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CHAPTER I 

 

GENERAL INTRODUCTION 

 

The aim of this Ph.D. dissertation thesis is to explore novel methods for imaging living 

cells and tissues in the hopes that the tools developed here could be used to push the boundaries 

of research in a variety of fields including: neuroscience, small molecule drug discovery, and 

microscopic diagnostic techniques. This introductory chapter will cover the historical significance 

and the use of bioluminescence in cell biological optical methods, the efficacy of data acquisition 

using optogenetics, and the ever-expanding repertoire of reporters that can monitor specific 

cellular events.  

 

Bioluminescence 

The glow of a firefly on a summer’s evening is the result of a remarkable chemical reaction. 

This type of light production by an organism is called bioluminescence and it is exhibited by a 

large variety of species, including bacteria, fungi, insects, and fish (Wilson & Hastings, 1998; 

Haddock, 2010). In its most basic form, bioluminescence occurs when an enzyme (called a 

luciferase) catalyzes an oxygen-dependent reaction with its substrate (called a luciferin) and 

produces light (DeLuca & McElroy, 1974; Baldwin, 1996). The high-energy, oxidized 

intermediate is the entity that releases a photon of light. Aside from oxygen dependency and the 

need for a luciferin substrate, few of the luciferases from different taxonomic families of organisms 

resemble each other, and therefore are hypothesized to have evolved separately, and at different 

times throughout evolutionary history (Wilson & Hastings, 1998). Bioluminescence occurs in a 
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variety of colors (Viviani, 2002) and each luciferase-luciferin reaction differs with respect to the 

reaction’s conditions. For some luciferases, the temperature and pH can change the spectrum of 

their bioluminescence emission (Zhao et al., 2005; Liang et al., 2012; Ugarova et al., 2005). 

While many of us are most familiar with firefly bioluminescence, the vast majority of 

bioluminescent organisms live in the ocean (Fig. 1.1) (Widder, 2010; Haddock, 2010). There are 

many physiological structures and unique behaviors that organisms have developed to take 

advantage of the emitted light. Some have specialized organs whose sole function is light emission 

(e.g. sea pansies). Others, that are not intrinsically bioluminescent, have created a symbiotic 

relationship with bioluminescent microorganisms, and can culture them in their bodies under 

conditions that are ideal for the microorganism’s growth (e.g. angler fish) (Wilson & Hastings, 

1998). There is even a fish that spits its bioluminescence into the water around it, which some 

 

 

 

 

 
 

Figure 1.1. The diversity of bioluminescence exhibited by marine organisms. The 

photographs depict the labeled group of organisms with the luciferin each uses to produce light 

displayed underneath. Adapted from Widder, 2010. 
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scientists speculate might be to startle would-be predators (Wilson & Hastings, 2013). After 

witnessing naturally-occurring bioluminescence, it did not take scientists very long to hypothesize 

ways to harness that light to measure cellular processes.  

 

Illuminating the Cell Through Microscopy 

One of the most important pillars of modern molecular biology is built on the scientist’s 

ability to observe phenomena at the single cell level. In this field, the “cell” is the ultimate model 

system, so analytical methods for detecting microscopic, cell-level phenomena in real-time are 

invaluable. As early as the 17th century, light microscopy gave scientists unprecedented access into 

the microbial world (reviewed extensively by Amos, 2000). Cellular light microscopy takes 

advantage of the contrasting textures created by the absorption, reflection and diffraction of light 

as it passes through different materials inside the cell. Components within the such as the cell 

membrane, nucleus, and cytoplasm each have different optical properties and a microscope makes 

them visible once magnified. However, most cells do not possess multicolored natural pigments 

that delineate discrete cellular mechanisms from each other so it is difficult to determine whether 

two similar-looking structures may have different origins. Cells are dynamic environments, and 

visualizing pathways and reactions within cells in real time is very important. Recent advances in 

imaging technology have not only allowed scientists to visualize these processes, but also to 

control these processes using light.  

 

Contributions of the humble jellyfish Aequorea victoria 

The green fluorescent protein from the jellyfish Aequorea victoria (AvGFP) is well-known 

to most scientists. The role that the AvGFP played in modern microscopy is cemented in the fact 
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that researchers Osamu Shimomura, Martin Chalfie, and Roger Tsien shared the 2008 Nobel Prize 

in Chemistry for its discovery and subsequent development (Shimomura et al., 1962). Briefly, this 

GFP’s protein structure is composed of a beta-barrel structure that forms between the N- and C- 

termini of the protein, with a chromophore nestled in the middle of the beta-barrel. The 

chromophore is formed by a cyclization reaction between three of the structural groups on amino 

acids within the barrel. These amino acids can be serine, threonine, tyrosine, and/or glycine (Tsien, 

1998). The chromophore can absorb 470 – 490 nm light and emit 500 – 520 nm light (wavelengths 

of lower energy than that which was absorbed). The excited electrons use the absorbed energy to 

enter a higher energy-state and their subsequent return to a ground state forces them to release the 

energy as photons of light (Jabloński, 1933). This describes the basic premise of fluorescence 

phenomena and AvGFP absorbs blue light (~490 nm) and emits green light (~510 nm).  

AvGFP, and proteins like it, are now ubiquitous in the cellular microscopy field, but when 

AvGFP was originally discovered, it was actually just an unintended by-product of aequorin 

purification. Shimomura and colleagues (Shimomura et al., 1962) spent many years studying the 

bioluminescence mechanisms of marine invertebrates and were able to deduce that some of these 

organisms used a GFP as an energy carrier for its bioluminescent protein. This photoprotein was 

named aequorin and catalyzes the oxidation of coelenterazine to produce light, but only when Ca2+ 

ions are present (Fig. 1.2) (Inoue et al., 1976). The light emitted in the intact jellyfish is green, but 

when the aequorin is purified from the animals, its intrinsic emission is blue. The two proteins 

become separated during the purification process but the jellyfish naturally uses bioluminescence 
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resonance energy transfer (BRET) from aequorin to GFP to produce the green light (Morin & 

Hastings, 1971).  

First glimpses of intracellular Ca2+ neural activity using Aequorin bioluminescence 

From about the 1970’s through to the early 1990s, photoprotein biology was increasingly 

used by researchers in many fields. Since Ca2+ is one of the major secondary messengers within 

cells the Ca2+-dependent luciferase aequorin proved highly valuable to understanding intracellular 

Ca2+ dynamics. Scientists were first able to see how Ca2+ is directly involved in muscle function 

by microinjecting purified aequorin into the muscle fibers of the barnacle Balanus nubilus allowing 

researcher to observe calcium transients (Ridgway & Ashley, 1967). Aequorin also gave us the 

first visualizations of Ca2+’s waves in vertebrate egg fertilization (Ridgway et al., 1977; Gilkey et 

 

 

 

 

 
 

Figure 1.2. The bioluminescent jellyfish Aequorea victoria. (A) photograph of the jellyfish 

swimming in its natural habitat. The bioluminescent aequorin and GFP reside in the small 

protrusions on the underside of the bell-shaped body. (B) Illustration of the Ca2+-dependent 

bioluminescence mechanism of aequorin including the relative reaction speeds. Adapted from 

Shimomura, 2005. 

A B 
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al., 1987). After the DNA sequence of aequorin was deciphered and cloned, more articles were 

published outlining its use in measuring intracellular Ca2+ (Inouye et al., 1985) and even allowed 

the first observations of the circadian rhythm of cytosolic Ca2+ in plants like tobacco and 

Arabidopsis (Johnson et al., 1995).  

Changes in cytosolic Ca2+ concentration regulate a wide variety of mechanisms within 

most cell types. Extracellular and endoplasmic reticulum calcium levels are very high relative to 

the cytosol. This creates a large concentration gradient between these two Ca2+ stores and the 

cytosol. When cytosolic Ca2+ levels increase, it can be a signal to respond in a variety of ways 

including increasing DNA transcription via the transcription factor cAMP response element 

binding protein (CREB) (Montminy & Bilezikjian, 1987). Proper regulation of intracellular Ca2+ 

is also integral to neural function and heart health (Fearnley et al., 2011). Additionally, cytosolic 

Ca2+ fluxes can trigger even more release from intracellular Ca2+ stores through store operated 

Ca2+ channels (SOCC) and this in turn can lead to downstream effects ranging from cell motility 

to immune responses (Lewis, 2007). In summary, the intracellular regulation of calcium ion 

concentration is very important.  

Even though aequorin was useful in the early days of Ca2+ research, it has practical 

constraints that limit its supremacy as an optical tool. Aequorin is a Ca2+ sensitive protein and as 

such, needs to be purified with buffers that are completely free of even minuscule amounts of Ca2+ 

(requires buffers containing the chelators EDTA/EGTA). Initially, before aequorin could be 

expressed in cells genetically, only a few labs were able to perform the necessary micro injection 

protocol. Furthermore, in order for aequorin purified from bacteria to luminesce, it first has to be 

incubated with its luminescent substrate coelenterazine for many hours, and as soon as a molecule 

reacts with Ca2+, the coelenterazine is oxidized and the apo-aequorin would need more hours to 
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recharge.    Even the ability to genetically encode aequorin could not circumvent the issues relating 

to the swift decline in luminescence intensity once Ca2+ is introduced and the long time needed to 

recharge apo-aequorin to active aequorin (Prasher et al., 1985). For the aequorin-coelenterazine 

complex to emit light, a covalent, peroxide bond has to first be formed between the two and this 

takes a significant amount of time (Head et al., 2000).  

In contrast to the technical difficulties experienced with aequorin, once the DNA sequence 

of AvGFP was known, it became clear that it was relatively easy to use for reporting gene 

expression and was not dependent on any other secondary element like a substrate (Prasher et al., 

1992, Chalfie et al., 1994). Additionally, instead of reliance on an enzymatic luminescence 

reaction, the light emitted from GFP results from fluorescence and is therefore proportional to the 

excitation light supplied by the researcher. Therefore, the light output can be better controlled. I 

suspect this is the main reason why fluorescent-proteins research and the tools used to detect 

fluorescence experienced a much faster rate of development when compared with bioluminescence 

techniques (Tsien, 1998; Day & Davidson, 2009).  

 

The Rise of GFP and Fluorescence-based imaging 

Since the discovery and application of AvGFP in cell biology, fluorescent proteins from 

many other organisms have been characterized and implemented. These new proteins also have a 

host of different absorption and excitation spectra, and therefore we currently have fluorescent 

proteins that emit light of colors throughout the visible spectrum (~400 – 700 nm). There are 

multiple examples of blue, green, yellow, red and far-red fluorescent proteins, each with properties 

that are more amenable to some physiological applications compared with others (Rizzo et al., 
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2004; Heim et al., 1994; Yang et al., 1996; Shaner et al., 2013; Kremers et al., 2006; Nguyen et 

al., 2005; Lam et al., 2012; Shaner et al., 2004; Piatkevich et al., 2013; Chu et al., 2014).  

Scientists have also mutated the natural amino acid structure of fluorescent proteins to 

create even more color variants. Moreover, they have created some mutant proteins that change 

color or turn off or turn on depending on the wavelength of excitation light (Patterson & 

Lippincott-Schwartz, 2002; Ando et al., 2002). These fluorescent proteins are called photo-

switchable or photo-activatable molecules.  

The development of functional variants of bioluminescent proteins has progressed at a 

much slower rate compared with fluorescence proteins. Most mutations in photoprotein 

chromophore structure produce non-active enzymes and therefore only a limited number of 

luminescence proteins exist. Development of new luciferases depends on both the luciferase and 

the luciferin, while new fluorescent proteins only rely on the structure of the protein itself thus 

decreasing the molecular complexity of fluorescence-based techniques. Furthermore, the fact that 

GFP does not usually have a significant effect on a protein’s endogenous function when fused to 

it is crucial to its ubiquitous use (Crivat & Taraska, 2012). Microscopy techniques evolved to take 

advantage of the properties of GFP for both live and fixed samples. Fluorescence microscopy is 

one such microscopic technique. It entails using an excitation light source which elicits 

fluorescence emission from a sample, then passes that light through a series of filters to collect the 

maximum amount of light emitted by the fluorescent protein. Any non-specific light is blocked by 

the filters and only the optimal wavelength is focused onto the detector (Webb & Brown, 2013). 

Whether the detector is image-forming (like a camera) or solely for total light collection (like a 

photomultiplier tube (PMT)), the light emitted by the sample is collected and measured.  
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One of the drawbacks of the fluorescence microscope is that sometimes too much emission 

of light can be a bad thing. Being able to see minute details in an image is related to the resolution 

of the image. This can depend on a variety of factors including, but not limited to, the detector’s 

properties for image acquisition. But resolution can also be affected by light itself. To form images, 

light has to be focused onto a surface, and the better the focus, the better the image. Since detectors 

such as cameras can form images using the lenses in the microscope to refract the light towards it, 

having the right focus is paramount. This is a real challenge because a cell is a three-dimensional 

object and therefore some fluorescence will occur above and/or below the plane of focus. However, 

even epifluorescence objectives with the most precisely aligned lenses allow some unfocused light 

to reach the camera and as such, decrease the resolution and the signal-to-noise ratio of images. 

Clearly, epifluorescence is good for some applications but not ideal for others.  

The invention of confocal microscopy was one of the ways around this particular problem 

(Minsky, 1988). A confocal microscope has all of the basic components that a simple, 

epifluorescence microscope would have, but with one added feature. Confocal microscopes, and 

their various iterations, pass the collected light through a pin-hole. The pin-hole reduces the total 

amount of light gathered and by extension, significantly reduces the amount of unfocused light 

that reaches the detector, allowing for limited collections of light outside of the focal plane and 

much more precisely focused imaging. This type of imaging has given us greater appreciation of 

the complexity of the three-dimensional structure inside cells. Furthermore, the high-intensity light 

sources that were developed in tandem with confocal microscopy methods had a variety of added 

benefits for cellular imaging. However, with all things, every new method has its pros and cons.  
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Drawbacks and limitations of optical methods 

In the late 1990’s, when there was a boon in the interest in fluorescence imaging, scientists 

were just beginning to pioneer real-time, cellular imaging. Now, it is routine for a GFP-tagged 

protein of interest to be genetically targeted to a cell of choice. Multiple forms of microscopy have 

been advancing rapidly over the last few decades because innovators have been in a never-ending 

search to find the best trade-offs to increase the signal-to-noise ratio while maximizing the spatial 

and temporal resolution of any images captured.  

For any imaging application, the brightest signal possible per unit of time is desirable as 

well as maintaining the largest difference between background noise and true signal. The faster an 

image is recorded, the better the process can be understood kinetically because fewer intermediate 

events are left out. But it takes time for a detector to capture a certain amount of light to achieve 

adequate signal-to-noise ratio (SNR) and the number of photons that trigger the detector depends 

on the sensitivity of the detector. So, if the total light output is increased, then the imaging speed 

can be increased. If light output is low, image acquisition time will have to be slowed down to 

allow for enough photons of light to hit and register in the detector. When using fluorescence 

microscopy, scientists can simply increase the light intensity being introduced to the system to 

overcome this problem, up to the limits of phototoxicity and/or photobleaching. But with 

bioluminescence, the chemistry of the luciferase / luciferin must be modified for increased photo 

output. There is only so much substrate that can be added before the reaction reaches saturation.  

The adenosine triphosphate (ATP)-dependent luciferase from Photinus pyralis (firefly 

luciferase, or FLuc) has been used for a variety of applications (e.g. cell viability assays, ATP 

concentration measurements, and gene expression) and over the years, scientists have continued 

to push the limits of what luciferases can assay. However, luciferases generally suffer from 
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complications that fluorescent proteins do not have – namely, (1) substrate-dependence and (2) 

low photon output.  

On the other hand, fluorescence imaging also has its drawbacks. Fluorescence depends on 

atomic changes within bonds that allow electrons to move between multiple excited states once 

they have been exposed to certain wavelengths of light. And while this occurs very efficiently in 

fluorescence sensors, many living tissues also contain compounds that can fluoresce – termed 

autofluorescence. This extra background light, unavoidable because of the excitation light of the 

external light source, can diminish the signal-to-noise ratio while imaging (to be addressed in 

Chapter II). Fluorescence imaging can also lead to photobleaching effects, because the excessive 

incident light can negatively and irreversibly change the chemical bond structure in the 

fluorescence chromophore (Magidson & Khodjakov, 2013). Confocal and multiphoton 

fluorescence microscopy can alleviate some of these issues (Denk et al., 1990), but they still cause 

cell-damaging phototoxicity and photobleaching (Wäldchen et al., 2015) and cannot be used to 

image photosensitive tissues like plants and the retina. Also, the high photon flux of multiphoton 

microscopy can cause temperature increases in the tissue being imaged so many precautions need 

to be taken into consideration when using this technique for constant imaging (Benninger & Piston, 

2013). Furthermore, overlapping fluorescence spectra and/or crosstalk while using optogenetics 

methods creates ambiguous imaging results.  

 

Optogenetics 

With the increase in microscopic techniques came improvements to excitatory light devices 

(e.g. lasers) and the added bonus of using light as an actuator instead of just as an excitatory tool 

for observations. Researchers cloned one of the light sensitive ion channels responsible for 
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phototaxis in the alga Chlamydomonas reinhardtii and expressed it in a variety of cells from other 

organisms (Nagel et al., 2002; Nagel et al., 2003; Nagel et al., 2005). They noticed that the channel 

would open and let positive ions pass through the membrane and depolarize the cell as long as 

light of an appropriate wavelength and intensity was shone on the transgenic cells. The modulation 

of ion fluxes in and out of cells forms the basis for regulating neurological cellular activity. The 

field of biology where light is used to experimentally manipulate the activity state of cells was 

born and is called “Optogenetics” (Deisseroth et al., 2006).  

The cationic channel originally cloned from Chlamydomonas was called channelrhodopsin 

(ChR). Channelrhodopsins have since been isolated from other organisms, but they all exist as 

transmembrane proteins and bind the chemical retinal to create a chromophore within its structure 

(Nagel et al., 2002; Ardevol & Hummer, 2018; Kato et al., 2012). When the appropriate 

wavelength of light shines upon ChR, the channel opens and allows positive monovalent ions like 

sodium (Na+), hydrogen (H+) and/or potassium (K+) to traverse the cell membrane down their 

concentration gradients and affect the ionic milieu in the cytoplasm. Currently, researchers have 

at their disposal multiple variants of these channelrhodopsins that exhibit different properties. 

There are those with varying sensitivities to light intensity (Aravanis et al., 2007; Hochbaum et 

al., 2014) and some that pass negative ions, thereby hyperpolarizing neurons (Zhang et al., 2007). 

Many labs all across the world are using these unique families of proteins to address important 

biological / medical questions.   

One of the exciting prospects of all of these advances in optical neurobiology is the 

potential to optically control the activation and inhibition cascades of neural networks. This ability 

could lead to researchers ultimately being able to understand the cellular basis for memory 

formation, spinal injuries and even mental and behavior disorders. But unfortunately, we are 
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currently faced with a serious problem that is limited by our dependence on light itself namely, the 

crosstalk between the optogenetic actuators and the fluorescence-based sensors. This impasse 

could provide an opportunity for bioluminescence-based techniques to once again push the 

boundaries of optical imaging.  

 

The Fluorescence-Optogenetics Disadvantage and the Bioluminescence Advantage 

Microscopy and GFP-based imaging techniques are still the most common and efficient 

ways of assessing cellular states. However, even if you can correct the autofluorescence, 

photobleaching, and phototoxicity issues outlined previously, there are still other issues that 

uniquely affect optogenetic studies. 

If we are using light to monitor the fluorescent protein/sensor, and then also use light to 

stimulate a biochemical change within the cells with an optogenetic actuator, we only have roughly 

a 300-nm range of light to work with (visible wavelengths of light exist between ~400-700 nm). 

Obviously, scientists have thought of this issue for many years, and have come up with a variety 

of solutions. I will use channelrhodopsins and cytosolic Ca2+-signaling as an example.  

White light is made up of a collection of wavelengths of varying energies. These visible 

wavelengths of light are a small fraction of what science characterizes as electromagnetic 

radiation. Of the visible wavelengths, what we describe as the blue wavelengths trigger the opening 

of channelrhodopsins (ChRs) to elicit ion diffusion and neural activation (Nagel et al., 2003). A 

Ca2+ concentration sensor based on GFP would also absorb light in the blue range and therefore, 

if both the ChR and the GFP-based Ca2+ sensor were expressed in the same cell, whenever the 

GFP was excited to assay Ca2+ concentration, the cell might be stimulated via ChR activation 

(Miyawaki et al., 1997; Wang et al., 2008; Yang et al., 2016). This problem has been mitigated by 
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the creation of Ca2+-sensors that are based on red fluorescent proteins (RFPs) and therefore use 

yellow/orange wavelengths for visualization (Akerboom et al., 2013). There are filters and light 

sources (sometimes lasers) with sufficient separation between the blue and yellow wavelengths 

that we can be confident that in the same cell line, we can stimulate ChR with blue light and 

measure the fluorescence change in the RFP-based Ca2+ sensor using yellow light excitation 

without significant overlap (crosstalk) between the different kinds of light.  

The problem becomes more severe when you want to apply additional optical actuators 

into the system. Channelrhodopsins (ChRs) activate neurons by depolarization while 

halorhodopsins (NpHRs) inhibit neural activity by hyperpolarizing the neurons, thereby 

preventing them from firing (Zhang et al., 2007). The good news is that these two types of light-

gated channels are opened by different wavelengths of light so neither affects the other’s function. 

The bad news arises when a researcher desires to combine the ChR and NpHR in the same cell 

while simultaneously trying to use a fluorescence Ca2+ sensor to measure the resulting neural 

activity. NpHR is stimulated by yellow light and ChR is stimulated by blue light and these two 

combine to virtually cover most of the available visible wavelengths of light that our current 

fluorescent sensors could use. This particular issue will be explored in depth in Chapter II. 

Therefore, bioluminescence instead of fluorescence could be a methodology that can take full 

advantage of all our advances in optical control and image acquisition, without the drawbacks of 

the optical crosstalk in the visible spectrum.  

 

Bioluminescence reporters continue to shine 

Of the known luciferases that exist in nature, firefly luciferase is the most well-studied and 

the most used in scientific research. Firefly luciferase (Fluc) was first cloned by De Wet and 
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colleagues (de Wet et al., 1985) and the protein structure was determined by Conti and colleagues 

in 1996 (Conti et al., 1996). The protein is about 62 kilodaltons (kDa) and uses a substrate called 

D-luciferin (DeLuca & McElroy, 1974). In the presence of oxygen, ATP, Mg2+ and D-luciferin, 

firefly luciferase catalyzes an oxidation reaction to produce light and CO2 (DeLuca & McElroy, 

1974). The light emitted by firefly luciferase peaks at 560 nm at room temperature and neutral pH 

(Viviani, 2002). Interestingly, at 37 °C the peak emission becomes red-shifted to around 611 nm 

(Liang et al., 2012). Scientists have taken advantage of the properties of the firefly luciferase 

reaction to create a variety of reporters of cellular activity. In particular, firefly luciferase has been 

used extensively as a reporter for gene expression (Rodriguez et al., 1988; Yamazaki et al., 2000), 

protein abundance (Yoo et al., 2004), and cell viability (by measuring intracellular ATP 

concentration (Ludin & Thore, 1975). With the discovery and implementation of differently-

colored insect luciferases, which all use the same D-luciferin substrate (Branchini et al., 2005; 

Niwa et al., 2010), researchers have been able to make numerous scientific advances where a 

luciferase reporter was optimal. So, although there has not been a Nobel Prize awarded for the 

discovery and use of bioluminescence as a cellular reporter, there are still numerous applications 

where luciferases are just as valuable, if not more valuable, than a fluorescence-based reporter.  

One field that has taken full advantage of bioluminescence technology is the subdivision 

of chronobiology which studies circadian rhythms. Researchers studying circadian rhythms are 

trying to understand the mechanisms governing the apparent 24-hour rhythms that exist in bacteria, 

fungi, plants and animals.  Almost all organisms have an internal, approximately 24-hour rhythm 

that can function autonomously, can be entrained to environmental cues, and are unexpectedly 

unperturbed by small temperature changes (reviewed in Bass & Takahashi, 2010 and Johnson, et 

al., 2017). Firefly luciferase that has been codon optimized for mammalian expression (luc2 
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synthetic gene) (Groskreutz et al., 1995) has been used to report both transcriptional and 

translational reporters of activity. Under the control of circadian promoters or directly fused to a 

protein of interest, researchers are able to see what environmental factors, drug treatments, and 

mutations affect mammalian circadian rhythms (Ono et al., 2013; Tackenberg & McMahon, 2018). 

Similar techniques have also been used in Drosophila, zebrafish and fungi (Brandes et al., 1996; 

Kaneko & Cahill, 2005; Gooch et al., 2008). Scientists were also able to take the genetically-

encoded, luciferase-luciferin pathway (luxABCDE) from the bioluminescent bacteria Vibrio 

harveyi (Belas et al., 1982; Meighen, 1991), transfer it to non-luminescent cyanobacteria, and 

under the control of rhythmic transcriptional promotors, showed that cyanobacteria have a robust 

circadian timing mechanism (Kondo et al., 1993; Ishiura et al., 1998; Ouyang et al., 1998). This 

type of reporter gave researchers insights into how cyanobacteria regulate their entire genomes 

(Liu et al., 1995), providing a basis for high throughput screening for mutants that impact the core 

clock mechanism (Kondo et al., 1994). This has no doubt broadened the scope of the kinds of 

questions future researchers will ask. 

As helpful and insightful as all of these luciferase-based techniques have proven to be, one 

of the biggest drawbacks is that bacterial and insect luciferases are not very bright in transgenic 

organisms studied in the laboratory setting. Instead of exhibiting the bright yellow glow that we 

see on warm summers night the light emitted by the transgenic animals is not usually detectable 

by the human eye (Niwa et al., 2010). In general, terrestrial luciferases produce relatively dim light 

in the lab, and therefore highly sensitive detection devices are needed to capture the photon output 

from these reactions, thus limiting the usability of these reporters, especially in contexts where 

rapid reaction kinetics are of interest. Additionally, scientists have been trying to determine what 

changes can be made to either the luciferase itself, the luciferin substrate, or the environment to 
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promote greater brightness for luciferase emission in the lab. As yet, the firefly luciferase and D-

luciferin combination has not been amenable to an increase of brightness but the marine luciferases 

have shown greater promise in this regard.  

 

Improvements in Bioluminescence Imaging 

On the other hand, there is a much larger number of marine species exhibiting 

bioluminescence as compared with creatures from the land and these luciferases have shown 

greater promise regarding brightness. Of these, the coelenterazine-based luciferases like Renilla 

luciferase (RLuc) and Gaussia luciferase (GLuc) have been most widely used by researchers 

(Loening et al., 2007a; Tannous et al., 2005). Renilla luciferase comes from the sea pansy Renilla 

reniformis (Loening et al., 2007a), and has undergone artificial mutagenesis screens to give both 

a brighter version called RLuc8 (Loening et al., 2006) and a red-shifted version named RLuc8.6 

(Loening et al., 2007b). These proteins have been used in many cellular assays including protein-

protein interaction experiments using BRET or functional complementation of two halves of a split 

RLuc. Many of these luciferases (like aequorin) are very bright but coelenterazine, which is the 

substrate used by most of the commonly used marine luciferases, is rapidly auto-oxidized in media 

designed for mammalian cells, causing luciferase-mediated light emission to decline sharply after 

coelenterazine is added to a luciferase system in mammalian cell culture (Zhao et al., 2004). This 

auto-oxidation also generates an undesirable, dim autoluminescence background. A more stable 

synthetic substrate was created by Promega called ViviRenTM (Otto-Duessel et al., 2006) which 

was made by fusing nitrogenous and ester-linked groups onto the key oxidation sites of 

coelenterazine h, so that the substrate can only emit light after it has been de-esterified by non-

specific, intracellular esterases. Therefore, ViviRenTM does not autoluminesce in media, and is still 
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sufficiently hydrophobic that it permeates into cells where it becomes available to a luciferase after 

de-esterification. While this new development proved helpful, there were still many more 

improvements that can been made.  

 

Additional attempts to modify coelenterazine to be a more ideal substrate have yielded 

even more variants. At its core, coelenterazine is an imidazopyrazinone molecule (Inouye & 

Sasaki, 2007; Inouye et al., 2000). The atoms that are essential for the luminescence reactions are 

the central nitrogenous-carboxyl rings (Inouye & Sasaki, 2007). Bioluminescence can be emitted 

from coelenterazine even when both the central ring as well as some outer groups are modified 

within certain limits. These coelenterazine analogs each have their own reactivities, half-lives and 

Figure 1.3. Renilla reniformis bioluminescence and some of the synthesized coelenterazine 

analogs. Top left panels show photographs of Renilla reniformis in the light and in the dark 

highlighting the location of the bioluminescent organs. Native coelenterazine describes the 

naturally-occurring coelenterazine which many marine invertebrates use for bioluminescence. 

The coelenterazine analogs’ chemical structures are shown to demonstrate how changing 

different atoms can increase emission intensity (coelenterazine f, h, and e) or shift the peak 

emission wavelength (coelenterazine 400a).  
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display different spectral properties with different luciferases (Fig. 1.3). These different analogs 

will play a key part throughout this dissertation, especially in chapter III.   

In 2012, researchers from the Promega corporation reengineered a small portion of the 

~106 kDa, multisubunit, coelenterazine-based luciferase from the shrimp Oplophorus 

gracilirostris to create the brightest luciferase to date (Shimomura et al., 1978; Hall et al., 2012; 

Tomabechi et al., 2016). They called this new 19 kDa protein NanoLuc (NLuc), and it is 100-times 

brighter than RLuc and FLuc. This discovery capitalized on the previous work of Japanese 

scientists who named their secreted luciferase “Nanokaz” (Inouye et al., 2000, Inouye & Sasaki, 

2002, Inouye et al., 2013). The team at Promega also co-evolved a new substrate called furimazine 

which produced brighter light and gave a more sustained signal after its catalysis by NanoLuc 

(Hall et al., 2012). With the 100x-brighter NanoLuc and furimazine partnership, real-time imaging 

is greatly enhanced.  

The brightness and stability of the NanoLuc-furimazine pair allowed scientists to reapply 

bioluminescent techniques to previously intractable scientific problems. I will next summarize a 

variety of cellular reporters available for microscopic use, while explaining some of the principles 

governing the design and implementation of such reporters.  

 

Disparity of Sensor Abundance Between Fluorescence and Bioluminescence-based 

Reporters of Cellular Activity 

As stated earlier, fluorescence imaging technologies have advanced much more rapidly 

than luminescence-based techniques and we now have multiple reporters for many cellular 

applications. At what I define as the most basic side of cellular fluorescence-based imaging are the 

fluorescence dyes. These are small molecules that produce either spectral changes or intensity 
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changes in response to some chemical change in the cytoplasm. Currently there are fluorescence 

dyes that measure Ca2+ concentration, like the Fura & Fluo families of dyes (Grynkiewicz et al., 

1985; Minta et al., 1989), some that measure cell membrane voltage, like ANEP derivatives and 

FluoVolt (Fluhler et al., 1985; Bedut et al., 2016) and a variety of other processes. These dyes are 

usually very bright but have very low signal-to-background ratio (SBR), and it is nearly impossible 

to control their concentrations in organelles and / or their spatial distribution in cells and tissues. 

In general, luciferases have excellent SBR.   

The next level of fluorescence-based reporters contains those that are proteins and can be 

genetically targeted to either a population of cells, or to specific subcellular compartments. These 

reporters can be encoded on a DNA sequence and are introduced to cells by a variety of methods 

(plasmid transfection, viral transduction, transgenic organism, etc.). Once inside the cells, specific 

genetic signal sequences can determine roughly how much protein is to be translated, where the 

protein is targeted, the protein’s degradation rate. This method is helpful when trying to observe a 

protein’s spatial dynamics within a cell and allows researchers to visualize what happens when 

that localization is perturbed.  

Finally, by harnessing the properties of Förster Resonance Energy Transfer (FRET) (Piston 

& Kremers, 2007), one can use the fluorescence energy transfer between two fluorescently-tagged 

proteins to measure their proximity to one another, and thereby get a sense of whether the proteins 

are interacting. FRET works because appropriately paired fluorescent proteins can directly transfer 

energy from one to another. For example, based on its amino acid structure, each fluorescent 

protein absorbs electromagnetic energy (light) of one specific type (usually based on energy state 

or wavelength) and then emits a lower energy light as a result. If another fluorescent protein whose 

absorbance matches well with the emission of another one, energy can be transferred from the 
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excited protein to the other one as long as they are ~ 5 nm apart. In short, if a researcher genetically 

fuses the right pair of fluorescence proteins to two proteins of interest, one can decipher if the 

tagged proteins colocalize inside cells (Piston & Kremers, 2007). This same concept can be used 

to make a unimolecular FRET-based sensor by fusing a chemically-sensitive linker between the 

two fluorescent proteins and measuring the change in FRET after the linker’s chemically-induced 

conformational changes modulate the proximity between the two fluorescent proteins (these 

methods also work with BRET (Y. Xu et al., 1999; X. Xu et al., 2007; Saito et al., 2012, Suzuki et 

al., 2016)). Today, genetically encoded fluorescence sensors can also report on intracellular Ca2+ 

(Miyawaki et al., 1997), Zn2+ (Nolan & Lippard, 2009) and ATP levels (Imamura et al., 2009), 

membrane voltage (Flytzanis et al., 2014) and even pH (Miesenbock et al., 1998) and outnumber 

bioluminescence-based reporters.  

 

Return of Bioluminescence Imaging to Circumvent the Drawbacks of Fluorescence 

Imaging 

Over the years, a handful of labs (including our own) have developed bioluminescence 

imaging for a variety of live-cell applications, and there are a variety of bioluminescent reporters 

for use on the market, but this field has not experienced the same growth as fluorescence imaging, 

neither for reporter development nor image acquisition. The recent breakthrough by the Promega 

corporation in the development of the bright NanoLuc has breathed new life into the possibilities 

waiting to be unlocked by bioluminescence imaging. NLuc’s increased brightness has allowed it 

to be the ideal luciferase for imaging applications where speed is of upmost importance. As 

mentioned before, fluorescence intrinsically creates problems such as autofluorescence, 

photobleaching, and phototoxicity that are not present when bioluminescence is used. With the 
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advent of brighter luciferases and better substrates a new dawn awaits. It is not far-fetched to 

suggest that the number and variety of bioluminescent reporters is now poised to increase much 

like expansion of fluorescence reporters in the late 1990’s. 

This dissertation covers the development, characterization and application of new 

bioluminescent reporters from the Johnson Laboratory at Vanderbilt University.  
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CHAPTER II * 

 

DEVELOPMENT OF CALFLUXVTN, A NOVEL RATIOMETRIC, BIOLUMINESCENCE 

CALCIUM SENSOR FOR LIVE-CELL IMAGING 

 

Abstract 

Optogenetic techniques allow intracellular manipulation of Ca2+ by illumination of light-

absorbing probe molecules such as channelrhodopsins and melanopsins. The consequences of 

optogenetic stimulation would optimally be recorded by non-invasive optical methods. However, 

most current optical methods for monitoring Ca2+ levels are based on fluorescence excitation that 

can cause unwanted stimulation of the optogenetic probe and other undesirable effects such as 

tissue autofluorescence. Luminescence is an alternate optical technology that avoids the problems 

associated with fluorescence. Using a new bright luciferase, we here develop a genetically encoded 

Ca2+ sensor that is ratiometric by virtue of bioluminescence resonance energy transfer (BRET). 

This sensor has a large dynamic range and partners optimally with optogenetic probes. Ca2+ fluxes 

that are elicited by brief pulses of light to cultured cells expressing melanopsin and to neurons-

expressing channelrhodopsin are quantified and imaged with the BRET Ca2+ sensor in darkness, 

thereby avoiding undesirable consequences of fluorescence irradiation.  

 

Introduction 

New optogenetic methods for stimulating calcium ion (Ca2+) fluxes and neural activity are 

revolutionizing cellular and neurobiological research (Arenkiel et al., 2007; Boyden et al., 2005; 

* Chapter II is derived from the following published article: Yang J, Cumberbatch D, Centanni S., Shi 

SQ, Winder D, Webb D, Johnson CH (2016) Coupling optogenetic stimulation with NanoLuc-based 

luminescence (BRET) Ca++ sensing. Nat Commun 2016 Oct 27;7:13268. doi: 10. 1038/ncomms13268 
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Miesenböck, 2009). Brief exposure to blue–green light of cells expressing channelrhodopsin or 

melanopsin can elicit excitatory cation fluxes (channelrhodopsin-2, that is, ChR2) or Ca2+ fluxes 

(melanopsin) (Arenkiel et al., 2007; Boyden et al., 2005; Kumbalasiri et al., 2007; Qiu et al., 2005). 

In many applications, these optogenetic methods would optimally be partnered with a minimally 

invasive optical method to directly monitor the impact of the perturbation. For example, optical 

measurements of neural activity before and after optogenetic stimulation could facilitate recording 

in freely behaving animals in vivo and/or in multiple neurons simultaneously. While there are 

optical methods for measuring neural activity that use fluorescence sensors for synaptic vesicle pH 

(Akemann et al., 2012; Akerboom et al., 2012; Chen et al., 2013; Dreosti et al., 2009; Hochbaum 

et al., 2014; Miesenböck et al., 1998; Murata et al., 2005), genetically encoded Ca2+ sensors 

targeted to the presynaptic terminal and/or dendritic spines that signal the large Ca2+ transient in 

response to an action potential are currently the most promising technique. In particular, the 

GCaMP family of reporters has undergone considerable optimization by structural design and 

mutagenesis/screening (Akerboom et al., 2012; Chen et al., 2013; Dreosti et al., 2009).  

However, fluorescent sensors for measuring [Ca2+] and/or neural activity are unfavorable 

for use with optogenetic probes because the continuous excitation that is required to monitor the 

sensor can (i) trigger tissue autofluorescence and phototoxicity/photoresponses, (ii) only poorly 

penetrate tissue and (iii) photobleach the probe/sensor. Moreover, optogenetic probes are often 

directly stimulated by the irradiation used to excite the fluorescent sensor of pH, Ca2+ or membrane 

voltage. Some of the new generation sensors can be excited by longer wavelength light (for 

example, R-GECO1 (Zhao et al., 2011)) to lessen cross-excitation, but the ‘tails’ of stimulation by 

light absorbing pigments render the total exclusion of cross-talk impossible. While two-photon 

technology in conjunction with fluorescence sensors is under very active development to 
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circumvent some of these problems (for example, autofluorescence and probe crosstalk) 

(Akerboom et al., 2012; Chen et al., 2013), this technology is expensive and can photobleach 

probes with the high-order photon flux (as well as damaging the cells/tissues themselves) (Ustione 

& Piston, 2011). A totally novel strategy for an optical sensor that is independent of light excitation 

is worthy of consideration as a partner with optogenetic stimulation. 

A completely different approach for an optical sensor of [Ca2+] and/or neural activity would 

be a luminescence sensor that does not require excitation (Hastings & Johnson, 2003) because the 

light signal is a result of an enzyme-catalyzed chemical reaction rather than fluorescence. 

Therefore, the optical measurement of activity is made in darkness, and brief pulses of light would 

be dedicated specifically to stimulate the optogenetic probe. Because there is no continuous 

excitation and biological activities are assessed in darkness, there is no autofluorescence, 

photobleaching, phototoxicity or photoresponse. An optimal luminescence sensor would be ion-

specific, sensitive, genetically encodable and ratiometric. The desirability of the first three 

properties is obvious, but regarding the final optimal property, ratiometric sensors monitor an ionic 

concentration independently of the intracellular concentration of the sensor (that is, expression 

level for a genetically encoded sensor) because the measured quantity is the ratio of two 

wavelengths. Ratiometric recording is less influenced by changes in optical path length, and it also 

helps to cancel movement and growth artifacts (Thestrup et al., 2014). The currently available 

genetically encodable luminescent probes for Ca2+ (for example, aequorin, obelin, Nano-

lantern(Ca2+)) have desirable properties in terms of specificity, sensitivity and encodability, but 

they are not ratiometric (Agulhon et al., 2007; Rogers et al., 2005; Saito et al., 2010) . Moreover, 

while aequorin has been successfully used as a luminescent reporter of neural activity in zebrafish 

(Naumann et al., 2010), it has been less successful in mammalian neurons (Agulhon et al., 2007; 
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Rogers et al., 2005). The studies with aequorin encourage the feasibility of using luminescent 

reporters of synaptic activity while underscoring that an optimal luminescent probe has not yet 

been developed for mammalian applications. 

Based on ratiometric bioluminescence resonance energy transfer (BRET) technology (X. 

Xu et al., 2007; Y. Xu et al., 1999; Zhang et al., 2012), we have developed a new Ca2+ sensor to 

use in conjunction with optogenetic probes. BRET avoids the problems of fluorescence excitation 

(for example, stimulation of an optogenetic probe, autofluorescence, phototoxicity, poor tissue 

penetration and photobleaching) by monitoring in darkness the luminescence generated by 

enzymatic catalysis mediated by a luciferase. A newly developed luciferase (NanoLuc) is 100–

150x brighter than previous luciferases (Hall et al., 2012), which greatly expands the usefulness 

of luminescence technology. Our Ca2+ sensor is genetically encodable to allow targeting to specific 

cell types and/or cellular loci, and employs this bright new luciferase to obtain excellent signal 

strength. We show here that this BRET sensor ratiometrically reports Ca2+ fluxes elicited by the 

optogenetic probes ChR2 and melanopsin in fibroblasts and hippocampal neurons. 

 

Materials and Methods  

Construction of plasmids. Each fusion protein was constructed by polymerase chain 

reaction (PCR) cloning using pVenus-N1 (Addgene ID#: 61854) and pNL1.1 (Promega©) as 

template DNA for the Venus and Nanoluc (NLuc) moieties respectively, and the Troponin C (TnC) 

moieties (Thestrup et al., 2014) were created by overlap PCR (primers and sequences in 

Supplementary Tables 2 and 3). The effect of circular permutations of both NanoLuc 

(GGGGGSGGGGT linker) and Venus was tested by splitting Venus at amino acid positions 157 

and 173 (Nagai et al., 2004), while NanoLuc was split at positions 50, 87, 136 and 148. The TnC 
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domain was positioned between Venus (N-terminal) and Nluc (C-terminal). TnC conformational 

changes due to Ca2+ binding changed the molecular distance between NanoLuc and Venus, thereby 

allowing and/or modulating bioluminescence resonance energy transfer (BRET) in response to 

various Ca2+ concentrations [Ca2+]. The CalfluxVTN fusion protein was cloned into plasmids 

pRSETB (Invitrogen) and pCAG (from VSFP Butterfly 1.2 (Akemann et al., 2012)) {Addgene #: 

47978} for bacterial and mammalian expression, respectively. For adeno-associated viral (AAV) 

transduction, CalfluxVTN and CalfluxVTN-2A-CheRiff were cloned into AAV pCAG-FLEX-

tdTomato-WPRE (Addgene #: 51503) and the plasmid was shipped to ViGene Biosciences 

(Rockville, MD, USA) where they created a mix of serotype 1 + 2 AAV particles. The AAV 

tdTomato plasmid was first modified to introduce the restriction enzyme sites for EcoR1 and 

HindIII and then the desired Ca2+-sensor was ligated into the open reading frame. 

Protein purification and in vitro experiments. Fifteen different combinations of 

NanoLuc and Venus (including circularly permuted versions) of the BRET Ca2+ sensor were 

constructed and the purified fusion proteins tested in vitro. The constructs were inserted into 

pRSETB, and the BRET ratio (signal at 525 nm divided by signal at 450 nm, see below) of the 

fusion proteins (isolated via their His6 tags, see below) were measured in high [Ca2+] (50 μM 

CaCl2) and low [Ca2+] (10 μM EGTA) buffer (100 mM KCl, 30 mM MOPS, pH 7.2). The fusion 

protein with the largest dynamic range was Venus-TnC-Nluc, and was renamed CalfluxVTN for 

“CALcium FLUX composed of Venus (V), Troponin (T), and NanoLuc (N).” Using the EcoRI 

(upstream) and HindIII (downstream) restriction enzyme sites, CalfluxVTN was inserted into 

pRSETB, then was transfected into BL21 E. coli for expression and purification via an N-

terminally linked, six-histidine-residue tag (His6). The T7 tag and the enterokinase sites were 

excised from pRSETB so that the CalfluxVTN sequence is immediately adjacent to the His6 
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sequence. The His6-tagged fusion protein was purified via TALON® Metal Affinity Co2+ Resin 

and the BRET signal, in response to varying [Ca2+], was measured in Ca2+ buffers from Molecular 

Probes® (Life Technologies™) using a QuantaMaster™ (Photon Technology International Inc.) 

fluorescence spectrophotometer with the excitation off. BRET ratiometric values were calculated 

by dividing the light emitted at 525 nm by that emitted at 450 nm after a full scan of the spectrum 

from 400 to 600 nm. Similarly, the BRET signal of purified CalfluxVTN was also measured 

microscopically using a hemocytometer to ensure a uniform volume of the protein solution. The 

BRET ratio was measured using emission filter cube sets of 480/40 nm bandpass (NanoLuc 

luminescence peak) and 520 LP (Venus fluorescence peak) in the microscopic apparatus described 

below under "Microscopic Imaging." For all experiments, the NanoLuc substrate, furimazine, was 

added to a final concentration of 10 μM.  

Cellular Expression of Ca2+-Sensors and Recording. The plasmid VSFP Butterfly 1.2 

was used as the backbone for the expression of CalfluxVTN in mammalian cells. CalfluxVTN was 

inserted into the backbone via EcoRI and KpnI sites in order to drive expression by the CAG 

promoter (Niwa et al., 1991). (A Kozak sequence (Kozak, 1986) was included downstream of the 

CAG promoter and just upstream of the CalfluxVTN gene). Cell lines were HEK293 

(ATCC#CCL-2™) and HeLa (ATCC#CRL-1578™). CalfluxVTN was transfected into HEK293 

or HeLa cells via Lipofectamine 2000 (ThermoFisher Scientific Inc.) or GeneCellin 

(BioCellChallenge) in vitro transfection reagents by the manufacturers’ instructions. HEK293 and 

HeLa cells were imaged in the following recording medium (in mM): 1.26 CaCl2, 0.49 MgCl2, 

0.41 MgSO4, 5 KCl, 0.44 KH2PO4, 4.16 NaCO3, 150 NaCl, 0.34 NaHPO4, 10 HEPES and 0.6 % 

wt/vol D-glucose. To assay changes in cytosolic Ca2+ via CalfluxVTN’s BRET signal during live-

cell imaging, 1 μM Thapsigargin (TG) or 10 μM ionomycin were added to HEK293 cells. To 
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initiate cytosolic Ca2+ oscillations during live-cell imaging, 10 μM Histamine was added to HeLa 

cells extracellularly. To compare Ca2+-induced responses of CalfluxVTN vs. GCaMP6s, the Ca2+-

sensors (CalfluxVTN and GCaMP6s) were expressed separately in HEK293 cells and the cells 

were incubated in the recording medium (above) with varying CaCl2 concentrations (1 mM, 5 

mM, 10 mM CaCl2). The cells were then imaged on the microscope and their responses to 10 μM 

ionomycin were recorded using either luminescence microscopy (CalfluxVTN) or epi-

fluorescence microscopy (GCaMP6s).  

To test CalfluxVTN’s responses in neurons, hippocampal neurons were isolated from day 

18 rat embryos (Sprague Dawley rats, Charles River Laboratories Inc.), cultured at low density, 

and transfected via DNA-Ca3(PO4)2 precipitation as described previously (Hochbaum et al., 2014; 

Jiang & Chen, 2006; Kaech & Banker, 2006; Kim et al., 2011; Lin et al., 2010) with 4-8 μg of 

plasmids encoding CalfluxVTN under the control of the CAG promoter {pCAG (Niwa et al., 

1991)}. At DIV 7-8 the neurons were transfected with the relevant DNA constructs. At DIV 10-

14, the neurons that were positive for Venus fluorescence were imaged for their responses to the 

varying experimental perturbations. Neurons from these rats were also transfected via AAV 

particles (serotype AAV 1 + 2 mix). Pre-made AAV particles (ViGene Biosciences, MD, USA) 

were diluted in phosphate buffered saline (PBS; GibcoTM) and added to neurons after 1 week in 

culture. For testing the response of the neurons to varying concentrations of extracellular K+, the 

medium surrounding the neurons was exchanged with test buffer (20 mM HEPES pH 7.2, 10 mM 

D-glucose, 2 mM CaCl2, 1 mM MgCl2, 1 mM Na2HPO4, 134 mM NaCl, and 5 mM KCl. This 

standard test buffer was then exchanged manually within the imaging chamber with test buffers of 

the same composition except the [KCl] and [NaCl] were reciprocally varied to produce the desired 

isotonic solutions with different potassium concentrations. 
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Compatibility with Optogenetic Rhodopsins. Two bi-cistronic expression plasmids were 

created: CalfluxVTN plus mouse melanopsin (opn4) under the control of pCAG (Niwa et al., 

1991), and GCaMP6s plus Opn4 under the control of pCAG, each separated by the T2A sequence 

(Kim et al., 2011). Similarly, another bi-cistronic expression vector was constructed with the 

channelrhodopsin variant CheRiff (Hochbaum et al., 2014) {Addgene #:51695) replacing opn4 

(Qiu et al., 2005). These were transfected (see Cellular Expression and Characterization) into cells 

(HEK293 cells or primary hippocampal neurons) and stimulated with ~470 nm (470/30 nm) light 

for the length of time depicted in each figure. A custom journal was defined in Metamorph 

Premier® so that illumination and image acquisition could be carefully controlled. 

Hippocampal viral injection and brain slice preparation. On the day of surgery, male 

C57BL/6J mice were anesthetized with isoflurane (3% initial, 1.5% for maintenance) and placed 

in a stereotaxic apparatus (my NeuroLab, Leica AngleTwo stereotaxic system; Leica Biosystems, 

BuffaloGrove, IL). Angle Two software was used for setting injection targets in the dorsal 

hippocampus (coordinates were 2.18 mm posterior to bregma, 2.78 mm lateral to the midline, and 

1.73 mm below the skull surface). Other details about the surgical procedure have been described 

previously (Kash & Winder, 2006). A 33-gauge needle of a 10 μl syringe (Hamilton Company, 

Reno, NV) was heat sterilized immediately before back filling with AAV-CalfluxVTN virus. 500 

nL of the virus was injected bilaterally into the dorsal hippocampus at 50 nL/min using a 

UltraMicroPump II and Micro4-controller (World Precision Instruments, Sarasota, FL). Five 

minutes later, the syringe was withdrawn and the scalp wound was sutured. Postsurgical care 

included immediate subcutaneous saline (1.0 ml per 20 g of body weight) and analgesic 

(ketoprofen, 5 mg/kg, subcutaneously) followed by additional ketoprofen injections every 24 hours 

for 3 days. Animals were monitored for health concerns including loss of body weight >20%, signs 
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of uncontrolled pain, stress or dehydration. No animals displayed these signs and therefore none 

were removed from further studies. All animal studies were performed under guidelines approved 

by Vanderbilt University's Institutional Animal Care and Use Committee (IACUC). 

Brain slice preparation was performed as previously described (Flavin et al., 2014; 

Silberman et al., 2015). Mice were removed from the colony and allowed to acclimate for 1 h in a 

Med Associates sound-attenuating chamber. After the acclimation, mice were anesthetized with 

isoflurane and then decapitated. Brains were removed quickly and transferred to a 1°C–4°C 

oxygenated, low sodium sucrose dissecting solution (concentrations in mM: 183 sucrose, 20 NaCl, 

0.5 KCl, 2 CaCl2, 1 MgCl2, 1.4 NaH2PO4, 10 glucose, 26 NaHCO3). A Leica vibratome was used 

to prepare coronal brain slices (300 μm) containing the hippocampus. Slices were then transferred 

to a holding chamber for recordings. The holding chamber contained heated, oxygenated ACSF 

(119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM D-

glucose, 2.5 mM CaCl2; sterile filtered). 

Flow-through microscopic imaging experiments of acute brain slices. The acute brain 

slices were prepared as described above and then kept in ACSF (119 mM NaCl, 26.2 mM 

NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM D-glucose, 2.5 mM CaCl2; sterile 

filtered) at 37 ºC, while bubbled continuously with 95% O2 - 5% CO2. In an open flow chamber 

(Warner Instruments Inc.: RC-26G), a gravity flow system was set up where the inward flow (2 

ml/min) was controlled by gravity but the outward flow was removed by a peristaltic pump 

(Pharmacia©: LKB-Pump P-1). The ACSF was bubbled with 95% O2 - 5% CO2 before it flowed 

into the chamber. Because imaging occurred on an inverted microscope, a small nylon mesh was 

placed between the surface of the acute brain tissue and the glass coverslip that formed the bottom 
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of the chamber, to allow for good oxygenation of both the top and bottom of the slice. A metal 

Harp (Warner Instruments Inc.: SHD- 26GH/10) kept the slice in place during imaging. 

Microscopic Imaging and Data Analysis. Primary neurons, acute tissue slices, and 

immortalized cells were imaged on an inverted Olympus IX-71 epifluorescence microscope inside 

a temperature-controlled, light-tight box. A liquid-cooled EB-CCD (Hamamatsu Photonics K.K., 

C7190-13W) was used to image the cells at a frame rate of 1-4 Hz. To capture and ratio the BRET 

images, filters for NanoLuc (EM 480/40 nm bandpass) and Venus (EM 520 longpass) were rotated 

with a motorized filter turret wheel within the microscope to alternately image the blue vs. 

yellow/green wavelengths. The speed of rotation of these filters was ~100 ms. For faster imaging 

(e.g., Fig. 2.9d), an EM-CCD camera (Hamamatsu ImagEM X2) was used with comparable 

results. This EM-CCD camera was coupled to a light splitter (Hamamatsu W-View Gemini) that 

used a dichroic filter (495 nm LP) to separate the blue and yellow light and projected them onto 

distinct regions of the camera’s CCD chip. This allowed for simultaneous collection of blue and 

yellow wavelengths for optimal temporal resolution. During luminescence microscopy, all images 

were collected in complete darkness. To stimulate the Opn4 or the CheRiff optogenetic probes, 

~470 nm (470/30 nm) light was used for the duration stated in the relevant figure legend. Neurons 

that were cultured on glass coverslips (ThermoFisherTM) were inserted into a Chamlide magnetic 

chamber (Live Cell Instrument, Korea) for imaging. 

The images were analyzed with ImageJ software (NIH) using background-subtracted 

images collected from the blue and yellow channels. After background subtraction, a simple 

division of the yellow wavelength intensities by the blue wavelengths produced the BRET Ratio 

values as depicted in all figures. The average light intensity of blue vs. yellow from regions of 

interest within the cells was compared pixel by pixel to obtain ratiometric BRET estimates of 
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cytosolic Ca2+ over the image. To create the ratiometric photos and movies (e.g., Fig. 2.5b), both 

blue and yellow channels were background subtracted using the ImageJ function. Then the blue 

wavelength images were used as a template to create an image that separated the cells completely 

from the background (cell region was given a value of 255, and background was given 0). The 

blue and yellow images were then multiplied by this template image where the background was 

held at 0 and areas within cells were given the full bit value. The resulting images were converted 

from 16-bit (from camera) to a 32-bit to mitigate losing data after the multiplication step. To finally 

achieve the ratiometric image, the yellow emission needed to be divided by the blue emission, but 

to prevent dividing by 0, a gray value of 1 (negligible, since it is out of 4.3 x 109) was added to all 

the pixels in the blue images, so that dividing the yellow values by the blue values would not result 

in division by 0 at any pixel. When the final yellow images were divided by the final blue images, 

the ratio changes that are indicative of [Ca2+] were observed (as indicated by the calibration curve 

in Fig. 2.1b-c or in Supplementary Fig. 2.8). The ImageJ lookup table (LUT) named “fire” was 

applied to the images to better highlight the areas were [Ca2+] was changing.  

Statistical significance was tested using the Data Analysis Tool Pack from Microsoft Excel 

(Microsoft©). The Hill coefficient and Kd values (Fig. 2.1c) were determined using OriginLab 6 

software (OriginLab©). The emission light spectrophotometric data measured with the 

QuantaMaster (Figs. 2.1 & 2.2) were collected across the 400-600 nm range in 1-nm intervals. The 

microscopic data were collected as the average pixel intensity over a user-defined region of interest 

(ROI). Where t-tests were done, the data fit a normal distribution (Fig. 2.2d, 2.3d, 2.4e-f) and for 

non-parametric data sets (Fig. 2.5d, 2.7d, 2.9c) ANOVAs were used to determine the significant 

difference between experimental groups. Except for the negative control neurons in Fig. 2.7d, 

statistical analyses were performed in cellular experiments that contained a minimum of 10 cells 
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(in a single experiment) or a minimum of 3 independent experiments, with multiple cells from 

each group. Unhealthy cells were identified as those cells whose BRET ratio exceeded 3 before 

any experimental manipulation was done, and were excluded from further analyses. 

Note that the BRET ratio scale as a function of [Ca2+] ranges over 1.0-12.1 for the 

QuantaMaster™ measurements (Fig. 2.1b-c), but the same calibration curve generated with 

purified CalfluxVTN and Ca2+ buffers from Molecular Probes® on the microscopic setup ranges 

over 1.0-10.5 (Supplementary Fig. 2.8). This difference is due to the BRET ratio from 

QuantaMaster™ measurements being calculated from peak values of the blue emission (~450 nm) 

vs. the peak values of the yellow emission (~525 nm, Fig. 2.1b-c), whereas the BRET ratio 

calculated from the microscopic setup includes all blue emission in the range of 440-520 nm vs. 

all emission of wavelengths longer than 520 nm (Supplementary Fig. 2.8). Additionally, a higher 

protein concentration was required for microscopy, due to reduced sensitivity of the EB-CCD 

camera compared to the QuantaMasterTM. These differences cause a substantial difference in the 

BRET ratio range for any particular [Ca2+]. Because the imaging data illustrated in Figs. 2.9 was 

generated from microscopic measurements, the BRET ratio calibration curve depicted in 

Supplementary Fig. 2.8 should be used to evaluate [Ca2+] levels in those experiments. However, 

much of the literature reporting BRET ratio uses an in vitro assay as in Fig. 2.1, and therefore the 

calibration curve in Fig. 2.1c (= "QuantaMaster" curve in Supplementary Fig. 2.8) is included for 

making comparisons to other literature (note that the in vitro assay is also relevant to Fig. 2.2, 

Supplementary Figs. 2.1 & 2.2). 
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Results 

In vitro characterization of BRET Ca2+ sensor. Our sensor of free calcium ions shares 

the Ca2+ -sensitive troponin-C sequence (from Opsanus tau) and linkers with the fluorescent Ca2+ 

indicators Twitch-2 and Twitch-3 (Thestrup et al., 2014). Our BRET sensor interposes this Ca2+-

sensitive troponin-C sequence between NanoLuc luciferase (Hall et al., 2012) and a C-terminal 

truncated version of the fluorescent protein Venus (Kremers et al., 2006; Nagai et al., 2002) with 

linkers shown in Fig. 2.1a. We call this Ca2+ sensor CalfluxVTN for ‘CALcium FLUX composed 

of Venus (V), Troponin (T) and NanoLuc (N)’. The Ca2+-sensitive troponin sequence undergoes a 

conformational change in response to binding Ca2+ that brings NanoLuc closer to Venus so that 

resonance energy transfer can occur with a concomitant spectral shift (Miyawaki et al., 1997; 

Thestrup et al., 2014).  The spectral shifts of the NanoLuc-catalyzed luminescence as a function 

of [Ca2+] in vitro are shown in Fig. 2.1b, where the 450nm emission of NanoLuc is increasingly 

resonance-transferred to the 525nm emission of Venus as the [Ca2+] changes from 0.017 mM to 

39 mM. Figure 2.1c plots the BRET ratio (525 nm Venus peak : 450 nm NanoLuc peak) as a 

function of [Ca2+] in vitro for two different versions of CalfluxVTN. Because the fluorescent 

Twitch-3 version of CalfluxVTN exhibited a larger dynamic range within the range of Ca2+ 

concentrations that are likely to be encountered in cells (approximately log -7 to -6 M Ca2+, that 

is, 0.1–1 mM, Fig. 2.1c), our further experiments used this version to create the luminescent 

CalfluxVTN. Before this selection, however, we tested 15 combinations of native and circularly 

permuted Venus and NanoLuc (data not shown); the selected version of CalfluxVTN (Fig. 2.1a) 
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had the most desirable blend of brightness and dynamic BRET ratio change within the 0.1–1 mM 

[Ca2+] range.  

 
 

 

Figure 2.1. Characteristics of CalfluxVTN in vitro. (a) The troponin C domain (TnC) was 

inserted between Venus (with 10 amino acids deleted from the C terminus = C∆10) and 

NanoLuc luciferase, using the indicated peptide linkers. (b) QuantaMaster spectrophotometer 

assays of luminescence/BRET spectra from purified CalfluxVTN protein in vitro. CalfluxVTN 

was purified via its 6-His tag and its emission spectrum from 400–600 nm was recorded in 

buffers with varying concentrations of free Ca2+ (range is from 0.017 to 39 mM). Luminescence 

was initiated by the addition of furimazine substrate. (c) Comparison of [Ca2+] dependency in 

vitro for the VTN 1.0 (red trace) versus CalfluxVTN (black trace) versions of the Troponin-C 

moiety. For these QuantaMaster measurements, BRET ratio values (Venus/NanoLuc) were 

calculated by dividing the light emitted at the Venus peak (~525 nm) by that emitted at the 

NanoLuc peak (~450 nm), after a full scan of the light emission spectrum from 400 to 600 nm. 

Values were normalized by dividing each BRET ratio by the ratio at 0.017 mM Ca2+. Values 

for the hill coefficient and Kd of CalfluxVTN are shown in c. Mean ± s.d., n = 3. 
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Before the development of CalfluxVTN, the brightest available luminescent sensor of Ca2+ 

was Nano-lantern(Ca2+) (Saito et al., 2012). By virtue of its much brighter NanoLuc luciferase, 

CalfluxVTN is at least 30–50x brighter than Nano-lantern(Ca2+) (Fig. 2.2a–c). Moreover, the 

dynamic range of CalfluxVTN in vitro from very low [Ca2+] (~0 mM) to high [Ca2+] (~39 mM) is 

more than an 11-fold change of BRET ratio (Fig. 2.2d), whereas the dynamic range of Nano-

lantern(Ca2+) is ~1.3-fold in terms of its change of intensity in response to free calcium (Fig. 2.2d; 

the response of Nano-lantern(Ca2+) to [Ca2+] is based on changes of luminescence intensity, 

whereas the response of CalfluxVTN is based on ratiometric changes in BRET efficiency). 

Moreover, Calflux not only has a strong signal (bright luminescence, large dynamic range), its 

response is also specific for Ca2+; in contrast to its exquisite responsiveness to Ca2+, the BRET 

ratio of CalfluxVTN is not sensitive to changes of Mg2+, pH, K+ or Na+ that might be expected to 

occur within physiological ranges within cells (Supplementary Fig. 2.2).  
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Figure 2.2. Comparison of the intensity and ratio changes of CalfluxVTN and Nano-

lantern(Ca2+). (a) The normalized emission spectra of equal amounts of purified CalfluxVTN 

and (b) Nano-lantern(Ca2+) proteins. Each protein’s effective concentration was estimated by 

the intensity of its fluorescence signal under the same conditions. Spectra were recorded in 10 

mM EGTA or 39 mM Ca2+ solutions using a QuantaMaster spectrometer. (c) Plots of 

unnormalized spectra of CalfluxVTN and Nano-lantern(Ca2+) to compare relative intensities of 

each probe. (d) The values obtained in 10 mM EGTA or 39 mM Ca2+ solutions were recorded 

and the maximum dynamic ranges were calculated. Dynamic range was calculated as [R-R0]/R0 

(for CalfluxVTN) or as [I-I0]/I0 (for Nano-lantern(Ca2+)), where R, ratio and I, intensity.  

(Mean ± s.d., n = 3., ***P < 0.001, unpaired t-test). a.u., arbitrary unit. 
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BRET Ca2+ sensor expressed in cell cultures. CalfluxVTN can be expressed in cultured 

cells under the control of the CAG promoter (Fig. 2.3a,b). In unperturbed, transfected HEK293 

cells treated with the furimazine substrate (Hall et al., 2012) the BRET ratio of CalfluxVTN is 

stable for at least one hour (Supplementary Fig. 2.3). Ca2+ levels oscillate in HeLa cells after 

stimulation with histamine (Miyawaki et al., 1997; Sauvé et al., 1990; Thorn, 1995), and 

CalfluxVTN faithfully reports this cycle in CalfluxVTN-transfected HeLa cells exposed to 10 mM 

histamine, as indicated by the oscillation of BRET ratio (Fig. 2.3c,d). The data of Fig. 2.3 were 

derived from HeLa cells in serum-free medium, but CalfluxVTN and furimazine are equivalently 

useful in serum-containing medium, for example, when serum (FBS) is included in the medium, 

many cycles of Ca2+ oscillation can also be measured by CalfluxVTN (Supplementary Fig. 2.4). 

We compared the Ca2+-responsiveness of CalfluxVTN with that of a well characterized 

fluorescence sensor of Ca2+ fluxes, GCaMP6s (Chen et al., 2013). HEK293 cells were exposed to 

the Ca2+ ionophore ionomycin in the presence or absence of various concentrations of extracellular 

CaCl2 (1, 5 and 10mM CaCl2). The cells were transfected with either the CalfluxVTN expression 

construct (Fig. 2.4a) or the GCaMP6s expression construct (Fig. 2.4b). As shown in Fig. 2.4c,d, 

both sensors responded to the ionomycin-stimulated Ca2+ flux with large changes in BRET ratio 

(CalfluxVTN) or fluorescence intensity (GCaMP6), with the magnitude of the response 

proportionally dependent upon the extracellular CaCl2 concentration. The dynamic range and 

sensitivity of response was somewhat larger with GCaMP6s than with CalfluxVTN (Fig. 2.4e,f). 
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Therefore, as compared with well-characterized fluorescence Ca2+ indicators, CalfluxVTN is also 

 
 

Figure 2.3. CalfluxVTN as an in vivo Ca2+ sensor in mammalian cells. (a) CalfluxVTN 

construct driven by CAG promoter (pCAG) for mammalian cell expression. (b) 

Photomicrographs of HeLa cells expressing CalfluxVTN. The four leftmost panels are as 

follows: BF, bright-field image; Venus Fluor, Venus fluorescence image in pseudo-colour 

green; Nluc Lumi, luminescence emitted at NanoLuc peak wavelength (~450 nm); BRET, 

luminescence emitted at ~525 nm as a result of BRET. The two rightmost panels are ratiometric 

BRET images of HeLa cells just before the addition of histamine (t = 86s) and at the first peak 

of the Ca2+ oscillation evoked by histamine (t = 106 s; scale bar, 20 μm); the temporal pattern 

of the Ca2+ oscillation of these cells is depicted in c. (c) HeLa cells transfected with CalfluxVTN 

responding to 10 mM histamine (Hist (+), black trace) or vehicle (Hist (-), red trace). Arrow 

shows when histamine or vehicle was added. The calibration curve generated for microscope 

analysis Supplementary Fig. 2.8) is relevant to these data. (d) Quantification of the data 

depicted in c (For Hist+, n = 15 cells from four separate experiments, for Hist-, n = 14 cells 

from four separate experiments, mean ± s.e.m., for the Hist+ versus Hist- comparison *P < 

0.05, paired t-test). 
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a stable and specific sensor of Ca2+ in unstimulated cells and in cells that have been stimulated by 

different Ca2+-altering treatments (that is, histamine and ionomycin).  

CalfluxVTN is an optimal optogenetic partner with melanopsin. The photopigment 

melanopsin triggers the release of internal calcium stores in response to blue light (Kumbalasiri et 

al., 2007; Qiu et al., 2005). We transfected CalfluxVTN in HEK293 cells with (Fig. 2.5a) or 

without (Figs 2.3a and 2.4a) a co-expressed opn4 sequence that encodes melanopsin (Fig. 2.5b). 

Active melanopsin depends upon binding of retinal that is present at low levels in mammalian cells 

(Kumbalasiri et al., 2007; Li et al., 2005; Qiu et al., 2005), but an even greater proportion of active 

melanopsin can be reconstituted in vivo when cell cultures are treated with all-trans-retinal. The 

BRET signal of HEK293 cells transfected with the CalfluxVTN/opn4 construct (Fig. 2.5a) 

responded dramatically to optogenetic stimulation by a 10-sec blue light pulse (Fig. 2.5b–d), 

indicating a significant increase of intracellular Ca2+. Cells treated with retinal (R+) exhibited a 

slightly stronger response to the light pulse than untreated cells (R-), as expected from the larger 

pool of active melanopsin in cells treated with retinal. On the other hand, cells transfected with 

CalfluxVTN but not opn4 (Figs 2.3a and 2.4a) did not respond to the blue light pulse regardless of 

treatment with retinal (Fig. 2.5c,d). However, all of the cell groups transfected with CalfluxVTN 

(with or without opn4) responded to pharmacological release of internal Ca2+ stores elicited by 1 

mM thapsigargin (Fig. 2.5c,d), indicating that in each group the CalfluxVTN sensor was present 

and responsive to changes of cytosolic Ca2+ levels. Note that all the measurements shown in Fig. 

2.5b–d were conducted in darkness except for the 10-sec light pulse. 

As compared with a fluorescent Ca2+ -sensor, a BRET Ca2+ sensor can avoid undesirable 

stimulation of a coupled optogenetic probe because the recording of Ca2+-fluxes by a luminescent 

sensor is performed in darkness. Figure 2.6 depicts this advantage in a comparison of melanopsin-



42 

 

stimulated Ca2+-fluxes by CalfluxVTN versus GCaMP6s. As also shown in Fig. 2.5, light pulses 

to the CalfluxVTN-Opn4-transfected HEK293 cells evoked large changes in BRET ratio, 

indicative of transient increases of cytosolic Ca2+ (Fig. 2.6a). Except for the brief light pulses, the 

cells in Fig. 2.6a were otherwise in darkness. Moreover, thapsigargin also caused a large sustained 

 
Figure 2.4. Comparison of the Ca2+ – induced responses between CalfluxVTN and 

GCaMP6s. (a) CalfluxVTN driven by pCAG and (b) GCaMP6s driven by pCMV in HEK293 

cells. (c,d) In all, 10 mM ionomycin was added (at ~50 s) to HEK293 cells in 1 mM, 5mM or 

10mM CaCl2-containing medium expressing CalfluxVTN (c) or GCaMP6s (d). Plots depict the 

average responses. (e,f) Graphs showing the average peaks of the [Ca2+ ]-dependent responses 

of CalfluxVTN (e) and GCaMP6s (f) to ionomycin induced Ca2+ – influx. (for each sample 

group, data come from four separate experiments with a total cell number between 17 and 24; 

mean ± s.e.m., **P < 0.01, paired t-test). The calibration curve generated for microscope 

analysis (Supplementary Fig. 2.8) is relevant to these data. a.u., arbitrary unit. 
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change of cytosolic Ca2+. Importantly, there was little variance in the responses among the cells 

(see error bars in Fig. 2.6a, and also the responses of individual cells in Supplementary Fig. 2.5a–

c). In striking contrast, the same protocol performed with the GCaMP6s-Opn4 sensor exhibited 

significantly more heterogeneous responses, as indicated by the error bars in Fig. 2.6b (and also 

the responses of individual cells in Supplementary Fig. 2.5e,f). The GCaMP6s-transfected cells 

were continuously exposed to a dim excitation light to enable recording of the fluorescence of the 

sensor. The response of some cells transfected with GCaMP6s-Opn4 was very similar to that of 

the CalfluxVTN-Opn4-transfected cells (compare panel b with panel e in Supplementary Fig. 2.5), 

but there is considerable variability among the GCaMP6s-Opn4-transfected cells that is not present 

among the CalfluxVTN-Opn4-transfected cells. Because the variability of the response among the 

cells transfected with GCaMP6s without Opn4 is low (Fig. 2.6b and Supplementary Fig. 2.5d, first 

300 s), our interpretation of this difference is that the dim excitation light quickly sparks some 

Ca2+-flux in the GCaMP6s-Opn4-transfected cells, as indicated by the recordings in the first 12 s 

(Supplementary Fig. 2.5f). Therefore, the heterogeneity of these unintended responses is likely 

due to variability of expression level of melanopsin among the GCaMP6s-Opn4-transfected cells, 

whereas cells transfected with GCaMP6s (without Opn4) are not light-responsive.  

Calflux reports Ca2+ flux in hippocampal neurons and slices. Neuronal Ca2+ levels 

increase in response to membrane depolarizations that open voltage-gated Ca2+ channels (Church 

et al., 1994). Channel-opening depolarization conditions include neural activity (for example, 

action potentials) and high extracellular concentrations of K+ (Church et al., 1994). To test whether 

CalfluxVTN could detect depolarization-induced Ca2+ fluxes in mammalian neurons, dissociated 

rat hippocampal neurons at days 5–6 in culture were transfected using a modified calcium 
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phosphate method (Kaech & Banker, 2006; Wegner et al., 2008) with the CalfluxVTN-encoding 

 
 

Figure 2.5. Coupling BRET Ca2+ sensing with an optogenetics probe that regulates store-

operated Ca2+ (SOC) release. (a) Bicistronic pCAG-driven construct encoding CalfluxVTN 

and mouse melanopsin (opn4). (b) Photomicrographs of the ratiometric image of BRET emitted 

from HEK293 cells expressing CalfluxVTN and melanopsin (retinal-treated, M+/R+) in c over 

the time course just before (302 s) and for 2 s (times 312–314 s) after stimulation with a 10 s 

blue light pulse between 302–312 s (scale bar, 20 μm). (c) Optogenetically stimulated 

ratiometric changes in BRET after excitation of melanopsin with 10 s blue light (at blue line, 

time 302 s; pulse is 470 nm ± 30 nm) in HEK293 cells expressing either the construct in a or 

CalfluxVTN alone (M = transfected with opn4, R = treated with all-transretinal). HEK293 cells 

that do not express melanopsin (= M-, construct shown in Figs 2.3a and 2.4a) do not exhibit a 

BRET ratio change in response to the blue light pulse. Both groups of cells (M+ and M-) show 

large and persisting changes in BRET ratio in response to stimulation of SOC release by 1 mM 

thapsigargin (at arrow). Some of the preparations were additionally treated with 100 nM all-

trans-retinal (R+) to reconstitute a larger amount of active melanopsin (Kumbalasiri et al., 

2007). (d) Quantification of the HEK293 cells’ responses in c of the peak BRET ratio after 

light stimulus (Pulse); peak ratio after thapsigargin was added (1 μM TG). (For each sample 

group, data come from three separate experiments with a total cell number between 14 and 16; 

mean ± s.e.m., **P < 0.01, F = 20.7, M+ compared with M-, 2-factor analysis of variance 

(ANOVA)) The calibration curve generated for microscope analysis (Supplementary Fig. 2.8) 

is relevant to these data. TG, 1 μM thapsigargin. 
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vector (Fig. 2.7a). Approximately 4–5 days later, CalfluxVTN-expressing neurons (about 10% of 

the total population) could be detected by the fluorescence of the Venus moiety; these fluorescent 

cells also expressed robust NanoLuc luminescence in darkness (Fig. 2.7a). The BRET ratio of 

CalfluxVTN increased as a function of [K+] in the medium (Fig. 2.7b). These changes were 

reversible; when the high concentrations of K+ (for example, 40–60mM KCl) were returned to the 

standard 5mM KCl concentration, the BRET ratio returned to its original value (Fig. 2.7b,d). These 

changes in BRET ratio were not the result of physical manipulations or medium changes, because 

the same protocol of medium replacement using the standard 5mM KCl medium for each change 

did not alter CalfluxVTN’s BRET ratio (Fig. 2.7c). Therefore, depolarizations elicited by 

extracellular K+ cause Ca2+ fluxes that modulate CalfluxVTN’s BRET signal in a [K+]-dependent 

relationship, and these alterations are reversible.  

To determine if the BRET Ca2+ sensor could be used with brain slices, we developed an 

adeno-associated virus construct that expresses CalfluxVTN from the pCAG promoter (AAV-

CalfluxVTN, Fig. 2.8a). This AAV vector was stereotactically injected into the dorsal 

hippocampus of mice. Three weeks later, coronal brain slices containing the hippocampus were 

prepared and mounted in a flow-through chamber for imaging. The AAV vector transduced 

hippocampal cells, as confirmed by fluorescence of the Venus moiety of CalfluxVTN (Fig. 2.8b). 

Furimazine substrate was added to the slowly flowing oxygenated artificial cerebrospinal fluid 

(ACSF), and NanoLuc luminescence was easily visualized as well as BRET signal emanating from 

the stratum pyramidale of the CA1 region of the hippocampus (Fig. 2.8c). The ACSF was changed 

from 5mM KCl to 80mM KCl and back again three times. Each time the slice was exposed to the 

high K+ medium, the BRET ratio increased reversibly in the neuron cell body-dense stratum 
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pyramidale of the CA1 region of the hippocampus (regions of interest (ROIs) 2–5, Fig. 2.8c,d) but 

 
 

Figure 2.6. Comparison of coupling melanopsin-optogenetic stimulation of Ca2+ influx 

with CalfluxVTN versus GCaMP6s. (a) CalfluxVTN and (b) GCaMP6s were expressed in 

HEK293 cells either alone or in a bicistronic vector that allows simultaneous expression of 

melanopsin (opn4). The average ± s.e.m. responses of all the cells on one plate were plotted 

in response to blue light stimulation at 60 s and 180 s (indicated by the blue arrows). (a) For 

CalfluxVTN luminescence microscopy, the cells’ responses were recorded in darkness (black 

bar above graph in a) and exposed to the two 1-second light pulses (blue arrows), (b) For 

GCamp6s fluorescence microscopy, dim excitation was maintained throughout to record 

GCamp6s fluorescence (light blue bar above graph in b). To stimulate melanopsin (Opn4), 

two 1-second blue light pulses were presented at 60 s and 180 s by increasing the light intensity 

of the fluorescence light source to an intensity that was equivalent to that used in a (bright 

blue arrows that punctuate the dim excitation indicated by the light blue bar). All light pulses 

exposed the entire field of cells. Grey arrow shows when thapsigargin (TG) was added to 

increase cytosolic Ca2+. See Supplementary Fig. 2.5 for responses of individual cells. (For the 

data in this figure n = 11 cells for CalfluxVTN, n = 6 for CalfluxVTN-Opn4, n = 7 cells for 

GCaMP6s and n = 12 for GCaMP6s-Opn4; mean ± s.e.m.) The calibration curve generated 

for microscope analysis (Supplementary Fig. 2.8) is relevant to these data. 
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not in other regions (ROI 1, Fig. 2.8c,d). Another example of hippocampal Ca2+ responses to K+-

stimulated depolarizations is shown in Supplementary Fig. 2.6.  

Neuronal responses to optogenetically induced depolarization. Exposure of neurons-

expressing channelrhodopsin to blue light triggers excitatory cation fluxes that depolarize the 

plasma membrane, eliciting Ca2+ fluxes into the neurons (Arenkiel et al., 2007; Boyden et al., 

2005). We transfected rat hippocampal neurons with a construct that co-expresses CalfluxVTN 

and the ChR2 variant CheRiff (Hochbaum et al., 2014) (Fig. 2.9a). As in the case of HeLa and 

HEK293 cells, CalfluxVTN-transfected hippocampal neurons emit NanoLuc luminescence and 

BRET (Fig. 2.9a). Exposure to 1 s pulses of blue light to neurons in darkness provoked a dramatic 

transient increase in BRET ratio of the luminescence measured immediately upon return to 

darkness (Fig. 2.9b,c, black trace), indicating that light stimulation of CheRiff elicits membrane 

depolarization and subsequent Ca2+ flux that is detected by CalfluxVTN. Neurons transfected with 

the CalfluxVTN construct without CheRiff but treated with the furimazine substrate did not exhibit 

any change of BRET ratio in response to blue light pulses (Fig. 2.9b,c, red trace). The light-

stimulated responses of CheRiff-expressing neurons can be imaged as shown in Fig. 2.9a where 

the spatial changes of CalfluxVTN are indicated by pseudocolour encoding of BRET ratio (scale 

to the right of Fig. 2.9a).  

The brightness of NanoLuc enables recording rates that were not possible with the previous 

generation of dimmer luciferases. These faster recording rates allow higher temporal resolution of 

cellular events. Figure 2.9d illustrates an experiment in which the recording rate was 40 Hz. The 

timing of the responses to light pulses and high K+ medium is well defined. On the other hand, a 

potential concern about the brightness of NanoLuc is that it might be so bright that it stimulates 

channelrhodopsin directly. This concern is unfounded, as we determined by varying the 
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concentration of the substrate furimazine to alter the intensity of luminescence. If the luminescence 

intensity was sufficient to stimulate channelrhodopsin directly and thereby elicit Ca2+ fluxes, the 

 
 

Figure 2.7. CalfluxVTN reports depolarization-evoked Ca2+ fluxes in rat hippocampal 

neurons. (a) CalfluxVTN construct driven by CAG promoter (pCAG) for mammalian cell 

expression (upper panel), and photomicrograph of a single hippocampal neuron expressing the 

construct. Fluorescence of the Venus moiety (lower left panel) and luminescence of NanoLuc 

(lower right panel) are shown (scale bar, 10 μm). (b) BRET ratio increased (indicating increase 

of intracellular [Ca2+]) in hippocampal neurons as the medium was exchanged with increasing 

concentrations of K+ (from 5 to 60 mM KCl; n = 6 independent cells). (c) When medium was 

exchanged repeatedly with control medium (5 mM KCl; n = 3 independent cells), there was no 

change in BRET ratio, indicating that the changes observed in b were not due to physical 

manipulations. (d) Quantification of the neurons’ responses to varying [K+] illustrated in b and 

c (mean ± s.e.m. **P < 0.01, ***P < 0.001, 1-factor analysis of variance (ANOVA)). The 

calibration curve generated for microscope analysis (Supplementary Fig. 2.8) is relevant to 

these data. 
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BRET ratio would be expected to increase as furimazine concentrations are raised in ChR2-

expressing neurons, but not in neurons that are not expressing ChR2. Our measurements show that 

the BRET ratio is essentially constant in hippocampal neurons within a range of furimazine 

concentrations above and below our standard experimental condition that vary the intensity of 

luminescence emission (Supplementary Fig. 2.7). A constant BRET ratio was observed whether 

or not channelrhodopsin (the CheRiff variant) was expressed in the neurons (Supplementary Fig. 

2.7).  

 

Discussion 

As we proposed in 2012 (Zhang et al., 2012), the characteristics of BRET provide an 

untapped opportunity to develop genetically encodable and ratiometric optical sensors that could 

be ideal for optogenetic applications, especially to prevent the cross-excitation that can occur 

between a fluorescent sensor and the optogenetic probe (for example, ChR2 or melanopsin). A 

sensor that requires continuous photonic excitation will likely stimulate the optogenetic probe to 

some extent, thereby perturbing the very process that the sensor is supposed to be non-invasively 

measuring. Simultaneously, a luminescence BRET sensor avoids other problems associated with 

fluorescence irradiation such as tissue autofluorescence, poor tissue penetration, intrinsic tissue 

photoresponsiveness (for example, retina or plant tissue) and excitation-induced tissue 

photodamage (Hastings & Johnson, 2003; X. Xu et al., 2007; Y. Xu et al., 1999; Zhang et al., 

2012). Moreover, while two-photon technology may reduce some of these problems (for example, 

autofluorescence and probe crosstalk), the high-order photon flux required for two-photon 

excitation can photobleach the probe and/or photodamage the tissue (Ustione & Piston, 2011). As 
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we show in Figs 2.5 and 2.9, a BRET-based sensor can monitor a cellular parameter (for example, 

 
 

Figure 2.8. CalfluxVTN reports high K+ induced Ca2+ -flux in acute hippocampal brain 

slices. (a) Adeno-associated virus (AAV) vector expressing CalfluxVTN, ITR, inverted 

terminal repeat of AAV, WPRE, regulatory element that stimulates expression of the insert. 

(b) Venus fluorescence signal of CalfluxVTN from acute brain slices containing dorsal 

hippocampus from mice injected with AAV-CalfluxVTN (scale bar, 300 μm). (c) Top-left 

panel: image of NanoLuc emission signal (‘Nluc Lumi’) from hippocampal CA1/pyramidal 

layer slice, top-right panel: BRET signal of identical region in ‘Nluc Lumi’ panel (‘BRET’), 

lower panels: ratiometric image of same region, before (lower-left panel) and after (lower-

right panel) high K+ stimulation (scale bar, 50 μm). (d) Results of a flow-through experiment 

where high K+ (80 mM) was applied three times sequentially to an acute hippocampal slice 

while recording the CalfluxVTN BRET ratio (indicating Ca2+ influx). ROI’s represent the 

numbered regions of interest in c (lower right panel). See Supplementary Fig. 2.6 for another 

example of hippocampal slice responses to high K+ stimulated depolarization. The calibration 

curve generated for microscope analysis (Supplementary Fig. 2.8) is relevant to these data. 
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Ca2+) in darkness, then a brief flash of light can be applied to stimulate the optogenetic probe, after 

which time the BRET sensor is consulted in darkness to assess the cellular response.  

No technique is perfect, but the traditional liabilities of BRET/luminescence sensors have 

been greatly ameliorated by the newly developed luciferase NanoLuc (Hall et al., 2012). In the 

past, BRET/luminescence assays have been hampered by the dimness of the luminescence level 

and the instability of the substrate needed for the luciferase-catalyzed reaction (esp. 

coelenterazine). In both of these respects, however, NanoLuc is revolutionary (Hall et al., 2012). 

NanoLuc is 100–150x brighter than Renilla luciferase (RLuc) or firefly luciferase (FLuc) (Hall et 

al., 2012). Even though it has been possible to enhance the brightness of RLuc by imaginative 

BRET partners (Saito et al., 2012), RLuc remains much dimmer than NanoLuc, and consequently 

CalfluxVTN is 30–50x brighter than the brightest RLuc-based Ca2+ sensor, Nano-lantern(Ca2+) 

(Saito et al., 2010, Saito et al., 2012). An ongoing advantage of luminescence over fluorescence 

techniques is its superior signal to noise ratio (SNR), and with NanoLuc’s brightness, SNR is even 

better than with previously available luciferases. Moreover, the development of NanoLuc 

concomitantly entailed the evolution of a new substrate, furimazine, which produces less 

autoluminescence as well as being more stable in cell culture media that includes serum (as in 

Supplementary Fig. 2.4) than its ancestral substrate coelenterazine (Hall et al., 2012). We 

confirmed that the luminescence level of NanoLuc expressed within cell cultures was strong and 

the BRET ratio stable for over one hour (Supplementary Fig. 2.3). Therefore, furimazine-based 

NanoLuc Ca2+ sensors (such as CalfluxVTN) will be more manageable and stable than Ca2+ BRET 

sensors such as BRAC or Nano-lantern(Ca2+) that use coelenterazine (Saito et al., 2010, Saito et 
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al., 2012). Nevertheless, furimazine is not as stable as some other bioluminescence substrates such 

 
Figure 2.9. CalfluxVTN detects Ca2+ fluxes elicited by optogenetically stimulated 

depolarization. (a) CheRiff is a ChR2 variant that evokes a peak photocurrent when excited 

by blue (460 nm) light. CheRiff was co-expressed with CalfluxVTN in rat hippocampal 

neurons and emission wavelengths detected by light microscopy. Micrographs show BRET 

ratiometric images before (10 s) and after (12 s) blue light stimulation (scale bar, 20 μm). BRET 

ratio pseudocolour scale is shown next to the right micrograph. (b) One-second blue light (470 

nm ± 30 nm) pulses to cells expressing CalfluxVTN with (CheR+) and without (CheR-) 

CheRiff; these populations of cells were imaged at 1 Hz recording rate. (c) Quantification of 

the changes in BRET ratios seen in b after stimulation with blue light (with CheRiff, n = 11 

independent cells; without CheRiff, n = 8 independent cells, mean ± s.e.m. **P < 0.01, F = 

34.6, 1-factor analysis of variance (ANOVA)). (d) Responses of another hippocampal neuron 

transfected with CheRiff imaged at a higher recording speed (40 Hz). Blue bars indicate the 

time of 1-second blue light pulses, while the grey arrow indicates the addition of 80 mM high 

K+ medium. The calibration curve generated for microscope analysis (Supplementary Fig. 2.8) 

is relevant to these data. The neurons in a – c were transfected with DNA-Ca3(PO4)2 

precipitation whereas the neurons in the experiment of d were transduced with the AAV-

CalfluxVTN vector. 
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as beetle luciferin, and consequently for long-term experiments (for example, circadian rhythm 

experiments), further optimization of substrate stability would be invaluable. 

CalfluxVTN effectively tracks Ca2+ transients resulting from Ca2+ oscillations (Fig. 2.3c,d, 

Supplementary Fig. 2.4), high K+-induced depolarization (Figs 2.7 and 2.8), and optogenetic 

stimulation of melanopsin (Figs 2.5c,d and 2.6a) or ChR2 (Fig. 2.9), however, further testing will 

be required to ascertain the kinetic limits of this version of the sensor in tracking very rapid events, 

such as the Ca2+ transients that accompany action potentials. The dynamic range of CalfluxVTN 

is large (~10–12, Figs 2.1c and 2.2, Supplementary Fig. 2.8) and not only dramatically surpasses 

the dynamic range of previous BRET reporters based on RLuc (Fig. 2.2, (Saito et al., 2010, Saito 

et al., 2012)), but surprisingly eclipses the dynamic range of its fluorescent parent Twitch-3 

(dynamic range ~7, (Thestrup et al., 2014)). However, the dynamic range and sensitivity of 

response is larger with the sixth-generation fluorescence sensor GCaMP6s than with this first-

generation BRET sensor CalfluxVTN (Fig. 2.4). Undoubtedly further optimization of CalfluxVTN 

or similar sensors is warranted. Nonetheless, even in its current form, the large dynamic range and 

brightness of CalfluxVTN is responsible for the excellent SNR that is obvious in the responses to 

optogenetic stimulation (Figs 2.5, 2.6 and 2.9). The desirable properties of CalfluxVTN indicate 

its readiness to be applied to other biological questions that involve Ca2+ fluxes. These may include 

in vivo applications. For example, FLuc-based reporters have successfully monitored the 

expression of gene expression continuously from the brain of freely moving mice for up to 3 weeks 

in constant darkness with a fiber-optic (Ono et al., 2015). NanoLuc-based sensors are substantially 

brighter than FLuc-based sensors and therefore the successful development of this new generation 

of BRET sensors heralds a surge of novel applications of luminescence technology that 

circumvents the technical problems of fluorescence.  
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Supplementary Data Figures 

 

 

 

 

 
 

Supplementary Figure 2.2. Insensitivity of CalfluxVTN to other ions in vitro. 

CalfluxVTN was purified via a His-6 tag and the BRET ratio was recorded in solutions with 

increasing concentrations of ions as shown. The BRET ratio in response to increasing [K+] 

(panel a); [Na+] (panel b); pH (panel c); [Mg2+] (panel d). Data points represent mean ± S.D. 
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Supplementary Figure 2.3. Stability of BRET signal for CalfluxVTN expressed in 

HEK293 cells. (a) HEK293 cells expressing CalfluxVTN were suspended in imaging media 

and the intensity of NanoLuc luminescence (NLuc) and the intensity of the resonance transfer 

to Venus (BRET) were monitored over time. (b) Stability of the BRET ratio over the course 

of 1 hour. 

 
 

Supplementary Figure 2.4. BRET ratio values collected in two different HeLa cells after 

10 μM histamine was added to the medium at ~1.7 minutes. The medium consisted of 

FluoroBriteTM DMEM, 10 % fetal Bovine serum (FBS), and the experiment was carried out 

at 37ºC. Each trace (blue vs. pink) represents one HeLa cell’s Ca2+ response to histamine 

stimulation. 
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Supplementary Figure 2.5. Comparison of individual HEK293 cells used to test 

CalfluxVTN versus GCaMP6s as optimal optogenetic partners with melanopsin 

(Opn4). The CalfluxVTN alone (a), and the CalfluxVTN-2A-Opn4 (b) were imaged in 

darkness with two, whole-field, blue light flashes at 60 s and 180 s (black bar with blue tick 

marks) while the blue light flashes in the GCaMP6s alone (c) and the GCaMP6s-2A-Opn4 

(d) were generated by increasing the intensity of the excitation light from dim continuous 

background (to excite the fluorescence of GCaMP6s) to bright 1 sec pulses at 60 and 180 sec 

to stimulate melanopsin (same light intensity as the pulses given to the CalfluxVTN samples). 

Gray arrows with black outlines depict where 1 μM Thapsigargin was added to the cells. 
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Supplementary Figure 2.6. Acute, coronal brain slice containing the dorsal 

hippocampus shows Ca2+ transients resulting from high K+ (80 mM) stimulation. (a) 

BRET ratio images just before (left) and just after (right) high K+ addition to the flow 

apparatus. Numbers correspond to regions of interest (ROI) in panel b. (b) BRET ratio values 

come from multiple ROIs within the acute dorsal hippocampal slice responding to high K+ 

(80 mM) stimulation with Ca2+ transients. Image acquisition speed was 20 Hz. (scale bar = 

50 um) 
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Supplementary Figure 2.7. Comparison of the relationship between Nanoluc (Nluc) 

intensity and the corresponding BRET ratio in hippocampal neurons expressing 

CalfluxVTN and CheRiff (CheR) simultaneously. Furimazine concentration was increased 

in the same neurons (CalfluxVTN with and without CheRiff) and both the intensity of the 

Nluc signal and the BRET ratio were immediately measured. Luminescence intensity 

increased with increases of furimazine concentration, but the BRET ratio remained stable 

(mean ± S.E.M.). Ten micromolar furimazine is the standard concentration used in the 

experiments reported in this study. 
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Supplementary Figure 2.8. BRET ratio calibration curve generated as in Fig. 1c with 

purified CalfluxVTN and Ca2+ buffers from Molecular Probes® except that these Ca2+-

buffered solutions were placed on a microscope slide (red trace) and imaged on the 

microscopic setup. In this case, the “Venus” signal is all the light emitted from 520 nm and 

longer, whereas the “NanoLuc” signal is all the light emitted in the range of 440-520 nm. The 

BRET ratio is calculated from those signals as "Venus"/"NanoLuc". For comparison, the 

calibration curve from Fig. 1c was included (black trace). Data points represent the mean ± 

S.E.M.  
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CHAPTER III 

 

NOVEL BIOLUMINESCENT CALCIUM ION REPORTERS ALLOW FOR GREATER 

UTILIZATION OF SMALL MOLECULE LIBRARIES IN HIGH THROUGHPUT SCREENS 

   

Abstract 

High throughput screens (HTSs) are a beneficial early component of bringing a drug to 

market. However, based on assay fluorescence conditions, some small molecules are being 

discarded because of emission properties which directly overlap with the fluorescence assay probe. 

Here, we describe the Ca2+-sensitive ratiometric, luminescence-based probe CalfluxCTN which 

reliably reports intracellular [Ca2+] changes in the presence of a fluorescent compound with a very 

high quantum yield and efficiency (fluorescein). Initial characterizations illustrate the usefulness 

of CalfluxCTN with whole-plate imagers, include successful Z`-factor measurements (> 0.5) and 

applicability for assays that may need to be run over the course of several hours.  

 

Introduction 

Fluorescence sensors have become standard tools for studying cellular and molecular 

processes (Zhang & Xie, 2012; Rodriguez et al., 2017). Some of the commonly used sensors are 

relatively small molecule probes such as Fura2, Fluo-4, and Fluo-8 (sensors of cytosolic Ca2+ 

levels (Tsien et al., 1985; Gee et al., 2000; Vetter, 2012)), while others are genetically encodable 

such as GCaMP6 and Cameleon (also [Ca2+] sensors, (Miyawaki et al., 1997; Miyawaki et al., 

1999; Chen et al., 2013). Genetic engineering by structure-based mutagenesis and directed 

evolution has optimized the fundamental properties of fluorescent proteins to adapt them to myriad 
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applications. However, all these sensors inextricably depend upon fluorescent excitation that can 

trigger background fluorescence (e.g., tissue autofluorescence), phototoxicity, photoresponses (in 

photosensitive tissues), and photobleaching of the sensor. Autofluorescence in particular can be 

problematic because all tissues have background autofluorescence due to NADPH, flavins, 

lysosomes, etc., and many tissues have especially high autofluorescence due to characteristic 

pigments (e.g., chlorophyll, hemoglobin), extracellular matrices (e.g., collagen, elastin, etc.), or 

after fixation for histology. 

While background fluorescence is sometimes merely an annoyance that can be 

circumvented by using a fluorescent sensor with different properties (e.g., excitation/emission 

wavelengths), in some applications the background fluorescence creates uncorrectable problems 

that have deleterious biomedical implications. One such application is the discovery of new drug 

candidates by High-Throughput Screening (HTS) of cell cultures. HTS often relies upon 

fluorescence sensors of a physiological response within cells in which compounds from a chemical 

library are tested one by one for their ability to act as agonists or antagonists. But when the 

compounds being tested (e.g., agonist, antagonist, and/or allosteric modulator) are themselves 

fluorescent, this background fluorescence interferes with the signal from the sensor (Zhang & Xie, 

2012). Many compounds within small molecule libraries that are used for HTS (especially 

xanthines (Shukla & Mishra, 1994), curcumins (Chignell et al., 1994) and coumarins (Reddy et 

al., 1986)) exhibit intrinsic fluorescence emission. These very same molecules may have beneficial 

biomedical properties: for example, xanthine derivatives are well-characterized neural stimulants 

while both curcuminoids and coumarin-like molecules have been effective in treating a variety of 

cancers (Musa et al., 2008; Chearwae et al., 2005; Changenet-Barret et al., 2016; Monteiro et al., 

2016). As shown below, potentially effective compounds in HT screens that are intrinsically 
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fluorescent will cause a background that might cause many efficacious compounds to be ignored, 

or at best, necessitate retesting by a non-fluorescent assay (in some very high throughput screening 

situations, an entire plate of compounds might be thrown out because of the global interference by 

one highly fluorescent compound in the plate). Our spectral measurements of ~100,000 randomly 

chosen compounds from the Vanderbilt (VICB) Discovery Collection found that ~7000 

compounds are intrinsically fluorescent. That is a large percentage of small molecule HTS libraries 

to ignore simply because the sensor assay is inadequate. 

An optimal HTS sensor would be impervious to fluorescence interference and enable an 

assay of every compound in the HTS library in the initial screen. Luciferase-based sensors are an 

option that avoids the problems associated with fluorescence excitation and have been previously 

used in HTS contexts ranging from cell viability screens to gene expression changes (Zhang & 

Xie, 2012; Siebring-van Olst & van Beusechem, 2018). However, those previous luminescence 

HTS experiments used old-generation luciferases that were dim (therefore noisy read-outs), and 

there has been no attempt to demonstrate the advantages of luminescent sensors when screening 

libraries that include fluorescent compounds. A luminescence sensor does not require excitation 

because the light signal is a result of an enzyme-catalyzed chemical reaction rather than 

fluorescence. Therefore, the optical measurement of response is made in darkness so that the 

intrinsic fluorescence of any compound in the chemical library is not stimulated. 

We have demonstrated the usefulness of BRET (Bioluminescence Resonance Energy 

Transfer (Y. Xu et al., 1999; X. Xu et al., 2007)) luminescence sensors in another context where 

overlapping fluorescence spectra is deleterious, namely in optimal coupling of BRET sensors with 

optogenetic actuators (Yang et al., 2016). BRET luminescence sensors are ratiometric, so they 

monitor a targeted activity independently of the intracellular concentration of the sensor (e.g., 
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expression level for a genetically encoded sensor) because the measured quantity is the ratio of 

intensities at two wavelengths, and not a single intensity alone. Moreover, ratiometric recording is 

less sensitive than intensity recording to the presence of fluorescent or light-absorbing compounds 

in the library because the change that is monitored is not the signal intensity of one wavelength 

but the ratio of two separate wavelengths. 

We here apply our new BRET Ca2+ sensor called Calflux to circumvent fluorescence 

background problems for HTS.  BRET avoids the problems of fluorescence background that 

hampers HTS by monitoring luminescence signals in darkness without any exogenous excitation. 

Our BRET Ca2+ sensor is genetically encodable to allow targeting to specific cell types and/or 

cellular loci, and it employs a newly developed luciferase (NanoLuc) that is 100-150X brighter 

than previous luciferases (Hall et al., 2012) with excellent signal-to-noise ratio (SNR). We show 

here that background fluorescence does not interfere with agonist or antagonist screens when using 

BRET sensors. Finally, we introduce a luciferase substrate (not previously used for HT screens) 

that sustains the lifetime of the BRET/luminescence signal for hours so that stable & reliable HTS 

results can be obtained that are directly comparable among replicate plates. 

 

Materials and Methods 

DNA plasmid construction. The CalfluxCTN DNA was assembled from 5` to 3`: Clover (with a 

9-amino acid deletion in the C terminal – C∆9), Troponin C (TnC) from Opsanus tau, then 

NanoLuc (NLuc). The CalfluxCTN fusion protein was made via polymerase chain reaction (PCR). 

The Ca2+-sensitive TnC domain for CalfluxCTN was synthesized using Twitch-2B fluorescent 

Ca2+ indicator as a template (Thestrup et al., 2014), while the plasmids pcDNA3.1 Clover 

(ThermoFisher) and pNL1.1 (Promega ID#: N1001) were used as DNA templates for the Clover 
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and NLuc respectively. To create E. coli expression plasmids, DNA was inserted into the pRSETB 

plasmid using the restriction enzyme sites EcoRI and HindIII to create a N-terminal six-histidine-

tagged (His6) protein. For mammalian expression, pcDNA3.1/Puro-CAG-VSFP-CR (Addgene 

ID#: 40257) was used as the backbone, where the VSFP portions were removed and CalfluxCTN 

inserted via the NheI and BamHI restriction enzyme sites.  

 

In vitro Ca2+ assays. BL21 E. coli was used for expression of CalfluxCTN under the control of 

the pRSETB plasmid. Bacteria were grown in shaking culture for 48 hours at 37 °C and cells were 

lysed via sonication. Using the His6 tag fused to the construct, the protein was purified via TALON 

Co2+ metal affinity resin (Clontech Laboratories Inc.). To assess the emission spectrum of the 

purified proteins in response to changing Ca2+ concentration ([Ca2+]), a QuantaMaster fluorescence 

spectrophotometer was used. Furimazine (Promega ID#: N1110) solution (10 μM final 

concentration for these experiments) was added to each tube containing purified protein combined 

with a variety of Ca2+ buffers (Invitrogen) and the light emitted from 400 nm and 600 nm was 

collected.  

 

Mammalian cell expression and selection of stably-expressing cell lines. CalfluxCTN was 

expressed in CHO cells which already stably expressed human muscarinic receptor 1 (hM1) (gift 

from Coleen Niswender, Vanderbilt Medical Center). The CHO cells were grown in Gibco 

DMEM/F-12 (Ham) + GlutaMAXTM supplemented with 10% FBS, 10 mM HEPES and 1 % 

antibiotic-antimycotic (Gibco) in a humidified 37 °C incubator. Cells were transfected with 

mammalian expression plasmids using the transfection reagent GeneCellIn (Bulldog Bio). Since 

CHO cells previously stably-expressed hM1 under G418 selection, after a 72-hour wait period, 
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both 10 μg/ml puromycin and 800 μg/ml G418 sulfate (RPI Corp) were added to the selection 

media. Cells that survived the selection process were counted in a hemocytometer, diluted (0.8 

cells per 200 μl) and plated in clear-bottomed, tissue culture treated, 96-well plates (Costar, 

Corning Inc) for clonal selection. Afterwards, cells were again grown in growth media free of 

selection agents for the remainder of experiments.  

 

Optical data acquisition for in vivo experiments. Cells were imaged in either OptiMEM media 

(Gibco) or in a simple HEPES-buffered salt solution: in mM – 1.26 CaCl2, 0.49 MgCl2, 0.41 

MgSO4, 5 KCl, 0.44 KH2PO4, 4.16 NaHCO3, 150 NaCl, 0.34 Na2HPO4, 10 HEPES pH 7.2, and 

D-glucose was added fresh at 0.6% wt/vol. For the PMT-based plate reader experiments, a 

PolarStar Optima plate reader (BMG Labtech Inc.) was used to collect the light emitted from 

mammalian cell lines with 470/10 EM, and either 530/10 EM or 520 LP emission filters. For some 

plate reader experiments, luciferin substrate was added by hand immediately before imaging and 

then the plate was inserted into reader, while in other experiments the luciferin substrate was mixed 

with the stimulation molecule so that a non-luminescent pre-substrate-addition state was recorded. 

Cells were either imaged in the previously mentioned HEPES-buffered solution or in OptiMEM 

media without phenol red. For the 384-well plate experiments where entire plates were imaged, a 

custom PanOptic II plate imager (WaveFront Biosciences) and a Hamamatsu FDSS 7000 were 

used. The PanOptic II captured images using an EM-CCD (Andor iXon). For BRET recordings, 

the filters used were custom, 50 mm diameter, 460/70 nm EM and 520 nm LP (SemRock) and 

each filter was passed in front of the emission path using a filter turret to capture the desired light 

output. The images were binned 4 x 4, with a pre-amp gain of 2, an exposure time of 100 – 500 

ms depending on the initial brightness for the plate. For fluorescence recordings, a GFP filter set 
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with 482/35 nm EX and 536/40 nm EM filters were used. The FDSS 7000 also used GFP filters 

and an Orca-ER CCD imager (Hamamatsu). 

 

Coelenterazine analogs. Most of the coelenterazine analogs were purchased from NanolightTM 

Technology. Furimazine was procured from Promega while coelenterazine 400a/1-

bisdeoxycoelenterazine (C400a) and proprionated coelenterazine 400a/acetoxymethyl 

bisdeoxycoelenterazine (BC400a) was synthesized by the Vanderbilt Chemical Core (Nashville, 

TN) (Levi et al., 2007). The other coelenterazine analogs were purchased from Nanolight 

Technology (Prolume Ltd).  The analogs were dissolved in 200 proof ethanol and the exact 

concentrations used in each experiment are stated in each figure legend. For long term storage, 

each analog was stored under argon gas at -80 °C.  

 

Carbachol checkerboard. A 30 μM carbachol (saturating, final concentration) vs. vehicle 

(media) checkerboard was used to determine the effectiveness of CalfluxVTN as a high throughput 

screening reporter. Using the robotic arm and 384-well head of the PanOptic II, a 2-fold 

concentration of ingredients were added to a black, clear bottomed 384-well plated from a another 

384-well plate where either 60 μM (2x) of carbachol or vehicle were in distributed like a 

checkerboard pattern. For experiments with C400a, ~ 10 μM final concentration was used and was 

added right before imaging of the plate. However, when BC400a was used as the luciferin, cells 

were incubated with a 60 μM concentration for 35 minutes before imaging. Excess BC400a was 

not rinsed prior to imaging. When testing how well the Ca2+ sensors performed with a highly 

fluorescent background 10 μM fluorescein (final concentration) was added to half a plate in the 

case of CalfluxCTN, or just in one well for Fluo8-AM (Abcam plc, CAS#: 1345980-40-6) 
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experiments. Fluo8-AM was used at ~ 5 μM and was incubated with the cells for 50 mins – 1 hour 

before rinsing with PBS (Gibco) and then imaging. Because CHO cells actively pump molecules 

like Fluo8 back outside of the cytoplasm (Yin & Wang, 2016), 1 mM of the organic anion 

transporter (OAT) inhibitor Probenecid (Sigma) was used to inhibit those pumps and maintain a 

stable concentration of cytosolic de-esterified Fluo8 for imaging.  

 

BRET ratio measurements under the influence of fluorescein. Determining how fluorescein 

affected the BRET ratio in unstimulated cells was achieved via fluorescein concentration response 

curves (CRCs) with a range of 0 to 100 μM fluorescein using a 3-fold, serial dilution between each 

concentration. Cells with these fluorescein-contaminated BRET ratio measurements were 

compared with cells exposed to no fluorescein at all.  

 

Carbachol concentration response curves (CRCs). To measure the sensitivity of the Ca2+ 

response of CalfluxCTN to carbachol stimulation in CHOhM1 cells, a 384-well plate was used 

which contained serial dilutions of carbachol (Sigma). The maximum, final concentration of 

carbachol per well was 20 μM and then it was diluted 3-fold until 12 concentrations were made. 

The concentrations ranged from 0.17 nM to 20 μM. For Fluo8-AM carbachol CRCs, an identical 

protocol with the same concentrations were used and the effective half-maximal concentration 

(EC50) was determined by curve-fitting in R.  

 

Scopolamine concentration response curves (CRCs). To determine the effective working 

concentration of scopolamine that would antagonize a 30 μM stimulation, CHO cells incubated in 

5 μM Fluo8-AM were plated in 96-well plates in OptiMEM with a serial, 10-fold dilution of 
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scopolamine (50 μM to 0.05 nM, and 0 nM). Once inserted into the plate reader (PolarStar Optima) 

30 μM carbachol was injected into each well and the fluorescence change was recorded.  

 

Impact of fluorescein on recordings of antagonist activity. CHO cells were plated in 96-wells 

plates and 30 μM carbachol was injected into each well using the PolarStar Optima plate reader. 

Half of the wells contained 10 μM scopolamine (muscarinic receptor antagonist) and the difference 

between the responses after carbachol addition +/- 10 μM scopolamine were calculated. The 10 

μM scopolamine concentration was used after it was determined by CRC calculations that it was 

close to the minimum concentration that could produce significant antagonism of the 30 μM 

carbachol stimulation. Additionally, 10 μM is also the standard concentration of HTS assay test 

compounds. While half of wells contained 10 μM scopolamine (on the horizontal axis: 1 through 

12), all wells A through H also contained serial dilutions of fluorescein (in μM: 10, 2.5, 0.625, 

0.156, 0.039, 0.010, 0.002, 0). This multi-factor paradigm would allow for comparison of 

fluorescein’s impact on inhibited and non-inhibited cells. Identical plate structures were used for 

both the fluorescent Fluo8-AM measurements and the BRET CalfluxCTN recordings.  

 

Data analysis. Data from the PolarStar Optima and the WaveFront Panoptic II were output as text 

files. The software program RStudio IDE, based on the language R (including the packages 

tidyverse, stringr, scales, RColorBrewer), was used to load, extract, and visualize all the data. 

Examples of code used in the data analysis are included. For time series experiments, emission 

counts were normalized by dividing all data points by the baseline emissions prior to stimulation 

when the signals collected from the “blue” and “green” channels were stable. For checker board 

experiments, the time-point of peak data was defined as mean of the 5 seconds when the highest 
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BRET ratio was reached in carbachol stimulated wells.  The Z`-factor calculations (Zhang et al., 

1999) were performed using the average peak ratio after high carbachol stimulation compared with 

the same time-point in the vehicle-treated wells in a checkerboard-formatted 384-well plate. The 

Z`-factor for each plate was calculated as follows: 

 𝑍 ` = 1 −   
3(𝑆𝐷𝑝𝑜𝑠 + 𝑆𝐷𝑛𝑒𝑔)

|𝑀𝐸𝐴𝑁𝑝𝑜𝑠 −𝑀𝐸𝐴𝑁𝑛𝑒𝑔|
 , where SDpos represents the standard deviation of the carbachol 

stimulated wells, SDneg the standard deviation of the vehicle treated wells, and MEANpos and 

MEANneg are the means of the carbachol and vehicle treated wells respectively. A non-linear 

least squares (nls) function in R using the sigmoid formula:  

y = a + 
𝑏

𝑐𝑥+𝑑
 , (where a = y intercept, and b, c, & d are adjustable parameters that collectively 

contribute to the slope angle, direction and maximal value) was used to fit the BRET ratio vs. Ca2+ 

response in purified CalfluxCTN as well as the carbachol CRCs. Starting parameters for each 

model were set by visual inspection of the data and then allowed to converge on the most accurate 

coefficients. 

 

Results 

In vitro characterization of CalfluxCTN. Our BRET sensors of free calcium ions share the Ca2+-

sensitive troponin-C sequence (from Opsanus tau) and linkers with the fluorescent Ca2+ indicator 

Twitch-2B (Threstrup et al., 2014). Our CalfluxCTN sensor interposes this Ca2+-sensitive 

troponin-C sequence between NanoLuc luciferase (Hall et al., 2012) and a C-terminal truncated 

version of the fluorescent protein Clover (Lam et al., 2012) with linkers shown in Fig. 3.1A. We 

call this Ca2+ sensor CalfluxCTN for “CALcium FLUX composed of Clover (C), Troponin (T), 

and NanoLuc (N).” The Ca2+-sensitive troponin sequence undergoes a conformational change in 
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response to binding Ca2+ that brings NanoLuc closer to Clover so that resonance energy transfer 

can occur with a concomitant spectral shift (Threstrup et al., 2014; Mank et al., 2006).  

 

 
The spectral shifts of the NanoLuc-catalyzed luminescence as a function of [Ca2+] in vitro are 

shown in Fig. 3.1B, where the 450 nm emission of NanoLuc is increasingly resonance-transferred 

to the 515 nm emission peak of Clover as the [Ca2+] is ramped from 0.017 M to 39 M. Fig. 3.1C 

plots the BRET ratio (515 nm Clover peak : 450 nm NanoLuc peak) as a function of [Ca2+] in vitro 

for CalfluxCTN, showing an excellent BRET response within the range of Ca2+ levels that spans 

basal cytosolic [Ca2+] to typical Ca2+ activation concentrations. We tested several different 

Figure 3.1. Characterization of purified CalfluxCTN in vitro. (A) Schematic of the amino 

acid sequence and general structure of CalfluxCTN. Clover with a C-terminal deletion of the 

last 9 amino acids fused to Troponin C (TnC) and NanoLuc (Nluc). Amino acid symbols of the 

linkers are included. (B) In vitro spectrum measurements of CalfluxCTN in response to buffers 

of different [Ca2+] using furimazine as substrate. Spectra were normalized to the emission 

intensity at 444 nm. Spectra were normalized to the emission intensity at 444 nm. (C) BRET 

ratio (515 nm Clover peak : 450 nm NanoLuc peak) changes of CalfluxCTN plotted against 

log10 molar [Ca2+]. Measurements were taken with a PTI QuantaMaster Fluorescence 

Spectrophotometer. (Representative data from three separate experiments.) 
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versions of CalfluxCTN to identify an optimal response to [Ca2+] (Supplementary Fig. S3.1). As 

compared with our previously reported CalfluxVTN (where Venus served as the fluorescent 

moiety (Yang et al., 2016)), CalfluxCTN is more responsive to very low [Ca2+] levels than is 

CalfluxVTN, but CalfluxVTN exhibits a larger dynamic range to changes in [Ca2+] 

(Supplementary Fig. S3.2A & B).  

 

 
We chose to use the more sensitive CalfluxCTN in HTS applications rather than CalfluxVTN 

because its emission peak (515 nm) most closely matches that of fluorescein (Supplementary Fig. 

S3.2C), which we use herein to model the effect of endogenously fluorescent compounds in a 

screening library. This matching of emission wavelengths therefore constitutes the "worst-case 

Figure 3.2. Properties of CalfluxCTN emission with different coelenterazine analogs. (A) 

CHO hM1 cells expressing CalfluxCTN were tested with different coelenterazine analogs as 

substrates for Calflux and the emission spectra measured. (B) The total brightness of 

CalfluxVTN light emission over the course of 3 hours was measured. Included are “chemically 

blocked” (extracellularly inert) coelenterazine analogs ViviRenTM and blocked coelenterazine 

400a ("blocked 400a" = acetoxymethyl bisdeoxycoelenterazine). All cells are unstimulated. 

Data points represent mean  S.E.M. of three independent experiments (n = 3). Structures of 

these substrates are shown in Supplementary Fig. 3.4. 
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scenario" for fluorescence interference and therefore provides the best proof-of-principle that a 

luminescence sensor is superior for high-throughput screening of libraries that include a significant 

number of fluorescent compounds. 

Effects of different luciferase substrates in cells. The substrate designed by Promega to 

optimally work with NanoLuc is furimazine (Hall et al., 2012), but other analogs of coelenterazine 

are effective substrates for NanoLuc and Calflux. We tested different coelenterazine analogs with 

Calflux to determine the optimal compromise between brightness and sustained signal intensity 

for HTS applications. As shown in Fig. 3.2A, the bimodal spectrum of CalflluxCTN is essentially 

identical with all substrates we tested. The luminescence of Calflux is brightest with furimazine, 

but coelenterazine 400a (1-bisdeoxycoelenterazine (Pfleger et al., 2006)) is equivalent. The 

luminescence signal with coelenterazine h (2-deoxycoelenterazine) (Pfleger et al., 2006) is 

approximately 1/2 that of furimazine or coelenterazine 400a, and the signal with native 

coelenterazine (Shimomura et al., 1962) is ~30X lower than with the brighter substrates. Although 

furimazine & coelenterazine 400a allow the brightest signal with Calflux, the signal is short-lived, 

peaking about 10 min after addition to cells transfected with Calflux and decaying over the next 

several hours (Fig. 3.2B and Supplementary Fig. S3.3A & B). Because Calflux is a ratiometric 

reporter (Fig. 3.1B & C), the signal decay is not a problem for accurate estimation of [Ca2+] levels 

as shown by the fact that the BRET ratio is stable for at least three hours (Supplementary Fig. 

S3.3C). However, as the signal intensity declines towards background, the signal-to-noise ratio 

(SNR) also decays. We therefore tested two versions of protected substrates that are inactive 

extracellularly but permeate into cells and are activated by intracellular enzymes (esp. esterases) 

that remove the chemical blocking groups. One is ViviRenTM, a commercially available protected 

version of coelenterazine h.  
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As shown in Fig. 3.2B, the luminescence from Calflux-transfected cells with ViviRenTM began at 

a 10-fold lower level than furimazine/ coelenterazine 400a and declined further but stabilized at a 

low luminescence value after 1 h. We also tested a protected version of coelenterazine 400a 

("blocked 400a”), namely acetoxymethyl bisdeoxycoelenterazine (Levi et al., 2007). The 

luminescence of Calflux-transfected cells treated with this blocked 400a started at a 10-fold lower 

level than furimazine or coelenterazine 400a, but the luminescence signal from cells was 

remarkably stable for at least 3 h thereafter (Fig. 3.2B). Because Calflux is so much brighter than 

previously available luminescent sensors (i.e., not based on NanoLuc), the 10-fold lower initial 

intensity is not a problem for SNR, and the stable signal allows more time flexibility for HTS 

assays and for assays that continue for an extended time. Therefore, we consider that blocked 400a 

allows an optimal trade-off between signal intensity vs. longevity. 

 

Figure 3.3. Response of CalfluxCTN to muscarinic receptor stimulation. CHO cells stably 

expressing CalfluxCTN were imaged using the WaveFront Panoptic II system in a 384-well 

plate. (A) Time course of CHO hM1 cells stably expressing CalfluxCTN responding to different 

concentrations of the cholinergic agonist carbachol (concentrations identified to the right of 

panel B). Error bars at each time point are mean +/- S.D. for 16 wells. (B) Distribution of 

concentration response curve ratios of five independent experiments shown in A (mean +/- 

SEM, n = 5). (C) Luminescence intensity photograph of entire plate showing each well from 

which luminescence (at 485 nm and at 520 nm) was measured before ("pre") and after ("post") 

carbachol stimulation. Insets show magnified image of nine wells after carbachol addition. (D) 

Intensity measurements taken from the 485 nm and 520 nm channels from well A1 in the plate 

illustrating the reciprocal 485/520 intensity changes after carbachol (Cbcl) stimulation from 

which the BRET ratios were calculated. (E) Time courses for the wells shown in panel C, where 

the line represents the mean response and the error bars are +/- S.D. (F) Scatter plot showing 

the distribution of the peak responses to either 30 μM Carbachol or Vehicle measured at time 

= 1 min. Dotted lines indicate the means of each group. The Z`- factor for this representative 

plate was 0.52. 
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Application of Calflux for HTS. G-protein coupled receptors (GPCRs) are a frequent 

target of HTS discovery of pharmacological agents. To determine the applicability of Calflux 

sensors for identifying compounds that agonize or antagonize GPCRs, we co-transfected CHO 

cells with CalfluxCTN and the human muscarinic acetylcholine receptor M1 (hM1R). Stimulation 

of this receptor with acetylcholine or its agonist carbachol elicits a Ca2+ release from intracellular 

stores, thereby increasing cytosolic [Ca2+] (Inoue et al., 1995; Tong et al., 1999). As shown in Fig. 

3.3A & B, the BRET response to carbachol treatment of CHO cells that are stably transfected with 

CalfluxCTN and hM1R is dose-dependent and reproducible.  

In a typical HTS 384-well plate format using a WaveFront Panoptic II that permits imaging 

of every well simultaneously, we monitored the response of the CalfluxCTN-transfected hM1R 

cells in real time with an image capture rate of 100-250 ms per image. As shown in Fig. 3.3C 

(upper panels), the pre-stimulation signal in both the green (520 nm EM) and blue (485 nm EM) 

channels was consistent among the wells, yielding a reproducible BRET ratio before carbachol 

treatment of approximately 1.0. At time 0.6 min, 30 μM carbachol vs. vehicle control was added 

in a "checkerboard" pattern that is obvious in the post-stimulation images shown in Fig. 3.3C 

(lower panels). The carbachol-treated cells increased their [Ca2+] level, which was reported by 

Calflux as an increase of green luminescence simultaneously with a decrease in blue luminescence 

(Fig. 3.3D), as expected from the in vitro characterization of Calflux response to Ca2+ (Fig. 3.1B). 

Wells that received carbachol clearly showed a decreased blue luminescence and an increased 

green luminescence (see insets in lower panels of Fig. 3.3D). These data were quantified as BRET 

ratios and reorganized into time-courses of the control vs. carbachol-treated groups as shown in 

Fig. 3.3E. There is excellent separation between the two groups and precise quantification of the 

Ca2+ fluxes elicited by hM1R stimulation with low well-to-well variability. The peak response (at 
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time = 1 min) of each well is plotted in Fig. 3.3F, and the resulting Z' factor was calculated to be 

0.52, which is well within the commonly accepted range for excellent separation of response vs. 

no-response for HTS (0.4-1.0) (Zhang et al., 1999).  

 

 

 

 

Figure 3.4. Visual demonstration of fluorescence crosstalk during fluorescence-based cell 

assays. (A) Fluorescence image taken of a 384 -well plate using the Hamamatsu FDSS 7000 

where the left half of the plate was loaded with cells containing 5 μM Fluo8-AM, while the rest 

of the plate is free of cells. The acquisition settings were set for a typical fluorescence screen. 

(B) Fluorescein was added to two wells and the fluorescence scan of the plate was re-acquired. 

1 μM fluorescein was added to well D3 (near top left) and 10 μM fluorescein was added to well 

I7 (middle of the left half of the plate). (C) In a separate experiment, CHO cells stably 

expressing CalfluxCTN were plated across an entire 384-well plate and a range of 

concentrations of fluorescein was added to the wells. Panel C depicts the fluorescence of the 

plate as captured by the WaveFront Panoptic II to show the gradient of fluorescence intensities 

generated by fluorescein. (D) Luminescent BRET ratios of unstimulated CHO cells stably 

expressing CalfluxCTN in the fluorescein-gradient plate of panel C. Calflux BRET ratio is not 

affected by background fluorescence except for a slight increase at the very highest 

concentrations of fluorescein. 
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Fidelity of BRET signals in highly fluorescent backgrounds. As described in the 

Introduction, small molecule libraries for HTS typically include 5-10% of compounds that are 

intrinsically fluorescent. Fluorescent compounds are typically ignored during initial screens with 

fluorescent 

Figure 3.5. Fidelity of CalfluxCTN BRET signal changes elicited by agonists in highly 

fluorescent backgrounds. (A) Images of 384-well plates with half of the wells containing 10 

μM fluorescein (columns 1-12 contain fluorescein, while columns 13-24 do not). Upper left, 

brightfield image of white plate showing yellow color of fluorescein-containing wells on left 

side. Lower left, black HTS plate showing fluorescence of fluorescein-containing wells on left 

side. Right images show the luminescence (at 520 nm) of the same black HTS plate emanating 

from CHO cell stably expressing CalfluxCTN before ("pre") and after ("post") treatment with 

carbachol. (B) Time course of BRET ratio changes in response to 30 μM carbachol (Cbcl) 

checkboard pattern (Veh – vehicle) showing the mean +/- SD of each treatment of the black 

plate in panel A. The response is essentially identical in the presence (+ F) or absence (- F) of 

10 μM fluorescein (+/- F). (C) Peak response of BRET ratio to the checkerboard stimulation 

shown in panel B. The dotted line depicts the mean of the peak response of fluorescein-treated 

wells (+ F) while the flat line shows wells without fluorescein (- F). (D) Summary of Z` factors 

of CalfluxCTN with blocked and non-blocked coelenterazine 400a substrates in the presence 

(+ F) or absence (- F) of fluorescein (mean +/- SEM, n = 6). 
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sensors because their fluorescence washes out the sensor's signal. An example is shown in well D3 

of Fig. 3.4B, where the background of 1 μM fluorescein obscures the Fluo8 fluorescence signal of 

that well. Moreover, the fluorescence of some compounds is so bright that its emission overwhelms 

the sensor signal emanating from adjacent wells, thereby necessitating rescreening the compounds 

of the adjacent wells even though they are not intrinsically fluorescent. An example of this "flare-

out" phenomenon is also shown in Fig. 3.4B, where 10 μM fluorescein in well I7 causes 

fluorescence "bleed" for half of the entire column #7. Note that 10 μM is the standard concentration 

of compounds tested in initial HT screens, so a fluorescent compound in a test might easily be as 

bright as 1-10 μM fluorescein. The images in Fig. 3.4A & B were taken with a Hamamatsu FDSS 

7000 system, which is a standard HTS system. With the WaveFront Panoptic II system, the camera 

can respond even more dramatically to the flare-out problem so that half of the entire plate is 

spoiled (Supplementary Fig. 3.5). 

Therefore, a luminescence-based HTS method that avoids excitation could be 

advantageous. Fig. 3.4C & D illustrates the imperturbability of the luminescence BRET signals in 

cells over a wide range of fluorescence background. We used fluorescein with CalfluxCTN 

because their emission peaks coincide (Supplementary Fig. S3.2C) and therefore this combination 

constitutes the worst-case scenario for potential interference. The BRET ratio of CalfluxCTN in 

unstimulated CHO cells is essentially unaffected by the presence of fluorescein at concentrations 

up to ~10 μM, which is a standard initial concentration of compounds tested in HTS. The same 

imperturbability is obvious during the dynamic stimulation of Ca2+ fluxes by carbachol acting on 

hM1R (Fig. 3.5). The response to the agonist carbachol is essentially identical in the presence or 

absence of fluorescein. Therefore, a strong fluorescence background of compounds in a HTS 
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library will have no significant effect on the kinetics, well-to-well variability, or Z' factors of a 

BRET sensor such as Calflux (Fig. 3.5D). 

BRET sensor reveals antagonist action undetected by fluorescent sensors. As a further 

demonstration of the value of a luminescence sensor, we assessed the detectability of an antagonist 

in a mock HTS screen based on Calflux vs. a fluorescence Ca2+ sensor (Fluo8). Scopolamine is a 

well-characterized antagonist of the carbachol stimulation of the M1-GPCR (Klinkenberg & 

Blokland, 2010). We asked the question of whether an intrinsically fluorescent antagonist with the 

properties of scopolamine (here represented by scopolamine + fluorescein) could be most 

efficiently detected by a sensor with an intrinsic fluorescence emission profile similar to the 

antagonist (here represented by Fluo8) as compared with the luminescence BRET sensor Calflux. 

Fig. 3.6A & C shows that the Calflux signal for neither the carbachol-induced stimulation of M1-

R nor the antagonism of this response by scopolamine is significantly affected by even a strong 

fluorescence background. Conversely, the Fluo8 signal is dramatically repressed by modest 

concentrations of fluorescein to the extent that the difference between the presence vs. the absence 

of scopolamine becomes invisible (Fig. 3.6B & D). In an unbiased HT screen, this means that a 

modest fluorescence background will completely wash out the ability to detect a potentially 

valuable antagonist when using a fluorescent sensor whereas a luminescent BRET sensor will have 

no trouble discovering the antagonist. 
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Figure 3.6. BRET sensor reveals antagonist action undetected by fluorescent sensors. 

CHO cells responding to stimulation of 30 μM carbachol with or without 10 μM scopolamine. 

(A) CalfluxCTN: left, BRET ratio response to carbachol shows large changes despite the 

presence of fluorescein in the reaction mixture; right, BRET ratio clearly shows the antagonism 

of 10 μM scopolamine +/- background fluorescence (key to concentrations of fluorescein 

shown to the right of panel B). (B) Fluo8: left, as the concentration of fluorescein increases, the 

Fluo8 intensity change in response to Ca2+ decreases; right, scopolamine represses the Fluo8 

response, but above a modest fluorescence background (0.156 μM fluorescein and above, there 

is no differential between + scopolamine and - scopolamine due to the high baseline caused by 

fluorescence background (Supplementary Fig. S3.6). Data for panels A and B are mean +/- SD 

of 16 wells from representative 96-well plates. (C) CalfluxCTN: fluorescein has no significant 

effect on the BRET ratio percent difference between carbachol stimulation +/- scopolamine. 

(D) Fluo8: background fluorescence (fluorescein) lowers the detectable repression by the 

antagonist scopolamine. Data in C and D are mean +/- SEM of 48 wells from 3 different plates. 



81 

 

Discussion and Conclusions 

 In this study, we have characterized the drawbacks of using fluorescence-based methods 

for HTS when some druggable molecules (Lipinski et al., 2001) are also optically excitable. 

Moreover, we have demonstrated that test compounds with sufficiently high quantum yields and 

extinction coefficients can not only obscure measurements within the confines of their own wells, 

but can also perturb measurements of entire plates in some cases (Zhang & Xie, 2012). As a 

solution to these issues, we proposed and developed the Ca2+ sensor CalfluxCTN to show that 

background autofluorescence has no impact on luminescence signal fidelity. The CalfluxCTN 

signal was tested in the presence of fluorescein to show that even in the most likely case of optical 

interference (fluorescence, luminescence and/or absorbance), cytosolic [Ca2+] can still be reliably 

monitored with our luminescence reporter (Fig. 3.3). Additionally, we demonstrated how a 

fluorescent molecule can increase the false negative and false positive detection rate of both 

agonist and antagonist HT screens (Fig. 3.5, 3.6).  

In our estimation, the value of our BRET-based Ca2+ reporter as a replacement for 

fluorescence sensors in HTS is undeniable. Routinely, when researchers find a fluorescent 

molecule in their libraries that perturbs the assay, depending on the extent of the perturbation, 

either that molecule or the entire plate is disregarded. This approach makes sense since it is costly 

to screen the hundreds of thousands of compounds in a given library, and the average library size 

continues to increase each year (Macarron et al., 2011). Although there is a low probability that 

the discarded molecules are all cures for major illnesses, at this rate (~5-10 % fluorescent 

compounds per library), there really is no way to estimate how many good lead compounds are 

being overlooked due to assay limitations. Another element of complexity that reiterates the need 

for sensors like Calflux, is the fact that the number of older Americans taking multiple, daily 
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prescription drugs continues to increase (Zhong et al., 2013). Therefore, it is necessary to not only 

investigate the actions of one drug, but also how it interacts with other drugs since allosteric 

modulators of receptor function can have a positive or negative impact on drug efficacy (Han et 

al., 2015). Having one or multiple fluorescent allosteric modulators in HTS assays could increase 

the difficulty by an order of magnitude.   

Obvious drawbacks to using our BRET-based Ca2+ sensor would depend on whether test 

compounds have any influence on the luciferase – luciferin catalysis or if coelenterazine substrates 

impact the target of the screen. So far, coelenterazine and its analogs have been used for many 

years in different scientific contexts and the working concentrations have yet to show adverse 

effects in mammalian systems. Additionally, a fluorescence-based Ca2+ sensor could still be used 

as long as the excitation and emission wavelengths do not overlap with fluorescence compounds 

similar to fluorescein within the library (e.g. Fura-Red (Kurebayashi et al., 1993), Calcium 

Crimson (Eberhard & Erne, 1991), or RCaMP (Akerboom et al., 2013)). However, without prior 

knowledge of the properties of constituent compounds in the library, researchers would have to 

run multiple assays using several different Ca2+ sensors which would increase costs and time. 

Furthermore, no matter where on the EM spectrum a fluorescence molecule’s emission peaks, 

there will always be some lower intensity emission at other wavelengths that may interfere with 

any given fluorescence sensor, whereas a luminescence-based sensor will not be perturbed by any 

fluorescence background.  

This report highlights the properties that make the CalfluxCTN Ca2+ sensor ideal for HTS 

applications. Bright BRET-based sensors can circumvent the artefacts common to fluorescence-

based assays when test compounds share similar fluorescence properties with the sensor. 

Bioluminescence reporters can also be modified to sense a variety of ions and can have other 
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BRET partners (Suzuki et al., 2016; Chu et al., 2016) which expands the capabilities of HTS while 

introducing the possibility of multiplex assays.  
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Supplementary Data Figures 

 

 

 
 

 

Supplementary Figure S3.1. Preliminary configurations of Ca2+ sensors based on Nluc 

BRET with Clover. (A) Clover with a 5-amino acid C-terminal deletion fused to TnC and 

Nluc. (B) Diagram of a different version where full-length Clover is C-terminally-tagged to 

Nluc and TnC. (C) Emission spectra probe with the 5-amino acid Clover deletion showing 

maximal ratio change from 0 to 39 μM Ca2+. (D) Emission spectra of maximal response to Ca2+ 

changes using the version illustrated in panel B. (E) Comparison of maximal BRET ratio 

changes among CalfluxCTN and the two preliminary configurations. Maximum delta-BRET 

ratio change was defined as the BRET ratio difference between free Ca2+ (0 μM) and saturated 

Ca2+ (39 μM). Bars depict mean and error bars (+/- S.D.) of replicates (n = 3). 
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Supplementary Figure S3.2. Comparison of CalfluxCTN vs. CalfluxVTN sensitivity and 

overlap of emission spectra of fluorescence and luminescence. (A & B) Ratio measurements 

of purified samples of CalfluxCTN and CalfluxVTN in different Ca2+ concentration buffers. 

The same data are normalized differently to give a sense of both dynamic range as well as 

sensitivity to Ca2+; panel A is normalized to low [Ca2+], while panel B is normalized to 

saturating [Ca2+]. (C) Spectral data showing the emission properties of fluorescein (red), Fluo8 

(cyan), and Clover fluorescent protein (green) as compared with the CalfluxCTN luminescence 

emission spectrum (black). 
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Supplementary Figure S3.4. Structures of the different coelenterazine analogs used in 

Figure 3.2. Each substrate is labeled under the structure. 
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Supplementary Figure S3.5. Visual illustration of fluorescence bleed-through affecting 

the highly sensitive EM-CCD detector in the WaveFront Panoptic II HTS system. Signals 

from plates were pseudo-colored for clarity, and images were taken under conditions that are 

standard for Fluo8 assays. (A) Image of an empty 384-well plate. (B) The same plate as in panel 

A was imaged after 20 μl of 10 μM fluorescein was added to well K10 and the rest of the plate’s 

wells remained empty. (C) Another plate tested after 20 μl of 10 μM fluorescein was added to 

well O23 only. (D) Image of a third plate in which 20 μl of 10 μM fluorescein was added to 

two wells (D5 and K10), while all other wells remained empty. (E) Typical 384-plate layout. 

E 
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Supplementary Figure S3.6. Investigating the limits of detection when a fluorescence 

background interferes with fluorescence-based vs. luminescence-based optical recording; 

the case of antagonist detection. CHO cells in 96-well plates were transfected with 

CalfluxCTN or treated with Fluo8-AM and signals recorded with a PolarStar Optima PMT 

plate reader (BMG). The time courses of the signals are plotted from individual representative 

wells (as labeled). The left half of the figure depicts recordings from CHO cells incubated with 

5 μM Fluo8-AM dye, while the right half shows bioluminescent recordings of CHO cells stably 

expressing CalfluxCTN. The adjacent panels for each type of Ca2+ sensor illustrate the signal 

changes recorded after the addition of 30 μM carbachol (agonist) without (left panels) or with 

(right panels) the antagonist 10 μM scopolamine. Note that the ordinal scales and dynamic 

ranges in the Fluo8 data change dramatically from 0-10 μM fluorescein (from 1200-1800 at 0 

μM fluorescein to 64999-65000 at 10 μM fluorescein) as a result of the large fluorescence 

background caused by the fluorescein. Each axial range is independent of the other axes and 

the last 2 rows (2.5 & 10 μM fluorescein) have essentially a flat line recording of 65000 units 

with no difference between +scopolamine vs. -scopolamine. On the other hand, all the 

CalfluxCTN luminescence data are plotted on the same ordinal scales independently of the 

fluorescein concentration (blue lines are signal at 470/10 nm and green lines are the signal at 

520 nm long pass). 
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CHAPTER IV 

PROMISING PROJECTS FOR FURTHER EXPLORATION 

   

Abstract 

In addition to the projects described in chapters two and three, I have been involved in 

several other endeavors linked to expanding the usefulness of bioluminescence-based cellular 

probes. For most of these projects, I did not have enough time to generate a robust set of publication 

quality data. In this chapter, I will outline a few of the projects that looked very promising in the 

initial stages, but which would need extensive follow-up to bring them ultimately to completion. 

The following sections within this chapter will focus on further uses of the cellular Ca2+-sensors. 

The last section will describe a methodological consideration when using our microscope setup, 

since a slight tweak of the software used to acquire images can result in false imaging data.  

As stated in the general introduction and elsewhere in this thesis, increasing the number of 

optical tools for visualization of cellular phenomena is expected to allow researchers to ask more 

detailed scientific questions, and ultimately reveal the inner workings of the physiological 

processes of organisms. Model systems (either whole organisms, or portions of an organism) give 

scientists a simpler set of parameters to understand multifaceted biology therefore allowing them 

to make assertions about more complex phenomena and test more detailed hypotheses. I chose 

three well-studied model systems to test the efficacy of using our Ca2+ sensor in different contexts: 

the nematode Caenorhabditis elegans, mouse pancreatic islets, and human induced pluripotent 

stem cell cardiomyocytes (hIPSCs).  

 

 



91 

 

Imaging Intracellular Ca2+ Oscillations in Caenorhabditis elegans 

Introduction 

Since CalfluxVTN can track cytosolic Ca2+ changes reliably in cell culture, we tried to find 

other model systems amenable to our probe. Caenorhabditis elegans (C. elegans) was deemed to 

be a good model system because it would allow us to detect bioluminescence in an intact, 

translucent organism. In addition, C. elegans have a very complicated spatiotemporal 

autofluorescence pattern (Yin & Brunk, 1991; Pincus et al., 2016; Teuscher & Ewald, 2018) which 

can impair fluorescence imaging. Therefore, a bioluminescence-based sensor like CalfluxVTN 

might be ideal in this context. 

The brightest autofluorescent signals in the C. elegans’ body come from the intestine and 

the uterus (Pincus et al., 2016). Although the identity of the type of molecules which cause this 

fluorescence is controversial (Yin & Brunk, 1991), these chemicals are excited by a broad range 

of wavelengths of light. This autofluorescence also increases with respect to the age and health of 

the organism (Pincus et al., 2016). Although there have been many studies that use fluorescence 

technologies to study phenomena in C. elegans (Iwasaki et al., 1997; Dal Santo et al., 1999; 

Nguyen et al., 2016), the autofluorescence is still bright enough to obscure fluorescent tags that 

exhibit low expression levels (Teuscher et al., 2018).  

Aside from autofluorescence issues, fluorescence Ca2+ imaging has been used extensively 

to study C. elegans. In the early days, fluorescence dyes were used to observe large, non-neuronal 

Ca2+ oscillations in the body wall that correlate with excretion (Dal Santo et al., 1999) and more 

recently, genetically encoded calcium indicators (GECIs) allowed researchers to image individual 

neurons in the brain in freely moving animals (Nguyen et al., 2016). There are also unique 

transcriptional activators which can drive expression in each cell in the entire C. elegans body, 
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allowing researchers to study single neuron and network properties quite easily. With the large 

number of C. elegans mutants already available and the tractability of C. elegans as a good genetic 

screening model, CalfluxVTN could be additionally leveraged to probe new scientific questions. 

Therefore, I investigated how well C. elegans would work with a bioluminescence probe like 

CalfluxVTN which is based on light emission from NanoLuc luciferase and furimazine.  

 

Materials and Methods: 

These experiments were performed in collaboration with Siwei Hei, Ph.D. (lab of David 

Miller, Ph.D., Vanderbilt University). Wildtype N2 Bristol strain worms were grown on Nematode 

Growth Media (NGM) (Brenner, 1974) with an E. coli OP50 bacteria lawn as their feeding source. 

Worms were allowed to grow at room temperature inside a humidified plastic container.  

To achieve CalfluxVTN expression in C. elegans, the DNA for CalfluxVTN was inserted 

into a pMyo2-expression plasmid by overlap PCR. This plasmid would drive expression in the 

muscles of the mouth. The new DNA plasmid was injected into the gonads of young 

hermaphrodites. The eggs that were laid were transferred to fresh plates to develop and the matured 

worms were checked for YFP expression (Venus moiety on CalfluxVTN). Successfully 

transformed worms were selected and plated separately from those that did not show YFP 

fluorescence. YFP filters were Chroma 480/20 EX, 520 LP EM with a 500 LP dichroic. After a 

few generations, worms expressing YFP were removed when they achieved a density that would 

lead to starvation and added to new bacteria-coated plates.  

For imaging, larger worms were gently removed from their maintenance plates using a 

small metal pick and placed on 2 % low melting point agarose pad on a glass cover slide with 10 

μL of imaging solution (in mM: 1.26 CaCl2, 0.49 MgCl2, 0.41 MgSO4, 5 KCl, 0.44 KH2PO4, 4.16 
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NaCO3, 150 NaCl, 0.34 NaHPO4, 10 HEPES and 0.6 % wt/vol D-glucose, or M9 solution (in mM: 

22 KH2PO4, 42.3 Na2HPO4, 8.6 NaCl, 18.7 NH4Cl). A small square coverslip was added on top 

while wax was melted and used to seal most of the edges of the coverslip to limit liquid 

evaporation. The seal made between the agar pad, the two pieces of glass and the 10 μL of media 

prevented the worms from moving during imaging. Furimazine (1 μL) was then added to the 

imaging solution via a small access hole left in the wax seal. Worms were immediately imaged 

after the addition of furimazine.  

 

Results 

To determine whether CalfluxVTN could emit light in the C. elegans we first expressed 

CalfluxVTN under the control of the Myo2 promoter. This promoter should limit expression to 

the muscles of the larynx/pharynx at the anterior portion of the body (Okkema et al., 1993). After 

the animals were secured under a coverslip, furimazine was added (final concentration 10 μM) and 

within 3-4 seconds luminescence was observed (Fig. 4.1A). C. elegans are surrounded by a 

pressurized, tough cuticle (Gilpin et al., 2015) so it was encouraging and gratifying that furimazine 

was able to permeate intracellularly through the cuticle to be catalyzed by the NanoLuc luciferase. 
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The detection of bright luminescence in the expected regions of the pharynx was exciting. 

In an effort to measure the rate of decay of the luminescence signal and the stability of the BRET 

ratio while the worm was secured, an image was taken every 250 ms for about 30 seconds. A 

 

 

Figure 4.1. Expression of CalfluxVTN under the Myo2 promoter in C. elegans. (A) 

Depiction of microscope images of a single C. elegans, first a bright field image, then YFP 

fluorescence (YFP Fluor) and bioluminescence images (lumi) detailing the wavelengths of 

light being collected. (B) The ratiometric signal (BRET Ratio) recorded over time of emission 

from the anterior portion of the pharynx/larynx of the organism. (C) Zoomed-in version of 

panel B illustrating the periods of both the slow and fast BRET ratio oscillations.  
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BRET ratio oscillation was observed in the unperturbed worm and persisted for the entire 

recording which was reminiscent of the well-known Ca2+ oscillations reported during larynx 

pumping (Kerr et al., 2000).   

At first glance the Ca2+ oscillations have a very interesting waveform characterized by what 

seems to be an interaction between two waveforms. There is a low-frequency oscillation with a 

roughly 4-sec period, and larger-amplitude oscillation with a 10 Hz frequency and that is more 

prominent in the falling phase of the 4-sec rhythm. However, after further investigation we decided 

that the high frequency rhythm was probably caused by an artifact due to timing discrepancies 

between the filter switching apparatus and the image collection software controlling the camera 

(this will be discussed later in this chapter). Interestingly, this lack of filter-switching coordination 

still does not explain why the high-frequency pattern was less prominent in the rising phase than 

in the descending phase of the 4-sec Ca2+ oscillation. Regardless, the 4-sec rhythm matches well 

the previously reported larynx-pumping rhythm (Kerr et al., 2000).  

However, subsequent attempts to repeat this experiment were frustrated because all worms 

recorded after initial testing, appeared to no longer produce NanoLuc luminescence. We could see 

expression of Venus protein in the expected regions (Okkema et al., 1993; Kerr et al., 2000) but 

no luminescence was observed after the furimazine substrate was added. I hypothesized that the 

lack of light emission was due to the furimazine precipitating out of solution (unbeknownst to me, 

Promega may have changed key ingredients in their proprietary formulation of furimazine), but 

multiple attempts, with multiple different imaging solutions suggested that the issue might have 

something to do with the worms themselves.  
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Discussion and Conclusions: 

Since Ca2+ signaling can give an indication of the state of a neural network, it made sense 

for us to observe whether our probe is useful in a functionally more complex neural system 

compared with the single neurons or brain slices described in Chapter II. We decided to try a whole 

organism, in this case C. elegans that is easily reared and has a translucent body that is amenable 

for optical recording.  

We were able to achieve tissue-specific expression of our DNA construct and there were 

no overt signs of modifications to physiology. Expression of CalfluxVTN in the muscle tissue of 

the larynx/pharynx did not seem to affect regular locomotion or feeding behaviors. In addition, in 

the initial tests there were clear luminescence signals in both the blue and green wavelengths 

indicating that the furimazine is able to penetrate the C. elegans cuticle and that expressing 

NanoLuc in this organism produced a functional protein. Encouragingly, the Ca2+ sensor was able 

to track the low-amplitude, low-frequency 0.1 – 0.3 Hz Ca2+ oscillations that are characteristic of 

those seen in the C. elegans larynx/pharynx tissue (Kerr et al., 2000) even though the high-

frequency artifact was overlaid on top of them.  

Inexplicably, all subsequent attempts to repeat the results of the first test were unsuccessful. 

When I was finally able to confirm that the high-frequency pattern may not be representative of 

the cytosolic Ca2+ within the muscle cells, none of the remaining C. elegans worms showed any 

luminescence signal. Fluorescence microscopy imaging revealed there was still a Venus signal in 

the larynx, but addition of furimazine (NanoLuc substrate) did not yield any bioluminescence.  

 We speculate that there might be a variety of reasons for this absence of luminescence, 

from decreases in furimazine tissue penetration to erroneous selection of non-luminescent (but 

fluorescent) parent worms to create subsequent generations of worms, while trying to maintain a 
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well-fed stock. Hopefully, if we re-transform our construct into fresh wild-type worms, we will 

circumvent this inability to repeat our initial results. The bottom line is that the preliminary 

characterization of CalfluxVTN’s efficacy in measuring Ca2+ transients in a whole organism like 

C. elegans appears to be very encouraging.  

 

 

Imaging Ca2+ in Mouse Pancreatic Islets 

Introduction 

Type II diabetes is a disease that affects an estimated 20 million people in the US, and 

millions more worldwide. Severe complications from this illness is the third-leading cause of death 

of North Americans each year (DiMenna & Arad, 2018). Usually, Type II diabetes occurs as a 

result of chronic hyperglycemia, insulin resistance, and pancreatic islet malfunction (DiMenna & 

Arad, 2018; Kahn, 2003). Gaining a better understanding of how this sequence of events leads to 

such a debilitating illness could potentially lead to new therapies. Pancreatic islet malfunction 

refers to improper secretion of metabolism hormones by the alpha (α) and beta (β) cells and persons 

suffering from type II diabetes have reductions both in β-cell number and insulin secretion 

(Virostko et al., 2006). Although the exact mechanisms have not been completely deciphered, it is 

clear that Ca2+-signaling plays a role in proper insulin secretion. 

Beta cells are electrically active and coupled to each other via gap junctions. Proper 

secretion of insulin depends on coordinated activities of ATP-sensitive potassium channels as well 

as voltage-gated calcium channels (Benninger et al., 2014; Rutter et al., 2017). The visualization 

of Ca2+ dynamics in islet cells has been accomplished by both fluorescent (Chen et al., 2016) and 

bioluminescent techniques (Kennedy et al., 1996) but Ca2+’s exact role in insulin secretion and β-
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cell metabolism still remains controversial. Additionally, since whole islets are more functionally 

intact than dispersed islet cells, techniques to visualize Ca2+ changes in whole islets could enlighten 

our understanding of islet secretion dynamics.  

Most recently, researches have been studying islet metabolism by transplanting whole 

islets into the eyes of animals. Then, using the fluorescence signal from NADPH, they are able to 

observe energy balance changes in a virtually unperturbed islet (Li et al., 2016; Kim & Jun, 2018). 

Even though it is possible to use GCaMPs to image Ca2+ directly using this method, there is still a 

significant autofluorescence signal that needs to be overcome (Chen et al., 2016). It is precisely 

because of autofluorescence signals like these that we decided to investigate how well our 

bioluminescent Ca2+-sensor CalfluxVTN could track Ca2+ dynamics in whole islets in culture.    

 

Materials and Methods 

C57Bl6 mice were around 6-8 weeks old before being euthanized under isoflurane 

anesthesia. Pancreatic islets were separated from the pancreases of mice via digestion with 

collagenase and Ficoll-gradients centrifugation (Philipson et al., 1994; Dadi et al., 2014). The islets 

were plated in RPMI 1640 medium supplemented with 10% fetal bovine serum with penicillin and 

streptomycin and placed in a 37°C CO2 incubator. After 24 hours in culture, the islets were 

transfected with AAV-pCAG-CalfluxVTN (serotype 1+2) and allowed to incubate for 2-3 days. 

When YFP expression could be detected by eye under a fluorescence microscope, the islets were 

deemed ready for bioluminescence imaging. Whole islets were kept intact throughout the 

experiment. Islets were depolarized by exposure to 40 mM K+. In brief, the islets were incubated 

in 5 mM K+ media (in mM: 1.26 CaCl2, 0.49 MgCl2, 0.41 MgSO4, 5 KCl, 0.44 KH2PO4, 4.16 

NaCO3, 150 NaCl, 0.34 NaHPO4, 10 HEPES and 0.6 % wt/vol D-glucose) and pre-stimulus images 
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were collected. Then, while imaging continued, medium with 40 mM K+ was added and the 

resulting changes in bioluminescence ratios were measured (total Na+ was reciprocally decreased 

to allow for identical osmolarity between the 5 mM and 40 mM K+ media).  

 

Results 

To test whether our Ca2+ sensor could reliably track Ca2+ changes in pancreatic islet cells, 

I transfected the islets with serotype 1+2 AAV particles where CalfluxVTN would be expressed 

under the control of the non-specific CAG promoter (Fig 4.2A). Subsequent microscope images 

of the islets revealed the expression pattern of the CalfluxVTN DNA (Fig 4.2B). The islets did not 

seem to show detectable morphological abnormalities and expression appeared to be 

asymmetrically limited to the outermost layer of cells. We did not check to see the exact internal 

distribution of expression via confocal microscopy, but this topology of expression is consistent 

with AAV-based expression in islets (Craig et al., 2009). Luminescence BRET ratio measurements 

showed that Ca2+ levels in the transfected cells could be increased by high K+ stimulation and 

persisted for many seconds (Fig. 4.2C) (Kenty & Melton, 2015). Presumably, this Ca2+ response 

is due to membrane depolarization by the high K+. These observations show that CalfluxVTN is a 

good candidate for future experiments when the Ca2+ response of islet cells is being investigated. 
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Discussion and Conclusions 

Once again, it is clear that CalfluxVTN is useful for tracking cytosolic Ca2+ changes in 

another model system – namely, whole pancreatic islets. The AAV transduction of CalfluxVTN 

showed the hallmarks of AAV expression vectors, with protein only expressed in cells on the 

periphery of the islets (Craig et al., 2009). In addition to expression in the islets, potassium 

depolarization elicited a large increase in intracellular Ca2+ that was captured by the change in 

BRET ratio of all cells in which CalfluxVTN was expressed.  

Since this test was first conducted using healthy islets, future experiments compare Ca2+ 

dynamics between healthy islets and those where beta- or alpha-cells are malfunctioning. In 

 

 

Figure 4.2. Expression of CalfluxVTN in whole, primary mouse pancreatic islets. (A) 

Expression was achieved via AAV particle transfection using a mixed of serotypes 1 and 2. 

(B) Microscope images of whole islets revealed the pattern and efficiency of AAV transfection 

of CalfluxVTN. (C) Depolarization and subsequent Ca2+ increase in individual islets that were 

stimulated with 40 mM K+.  
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addition, we should consider ways to have successful expression of CalfluxVTN within the interior 

of the islets, to get a sense of the Ca2+ dynamics within the tightly packed cells inside the islets. 

Furthermore, in future experiments CalfluxVTN might even be useful for studying Ca2+ dynamics 

in a fully intact animal. CalfluxVTN shows great promise in reporting depolarization-dependent 

Ca2+ changes in mouse islets and more opportunities to push the usefulness of CalfluxVTN await. 

 

Human Induced Pluripotent Stem Cell Ca2+ Imaging 

Introduction 

The ability to create stem cells from fully differentiated cells allows researchers to 

understand how the final fate of cells is determined after they divide from their 

progenitor/embryonic cells. Somatic cells can simply be reprogrammed by the expression of 4 

transcription factors (c-Myc, Oct4, Sox2, Klf4) to become induced pluripotent stem cells (IPSCs) 

(Takahashi & Yamanaka, 2006). In addition, learning how cells develop and form new tissues and 

organs could shed light on the kinds of mechanisms that can go wrong in diseased states. 

 Scientists who study the heart have been extensively researching the uses of IPSCs for a 

variety of applications. Since IPSCs can be divided and passaged for much longer than primary 

cells (Takahashi & Yamanaka, 2006) they provide a better model for repeatable research studies. 

Additionally, grafting of IPSC cardiomyocytes (IPSC-CMs) into the heart might prove to be a 

useful remedy for myocardial infarction where apoptosis has occurred and dead cells would need 

to be replaced (Ebert et al., 2015). Furthermore, because IPSC-CMs can be derived from a patient 

directly, the variability in efficacy of therapeutic drugs can be tested while taking individual 

genetic variation into account (Ebert et al., 2013). Ideally, this approach should minimize drug 
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side-effects and potentially determine why some patients do not respond like the majority in 

clinical trials. 

 The IPSC field is still in its infancy and there are a lot of hurdles to overcome before using 

IPSCs becomes commonplace in both clinical and research settings. For instance, IPSC-CMs are 

not identical to primary CMs extracted from patients and sometimes need to be “matured” because 

they most resemble embryonic CMs in their protein expression and channel properties (Patterson 

et al., 2012). Also, IPSC-CMs usually exhibit a mixture of characteristics of CMs from different 

regions of the heart and are therefore heterogenous in their morphology and responses to stimuli. 

Furthermore, IPSCs continue to “evolve” in vitro based on their culture conditions, since cell 

density, 3D-surface architecture and mechanical disturbance can all have an effect on the IPSC 

phenotype (Ebert et al., 2013). 

Cardiomyocytes are electrically active cells that exhibit Ca2+ fluxes and this makes them 

another ideal model for testing how efficacious CalfluxVTN can be as a Ca2+ sensor. This section 

describes using CalfluxVTN transfected into human IPSCs to measure Ca2+ oscillations under the 

microscope.   

 

Materials and Methods 

In collaboration with Lili Wang, Ph.D. (lab of Bjorn Knöllman, Vanderbilt University), 

human-derived IPSCs (hIPSCs) were differentiated from fibroblasts collected from consenting 

adults via dermal punch biopsies. After the fibroblasts were transfected with the relevant 

transcription factors cocktail (Epi5™ episomal oriP/EBNA1 plasmids from ThermoScientific) the 

cells were plated on glass-bottomed 35-mm dishes in RPMI media supplemented with B27 without 

insulin (Life Technologies) and allowed to adhere for 2-3 days at low density (Parikh et al., 2017). 
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After the cells were allowed to attach, they were transfected with pCAG-CalfluxVTN AAV viral 

particles (serotype 2 and 8), and the fluorescence intensity of the Venus moiety was measured as 

 

 

Figure 4.3. Expression of CalfluxVTN under the CAG promoter in hIPSC 

cardiomyocytes (CM). (A) Microscope images show single hIPSC-CM’s after transfection. 

Images have been pseudo-colored to illustrate ratio changes. One cell is oscillating (right cell), 

the other not (left cell). The first panel shows the BRET ratio at the nadir of the oscillation, 

while the second panel shows the zenith of the oscillation. (B) Blue line depicts BRET ratio 

changes in the cell that is oscillating (right cell), and red line shows no BRET change in the 

cell that has not oscillating (left cell). 
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a proxy for the cellular expression of the Ca2+-sensor. For imaging experiments, media was 

replaced with phenol red-free RPMI with B27, and spontaneous Ca2+ oscillations were measured.  

 

Results 

A mix of serotype 1 and 2 Adeno-associated virus (AAV) particles were used to transfect 

the induced pluripotent stem cells with CalfluxVTN. Expression of CalfluxVTN was observed in 

60-70% of cells (data not shown) and cell morphology appeared to be unaffected by CalfluxVTN 

proteins being evenly distributed in the cytosol (Fig. 4.3A). Although a high proportion of cells 

were transfected, <1% of CalfluxVTN-expressing cells showed spontaneous BRET ratio 

oscillations (Fig. 4.3B). Those that did show BRET ratio oscillations, indicating oscillating 

cytosolic Ca2+ concentration, were able to sustain a 0.5-1 Hz oscillation for the duration of 

recording. These cells had not been stimulated by any external factors. The BRET ratio at the nadir 

of the oscillation is consistently higher than the ratio of non-oscillatory cells suggesting that the 

oscillating cells have a higher basal Ca2+ level than those that are quiescent. This experiment, like 

those before, displays the versatility and reliability of CalfluxVTN in a variety of model systems.  

 

Discussion and Conclusions 

With the goal of showing that CalfluxVTN is useful in many contexts in cell biology, I 

have been successful in showing the CalfluxVTN AAV particles are able to transfect human-

derived induced pluripotent stem cells from healthy volunteers. Only a small proportion of 

transfected hIPSC cardiomyocytes showed spontaneous Ca2+ fluxes. Additionally, after inspection 

using brightfield microscopy, some of the cells showed rhythmic contractility movements which 

were also unstimulated. These contractions are reminiscent of primary cardiomyocytes in culture 
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(Ferreira-Martins et al., 2009; Viatchenko et al., 1999). It was not entirely clear in my experiments 

if there was a correlation between the cells that showed contractions and those that exhibited Ca2+ 

oscillations. Previous work has shown that IPSCs exist as heterogenous populations of different 

heart cell subtypes in addition to being at different stages of maturity (Ebert et al., 2013). Future 

studies on this project should standardize cell densities, time-in-culture, and other external factors 

to ensure that the hIPSCs are more uniform. 

 

 

Limitations in Coordination of Imaging Software and Mechanical Components of Our 

Microscope Setup 

Performing repeatable experiments is the goal of science; fully understanding the 

limitations of the tools of measurement can facilitate this objective. Specifically, when analyzing 

images of time series, the method by which images are acquired plays a significant role in 

determining what conclusions can be drawn from the data. A previous section described how a 

high frequency oscillation was observed when measuring Ca2+ transients in C. elegans worms 

(Chapter IV, section 1). However, after further analysis, we concluded that this rhythm was due to 

miscommunication between the computer acquisition system and the microscope filter-switcher, 

not to actual Ca2+ measurements. 
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The fluorescence microscope in the Johnson lab can acquire the light emission from two 

wavelengths of a sample by two distinct methods. First, two filters are switched back and forth so 

that the emission images are collected from one wavelength range, and then the other. The second 

method is to use a Hamamatsu Gemini W-View (dual-view) that collects the light from the separate 

wavelengths simultaneously and partitions the two images onto either half of the camera’s CCD 

chip. Filter-switching provides a larger field of view because the entire CCD chip is used for both 

wavelengths, but the dual-view allows superior temporal resolution of any ratiometric changes 

 

 

 

Figure 4.4. Characterization of the signal recorded while the filter turret is given non-

ideal image acquisition parameters. (A) Previous data from C. elegans depicting saw-

toothed BRET ratio oscillation in pharynx muscle. (B) Cartoon schematic of our automated 

emission filter-switcher inside our microscope. (C) Saw tooth pattern in BRET ratio recorded 

using filter-switcher in non-oscillatory CHO hM1 cells expressing CalfluxCTN when image 

acquisition is too fast for filter switching. (D) Similar experiment on the microscope with 

filter switcher showing the cells exhibiting expected changes in Ca2+ and subsequent BRET 

ratio when the filter wheel settings are optimal. Both bottom panels were treated with 30 μM 

Carbachol.  

A B 

C

 

D
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because the blue and yellow images are collected at the same time rather than alternating. When 

BRET ratio measurements were recorded from non-oscillatory cells, it was possible to produce an 

oscillation effect by causing the filter switcher to take images faster than it takes the filter turret 

wheel on the microscope to place the filter in the right orientation (Fig. 4.4C). Interestingly, 

appears to be a high-frequency oscillation in the noise. When those same cells were imaged under 

a more optimal acquisition protocol the high frequency oscillation was no longer observed (Fig. 

4.4D). Since the C. elegans experiment was done using the filter switcher, it is possible that the 

timing was non-ideal and that was the reason for the high-frequency BRET oscillation. Of note, 

the high-frequency artifact was only observed during filter-switching experiments. Therefore, it is 

important to ensure that the image acquisition times for BRET imaging are never below 100 

milliseconds per wavelength when using the filter-switcher.  
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CHAPTER V 

GENERAL SUMMARY & CONCLUSION 

 

Harnessing naturally occurring luminescent enzymes for use as reporters of cellular activity 

has a long history. Multiple innovations in molecular biology, ecology, optics, and computer 

processing together have played significant roles in creating the long list of probes available to 

scientists. Each new probe has been optimized to fit specific technical niches and over time, new 

optical sensors will continue to push the boundaries of what is measurable in living cells.  This 

dissertation chronicles the creation of luminescence-based, ratiometric, genetically-encoded Ca2+ 

indicators and describes their applicability to a variety of biological problems while also 

highlighting their strengths and weaknesses.  

I have shown that the bright luciferase NanoLuc can transfer energy to yellow and green 

fluorescence proteins via Förster energy transfer and that this phenomenon can be used to create 

Ca2+ sensors that have their greatest Ca2+-sensitivities in the physiologically-relevant range of nM 

– μM cytosolic Ca2+ (Chapters II and III). I have shown that while these luminescent Ca2+ sensors 

are bright enough to be imaged at very high speed, their brightness does not cause optical crosstalk 

with optogenetic actuators, making them ideal for cell-culture optogenetic experiments (Chapter 

II). Additionally, in some contexts, AAV versions of our sensors can potentially track neural 

activity.  

I have also demonstrated that these kinds of luminescent sensors can be used in a high 

throughput screening context where they outperform well-established fluorescence-based 

reporters when there are fluorescent compounds in the screening library (Chapter III). Our HTS 

application is merely one of many possible situations in which an autofluorescent background can 
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complicate measurements while using a fluorescent sensor, but have no impact upon a 

luminescence / BRET sensor. Furthermore, since bioluminescence is an enzymatic reaction and 

the emitted light intensity decays over time as the amount of available substrate is used up, we 

have devised ways to create stable light emission via chemically-modifying key atoms of the 

luciferin substrate (Chapter III).  

With the promise that our probes have shown in varying model systems (Chapter IV) the 

future of bioluminescence-based reporters of cellular activity will continue to grow and find more 

specialized uses as detection devices become more sensitive and microprocessor times continue to 

speed up. I am grateful that I can add my input via this dissertation to that ever-moving, onward-

marching, scientific discourse.  
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