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Rapid neurotransmitter uncaging in spatially

defined patterns

Shy Shoham!>%>, Daniel H O’Connor!>°, Dmitry V Sarkisov>? & Samuel S-H Wang!?

Light-sensitive ‘caged’ molecules provide a means of rapidly and
noninvasively manipulating biochemical signals with submicron
spatial resolution. Here we describe a new optical system for
rapid uncaging in arbitrary patterns to emulate complex neural
activity. This system uses Te0, acousto-optical deflectors to
steer an ultraviolet beam rapidly and can uncage at over 20,000
locations per second. The uncaging beam is projected into the
focal plane of a two-photon microscope, allowing us to combine
patterned uncaging with imaging and electrophysiology. By
photolyzing caged neurotransmitter in brain slices we can
generate precise, complex activity patterns for dendritic
integration. The method can also be used to activate many
presynaptic neurons at once. Patterned uncaging opens

new vistas in the study of signal integration and plasticity

in neuronal circuits and other biological systems.

Neurons integrate synaptic signals from many thousands of
inputs. Understanding the resulting information processing is a
central theme in experimental and computational neuroscience.
Multiple inputs can interact to amplify!, attenuate’ or modulate
one another. Thus, results obtained by activating one or a few

@inputs at a time, as is commonly done in brain slice experiments,

=p’do not fully capture the complexity of signal processing by

single neurons.

This potential complexity of signal integration suggests the need
to manipulate biochemical and electrical events across dendrites
and in multiple neurons with fine spatial and temporal resolution.
An attractive option for performing such manipulations is the use
of optical approaches in the form of photochemical release of caged
neurotransmitters and second messengers®>*. In optical uncaging, a
biologically active molecule is inactivated through covalent attach-
ment of a caging group, is introduced into tissue and is then
converted to its active form by a flash of light. A large variety of
caged compounds is available®, including agonists for neurotrans-
mitter receptors such as glutamate, GABA, acetylcholine and
biogenic amines and intracellular messengers such as calcium
(in which a chelator of calcium is the molecule caged) and
inositol-1,4,5-trisphosphate (IP3). Uncaging approaches open the
possibility of using light to probe semi-intact tissue noninvasively.

Caged compounds are useful whenever control of cellular
biochemistry is needed on subsecond time scales. In addition to
applications to neurophysiology, caged compounds have been
useful in studying other biological problems requiring comparable
time resolution such as secretion®, muscle activation®, fertilization’
and nuclear signaling®. An intriguing recent advance is the devel-
opment of a caged inhibitor of protein synthesis’.

Uncaging light pulses are usually delivered to a single fixed
location. To overcome this limitation we have developed a system
that rapidly deflects and modulates the uncaging beam using
acousto-optical deflectors (AODs). AODs allow extremely rapid
access to many locations in tissue and have been used previously
in some commercial (Noran Inc.) or custom-built!®!! imaging
systems. Our system uncages at over 20,000 locations per
second, considerably faster than older uncaging systems that
steer beams with modified galvanometer mirrors and mechanical
shutters'>!3, Here we present the basic physical characteristics
of this system and demonstrate its application to several problems
in neuroscience.

RESULTS

General system design

Our system design is illustrated in Figure 1a and described in detail
in the Supplementary Note online. The ultraviolet light source is
a frequency tripled Nd:YVO, laser (DPSS Corp; 50-60 ns,
A = 355 nm pulses at a 100-kHz repetition rate with average
power >400 mW) whose beam is expanded threefold in diameter
and directed through two crosswise-oriented tellurium dioxide
(TeO,) AODs and a two-lens 1:1 telescope into the optical path
of a two-photon microscope!. The AOD assembly, lenses and an
iris are spaced at intervals approximately equal to the lens focal
length £, thus forming a 4-f system. Such an arrangement transfers a
beam that pivots around the AOD axis to a pivot point at the back
aperture of the objective, thus allowing scanning of the beam in the
focal plane!®. The laser output is gated using its Q-switching
control so that output pulses are emitted only after the AOD has
settled at a new value. Control pulses set the repetition rate of the
laser to be the same as the AOD switching rate. At the resulting
pulse rates the energy per pulse is reproducible (s.d. divided by
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Figure 1 | A system for patterned uncaging and two-photon imaging. (a) An ultraviolet uncaging laser beam is projected into the focal plane of a two-photon
microscope. The AODs, lenses and iris approximately form a 4-f imaging system. The inset shows the lateral resolution of a single uncaging spot. (b) Dependence
of two-dimensional uncaging location on the control voltage, as measured by uncaging dried fluorescein dextran. The voltages control the frequency of the
radio-frequency wave used to excite the two (x and y) acousto-optic crystals. (c) Comparison of the expected and actual uncaging after linearization of the
response locations in b by a fourth-order polynomial. (d) Uncaging pattern at 45-us access time per point and with adjustments to laser intensity to
compensate for position-dependent variations in transmission efficiency. Bar, 50 pm. (e) Uncaging pattern for a randomly-accessed grid pattern at 27-ps

access time per point. Bar, 50 um. (f) Light energy reaching the specimen at different diffraction angles (magenta) is made more uniform (black) by reducing

the first-order beam intensity at angles of higher transmission efficiency.

mean = 2-3%), and is better than the laser manufacturer’s
specification for the fastest pulse rates.

For steering the ultraviolet laser beam, a radio-frequency shear
pressure wave propagating through the two TeO, crystals (model
2DS-150-50-.364; Brimrose Corp.) at the corresponding speed of
sound (617 m/s) creates periodic variations in refractive index,
forming effective gratings that steer the beam. Using the iris, the
first-order deflection beam, which contains the most power, is
passed while other beams (mixed zero and/or higher-order) are
blocked. We chose a shear-mode TeO, device over a longitudinal
device in which the speed of sound is higher (4,260 m/s). Higher
wave speeds potentially shorten switching times but also impose a
need for elongated deflectors and relatively complex designs for two-
dimensional systems (A. Bullen, V. Iyer, S.S. Patel & P. Saggau,
Soc. Neurosci. Abstr. 25, 601.13, 1999; and ref. 16). The transmission
of TeO, is not as consistent for near-ultraviolet (330-380 nm) light
as for visible and infrared light, so crystals were selected by the
manufacturer for high transmission. In our system with the AOD
power switched off, the two TeO, crystals selected transmit ~ 75% of
the entering light. Because light throughput depends on the diffrac-
tion efficiency of the AOD, which for our devices depends on the
circular polarization of the incoming beam, polarization is adjusted
using a quarter-wave plate. After these adjustments the light energy
arriving at the specimen is up to 300 nJ per pulse at ~500 mW
average laser power. This is reduced to the desired amount of energy
with a neutral-density filter wheel and by modulating the radio-
frequency power. An aperture is placed in the image plane to block
higher diffraction orders as well as the parked beam.

The ultraviolet uncaging beam emerging from the AOD is
projected through two lenses and then merged with the infrared
imaging beam using a dichroic mirror. Both beams are then
directed through a 40x objective (Leica model UVI, 0.8 NA)
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into a single shared focal plane. To ensure that the focal planes of
the ultraviolet and infrared beams were near to one another, we
used an objective with good transmittance at both wavelengths
(Leica objective model UVI; transmission at 355 nm: ~ 60%, at
830 nm: ~75%) and wide-band correction for intrinsic variations
in the index of refraction. Photolysis can be achieved in a variety of
axial positions relative to the image plane by moving the first lens
after the AOD along its optical axis to shift the focus of the
ultraviolet beam. For most experiments the lens is used to focus
uncaging into the same plane as the infrared beam!”.

We visualized uncaging by exciting fluorescent beads or by
uncaging dried samples of caged fluorescein dextran. The uncaging
focal volume has an approximately Gaussian profile both laterally
in the focal plane (0.7-pm full width at half maximum; FWHM),
and axially (10-um FWHM), corresponding to an NA of approxi-
mately 0.3. This is less spatial resolution than the focal volume of
two-photon excitation (for A = 830 nm and NA 0.7, lateral FWHM
= 0.4 um and axial FWHM = 2.6 pum; ref. 18). Further expansion
of the uncaging beam entering the AOD introduced more spatial
asymmetry in the focal volume and was not done. In brain slices
(see Supplementary Data 1 and Supplementary Fig. 1 online),
because of scattering, the estimated total excitation energy in the
focal volume decreased with a length constant of 32 um. The lateral
and axial FWHM of the uncaging spot grew slightly in the first
30 microns of the slice, reaching values of 3 pm (lateral) and
17 pm (axial) at a depth of 25 microns.

Beam steering requires measurement of the relationship between
control voltage and uncaging position. We did this by measuring
uncaging position for a grid pattern of x and y control voltages
(Fig. 1b) and finding mapping functions for interpolation and
linearization (Fig. 1c). It is possible in this way to reliably access
fields of up to ~170 um x 170 pm.



© 2005 Nature Publishing Group http://ww w.natur e.com/nature methods

npg

The fundamental limit of time resolution is the theoretical
acousto-optical switching time, T = dyperture / Vacoustic Where
daperture 18 the diameter of the aperture and v,¢usic 18 the acoustic
wave frequency. For a 5-mm transmitted beam diameter, 7 is 8 ps.
An additional limit is the switching time of the radiofrequency
driver, whose nominal switching time was 50 ps (Brimrose model
VEFE-150-50-V-B1-F2-2Ch, channels: deflection in x and y and
intensity in x and y). The long switching time required us to use a
switching time between uncaging locations of 40 ps or more
(Fig. 1d). Faster switching rates resulted in uncaging between the
intended locations (Fig. 1e).

Each crystal is controlled by two voltages via the radiofrequency
acousto-optical driver. One voltage controls the wave frequency
between 125 and 175 MHz and directs the first-order diffracted
beam over a 1.7-degree range. The second voltage controls the wave
amplitude and thus the first-order beam intensity. The diffraction
efficiency in AOD crystals varies as a function of diffraction angle,
with a multiple-hump structure that results from a design that
meets two phase-matching criteria (Fig. 1f). To obtain a uniform
uncaging intensity we used a two-step procedure. First, we
generated a map of the intensity of light using a photodiode
placed in front of the objective. Next, because the amount of
light per pulse is generally more than sufficient to achieve efficient
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uncaging, we reduced the second control voltage at regions of high
intensity. This truncated the peaks of the intensity distribution and
gave a relatively flat field (Fig. 1f).

Using caged glutamate to emulate dendritic integration

We applied caged glutamate (MNI-glutamate)'®2! to single and
multiple sites on hippocampal pyramidal neurons in rat brain slices
(Fig. 2). We measured the zone of receptor activation by moving
the uncaging location away from a CA1 pyramidal neuron dendrite
(Fig. 2a). Responses dropped off to 50% of peak at distances
between 1.7 and 2.0 pm from the center (mean + s.e.m., 1.9 +
0.1 um for three branchlets). In the NMDA-type glutamate
receptor blocker APV (pL-2-amino-5-phosphonovaleric acid;
100-200 puM), the responses were tightly localized to dendrites,
with half-maximal distances of 0.75 to 1.4 pm (1.0 = 0.1 pm,
7 branchlets; smaller than the distance with no antagonist, one-tailed
ttest, P < 0.01), comparable to the resolution in dendritic shafts of
two-photon uncaging??. As uncaging was done over dendrites and
not spines, these responses were likely to include extrasynaptic
receptors. Further addition of the non-NMDA receptor antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX) totally abolished the
responses. At single locations, response amplitudes at 10-s intervals
were stable over periods of at least 200 s, indicating that responses
can be measured repeatedly without cumu-
lative phototoxicity.

To test if patterned uncaging can be
used to study signal integration along
dendrites, we photolyzed glutamate at ten
dendritic locations in rapid succession.
Individual responses were small in both
current clamp (1-2 mV; Fig. 2¢) and vol-
] tage clamp (7-15 pA), comparable with

Cell 2
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Figure 2 | Using patterned uncaging to emulate
. dendritic integration. (a) Response size as a
function of distance from a CA1 basal dendrite.
APV (100 pM) reduced the responses by 30%
and sharpened the spatial profile of response
size. Addition of DNQX (20 uM) abolished the
responses. Displacement distance was measured
from the center of the dendritic shaft. (b) Two-
photon image of a CA1 pyramidal neuron showing
sequential uncaging locations on the apical
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in a grid pattern (red) over the soma of a CA3
pyramidal cell (two-photon image at left; scale
bar, 20 um) triggers action potentials (first
column of traces); five consecutive responses are
shown. The second column shows action potentials
from a second CA3 cell and two responses (gray)
recorded with the grid moved 30 pm away from
the soma. The within-grid interval between flashes
was 50 ps. (e) Latency to the action potential

for 68 consecutive responses from the cell in d.
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Figure 3 | Local amplification of glutamate responses in pyramidal neuron
dendrites. Voltage responses to uncaging increase with increasing pulse
energy smoothly at first, with a sharp discontinuity at moderate flash energy
(top inset, two example sweeps at low energy and two at high energy).
Uncaging was done at four locations (indicated by yellow dots) at once

on a single branchlet (lower inset; bar, 50 um).

CA3-CAl synapses (5-80 pA)?’. When responses were evoked
at all locations in rapid succession (less than 2 ms between
pulses), responses recorded at the soma could sum to reach firing
threshold (Fig. 2b,c).

To explore how precisely action potentials could be triggered, we
used rectangular patterns of uncaging spots (9 x 9, spaced at 1.8- to
4.5-micron intervals; 170-600 uM MNI-glutamate, three grid
patterns in two recordings). Responses ranged from subthres-
hold to several spikes. With adjustment of flash intensity,
generally within a threefold range, we could evoke one action
potential per flash (Fig. 2d), a degree of response precision not
previously achieved with uncaging. Action potentials occurred
within a 3-ms range (Fig. 2e; s.d. of spike time, 0.6-1.2 ms);
the timing depended on the neuron’s resting potential (Fig. 2f).
When the uncaging pattern was moved by 30 or 80 microns off
the soma, no spikes were evoked (mean responses 4.5 mV and

@0.8 mV, respectively).

Integration of distributed and complex uncaging patterns
Dendrites can regeneratively amplify synaptic inputb*4. To assay
this local amplification, we uncaged at four locations at once on a
basal dendrite. As we increased the energy delivered in each pulse,
the response amplitude at first increased gradually. At a threshold of
uncaging energy, the reponses jumped suddenly in size (Fig. 3), a
hallmark of regenerative amplification.

Because realistic spatial input patterns are distributed over time,
we applied uncaging sequences to dozens of locations distributed
over a dendritic arbor (Fig. 4). We selected points using a fluores-
cence image of the dendrite as a guide. Up to 50 points could be
conveniently selected manually in the first minutes of the recording.
The sequence of activation, during which all three dendrites receive
light pulses, is indicated by the tick marks (Fig. 4a,b) and in videos
available online (Supplementary Video 1 online). In voltage clamp,
current responses to patterned stimulation were reproducible with
multiple repetitions of the same sequence, and were different when
different activation sequences were used with the same average rate.
Similarly, when neurons were allowed to spike freely in current
clamp, patterned activation evoked a sequence of action potentials
with similar timing from trial to trial.
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We quantified the similarity between uncaging responses as
the crosscorrelation between pairs of responses evoked in voltage
clamp. We calculated correlation coefficients using responses
that were mean-subtracted by the average of all responses across
three cells. Responses to the same activation pattern given
repeatedly were highly correlated (median r = +0.86, 25-75%
interquartile range +0.69 to +0.92; 224 comparisons between pairs
of traces taken from 490 responses in three cells with 8-100
uncaging patterns each; Kolmogorov-Smirnov-test, P < 0.001;
Fig. 4c). In contrast, responses to different activation patterns
were uncorrelated (median r = +0.05, 25-75% interquartile
range —0.61 to +0.65; 20,964 comparisons among 490 res-
ponses in three cells; Fig. 4c). Thus patterned activation can
reproducibly emulate complex signal integration events spanning
the dendritic arbor.

To test the ability of the system to uncage and monitor fluores-
cence signals simultaneously, we measured Ca®* release responses
to patterned release of caged IP; in rat cerebellar Purkinje neurons
(Supplementary Data 2, Supplementary Fig. 2 and Supplemen-
tary Video 2 online).

Using caged glutamate to activate many neurons at once

Glutamate uncaging has been used to identify synaptic connec-
tions*?> by generating action potentials in presynaptic neurons and
searching for postsynaptic responses. The spatial and temporal
performance of our uncaging system potentially allowed us to
activate multiple presynaptic neurons at once (Fig. 5). A cerebellar
Purkinje neuron filled with dye and the presynaptic granule cell
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Figure 4 | Repeatability of responses to patterned activation of multiple
dendrites. (a,b) The uncaging locations, distributed over three dendritic
branches (d1, d2 and d3), are shown as colored dots on two-photon images
of CA1 pyramidal cells. Bars, 20 um. In current clamp (27 points, 6 Hz
average rate) the same sequence of flashes (as indicated by the three tick
rasters) evoked a reproducible response (top three traces), but a different
pattern with the same average rate (bottom) gave a different response (a).
Responses in voltage clamp (24 points, 4 Hz); the tick colors in the rasters
correspond to the uncaging locations in the inset (b). (c) Histograms of
crosscorrelations between voltage-clamp responses to the same pattern (blue)
or different patterns (gray).
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Figure 5 | Patterned activation of presynaptic cells. (a) Maximum intensity projection of a postsynaptic
cerebellar Purkinje neuron filled via patch clamp recording electrode with fluorescent dye. The squares
indicate the positions of 20 uncaging locations in the presynaptic granule cell layer. The locations were
visited in the numbered order. Bar, 25 pum. (b) Postsynaptic voltage-clamp responses to uncaging at the
locations shown in a, with 200-ms interlocation intervals. Vertical marks indicate times of uncaging.
Shown in gray at each location are responses after addition of APV (400 uM) and lidocaine (500 puM).
Also shown (colored traces) are single example traces. (c) The same sequence of uncaging locations

as b, but with interlocation intervals of 50 ms (top), 10 ms (middle) or 50 ps (bottom, in current
clamp). (d) Twenty uncaging locations over a Purkinje cell dendritic arbor (top; bar 20 pm) were
visited at 200 ms inter-grid intervals in the presence of 500 uM lidocaine. Voltage clamp responses

from the Purkinje cell (bottom).
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Purkinje cell responses were reduced by at
least half in 72% of movements, across eight
responding locations, favoring the possibi-
lity that the multiple rising phases were
caused by single granule cells firing
bursts?”?8, Finally, we tested whether gran-
ule cell-Purkinje cell responses could sum-
mate, by activating all twenty sites at once in
9 ms. This triggered a burst of spikes in the
Purkinje cell (Fig. 5¢; n = 4 cells).
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DISCUSSION

We have developed a system that allows
stimulation of neural structures in complex
spatial and temporal patterns. The system
allows uncaging at submicron resolut-
ion with a maximal uncaging rate of
over 20,000 locations per second. Our
work opens the possibility of investigating
how neurons integrate signals resulting
from rapidly changing, complex activity
conditions that until now have not been
explored in vitro.

Our system’s spatial resolution is well-
suited for studying integration in whole
dendrites and neurons, in which signals
are integrated on length scales of tens to
hundreds of microns. Compared with
patterned two-photon uncaging using
infrared lasers, our implementation has
the advantages of design simplicity, the
use of many caged compounds now avail-

500 ms

layer in negative stain using a small concentration of fluorescent
dye is shown in Figure 5a. At each of 20 randomly selected
locations, uncaging was done at a 3 x 3 array of points spaced at
1.3-2.0 pm intervals. We measured response amplitudes in indivi-
dual traces over a time window 70-90 ms after the pulse, and
defined a t score for each location as the mean response divided by
the standard error of the mean. We scored locations with t > 2 as
responding (Fig. 5b).

At each responding location (n = 18 locations in four recordings,
718 responses total), averaged responses (Fig. 5b) had short
onset delays from the first uncaging flash (latency 12.6 + 10.2 ms,
mean *+ s.d.) and peak amplitudes of 1-54 pA (mean: 19 pA,
25-75% interquartile range 7-28 pA). Responses were completely
eliminated by addition of the sodium channel blocker lidocaine
(Fig. 5b), which prevents propagation of action potentials. Lido-
caine did not affect responses to uncaging pulses delivered directly
to the Purkinje cell dendritic arbor (Fig. 5d). Thus, photolyzed
glutamate triggered action potentials in granule cells and synaptic
responses in Purkinje cells.

Our EPSC amplitudes are comparable to measurements
made from unitary granule cell-Purkinje cell pairs (compare with
2-60 pA, mean 14 pA in ref. 26). Multiple rising phases could often
be seen in individual responses (Fig. 5b), suggesting that multiple
granule cells might have been activated at once. But when the
granule layer stimulus pattern was shifted 3 um laterally, individual

able with good one-photon cross-section,
and the reduced cost of the uncaging laser.
These advantages make our approach an attractive choice for
micron-level spatial performance.

Improved spatial resolution can be achieved by reducing AOD-
induced distortions that limit the system’s effective numerical
aperture or by expanding the beam after the AODs to fill the
back aperture of the microscope objective. For three-dimensional
control of uncaging, fast control of the axial position may be
accomplished using a piezoelectric focusing device that fits between
the microscope turret and objective (see, for example,
http://www.physikinstrumente.de) and allows travel of hundreds
of microns on the time scale of tens of milliseconds. Another option
is the use of a variable-focus lens. Temporal resolution, which in
our system is limited by the AOD driver, can potentially be
improved up to fivefold by using a faster voltage-controlled
oscillator. Future improvements in both spatial and temporal
resolution will be needed for studies in which single-spine resolu-
tion is critical.

Patterned uncaging can be applied to the study of synaptic
plasticity, which is thought to provide a substrate for the initial
stages of learning and memory. Uncaging has been used to induce
long-term depression and potentiation at single sites!>?°-!, Simi-
larly, assessing the dependence of synaptic plasticity on the timing
of single spikes®? and the location of the synaptic input’® has
required pooling data from dozens of neuronal recordings taken
with great effort over a period of months. Patterned uncaging may
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provide a high-throughput assay for synaptic plasticity that allows
rapid measurement of how timing-dependent and location-
dependent postsynaptic learning rules can vary as a function of
complex spatiotemporal activity patterns**. We have demonstrated
multisite activation at dozens of sites on a dendritic arbor; in the
future, selection of larger numbers of points should be possible
with the help of automated feature recognition®.

Most photolysis work to date in dendrites has used caged
glutamate, leaving open many possibilities using other neurotrans-
mitters. Complex activity patterns have been observed in neurons
that secrete other transmitters, including some often thought of as
neuromodulators®®. This temporal complexity suggests that the
ability to rapidly generate complex patterns of these neurotrans-
mitters will lead to new insights on how they participate in signal
integration on fast time scales.

Our system can activate many presynaptic neurons in precise
spiking patterns to allow fast mapping of local'? and distributed®”
neural circuits. The ability to activate many neurons in a prepara-
tion may be of use in the development of prosthetic neural
interfaces®®. In summary, the introduction of patterned neuro-
transmitter uncaging to emulate neural activity opens new win-
dows into study of the integration of distributed signals by
dendrites and neuronal networks.

METHODS

Slice preparation and electrophysiology. We prepared transverse
hippocampal slices and sagittal cerebellar slices from anesthetized
13-21-day-old Sprague-Dawley rats in accordance with proce-
dures approved by the Princeton University Institutional Animals
Care and Use Committee. We cut slices in ice-cold artificial
cerebrospinal fluid (ACSF) comprising 126 mM NaCl, 3 mM
KCl, 1 mM NaH,PO, 25 mM b-glucose, 25 mM NaHCO;,
2 mM CaCl, and 1 mM MgCl, (osmotic strength: 320 mOsm)
saturated with 95% O,—-5% CO,, incubated the slices at 34 °C
(hippocampal slices, 1015 min; cerebellar slices, 45 min), and
transferred the slices to a 20-23 °C interface (hippocampal)
or submersion (cerebellar) chamber. At least 1 h after slicing,

=¥ we transferred the slices to a recording chamber in the patterned

uncaging system and perfused the slices at 2-4 ml/min with
room-temperature ACSF bubbled with 95% O,-5% CO,. We
made whole-cell patch recordings (current-clamp and voltage-
clamp) using 2-5 MQ pipettes filled with solution containing
0.02-0.05 mM Alexa 488 hydrazide (Molecular Probes), 133 mM
methanesulfonic acid, 74 mM KCl, 0.3 mM MgClL, 3 mM
Na,ATP, 0.3 mM Na,GTP, 10 mM NaHEPES, pH to 7.3 with
KOH (290 mOsm). We performed recordings with a BVC 700A
(Dagan) or an Axopatch 200B (Axon Instruments) patch clamp
amplifier and a data acquisition board (National Instruments
model PCI-MIO-16E-4). A custom LabView program (National
Instruments) controlled experiments and provided unified control
of the AODs and the electrophysiology apparatus. We delivered
MNI-caged glutamate (Tocris or Sigma-Aldrich) either locally
near the imaged neuron through a 50 pm inner diameter capillary
tube (5 mg/ml ~13 mM), or in the bath at 140-170 pM.

We uncaged glutamate using one pulse of light per location,
except in one CA3 pyramidal cell experiment (Fig. 2d) in which
we gave two pulses per location and six experiments from
Supplementary Figure 1 in which we gave 2-3 pulses. In hippo-
campal NMDA receptor block experiments, we applied 200 uM
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APV through the capillary in all but one experiment, in which we
applied 100 uM APV in the bath. In Fig. 5, we applied 10 pM
bicuculline (0.01% DMSO) in the bath to block inhibition.

Note: Supplementary information is available on the Nature Methods website.
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