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ABSTRACT: Caged compounds are molecules rendered
functionally inert by derivatization with a photochemical
protecting group. We describe the design logic behind the
development of a diethylaminocoumarin (DEAC) caging
chromophore, DEAC450, that absorbs blue light strongly
(ε450 = 43,000 M−1 cm−1) and violet light 11-fold more weakly.
The absorption minimum is in the wavelength range (340−
360 nm) that is traditionally used for photolysis of many
widely used nitroaromatic caged compounds (e.g., 4-
carboxymethoxy-5,7-dinitroindolinyl(CDNI)-GABA). We
used this chromophore to synthesize DEAC450-caged cAMP and found this probe was very stable toward aqueous hydrolysis
in the electronic ground state but was photolyzed with a quantum efficiency of 0.78. When DEAC450-cAMP and CDNI-GABA
where co-applied to striatal cholinergic interneurons, the caged compounds were photolyzed in an chromatically orthogonal
manner using blue and violet light so as to modulate the neuronal firing rate in a bidirectional way.

■ INTRODUCTION

Cellular signaling has the bidirectional character of a switch.1−3

However, unlike simple physical switches that use the same
agent for modulation, cells often deploy two independent
mechanisms for the on and off signals. Muscle contraction,
protein phosphorylation, and nerve action potentials are
important examples of such bidirectional biological signaling.
Calcium concentration in muscle cells regulates contraction and
is controlled by ion channels (on signal) and Ca ATPases (off
signal).4 Phosphorylation is initiated by kinases and terminated
by phosphatases.5 Membrane potentials are controlled by the
selective flow of cations and anions through ion channels in the
plasma membrane of the nerve.6 Since the late 1970s
photochemical uncaging of biological signaling molecules has
been used as a powerful tool to interrogate such signaling
cascades.2,7 Typically this photochemical modulation uses
protecting groups developed for organic chemistry in the
1960s8 and is unidirectional in character. Such compounds are
photolyzed with near-UV light (Figure 1a, violet), and some are
also reasonably sensitive to two-photon photolysis using pulsed,
near-IR lasers (710−740 nm range7).
The first report of chromatically selective photochemical

deprotection appeared in 2000,9 and because this was in the
context of organic synthesis, only UV or near-UV light was
used for photolysis. Unfortunately UV light is not compatible
with cellular physiology, and thus uncaging in living cells
typically requires wavelengths greater than 330 nm.7 Since near-
IR light is more compatible with cellular viability, we used two-
photon excitation to enable the first example of chromatically

selective two-color uncaging on living neurons in 2010.10

However, because of the absorption overlap of the caging
chromophores (Figure 1a, violet and blue), chromatically
orthogonal two-color uncaging was quite challenging. Recently
we have developed a new 7-diethylaminocoumarin (DEAC)
caging chromophore, called DEAC450, which has an
absorption maximum for one-photon excitation at 450 nm,
that undergoes very effective two-photon uncaging with a
femtosecond-pulsed laser at double this wavelength. Impor-
tantly, irradiation of DEAC450-Glu at dendritic spine heads
with a pulsed laser at short wavelengths (i.e., 720 nm) produced
little or no postsynaptic current in neurons when compared to
900 nm.11 The nonlinear nature of two-photon excitation
enabled clean chromatically selective uncaging of glutamate and
was based on the >60-fold difference in two-photon excitation
at the two wavelengths. However, it was unclear if the more
modest 11-fold difference in linear light absorption at 350 nm
versus 450 nm (Figure 1a, red) would enable useful and
effective chromatically selective uncaging with normal lasers.
Here we describe the design logic in the evolution of the
DEAC450 caging chromophore and demonstrate that it can be
applied to photorelease of an intracellular second messenger,
cyclic-AMP (cAMP), in living cells, with excellent optical
selectively using linear excitation. We show that photolysis of
DEAC450-cAMP with 473-nm light is functionally orthogonal
to photolysis of CDNI-GABA with near-UV light at 355 nm, by

Received: August 13, 2013
Published: October 11, 2013

Article

pubs.acs.org/JACS

© 2013 American Chemical Society 15948 dx.doi.org/10.1021/ja408225k | J. Am. Chem. Soc. 2013, 135, 15948−15954

pubs.acs.org/JACS


the bidirectional modulation of membrane potential of neurons
in acutely isolated brain slices. Since the DEAC450
chromophore could be used to cage many other molecules,
this new technology may enable two-color uncaging with visible
light to become a useful and widely used method.

■ RESULTS

Chromophore Design and Evolution. We sought to
design a new caging chromophore that could be selectively
photolyzed at long wavelengths relative to the well established
nitroaromatic caged compounds.7 It is well-known that addition
of electron-withdrawing substitutents at the 3-position of 7-
aminocoumarins produces large bathochromic shifts in the
absorption maximum.12 For example, 3-nitro-DEAC (1) has
not only a large absorption maximum at 470 nm but also an
extremely low minimum in the 340−360-nm range (Figure 1b,
dark red) and thus was an attractive starting point for us to
design a new, longer wavelength caging chromophore.
However, addition of the crucial 4-methyl substituent to this
chromophore (2), to allow attachment of biomolecules,
dramatically perturbed these “near ideal” absorption features
(Figure 1b, green). This is probably because the steric clash
between the nitro and methyl groups in 2 twists the former out
of planarity with the coumarin chromophore. This idea seemed
to be confirmed when we found that 3-cyano derivative 3 had a
similar absorption maximum compared to that of 2 but had a
much more attractive absorption minimum in the 340−360 nm
range (Figure 1b, orange). However, functionalization of the 4-
methyl group of 3 was problematic, as the standard means of
derivatization (oxidation with SeO2

13) requires hydrogen at the
3-position. Therefore, we revised our synthetic route by starting
with the known DEAC-OH13 (Scheme 1) to create a 3-(p-
cyanophenyl) substituted DEAC-Glu,14 4. We made a
glutamate derivative first, as photolysis-evoked neuronal
currents offer a potentially facile bioassay of uncaging efficacy.15

The quantum yield of photolysis of this new caged glutamate
was 0.05, but the absorption spectrum of 4 (Figure 1b, khaki)
was similar to that of 2. These data showed that DEAC
uncaging was not greatly perturbed by substituents at the 3-
position but confirmed that less bulky electron-withdrawing
groups were needed to enhance the “absorption dip” in the
340−360 nm range. 3-Carboxy derivatives of aminocoumarins
are known to have absorption spectra with bathochromic shifts
similar to those of 1−4,12 but we found the synthesis of such
simple derivatives in a form suitable for elaboration into caged

Figure 1. Comparison of the absorption spectra of nitroaromatic and
aminocoumarin chromophores. (a) Spectra of CDNI-GABA (violet),
DEAC (blue), and DEAC450-cAMP (red). (b) Spectra of 3-(p-cyano-
phenyl)-DEAC (4, khaki), 3-nitro-4-methyl-DEAC (2, green), 3-
cyano-4-methyl-DEAC (3, orange), and 3-nitro-DEAC (1, dark red).

Scheme 1. Synthesis of DEAC450-cAMPa

aReagents and conditions: (a) (i) TBDMSCl, Et3N (83%); (ii) N-bromosuccinimide, NaOAc (59%). (b) 4-Cyanophenylboronic acid, CsF,
Pd(PPh3)4 (69%). (c) (i) TBAF (85%); (ii) EDC, Boc-Glu-OtBu (76%); (iii) TFA, then HPLC purification (71%). (d) Reference 8. (e) TBAF
(85%). (f) Methanesulfonyl chloride, TEA (59%). (g) cAMP, tri-n-butylamine (65%). (h) TFA, then HPLC purification (11a, 35%; 11b, 44%).
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compounds surprisingly problematic (data not shown). In
contrast, a functionalized DEAC-based caging chromophore
could be created in a facile manner by Heck coupling of
methylvinylacrylate16 or tert-butylacrylate11 to 5 to give the
core DEAC450 chromophore (Supplemental Movie). Mesyla-
tion of alcohol 811 gave 9, and this derivative was used to
alkylate the tri-n-butylamine salt of cAMP to give 10 in 35%
overall yield. Treatment of 10 with TFA followed by HPLC
purification gave equatorial and axial derivatives 11a and 11b,
in yields of 35% and 44%, respectively (Scheme 1).
Chemical Characterization of DEAC450-cAMP. Aque-

ous Stability and Solubility. Chemical stability and aqueous
solubility are important properties for the practical application
of any caged compound for neurophysiology.15 The simple
nitrobenzyl ester of cAMP was made in the late 1970s,17 and
subsequently several other caged cAMP probes have been
made.18−20 However, addition of uncharged aromatic chromo-
phores decreases the solubility of the caged cyclic nucleotides
(Table 1). To mitigate this problem, a dicarboxylate moiety has
been added to both the nitrobenzyl and DEAC caged-cAMP
probes.21,22 We adopted the same strategy by conjugation of
additional charge to the core DEAC450 chromophore
(Supplemental Movie and Scheme 1). Thus, the solubility of
DEAC450-caged cAMP was such that a solution of a
concentration of at least 1 mM could be made in physiological
buffer, without the addition of any organic cosolvent (see
Supporting Information). In general, when the caged
compound uses an ester linkage to attach the chromophore
to the biomolecule, the stability of the linkage is defined by its
electrophilic character.21 For example, dimethoxy-o-nitroben-
zyl-cAMP is much more unstable than its simple nitrobenzyl
counterpart,20 and an electron-deficient analogue is more
stable.21 Similarly, we have found that DEAC-Glu is quite
unstable at pH 7.4 (half-life of 17 h; Momotake and Ellis-
Davies, unpublished), whereas its DEAC450-Glu counterpart is
highly stable.11 DEAC450-cAMP also proved to be highly
stable, as solutions made in buffer at pH 7.2 and frozen at −40
°C for 2 months showed no sign of hydrolysis.
Optical Properties. DEAC450 has a molar extinction

coefficient of 43,000 M−1 cm−1 at 450 nm,11 a value that is
significantly higher than DEAC derivatives (range 15,000−
25,000 M−1 cm−1). The absorption maximum of DEAC450-
cAMP has the same relatively large absorptivity, albeit slightly
red-shifted to 456 nm. Another important photochemical
property of any caged compound is the quantum yield of
photolysis. Comparative irradiation of DEAC450-cAMP and
DEAC450-Glu revealed that the former was photolyzed 2 times

faster than the latter,11 corresponding to a quantum yield of
uncaging of 0.78 (both isomers were equally photosensitive).
HPLC analysis of the reaction mixture showed that DEAC450-
alcohol and cAMP were cleanly released as the sole products
after complete photolysis (Supporting Information). These
properties taken together make DEAC450-cAMP an extremely
effective caged compound from a photochemical point of view
(Table 1). Finally, in comparison to other recently developed
longer wavelength caging chromophores such as “RuBi”23 and
amino-nitro-biphenyl,24 DEAC450 is distinctive in having a
pronounced absorption minimum in the wavelength region that
has been used traditionally for photolysis of many nitroaromatic
caged compounds such as NV-IP3,

25,26 DM-nitrophen,27 and
MNI-Glu28 (such compounds have absorption spectra similar
to the violet trace in Figure 1a). We chose to examine if this
feature of DEAC450-cAMP would allow selective photolysis at
long wavelengths of visible light (i.e., 473 nm), while using
shorter wavelengths to photorelease a caged neurotransmitter,
CDNI-GABA29 (Figure 1a, violet). We used two wavelengths
of visible light for these experiments for the following reasons:
first, if successful, such experiments would nicely complement
two-color, two-photon uncaging,24 and second, visible lasers,
unlike two-photon lasers, allow facile irradiation of the entire
cell body of large neurons.30,31

Intracellular Uncaging in Living Neurons. Striatal
cholinergic interneurons are tonically active in vitro,32 and
this action potential firing rate is known to be upregulated by
stimuli that lead to the production of cAMP,32,33 while it is
blocked by the inhibitory amino acid GABA.34 We tested if
DEAC450-cAMP and CDNI-GABA could be uncaged in an
optically orthogonal manner using one-photon excitation, so as
to modulate the firing rate of striatal interneurons in a
bidirectional way. First, DEAC450-cAMP was loaded via the
whole-cell patch clamp technique into single neurons in acutely
isolated brain slices. After allowing several minutes for dialysis,
irradiation with 473-nm light caused a prominent enhancement
of the firing rate (Figure 2a, left), which lasted for tens of
seconds after uncaging. Less intense 473-nm stimuli produced
more transient responses (Supplemental Movie). When
DEAC450-cAMP was omitted from the internal solution but
CDNI-GABA was added to the bath, 355-nm light inhibited
action potential firing (Figure 2b, right). However, the same
dosage of 473-nm light used for DEAC450-cAMP above did
not alter the firing rate (Figure 2b, left). Likewise, 355-nm light
irradiation of DEAC450-cAMP inside cells did not increase the
firing rate (Figure 2a, right). A 3-fold increase in energy at 355
nm also had no effect. Similar chromatic selectivity was

Table 1. Summary of the Chemical and Photochemical Properties of Many Nitroaromatic and Coumarin-Caged cAMP Optical
Probesa

caged cAMPb ε, M−1 cm−1 (λ, nm) QY solubility in PB, mM stability at pH 7.2 ε·QY

NB17 500 (350) 0.42 NR NR 210
dcNPE21 500 (350) 0.2 >55 stable frozen 100
DMNB20 5,000 (350) 0.05 NRc >100 h RTd 250
MEOC39 13,300 (325) 0.12 NR stable frozen 1,600
DEAC18 18,600 (402) 0.21 0.15 (1% DMSO) NR 3,900
DCAC22 17,000 (384) 0.26 2 >300 h RTd 4,420
Bhc19 14,600 (375) 0.081 0.5 (1% DMSO) >750 h RTd 1,183
DEAC450 43,000 (456) 0.78 1.3 stable frozen 33,500

aSymbols, abbreviations, and notes. PB, physiological buffer without (or with) organic co-solvents; QY, quantum yield; ε, molar extinction
coefficient; NR, not reported. bNB, o-nitrobenzyl; dcNPE, dicarboxy-(o-nitrophenyl)ethyl; DM, dimethoxy; MEOC, 7-methoxycoumarin; DCAC,
dicarboxy-7-aminocoumarin; Bhc, 6-bromo-7-hydroxycoumarin. cIntracellular solution required 1% DMSO. dApproximate time for hydrolysis.
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observed in multiple experiments (Figure 2d) and suggested
that DEAC450-cAMP and CDNI-GABA could be photolyzed
on the same cell in an optically independent manner using 473-
nm and 355-nm light. Such chromatic orthogonality was
demonstrated by varying the order of the applied wavelengths
as shown in Figure 2c. When DEAC450-cAMP was loaded into
cells and CDNI-GABA was included in the bath solution, firing
was paused transiently when 355-nm light irradiation was
applied first. After recovery, irradiation at 473 nm produced an
enhanced neuronal firing rate, which was briefly blocked again
by irradiation at 355 nm (Figure 2c).
To quantify the effect of illumination on action potential

firing rate, the time between action potentials, or interspike
interval (ISI), was measured before (pre) and after the light
flash (post) and the pre/post flash ISI ratio was used as a
metric. The pre/post flash ISI ratio accurately reveals relative

changes in action potential firing rates across different cells,
even if individual cells have vastly different absolute firing rates.
To control for any inherent drift in basal firing rate and provide
a control condition for statistical analysis, ISI ratios were also
measured from each cell before and after an arbitrary time point
during a time window that contained no light flash (no flash).
Figure 2d summarizes the effects of light on action potential
firing under each condition. In the presence of DEAC450-
cAMP only, when compared to the control condition (no flash:
mean 1.00, SD range 0.91−1.10), blue light produced a large
increase in the ISI ratio (473 nm: mean 2.01, SD range 1.59−
2.53, p < 0.05), whereas violet light did not significantly affect
the firing rate (355 nm: mean 1.04, SD range 0.95−1.13, p >
0.05). In the presence of CDNI-GABA only, in comparison to
the control condition (no flash: mean 1.04, SD range 0.95−
1.13), blue light did not significantly affect firing (473 nm: mean
1.06, SD range 0.97−1.16, p > 0.05), but violet light reduced
the ISI ratio (355 nm: mean 0.70, SD range 0.58−0.84, p <
0.05). In the presence of both compounds, all three light flashes
significantly altered spike rates (355 nm (1): mean 0.72, SD
range 0.61−0.84, p < 0.05; 473 nm: mean 1.60, SD range 1.24−
2.06, p < 0.05; 355 nm (2): mean 0.67, SD range 0.55−0.82, p <
0.05) in comparison to control (no flash: mean 1.03, SD range
0.97−1.09).

■ DISCUSSION
Photochemical protecting groups were introduced in 1966 by
Barltrop and co-workers, when they showed that simple o-
nitrobenzyl carboxylic esters could be photolyzed so as to
liberate the free carboxylate.8 The generality of this protecting
group was established subsequently by the work of several
laboratories.8,35,36 In 1970, Woodward and Patchornik
extended the wavelength range of the o-nitrobenzyl protecting
group by substitution of electron -donating methoxy sub-
stituents onto the aromatic ring.37 These two photochemical
protecting groups have been extensively used by biologists for
caging a very wide range of important biological signaling
molecules.2,7 However, extending the absorption range of the o-
nitrobenzyl protecting group significantly beyond 400 nm has
proved very challenging.38 In contrast, coumarins offer a wide
spectral range as they are extensively used as laser dyes, but
being fluorescent, such molecules would not seem to be prime
candidates for useful photochemical protecting groups.
However, it was discovered in 1995 that 7-methoxycoumarin
derivatives could be used as such for acids,39 photorelease
coming through a photosolvolysis mechanism (reviewed in ref
40). The DEAC chromophore, first used for uncaging in
2001,18 extends the absorption spectrum of coumarin cages
well beyond 400 nm. However, there is considerable overlap of
the DEAC and nitroaromatic caging chromphores spectra
(Figure 1a), making bimodal two-color uncaging experiments
challenging. However, the flexibility of coumarin substitution
and the extensive fluorophore chemistry developed around
aminocoumarins12 made it very attractive for chromphore
evolution into a new useful long wavelength caging
chromphore. We used Heck coupling of methylvinylacrylate16

or tert-butylacrylate to 5 to give the core DEAC450
chromophore (Supplemental Movie). A simple but key feature
of the product (7) from the latter acrylate is the side chain
carboxylate, which enables further flexible elaboration of the
chromophore with molecules such as D-Asp in order to aid
solubility. Thus, 7 was converted into mesylate 9, which was
used for direct caging of cAMP, to give, after deprotection, pure

Figure 2. Bidirectional modulation of neuronal firing rates by optically
orthogonal uncaging of cAMP and GABA. Whole-cell current clamp
recordings from acute mouse brain slices were used to monitor
spontaneous action potential firing in striatal cholinergic interneurons.
DEAC450-cAMP (25−75 μM) was included in the intracellular
solution, and CDNI-GABA (1 mM) was bath-applied. Cell bodies
were irradiated at 473 nm (∼20 μm spot and 410 mW/cm2 for 100−
200 ms) and/or 355 nm (50 μm spot and 16 mW/cm2 for 2 ms).
Scale bars: y = 10 mV, x = 1 s. (a) 473-nm light causes an increase in
the spontaneous firing rate of neurons loaded with DEAC450-cAMP
(left trace), but 355-nm light does not (right trace). (b) 473-nm light
does not alter the spontaneous firing of neurons bathed in CDNI-
GABA (left trace), but 355-nm light transiently inhibits spontaneous
firing (right trace). (c) In the presence of both DEAC450-cAMP and
CDNI-GABA, sequential illumination with 355-nm and 473-nm light
produces bidirectional changes in action potential firing. (d) Bar
graphs show summaries of light-induced changes in action potential
firing by quantifying the ratiometric change in interspike interval (ISI)
before (pre) and after (post) each light flash for many cells. The “no
flash” condition corresponds to ISI ratios measured from each cell
before and after an arbitrary time point. Data are presented as
geometric means + the standard deviation upper limit. Asterisks
denote a significant difference from the “no flash” condition (p < 0.05)
according to paired sample t test analysis.
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equatorial (11a) and axial (11b) DEAC5450-caged cAMP
compounds (Scheme 1 and Supplemental Movie).
DEAC450-cAMP was loaded via whole-cell patch clamp into

neurons in brain slices acutely isolated from transgenic mice
with tdTomato selectively expressed in striatal cholinergic
neurons. This method has two essential properties for such
experiments and has been widely used by many neuro-
physiologists.41,42 It enables the delivery of a precise
concentration of probe to the intracellular space and facile
monitoring of the optically targeted neuron’s electrical function.
We chose to probe striatal cholinergic neurons as these cells are
tonically active because the resting membrane potential is
typically around threshold for firing action potentials.34

Irradiation of the cell body with 473-nm light produced the
expected rapid and robust increase in the firing rate of the
targeted neurons (Figure 2a, left). In separate experiments we
bath applied a nitroaromatic-caged neurotransmitter, CDNI-
GABA, to brain slices. Irradiation of the cell with 355-nm light
uncaged the inhibitory neurotransmitter on the patch-clamped
neurons and caused a transient pause in the tonic action
potential firing (Figure 2b, right). When the same amount of
violet and blue light was used to irradiate cells with DEAC450-
cAMP or CDNI-GABA, no effects from uncaging were detected
(Figure 2a, right, and b, left; respectively). In these experiments
each caged compound was applied to cells individually, and we
were able to determine the level of optical cross talk for each
probe. In our final set of experiments we co-applied the probes
to striatal cholinergic neurons and varied the order of
photolysis with the 355-nm and 473-nm lasers. As before,
irradiation with violet light caused a transient pause in the firing
(Figure 2c), and after full recovery, irradiation with 473-nm
light increased tonic firing. This increase could then be blocked
with another flash of 355-nm light. This sequence of light
flashes demonstrated that our two caged compounds could be
photolyzed with sufficient orthogonality so as to allow arbitrary
application of two opposing stimuli in order to control cell
signaling in a bidirectional manner.
Two-color uncaging has been studied since 2000, when

Bochet pioneered this field for photochemical synthesis9

(reviews, refs 43 and 44). Of course, optically selective
uncaging of one of two optical probes at long wavelengths is
trivial, as excitation of one chromophore is facile as a result of
non-overlap in the redder part of the spectrum. The real
challenge with optical orthogonality lies in the absorption
overlap of the long wavelength probe in the region where the
short wavelength probe is photolyzed.10 The best orthogonality
ratio reported for chemical synthesis by irradiation of two
compounds in equal concentration is about 10 (ref 45; note,
under different conditions this ratio has been improved
recently46). In all cases the wavelengths of light used for such
synthetic organic chemistry (254 and 420 nm) are not
compatible with standard microscopes, as normal optical glass
only transmits visible light (i.e., >330 nm). Visible light has
been used for high-resolution, two-color photolithography with
an excellent orthogonality ratio of >50.47 However in cells such
orthogonality has been difficult to match, and this situation has
been illustrated by several biological studies using several
different caged compounds. Such work took advantage of the
fact that simple nitrobenzyl caged compounds are photolyzed at
short wavelengths (near-UV light in the 340−360-nm range)
but are optically transparent at longer wavelengths (e.g., >420
nm), whereas DEAC-caged compounds are photolyzed
selectively at such long wavelengths.48,49 However, complete
photolysis of the DEAC probe was required before the
nitroaromatic probe was uncaged because short wavelengths
of light photolyzed both probes due to significant overlap at ca.
350 nm (see also refs 50−53). We found that the power
threshold for 355-nm light uncaging of DEAC450-cAMP was at
least 3-fold higher than that used for CDNI-GABA uncaging
before effects of cAMP released could be detected, but with
ever increasing laser power at the shorter wavelength we could
eventually elicit a neuronal response from DEAC450-cAMP
photolysis. This is because there is an absorbance ratio of only
7.5 for DEAC450 between 473 and 355 nm, and this finite
difference has inevitable consequences for the degree of
orthogonality that is possible in such two-color experiments
when one is using linear54 and not nonlinear excitation10,55 for
uncaging. Nevertheless, our data taken together show that our

Table 2. Summary of a range one- and two-photon actuation modalities using caged compounds or genetically encoded
proteinsa

aThe table is divided into quadrants: upper left, one-photon photolysis of caged compounds; lower left, two-photon photolysis of caged compounds;
upper right, one-photon actuation of genetically encoded proteins; lower right, two-photon activation of genetically encoded proteins. Green ticks
and red crosses show known activation of each probe in living cells at the indicated wavelength, ? = not reported but absorption spectra suggest
activation possible. Caged compounds and genetically encoded proteins have been chosen merely to illustrate a range possible optical actuators, a
comprehensive list can found in recent reviews.40,43,44,56,73 bBy analogy with DEAC450-Glu. cSpecialized illumination enables two-photon excitation
of ChR2 in the 830−900nm-range.75. Abbreviations: MNI, 4-methoxy-7-nitroindolinyl; CDNI, 4-carboxymethoxy-5,7-dinitroindolinyl; NPE, 1-(o-
nitrophenyl)ethyl; NV, o-nitroveratryl.
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new coumarin cage (in the form of DEAC450-cAMP) and a
nitroaromatic cage (in the form of CDNI-GABA) can be
photolyzed with excellent optical orthogonality at long and
short wavelengths of visible light, so as to induce bidirectional
signaling with signal cell precision.
Genetically encoded actuation methods offer an alternative

to caged compounds for bidirectional control of neuronal
signaling, and these have been the subject of intensely active
development since 2004.56−59 For example, cis−trans isomer-
ization of an azobenzene probe tethered to a mutant cysteine
residue near a potassium channel was used for reversible
control of action potential firing with two wavelengths of light
(on with 500 nm, off with 380 nm).60 Similar on−off gating was
achieved with two rhodopsin-based probes (on with
channelrhodopsin261,62 (ChR2) at 473 nm, off with halorho-
dopsin (Halo or NpHR) at 600 nm).60,63,64 Recently, some
mutant rhodopsins (e.g., C1V1 and eArch3.0) have been shown
to be very active with two-photon excitation, thus extending the
wavelength range available for two-color photolysis.65 Im-
portantly, the rhodopsin-based approach can easily be used in
living animals66−68 because only a single component is required
for probe delivery. The rapid adoption of these genetically
encoded methods by the neuroscience community69 poses the
question, “Are caged compounds still useful?” We believe a
careful examination of the chemical and spectral properties of
caged probes and genetically encoded photoactuators shows
that the two methods are highly complementary, with one report
even showing that the two methods can be combined in vitro.70

Table 2 summarizes a selection of the basic chemico- and
geneto-optical actuation modalities currently available to
neuroscientists and illustrates the wavelength and biochemical
diversity of these two methods.

■ CONCLUSION
In this report we describe the design logic behind the spectral
evolution of the DEAC cage that lead to the development of a
new photochemical protecting group, which we call
“DEAC450”. This new caging chromophore has a large
absorptivity in the 440−480-nm range, a wavelength region
that is chromatically isolated from the widely used nitro-
aromatic caging chromophores, such as nitrobenzyl,17,37

nitroindolinyl,71 and their derivatives.7,72 Furthermore,
DEAC450 has a striking absorption minimum in the wave-
length region where such nitroaromatic protecting groups are
photolyzed. We made DEAC450-caged cAMP as the first
example of an intracellular second messenger that is highly
sensitive to photolysis with blue light. Our work shows how
logical chromophore evolution can be used to refine a caging
chromophore so as to “fill in the gap” in the optical arsenal
available for photochemically orthogonal modes of actuation
available to neurophysiologists who study cells using caged
compounds, with chromatically selective, dual 1P uncaging
joining dual 2P photolysis10 and 2P/1P excitation.70 Of course
caged compounds have been used to control the concentration
of a very wide variety of molecules40,43,44,73,74 that extends well
beyond those involved in neuronal membrane potential.
Further, this generality of actuation is in stark contrast to
genetically encoded methods. Thus, when paired with other
traditional caging chromophores that are highly active at short
wavelengths, DEAC450-caged biomolecules may enable further
examples of arbitrary two-color uncaging of two signaling
molecules with living cells using visible light beyond those in
our current work.

■ EXPERIMENTAL SECTION
Chemical Synthesis. CDNI-GABA was made as described

previously.29 Full details of the synthesis of DEAC450-cAMP and
compound 4 are described in the Supporting Information.

Photochemical Methods. The quantum yield of uncaging was
measured by comparative photolysis as described previously for other
caged compounds.10,11,27,29 Concentrations of DEAC450-Glu and
DEAC450-cAMP were set to give an OD = 0.2 at 473 nm in a 1-mm
cuvette. A defocused 473-nm laser was used for irradiation. Compound
4 was compared to N-DCAC-GABA10 by matching the absorbance at
410 nm. The solutions were photolyzed with a defocused 410-nm
laser. Solutions were made in HEPES (40 mM) and KCl (100 mM) at
pH 7.4.

Physiology Methods. All animal handling was performed in
accordance with guidelines approved by the Harvard Institutional
Animal Care and Use Committees and federal guidelines. Coronal
forebrain slices 300 μm in thickness were acutely isolated as described
previously31 from P30-P45 mice expressing the fluorescent protein
TdTomato in cholinergic neurons, used to facilitate in their
identification. Full details are described are described in the
Supporting Information.
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