article
published online: 10 february 2013 | doi: 10.1038/nchembio.1183

Photochemical activation of TRPA1 channels in
neurons and animals
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Optogenetics is a powerful research tool because it enables high-resolution optical control of neuronal activity. However, current
optogenetic approaches are limited to transgenic systems expressing microbial opsins and other exogenous photoreceptors.
Here, we identify optovin, a small molecule that enables repeated photoactivation of motor behaviors in wild-type zebrafish and
mice. To our surprise, optovin’s behavioral effects are not visually mediated. Rather, photodetection is performed by sensory
neurons expressing the cation channel TRPA1. TRPA1 is both necessary and sufficient for the optovin response. Optovin activates human TRPA1 via structure-dependent photochemical reactions with redox-sensitive cysteine residues. In animals with
severed spinal cords, optovin treatment enables control of motor activity in the paralyzed extremities by localized illumination.
These studies identify a light-based strategy for controlling endogenous TRPA1 receptors in vivo, with potential clinical and
research applications in nontransgenic animals, including humans.
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ne of the most influential recent innovations in neuroscience
has been optogenetics, an approach for controlling neurons
with exogenous microbial opsins or other ectopic photosensitive channels1–11. Optogenetic techniques in model organisms are
yielding remarkable new insights in neuroscience and medicine.
However, current approaches do not address the unmet need for
controlling endogenous neuronal proteins and neuronal signaling
in nontransgenic animals with light.
Photochemical tools for controlling endogenous channels in vivo
enable powerful approaches for neuroscience research and therapeutic intervention12. For example, photorelease of caged glutamate provides optical control of glutamate receptors in brain slices.
Azobenzene-containing photoswitchable ligands also provide optical control of glutamate receptors and potassium channels9,10,12–19.
However, virtually all prior work in chemical optogenetics has been
limited to cultured cells, tissue slices and other ex vivo preparations
because most existing techniques are not effective in vivo. Discovery
of new compounds with higher potency and better in vivo properties would improve the photochemical ligand toolbox. Here, we
used behavior-based chemical screening to identify optovin, a new
photochemical switch compound with potent bioactivity in intact
living animals.
Receptors in the transient receptor potential (TRP) family are
attractive channels for bringing under optical control20. TRP channels are involved in diverse sensory systems including vision, taste,
temperature and touch. TRPA1 signaling contributes to illnesses,
including neuropathic pain and chronic inflammation21–24. Precise
control of TRPA1 channels may be useful for understanding and

treating these disorders. However, currently available TRPA1
ligands such as mustard oil and cinnamaldehyde provide imprecise
spatiotemporal control of TRPA1 signaling.
Here, we used a behavior-based chemical screening approach to
identify optovin, a new neuroactive small molecule. Optovin is a
TRPA1 ligand that can be reversibly photoactivated by violet light.
Optovin’s behavioral effects depend on TRPA1 and it shows activity in zebrafish, mice, mouse neurons and recombinant human protein. The photochemical reaction mechanism most likely involves
reversible covalent thioether bonding between TRPA1 and optovin.
Optovin is the first known photochemical TRPA1 ligand, and
it enables optical control of neurons that express this target in
wild-type animals.

RESULTS
Behavior-based chemical screening identifies optovin

To identify small molecules for the optical control of endogenous
channels, we screened for compounds that could drive lightdependent motor behaviors in wild-type zebrafish. Zebrafish
embryos are uniquely well suited for phenotype-based chemical
screens25,26. They are blind for the first 3 d of development, and,
aside from a one-time motor response to the first light exposure in
dark-adapted animals (the photomotor response (PMR)), zebrafish
embryos are unresponsive to light27,28 (Fig. 1a and Supplementary
Results, Supplementary Movie 1). We screened a library of 10,000
structurally diverse synthetic small molecules for compounds
that render zebrafish embryos responsive to light. Behavioral
responses were measured for each well in comparison to a set of
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Figure 1 | Identification of optovin, a compound enabling light-mediated
neuronal excitation. (a,b) Plots showing the zebrafish behavioral response
of DMSO-treated (a) and optovin-treated (b) animals. The bar indicates
the timing of a 1-s white light stimulus. (c) Scatter plot showing the
behavioral excitation scores from chemical the screen (12,500 individual
wells). The y axis represents the number of s.d. of each excitation
score from the control mean (Z score). The labeled arrow indicates the
well treated with optovin. (d) Dose response curve showing optovin’s
effects on animal behavior (EC50 = 2 μM; n = 5). The difference between
the 1-μM and 3-μM treatments is significant, P < 0.001. (e) Line plot
showing excitation scores at the indicated stimulus intensities (n = 5).
The difference between groups treated at 1.6 μW mm−2 and 2 μW mm−2
is significant, P < 0.001. (f) Bar plot showing behavioral responses to
repeated light stimuli (n = 5). Differences between treated and untreated
groups are significant, P < 0.001. Error bars represent s.d.

2,500 DMSO-treated controls. This screen identified a single compound, optovin, which increased motor activity greater than 40 s.d.
above the control mean (Fig. 1a–c and Supplementary Movie 2).
Optovin is a rhodanine-containing small molecule with no
previously annotated biological activity. Whereas DMSO-treated
animals do not respond to photic stimuli, optovin-treated animals
respond to light with vigorous motor excitation at a half-maximum
excitatory concentration (EC50) of 2 μM (Fig. 1d). Optovin-treated
animals respond to 387-nm (violet) stimuli but not to 485-nm
(blue), 560-nm (green) or longer wavelengths (Supplementary
Fig. 1a). Motor behavior in optovin-treated animals is elicited by
stimulus intensities greater than 1.6 μW mm−2 (Fig. 1e). For stimuli
lasting between 5 s and 20 s, stimulus and response duration are
proportional (Supplementary Fig. 2). In treated animals, multiple
responses can be triggered with repeated light pulses (Fig. 1f). To
determine the effects of optovin exposure on development, behavior
and survival, we analyzed zebrafish exposed to optovin (10 μM) for
96 h. We did not identify any differences in the appearance, touch
response, heart rate, fin movements, morphology or percentage
survival between the treated and untreated groups (Supplementary
Fig. 3). Thus, optovin is a new behavior-modifying compound that
causes rapid and reversible motor excitation in response to violet
light stimuli.
To determine whether optovin’s mechanism of action could
be predicted via behavioral profiling27,29, we compared optovin’s
2

behavioral profile to the behavioral profiles of 700 annotated neuroactive compounds tested in triplicate. These compounds included
ligands targeting the adrenergic, serotonergic, histaminergic,
dopaminergic, cholinergic and glutamatergic pathways. Hierarchical
clustering showed that the optovin phenotype is dissimilar to phenotypes caused by the annotated compounds, and it clusters on a separate branch of the dendrogram (Supplementary Fig. 1b). These data
suggest that optovin is functionally distinct from the known neuro
active compounds we tested. To gain insight into optovin’s mechanism of action, we profiled optovin using the National Institute of
Mental Health Psychoactive Drug Screening Program (NIMH PDSP)
to determine its activities against a panel of human and rodent CNS
receptors, channels and transporters. No submicromolar targets
were identified (Supplementary Table 1 and Supplementary Fig. 4),
suggesting that optovin may act through a mechanism of action not
represented in the extensive NIMH PDSP collection.

Optovin structure-activity relationship analysis

To determine the chemical features responsible for optovin’s biological activity, we analyzed the structure-activity relationships of
various optovin analogs (Fig. 2). The optovin chemical structure
contains three rings: a pyridine, a pyrrole and a rhodanine ring
(Fig. 2a). To determine whether the pyridine ring is necessary
for optovin activity, we tested two compounds in which this ring
is replaced by either a benzene ring or a methyl group (6b8 and
6c1, respectively). Both compounds are bioactive, indicating that
the pyridine ring is not required for optovin activity (Fig. 2a). To
determine the importance of the pyrrole ring, we tested two compounds in which this ring is either removed entirely or replaced
with a dimethylaniline ring (compounds 6c5 and 6c7, respectively).
Neither analog retains activity, indicating that the pyrrole ring, or a
close structural analog (as in compound 4g6), is necessary for the
optovin response (Fig. 2a). Finally, to determine whether the rhodanine ring is necessary, we analyzed the effects of four additional
compounds. Two out of four rhodanine modifications abrogate the
optovin response (compounds 6c2 and 6c3). By contrast, nitrogen
methylation or rhodanine ring replacement with hydantoin retains
optovin activity (compound 6c4) (Fig. 2a). Notably, the duration
of effect varies considerably among these different analogs, ranging
from 1.5 s to 9 s (Fig. 2b,c). Together, these observations suggest
that optovin’s biological activity depends on specific structural features that can be fine-tuned for shorter- or longer-lasting effects.

TRPA1 is necessary and sufficient for optovin activity

Optovin-treated zebrafish embryos respond to light at very early
stages of development, before the eye and vision develop. The observation that animals respond prior to the onset of vision suggests
that the optovin response is a nonvisual behavior and that optovin
acts on tissues other than the eye. To determine whether the eyes
are necessary for the optovin response, we compared the responses
of intact zebrafish embryos to the trunks of age-matched spinalized preparations transected posterior to the hindbrain. Sensory
neurons in the trunk normally respond to various kinds of touch,
stretch, temperature and pain but not to light. To our surprise, we
found that optovin-treated spinalized preparations also responded
to light (Supplementary Fig. 5 and Supplementary Movie 3).
Using a 405-nm laser beam, we observed optovin-dependent
motor responses to illumination of the trunk, tail and fins,
which are all sites innervated by sensory neurons. Together,
these data indicate that visual pathways are not necessary for the
optovin-induced light response and suggest that optovin may act on
sensory neurons.
To determine whether optovin acts on sensory neurons, we used
calcium imaging to compare the activity of treated and untreated
dorsal root ganglia (DRG) sensory neurons isolated from wild-type
mice. We found that optovin strongly activated 33% (35/105) of DRG
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Figure 2 | Optovin structure-activity relationship analysis. (a) Horizontal bar plot showing behavioral excitation scores from groups treated with the
indicated optovin analogs (n = 5). Optovin, 6b8, 6c1, 6c4 and 4g6 analogs are active; 6c5, 6c7, 6c2 and 6c3 are inactive. Differences between active and
inactive groups are significant, P < 0.001. Structures of the analogs are shown to the left of the bar plot. All compounds were tested at 10 μM, except for
the 4g6 analog, which was tested at 100 μM. (b) Example responses from the indicated groups. Red vertical lines indicate light stimuli. Green horizontal
lines indicate the off-latency duration for motor responses following each stimulus. (c) Bar plot showing average behavioral response duration of groups
treated with the indicated optovin analogs. Values are means ± s.d. (n = 5). Differences between optovin and 4g6 and 6b8 are significant, P < 0.01.

neurons (Fig. 3a). This activation did not occur when optovin treatment occurred in the dark (Supplementary Fig. 6a–d). To determine whether optovin activates neurons that also respond to known
ligands, we treated the DRG neurons with mustard oil, a TRPA1
ligand30. We found that mustard oil activated 27% (28/105) of DRG
neurons and that nearly all DRG sensory neurons that responded
to mustard oil also responded to optovin (27/28; Supplementary
Fig. 6b,d,e). These data suggest that optovin acts on a molecular target expressed in mustard oil–responsive mammalian DRG
sensory neurons and perhaps on TRPA1 itself.
TRPA1 channels have important roles in detecting chemical,
thermal and mechanical stimuli in a variety of organisms31–33. The
zebrafish genome encodes two orthologs of the mammalian TrpA1
gene, designated trpa1a and trpa1b, which have different expression
patterns and functions34. To test the hypothesis that optovin acts on
TRPA1, we analyzed the behavior of trpa1a and trpa1b mutant animals. As expected, we found that wild-type zebrafish responded to
optovin and the 387-nm light stimulus with a prolonged motor excitation (Fig. 3b,c). Mutants homozygous for trpa1a also responded to
optovin (Supplementary Fig. 7). By contrast, mutant fish homozygous for trpa1b failed to respond (Fig. 3b,c). Notably, dark-adapted
trpa1b mutant fish still showed normal control behaviors, such as
the PMR and the touch response, indicating that the trpa1b mutation does not suppress motor behaviors in general (Supplementary
Fig. 8). These data indicate that trpa1b is necessary for the optovin
response in zebrafish. To determine whether the gene encoding

TRPA1 is also necessary for the optovin response in mice, we analyzed the activity of DRG neurons isolated from TrpA1 mutant
mice11. Unlike wild-type controls, TrpA1 mutant neurons did not
respond to either mustard oil or optovin, although they did respond
to KCl, a depolarizing agent (Fig. 3a). Furthermore, HC-030031,
a selective TRPA1 antagonist35, blocked optovin activity on wildtype mouse DRG neurons (Supplementary Fig. 6f). Together, these
data suggest that TrpA1 is necessary for the optovin response.
To determine whether TRPA1 is sufficient for optovin activity, we
analyzed current density amplitudes via whole-cell patch clamping in
HEK293T cells transfected with the human TRPA1 (hTrpA1) gene.
We found that optovin activated cells transfected with hTrpA1 but
not GFP, TRPV1 or TRPM8 (Fig. 3d and Supplementary Fig. 9).
Similarly, we found that current density amplitudes in response to
positive voltage steps were increased in optovin-treated transfected
cells following photostimulation but not in cells lacking optovin,
hTrpA1 or light (Supplementary Fig. 10). Together, these data suggest that the gene encoding hTrpA1 is sufficient to confer optovin
sensitivity to cultured HEK cells.

Optovin is a reversible photoactivated TRPA1 ligand

How might optovin activate TRPA1? When molecules absorb light,
photons can excite electrons from their ground state to a triplet excited state via intersystem crossing36. These photoactivated
compounds can then undergo reactions by transferring energy or
electrons to target molecules, including aqueous molecular oxygen.
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Optovin is a yellow-colored compound with peak absorbance at
415 nm (Fig. 4a). To determine whether optovin is photochemically reactive, we exposed it to increasing intensities of 415-nm
light and assayed for generation of reactive oxygen species (ROS).
We found that optovin generates singlet oxygen (1O2) but neither
hydroxyl radicals nor superoxide (Fig. 4b and Supplementary
Fig. 11). Together, these data suggest that light excites optovin to
a photochemically reactive state that can activate TRPA1 either
directly or via singlet oxygen. Neither catalase nor superoxide dismutase reduced optovin’s effects on hTrpA1-transfected HEK cells
(Supplementary Fig. 12), further suggesting that hydroxyl radicals
and superoxide do not contribute to optovin’s activity.
To determine whether photochemical energy transfer is necessary for optovin’s behavioral phenotype, we analyzed the behavior of animals cotreated with DABCO, a singlet oxygen quencher
and triplet energy acceptor37. We found that DABCO completely
suppressed the optovin response in vivo but did not affect other lightelicited behaviors, such as the PMR (Fig. 4c and Supplementary
Fig. 13). These data suggest that photochemical energy transfer
is necessary for optovin’s behavioral effects. Reactive electrophilic
compounds activate TRPA1 channels through the covalent modification of specific cysteine residues including those at amino acid
positions 621, 633 and 856. Point mutations in these cysteines can
reduce hTRPA1 activation by specific ligands without disrupting
overall channel function38–40. To determine whether these cysteine
residues are also important for TRPA1 activation by optovin, we
measured the amount of intracellular calcium in cells transfected
with wild-type and mutant hTRPA1 channels. We found that cells
transfected with wild-type channels showed a strong activation in
response to light and optovin. By contrast, cells transfected with
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Figure 3 | TRPA1 is necessary and sufficient for the optovin response.
(a) Percentage of mouse DRG neurons responding to the indicated
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neurons assayed (35/105). In the TRPA1 knockout (KO) neurons, the total
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and optovin response assays. Homozygous mutant animals show a
significantly lower activity during the optovin response assay, P < 0.001.
(d) Bar plot showing calcium indicator dye fluorescence in cells
transfected with GFP or hTrpA1 before and after a 2-min treatment
with optovin and light (n = 130 and 120 cells, respectively). The
difference between treated and untreated hTRPA1-transfected cells
is significant, P < 0.001.
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Figure 4 | Optovin activates TRPA1 via structure-dependent
photochemical reactions. (a) Absorbance of optovin (UV-visible) at
the indicated wavelengths. (b) Fluorescence of the singlet oxygen
indicator dye singlet oxygen green (SOG) with and without optovin at the
indicated light intensities. AU, arbitrary units. (c) Behavioral excitation
scores from animals treated with the indicated compounds (n = 5 wells).
Wells treated with optovin and 7c7 are significantly higher than DMSOtreated controls, P < 0.001. The difference between DMSO and 7d1 is not
significant, P = 0.8. Abbreviated names of singlet oxygen generators:
Hyper, Hypericin; AO, acridine orange; MC, merocyanine 540; RB, rose
Bengal. (d) Calcium indicator fluorescence before and after optovin
treatment in cells transfected with the GFP, hTRPA1 or the indicated
hTRPA1 mutant construct. (e) Bar plot quantifying the calcium response
1 min after optovin treatment (n = 130, 120, 107, 111 and 75 cells,
respectively). **P < 0.01, ***P < 0.0001. AUC, area under the curve.
(f) Structures of the analogs are shown. Note that the olefin is
methylated in analog 7d1. All compounds were tested at 10 μM.

the C621S, C633S, C633S C856S double mutant channel or the
triple cysteine mutant (3CK) channel showed a decreased response
(Fig. 4d,e and Supplementary Fig. 14). Together, these data suggest that optovin activates TRPA1 channels via a photoactivated
intermediate that reacts with key redox-sensitive cysteine residues
in the channel.
Rhodanine and hydantoin are photoelectric moieties used
in photovoltaic panels and other photochemical applications41,42.
Nevertheless, photosensitization alone is most likely insufficient to grant optovin its unusual biological activity. For example,
optovin is phenotypically unique compared to 171 additional
rhodanine-containing compounds contained in the screening
library (Supplementary Fig. 15). In addition, we found that only
optovin causes behavioral excitation, whereas other photosensitizers
that also generate singlet oxygen do not (Fig. 4c). These data suggest
that generation of singlet oxygen alone is insufficient for optovin’s
behavioral effects and that structure-dependent interactions are
necessary for optovin to activate TRPA1 in vivo.
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One possible explanation for optovin’s activity is that photoexcited optovin directly alkylates cysteine residues in TRPA1 via
rapid and reversible covalent bonding. By analogy, previous work
has shown that a reversible thioether bond forms between Cys325
of the ERRα receptor and the α,β-unsaturated alkene group of a
rhodanine-like small molecule43. To determine whether a similar
reaction may occur between optovin and TRPA1, we measured the
activity of a methylated optovin analog in which the methyl group
is predicted to hinder thioether bond formation. We found that
optovin and the unmethylated analog 7c7 both cause light-dependent
motor excitation in vivo (Fig. 4c,f). By contrast, the methylated
analog 7d1 did not cause light-dependent motor activity (Fig. 4c,f).
These data suggest that thioether bond formation may be important for optovin to activate TRPA1, although we cannot exclude the
possibility that methylation alters other properties of the molecule
besides thioether bond formation.

Photochemical control of optovin-treated animals

Optovin’s capacity to function in intact adult animals will affect its
potential for use in future clinical and research applications. Thus,
we analyzed the effects of 405-nm laser illumination on optovintreated adult animals. In zebrafish, we found that illuminating the
dorsal fin elicited rapid and reversible contraction of the fin but did
not seem to otherwise disturb the treated animal (Supplementary
Movie 4). To determine whether fin contraction was voluntary or
involuntary, we repeated the experiment using spinalized preparations. Optical control of dorsal fin contraction was preserved
in spinalized animals treated with optovin (Fig. 5a). Furthermore,
we found that carefully controlled laser illumination of specific
regions along the body of spinalized zebrafish produced specific
dorsal, ventral and lateral tail movements reminiscent of those
used by intact fish during swimming (Fig. 5b and Supplementary
Movies 5 and 6). Because zebrafish TRPA1 is primarily expressed
in sensory neurons, these contractions and swimming behaviors
most likely occur via activation of spinal reflex arcs. These data
indicate that optovin enables real-time optical control of neurons
in adult wild-type vertebrate animals. We found that optovin also
elicited head-shaking behaviors in adult mice (Fig. 5c). Thus,
optovin shows activity in adult animals in vivo and may be preferable to conventional TRPA1 ligands for achieving high-resolution
spatiotemporal control.

These studies have identified optovin, a small molecule that enables
optical control of endogenous channels and neuronal signaling
in wild-type nontransgenic animals. Optovin differs from previously identified photochemical switch compounds in several ways.
Optovin acts on TRPA1 channels, which were previously inaccessible via optical techniques. Unlike reversibly caged glutamate and
photoswitchable affinity label compounds, optovin is not based on
azobenzene photoreactivity. In addition, optovin can be washed out
and seems to be quite selective in its activity, with no substantial
activity at dozens of other potential targets tested.
Optovin was discovered in a behavior-based chemical screen.
As with most compounds discovered in phenotype-based screens,
determining optovin’s mechanism of action has been a central focus
of our studies. Through genetic, molecular and electrophysiological experiments, we have identified optovin’s cellular target (sensory
neurons) and have found that optovin acts on the cation channel
TRPA1 in these cells. Several lines of evidence indicate that TRPA1
channels are both necessary and sufficient for optovin function:
(i) Genetic mutation of TrpA1b in zebrafish completely eliminates
optovin’s activity. (ii) In a heterogeneous population of mouse DRG
neurons, all optovin-responsive neurons also respond to the TRPA1
agonist mustard oil. (iii) Nonexcitable cultured cells can be rendered light sensitive by transfection with the gene encoding hTrpA1.
Together, these data suggest that optovin specifically targets TRPA1
to enable the light-based control of sensory neurons.
Illumination of many small molecules, including optovin, can
produce singlet oxygen or other ROS. Nevertheless, TRPA1 does
not seem to simply respond to optovin-generated singlet oxygen
because none of the efficient singlet oxygen-generating compounds
that we tested caused any behavioral excitation in zebrafish. Instead,
we favor the hypothesis that optovin directly binds TRPA1 and forms
a photodependent and reversible covalent adduct, perhaps through
a radical coupling with a cysteine residue in TRPA1. Olefins such as
the one found in optovin’s α,β-unsaturated rhodanine system are
known to react with cysteines under physiological conditions43,44.
In addition, alterations to optovin or TRPA1 that would prevent
cysteine adduct formation reduce optovin activity: methylation of
optovin’s olefin substantially reduces its activity, as does mutation
of presumptive target cysteines in TRPA1. These data are consistent
with formation of a thioether linkage between TRPA1 and optovin
(model is in Supplementary Fig. 16).
A precedent exists for specific and reversible formation of
cysteine adducts between small molecules and their targets. A series
of electron-deficient olefins was recently shown to undergo rapid
thiol addition reactions with a cysteine in their target kinase. The
resultant thioether adducts are short lived, with the reverse reaction (thiol elimination) occurring spontaneously on timescales
ranging from subseconds to seconds44. In another example that is
perhaps even more analogous, flavin mononucleotide (FMN) is
bound noncovalently by light, oxygen or voltage (LOV) domain–
containing proteins45. Illumination with blue light excites FMN to
the triplet state such that the C(4a) carbon of FMN reacts with a
nearby cysteine in the LOV domain, forms a covalent adduct and
alters the protein structure and function. This thioether adduct is
also spontaneously reversible on the timescale of seconds. In both of
these examples, noncovalent interactions are necessary to bring the
small molecule into close proximity to the target cysteine, where a
transient thioether linkage forms spontaneously (electron-deficient
olefins) or upon photoactivation (FMN). That structure-directed
induced-proximity may also be necessary in the case of optovin is
supported by the fact that 171 similar rhodanines in our screening
collection did not activate TRPA1 during the screen.
If optovin forms a thioether linkage with TRPA1, it seems to be
photodependent and reversible. Its photodependence is suggested
by the fact that even high concentrations of optovin do not elicit
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a behavioral response in zebrafish in the dark. Furthermore, when
zebrafish or DRG neurons are treated with optovin and rinsed
before illumination, no excitation is observed. Therefore, optovin
does not seem to modify TRPA1 in the absence of light. After illumination, excitation is sustained for several seconds, and different
optovin derivatives sustain excitation for differing lengths of time
after illumination ends, from about 1 s (4g6) to more than 9 s (6b8).
These observations are consistent with the idea that termination of
excitation is mediated by reversal of the thioether adduct formation
and that structural features of the optovin derivatives control the
rate of reversal. More extensive analysis will be required to elucidate
the factors that influence the reversal rate.
It will be interesting to learn whether optovin-like molecules can
be used for controlling endogenous receptors in organisms other
than zebrafish and mice. We have shown that optovin activates
TRPA1 from zebrafish, mouse and humans and that optovin elicits
light-dependent behaviors in zebrafish and mice. Optovin’s activity
in gating human TRPA1 in transfected cells suggests that it could, in
theory, be applied to humans, but development of these compounds
for therapeutic applications will require further chemical optimization. For example, rhodanine-containing compounds have been
characterized by some as too reactive for direct clinical development,
and only one rhodanine-containing compound is in current clinical
use45. Therefore, the safety of optovin-like compounds in humans
will need to be evaluated. Nevertheless, the ability to control endogenous TRPA1 channels in vivo raises a number of therapeutic possibilities ranging from pain relief to spinal trauma therapy. Although
optovin’s activity seems largely restricted to TRPA1-expressing
neurons, additional screening may identify next-generation compounds targeting a wide range of targets in different excitable cell
types, including cardiac cells. Such tools would have applications
ranging from basic neuroscience research to clinical interventions.
Received 23 November 2012; accepted 16 January 2013;
published online 10 February 2013
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Aquaculture. A large number of fertilized eggs (up to 5,000 embryos per day)
were collected from group mating of Ekkwill or TuAB zebrafish. Embryos
were raised in HEPES (10 mM) buffered E3 media in a dark incubator at
28 °C until 30 h.p.f. Groups of approximately eight embryos (28 h.p.f.) were
distributed into the wells of flat = bottom black-walled 96-well plates filled
with E3 medium (360 μl). Embryos were then incubated in a dark incubator at
25 °C for chemical treatment and subsequent experiments. All zebrafish protocols were approved by the Institutional Animal Care and Use Committee at
Massachusetts General Hospital.
Chemical libraries and treatments. The Actiprobe library (TimTec) contains
10,000 compounds dissolved in DMSO at a stock concentration of 1mg/ml
(~3 mM). The library was screened at a 1:300 dilution in E3 buffer for a final
concentration of ~10 μM. Negative controls were treated with an equal volume
of DMSO. Stock solutions were added directly to zebrafish in the wells of a
96-well plate, mixed and allowed to incubate for 2–10 h in the dark before
behavioral evaluation in the PMR assay. The library (10,000 compounds) was
purchased from the TimTec corporation. The neurotransmitter library (700
compounds; cat. no. 2810) was purchased from Biomol International. Reordered
hit compounds were dissolved in DMSO and added to wells as described above.
Ordering information: optovin (ST52606; TimTec), analog 6b8 (5707191;
Chembridge), 6c1 (6092141; Chembridge), 6c5 (118192; Sigma), 6c7 (6211600;
Chembridge), 6c2 (6176046; Chembridge), 6c3 (6206065; Chembridge), 6c4
(7030539; Chembridge), 4g6 (ST025379; TimTec). Reordered compounds were
used as received; MS/NMR data were not collected to confirm their identities.
PMR behavioral assay. Animals were exposed to a two-pulse stimulus train
with a 10-s interstimulus interval. Exposure to the first pulse was used to trigger the PMR, which has a refractory phase of approximately 10 min. Untreated
animals do not respond to the second pulse of light, so motor activity after the
second pulse was used to assay for optovin activity. In a typical assay, 1,000
frames of digital video were recorded at 33 f.p.s. using a camera (Hamamatsu
ORCA-ER) mounted on a microscope (Nikon TE200) with a 1× objective.
Instrument control and data measurement were performed using custom
scripts for Metamorph Software (Molecular Devices). Each video was saved
for review. Light stimuli were generated with a 300-W xenon bulb housed in a
Lambda LS illuminator (Sutter) and delivered to the well 10 s and 20 s after the
start of each video. A cold mirror (reflectance between 300 nm and 700 nm)
on the illuminator was used to block wavelengths outside of this range. Light
intensity was measured using a PM100D power meter attached to a S120VC
photodiode power sensor (Thorlabs). Filters were used to restrict the excitation
light to the indicated wavelengths.
Spinalized preparations. Adult zebrafish (0.5–1.5 years) were briefly anesthetized in ice water and quickly decapitated with a sharp razor blade. Spinalized
preparations were incubated in optovin (50 μM) for 1–2 min before testing
with laser light stimuli (405 nm, 400 μW mm−2).
Behavioral analysis. To analyze digital video recordings, custom software
scripts were used to automatically draw six evenly spaced line segments across
each well such that each embryo is likely to be crossed by one of the lines. The
software then tracks the average intensity of the pixels for each segment over
time. As the embryos move, the light intensity at some of the pixels changes.
The motion index was calculated by taking the total absolute difference in pixel
intensity between frames. This motion index correlates with the overall amount
of motion in the well, both in terms of contraction frequency and number of
animals in motion. Behavioral features are quantified by ‘excitation scores’ that
are calculated by taking the 75th percentile of the motion index for 3–5s following the light stimulus. The behavioral profiles were clustered using Euclidean
distance and average linkage clustering. All computations and figures were
carried out with the MATLAB statistical programming environment.
Statistical analysis. We used one-way ANOVA and the Tukey HSD post hoc
test to test for significant differences between groups, generate 95% confidence intervals and identify groups with significantly different means. For
groups with significant differences, we used the two-tailed t-test to test the
null hypothesis and calculate the P value. Statistical analyses were performed
using the anova1, multcompare and ttest2 functions provided by the MATLAB
statistics toolbox.
nature chemical biology

Electrophysiology. HEK293 cells were plated upon polylysine-coated cover
slips and transiently transfected with human TRPA1. Voltage clamp recordings
were made in the whole-cell configuration 48 h after transfection using glass
electrodes with 2-4 MOhm resistance when filled with 140 mM CsCl, 2 mM
Mg2ATP3, 2 mM MgCl, 5 mM EGTA and 10 mM HEPES (pH adjusted to
7.2 with CsOH) and while bathed at room temperature in extracellular solution containing 150 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl and
5 mM HEPES (pH adjusted to 7.4 with NaOH). A voltage ramp protocol from
−80 mV to 80 mV over 400 ms was repeated every second during the following conditions: while the cell was dialyzed by the pipette, followed by at least
60 s of illumination with 405-nm light, after which optovin (10 μM) containing
extracellular solution was perfused into the bath, followed by 1 min of illumination. Current elicited at holding potentials of ±70 mV as well as the slope
of the current-voltage relation while ramping from 0 to 70 mV were used to
characterize TRPA1 activation.
NIMH PDSP profiling. Activity determinations were generously provided
by the National Institute of Mental Health’s Psychoactive Drug Screening
Program, contract no. HHSN-271-2008-00025-C (NIMH PDSP). Complete
assay details are found online at http://pdsp.med.unc.edu/UNC-CH%20
Protocol%20Book.pdf.
Calcium imaging methods. C57Bl/6 male mice (3–4 weeks old) were decapitated, and DRG were dissected into 4 °C Hank’s Balanced Salt Solution
(HBSS; Gibco), then neurons were dissociated using collagenase (1 mg/mL;
Worthington) and dispase (5 mg/mL; Gibco) dissolved in HBSS. Neurons
were plated in Neurobasal-A medium (Invitrogen), supplemented with
B-27 Supplement (Gibco), L-glutamine (Gibco) and penicillin-streptomycin
(Gibco). The neurons were plated onto coverslips coated with 0.1 mg/mL
poly-D-lysine (Sigma) and 5 μg/mL laminin (Sigma). After 24 h, neurons were
washed with assay buffer (HBSS, supplemented with 9 mM HEPES, 11 mM
D-glucose, 0.1% fatty-acid free BSA, pH 7.3) and incubated for 1 h with 2 μM
Fura2-AM (Invitrogen) with 0.2% pluronic (Invitrogen) in assay buffer in the
dark at room temperature. The neurons were then washed with assay buffer and
allowed to equilibrate at room temperature for 30 min before imaging. After
a 120-s baseline perfusion of assay buffer containing 3.3% DMSO, 100 μM
optovin dissolved in the DMSO-assay buffer solution or the DMSO-assay
buffer solution alone as a control was perfused onto the neurons for a period
of 1 min. Fura-2 is activated with UV light, and the process of imaging Fura-2
was enough to activate the optovin. As a no-light control to ensure that the
presence of optovin alone did not cause activation, imaging was stopped
for the 1-min period of optovin treatment and resumed once the solution perfused back onto the neurons. Following this 1-min period, cells were perfused
with DMSO-assay buffer to remove the agonist, which was followed by addition of 100 μM mustard oil (in DMSO assay buffer) to determine the total
number of TrpA1-expressing neurons present. Images were acquired on a
Nikon Eclipse Ti microscope (Nikon, Melville, NY). Neurons were counted
as activated if they showed a response during the 1-min activation period.
All procedures involving animals for calcium imaging were approved by the
Institutional Animal Care and Use Committee at the University of North
Carolina at Chapel Hill.
HEK293 cells were plated onto polylysine-coated glass-bottom culture
dishes (MatTek Corp) and grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma) supplemented with 10% FBS and 100 U/mL penicillin and
100 μg/ml streptomycin. After 24 h, cells were transfected, according to manufacturer’s instructions, in Opti-MEM medium, using 4 μl Lipofectamine
2000 (Invitrogen), 0.5 μg EGFP in pcDNA and 0.3 μg TrpA1 DNA per dish.
Medium was replaced after 2 h, and cells were cultured for an additional 17 h.
As previously described for neurons, HEK cells were washed with assay buffer
(HBSS Gibco 14025, supplemented with 9 mM HEPES, 11 mM D-glucose,
0.1% fatty acid–free BSA, pH 7.3) and incubated for 1 h with 2 μM Fura2-AM
(Invitrogen) with 0.2% pluronic (Invitrogen) in assay buffer in the dark at
room temperature. The cells were then washed with assay buffer and allowed
to equilibrate at room temperature for 30 min before imaging. At the start of
the imaging session for each dish, cells were replaced with DMSO assay buffer.
After 50 s of imaging, assay buffer was aspirated by hand and replaced with
100 μM optovin dissolved in the DMSO assay buffer solution. Each dish of
HEK cells was imaged for a total of 3 min.
Cells were transfected with the hTRPA1 (ref. 38), TRPA1C621S (ref. 38),
hTRPA1C633S (ref. 39) and hTRPA1C633S C856S (ref. 39) plasmids as described.
doi:10.1038/nchembio.1183
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Assay for singlet-oxygen generation using singlet oxygen sensor green. UV-vis
absorption spectra were recorded at 20 μM in methanol using an Evolution 300
UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA).
96-well black-sided plates were used for fluorescent probe experiments. SOSG
(Molecular Probes Invitrogen, Eugene, OR) as a 1-mM stock solution in DMF
was added to give a final concentration of 5 μM SOSG to optovin and analogs
dissolved as 5-μM solutions in 200 μL 50% H2O/CH3CN preloaded in 96-well
plates. An Omnilux Clear-U LED light source (Photo Therapeutics Inc.,
Carlsbad, CA) that emits blue light (415 nm ± 15 nm) as a homogeneous spot
with an irradiance of 50 mW/cm2 measured with a power meter (model DMM
199 with 201 standard head; Coherent, Santa Clara, CA) that covers an area
of one-half of a 96-well plate was used. Fluorescence spectrophotometry was
carried out with a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale,
CA) using excitation and emission at 504 nm and 525 nm. Fluorescence was
read after each successive increment of blue light was delivered. As a positive
control for a known photosensitizer that absorbs 415-nm light with a quantum
yield of singlet oxygen of approximately 0.6, we used a conjugate of polyethylenimine and chlorin(e6) (PEI-ce6)46.
Long-term toxicity testing. To determine the long-term effects of optovin
exposure on development, behavior and survival, we analyzed the development,
behavior and survival of larvae (n = 150) and adult zebrafish (n = 2) exposed
to optovin (10 μM) for 96 h. We did not identify any differences between the
appearance, touch response, heart rate, fin movements or morphology between
the treated and untreated groups.
NIMH PDSP in vitro receptor profiling. In vitro receptor profiling was
performed by the National Institute of Mental Health’s Psychoactive Drug
Screening Program, contract no. HHSN-271-2008-00025-C (NIMH PDSP). For
primary screening, data represent mean percentage inhibition at the receptor
subtypes (n = 4 determinations; Supplementary Table 1). The default
primary screening concentration is 10 μM. If >50% inhibition was obtained in
the primary screen, Ki determinations were performed at concentrations ranging from 10 pM to 10 μM. For Ki determinations, data represent Ki (nM) values
obtained from nonlinear regression. Complete assay details are found online at
http://pdsp.med.unc.edu/UNC-CH%20Protocol%20Book.pdf.
Statistical analysis. We used one-way ANOVA and the Tukey HSD post hoc
test to test for significant differences between groups, generate 95% confidence
intervals and identify groups with significantly different means. For groups with
significant differences, we used the two-tailed t-test to test the null hypothesis
and calculate the P value. Statistical analyses were performed using the anova1,
multcompare and ttest2 functions provided by the MATLAB statistics toolbox
(MathWorks). All error bars represent s.d. unless otherwise noted.
Dissection and culture. Male adult C57Bl/6 mice were purchased from Jackson
Laboratories and housed in the animal facilities of Children’s Hospital Boston
on a 12-h alternating light-dark cycle. Animals for imaging were dissected
after 7 weeks of age. TRPA1-KO mice were provided by K. Kwan (Howard
Hughes Medical Institute, Harvard Medical School)11. After CO2 asphyxiation
and cervical translocation and following spinal laminectomy, the left and right
DRG from the whole spine were removed and placed in 4 °C Hank’s buffered
saline solution without calcium and magnesium (HBSS, Life Technologies).
After the DRG were collected and spun down for 3 min at 1,000 r.p.m. (150g),
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they were placed in a collagenase/dispase solution (3 mg/mL dispase II and
1 mg/mL collagenase A, Roche Applied Science) and allowed to incubate at
37 °C for 90 min. After incubation, the cells were washed in Dulbecco’s
Modified Eagle’s Medium (DMEM, Life Technologies), fortified with 4.5 g L/Dglucose, L-glutamine, 110 mg/L sodium pyruvate, 10% FBS (Life Technologies),
penicillin (500 U/mL, Cellgro) and streptomycin (500 μg/mL, Cellgro). DNAse
(125 U/mL, Sigma) was then added, and the solution was triturated using successively smaller caliber flame-polished Pasteur pipettes. This solution was gently layered onto a bovine serum albumin gradient (10% albumin from bovine
serum, Sigma in PBS, Life Technologies) and spun at 150g for 12 min. After
removal of the supernatant, the cells were washed again in DMEM; suspended
in neurobasal medium (Life Technologies) supplemented with L-glutamine
(20 mM, Life Technologies), B-27 supplement (Life Technologies), penicillin (500 U/mL, Cellgro) and streptomycin (500 μg/mL, Cellgro); plated onto
laminin-treated (1 mg/mL, Sigma) 15-mm glass-bottom dishes (MatTek
Corporation); and then placed in an incubator at 37 °C (5% CO2) overnight.
All imaging was performed 1 d after dissection and culture.
Calcium imaging. DRG neurons were imaged on a Nikon Ti Eclipse inverted
microscope. Fura-2, AM (Life Technologies) was loaded into the neurons
for 30 min (room temperature, 4 μg/mL). After washing with standard extracellular solution (Boston BioProducts), the cells were imaged using a QImaging
EXi Aqua cooled camera, and data were collected and analyzed using NIS
Elements software (AR 3.10). Neurons were selectively exposed to various
solutions via a gravity-assisted perfusion system. Responses were included if
they were 20% greater than the baseline.
Mouse behavior. Male adult C57Bl/6 mice were assessed for behavior after
7 weeks of age, purchased from Jackson Laboratories and housed in the animal
facilities of Children’s Hospital Boston on a 12-h alternating light-dark cycle,
with food and water provided ad libitum. This behavioral protocol was approved
by the Institutional Animal Care and Use Committee at Children’s Hospital
Boston. After habituation periods in a custom-built behavior chamber, mice
were either treated with 20 μL of optovin solution (15 mM in DMSO, SigmaAldrich) or vehicle control (DMSO) on the ear. Upon return to the behavior
chamber, a laser (405 nm, class 3A, common laser pointer) was trained on the
treated ear. Time to activation of a characteristic head-twitch or head-shake
response (HSR) was recorded for each animal over five separate trials47. The
response is a rapid, radial twitch of the head about the dorsal-ventral axis of
the head. The time cutoff for laser stimulation was set at 60 s if no response was
elicited (four optovin versus four control animals). One optovin-treated mouse
was excluded from the mean analysis because of extreme nonresponsiveness.
Average time to response per animal was calculated by a blinded coder using
VLC media playback at 0.25× speed who measured the actual time the laser
was on the ear. Data was pooled between animals within groups. Error bars
represent standard error.

46. Tegos, G.P. et al. Protease-stable polycationic photosensitizer conjugates
between polyethyleneimine and chlorin(e6) for broad-spectrum antimicrobial
photoinactivation. Antimicrob. Agents Chemother. 50, 1402–1410 (2006).
47. Corne, S.J., Pickering, R.W. & Warner, B.T. A method for assessing the effects
of drugs on the central actions of 5-hydroxytryptamine. Br. J. Pharmacol.
Chemother. 20, 106–120 (1963).
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