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ABSTRACT 

Automating multi-parameter engineering of protein-based 

sensors of neural electrical activity 

By 

Zhuohe Liu 

Engineered voltage-sensitive fluorescent proteins, termed genetically encoded 

voltage indicators (GEVIs), are emerging sensors for noninvasive microscopy of neural 

activity. However, the sensitivity and kinetics of existing GEVIs are often not sufficient 

for accurately reporting fast voltage dynamics in vivo, and they are not optimal for long-

term recording due to low brightness and lack of photostability. A system for rapidly 

evaluating new variants across all performance characteristics is critically needed to 

accelerate GEVI development progress. This work reports an automated platform that 

screens libraries of GEVIs in a high-throughput 96-well plate format. This platform 

quantifies sensitivity, kinetics, brightness, and photostability to identify promising GEVI 

candidates. Using this platform, a faster and more sensitive indicator, JEDI-1P, was 

identified and validated in vitro and in behaving zebrafish. The platform is anticipated to 

optimize versatile biosensors that excel in deep-tissue imaging and promote understanding 

of neural computation and neurological diseases.  
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Chapter 1 

Introduction 

This thesis provides a fast and powerful method to optimize fluorescent neural 

activity biosensors. Typically, improving biosensors using directed evolution creates 

thousands of variants. The current way of testing each candidate by electrophysiology is 

informative but low throughput. Using the new screening platform presented in this thesis, 

many variants from mutagenesis libraries can be screened according to multiple 

performance parameters such as brightness, sensitivity, kinetics, and photostability. By 

applying the platform to optimizing genetically encoded voltage indicators (GEVIs), I 

identified a new GEVI variant, named JEDI-1P, that showed improved kinetics and 

sensitivity. This potential sensor also enables optical detection of neural activity in live 

zebrafish.  

1.1 Overview 

A vast number of neurons in the brain are consistently communicating through 

electrical signals caused by ion fluxes across the cell membrane. The high level of cognitive 

functions that we possess is thought to originate from the intricate connectivity of neurons 

and synapses that underlies the inexplicable information processing capabilities of 

neuronal networks. Being able to track neuronal population activity and to map the 

architecture of neuron networks would thus help elucidate many unsolved neuroscience 

questions, such as the nature of learning and memory, the mechanisms of neural 

computations, and the neural underpinnings of higher brain functions, just as how linking 

behavior to neural activity first led to the discovery of place cells in the hippocampus 
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(O’Keefe and Dostrovsky 1971).  

Monitoring neural activity is, however, not a simple task, because bridging the 

biological system to the digital world of computational analysis requires coordination of 

hardware, software and wetware. Recent advancement of optogenetics placed light-

interacting proteins to the frontier of neural activity manipulation and detection. 

Consequently, one type of optogenetic sensors, genetically encoded voltage indicators 

(GEVIs), is gaining increasing interest among neuroscientists for optically reporting neural 

activity. Compared with other neural activity detection modalities such as electrode-based 

electrophysiology, voltage-sensitive dyes, and genetically encoded chemical sensors, 

GEVIs have the potential to directly reporting voltage with cell-type specificity, subcellular 

spatial resolution, and millisecond temporal resolution.  

Just as GEVIs showed the exciting prospect of being used in diverse applications, 

their shortcomings started to emerge. There is now an upsurge in protein engineering 

efforts to address GEVIs imperfections: low brightness, slow kinetics, mediocre sensitivity, 

and poor photostability. Although individual attempts of rational design contributed to 

improved GEVIs of novel architecture (St-Pierre, Chavarha, and Lin 2015), directed 

evolution is considered to hold greater potential of improvement, as seen in the 

development of fluorescent proteins (Shaner, Steinbach, and Tsien 2005).  

This thesis is written at an exciting moment of rising popularity and growing 

applications of GEVIs. It describes an effective and efficient way of identifying improved 

biosensors from thousands of variants generated by directed evolution. The high-

throughput screening platform presented in this thesis is capable of ranking variants along 

multiple performance scores while achieving around a hundred-fold throughput increase 
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over evaluating variants one by one manually.  

This microscope-based screening platform gathered fluorescence images and high 

frame rate time series from electric field stimulation and photobleaching experiments 

performed in 96-well plates, each well containing one variant. The workflow was designed 

to maximize automation and provide a holistic evaluation across four key performance 

characteristics: sensitivity, kinetics, brightness, and photostability. This design, which 

elevates the value of improved variants, is innovative and beneficial because none of the 

existing screening approaches can examine all these metrics simultaneously and efficiently 

in a compact experimental setup.  

By applying the platform to screen mutagenesis libraries of GEVIs, I discovered 

one GEVI variant that exceled in more than one aspect compared with the existing GEVIs 

of the same family. Further electrophysiology tests conducted with mammalian cells 

confirmed the superior kinetics and sensitivity of the new variant, named JEDI-1P, which 

enabled more accurate detection of action potentials than its parental (starting) protein and 

other existing GEVIs. One in vivo application of JEDI-1P was demonstrated in zebrafish 

light sheet microscopy, showing its ability to detect clear neural activity.  

The screening platform strongly increased the throughput at which fluorescent 

biosensors can be characterized, enabling screening across a broader sequence space than 

previously possible. One possible new application is to use the system for generating 

biosensors of different characteristics. In addition, a future direction is to expand the 

screening system to evaluate GEVIs with properties related to two-photon microscopy, a 

technique for deep-issue imaging.  
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1.2 Thesis Organization 

This thesis contains five chapters. The importance of acquiring information from 

neurons first leads to the introduction of GEVI as an emerging optical method of accurate 

detection of neural activity. In the background and motivation chapter, properties of good 

neural activity biosensors are first summarized. This summary leads to the discussions of 

drawbacks and problems of alternative neural activity reporting methods, which bring up 

the need for a better fluorescent voltage-sensing neural activity biosensor. In addition, 

different approaches for optimizing GEVIs are compared, after which the aim of this thesis 

is presented: to optimize GEVIs using a multi-parameter high-throughput screening 

platform.  

In the third chapter, the design of the screening platform involving biological 

wetware, mechanical and optical hardware, and computational software is explained. 

Experiment results that validated the effectiveness and the throughput of the platform are 

shown. In the following chapter, the screening platform was applied to mutagenesis 

libraries of GEVIs, and a new GEVI, named JEDI-1P, was reported to have improved 

performance by the screening platform. I then show that the superior performance of the 

newly discovered GEVI could be verified using standard electrophysiology methods and 

demonstrated in in vivo imaging.  

In the discussion and conclusion chapter, I discuss potential applications and future 

directions of the screening platform and the newly discovered GEVI, and summarize the 

findings of this thesis.  
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Chapter 2 

Background and Motivation 

This chapter provides background information to the work presented in this thesis. 

The properties of genetically encoded voltage indicators (GEVIs) that enable an accurate 

report of membrane potential are summarized first. Then, advantages of GEVIs over other 

neuronal activity detection techniques, genetically encoded or not, are discussed. Finally, 

through the history of GEVI development from rational design to directed evolution, the 

potential and the need for further improving GEVI performance are explained, which drive 

the need for a high-throughput screening method.  

2.1 Properties That Define a Good Genetically Encoded Voltage 

Indicator 

The function of a GEVI is to accurately report membrane potential change in the 

form of fluorescence. In order to give faithful fluorescence representation of the underlying 

electric signal, good GEVIs should be compatible with intrinsic factors from biology and 

invariant to extrinsic factors from the imaging conditions. These properties of GEVIs that 

determine the capability of accurate voltage reporting and the suitability of in vivo 

applications are summarized in Table 2.1.1.  
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Properties Direction of Improvement 

S
ig

n
al

 D
et

ec
ti

o
n

 

Sensitivity  Maximize the brightness difference between on and off states.  

Kinetics Increase transition speed between on and off states.  

Brightness Increase fluorescence intensity of the resting state.  

Photostability Minimize brightness decay over time.  

Linearity Avoid non-linear, non-monotonic relation between voltage and 

fluorescence.  

Specificity Eliminate response to non-voltage signals and conditions.  

Membrane 

Localization 

Increase the fraction of sensor localized in the plasma membrane.  

C
o
m

p
at

ib
il

it
y
 Phototoxicity Minimize phototoxicity and perturbation to the physiology.  

Spectrum  Work with other optogenetics sensors and actuators and with 

multi-photon microscopy.  

Species 

Compatibility 

Express in different organisms.  

Table 2.1.1 Properties of genetically encoded voltage indicators 

The signal detection properties of a GEVI directly affect the sensor’s ability to accurately 

report voltage changes. The compatibility properties refer to the ability of the sensors to 

minimally influence the host physiology and to be used in different animal models and with 

other sensors and actuators (Yang and St-Pierre 2016).  

Synergistically, the signal detection properties affect the quality of detected action 

potentials, which can be expressed as spike detectability according to Wilt, Fitzgerald, and 

Schnitzer (2013) as shown in Equation (1):  

𝑑′ ≈
𝛥𝐹

𝐹0

√
𝐹0𝜏

2
.  (1) 

 

Sensitivity, kinetics, brightness, and photostability are the main properties that 

directly influence detectability. The detectability ( 𝑑′ ) is proportional to sensitivity, 

measured as the change of fluorescence (𝛥𝐹) relative to baseline fluorescence (brightness) 

right before the spike (𝐹0), and is proportional to the square root of brightness. It is also 

proportional to the square root of the off-kinetics time constant (𝜏), so that sensors that give 

prolonged responses to spikes produce better detectability but at the expense of temporal 

fidelity. For sensors with a positive correlation between input voltage and output 
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fluorescence, 𝛥𝐹(𝑡) = 𝐹(𝑡) − 𝐹0 so that a decreased 𝐹0 would improve spike detectability 

assuming that spikes fluorescence response is preserved. For sensors with reversed voltage-

fluorescent relation, 𝛥𝐹(𝑡) = 𝐹0 − 𝐹(𝑡) and an increased 𝐹0 would raise 𝑑′, assuming that 

spikes result in decreasing the fluorescence to the same minimal level. In addition, poor 

photostability has a long-term negative effect on fluorescence, eroding brightness (𝐹0) thus 

decreasing the detectability over time.  

Linearity, specificity, and membrane localization also affect signal detection of a 

GEVI. A linear relation between input voltage and output fluorescence can simplify the 

estimation and recreation of the underlying membrane potential from emission. However, 

in applications such as spike detection where the shape of spikes is less important than the 

timing, using a sensor with a non-linear voltage-fluorescence transfer function might help 

improve the detection and lower the false positive spike count. Generally, a GEVI can be 

useful as long as the fluorescence changes monotonically with the voltage within the 

physiological range. Then, high specificity would eliminate fluorescence signal to be 

perturbed by other dynamics such as pH and ion concentrations. Finally, good membrane 

location ensures that the protein would not form aggregations that raise background 

fluorescence.  

As for the compatibility properties, given the complexity of biological systems and 

evolving imaging techniques, it is difficult to guarantee that an engineered GEVI will 

produce satisfactory results across different imaging modalities and instrumentation. By 

necessity, the evaluation and improvement of GEVIs focuses on some specific applications, 

with the expectation that GEVIs can be deployed more broadly. One can improve the 

likelihood of a success by engineering sensors under imaging conditions that most 
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resemble those of the target applications.  

Therefore, improving GEVIs across sensitivity, kinetics, brightness, and 

photostability which are closely coupled to detectability will be of broad utility to provide 

accurate voltage signal readout.  

2.2 Advantages of Genetically Encoded Voltage Indicator 

Neurons process and exchange information through membrane potential 

fluctuations within the cell and chemicals that relay signals across synapses. Non-cell-type-

specific techniques were first developed to measure neural activity, including 

electrophysiology, which directly measures voltage dynamics using electrodes, and 

voltage-sensitive dyes, which are small molecules that report voltage optically. Recently, 

genetically encoded biosensors provide a new optical monitoring approach using 

engineered proteins expressed in neurons. These biosensors include GEVIs and genetically 

encoded calcium indicators. In this section, the advantages of GEVIs are discussed and 

summarized in Table 2.2.1.  

 Voltage 

Indicators 

(GEVIs) 

Electro-

physiology 

Voltage-

sensitive 

Dyes 

Calcium 

Indicators 

(GECIs) 

Directly report 

voltage 
✔ ✔ ✔ ✖ 

Millisecond 

temporal resolution 
✔ ✔ ✔ ✖ 

Subcellular spatial 

resolution 
✔ ✖ ✔ ✔ 

Cell type specific ✔ ✖ ✖* ✔ 

Table 2.2.1 Comparison of methods of monitoring neural activity 

Cell-type specificity is the critical difference that precludes electrophysiology and voltage-

sensitive dyes from large-scale in vivo applications. GEVIs outperform calcium indicators 

in terms of spatiotemporal resolution, which greatly increases the measurement bandwidth. 

GEVIs also reflect voltage dynamics directly, which shows valuable details that the 

chemical methods could not. *: Some hybrid voltage-sensitive dyes were made cell-type 

specific but still need components that are not genetically encoded.  
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2.2.1 Compared to Electrophysiology and Voltage-sensitive Dyes 

Electrophysiology methods, including extracellular recording and voltage clamp, 

were the first approaches to record voltage and led to important understanding of the 

generation and propagation of neuronal action potentials (Hodgkin and Huxley 1952; 

Hamill et al. 1981). These methods rely on physical electrodes that are surgically 

introduced to the vicinity of target areas to measure electrical properties of neurons and 

surrounding tissue. Because these devices are artificial, there is a size limit on how small 

and how closely these electrodes can be manufactured, and thus how densely one region 

of the brain can be probed.  

For example, a widely used intracortical electrode module, the Utah Array, packs 

100 electrodes in a flat area of 16 mm² and can capture around 200 single units 

(Nordhausen, Maynard, and Normann 1996). Recently, Neuropixels probe with 384 

channels from 960 addressable sites can achieve recording of about 350 single units from 

its 10-mm long and 70-μm wide shank (Jun et al. 2017). However, compared with the 

neuron density of 105 mm−2  in the primate neocortex (Collins et al. 2016), there is a 

difference of several orders of magnitude, which makes it challenging for 

electrophysiology methods to resolve subcellular details such as dendrites and spines and 

cover a large number of neurons simultaneously.  

In addition, invasiveness is the main concern of electrode-based techniques, which 

cause side effects like glial responses that degrade signal quality. Mitigations such as 

biocompatible coating and flexible material for implantation are actively being pursued 

(Rothschild 2010). Nonetheless, the nature of electrophysiology methods prohibits the cell-

type specificity which is crucial for target identification and differentiation.  

Optical detection of neural activity was made possible by the first generation of 
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voltage indicators: voltage-sensitive dyes. This approach alleviates many drawbacks of 

electrical methods because microscopy images make it easier to identify regions of interest. 

The acquired fluorescence images also contain much spatial information, and new imaging 

technologies emerged to offer competitive temporal details to electrode-based methods 

(Chemla and Chavane 2010).  

However, compared with genetically encoded indicators, voltage-sensitive dyes 

still have shortcomings. After evaluating a range of voltage-sensitive dyes, Mullah et al. 

(2013) concluded that dyes showed cytotoxicity, which was indicated by long neural 

activity recovery time after staining, and non-specific binding, which increased 

background fluorescence and thus diminished signal quality. Because of the staining 

procedure and penetration capability, applications of voltage-sensitive dyes tend to center 

at accessible cortical layers, so that the depth-dependent concentration gradient that results 

from diffusion needs to be taken into account (Chemla and Chavane 2010).  

Despite recent invention (Chanda et al. 2005) and improvement (D. Wang et al. 

2010) of hybrid voltage sensors (hVoS), which consist of a GFP and a synthetic molecule, 

genetically selective labeling of voltage-sensitive dyes is still difficult to realize. Even if 

genetic targeting is achieved, because labeled cells cannot replenish all the necessary 

components of the dye, limitations for long-term imaging still exist due to washout and 

photobleaching. For example, a recent photostable dye, BeRST, has a half-life of around 5 

minutes (Huang, Walker, and Miller 2015). Mutoh et al. (2015) showed that for large scale 

cortical imaging, GEVI VSFP2.3 could offer similar signal-to-noise level to a voltage-

sensitive dye, RH1691, while being more suitable for long-term experiments.  

2.2.2 Compared to Genetically Encoded Calcium Indicators 

Genetically encoded calcium indicators (GECIs) are the first widely used type of 
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cell-type specific neural activity indicators. Because fluctuation of calcium concentration 

is intimately linked to the firing of neurons, there have been many calcium sensors 

successfully optimized for detecting neuronal signals (Grienberger and Konnerth 2012). 

However, with the advancement of imaging techniques and the aim for more spatial and 

temporal details, shortcomings of GECIs start to impede application. These shortcomings 

include nonlinearity with voltage, slow kinetics, and not being fully coupled with voltage.  

There is a nonlinear transformation from voltage signal to calcium signal due to 

kinetics of calcium channels and indicators, calcium-binding affinity, etc. (Helmchen, 

Borst, and Sakmann 1997) so that underlying action potential profiles need to be 

approximated, usually through spike inference algorithms (Theis et al. 2016). Moreover, 

this transformation has slower kinetics than voltage dynamics, and for some fast-spiking 

neocortex neurons that can reach a spike frequency above 300 Hz (B. Wang et al. 2016), 

spike detection can be challenging. For example, one of the best GECIs, GCaMP6, which 

was optimized for various iterations, still cannot resolve dense clusters of spikes (Chen et 

al. 2013).  

More importantly, calcium indicators can report only a subset of voltage dynamics, 

excluding membrane hyperpolarizations and subthreshold depolarizations that do not 

accompany large calcium fluxes (Lin and Schnitzer 2016). Experimentally, Carandini et al. 

(2015) demonstrated that a GEVI, VSFP-Butterfly 1.2, had similar signal quality to a GECI 

(GCaMP3) in one-photon in vivo imaging of visual cortex, but the GEVI showed less 

vascular artifact but additional subthreshold activity.  

Therefore, GEVIs provide a unique vantage point of neural activity through direct 

reporting of voltage dynamics. GEVIs and GECIs both successfully passed the trials of in 
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vivo imaging in different tissues across many model organisms (Knöpfel, Gallero-Salas, 

and Song 2015), with a few studies going as far as exploring the cooperation of the these 

optogenetics tools in transgenic lines (Madisen et al. 2015). However, many aspects of 

GEVIs still have ample room for improvement, such as brightness and sensitivity compared 

with GECIs. The history of GEVI development appropriately shows the effort of 

researchers pushing the envelope of GEVI performance.  

2.3 History of Genetically Encoded Voltage Indicator Development 

Over the last two decades of GEVI development, rational design first broadened 

the perspective of GEVI structures and paved the way for many pivotal types of GEVIs, 

including ASAP1, ArcLight, and Arch. Then, directed evolution brought the field outside 

the limitation of countable combination of sensing and reporting domains into the endless 

possibility of improvements by mutagenesis. This thesis is an increment to the continued 

efforts in searching for optimized GEVI using principles of directed evolution.  

2.3.1 Rational Design Leading to the Structural Diversity of GEVIs and ASAP1 

Making a genetically encoded voltage-sensitive protein requires serious 

engineering effort as there is hardly a natural template of such a sensor, but from the 

beginning, principles of rational design have helped researchers to relate voltage input to 

fluorescence output.  

Many GEVI structures have been explored in the two decades of development, 

which started with a sensing-reporting two-component design. The first GEVI invented, 

FlaSh, was a fusion of modified GFP and potassium channel Shaker (Siegel and Isacoff 

1997). This architecture later inspired SPARC which instead used a voltage-gated sodium 

channel and achieved better kinetics (Ataka and Pieribone 2002).  

The two early sensors had the insertion of one GFP, but the choice of reporting 
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agent is not limited to a single fluorescent protein (FP). A pair of FPs forming Förster 

resonance energy transfer (FRET) was first used in VSFP1 (Sakai et al. 2001). Then, the 

discovery of sea squirt C. intestinalis voltage-sensing phosphatase (Ci-VSP) (Murata et al. 

2005) gave rise to an explosion of GEVI architecture, many of which featured FRET, with 

VSFP2.1 taking the lead in first incorporating a C. intestinalis voltage-sensing domain (Ci-

VSD) into the GEVI design (Dimitrov et al. 2007) (Figure 2.3.1).  

 

Figure 2.3.1 Different types of GEVIs evolved from rational design and directed 

evolution 

Rational design in the first decade of GEVI development contributed many versions of 

voltage-sensitive fluorescent probes, for example, VSFP2.1, VSFP-Butterfly, ElectricPk, 

MacQ-mCitrine, etc. Building blocks of GEVI include voltage-sensing transmembrane 

domains (shown as four cylinders across the cell membrane), fluorescent proteins (FPs) 

(shown as large cylinders), and microbial rhodopsins (shown as heptagon columns), etc. 

Förster resonance energy transfer (FRET) could be established between two FPs. Later 

efforts exploited directed evolution to boost GEVI performance. Mutations (shown as red 

triangles) on ASAP1, Arch, and ArcLight led to many novel GEVIs. In this work, 

mutagenesis on different regions of ASAP1 (shown as magenta stars) resulted in the 

improved sensor of JEDI-1P.  
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Later researchers also showed that FRET FPs do not have to be close in genetic 

sequence as in VSFP2.1. For example, in VSFP-Butterfly, they are separated by Ci-VSD 

(Akemann et al. 2012) (Figure 2.3.1). More remarkably, the invention of ElectricPk marked 

the first use of a circularly permuted GFP (cpGFP) in GEVI (Barnett et al. 2012) (Figure 

2.3.1) which was inspired by GCaMP (Nakai, Ohkura, and Imoto 2001).  

Besides FPs, microbial rhodopsins were found to have voltage-dependent 

fluorescence. The discovery of color-shifting PROPS (J. Kralj et al. 2011) opened up the 

possibilities of rhodopsin-based GEVIs, including, for example, Archaerhodopsin 3 (Arch), 

which was compatible in mammalian neurons (J. M. Kralj et al. 2012), and MacQ-mCitrine, 

which included an ingenious attempt to form FRET between a rhodopsin and a FP (Gong 

et al. 2014) (Figure 2.3.1).  

In addition to fluorescent reporters, many homologs of VSD were explored as the 

sensing domain with the advent of affordable and accessible DNA sequencing technology. 

Baker et al. (2012) tested VSDs from sea anemone and zebrafish in VSFP2.1 and found 

that the sensors had faster kinetics despite smaller sensitivity than those sea squirt-based 

GEVIs. Following a similar approach, Han et al. (2013) replaced the VSD in ArcLight with 

homologs from five species, and interestingly this modification also gained faster kinetics 

but not any increase in sensitivity. This partial improvement seems to suggest that by 

rational design alone, synergistic improvements across multiple performance metrics might 

be challenging to realize.  

This thesis was built upon ASAP1, which is one of the most recently rationally 

designed GEVIs and is based on a modified chicken Gallus gallus VSD (Gg-VSD). In 

ASAP1, instead of attaching the cpGFP to the end of the VSD like ElectricPk, cpGFP was 
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inserted between the third and the fourth transmembrane strands (S3 and S4) of the Gg-

VSD (St-Pierre et al. 2014). This design took advantage of the positively charged S4, which 

undergoes a conformational change when the cell membrane is depolarized (Li et al. 2014). 

This movement results in a decrease in the emission fluorescence (Figure 2.3.2).  

 

Figure 2.3.2 On and off states of ASAP-family GEVIs 

An ASAP-family GEVI consists of a voltage-sensing domain (VSD, shown as four smaller 

cylinders on the cell membrane) and a circularly permuted green fluorescent protein 

(cpGFP, shown as the large green cylinder). When the cell membrane is depolarized (right), 

the VSD would undergo a conformational change, and the motion from one of the four 

transmembrane helixes, S4 (highlighted in purple), causes the cpGFP to show decreased 

fluorescence emission. Figure adapted from Chamberland et al. 2017.  

This design turned out to be advantageous because ASAP1 has a fast kinetics and 

sufficient sensitivity (St-Pierre et al. 2014). However, the process of finding the ultimate 

version was laborious because variants with different breaking points, deletions and 

mutations at the linker regions between cpGFP and VSD, and VSDs from four species were 

individually characterized using electrophysiology assays (St-Pierre et al. 2014). As later 

generations of ASAP-like GEVIs have shown, these efforts were far from reaching a 

perfect GEVI. Even faster and more sensitive sensors were engineered like ASAP2f (Yang 

et al. 2016), ASAP-Y (Lee and Bezanilla 2017), and ASAP2s (Chamberland et al. 2017), 

and they were merely couples of mutations and/or deletions away from ASAP1.  

If carefully selected, mutation on a single residue would have enough impact on 

voltage sensitivity and kinetics of a sensor, e.g. V220 of ArcLight (Jung et al. 2017). 



  16 

 

However, with traditional patch-clamp electrophysiology of testing one cell at a time, 

traversing through all the candidates from rational design would take tremendous time and 

effort. Because the knowledge of linking structure change to a protein’s function is scarce, 

researchers nowadays tend to resort to directed evolution to generate even more candidate 

sensors. This disparity between the number of variants to be tested and the number of 

variants that can be effectively tested in time drives the need for high-throughput methods 

to improve GEVIs.  

2.3.2 Directed Evolution of GEVIs by High-Throughput Screening Platforms 

Recently, directed evolution has advanced the development of new GEVIs. This 

method relies heavily on well-designed screening methods that are capable of 

discriminating improved versions from a myriad of candidates, which are usually obtained 

from mutagenesis. Based on the GEVI templates rationally designed, directed evolution is 

successful in improving many key performance metrics of existing GEVIs. My work 

presented in this thesis learns from the merits and caveats of many reported screening 

methods discussed as follows.  

Park et al. (2013) proposed a hierarchical screening procedure in which more 

difficult performance metrics would be screened later, compromising the throughput, but 

because the screening cell type was chosen to be gradually closer to that of target 

application, the screening results would be more valuable. By this method, sensitivity of 

Arch was raised by one-fold from only a small library of single-site mutations. This work 

demonstrated the potential of directed evolution and stressed the importance of matching 

cell type.  

McIsaac et al. (2014) achieved brightness improvement of Arch by directed 

evolution in E. coli. However, voltage sensing metrics were not tracked and verified, and 
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brightness itself had to be reevaluated in HEK293 cells. Later, archaerhodopsin-based 

QuasAr1 and QuasAr2 were screened first in bacteria for brightness, and subsequently in 

HeLa cells for sensitivity and kinetics (Hochbaum et al. 2014). Using this screening 

procedure, the same group also yielded multi-color variants of Arch (Zou et al. 2014), and 

bright and sensitive FlicR1, which was based on Ci-VSD and a red fluorescent protein 

(Abdelfattah et al. 2016). These approaches decoupled performance metrics in different 

cell types during screening, and despite later validation, in principle, there is no guarantee 

that when expressed in mammalian neurons, the improvements would be transferrable and 

preserved. Therefore, because of the eventual applications in the human brain, testbench 

of GEVIs would better be mammalian neurons given no other constraints.  

High-throughput assays in mammalian neurons is by no means impossible (Hempel 

et al. 2011), but the associated high cost for culture medium and long cell cycle would 

prevent the screening from being able to scaled up and used for directed evolution. As a 

trade-off, HEK293 cell lines become a favored choice. Besides rhodopsin-based GEVIs (J. 

Park et al. 2013), spontaneously spiking HEK293 cells were used to optimize fluorescent-

protein-based sensors. For example, Marina, an ArcLight-derived indicator, showed an 

unprecedented positive relation of fluorescence to voltage (Platisa et al. 2017). However, 

due to the kinetics influence of membrane channels, kinetics of sensors were hard to 

quantify in spiking cells, showing poor correlation to patch-clamp data (J. Park et al. 2013), 

and not even being evaluated in the case of Marina (Platisa et al. 2017).  

Piatkevich et al. (2018) developed a robotic screening platform solely based on 

HEK293 cells. It was a productive and high-throughput system because it contributed a 

novel sensor Archon1, but the performance scores were not obtained systematically at 
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different screening stages. The initial single-cell screening focused on membrane 

localization and brightness, yet sensitivity, kinetics, and photostability were tested on 

selected candidates with separate experiment setups, reducing the throughput. It is 

therefore reasonable to raise the concern that the gain of each performance property across 

many stages of the screening might be competing to each other so that good candidates 

with improvements of multiple factors might be rare.  

In summary, as directed evolution gains preference in the GEVI engineering field, 

there is a tendency to test variants in immortalized cell lines, especially HEK293 cells, to 

circumvent the high cost and intensive labor involved in harvesting neurons and 

performing electrophysiology tests. However, existing high-throughput screening 

solutions cover only a few performance metrics, and even for the multi-parameter ones, 

they cannot perform comprehensive ranking of interrelating performance metrics in a 

highly automated manner. In this thesis, I engineered a high-throughput screening platform 

that evaluates multiple performance parameters all within the same type of HEK293 cell, 

which are modified to imitate neurons. GEVI variants from directed evolution mutagenesis 

libraries can be evaluated by this screening platform accurately and rapidly.  
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Chapter 3 

High-Throughput Multi-Parameter 

Screening Platform Design and Validation 

In this chapter, I describe the design and validation of a high-throughput platform 

for screening genetically encoded voltage indicators (GEVIs). I detail the biological 

(wetware), hardware, and software components of the platform, and include theoretical 

calculations that guide the design. I also report experiments that validate and quantify the 

performance of the platform.  

3.1 Overview of the Screening Platform 

An integrated pipeline for screening protein-based sensors typically includes 

biological components (cells and nucleic acids), hardware for probing and imaging the 

sensors, and software to control the hardware and analyze the data. More specifically, 

wetware aspects of the pipeline include methods for creating collections (libraries) of 

sensor variants and methods to introduce them into cells. The hardware aspects of the 

pipeline include the fluorescence imaging setup, the electric field stimulation motorized 

electrodes assembly (a device to perturb cellular voltage), and computer and data 

acquisition devices for automating screening protocols. The software aspects include 

analysis methods for increasing throughput by discarding wells that are underperforming 

in some metrics and summative multi-parameter analyses for identifying the best variants. 

In addition, theoretical calculations on single-site saturation mutagenesis library coverage 

and electric field stimulation field strength and electrode geometry are included to support 

the design of the screening pipeline.  
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To validate the effectiveness of the screening platform for finding improved GEVI 

variants, I present experimental results that demonstrate precise and accurate quantification 

of performance parameters including brightness, sensitivity, kinetics, and photostability.  

Figure 3.1.1 is an infographic showing the iterative process from mutagenesis to 

final improved GEVIs, including the screening process and subsequent validation 

experiments.  

 

Figure 3.1.1 Overview of the GEVI screening pipeline 

(1-4) Plasmid libraries of GEVI variants were constructed and amplified in bacteria. Single 

colonies were picked, and their plasmids were extracted and purified in a 96-well format. 

Mammalian cells (HEK293 Kir2.1) were transfected with variant plasmids in 96-well 

plates, each well holding one mutant. (5-8) A microscope system was used to collect 

fluorescent images and time series from electric field stimulation and photobleaching assay. 

Performance metrics, including brightness, sensitivity, kinetics, and photostability, were 

scored from the recordings computationally. Poor-performing variants were discarded 

between two rounds of screening to improve throughput. Good candidates were selected 

based on multiple parameters and sent for sequencing. Known mutations can be 
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incorporated to other single-site saturation mutagenesis libraries for further screening. (9-

10) For desirable outperforming GEVIs, electrophysiology characterization assays were 

done. The validated new GEVIs, often contained multiple mutations, would thus be ready 

for in vivo applications.  

3.2 Wetware Methods 

This section details the molecular biology and cell culture procedures used in this 

thesis. Plasmid construction for single-site saturation mutagenesis library screening and 

multi-site combinatorial library screening are described. In addition, HEK293 Kir2.1 cell 

culture and transfection materials and procedures for library screening are explained.  

3.2.1 Plasmid Construction of Single-site Saturation Mutagenesis Libraries 

Existing GEVIs used in this work for reference are available from Addgene 

(http://addgene.org): #52519 for pcDNA3.1/Puro-CAG-ASAP1, #101274 for 

pcDNA3.1/Puro-CAG-ASAP2s, and #36857 for pCMV/ArcLight-A242. ArcLight-A242 

was assembled with pcDNA3.1/Puro-CAG backbone using standard molecular biology 

methods. All constructs made were verified by sequencing after cloning.  

Site-directed polymerase chain reaction (PCR) mutagenesis was used to construct 

saturation mutagenesis libraries, each contained one single-residue mutation. For each 

mutation site, four forward primers were used, each contained one of the four degenerate 

codons: NNT, VAA, ATG, TGG, where N means any base, and V means not T (refer to 

Section 3.5.1). The forward primers were mixed at a molar ratio of 16:3:1:1, respectively, 

to form one 20 uM stock solution. The 20 uL PCR reaction mix contained 1 uL forward 

primer mix, 1 uL reverse primer, 50 ng template plasmid, and 10 uL 2× PCR master premix 

(PrimeSTAR HS DNA polymerase, Takara). The reaction in the thermal cycler (ProFlex, 

Thermo Fisher Scientific) started at 98℃ for 30 s, followed by 35 cycles of 98℃ for 10 s, 

57℃ for 10 s, 72℃ for 1 min/kb of fragment length, and finished with a final incubation 

http://addgene.org/
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at 72℃ for 5 min. All primers were ordered from Sigma-Aldrich.  

Meanwhile, the library backbone was linearized using restriction enzymes and 

purified using gel electrophoresis (GeneJET Gel Extraction Kit, Thermo Fisher Scientific). 

For library screening, the pcDNA3.1/Puro-CAG backbone was used to carry the GEVIs, 

which were all green-emitting in this work, and a red fluorescent protein, mCherry. 

mCherry was localized to the cell membrane using CAAX (Clarke 1992). To enable co-

expression under the same promoter, the GEVIs and mCherry-CAAX were linked via a 

P2A sequence (Kim et al. 2011).  

The PCR products were gel purified before being combined with the cut backbone 

and assembled using enzyme premix (In-fusion HD Cloning Plus, Takara) per 

manufacturer’s instructions. The assembled plasmids were finally amplified using 

commercial competent bacteria (XL10-Gold, Agilent) (colonies picked manually), 

extracted and purified using the 96-well plasmid purification kit (PureLink Pro, Thermo 

Fisher Scientific) per manufacturer’s instructions.  

3.2.2 Plasmid Construction of Multi-site Combinatorial Libraries 

I hypothesized that the effect of single-site mutations could be modular, so known 

mutations from single amino acid libraries were combined into new variants for secondary 

screening. Because the number of possible combinations could quickly go up with 

increasing number of sites and candidates, multi-site combinatorial mutagenesis was used 

in lieu of designing and making individual variants separately with specific mutations.  

For cloning, when two sites were less or equal to 30 bp apart, a primer that contains 

two mutation sites was used to make one segment. When two sites were 30 to 100 bp apart, 

two overlapping primers each with one mutation were used to make one segment. When 

two sites were more than 100 bp apart, individual primers were made so that each segment 
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would contain one mutation. The PCR segments were combined similarly as mentioned 

before in Section 3.2.1.  

3.2.3 HEK293 Kir2.1 Cell Culture and Transfection for Library Screening 

To better imitate neuronal membrane properties, a modified HEK293 cell line 

(kindly provided by Dr. Gui-Rong Li) that stably expressed human Kir2.1 channel was 

used in the library screening because the resting membrane potential was about −70 

mV(Zhang, Lau, and Li 2009). HEK293 Kir2.1 cells were cultured in growth medium 

[Dulbecco's Modified Eagle's medium (with 4500 mg/L glucose and sodium bicarbonate), 

supplemented with 5% fetal bovine serum (vol/vol), 2 mM glutamine, 100 unit/mL 

Penicillin, and 100 ug/mL Streptomycin] and incubated at 37℃ in air with 5% CO2 

(reagents from Sigma-Aldrich). Additionally, 750 ug/mL of Geneticin (G418) Sulfate 

(Corning) was added to the growth medium to maintain the expression of Kir2.1.  

Glass-bottom 96-well plates (P96-1.5H-N, Cellvis) were used for transfection and 

imaging. To help cells adhere to the glass bottom, wells were coated with poly-D-lysine 

(BioCoat, Corning) for 1 h at 37℃ and washed twice with phosphate-buffered saline (PBS, 

HyClone, GE Healthcare).  

To chemically transfect the cells with library variants, cells were plated at 60% 

confluence two days before imaging. 130 ng DNA, 0.4 uL transfection reagent (JetPRIME, 

Polyplus Transfection), 20 uL buffer (JetPRIME, Polyplus Transfection) were mixed first 

and added to each well, which contained 150 uL of cells suspended in culture medium.  

Before imaging, to remove autofluorescence from the growth medium, each well 

was washed twice with 200 uL external solution that contained 110 mM NaCl, 26 mM 

sucrose, 23 mM glucose, 5 mM HEPES-Na, 5 mM KCl, 2.5 mM CaCl
2
, 1.3 mM MgSO4 
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adjusted to pH 7.4 with NaOH (reagents from Sigma-Aldrich). During imaging, cells were 

maintained in 100 uL/well external solution at room temperature.  

3.3 Hardware Design 

The hardware components and related imaging configurations used in the high-

throughput library screening are described in this section. A multimodal microscope 

system was critical to acquire fluorescence images and high-speed time series. A 

customized rig was installed on the microscope to perform electric field stimulation from 

a pair of motorized electrodes. Data acquisition was highly automated by a computer. In 

addition, library screening imaging and electric field stimulation protocols are detailed in 

this section.  

3.3.1 Microscope System Optical Elements and Detectors 

An inverted microscope (Ti Eclipse, Nikon) with multi-photon capability (A1R-

MP, Nikon) was used in this thesis for fluorescence imaging. One-photon epifluorescence 

excitation light was generated by a multi-line solid-state light engine (SpectraX, 

Lumencor). The excitation beam was then focused onto the sample through an objective. 

The objectives used in this thesis had 20× (CFI Plan Apo Lambda, Nikon) or 40× 

magnification (CFI Plan Fluor oil immersion, Nikon). A quad-band filter cube (Sedat, 

Chroma) consisted of a dichroic mirror (89100bs, Chroma) and an emission filter (89101m, 

Chroma) was used to split the excitation and emission beams and to condition the emission. 

The emission was detected by a scientific CMOS camera (ORCA-Flash 4.0 V2, 

Hamamatsu) (Figure 3.3.1).  
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Figure 3.3.1 Epifluorescence imaging optical paths of the microscope system 

The excitation light (shown in dash-dotted arrows) was from a multi-wavelength light 

engine. One dichroic mirror (thick dashed lines to the left) was used to split the excitation 

light, which went to the sample through an objective, and the emission light (shown in solid 

arrows). The emission light was conditioned by a quad-band filter (dotted rectangle) before 

captured by the camera.  

A motorized extended travel stage (H139E1, Prior) was used to control the position 

of the field of view and hold the 96-well plates or the electrophysiology perfusion chamber 

(mentioned in Section 4.1.2).  

3.3.2 Motorized Electric Field Stimulation Electrodes 

To provide controllable electric field stimulation, a digital isolated high-power 

stimulator (4100, A-M System) was used. Electric pulses generated were passed to a pair 

of electrodes made from 0.5 mm wide platinum wires (99.95% pure, AA10286BU, Fisher 

Scientific) (Figure 3.3.2). The two L-shaped electrodes had a horizontal length of 2 mm 

and were separated by 2.5 mm and secured on a 3D-printed polylactic acid holder. A 

motorized linear translation stage was used to move the holder with the electrodes in and 

out of the well vertically. Two smaller manual linear translation stages were used to fine 

tune the electrodes’ position along other two spatial dimensions (Figure 3.3.3, Table 3.3.1). 

During stimulation, the electrodes were submerged under the imaging solution, about 350 

um above the bottom (i.e. 600 um if calculated from the center of the electrode). Refer to 
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Section 3.5.2 for theoretical calculations that justified the geometry of the electrodes.  

 

Figure 3.3.2 Electric field stimulation to perturb cellular membrane voltage 

(A) Electric field stimulation was done in a 96-well plate. A motorized microscope stage 

provided two degrees of freedom in horizontal movement. A motorized electrode holder 

that held two platinum electrodes was able to move in and out the well vertically to avoid 

collision with the wall of the wells during stage movement. The stimulator would generate 

voltage which induced an electric field between the electrodes. (B) Side view of the 

electrodes within a well. The wall of the well is rendered transparent for visualization.  

  

A 

B 
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Figure 3.3.3 Electric field stimulation motorized electrode assembly 

(A) The rendering of the motorized electrode assembly. (B) A close up view of the 

electrode above the 96-well plate during imaging. The cyan excitation light illuminates the 

scene. (C) Photo of the electrode assembly attached to the optical table next to the 

microscope.  
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Quantity Make Model Description 

1 ThorLabs KDC101 K-Cube Brushed DC Servo Motor 

Controller 

1 ThorLabs MTS50/M-Z8 50 mm (1.97") Motorized Translation 

Stage, M4 and M3 Taps 

1 ThorLabs BA2/M Mounting Base, 50 mm x 75 mm x 10 

mm 

1 ThorLabs RM1B/M Ø25.0 mm Post Clamp, M6 Tap, M6 

Counterbore 

2 ThorLabs C1001/M Post Mounting Clamp for Ø25 mm Post, 

Metric 

2 ThorLabs C15QR/M Quick Release Handle for Ø25.0 mm or 

Ø1.5" Post Clamps, M6 Threads 

1 ThorLabs RS150/M Ø25.0 mm Pillar Post, M6 Taps, L = 150 

mm, M4 Adapter Included 

1 ThorLabs RS300/M Ø25.0 mm Pillar Post, M6 Taps, L = 300 

mm, M4 Adapter Included 

1 ThorLabs MTS50A-Z8 Base Plate for MTS50 Series Translation 

Stages 

1 ThorLabs MTSA1/M Adapter Plate with M6 and M4 Tapped 

Holes for MTS25 and MTS50 Stages 

2 Newport 411-05S Miniature Linear Stage, Ball Bearing, 0.5 

in. Travel, 8-32 Thread 

1 Newport 411B Vertical Mounting Bracket, 411 Series 

Linear Stage 

1 MakerBeam 100090 200mm black anodised MakerBeam 

2 MakerBeam 100078 100mm black anodised makerBeam 

3 MakerBeam 100337 MakerBeam T brackets 

1 Rapid 

prototype 

- Electrode holder 

1 Rapid 

prototype 

- MakerBeam stage connector 

Table 3.3.1 List of parts used in the electric field stimulation electrode motor 

assembly 

Listed here are electronics and mechanical parts used to assemble the motorized electrode. 

Two parts were rapidly prototyped while other parts came off-the-shelf. The platinum 

electrodes (not listed here) were manually cut and bent to the dimensions.  

3.3.3 Data Acquisition and Computer Automation 

To support automation of the system, data acquisition and output broads (PCI-6229 

and PCI-6723, National Instruments) were connected to the microscope computer through 

a PXI Chassis (PXI-1033, National Instruments). The computer was equipped with 2 Intel 
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Xeon E5-2630 v3 processors (total of 16 cores), 128 GB of DDR4 RAM, and 4×2 TB SSD 

in RAID 0 to facilitate high-speed imaging. JOBs scripts in NIS-Elements AR (ver. 4.60, 

Nikon) was used to control the microscope system (e.g. stage position), manage the optical 

configurations (e.g. excitations), initiate image acquisition, and trigger the stimulator.  

3.3.4 Imaging and Electric Field Stimulation Protocols 

Each plate of transfected cell underwent three rounds of imaging. For the first round, 

both green and red channels were captured in sequence at 20 ms exposure time, 512×512 

pixels with 4×4 hardware binning under the fast scan mode. The stage moved across all 

wells to capture one field of view each before moving on to the next round: electric field 

stimulation.  

To ensure sufficient temporal resolution, electric field stimulation was imaged at 1 

kHz frame rate, 512×50 pixels with 4×4 hardware binning under the fast scan mode. Before 

recording the 1-ms exposure green channel video, a 20-ms exposure reference images of 

both channels were taken in sequence, matching the stage position and image size of the 

video. Then, the stimulator was triggered to give the stimulation pulses with the onset of 

the video, and the duration and type of the stimulation depended on specific experiment 

protocols. Electric field stimulation imaging was also repeated on non-overlapping fields 

of view depending on the experiments.  

The final round was the photostability time lapse imaging. The green channel was 

recorded with 0.5 s frame interval for 10 s and 1 s interval for the remaining duration up to 

5 min, at 20 ms exposure time, 512×512 pixels with 4×4 hardware binning under the fast 

scan mode. One field of view not previously imaged was photobleached for each well with 

the excitation light on for the entire duration.  

All procedures were under 20× magnification. The green and red channels were 
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illuminated separately under 470 nm and 555 nm wavelength, at full power of the light 

engine, which corresponded to a power density of 43 mW/mm² and 79 mW/mm², 

respectively at the sample plane. All electric field stimulation protocols used in this thesis 

were built on monophasic square pulses with an amplitude of 20 V.  

3.4 Software Design 

The work presented in this thesis relied extensively on computational analysis. 

During library screening imaging, wells with poor-performing variants were skipped 

according to the fast feedback analysis. Subsequently, detailed multi-parameter analyses 

processed all recordings from different fields of view to get calculate statistics for each 

variant. The quantification and statistics determined top-ranking variants for multi-site 

combinatorial library screening and potential GEVIs for further electrophysiology 

characterization.  

The analyses were implemented in MATLAB (ver. r2019b, MathWorks), and the 

raw captured recordings, which were in .nd2 format, were imported to MATLAB using the 

Bio-Formats toolbox (ver. 6.2.0) (Linkert et al. 2010).  

3.4.1 Well Selection Feedback Analyses During Imaging  

To increase the throughput of the screening platform while cover as many 

performance metrics as possible at the same time, two fast analyses for well selection 

feedback were included at the two intervals between the three rounds of imaging. A 

graphical user interface was designed to enable interactive selection of wells based on 

result scores (Figure 3.4.1).  
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Figure 3.4.1 Graphical user interfaces for well selection feedback 

Between two rounds of screening, recordings were processed quickly to provide an 

interactive feedback to the performance of the library. The scores were shown as the size 

of the data marker in arbitrary units. Wells that scored low in expression (left), brightness 

(right), and/or electric field stimulation response (figure not shown) were eliminated from 

further screening, improving the throughput. Moving the scroll bars would change the 

thresholds used for well selection, and information of the selected wells was imported to 

the imaging software afterwards.  

During the first interval after the dual-channel imaging, the recording files were 

processed. From the red reference channel, the proportion of the field of view covered by 

the red fluorescent protein (mCherry-CAAX) expressing cells could be calculated. This 

value was used to estimate the protein expression level, and excluding the low RFP 

expressing wells minimized low quality recordings being generated from near-empty fields 

of view, and thus increased platform throughput. In addition, by utilizing the green channel 

in conjunction with the red reference channel, an estimation of the relative brightness could 

be obtained (refer to Section 3.6.1).  

After the second round of imaging, i.e. electric field stimulation, recordings were 

analyzed for evaluation of the variants’ sensitivity before the next round of imaging. Due 

to the size of the library and the sheer number of recording files, a fast algorithm that 

provided only the estimation of sensitivity from the long stimulation was used, saving time 

but at the expense of full statistical analysis with kinetics.  
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Finally, depending on the importance of the library and score distributions from 

both of feedback analyses, a fraction of wells entered the last and the lengthiest screening 

step to evaluate variants’ photostability.  

3.4.2 Image and Time Series Multi-Parameter Analyses 

After three round of imaging, multi-parameter analyses were done on images and 

time series to get detailed statistics on brightness and sensitivity and the rest of the 

performance evaluations not covered by the well selection feedback analyses, such as 

kinetics and photostability (Figure 3.4.2).  

 

Figure 3.4.2 Time series multi-parameter analysis procedure 

Fluorescence microscopy images and time series underwent two major procedures: image 

processing and signal processing. After images were loaded from raw recordings, image 

operations were done in parallel. The masking step converted 5D images (X, Y for image 

width and height, C for color channel, T for time, and S for different series taken at different 

stage position) into many 1D signals, and the result was cached on disk. Then, these signals 
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were processed to extract features that were specific to the experiment protocol such as 

electric field stimulation and photobleaching. Finally, results were uploaded to a database.  

Image analyses and processing started with parsing all the recording raw files on 

disk to have an overview of the dataset. The metadata stored on each file were loaded to 

organize captured frames based on their stage coordinates and time points. User-provided 

analysis configuration were loaded to create parallel processing tasks that were distributed 

to different parallel workers. Each worker was in charge of processing a subset of 

interdependent recordings.  

Image processing typically consisted of the following steps:  

1. Load image pixel data from raw files on disk.  

2. Calibrate images for color channel alignment, flatfield correction, etc.  

3. Bin the images 2×2 to further reduce spatial resolution and memory requirement.  

4. Correct for background fluorescence.  

5. Detect pixels that belong to the cells (foreground pixels) and discard background 

pixels.  

6. Detect saturated pixels in all frames along the time and channel dimensions.  

7. Mask out saturated and background pixels and convert images into 1D signals.  

8. Cache the resulted 1D signals to the disk for future use.  

Signal processing began with temporal alignment of the voltage-induced 

fluorescence signals to synchronize recordings because of variations of the recording start 

time and the timing of the electric field stimulations. Interpolation was performed to 

uniformly resample all signals along the time dimension to account for jitter of the camera 

and to ease computation. To produce quantitative results and statistics, the signals were 

further analyzed using custom procedures for different performance metrics. For example, 
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peak or edge detection was used to quantify GEVIs’ sensitivity, while a simple averaging 

or integration was used to quantify sensors’ photostability and brightness. Descriptive 

statistics were produced for all fields of view, wells, and variants.  

Finally, the results were saved to a centralized database, enabling further 

visualization and export of the data. The analysis algorithms were streamlined to be able 

to run on a single workstation and use less than an hour per 96-well plate, with minimal 

manual intervention and full use of parallelization.  

3.5 Theoretical Calculations 

During the design phase of the screening platform, theoretical calculations were 

done to provide necessary information on the size of single-site saturation mutagenesis 

libraries and the electric field strength and electrode geometry of electric field stimulation.  

3.5.1 Single-site Saturation Mutagenesis Library Coverage 

Because of the random nature of saturation mutagenesis, the number of variants to 

be screened determines the coverage of the search space, i.e. the possible number of amino 

acids sampled in the screening. In practice, degenerate codons, which are triplets of 

nucleotides with redundancy, are used to tune the final probability of translated amino acids. 

In this thesis, the choices and ratios of degenerate codons were adjusted so that one position 

on the variant protein had close to equal likelihood of mutating to one of the 20 natural 

amino acids (Table 3.5.1). From the usage of degenerate codon, the number of variants that 

needed to be screened, i.e. the library size, can be estimated.  
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Degenerate 

Codon 

Amino Acid Probability 

NNT A, C, D, F, G, H, I, L, N, P, R, T, V, Y 1/21 × 14 

S 2/21 × 1 

VAA E, K, Q 1/21 × 3 

ATG M 1/21 × 1 

TGG W 1/21 × 1 

Table 3.5.1 Degenerate codon and translation for single-site saturation 

mutagenesis 

The four degenerate codons cover all 20 possible amino acids with close to equal 

probability, not considering codon usage bias, i.e. it is equally likely to have one certain 

codon in the final plasmid.  

With this degenerate codon design, I first sought to compute the library size (𝒩) 

needed for full coverage, i.e. sampling from all possible types of amino acids. Using the 

approximation method (Nov 2012), the probability function can be determined (Equation 

(2)). This provides an upper bound of 𝒩.  

PFull(𝒩) ≈ (1 − (1 −
1

21
)

𝒩

)

19

⋅ (1 − (1 −
2

21
)

𝒩

) (2) 

 

I then took a more conservative approach and asked the question that what 𝒩 

would be if only the best candidate needed to be identified. Now, the probability function 

can be calculated as Equation (3), which provides a lower bound of 𝒩.  

PBest(𝒩) ≈
19

20
(1 − (1 −

1

21
)

𝒩

) +
1

20
(1 − (1 −

2

21
)

𝒩

) (3) 

 

From these two equations, I determined that given a confidence of 0.90, the range 

of library size 𝒩 is from 47 to 107 (Figure 3.5.1). Given the time and expense needed for 

screening, it is therefore important to balance the need to screen libraries with sufficient 

coverage with the need to screen as many independent libraries. I therefore chose 𝒩 = 60, 

as a compromise between these two design goals. In practice, 60 candidates per library 

allows one 96-well plate to host 1.5 libraries with 6 additional onboard controls.  
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Figure 3.5.1 Probability of types of coverage vs. library size 

The full coverage curve (solid) determines the upper bound for the library size (𝒩) when 

potentially all possible amino acids would be sampled from the screening. The lower bound 

of library size can be found by the probability curve (dashed) of one amino acid (of the 

best variant) being sampled. Increasing in the library size would generally yield a better 

chance of discovering new improved variants. The dash-dotted line marks the interval of 

library size at 0.90 probability.  

3.5.2 Electric Field Stimulation Field Strength and Electrode Geometry 

There are multiple ways to induce electric field near the cells in liquid culture 

medium. In this thesis, for simplicity and the relatively low cost, I opted for a pair of 

mobilized electrodes that extended into the well and submerged in the medium. The 

dimension and position of the electrodes would impact both the freedom of movement of 

the electrodes and the electric field profile.  

Since I wanted to record multiple fields of view within the same well, one method 

was to allow the movement of the electrodes inside the well so that electrodes’ position 

was fixed with respect to the field of view where a consistent electric field profile would 

take place. Because the electrode rig was anchored onto the optical table, the electrodes 

and the objective, thus the field of view, shared the same reference frame. When switching 

field of view by moving the well plate on the stage, it would equivalently be that the wall 

of the well would move around the field of view. Therefore, the electrodes should be 
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sufficiently small in order to prevent possible collision to the walls of the wells.  

Given the platinum wire’s diameter of 0.50 mm, which was chosen for rigidity, and 

the size of field of view under 20× magnification, the electrodes were designed to be 2.5 

mm apart (from center line), and 2.5 mm wide (Figure 3.5.2).  

A 

 

B 

 

Figure 3.5.2 Dimension and position of electric field stimulation electrodes 

(A) 3D sketch of the pair of the L-shaped electrodes within a well of 96-well plate, filled 

with about 100 uL of medium. (B) 2D sketch showing the relative size of the field of view 

under 20× magnification (yellow square), the two electrodes (gray patches), and the well 

(inner circle is the glass bottom, and outer dashed circle denotes the upper opening). Due 

to the geometrical hindrance, the electrodes were confined within the region marked by 

thick dashed lines. The area within the yellow dash-dot lines could be imaged without the 

electrode colliding onto the walls of the wells.  

The distance of the electrodes to the glass bottom (hereafter referred to as the height 

of electrodes) is also critical in shaping the electric field on the cells. An even distribution 

of the electric field strength was preferred because the screened sensors’ response is tied 

to the membrane potential which would be altered by the external electric field’s effect on 

the Kir2.1 channels. An excessive field strength could damage the cell membrane, 
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undermining cellular health, whereas low field strength would result in less activation of 

the inward rectifying Kir2.1 channels that are expressed in the cells to create an electric 

field-induced voltage response.  

Given the fact that a uniform electric field is generated between two parallel 

conductors of infinite size, the edge effect caused by the finite and L-shape geometry of 

the electrodes and the boundary condition caused by the discontinuity from conductive 

medium to insolating glass bottom would distorts the field lines. Such electric field line 

distortion can be avoided by raising the electrodes. Finite element simulation was 

performed in COMSOL Multiphysics (ver. 5.3) to confirm that a height of about 0.60 mm 

would be the balance of sufficient field strength and field uniformity (Figure 3.5.3). Note 

that the simulation was done in unit electric potential, and because of linearity, the electric 

field strength at given potential could be easily derived.  
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Figure 3.5.3 Electric field and potential calculated by finite element method 

Finite element simulation of electric field strength and potential induced by the electric 

field stimulation electrodes. Simulation was done in 3D, and 2D slices shown here are 

taken from the glass bottom. (A, C, E) Simulated electric potential when the electrodes are 

0.25, 0.60, 1.00 mm, respectively, from the well bottom. Distance is measured from the 

central axis of the 0.50-mm-wide electrode. (B, D, F) Simulated electric field strength 

corresponding to the configuration of (A, C, E). The left electrode is set to be 1 V, and the 

right electrode is the ground. As the electrodes being lifted higher, the field strength 

becomes weaker and more evenly distributed between the electrodes at the location of the 

A B 

C D 

E F 
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field of view (annotated by the white point).  

3.6 Screening Platform Quantification and Validation 

In this section, I describe the quantification of performance properties measured by 

the screening platform: brightness, sensitivity, kinetics, and photostability. I explain the 

design of the screening procedure and show that the screening platform is accurate and 

precise using data from benchmark experiments performed on various known GEVIs. 

Proteins or biosensors used in this section include ASAP1, ASAP2s, ASAP3 (Chavarha et 

al. 2018), ArcLight-A242, Marina (Platisa et al. 2017), lyn-EGFP (membrane localized 

green FP as a control), and three new ASAP-family based GEVI candidates constructed in 

this thesis: JEDI-1P, V1 (ASAP2s-H152E), and V2.  

3.6.1 Quantification of Expression Level and Brightness 

A red fluorescent protein was attached to a membrane localization tag and co-

expressed with each of the green GEVI variants used in library screening (Figure 3.6.1). 

The additional red channel served as the reference to help quantify expression level and 

brightness.  
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Figure 3.6.1 mCherry-CAAX co-expressed as the reference 

(A) GEVI variants were co-expressed with a reference FP (mCherry-CAAX) using a P2A 

sequence. The reference channel was used for evaluating brightness and expression level. 

(B) The green channel (GEVIs), the red channel (mCherry-CAAX), and the combination 

of both channels are shown for a representative field of view. Zoomed-in images are shown 

to illustrate the image resolution.  

Identifying wells with low expression level and excluding them from further 

imaging and analysis procedures helped boost the throughput of the platform (Figure 3.6.2). 

A small number of wells occasionally expressed a low level of the GEVI variant or the 

reference protein. This could be from the preparation of library construct, resulting low 

yield of plasmid DNA, from pipetting errors during the introduction of the plasmid by 

transfection, or from cytotoxicity of the construct.  

A 

B 
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Figure 3.6.2 Quantification of expression using the reference fluorescent protein 

Transfection efficiency influences expression. Using the reference red channel, the 

proportion of the field of view covered by the RFP-expressing cells can be estimated to 

reflect the expression level. Data from 96 wells with 1 field of view each.  
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The fluorescence of GEVI variants can be calibrated by the reference channel in 

order to get expression-invariant quantification of brightness. As shown in Figure 3.6.3, 

normalization using the RFP generally reduces apparent well-to-well variability in 

brightness compared with measuring the green fluorescence alone.  

A 

 

B 

 

C 

 

Figure 3.6.3 Normalizing for cellular expression reduces well-to-well variations in 

brightness 

(A) Brightness is evaluated using fluorescence intensity ratio of the green and red channels. 

Data from 𝑁 = 4 wells for each GEVI, and the values are normalized to those obtained 

with ASAP2s. (B) Green fluorescence of the same dataset of (A). (C) The coefficient of 

variation from ratio of green and red fluorescence are generally smaller than that of green 

fluorescence only.  
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Libraries typically produce variants of different levels of brightness (Figure 3.6.4). 

Wells that express the red reference protein robustly but produce little green fluorescence 

from the GEVI likely represent variants in which the folding or expression of the GEVI 

was impaired. These wells were typically excluded from future tests (electric field 

stimulation and photobleaching time lapse), thereby decreasing the time to characterize the 

plate. It is important that not all wells with dimmer baseline green fluorescence than the 

parental control GEVI were excluded because the mutations could possibly flip the on and 

off states of the GEVIs which leads to a lower brightness, and the screening platform should 

not be biased to bright-to-dim sensors.  

 

Figure 3.6.4 Ranking of brightness of a typical library plate 

Brightness of GEVI variants can be estimated using the reference RFP. Three 

representative fields of view show the ratio between green and red fluorescence decreasing 

with the ranking. Data from 72 wells of the same data set as Figure 3.6.2 with an expression 

score threshold greater than 0.3.  

3.6.2 Quantification of Sensitivity and Kinetics using Electric Field Stimulation 

Fluorescence response to the change of voltage defines GEVIs’ the most important 

function, and in this thesis electric field stimulation was used to induce fluorescence change 
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of GEVIs. Specifically, I was interested in characterizing the maximum steady state 

response amplitude which is usually measured by long voltage holding steps in patch clamp, 

and the transient response amplitude which affects the sensors ability to detect fast voltage 

signals such as action potential spikes.  

Pilot experiments where different stimulations of various durations were applied to 

cells demonstrated that a longer stimulation duration would bring the sensor’s response 

closer to its steady state, while a shorter stimulation could be used to approximate transient 

response (Figure 3.6.5). I observed that the 100-ms pulse would lower the response of the 

subsequent fields of view nearby (data not shown), and the fluorescence might not return 

to the baseline afterwards (also shown in Figure 3.6.5), indicating possible adverse effects 

on the cells’ health status. As a result, I changed the long stimulation protocol to ten 1.5-

ms pulses with a period of 10 ms.  

A 

 

B 

 

Figure 3.6.5 Response amplitude affected by electric field stimulation pulse 

duration 

(A) Representative fluorescence traces of ASAP1 and ASAP2s in response to electric field 

stimulation of various durations of the same voltage amplitude. Response peak amplitude 

increases with increasing stimulation durations. (B) Response amplitude values in (A) are 

plotted against stimulation durations in a semi-log plot which shows that the response 

amplitude plateaus at longer stimulation durations.  
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Then, the two types of stimulations: the short stimulation of 1.5-ms single pulse, 

and the long stimulation train of 10 of 1.5-ms pulses at 100 Hz, were tested on various 

GEVIs and a control FP. The responses from the two stimulations were consistent to the 

reported properties of the sensors (Figure 3.6.6 (a)). For example, Marina showed a positive 

response because it is a dim-to-bright sensor. The ranking of ASAP1, ASAP2s, and ASAP3 

for their response to the long stimulation matched to that of the steady state response 

reported in the literature (Chamberland et al. 2017; Chavarha et al. 2018). Moreover, the 

ratio of the responses to the short and long stimulation protocols were consistent with the 

predicted activation kinetics of the sensors (Figure 3.6.6 (b)). For example, ASAP3 and 

ASAP1 have similar activation kinetics, while being faster than that of ASAP2s 

(Chamberland et al. 2017; Chavarha et al. 2018), and ArcLight-A242 and Marina have 

slow activation kinetics (Jin et al. 2012; Platisa et al. 2017).  

A 

 

B 

 

Figure 3.6.6 Evaluating GEVIs sensitivity and kinetics using two stimulation 

protocols 

(A) The short stimulation (1.5-ms) and the long stimulation train (10×1.5 ms at 100 Hz) 

were applied on GEVIs. Lyn-EGFP served as the negative control. Values are averaged 

from 𝑁 = 4 wells. (B) The same dataset in (A) shown as the ratio of short and long 

stimulation. Error bars are standard deviations.  
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In order to test whether the sensitivity and kinetics quantified using electric field 

stimulation could be used in place of patch clamp electrophysiology, five GEVIs were 

evaluated under both the low-throughput gold standard single-cell patch clamp and the 

high-throughput well-based electric field stimulation. Figure 3.6.7 shows that well-level 

populational response measured from the two chosen electric field stimulation protocols 

were indeed predictive of results obtained by patch clamp electrophysiology.  

A 

 

B 

 

Figure 3.6.7 Electric field stimulation results correlate to patch clamp values 

(A) The response of 𝑁 = 4 wells to 1.5-ms electric field stimulation pulse correlates to the 

response of 𝑁 = 5 to 8 cells to single 2 Hz action potential waveforms in patch clamp 

electrophysiology. (B) The response of 𝑁 = 4 wells to 10 1.5-ms electric field stimulation 

pulse train correlates to the response of 𝑁 = 5 to 8 cells to 1 s 30-mV voltage step in patch 

clamp. Error bars are standard errors of the mean. Adjust r-squared values of a linear fitting 

are shown.  

Finally, I sought to quantify the variability in the response amplitude between 

individual fields of view (FOV) within the same well. Figure 3.6.8 shows that the FOV-to-

FOV variation was perceivable but not too large to undermine the evaluation and ranking. 

I also performed the electric field stimulation experiments on many wells of same 

constructs, and Figure 3.6.9 demonstrates that well-to-well variation was sufficiently low 

to easily distinguish between two reference sensors based response amplitudes from two 

protocols.   
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Figure 3.6.8 Ranking of sensitivity of a typical library plate 

Bar chart shows the mean of 6 fields of view within each of 86 wells from the same dataset 

as Figure 3.6.2. Error bars are standard deviations. Red bars indicate the timing of ten 1.5-

ms stimulation train, and the insets show four representative fluorescence trace that 

correlate with the evaluated response value.  

 

Figure 3.6.9 Precision of sensitivity and kinetics evaluation 

The response to the 10×1.5-ms stimulation (S10×1.5) was used as the metrics for sensitivity, 

and the ratio between the mean response of three 1.5-ms stimulations (S1.5 ) and the 

response of S10×1.5 reflected sensors’ kinetics. ASAP1 and ASAP2s are transfected to 48 

wells each (2 wells of ASAP1 discarded because of low expression). Each data point is one 

well containing 3 FOVs, and error bars are standard deviations. Two clearly separated 

clusters (separated by the dashed line) can be seen which is consistent with the reported 

properties: ASAP2s is more sensitive, and ASAP1 has a larger fast on-kinetics.  
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3.6.3 Quantification of Photostability 

The screening platform is designed to also evaluate biosensors’ photostability from 

epifluorescence time lapse recordings. Photobleaching kinetics could not always be 

represented by fitting a single exponential model, complicating the comparison between 

sensors. I therefore chose a simple measure, namely the percentage of the original 

fluorescence remaining at the end of the recording, as the operational definition of 

photostability (Figure 3.6.10 (a)). Because of the long time needed to perform time lapse 

video of each field of view sequentially, and of the small variation between fields of view 

(Figure 3.6.10 (b)), only one field of view was sampled per well.  

The photostability test was conducted at the end of the three rounds of imaging. 

Because of the long cumulative time needed to image many wells, the screening throughput 

can be increased by excluding wells of variants with poor sensitivity and/or kinetics, as 

determined in the previous rounds of screening.  

A 

 

B 

 

Figure 3.6.10 Ranking of photostability 

(A) Fluorescence traces of time lapse videos from an exemplar screening plate are 

normalized to the initial time point. Variants became more distinct after 5 min of 

photobleaching. References ASAP1 and ASAP2s are highlighted. (B) Fluorescence traces 

of ASAP1 and ASAP2s. The photobleaching recordings were repeated for 𝑁 = 5 wells 

with one field of view in each well to show variation. Dashed lines are standard deviations.  
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Chapter 4 

Application of the Screening Platform 

In this chapter, the high-throughput screening platform that I designed was applied 

to optimizing GEVIs. I identified JEDI-1P, a novel GEVI four mutations away from 

ASAP1 with improved kinetics and sensitivity to offer good optical detection of neural 

activity. Electrophysiological characterization in mammalian cells in vitro and in zebrafish 

confirmed the improvement.  

4.1 Materials and Methods 

Promising new variants identified by the screening platform were characterized by 

patch clamp electrophysiology. The materials and procedures of cell culture, transfection, 

and the imaging protocols for in vitro electrophysiology are first described in this section. 

Then, I show how the electrophysiology recordings were analyzed with the help of 

automated software routines, which provided rich summarizing visualizations. Finally, I 

include zebrafish preparation, transfection, and imaging procedures for in vivo 

demonstration of JEDI-1P.  

4.1.1 HEK293A Cell Culture and Transfection for Electrophysiology 

Verification of good candidates were first tested by electrophysiology in HEK293A 

cells (Thermo Fisher Scientific). HEK293A cells were plated on circular cover glass (12 

mm #0, Carolina) at 30% confluence 2 days before imaging. Chemical transfection was 

done using Fugene HD transfection reagent (Promega) in 24-well plates per manufacturer’s 

instructions. Afterwards, the cells were cultured in the same growth medium and condition 

as HEK293 Kir2.1 cells mentioned in Section 3.2.3 except that G418 was not used.  
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4.1.2 HEK293A Electrophysiology Characterization Protocols 

Electrophysiology tests were recorded using a patch clamp amplifier (Multiclamp 

700B, Molecular Devices, Axon Instruments) and a digitizer (Digidata 1550B1, Molecular 

Devices, Axon Instruments). Glass micropipettes (1.5 OD/1.12 ID, World Precision 

Instruments) were prepared using a pipette puller (Sutter, P-87) to achieve a tip resistance 

of 4-6 MΩ, then loaded with internal solution that contained 115 mM K-gluconate, 10 mM 

HEPES-Na, 10 mM EGTA, 10 mM glucose, 8 mM KCl, 5 mM MgCl2, 1 mM CaCl2 , 

adjusted to pH 7.4 with KOH (reagents from Sigma-Aldrich).  

One micropipette was installed on a patch clamp head-stage (CV-7B, Molecular 

Devices, Axon Instruments), which was positioned by a micromanipulator (Sensapex, 

Prior). Electrophysiology assays were carried out in a customized magnetic perfusion 

chamber (Chamlide, Live Cell Instrument, Inc.). The coverslips contained the cells were 

superfused with the external solution mentioned in Section 3.2.3, and recordings were done 

at 23℃.  

The action potential waveform (APW) electrophysiology protocol was configured 

as follows: 1) turn on excitation light and start recording at 0 s after the cell was held at 

−70 mV, 2) at 4 s perform 5 APWs at 2 Hz, 3) at 8.5 s perform 10 APWs at 100 Hz, 4) at 

11 s perform 1 s voltage holding steps of −100 mV, −40 mV, and 30 mV in order with 1.5 

s intervals at −70 mV, 5) finish recording at 21 s, 0.5 s before voltage holding stops. The 

APW had a 4-ms full width at half maximum.  

The voltage step electrophysiology protocol was configured as follows: 1) turn on 

excitation light and start recording at 0 s after the cell was held at −70 mV, 2) at 2 s perform 

the first voltage step of −100 mV for a duration of 1 s, followed by a 1.5 s of interval 

holding at −70 mV, 3) repeat 2) for −80, −60, −40, −20, 0, 20, 30, 50 mV with the same 
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duration and interval, 4) the cell was held at −70 mV until the recording finished at 20 s, 

0.5 s before voltage holding stops.  

Both protocols were imaged under 40× magnification. The green channel was 

recorded at 1 kHz (1-ms exposure time), 512×50 pixels with 4×4 hardware binning under 

fast scan mode. Full power excitation light of 470 nm wavelength was used. Refer to 

Section 3.3.1 for the microscopy setup.  

4.1.3 Patch Clamp Electrophysiology Analysis 

Good variants were validated by electrophysiology methods, which have lower 

throughput than the screening platform described previously. However, as they allow 

precise control of the plasma membrane voltage, they permit accurate characterization of 

the relationship between voltage and fluorescence. I sought to develop an automated data 

processing scheme to analyze patch clamp recordings, improving repeatability and 

speeding up the analysis.  

The algorithm takes around 2 min to process a 20-second-long 1-kHz recording, 

and the main steps are described as follows. The user first specifies the input parameters 

including the timing and shape of the voltage steps. Then, the fluorescence recording is 

loaded, and the background intensity is subtracted for each frame. Because the actual 

timing can slightly differ from the input protocol, the algorithm scans through the recording 

to correct for any offset in timing. The intervals between the voltage signals where the cell 

is held at the resting membrane potential are determined and used to correct for changes in 

fluorescence due to photobleaching. The algorithm applies three-term exponential fittings 

to individual pixels using the time constants obtained from the entire recording. Responsive 

pixels are then selected according to correlation and SNR. As expected, most responsive 

pixels would be located on the cell patched by electrophysiology. Finally, the average 
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signal of the selected pixels is analyzed to calculate response amplitude and kinetics. The 

algorithm is designed to incorporate rich visualization output to help interpret the results 

(Figure 4.1.1).  

A 

 
B 

 

Figure 4.1.1 Automated analysis of GEVI electrophysiology characterization 

Raw recordings were corrected for background and photobleaching. The region of interest 

was selected automatically based on the response of each pixel. One representative 

recording from the action potential waveform electrophysiology protocol is used to 

demonstrate the rich visualization of the analysis. (A) The analysis output the key 

information about the current recording trace (the Data curve). T is the duration of the 

response. F0 and Ff is the level of fluorescence intensity before and after each response, 
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respectively. Extrema marks the detected extremum levels or points of the response. 

Response amplitudes referenced to F0 and Ff are shown as dF/F0 and dF/Ff, respectively. 

Detection limit (Det. Limit) is the minimal response amplitude (min|dF/F|) that can be 

detected under the recording signal-to-noise ratio (SNR). (B) Informative multi-panel 

figure generated by the analysis summarizes the results of the characterization protocol. 

The bottom-left panel shows the uncorrected trace normalized to initial intensity to show 

the degree of photobleaching.  

4.1.4 Zebrafish Preparation and Transfection for Electrophysiology 

Zebrafish imaging of JEDI-1P was kindly performed by the laboratories of Dr. 

Adam Cohen and Dr. Florian Engert at Harvard University. Zebrafish (Danio rerio) codon-

optimized JEDI-1P was cloned under the control of the panneuronally active HuC promoter 

(H. C. Park et al. 2000) and injected into 1 cell stage embryos to achieve transient 

expression (Kawakami 2007). Five days post fertilization zebrafish larvae were paralyzed 

by immersion in 1 mg/mL solution of alpha-bungarotoxin for 1-2 minutes and mounted in 

1.5% low melting point agarose for imaging. Images were acquired at 500 Hz on a custom 

build light sheet microscope using ~50 mW of total 488 nm laser power. Regions of interest 

were drawn manually to extract the fluorescent time series for each cell and high-pass 

filtered to remove photobleaching.  

4.2 JEDI-1P Discovered by the Screening Platform 

To test if the high-throughput screening platform can be deployed in the application 

of finding optimized versions of ASAP-family GEVIs, multiple libraries with single-site 

mutations were first constructed based on the sequence backbone of ASAP1 (Figure 4.2.1 

(a)). Considerations were given to the choice of these mutation sites to limit the scope of 

the search given the constrains of the time and resources I had. First, I hypothesized that 

the linker regions would be critical to relay the motion of VSD to the chromophore which 

would affect its stability and thus influence the sensor’s sensitivity and brightness. 

Therefore, the residues between the third transmembrane strand (S3) of VSD and the N-
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terminal of the cpGFP, and those between C-terminal of the cpGFP and S4 of VSD were 

chosen. Then, I performed a multiple sequence alignment of the VSD with the anticipation 

that from measured evolutionary conservation, important residues could be distinguished 

(Figure 4.2.1 (b)). Thus, residues on S1, S2, and S3 of VSD with high evolutionary 

conservation scores were included in the list of sites to mutate. Finally, since S4 was 

believed to undergo drastic conformational change in VSD when the membrane potential 

varies (Li et al. 2014), all residues on S4 were selected to make single-site mutagenesis 

libraries.  

A 

 

B 

 

Figure 4.2.1 GEVI residues selected for mutagenesis 

(A) Residues targeted for improving ASAP-based GEVI using the high-throughput 

screening platform are marked in red. The target positions were selected from the linker 

regions between the VSD (blue) and cpGFP (green), evolutionary conservative positions 

on the VSD, and S4 of the VSD. (B) Multiple sequence alignment of VSD against 2522 

sequences from NCBI non-redundant protein sequences database using protein-protein 

BLAST algorithm (the BLOSUM62 scoring matrix). Residues with high evolutionary 

conservation scores (above around 3 bits, highlighted in red dashed boxes) were targeted 

for mutation.  



  56 

 

After these single-site saturation mutagenesis libraries were screened using the 

high-throughput screening platform, mutations of top-ranking candidates with various 

highlights of improved performance across different libraries were combined into two 

rounds of multi-site combinatorial libraries. In such multi-site libraries, instead of 

saturation mutagenesis where one residue could mutate to all possible 20 amino acids, 

multiple residues were selected and could possibly mutate to any one of the amino acids 

from a predefined subset of all 20 possibilities (Figure 4.2.2 (a)). The final improved GEVI, 

named JEDI-1P, have four mutations on the basis of ASAP1 (Figure 4.2.2 (b)).  

A 

 
B 

 

Figure 4.2.2 Optimization from ASAP1 to JEDI-1P 

(A) Based on ASAP2s, two single-site saturation mutagenesis libraries yielded improved 

variants which had mutations at the interface between cpGFP and VSD. Then, multi-site 

combinatorial mutagenesis (†) of the best candidates confirmed that the two positions did 

not cancel each other’s performance improvement. Similarity, starting from ASAP1 and 

ASAP2s, single-site saturation mutagenesis revealed additional improved variants, which 

were combined for another multi-site mutagenesis (‡). Multiplication sign (×) means the 

mutations were combined stochastically, whereas the plus-minus sign (±) means the 

mutations were tracked in the library. In the case of ‡, mutations H152E and Q397H were 

either both added or excluded. (B) The best candidate, JEDI-1P, had four point mutations 

on ASAP1 template, and their positions relative to the four transmembrane domains (S1-

S4) and the cpGFP are illustrated here.  
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4.3 Fast and Sensitive JEDI-1P Verified by Electrophysiology in 

HEK293A Cells 

After the performance of JEDI-1P had been measured in HEK293 Kir2.1 cells, 

JEDI-1P expressing HEK293A cells were tested using electrophysiology for three 

protocols. The sensor was tested for inputs of 2 Hz and 100 Hz action potential waveforms 

(APWs), and JEDI-1P showed a better fluorescence response to fast waveforms compared 

with ASAP2s (Figure 4.3.1). This suggests that JEDI-1P has fast on- and off-kinetics. The 

protocol with nine voltage steps mapped the sensitivity to different membrane potentials 

to determine the transfer function of the sensor and thereby assess the linearity of its 

fluorescence response to voltage. Figure 4.3.2 demonstrates that JEDI-1P has greater 

sensitivity to the depolarizing voltages than ASAP2s, while it has similar linearity. These 

validation experiments confirmed that JEDI-1P has improved detectability of action 

potential waveforms and greater sensitivity compared with ASAP2s (Figure 4.3.3).  
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Figure 4.3.1 JEDI-1P produces larger responses to action potential waveforms 

than ASAP2s 

HEK293A cells expressing ASAP2s (as the reference) and JEDI-1P were tested by patch 

clamp electrophysiology under epifluorescence. (B) Responses to a train of 100 Hz APWs 

(A) and a single APW (B) show that JEDI-1P was able to report the fast membrane voltage 

changes more accurately than ASAP2s. Data from 𝑁 = 8 cells for each variant.  

  

A 

B 
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Figure 4.3.2 JEDI-1P produces larger responses to depolarizing voltage steps than 

ASAP2s 

HEK293A cells expressing ASAP2s (as the reference) and JEDI-1P were tested by patch 

clamp electrophysiology and imaged under epifluorescence. (A) Mean steady-state 

fluorescence responses to voltage steps. Cells were held at −70 mV where the response 

should be zero. Data from 𝑁 = 9 cells of each sensor. Error bars are standard errors of the 

mean. (B) Representative fluorescence responses of ASAP2s (as the reference) and JEDI-

1P to voltage steps ranging from −100 mV to 50 mV. Traces are smoothed by moving 

average of 20 time points (20 ms). (C, D) Steady-state fluorescence responses of all the 

cells measured in the voltage steps patch clamp of ASAP2s (C) and JEDI-1P (D).  

  

A B 

C D 
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Figure 4.3.3  JEDI-1P has improved sensitivity and kinetics over ASAP2s 

(A) Responses to action potential waveforms (APWs) show that JEDI-1P is significantly 

better in reporting spikes (t-test with 𝑝 < 0.001, Bonferroni corrected for 2 comparisons). 

Data from 8 (ASAP2s) and 8 (JEDI-1P) cells with a total of 𝑁 = 8 single spikes each. (C) 

Responses to a 1-s 30-mV depolarization step show that JEDI-1P has increased sensitivity 

(t-test with 𝑝 < 0.001, Bonferroni corrected for 2 comparisons). Data from 𝑁 = 9 cells 

for each variant.  

4.4 JEDI-1P Enabled Detection of Neural Activities in vivo 

Light sheet fluorescence microscopy is an important imaging technique that offers 

better optical sectioning than epifluorescence microscopy while achieving higher temporal 

resolution in deep tissue imaging compared with two-photon or confocal microscopy. 

Zebrafish is a model organism that is cheaper to maintain than other commonly used 

vertebrates such as mice. Larval zebrafish are transparent thus allow easy examination of 

neural activities by imaging. Therefore, testing JEDI-1P in zebrafish using light sheet 

microscopy is pertinent to demonstrating the new sensor’s applications in vivo.  

Light sheet microscopy of JEDI-1P expressed in zebrafish larvae showed that the 

new GEVI was capable of reporting neural activity in vivo with sufficient temporal and 

spatial resolution. The sensor showed good membrane localization because no signification 

aggregation of the protein can be seen as bright spots, and the shape of the soma can be 

recognized (Figure 4.4.1 (a)). The representative fluorescence signals from regions of 

interest corresponding to individual neurons showed the clear oscillation of neural activity, 
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and high-frequency features that probably caused by individual action potentials could be 

distinguished (Figure 4.4.1 (b)).  

A 

 
B 

 

Figure 4.4.1 JEDI-1P enables the detection of voltage dynamics in zebrafish 

(A) Light sheet microscopy of JEDI-1P expressing neurons in zebrafish larvae spinal cord. 

Scale bar is 50 μm. (B) Baseline-corrected fluorescence signals of three representative cells. 

Zoomed-in regions marked in dashed squares are shown on the right.  
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Chapter 5 

Discussion and Conclusion 

In this final chapter of the thesis, I first discuss future directions and possible new 

applications of the screening platform. I also discuss the anticipated impact of the improved 

GEVI, JEDI-1P, on neuroscience research and for the boarder scientific community. 

Finally, the conclusion highlights the methods, results, and significance of the research 

described in this thesis.  

5.1 Future Directions and Possible New Applications 

Future directions of the screening platform include the optimization of GEVIs with 

a reversed voltage-to-fluorescence relation, which are predicted to offer good spike 

detectability, and of other biosensors of different modalities. The screening platform can 

also be adapted to evaluate more performance metrics of GEVIs, especially those related 

to in vivo imaging techniques such as two-photon microscopy.  

5.1.1 Engineering Other Types of GEVIs and Fluorescent Biosensors 

The versatility of the screening platform gives me a glimpse of what lies beyond 

JEDI-1P. One potential future direction is to look for GEVIs with reserved polarity of 

voltage sensitivity compared with ASAP-family GEVIs. Such type of GEVIs would have 

decreased fluorescence when the membrane potential is lowered and brighten up when the 

cell is depolarized.  

This positively correlated relation between input voltage and fluorescence emission 

would bring many advantages to imaging applications. Positive-going dim-to-bright 

sensors can have a larger Δ𝐹/𝐹0  than negative-going bright-to-dim sensors, which 
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translates to larger possible spike detectability (Equation (1)). Moreover, if the dim state 

of these indicators has a lower propensity to absorption, they would be expected to have 

improved photostability given that photobleaching is dependent on chromophore excitation. 

Existing dim-to-bright green GEVIs have modest performance. For instance, Marina is a 

dim-to-bright variant of the GEVI ArcLight, but it inherited the slow kinetics of its parental 

indicator and therefore produces minimal responses to APs (Platisa et al. 2017).  

In addition, because of its throughput, the automated platform reported here enables 

the exploration of a broader range of indicator architectures and of alternative protein 

domains. Indeed, improved GEVI performance may come from retrofitting our sensors 

with brighter and more photostable fluorescent proteins, voltage sensitive domains from 

other species, and from further optimizing the specific locations at which the fluorescent 

protein is coupled to the voltage sensing domain. The platform can screen these potential 

new designs because it is agnostic to the initial template and baseline performance.  

Furthermore, optimization of GEVIs can benefit more from multi-parameter 

analyses than targeting one aspect of performance at a time, because this approach provides 

comprehensive information on the effect of certain mutated residues. The gradual 

accumulation of knowledge about the performance distributions of libraries’ variants can 

shed light on the mechanism behind protein function and promote better tuning of GEVI 

performance via prediction to the influence of structural change. For example, there has 

been attempts to optimize channelrhodopsins using data driven methods by concurrently 

measuring and thus predicting multiple performance metrics (Bedbrook et al. 2019).  

5.1.2 Expand Performance Metrics Quantified by the Screening Platform 

The screening platform can be upgraded to evaluate sensors’ performance 

properties under two-photon (2P) microscopy. In the current design, the platform acquires 
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fluorescence images using one-photon epifluorescence microscopy. However, 2P imaging 

is a trending technique which is better suitable for deep live tissue imaging than one-photon 

imaging, because it has deeper penetration due to the longer wavelength excitation light 

which also causes a lower amount of scattered light than one-photon techniques.  

Moreover, GEVIs might have different performance under 2P illumination than in 

one-photon microscopy. In addition to a longer wavelength, 2P excitation light needs to 

have a drastically higher instantaneous power to create sufficient emission. This leads to 

different photochemistry of absorption, excitation, and photobleaching of the chromophore 

of fluorescent sensors used in 2P microscopy, potentially altering brightness, photostability, 

sensitivity, and kinetics. These evaluations could also be sensitive to 2P excitation because 

it is characterized by many parameters such as the kind of excitation laser and optical 

conditioning used, the laser scanning method, and the dwell time of excitation laser on each 

pixel.  

For example, Stoltzfus et al. (2015) demonstrated a 2P brightness screening system 

on green fluorescent proteins and showed that 2P properties such as absorption spectrum 

could be different from those of one-photon, as previously reported by Drobizhev et al. 

(2011). This system utilized a custom plate reader purposed only for brightness 

measurements, and the authors did not investigate whether other properties of the proteins, 

especially photostability, could be evaluated or even maintained consistently from 

screening to deployment in applications of two-photon microscopy.  

Since the screening platform is microscope-based, it allows possible direct 

integration of a 2P-photon illumination and detection system, which could also be similar 

to those used in in vivo studies. This means by adding 2P performances, namely 2P 
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brightness, 2P photostability, 2P sensitivity, and 2P kinetics to the evaluation of the 

screening platform, GEVIs that provide good spike detectability in deep tissue imaging can 

be identified.  

5.2 Impact of the Screening Platform and Improved GEVIs 

In this thesis, I report an automated platform that is designed to accelerate 

engineering fluorescent probes of voltage. Using similar principles, the workflow could be 

readily modified for optimizing other fluorescent biosensors and actuators, where multi-

parameter, high-content analyses are needed. For example, the electric field stimulation rig 

could be replaced with an automated drug dispensing system to screen biosensors of small 

molecules such as neurotransmitters.  

I anticipate that the new GEVI reported here, JEDI-1P, will be of great utility to the 

scientific community. With its improved sensitivity and kinetics, I believe that JEDI-1P 

will expedite discoveries not only in neuroscience, but also in cardiac physiology, and drug 

screening (Mutoh, Akemann, and Knöpfel 2012). The GEVI may also be combined with 

other biosensors to conduct sophisticated multi-modal experiments or with optogenetic 

actuators to map brain functional connections.  

5.3 Conclusion 

In this thesis, I developed a high-throughput technique to optimize GEVIs, and I 

discovered a fast and sensitive GEVI using this method. This screening platform quantifies 

multiple performance properties of fluorescent voltage sensors, including brightness, 

sensitivity, kinetics, and photostability, using high frame rate and time lapse videos 

captured by a microscope system. This parallel multi-parameter evaluation of GEVI 

variants in a 96-well plate format was around a hundred times faster than characterizing 
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variants individually by patch clamp, with minimal manual interventions for hardware 

control and software analyses.  

Starting from saturation mutagenesis libraries derived from ASAP-family GEVIs, 

I demonstrated the screening platform’s ability to optimize GEVIs. The best-performing 

GEVI, named JEDI-1P, showed faster responses to action potential waveforms, and greater 

sensitivity compared with the precursor sensor ASAP2s in patch clamp electrophysiology 

experiments in vitro. In addition, voltage imaging performed in live zebrafish showed the 

potential of the new GEVI to faithfully report fast voltage dynamics of neurons in vivo.  

I anticipate that the screening platform can be adapted to screen for other types of 

GEVIs, and that two-photon characteristics may be included to expand screened properties. 

I believe that the screening platform will have a profound impact on protein engineering, 

and the new indicator developed here, JEDI-1P, will open new lines of scientific 

exploration of the brain and other excitable tissues.  

 



  67 

 

Bibliography 

Abdelfattah, Ahmed S., Samouil L. Farhi, Yongxin Zhao, Daan Brinks, Peng Zou, Araya 

Ruangkittisakul, Jelena Platisa, et al. 2016. “A Bright and Fast Red Fluorescent 

Protein Voltage Indicator That Reports Neuronal Activity in Organotypic Brain 

Slices.” The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience 36 (8): 2458–72. https://doi.org/10.1523/JNEUROSCI.3484-15.2016. 

Akemann, Walther, Hiroki Mutoh, Amélie Perron, Yun Kyung Park, Yuka Iwamoto, and 

Thomas Knopfel. 2012. “Imaging Neural Circuit Dynamics with a Voltage-Sensitive 

Fluorescent Protein.” Journal of Neurophysiology 108 (8): 2323–37. 

https://doi.org/10.1152/jn.00452.2012. 

Ataka, Kazuto, and Vincent a Pieribone. 2002. “A Genetically Targetable Fluorescent 

Probe of Channel Gating with Rapid Kinetics.” Biophysical Journal 82 (1 Pt 1): 509–

16. https://doi.org/10.1016/S0006-3495(02)75415-5. 

Baker, Bradley J., Lei Jin, Zhou Han, Lawrence B. Cohen, Marko Popovic, Jelena Platisa, 

and Vincent Pieribone. 2012. “Genetically Encoded Fluorescent Voltage Sensors 

Using the Voltage-Sensing Domain of Nematostella and Danio Phosphatases Exhibit 

Fast Kinetics.” Journal of Neuroscience Methods 208 (2): 190–96. 

https://doi.org/10.1016/j.jneumeth.2012.05.016. 

Barnett, Lauren, Jelena Platisa, Marko Popovic, Vincent A. Pieribone, and Thomas Hughes. 

2012. “A Fluorescent, Genetically-Encoded Voltage Probe Capable of Resolving 

Action Potentials.” PLoS ONE 7 (9): 3–9. 

https://doi.org/10.1371/journal.pone.0043454. 

Bedbrook, Claire N., Kevin K. Yang, J. Elliott Robinson, Elisha D. Mackey, Viviana 

Gradinaru, and Frances H. Arnold. 2019. “Machine Learning-Guided 

Channelrhodopsin Engineering Enables Minimally Invasive Optogenetics.” Nature 

Methods 16 (11): 1176–84. https://doi.org/10.1038/s41592-019-0583-8. 

Carandini, M., D. Shimaoka, L. F. Rossi, T. K. Sato, A. Benucci, and T. Knopfel. 2015. 

“Imaging the Awake Visual Cortex with a Genetically Encoded Voltage Indicator.” 

Journal of Neuroscience 35 (1): 53–63. https://doi.org/10.1523/JNEUROSCI.0594-

14.2015. 

Chamberland, Simon, Helen H. Yang, Michael M. Pan, Stephen W. Evans, Sihui Guan, 

Mariya Chavarha, Ying Yang, et al. 2017. “Fast Two-Photon Imaging of Subcellular 

Voltage Dynamics in Neuronal Tissue with Genetically Encoded Indicators.” ELife 6: 

1–35. https://doi.org/10.7554/eLife.25690. 

Chanda, Baron, Rikard Blunck, Leonardo C. Faria, Felix E. Schweizer, Istvan Mody, and 

Francisco Bezanilla. 2005. “A Hybrid Approach to Measuring Electrical Activity in 

Genetically Specified Neurons.” Nature Neuroscience 8 (11): 1619–26. 

https://doi.org/10.1038/nn1558. 



  68 

 

Chavarha, Mariya, Vincent Villette, Ivan Dimov, Lagnajeet Pradhan, Stephen Evans, 

Dongqing Shi, Renzhi Yang, et al. 2018. “Fast Two-Photon Volumetric Imaging of 

an Improved Voltage Indicator Reveals Electrical Activity in Deeply Located 

Neurons in the Awake Brain.” BioRxiv, 445064. https://doi.org/10.1101/445064. 

Chemla, S., and F. Chavane. 2010. “Voltage-Sensitive Dye Imaging: Technique Review 

and Models.” Journal of Physiology Paris 104 (1–2): 40–50. 

https://doi.org/10.1016/j.jphysparis.2009.11.009. 

Chen, Tsai-Wen, Trevor J Wardill, Yi Sun, Stefan R Pulver, Sabine L Renninger, Amy 

Baohan, Eric R Schreiter, et al. 2013. “Ultrasensitive Fluorescent Proteins for Imaging 

Neuronal Activity.” Nature 499 (7458): 295–300. 

https://doi.org/10.1038/nature12354. 

Clarke, Steven. 1992. “Protein Isoprenylation and Methylation at Carboxyl-Terminal 

Cysteine Residues.” Annual Review of Biochemistry 61 (1): 355–86. 

https://doi.org/10.1146/annurev.bi.61.070192.002035. 

Collins, Christine E., Emily C. Turner, Eva Kille Sawyer, Jamie L. Reed, Nicole A. Young, 

David K. Flaherty, and Jon H. Kaas. 2016. “Cortical Cell and Neuron Density 

Estimates in One Chimpanzee Hemisphere.” Proceedings of the National Academy of 

Sciences 113 (3): 740–45. https://doi.org/10.1073/pnas.1524208113. 

Dimitrov, Dimitar, You He, Hiroki Mutoh, Bradley J. Baker, Lawrence Cohen, Walther 

Akermann, and Thomas Knöpfel. 2007. “Engineering and Characterization of an 

Enhanced Fluorescent Protein Voltage Sensor.” PLoS ONE 2 (5): 2–6. 

https://doi.org/10.1371/journal.pone.0000440. 

Drobizhev, Mikhail, Nikolay S. Makarov, Shane E. Tillo, Thomas E. Hughes, and 

Aleksander Rebane. 2011. “Two-Photon Absorption Properties of Fluorescent 

Proteins.” Nature Methods 8 (5): 393–99. https://doi.org/10.1038/nmeth.1596. 

Gong, Yiyang, Mark J Wagner, Jin Zhong Li, and Mark J Schnitzer. 2014. “Imaging Neural 

Spiking in Brain Tissue Using FRET-Opsin Protein Voltage Sensors.” Nature 

Communications 5: 3674. https://doi.org/10.1038/ncomms4674. 

Grienberger, Christine, and Arthur Konnerth. 2012. “Imaging Calcium in Neurons.” 

Neuron 73 (5): 862–85. https://doi.org/10.1016/j.neuron.2012.02.011. 

Hamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. 1981. “Improved Patch-

Clamp Techniques for High-Resolution Current Recording from Cells and Cell-Free 

Membrane Patches.” Pflügers Archiv European Journal of Physiology 391 (2): 85–

100. https://doi.org/10.1007/BF00656997. 

Han, Zhou, Lei Jin, Jelena Platisa, Lawrence B. Cohen, Bradley J. Baker, and Vincent A. 

Pieribone. 2013. “Fluorescent Protein Voltage Probes Derived from ArcLight That 

Respond to Membrane Voltage Changes with Fast Kinetics.” PLoS ONE 8 (11): 1–9. 

https://doi.org/10.1371/journal.pone.0081295. 



  69 

 

Helmchen, Fritjof, J. Gerard G. Borst, and Bert Sakmann. 1997. “Calcium Dynamics 

Associated with a Single Action Potential in a CNS Presynaptic Terminal.” 

Biophysical Journal 72 (3): 1458–71. https://doi.org/10.1016/S0006-3495(97)78792-

7. 

Hempel, Chris M., Michael Sivula, Jonathan M. Levenson, David M. Rose, Bing Li, Ana 

C. Sirianni, Eva Xia, Timothy A. Ryan, David J. Gerber, and Jeffrey R. Cottrell. 2011. 

“A System for Performing High Throughput Assays of Synaptic Function.” PLoS 

ONE 6 (10). https://doi.org/10.1371/journal.pone.0025999. 

Hochbaum, Daniel R, Yongxin Zhao, Samouil L Farhi, Nathan Klapoetke, Christopher A 

Werley, Vikrant Kapoor, Peng Zou, et al. 2014. “All-Optical Electrophysiology in 

Mammalian Neurons Using Engineered Microbial Rhodopsins.” Nature Methods 11 

(8): 825–33. https://doi.org/10.1038/nmeth.3000. 

Hodgkin, A. L., and A. F. Huxley. 1952. “A Quantitative Description of Membrane Current 

and Its Application to Conduction and Excitation in Nerve.” J. Physiol. 117 (4): 500–

544. https://doi.org/10.1007/BF02459568. 

Huang, Yi Lin, Alison S. Walker, and Evan W. Miller. 2015. “A Photostable Silicon 

Rhodamine Platform for Optical Voltage Sensing.” Journal of the American Chemical 

Society 137 (33): 10767–76. https://doi.org/10.1021/jacs.5b06644. 

Jin, Lei, Zhou Han, Jelena Platisa, Julian R.A. Wooltorton, Lawrence B. Cohen, and 

Vincent A. Pieribone. 2012. “Single Action Potentials and Subthreshold Electrical 

Events Imaged in Neurons with a Fluorescent Protein Voltage Probe.” Neuron 75 (5): 

779–85. https://doi.org/10.1016/j.neuron.2012.06.040. 

Jun, James J., Nicholas A. Steinmetz, Joshua H. Siegle, Daniel J. Denman, Marius Bauza, 

Brian Barbarits, Albert K. Lee, et al. 2017. “Fully Integrated Silicon Probes for High-

Density Recording of Neural Activity.” Nature 551 (7679): 232–36. 

https://doi.org/10.1038/nature24636. 

Jung, Arong, Dhanarajan Rajakumar, Bong-June Yoon, and Bradley J. Baker. 2017. 

“Modulating the Voltage-Sensitivity of a Genetically Encoded Voltage Indicator.” 

Experimental Neurobiology 26 (5): 241. https://doi.org/10.5607/en.2017.26.5.241. 

Kawakami, Koichi. 2007. “Tol2: A Versatile Gene Transfer Vector in Vertebrates.” 

Genome Biology 8 (SUPPL. 1): 1–10. https://doi.org/10.1186/gb-2007-8-s1-s7. 

Kim, Jin Hee, Sang Rok Lee, Li Hua Li, Hye Jeong Park, Jeong Hoh Park, Kwang Youl 

Lee, Myeong Kyu Kim, Boo Ahn Shin, and Seok Yong Choi. 2011. “High Cleavage 

Efficiency of a 2A Peptide Derived from Porcine Teschovirus-1 in Human Cell Lines, 

Zebrafish and Mice.” PLoS ONE 6 (4): 1–8. 

https://doi.org/10.1371/journal.pone.0018556. 

Knöpfel, Thomas, Yasir Gallero-Salas, and Chenchen Song. 2015. “Genetically Encoded 

Voltage Indicators for Large Scale Cortical Imaging Come of Age.” Current Opinion 



  70 

 

in Chemical Biology 27: 75–83. https://doi.org/10.1016/j.cbpa.2015.06.006. 

Kralj, Jm, Dr Hochbaum, Ad Douglass, and Ae Cohen. 2011. “Electrical Spiking in 

Escherichia Coli Probed with a Fluorescent Voltage-Indicating Protein.” Science 333 

(July): 345–48. https://doi.org/10.1126/science.1204763. 

Kralj, Joel M, Adam D Douglass, Daniel R Hochbaum, Dougal Maclaurin, and Adam E 

Cohen. 2012. “Optical Recording of Action Potentials in Mammalian Neurons Using 

a Microbial Rhodopsin.” Nat Methods 9 (1): 90–95. 

https://doi.org/10.1038/nmeth.1782. 

Lee, Elizabeth E.L., and Francisco Bezanilla. 2017. “Biophysical Characterization of 

Genetically Encoded Voltage Sensor ASAP1: Dynamic Range Improvement.” 

Biophysical Journal 113 (10): 2178–81. https://doi.org/10.1016/j.bpj.2017.10.018. 

Li, Qufei, Sherry Wanderling, Marcin Paduch, David Medovoy, Abhishek Singharoy, 

Ryan Mcgreevy, Carlos A. Villalba-Galea, et al. 2014. “Structural Mechanism of 

Voltage-Dependent Gating in an Isolated Voltage-Sensing Domain.” Nature 

Structural and Molecular Biology 21 (3): 244–52. https://doi.org/10.1038/nsmb.2768. 

Lin, Michael Z, and Mark J Schnitzer. 2016. “Genetically Encoded Indicators of Neuronal 

Activity.” Nature Neuroscience 19 (9): 1142–53. https://doi.org/10.1038/nn.4359. 

Linkert, Melissa, Curtis T. Rueden, Chris Allan, Jean Marie Burel, Will Moore, Andrew 

Patterson, Brian Loranger, et al. 2010. “Metadata Matters: Access to Image Data in 

the Real World.” Journal of Cell Biology 189 (5): 777–82. 

https://doi.org/10.1083/jcb.201004104. 

Madisen, Linda, Aleena R. Garner, Daisuke Shimaoka, Amy S. Chuong, Nathan C. 

Klapoetke, Lu Li, Alexander van der Bourg, et al. 2015. “Transgenic Mice for 

Intersectional Targeting of Neural Sensors and Effectors with High Specificity and 

Performance.” Neuron 85 (5): 942–58. https://doi.org/10.1016/j.neuron.2015.02.022. 

McIsaac, R. S., M. K. M. Engqvist, T. Wannier, A. Z. Rosenthal, L. Herwig, N. C. Flytzanis, 

E. S. Imasheva, et al. 2014. “Directed Evolution of a Far-Red Fluorescent Rhodopsin.” 

Proceedings of the National Academy of Sciences 111 (36): 13034–39. 

https://doi.org/10.1073/pnas.1413987111. 

Mullah, Saad Habib-E-Rasul, Ryo Komuro, Ping Yan, Shihori Hayashi, Motoki Inaji, 

Yoko Momose-Sato, Leslie M. Loew, and Katsushige Sato. 2013. “Evaluation of 

Voltage-Sensitive Fluorescence Dyes for Monitoring Neuronal Activity in the 

Embryonic Central Nervous System.” Journal of Membrane Biology 246 (9): 679–88. 

https://doi.org/10.1007/s00232-013-9584-1. 

Murata, Yoshimichi, Hirohide Iwasaki, Mari Sasaki, Kazuo Inaba, and Yasushi Okamura. 

2005. “Phosphoinositide Phosphatase Activity Coupled to an Intrinsic Voltage 

Sensor.” Nature 435 (7046): 1239–43. https://doi.org/10.1038/nature03650. 



  71 

 

Mutoh, Hiroki, Walther Akemann, and Thomas Knöpfel. 2012. “Genetically Engineered 

Fluorescent Voltage Reporters.” ACS Chemical Neuroscience 3 (8): 585–92. 

https://doi.org/10.1021/cn300041b. 

Mutoh, Hiroki, Yukiko Mishina, Yasir Gallero-Salas, and Thomas Knöpfel. 2015. 

“Comparative Performance of a Genetically-Encoded Voltage Indicator and a Blue 

Voltage Sensitive Dye for Large Scale Cortical Voltage Imaging.” Frontiers in 

Cellular Neuroscience 9 (April): 1–8. https://doi.org/10.3389/fncel.2015.00147. 

Nakai, J, M Ohkura, and K Imoto. 2001. “A High Signal-to-Noise Ca(2+) Probe Composed 

of a Single Green Fluorescent Protein.” Nature Biotechnology 19 (2): 137–41. 

https://doi.org/10.1038/84397. 

Nordhausen, Craig T., Edwin M. Maynard, and Richard A. Normann. 1996. “Single Unit 

Recording Capabilities of a 100 Microelectrode Array.” Brain Research 726 (1–2): 

129–40. https://doi.org/10.1016/0006-8993(96)00321-6. 

Nov, Yuval. 2012. “When Second Best Is Good Enough: Another Probabilistic Look at 

Saturation Mutagenesis.” Applied and Environmental Microbiology 78 (1): 258–62. 

https://doi.org/10.1128/AEM.06265-11. 

O’Keefe, J., and J. Dostrovsky. 1971. “The Hippocampus as a Spatial Map. Preliminary 

Evidence from Unit Activity in the Freely-Moving Rat.” Brain Research 34 (1): 171–

75. https://doi.org/10.1016/0006-8993(71)90358-1. 

Park, Hae Chul, Cheol Hee Kim, Young Ki Bae, Sang Yeob Yeo, Seok Hyung Kim, Sung 

Kook Hong, Jimann Shin, et al. 2000. “Analysis of Upstream Elements in the HuC 

Promoter Leads to the Establishment of Transgenic Zebrafish with Fluorescent 

Neurons.” Developmental Biology 227 (2): 279–93. 

https://doi.org/10.1006/dbio.2000.9898. 

Park, Jeehae, Christopher A. Werley, Veena Venkatachalam, Joel M. Kralj, Sulayman D. 

Dib-Hajj, Stephen G. Waxman, and Adam E. Cohen. 2013. “Screening Fluorescent 

Voltage Indicators with Spontaneously Spiking HEK Cells.” PLoS ONE 8 (12): 1–10. 

https://doi.org/10.1371/journal.pone.0085221. 

Piatkevich, Kiryl D., Erica E. Jung, Christoph Straub, Changyang Linghu, Demian Park, 

Ho Jun Suk, Daniel R. Hochbaum, et al. 2018. “A Robotic Multidimensional Directed 

Evolution Approach Applied to Fluorescent Voltage Reporters.” Nature Chemical 

Biology 14 (4): 352. https://doi.org/10.1038/s41589-018-0023-6. 

Platisa, Jelena, Ganesh Vasan, Amy Yang, and Vincent Allen Pieribone. 2017. “Directed 

Evolution of Key Residues in Fluorescent Protein Inverses the Polarity of Voltage 

Sensitivity in the Genetically-Encoded Indicator ArcLight.” ACS Chemical 

Neuroscience 8: 513–23. https://doi.org/10.1021/acschemneuro.6b00234. 

Rothschild, Ryan Mark. 2010. “Neuroengineering Tools/Applications for Bidirectional 

Interfaces, Brain–Computer Interfaces, and Neuroprosthetic Implants – a Review of 



  72 

 

Recent Progress.” Frontiers in Neuroengineering 3 (October): 1–15. 

https://doi.org/10.3389/fneng.2010.00112. 

Sakai, Rieko, Vez Repunte-Canonigo, Christopher D Raj, and Thomas Knoepfel. 2001. 

“Design and Characterization of a DNA-Encoded, Voltage-Sensitive Fluorescent 

Protein.” European Journal of Neuroscience 13 (12): 2314–18. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=

Citation&list_uids=11454036. 

Shaner, Nathan C, Paul A Steinbach, and Roger Y Tsien. 2005. “A Guide to Choosing 

Fluorescent Proteins.” Nature Methods 2 (12): 905–9. 

https://doi.org/10.1038/nmeth819. 

Siegel, Micah S., and Ehud Y. Isacoff. 1997. “A Genetically Encoded Optical Probe of 

Membrane Voltage.” Neuron 19 (4): 735–41. https://doi.org/10.1016/S0896-

6273(00)80955-1. 

St-Pierre, François, Mariya Chavarha, and Michael Z Lin. 2015. “Designs and Sensing 

Mechanisms of Genetically Encoded Fluorescent Voltage Indicators.” Current 

Opinion in Chemical Biology 27: 31–38. https://doi.org/10.1016/j.cbpa.2015.05.003. 

St-Pierre, François, Jesse D Marshall, Ying Yang, Yiyang Gong, Mark J Schnitzer, and 

Michael Z Lin. 2014. “High-Fidelity Optical Reporting of Neuronal Electrical 

Activity with an Ultrafast Fluorescent Voltage Sensor.” Nature Neuroscience 17 (6): 

884–89. https://doi.org/10.1038/nn.3709. 

Stoltzfus, Caleb R, Lauren M Barnett, Mikhail Drobizhev, Geoffrey Wicks, Alexander 

Mikhaylov, Thomas E Hughes, and Aleksander Rebane. 2015. “Two-Photon Directed 

Evolution of Green Fluorescent Proteins.” Scientific Reports 5 (July): 11968. 

https://doi.org/10.1038/srep11968. 

Theis, Lucas, Philipp Berens, Emmanouil Froudarakis, Jacob Reimer, Miroslav Román 

Rosón, Tom Baden, Thomas Euler, Andreas S. Tolias, and Matthias Bethge. 2016. 

“Benchmarking Spike Rate Inference in Population Calcium Imaging.” Neuron 90 (3): 

471–82. https://doi.org/10.1016/j.neuron.2016.04.014. 

Wang, Bo, Wei Ke, Jing Guang, Guang Chen, Luping Yin, Suixin Deng, Quansheng He, 

et al. 2016. “Firing Frequency Maxima of Fast-Spiking Neurons in Human, Monkey, 

and Mouse Neocortex.” Frontiers in Cellular Neuroscience 10 (October): 1–13. 

https://doi.org/10.3389/fncel.2016.00239. 

Wang, Dongsheng, Zhen Zhang, Baron Chanda, and Meyer B. Jackson. 2010. “Improved 

Probes for Hybrid Voltage Sensor Imaging.” Biophysical Journal 99 (7): 2355–65. 

https://doi.org/10.1016/j.bpj.2010.07.037. 

Wilt, Brian A., James E. Fitzgerald, and Mark J. Schnitzer. 2013. “Photon Shot Noise 

Limits on Optical Detection of Neuronal Spikes and Estimation of Spike Timing.” 

Biophysical Journal 104 (1): 51–62. https://doi.org/10.1016/j.bpj.2012.07.058. 



  73 

 

Yang, Helen H., Francois St-Pierre, Xulu Sun, Xiaozhe Ding, Michael Z. Lin, and Thomas 

R. Clandinin. 2016. “Subcellular Imaging of Voltage and Calcium Signals Reveals 

Neural Processing In Vivo.” Cell 166 (1): 245–57. 

https://doi.org/10.1016/j.cell.2016.05.031. 

Yang, Helen H, and François St-Pierre. 2016. “Genetically Encoded Voltage Indicators: 

Opportunities and Challenges.” The Journal of Neuroscience : The Official Journal 

of the Society for Neuroscience 36 (39): 9977–89. 

https://doi.org/10.1523/JNEUROSCI.1095-16.2016. 

Zhang, De Yong, Chu Pak Lau, and Gui Rong Li. 2009. “Human Kir2.1 Channel Carries 

a Transient Outward Potassium Current with Inward Rectification.” Pflugers Archiv 

European Journal of Physiology 457 (6): 1275–85. https://doi.org/10.1007/s00424-

008-0608-0. 

Zou, Peng, Yongxin Zhao, Adam D Douglass, Daniel R Hochbaum, Daan Brinks, 

Christopher a Werley, D Jed Harrison, Robert E Campbell, and Adam E Cohen. 2014. 

“Bright and Fast Multicoloured Voltage Reporters via Electrochromic FRET.” Nature 

Communications 5: 4625. https://doi.org/10.1038/ncomms5625. 

 


	ABSTRACT
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Chapter 1  Introduction
	1.1 Overview
	1.2 Thesis Organization

	Chapter 2  Background and Motivation
	2.1 Properties That Define a Good Genetically Encoded Voltage Indicator
	2.2 Advantages of Genetically Encoded Voltage Indicator
	2.2.1 Compared to Electrophysiology and Voltage-sensitive Dyes
	2.2.2 Compared to Genetically Encoded Calcium Indicators

	2.3 History of Genetically Encoded Voltage Indicator Development
	2.3.1 Rational Design Leading to the Structural Diversity of GEVIs and ASAP1
	2.3.2 Directed Evolution of GEVIs by High-Throughput Screening Platforms


	Chapter 3  High-Throughput Multi-Parameter Screening Platform Design and Validation
	3.1 Overview of the Screening Platform
	3.2 Wetware Methods
	3.2.1 Plasmid Construction of Single-site Saturation Mutagenesis Libraries
	3.2.2 Plasmid Construction of Multi-site Combinatorial Libraries
	3.2.3 HEK293 Kir2.1 Cell Culture and Transfection for Library Screening

	3.3 Hardware Design
	3.3.1 Microscope System Optical Elements and Detectors
	3.3.2 Motorized Electric Field Stimulation Electrodes
	3.3.3 Data Acquisition and Computer Automation
	3.3.4 Imaging and Electric Field Stimulation Protocols

	3.4 Software Design
	3.4.1 Well Selection Feedback Analyses During Imaging
	3.4.2 Image and Time Series Multi-Parameter Analyses

	3.5 Theoretical Calculations
	3.5.1 Single-site Saturation Mutagenesis Library Coverage
	3.5.2 Electric Field Stimulation Field Strength and Electrode Geometry

	3.6 Screening Platform Quantification and Validation
	3.6.1 Quantification of Expression Level and Brightness
	3.6.2 Quantification of Sensitivity and Kinetics using Electric Field Stimulation
	3.6.3 Quantification of Photostability


	Chapter 4  Application of the Screening Platform
	4.1 Materials and Methods
	4.1.1 HEK293A Cell Culture and Transfection for Electrophysiology
	4.1.2 HEK293A Electrophysiology Characterization Protocols
	4.1.3 Patch Clamp Electrophysiology Analysis
	4.1.4 Zebrafish Preparation and Transfection for Electrophysiology

	4.2 JEDI-1P Discovered by the Screening Platform
	4.3 Fast and Sensitive JEDI-1P Verified by Electrophysiology in HEK293A Cells
	4.4 JEDI-1P Enabled Detection of Neural Activities in vivo

	Chapter 5  Discussion and Conclusion
	5.1 Future Directions and Possible New Applications
	5.1.1 Engineering Other Types of GEVIs and Fluorescent Biosensors
	5.1.2 Expand Performance Metrics Quantified by the Screening Platform

	5.2 Impact of the Screening Platform and Improved GEVIs
	5.3 Conclusion

	Bibliography



