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Recent technological advances have enabled the use of different
optical methods to activate neurons, including ‘caged’ glutamate,
photoactivation of genetically engineered cascades, and direct
two-photon excitation. The ability to use light as a stimulation tool
provides, in principle, a non-invasive method for the temporally
and spatially precise activation of any neuron or any part of a
neuron. When combined with two-photon excitation, excellent
spatial control can be achieved even in complex and highly
scattering preparations, such as living nervous tissue. Different
methods that have been developed in the last several decades
have been used to probe neuronal sensitivity, mimic synaptic
input, and elucidate patterns of neural connectivity.
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Abbreviations
AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid

N-(6-bromo-7-hydroxycoumarin-4-
ylmethoxycarbonyl)-L-glutamate

L-glutamic acid y-(a-carboxy-2-nitrobenzyl) ester
4-methoxy-7-nitroindolinyl glutamate
N-methyl-D-aspartate

Bhc-glutamate

CNB-glutamate
MNI-glutamate
NMDA

Introduction

Experimental investigations into neuronal function
require the ability to manipulate neuronal activity. In most
cases, this has been accomplished by electrically stimulating
neurons, using electrodes inserted into the tissue of interest.
This method has a long tradition going back to Galvani’s
electrical stimulation of frog nerves. Although very useful,
using electrodes to stimulate is cumbersome, provides only
crude spatial resolution, requires mechanical stability of
the electrodes, does not allow sequential stimulation at
multiple closely spaced sites, and can result in substantial
mechanical damage to the tissue. In addition, electrical
stimulation activates not only neurons with somata at the
stimulation site, but also axons of passage; stimulation at
multiple sites requires implantation of multiple electrodes,
which induces extensive tissue damage.

All of these problems can be solved by stimulating neurons
with light. Light can be easily focused with fine resolution,
it can be delivered quickly, and it is relatively harmless. It
is not surprising then, that neuroscientists have devoted
considerable effort to the development of optical stimulation

methods and, in particular, to the use of optical methods to
‘uncage’ glutamate, because this neurotransmitter is able
to excite most mammalian neurons. The basic approach is
to convert inactive ‘caged’ glutamate to active glutamate
with ultraviolet light. This method has been used to mimic
synaptic input and to map the glutamate sensitivity of the
dendritic arbors of single cells (Figure 1b). Glutamate
uncaging can also be used to generate action potentials
with fine spatial resolution in small populations of neurons
in brain slices; by combining this method with intracellular
recording, it is possible to map the locations of neurons
connected to a single cell (Figure 1a). Connectivity can
also be investigated by direct photoactivation of action
potentials in neurons. Finally, neurons can be made sensitive
to light by using genetic methods to express photosensitive
proteins. Here, we review the use of both single-photon
and two-photon optical methods to stimulate neurons in
order to unravel neural circuits, mimic synaptic connections,
and investigate glutamate sensitivity.

Early development of optical stimulation methods
The invention of lasers enabled the development of the
first optical stimulation methods. In 1971, Fork [1] focused
laser light on Aplysia abdominal ganglion neurons and
reported that the cells were depolarized to action potential
threshold by the illumination. Although the mechanism of
the depolarization was not characterized, this effect was
reversible and the neuron returned to a resting membrane
potential. In this pioneering study, Fork proposed the
systematic use of optical methods to unravel neural circuits.

Farber and Grinvald [2] continued these efforts in 1983, by
using a fluorescent dye to stain the membrane of leech
neurons. They then used a laser to excite the dye, which,
presumably through the production of oxygen free radicals
at the membrane, produced a reversible depolarization and
generated action potentials in the neuron. They applied
this method to sequentially activate multiple neurons
while recording from a single cell, thus mapping the
sources of input to the recorded neuron.

Excitation with caged glutamate — single-photon
During the last decade, investigators have developed light-
sensitive bioactive compounds, typically referred to as caged
compounds [3] (see also [4]). These compounds are mole-
cules that are rendered inactive by the addition of chemical
groups, typically nitrobenzyl groups (Figure 1a), which are
broken up by the absorption of light. Because virtually every
neuron in the mammalian central nervous system can be
stimulated by glutamate, caged glutamate is as an ideal com-
pound for conferring light sensitivity to neurons and has been
the focus of most research efforts. Here, we discuss stimula-
tion of glutamate receptors using caged glutamate; we divide
the studies into one-photon and two-photon uncaging
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Figure 1

Structure and use of caged glutamate
compounds. (a) Chemical structure and
example of the use of CNB-glutamate in
mapping connections to single cortical
neurons. (b) Chemical structure and example
of the use of MNI-glutamate in mapping the
glutamate sensitivity of dendrites. For both
CNB-glutamate and MNI-glutamate, caging
groups are indicated in red and glutamate in
black. The right panel of (a) shows the
locations of neurons that make functional
excitatory connections to a single inhibitory
neuron located in layer 4B of a monkey
primary visual cortex brain slice. Ultraviolet
laser light was focused onto discrete sites in
the brain slice, causing uncaging of CNB-
glutamate and generation of action potential
in neurons with somata near the stimulation
site. The resulting synaptic currents, indicative
of connections from neurons at the stimulation
site to the intracellularly recorded layer 4B
inhibitory neuron, were measured. The
pseudocoloring of the input map is indicative
of the magnitude of the measured synaptic
currents, observed following photostimulation
at each site, as indicated by the colored scale
bar. The smoothed map is based on linear
interpolation of the values measured following
stimulation at discrete sites. This neuron
received strong excitatory input from neurons
in cortical layers 4Ca and 5, but only weak
input from layers 4Cf3 and 6. An anatomical
reconstruction of the recorded neuron is also
overlaid on the input map. Gray lines indicate
laminar boundaries and the laminar identities
are indicated to the left of the map.
Reproduced with permission from [21],

0 American Association for the Advancement
of Science, 2001. The right panel in (b)
shows a high-resolution map of the glutamate
sensitivity of a dendrite. Two-photon excitation
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was used to uncage MNI-glutamate while
measuring the resulting inward currents at the
neuron’s cell body. This method resulted in an
incredibly high-resolution view of the dendritic
sites that were most sensitive to glutamate.
Even the responses of single dendritic spines

could be resolved. The pseudocoloring over
the dendritic outline corresponds to the
magnitude of the inward currents measured,
as indicated by the colored scale bar below.
Reproduced with permission from [40*],

O Nature Publishing Group, 2001.

sections. Due to our focus, we do not discuss optical inactivation
methods or uncaging of agents other than glutamate.

Mimicking synaptic input and optical mapping of receptors
Several studies have used caged glutamate to stimulate
different parts of the dendritic tree. They followed the
large body of work carried out with glutamate iontophore-
sis. These types of experiments are important because
they can provide both a method to systematically probe
the dendritic tree, and a way of mimicking the function of
the presynaptic terminal. They thus serve as a method to
explore the contribution of the presynaptic terminal to
synaptic function and plasticity. At the same time, however,
these experiments suffer from the unwanted uncaging that
occurs above and below the focal point (see below) and the
potential contamination of the results by the stimulation of
non-synaptic receptors.

One of the first experiments uncaging glutamate on
dendrites was done by Kandler ¢z @/. [5] on CA1 pyramidal

neurons in slices. They reported the long-term depression
of glutamate responses after the pairing of uncaging with
depolarization of the neuron. A similar result was obtained
with bursts of uncaging by Dodt ez a/. [6]; these authors used
an infrared-guided laser stimulation system to uncage gluta-
mate on the apical dendrites of layer 5 neocortical pyramidal
neurons. The same group also used glutamate uncaging to
perform a mapping study of N-methyl-D-aspartate (NMDA)
versus 0O-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA) receptors on these dendrites; they reported
that receptors were differentially distributed [7] and that
hot spots of receptor activation existed along the dendritic
tree [8].

In these same neuronal types, Schiller er a/. [9] paired
glutamate uncaging with backpropagating action potentials
and reported the activation of NMDA receptors and
subsequent calcium influx after pairing. Also, they subse-
quently reported the triggering of local dendritic spikes
after uncaging [10]. The dendritic spikes were spatially



restricted to the activated area of the dendrite and were
interpreted as arising from an NMDA receptor-mediated
regenerative effect. Finally, in the cerebellum, Wang ¢z a/.
used caged glutamate to mimic synaptic inputs and to map
the spatial extent of long-term depression [11°]. Single-
photon uncaging of glutamate therefore proves to be a
useful method for mimicking synaptic input and probing
neuronal sensitivity without the complications introduced
by activation of the presynaptic terminal.

Mapping circuits with caged glutamate photostimulation
‘Photostimulation’ of action potentials in candidate pre-
synaptic neurons by uncaging glutamate, combined with
intracellular recordings from single neurons, has been an
important technological advance in the study of cortical
circuits. This method has been used most extensively to
investigate interlaminar connectivity in the cerebral cortex
[12-17,18°°,20-22,23°*,24] (for an example, see Figure 1a).
In addition, photostimulation has been used to map
connections in the superior colliculus [25], the suprachias-
matic nucleus [26], the hippocampus [27,28], and the song
system in birds [29]. Along with other complementary
methods, such as intracellular dye filling, simultaneous
intracellular recording and stimulation of multiple neurons
[30], and optical measures of activity [4,31], photostimulation
has contributed importantly to an increasingly detailed
understanding of functional connectivity.

Photostimulation is typically used to identify the sources
of functional input to single identified neurons in living
brain slices. To map functional connectivity, caged
glutamate is used to elicit action potentials in candidate
presynaptic neurons while intracellular recordings are made
from a postsynaptic neuron. The successful implementation
of this method requires that sufficient glutamate uncaging
is achieved to generate action potentials; however, the
population of neurons generating action potentials should
be restricted to sites close to the focused light pulse. Thus,
activation of distant neurons whose dendrites pass through
the region of glutamate uncaging must be contained to
subthreshold levels. Several papers have reported results
from control experiments demonstrating the ability to
achieve adequate spatial resolution with caged glutamate-
based photostimulation (e.g. [18°%,23°°]).

Although photostimulation with caged glutamate has been
very valuable for mapping neural circuits, it has some lim-
itations. Most notably, action potentials are generated in all
neuron types near the stimulation site and their timing is
not tightly controlled (c.f. [18°°,23°°]). Because different
cell types at any given location are likely to differ in their
connections to candidate postsynaptic cells, methods that
allow more selective stimulation would be useful. The
potential to overcome this limitation by using two-photon
excitation to activate single cells [32°] or by using genetic
methods [33°°], along with cell-type-specific promoters, is
considered below. Two-photon methods may also provide
greater temporal resolution, allowing the study of synaptic
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dynamics with an optical stimulation method. Caged
glutamate-based photostimulation is also likely to be limited
to 2 vitro studies, because delivery of the caged compound
in vivo would likely be problematic. However, two-photon
based excitation, either directly or based on genetic methods,
may also overcome this limitation.

Two-photon excitation

A problem with optical stimulation methods that use
traditional (one-photon) light sources is that the light is
scattered by living tissue and the distribution of energy,
and therefore the uncaging region, is not very precise. For
example, the light from a tightly focused, diffraction limited
(0.2 um) spot at the surface of a brain slice diffuses in the
slice such that the lateral spread will become comparable
to the depth beneath the surface (D Kleinfeld, personal
communication). Even though the light is focused at
the focal point, a similar energy stimulates (and uncages)
molecules below and above the focal point.

The invention of two-photon microscopy [34] provided a
solution to these inherent limitations of traditional fluores-
cence excitation. In a two-photon excitation, two infrared
photons are simultaneously absorbed by the fluorophore or
caged compound and produce an excited state similar to
that from the absorption of a single photon of twice their
energy [35]. Due to the nonlinear nature of the excitation,
the space where the reaction occurs is essentially limited
to the focal volume [34]. As an added bonus, because
the original photons are of low-energy (infrared), they pass
through the tissue without any ability to uncage fluorophores
or produce appreciable photodamage. Thus, two-photon
excitation is a veritable ‘magic wand’ that only stimulates
the focal volume; it appears to be the ideal tool for spatial
control of photochemistry and uncaging experiments [34],
because the only region of space where the concentration
of photons is high enough to sustain photoexcitation or
uncaging is the focal point. Therefore, the spatial resolution
of the uncaging is, in principle, as good as the focal point
(<1 pm3 in most two-photon experiments).

Two-photon microscopy relies on the simultaneous absorp-
tion of two photons to achieve the nonlinear excitation. An
alternative ‘chemical two-photon’ method was developed to
uncage compounds with high spatial precision [36]. The
idea was to attach two caging groups to glutamate, as
opposed to one. Therefore, for the glutamate to be active,
the molecule needs to sequentially absorb two photons.
The authors reasoned that, because the probability of
absorbing one photon increases at the focal point, the
requirement for subsequent absorption of the second photon
prevents the uncaging of glutamate above and below the
focal point. In practice, this method has been used to obtain
good spatial resolution in brain slice experiments [11°].

Mapping sensitivity with two-photon glutamate uncaging
One of the earliest uses of two-photon excitation to uncage
compounds was in a study done by Denk [37] on cultured
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neurons in the presence of caged carbamoylcholine. He
used whole-cell recording of the currents elicited by
systematically focusing the laser, and thus uncaging neuro-
transmitter, over the cultured neuron to obtain a functional
map of the distribution of cholinergic receptors along its
membrane. This experiment used a random selection of
stimulated pixels to prevent artifactual activation or desen-
sitization of receptors during sequential stimulation of
neighboring sites. Since this study, the use of two-photon
uncaging of glutamate has been attempted by many
groups, including our own, with mixed success. The major
problem is that the traditional uncaging groups, such as
nitrobenzyls, are designed for one-photon uncaging. This,
together with the very small focal volume of the two-photon
excitation, makes sufficient stimulation of glutamate
receptors difficult for clear detection of the currents over noise.

"This situation has changed with the design of newer caged
glutamate compounds. Furuta ez @/ [38°] designed a
bromo-hydroxycoumarin-caged compound that they refer
to as Bhc-glutamate (N-(6-bromo-7-hydroxycoumarin-4-
ylmethoxycarbonyl)-L-glutamate). Bhc-glutamate is more
than an order of magnitude more sensitive than carboxy-
nitrobenzyl caged glutamate (CNB-glutamate; L-glutamic
acid y-(0-carboxy-2-nitrobenzyl) ester) [38°]. The synthesis
of Bhc-glutamate allowed the creation of three-dimensional
maps of the glutamate sensitivity of pyramidal neurons in
brain slices.

More recently, a methoxy derivative of nitroindolino-glutamate
(MNI-glutamate; 4-methoxy-7-nitroindolinyl glutamate)
has been developed [39,40°°] (see also G Ellis-Davies in
[4]). Matsuzaki ez a/. [40°°] used two-photon uncaging of
MNI-glutamate to map glutamate receptors along dendrites
of CA1 pyramidal neurons. The spatial resolution of the
activation using two-photon excitation in these experiments
was superb, even in brain slices, enabling the authors to
not only map receptors in different dendritic spines, but
also estimate the number of AMPA receptors per spine
using optical fluctuation analysis. These methods are likely
to lead the way in the use of caged neurotransmitters to
functionally probe the dendritic tree.

Direct two-photon stimulation

Using a different approach, a recent study has reported the
direct activation of neurons by a two-photon laser source
[32°]. As a two-photon version of the Fork experiment,
focusing a femtosecond laser on the membrane of neocortical
neurons in slices depolarizes them and causes them to fire.
This occurs in the absence of any dye and has a nonlinear
relation with the average power of the illumination, a hall-
mark of a two-photon or three-photon reaction. There
appear to be at least two different mechanisms involved in
this effect. Whereas lower intensity, longer illumination
produces a slow depolarization mediated by oxygen free
radicals (and presumably subsequent inactivation of potassium
channels), high intensity, shorter illumination produces
very fast depolarization through a mechanism that is

unknown but may be related to the creation of membrane
microholes. By combining this method with intracellular
recording, it may be possible to rapidly probe functional
connectivity between numerous cell pairs and identify single
neurons that connect to the recorded cell. Connected cell
pairs could then be targeted for simultaneous intracellular
recording and characterization of synaptic properties, and
subsequent dye-filling and staining would also allow
detailed anatomical characterization. These methods
might also work 2 vivo.

Genetic methods for photostimulation

Finally, another novel approach for increasing the sensitivity
of neurons to light is to express a genetically engineered
photoactivatable sensor in them [33°°]. Zemelman e a/.
[33°°] coexpressed arrestin, thodopsin and a subunit of a
G-protein in cultured hippocampal neurons, to artificially
recreate the Drosophila phototransduction cascade and
sensitize neurons to light. The depolarization of the cells
occurs, presumably, through the opening of cation channels
by a poorly understood mechanism.

Although several improvements are likely to be necessary
to obtain photostimulation with good temporal resolution,
there are major advantages to this type of genetic method.
Most notably, it should be possible to limit photostimulation
to selected subsets of neurons by restricting gene expression
with cell-type-specific promoters. Also, because this
method does not require the delivery of caged compounds,
it is likely to be useful for photostimulation # vivo,
particularly when combined with two-photon excitation to
reduce light scattering and improve spatial resolution.

Conclusions and future directions

Overall, we are very optimistic about the future use of
optical stimulation methods. In the last few years, the
relatively few studies performed with caged glutamate
have already demonstrated that these can be powerful
methods to probe dendritic function and to map circuits.
In addition, we feel that the ‘optical revolution’ is only
starting and novel optical methods using either novel
caging groups, genetically based probes, or two-photon
excitation, as well as the combination of optical stimulation
with imaging methods to monitor neuronal activity, are
likely to have a major impact in neuroscience.

Acknowledgements
We thank the National Institutes of Health for the support of both
laboratories and C Ellis Davies for comments.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
e of outstanding interest

1. Fork RL: Laser stimulation of nerve cells in Aplysia. Science 1971,
171:907-908.

2. Farber IC, Grinvald A: Identification of presynaptic neurons by
laser photostimulation. Science 1983, 222:1025-1027.



3. Lester HA, Nerbonne JM: Physiological and pharmacological
manipulations with light flashes. Annu Rev Biophys Bioeng 1982,
11:151-175.

4.  Yuste R, Lanni FA, Konnerth A (Eds): Imaging: a Laboratory Manual.
Cold Spring Harbor: Cold Spring Harbor Press; 2000.

5. Kandler K, Katz LC, Kauer JA: Focal photolysis of caged glutamate
produces long-term depression of hippocampal glutamate
receptors. Nat Neurosci 1998, 1:119-123.

6. Dodt H, Eder M, Frick A, Zieglgansberger W: Precisely localized LTD
in the neocortex revealed by infrared-guided laser stimulation.
Science 1999, 286:110-113.

7. Dodt HU, Frick A, Kampe K, Zieglgansberger W: NMDA and AMPA
receptors on neocortical neurons are differentially distributed. Eur
J Neurosci 1998, 10:3351-3357.

8.  Frick A, Zieglgansberger W, Dodt HU: Glutamate receptors form
hot spots on apical dendrites of neocortical pyramidal neurons.
J Neurophysiol 2001, 86:1412-1421.

9.  Schiller J, Schiller Y, Clapham DE: NMDA receptors amplify calcium
influx into dendritic spines during associative pre- and
postsynaptic activation. Nat Neurosci 1998, 1:114-118.

10. Schiller J, Major G, Koester HJ, Schiller Y: NMDA spikes in basal
dendrites of cortical pyramidal neurons. Nature 2000,
404:285-289.

11. Wang SS, Khiroug L, Augustine GJ: Quantification of spread of

. cerebellar long-term depression with chemical two-photon
uncaging of glutamate. Proc Natl Acad Sci USA 2000,
97:8635-8640.

The authors of this paper describe the use of a novel double-caged

glutamate to obtain a high-resolution map of the sensitivity of the dendritic

arbor to glutamate. In order to avoid undesirable uncaging by light outside

the focal plane, this method requires that the rate and efficiency of uncaging

are similar for both uncaging events and that quantum yields are relatively

low (<~0.5).

12. Callaway EM, Katz LC: Photostimulation using caged glutamate
reveals functional circuitry in living brain slices. Proc Natl Acad Sci
USA 1993, 90:7661-7665.

13. Katz LC, Dalva MB: Scanning laser photostimulation: a new
approach for analyzing brain circuits. J Neurosci Methods 1994,
54:205-218.

14. Dalva MB, Katz LC: Rearrangements of synaptic connections in
visual cortex revealed by laser photostimulation. Science 1994,
265:255-258.

15. Kotter R, Staiger JF, Zilles K, Luhmann HJ: Analysing functional
connectivity in brain slices by a combination of infrared video
microscopy, flash photolysis of caged compounds and scanning
methods. Neuroscience 1998, 86:265-277.

16. Roerig B, Chen B: Relationships of local inhibitory and excitatory
circuits to orientation preference maps in ferret visual cortex.
Cereb Cortex 2002, 12:187-198.

17. Briggs F, Callaway EM: Layer-specific input to distinct cell types in
layer 6 of monkey primary visual cortex. J Neurosci 2001,
21:3600-3608.

18. Dantzker JL, Callaway EM: Laminar sources of synaptic input to

es  cortical inhibitory interneurons and pyramidal neurons. Nat
Neurosci 2000, 3:701-707.

In this study, the authors illustrate crucial control experiments and analysis

methods that must be incorporated into experiments that use photostimula-

tion to map the locations of neurons making connections to a single cell.

Methods are described for determining spatial resolution, distinguishing

direct from synaptic responses, and compensating for spontaneous activity.

See also [23*].

19. Sawatari A, Callaway EM: Diversity and cell type specificity of local
excitatory connections to neurons in layer 3B of monkey primary
visual cortex. Neuron 2000, 25:459-471.

20. Sawatari A, Callaway EM: Convergence of magno- and
parvocellular pathways in layer 4B of macaque primary visual
cortex. Nature 1996, 380:442-446.

21. Yabuta NH, Sawatari A, Callaway EM: Two functional channels from
primary visual cortex to dorsal visual cortical areas. Science 2001,
292:297-300.

Stimulating neurons with light Callaway and Yuste 591

22. Roerig B, Kao JP: Organization of intracortical circuits in relation to
direction preference maps in ferret visual cortex. J Neurosci 1999,
19:RC44.

23. Schubert D, Staiger JF, Cho N, Kotter R, Zilles K, Luhmann HJ: Layer
e specific intracolumnar and transcolumnar functional connectivity
of layer V pyramidal cells in rat barrel cortex. J Neurosci 2001,
21:3580-3592.
As in [18*], the authors of this paper outline crucial control experiments and
analysis methods that must be incorporated into photostimulation experi-
ments to make them reliable. They also show that successful mapping of
inputs to neurons does not require an ultraviolet laser and can be achieved
with more standard light sources.

24. Staiger JF, Kotter R, Zilles K, Luhmann HJ: Laminar characteristics of
functional connectivity in rat barrel cortex revealed by stimulation
with caged-glutamate. Neurosci Res 2000, 37:49-58.

25. Pettit DL, Helms MC, Lee P, Augustine GJ, Hall WC: Local excitatory
circuits in the intermediate gray layer of the superior colliculus.
J Neurophysiol 1999, 81:1424-1427.

26. Strecker GJ, Wuarin JP, Dudek FE: GABAA-mediated local synaptic
pathways connect neurons in the rat suprachiasmatic nucleus.
J Neurophysiol 1997, 78:2217-2220.

27.  Wuarin JP, Dudek FE: Excitatory synaptic input to granule cells
increases with time after kainate treatment. J Neurophysiol 2001,
85:1067-1077.

28. Molnar P, Nadler JV: Mossy fiber—granule cell synapses in the
normal and epileptic rat dentate gyrus studied with minimal laser
photostimulation. J Neurophysiol 1999, 82:1883-1894.

29. Spiro JE, Dalva MB, Mooney R: Long-range inhibition within the
zebra finch song nucleus RA can coordinate the firing of multiple
projection neurons. J Neurophysiol 1999, 81:3007-3020.

30. Markram H, Lubke J, Frotscher M, Sakmann B: Regulation of
synaptic efficacy by coincidence of postsynaptic APs and EPSPs.
Science 1997, 275:213-215.

31. Kozloski J, Hamzei-Sichani F, Yuste R: Stereotyped position of
local synaptic targets in neocortex. Science 2001,
293:868-872.

32. Hirase H, Nikolenko V, Goldberg JH, Yuste R: Multiphoton

. stimulation of neurons. J Neurobiol 2002, 51:237-247.

This paper shows that two-photon stimulation can be used to directly
activate neurons. The authors explore two different regimes of optical stimu-
lation without the need of caged compounds. This method could potentially
allow targeted activation of single neurons to obtain higher resolution maps
of input to single cells. It may also be possible to use this method in vivo.

33. Zemelman BV, Lee GA, Ng M, Miesenbock G: Selective

e photostimulation of genetically chARGed neurons. Neuron 2002,
33:15-22.

Here, Zemelman et al. demonstrate the feasibility of making neurons sensitive

to light, by using genetic methods to express proteins normally found in

photoreceptors. The use of a genetic method should, in the future, allow

targeting of specific cell types for activation. When combined with two-

photon activation, it may also be possible to use this method in vivo.

34. Denk W, Strickler JH, Webb WW: Two-photon laser scanning
fluorescence microscopy. Science 1990, 248:73-76.

35. Goeppert-Mayer M: Ueber Elementareakte mit zwei
Quantensprungen. Ann der Physik 1931, 9:273-283. [Title
translation: Elementary reactions with two quantum leaps.]

36. Pettit DL, Wang SS, Gee KR, Augustine GJ: Chemical two-photon
uncaging: a novel approach to mapping glutamate receptors.
Neuron 1997, 19:465-471.

37. Denk W: Two-photon scanning photochemical microscopy:
mapping ligand-gated ion channel distributions. Proc Natl Acad
Sci USA 1994, 91:6629-6633.

38. Furuta T, Wang SS, Dantzker JL, Dore TM, Bybee WJ, Callaway EM,

. Denk W, Tsien RY: Brominated 7-hydroxycoumarin-4-ylmethyls:
photolabile protecting groups with biologically useful cross-
sections for two photon photolysis. Proc Natl Acad Sci USA 1999,
96:1193-1200.

This paper describes the synthesis and use of a novel caged glutamate

Bhc-glutamate. This compound has greater light sensitivity for two-photon

uncaging than previously used compounds. The authors use the novel

chemical in two-photon uncaging experiments that map the sensitivity of
dendritic arbors to glutamate in three dimensions. The slow half-time of



592 New technologies

photorelease with this compound could potentially prevent sufficient
accumulation of glutamate prior to diffusion to allow mapping at higher
spatial resolution.

39. Canepari M, Nelson L, Papageorgiou G, Corrie JE, Ogden D:
Photochemical and pharmacological evaluation of
7-nitroindolinyl-and 4-methoxy-7-nitroindolinyl-amino acids as
novel, fast caged neurotransmitters. J Neurosci Methods 2001,
112:29-42.

40. Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, lino M, Kasai H:
e»  Dendritic spine geometry is critical for AMPA receptor expression
in hippocampal CA1 pyramidal neurons. Nat Neurosci 2001,
4:1086-1092.
In this landmark study, Matsuzaki et al. describe the use of MNI-glutamate,
combined with two-photon excitation, to map the sensitivity of dendrites to
glutamate. The authors obtained incredibly precise micrometer spatial
resolution, allowing an analysis of the responses resulting from activation of
single dendritic spines.



