as the signaling
mechanism behind plant phototropism (LOV domains have
since been discovered in bacterial, archaeal, algal, fungal and
plant species). Numerous other general photoreceptor classes
have been discovered as well: cryptochromes [87], phyto-
chromes [88], ultraviolet-B receptor UVR8-like proteins
[89], and sensors of BLUF proteins [90], among others.
Other light-dependent binding events have been engineered,

such as the oligomerization of the fluorescent protein Dronpa
[91,92]. LOV domains couple to a wide array of signaling
pathwaysdhistidine kinases, response regulators, phos-
phodiesterases, nucleotide cyclases, sulfate transporter/anti-
sigma factor antagonists, helix-turn-helix transcriptional
regulators, serine/threonine kinases, and about 30 other
known effector categories [93]. The other photoreceptor
classes in general couple to fewer possible signaling read-
outs, but the diversity is still quite impressive.

For the purposes of this review, however, we focus on
the light-dependent conformational change in the photore-
ceptor domains themselves, which can be coupled to
downstream allosteric regulation of single-domain effectors
(next section) or binding/unbinding of multicomponent
tools for purposes of bringing together/apart effectors (this
section).

A number of factors come together to determine the
overall utility of an optogenetics dimerizer tool. For all
dimerizers, utilization of endogenous cofactors is of course
desirable. Similarly, a small size is preferred, to minimize

FIGURE 16.4 Optogenetic dimerizers and allosterically regulated proteins. (A) Various optogenetic hetero- and homodimerizers. Cryptochromes have a
second pterin chromophore, such as 5,10-methenyltetrahydrofolic acid (not shown). (B) Allosteric modulation of enzymes and other proteins through
propagated conformational changes from LOV2-Ja or other photoreceptors.
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perturbation of the fused proteins. Lastly, optogenetic
dimerizers should have low levels of association in the dark
and very high association in the light (the opposite tools,
optogenetic “dedimerizers” are also useful.) For applica-
tions that require bringing two disparate components
together, a heterodimerizer must of course be used, whereas
a homodimerizer can suffice if the application requires
dimerizing a single effector domain. For heterodimers, it is
important that the two separate components do not them-
selves homodimerize, as this degrades heterodimerization
efficiency and can disrupt localization.

For homodimerizers, commonly used reagents include
Dronpa (which potentially tetramerizes); LOV domain
homodimers including Vivid [94], EL222 [95], and rela-
tives; and Cryptochrome-2 (CRY2) [96]. UVR8 dissociates
upon UV light illumination, thus constituting an opto-
genetic “dedimerizer.” For heterodimerizers, the most
commonly used are CRY2 and its binding partner
CIB(N)dalthough CRY2 homodimerization partially de-
feats its utility as a heterodimerizer; the phytochrome PhyB
(usually from Arabidopsis thaliana) and its interacting
partners PIF3/PIF6 [97]; the bacterial phytochrome BphP1
and its interacting partners PpsR2 [98] and Q-PAS1 [99];
UVR8 and its partner COP1dagain, its homodimerization
complicates its use; and the LOV domain heterodimers
FKF1/GIGANTEA [100], Magnets [101] and enhanced
Magnets (eMags) [102], iLIDs [103], and TULIPs [104].

Of these tools, PhyB is quite large and of unknown
structure (also true of its interacting partners). CRY2 is of
known structure (at least of a homologous cryptochrome)
but is fairly largedCIB(N) is of unknown structure and
appears to be an intrinsically disordered protein. The UV
light required for UVR8 penetrates poorly and causes
photodamage. PhyB also requires the addition of the
exogenous chromophore phytochromobilin; however, ad-
vantages of the PhyB system include bidirectional control
with red and far-red light, allowing greater penetration. The
dissociation kinetics of CRY2/CIB is quite slow, and fusion
of CRY2 to membrane proteins can lead to organelle loss
and even cell death [105]. The dimerization efficiency of
iLIDs is fairly low, and original Magnets require use as a
tandem trimer to achieve good dimerization efficiency
[106]d Magnets also need preincubation of expressing
cells at a lower temperature (28#C) due to low thermody-
namic stability [106]. eMags shows greater dimerization
efficiency than original Magnets, even when used as a
monomer; it also folds well at 37#C and has faster associ-
ation and dissociation kinetics than original Magnets [102].
Finally, to achieve optimal spatiotemporal control of acti-
vation, it is important that both components of a hetero-
dimerizer system be photoreceptors and that association
requires that light activate both components. This is not the
case for CRY2/CIB, iLIDs, PhyB/PIF, and TULIPs, and
accordingly, these systems have higher levels of

background activation than LOV domain dimers, and
furthermore, following illumination, activated effector
molecules spread much more broadly throughout cells,
delocalizing the intended effect [106]. Taken together, the
use of enhanced Magnets [102] is recommended for most
optogenetic heterodimerizer applications, and Vivid for
homodimerizer ones.

Notable reagents derived from dimerizer components
include light-activated Cre recombinase [107], CRISPR-
Cas9 [108], T7 RNA polymerase [109], a zinc finger
transcription factor [110], control of organelle trafficking
[111], manipulation of lipid transport through the trans-
Golgi network [102], and botulinum toxin activity [112].

As a final note, we mention that photocleavable proteins
can be (and usually are) used in place of dedimerizers such
as UVR8. Many fluorescent proteins undergo backbone
cleavage during either chromophore formation or photo-
conversion of the chromophore to a second form. However,
in most cases, the two resulting polypeptides remain tightly
associated with one another and thus, although technically
cleaved, do not functionally act that way. Protein engi-
neering on the photoconvertible fluorescent mMaple to
promote dissociation following photoconversion yielded
the more photocleavable protein PhoCl [113]. PhoCl and
related proteins can be incorporated into optogenetic re-
agents to yield light-dependent release of a component, for
example, a moiety that once alone translocates within the
celldperhaps to the nucleus to enhance transcription. In a
similar vein, the selection of LOV-binding proteins from a
library of Staphylococcal protein A mutants produced re-
agents (Zdk, LOVTRAP) that tether Avena sativa LOV2
(AsLOV2-Ja), but only in the dark [114]. Upon opto-
genetic activation of LOV, the Zdk is released, along with a
fused effector domain that had previously been tethered to
the site of LOV expression.

Allosterically Regulated Proteins

In addition to using photoreceptors as dimerization moieties
to drive association/dissociation of effector components,
the conformational changes within an individual photore-
ceptor (most notably the dissociation of the Ja helix of the
AsLOV2 domain from the b-strand bulk) [115]
(Fig. 16.4B) can allosterically alter the function of a fused
protein. A number of enzymes and other effectors have
been successfully caged with AsLOV2 and related photo-
receptors: the GTPases Rac1 and Cdc42 [116], dihy-
drofolate reductase (albeit with weak activity) [117],
histidine kinases [118], the molecular motors myosin and
kinesin [119,120], tetracycline repressor [121], calmodulin
(photoactivatable Ca2þ releaser, PACR, to release Ca2þ)
[122], membrane-tethered toxins (lumitoxinsdnote that
light releases toxin from target) [123], the singlet oxygen
generator miniSOG (not allosteric regulationdthe flavin
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cofactor directly produces this) [124]das well as a
miniSOG-derived reagent for control of synaptic vesicle
release (chromophore-assisted light inactivation; CALI)
[125], nanobodies [126], receptor tyrosine kinases [127],
tryptophan repressor [128], and the light- and Ca2þ-
dependent transcriptional activators FLARE [129] and Cal-
Light [130]. Many proteins have been shown to be
allosterically regulatable by the LOV2-Ja association, and
many more will surely be designed in the future (and also
with other allosteric effectors).

Other Ion Channels and Pumps

Although the naturally evolved (but heavily improved in
the lab) microbial opsins are the predominant class of light-
gated ion channels and pumps, there are a number of
optogenetic reagents to effect ion conductance that have
been engineered by combining a transmembrane channel
with a light-gated moiety. Here, we review the most notable
such reagents.

The first light-gated ion channel created through protein
engineering was synthetic photoisomerizable azobenzene-
regulated Kþ (SPARK) [131]. The high-conductance,
high-specificity voltage-gated potassium channel Shaker
was made light-gated through systematic introduction of
cysteine mutations to the region surrounding the outer pore
opening, followed by incubation with MAL-AZO-QA, a
synthetic small molecule combining maleimide (for
cysteine reactivity), azobenzene (a bulky photoswitch un-
dergoing cis-trans isomerization around an internal double
bond upon illumination), and a quaternary amine based on
tetraethylammonium, an inhibitor of Shaker that occludes
the pore. The MAL-AZO-QA is thus an “inhibitor on a
stick,” which in one configuration (in this instance trans)
allows the QA group to bind and inhibit the channel, and in
the other (in this instance cis) sterically removes the QA
group from proximity to the pore, thus disinhibiting chan-
nel function. Through structure-guided design and exten-
sive screening, it is usually possible in these situations to
devise both attachment sites where the trans configuration
is active and those where the cis configuration is. The
voltage sensitivity of Shaker remains essentially unchanged
despite the presence of the bulky MAL-AZO-QA moiety,
and SPARK current is tunable from 0 to 100 pA via illu-
mination light wavelength and intensity. However,
numerous shortcomings of SPARK have hindered the wide
uptake of the reagent. The MAL-AZO-QA cofactor is
synthetically difficult and not commercially available.
Further, it is large and hydrophobic and does not penetrate
well into the tissue. The 360 nm absorbance peak of the
trans configuration requires UV light, which has poor
penetration and high phototoxicity. (The 440e540 nm peak
of the cis configuration is more tolerabledit should also be
noted that such reagents are independently tunable by these

two wavelengths, enabling bidirectional control, which is
lacking or at least poorly understood for most optogenetic
reagentsdexcepting PhyB/PIF, discussed earlier.)

A similar design strategy on a kainate receptor (GluK2)
produced the optogenetic Naþ channel LiGluR [132]dthis
time with the agonist glutamate “on a stick” rather than an
antagonist (Fig. 16.5A). LiGluR has been demonstrated
in vivo in a number of preparations [132,133]. Disadvan-
tages of LiGluR are similar to those of SPARK, in terms of
small molecule availability and delivery, and light penetra-
tion. It should also be noted that overexpression of endog-
enous receptors (or proteins similar to them) could interfere
with the function of said receptors, for instance through
hetero-oligomerization. On the other hand, there are a
number of key advantages that tools like LiGluR possess
over the microbial opsins. Firstly, the ion selectivity for Naþ

is quite high, given that GluK2, like other iGluR proteins,
has numerous protein features favoring preferred ion pas-
sage, and features blocking nonpreferred ion passage (i.e.,
the specificity filter). Secondly, the conductance and passed
current are many times (w1000) greater than those of mi-
crobial opsins.

Similar reagents have been created for GABA receptors
(“LiGABARs”) [134] and acetylcholine receptors [135]. (It
should also be noted that arguably the first optogenetics
experiment ever conducted was in 1978, when Henry Lester
and colleagues created photoisomerizable nAChR agonists
and showed that they indeedmodulated nAChR activity upon
light illumination. However, since such experiments involve
no targeting of the drug, we consider these insufficiently
genetically encoded to cover in this chapter. The same extends
to modulators of GIRK, TRPV1, TRPA1, P2X, and ASIC
channelsdsee Ref. [136] for a good review.)

We note that such “transmitter on a stick” approaches
translate to other protein scaffolds, as well. Light-agonized
and -antagonized versions of the metabotropic glutamate
receptors mGluR2, mGluR3, and mGluR6 were con-
structed through similar methods [137].

A fully genetically encoded, light-gated potassium
channel, BLINK1 [138], was created by the incorporation
of LOV2-Ja (see above) into a viral potassium channel,
Kcvdthe final design features the LOV2-Ja at the N-
terminus of Kcv, with an additional myristoylation motif
before the LOV domain, to create a tighter allosteric link-
age between LOV light activation and pore opening. An
improved reagent, BLINK2 [139], exhibits better surface
expression through the incorporation of several targeting
motifs (Fig. 16.5B). The kinetics of the BLINK channels
are incredibly slow: complete turn-on takes several mi-
nutes, and conductance remains elevated for tens of mi-
nutes following light cessation, which is good for some
applications and fatal for others. Moreover, the Kþ-to-Naþ

selectivity of Kcv is only w9daround three orders of
magnitude lower than that of many eukaryotic ion channels
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(it is not clear whether the selectivity of the BLINK
channels has been determined.) But BLINK2 permits
in vivo utility in several preparations [139] (although other
groups have reported nearly undetectable currents [140].)
Similar techniques could in principle be extended to other
ion channels, including those with greater ion selectivity
and/or faster kinetics.

Other fully genetically encoded ion channels include the
2-component systems involving the light-gated enzymes
discussed earlier, coupled with (typically directly fused to,
although coexpression can suffice [80]) an ion channel
gated by the enzymatic product. For instance, coexpression
of bPAC (see above) and the olfactory cyclic nucleotide-
gated (CNG) channel CNG-A2 in Xenopus oocytes pro-
duced sufficient cAMP from bPAC to gate the channel and
produce reasonable currents [80] (Fig. 16.5C). The kinetics
of both the bPAC and the resulting CNG-A2 currents are
fairly slow, however. Neurons express fairly high resting
levels of phosphodiesterases, more closely linking CNG
activity to PAC activity by rapidly degrading leftover
cAMP. Even still, bPAC coexpressed with the channel
CNG-A2 in cultured hippocampal neurons turned on in
w5e10 s and stayed on for w100e200 s. Another design,
using bPAC and the bovine olfactory cyclic nucleotide-
gated channel (OLF) to produce more Ca2þ-selective cur-
rents [140] had even slower kinetics: turn-on in w1 min,
and turn-off inw10 min. A more Kþ-selective channel was
made by the same group through fusion with the channel
SthK from Spirochaeta thermophila; kinetics were still
quite slow but w10 times faster than the bPAC-OLF
channel. Many CNG channels exist with diverse ion
selectivity, although they are not as selective as classical
voltage-gated ion channels. Moreover, CNG channels can
be modulated by both cAMP and cGMP, in opposing or
concordant directions, potentially complicating the regula-
tion of currents.

Considerations for Optogenetics
Experiments

Some applications of optogenetic effectors are quite clear in
their interpretationdin general, these are experiments
where the manipulations are used to generate hypotheses
that are verified with other means, or where the manipu-
lation merely generates a signal to identify cells of interest
for probing by other means. Notable examples include
“optogenetic tagging” of cell types to facilitate in vivo
electrophysiological recordings [141] and tracing of long-
range axon projections via a light-dependent signature
[142], among many others.

FIGURE 16.5 Optogenetic ion channels and pumps derived from protein
engineering. (A) Light-gated glutamate receptor (LiGluR) engineered to have
a cysteine at a site allosterically coupled to the glutamate-binding pocket of an
iGluR. In one conformation (trans in this case), glutamate is unbound from the
pocket and the channel is closed; in another (cis in this case), glutamate is
bound and the channel opens. (B) Optogenetic Kþ channel BLINK2 derived
from a viral channel, Kcv (gray), LOV2-Ja (yellow), an N-terminal myr-
istoylation motif to promote membrane reentry (black), and a 14-3-3 protein
binding site (red), to improve membrane trafficking. (C) Creation of an
optogenetic ion channel by fusing a soluble optogenetic adenylyl cyclase such
as bPAC to a cyclic nucleotide-gated (CNG) channel such as OLF. T, plasma
membrane trafficking signal; Ex, endoplasmic reticulum export signal.
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However, caution is warranted when using optogenetics
in behavioral and mechanistic experiments, particularly
those done on the brain, for many reasons. As with any
foreign (or endogenous, for that matter) gene, their over-
expression can produce unexpected phenotypes. Over-
expression of opsins, particularly long-term and/or through
development, has been shown to produce defects in axon
morphology, projection patterns, and neural activity pat-
terns [143], even in the absence of light stimulation.
Although the precise mechanisms by which this occurs are
unknown, it is apparent that sufficient levels of Ca2þ are
fluxed (even in the dark) through ChR2 (and likely other
opsins) to perturb Ca2þ-dependent axon guidance factors
[144] and morphological synaptic plasticity [145]. Long-
term (w4 week) expression of ChR2 produced enlarged
axon trunks and gave rise to aberrant projections from L2/3
neurons to L4, which receives no such input in normal
animals [143]. It is also noteworthy that overexpression of
ChR2 in cells dramatically increases (in the range of 40%)
membrane capacitance [146], thus fundamentally altering
the electrophysiological properties of the cells under
studydagain, even without explicit stimulation. It is un-
surprising that microbial opsins have activation-
independent effects, both because of the membrane
loading with charge and because the pores are typically
quite leaky [147]. Thus, the first potential concern is that
effector expressiondeven without activationdcould per-
turb, potentially dramatically, the system under study.
Further experiments are required to determine whether such
effects are truly light-independent, for example, mediated
through proteineprotein interactions with endogenous
signaling pathways, or if activity driven by ambient light is
sufficient to produce the effects seen. If the latter, then
animals could be kept in strict darkness, but that would, of
course, have its own unintended, dramatic effects on
development and behavior. Similarly, overexpressed
GPCR-based effectors will no doubt disrupt signaling even
absent explicit activation.

It is also the case that light, rather than the effector
molecules, can damage and perturb tissuedeven at low
intensities. Probably the most salient concern is local
heating [148,149], which affects all cellular processes, with
several noteworthy pathways being sensitive to even slight
deviations above resting temperature. Illumination with
commonly used optogenetic activation light intensities
(w3e30 mW) resulted in local heating of 0.2e2#C in
mouse striatum [150]. This level of heating was sufficient,
even in the absence of opsin expression, to dramatically
depress neural firing rates in a cell type-dependent fashion
(in this case, medium spiny neurons, MSNs, were most
inhibited), with hyperpolarizing currents appearing to arise
from thermal activation of inwardly rectifying potassium
(Kir) channels. This light-driven, opsin-independent, inhi-
bition of MSNs was sufficiently strong to produce a clear

behavioral phenotype: upon illumination of the dorsal
striatum with 532 nm (green) light, mice exhibited rota-
tional behavior biased in the direction ipsilateral to the side
of the brain receiving illumination. This perturbation was
evident at illumination intensities of 7 mW and became
more pronounced at 15 mW. Heating effects can be even
more profound on smaller animals with much less tissue to
serve as a heat sink. Light, particularly high-intensity, can
also have other adverse effects on cells, including effector-
independent depolarization [151], optoporation (formation
of holes in the membrane) [152], activation of the endo-
plasmic reticulum stress-response pathway and autophagy
[153], and alteration of gene expression patterns, particu-
larly immediate early genes [154]. Light has also been
shown to cause vasodilation in the brain, which would
affect functional hyperemia and perhaps the interpretation
of some experiments where optogenetics has been used in
fMRI evaluations [155]. In general, it is advised to use the
lowest intensity possible of activation light, with longer
wavelengths also being preferred.

Of concern to interpreting neuroscience experiments, in
particular, is the nature of action potential generation and
propagation. Because of the asymmetric expression of ion
channels throughout neurons, the cellular output from a
stimulation regime depends critically on the subcellular
distribution of excitation. Activation of the soma and
dendrites simultaneously produces different output wave-
forms from cells than activation of soma alone: namely, this
synchronized depolarization leads to increased spike rate,
more bursting events, and greater backpropagation of
spikes through the dendritic arbor, even to distal tufts [156].
Even “axon-specific” optogenetic activation of axonal fi-
bers [142] produces backpropagating action potentials that
can travel back and depolarize the soma and dendrites.
Thus, observed phenotypes can result from something other
than the output of stimulated neurons or terminals [157].

Another issue is the habituation of expressing cells to
elicited ion currents. Cells may change their complement of
expressed proteins in response to repeated perturbations
from equilibrium. Phenotypes seen after long-term stimula-
tion might, at least somewhat, reflect these cellular changes.
This can be especially evident following the long firing of
Hþ channels and pumps, which disrupt local pH environ-
ments and can lead to (sometimes rapid) loss of responsivity
of the effector, through poorly understood cellular mecha-
nisms. Furthermore, effectors may drive cells into non-
physiological states, such as activators spiking cells faster
than they do in vivo [158]dpersistent activation can even
lead to apoptosis and cell death [159]. Similarly, inhibitors
can drop cells to potentials below that normally seen, leading
to rebound excitation upon block release [160].

Another cause for concern, particularly for the micro-
bial opsins, is that the effect that the optogenetic reagent is
having on expressed cells may be very different from
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expectations. The ionic specificity of opsins is quite poor,
with ChR2 passing guanidiniumþ, methylammoniumþ,
dimethylammoniumþ, Liþ, Naþ, Ca2þ, and Kþ within only
an order of magnitude of each otherdand a million-fold
less than the passage of Hþ [23]. Obviously, the effects
of these cations on cells are profoundly different, with Naþ

and Kþ directly opposing one another in membrane po-
larization effects, with Ca2þ exerting profound signaling
effects (as discussed earlier), and with dramatic pH changes
possible following opsin activity. Obviously, the effect of a
given channel or pump depends critically on the electro-
chemical gradients of the ions involved, which can vary
widely between cell types, developmental stage (e.g., the
Cl" reversal potential changes sign during development of
the vertebrate embryo), and activity state of neurons and
other cell types, and the circuits to which they give rise. It
was recently shown, for instance, that ChR2 stimulation led
to profound increases (up to 5 mM) in extracellular [Kþ] in
living mice [161]. As such, outward Kþ

flux likely sub-
stantially contributes to depolarization, in contrast to the
canonical model of ChR2 function, that is, inward Naþ

current. This observation is consequential for several rea-
sons. Primarily, high extracellular [Kþ] exerts its depola-
rizing effects on all nearby cells, rendering ChR2 activity
essentially non-cell-autonomous; indeed, the study showed
that ChR2 activity in striatal astrocytes promoted increased
excitability and c-Fos expression in nearby medial spiny
neurons, despite no explicit physiological coupling be-
tween the astrocytes and MSNs. Secondly, this contribution
of extracellular [Kþ] increases to cellular depolarization
will depend on the precise complement of expressed po-
tassium channels and their current state of openness, among
other things. This implies that controls are needed in mul-
tiple experimental settings. Non-cell-autonomous effects
are seen with other reagents, including ArchT, where
activation in astrocytes led to dramatic acidification of the
extracellular space (w0.2 pH units), sufficient to gate acid-
sensing ion channels on neurons [162]. These non-cell-
autonomous effects of overexpressed channels and pumps
complicate the mechanistic interpretation of resultsdthe
salient perturbation may occur on a cell type not even
considered.

Another example of counterintuitive effects of opsins is
the observation that Arch (ostensibly passing Hþ) activa-
tion in astrocytes of living mice instead produced large
[Ca2þ] increases in astrocyte processes [163], despite no
previously documented conductance of Ca2þ by Arch. The
authors speculate that the Hþ conductance of Arch modu-
lates the activity of glutamate transporters, with the sub-
sequent signaling through glutamate receptors producing
intracellular [Ca2þ] risesdalthough it is clear that suffi-
ciently many processes are affected that it is impossible to
definitively propose a straightforward mechanism. Thus,
results from cell culture experiments may not be consistent

with those in vivodalthough of course it is not immedi-
ately clear which results better represent ground truth. As
mentioned earlier, the observed phenotype may result from
a different pathway or even cell type altogether. Regardless,
experimenters should mind that in vivo performance of
effectors can differ from published results.

Critically, although deployed as light-dependent pro-
teins, opsins are unsurprisingly affected by other cellular
stimuli as well. The kinetics, particularly of recovery and
desensitization, is quite dependent on temperature [164],
indicating that they will not necessarily behave similarly in
different organisms. Of greater concern, ChR2 and other
opsins are also quite voltage-sensitive, specifically that
depolarization results in significant slowing of activation
and deactivation [164,165]. Thus, during trains of elicited
spikes, subsequent depolarizations are smaller than initial
ones, sometimes much so. Furthermore, resting membrane
potential heterogeneity (up to 30e40 mV in pyramidal
cells) will engender different reagent properties across
cellsdeven of the same fundamental cell type. Many of the
other depolarizing/hyperpolarizing tools discussed here are
likely voltage-dependent as well, but this has been less
systematically characterized.

More generally, the exact effects of perturbations on a
system depend critically on the precise properties of the tools
used. For instance, three channelrhodopsin variants (ChR2
itself, Chronos, and Chrimson), despite ostensibly all func-
tioning as light-gated elicitors of spiking activity, manifested
wildly different effects on wide-scale cortical activity when
stimulated in mice [166]. At the most basic level, Chrimson
often failed to reliably elicit spikes, leading to a broad distri-
bution of spike rates in expressing neurons. Despite reliably
driving action potentials early, Chronos often dropped spikes
during sustainedfiring, likelydue to itsmore rapid inactivation
in neurons. At the circuit level, where neurons recursively
interact with one another (and with themselves), things
became more complicated. ChR2 evoked robust cortical
gamma-wave (g) oscillatory activity, Chronos did not, and
Chrimson not only did not evoke g actively but also sup-
pressed endogenous power in all oscillatory rhythms up to
150 Hz, essentially negating the critical contributions of un-
derlying circuit oscillations to brain activity. In retrospect, this
is perhaps unsurprising, given the wide diversity of neuronal
types, most obviously excitatory and inhibitory, and extend-
ing to precise electrophysiological properties. This wide
variation in spike rate, projection pattern, expressed ion
channels and receptors, etc. between expressing cells can of
course magnify small differences in single-neuron properties
into large differences at the circuit level. Other examples
of recurrent networks and tight coupling confounding opto-
genetic manipulations can be found in Refs. [160,167e171],
and more. These observations suggest that we need realistic
biophysical and computational models (driven by careful
biophysical measurements) of neurons and of opsins (and
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other reagents) to meaningfully interpret how they affect
single neurons and ultimately circuits.

In conclusion, the diversity of optogenetic reagents,
both naturally evolved and explicitly engineered, is
breathtaking. Many previously unimaginable experiments
are now routine. However, there are also a number of ca-
veats associated with cellular perturbations, which by and
large have not been grappled with sufficiently.

Recommendations

For these reasons and more, caution must be used when
interpreting the results of optogenetics experiments. Here,
we recommend several experimental modifications that can
increase the confidence in potential findings from studies
involving the manipulation of cellular activity through
optogenetic effectors:

- Toolmakers should build “internal control” versions of
optogenetic effectors that are minimally mutated,
ideally at a single site, to neutralize the effector activity
but hopefully remain identical in expression level, tar-
geting, etc.dakin to how nonresponsive sensor variants
help rule out artifacts from sources other than the target
analyte or state. If these control versions alter the
phenotype, it is likely due to reasons other than the
ostensible effector function.

- Perform experiments using multiple similar tools
(e.g., ChR2, Chronos, Chrimson, as earlier; or both a
chloride channel such as halorhodopsin and a proton
channel such as Arch)dare the findings the same across
effectors?

- Perform parallel experiments with no explicit light de-
livery, to help elucidate nonspecific activation.

- Similarly, activate a population in one set of experi-
ments and silence it in another. Of course, many recep-
tors, cells, and populations exhibit “U-shaped”
responses in which both sets might produce similar re-
sults. Regardless, such experiments would aid
interpretation.

- If experiments suggest multineuron circuit-based mech-
anisms in a particular response, then probe the inter-
vening neurons to further test the predictions. For
example, if excitation of an upstream neuron produces
a particular response, then explore if silencing the inter-
mediate neuron(s) can block the effect.

- Perform complementary experiments using diverse re-
agents: for example, if activation of a downstream
neuron is thought to signal through specific receptors
in a second population, then test direct activation of
that signaling pathway, through the appropriate opto-
XR, caged neurotransmitter, etc.

- Ensure that the spiking rates elicited by optogenetic
activation are consistent with behaviorally elicited rates.
If the optogenetically induced rates exceed those
measured in behavior, this may be nonphysiologically
relevant and inform about things cells “can” do, rather
than what they actually do.

- Ideally, perform experiments using a different modality,
for instance with a chemogenetic effector such as a
DREADD [172].

- Overexpression of effectors creates multiple concerns:
alteration of cellular and membrane properties, hetero-
oligomerization with endogenous proteins, and
disrupted targeting of proteins, thus producing nonphy-
siological actions. When using an effector meant to
recreate the activity of an endogenous protein, this should
be done in a knock-in organism, where the photoswitch-
able effector replaces the endogenous protein. Of course,
careful histology and physiology are required to show that
the modified protein is expressed at similar levels and in
similar places as the wild-type and that its activity is
similar (just photoswitchable). This would allow experi-
ments showing that signaling through a certain protein,
in a certain place, at a certain time, definitively produced
a given phenotype. When expressing effectors in another
manner, expression level should be kept as low as possible
through promoter choice, IRES sequences, degrons, etc.

- Perform immunolabeling to reveal effector expression
patterns, particularly as regards subcellular distribution.

- Stain for activity from stimulation with in situ hybridi-
zation and/or immunolabeling against c-Fos or another
marker. Is staining consistent with the population meant
to be stimulated? Importantly, are there signs that unin-
tended populations experienced dramatic stimulation?

- Express the effector in populations that should not affect
the phenotype under observation. Unexpected contribu-
tions from other regions could suggest that the effect is
mediated through mechanisms other than that proposed.

- Consider and try to rule out the possibility that the effector
is actually functioning through a different, perhaps unex-
amined, cell type and/or pathway. The non-cell-
autonomous effects of overexpressed ion channels and
pumps allow them to act on nearby cells. The effects of
extracellular Hþ and Kþ appear particularly important.

- In general, inhibitory tools are considered to be more
precise mediators of perturbation than activators. For
example, silencing a group of neurons could reasonably
be expected to block circuit signaling through those
cells but not necessarily have far-reaching network ef-
fects. Injecting neuronal activity into a circuit, on the
other hand (and particularly if the injected activity is
nonphysiological), will have knock-on effects on down-
stream (and even upstream) circuit components.
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Future Goals

A critical set of reagents that is lacking is tools to rapidly
and specifically degrade target proteinsdthus testing their
effects in a circuit without the dramatic effects of
compensation (as in knockouts). Many of the pieces are
available, including light-regulated nanobodies (although
the number of high-quality nanobodiesdor any affinity
reagentdremains low), E3 ubiquitin ligases, and poten-
tially variants of botulinum and tetanus toxins with rede-
signed target specificity. Such reagents would be
transformative for systems biology. There are also very few
tools for optogenetic modulation of specific synapsesd
reagents to specifically activate or inhibit targeted synapses
will be extremely useful for neuroscience.

A dream set of reagents in neuroscience is those that
would allow the tagging of active neurons and synapses
during a behavior, potentially facilitating a replay of the
behavior by properly stimulating the active ensemble.
However, the word “properly” is doing a lot of work in
this sentence: if all neurons and/or synapses are identically
tagged regardless of their temporal position in the physi-
ologically evoked sequence (in addition to the firing
strength and other concerns), then there is no reason to
believe that simultaneously activating all of said neurons
and synapses would produce anything other than behav-
ioral and circuit-activity noise. That is to say, neurons and
synapses acutely “care about” their spatiotemporal activity
patterns, and optogenetic tools that do not recapitulate this
aspect run the risk of producing nonphysiological results.
However, tools allowing correct temporal replay of tagged
neurons/synapses seem woefully difficult to create, and
neuroscientists might need to content themselves with
much smaller pieces of the puzzle.

Many more red light-gated tools are required, both for
maximizing penetration and minimizing damage, and
allowing multiplexing. Better still, effectors gated by near-
infrared (NIR) or fully infrared light would be
transformative. However, given the lower energy of such
photons and thus the more limited range of available
photochemistry, such reagents may be difficult or even
impossible to create. (Some nanoparticles allow upcon-
version of NIR light into visible wavelengths for effector
activation [173], but they have their own limitations and
being nongenetically encoded, are beyond the purview of
this piece anyway.) For neuroscience applications, it would
be extremely useful if many of the existing reagents could
be made to work much faster. Effectors whose perturba-
tions manifest over minutes allow no precision in manip-
ulating specific cells or synapses. For instance, the
advantages of a very slow optogenetic silencer over
constitutive silencers such as inward-rectifying potassium
channels (Kir) are largely having fewer developmental ef-
fects and lower cellular habituation. Reagents with

subsecond (ideally millisecond) level kinetics are required
to drop out given cells and synapses to monitor their circuit
contributions.

There are many tools for light-regulated transcription
and recombination, but our overall feeling (and from dis-
cussions with other researchers) is that none is sufficiently
robust to reliably produce believable results. In general,
many of the tools covered here are at the proof-of-principle
level and are insufficiently optimized and/or validated to
robustly deploy.

In fact, many of the tool classes covered in this review
would benefit from systematic improvement through pro-
tein engineeringdwe have tried to note their specific
shortcomings. Despite hundreds (maybe thousands) of
opsin variants having been characterized in neurons (and
other excitable cells)dand many fewer, yet a considerable
number, in vivodit remains unclear which opsins are the
best for each specific application. A larger concern, as we
have discussed in detail earlier, is that the wide-ranging
effects of opsins and other effectors on the systems
expressing them have not received adequate attention (but
see Refs. [160,174e181]), and there are reasons to question
the interpretational validity of many optogenetics experi-
ments without a thorough battery of controls and careful
consideration of alternative explanations.

Taken together, optogenetics represents a ridiculously
powerful suite of reagents and methods, and it will only
improve with timedparticularly as manipulations become
more and more precise with new tools and techniques. In
the meantime, we recommend additional control experi-
ments to ensure experimental reliability.
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