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Intro - Synaptic transmission
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Intro - Vesicle fusion
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retrieve the vesicle membrane after fusion with the 
plasma membrane (see Figure 12–10B2). (The clathrin-
coated vesicle membranes are the coated pits observed 
by Heuser and Reese.) In this pathway the retrieved 
vesicular membrane must be recycled through an 
endosomal compartment before the vesicles can be 
reused. Clathrin-mediated recycling requires up to a 

release event. In the kiss-and-run pathway the vesicle 
leaves the active zone after the fusion pore closes, but 
is competent for rapid rerelease. Vesicles are thought 
to be preferentially recycled through these pathways 
during stimulation at low frequencies.

Stimulation at higher frequencies recruits a sec-
ond, slower recycling pathway that uses clathrin to 
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Figure 12–10 The synaptic vesicle cycle.
A. Synaptic vesicles are filled with neurotransmitters by active 
transport (step 1) and join the vesicle cluster that may represent 
a reserve pool (step 2). Filled vesicles dock at the active zone 
(step 3) where they undergo an ATP-dependent priming reac-
tion (step 4) that makes them competent for calcium-triggered 
fusion (step 5). After discharging their contents, synaptic vesi-
cles are recycled through one of several routes (see part B). In 
one common route, vesicle membrane is retrieved via clathrin-
mediated endocytosis (step 6) and recycled directly (step 7) or 
by endosomes (step 8).
B. Retrieval of vesicles after transmitter discharge is thought to 
occur via three mechanisms, each with distinct kinetics. 1. A 
reversible fusion pore is the most rapid mechanism for reusing 
vesicles. The vesicle membrane does not completely fuse with 
the plasma membrane and transmitter is released through the 

fusion pore. Vesicle retrieval requires only the closure of the 
fusion pore and thus can occur rapidly, in tens to hundreds 
of milliseconds. This pathway may predominate at lower to 
normal release rates. The spent vesicle may either remain at 
the membrane (kiss-and-stay) or relocate from the membrane 
to the reserve pool of vesicles (kiss-and-run). 2. In the classical 
pathway excess membrane is retrieved through endocytosis by 
means of clathrin-coated pits. These pits are found throughout 
the axon terminal except at the active zones. This pathway may 
be important at normal to high rates of release. 3. In the bulk 
retrieval pathway, excess membrane reenters the terminal 
by budding from uncoated pits. These uncoated cisternae are 
formed primarily at the active zones. This pathway may be 
used only after high rates of release and not during the usual 
functioning of the synapse. (Adapted, with permission, from 
Schweizer, Betz, and Augustine 1995; Südhof 2004.)
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Presynaptic alterations -
Neurodegenerative diseases (ND)



ND – Alzheimer‘s disease

Bae JR, Kim SH. Synapses in neurodegenerative diseases. BMB Reports. 2017.



ND – Parkinsons‘s disease

Bae JR, Kim SH. Synapses in neurodegenerative diseases. BMB Reports. 2017.



ND – Huntingtons‘s disease and
ALS

Bae JR, Kim SH. Synapses in neurodegenerative diseases. BMB Reports. 2017.



Relevance in physiology - Ca2+ 

entry and glutamate release

• Glutamate release -> 
• high degree of heterogeneity among synapses
• Study neuronal circuits of different brain regions

• To probe presynaptic function: 
• record presyn Ca2+ dynamics
• presyn release of glutamate



Advances - Tools



Advances– Calcium/Glutamate indicators

• Important factors: 
• timeresolution
• localization
• non-confunded readout
• specificity
• invasiveness
• timerange (months/weeks/days?)



Advances– Calcium indicators

Existing tools

1. Aequorin: bioluminescent ca binding photoprotein

2. Arsenazo III: absorbance dye that changes its absorption spectrum as a function of bound
calcium

3. Fluorescent calcium indicators, hybridization of EGTA/BAPTA (Ca-chelators) with fluorophores 
(Roger Tsien and colleagues: )
• Quin-2, Fura-2, Indo-1, Fluo-3
• Oregon Green BAPTA (OGB)
• fluo-4 dye families (Paredes et al., 2008).

4. GECIs, protein-based genetically encoded calcium indicators (Lab of Roger Tsien (Miyawaki et al., 
1997)

1. GCaMP-s

implementation and
use often tedious, 
mostly because
of problems with dye
delivery

relatively easy to implement
and provide large signal-to-noise ratios



Advances – Glutamate indicators

Existing tools for quantitative measurement :
1. in situ microdyalisis
2. Microelectrode
3. glutamate dehydrogenase/oxidase coupled to NADH 

fluorescence readout

4. Biosensors composed of glutamate-binding proteins coupled to
fluorescence readout
1. genetically encoded (like the Ca indicators (GECI))

2. Glutamate (E) optical sensor: EOS (hybrid sensor made from
AMPA R glutamate binding core and a small-molecule dye)

3. PBP (bacterial periplasmic binding proteins)
• FRET (FLIP-E , SuperGluSnFR) 
• Single wavelenghth indicators

• Lack cellular resolution
• are confunded
• Have large responsetimes
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We describe an intensity-based glutamate-sensing fluorescent 
reporter (iGluSnFR) with signal-to-noise ratio and kinetics 
appropriate for in vivo imaging. We engineered iGluSnFR 
in vitro to maximize its fluorescence change, and we validated 
its utility for visualizing glutamate release by neurons and 
astrocytes in increasingly intact neurological systems.  
In hippocampal culture, iGluSnFR detected single field 
stimulus–evoked glutamate release events. In pyramidal 
neurons in acute brain slices, glutamate uncaging at single 
spines showed that iGluSnFR responds robustly and specifically 
to glutamate in situ, and responses correlate with voltage 
changes. In mouse retina, iGluSnFR-expressing neurons  
showed intact light-evoked excitatory currents, and the 
sensor revealed tonic glutamate signaling in response to light 
stimuli. In worms, glutamate signals preceded and predicted 
postsynaptic calcium transients. In zebrafish, iGluSnFR revealed 
spatial organization of direction-selective synaptic activity 
in the optic tectum. Finally, in mouse forelimb motor cortex, 
iGluSnFR expression in layer V pyramidal neurons revealed  
task-dependent single-spine activity during running.

Glutamate is among the most important signaling molecules in 
all kingdoms of life. Glutamate-gated ion channels exist in many 
non-animal species ranging from bacteria to plants. In the nerv-
ous system of animals, such channels (ionotropic glutamate recep-
tors, iGluRs) form the cornerstone of information transmission 
at glutamatergic synapses. Extrasynaptic glutamate signaling 
(‘spillover’) activates both ionotropic and metabotropic gluta-
mate receptors (mGluRs), located pre- and perisynaptically and 
also along the axonal sheath1. In addition to its normal role in 
trans- and extrasynaptic transmission, glutamate is both received 
and released by astrocytes2, the primary type of glial cell in the 
brain. Neuronal glutamate release mediates glial Ca2+ currents, 
directing their secretion of glutamate, ATP and d-serine, which 
provide feedback to regulate local neurons and vascular cells3. 

An optimized fluorescent probe for visualizing 
glutamate neurotransmission
Jonathan S Marvin1, Bart G Borghuis1,2, Lin Tian1,7, Joseph Cichon3, Mark T Harnett1, Jasper Akerboom1, 
Andrew Gordus4, Sabine L Renninger5, Tsai-Wen Chen1, Cornelia I Bargmann4, Michael B Orger5,  
Eric R Schreiter1, Jonathan B Demb2,6, Wen-Biao Gan3, S Andrew Hires1 & Loren L Looger1

Dysregulation of glutamate is implicated in receptor-mediated 
excitotoxicity, most notably following stroke and traumatic 
brain or spinal cord injury4 and in the progression of chronic 
neurodegenerative disorders such as glaucoma and Alzheimer’s, 
Huntington’s and Parkinson’s diseases5.

Existing tools for quantitative measurement of rapid glutamate 
transients in intact preparations exhibit poor signal-to-noise ratio 
(SNR), kinetics and targetability. Historically, glutamate concen-
tration has been determined primarily by in situ microdialysis6,  
but this technique is invasive and provides only single-point 
sampling of bulk tissue with seconds-level temporal resolu-
tion. Enzymes such as glutamate dehydrogenase or glutamate 
oxidase can be coupled to secondary readouts such as NADH 
fluorescence7 or current through a microelectrode8, but these 
methods lack cellular resolution, have response times on the 
order of a second and are confounded by other potential sources  
of signal.

Biosensors composed of glutamate-binding proteins coupled 
to a fluorescence readout address many of these concerns. Signal 
may be unambiguously assigned as glutamate evoked, with spatial 
and temporal resolutions much greater than those of diffusible 
secondary readouts. Modern multiphoton fluorescence micros-
copy allows fast, high-resolution, non-invasive imaging in awake, 
behaving animals9.

The recently developed glutamate optical sensor (EOS), a 
hybrid sensor made from the AMPA receptor glutamate-binding 
core and a small-molecule dye, produces an ~1–2% fluorescence 
increase in mouse somatosensory cortical neurons following  
limb movement10,11.

Genetically encoded indicators (for a review, see ref. 12), based 
on autocatalytic fluorescent proteins such as GFP, may be easily 
targeted to specific cellular populations and subcellular compart-
ments; they may be delivered by relatively non-invasive techniques 
such as viral infection or transgenesis; and they are compatible 
with repeated imaging over many months13. Genetically encoded 

1Howard Hughes Medical Institute (HHMI), Janelia Farm Research Campus, Ashburn, Virginia, USA. 2Department of Ophthalmology and Visual Science, Yale University 
School of Medicine, New Haven, Connecticut, USA. 3Skirball Institute of Biomolecular Medicine, New York University School of Medicine, New York, New York, USA. 
4HHMI, Laboratory of Neural Circuits and Behavior, The Rockefeller University, New York, New York, USA. 5Champalimaud Neuroscience Programme, Champalimaud 
Centre for the Unknown, Lisbon, Portugal. 6Department of Cellular & Molecular Physiology, Yale University School of Medicine, New Haven, Connecticut, USA. 7Present 
address: Department of Biochemistry and Molecular Medicine, University of California Davis School of Medicine, Sacramento, California, USA. Correspondence should 
be addressed to L.L.L. (loogerl@janelia.hhmi.org).
RECEIVED 24 JANUARY 2012; ACCEPTED 11 DECEMBER 2012; PUBLISHED ONLINE 13 JANUARY 2013; DOI:10.1038/NMETH.2333



What did they do
and why is this amazing?

Engineered: 
an intensity-based, single-wavelength, glutamate-sensing fluorescent
reporter (iGluSnFR)
• highly sensitive
• localized
• High signal-to-noise ratio and kinetics appropriate for in situ and

in vivo imaging. 
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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glutamate transients in single dendritic spines as well as  
dendritic branches in awake behaving mice.

DISCUSSION
Not only is glutamate an important chemical messenger in neu-
robiology, it has many other signaling roles, is central to amino 

acid metabolism in plants37 and is a major industrial fermenta-
tion product38. Tools for detecting glutamate are thus of broad 
utility. Classical methods for monitoring glutamate, such as 
 microdialysis, are limited by poor spatial and temporal resolu-
tion. Recently developed fluorescent sensors, such as FLIP-E16, 
SuperGluSnFR17 and EOS10,11, have low signal change and have 

Figure 6 | In vivo imaging of awake behavior and motor task–associated glutamate transients in mouse primary motor cortex. (a) Schematic illustrating 
experimental approach for injection of AAV.hSynapsin.iGluSnFR into layer V of primary motor cortex for in vivo transcranial two-photon microscopy.  
(b) Two-photon image of low-density infection of primary motor cortex (forelimb region) with AAV.hSynapsin.iGluSnFR. Scale bar, 10 m. (c) Low-density 
viral labeling of iGluSnFR showing apparent dendritic spines (arrowheads) that show repetitive glutamate transients (four 2-s traces shown) during awake 
resting (top; seven events over 8 s) and forward running (bottom; 15 events detected during running over 8 s). Average F/F during running was 27%   
1.9% s.e.m. versus 23%  3.2% while resting. Scale bar, 2 m. (d) Line scan of a dendritic segment in an awake animal running on the treadmill. Two 
leftmost subpanels, photographs of a head-fixed animal undergoing left forelimb movement (arrowheads). Two rightmost subpanels, two-photon images 
of a dendritic segment from the apical tuft of motor cortex. Scale bars, 2 m (third subpanel) and 5 m (fourth subpanel). Boxed region contains the 
dendritic spine of interest. (e) Spine and associated dendrite fluorescent response traces of line scan depicted in d. S (black), spine; D (gray), associated 
dendrite. (f) iGluSnFR detection of task-specific glutamate responses during motor training. Example traces are shown of fluorescence changes (2-s 
recordings) during three trials of reverse and forward running as well as awake-resting state. Arrowheads indicate glutamate events for reverse running 
only (yellow) or forward running only (red). ROI, region of interest. (g) iGluSnFR signals during periods of locomotion. Asterisks, glutamate events. ROIs 
are distinct from those in f. (h) Effect of tetrodotoxin (TTX, 1 nM in artificial cerebrospinal fluid), delivered via a small craniotomy lateral to the thinned-
skull imaging region (Supplementary Fig. 32), on running-related glutamate transients (red arrowhead marks a glutamate transient during running) along 
apical tuft dendrites. Scale bar, 10 m.

An optimized fluorescent probe for visualizing glutamate neurotransmission



Sensor development – main players
An optimized fluorescent probe for visualizing glutamate neurotransmission

Circular permutation:

Yu Y, Lutz S. 2011.
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 

Variant:
GltI253.L1LV/L2NP 

High throughput
screening



(∆F/F)max – glut / PBS
NATURE METHODS | VOL.10 NO.2 | FEBRUARY 2013 | 163

ARTICLES

calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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nm, 10 nm bandpass. 

 
Supplementary Fig. 12. 2-photon photostability. The emission intensity of 1 µM GltI-
cpGFP.L1LV/L2NP in PBS + 10 mM glutamate was measured over one minute of excitation at 
940nm (50 mW laser power at the focus). Mutation of Thr203 in GFP to Val has been shown to 
increase (∆F/F)max and photostability of the GCaMP calcium sensor	4, so we tested the effect of 
that mutation in GltI253.L1LV/L2NP. It decreases photostability under 2-photon excitation and 
also decreases (∆F/F)max (Supplementary Fig. S8); therefore, it was not characterized further.  
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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Supplementary Fig. 15. Glutamate titrations of bacterially expressed L1LV/L2NP including the 
pRSET-A tag (black), myc tag (blue), hemagglutinin tag (magenta), and both the myc and 
hemagglutinin tags (purple). Protein was characterized in clarified lysate. In situ titration of 
iGluSnFR on HEK cells in yellow (reproduced from one ROI in Fig. 1b) is shown for reference. 

Nature Methods: doi: 10.1038/nmeth.2333
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calcium indicators (GECIs) are the most developed, although a 
growing number of sensors for small molecules are available14.

Bacterial periplasmic binding proteins (PBPs) provide attrac-
tive scaffolds from which to make sensors for small-molecule 
metabolites. Escherichia coli gltI encodes the periplasmic com-
ponent of the ABC transporter complex for glutamate and aspar-
tate. The ligand-dependent conformational change in GltI has 
previously been used to create glutamate sensors, both from 
small-molecule dyes coupled to single introduced cysteines15, 
akin to EOS, and from Förster resonance energy transfer (FRET) 
between cyan and yellow variants of GFP fused to the two protein 
termini (as with FLIP-E16 and SuperGluSnFR17). FRET sensors 
present several advantages and drawbacks as compared to single- 
wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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wavelength imaging. Ratiometry facilitates concentration deter-
mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
spectral bandwidth, thus limiting multiplex imaging. Single-
wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
SNR single-wavelength sensors from PBPs by the insertion of 
circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.

Here we report a single-wavelength glutamate sensor, iGluS-
nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
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Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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mination but often lacks sensitivity owing to low changes in  
signal, and it simplifies motion correction but consumes greater 
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wavelength indicators, typically based on circularly permuted 
or split fluorescent proteins, are an appealing alternative to  
FRET sensors.

We have recently described an approach for generating high-
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circularly permuted fluorescent proteins18,19. We pioneered this 
technique using the E. coli maltose-binding protein MalE18 and 
extended it to the E. coli phosphonate-binding protein PhnD19.  
In both cases, high-resolution X-ray crystal structures were avail-
able in both the ligand-free, open and the ligand-bound, closed 
conformations. Plots of C  torsion angle differences were used 
to identify ligand-dependent structural changes in sequentially 
adjacent residues, with the expectation that such conformational 
changes would be well suited for modulating the fluorescence (F) 
of an inserted circularly permuted fluorescent protein. MalE and 
PhnD resulted in high-SNR sensors for disaccharides (( F/F)max  
6.5)18 and for organophosphorus compounds (( F/F)max  1.6)19, 
respectively.
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nFR, constructed from E. coli GltI and circularly permutated (cp)  
GFP. iGluSnFR is bright and photostable, with 4.5 ( F/F)max  
in vitro, under both one- and two-photon illumination. In increasingly 
intact preparations, we show that iGluSnFR responds specifically  

to glutamate in situ, is extremely sensitive and fast, correlates with 
simultaneous electrophysiology, can be used in two-color imaging 
and works robustly for long-term imaging in somata, dendrites 
and spines in retina, worms, zebrafish and mice.

RESULTS
Sensor engineering and characterization
Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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RESULTS
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Designing intensity-based fluorescent sensors18,19 requires 
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adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
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yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
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Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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Designing intensity-based fluorescent sensors18,19 requires 
optimization of two parameters: the cpGFP insertion site in the 
binding protein and the composition of the residues (‘linkers’) 
adjoining the two proteins. In previous work18,19, we used quan-
titative structural analysis of local conformational changes that 
occur upon ligand binding to choose acceptable insertion posi-
tions, and we used high-throughput screening to optimize the 
linkers. Although no crystal structures of E. coli GltI are available 
in the protein data bank (PDB), a high-resolution structure of 
the 99% identical GltI from Shigella flexneri has been solved in 
the glutamate-bound state20 but not in the ligand-free state. We 
hypothesized that the structural commonalities of our two previ-
ous sensors could be generalized to other PBPs and that on the 
basis of the global structural homology of S. flexneri GltI (PDB: 
2VHA) to maltose-binding protein, we could apply these gener-
alizations to the selection of insertion sites in GltI (Fig. 1a and 
Supplementary Figs. 1–7).

Placement of the cpGFP insertion point close to the interdo-
main hinge region (after residue 253 of GltI, Supplementary 
Figs. 1 and 7) followed by a screening of mutations to both linkers 
yielded a variant (GltI253.L1LV/L2NP) with a ( F/F)max of 4.5   
0.1 (s.d., n = 5) (Fig. 1b and Supplementary Fig. 8). Titration of 
purified protein in vitro (Fig. 1b) indicated an affinity of 107   
9 M (s.d., n = 5) for glutamate and 145  18 M (n = 3) for aspar-
tate (which has been identified as a co-neurotransmitter with 
glutamate in some neurons21) and a pKa of 6.5 in the glutamate-
bound state and 7.0 in the ligand-free state (Supplementary Fig. 9 
and Online Methods). It had no detectable affinity for a panel of 
decoy l-amino acids (glutamine, asparagine, cysteine, arginine, 
histidine, serine, proline, tryptophan, -alanine and taurine), 
neurotransmitters (glycine, GABA, acetylcholine, serotonin,  
d-serine, dopamine and its metabolic precursor l-DOPA), pharma-
cological glutamate receptor agonists (AMPA, NMDA, kainate) 

Figure 1 | Sensor development and in vitro  
characterization. (a) Schematic of GltI-cpGFP  
insertion. Residues from both domains (blue and  
orange) contribute to the binding site for glutamate.  
The polypeptide chain starts in the N-terminal  
domain (blue), passes into the C-terminal domain  
(orange) and continues back through two -strands  
(long pointed shapes) and into a series of helices  
(circles). After residue GltI253 (or other residues,  
identified in gray for ‘failed’ sensors), the polypeptide  
chain enters cpGFP at strand 7 (GFP residue 148), runs  
through cpGFP and exits (last GFP residue 147) to rejoin  
the remainder of GltI. The open (top), ligand-free state  
of the construct is dim, presumably because of distortion  
of the cpGFP -barrel (tilted triangles). Binding of  
glutamate (star) induces a conformational change. The closed (bottom) state is bright, presumably owing to restoration  
of the -barrel. (b) In vitro titration of L1LV/L2NP with glutamate (pink) and aspartate (orange) and in situ titration of  
iGluSnFR on HEK293 cells (green, two regions of interest (ROIs) shown) and cultured neurons (blue, three ROIs shown).  
(c) Two-photon fluorescence imaging of HEK293 cells expressing iGluSnFR. The green images are normalized to the peak  
intensity of the saturated (100 M glutamate) image. 
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or antagonists (philanthotoxin PhTx-74, d-AP5, NBQX, CNQX, 
DNQX and CPP), or a glutamate transporter inhibitor (TBOA); 
nor did their presence in a glutamate titration significantly affect 
sensor function (Supplementary Fig. 10). The on-rate of binding 
was faster than could be detected by our stopped-flow fluorom-
eter (Supplementary Fig. 11). The protein was bright and pho-
tostable under two-photon excitation (Supplementary Fig. 12), 
with ( F/F)max (= 4.5) similar to that under one-photon excitation 
(Supplementary Fig. 13). Fluorescence lifetime showed no signifi-
cant glutamate-dependent change (Supplementary Fig. 13). As a 
preliminary test of the sensor on the surface of mammalian (human 
embryonic kidney HEK293) cells, the GltI253.L1LV/L2NP gene 
was cloned into the pDisplay vector (Invitrogen) for expression 
under control of a CMV promoter. This construct (Supplementary 
Fig. 14) encodes an N-terminal mouse immunoglobulin -chain 
leader sequence, which directs the protein to the secretory pathway; 
a hemagglutinin A (HA) epitope tag; the GltI253.L1LV/L2NP pro-
tein; a Myc epitope tag; and, at the C terminus, a platelet-derived 
growth factor receptor transmembrane helix, which anchors the 
protein to the plasma membrane, displaying it on the extracellular 
side. The HA tag significantly decreased ( F/F)max in glutamate 
titrations of soluble protein in vitro (Supplementary Fig. 15). Thus, 
a new version of the sensor lacking the HA tag—iGluSnFR—was 
cloned into the backbone of the pDisplay vector.

We measured the fluorescence of HEK293 cells transfected 
with pCMV.iGluSnFR with our two-photon microscope, using 
a perfusion chamber to efficiently wash cultured cells in Hank’s 
balanced salt solution (HBSS)–glutamate solutions. The in situ 
affinity of the sensor on HEK293 cells was 4  1 M (s.d., n = 4) 
(Fig. 1b), a 25-fold increase in affinity from that of the soluble 
protein and a value within the range expected to be physiologi-
cally relevant for measuring neurotransmitter release22. Although 
some fluorescent iGluSnFR was seen inside the cell (presum-
ably localized to the endoplasmic reticulum), only membrane-
 displayed sensor responded to glutamate (Fig. 1c).

Characterization in neurons and astrocytes
To determine the suitability of iGluSnFR for detecting synaptic 
release of glutamate, we infected a hippocampal astrocyte-neuron 
coculture with adeno-associated virus (AAV2/1) under either the 
human synapsin-1 promoter to drive expression of iGluSnFR in 
neurons (AAV.hSynapsin.iGluSnFR) or the glial fibrillary acidic 
protein promoter to drive expression in astrocytes (AAV.GFAP.

iGluSnFR). Two weeks after infection, confocal fluorescence 
showed that iGluSnFR was evenly distributed on the extracellular 
surface of neuronal somata and dendrites (Fig. 2a). Expression of 
iGluSnFR on the extracellular surface remained fairly stable after  
4 weeks (Supplementary Fig. 16). Titration with glutamate in a 
flow cell indicated an in situ affinity of the sensor on the neuron 
surface of 4.9  1.3 M (s.d., n = 3 ROIs) (Fig. 1b), with ( F/F)max =  
1.03  0.15. In astrocytes, the fluorescence of iGluSnFR was uni-
formly distributed on the membrane of somata and processes, but 
with some puncta apparent (Fig. 2b).

To test the performance of iGluSnFR in resolving action poten-
tial (AP)-evoked glutamate transients, we delivered a series of 
electrical field stimuli at 30 Hz (one field stimulus evokes one 
AP, data not shown). iGluSnFR was sensitive enough to detect 
global glutamate release from single field stimuli, in both somata 
and processes of neurons (Fig. 2c), and on astrocytes cocultured 
with neurons (Fig. 2d). In neurons, increases in iGluSnFR fluo-
rescence were detected in response to single APs (Fig. 2e, field 
of view ( F/F)max = 0.14  0.02; s.d., n = 3 trials); on astrocytes, 
single AP–induced glutamate release from neurons was reli-
ably detected, but with a lower magnitude change in fluores-
cence (Fig. 2f, ( F/F)max = 0.07  0.01). For both cell types, the  
peak fluorescence plateaued at higher numbers of AP stimuli  
(20–160 APs) (Fig. 2g), with additional stimulations increas-
ing the duration of the fluorescent signal but not the amplitude. 
iGluSnFR also showed fast kinetics on both cells (Fig. 2e,f); decay 
time increased with more AP stimuli (Supplementary Fig. 17).  
SNR in neurons was significantly larger than in previously 
reported data measured with SuperGluSnFR17 under similar 
conditions (Fig. 2e).

To confirm that the observed change in fluorescence was 
the result of glutamate release and not an artifact caused, for 
example, by a change in pH at the synapse, AAV.hSynapsin.
iMaltSnFR18, which has a pH profile similar to that of iGluSnFR 
(Supplementary Figs. 9 and 18), was tested as well and showed 
no response (Fig. 2g).

Finally, cultured hippocampal neurons were imaged in a per-
fusion chamber with two-photon illumination and subjected 
to ‘puffs’ of glutamate. After an extensive wash with HBSS to 
restore the sensor to a glutamate-free state (neuronal culture 
growth medium contains 5% FBS and ~100 M glutamate, 
Supplementary Fig. 19), a patch pipette filled with 37 M  
glutamate and 1 nM Alexa Fluor 568 (as a red tracer) was  

Figure 2 | Characterization of iGluSnFR in neuron- 
astrocyte coculture. (a,b) Expression of iGluSnFR in  
cultured neurons (a) and astrocytes (b) under control  
of synapsin and GFAP promoters, respectively.  
Intensity profiles in insets reflect label density  
in the regions shown with dotted white lines.  
(c,d) Fluorescent responses elicited by field  
stimulations in neurons (c) and astrocytes (d).  
Scale bars in a–d, 10 m. (e,f) Single field  
stimulus–evoked iGluSnFR responses from  
neurons (e; rise t1/2 = 15  11 ms, decay t1/2 =  
92  11 ms, s.d., n = 3 for all measurements) and  
astrocytes (f; rise t1/2 = 30  7 ms, decay t1/2 =  
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or antagonists (philanthotoxin PhTx-74, d-AP5, NBQX, CNQX, 
DNQX and CPP), or a glutamate transporter inhibitor (TBOA); 
nor did their presence in a glutamate titration significantly affect 
sensor function (Supplementary Fig. 10). The on-rate of binding 
was faster than could be detected by our stopped-flow fluorom-
eter (Supplementary Fig. 11). The protein was bright and pho-
tostable under two-photon excitation (Supplementary Fig. 12), 
with ( F/F)max (= 4.5) similar to that under one-photon excitation 
(Supplementary Fig. 13). Fluorescence lifetime showed no signifi-
cant glutamate-dependent change (Supplementary Fig. 13). As a 
preliminary test of the sensor on the surface of mammalian (human 
embryonic kidney HEK293) cells, the GltI253.L1LV/L2NP gene 
was cloned into the pDisplay vector (Invitrogen) for expression 
under control of a CMV promoter. This construct (Supplementary 
Fig. 14) encodes an N-terminal mouse immunoglobulin -chain 
leader sequence, which directs the protein to the secretory pathway; 
a hemagglutinin A (HA) epitope tag; the GltI253.L1LV/L2NP pro-
tein; a Myc epitope tag; and, at the C terminus, a platelet-derived 
growth factor receptor transmembrane helix, which anchors the 
protein to the plasma membrane, displaying it on the extracellular 
side. The HA tag significantly decreased ( F/F)max in glutamate 
titrations of soluble protein in vitro (Supplementary Fig. 15). Thus, 
a new version of the sensor lacking the HA tag—iGluSnFR—was 
cloned into the backbone of the pDisplay vector.

We measured the fluorescence of HEK293 cells transfected 
with pCMV.iGluSnFR with our two-photon microscope, using 
a perfusion chamber to efficiently wash cultured cells in Hank’s 
balanced salt solution (HBSS)–glutamate solutions. The in situ 
affinity of the sensor on HEK293 cells was 4  1 M (s.d., n = 4) 
(Fig. 1b), a 25-fold increase in affinity from that of the soluble 
protein and a value within the range expected to be physiologi-
cally relevant for measuring neurotransmitter release22. Although 
some fluorescent iGluSnFR was seen inside the cell (presum-
ably localized to the endoplasmic reticulum), only membrane-
 displayed sensor responded to glutamate (Fig. 1c).

Characterization in neurons and astrocytes
To determine the suitability of iGluSnFR for detecting synaptic 
release of glutamate, we infected a hippocampal astrocyte-neuron 
coculture with adeno-associated virus (AAV2/1) under either the 
human synapsin-1 promoter to drive expression of iGluSnFR in 
neurons (AAV.hSynapsin.iGluSnFR) or the glial fibrillary acidic 
protein promoter to drive expression in astrocytes (AAV.GFAP.

iGluSnFR). Two weeks after infection, confocal fluorescence 
showed that iGluSnFR was evenly distributed on the extracellular 
surface of neuronal somata and dendrites (Fig. 2a). Expression of 
iGluSnFR on the extracellular surface remained fairly stable after  
4 weeks (Supplementary Fig. 16). Titration with glutamate in a 
flow cell indicated an in situ affinity of the sensor on the neuron 
surface of 4.9  1.3 M (s.d., n = 3 ROIs) (Fig. 1b), with ( F/F)max =  
1.03  0.15. In astrocytes, the fluorescence of iGluSnFR was uni-
formly distributed on the membrane of somata and processes, but 
with some puncta apparent (Fig. 2b).

To test the performance of iGluSnFR in resolving action poten-
tial (AP)-evoked glutamate transients, we delivered a series of 
electrical field stimuli at 30 Hz (one field stimulus evokes one 
AP, data not shown). iGluSnFR was sensitive enough to detect 
global glutamate release from single field stimuli, in both somata 
and processes of neurons (Fig. 2c), and on astrocytes cocultured 
with neurons (Fig. 2d). In neurons, increases in iGluSnFR fluo-
rescence were detected in response to single APs (Fig. 2e, field 
of view ( F/F)max = 0.14  0.02; s.d., n = 3 trials); on astrocytes, 
single AP–induced glutamate release from neurons was reli-
ably detected, but with a lower magnitude change in fluores-
cence (Fig. 2f, ( F/F)max = 0.07  0.01). For both cell types, the  
peak fluorescence plateaued at higher numbers of AP stimuli  
(20–160 APs) (Fig. 2g), with additional stimulations increas-
ing the duration of the fluorescent signal but not the amplitude. 
iGluSnFR also showed fast kinetics on both cells (Fig. 2e,f); decay 
time increased with more AP stimuli (Supplementary Fig. 17).  
SNR in neurons was significantly larger than in previously 
reported data measured with SuperGluSnFR17 under similar 
conditions (Fig. 2e).

To confirm that the observed change in fluorescence was 
the result of glutamate release and not an artifact caused, for 
example, by a change in pH at the synapse, AAV.hSynapsin.
iMaltSnFR18, which has a pH profile similar to that of iGluSnFR 
(Supplementary Figs. 9 and 18), was tested as well and showed 
no response (Fig. 2g).

Finally, cultured hippocampal neurons were imaged in a per-
fusion chamber with two-photon illumination and subjected 
to ‘puffs’ of glutamate. After an extensive wash with HBSS to 
restore the sensor to a glutamate-free state (neuronal culture 
growth medium contains 5% FBS and ~100 M glutamate, 
Supplementary Fig. 19), a patch pipette filled with 37 M  
glutamate and 1 nM Alexa Fluor 568 (as a red tracer) was  

Figure 2 | Characterization of iGluSnFR in neuron- 
astrocyte coculture. (a,b) Expression of iGluSnFR in  
cultured neurons (a) and astrocytes (b) under control  
of synapsin and GFAP promoters, respectively.  
Intensity profiles in insets reflect label density  
in the regions shown with dotted white lines.  
(c,d) Fluorescent responses elicited by field  
stimulations in neurons (c) and astrocytes (d).  
Scale bars in a–d, 10 m. (e,f) Single field  
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92  11 ms, s.d., n = 3 for all measurements) and  
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or antagonists (philanthotoxin PhTx-74, d-AP5, NBQX, CNQX, 
DNQX and CPP), or a glutamate transporter inhibitor (TBOA); 
nor did their presence in a glutamate titration significantly affect 
sensor function (Supplementary Fig. 10). The on-rate of binding 
was faster than could be detected by our stopped-flow fluorom-
eter (Supplementary Fig. 11). The protein was bright and pho-
tostable under two-photon excitation (Supplementary Fig. 12), 
with ( F/F)max (= 4.5) similar to that under one-photon excitation 
(Supplementary Fig. 13). Fluorescence lifetime showed no signifi-
cant glutamate-dependent change (Supplementary Fig. 13). As a 
preliminary test of the sensor on the surface of mammalian (human 
embryonic kidney HEK293) cells, the GltI253.L1LV/L2NP gene 
was cloned into the pDisplay vector (Invitrogen) for expression 
under control of a CMV promoter. This construct (Supplementary 
Fig. 14) encodes an N-terminal mouse immunoglobulin -chain 
leader sequence, which directs the protein to the secretory pathway; 
a hemagglutinin A (HA) epitope tag; the GltI253.L1LV/L2NP pro-
tein; a Myc epitope tag; and, at the C terminus, a platelet-derived 
growth factor receptor transmembrane helix, which anchors the 
protein to the plasma membrane, displaying it on the extracellular 
side. The HA tag significantly decreased ( F/F)max in glutamate 
titrations of soluble protein in vitro (Supplementary Fig. 15). Thus, 
a new version of the sensor lacking the HA tag—iGluSnFR—was 
cloned into the backbone of the pDisplay vector.

We measured the fluorescence of HEK293 cells transfected 
with pCMV.iGluSnFR with our two-photon microscope, using 
a perfusion chamber to efficiently wash cultured cells in Hank’s 
balanced salt solution (HBSS)–glutamate solutions. The in situ 
affinity of the sensor on HEK293 cells was 4  1 M (s.d., n = 4) 
(Fig. 1b), a 25-fold increase in affinity from that of the soluble 
protein and a value within the range expected to be physiologi-
cally relevant for measuring neurotransmitter release22. Although 
some fluorescent iGluSnFR was seen inside the cell (presum-
ably localized to the endoplasmic reticulum), only membrane-
 displayed sensor responded to glutamate (Fig. 1c).

Characterization in neurons and astrocytes
To determine the suitability of iGluSnFR for detecting synaptic 
release of glutamate, we infected a hippocampal astrocyte-neuron 
coculture with adeno-associated virus (AAV2/1) under either the 
human synapsin-1 promoter to drive expression of iGluSnFR in 
neurons (AAV.hSynapsin.iGluSnFR) or the glial fibrillary acidic 
protein promoter to drive expression in astrocytes (AAV.GFAP.

iGluSnFR). Two weeks after infection, confocal fluorescence 
showed that iGluSnFR was evenly distributed on the extracellular 
surface of neuronal somata and dendrites (Fig. 2a). Expression of 
iGluSnFR on the extracellular surface remained fairly stable after  
4 weeks (Supplementary Fig. 16). Titration with glutamate in a 
flow cell indicated an in situ affinity of the sensor on the neuron 
surface of 4.9  1.3 M (s.d., n = 3 ROIs) (Fig. 1b), with ( F/F)max =  
1.03  0.15. In astrocytes, the fluorescence of iGluSnFR was uni-
formly distributed on the membrane of somata and processes, but 
with some puncta apparent (Fig. 2b).

To test the performance of iGluSnFR in resolving action poten-
tial (AP)-evoked glutamate transients, we delivered a series of 
electrical field stimuli at 30 Hz (one field stimulus evokes one 
AP, data not shown). iGluSnFR was sensitive enough to detect 
global glutamate release from single field stimuli, in both somata 
and processes of neurons (Fig. 2c), and on astrocytes cocultured 
with neurons (Fig. 2d). In neurons, increases in iGluSnFR fluo-
rescence were detected in response to single APs (Fig. 2e, field 
of view ( F/F)max = 0.14  0.02; s.d., n = 3 trials); on astrocytes, 
single AP–induced glutamate release from neurons was reli-
ably detected, but with a lower magnitude change in fluores-
cence (Fig. 2f, ( F/F)max = 0.07  0.01). For both cell types, the  
peak fluorescence plateaued at higher numbers of AP stimuli  
(20–160 APs) (Fig. 2g), with additional stimulations increas-
ing the duration of the fluorescent signal but not the amplitude. 
iGluSnFR also showed fast kinetics on both cells (Fig. 2e,f); decay 
time increased with more AP stimuli (Supplementary Fig. 17).  
SNR in neurons was significantly larger than in previously 
reported data measured with SuperGluSnFR17 under similar 
conditions (Fig. 2e).

To confirm that the observed change in fluorescence was 
the result of glutamate release and not an artifact caused, for 
example, by a change in pH at the synapse, AAV.hSynapsin.
iMaltSnFR18, which has a pH profile similar to that of iGluSnFR 
(Supplementary Figs. 9 and 18), was tested as well and showed 
no response (Fig. 2g).

Finally, cultured hippocampal neurons were imaged in a per-
fusion chamber with two-photon illumination and subjected 
to ‘puffs’ of glutamate. After an extensive wash with HBSS to 
restore the sensor to a glutamate-free state (neuronal culture 
growth medium contains 5% FBS and ~100 M glutamate, 
Supplementary Fig. 19), a patch pipette filled with 37 M  
glutamate and 1 nM Alexa Fluor 568 (as a red tracer) was  
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Supplementary Fig. 17. Response of iGluSnFR on neurons (hSynap) and astrocytes (GFAP) — 
co-cultured with neurons — to increasing numbers of field stimulations. Field stimulations were 
delivered at 40V, 30 Hz, 1 millisecond pulses for the following trains:  1, 2, 3, 5, 10, 20, 40 field 
stimulations. 

Nature Methods: doi: 10.1038/nmeth.2333



Mouse retina – light evoked gluamate
release



Mouse retina – light evoked gluamate
release

• iGluSnFR -> expressed in ganglion cells , 
• 14–21 d post-injection, targeted for whole-cell

recording (OFF sustained type) 
• L-AP4, selectively hyperpolarizes ON bipolar cells, 

blocking their synaptic release, but does not block 
release from OFF bipolar cells

• iGluSnFR responses in ON and OFF layers
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glutamate transients in single dendritic spines as well as  
dendritic branches in awake behaving mice.

DISCUSSION
Not only is glutamate an important chemical messenger in neu-
robiology, it has many other signaling roles, is central to amino 

acid metabolism in plants37 and is a major industrial fermenta-
tion product38. Tools for detecting glutamate are thus of broad 
utility. Classical methods for monitoring glutamate, such as 
 microdialysis, are limited by poor spatial and temporal resolu-
tion. Recently developed fluorescent sensors, such as FLIP-E16, 
SuperGluSnFR17 and EOS10,11, have low signal change and have 

Figure 6 | In vivo imaging of awake behavior and motor task–associated glutamate transients in mouse primary motor cortex. (a) Schematic illustrating 
experimental approach for injection of AAV.hSynapsin.iGluSnFR into layer V of primary motor cortex for in vivo transcranial two-photon microscopy.  
(b) Two-photon image of low-density infection of primary motor cortex (forelimb region) with AAV.hSynapsin.iGluSnFR. Scale bar, 10 m. (c) Low-density 
viral labeling of iGluSnFR showing apparent dendritic spines (arrowheads) that show repetitive glutamate transients (four 2-s traces shown) during awake 
resting (top; seven events over 8 s) and forward running (bottom; 15 events detected during running over 8 s). Average F/F during running was 27%   
1.9% s.e.m. versus 23%  3.2% while resting. Scale bar, 2 m. (d) Line scan of a dendritic segment in an awake animal running on the treadmill. Two 
leftmost subpanels, photographs of a head-fixed animal undergoing left forelimb movement (arrowheads). Two rightmost subpanels, two-photon images 
of a dendritic segment from the apical tuft of motor cortex. Scale bars, 2 m (third subpanel) and 5 m (fourth subpanel). Boxed region contains the 
dendritic spine of interest. (e) Spine and associated dendrite fluorescent response traces of line scan depicted in d. S (black), spine; D (gray), associated 
dendrite. (f) iGluSnFR detection of task-specific glutamate responses during motor training. Example traces are shown of fluorescence changes (2-s 
recordings) during three trials of reverse and forward running as well as awake-resting state. Arrowheads indicate glutamate events for reverse running 
only (yellow) or forward running only (red). ROI, region of interest. (g) iGluSnFR signals during periods of locomotion. Asterisks, glutamate events. ROIs 
are distinct from those in f. (h) Effect of tetrodotoxin (TTX, 1 nM in artificial cerebrospinal fluid), delivered via a small craniotomy lateral to the thinned-
skull imaging region (Supplementary Fig. 32), on running-related glutamate transients (red arrowhead marks a glutamate transient during running) along 
apical tuft dendrites. Scale bar, 10 m.
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dendritic branches in awake behaving mice.

DISCUSSION
Not only is glutamate an important chemical messenger in neu-
robiology, it has many other signaling roles, is central to amino 

acid metabolism in plants37 and is a major industrial fermenta-
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Figure 6 | In vivo imaging of awake behavior and motor task–associated glutamate transients in mouse primary motor cortex. (a) Schematic illustrating 
experimental approach for injection of AAV.hSynapsin.iGluSnFR into layer V of primary motor cortex for in vivo transcranial two-photon microscopy.  
(b) Two-photon image of low-density infection of primary motor cortex (forelimb region) with AAV.hSynapsin.iGluSnFR. Scale bar, 10 m. (c) Low-density 
viral labeling of iGluSnFR showing apparent dendritic spines (arrowheads) that show repetitive glutamate transients (four 2-s traces shown) during awake 
resting (top; seven events over 8 s) and forward running (bottom; 15 events detected during running over 8 s). Average F/F during running was 27%   
1.9% s.e.m. versus 23%  3.2% while resting. Scale bar, 2 m. (d) Line scan of a dendritic segment in an awake animal running on the treadmill. Two 
leftmost subpanels, photographs of a head-fixed animal undergoing left forelimb movement (arrowheads). Two rightmost subpanels, two-photon images 
of a dendritic segment from the apical tuft of motor cortex. Scale bars, 2 m (third subpanel) and 5 m (fourth subpanel). Boxed region contains the 
dendritic spine of interest. (e) Spine and associated dendrite fluorescent response traces of line scan depicted in d. S (black), spine; D (gray), associated 
dendrite. (f) iGluSnFR detection of task-specific glutamate responses during motor training. Example traces are shown of fluorescence changes (2-s 
recordings) during three trials of reverse and forward running as well as awake-resting state. Arrowheads indicate glutamate events for reverse running 
only (yellow) or forward running only (red). ROI, region of interest. (g) iGluSnFR signals during periods of locomotion. Asterisks, glutamate events. ROIs 
are distinct from those in f. (h) Effect of tetrodotoxin (TTX, 1 nM in artificial cerebrospinal fluid), delivered via a small craniotomy lateral to the thinned-
skull imaging region (Supplementary Fig. 32), on running-related glutamate transients (red arrowhead marks a glutamate transient during running) along 
apical tuft dendrites. Scale bar, 10 m.
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• Deliverey of iGluSnFR to layer V of the motor cortex
• Mice imaged while resting-awake or running
• Measured iGluSnFR fluorescence in response to motor tasks

Glutamate transients during awake and fw running
iGluSnFR showing apparent
dendritic spines (arrowheads) 



Mice – iGluSnFR functionality in vivo
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• iGluSnFR fluorescence in response to motor tasks

*Forelimb movement

two-photon images of a dendritic segment from
the apical tuft of motor cortex

Spine and associated
dendrite fluorescent
response traces of line
scan depicted in d



Conclusion

+ -
• Direct and specific detection of glut release

• in situ and in vivo
• Specific localization possible
• High SNR
• Could be directed towards postsynaptic membrane to

monitor timing and localization of excitatory
postsynaptic input from different afferent neurons along
a dendritic arbour

• Better than Calcium sensors for reporting neuronal 
activity

iGluSnFR

• For investigating full complement of glut
synapse types -> lower affinity variants
needed
• ~4 μM affinity of iGluSnFR pre- cludes

quantitation of the millimolar glutamate
concentrations

+ Since then : development new brighter variants for in vivo imaging
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Information processing by brain circuits depends on Ca2+-dependent, stochastic release of 
the excitatory neurotransmitter glutamate. Recently developed optical sensors have 
enabled detection of evoked and spontaneous release at common glutamatergic synapses. 
However, monitoring synaptic release probability, its use-dependent changes, and its 
underpinning presynaptic machinery in situ requires concurrent, intensity-independent 
readout of presynaptic Ca2+ and glutamate release. Here, we find that the red-shifted Ca2+ 
indicator Cal-590 shows Ca2+-sensitive fluorescence lifetime, and employ it in combination 
with the novel green glutamate sensor SF-iGluSnFR variant to document quantal release of 
glutamate together with presynaptic Ca2+ concentration, in multiple synapses in an 
identified neural circuit. At the level of individual presynaptic boutons, we use multi-
exposure and stochastic reconstruction procedures to reveal nanoscopic co-localisation of 
presynaptic Ca2+ entry and glutamate release, a fundamental unknown in modern 
neurobiology. This approach opens a new horizon in the quest to understand release 
machinery of central synapses.  

 

Stochastic, Ca2+-dependent release of the excitatory neurotransmitter glutamate by individual 
synapses is what underpins information handling and storage by neural networks. However, in 
many central circuits glutamate release occurs with a low probability and a high degree of 
heterogeneity among synapses 1, 2 . Therefore, methods to probe presynaptic function in an intact 
brain aim to reliably detect presynaptic action potentials, record the presynaptic Ca2+ dynamics, 
and register release of individual glutamate quanta with high temporal resolution and broad 
dynamic range. The optical quantal analysis method went some way toward this goal, by 
providing quantification of release probability at individual synapses in brain slices 3, 4. In 
parallel, advances in the imaging techniques suited to monitor membrane retrieval at presynaptic 
terminals have enabled detection of synaptic vesicle exocytosis in cultured neurons 5. Recently 
developed optical glutamate sensors 6, 7 have drastically expanded the sensitivity and the 
dynamic range of glutamate discharge detection in organised brain tissue 8. However, such 
methods on their own cannot relate neurotransmitter release to presynaptic Ca2+ dynamics, which 
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What did they do
and why is it amazing?

• Combined imaging of red-shifted fluorescent Ca2+ indicator (Cal-590) 
with iGluSnFR glutamate imaging at single synaptic boutons

• Makes it possible to conduct studies looking at the connection
between presyn calcium signalling and glutamate response

+



FLIM - Fluorescence-lif
etime imaging microscopy

Laser Pulse Sample Detctor
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• Insensitive to:
• light scattering
• Dye concentration,
• Focus drift
• Photobleaching



FLIM readout of red-shifted Cal-590

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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*Fluorescence-lifetime imaging microscopy

• Is Cal-590 FLIM readout correlated with [Ca2+] ?
• using a series of Ca2+-clamped solutions



FLIM readout of red-shifted Cal-590

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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SUPPLEMENTARY FIGURES 
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Cal-590: wavelength sensitivity 

Cal-590: temperature (viscosity) sensitivity 
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Cal-590 peak sensitivity

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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• Quantitative calibration (Cal-590) 
• Normalized total count method (photon

counts integrated along Ca sensitive 
components)
• -> greatest sensitivity in the 0- 200 nM

range



In situ - Cal-590 in action

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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• organotypic hippocampal brain slices
• Cell labeling through biolistic tranfection of iGluSnFR
• Patch loaded iGluSnFR expressing cell with Cal-590
• traced their axons for at least 150-200 microns from the cell soma, towards

area CA1 
• Tornado scanning of axonal bouton

Spiral line-scanning mode
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Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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• Example of a single-bouton Cal-590 signal
• Represents 5 concenttric spiral circles
• 500 ms 100 Hz burst of spike-inducing

somatic 1 ms current pulses

• fluorescence intensity (integrated over the
10π spiral scan) time course

• FLIM



In situ - Cal-590 in action

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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• Representation of FLIM 
readout at basal and high Ca
from d
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Figure 1. Fluorescence lifetime of Cal-590 provides readout of low intracellular Ca2+ while 
iGluSnFR.A184S enables multi-synapse glutamate release imaging 

(a) Fluorescent lifetime decay curves of Cal-590 in a series of calibrated [Ca2+]-clamped solutions finely 
adjusted to include appropriate intracellular ingredients 12, 13: FLIM traces are normalised to their peak values 
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• no detectable photobleaching, over
multiple trials
• enables direct readout of release

probability at multiple synapses
from same circuitry

• CA3 pyramidal cell axon
fragment showing four
presynaptic boutons

• Linescan od iGluSnFR at 4 boutons
recorded simultaneously

• During somatic generation of spikes
• x22



Cal-590 + iGluSnFR.A184S

Presynaptic:
Cal-590
Emmission

RED GREEN

Synaptic cleft:
iGluSnFR.A184S
Emmission

• 2 dyes with 2 different 
emmission maxima

• Simultaneous imaging
of Ca and glu
possible?
• -> in situ



Simultaneous monitoring of quantal
glutamate release and presynaptic Ca2+ 

dynamics

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Multiplex imaging of quantal glutamate release and presynaptic Ca2+ dynamics.  
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Simultaneous monitoring of quantal glut
release and presyn Ca2+ dynamics

• Imaging presynaptic function at two axonal boutons

• tornado line-scans during
• four somatically evoked action potentials (20 Hz)

1x

20x



Simultaneous monitoring of quantal glut
release and presyn Ca2+ dynamics

• tornado line-scans 
during four somatically
evoked action
potentials (20 Hz)

1x

20x

*relative short-
term depression
and facilitation

~= ΔF/F

d[Ca2+] 

• Two characteristic single-trial, one-sweep recordings ->



Testing Ca2+ buffering interference

• Comparing glut release of Cal-590 loaded and not 
loaded

• average detected release probabilities were
indistinguishable



Nanoscopic co-localisation of Ca2+ entry
and presynaptic glutamate release
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retrieve the vesicle membrane after fusion with the 
plasma membrane (see Figure 12–10B2). (The clathrin-
coated vesicle membranes are the coated pits observed 
by Heuser and Reese.) In this pathway the retrieved 
vesicular membrane must be recycled through an 
endosomal compartment before the vesicles can be 
reused. Clathrin-mediated recycling requires up to a 

release event. In the kiss-and-run pathway the vesicle 
leaves the active zone after the fusion pore closes, but 
is competent for rapid rerelease. Vesicles are thought 
to be preferentially recycled through these pathways 
during stimulation at low frequencies.

Stimulation at higher frequencies recruits a sec-
ond, slower recycling pathway that uses clathrin to 

2 Clathrin mediated1 Reversible fusion pore 3 Bulk retrieval

Clathrin

Early endosome1 Neurotransmitter
 uptake

3 Docking 4 Priming

5 Fusion

2 Reserve
   pool

6 Endocytosis

ATP

Receptors Postsynaptic cell

B  Mechanisms for recycling synaptic vesicles

Presynaptic cellCa2+

H+

8

A  Synaptic vesicle cycle

 Recycling1 

7

Figure 12–10 The synaptic vesicle cycle.
A. Synaptic vesicles are filled with neurotransmitters by active 
transport (step 1) and join the vesicle cluster that may represent 
a reserve pool (step 2). Filled vesicles dock at the active zone 
(step 3) where they undergo an ATP-dependent priming reac-
tion (step 4) that makes them competent for calcium-triggered 
fusion (step 5). After discharging their contents, synaptic vesi-
cles are recycled through one of several routes (see part B). In 
one common route, vesicle membrane is retrieved via clathrin-
mediated endocytosis (step 6) and recycled directly (step 7) or 
by endosomes (step 8).
B. Retrieval of vesicles after transmitter discharge is thought to 
occur via three mechanisms, each with distinct kinetics. 1. A 
reversible fusion pore is the most rapid mechanism for reusing 
vesicles. The vesicle membrane does not completely fuse with 
the plasma membrane and transmitter is released through the 

fusion pore. Vesicle retrieval requires only the closure of the 
fusion pore and thus can occur rapidly, in tens to hundreds 
of milliseconds. This pathway may predominate at lower to 
normal release rates. The spent vesicle may either remain at 
the membrane (kiss-and-stay) or relocate from the membrane 
to the reserve pool of vesicles (kiss-and-run). 2. In the classical 
pathway excess membrane is retrieved through endocytosis by 
means of clathrin-coated pits. These pits are found throughout 
the axon terminal except at the active zones. This pathway may 
be important at normal to high rates of release. 3. In the bulk 
retrieval pathway, excess membrane reenters the terminal 
by budding from uncoated pits. These uncoated cisternae are 
formed primarily at the active zones. This pathway may be 
used only after high rates of release and not during the usual 
functioning of the synapse. (Adapted, with permission, from 
Schweizer, Betz, and Augustine 1995; Südhof 2004.)



• 2-photon diffraction limit:
• 0.2-0.3 μm (focal, x-y)
• 0.8-1.2 μm in z

• Note: when imaging xy -> z fluorometric signal is integrated

Synaptic cleft: 2 - 4 nm

Nanoscopic co-localisation of Ca2+ entry  
and presynaptic glutamate release 



Sub- diffraction localization through
multiple-exposure noise reduction

• Steep diffusion rates of both Ca2+ and glut -> causing concentrations to fall rapidly from site of action



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 3. Stereological correction for the signal density on 
spherical surface projected onto the (microscope view) plane.  
(a)  ROI of the axonal bouton depicting the 20-trial-average heat map of the iGluSnFr 
signal (as in Fig. 3d) in the microscope plane view; each trial consists of four action 
potential at 20 Hz, with varied number of glutamate quanta released; red dot, example 
point of interest shown at a distance rxy from the ROI (bouton) centre, with the centre- 
edge distance r.  
(b)  Schematic of the geometric relationships representing (approximately) the 
microscope's point-spread function (PSF, red shade) and a sphere-like bouton (blue 
shape) projecting its shape onto the microscope focal plane (yellow); spherical 
coordinates indicated; other notations correspond to those in a; a small sphere surface 
element of area A, indicated by green dot, will project onto the red dot location (in 
yellow plane) as area A∙cos(φ), as indicated.  
This relationship relies on the assumption that during laser scanning the excitation is 
distributed uniformly across the bouton (because of the sub-diffraction scanning 
resolution in the xy plane and the bouton-compatible PSF size in the z direction, 
further exacerbated by focus fluctuation). In that case, in spherical coordinates, the 
differential (infinitesimal) element of the sphere surface (indicated by green dot) has an 
area of r2∙sin(φ)dφdθ whereas its projection onto the z=0 plane has an area of 
r2∙sin(φ)∙cos(φ) dφdθ. The ratio between the latter and the former is cos(φ), implying 
that the signal density in the planar projection is boosted by factor 1 / cos(φ). Thus 
applying the factor cos(φ) = (1- sin2(φ))1/2 = (1 - rxy

2/ r2)1/2 to the image intensity should 
provide the projection-corrected value.      
(c) Image in panel a corrected for surface projection, where pixel brightness at each 
location F(rxy,θ) is corrected using F(rxy,θ) =F0(rxy,θ)(1-r 2/rxy

2)1/2 where F0(rxy,θ) is the 
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Sub- diffraction localization -
Correction

• Correction:

• overestimation corrected using trigonometric
relationships for planar projection of a sphere



Nanoscopic co-localisation of Ca2+ entry
and presynaptic glutamate release

Chapter 12 / Transmitter Release  277

retrieve the vesicle membrane after fusion with the 
plasma membrane (see Figure 12–10B2). (The clathrin-
coated vesicle membranes are the coated pits observed 
by Heuser and Reese.) In this pathway the retrieved 
vesicular membrane must be recycled through an 
endosomal compartment before the vesicles can be 
reused. Clathrin-mediated recycling requires up to a 

release event. In the kiss-and-run pathway the vesicle 
leaves the active zone after the fusion pore closes, but 
is competent for rapid rerelease. Vesicles are thought 
to be preferentially recycled through these pathways 
during stimulation at low frequencies.

Stimulation at higher frequencies recruits a sec-
ond, slower recycling pathway that uses clathrin to 
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Figure 12–10 The synaptic vesicle cycle.
A. Synaptic vesicles are filled with neurotransmitters by active 
transport (step 1) and join the vesicle cluster that may represent 
a reserve pool (step 2). Filled vesicles dock at the active zone 
(step 3) where they undergo an ATP-dependent priming reac-
tion (step 4) that makes them competent for calcium-triggered 
fusion (step 5). After discharging their contents, synaptic vesi-
cles are recycled through one of several routes (see part B). In 
one common route, vesicle membrane is retrieved via clathrin-
mediated endocytosis (step 6) and recycled directly (step 7) or 
by endosomes (step 8).
B. Retrieval of vesicles after transmitter discharge is thought to 
occur via three mechanisms, each with distinct kinetics. 1. A 
reversible fusion pore is the most rapid mechanism for reusing 
vesicles. The vesicle membrane does not completely fuse with 
the plasma membrane and transmitter is released through the 

fusion pore. Vesicle retrieval requires only the closure of the 
fusion pore and thus can occur rapidly, in tens to hundreds 
of milliseconds. This pathway may predominate at lower to 
normal release rates. The spent vesicle may either remain at 
the membrane (kiss-and-stay) or relocate from the membrane 
to the reserve pool of vesicles (kiss-and-run). 2. In the classical 
pathway excess membrane is retrieved through endocytosis by 
means of clathrin-coated pits. These pits are found throughout 
the axon terminal except at the active zones. This pathway may 
be important at normal to high rates of release. 3. In the bulk 
retrieval pathway, excess membrane reenters the terminal 
by budding from uncoated pits. These uncoated cisternae are 
formed primarily at the active zones. This pathway may be 
used only after high rates of release and not during the usual 
functioning of the synapse. (Adapted, with permission, from 
Schweizer, Betz, and Augustine 1995; Südhof 2004.)

• More accurate
localization of glut signal

• FLIM does not depend
on indicator vol or
signal intensity



Conclusion – the questionable

-

• Possible Ca- buffering by Ca-binding dye
• effect of Ca2+ indicators on rapid 

presynaptic Ca2+ dynamics and
release probability could be
significant

• Reqcuires seperate study
• Systematic comparison of release

probabilities

• Cal-590 has a relatively low affinity
• iGluSnFR fluorescence signal (for

tracing) – interference?
• sub-diffraction localisation with current

settings is feasible only in the x-y plane 
whereas in the z plane the signal
location is more uncertain

• Correction bears possibility of error



Conclusion – the good

+

• Co-localization studies through imaging and correction
possible – (2 dyes with separate emmission maxima)

• Possibility of further studying :
• Presyn spike detection
• Mechanistic relationship Calcium entry and

glutamate release
• presynaptic Ca entry and glut release dependance

in diverse neural circuits, in different brain regions

• Cal-590 low affinity -> less buffering than OGB-1
• No significant effect of axon loading with Cal-590 on 

average release probability
• Prev: OGB-1 /GECIs used to study neural network

activity in freely-moving animals without apparent
behavioural implications

• Decrease Problems of live imaging in situ or in vivo:
• focus drift, photobleaching, or physiological

changes in tissue light scattering or absorption



Done : ) 


