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Imaging of glutamate in brain slices using FRET sensors
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bstract

The neurotransmitter glutamate is the mediator of excitatory neurotransmission in the brain. Release of this signaling molecule is carefully
ontrolled by multiple mechanisms, yet the methods available to measure released glutamate have been limited in spatial and/or temporal domains.
e have developed a novel technique to visualize glutamate release in brain slices using two purified fluorescence (Főrster) energy resonance transfer

FRET)-based glutamate sensor proteins. Using a simple loading protocol, the FRET sensor proteins diffuse deeply into the extracellular space
nd remain functional for many tens of minutes. This allows imaging of glutamate release in brain slices with simultaneous electrophysiological
ecordings and provides temporal and spatial resolution not previously possible. Using this glutamate FRET sensor loading and imaging protocol,
TE

e show that changes in network excitability and glutamate re-uptake alter evoked glutamate transients and produce correlated changes in evoked-
ortical field potentials. Given the sophisticated advantages of brain slices for electrophysiological and imaging protocols, the ability to perform
eal-time imaging of glutamate in slices should lead to key insights in brain function relevant to plasticity, development and pathology. This technique
lso 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.
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. Introduction

Glutamate is an amino acid neurotransmitter which mediates
0% of the excitatory neurotransmission in the central nervous
U
N

C
O

R
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ystem (Cotman and Monaghan, 1986). Glutamate is released
nto the synaptic cleft when action potentials depolarize synap-
ic terminals and glutamate-filled synaptic vesicles fuse with the
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lasma membrane (De Belleroche and Bradford, 1977). Once in
he cleft, glutamate activates post-synaptic glutamate receptors
Moore, 1993) to trigger ionic current flow thus completing this
orm of chemical communication. Glial re-uptake then removes
lutamate from the synaptic cleft to terminate the glutamate sig-
al (Auger and Attwell, 2000; Diamond, 2005). As with other
iological signaling pathways, the temporal and spatial extent
f glutamate release shapes the resulting response, which in the
ase of neurons is post-synaptic excitation. It has been difficult,
owever, to quantify the rapid changes in extracellular glutamate
oncentration (glutamate transients) that occur with synaptic
timulation.

In the past, techniques such as microdialysis of cerebrospinal
e in brain slices using FRET sensors, J Neurosci Methods (2007),

uid (Zhang et al., 2005), enzyme-linked fluorescence assays 20

Nicholls and Sihra, 1986; Innocenti et al., 2000), electrical 21

ecording from cells expressing glutamate receptors (Diamond 22

t al., 1998), and enzymatic glutamate-selective electrodes (Hu 23
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t al., 1994; Oldenziel et al., 2006) have been used to study
xtracellular glutamate transients. These techniques have been
xtremely useful but have low spatial and/or temporal resolution.
o fully understand the characteristics of glutamate transients,

ools that are capable of assessing real-time changes in glutamate
re needed.

Recent molecular innovations have made it possible to mea-
ure glutamate transients in entirely new ways (Okumoto et al.,
005; Deuschle et al., 2005b; Namiki et al., 2007). Optical detec-
ion of glutamate using fluorescence (Főrster) energy resonance
ransfer (FRET)-based sensor proteins offers the potential to
reatly enhance the temporal and spatial resolution at which glu-
amate transients can be measured. The FLIPE-600n glutamate
ensor, one of the first FRET-based glutamate sensor proteins
Okumoto et al., 2005), consists of the Escherichia coli glu-
amate binding protein ybeJ fused to cyan fluorescent protein
CFP) on the N-terminus and Venus, a variant of yellow fluores-
ent protein (YFP) (Miyawaki, 2002) on the C-terminus. CFP
nd Venus are positioned such that a portion of CFP’s emission
nergy is transferred non-radiatively to Venus, a phenomenon
nown as FRET. Because the FRET phenomenon is extremely
istance and dipole–dipole orientation dependent small confor-
ational changes can lead to large changes in FRET efficiency.
hen the FRET sensor protein binds glutamate, conformational

hange of the ybeJ domain leads to lower FRET efficiency thus
aking measurement of glutamate possible. Strategic molecu-

ar design and modification of the FLIPE-600n sensor protein
as resulted in a series of enhanced sensors (Deuschle et al.,
005a). First, mutagenesis of the residues located at the perime-
er of the ligand binding pocket has resulted in sensor proteins
hat have different affinities for glutamate ranging from 600 nM
o 1 mM. Second, a different protein design, known as FLII81E,
arries CFP as an insertion in ybeJ, while Venus is fused to the
-terminus. This design reduces rotational averaging and results

n fluorescence ratio changes up to three-fold larger than those
een using FLIPE sensors.

The ability to image glutamate transients in brain slices not
nly represents an evolutionary step in glutamate FRET sensor
echnology, but also is the next step in deconstructing com-
lex neuronal network behavior into its component pieces. Just
s photolysis of caged glutamate has allowed analysis of the
ost-synaptic aspect of neural connectivity (Dalva and Katz,
994; Shepherd et al., 2003), glutamate FRET sensor imaging
ill make it possible to elucidate synaptic output and decipher

ts relevant properties. Glutamate FRET sensor imaging in the
hysiological setting of brain slices may be used to address
uestions regarding the kinetics of extracellular glutamate tran-
ients (Brasnjo and Otis, 2004; Diamond, 2005), the diffusion
f glutamate into synaptic vs. extra-synaptic zones (Diamond,
001), and glutamate depletion and replenishment during times
f increased neuronal activity (Staley et al., 1998). Understand-
ng pre-synaptic network activation, as measured by changes in
lutamate release, is also critical for the study of neurodegen-
U
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ration (Rothman, 1983), cognitive impairments (Kirvell et al.,
006) and epilepsy (Sepkuty et al., 2002; Fellin et al., 2004;
ang et al., 2006), all disorders in which alterations in gluta-
atergic output have been implicated. In cortical brain slices,
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maging glutamate transients with high temporal and spatial
esolution would enable detection of layer-specific or cortical
olumn-specific glutamate release which may be implicated in
athological changes in network excitability associated with
isease states such as epilepsy (Jin et al., 2006).

Here we describe a method for loading brain slices with puri-
ed FRET sensor proteins, demonstrate that the FRET sensor
rotein uniformly penetrates into the brain slice and remains
unctional over extended periods of time. Using this technique
e measured glutamate release using three FRET sensor pro-

eins (FLIPE-600n = 1st generation high affinity FRET sensor,
LII81E-1�M = 2nd generation high affinity FRET sensor, and
LII81E-10�M = second generation low-affinity FRET sensor)
hile simultaneously recording field potentials in cortical brain

lices. Spatially localized glutamate transients were detectable
sing FLII81E-1�M with temporal resolution so far only lim-
ted by imaging speed. Blocking inhibition in cortical slices
ncreased the peak, duration and spatial spread of glutamate
ransients. Inhibition of glutamate re-uptake further increased
he peak and duration of glutamate transients as well as delayed
he time to the peak. These results demonstrate that FRET-based
lutamate imaging shows great promise for high-resolution
patiotemporal imaging of glutamate transients and network
ctivation.

. Methods

.1. Production of glutamate FRET sensor

BL21(DE3) bacteria were transformed with pRSET-FLIPE-
00n, pRSET-FLII81E-1� or pRSET-FLII81E-10� plasmids
Okumoto et al., 2005; Deuschle et al., 2005b) and streaked
n an LB plate with ampicillin (100 �g/ml). After overnight
ncubation at 37 ◦C, a single colony was picked and grown in
l LB with ampicillin (100 �g/ml) for 2 days at 21 ◦C in the
ark with rapid shaking (300 rpm). Cells were harvested by cen-
rifugation, resuspended in extraction buffer (50 mM sodium
hosphate, 300 mM NaCl, pH 7.2), and disrupted by ultra-
onication and further lysed with CelLytic B reagent (Sigma).
he FRET sensors were purified by Talon His-affinity chro-
atography (Clontech). Binding to the resin was performed in

atch at 4 ◦C, washed in a column with extraction buffer, and
hen eluted with extraction buffer containing 150 mM imida-
ole. Emission spectra and ligand titration curves were obtained
y using a spectrofluorometer (excitation 433/12 nm; emission
85/12 and 528/12 nm). All analyses were done in artificial
erebrospinal fluid (aCSF) bubbled with 95% O2:5% CO2 gas
ixture.

.2. Preparation of brain slices

Cortical brain slices containing sensorimotor cortex
400 �M) were prepared from male Sprague-Dawley rats (P14-
e in brain slices using FRET sensors, J Neurosci Methods (2007),

28). Briefly, rats were anesthetized (50 mg/kg pentobarbital), 129

ecapitated, and the brains were rapidly removed and placed 130

n chilled (4 ◦C) low-Ca, low-Na slicing solution consisting 131

f (in mM): 234 sucrose, 11 glucose, 24 NaHC03, 2.5 KCl, 132

dx.doi.org/10.1016/j.jneumeth.2007.10.017
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.25 NaH2PO4, 10 MgSO4 and 0.5 CaCl2, equilibrated with a
ixture of 95% O2:5% CO2. The brain was glued to the slicing

tage of a Vibratome 3000 sectioning system and slices were
ut in a coronal orientation. The slices were then incubated in
2 ◦C oxygenated aCSF for 1 h, and then allowed to cool to
oom temperature and subsequently used for sensor loading and
ecording. All guidelines of Stanford University’s Institutional
nimal Care and Use Committee were followed.

.3. Field recordings

Cortical slices were placed in a recording chamber and held
n place with a harp. Slices were completely submerged in aCSF
nd superfused continuously (≈2.0 ml/min) with room tempera-
ure aCSF containing (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl,
.25 NaH2PO4, 1 MgCl2, 2 CaCl2, and 10 glucose, equilibrated
ith 95% O2:5% CO2. Extracellular field potentials from cor-

ical layer 5 were recorded using glass micropipettes (≈1 M�)
lled with aCSF. An Axon Multiclamp 700 A amplifier, Digi-
ata 1322 A digitizer and pClamp software were used to collect
lectrophysiological data. A bipolar stimulating electrode was
laced to stimulate white matter underlying the cortex every
0 s. Each pulse consisted of a 100–500 �s constant voltage
timulation delivered by a WPI stimulus isolator. Stimulation
ntensity was adjusted such that the control field potential ampli-
ude was between 0.05 and 0.5 mV. Drugs were applied using a
ocal perfusion pipette for focal application.

.4. Loading of FRET-based glutamate sensor protein

A 35 mm tissue culture dish was filled with ≈2 ml aCSF and
0.4 �m Millicell (Millipore) culture plate was inserted. Care
as taken to ensure that no bubbles were present under the plate

nsert and that no aCSF spilled onto its top surface. A single brain
lice was transferred from the incubation chamber onto the plate
nsert and excess aCSF was removed. The dish containing the
lice was then placed in a humidified and warmed (32 ◦C) cham-
er equilibrated with 95% O2:5% CO2. 50 �l of concentrated
lutamate FRET sensor protein (≈50 ng/�l) was then carefully
pplied to the top surface of the slice. After 10–20 min of incuba-
ion, slices were removed from the loading chamber and placed
nto the recording chamber.

.5. Imaging of glutamate levels

Slices were placed in the recording chamber of a Zeiss
xioskop microscope with continual superfusion of aCSF

or simultaneous imaging and electrophysiological recording.
maging was accomplished using single excitation (440 nm/20×
and pass excitation filter, Chroma, 71007a). pClamp software
as used to trigger the opening of a shutter allowing computer-

ontrolled epifluorescence illumination of the slice. Imaging was
U
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ontrolled by in-house software. Each full-frame imaging exper-
ment consisted of 5 exposures per pharmacological condition.
ach exposure consisted of 200 frames (1024 × 1376 pixels) and
ad a 10 ms exposure time and a 50 ms processing time per frame
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≈17 Hz sampling, Cooke Sensicam QE, Cooke Corporation).
mages were 4 × 4 pixel-binned (256 × 344 final image size) to
ncrease sensitivity and thus temporal resolution. For line-scan
maging, 5 exposures each containing 300 images were collected
ith 10 ms exposure time and 10 ms processing time (≈50 Hz

ampling). 32 pixels were line scanned and 16 × 1 pixel-binned
2 × 1376 final image size). To maximize the speed of the line-
can image collection, the area of the slice stimulated was placed
t the top of the field of view. Image frames were synchronized
o electrophysiological recordings by monitoring frame acqui-
ition times via the camera busy signal. Illumination was kept
o a minimum (3–6 s/exposure) to minimize photobleaching. A
.5X Fluar objective (Zeiss, Thornwood, NY) was used to visu-
lize slices. Emission signals first passed through a 455 DCLP
ichroic mirror to eliminate excitation fluorescence and the sep-
rated into two channels using a Dual-View (Optical Insight),
ltered independently using an OI-5-EM filter set (480 nm/30×
nd 535 nm/40× band pass emission filters) to isolate CFP and
enus signals.

.6. FRET sensor bleaching and washout characterization

To address concerns of FRET sensor bleaching and washout
e used two imaging paradigms. To isolate the washout of FRET

ensor, slices were loaded and superfused as described above and
xposures were captured every 10 s using a 200 ms exposure time
o minimize bleaching. Images were collected for ≈20 min and
t using an exponential decay. To isolate the effect of bleach-

ng slices were exposed to 4 s of fluorescence excitation every
0 s. Images were collected for 25 min and fit using an exponen-
ial decay. To isolate the effects of bleaching the FRET sensor
ashout was subtracted and the resultant curve was fit using an

xponential decay.
Using quantitative western blot analysis FRET sensor con-

entrations were determined in slices either immediately after
ncubation with the biosensor or after completion of a full imag-
ng/electrophysiology experiment with a minimum of 20 min in
he perfusion chamber. After rapid freezing on dry-ice and short
erm storage, each slice was warmed to 4 ◦C and placed in 250 �l
f calcium-magnesium free phosphate-buffered saline (PBS)
ith 1 mM EDTA and protease inhibitor and then homogenized
ith a Teflon glass homogenizer. Samples (15 �g of protein)
ere subjected to SDS-PAGE, transferred to PVDF membrane

or Western blotting alongside serial dilutions of ET1 biosensor
t known concentrations. Biosensor quantities were analyzed
sing a rabbit anti-GFP antibody (Santa Cruz Biotechnology)
nd an HRP coupled anti-rabbit secondary antibody. The band
ntensities were determined using ImageJ software (Abranoff,
004). The amounts of biosensors in the samples were calculated
sing a standard curve derived from the intensities of the bands
n the lanes with the known concentrations of the purified sen-
or. Extracellular concentration of the biosensor was estimated
e in brain slices using FRET sensors, J Neurosci Methods (2007),

ssuming a slice volume of 32 �l (average slices dimensions: 233

mm × 10 mm × 0.4 mm), with extracellular space assumed to 234

e 20% of the total volume. All protein measurements were done 235

ith a Bradford assay (BioRad). 236

dx.doi.org/10.1016/j.jneumeth.2007.10.017
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.7. Analysis of glutamate FRET sensor data

After collection of the 2-channel imaging data the first step of
rocessing was detection of shutter opening and closing. Next
he camera dark noise was subtracted from all fluorescence val-
es pixel by pixel. The ratio of the two fluorescence channels
as computed pixel by pixel for all time-points in all images

nd exposures. The signal was then adjusted for photobleaching
sing a linear regression based on the fluorescence ratio at the
eginning and end of each exposure. Average images were cre-
ted from the first 3 frames after shutter opening and from the
ast 3 frames before shutter closing. A time-weighted average of
hese images was then used for background subtraction prior to
atioing. The drift in fluorescence ratio was generally less than
% so this adjustment was minimal. All raw fluorescence values
ere also collected and images were saved for later reanalysis.

mages were not adjusted for auto-fluorescence as none was
etected in unloaded slices.

.8. Slice sectioning and imaging

After recording and imaging, slices were fixed in a 4%
ara-formaldehyde solution and then rinsed with phosphate-
uffered saline. Slices were then cryo-protected in 30% sucrose
olution in 0.1 M PBS. The tissue was then cross-sectioned
50 �m sections) on a sliding microtome. Other slices were
ectioned (50 �m sections) in the plane of the slice to look
or regional differences in FRET sensor loading. All sections
ere mounted on a glass cover-slip using VectorShield mount-

ng media. Individual sections were visualized using a Nikon
clipse E 800 microscope using excitation (480 nm/30×) and
mission (535 nm/40 m) filters appropriate for detection of
enus.

.9. Drugs and reagents

All salts for use in buffers were obtained from Sigma–
ldrich. dl-TBOA (Tocris, Ellisville, MI) was dissolved in
MSO in 1000× aliquots. GABAzine (Ascent, Somerset, UK)
as dissolved in DMSO in 1000× aliquots.

.10. Statistics

Statistical significance for all experiments was determined
sing Student’s unpaired and paired t-test, as appropriate.

. Results

.1. Characterization of FLII81E-1μ sensor loading in
rain slices

Cortical slices were loaded with FLII81E-1� using an
nterface-incubation loading technique as described above.
U
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maging of Venus and CFP fluorescence demonstrated the pres-
nce of FRET sensor in the loaded slice. The fluorescence
atio was stable over time (Fig. 1a, <5% decrease in fluores-
ence ratio over 25 min, 200 ms of fluorescence illumination

n
t
T
b

 P
R

O
O

F

 PRESS
ce Methods xxx (2007) xxx–xxx

very 10 s) although CFP and Venus fluorescence decreased with
ime, presumably due to a combination of protein degradation,
nd washout from the slice (Fig. 1b, values reflect dark-noise
djusted raw fluorescence values). To isolate the effects of sensor
ashout from sensor photobleaching, we imaged slices loaded
ith the FRET sensor for 20–25 min using either a short or long
uorescence exposure time (see Section 2). During long expo-
ures FRET sensor signal should decay as a function of sensor
ashout and sensor bleaching/degradation. During short expo-

ure times, FRET sensor signal decay should be much more
ependent on sensor washout, as minimal bleaching should
ccur. During long exposures FRET sensor fluorescence ratio
nd individual fluorescence channels decreased more rapidly.
y subtracting the short exposure decay curve from the long
xposure decay curve we were able to compute the decay con-
tants for both the bleaching and washout of FRET sensor from
ortical brain slices, both of which were over 30 min (data not
hown).

We also estimated sensor loading and washout (unloading)
sing quantitative western blotting. Brain slices initially con-
ained an estimated 70 �M FRET sensor immediately after
oading, but before any superfusion (data not shown), and fol-
owing 20 min of superfusion the FRET sensor concentration
ecreased to approximately 20 �M, suggesting that washout
ccurs over several tens of minutes. Slices used for imaging
xperiments presumably have a lower initial FRET sensor con-
entration, due to the washout that occurs during the period
∼5 min) in which the slice and electrodes were positioned prior
o each recording.

Tissue cross-sections obtained from slices that were fixed and
ectioned following recording demonstrated that the glutamate
RET sensor fluorescence was present throughout the depth of

he slice indicating that the loading procedure resulted in rela-
ively uniform FRET sensor protein penetration (Fig. 1c). Slices
ot loaded with FLII81E-1� protein showed no Venus fluores-
ence (Fig. 1d). Slice health was confirmed using DAPI staining
o show intact nuclei (Fig. 1e). A different set of slices was
ectioned horizontally to address the uniformity of FLII81E-1�
oading in the plane of the slice. Glutamate FRET sensor signal
as spatially uniform within each individual section and sec-

ions from the top 50 �m of tissue (Fig. 1f), as well as from 150
o 200 �m (Fig. 1g), and 300 to 350 �m (Fig. 1h) deep into the
issue all had similar Venus fluorescence. This result indicates
hat there were no significant regional differences in loading
f the slice. The penetration of FLII81E-10� showed a similar
attern (data not shown).

.2. FLII81E-1μ detects evoked glutamate release in
ortical brain slices

The FLIPE-600n glutamate sensor was the first FRET sensor
haracterized. FLIPE-600n successfully loaded into slices and
as able to resolve glutamate transients under disinhibited but
e in brain slices using FRET sensors, J Neurosci Methods (2007),

ot under control conditions (data not shown). To confirm that 335

he sensor response was due to neurotransmitter release 1 �M 336

TX was used to block action potentials. Addition of 1 �M TTX 337

locked the glutamate transient seen in disinhibited slices (data 338

dx.doi.org/10.1016/j.jneumeth.2007.10.017
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ot shown), indicating that the glutamate signals seen are due to
voked glutamate release.

FLII81E-1�, a sensor with a 1 �M affinity for glutamate,
as loaded into slices and evoked-cortical field potentials were
U
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ecorded simultaneously with image capture. FLII81E sensors
ave a lower affinity than FLIPE sensors, but utilize a differ-
nt protein design optimized for the greatest glutamate-induced

t
(
p

ig. 1. FLII81E-1� glutamate sensor loading in cortical slices. (a) Time course of F
nd (b) Venus (yellow) and CFP (blue) individually. (c) Venus fluorescent image of a
ar = 50 �M. (d) Venus fluorescent image of a cross-section of a control slice, not load
n (a). Venus fluorescent images of a horizontal section near the (f) top (g) middle an
ar = 50 �M.
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RET ratio change (up to 3× larger than FLIPE). ROI analy-
is was performed on the area of the highest glutamate signal;
he same ROI was used for all manipulations within each slice.
nder control conditions, electrical stimulation of the white mat-
 P
R

O
O

F

e in brain slices using FRET sensors, J Neurosci Methods (2007),

er caused a transient decrease in FLII81E-1� fluorescence ratio 350

Fig. 2a, −2.65 ± 0.3% peak �FY/FC, n = 23). The response 351

eaked 63.3 ± 5.8 ms following stimulation and had a half width 352

LII81E-1� raw fluorescence decay in cortical slices for both Venus/CFP ratio
cross-section of a cortical slice loaded with FLII81E-1� sensor protein. Scale
ed with FLII81E-1� sensor protein. (e) DAPI staining of the same slice shown
d (h) bottom of a cortical slice loaded with FLII81E-1� sensor protein. Scale

dx.doi.org/10.1016/j.jneumeth.2007.10.017
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Fig. 2. High-affinity FLII81E-1� glutamate sensor imaging. Glutamate imaging with simultaneous cortical field recording under (a) control conditions, (b) in the
presence of 10 �M GABAzine, and (c) of 10 �M GABAzine + 25 �M 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 �M
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)
E and la
g d RO
B cence

o353

e354

U355

(356

i357

r358

359

o360

w 361

h 362

m 363

7 364
N
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Oarly cortical field potentials on an expanded time scale. Note the slower onset
lutamate FRET sensor images. Time scales are identical for field recordings an
lue lines represent CFP fluorescence and yellow lines represent Venus fluores

f 237.7 ± 9.2 ms. The signal was localized near the stimulation
lectrode, approximately in cortical layers 4 and 5 (Fig. 2a).
nder control conditions cortical field potentials were small

<0.2 mV) and brief (<50 ms) (Fig. 2a). Excitability was then
U
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ncreased by local perfusion of 10 �M GABAzine, a GABAA
eceptor antagonist.

A larger and more prolonged decrease in FLII81E-1� flu-
rescence ratio was seen when GABAA-mediated inhibition

g
m
u
i

ter peak time in the presence of TBOA. (Bottom) Normalized ROI analysis of
I analysis. (d) Dual channel results for the imaging results shown in parts (a–c).
.

as blocked (−19.1 ± 0.5% peak �FY/FC, 416.1 ± 10.3 ms
alf width, n = 25, p < 0.01 compared to control). This gluta-
ate transient reached its maximum later than control (Fig. 2b,

8.5 ± 2.9 ms after stimulation, p < 0.05, n = 25). The evoked
e in brain slices using FRET sensors, J Neurosci Methods (2007),

lutamate transient seen in the presence of GABAzine generally 365

anifested in a column-like band of cortex near the site of stim- 366

lation and then spread to adjacent cortical areas, indicating the 367

mportance of inhibitory interneurons in shaping the functional 368
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Fig. 3. Low-affinity FLII81E-1� glutamate sensor imaging. Glutamate imaging
with simultaneous cortical field recording under (a) control conditions, (b)
in the presence of 10 �M GABAzine, and (c) in the presence of 10 �M
GABAzine + 25 �M TBOA. (a–c) (Top, left) Bright field image of the cortical
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ctivation of the cortical network. Blockade of GABAA recep-
ors induced a second, later phase of the field potential (indicative
f extended cortical network activation), which increased in both
mplitude (≈0.5 mV) and in duration (≈1.5 s) (Fig. 2b).

Inhibition of the EAAT family of glutamate transporters
y TBOA (25 �M) caused a decrease in baseline FLII81E-1�
atio (7.7 ± 0.4% decrease in FRET sensor ratio after 10 min of
xposure, n = 6), indicating approximately 100 nM accumula-
ion of extracellular glutamate (TBOA did not alter the properties
f the FRET sensor in cuvette studies, data not shown). In
he presence of TBOA and GABAzine, electrical stimulation
roduced a prolonged decrease in FLII81E-1� fluorescence
atio (877.5 ± 59.7 ms half width, n = 25, p < 0.01 compared
o GABAzine alone) which peaked later (126.5 ± 9.9 ms after
timulation, n = 25, p < 0.01 compared to GABAzine alone)
lthough the peak amplitude of the transient was relatively
nchanged (−19.3 ± 0.8% decrease in FLII81E-1� fluorescence
atio, n = 25, n.s.). Under these conditions the FLII81E-1� signal
pread over a larger area of cortex, although the amplitude of
lutamate transients was relatively small in layers 4 and 5 com-
ared to layers 2/3 and 6. Blockade of glutamate transporters
lso prolonged the field potential duration (>2 s) and increased
he time to the peak of both the early (Fig. 2c, inset) and the
ate phases of the field potential (Fig. 2c) although the effects on
mplitude varied between slices. The individual CFP and Venus
ignals for all manipulations are shown (Fig. 2d) and indicate
hat changes in FY/FC ratio are caused by changes in FRET effi-
iency (i.e. increased CFP and decreased Venus signal). Using
his protocol all slices had a detectable change in FRET sen-
or signal and each stimulation caused a similar FRET sensor
esponse (5/5 trials per slice per manipulation), although there
as variability in the amplitude and activation pattern between

lices.

.3. Evoked glutamate release is not detectable using
LII81E-10μ

In order to estimate the amount of glutamate released in the
lice, we repeated the experiments performed with FLII81E-1�,
sing FLII81E10� a glutamate sensor with a 10-fold lower affin-
ty. The cortical field potentials recorded using FLII81E-10�
ere similar to previous experiments, as were the effects of
ABAzine and TBOA (Fig. 3a–c). No change in FLII81E-10�
uorescence ratio was seen for any of the manipulations tested
e in brain slices using FRET sensors, J Neurosci Methods (2007),

Fig. 3a–c). In order to confirm that this FRET sensor was func- 411

ional, we locally perfused 10 mM glutamate onto slices loaded 412

ith FLII81E-10� (Fig. 3d), which caused a decrease in the 413

enus/CFP fluorescence ratio. Thus, although FLII81E-10�M 414

lice. Experimental layout is the same as in Fig. 2. (Top, right) Three individual
lutamate FRET sensor images from ≈200 ms before stimulation (left), ≈80 ms
fter stimulation (center), and ≈1 s after stimulation (right). (Center) evoked-
ortical field recordings performed simultaneously with glutamate images. Dot
ndicates time of stimulation. (Bottom) Normalized ROI analysis of glutamate
RET sensor images. (d) Local application of 10 mM glutamate induces large
uorescence ratio response.
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id not detect evoked glutamate release under the conditions
ested it was fully functional in its ability to detect glutamate at
igher concentrations.

.4. Glutamate transients and cortical field potentials show
arallel increase in amplitude and duration during
isinhibition

We next examined the changes in excitability and gluta-
ate release that occurred during the wash-in of GABAzine.
oon after the local perfusion was begun (within 30 s) the first
LII81E-1� images captured showed a detectable, but relatively
mall and localized glutamate transient (Fig. 4c and d. The
imultaneously recorded evoked-cortical field was also rela-
ively small and brief (Fig. 4b). As excitability progressively
ncreased with prolonged exposure to GABAzine, glutamate
ransients grew larger in amplitude and duration. Interestingly,
s the glutamate transients grew the spatial spread of glutamate
RET sensor signal grew in concert, moving to areas distant
rom the stimulation electrode. In many trials, cortical layer

appeared to have a smaller change in FRET sensor fluores-
ence ratio compared to layers 2/3, 5 and 6 (Fig. 4c). Similar to
lutamate transients, cortical field potentials grew progressively
arger in amplitude and longer in duration during the wash-in
f GABAzine (Fig. 4b). Based on these results, changes in field
otentials and glutamate transients were correlated. It appears
hat as inhibition was progressively blocked more glutamate was
eleased with each stimulation and a larger network of neurons
ecame activated (Fig. 4c).

.5. Spatiotemporal properties FLII81E-1μ glutamate
RET sensor during full-field imaging

A major goal of FLII81E-1� glutamate imaging was to
ncrease the spatial and temporal resolution of glutamate detec-
ion in slices. As a proof of principle of increased resolution
ndividual images were analyzed to confirm that regional and
emporal differences were resolvable. We focused on images
aptured in the) presence of GABAzine or GABAzine + TBOA
n order to see large changes in FLII81E-1� fluorescence ratio. In

any instances, images captured less than 30 ms following stim-
lation had sub-maximal changes in FLII81E-1� fluorescence
atio. These images reflected the earliest phase of glutamate
ransients, before activation of the entire cortical network has
eached its maximum. During these early time-points, regional
ctivation of the cortex was often seen (Fig. 5a). In the presence
f GABAzine, if an early phase response was captured (early
hase activation captured in 12/23 trials) it occurred on aver-
ge 17.7 ± 5.4 ms after stimulation. In the presence of TBOA,
owever, early phase responses (early phase activation captured
n 12/25 trials) occurred later—51.1 ± 8.8 ms after stimulation
p < 0.01 compared to GABAzine). These results suggests a
lower onset or later peak of the FLII81E-1� signal in the absence
U
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f functional glutamate re-uptake, though our ability to resolve
emporal changes on this time scale is limited by the relatively
low (≈17 Hz) image capture rate. In one particularly interest-
ng series of three exposures, the inherent jitter in the image
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cquisition time allowed us to sample a series of time-points
lose the stimulation time (Fig. 5b). When the image capture
ccurred very close to the time of stimulation (<15 ms, Fig. 5b
op) the glutamate transient was small. Images captured slightly
ater (20 ms after stimulation, Fig. 5b middle, and 36 ms after
timulation, Fig. 5b bottom) had progressively larger ampli-
ude changes in FLII81E-1� fluorescence ratio. Although this
as a fortuitous example, this result demonstrates the ability
f FLII81E-1� glutamate sensor imaging to discriminate small
hanges in glutamate transients on a tens-of-millisecond time
cale during full-field image acquisition.

.6. High-speed (50 Hz) line-scan imaging of FLII81E-1μ

lutamate sensor imaging

In order in improve the time-resolution of glutamate FRET
ensor imaging, a series of experiments were performed using
ine-scan image acquisition and simultaneous field recordings.
2 pixel line-scans were collected and binned vertically to
ecrease image processing time (Fig. 6a, dotted area). This
llowed image acquisition up to 50 Hz and enabled us to con-
istently resolve the temporal properties of glutamate transients
n a tens-of-millisecond time scale. Line-scan imaging and ROI
nalysis of deep (4–6) cortical layers revealed that electrical
timulation caused a transient decrease in FLII81E-1� fluores-
ence ratio under control conditions (Fig. 6c, −0.7 ± 0.1% peak
FY/FC, 44.4 ± 6.8 ms peak time, 146.0 ± 10.6 ms half width,
= 20). Cortical field potentials were small and brief, corre-

ponding to the measured glutamate transients. Excitability was
hen increased by blockade of GABAA receptors. In a disin-
ibited cortical slice, glutamate transients had a fast onset, but
ater peak, and were larger in amplitude (Fig. 6c, −8.3 ± 0.4%
eak �FY/FC, 173.1 ± 16.7 ms peak time, 417.3 ± 12.0 ms half
idth, p < 0.01 compared to control for all measures, n = 20).
he increase in time resolution gained using line-scans revealed
mall, fast fluctuations in the fluorescence ratio at the peak
nd during the recovery of the glutamate transient (Fig. 6c)
uggesting multiple glutamate release events. Next, glutamate
ransporters were blocked (fast fluctuations occurred in 15/20
timulus-induced glutamate transients). Blockade of glutamate
ransporters again decreased the baseline FLII81E-1� ratio,
ndicating gradual extracellular accumulation of glutamate in
he absence of functional glutamate re-uptake. Under these
onditions stimulation caused a larger amplitude (Fig. 6c,
11.0 ± 0.4% peak �FY/FC, p < 0.01, n = 20), longer duration

685.3 ± 22.9 ms half width, p < 0.01) decrease in the FLII81E-
� fluorescence ratio which peaked later (206.2 ± 11.3 ms,
= 20, p < 0.05) compared to GABAzine alone. The later peak
f glutamate transient was consistent with the result obtained
y whole-field scan experiments (Fig. 5). ROI analysis of each
ortical layer was then performed on these images to detect
ayer-specific glutamate transients (Fig. 6d and e). Under con-
e in brain slices using FRET sensors, J Neurosci Methods (2007),

rol conditions, the greatest change in FLII81E-1� fluorescence 518

atio was seen in layers, 4, and 6 (Fig. 6e, left, designation of 519

ortical layers is approximate). When GABAA receptors were 520

locked the amplitude and duration of the glutamate transient 521
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Fig. 4. FLII81E-1� glutamate sensor imaging of a cortical slice during the wash-in of a GABAA receptor antagonist. (a) Bright field image of the cortical slice.
Scale bar = 250 �M. (b) Evoked-cortical field recordings made 30 s (black), 40 s (red), 50 s (green), 60 s (dark blue), and 70 s (light blue) after wash-in of 10 �M
GABAzine. Time of stimulation is denoted by the black dot. (c) Individual FLII81E-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 s after the wash-in of GABAzine. Each row of images consists of two frames
c is ap
b as in
o h-in a

w522

a523

t524

t525

r526

T527

r528

t529

3 530

531

r 532
N
C

Oaptured before stimulation and 8 frames captured following stimulation. There
lack dot between 2nd and 3rd frames in each row. Time labels are color coded
f stimulation. Traces are color coded with respect to time after GABAzine was

as larger and longer in duration in all cortical layers. Block-
de of glutamate transporters further prolonged the glutamate
ransient and increased the maximum glutamate transient ampli-
ude. Cortical field potentials were similar to previously reported
U
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esults for all pharmacological manipulations tested (Fig. 6b).
hese results show that line-scan imaging of FLII81E-1� fluo-

escence allows for higher sampling rates and greatly increases
he temporal resolution of this technique.

c
c
l
t

proximately 50 ms between each image. Time of stimulation is denoted by the
(b). (d) Fluorescence ratio analysis of a region of interest centered near the site
s in (b and c). Time of stimulation indicated by black dot.

.7. Calibration of glutamate FRET sensors

Ideally the changes in glutamate FRET sensor fluorescence
atio could be directly converted into changes in glutamate
e in brain slices using FRET sensors, J Neurosci Methods (2007),

oncentration. With this goal in mind a series of glutamate con- 533

entrations ranging from 10 �M to 30 mM were applied to slices 534

oaded with FLII81E-1�. Surprisingly, the apparent affinity of 535

he FLII81E-1� for glutamate was approximately 5 mM under 536
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Fig. 5. Spatiotemporal properties FLII81E-1� glutamate sensor during full-field imaging. (a, Left) Bright field image of the cortical slice. Scale bar = 250 �M for
all images. (Right) FLII81E-1� glutamate sensor images taken 58 ms before stimulation, 25 ms after stimulation, and 98 ms stimulation in the presence of 10 �M
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) FLII81E-1� glutamate sensor images taken immediately before (left) and after (center and right) three successive electrical stimuli (10 �M GABAzine and
25 �M 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 FLII81E-1� 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 �M. (b) Cortical field recording under control conditions (black), in the presence of 10 �M GABAzine (grey), and in the
presence of 10 �M GABAzine + 25 �M TBOA (red). Time of stimulation is denoted by the black dot. (c) 50 Hz line-scan imaging of cortical layers under the same
c ning
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center) and GABAzine + TBOA (right). Stimulation occurred at time = 0.

hese conditions. Very little change in the fluorescence ratio was
een with concentrations less than 1 mM (Fig. 7a), while increas-
ng the applied glutamate concentration from 1 to 10 mM caused
drastic decrease in FLII81E-1� fluorescence ratio indicating a

hreshold effect. These results were at odds with the previously
eported affinity of FLII81E-1� for glutamate in free solution
1 �M) (Deuschle et al., 2005b). We obtained a standard curve
or FLII81E-1� in aCSF in vitro and confirmed that the EC50
as similar to previous reports (Fig. 7b, 250 nM). We conclude,

herefore, that either the glutamate FRET sensor properties are
ltered in the extracellular milieu of the brain slice or the glu-
amate levels within the slice do not reach equilibrium with the
pplied solution.
 U
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Two factors might limit our ability to deliver a known concen-
ration of glutamate to the slice: re-uptake of applied glutamate
nd incomplete penetration of applied glutamate throughout the
hickness of the slice. To address the first concern we inhibited

4

n

cortical layers 4–6. (d) Expanded view of dashed area in (a) with color-coded
own in (d) during control conditions (left), and in the presence of GABAzine

lutamate transporters and repeated the glutamate calibration.
hen glutamate re-uptake was pharmacologically inhibited,

he apparent affinity of the FRET sensor protein increased to
50 �M and as little as 10 �M was able to induce detectable
RET changes (Fig. 7a). Under these conditions, the concen-

ration response curve was fit well by a sigmoidal line and no
hreshold effect was seen. These results suggest that the capacity
or glutamate re-uptake is substantial and is capable of buffering
pplied glutamate concentrations up to 1 mM. The residual dif-
erence in apparent affinity of the sensor might result from either
ncomplete block of EAATS or of other pathways that actively
equester extracellular glutamate.
e in brain slices using FRET sensors, J Neurosci Methods (2007),

. Discussion 566

Synaptic release of glutamate, the primary central excitatory 567

eurotransmitter, is a major determinant of neuronal activity in 568
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Fig. 7. Calibration of FLII81E-1� glutamate sensor. (a) A series of glutamate
concentrations were applied exogenously to a slice loaded with FLII81E-1�

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 �M). Fluo-
rescence ratios were normalized to their value before exogenous glutamate was
applied. (b) FLII81E-1� protein was also calibrated in aCSF using a spectropho-
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Tometer to measure fluorescence. FRET values were normalized to a baseline

ith no exogenous glutamate present.

he vertebrate nervous system (Cotman and Monaghan, 1986).
he ability to simultaneously measure glutamate release with
igher temporal and spatial resolution is critical to answering
any basic questions about glutamate: What is the precise tim-

ng of glutamate release and re-uptake? Do regional differences
n the glutamate signal exist in different brain regions? How do
hanges in the basic kinetics of glutamate release correlate with
hanges in synaptic transmission and network excitability? We
ave previously demonstrated that stimulation-induced gluta-
ate release can be detected using the FLIPE glutamate sensors

argeted to the cell surface of cultured neurons (Okumoto et al.,
005). While this offers a proof of concept for the method, the
iological significance of imaging glutamate in cell culture is
imited. To further develop this technology, we sought to estab-
ish the use of the high-affinity FRET sensor FLII81E-1� in an
ntact mammalian brain slice preparation.

Here we demonstrate a surprisingly simple loading proto-
ol that results in uniform FRET sensor distribution within the
lice which is stable for at least tens of minutes. Simply incu-
U
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ating the slice in a medium containing a high concentration of
he FRET sensor led to permeation of the large protein (88 kD)
hroughout the tissue (Fig. 1). The FRET sensor did not alter
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he basic physiology of the network, and did not wash out of
he slice even after prolonged periods of perfusion with aCSF.
hotobleaching also had minimal effect on the FRET sensor
atio within the first 30 min of imaging. The ease with which the
lutamate FRET sensor can be loaded into slices (i.e. no require-
ent for transfection, infection, or specific localization tag) and

he stability of the sensor in the tissue is a major advance in the
se of FRET-based glutamate sensors. This technique allows
eal-time semi-quantitative FRET-based glutamate imaging in
n intact cortical brain slice with spatiotemporal resolution capa-
le of imaging synaptic glutamate transients. The ability to use
RET-based glutamate sensor imaging in live brain slices is the
ext logical step in utilizing glutamate sensors and is a critical
tep forward in understanding the synaptic output of neuronal
etworks.

Using glutamate FRET sensor imaging in cortical slices we
ound that under control conditions glutamate signals were brief,
mall in amplitude, and localized near the site of stimulation
Fig. 2a). Blocking inhibition led to a larger change in the FRET
ensor fluorescence response and propagation over greater areas
Fig. 2b). Blocking re-uptake of glutamate prolonged the dura-
ion of fluorescence ratio change and significantly increased the
ime to the peak glutamate level (Fig. 2c). Both these pharma-
ological manipulations caused changes in evoked-cortical field
otentials that corresponded to changes seen in glutamate tran-
ients. Fast excitatory post-synaptic potentials reach a maximum
ithin 10–20 ms but our full-frame imaging only allows image

ollection every 50 ms. In order to achieve better temporal res-
lution, high-speed line-scan imaging was performed using the
igh-affinity glutamate FRET sensor. Although the increase in
emporal resolution was offset by a decrease in spatial sampling,
his form of glutamate FRET sensor imaging was especially use-
ul for kinetic analysis of glutamate transients. Using line-scan
maging we were able to collect multiple images during the rising
hase of the glutamate transient and resolve small fluctuations
n glutamate transients (Fig. 6). We also found that glutamate
ransients peaked later following blockade of active glutamate
ransport, suggesting that glutamate transporters removed extra-
ellular glutamate before the glutamate transient reached its
otential maximum peak. In the absence of re-uptake, gluta-
ate transients continued to grow in size for a longer duration

nd therefore reached a higher peak later in time.
The lower affinity glutamate FRET sensor, FLII81E-10�, was

nable to detect glutamate transients (Fig. 3). The lack of change
n the low-affinity FRET sensor fluorescence ratio was most
ikely due to glutamate transients which were of insufficient
oncentration or were too brief to be captured by our imaging
ystem. These negative results suggest, however, that changes
n the FY/FC ratio observed are specific to changes in gluta-

ate levels and not to non-specific changes that occur during
voked neurotransmission in the cortex (changes in pH, optical
roperties of the slice, or the state of endogenously fluorescent
olecules).
e in brain slices using FRET sensors, J Neurosci Methods (2007),

amate in intact tissue, our preliminary studies demonstrated a 645

umber of interesting phenomena. The first is unique spatial 646

atterns of glutamate release (Figs. 2, 4–6). While multi- 647
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rray electrodes have demonstrated spatial patterns of neuronal
lectrical activity in slices, the approach is limited by the
pacing of the electrodes. With the FRET sensor, the resolu-
ion is only limited by the objective used, pixel size, and the
xtent of pixel-binning necessary to provide adequate signal to
oise ratios. The experiments presented here were performed
sing a 2.5× objective which results in each pixel represent-
ng 10 �m × 10 �m square. With this level of resolution we
ere clearly able to detect spatially restricted patterns of gluta-
ate release. Furthermore, layer-specific changes in glutamate
ere seen during disinhibition, for both full-frame and line-scan

maging. This is in agreement with known layer-specific axonal
rojections found in the cortex (Vogt et al., 1981). Understanding
ayer-specific glutamate transients may help in elucidating the

echanism of cortical network activation and how that mecha-
ism may be altered in pathological states such as epilepsy (Jin
t al., 2006).

Another interesting finding came from our attempts to deter-
ine whether the sensitivity of the sensor in the slice correlated
ith that in solution. To our surprise, the FRET sensor seemed
arkedly less sensitive in the slice—addition of millimolar con-

entrations of glutamate was necessary to detect a change in
RET sensor fluorescence ratio. A number of factors could
xplain this—the local environment of the slice (e.g. pH and
onic composition) may alter the sensitivity (Miesenbock et
l., 1998), the glutamate may only reach FRET sensor in the
ost superficial portion of the slice, optical properties of the

lice could interfere with the excitation of the FRET sensor
r the detection of the fluorescent light, or extracellular gluta-
ate levels may be regulated by endogenous mechanisms such
embrane transporters (Gueler et al., 2007). Indeed, blocking

lutamate uptake with TBOA markedly altered the fluorescence
atio response to exogenously applied glutamate, indicating that
igh capacity glutamate transporters efficiently remove applied
lutamate at concentrations up to ≈1 mM. Notably, with glu-
amate transport compromised, the FRET sensor’s apparent
ffinity for glutamate was still 250-fold lower than in free
olution. In these experiments, it was necessary to use a sub-
aximal concentration of TBOA to avoid spreading depression

nd depolarization block. Presumably residual transport occurs
y TBOA-sensitive and/or insensitive transporters, limiting our
bility to directly convert fluorescence ratio changes into precise
lutamate concentrations with exogenously applied glutamate.
hus at this point glutamate FRET sensor usage in slices remains
emi-quantitative. Finally, TBOA application caused a decrease
n the baseline FRET sensor fluorescence ratio, suggesting
hat glutamate transporters are responsible for continual uptake
f glutamate and keeping baseline glutamate concentrations
ow.

Although our understanding of glutamatergic neurotransmis-
ion has increased dramatically in the last several years, studies
f the spatial and kinetic properties of glutamate release have
een restricted, primarily due to inherent limitations in the
U
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ethods for detection of the amino acid. Glutamate-selective
lectrodes sample only the area in the immediate vicinity of the
lectrode, greatly limiting their spatial resolution and their tem-
oral resolution is quite low (on the scale of seconds) (Hu et al.,
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994; Oldenziel et al., 2006). Furthermore enzymatic biosensors
re subject to non-specific changes caused by oxygen saturation
Hu et al., 1994) and pH changes (Dulla et al., 2005). Micro-
ialysis/HPLC analysis has extremely limited spatial resolution;
ialyzed samples come only from the area in the immediate prox-
mity of the dialysis tubing. Their temporal resolution is also
uite low (minutes time scale) because of the technical limita-
ions in collecting dialysis samples for each time-point (Zhang
t al., 2005). Enzyme-linked fluorescence assays have increased
patial resolution compared to glutamate-selective electrodes
ut their temporal resolution is still less than ideal due to the
se of enzymatic reactions to detect glutamate (Nicholls and
ihra, 1986; Innocenti et al., 2000). Lastly, electrical record-

ng from cells expressing glutamate receptors offer very high
emporal resolution (millisecond scale) but because this is a
ell-based technique it has very limited spatial resolution. Fur-
hermore, delivering cells to the site of interest or accessing
ndogenous cells is a difficult and time consuming strategy for
outine detection of glutamate. This type of glutamate assay is
lso limited by the properties of the glutamate receptor used,
hich can limit the duration and concentration of glutamate
hich can be detected (Diamond et al., 1998). An alternative

echnology for imaging glutamate was recently developed based
n a portion of the GluR2 subunit linked with a small molecule
uorescent dye (Namiki et al., 2007). This technique also shows
romise for increased spatiotemporal detection of glutamate,
ut has some limitations compared to the FRET sensors dis-
ussed here. First, the GluR2 sensor protein must be linked to
iotin coated neurons which may make the delivery of sensor
rotein into brain slices challenging. Second, the temporal res-
lution demonstrated is significantly less (10 Hz) than we have
een able to attain. Our technology is also imperfect. While
he FRET sensor was present throughout the slice, our images
ere collected with the surface plane of the slice in focus. Given

he depth of field of the objective, we suspect that we are only
btaining fluorescent light from 40 to 50 �m closest to the sur-
ace of the slice. Confocal and 2-photon microscopy may allow
ore precise spatial discrimination of neuronal structure (i.e.

ynaptic vs. extra-synaptic areas). Calibration of the glutamate
RET sensor has also proved difficult, although calibration of
ny biological sensor in situ can be compromised to due the com-
lex environment of brain tissue and complicating factors such
s endogenous re-uptake of the molecule of interest. Lastly, as
ith any imaging technique which uses a binding-based detec-

ion method, the presence of FRET sensor protein may alter
ndogenous glutamate transients. We believe this is unlikely,
owever, as cortical field potentials are not altered by the pres-
nce of the FRET sensor protein. Based on our current findings,
nd the ease with which they can be loaded into brain slices,
e consider FRET-based glutamate sensors the most promising

echnology for understanding extracellular glutamate transients
nd synaptic network activation.

Our novel approach for sensing neuronal activity in an intact
e in brain slices using FRET sensors, J Neurosci Methods (2007),

ortical slice demonstrates the utility of FRET sensors even in 758

issue as complex as the mammalian brain. In this initial study we 759

ave demonstrated the feasibility and applicability of the gluta- 760

ate FRET sensor imaging in intact tissue. This technique could 761
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rovide complimentary data to other techniques for monitor-
ng network activation such as voltage-sensitive dyes (Grinvald
nd Hildesheim, 2004) and multi-electrode arrays (Buzsaki,
004). High-power magnification and increased imaging speed
ill help resolve the kinetics and spatiotemporal patterns of
lutamate release in smaller synaptic structures as well as on
network level. Furthermore, the molecular nature of these

ensors will facilitate development of targeted sensors and trans-
enic animals permitting a further understanding of neuronal
etwork activity in vertebrate brain.
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