Beilstein Journal
of Organic Chemistry

A chemist and biologist talk to each other about

Commentary

Address:
Department of Neuroscience, Mount Sinai School of Medicine, One
Gustave Levy Place, New York, NY 10029, USA

Email:
Graham C.R. Ellis-Davies - graham.davies@mssm.edu

Keywords:

caged compounds; cell signaling; electrophysiology; neuronal
currents; photolabile neurotransmitters; rates of reaction; receptor
antagonism

Abstract

caged neurotransmitters

Graham C.R. Ellis-Davies

Beilstein J. Org. Chem. 2013, 9, 64-73.
doi:10.3762/bjoc.9.8

Received: 01 September 2012
Accepted: 07 December 2012
Published: 11 January 2013

This article is part of the Thematic Series "Molecular switches and cages".

Guest Editor: D. Trauner

© 2013 Ellis-Davies; licensee Beilstein-Institut.
License and terms: see end of document.

Caged compounds are small organic molecules that can be photoactivated with brief pulses of light. They are widely used to study a

great variety of biological processes by physiologists, cell biologists and neuroscientists. Initially made and invented by biologists

in the late 1970s, they are now made mostly by chemists, often without any dialogue with the end users, the biologists. The idea for

this review is to stimulate interaction between the two communities to further the creative development and application of these

powerful optical probes.

Introduction

The first biologically active molecules to be synthesized with
photochemically protecting groups at their active sites were
nucleotides [1,2]. Two reports appeared in 1977 and 1978
describing the synthesis of ortho-nitrobenzyl derivatives of
cyclic-AMP [1] and ATP [2]. The photolabile cAMP derivative
was one member of a series of phosphate esters made as
membrane permeable pronucleotides. Thus, this optical probe
arose out of the context of the already developed prodrugs that
used thermal chemistry for release of their latent cargo. In
contrast, the photolabile ATP molecule was synthesized in a
physiology department for rapid photoactivation of a particular
enzyme, the Na,K-ATPase. It was the latter group that dubbed
such photochemical probes “caged compounds”. This simple

term has been adopted by biologists since that time [3-9],
perhaps because the photolabile ATP compound was the one
that was used in a series of important muscle physiology studies
in the 1980s [6,10-13]. Chemists have been much more resis-
tant to embrace the moniker, mostly because the term is used
for cagelike structures (e.g., cubane), but also perhaps due to the
“lateness of arrival” into the field, which gave rise to attempts
to commandeer the field for themselves by using a host of
different terms [14-16]. Having expressed this opinion, there is
no doubt that chemists were slow to use their great synthetic
skills to help biologists develop new caged compounds. It can
be seen that in the 1980s all the important new caged com-

pounds were made in biology departments: (1) caged calcium

64

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:graham.davies@mssm.edu
http://dx.doi.org/10.3762%2Fbjoc.9.8

[17] (molecular biology), (2) caged IP3 [5] (physiology) and
carbamoylcholine [9] (biochemistry). The last of these new
probes was the beginning of the development of caged neuro-
transmitters (e.g., glutamate, GABA, sertonin, glycine) and an
important collaboration [18-24] between George Hess (a
biophysicist) and Barry Carpenter (a chemist).

Why was this collaboration important for this field? The answer
has two parts. First, it is rare for one group to encompass all the
expertise required for the development of such optical probes,
as skills in organic chemistry, photophysics, ion-channel
biophysics and neurobiology are ideally all involved in the
process. Secondly, the main goal of the team was set by the bio-
logical problem [25], and often such problems are not well
understood by chemists working in isolation. Thus, to solve the
biological problem provided by the biologist (Hess), a newer
caging chromophore [18] had to be synthesized by a chemist
(Carpenter). Thus, chemists came to play a crucial role in the
caged compound field. Chemistry at the service of biology is
not unusual or unique, as the pharmaceutical industry is built on
this idea. In my view it still remains difficult for organic
chemists and neurobiologists to understand the limitations of
the others’ field, and it is these limitations that are crucial for
compound development. In this review I try to take the side of
the neurobiologist who is thinking about using a caged trans-

Table 1: Properties of various caged glutamate probes?.
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mitter in an experiment. I ask the chemist a series of simple
questions about the caged compound(s); some of these ques-

tions, we discover, do not have simple answers.

Glutamate is the most important neurotransmitter in the brain,
as its release at nerve synapses transfers electrical signals
between pre- and postsynaptic cells. Approximately 80% of
such signaling is carried out by glutamate binding to AMPA
receptors, the major post-synaptic excitatory ionotropic ion
channels that bind glutamate. These receptors are blocked
specifically by a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid, hence their acronym. For this reason the develop-
ment of caged forms of this neurotransmitter has been the
subject of considerable activity by chemists. Furthermore, the
vast majority of neurons and all astrocytes have glutamate
receptors involved in other types of cellular signaling, and so
many biologists are interested in stimulating these receptors. I
focus the conversation on caged glutamate probes (Figure 1).

Discussion

Biologist: Is your caged glutamate "biologically inert"?

Chemist: We have several caged glutamate molecules [7,23,26-
34], and some are even commercially available [18,26,27,31,33]
(Table 1). In order to address your question, we can see that in

Caged Glu € (Amax) D (% Glu ed 2PuCS Commercial Pharmacolo Stability in Solubility
yield) (GM/nm) gy towards  aqueous (mM) at pH
GABA-A buffer 7.4in
aqueous
buffer
Noc 500 (350) 0.65 (100) 325 NR none NR Stable >50
CNB 500 (350) 0.14 (100) 60 NR Invitrogen Partial Half-life 17 h >50
agonist rt
MNI 4,300 (330) 0.085(>95) 357 0.06 (740)  Tocris SA10mM  Stable 400
RuBi 5,600 (450) 0.13 (NQ) 728 0.14 (800)  Tocris 50% Stable NR
inhibition at
0.3 mM
PMNB 9,900 (317) 0.1 (100) 990 0.45 (800) none NR Stable Requires
1% DMSO
antMNI 27,000 (300) 0.085(94) 2295 NR none NR Stable 33
BNSF 64,000 (415) 0.25 (65) 16,000 5(800) none NR ND 0.1
CDNI 6,400 (330) 0.6 (100) 3,840 0.06 (720) none MA 0.4 mM StablepH2 100
DEAC 13,700 (390) 0.11 (NQ) 1507 NR none NR stable NR
MANI 4,300 (330) 0.1 (100) 430 NR Sigma NR Like MNI >100
Bhc 43,000 (458) 0.3 (100) 12,900 1(740) none NR Stable 75
frozen pH
7.4

@Abbreviations and symbols: €, extinction coefficient; ®, quantum yield; 2PuCS, 2-photon uncaging cross section; NR, not reported; MA, mild agonist;
Noc, N-nitrophenethyloxycarbonyl; CNB, carboxynitrobenzyl; MNI, methoxynitroindolinyl; RuBi, ruthenium-bipyridine; PMNB, propylmethoxynitro-
biphenyl; antMNI, antennea-methoxynitroindolinyl; BNSF, bisnitropropylstyrylfluorene; CDNI, carboxymethylnitroindolinyl; DEAC, diethy-
laminocoumarin; MANI, methylacetoxynitroindolinyl; Bhc, bromohydroxycoumarin.
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Figure 1: Structures of various caging chromophores. Abbreviations: Noc, N-nitrophenethyloxycarbonyl; CNB, carboxynitrobenzyl; DMCNB,
dimethoxycarboxynitrobenzyl; Bhc, bromohydroxycoumarin; MANI, methylacetoxynitroindolinyl; MNI, methoxynitroindolinyl; antMNI, antennea-
methoxynitroindolinyl; DEAC, diethylaminocoumarin; CDNI, carboxymethylnitroindolinyl; PMNB, propylmethoxynitrobiphenyl; BNSF, bisnitropropyl-

styrylfluorene; RuBi, ruthenium-bipyridine.

most of the original papers describing the development of the
compounds, detailed pharmacology was described. In one
report, the spontaneous miniature excitatory post-synaptic
currents (EPSCs) were measured in the presence and absence of
a probe when it was puffed at 10 mM concentration onto
cultured hippocampal neurons [31]. The histograms of the
ensemble averages were indistinguishable. The other examined

whether MNI-Glu blocked the current evoked by puffer applica-

tion of glutamate itself onto neurons [35]. Since these original
reports, many other groups have reproduced these results, so
they are probably reliable. A recently developed caged gluta-
mate that uses different photochemistry ("RuBi-Glu") is also
reported to be inert towards AMPA receptors [33]. This study
also noted that MNI-Glu perturbed AMPA spontaneous minia-
ture EPSCs. So it is difficult for us chemists to judge from such
reports how to improve the caged compounds any further. In
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fact, in our own field we know very well, that the same reagent
can give different results under slightly different conditions, or

even the same conditions!

Biologist: Neuroscientists most often simply want the tech-
nology they buy to “work”. So it can be inferred that if many
different groups have successively used some piece of tech-
nology, it is probably fine.

Chemist: We chemists have a similar appreciation of
technology in our own field. For example, in the field of
the development of reagents for synthetic methods, there
are examples of reagents that have been found to give very
reliable and reproducible yields for the transformation that they
are designed to accomplish, by many laboratories. In contrast,
the literature is full of "single-data-point reports" of
chemical transformations. Naturally chemists tend to trust the
former.

Biologist: It is well known from work in the pharmaceutical
industry that drugs developed to target receptors can have unde-
sirable and surprising side effects, so-called off-target effects.
What about these caged Glu probes?

Chemist: It is much harder to give a clear-cut answer to this
question. At the high concentrations that are used for two-
photon experiments (range 3—12 mM) all classes of caged
neurotransmitters are reported to block GABA-A receptors to
some extent [33,36,37]. This off-target effect was only discov-
ered relatively recently, as it never occurred to anyone that
probes such as MNI-Glu, which were inert toward their target
[31], would block another neuroreceptor in the same concentra-
tion range [36]. The structure—function relationship for such
effects is not fully understood. What is known is that similarly
caged Glu and GABA probes (e.g., CDNI-Glu and -GABA)
both block GABA-A receptors with the same efficacy, implying
that the amino acid is not crucial. Furthermore, the diversity of
the structures of caging chromophores (Figure 1) implies that
one specific functionality cannot give rise to such undesirable
effects. However, at low concentrations (range 5-300 pM) it
seems that these off-target effects are significantly reduced
[38,39]. For other glutamate receptors, such as amino acid
transporters involved in the clearance of glutamate by astro-
cytes, caged compounds do not block such receptors [40]. The
effect of caged transmitters on other membrane receptors, such
as voltage-caged ion channels, has not been well studied. The
good news is that since the caged transmitters have a relatively
low affinity for GABA-A receptors, it turns out that most, if not
all, can be overcome by uncaging anyway [36]. Thus, I would
like to ask, how important are such off-target effects for your

experiments?
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Biologist: This is a good question. Perhaps we biologists simply
don't like the idea of using probes that slightly perturb the
system we study in some way, even if it does not make much
difference to the question we are addressing. One type of
experiment one could imagine performing where it may be
important is the combination of two-photon uncaging of gluta-
mate with optogenetic activation of GABA receptors from
genetically selected neurons. In such a paradigm the applica-
tion of high concentrations of caged Glu would probably block
the effects of synaptically released GABA.

A possible advantage of blockade is that it may enhance the
spatial restriction of photoreleased transmitter. Certainly, a
smart experiment would be to take advantage in some way of
the poor pharmacology of caged transmitters towards GABA
receptors. Two good examples from another area are the known
chloride and pH sensitivity of wild-type GFP fluorescence
being used as indicators for these solutes [41,42]. Most fluores-
cent proteins we use have these properties mutated away;
however, the genetically encoded indicators actually use the
“weaknesses”. Some photolabile neurotransmitters have now
been developed and are commercially available without any
testing of any sort being performed. Thus, they cannot even
really be called “caged”.

Biologist: Is your caged transmitter "water soluble"?

Chemist: It is well known in the pharmaceutical industry that
water solubility is one of the true challenges for drug develop-
ment. Often drugs are built up around rigid hydrocarbon scaf-
folds, such substances are inherently hydrophobic. The same
issue applies to caged compounds, as in these we add aromatic
rings to produce photosensitivity. The simplest type of caging
chromophores are quite water soluble (Table 1), but even
modest derivatives can lose water solubility precipitously! With
drugs this is often counteracted by adding betacyclodextrin to
the formulation, and with caged compounds, a small amount of
organic solvent (ca. 1%) is what we chemists typically resort to
[28,43,44], but sometimes much larger proportions are required
for effective uncaging [45], rendering the method biologically
useless. What is acceptable to, or ideal for neurobiologists?

Biologist: Last time I looked there was no organic solvent in the
brain. The pH of physiological buffer is in the range of 7.2-7.4
and is set by dissolved CO,. For obvious reasons, neurobiolo-
gists who use acutely isolated brain slices to study neuronal
function mimic this buffer. Neurons are the most sensitive cells,
so even small amounts of organic solvents can be quite toxic,
and thus no one would routinely use any DMSO or methanol in
their buffer. Perhaps 0.1% is OK if one is desperate; but ideally
no organic solvents should be present in the buffer.
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Chemist: We chemists tend not to be too concerned about
reagent concentrations in our work, as long as the substrates
dissolve, we are fine. All caged neurotransmitters are water

soluble to some extent, so how soluble do they have to be?

Biologist: We are very concerned about concentrations! But the
exact amounts used always depend on the type of experiment.
Routine one-photon uncaging only requires a concentration of
1 mM (maximally), and quite often, much lower concentrations
work very well [46-49]. As we have already noted, two-photon
uncaging normally requires significantly higher concentrations
[30,50-53], so for these experiments solubility becomes more of
an issue. It is important for chemists to know that we usually
make up stock solutions that are at least 10 times higher than
those used, therefore we would look for water solubility in the
50-100 mM range.

Chemist: This can easily be achieved for caged transmitters
with simple chromophores such as MNI-Glu and CNB-Glu. But
even the addition of one nitro group or aromatic ring to these
molecules dramatically reduces their solubility properties
making them much more difficult to use [34]. But note the new
RuBi-Glu [33] probe is soluble in water up to 20 mM, even
though it has many aromatic rings.

Biologist: How water stable are the caged neurotransmitters at

physiological pH?

Chemist: Again this varies tremendously. The nature of the
chemical bond used for caging defines the aqueous stability.
Simple benzyl esters are fairly stable, so CNB-Glu [18] has a
decent half-life at pH 7.4. However, more electron-rich mole-
cules tend to be much more unstable. Phosphate esters are more
stable than carboxylate esters, but they also suffer from insta-
bility. Thus, an electron-deficient NB-caged cAMP is very
stable but an electron rich one (DMNB-cAMP) is not [4,54].
The opposite trend is true for nitroindolinyl-caged transmitters
[26,27,32,36]. Because of this problem, chemists have resorted
to inserting a spacer unit between the caging chromophore and
the substrate [7,55-59]. This strategy has been very successful
in creating some highly stable caged compounds, but some-
times at the expense of another property, such as the rate of
release [7]. For example, GABA caged directly as an ester with
coumarin chromophores is photoreleased quickly, but is quite
unstable in (frozen) solution [60]. However, when caged via a
carbamate, its release is orders of magnitude slower, but the
compounds are water stable [56]. When phenols (e.g., sero-
tonin or capsaicin) are caged via the carbonate, they are effec-
tively stable and released quickly [61,62]. It is also important to
note that the stability of all these “acid-like” caged compounds
depends on the pH of the aqueous solution. All are more stable
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in the pH range of 2—4, and much less stable above pH 8. Thus,
it may be better for long-term storage of solutions to be done at
the former, with daily solutions diluted from stocks.

Other caged compounds, due to the chemical bond that is used,
are impossible to hydrolyze. For example, all ethers and amines
caged with nitrobenzyl groups are completely stable [18]. RuBi-
Glu and GABA are also stable [33,38], as these are caged using
donation from the amine lone pair of the neurotransmitter into
the Ru d-orbital. Finally, it is important to note that many
chemists do not study stability at physiological temperatures,
nor do they perform long-term stability tests over many months.
How important are such details for biological use?

Biologist: In fact this sort of information is really quite impor-
tant. We often perform experiments with warm buffer
(30-37 °C), or even in living animals. Also, for practical
purposes we make stock solutions for freezing in aliquots, and
only thaw for use at the desired time.

Chemist: Since 1980, the rate of release of the caged compound
has been the subject of study by those who develop caged com-
pounds [3]. Since the reaction mechanisms are quite
complex, these details have also fascinated many chemists
in the field of caged compounds [63]. In fact, we can get
quite “distracted” by such arcane studies. Can you help
with guidelines for the requirements you have for rates of

uncaging?

Biologist: As you noted for chemical stability, such require-
ments vary a good deal! Our requirements are conditioned by
two concerns. First, we are limited by our measurement ability.
In terms of imaging or electrophysiology it is very difficult for
us to measure anything in a cell faster than a few microseconds.
In electrophysiology, we normally apply a digital filter to the
signal. These are in the range of a few kilohertz, and such
signals would be digitized at tens of kilohertz [64,65]. Imaging
is slightly different but it is also relatively slow, and is defined
by the ability to collect enough photons from a unit area (a
pixel). For standard confocal imaging the dwell time for each
pixel is a few microseconds, meaning an image frame takes
about 1-2 seconds [66]. This is much slower than electro-
physiology. There are several methods that are used to speed up
the rate of image acquisition [67,68], but even these are limited
to 30—100 Hz for full frame (512 x 512 pixels) imaging. Of
course if one takes smaller frame sizes the rate increases. The
most widely used method is simply eliminating the frame, by
using “line-scan” imaging, in which each line may require only
2 ms. Some modern imaging software allows many “short
lines” to be connected, enabling quite fast imaging of selected
cellular areas [69,70].
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Chemist: So if we uncage in the pico- or nanosecond time range
[71,72] is this of any real use for biology?

Biologist: Not really. As mentioned above, because we are
constrained by measurement protocols, probably the
1-10 microseconds range is sufficient for most purposes. I have
been confused by some reports of “rates of reactions” being
given as a time course for steady-state photolysis over many
seconds or minutes [45], whereas other reports show rates from
laser flash photolysis [3,61]. Can you help clarify this?

Chemist: Only the latter should be called a rate. The former is
simply a way of measuring the quantum yield by determining
the half-time (hence “rate”) of photolysis under some set of
defined irradiation conditions. However, even with the former
measurement care must be taken. The chemical reactions of
release can be quite complex, so the rate of release of product is
the key property [3,62,63]. In fact this is one reason why
chemists study reaction mechanisms, as there can be several
intermediates along the reaction pathway, leading to transmitter
release [73]. Unfortunately, there is no easy way to detect gluta-
mate optically, so the other products from uncaging are used as
surrogates for the transmitter [61]. For example, protons can
often be a reaction product, so pH detection is used [7,8]. If
the aromatic side product has a distinctive absorption, the
appearance of this species can be measured [3]. However, not
all caged compounds have such side products, or their appear-
ance may not be in the rate-limiting step along the reaction
pathway.

Biologist: From receptor kinetics in membrane patches from
cultured neurons, the estimated half-time of the increase in
glutamate concentration is fast [74] (ca. 0.1 ms). The measured
postsynaptic rise (10-90%) for excitation [75] is about
0.15-0.70 ms and inhibition [76] about 0.4 ms.

Chemist: Short periods of two-photon excitation (0.05 ms)
allow one to mimick such events [31], implying the rate of
uncaging of glutamate from MNI-Glu is not rate-limiting for
optical stimulation of postsynaptic ionoropic receptors. RuBi-
Glu is uncaged in less than 50 ns [77], so this probe may be
used with similar confidence. The first fast caged glutamate,
CNB-Glu, is photoreleased with a half-time of about 0.03 ms
[18].

Chemist: A somewhat neglected property of caged neurotrans-
mitters is their compatibility with biological buffers. This
is a different issue from chemical stability and pure solubility.
It seems that some phosphate derivatives of polyaromatic
chromophores have been reported to precipitate in artificial

cerebral spinal fluid [78,79]. This property has not been
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studied for many other caged transmitters, but probably
the lack of difficulties for the most widely used caged
compounds suggests that they are well tolerated in physiolog-
ical buffers.

Biologist: What is the difference between photochemical and
chemical efficiency for uncaging reactions?

Chemist: The photochemical efficiency of uncaging involves
two completely distinct properties [80]. First, we must consider
how well a molecule absorbs light, through the molar extinc-
tion coefficient, €. This property measures how effectively
a chromophore absorbs photons. Thus, fluorescein
(e = 80,000/M/cm) absorbs light much better than MNI-Glu
[27] (¢ = 4,300/M/cm). The second property is the quantum
yield of photolysis (chemists use the symbol @ for this). This
measures how many excited molecules give a product, with the
normal maximum being 1. Photochemical efficiency is &' ®. So,
to some extent, a large € can make up for a poor @, but ideally
the ® should be large, to take maximum advantage of the
absorbed light. A large € allows the use of less light, thus poten-
tially avoiding phototoxic side effects from uncaging. However,
it has been pointed out that very large € are not always advanta-
geous for 1-photon uncaging experiments [80,81]. If a solution
of 1 mM is applied to a cell and the chromophore has an
€ =4,300/(M-cm), then a 1 mm path length absorbs a fraction
1 —log 0.43, and a 4 mm path length absorbs 1 —log 1.92. Such
path lengths are typical for microscope objectives, meaning that
much of the light will be absorbed before it reaches the cell
[81]. This saturation problem is not an issue for two-photon
excitation of caged compounds.

Chemical efficiency is unrelated to € and ®. It refers to the basic
property of the chemical yield of glutamate compared to the
amount of caged glutamate photolyzed. The good news is that
most uncaging reactions are quite efficient chemically, with few
competing side reactions [80]. One of the caging chromophores
has been reported [29] to undergo a significant side reaction that
traps the caged compound in a cul-de-sac. However, no reac-
tion is completely “clean”, so it is doubtful that 100% release of

glutamate can ever come from uncaging.

Biologist: Many really important biological experiments with
caged transmitters have been performed with compounds that
have relatively poor photochemical efficiency [82]. So why do
you chemists continue to make new compounds if the old ones
work?

Chemist: This is a good question. Certainly CNB-Glu [18] and

CNB-GABA [83] yielded many useful results [82]. For one-
photon uncaging the & ® of these is sufficient. However, they
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are prone to hydrolysis, so the first nitroindolinyl-caged Glu
was a real improvement, as it is much more stable at
physiological pH [26]. Thus, for all 1-photon experiments this
caged Glu compound is sufficient; however, it is not very
sensitive to two-photon excitation. Hence, several other
nitroindolinyl-caged transmitters have been made and used
[31,32,34,36,39,40,56,84,85]. Since these have been designed
for 2-photon uncaging, they have proved useful in many neuro-
physiological experiments in brain slices, especially those
concerning the biochemistry in single spine heads. Note that
MNI-Glu was independently made by two groups at the same
time [27,86], but only one of them appreciated that the mole-
cule would be useful for this area of optical neuroscience [31].
In reality, I think we chemists need guidance from you biolo-
gists as to what is required for the “next phase” of caged trans-

mitter development.

A
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Biologist: Certainly one of the things that would be very helpful
for us is that if you make a new caged transmitter, you perform
some side-by-side real-world comparison. For example, when
the genetically encoded calcium indicators (GECI) are made, it
is standard practice to bench-mark them against calcium dyes
and earlier GECI [87-93]. The other GE technology based on
proteins called “channelrhodopsins” is also rapidly evolving,
and this is done in a comparative way [94]. Thus, similar
comparisons for each new caged neurotransmitter would be
useful. Since one such example has been reported [32]
(Figure 2), and several are now commercially available
(Table 1) this seems a fairly straightforward task.

Chemist: Since the discovery of the light-gated ion channels
called channelrhodopsins (ChR) in 2002 [95] and 2003 [96], a
second method for optical activation of neuronal cells has been
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Figure 2: Comparative two-photon uncaging of MNI-Glu and CDNI-Glu on pyramidal neurons in an acutely isolated brain slice. (A) Fluorescent image
of a pyramidal neuron filled with red dye. Numbered crosses correspond to the positions of the points of uncaging in B. (B) Currents evoked by two-
photon irradiation at points marked in A. (C) Comparative photolysis of MNI-Glu and CDNI-Glu on the same neuron. The caged compound was topi-
cally applied from a puffer pipette at a concentration of 10 mM above the brain slice. Current traces are an average of several trials. (D, E) Relative
peak currents and charges evoked by CDNI/MNI. Note some receptor saturation from uncaging the more photoactive CDNI decreases the ratio at
higher powers. Data courtesy of Martin Paukert and Dwight Bergles (Johns Hopkins School of Medicine). The two caged compounds were applied

"blind" during these experiments.
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developed. Some think that the massive and expanding popu-
larity of optogenetic stimulation shows that synthetic caged
compounds remain a fairly mature niche technology. What do
you think is required from chemists to sustain support for
uncaging technology?

Biologist: First, it is important to say the obvious, that very
clearly channelrhodopsin and caged compounds are comple-
mentary methods. But certainly many neuroscientists are using
channelrhodopsin who did not use caged compounds. This is
because they want to control the behavior of a moving animal
[97,98]. Importantly, genetic methods allow ChR to be
expressed in cells without any additional cofactors (no chemi-
cals) and to select which cells have the ChR [94,98]. These two
properties are very powerful advantages for neuroscience,
compared to caged compounds. However, when it comes to
other organs, where a firing action potential is not so important,
it is not so clear how useful ChR can really be. Secondly, opto-
genetic control technology is limited to a few signaling cascade
molecules [94], whereas caged compounds can be used for
virtually any type of molecule [80]. However, all too often the
ingenious inventions of organic chemists in this realm do not
move beyond the initial proof-of-principle deployment [99-
102]. Even in the case of caged glutamate compounds the vast
majority of the new probes are not used to do new biological
experiments (Table 1). Thus, I think it is vital for chemists to
seek out closer collaborations with biologists of all sorts to
enable the creative development of truly useful new caged com-
pounds.

Conclusion

Caged compounds have been uniquely powerful optically acti-
vated chemical tools for many areas of biological science. In
particular, the past 20 years have witnessed an increased refine-
ment in terms of the ability to localize neurotransmitter release.
Starting from broad-scale mapping of synaptic connections, by
using UV stimulation, to highly local concentration jumps, by
two-photon excitation of caged glutamate compounds, caged
glutamate probes continue to be widely used by the neuro-
science research community. These probes could only have
developed in the context of a fruitful dialogue between organic
chemists and neurobiologists.

Acknowledgements

My laboratory is supported by grants from the NIH (GM53395
and NS69720). I thank my long-term neuroscience collabora-
tors for many scientific interactions that have stimulated the
development of novel caged compounds. I also thank Prof.
Matsuzaki for the uncaging data shown in the graphical
abstract.

Beilstein J. Org. Chem. 2013, 9, 64-73.

References

1. Engels, J.; Schlaeger, E. J. J. Med. Chem. 1977, 20, 907-911.
doi:10.1021/jm00217a008

2. Kaplan, J. H.; Forbush, B., lll; Hoffman, J. F. Biochemistry 1978, 17,
1929-1935. doi:10.1021/bi00603a020

3. McCray, J. A.; Herbette, L.; Kihara, T.; Trentham, D. R.

Proc. Natl. Acad. Sci. U. S. A. 1980, 77, 7237-7241.
doi:10.1073/pnas.77.12.7237

4. Nerbonne, J. M.; Richard, S.; Nargeot, J.; Lester, H. A. Nature 1984,
310, 74-76. doi:10.1038/310074a0

5. Walker, J. W.; Somlyo, A. V.; Goldman, Y. E.; Somlyo, A. P.;
Trentham, D. R. Nature 1987, 327, 249-252. doi:10.1038/327249a0

6. Goldman, Y. E.; Hibberd, M. G.; McCray, J. A.; Trentham, D. R.
Nature 1982, 300, 701-705. doi:10.1038/300701a0

7. Corrie, J. E.; DeSantis, A.; Katayama, Y.; Khodakhah, K.;
Messenger, J. B.; Ogden, D. C.; Trentham, D. R. J. Physiol. 1993,
465, 1-8.

8. Khan, S;; Castellano, F.; Spudich, J. L.; McCray, J. A.; Goody, R. S.;
Reid, G. P.; Trentham, D. R. Biophys. J. 1993, 65, 2368-2382.
doi:10.1016/S0006-3495(93)81317-1

9. Milburn, T.; Matsubara, N.; Billington, A. P.; Udgaonkar, J. B.;
Walker, J. W.; Carpenter, B. K.; Webb, W. W.; Marque, J.; Denk, W.;
McCray, J. A.; Hess, G. P. Biochemistry 1989, 28, 49-55.
doi:10.1021/bi00427a008

10. Goldman, Y. E.; Hibberd, M. G.; Trentham, D. R. J. Physiol. 1984,
354, 577-604.

11. Goldman, Y. E.; Hibberd, M. G.; Trentham, D. R. J. Physiol. 1984,
354, 605-624.

12. Dantzig, J. A.; Higuchi, H.; Goldman, Y. E. Methods Enzymol. 1998,
291, 307-348. doi:10.1016/S0076-6879(98)91021-7

13. Hibberd, M. G.; Dantzig, J. A.; Trentham, D. R.; Goldman, Y. E.
Science 1985, 228, 1317-1319. doi:10.1126/science.3159090

14. Givens, R. S.; Park, C.-H. Tetrahedron Lett. 1996, 37, 6259-6262.
doi:10.1016/0040-4039(96)01390-1

15. Hagen, V.; Bendig, J.; Frings, S.; Eckardt, T.; Helm, S.; Reuter, D.;
Kaupp, U. B. Angew. Chem., Int. Ed. 2001, 40, 1045-1048.
doi:10.1002/1521-3773(20010316)40:6<1045::AID-ANIE10450>3.0.C
0;2-F

16. Suzuki, A. Z.; Watanabe, T.; Kawamoto, M.; Nishiyama, K_;
Yamasbhita, H.; Ishii, M.; Iwamura, M.; Furuta, T. Org. Lett. 2003, 5,
4867-4870. doi:10.1021/0l0359362

17. Tsien, R.Y.; Zucker, R. S. Biophys. J. 1986, 50, 843—-853.
doi:10.1016/S0006-3495(86)83525-1

18. Wieboldt, R.; Gee, K. R.; Niu, L.; Ramesh, D.; Carpenter, B. K.;
Hess, G. P. Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 8752-8756.
doi:10.1073/pnas.91.19.8752

19. Wieboldt, R.; Ramesh, D.; Carpenter, B. K.; Hess, G. P. Biochemistry
1994, 33, 1526—1533. doi:10.1021/bi001722a032

20. Breitinger, H.-G. A.; Wieboldt, R.; Ramesh, D.; Carpenter, B. K;;
Hess, G. P. Biochemistry 2000, 39, 5500-5508.
doi:10.1021/bi992781q

21. Grewer, C.; Jager, J.; Carpenter, B. K.; Hess, G. P. Biochemistry
2000, 39, 2063—2070. doi:10.1021/bi9919652

22. Banerjee, A.; Grewer, C.; Ramakrishnan, L.; Jager, J.; Gameiro, A,;
Breitinger, H.-G. A.; Gee, K. R.; Carpenter, B. K.; Hess, G. P.

J. Org. Chem. 2003, 68, 8361-8367. doi:10.1021/jo0300643

23. Shembekar, V. R.; Chen, Y.; Carpenter, B. K.; Hess, G. P.
Biochemistry 2005, 44, 7107-7114. doi:10.1021/bi0476650

24. Shembekar, V. R.; Chen, Y.; Carpenter, B. K.; Hess, G. P.
Biochemistry 2007, 46, 5479-5484. doi:10.1021/bi700280e

71


http://dx.doi.org/10.1021%2Fjm00217a008
http://dx.doi.org/10.1021%2Fbi00603a020
http://dx.doi.org/10.1073%2Fpnas.77.12.7237
http://dx.doi.org/10.1038%2F310074a0
http://dx.doi.org/10.1038%2F327249a0
http://dx.doi.org/10.1038%2F300701a0
http://dx.doi.org/10.1016%2FS0006-3495%2893%2981317-1
http://dx.doi.org/10.1021%2Fbi00427a008
http://dx.doi.org/10.1016%2FS0076-6879%2898%2991021-7
http://dx.doi.org/10.1126%2Fscience.3159090
http://dx.doi.org/10.1016%2F0040-4039%2896%2901390-1
http://dx.doi.org/10.1002%2F1521-3773%2820010316%2940%3A6%3C1045%3A%3AAID-ANIE10450%3E3.0.CO%3B2-F
http://dx.doi.org/10.1002%2F1521-3773%2820010316%2940%3A6%3C1045%3A%3AAID-ANIE10450%3E3.0.CO%3B2-F
http://dx.doi.org/10.1021%2Fol0359362
http://dx.doi.org/10.1016%2FS0006-3495%2886%2983525-1
http://dx.doi.org/10.1073%2Fpnas.91.19.8752
http://dx.doi.org/10.1021%2Fbi00172a032
http://dx.doi.org/10.1021%2Fbi992781q
http://dx.doi.org/10.1021%2Fbi9919652
http://dx.doi.org/10.1021%2Fjo0300643
http://dx.doi.org/10.1021%2Fbi047665o
http://dx.doi.org/10.1021%2Fbi700280e

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Grewer, C.; Hess, G. P. Biochemistry 1999, 38, 7837—7846.
doi:10.1021/bi9827767

Papageorgiou, G.; Ogden, D. C.; Barth, A.; Corrie, J. E. T.

J. Am. Chem. Soc. 1999, 121, 6503-6504. doi:10.1021/ja990931e

Papageorgiou, G.; Corrie, J. E. T. Tetrahedron 2000, 56, 8197—8205.

doi:10.1016/S0040-4020(00)00745-6

Specht, A.; Thomann, J.-S.; Alarcon, K.; Wittayanan, W.; Ogden, D.;
Furuta, T.; Kurakawa, Y.; Goeldner, M. ChemBioChem 20086, 7,
1690-1695. doi:10.1002/cbic.200600111

Gug, S.; Bolze, F.; Specht, A.; Bourgogne, C.; Goeldner, M.;
Nicoud, J.-F. Angew. Chem., Int. Ed. 2008, 47, 9525-9529.
doi:10.1002/anie.200803964

Ellis-Davies, G. C. R. J. Gen. Physiol. 1999, 114, 1a.

Matsuzaki, M.; Ellis-Davies, G. C. R.; Nemoto, T.; Miyashita, Y.;
lino, M.; Kasai, H. Nat. Neurosci. 2001, 4, 1086—1092.
doi:10.1038/nn736

Ellis-Davies, G. C. R.; Matsuzaki, M.; Paukert, M.; Kasai, H.;
Bergles, D. E. J. Neurosci. 2007, 27, 6601-6604.
doi:10.1523/UINEUROSCI.1519-07.2007

Fino, E.; Araya, R.; Peterka, D. S.; Salierno, M.; Etchenique, R.;
Yuste, R. Front. Neural Circuits 2009, 3, 2.
doi:10.3389/neuro.04.002.2009

Fedoryak, O. D.; Sul, J.-Y.; Haydon, P. G.; Ellis-Davies, G. C. R.
Chem. Commun. 2005, 3664—3666. doi:10.1039/b504922a
Canepari, M.; Nelson, L.; Papageorgiou, G.; Corrie, J. E. T.;
Ogden, D. J. Neurosci. Methods 2001, 112, 29-42.
doi:10.1016/S0165-0270(01)00451-4

Matsuzaki, M.; Hayama, T.; Kasai, H.; Ellis-Davies, G. C. R.

Nat. Chem. Biol. 2010, 6, 255—257. doi:10.1038/nchembio.321
Maier, W.; Corrie, J. E. T.; Papageorgiou, G.; Laube, B.; Grewer, C.
J. Neurosci. Methods 2005, 142, 1-9.
doi:10.1016/j.jneumeth.2004.07.006

Rial Verde, E. M.; Zayat, L.; Etchenique, R.; Yuste, R.

Front. Neural Circuits 2008, 2, 2. doi:10.3389/neuro.04.002.2008
Alvifia, K.; Walter, J. T.; Kohn, A.; Ellis-Davies, G.; Khodakhah, K.
Nat. Neurosci. 2008, 11, 1256—1258. doi:10.1038/nn.2195

Huang, Y. H.; Sinha, S. R.; Fedoryak, O. D.; Ellis-Davies, G. C. R.;
Bergles, D. E. Biochemistry 2005, 44, 3316-3326.
doi:10.1021/bi048051m

Miesenbock, G.; Rothman, J. E. Proc. Natl. Acad. Sci. U. S. A. 1997,
94, 3402-3407. doi:10.1073/pnas.94.7.3402

Kuner, T.; Augustine, G. J. Neuron 2000, 27, 447-459.
doi:10.1016/S0896-6273(00)00056-8

Gug, S.; Charon, S.; Specht, A.; Alarcon, K.; Ogden, D.; Zietz, B.;
Léonard, J.; Haacke, S.; Bolze, F.; Nicoud, J.-F.; Goeldner, M.
ChemBioChem 2008, 9, 1303—1307. doi:10.1002/cbic.200700651
Donato, L.; Mourot, A.; Davenport, C. M.; Herbivo, C.; Warther, D.;
Léonard, J.; Bolze, F.; Nicoud, J.-F.; Kramer, R. H.; Goeldner, M.;
Specht, A. Angew. Chem., Int. Ed. 2012, 51, 1840—1843.
doi:10.1002/anie.201106559

Pirrung, M. C.; Dore, T. M.; Zhu, Y.; Rana, V. S. Chem. Commun.
2010, 46, 5313-5315. doi:10.1039/c0cc00782j

Eder, M.; Becker, K.; Rammes, G.; Schierloh, A.; Azad, S. C.;
Zieglgansberger, W.; Dodt, H. U. J. Neurosci. 2003, 23, 6660—-6670.
Shepherd, G. M. G.; Svoboda, K. J. Neurosci. 2005, 25, 5670-5679.
doi:10.1523/JNEUROSCI.1173-05.2005

Callaway, E. M.; Katz, L. C. Proc. Natl. Acad. Sci. U. S. A. 1993, 90,
7661-7665. doi:10.1073/pnas.90.16.7661

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Beilstein J. Org. Chem. 2013, 9, 64-73.

Bendels, M. H. K.; Beed, P.; Leibold, C.; Schmitz, D.;

Johenning, F. W. J. Neurosci. Methods 2008, 175, 44-57.
doi:10.1016/j.jneumeth.2008.08.010

Sobczyk, A.; Scheuss, V.; Svoboda, K. J. Neurosci. 2005, 25,
6037-6046. doi:10.1523/JNEUROSCI.1221-05.2005

Carter, A. G.; Sabatini, B. L. Neuron 2004, 44, 483—493.
doi:10.1016/j.neuron.2004.10.013

Araya, R.; Eisenthal, K. B.; Yuste, R. Proc. Natl. Acad. Sci. U. S. A.
2006, 703, 18799-18804. doi:10.1073/pnas.0609225103

Nikolenko, V.; Poskanzer, K. E.; Yuste, R. Nat. Methods 2007, 4,
943-950. doi:10.1038/nmeth1105

Wang, L.; Corrie, J. E. T.; Wootton, J. F. J. Org. Chem. 2002, 67,
3474-3478. doi:10.1021/j0020040g

Rossi, F. M.; Margulis, M.; Tang, C.-M.; Kao, J. P. Y. J. Biol. Chem.
1997, 272, 32933-32939. doi:10.1074/jbc.272.52.32933

Kantevari, S.; Matsuzaki, M.; Kanemoto, Y.; Kasai, H.;

Ellis-Davies, G. C. R. Nat. Methods 2010, 7, 123—125.
doi:10.1038/nmeth.1413

Cirten, B.; Kullmann, P. H. M.; Bier, M. E.; Kandler, K.; Schmidt, B. F.
Photochem. Photobiol. 2005, 81, 641-648.
doi:10.1111/j.1751-1097.2005.tb00238.x

Furuta, T.; Wang, S. S.-H.; Dantzker, J. L.; Dore, T. M.; Bybee, W. J.;
Callaway, E. M.; Denk, W.; Tsien, R. Y. Proc. Natl. Acad. Sci. U. S. A.
1999, 96, 1193-1200. doi:10.1073/pnas.96.4.1193

Wilcox, M.; Viola, R. W.; Johnson, K. W.; Billington, A. P.;

Carpenter, B. K.; McCray, J. A.; Guzikowski, A. P.; Hess, G. P.

J. Org. Chem. 1990, 55, 1585-1589. doi:10.1021/jo00292a038
Senda, N.; Momotake, A.; Arai, T. Bull. Chem. Soc. Jpn. 2007, 80,
2384-2388. doi:10.1246/bcsj.80.2384

Zhao, J.; Gover, T. D.; Muralidharan, S.; Auston, D. A.; Weinreich, D;
Kao, J. P. Y. Biochemistry 2006, 45, 4915—-4926.
doi:10.1021/bi052082f

Gilbert, D.; Funk, K.; Dekowski, B.; Lechler, R.; Keller, S.; Méhrlen, F.;
Frings, S.; Hagen, V. ChemBioChem 2007, 8, 89-97.
doi:10.1002/cbic.200600437

Pelliccioli, A. P.; Wirz, J. Photochem. Photobiol. Sci. 2002, 1,
441-458. doi:10.1039/b200777k

Sigworth, F. J. J. Neurosci. Methods 1995, 56, 195-202.
doi:10.1016/0165-0270(94)00128-4

Sigworth, F. J.; Affolter, H.; Neher, E. J. Neurosci. Methods 1995, 56,
203-215. doi:10.1016/0165-0270(94)00129-5

Conchello, J.-A.; Lichtman, J. W. Nat. Methods 2005, 2, 920-931.
doi:10.1038/nmeth815

Roorda, R. D.; Hohl, T. M.; Toledo-Crow, R.; Miesenbdck, G. J.

J. Neurophysiol. 2004, 92, 609-621. doi:10.1152/jn.00087.2004
Bacskai, B. J.; Wallen, P.; Lev-Ram, V.; Grillner, S.; Tsien, R. Y.
Neuron 1995, 14, 19-28. doi:10.1016/0896-6273(95)90237-6
Nguyen, Q.-T.; Tsai, P. S.; Kleinfeld, D. J. Neurosci. Methods 2006,
156, 351-359. doi:10.1016/j.jneumeth.2006.03.001

Katona, G.; Kaszas, A.; Turi, G. F.; Hajos, N.; Tamas, G.; Vizi, E. S.;
Roézsa, B. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 2148-2153.
doi:10.1073/pnas.1009270108

Hagen, V.; Dekowski, B.; Nache, V.; Schmidt, R.; GeiRler, D.;
Lorenz, D.; Eichhorst, J.; Keller, S.; Kaneko, H.; Benndorf, K.;
Wiesner, B. Angew. Chem., Int. Ed. 2005, 44, 7887—-7891.
doi:10.1002/anie.200502411

Hagen, V.; Frings, S.; Wiesner, B.; Helm, S.; Kaupp, U. B.; Bendig, J.
ChemBioChem 2003, 4, 434—442. doi:10.1002/cbic.200300561
Il'ichev, Y. V.; Schworer, M. A.; Wirz, J. J. Am. Chem. Soc. 2004, 126,
4581-4595. doi:10.1021/ja039071z

72


http://dx.doi.org/10.1021%2Fbi9827767
http://dx.doi.org/10.1021%2Fja990931e
http://dx.doi.org/10.1016%2FS0040-4020%2800%2900745-6
http://dx.doi.org/10.1002%2Fcbic.200600111
http://dx.doi.org/10.1002%2Fanie.200803964
http://dx.doi.org/10.1038%2Fnn736
http://dx.doi.org/10.1523%2FJNEUROSCI.1519-07.2007
http://dx.doi.org/10.3389%2Fneuro.04.002.2009
http://dx.doi.org/10.1039%2Fb504922a
http://dx.doi.org/10.1016%2FS0165-0270%2801%2900451-4
http://dx.doi.org/10.1038%2Fnchembio.321
http://dx.doi.org/10.1016%2Fj.jneumeth.2004.07.006
http://dx.doi.org/10.3389%2Fneuro.04.002.2008
http://dx.doi.org/10.1038%2Fnn.2195
http://dx.doi.org/10.1021%2Fbi048051m
http://dx.doi.org/10.1073%2Fpnas.94.7.3402
http://dx.doi.org/10.1016%2FS0896-6273%2800%2900056-8
http://dx.doi.org/10.1002%2Fcbic.200700651
http://dx.doi.org/10.1002%2Fanie.201106559
http://dx.doi.org/10.1039%2Fc0cc00782j
http://dx.doi.org/10.1523%2FJNEUROSCI.1173-05.2005
http://dx.doi.org/10.1073%2Fpnas.90.16.7661
http://dx.doi.org/10.1016%2Fj.jneumeth.2008.08.010
http://dx.doi.org/10.1523%2FJNEUROSCI.1221-05.2005
http://dx.doi.org/10.1016%2Fj.neuron.2004.10.013
http://dx.doi.org/10.1073%2Fpnas.0609225103
http://dx.doi.org/10.1038%2Fnmeth1105
http://dx.doi.org/10.1021%2Fjo020040g
http://dx.doi.org/10.1074%2Fjbc.272.52.32933
http://dx.doi.org/10.1038%2Fnmeth.1413
http://dx.doi.org/10.1111%2Fj.1751-1097.2005.tb00238.x
http://dx.doi.org/10.1073%2Fpnas.96.4.1193
http://dx.doi.org/10.1021%2Fjo00292a038
http://dx.doi.org/10.1246%2Fbcsj.80.2384
http://dx.doi.org/10.1021%2Fbi052082f
http://dx.doi.org/10.1002%2Fcbic.200600437
http://dx.doi.org/10.1039%2Fb200777k
http://dx.doi.org/10.1016%2F0165-0270%2894%2900128-4
http://dx.doi.org/10.1016%2F0165-0270%2894%2900129-5
http://dx.doi.org/10.1038%2Fnmeth815
http://dx.doi.org/10.1152%2Fjn.00087.2004
http://dx.doi.org/10.1016%2F0896-6273%2895%2990237-6
http://dx.doi.org/10.1016%2Fj.jneumeth.2006.03.001
http://dx.doi.org/10.1073%2Fpnas.1009270108
http://dx.doi.org/10.1002%2Fanie.200502411
http://dx.doi.org/10.1002%2Fcbic.200300561
http://dx.doi.org/10.1021%2Fja039071z

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Clements, J. D.; Lester, R. A,; Tong, G.; Jahr, C. E.; Westbrook, G. L.
Science 1992, 258, 1498—-1501. doi:10.1126/science.1359647
Gardner, S. M,; Trussell, L. O.; Oertel, D. J. Neurosci. 1999, 19,
8721-8729.

Nusser, Z.; Cull-Candy, S.; Farrant, M. Neuron 1997, 19, 697—709.
doi:10.1016/S0896-6273(00)80382-7

Salierno, M.; Marceca, E.; Peterka, D. S.; Yuste, R.; Etchenique, R.
J. Inorg. Biochem. 2010, 104, 418-422.
doi:10.1016/j.jinorgbio.2009.12.004

Papageorgiou, G.; Ogden, D.; Corrie, J. E. T. J. Org. Chem. 2004, 69,
7228-7233. doi:10.1021/jo049071x

Papageorgiou, G.; Ogden, D.; Corrie, J. E. T.

Photochem. Photobiol. Sci. 2008, 7, 423-432. doi:10.1039/b800683k
Ellis-Davies, G. C. R. Nat. Methods 2007, 4, 619-628.
doi:10.1038/nmeth1072

Trigo, F. F.; Corrie, J. E. T.; Ogden, D. J. Neurosci. Methods 2009,
180, 9-21. doi:10.1016/j.jneumeth.2009.01.032

Eder, M.; Zieglgansberger, W.; Dodt, H.-U.

Rev. Neurosci. (Berlin, Ger.) 2004, 15, 167—183.
doi:10.1515/REVNEURO.2004.15.3.167

Gee, K. R.; Wieboldt, R.; Hess, G. P. J. Am. Chem. Soc. 1994, 116,
8366-8367. doi:10.1021/ja00097a054

Matsuzaki, M.; Ellis-Davies, G. C. R.; Kasai, H. J. Neurophysiol. 2008,
99, 1535—-1544. doi:10.1152/jn.01127.2007

Matsuzaki, M.; Ellis-Davies, G. C. R.; Kanemoto, Y.; Kasai, H.
Neural Syst. Circuits 2011, 1, 2. doi:10.1186/2042-1001-1-2
Matsuzaki, M.; Ellis-Davies, G. C. R.; Miyashita, Y.; lino, M.; Kasai, H.
Soc. Neurosci. Abstr. 2000, 426, 12.

Mao, T.; O'Connor, D. H.; Scheuss, V.; Nakai, J.; Svoboda, K.

PLoS One 2008, 3, e1796. doi:10.1371/journal.pone.0001796

Tian, L.; Hires, S. A.; Mao, T.; Huber, D.; Chiappe, M. E.;

Chalasani, S. H.; Petreanu, L.; Akerboom, J.; McKinney, S. A.;
Schreiter, E. R.; Bargmann, C. |.; Jayaraman, V.; Svoboda, K.;
Looger, L. L. Nat. Methods 2009, 6, 875-881.
doi:10.1038/nmeth.1398

Zhao, Y.; Araki, S.; Wu, J.; Teramoto, T.; Chang, Y.-F.; Nakano, M.;
Abdelfattah, A. S.; Fujiwara, M.; Ishihara, T.; Nagai, T.;

Campbell, R. E. Science 2011, 333, 1888-1891.
doi:10.1126/science.1208592

Hendel, T.; Mank, M.; Schnell, B.; Griesbeck, O.; Borst, A.; Reiff, D. F.
J. Neurosci. 2008, 28, 7399-7411.
doi:10.1523/JNEUROSCI.1038-08.2008

Mank, M.; Griesbeck, O. Chem. Rev. 2008, 108, 1550-1564.
doi:10.1021/cr078213v

Borghuis, B. G; Tian, L.; Xu, Y.; Nikonov, S. S.; Vardi, N;
Zemelman, B. V,; Looger, L. L. J. Neurosci. 2011, 31, 2855-2867.
doi:10.1523/JNEUROSCI.6064-10.2011

Pologruto, T. A.; Yasuda, R.; Svoboda, K. J. Neurosci. 2004, 24,
9572-9579. doi:10.1523/JNEUROSCI.2854-04.2004

Mattis, J.; Tye, K. M.; Ferenczi, E. A.; Ramakrishnan, C;

O'Shea, D. J.; Prakash, R.; Gunaydin, L. A.; Hyun, M.; Fenno, L. E;
Gradinaru, V.; Yizhar, O.; Deisseroth, K. Nat. Methods 2012, 9,
159-172. doi:10.1038/nmeth.1808

Nagel, G.; Ollig, D.; Fuhrmann, M.; Kateriya, S.; Musti, A. M.;
Bamberg, E.; Hegemann, P. Science 2002, 296, 2395-2398.
doi:10.1126/science.1072068

Nagel, G.; Szellas, T.; Huhn, W.; Kateriya, S.; Adeishvili, N.;
Berthold, P.; Ollig, D.; Hegemann, P.; Bamberg, E.

Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 13940—-13945.
doi:10.1073/pnas.1936192100

97.

98.

99.

10

10

10

Beilstein J. Org. Chem. 2013, 9, 64-73.

Nagel, G.; Brauner, M.; Liewald, J. F.; Adeishvili, N.; Bamberg, E.;

Gottschalk, A. Curr. Biol. 2005, 15, 2279-2284.

doi:10.1016/j.cub.2005.11.032

Gradinaru, V.; Thompson, K. R.; Zhang, F.; Mogri, M.; Kay, K.;

Schneider, M. B.; Deisseroth, K. J. Neurosci. 2007, 27, 14231-14238.

doi:10.1523/JNEUROSCI.3578-07.2007

Mayer, G.; Heckel, A. Angew. Chem., Int. Ed. 2006, 45, 4900-4921.

doi:10.1002/anie.200600387

0.Lawrence, D. S. Curr. Opin. Chem. Biol. 2005, 9, 570-575.
doi:10.1016/j.cbpa.2005.09.002

1.Fehrentz, T.; Schonberger, M.; Trauner, D. Angew. Chem., Int. Ed.
2011, 50, 12156-12182. doi:10.1002/anie.201103236

2.Givens, R. S.; Rubina, M.; Wirz, J. Photochem. Photobiol. Sci. 2012,

11, 472-488. doi:10.1039/c2pp05399¢c

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.9.8

73


http://dx.doi.org/10.1126%2Fscience.1359647
http://dx.doi.org/10.1016%2FS0896-6273%2800%2980382-7
http://dx.doi.org/10.1016%2Fj.jinorgbio.2009.12.004
http://dx.doi.org/10.1021%2Fjo049071x
http://dx.doi.org/10.1039%2Fb800683k
http://dx.doi.org/10.1038%2Fnmeth1072
http://dx.doi.org/10.1016%2Fj.jneumeth.2009.01.032
http://dx.doi.org/10.1515%2FREVNEURO.2004.15.3.167
http://dx.doi.org/10.1021%2Fja00097a054
http://dx.doi.org/10.1152%2Fjn.01127.2007
http://dx.doi.org/10.1186%2F2042-1001-1-2
http://dx.doi.org/10.1371%2Fjournal.pone.0001796
http://dx.doi.org/10.1038%2Fnmeth.1398
http://dx.doi.org/10.1126%2Fscience.1208592
http://dx.doi.org/10.1523%2FJNEUROSCI.1038-08.2008
http://dx.doi.org/10.1021%2Fcr078213v
http://dx.doi.org/10.1523%2FJNEUROSCI.6064-10.2011
http://dx.doi.org/10.1523%2FJNEUROSCI.2854-04.2004
http://dx.doi.org/10.1038%2Fnmeth.1808
http://dx.doi.org/10.1126%2Fscience.1072068
http://dx.doi.org/10.1073%2Fpnas.1936192100
http://dx.doi.org/10.1016%2Fj.cub.2005.11.032
http://dx.doi.org/10.1523%2FJNEUROSCI.3578-07.2007
http://dx.doi.org/10.1002%2Fanie.200600387
http://dx.doi.org/10.1016%2Fj.cbpa.2005.09.002
http://dx.doi.org/10.1002%2Fanie.201103236
http://dx.doi.org/10.1039%2Fc2pp05399c
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.9.8

	Abstract
	Introduction
	Discussion
	Conclusion
	Acknowledgements
	References

