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Abstract
Neurobiology has entered a new era in which optical methods are challenging electrophysiological
techniques for their value in measuring and manipulating neuronal activity. This change is occurring
largely because of the development of new photochemical tools, some synthesized by chemists and
some provided by nature. This review is focused on the three types of photochemical tools for
neuronal control that have emerged in recent years. Caged neurotransmitters, including caged
glutamate, are synthetic molecules that enable highly localized activation of neurotransmitter
receptors in response to light. Natural photosensitive proteins, including channelrhodopsin-2 and
halorhodopsin, can be exogenously expressed in neurons and enable rapid photocontrol of action
potential firing. Synthetic small-molecule photoswitches can bestow light-sensitivity on native or
exogenously expressed proteins, including K+ channels and glutamate receptors, allowing
photocontrol of action potential firing and synaptic events. At a rapid pace, these tools are being
improved and new tools are being introduced, thanks to molecular biology and synthetic chemistry.
The three families of photochemical tools have different capabilities and uses, but they all share in
enabling precise and non-invasive exploration of neural function with light.

Introduction
In the beginning, neurophysiologists invented electrodes to learn about electrical excitability
and the functioning of neural circuits. But it soon became clear that the nervous system is much
too complex to rely entirely on recordings from one, two, or even several neurons at a time.
Even within an individual neuron, membrane potential and ion concentrations may not be
homogeneous, limiting the usefulness of electrode-based methods that record from a single
point in a cell. At least in theory, optical-based recording methods could provide a much more
detailed view of activities, either within the complex architecture of an individual neuron or
across populations of neurons. The hunt for optical neurophysiological methods was on.

The first breakthrough was the development of optical methods for monitoring activity.
Investigators developed a wealth of fluorescent dyes that report on voltage, synaptic vesicle
release, Ca2+, and other ions. These indicators have opened new windows for observing
different aspects of neuronal signaling within individual neurons and in neural circuits. Small
molecule indicators, most notably for Ca2+, have revolutionized our understanding of synaptic
transmission. More recently, genetically-expressed GFP-based indicators have been
introduced, and they provide insights into many aspects of signal transduction. The search for
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new indicators continues at a fast pace, but there is still room for improvement. Perhaps the
most pressing need is for a genetically-expressed voltage indicator that can resolve single action
potentials in individual neurons embedded in a circuit. At the same time, new developments
in microscopy are allowing investigators to peer into neural tissue deeper, faster, and with
greater spatial resolution than ever before, allowing us to see various aspects of neural activity
in real time, and in vivo.

Until recently, optical methods for manipulating neural activity lagged behind methods for
measuring activity. But the past few years have seen an explosion of photochemical tools that
can be used for controlling neurons, and these tools are the subject of this review. Most of the
tools developed to date can be placed in one of three categories: caged neurotransmitters,
natural photosensitive proteins, and small molecule photoswitches that bestow light
sensitivity on ion channels and receptors (Fig. 1). Each type of tool has its own unique
advantages and limitations. When asking a particular neurobiological question, it is important
to “choose the right tool for the right job”. We will address the state-of-the-art for each
photochemical tool, but it is important to note that this is a rapidly developing field, and we
are cataloging the available toolkit at a moment in time, knowing full well that new tools with
improved properties and different functionalities are right around the corner.

Caged neurotransmittters
Caged molecules have a photolabile protecting group that is removed by exposure to light,
liberating a bioactive compound. The most widely used caged molecules in neurobiology have
been caged agonists for neurotransmitter receptors, although studies have also utilized caged
calcium buffers, caged nucleotides, and even caged peptides that influence intracellular signal
transduction pathways. The first caged neurotransmitter agonists were o-nitrobenzyl
derivatives of carbamoylcholine, an activator of acetylcholine receptors that was released in
response to UV light [1,2]. These molecules enabled a rapid jump in agonist concentration in
response to light, leading to a better understanding of the kinetics of acetylcholine receptor
activation. But it was the development of caged glutamate [3] that had a major impact on
neurobiology. Dalva and Katz were the first to use a laser to locally uncage glutamate in an
intact brain slice [4]. Laser photostimulation of presynaptic neurons revealed that the pattern
of connections to visual cortical neurons changes during development, a finding that would
have been difficult to obtain without local glutamate uncaging.

Unfortunately, however, light scattering limits the spatial precision of laser uncaging. This
problem motivated the development of caged molecules that could be photolysed by two-
photon illumination, which can pinpoint the liberation of neurotransmitter to individual
neurons and even individual dendritic spines. MNI-caged glutamate (4-methoxy-7-
nitroindolinyl-caged L-glutamate) has a favorable 2-photon cross-section, and because of this,
it is now the most popular form of caged glutamate (for review see [5]). Adding to its usefulness,
MNI-caged glutamate has a very low rate of spontaneous glutamate liberation in the dark and
the free “cage” that is formed as a byproduct of the photolysis reaction has no apparent effect
on neuronal function.

Two-photon uncaging of MNI-glutamate can trigger responses that simulate the kinetics and
magnitude of individual synaptic events on single dendritic spines [6]. Fortunately, abundant
and highly active glutamate transporters rapidly remove the liberated glutamate, minimizing
spillover onto neighboring spines. Uncaging at single spines is beneficial for several reasons.
It allows direct comparison of spine geometry and post-synaptic responsiveness. It allows
precise measurement of spatial summation across neighboring spines. It removes any
ambiguity in attributing plastic changes in synaptic function to the pre- vs. the post-synaptic
cell.
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Highly localized and rapid uncaging of glutamate requires very bright light and a high
concentration of caged compound (mM range). These requirements present potential problems
of phototoxicity and off-target effects on other types of receptors. The development of new
types of caged glutamate with an even more favorable 2-photon cross-section may help
alleviate these problems [7,8]. At the same time, investigators are developing forms of caged
glutamate that can be uncaged by exposure to visible light [9,10]. These molecules are
beneficial because the optical instrumentation required for their use is simpler and less
expensive, but two-photon sensitive caged molecules are still the best-suited reagents for
ensuring spatial and temporal precision.

Caged versions of many other neurotransmitters have also been synthesized, and these are
useful for understanding both intercellular and intracellular signaling systems. Recent
developments include new visible light-sensitive [11] and 2-photon-sensitive [12] forms of
caged GABA, new types of caged glycine [13] and caged anandamides for local activation or
inhibition of endocannabinoid receptors [14]. New tools for studying intracellular signaling
include various types of caged Ca2+ [15], a caged IP3 that is two-photon sensitive [16], and
caged peptides that interfere with synaptic vesicle exocytosis [17].

A different type of photosensitive compound can irreversibly disrupt the function of certain
types of glutamate receptors in response to light [18]. ANQX is an azide containing analog of
commonly used AMPA receptor antagonists (e.g. CNQX and DNQX). Exposure of bound
ANQX to UV light results in covalent attachment to the AMPA receptor, permanently
preventing the binding of glutamate or other agonists. ANQX has been useful for probing the
turnover of AMPA receptors in synapses between hippocampal neurons, a process that is
thought to play a crucial role in long-term synaptic plasticity and learning and memory [19].
So far, studies utilizing ANQX have been limited to neurons in culture, but compounds with
different properties, including perhaps a more favorable 2-photon cross-section, could enable
ANQX to reveal receptor trafficking in more intact preparations including brain slices. Azido
derivatives of antagonists of other neurotransmitter receptors might be used in a similar manner
to explore receptor turnover and its possible activity-dependence.

Natural photosensitive proteins
It is hard to believe that is was only 6 short years ago that Nagel and colleagues discovered
ChR2, a directly light-sensitive cation channel from the algae Chlamydomonas. After
publication of their paper [20], at least a few astute neurobiologists recognized that ChR2 could
potentially make a very useful tool for photostimulation of neurons. However, there were two
hurdles that first needed to be overcome: 1) the gene encoding ChR2 would need to be
expressed and the protein trafficked to the membrane of neurons in sufficiently high quantities,
and 2) enough of the chromophore (all-trans-retinal) would need to be present to convert the
channelrhodopsin-2 apoprotein (sometimes called ChOP2) into a light-sensitive holoprotein
(ChR2). Electroporation of the ChR2 gene into chick spinal cord neurons was sufficient to
allow optical stimulation [21], but an important technical breakthrough came when Karl
Deisseroth and colleagues “humanized” the codon usage of the ChR2 gene to optimize its
expression in mammalian cells [22]. They also found that ordinary cell culture media had
sufficient retinal to render cultured neurons highly sensitive to light, and remarkably, they later
found that there is enough chromophore present in the mammalian brain that addition of
exogenous retinal is unnecessary. It should be noted, that in invertebrates, (e.g. Drosophila and
C. elegans) exogenous chromophore is required before neurons can respond to light.

ChR2 has several favorable properties that make it an effective tool for optically stimulating
neuronal firing [23]. The channels can be activated very rapidly (within 30 μs) in response to
visible light (λmax=500 nm), and the channel closes quickly at light offset. Brief flashes of light
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can trigger trains of neuronal spikes to the maximal firing frequency limit of a neuron. This
allows precise programming of patterns of spike activity, which may be useful for mimicking
and therefore better understanding temporal coding in neural systems, and should also be a
benefit for studying synaptic events with strict temporal requirements, including spike-timing
dependent plasticity.

The single channel conductance of ChR2 (40 fS) [24] is several orders of magnitude smaller
than the endogenous voltage-gated channels that normally control neuronal firing (typically
5-240 pS). So a great abundance of ChR2 protein must be expressed and delivered to the plasma
membrane for photostimulation to be fast and effective. However, with an appropriately strong
promoter driving ChR2 gene expression (e.g. CMV or EF-1α), the expressed protein level has
proven to be sufficient. Other than being light-sensitive, ChR2-expressing neurons have normal
electrophysiological properties, and there is no evidence of the high level of ChR2 expression
interfering with the trafficking or membrane density of other channels or receptors, although
this has not been studied extensively.

A variety of gene delivery methods, including transfection [22], electroporation [25], viral
transduction [26], and transgenesis [27], have been used to deliver the ChR2 gene into
mammalian neurons. Expression can be limited to a particular neuronal population by including
a cell-type selective gene promoter element upstream of the ChR2 coding sequence. There is
already a long list of neuron types that have been rendered light-sensitive with ChR2, and we
expect that the list will continue to grow rapidly. The combination of optical control and genetic
targeting has given rise to a new term for this approach, called “optogenetics” [28]. Detailed
information about obtaining and using ChR2 and related tools can be found at the
“Optogenetics Resource Center” website
(http://www.stanford.edu/group/dlab/optogenetics/).

ChR2 can effectively trigger neuronal firing in response to light, but it would further benefit
neurobiology to have a complementary tool for inhibiting activity with light. Sure enough,
Deisseroth and colleagues [29], as well as Han and Boyden [30] reported the discovery and
neuronal expression of another light-sensitive protein that suppresses action potentials in
response to yellow light (λmax=570nm). Halorhodopsin (NpHR), from halobacteria, is a light-
driven Cl- pump, and like ChR2, it employs all-trans retinal as its chromophore. Exogenous
expression of NpHR enables light to rapidly suppress action potentials, such that brief flashes
can “subtract out” individual action potentials from within a train of spikes. Because the
excitation wavelength differs for ChR2 and NpHR, they can be co-expressed and selectively
activated in the same neuron, allowing different wavelengths to up-or down-regulate firing
[29,30].

So far, NpHR has been applied to far fewer systems than ChR2, largely because of difficulties
with achieving high levels of exogenous expression needed for effective light-elicited
inhibition. However, investigators are working hard to improve NpHR expression and reduce
intracellular retention by improving the signal peptide sequence and adding an ER export signal
[31,32].

Other modifications have been made to improve the performance of ChR2. The kinetics,
spectral sensitivity, and trafficking of ChR2 have all been modified through mutagenesis. ChR2
activates very rapidly with light, but it also partially inactivates over time, limiting its ability
to evoke sustained neuronal activity during prolonged light exposure. To alleviate this problem,
mutations have been introduced to convert ChR2 into a bi-stable switch that can generate
sustained depolarization in response to brief flashes of light [33]. Chimeric combinations have
been made between ChR2 and ChR1, a related light-activated proton channel [34], to elucidate
determinants of various functional properties [35]. Some chimeras have faster inactivation
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kinetics, which might enable a faster spike repetition rate in response to brief light flashes
[36]. Another chimeric combination between ChR2 and a protein with a myosin-binding
domain localizes the protein to somato-dendritic regions and excludes it from axons [37].
Specific targeting of ChR2 to presynaptic terminals is still unattained. Perhaps this would allow
optical stimulation of neurotransmitter release with spatial and temporal precision to rival local
2-photon uncaging of glutamate.

An alternate strategy is to search the genomes of microbes in the hope of finding light-regulated
proteins with more desirable properties. This approach resulted in the discovery of a light-
activated channelrhodopsin homolog from Volvox (VChR1), whose peak activation
wavelength is red-shifted by ∼70 nm [38]. This enables photostimulation of neurons with
yellow light, which penetrates deeper into neural tissue and avoids spectral overlap with
Ca2+ indicator dyes that are often used for monitoring neural activity. Investigators have also
found in the flagellate Euglena a photosensitive adenylyl cylase (PAC), which uses as a blue-
light sensitive chromophore, flavin adenine nucleotide, a common cofactor found in all cells.
PAC can be exogenously expressed in neurons and other cells, and illumination leads to
production of cyclic AMP and activation of downstream effects within tens of msec [39].

Of course, one needn't look to such exotic sources for natural light-sensitive proteins; several
are present in the retinal photoreceptors in our own eyes. Rhodopsin and related proteins
regulate ion channel activity through a G-protein coupled biochemical cascade. Hence
controlling the electrophysiology of ordinary neurons with rhodopsin would seem to require
exogenous expression of multiple genes encoding several proteins in this pathway, as
demonstrated by Miesenbock and colleagues working in Drosophila [40]. Surprisingly, in
vertebrate neurons exogenous rhodopsin can couple to endogenous signaling proteins to
regulate native ion channels [21]. Similar results have been obtained with exogenous
expression of melanopsin [41], which is normally found only in intrinsically photosensitive
retinal ganglion cells. The light response in neurons exogenously expressing rhodopsin or
melanopsin tends to be slow and small, and the specific nature of the response is variable,
depending on the particular types of native ion channel targets that are present in the host
neuron. These factors make the photosensitive proteins from animals less attractive tools than
their microbial counterparts.

Rhodopsin is part of the large family of 7-transmembrane receptors that couple to several
different G-proteins to exert myriad effects on cells. Recent work has shown that light-
sensitivity can be bestowed on two different G-protein signaling systems by generating
chimeric combinations between rhodopsin and either the Gq-coupled α1a-adrenergic receptor
or the Gs-coupled β2-adrenergic receptor [42]. Exogenous neuronal expression of these
chimeric receptors, termed Opto-XRs, resulted in light regulation of the appropriate signaling
cascade, leading to opposing effects on spike firing. This exciting study demonstrates that
photochemical tools can be applied to metabotropic receptors, potentially regulating diverse
and subtle aspects of electrophysiological function.

Very recently, another promising approach has been introduced, utilizing the flavin-binding
LOV domain from a plant protein called phototropin1 [43]. The LOV domain was fused onto
a constitutively-active mutant of Rac1, a key GTPase that regulates actin cytoskeletal
dynamics. Illumination with visible light removed LOV-mediated inhibition of Rac1, resulting
in precisely localized changes in cell shape and triggering cell motility. At least in theory, the
LOV domain could act as a dominant-negative regulator of many cellular proteins, enabling
photoregulation of a broad range of functions.

Kramer et al. Page 5

Curr Opin Neurobiol. Author manuscript; available in PMC 2010 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Small molecule photoswitches
Photosensitive tools for neuronal control can also be rationally designed and manufactured
through synthetic chemistry. The general strategy is to couple a photoisomerizable molecule
(i.e. a “photoswitch”) onto an ordinary ion channel or receptor to make it sensitive to light. In
theory, the photoswitch can be attached in such a way that photoisomerization exerts force on
the channel, causing it to open. Alternatively, the photoisomerization could deliver or remove
a ligand from a binding site on the channel or receptor, thereby regulating its activity. In
practice, the photoswitchable ligand approach has worked nicely with voltage-gated K+

channels and glutamate receptors. However, in theory, the photoswitchable ligand approach
could apply to virtually any ion channel or receptor, as long as there are known ligands that
regulate activity.

There are several chemical photoswitches available, but the photoisomerizable small molecule
azobenzene has emerged as best suited for biological applications. In darkness, azobenzene
exists in a linear trans configuration, but 380 nm light promotes transition to the bent cis
configuration, which is ∼7Ά shorter. In darkness, the cis form relaxes slowly back to the trans
form (over minutes), but this relaxation can be accelerated by exposure to 500 nm light.
Azobenzene compounds are relatively easy to synthesize, have well-defined geometries, and
show high photochemical stability and little phototoxicity.

Erlanger and colleagues were the first to apply the photoisomerizable ligand approach to
control the activity of a receptor [44,45]. They synthesized a soluble photoisomerizable
molecule, Bis-Q, and a cysteine-reactive derivative QBr, both of which activate the nicotinic
acetylcholine receptor (nAChR) in the trans configuration but not in the cis configuration. QBr
covalently attaches to the nAChR, but only after reducing disulfide bonds between native
cysteine residues. QBr was particularly useful for rapidly delivering and removing the ligand
to minimize desensitization of the nAChR, enabling detailed study of the mechanisms of
receptor activation.

The molecular biology revolution has allowed investigators to take the photoswitchable ligand
approach one step further. Instead of relying on a native cysteine, a particular channel or
receptor can be targeted for photoswitch attachment by genetically engineering a cysteine into
the appropriate location on the protein. The first step is to identify a ligand that can be modified
so that it can be conjugated to the azobenzene without losing its ability to bind and regulate
channel activity. Structural information about ion channels and receptors can guide the
engineering of the target protein, in particular the position of the cysteine attachment site.

This approach was first used to generate a Synthetic Photoswitchable Azobenzene-Regulated
K+ channel (SPARK) [46]. SPARK channels are generated by coupling a photoswitchable
ligand, maleimide-azobenzene-quaternary ammonium (MAQ), onto a genetically engineered
Shaker K+ channel. The Maleimide is for cysteine tethering, the Azobenzene is for
photoswitching, and the Quaternary ammonium group blocks the pore of the Shaker channel.
The channel is only blocked when MAQ is in its extended trans form, and not in the shorter
cis form. MAQ enables control of action potential firing only in those neurons that express the
cysteine-containing Shaker channel. Visible light blocks SPARK channels, allowing action
potential firing. UV light retracts the pore blocker, promoting the flux of K+ through the
channel, which hyperpolarizes the neuron and inhibits action potential firing. A mutation that
alters the ionic selectivity of the K+ channel changes the polarity of the effects, enabling
depolarization and induction of action potentials with UV light [47].

Glutamate receptors are another class of ion channels where photswitchable tethered ligands
have been successfully applied. In 2006, a light-gated ionotropic glutamate receptor (LiGluR)
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was introduced [48]. This system is based on a glutamate derivative covalently attached to a
genetically engineered kainate receptor (iGluR6) via an azobenzene tether. In its original
embodiment, the tethered neurotransmitter was presented to the clamshell-like binding site in
the cis configuration (380 nm light) and retracted in the trans configuration (500 nm light).
Changing the attachment site reversed the polarity, with 500 nm turning the receptor on and
380 nm light turning it off [49]. LiGluR and its modifications can be employed to control neural
activity in vitro and in vivo [50]. Very recently, LiGluR has proven to be a valuable tool for
the dissection of neural circuits that control behavior in zebrafish [60].

The first-generation light-activated K+ channel (SPARK) and glutamate receptor (LiGluR)
were designed specifically for light-induced neuronal inhibition and excitation. Each of these
photoswitch-ready channels was derived from a particular generic channel, chosen because of
prior structure-function information and favorable properties. However, there is no reason why
many other K+ channels and glutamate receptors would not become photoswitchable, if a
cysteine attachment site were included in the correct position on the channel. For example, we
have now generated several light-regulated K+ channels, including Kv3.1 and SK2
(unpublished results). This gives neurobiologists optical tools for selectively regulating
functions carried out by different K+ channels. Indeed, given sufficient motivation by chemists
and neurobiologists, the photoswitchable tethered ligand approach should be applicable to
many other types of voltage-and ligand-gated channels.

SPARK channels and LiGluR, like ChR2 and NpHR, are genetically-encoded tools and
therefore can be targeted to particular types of neurons by selective gene expression. The
neuronal specificity that comes from genetic targeting is often a big advantage, but in some
cases exogenous gene expression is not practical and may not even be desirable (e.g., in
humans). This has motivated the development of small molecule photoswitches that act on
native channels or receptors without requiring exogenous gene expression. We have developed
a family of azobenzene-containing molecules that photosensitize a wide variety of native
voltage-gated K+ channels [51]. We have shown that one of these molecules, AAQ, imparts
light-sensitivity on neurons in cell culture, in brain slices, and in intact retina. Light-elicited
blockade of K+ channels can cause membrane depolarization, leading to action potential firing.
Unlike the genetically-encoded tools that enable light to over-ride the normal activity of the
neuron, AAQ enables light to alter the intrinsic excitability of the neuron. Hence the properties
that are regulated by K+ channel activity, including action potential threshold, propensity for
repetitive firing, and spike afterhyperpolarization, can also be regulated by light in AAQ-
treated neurons.

AAQ and most analogs block K+ channels when the molecule is in the trans form (500 nm
light) and unblock in the cis form (380 nm light). However, a related molecule named PrAQ,
blocks in the cis and unblocks in the trans form. Hence, this molecule should allow light to
regulate neuronal firing in the opposite manner to AAQ [52]. AAQ-mediated photocontrol of
neurons persists for up to 24 hours after treatment, and it was initially proposed that AAQ
covalently attaches to K+ channels. However, related photoswitch molecules lack a reactive
group and yet still impart light-sensitivity on native K+ channels, suggesting that they linger
in or near the channels without covalent attachment. Whatever the mechanism of
photosensitization, these tools share in their ability to impart light-sensitivity without involving
the introduction of exogenous genes.

An azobenzene-containing photoswitch has also been developed that enables photoregulation
of native glutamate receptors [53]. This “reversibly caged” glutamate (Glu-Azo) was shown
to act on kainate receptors and reversibly trigger action potential firing in dissociated
hippocampal neurons. Although its reversibility might be considered an advantage over
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classical caged glutamate, its usefulness in brain slices and live animals remains to be
demonstrated.

The right tool for the right job
It has been suggested that neurobiologists need a “Consumers Guide” to provide an unbiased
comparison of the various photochemical tools currently available for controlling neuronal
activity. The reality is that all of the tools covered in this review have merits---choosing the
right tool depends on the specific question and experimental system that is being explored. We
expect that new photochemical tools will continue to emerge, filling up the toolbox of methods
for optically manipulating many aspects of neuronal function.

At present, the tool that is best suited for studying the kinetics and localization of synaptic
events is caged glutamate. This is largely a consequence of two-photon uncaging, which has
enabled investigators to locally liberate glutamate with great temporal and spatial precision,
mimicking neurotransmitter release elicited by a single action potential as it invades a single
presynaptic bouton. Abundant glutamate transporters on glial cells ensure that the liberated
glutamate is rapidly cleared without spilling over to neighboring synapses. However, repeated
or prolonged photolysis can lead to local depletion of caged glutamate, so this method is less
appropriate for simulating glutamate release occurring during high frequency or prolonged
spike trains.

The natural photosensitive proteins, particularly ChR2, have several characteristics that are
very well-suited for controlling activity and mapping circuit connections in specific neural
pathways. They can be genetically-targeted, but photosensitizing a particular cell type depends
on the availability of a promoter that is specific for that cell type. An alternative is to use
transgenic mice that express ChR2 under the control of the Thy-1 promoter [27]. This results
in mouse lines that express the channel in different neuronal populations, hopefully including
one that the experimenter finds interesting. ChR2-expressing neurons can be activated by
visible light, but there is uncertainty about 2-photon activation with infrared light, which would
penetrate deeper into tissue. The most important advantage of ChR2 is the bioavailability of
its chromophore (retinal) in the mammalian brain, which greatly facilitates experiments,
particularly those performed in vivo.

The small molecule photoswitch approach brings to the table tremendous flexibility in the
design of tools for neuronal control. The photoswitch molecules are synthesized from scratch,
so at least in theory, the awesome power of chemistry can be used to generate the exact molecule
that can activate or inhibit the function of a given ion channel or receptor. It should be relatively
easy, for instance, to turn a tethered agonist into a tethered antagonist, to red-shift the action
spectrum of the photoswitch so that UV light is no longer necessary, or to tinker with the
relaxation kinetics of the photoswitch. The polarity of photoswitching can be reversed by
changing the site of covalent attachment or the nature of the anchoring group, as demonstrated
for both light-regulated K+ channels and light-regulated glutamate receptors. Photoswitches
with a favorable 2-photon cross-section could be developed to allow precise spatial control of
transmembrane potentials, for instance at individual dendritic spines. Finally, with the right
photoswitchable ligands, it might be possible to regulate not only voltage-gated and ligand
gated-ion channels, but also G-protein coupled receptors, growth factor receptors and other
receptor tyrosine kinases, and transporters.

Like the natural photosensitive protein approach, small molecule photoswitches can be used
to “over-ride” the normal activity of neurons to provide insights into neural circuits. However,
the photoswitch approach also provides an opportunity for learning about the roles of channels
and receptors that normally control neuronal signaling. This feature applies to photoswitches
acting on wild-type channels, such as AAQ, but the implications are particularly important for
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photoswitches that couple to cysteine-containing mutant channels. A photoswitch-ready
version of a specific type of K+ channel or glutamate receptor can be genetically targeted to a
particular cell type, and after adding the photoswitch, only that specific target will be
photosensitive. Instead of searching for a drug that is specific for a given channel, the
combination of genetic engineering and chemical engineering results in an entirely new way
to manipulate specific target proteins, a step beyond conventional pharmacology. The ultimate
application of this approach lies in gene knock-in technology, which will enable the substitution
of a wild-type channel with the cysteine-containing mutant channel in a living animal. Addition
of the photoswitch will result in the ability to specifically photoregulate one specific type of
channel to the exclusion of others. In addition to precise temporal and spatial control, this
approach provides the new dimension of precise biochemical control of a specific ion channel
or receptor.

A common challenge: delivering light to the nervous system
All of the photochemical tools described in this review require the effective delivery of light
to the part of the nervous system being controlled. Projecting light onto neurons in culture or
in brain slices is relatively easy, but delivering light onto neurons in vivo presents a major
challenge. The brain is encased in an opaque cranium which presents a formidable barrier.
Even after removal of cranial bone and the overlying dura, brain tissue tends to scatter light
which limits spatial precision and makes it more difficult to affect structures far from the
illuminated surface.

The retina is the one part of the nervous system that is normally exposed to light, making it a
useful platform for testing photochemical tools. Of course, the retina is an interesting and
important part of the central nervous system in its own right, and there is great clinical interest
in developing tools that can impart light-sensitivity on retinal neurons that are not normally
photoresponsive. Retinitis pigmentosa and macular degeneration are degenerative blinding
diseases in which the normal rod and cone photoreceptors are destroyed, leaving the retina
with no effective way to signal the visual cortex about light. Expression of ChR2 in either
retinal ganglion cells [54] or bipolar cells [55] can restore visual sensitivity to retinas of animals
with mutations that cause rods and cone degeneration. Expression of melanopsin [41] or
halorhodopsin [56] is also effective, as is intra-ocular injection of AAQ (unpublished results).
Photoregulation of all of these tools require high intensity light, and azobenzene-based
photoswitches require short wavelength illumination, which can be damaging over a prolonged
time. For these reasons, there is a need for red-shifted photochemical tools that also have
enhanced light-sensitivity. Nevertheless, these studies provide hope that some neurological
disorders might be treatable in a relatively non-invasive manner, using light to regulate activity
in the parts of a neuron circuit that lie downstream from sites of damage or degeneration. The
photochemical tools allowing this to occur may be genetically-expressed, but small molecule
photoswitches provide an alternate means for imparting light-sensitivity while avoiding gene
therapy.

Despite the obvious difficulties, bioengineers have succeeded in delivering light into the brain
with implanted fiber optics. Fiber coupled systems have been used for optical measurement
[57] or manipulation [58] of neural activity. Recent studies [58] raise the possibility of
substituting light for electrodes in “deep brain stimulation”, a procedure that is being used
increasingly for treatment of Parkinson's disease and other neuropsychiatric disorders.

Finally, the delivery of light for neural control involves an important, but rarely discussed trade-
off between effectiveness and precision. On one hand, a highly localized optical stimulus that
illuminates part of a single neuron could ensure exclusive stimulation of only that cell. On the
other hand, the light-regulated proteins are usually distributed over much of the cell surface,
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and more widespread illumination will activate more of these proteins resulting in a faster and
more powerful effect. There has been considerable interest in developing photosensitive
molecules that are highly sensitive to 2-photon illumination, because this would permit deeper
and more precise photocontrol in neural tissue. However, the benefits of pinpoint accuracy will
be offset by the asynchronous recruitment of photoactivated proteins as the 2-photon laser
scans through a given focal plane within the tissue. New optical methods involving holographic
illumination may help solve this problem by allowing simultaneous activation of distributed
photosensitive molecules, with spatial and temporal precision that rivals two-photon liberation
of caged glutamate [59].
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Figure 1. Photochemical tools for control of neuronal activity
Three categories of tools are illustrated: Caged molecules (left), natural photosensitive proteins
(center) and small molecule photoswitches (right). Specific examples are shown below in the
green boxes.
Abbreviations are as follows: DMNB-glu, 4,5-dimethoxy-2-nitrobenzyl-glutamate [4]; MNI-
glu, 4-methoxy-7-nitroindolinyl-caged-glutamate [6]; ChR2 (channelrhodopsin-2), a cation
channel from Chlamydomonas reinhardtii [22]; VChR1 (channelrodhopsin-1), a cation
channel from Volvox carteri [38]; NpHR (halorhodopsin), a chloride transporter from
Natronomonas pharaonis [29,30]; PAC, a photoactivatable adenylyl cyclase isolated from
Euglena gracilis [39]; OptoXRs, rhodopsin/α1- or rhodopsin/β2-adrenergic receptor chimeras
[42]; LOV, the phototropin1 light oxygen voltage domain from Avena sativa [43]; SPARK, a
synthetic photoisomerizable azobenzene-regulated K+ channel; D-SPARK [46], a depolarizing
SPARK channel [47]; LiGluR, a light-activated glutamate receptor [48]; BisQ, -3,3′-bis[α-
(trimethylammonium)methyl]azobenzene dibromide [44]; QBr, 3-(alpha-bromomethyl)-3′-
[alpha-(trimethylammonium)methyl]azobenzene bromide [45]; AAQ, acryl-azobenzene-
quaternary ammonium [51]; GluAzo, azobenzene-glutamate [53].
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