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Abstract: Genetically encoded optical sensors and advancements in microscopy 

instrumentation and techniques have revolutionized the scientific toolbox available for probing 

complex biological processes such as release of specific neurotransmitters. Most genetically 

encoded optical sensors currently used are based on fluorescence and have been highly 

successful tools for single-cell imaging in superficial brain regions. However, there remains a need 

to develop new tools for reporting neuronal activity in vivo within deeper structures without the 

need for hardware such as lenses or fibers to be implanted within the brain. Our approach to this 

problem is to replace the fluorescent elements of the existing biosensors with bioluminescent 

elements. This eliminates the need of external light sources to illuminate the sensor and 

overcomes several drawbacks of fluorescence imaging such as limited light penetration depth, 

excitation scattering, and tissue heating that are all associated with the external light needed for 

fluorescence imaging. Here we report the development of the first genetically encoded 

neurotransmitter indicators based on bioluminescent light emission. These probes exhibit robust 

changes in light output in response to extracellular presentation of the excitatory neurotransmitter 

glutamate. We expect this new approach to neurotransmitter indicator design to enable the 

engineering of specific bioluminescent probes for multiple additional neurotransmitters in the 

future, ultimately allowing neuroscientists to monitor activity associated with a specific 

neurotransmitter as it relates to behavior in a variety of psychiatric disorders, among many other 

applications. 

 

Introduction:  

Optical biosensors have proven incredibly useful to researchers in a wide variety of fields for 

the study of neuronal and cellular activity1,2. These probes generate changes in light emission 

intensity and/or wavelength in response to physiological events such as calcium influx, membrane 

voltage changes, or the presence of a ligand such as a neurotransmitter. Currently, nearly all 
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available biosensors rely on fluorescence, leaving much room for improvement and further 

development of new approaches to better report changes in these cellular dynamics. One major 

improvement to such indicators would be to eliminate the need for an excitation light source, which 

is necessary to excite fluorescent reporters.  

The illumination source used for fluorescent imaging is a major limiting factor for the depth at 

which cells can be imaged through tissue. This is due to the scattering of light traveling into the 

tissue, as well as heating as the incident photons are absorbed by endogenous molecules in the 

tissue. Imaging with bioluminescent probes eliminates the need for excitation light, circumventing 

these issues and  enabling researchers to image deeper structures of the brain3. Furthermore, 

autofluorescence produced by the illumination sources used for fluorescent imaging is not present 

when using bioluminescence, allowing for enhanced signal detection in deeper structures since 

the signal to noise ratio can be higher. These fundamental limitations to fluorescence imaging 

and corresponding benefits of bioluminescence imaging dovetail with an urgent need in the field 

of neuroscience: tools that allow recording and modulation of entire neuronal populations that are 

both non-invasive and don’t require implanted hardware. (Fig. 1). 

 

Figure 1. A. Schematic of the BioLuminescent Indicator of the Neurotransmitter Glutamate (BLING) with a 
split luciferase (blue) and glutamate sensing domain (tan) displayed on the cell surface. B. Comparison of 
bioluminescence vs fluorescence imaging for superficial and deep tissue targets in the rodent brain. 
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Fluorescence requires an excitation light which scatters as it interacts with the tissue, decreasing the ability 
to efficiently excite indicators as depth is increased. Bioluminescence is produced within the tissue through 
an enzymatic reaction of a luciferase (Luc) with its   substrate (e.g. coelenterazine, CTZ or furimazine) to 
produce light and an oxidized by-product (e.g. coelenteramide, CTD or furimamide), which allows for 
increased imaging depth as an excitation light source is not the limiting factor. 

 

Bioluminescence is produced by an enzyme (luciferase) that catalyzes oxidation of its specific 

substrate called a luciferin, resulting in the emission of light. Different forms of biological light 

production exist in multiple domains in nature, including beetles, worms, bacteria, and the majority 

of marine organisms4,5. Bioluminescence has been used for a variety of imaging applications, 

such as the quantification of gene expression over time and for imaging calcium dynamics to 

represent neuronal function or to track other calcium events within cells.6-8 Although 

bioluminescence has been used in research for decades, more recently scientists are rapidly 

improving luciferases and synthetic luciferins. For example, a 1000-fold increase in luminescence 

was recently achieved by evolving firefly luciferase to use a synthetic substrate to create AkaLuc 

which produces near infrared bioluminescence.9,10  

Before genetically-encoded indicators were available, the standard method to analyze specific 

neurotransmitters in vivo was to collect cerebrospinal fluid from within the brain via microdialysis 

or cyclic voltammetry, both of which offer poor time resolution (multiple minutes) and have 

decreasing performance in longitudinal studies. In the past several years, fluorescent genetically 

encoded neurotransmitter indicators such as iGluSnFr, Dlight and GRAB-DA11-13 have enabled 

detection of neurotransmitters on a faster time scale. Unfortunately, fiber photometry, the 

implantation of an optical fiber into the brain, is required to measure the output of these fluorescent 

probes in deep regions of the brain. To address these shortcomings of current methods, we are 

developing a series of bioluminescent Genetically Encoded Neurotransmitter Indicators (bGENIs) 

to provide neuroscientists with a set of tools that can be used in lieu of physical collection and 

fluorescence detection approaches. We have made significant progress in developing a 

BioLuminescent Indicator of the Neurotransmitter Glutamate (BLING). Glutamatergic 
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neurotransmission is directly implicated in behavior, movement, mental health, pain perception 

and addiction, making it an attractive target for the development of a bGENI. BLING will also have 

a variety of drug discovery applications for use in high throughput screening. In the future, the 

design and engineering approach we describe here can be expanded to encompass all 

neurotransmitters as well as other small-molecule analytes. Moreover, the BLING sensor and our 

engineering approach can be further adapted to create novel therapeutic agents for a variety of 

neurological disorders by acting on light-sensitive proteins (optogenetic actuators).  

 

Results: To expand the neuroscientists’ toolbox of genetically encoded indictors, we have 

engineered the first reported bioluminescent genetically encoded neurotransmitter indicators 

using a multistep screening approach. In the first step, sensors were rationally designed using a 

variety of split luciferase variants to fuse the luciferase halves to a sensing protein. Then, we 

devised an automated workflow to screen for improved variants in mammalian cells. We initially 

created and tested 3 versions of BLING constructs based on the truncated periplasmic glutamate 

binding protein (Glt1) from the FRET-based glutamate sensor SuperGluSnFr14 flanked by short 

flexible linkers with a split luciferase “half” on each terminal. Initially, we chose various marine 

luciferases that have been engineered into ultra-bright variants, do not require a cofactor to 

produce light, and have previously validated split sites. We created BLING 0.1 consisting of the 

Gaussia luciferase (GLuc) variant M43L, M110L, referred to as “Slow Burn GLuc,” which is 

brighter than native GLuc and has glow kinetics instead of flash kinetics.15,16 We used the split 

site 105-106 previously used to successfully engineer calcium indicators17, including the 17 AA 

native secretion signal from GLuc for surface display with a PDGFR membrane anchor.  BLING 

0.2 was created similarly using NanoLuc split at 66-67 which has been used to successfully 

engineer calcium indicators18, with an Igk leader sequence for cell surface display. BLING 0.3 

was created with NanoLuc large and small bits split at 159-160, which has also previously been 

used to generate calcium indicators19. All initial BLING variants produced bioluminescence with 
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native CTZ for Gluc or h-CTZ for Nluc with BLING 0.2 having the largest response to glutamate 

and being the brightest sensor. (Fig. 2A,C) 

 

Figure 2. A. Protein maps of the three initial BLING designs that were tested. From top to bottom: slow burn 
Gaussia luciferase split at 105-106 including the native Gaussia secretion peptide on the N terminal instead 
of the IGK leader secretion sequence; Nanoluc split at 66-67, Nanoluc split at 159-160 all with Glt1 

glutamate binding protein and PDGFR transmembrane domain to anchor the sensor to the extracellular 

side of the membrane. B. Protein map of BLING 1.0 with variable linkers. C. Results from the initial BLING 
constructs in response to 1 mM glutamate. n=4. D. Responses from the BLING linker library of ~400 variants 
of BLING 0.2 with variable linkers tested. 

 

Following the testing of our initial 3 variants we aimed to improve the top performing BLING 

design through linker optimization. BLING 0.2 was selected for further engineering and the linkers 

were replaced with 3 amino acid variable linkers that code for A, S or P at each position (Fig. 2B, 

Sup. File 1). This combination of linker variants was used because they have been shown to 
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produce diverse functionalities due to varying levels of rigidity/flexibility while significantly limiting 

the number of clones that need to be screened19. From this library, the top performing variant was 

selected for further characterization (Fig. 2D). As a result of linker optimization, we were able to 

generate a BLING variant (BLING 1.0, Addgene plasmid: 171647) that has a robust response to 

glutamate addition when expressed in mammalian cells (Fig. 3B).  BLING 1.0, derived from 

BLING 0.2, consistently outperforms the parental construct by 2-fold in terms of response to 

glutamate while maintaining its brightness using multiple plate reader modalities. However, the 

response amplitude can vary significantly depending on plate reading modality (Figs. 3C and S1). 

We also found both BLING variants to outperform iGLuSnFr in terms of magnitude of percent 

change in response to 1 mM glutamate and GCaMP6m’s response to 5 M ionomycin when doing 

bulk measurements of the whole wells light emission using a plate reader (Fig. 3B). We next 

sought to determine the dose dependent response of BLING 1.0 when expressed in mammalian 

cells using a photon counting plate reader (Tecan Spark). The responses to background levels of 

glutamate were minimal, and we observed a 10.8% change in response to 10 M with a threefold 

greater response to 100 M with a 31.8% change in luminescence (Fig. 3C).  
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Figure 3. A. Example responses of BLING 1.0 to 1 mM glutamate addition recorded with a plate reader. 
Blue and black lines each represent measurements from one well. B. response of the parental bling (BLING 
0.2) compared to optimized BLING (BLING 1) and the fluorescent glutamate indicator iGluSnFr to 1 mM 

glutamate addition and GCaMP6m to 5 M ionomycin taken as bulk measurements of the cell cultures with 

plate readers, Tecan Spark for BLING and Biotek Cytation 5 for fluorescent readings. n=2 for BLING, 3 of 
iGluSnFr, 12 for GCaMP. C. Dose dependent response of BLING when using a plate reader. n=3. *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001. 
 

Since BLING 1.0 successfully reports changes in extracellular glutamate levels when 

recorded on the population level we next sought to determine if changes in extracellular glutamate 

can be observed at the single cell level. For this we used live cell bioluminescence microscopy 

using HEK cells expressing BLING and perfusing varying concentrations of glutamate into the cell 

imaging chamber.  We found BLING 1.0 to report changes in extracellular glutamate with 

responses up to 310% at the single cell level to 1  glutamate, average response of 109.6% 

(Fig. 4A, C). We also determined that this sensor reports glutamate in a dose dependent manner, 

responding to physiological levels of glutamate and slightly outperforming BLING 0.2 (Fig. 4B).  
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Figure 4. A. Example trace of a single cell ROI showing the perfusion of Furimazine starting at 60 sec and 
the infusion of 1 mM glutamate at 120 sec. B. Dose responses of BLING 0.2 and the improved variant 
BLING 1. N=4 for BLING 0.2, 8 for BLING 1.0 C. Image of background bioluminescence of BLING 1 and 
with 1 mM glutamate. *=p<0.05 

 

Discussion: Here we present the first genetically encoded bioluminescent neurotransmitter 

indicator, which reports changes in extracellular glutamate via changes in luminescence intensity. 

This was achieved by building on previous work done to engineer various fluorescent glutamate 

indicators based on the same periplasmic glutamate binding protein (Glt1), SuperGluSnFr and 

iGluSnFr13,14. In this study, we replaced the two fluorescent proteins from SuperGluSnFr with N 

and C terminal fragments of various marine luciferases. These indicators work well to report 

changes in extracellular glutamate when expressed in cultured cells. This new tool opens the 
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possibility for high throughput drug screening in cells as our bioluminescent indicator is ultra-

sensitive when used in a plate reader compared to fluorescent indicators which do not perform 

as well when recorded at the level of whole cell cultures i.e. in bulk measurements. In addition to 

neuronal recording, we expect BLING to be extremely useful in situations where fluorescent 

indicators can’t be used such as when screening drugs or compounds that are optically active, 

for example where the drug itself is fluorescent.  

The major advantage that bioluminescent indicators such as BLING present over currently 

existing fluorescent indicators is that they produce their own light, not requiring an excitation light 

source. Excitation light can become problematic if researchers don’t carefully consider the 

intensity of illumination, such as increasing illumination power when attempting to image deep 

brain areas. Overpowered excitation light can alter neuronal activity, heat tissue, lead to activation 

of astrocytes and microglia, cause scaring and cell death20-25. An additional constraint of 

fluorescence imaging is that many of the best fluorescent indicators currently used for optically 

recording neuronal activity suffer from significant photobleaching, often severely limiting the 

amount of continuous recording times to less than an hour in most cases.26-29 These off-target 

effects associated with fluorescence imaging need to be carefully considered by researchers 

when designing experiments. Bioluminescent indicators such as BLING can offer an orthogonal 

means to confirm and complement results from fluorescence-based activity studies. 

Most importantly, we anticipate BLING to perform well for molecular imaging of neuronal 

activity in deep brain structures. This class of sensors will immediately benefit ongoing research 

efforts to study the mechanisms that give rise to a wide array of neuronal and psychiatric disorders 

and provide researchers with significantly improved approaches to study neuronal activity at the 

level of the cell, network, and behaving animals longitudinally. Furthermore, since these reporters 

produce their own light, they can potentially be used as activators for light-sensitive proteins to 

carry out a variety of downstream functions within a cell. For example, sensors such as BLING 

can replace the intact luciferases in current BioLuminescent-OptoGenetic (BL-OG) constructs16,30 
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so the light sensitive ion channels open in response to glutamate resulting in activity dependent 

excitation or inhibition. These can then be used to improve on prior and ongoing work in 

neurodegenerative disorders such as spinal cord injury and Parkinson’s Disease by allowing the 

non-invasive current stimulation of neurons to be dependent on endogenous activity31,32. 

In conclusion, we were able to successfully engineer a bioluminescent indicator for the 

neurotransmitter glutamate by adapting sensing domains and split luciferases that have 

previously been used with success for fluorescent glutamate sensors and bioluminescent calcium 

sensors. The most optimized BL glutamate sensors we report are already capable of reporting 

changes in extracellular glutamate and will serve as excellent starting points for engineering 

derivatives with even higher brightness and dynamic range. We expect that this indicator will be 

useful for imaging brain activity within deep brain regions and that we can use this approach to 

engineer a variety of other neurotransmitter sensors. We also expect this line of neurotransmitter 

sensors to be adaptable for a variety of highly selective optogenetic actuators that are dependent 

on a specific neurotransmitter. 

 

Methods: 

Sensor Design: The initial three BLING variants were constructed using Glt1, IgK leader and 

PDFGR sequences described in14 (GenBank EU42295) synthesized as a Gblock or oligos 

used for PCR and assembled into a pcDNA 3.1 vector using Gibson Assembly (Neb HiFi) with 

their respective luciferase fragments. BLING 0.1 consisting of the sbGluc using the split site 

105-10617, including the 17 AA native secretion signal.  BLING 0.2 consisting of NanoLuc split at 

66-6718, with an Igk leader sequence for cell surface display. BLING 0.3 was created with 

NanoLuc large and small bits, split at 159-160.19,33 (Fig. 2A, Sup. Files 2-4). HEK cells plated on 

Poly-D-Lysine coated white 96 well plates, grown to 50-70% confluency were transfected with 

0.5 L Lipofectamine 2000 per mL Opti MEM with 100ng DNA per well using 20L of the 
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transfection mix per well.  Initial testing was done using 5 M hCTZ (Nanolight Technologies 

#301) in FluoroBrite media (Thermo), media changed 15 minutes prior to reading to allow the 

reaction to stabilize and plates read using a BioTek Cytation 5, injecting 10L of 20 mM 

glutamate stock into 190 L media for a final concentration of 1mM. 

 

Library construction and screening: Assembly products were digested with DpnI to eliminate any 

plasmid template material, eliminating background colonies and electroporated into Top10 cells 

(Thermo). Colonies were then grown in deep 96 well plates in 1.5mL LB media overnight and 

miniprepped in 96 well format (Biobasic #B814152-0005). Each plasmid was transfected into 

HEK cells grown in Poly-D-Lysine coated white 384 well plates in quadruplicate to generate an 

average for each variant tested. A transfection master mix was prepared with 21mL Opti MEM 

with 100uL lipofectamine 2000, distributed into 4 96 well PCR plates, 50L per well and 5 L 

DNA from the 96 well mini preps was added to the transfection master mix with mini prep DNA 

yields ranging from 100-200ng/uL. Testing was done two days later using 5 M hCTZ in 

FluoroBrite media, changed 15 minutes prior to reading and plates read using a BioTek Cytation 

5, injecting 5L of 20 mM glutamate stock into 95L media for a final concentration of 1mM.  

 

Characterization:  The top BLING variant from the linker library was termed BLING 1.0 

(Addgene plasmid: 171647) and further characterized and compared to the parent construct, 

BLING 0.2. HEK cells plated on white 96 well plates, grown to 50-70% confluency were 

transfected with 0.5 L Lipofectamine 2000 per mL Opti MEM with 100ng DNA per well using 

20L of the transfection mix per well.  Measurements were taken with 5 M hCTZ in FluoroBrite 

media, changed 15 minutes prior to reading on a Tecan spark for bioluminescence, GCaMP6 

and iGluSnFr were taken with a Biotek Cytation 5 using 1 mM glutamate or 5 M ionomycin 

respectively. The concentration dependent experiment was done in HBSS with magnesium and 
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calcium with 10 mM HEPES buffer and 1 M hCTZ as we found these conditions to provide less 

variability in measurements. Statistical analysis was done using a one-way ANOVA or two way 

repeated measures with Bonferroni post-hoc n=2-3 per group. 

For microscopy experiments, HEK cells seeded in 12 well plates at 8x10^5 per well, 

transfected the following day using 4L lipofectamine 2000 in 100L Opti MEM and 2g DNA in 

100mL Opti MEM, incubated overnight, trypsinized (TrypLE, Thermo) and plated on Poly-D-

Lysine coated 18 mm cover slips (NeuVitro), and imaged one to three days later. Imaging was 

done using a Zeiss A1 Axioscope, 5x 0.17NA objective, Andor iXon 888 EMCCD camera, EM 

gain of 600, 4x4 binning with an open optical path and microscope within a dark box. Imaging 

was done in a perfusion chamber with artificial cerebral spinal fluid (ACSF) as described in30 

using 1 M furimazine (Promega), heated to 37oC. ACSF was continually perfused followed by 

ACSF with furimazine followed by ACSF with furimazine and the respective concentration of 

glutamate followed by a washout with ACSF. The same ROI was used for all concentrations, 

statistical analysis done using a repeated measures 2-way ANOVA with Bonferroni post-hoc, 

n=8 per group. Images were analyzed using ImageJ for background subtraction and 

despeckling to reduce noise, ROIs selected manually for quantification.  
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