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Abstract

The neurotransmitter glutamate is the mediator of excitatory neurotransmission in the brain. Release of this signaling molecule is carefully
controlled by multiple mechanisms, yet the methods available to measure released glutamate have been limited in spatial and/or temporal domains.
We have developed a novel technique to visualize glutamate release in brain slices using two purified fluorescence (Férster) energy resonance transfer
(FRET)-based glutamate sensor proteins. Using a simple loading protocol, the FRET sensor proteins diffuse deeply into the extracellular space
and remain functional for many tens of minutes. This allows imaging of glutamate release in brain slices with simultaneous electrophysiological
recordings and provides temporal and spatial resolution not previously possible. Using this glutamate FRET sensor loading and imaging protocol,
we show that changes in network excitability and glutamate re-uptake alter evoked glutamate transients and produce correlated changes in evoked-
cortical field potentials. Given the sophisticated advantages of brain slices for electrophysiological and imaging protocols, the ability to perform
real-time imaging of glutamate in slices should lead to key insights in brain function relevant to plasticity, development and pathology. This technique
also provides a unique assay of network activity that compliments alternative techniques such as voltage-sensitive dyes and multi-electrode arrays.
© 2007 Published by Elsevier B.V.

Keywords: Glutamate; Imaging; Cortical network; Epilepsy

1. Introduction

Glutamate is an amino acid neurotransmitter which mediates
90% of the excitatory neurotransmission in the central nervous
system (Cotman and Monaghan, 1986). Glutamate is released
into the synaptic cleft when action potentials depolarize synap-
tic terminals and glutamate-filled synaptic vesicles fuse with the
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plasma membrane (De Belleroche and Bradford, 1977). Once in
the cleft, glutamate activates post-synaptic glutamate receptors
(Moore, 1993) to trigger ionic current flow thus completing this
form of chemical communication. Glial re-uptake then removes
glutamate from the synaptic cleft to terminate the glutamate sig-
nal (Auger and Attwell, 2000; Diamond, 2005). As with other
biological signaling pathways, the temporal and spatial extent
of glutamate release shapes the resulting response, which in the
case of neurons is post-synaptic excitation. It has been difficult,
however, to quantify the rapid changes in extracellular glutamate
concentration (glutamate transients) that occur with synaptic
stimulation.

In the past, techniques such as microdialysis of cerebrospinal
fluid (Zhang et al., 2005), enzyme-linked fluorescence assays
(Nicholls and Sihra, 1986; Innocenti et al., 2000), electrical
recording from cells expressing glutamate receptors (Diamond
et al., 1998), and enzymatic glutamate-selective electrodes (Hu
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et al., 1994; Oldenziel et al., 2006) have been used to study
extracellular glutamate transients. These techniques have been
extremely useful but have low spatial and/or temporal resolution.
To fully understand the characteristics of glutamate transients,
tools that are capable of assessing real-time changes in glutamate
are needed.

Recent molecular innovations have made it possible to mea-
sure glutamate transients in entirely new ways (Okumoto et al.,
2005; Deuschle et al., 2005b; Namiki et al., 2007). Optical detec-
tion of glutamate using fluorescence (F&rster) energy resonance
transfer (FRET)-based sensor proteins offers the potential to
greatly enhance the temporal and spatial resolution at which glu-
tamate transients can be measured. The FLIPE-600n glutamate
sensor, one of the first FRET-based glutamate sensor proteins
(Okumoto et al., 2005), consists of the Escherichia coli glu-
tamate binding protein ybel fused to cyan fluorescent protein
(CFP) on the N-terminus and Venus, a variant of yellow fluores-
cent protein (YFP) (Miyawaki, 2002) on the C-terminus. CFP
and Venus are positioned such that a portion of CFP’s emission
energy is transferred non-radiatively to Venus, a phenomenon
known as FRET. Because the FRET phenomenon is extremely
distance and dipole—dipole orientation dependent small confor-
mational changes can lead to large changes in FRET efficiency.
When the FRET sensor protein binds glutamate, conformational
change of the ybeJ domain leads to lower FRET efficiency thus
making measurement of glutamate possible. Strategic molecu-
lar design and modification of the FLIPE-600n sensor protein
has resulted in a series of enhanced sensors (Deuschle et al.,
2005a). First, mutagenesis of the residues located at the perime-
ter of the ligand binding pocket has resulted in sensor proteins
that have different affinities for glutamate ranging from 600 nM
to 1 mM. Second, a different protein design, known as FLIIBLE,
carries CFP as an insertion in ybeJ, while Venus is fused to the
C-terminus. This design reduces rotational averaging and results
in fluorescence ratio changes up to three-fold larger than those
seen using FLIPE sensors.

The ability to image glutamate transients in brain slices not
only represents an evolutionary step in glutamate FRET sensor
technology, but also is the next step in deconstructing com-
plex neuronal network behavior into its component pieces. Just
as photolysis of caged glutamate has allowed analysis of the
post-synaptic aspect of neural connectivity (Dalva and Katz,
1994; Shepherd et al., 2003), glutamate FRET sensor imaging
will make it possible to elucidate synaptic output and decipher
its relevant properties. Glutamate FRET sensor imaging in the
physiological setting of brain slices may be used to address
questions regarding the kinetics of extracellular glutamate tran-
sients (Brasnjo and Otis, 2004; Diamond, 2005), the diffusion
of glutamate into synaptic vs. extra-synaptic zones (Diamond,
2001), and glutamate depletion and replenishment during times
of increased neuronal activity (Staley et al., 1998). Understand-
ing pre-synaptic network activation, as measured by changes in
glutamate release, is also critical for the study of neurodegen-
eration (Rothman, 1983), cognitive impairments (Kirvell et al.,
2006) and epilepsy (Sepkuty et al., 2002; Fellin et al., 2004;
Yang et al., 2006), all disorders in which alterations in gluta-
matergic output have been implicated. In cortical brain slices,

imaging glutamate transients with high temporal and spatial
resolution would enable detection of layer-specific or cortical
column-specific glutamate release which may be implicated in
pathological changes in network excitability associated with
disease states such as epilepsy (Jin et al., 2006).

Here we describe a method for loading brain slices with puri-
fied FRET sensor proteins, demonstrate that the FRET sensor
protein uniformly penetrates into the brain slice and remains
functional over extended periods of time. Using this technique
we measured glutamate release using three FRET sensor pro-
teins (FLIPE-600n = 1st generation high affinity FRET sensor,
FLII®!'E-1uM =2nd generation high affinity FRET sensor, and
FLII®!'E-10uM = second generation low-affinity FRET sensor)
while simultaneously recording field potentials in cortical brain
slices. Spatially localized glutamate transients were detectable
using FLII®'E-1uM with temporal resolution so far only lim-
ited by imaging speed. Blocking inhibition in cortical slices
increased the peak, duration and spatial spread of glutamate
transients. Inhibition of glutamate re-uptake further increased
the peak and duration of glutamate transients as well as delayed
the time to the peak. These results demonstrate that FRET-based
glutamate imaging shows great promise for high-resolution
spatiotemporal imaging of glutamate transients and network
activation.

2. Methods
2.1. Production of glutamate FRET sensor

BL21(DE3) bacteria were transformed with pRSET-FLIPE-
600n, pRSET-FLII*'E-1p or pRSET-FLII®'E-10y plasmids
(Okumoto et al., 2005; Deuschle et al., 2005b) and streaked
on an LB plate with ampicillin (100 wg/ml). After overnight
incubation at 37 °C, a single colony was picked and grown in
11 LB with ampicillin (100 pg/ml) for 2 days at 21 °C in the
dark with rapid shaking (300 rpm). Cells were harvested by cen-
trifugation, resuspended in extraction buffer (50 mM sodium
phosphate, 300 mM NaCl, pH 7.2), and disrupted by ultra-
sonication and further lysed with CelLytic B reagent (Sigma).
The FRET sensors were purified by Talon His-affinity chro-
matography (Clontech). Binding to the resin was performed in
batch at 4 °C, washed in a column with extraction buffer, and
then eluted with extraction buffer containing 150 mM imida-
zole. Emission spectra and ligand titration curves were obtained
by using a spectrofluorometer (excitation 433/12 nm; emission
485/12 and 528/12nm). All analyses were done in artificial
cerebrospinal fluid (aCSF) bubbled with 95% 02:5% CO, gas
mixture.

2.2. Preparation of brain slices

Cortical brain slices containing sensorimotor cortex
(400 M) were prepared from male Sprague-Dawley rats (P14-
P28). Briefly, rats were anesthetized (50 mg/kg pentobarbital),
decapitated, and the brains were rapidly removed and placed
in chilled (4°C) low-Ca, low-Na slicing solution consisting
of (in mM): 234 sucrose, 11 glucose, 24 NaHCO0s3, 2.5 KCl,
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1.25 NaH;PQOy4, 10 MgSO4 and 0.5 CaCl,, equilibrated with a
mixture of 95% 0,:5% CO,. The brain was glued to the slicing
stage of a Vibratome 3000 sectioning system and slices were
cut in a coronal orientation. The slices were then incubated in
32°C oxygenated aCSF for 1h, and then allowed to cool to
room temperature and subsequently used for sensor loading and
recording. All guidelines of Stanford University’s Institutional
Animal Care and Use Committee were followed.

2.3. Field recordings

Cortical slices were placed in a recording chamber and held
in place with a harp. Slices were completely submerged in aCSF
and superfused continuously (*2.0 ml/min) with room tempera-
ture aCSF containing (in mM): 126 NaCl, 26 NaHCOs, 2.5 KCl,
1.25 NaH,>POy, 1 MgCl,, 2 CaCl,, and 10 glucose, equilibrated
with 95% 07:5% CO,. Extracellular field potentials from cor-
tical layer 5 were recorded using glass micropipettes (~1 M)
filled with aCSF. An Axon Multiclamp 700 A amplifier, Digi-
data 1322 A digitizer and pClamp software were used to collect
electrophysiological data. A bipolar stimulating electrode was
placed to stimulate white matter underlying the cortex every
10s. Each pulse consisted of a 100-500 s constant voltage
stimulation delivered by a WPI stimulus isolator. Stimulation
intensity was adjusted such that the control field potential ampli-
tude was between 0.05 and 0.5 mV. Drugs were applied using a
local perfusion pipette for focal application.

2.4. Loading of FRET-based glutamate sensor protein

A 35 mm tissue culture dish was filled with ~2 ml aCSF and
a 0.4 pm Millicell (Millipore) culture plate was inserted. Care
was taken to ensure that no bubbles were present under the plate
insert and that no aCSF spilled onto its top surface. A single brain
slice was transferred from the incubation chamber onto the plate
insert and excess aCSF was removed. The dish containing the
slice was then placed in a humidified and warmed (32 °C) cham-
ber equilibrated with 95% 0,:5% CO;. 50 pl of concentrated
glutamate FRET sensor protein (=50 ng/pl) was then carefully
applied to the top surface of the slice. After 10-20 min of incuba-
tion, slices were removed from the loading chamber and placed
into the recording chamber.

2.5. Imaging of glutamate levels

Slices were placed in the recording chamber of a Zeiss
Axioskop microscope with continual superfusion of aCSF
for simultaneous imaging and electrophysiological recording.
Imaging was accomplished using single excitation (440 nm/20 x
band pass excitation filter, Chroma, 71007a). pClamp software
was used to trigger the opening of a shutter allowing computer-
controlled epifluorescence illumination of the slice. Imaging was
controlled by in-house software. Each full-frame imaging exper-
iment consisted of 5 exposures per pharmacological condition.
Each exposure consisted of 200 frames (1024 x 1376 pixels) and
had a 10 ms exposure time and a 50 ms processing time per frame

(~17Hz sampling, Cooke Sensicam QE, Cooke Corporation).
Images were 4 x 4 pixel-binned (256 x 344 final image size) to
increase sensitivity and thus temporal resolution. For line-scan
imaging, 5 exposures each containing 300 images were collected
with 10 ms exposure time and 10 ms processing time (=50 Hz
sampling). 32 pixels were line scanned and 16 x 1 pixel-binned
(2 x 1376 final image size). To maximize the speed of the line-
scan image collection, the area of the slice stimulated was placed
at the top of the field of view. Image frames were synchronized
to electrophysiological recordings by monitoring frame acqui-
sition times via the camera busy signal. I[llumination was kept
to a minimum (3-6 s/exposure) to minimize photobleaching. A
2.5X Fluar objective (Zeiss, Thornwood, NY) was used to visu-
alize slices. Emission signals first passed through a 455 DCLP
dichroic mirror to eliminate excitation fluorescence and the sep-
arated into two channels using a Dual-View (Optical Insight),
filtered independently using an OI-5-EM filter set (480 nm/30x
and 535 nm/40x band pass emission filters) to isolate CFP and
Venus signals.

2.6. FRET sensor bleaching and washout characterization

To address concerns of FRET sensor bleaching and washout
we used two imaging paradigms. To isolate the washout of FRET
sensor, slices were loaded and superfused as described above and
exposures were captured every 10 s using a 200 ms exposure time
to minimize bleaching. Images were collected for ~20 min and
fit using an exponential decay. To isolate the effect of bleach-
ing slices were exposed to 4 s of fluorescence excitation every
10 s. Images were collected for 25 min and fit using an exponen-
tial decay. To isolate the effects of bleaching the FRET sensor
washout was subtracted and the resultant curve was fit using an
exponential decay.

Using quantitative western blot analysis FRET sensor con-
centrations were determined in slices either immediately after
incubation with the biosensor or after completion of a full imag-
ing/electrophysiology experiment with a minimum of 20 min in
the perfusion chamber. After rapid freezing on dry-ice and short
term storage, each slice was warmed to 4 °C and placed in 250 .l
of calcium-magnesium free phosphate-buffered saline (PBS)
with 1 mM EDTA and protease inhibitor and then homogenized
with a Teflon glass homogenizer. Samples (15 g of protein)
were subjected to SDS-PAGE, transferred to PVDF membrane
for Western blotting alongside serial dilutions of ET1 biosensor
at known concentrations. Biosensor quantities were analyzed
using a rabbit anti-GFP antibody (Santa Cruz Biotechnology)
and an HRP coupled anti-rabbit secondary antibody. The band
intensities were determined using Image] software (Abranoff,
2004). The amounts of biosensors in the samples were calculated
using a standard curve derived from the intensities of the bands
in the lanes with the known concentrations of the purified sen-
sor. Extracellular concentration of the biosensor was estimated
assuming a slice volume of 32 pl (average slices dimensions:
8 mm x 10 mm x 0.4 mm), with extracellular space assumed to
be 20% of the total volume. All protein measurements were done
with a Bradford assay (BioRad).
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2.7. Analysis of glutamate FRET sensor data

After collection of the 2-channel imaging data the first step of
processing was detection of shutter opening and closing. Next
the camera dark noise was subtracted from all fluorescence val-
ues pixel by pixel. The ratio of the two fluorescence channels
was computed pixel by pixel for all time-points in all images
and exposures. The signal was then adjusted for photobleaching
using a linear regression based on the fluorescence ratio at the
beginning and end of each exposure. Average images were cre-
ated from the first 3 frames after shutter opening and from the
last 3 frames before shutter closing. A time-weighted average of
these images was then used for background subtraction prior to
ratioing. The drift in fluorescence ratio was generally less than
5% so this adjustment was minimal. All raw fluorescence values
were also collected and images were saved for later reanalysis.
Images were not adjusted for auto-fluorescence as none was
detected in unloaded slices.

2.8. Slice sectioning and imaging

After recording and imaging, slices were fixed in a 4%
para-formaldehyde solution and then rinsed with phosphate-
buffered saline. Slices were then cryo-protected in 30% sucrose
solution in 0.1 M PBS. The tissue was then cross-sectioned
(50 wm sections) on a sliding microtome. Other slices were
sectioned (50 wm sections) in the plane of the slice to look
for regional differences in FRET sensor loading. All sections
were mounted on a glass cover-slip using VectorShield mount-
ing media. Individual sections were visualized using a Nikon
Eclipse E 800 microscope using excitation (480 nm/30x) and
emission (535nm/40m) filters appropriate for detection of
Venus.

2.9. Drugs and reagents

All salts for use in buffers were obtained from Sigma—
Aldrich. pL-TBOA (Tocris, Ellisville, MI) was dissolved in
DMSO in 1000x aliquots. GABAzine (Ascent, Somerset, UK)
was dissolved in DMSO in 1000 x aliquots.

2.10. Statistics

Statistical significance for all experiments was determined
using Student’s unpaired and paired #-test, as appropriate.

3. Results

3.1. Characterization of FLII* E-1u sensor loading in
brain slices

Cortical slices were loaded with FLIIB'E-1p. using an
interface-incubation loading technique as described above.
Imaging of Venus and CFP fluorescence demonstrated the pres-
ence of FRET sensor in the loaded slice. The fluorescence
ratio was stable over time (Fig. 1a, <5% decrease in fluores-
cence ratio over 25 min, 200 ms of fluorescence illumination

every 10 s) although CFP and Venus fluorescence decreased with
time, presumably due to a combination of protein degradation,
and washout from the slice (Fig. 1b, values reflect dark-noise
adjusted raw fluorescence values). To isolate the effects of sensor
washout from sensor photobleaching, we imaged slices loaded
with the FRET sensor for 20-25 min using either a short or long
fluorescence exposure time (see Section 2). During long expo-
sures FRET sensor signal should decay as a function of sensor
washout and sensor bleaching/degradation. During short expo-
sure times, FRET sensor signal decay should be much more
dependent on sensor washout, as minimal bleaching should
occur. During long exposures FRET sensor fluorescence ratio
and individual fluorescence channels decreased more rapidly.
By subtracting the short exposure decay curve from the long
exposure decay curve we were able to compute the decay con-
stants for both the bleaching and washout of FRET sensor from
cortical brain slices, both of which were over 30 min (data not
shown).

We also estimated sensor loading and washout (unloading)
using quantitative western blotting. Brain slices initially con-
tained an estimated 70 uM FRET sensor immediately after
loading, but before any superfusion (data not shown), and fol-
lowing 20 min of superfusion the FRET sensor concentration
decreased to approximately 20 wM, suggesting that washout
occurs over several tens of minutes. Slices used for imaging
experiments presumably have a lower initial FRET sensor con-
centration, due to the washout that occurs during the period
(~5 min) in which the slice and electrodes were positioned prior
to each recording.

Tissue cross-sections obtained from slices that were fixed and
sectioned following recording demonstrated that the glutamate
FRET sensor fluorescence was present throughout the depth of
the slice indicating that the loading procedure resulted in rela-
tively uniform FRET sensor protein penetration (Fig. 1c). Slices
not loaded with FLII3'E-1 protein showed no Venus fluores-
cence (Fig. 1d). Slice health was confirmed using DAPI staining
to show intact nuclei (Fig. le). A different set of slices was
sectioned horizontally to address the uniformity of FLII®'E-1p.
loading in the plane of the slice. Glutamate FRET sensor signal
was spatially uniform within each individual section and sec-
tions from the top 50 wm of tissue (Fig. 1f), as well as from 150
to 200 pm (Fig. 1g), and 300 to 350 wm (Fig. 1h) deep into the
tissue all had similar Venus fluorescence. This result indicates
that there were no significant regional differences in loading
of the slice. The penetration of FLII®'E-10 showed a similar
pattern (data not shown).

3.2. FLIP'E-1p detects evoked glutamate release in
cortical brain slices

The FLIPE-600n glutamate sensor was the first FRET sensor
characterized. FLIPE-600n successfully loaded into slices and
was able to resolve glutamate transients under disinhibited but
not under control conditions (data not shown). To confirm that
the sensor response was due to neurotransmitter release 1 uM
TTX was used to block action potentials. Addition of 1 puM TTX
blocked the glutamate transient seen in disinhibited slices (data
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not shown), indicating that the glutamate signals seen are due to
evoked glutamate release.

FLIB'E-1p, a sensor with a 1 uM affinity for glutamate,
was loaded into slices and evoked-cortical field potentials were
recorded simultaneously with image capture. FLII®'E sensors
have a lower affinity than FLIPE sensors, but utilize a differ-
ent protein design optimized for the greatest glutamate-induced

FRET ratio change (up to 3x larger than FLIPE). ROI analy-
sis was performed on the area of the highest glutamate signal;
the same ROI was used for all manipulations within each slice.
Under control conditions, electrical stimulation of the white mat-
ter caused a transient decrease in FLII3'E-1p. fluorescence ratio
(Fig. 2a, —2.65+£0.3% peak AFy/Fc, n=23). The response
peaked 63.3 &= 5.8 ms following stimulation and had a half width

IOf 200
150
é 100

5 10 15 20
Time (min)

Fig. 1. FLII®'E-1. glutamate sensor loading in cortical slices. (a) Time course of FLII®'E-1p. raw fluorescence decay in cortical slices for both Venus/CFP ratio
and (b) Venus (yellow) and CFP (blue) individually. (c) Venus fluorescent image of a cross-section of a cortical slice loaded with FLIIB'E-1p sensor protein. Scale

bar=50 wM. (d) Venus fluorescent image of a cross-section of a control slice, not loaded with FLI

I3!E-1p sensor protein. (e) DAPI staining of the same slice shown

in (a). Venus fluorescent images of a horizontal section near the (f) top (g) middle and (h) bottom of a cortical slice loaded with FLII3'E-1p sensor protein. Scale

bar=50 uM.
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(b)
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Fig. 2. High-affinity FLII3'E-1p, glutamate sensor imaging. Glutamate imaging with simultaneous cortical field recording under (a) control conditions, (b) in the
presence of 10 uM GABAzine, and (c) of 10 uM GABAzine +25 pM TBOA. (a—c) (Top, left) Bright field image of the cortical slice. Visible in this image are the
field recording electrode (left), stimulating electrode (right), local perfusion pipette (top), and a harp string holding the slice in place (bottom). Scale bar =250 uM
for all images. Approximate positions of cortical layers are indicated in this and all subsequent figures in the lower portion of each bright field image. (Top, right)
Three individual glutamate FRET sensor images in each case from ~200 ms before stimulation (left), ~80 ms after stimulation (center), and &1 s after stimulation
(right). Arrows indicate exact time of image capture with respect to cortical field recordings. Color scale bar on right indicates fluorescence ratio value in glutamate
FRET sensor images. (Center) evoked-cortical field recordings performed simultaneously with glutamate images. Dot indicates time of stimulation. (b and c, Inset)
Early cortical field potentials on an expanded time scale. Note the slower onset and later peak time in the presence of TBOA. (Bottom) Normalized ROI analysis of
glutamate FRET sensor images. Time scales are identical for field recordings and ROI analysis. (d) Dual channel results for the imaging results shown in parts (a—c).
Blue lines represent CFP fluorescence and yellow lines represent Venus fluorescence.

of 237.7 £ 9.2 ms. The signal was localized near the stimulation
electrode, approximately in cortical layers 4 and 5 (Fig. 2a).
Under control conditions cortical field potentials were small
(<0.2mV) and brief (<50 ms) (Fig. 2a). Excitability was then
increased by local perfusion of 10 uM GABAzine, a GABAA
receptor antagonist.

A larger and more prolonged decrease in FLII3'E-1p, flu-
orescence ratio was seen when GABA-mediated inhibition

was blocked (—19.1 £0.5% peak AFy/Fc, 416.1 £10.3ms
half width, n=25, p<0.01 compared to control). This gluta-
mate transient reached its maximum later than control (Fig. 2b,
78.5£2.9ms after stimulation, p<0.05, n=25). The evoked
glutamate transient seen in the presence of GABAzine generally
manifested in a column-like band of cortex near the site of stim-
ulation and then spread to adjacent cortical areas, indicating the
importance of inhibitory interneurons in shaping the functional
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Fig. 3. Low-affinity FLII®'E-1y glutamate sensor imaging. Glutamate imaging
with simultaneous cortical field recording under (a) control conditions, (b)
in the presence of 10 uM GABAzine, and (c) in the presence of 10 uM
GABAzine +25 uM TBOA. (a—c) (Top, left) Bright field image of the cortical

activation of the cortical network. Blockade of GABA, recep-
tors induced a second, later phase of the field potential (indicative
of extended cortical network activation), which increased in both
amplitude (0.5 mV) and in duration (1.5 s) (Fig. 2b).

Inhibition of the EAAT family of glutamate transporters
by TBOA (25 pM) caused a decrease in baseline FLII3'E-1p.
ratio (7.7 & 0.4% decrease in FRET sensor ratio after 10 min of
exposure, n=0), indicating approximately 100 nM accumula-
tion of extracellular glutamate (TBOA did not alter the properties
of the FRET sensor in cuvette studies, data not shown). In
the presence of TBOA and GABAzine, electrical stimulation
produced a prolonged decrease in FLIIB'E-1y fluorescence
ratio (877.5£59.7ms half width, n=25, p<0.01 compared
to GABAzine alone) which peaked later (126.5 £9.9 ms after
stimulation, n=25, p<0.01 compared to GABAzine alone)
although the peak amplitude of the transient was relatively
unchanged (—19.3 + 0.8% decrease in FLII®'E-1 . fluorescence
ratio, =25, n.s.). Under these conditions the FLII3' E-1 signal
spread over a larger area of cortex, although the amplitude of
glutamate transients was relatively small in layers 4 and 5 com-
pared to layers 2/3 and 6. Blockade of glutamate transporters
also prolonged the field potential duration (>2s) and increased
the time to the peak of both the early (Fig. 2c, inset) and the
late phases of the field potential (Fig. 2¢) although the effects on
amplitude varied between slices. The individual CFP and Venus
signals for all manipulations are shown (Fig. 2d) and indicate
that changes in Fy/F ratio are caused by changes in FRET effi-
ciency (i.e. increased CFP and decreased Venus signal). Using
this protocol all slices had a detectable change in FRET sen-
sor signal and each stimulation caused a similar FRET sensor
response (5/5 trials per slice per manipulation), although there
was variability in the amplitude and activation pattern between
slices.

3.3. Evoked glutamate release is not detectable using
FLIP'E-10u

In order to estimate the amount of glutamate released in the
slice, we repeated the experiments performed with FLII®!'E-1y,
using FLII*'E10y a glutamate sensor with a 10-fold lower affin-
ity. The cortical field potentials recorded using FLII®'E-10p.
were similar to previous experiments, as were the effects of
GABAzine and TBOA (Fig. 3a—c). No change in FLII¥'E-10p.
fluorescence ratio was seen for any of the manipulations tested
(Fig. 3a—c). In order to confirm that this FRET sensor was func-
tional, we locally perfused 10 mM glutamate onto slices loaded
with FLIIB'E-10p (Fig. 3d), which caused a decrease in the
Venus/CFP fluorescence ratio. Thus, although FLIIle-lopM

slice. Experimental layout is the same as in Fig. 2. (Top, right) Three individual
glutamate FRET sensor images from ~200 ms before stimulation (left), ~80 ms
after stimulation (center), and ~1 s after stimulation (right). (Center) evoked-
cortical field recordings performed simultaneously with glutamate images. Dot
indicates time of stimulation. (Bottom) Normalized ROI analysis of glutamate
FRET sensor images. (d) Local application of 10 mM glutamate induces large
fluorescence ratio response.

doi:10.1016/j.jneumeth.2007.10.017
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did not detect evoked glutamate release under the conditions
tested it was fully functional in its ability to detect glutamate at
higher concentrations.

3.4. Glutamate transients and cortical field potentials show
parallel increase in amplitude and duration during
disinhibition

We next examined the changes in excitability and gluta-
mate release that occurred during the wash-in of GABAzine.
Soon after the local perfusion was begun (within 30s) the first
FLII®!E-1y images captured showed a detectable, but relatively
small and localized glutamate transient (Fig. 4c and d. The
simultaneously recorded evoked-cortical field was also rela-
tively small and brief (Fig. 4b). As excitability progressively
increased with prolonged exposure to GABAzine, glutamate
transients grew larger in amplitude and duration. Interestingly,
as the glutamate transients grew the spatial spread of glutamate
FRET sensor signal grew in concert, moving to areas distant
from the stimulation electrode. In many trials, cortical layer
4 appeared to have a smaller change in FRET sensor fluores-
cence ratio compared to layers 2/3, 5 and 6 (Fig. 4c). Similar to
glutamate transients, cortical field potentials grew progressively
larger in amplitude and longer in duration during the wash-in
of GABAzine (Fig. 4b). Based on these results, changes in field
potentials and glutamate transients were correlated. It appears
that as inhibition was progressively blocked more glutamate was
released with each stimulation and a larger network of neurons
became activated (Fig. 4c).

3.5. Spatiotemporal properties FLII® E-1 1 glutamate
FRET sensor during full-field imaging

A major goal of FLIB'E-1p glutamate imaging was to
increase the spatial and temporal resolution of glutamate detec-
tion in slices. As a proof of principle of increased resolution
individual images were analyzed to confirm that regional and
temporal differences were resolvable. We focused on images
captured in the) presence of GABAzine or GABAzine + TBOA
in order to see large changes in FLII®' E-1 . fluorescence ratio. In
many instances, images captured less than 30 ms following stim-
ulation had sub-maximal changes in FLII3'E-1p. fluorescence
ratio. These images reflected the earliest phase of glutamate
transients, before activation of the entire cortical network has
reached its maximum. During these early time-points, regional
activation of the cortex was often seen (Fig. 5a). In the presence
of GABAzine, if an early phase response was captured (early
phase activation captured in 12/23 trials) it occurred on aver-
age 17.7+ 5.4 ms after stimulation. In the presence of TBOA,
however, early phase responses (early phase activation captured
in 12/25 trials) occurred later—51.1 &+ 8.8 ms after stimulation
(»<0.01 compared to GABAzine). These results suggests a
slower onset or later peak of the FLII3' E- 1. signal in the absence
of functional glutamate re-uptake, though our ability to resolve
temporal changes on this time scale is limited by the relatively
slow (/17 Hz) image capture rate. In one particularly interest-
ing series of three exposures, the inherent jitter in the image

acquisition time allowed us to sample a series of time-points
close the stimulation time (Fig. 5b). When the image capture
occurred very close to the time of stimulation (<15 ms, Fig. 5b
top) the glutamate transient was small. Images captured slightly
later (20 ms after stimulation, Fig. 5b middle, and 36 ms after
stimulation, Fig. 5b bottom) had progressively larger ampli-
tude changes in FLII®'E-1p. fluorescence ratio. Although this
was a fortuitous example, this result demonstrates the ability
of FLII¥'E-1 glutamate sensor imaging to discriminate small
changes in glutamate transients on a tens-of-millisecond time
scale during full-field image acquisition.

3.6. High-speed (50 Hz) line-scan imaging of FLII® E-11
glutamate sensor imaging

In order in improve the time-resolution of glutamate FRET
sensor imaging, a series of experiments were performed using
line-scan image acquisition and simultaneous field recordings.
32 pixel line-scans were collected and binned vertically to
decrease image processing time (Fig. 6a, dotted area). This
allowed image acquisition up to 50 Hz and enabled us to con-
sistently resolve the temporal properties of glutamate transients
on a tens-of-millisecond time scale. Line-scan imaging and ROI
analysis of deep (4-6) cortical layers revealed that electrical
stimulation caused a transient decrease in FLII®'E-1y. fluores-
cence ratio under control conditions (Fig. 6¢, —0.7 £ 0.1% peak
AFyl/Fc, 44.4 £ 6.8 ms peak time, 146.0 & 10.6 ms half width,
n=20). Cortical field potentials were small and brief, corre-
sponding to the measured glutamate transients. Excitability was
then increased by blockade of GABA, receptors. In a disin-
hibited cortical slice, glutamate transients had a fast onset, but
later peak, and were larger in amplitude (Fig. 6¢, —8.3 £0.4%
peak AFy/Fc, 173.1 £16.7 ms peak time, 417.3 £ 12.0 ms half
width, p<0.01 compared to control for all measures, n=20).
The increase in time resolution gained using line-scans revealed
small, fast fluctuations in the fluorescence ratio at the peak
and during the recovery of the glutamate transient (Fig. 6c)
suggesting multiple glutamate release events. Next, glutamate
transporters were blocked (fast fluctuations occurred in 15/20
stimulus-induced glutamate transients). Blockade of glutamate
transporters again decreased the baseline FLII®'E-1 ratio,
indicating gradual extracellular accumulation of glutamate in
the absence of functional glutamate re-uptake. Under these
conditions stimulation caused a larger amplitude (Fig. 6c,
—11.0£0.4% peak AFy/Fc, p<0.01, n=20), longer duration
(685.3 £22.9 ms half width, p <0.01) decrease in the FLII®E-
I fluorescence ratio which peaked later (206.2 £ 11.3 ms,
n=20, p<0.05) compared to GABAzine alone. The later peak
of glutamate transient was consistent with the result obtained
by whole-field scan experiments (Fig. 5). ROI analysis of each
cortical layer was then performed on these images to detect
layer-specific glutamate transients (Fig. 6d and e). Under con-
trol conditions, the greatest change in FLII®!E-1 fluorescence
ratio was seen in layers, 4, and 6 (Fig. 6e, left, designation of
cortical layers is approximate). When GABA receptors were
blocked the amplitude and duration of the glutamate transient
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Fig. 4. FLII®'E-1 . glutamate sensor imaging of a cortical slice during the wash-in of a GABA, receptor antagonist. (a) Bright field image of the cortical slice.
Scale bar =250 wM. (b) Evoked-cortical field recordings made 30 s (black), 40s (red), 50s (green), 60 s (dark blue), and 70's (light blue) after wash-in of 10 uM
GABAzine. Time of stimulation is denoted by the black dot. (c) Individual FLII3'E-1, glutamate sensor images of the slice shown in (a) taken during the wash-in
of GABAzine. 5 exposures (top to bottom), were collected every 10 s beginning 30 after the wash-in of GABAzine. Each row of images consists of two frames
captured before stimulation and 8 frames captured following stimulation. There is approximately 50 ms between each image. Time of stimulation is denoted by the
black dot between 2nd and 3rd frames in each row. Time labels are color coded as in (b). (d) Fluorescence ratio analysis of a region of interest centered near the site
of stimulation. Traces are color coded with respect to time after GABAzine wash-in as in (b and c¢). Time of stimulation indicated by black dot.

was larger and longer in duration in all cortical layers. Block-
ade of glutamate transporters further prolonged the glutamate
transient and increased the maximum glutamate transient ampli-
tude. Cortical field potentials were similar to previously reported
results for all pharmacological manipulations tested (Fig. 6b).
These results show that line-scan imaging of FLII3'E-1p. fluo-
rescence allows for higher sampling rates and greatly increases
the temporal resolution of this technique.

3.7. Calibration of glutamate FRET sensors

Ideally the changes in glutamate FRET sensor fluorescence
ratio could be directly converted into changes in glutamate
concentration. With this goal in mind a series of glutamate con-
centrations ranging from 10 uM to 30 mM were applied to slices
loaded with FLII®'E-1p. Surprisingly, the apparent affinity of
the FLII3'E-1. for glutamate was approximately 5 mM under
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Fig. 5. Spatiotemporal properties FLII3!E-1p. glutamate sensor during full-field imaging. (a, Left) Bright field image of the cortical slice. Scale bar =250 uM for
all images. (Right) FLII®'E-1 glutamate sensor images taken 58 ms before stimulation, 25 ms after stimulation, and 98 ms stimulation in the presence of 10 uM
GABAzine. A single column of cortex is initially activated followed by recruitment of a larger network. (b, Left) Bright field image of the cortical slice as in (a).
(Right) FLII®'E- 1y, glutamate sensor images taken immediately before (left) and after (center and right) three successive electrical stimuli (10 uM GABAzine and
25 uM TBOA). Times of exact frame capture relative to electrical stimulation are noted above each image. Due to slight jitter in the image capture time, different
time-points during the onset of glutamate release can be seen.
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Fig. 6. High-speed (50 Hz) line-scan imaging of FLII®'E-1p. glutamate sensor imaging. (a) Bright field image of the cortical slice. Dashed lines indicate the area of
tissue imaged in (c and e). Scale bar =250 wM. (b) Cortical field recording under control conditions (black), in the presence of 10 uM GABAzine (grey), and in the
presence of 10 uM GABAzine +25 uM TBOA (red). Time of stimulation is denoted by the black dot. (c) 50 Hz line-scan imaging of cortical layers under the same
conditions. Values are normalized fluorescence ratio taken from an ROI containing cortical layers 4-6. (d) Expanded view of dashed area in (a) with color-coded
ROIs containing the 6 cortical layers. (e) Contour plots of each color-coded ROI shown in (d) during control conditions (left), and in the presence of GABAzine

(center) and GABAzine + TBOA (right). Stimulation occurred at time =0.

these conditions. Very little change in the fluorescence ratio was
seen with concentrations less than 1 mM (Fig. 7a), while increas-
ing the applied glutamate concentration from 1 to 10 mM caused
a drastic decrease in FLII®'E-1 . fluorescence ratio indicating a
threshold effect. These results were at odds with the previously
reported affinity of FLII®'E-1p, for glutamate in free solution
(1 M) (Deuschle et al., 2005b). We obtained a standard curve
for FLIIB'E-1 in aCSF in vitro and confirmed that the ECs
was similar to previous reports (Fig. 7b, 250 nM). We conclude,
therefore, that either the glutamate FRET sensor properties are
altered in the extracellular milieu of the brain slice or the glu-
tamate levels within the slice do not reach equilibrium with the
applied solution.

Two factors might limit our ability to deliver a known concen-
tration of glutamate to the slice: re-uptake of applied glutamate
and incomplete penetration of applied glutamate throughout the
thickness of the slice. To address the first concern we inhibited

glutamate transporters and repeated the glutamate calibration.
When glutamate re-uptake was pharmacologically inhibited,
the apparent affinity of the FRET sensor protein increased to
250 uM and as little as 10 uM was able to induce detectable
FRET changes (Fig. 7a). Under these conditions, the concen-
tration response curve was fit well by a sigmoidal line and no
threshold effect was seen. These results suggest that the capacity
for glutamate re-uptake is substantial and is capable of buffering
applied glutamate concentrations up to 1 mM. The residual dif-
ference in apparent affinity of the sensor might result from either
incomplete block of EAATS or of other pathways that actively
sequester extracellular glutamate.

4. Discussion

Synaptic release of glutamate, the primary central excitatory
neurotransmitter, is a major determinant of neuronal activity in
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the basic physiology of the network, and did not wash out of
the slice even after prolonged periods of perfusion with aCSF.
Photobleaching also had minimal effect on the FRET sensor
ratio within the first 30 min of imaging. The ease with which the
glutamate FRET sensor can be loaded into slices (i.e. no require-
ment for transfection, infection, or specific localization tag) and
the stability of the sensor in the tissue is a major advance in the
use of FRET-based glutamate sensors. This technique allows
real-time semi-quantitative FRET-based glutamate imaging in
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Fig. 7. Calibration of FLII3!E-1p. glutamate sensor. (a) A series of glutamate
concentrations were applied exogenously to a slice loaded with FLII®'E-1j
using local perfusion. This series of glutamate concentrations was applied to
different slices both in the presence of (circles, dotted line) and in absence of
(squares, solid line) of the glutamate transporter inhibitor TBOA (25 uM). Fluo-
rescence ratios were normalized to their value before exogenous glutamate was
applied. (b) FLII3!E-1p. protein was also calibrated in aCSF using a spectropho-
tometer to measure fluorescence. FRET values were normalized to a baseline
with no exogenous glutamate present.

the vertebrate nervous system (Cotman and Monaghan, 1986).
The ability to simultaneously measure glutamate release with
higher temporal and spatial resolution is critical to answering
many basic questions about glutamate: What is the precise tim-
ing of glutamate release and re-uptake? Do regional differences
in the glutamate signal exist in different brain regions? How do
changes in the basic kinetics of glutamate release correlate with
changes in synaptic transmission and network excitability? We
have previously demonstrated that stimulation-induced gluta-
mate release can be detected using the FLIPE glutamate sensors
targeted to the cell surface of cultured neurons (Okumoto et al.,
2005). While this offers a proof of concept for the method, the
biological significance of imaging glutamate in cell culture is
limited. To further develop this technology, we sought to estab-
lish the use of the high-affinity FRET sensor FLII3'E-1p in an
intact mammalian brain slice preparation.

Here we demonstrate a surprisingly simple loading proto-
col that results in uniform FRET sensor distribution within the
slice which is stable for at least tens of minutes. Simply incu-
bating the slice in a medium containing a high concentration of
the FRET sensor led to permeation of the large protein (88 kD)
throughout the tissue (Fig. 1). The FRET sensor did not alter

an intact cortical brain slice with spatiotemporal resolution capa-
ble of imaging synaptic glutamate transients. The ability to use
FRET-based glutamate sensor imaging in live brain slices is the
next logical step in utilizing glutamate sensors and is a critical
step forward in understanding the synaptic output of neuronal
networks.

Using glutamate FRET sensor imaging in cortical slices we
found that under control conditions glutamate signals were brief,
small in amplitude, and localized near the site of stimulation
(Fig. 2a). Blocking inhibition led to a larger change in the FRET
sensor fluorescence response and propagation over greater areas
(Fig. 2b). Blocking re-uptake of glutamate prolonged the dura-
tion of fluorescence ratio change and significantly increased the
time to the peak glutamate level (Fig. 2¢). Both these pharma-
cological manipulations caused changes in evoked-cortical field
potentials that corresponded to changes seen in glutamate tran-
sients. Fast excitatory post-synaptic potentials reach a maximum
within 10-20 ms but our full-frame imaging only allows image
collection every 50 ms. In order to achieve better temporal res-
olution, high-speed line-scan imaging was performed using the
high-affinity glutamate FRET sensor. Although the increase in
temporal resolution was offset by a decrease in spatial sampling,
this form of glutamate FRET sensor imaging was especially use-
ful for kinetic analysis of glutamate transients. Using line-scan
imaging we were able to collect multiple images during the rising
phase of the glutamate transient and resolve small fluctuations
in glutamate transients (Fig. 6). We also found that glutamate
transients peaked later following blockade of active glutamate
transport, suggesting that glutamate transporters removed extra-
cellular glutamate before the glutamate transient reached its
potential maximum peak. In the absence of re-uptake, gluta-
mate transients continued to grow in size for a longer duration
and therefore reached a higher peak later in time.

The lower affinity glutamate FRET sensor, FLIB'E-1 Op, was
unable to detect glutamate transients (Fig. 3). The lack of change
in the low-affinity FRET sensor fluorescence ratio was most
likely due to glutamate transients which were of insufficient
concentration or were too brief to be captured by our imaging
system. These negative results suggest, however, that changes
in the Fy/Fc ratio observed are specific to changes in gluta-
mate levels and not to non-specific changes that occur during
evoked neurotransmission in the cortex (changes in pH, optical
properties of the slice, or the state of endogenously fluorescent
molecules).

In addition to confirming the feasibility of measuring glu-
tamate in intact tissue, our preliminary studies demonstrated a
number of interesting phenomena. The first is unique spatial
patterns of glutamate release (Figs. 2, 4-6). While multi-
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array electrodes have demonstrated spatial patterns of neuronal
electrical activity in slices, the approach is limited by the
spacing of the electrodes. With the FRET sensor, the resolu-
tion is only limited by the objective used, pixel size, and the
extent of pixel-binning necessary to provide adequate signal to
noise ratios. The experiments presented here were performed
using a 2.5x objective which results in each pixel represent-
ing 10 wm x 10 pwm square. With this level of resolution we
were clearly able to detect spatially restricted patterns of gluta-
mate release. Furthermore, layer-specific changes in glutamate
were seen during disinhibition, for both full-frame and line-scan
imaging. This is in agreement with known layer-specific axonal
projections found in the cortex (Vogtetal., 1981). Understanding
layer-specific glutamate transients may help in elucidating the
mechanism of cortical network activation and how that mecha-
nism may be altered in pathological states such as epilepsy (Jin
et al., 20006).

Another interesting finding came from our attempts to deter-
mine whether the sensitivity of the sensor in the slice correlated
with that in solution. To our surprise, the FRET sensor seemed
markedly less sensitive in the slice—addition of millimolar con-
centrations of glutamate was necessary to detect a change in
FRET sensor fluorescence ratio. A number of factors could
explain this—the local environment of the slice (e.g. pH and
ionic composition) may alter the sensitivity (Miesenbock et
al., 1998), the glutamate may only reach FRET sensor in the
most superficial portion of the slice, optical properties of the
slice could interfere with the excitation of the FRET sensor
or the detection of the fluorescent light, or extracellular gluta-
mate levels may be regulated by endogenous mechanisms such
membrane transporters (Gueler et al., 2007). Indeed, blocking
glutamate uptake with TBOA markedly altered the fluorescence
ratio response to exogenously applied glutamate, indicating that
high capacity glutamate transporters efficiently remove applied
glutamate at concentrations up to ~1 mM. Notably, with glu-
tamate transport compromised, the FRET sensor’s apparent
affinity for glutamate was still 250-fold lower than in free
solution. In these experiments, it was necessary to use a sub-
maximal concentration of TBOA to avoid spreading depression
and depolarization block. Presumably residual transport occurs
by TBOA-sensitive and/or insensitive transporters, limiting our
ability to directly convert fluorescence ratio changes into precise
glutamate concentrations with exogenously applied glutamate.
Thus at this point glutamate FRET sensor usage in slices remains
semi-quantitative. Finally, TBOA application caused a decrease
in the baseline FRET sensor fluorescence ratio, suggesting
that glutamate transporters are responsible for continual uptake
of glutamate and keeping baseline glutamate concentrations
low.

Although our understanding of glutamatergic neurotransmis-
sion has increased dramatically in the last several years, studies
of the spatial and kinetic properties of glutamate release have
been restricted, primarily due to inherent limitations in the
methods for detection of the amino acid. Glutamate-selective
electrodes sample only the area in the immediate vicinity of the
electrode, greatly limiting their spatial resolution and their tem-
poral resolution is quite low (on the scale of seconds) (Hu et al.,

1994; Oldenziel et al., 2006). Furthermore enzymatic biosensors
are subject to non-specific changes caused by oxygen saturation
(Hu et al., 1994) and pH changes (Dulla et al., 2005). Micro-
dialysis/HPLC analysis has extremely limited spatial resolution;
dialyzed samples come only from the area in the immediate prox-
imity of the dialysis tubing. Their temporal resolution is also
quite low (minutes time scale) because of the technical limita-
tions in collecting dialysis samples for each time-point (Zhang
et al., 2005). Enzyme-linked fluorescence assays have increased
spatial resolution compared to glutamate-selective electrodes
but their temporal resolution is still less than ideal due to the
use of enzymatic reactions to detect glutamate (Nicholls and
Sihra, 1986; Innocenti et al., 2000). Lastly, electrical record-
ing from cells expressing glutamate receptors offer very high
temporal resolution (millisecond scale) but because this is a
cell-based technique it has very limited spatial resolution. Fur-
thermore, delivering cells to the site of interest or accessing
endogenous cells is a difficult and time consuming strategy for
routine detection of glutamate. This type of glutamate assay is
also limited by the properties of the glutamate receptor used,
which can limit the duration and concentration of glutamate
which can be detected (Diamond et al., 1998). An alternative
technology for imaging glutamate was recently developed based
on a portion of the GIuR2 subunit linked with a small molecule
fluorescent dye (Namiki et al., 2007). This technique also shows
promise for increased spatiotemporal detection of glutamate,
but has some limitations compared to the FRET sensors dis-
cussed here. First, the GluR2 sensor protein must be linked to
biotin coated neurons which may make the delivery of sensor
protein into brain slices challenging. Second, the temporal res-
olution demonstrated is significantly less (10 Hz) than we have
been able to attain. Our technology is also imperfect. While
the FRET sensor was present throughout the slice, our images
were collected with the surface plane of the slice in focus. Given
the depth of field of the objective, we suspect that we are only
obtaining fluorescent light from 40 to 50 pm closest to the sur-
face of the slice. Confocal and 2-photon microscopy may allow
more precise spatial discrimination of neuronal structure (i.e.
synaptic vs. extra-synaptic areas). Calibration of the glutamate
FRET sensor has also proved difficult, although calibration of
any biological sensor in situ can be compromised to due the com-
plex environment of brain tissue and complicating factors such
as endogenous re-uptake of the molecule of interest. Lastly, as
with any imaging technique which uses a binding-based detec-
tion method, the presence of FRET sensor protein may alter
endogenous glutamate transients. We believe this is unlikely,
however, as cortical field potentials are not altered by the pres-
ence of the FRET sensor protein. Based on our current findings,
and the ease with which they can be loaded into brain slices,
we consider FRET-based glutamate sensors the most promising
technology for understanding extracellular glutamate transients
and synaptic network activation.

Our novel approach for sensing neuronal activity in an intact
cortical slice demonstrates the utility of FRET sensors even in
tissue as complex as the mammalian brain. In this initial study we
have demonstrated the feasibility and applicability of the gluta-
mate FRET sensor imaging in intact tissue. This technique could

doi:10.1016/j.jneumeth.2007.10.017

Please cite this article in press as: Dulla C, et al., Imaging of glutamate in brain slices using FRET sensors, J Neurosci Methods (2007),

705

706

707

708

709

710

711

712

713

714

715

716

77

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761


dx.doi.org/10.1016/j.jneumeth.2007.10.017

762

763

764

765

766

767

768

769

770

77

772

773

774

775

776

777

778

779

780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

+Model
NSM 4724 1-14

14 C. Dulla et al. / Journal of Neuroscience Methods xxx (2007) xxx—xxx

provide complimentary data to other techniques for monitor-
ing network activation such as voltage-sensitive dyes (Grinvald
and Hildesheim, 2004) and multi-electrode arrays (Buzsaki,
2004). High-power magnification and increased imaging speed
will help resolve the kinetics and spatiotemporal patterns of
glutamate release in smaller synaptic structures as well as on
a network level. Furthermore, the molecular nature of these
sensors will facilitate development of targeted sensors and trans-
genic animals permitting a further understanding of neuronal
network activity in vertebrate brain.
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