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Abstract 

Chemical Targeting of Voltage Sensitive Dyes in the Brain 

Jihang Wang 

 

 Voltage sensitive dyes are a family of chemical sensors which enable optical recording of 

electrical activities from large populations of neurons, but nevertheless suffer from the lack of 

delivery and targeting strategies in brain tissue due to their generally high lipophilicity. In this 

dissertation, I present a purely chemical approach to target voltage sensitive dyes to natively 

expressed protein targets in live brain tissue and achieve functional voltage imaging with the 

limited photon budget afforded by the small number of sensors targeted to endogenous molecular 

targets. To our knowledge, this study represents the first example of functional optical recording 

from specific neuronal types and their axons in live brain tissue without any genetic 

manipulation. Such approach is vastly significant in the long run when we ultimately need to 

translate findings from model animals in research laboratories to benefit real human patients in 

clinical settings, to which imaging and diagnostic methods requiring genetic modification are 

and will remain problematic in the foreseeable future. In addition, we demonstrate the high 

modularity and versatility of our chemical approach in targeting different voltage sensitive dyes 

to various molecular targets in the brain. We believe that the same concept can be applied to the 



 

 

 

targeting and delivery of other important lipophilic cargos, such as drugs and other sensors, to 

enable genetic modification-free, cell- or molecule-specific imaging and pharmacology in the 

brain. 
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Chapter 1: Monitoring Signal Transmission in the Brain 

 

 The observation of signal transmission between and within the cells of the nervous 

system has been and remains one of the fundamental challenges in neuroscience. Since the 

establishment of the electrical and chemical nature of signal transduction, a myriad of tools has 

been developed to understand and monitor the transmission of signals between neurons and their 

circuits. In this chapter, we will first review select established tools for the monitoring of signal 

transduction in the brain, including electrophysiology, calcium imaging, and voltage imaging, 

with concentrations on their significance to the field and pros and cons in relation to other 

established methods. Then we will introduce novel optical imaging probes we envisioned, 

proposed, and developed which will be detailed in this thesis. We also discuss their advantages 

and shortcomings as compared to the reviewed established approaches in studying neuronal 

signal transductions and circuits in the brain. Finally, we will present a synopsis of the content of 

each thesis chapter to preview the systematic evaluation and establishment of the aforementioned 

novel optical molecular tools. 

 

1.1 Review of Established Tools 

 

1.1.1 Electrophysiology 

 Electrophysiology is a general term referring to various methods used for the monitoring 

and manipulating of electrical activity, in particular, depolarization of cells. For the purpose of 
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this review, we will only discuss classical electrophysiological techniques relevant to this thesis 

which focuses on single-cell intracellular recordings. Extracellular electrophysiological methods, 

including single-unit cellular recording,1ï5 multi-unit cellular recording,6ï11 local field potential 

(LFP) recording,12ï17 and amperometry,18ï21 along with other less common approaches are not 

reviewed here in detail. 

 Perhaps the most important early breakthrough in the field of intracellular 

electrophysiology, which aims to measure and control voltage or current across cell membranes, 

was the characterization of action potentials measured from the giant axons (around 0.5 mm and 

up to 1.5 mm in diameter)22 of Longfin inshore squid (Doryteuthis pealeii) by Hodgkin and 

Huxley23 for which they received the Nobel Prize in Physiology and Medicine in 1963.24 Since 

then, the field of intracellular electrophysiology saw major advancement with the maturation of 

the patch clamp technique by Neher and Sakmann,25 for which they received the Nobel Prize in 

Physiology and Medicine twenty-eight years later in 1991.26 The most widely used technique in 

electrophysiology even till this day, patch clamp involves first the tight ñclampò of a glass 

microelectrode against the membrane of the cell of interest which enables the recording of 

electrical activities through the ion channels located within the ñpatchò of membrane captured 

inside the electrode pipette tip (hence the name ñpatch clampò) in the context of the patched 

cell.25,27,28 Based on the original non-ruptured, cell-attached approach, many variations of the 

patch clamp technique were developed which enables the researchers to investigate different 

components of the cell membrane.25 The most common of which are the whole-cell patch and 

perforated patch, which completely or partially rupture the patched membrane, respectively, and 

allow direct access by the electrode to the intracellular compartment and enables the study of the 
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electrical activities of the entire cell.28ï31 Moreover, excised patching techniques, where the 

patched membrane is removed (hence ñexcisedò) from the cell, are often used to study the ion 

channels located only within the excised membrane attached to the patching electrode without 

any context to the patched cell but allows more versatile pharmacological investigations of the 

excised membrane by manipulating its exposure to solutions of different chemical compositions. 

These include the inside-out patch and outside-out patch, with the intracellular/cytosolic or the 

extracellular side of the membrane exposed to the external solution with respect to the patching 

electrode.27,32,33 In addition, other less common patch clamp techniques are available, including 

the loose patch method which, unlike any of the aforementioned methods, applies only a loose 

seal with low electrical resistance between the electrode and the cell membrane. Here, due to the 

ion leakage from the loose seal, the resolution of recorded electrical activities is sacrificed in 

exchange for the integrity of the cell membrane. Therefore, the patching electrode is allowed to 

repeatedly detach and reattach and record electrical activities from different locations of the 

same cell membrane.34ï36 

 In addition to the versatility afforded by the various membrane sealing methods, the patch 

clamp technique can be carried out under either the voltage clamp or the current clamp mode. 

With the voltage clamp technique, the cell membrane potential is externally controlled (hence 

ñclampedò) with the patching electrode so that the resulting ion current across the cell membrane 

at any chosen voltage can be recorded.37 By manipulating the membrane potential, this method 

allows the investigation of voltage-gated ion channels and their current-voltage characteristics 

with respect to the patched cell.38 On the contrary, under the current clamp mode, the 

transmembrane current is externally controlled by current injections through the patching 
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electrode to record the resulting changes in cell membrane potential. This approach is ideal for 

the investigation of neural responses to physiological processes, for example, neurotransmitter-

mediated opening of ligand-gated ion channels, which result in changes in transmembrane ion 

current.39ï43 

 Despite its revolutionary contribution to the progression in neuroscience, the field of 

electrophysiology generally suffer from two major drawbacks. First, many leading 

electrophysiological techniques, such as patch clamp, require the physical insertion of an 

electrode to the cell of interest. This invasiveness approach generally creates physical rupture of 

the cell, leading to leakages of substances across the membrane which undermine the health and 

normal activities of the cell. Second, most electrophysiological techniques can only record 

electrical activities from a single cell, providing only a singularized and provincial understanding 

within a volume of distributed and interconnected circuits in the nervous system. Here, we 

should note that although certain extracellular electrophysiological techniques, including LFP 

recording and amperometry, are generally not as invasive and provide signals from a larger 

neuronal assembly, these methods cannot and are not designed to report electrical activities with 

spatial resolutions beyond an averaged readout from aggregations of neuronal ensembles. To 

partially address this issue, electrophysiologists nowadays routinely patch clamp and record from 

multiple cells simultaneously.44 In addition, automated high throughput patch clamp techniques 

have been developed for in vivo,45 in cell suspension,46ï51 and in vitro applications,52ï54 mostly 

through the planar patch clamp technique with the employment of digital microfluidic 

biochips.55ï57 Similarly, non-implantable and implantable microelectrode arrays (MEAs) have 

been developed to simultaneously manipulate and record from up to hundreds of neurons for in 
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vitro6,58ï61 and in vivo62ï66 applications, respectively. However, any improvements based on the 

single-cell intracellular electrophysiological techniques are still orders of magnitude inadequate 

to the investigation of the up to three-dimensional spatial distribution of electrical activities 

across large neuronal populations for the systematic evaluation of their circuitry patterns and 

interactions.67 
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1.1.2 Calcium Imaging 

 Optical techniques to monitor the signal transmission in excitable cells were developed 

by scientists and engineers to address the aforementioned limitations of the traditional 

electrophysiological techniques to achieve non-invasive recording of three-dimensional spatial 

distributions of electrical activities with molecules whose fluorescence properties are responsive 

to their surrounding electric field. As a result, simultaneous recording of electrical activities from 

large neuronal populations is possible, which provides unprecedented insights into the initiation 

and propagation of electrical signals, both in terms of path and speed, across large networks of 

neurons or within the branching framework of the same neuron.68,69 One major player among 

such optical techniques is calcium imaging, a microscopy technique which employs fluorescence 

indicators whose properties alter upon binding to calcium ions (Ca2+) to capture increases in 

intracellular calcium levels correlated to neuronal action potentials. 

 It is worth noting that an increase in intracellular calcium level does not always 

correspond to changes in membrane voltage, and vice versa. For example, certain AMPA 

receptors are permeable to calcium influx when activated;70 calcium ions can also be released to 

the cytoplasm from intracellular compartments such as the endoplasmic reticulum.70 On the other 

hand, voltage-gated calcium channels are only activated by full depolarization events,71,72 so 

membrane potential changes that are not action potentials, including sub-threshold events and 

hyperpolarizations, do not result in the opening of such channels and are therefore not 

accompanied by calcium influx.73 Nevertheless, calcium imaging remains one of the most 

valuable tools in neuroscience not only for studying intracellular calcium signaling,74ï76 but also 

for monitoring neuronal electrical activities, especially membrane depolarizations, which are 
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always accompanied by the opening of voltage-gated calcium channels resulting in the influx of 

calcium ions into the cell and increase in intracellular calcium levels.70,77 

 

 Synthetic calcium indicators. Calcium indicators can be generally divided into two 

categories: chemically synthesized calcium indicators and genetically encoded calcium 

indicators (GECIs). Synthetic calcium indicators are small molecule chelators of cytosolic 

calcium ions which were pioneered by the laboratory of Roger Y. Tsien.78,79 Some of the most 

widely used synthetic calcium indicators include Fura-2,78,80 Indo-1,78 Fluo-3,81 Fluo-4,82 

Calcium Green-1,83 and Oregon Green BAPTA-1.84 The structures of synthetic calcium 

indicators are highly modular and based on BAPTA, or 1,2-bis(o-aminophenoxy)ethane-

N,N,Nǋ,Nǋ-tetraacetic acid. BAPTA is a homolog of EGTA, one of the most commonly used 

biological chelating agents,85 and possesses high chelating specificity for calcium ions over 

magnesium ions.86 Synthetic indicators are constructed by the fusion of the Ca2+-chelating 

BAPTA to a fluorescent reporter. 

 Based on the mechanism of action, synthetic calcium indicators can be further 

categorized into two subtypes. The binding of calcium ions to certain synthetic calcium 

indicators (such as fluo-3 and fluo-4), also known as intensiometric (intensity-based) calcium 

indicators, increases the fluorescence quantum yield via a decrease in quenching efficiency 

mediated by photoinduced electron transfer (PeT).81,82 The other type of indicators (such as fura-

2 and indo-1), also known as ratiometric calcium indicators, functions through shifts in 

fluorescence excitation and emission wavelengths as a result of changes in the effective degree 

of -́conjugation upon binding of the indicator to calcium ions (Figure 1.1). 
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Figure  1.1. Mechanism of action of ratiometric synthetic calcium indicators.  The 

calcium indicator is composed of the Ca2+-chelating BAPTA fused to a fluorescence reporter. In 

the unbound state (left), the noted nitrogen atom is  largely  sp2 hybridized with a free lone 

electron pair (red), resulting in an extended conjugated system with the fluorophore  (green) and 

red-shifted excitation and emission spectra. Upon calcium binding (right), the previo usly lone 

electron pair on the noted nitrogen (red) participates in calcium chelation and renders the 

nitrogen rehybridized to sp 3, breaking the previously extended conjugated system with the 

fluorophore (cyan)  which  results in blue-shifted excitation and emission spectra. 

 

 Synthetic calcium indicators are frequently preferred over other methods to monitor 

neuronal electrical activities due to their convenience87 and remarkable sensitivity.82 Real-time 

calcium imaging was already achievable with synthetic indicators as early as in 1986.80 

Simultaneous calcium imaging with combinations of synthetic calcium indicators were also 

accomplished to study calcium transients in different cellular compartments.88 Despite their 

advantages, synthetic calcium indicators generally lack targeting strategies to enable recordings 

only from select cell types of interest. One exception here was the targeting achieved by Calcium 

Green FIAsH complemented with arsenic substituents to sub-cellular compartments in vitro with 

genetically expressed tetracysteine peptides.89 Nevertheless, the application of synthetic calcium 

sensors in experimental systems more complex than cultured neurons is limited for the lack of 
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delivery and targeting strategies to specific cell types of interest in acute brain tissue and in 

vivo.90 

 

 Genetically encoded calcium indicators (GECIs). Analogous to the design of synthetic 

calcium indicators which are composed of a calcium-chelating moiety and a fluorescence dye, 

GECIs are constructed by the fusion of a Ca2+ recognition protein to fluorescence reporter 

proteins. Here, many common fluorescent proteins, including GFP91 and its variants including 

eGFP,92,93 BFP,94,95 CFP,94,96ï98 RFP,95,99,100 and YFP,94,96ï98 have been demonstrated as 

successful candidates for GECIs with appropriate permutations. The calcium recognition 

component of GECIs is generally served by either troponin or calmodulin, both of which 

undergo conformational changes upon calcium binding which, in turn, modulate the fluorescence 

properties of the connected reporter proteins.73 Troponin-based indicators, representing some of 

the earliest developed GECIs,94,95 are ratiometric sensors with a pair of distinct reporter proteins 

whose relative fluorescence intensities are modulated via the Fºrster resonance energy transfer 

(FRET) mechanism.96ï98,101 On the other hand, calmodulin-based GECIs are intensiometric 

indicators whose fluorescence intensities are modulated by changes in conformation and/or 

protonation states of a single reporter protein.91ï95,99,100 These sensors are generally later 

developed and offer greatly improved sensitivities over the conventional troponin-based 

ratiometric indicators.102 Among the most well-known and widely used calmodulin-based 

intensiometric GECIs is the family of GCaMP92,103ï105,99,106 sensors which enables highly robust 

imaging of calcium transients and neuronal depolarizations events in vivo107,108 and offers 

remarkable insights into animal behavior, including that of various disease models.109,110 
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Furthermore, unlike synthetic calcium sensors which lack general delivery and targeting 

strategies, GECIs enjoy the benefits of genetic expression and are readily encoded to specific cell 

types of interest via either cell-specific promoters or the Cre recombinase enzyme in both in vitro 

and in vivo systems.111ï115 

 Despite all the advantages offered by GECIs (and synthetic calcium indicators) and their 

notable contributions to the field of neuroscience, they nevertheless suffer from a fundamental 

flaw when evaluating neuronal activities. After all, calcium imaging of neuronal depolarizations 

is not based on the actual, 1 ï 2 ms electrical changes that define the depolarization events, but 

the much longer intracellular calcium transients, with half-lives lasting 50 ï 60 ms, that 

accompany membrane depolarizations.116 Due to this intrinsic deficiency, signals captured by 

calcium imaging offer low temporal resolution and often lack detailed information about 

individual depolarization events, especially in the case of trains of action potentials. This 

shortcoming is further compounded by the slow kinetics of Ca2+ binding by these indicators, 

which generates an additional temporal lag in calcium imaging techniques in reporting neuronal 

depolarizations. As an example, the fluorescence signal obtained from GCAMP6f, one of the 

state-of-the-art and fastest GECIs, peaks around 200 ms after the corresponding single, 1 ï 2 ms 

depolarization event.109 As a result, calcium imaging techniques are only applicable to 

experiments for which high temporal resolution is not essential, but not suited for the 

investigation of precise neuronal membrane electrical activities in detail. 
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1.1.3 Voltage Imaging 

 Voltage imaging represents the other major class of microscopic optical techniques 

developed by scientists and engineers to monitor the signal transmission in excitable 

cells.67,68,117,118 Like calcium imaging, voltage imaging addresses certain limitations of traditional 

electrophysiological techniques through non-invasive, simultaneous recording of activities from 

many neuronal cells or cellular compartments with indicators whose fluorescence properties are 

responsive to their surrounding electric field. 

 Unlike calcium imaging, however, voltage imaging provides direct optical readout 

responding to actual membrane voltage changes without relying on any intermediate events 

associated with such changes. Voltage imaging techniques generally provide ultrafast response 

times. For example, the state-of-the-art ANNINE6-plus voltage sensitive dye offers nanosecond-

level response times with minimal delays.119,120 Such high temporally resolution is required for 

answering many key neuroscientific questions. For instance, voltage imaging can be used to 

decipher the precise electrical spiking patterns of a behavior-producing ganglion to study the 

precise electrical initiation of the associated behavior.69 Such temporally resolved recordings are 

impossible with any of the calcium imaging techniques with long delays and cannot resolve 

signals beyond tens of ms required for distinguishing individual action potentials.69 In addition, 

voltage imaging employs sensors that are localized to the pseudo two-dimensional cell 

membrane which also provides superior spatial resolutions than the cytosolic calcium sensors. 

This is important to the study of fine structures such as the terminal dendritic branches of 

neuronal cells whose localized electrical activities could only be probed with spatially resolved 

voltage imaging techniques.69 Last but not least, the fractional fluorescence changes of voltage 
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sensors are usually linear with changes in membrane potential, which provides for the convenient 

and standardized characterizations of their fluorescence signal properties.69  

 

 Voltage sensitive dyes. Similar to calcium imaging, voltage imaging techniques can be 

generally divided into two categories: chemically synthesized voltage sensitive dyes and 

genetically encoded voltage indicators (GEVIs). Voltage sensitive dyes (VSDs) are synthetic 

small molecules whose fluorescence properties alter with membrane voltage changes in cells. 

Unlike synthetic calcium indicators which are highly modular with the similar core chemical 

structure and mechanism of action, VSDs offer diverse core structures bearing distinct 

mechanisms of action.67 Some of the most common working mechanisms of VSDs include 

repartition, reorientation, electrochromism, FRET, aggregation, and photo-induced electron 

transfer.67,121 Here, electrochromic and photo-induced electron transfer, or PeT, based VSDs will 

play major roles to the rest of this thesis and their mechanisms of action are reviewed here in 

detail. 

 VSDs based on the electrochromic mechanism are fluorescent molecules containing 

conjugated -́systems that are charged and polarizable. Upon depolarization and the 

accompanying changes in transmembrane potential, it is believed that electrochromic VSDs 

inserted into neuronal membranes respond via a change in their HOMO-LUMO gaps and hence 

excitation and emission spectra due to electrostatic interactions with the membrane potential 

(Figure 1.2). This proposed mechanism is partially supported by a computational study which 

suggests that the spectral properties of electrochromic VSDs are influenced only by their 

electrostatic environment but not surrounding molecular interactions.122 
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Figure 1.2. Putative mechanism of action of the di -2-ANEPEQ electrochromic VSD.  

The membrane-intercalated di -2-ANEPEQ electrochromic VSD contains a lipophilic conjugated 

fluorophore  wit h a positively charged ϣ-system. In the resting state (left), the transmembrane 

resting potential destabilizes the ground state (red circle) and stabilizes the excited state (green 

circle) via electrostatic interactions, resulting in relatively  red-shifted excitation and emission 

spectra of the probe (green). Upon depolarizations  (right), the transmembrane potential 

destabilizes the excited state (red circle) and stabilizes the ground state (green circle) via 

electrostatic interactions, resulting in relatively blue -shifted excitation and emission spectra of 

the probe (blue). 

 

 This putative mechanism of action underlies the fluorescence spectral (excitation and 

emission) shifts observed with these VSDs upon membrane depolarization, and hence the term 

ñelectrochromicò dyes. Among the earliest electrochromic VSDs was the classical 

aminonaphthylethenylpyridinium, or ANEP, family of VSDs which includes the commonly used 

di-2-ANEPEQ118 (see Figure 1.2), di-4-ANEPPS,123,124 di-8-ANEPPS,125 and the RH sub-family 

of VSDs.126,127 Due to the relatively low voltage sensitivity (only up to 10% ȹF/F per 100 mV of 
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potential change128), the classical ANEP family of VSDs have been mainly applied to in vitro 

systems128ï130 with rare examples of in vivo applications.124,131 Only with the development of 

anellated hemicyanine, or ANNINE, family of VSDs which offers greatly improved voltage 

sensitivity,119,132 were electrochromic VSDs employed reliably for voltage imaging in vivo.133 

 One crucial limitation of electrochromic VSDs is the fact that they require excitation and 

emission collection at the edges of their excitation and emission spectra, respectively, in order to 

display their peak voltage sensitivity.134 To achieve this optical precision, special imaging 

hardware like specialized filter cubes are usually needed. In addition, this characteristic of 

electrochromic dyes requires a compromise between the collected photon output and magnitude 

of voltage sensitivity during voltage imaging, since to excite and collect emission from the edges 

of fluorescence spectra surrenders most of the photon output of the fluorophore, compared to the 

corresponding excitation and emission collections from the peaks of their spectra. This is 

particularly concerning for voltage imaging in ex vivo and in vivo systems where the background 

is usually high, and a large photon output required to obtain recordings with good signal-to-noise 

ratios (SNRs). 

 Compared to electrochromic VSDs, photo-induced electron transfer, or PeT, based VSDs 

are a relatively new class of fluorescent voltage sensors121,135,136 whose structures are generally 

modular and consisted of a fluorescence reporter fused to a conjugated molecular ́ -wire inserted 

into the membrane which acts as a fluorescence quencher. It is proposed that during the resting 

state of membrane potential, the transferred electron is electrostatically drawn to the extracellular 

side, increasing the PeT probability from the ́ -wire to the extracellular fluorophore and the 

associated fluorescence quenching. Upon membrane depolarization, the transferred electron is 
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electrostatically attracted instead to the intracellular side, which decreases the PeT probability 

from the ́ -wire to the extracellular fluorophore and the associated quenching. As a result, the 

fluorescence intensity of the now less-quenched reporter increases (Figure 1.3).137 

 

Figure 1.3. Putative mechanism of action of the dsRVF5 PeT-based VSD.  The dsRVF5 

PeT-based VSD contains an extracellular fluorescence reporter fused to a conjugated lipophilic  

ϣ-wire inserted into the membrane which acts as a fluorescence quencher. In the resting state 

(left), the transferred electron is electrostatically drawn to the extracellular side  (red arrow) , 

increasing the PeT probability from  the ϣ-wire to the extracellular fluorophore and the 

associated fluorescence quenching. Upon depolarizations  (right),  the transferred electron is 

electrostatically attracted instead to the intracellular side, which decreases the PeT probability 

from the ϣ-wire to the extracellular fluorophore and the associated quenching , resulting in an 

increase in fluorescence intensity. 

 

 This putative mechanism of action underlies the fluorescence intensity changes observed 

with PeT-based VSDs. Since the fluorescence quantum yield, rather than the spectral (excitation 
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and emission) properties, are altered with membrane potential changes, PeT-based VSDs do not 

suffer from the drawback as electrochromic VSDs and can be safely excited and emission 

collected at their respective maxima to improve the collected photon output without 

compromising their voltage sensitivities. The modular PeT-based VSDs have enjoyed extensive 

improvements to date both with the molecular structure of the -́wire for increased 

sensitivity,135,138 as well as the fluorophore to increase photon output and expand the scope with 

dyes covering a broad spectral range.137,139ï141 To date, PeT-based VSDs have been successfully 

demonstrated to record voltage activities in live brain tissue137 and in vivo.142 

 Nevertheless, voltage imaging with VSDs suffers from three major drawbacks. First, 

lipophilic VSD molecules intercalated into the cell membrane may induce permanent 

pharmacological effects to the cells, or even alter the membrane electrical activities those VSDs 

intend to measure.69 Second, synthetic VSD molecules, in general, are effectively less bright and 

sensitive than other optical imaging probes such as calcium indicators.69 These intrinsic 

shortcomings are aggravated by the pseudo two-dimensional membrane space to which these 

dyes are confined,67 which severely limits the number of VSD molecules and their resulting 

photon output. By comparison, calcium indicators operate in a three-dimensional cytosolic space 

which can theoretically accommodate much more indicator molecules. The low voltage 

sensitivity and photon output translate to generally low SNRs for VSDs which are particularly 

concerning in more complex experimental systems when background noise is high.69 It is worth 

noting that for ex vivo and in vivo applications, many spatial or temporal filtering algorithms 

have been developed and applied to partially address these drawbacks to distinguish the optical 

signals. One such example was successfully applied to the state-of-the-art ANNINE6-plus 



 

17 

 

VSD.120 These data processing methods, however, do not address the fundamental low 

sensitivity and brightness of synthetic VSDs. 

 Last but not least, due to their inherent great lipophilicity, synthetic VSD molecules 

attach strongly to all cell membranes in a biological environment which renders their delivery 

and targeting to specific cell types of interest difficult. Such task is even more demanding in ex 

vivo and in vivo experimental systems where the background staining is high and the diffusion 

and penetration of the molecules through tissue is necessary.131,133,143 To this goal, hybrid chemo-

genetic approaches have been developed to target synthetic VSDs in vitro. Selectively encoded 

membrane enzymes have been developed to deprotect and target caged VSD molecules for both 

electrochromic144ï146 and PeT-based VSDs.147 More recently, hybrid chemo-genetic approaches 

using selectively encoded self-labeling enzymes ACP-tag148 and Spy-tag149 have also been 

developed in vitro. A single and only example of targeting synthetic VSDs beyond in vitro 

systems was achieved with Halo-tag in acute brain slices.150 

 

 Genetically encoded voltage indicators. Like with genetically encoded calcium 

indicators (GECIs), genetically encoded voltage indicators (GEVIs) are the corresponding, later 

developed engineered protein version of synthetic voltage sensitive dyes which also respond 

rapidly (millisecond to sub-millisecond scales)151 to membrane potential alterations with 

changing fluorescence intensity. Unlike GECIs whose structural components are highly modular, 

GEVIs are an exceptionally large class of sensors offering diverse core structural features 

bearing distinct mechanisms of action.152 
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 GEVIs can be generally assigned to one of the four following categories based on their 

core structural features. The first two categories are analogous to the two major types of GECIs 

reviewed above. Briefly, both categories are constructed by the fusion of a membrane-located 

voltage sensing domain to fluorescence reporter proteins. Upon alterations in membrane 

potentials, the voltage sensitive domain undergoes conformational changes which, in turn, 

modulate the fluorescence properties of the connected fluorescence reporters. Here, the first 

category of GEVIs represents ratiometric indicators with a pair of distinct reporter proteins 

whose relative fluorescence intensities are modulated via the Fºrster resonance energy transfer 

(FRET) mechanism. Some examples of this type include most members of the VSFP family,153ï

156 the Mermaid family,157,158 and the Zahra family159 of GEVIs. The second type of GEVIs 

refers to intensiometric indicators whose fluorescence intensities are modulated by changes in 

conformation and/or protonation states of a single reporter protein. Some examples here include 

FlaSh,160 SPARC,161 Flare,162 hVOS,163 ElectricPk,164 Pado,165 FlicR1,166 Bongwoori167, and 

perhaps among the most well-known, the ArcLight family168,169 and ASAP family170ï174 of 

GEVIs. The voltage sensing domain of the majority of intensiometric and ratiometric GEVIs 

mentioned here are based on the voltage sensitive phosphatase found in Ciona intestinalis, 

named as Ci-VSP or Ci-VSD, which was discovered from a genomic study of the organism.175 

 The last two categories of GEVIs contain voltage sensitive domains which are based on 

membrane-located microbial (type I) opsins, a family of ion channel proteins sensitive to light 

through their retinal chromophores.176 Here, microbial opsins are genetically engineered to 

remove their electrical conductivity and induce voltage sensitivity. Upon membrane 

depolarization events, the retinal Schiff base is protonated which causes a red shift in the 
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absorption spectra of the retinal chromophore.177,178 GEVIs based on this engineered single opsin 

protein include PROPS,179 the Arch family,177,180 and the QuasAr family of sensors.178,181 One 

important limitation of this type of GEVIs with the opsin protein serving both as the voltage 

sensor and fluorescence reporter, however, is the low quantum yield of the retinal chromophore. 

As a result, the fourth category of GEVIs, also based on engineered opsin proteins, is the FRET 

pairing of the voltage sensitive opsin to a standalone protein with a much higher quantum yield 

serving as the main fluorescence reporter.151,182,183 Upon membrane depolarization, the voltage 

sensitive opsin is protonated, causing an increased FRET donation from the reporter protein to 

the opsin and a decreased fluorescence emission by the fluorescence reporter. Some examples of 

this type include the Mac family182 and the widely-used Ace family151 of GEVIs. Recently, a 

chemo-genetic hybrid GEVI based on the same FRET principle, named Voltron, was developed 

where the reporter protein was replaced with a synthetic fluorescent dye (JaneliaFluor-525) 

attached to the Halo-tag self-labeling enzyme.184  

 It is worth noting that the variety of GEVIs is further promoted by the different 

positioning of components even within the same category of GEVI containing similar core 

structural features. For example, although both ArcLight and ASAP1 belong to the 

intensiometric GEVI with a single fluorescence reporter protein, the location of the fluorescence 

reporter is intracellular for ArcLight and extracellular for ASAP1.168,170 Another example 

concerns two families of ratiometric GEVIs with two fluorescent proteins acting as a FRET pair. 

Here, the two fluorescent proteins of the Mermaid family of sensors are close to each other, 

while those of the VSFP-Butterfly are separated by the voltage sensing domain.155,157,158 
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 Although the vast majority of GEVIs were genetically engineered via rationally designed 

processes, more recent studies with directed evolutional processes have shown promises to the 

optimization of GEVIs.185 A GEVI can be evaluated according to various characteristics from 

which possible improvements can be made. For example, the voltage sensing performance can 

be enhanced via improvements in voltage sensitivity, photon output, response kinetics, and 

photostability.186 Other traits such as genetic engineering accessibility and side effects to the 

cells from genetic expression of GEVIs, particularly to the membrane capacitance and potential, 

are also important factors to consider.186 

 Unlike synthetic VSDs which lack general delivery and targeting strategies, GEVIs are 

readily encoded and expressed via cell-specific promoters to specific cell types of interest in both 

transfected cell lines as well as transgenic animals.187ï190 GEVIs have been widely used in vivo in 

various species179,191,192 and offer many distinct advantages and in many ways are favored over 

other optical imaging techniques such as calcium imaging and synthetic VSDs, particularly for 

complex ex vivo and in vivo studies, since they uniquely combine the superior temporal and 

spatial resolutions of voltage imaging with the remarkable delivery and targeting offered by 

genetic and protein engineering. As an optical technique, GEVIs are also often favored over 

electrophysiological techniques in vivo for their comparably low invasiveness.193 

 Despite being one of the most powerful tools in neuroscience, GEVIs are nevertheless 

limited in several aspects. First, GEVIs require high expression levels of artificial proteins 

engineered to a constricted, pseudo two-dimensional membrane space in order to obtain 

sufficient photon output. This includes large amounts of fluorescent proteins which are 

potentially phototoxic to the host cell.186 Also included are multi-domain, transmembrane 
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voltage sensitive proteins which may alter the electrical signals of the native physiological 

system, particularly the membrane potentials which this technique are intended to measure.194 

Second, the majority of GEVIs are developed via rational design which requires laborious 

genetic and protein engineering. During this process, various factors affecting the performance 

and compatibility of the designed GEVI to the host organism have to be considered, usually 

requiring extensive trials and errors.186,193 Last but not least, nearly all GEVIs employ fluorescent 

proteins as the reporter which are generally inferior to synthetic VSDs in terms of photophysical 

performance.139,140,142 Moreover, fluorescent proteins lack the synthetic scope and flexibility 

allowed for chemical VSDs for which fine tuning of spectral, physical, and functional properties 

are possible.118,195,196 
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1.2 Summary and Outlook 

 In this chapter, we reviewed and detailed the significance and pros and cons of 

established methods to monitor signal transmission in the brain, including electrophysiology and 

optical imaging techniques such as protein based GECIs and GEVIs, as well as small molecule 

based synthetic calcium indicators and VSDs. Synthetic VSDs, in particular, are relatively non-

invasive as an optical imaging technique and enable the simultaneous recording of electrical 

activities from large populations of neuronal cells. In addition, VSDs enjoy the superior temporal 

and spatial resolutions of voltage imaging techniques, as well as the synthetic scope and 

versatility of small molecules. 

 However, due to their generally high lipophilicity, VSDs are strongly attracted to all cell 

membranes and other lipophilic species in the physiological system. Hence, they suffer from the 

lack of delivery and targeting strategies in complex experimental environments beyond the 

simple in vitro system where the diffusion and penetration of molecules through tissue are 

necessary. Such delivery and targeting of VSD molecules to specific cell types, however, is 

required for evaluating the activities of specific neuronal circuits of interest. In comparison, 

VSDs without targeting strategies are broadly bound to all cell membranes which only provide 

the average activity from all neuronal types within an area.142 

 Although chemo-genetic approaches have been recently developed to target VSDs with 

genetically encoded enzymes,144ï149 these hybrid methods have only demonstrated successes in 

vitro, albeit with a single instance of targeting achieved in acute brain slices very recently.150 

More importantly, no strategies have been introduced to target synthetic VSDs to specific cell 

types of interest without any use of genetic manipulation, especially beyond the simple in vitro 
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system where the specific targeting becomes particularly difficult. A purely chemical approach 

to the studying of signal transmission in the brain is imperative when looking at a bigger picture 

in the long run. Compared to rodent models, other mammalian species, many of which more 

closely resemble humans, have longer reproduction cycles and less characterized genetics which 

render their genetic manipulation more difficult and costly. Furthermore, we need to ultimately 

translate the findings obtained from model animals in research laboratories to benefit real human 

patients in clinical settings. Although certain genetic-based therapeutic methods are currently 

practiced,197ï201 functional imaging in humans based on genetic modification is and will likely 

remain problematic in the foreseeable future. 

 Therefore, we decided to explore the targetability of synthetic VSDs in brain tissue to 

specific neuronal populations of interest via only natively expressed protein targets by adopting a 

purely chemical approach and avoiding genetic manipulation of the model system. Compared to 

GEVIs or hybrid chemo-genetic approaches which rely on genetic overexpression of engineered 

proteins as targets for voltage sensors, major challenges are expected for the targeting of 

lipophilic VSDs to the relatively low level of endogenous expression of protein targets in wild-

type animals. Here, the small amount of protein targets will translate to correspondingly low 

number of delivered VSDs and limited photon output, resulting in relatively low signal-to-noise 

ratios (SNRs) for the optical voltage imaging. 

 The rest of this thesis details our efforts in finding appropriate chemical platforms for the 

targeting of lipophilic VSDs to select cell types in the brain and addressing the potential 

challenges caused by the low physiological expression level of their protein targets. We first 

show the exploration of suitable individual components of an envisioned chemical targeting 
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platform. We then propose and investigate variations for individual components of the 

established chemical targeting platform for sensor improvements and scope expansion. Finally, 

we also propose future experiments to address existing deficiencies of the chemical platform and 

directions for further optimizations. 
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Chapter 2: VoLDeMo, a Dextran-based Chemical Platform for 

Targeted Voltage Imaging in the Brain 

 

 Contribution disclosure: Compounds presented in this chapter were synthesized by Dr. 

Tomas Fiala, Dr. Peter Sebej, or Dr. Ekeoma Nwadibia (all from Sames lab). Some experiments 

in cell culture were performed by Dr. Tomas Fiala. Some experiments in acute brain slice were 

performed by Dr. Matthew Dunn (Sames and Sulzer labs). In vivo experiments were performed 

with the guidance of Dr. Matthew Dunn or Dr. Clay Lacefield (Sulzer lab). Whole-cell patch 

clamp experiments were performed with the guidance of Dr. Yuki Bando (Yuste lab). All 

aforementioned contributions were specified correspondingly in the main text. 

 

 Publication disclosure: The majority of results presented in sub-chapters 2.1, 2.2, 2.4, 

and 2.5 are published in a preprint repository,202 an online conference presentation,203 and a peer 

reviewed journal.204 Results presented in sub-chapter 2.3 are unpublished. 

 

 

 Chapter 1 introduced several established ways to monitor neuronal activities in the brain, 

including electrophysiology, synthetic calcium sensors, genetically encoded calcium sensors, 

synthetic voltage sensitive dyes (VSDs), and genetically encoded voltage indicators. The 

importance as well as pros and cons of each method were also reviewed. Synthetic VSDs, in 

specific, enjoy the scope and versatility of chemical synthesis as well as the benefit of a non-

genetic approach but suffer from the lack of delivery and targeting strategies in brain tissue due 
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to their generally high lipophilicity. As a result, we aimed to explore the targetability of synthetic 

VSDs in brain tissue while avoiding genetic manipulation of the model system by adopting a 

purely chemical approach. 

 

2.1 General Design of a Chemical Platform for Targeted Voltage Imaging 

 We envisioned a chemical targeting platform consisting of three components: a targeting 

ligand, a VSD, and a carrier (Figure 2.1). We hypothesized that the high lipophilicity of VSDs 

could be compensated via a suitable carrier to enable the targeting of VSDs to specific cells and 

molecules in the brain. As the first component, the carrier comprises the majority of the platform 

in terms of size and harbors both the ligand and the VSD. It should not only possess fitting 

length and flexibility to allow both the ligand and VSD to properly function, but also be 

hydrophilic to compensate for the high lipophilicity of the VSD. As the second component, the 

targeting ligand should be a high affinity binder of a membrane protein marker of the cell type of 

interest. In addition, the ligand binding affinity and selectivity should be largely maintained 

when tethered to the molecular platform. As the third component, the VSD should allow for 

feasible tethering to the molecular platform while retaining good voltage sensitivity. The rest of 

Chapter 2 will be dedicated to the individual explorations of the dichloropane targeting ligand, 

the appropriate carrier, and the VSD. 
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Figure 2.1. Graphical illustration of the t hree components of the chemical  platform  for 

targeted voltage imaging.  1) The high-affinity targeting ligand (green triangle) is targeted to the 

native cell membrane protein (dark gray) on the phopholipid bilayer (light gray). 2) The 

liphophilic voltage sensor (purple) is anchored into the membrane of the same cell as the 

targeting ligand. 3) The hydrophilic polymer carrier (blue) harbors both the targeting ligand 

and the voltage sensor. Here, a dextran polymer is used as an example. Graphic prepared by Dr. 

Tomas Fiala. 
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2.2 Exploration of a Suitable Ligand for the Chemical Targeting Platform 

 

2.2.1 Dichloropane Ligand Derivative 

 A potent dichloropane ligand derivative targeting all monoamine transporters205,206 [the 

dopamine transporter (DAT), the norepinephrine transporter (NET), and the serotonin transporter 

(SERT)] was explored previously in our lab by Dr. Ekeoma Nwadibia (Figure 2.2A).207 The 

dichloropane ligand was derived with an attachable handle for its prospective conjugation to a 

polymer carrier. This ligand derivative, PSN057, was later synthesized again in a gram scale by 

Dr. Peter Sebej and used by both Dr. Sebej and Dr. Tomas Fiala for the synthesis of all 

molecular platforms for which PSN057 was employed as the targeting ligand. 

 

Figure 2.2. The structure of the dichloropane ligand derivative, PSN057, and its IC50 

quantification. (A)  The structure of PSN057 (green) with the attachable handle (black). (B) IC50 

determination of PSN057 at hDAT with APP+ uptake. The non -linear regression curve 

represents the dose-dependent inhibition of APP+ uptake by PSN057 in hDAT -HEK cells, 

normalized to the maximum fluorescence intensity of each experiment. The IC50 value was 

ÊÈÓÊÜÓÈÛÌËɯÛÖɯÉÌɯƕƕɯǷɯƕɯÕ,ȭɯ$ÙÙÖÙɯÉÈÙÚɯÈÙÌɯ° SEM for n = 3 experiments, with 6 replicates per 

independent experiment.  
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 The binding of PSN057 to DAT was characterized by inhibiting the uptake of APP+,208 a 

DAT substrate previously developed in our lab, with PSN057 in human embryonic kidney 293 

(HEK) EM4 cell line stably transfected with the human dopamine transporter (hDAT, Figure 

2.2B).209,210 The IC50 value was determined to be 11 Ñ 1 nM (please refer to the Experimental 

Section for details). 

 

2.2.2 ECN127, Attachment of Dichloropane Ligand to Polar Dye 

 Also previously explored by Dr. Ekeoma Nwadibia, based on the works of Cha et al.211 

and Eriksen et al.,212 was the attachment of the dichloropane ligand to rhodamine red X (RRX), a 

polar, non-voltage sensitive fluorescent dye, to visualize the selective targeting of the ligand to 

DAT. This probe was named ECN127 (Figure 2.3A). The probe was later resynthesized by Dr. 

Tomas Fiala and its inhibitory potency at DAT (as an indirect measure of binding affinity) 

quantified by blocking the APP+ uptake in hDAT-transfected HEK cells (Figure 2.3B), using a 

similar method as that for the dichloropane ligand. The IC50 value was calculated to be 25 Ñ 1 

nM, resembling that of the dichloropane ligand derivative PSN057 before its attachment to RRX 

(11 Ñ 1 nM; see Figure 2.2B). Furthermore, the excitation and emission spectra of ECN127 were 

also measured in hDAT-HEK cells (Figure 2.3C) and found to be comparable to those of the 

original RRX dye. 
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Figure 2.3. The structure of ECN127, the IC50 characterization, and the excitation and emission 

spectra. (A) The structure of ECN127 with the fluorescent dye rhodamine red X (RRX) on the 

left and the dichloropane ligand on the right. (B) Determination of IC50 of ECN127 at hDAT with 

APP+ uptake. The non-linear regression curve represents the dose-dependent inhibi tion of 

APP+ uptake by ECN127 in hDAT-HEK cells. The IC50 ÝÈÓÜÌɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÛÖɯÉÌɯƖƙɯǷɯƕɯÕ,ȭɯ

Error bars are ° SEM for n = 4 experiments, with 2 replicates per independent experiment. (C) 

-ÖÙÔÈÓÐáÌËɯÌßÊÐÛÈÛÐÖÕɯÈÕËɯÌÔÐÚÚÐÖÕɯÚ×ÌÊÛÙÈɯÖÍɯ$"-ƕƖƛɯȹƖɯϟ,ȺɯÔÌÈÚÜÙÌËɯÐÕɯÏ# 3-HEK cells 

while maintained in Dulbecco's phosphate -buffered saline (DPBS). The excitation spectrum was 

measured at 605 nm emission, and the emission spectrum measured with 550 nm excitation. 

Experiment performed by Dr. Tomas Fiala. 
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2.2.3 ECN127 Labeling in HEK Cells 

 

Figure 2.4. Targeting of ECN127 in HEK cells. (A)  Representative brightfield (BF, top row) 

microscopy and the corresponding fluorescence (Fluo, bottom row) microscopy images of HEK 

cells labeled with ECN127 (1 nM, 5 min incubation). Labeling was compared in hDAT -HEK 

cells (left), hDAT-HEK cells inhibited with nomifensine, an hDAT inhi bitor (2 mM; middle), and 

null -transfected HEK cells (right). All fluorescence microscopy images were equally contrasted 

to the left image. Excitation filter: 580 nm (40 nm bandpass); dichroic: 610 nm; emission filter: 

660 nm (50 nm bandpass). (B) Quantifi cation of ECN127 labeling. Mean fluorescence intensity 

of randomly selected cell bodies (n = 3, 10 ROIs per n for each condition; please refer to the 

Experimental Section for details) labeled with ECN127 (1 nM) was normalized to the mean 

fluorescence intensity of the hDAT, non -inhibited condition, with error bars representing ° SD. 

From two -tailed unpaired t -ÛÌÚÛÚȯɯƙƗȭƙɯǷɯƚȭƜɯÍÖÓËɯËÌÊÙÌÈÚÌɯÐÕɯÍÓÜÖÙÌÚÊÌÕÊÌɯÐÕÛÌÕÚÐÛàȮɯP = 0.0004 for 

Ï# 3Ƕ-ÖÔÐɯÝÚȭɯÏ# 3ȰɯƗƝȭƕɯǷɯƘȭƗɯÍÖÓËɯËÌÊÙÌÈÚÌɯÐÕɯÍÓÜÖÙÌÚÊÌÕÊÌɯÐÕÛÌÕÚÐÛàȮɯP = 0.0004 for Null vs. 

hDAT.  

 

 We first investigated the labeling with ECN127 in vitro in a HEK cell system. Upon 

treatment with ECN127 (1 nM, 5 min incubation), hDAT-HEK cells exhibited clear membrane-

localized staining (Figure 2.4A, left panel) which was abolished when the cells were pre- and co-

incubated with the hDAT inhibitor nomifensine213 (2 ÕM; Figure 2.4A, middle panel). 

Furthermore, the coronal labeling was not observed in HEK cells transfected with an empty 
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vector (null-HEK cells) under the otherwise same experimental conditions (Figure 2.4A, right 

panel). To support the qualitative result, we also quantified the labeling by measuring the 

fluorescence intensities of ROIs surrounding individual cell bodies randomly selected from the 

brightfield images while blinded to the respective conditions and their corresponding 

fluorescence images (please refer to the Experimental Section for details). Here, the fluorescence 

intensity of the hDAT-HEK, non-inhibited condition was 53.5 Ñ 6.8 fold greater than that of the 

hDAT-HEK, inhibited condition and 39.1 Ñ 4.3 fold greater than that of the null-HEK condition 

(Figure 2.4B), conforming to our observation. 

 

2.2.4 ECN127 Labeling in Brain Tissue 

 The specific targeting shown above, while clearly evident, was achieved with 

overexpressed dopamine transporters in hDAT-transfected HEK cells. We next explored the 

labeling of acute murine brain slices with ECN127 to examine its targeting selectivity to DAT in 

the more complex experimental system of ex vivo brain tissue where only natively expression 

level of DAT was available. Here, we focused specifically to the brain region of dorsal striatum 

(dSTR) where the dense dopaminergic projections originating from the soma in substantia nigra 

compacta (SNc) were located (Figure 2.5A).214 Acutely prepared striatal brain slices incubated 

with ECN127 (10 nM, 15 min) exhibited a dense, string-like labeling pattern when imaged with 

two-photon excitation microscopy, corresponding to the distribution of dopaminergic axons in 

this region (Figure 2.5B, left panel). Here, we should note that although our dichloropane ligand 

is active toward all monoamine transporters, the dSTR region expresses DAT in greater 

abundance compared to NET and SERT,214 hence our initial reasoning that the ECN127 labeling 
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in this region is DAT-specific. To confirm that ECN127 was indeed labeling DAT (and the 

dopaminergic axons), we colocalized ECN127 labeling (10 nM, 15 min incubation) with that of 

an established DAT substrate developed in our lab, FFN102 (2 ÕM, 30 min incubation; Figure 

2.5B, middle panel).215 We then supported the qualitatively-high overlap between ECN127 and 

FFN102 labeling (Figure 2.5B, right panel) by quantifying the percentage of overlapping puncta 

of ECN127 and FFN102 labeling from the same field of view versus that of ECN127 and 

FFN102 labeling from scrambled, different fields of view as the control (please refer to the 

Experimental Section for details). The non-scrambled images provided significantly higher (P < 

0.0001, two-tailed unpaired t-test) level of colocalization (73.2% Ñ 2.5%) than the scrambled 

images (19.5% Ñ 1.1%; Figure 2.5C), confirming our qualitative observation. 
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Figure 2.5. Colocalization of ECN127 labeling and FFN102 labeling in acute murine brain 

slice. (A)  Nissl stained sagittal cross-section slice of a murine brain216 with schematic 

representation of a dopaminergic neuron originating in the SNc p rojecting into the dSTR. The 

blue rectangle indicates the approximate region where images in panel B were acquired via 

two -photon excitation microscopy.  Graphic prepared by Dr. Tomas Fiala. (B) Representative 

images showing the colocalization of ECN127 (10 nM, 15 min incubation) and FFN102 (2 mM, 30 

min incubation), a known marker of dopaminergic synapses in mouse brain, imaged 15 mm 

deep from slice surface with two -photon excitation microscopy.  Left: ECN127 channel (760 nm 

excitation, 570ɬ610 nm emission filter); middle: FFN102 channel (760 nm excitation, 435ɬ485 nm 

emission filter); right: overlaid image of the two channels. (C) Quantification of ECN127 and 

%%-ƕƔƖɯÊÖÓÖÊÈÓÐáÈÛÐÖÕȭɯ3ÏÌɯɁ-ÖÛɯ2ÊÙÈÔÉÓÌËɂɯÊÖÓÜÔÕɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯ×ÌÙÊÌÕÛÈÎÌɯÖÍɯ$"-ƕƖƛɯ

ÚÐÎÕÈÓɯÛÏÈÛɯÊÖÓÖÊÈÓÐáÌËɯÞÐÛÏɯ%%-ƕƔƖɯ×ÜÕÊÛÈɯÍÙÖÔɯÛÏÌɯÚÈÔÌɯÍÐÌÓËɯÖÍɯÝÐÌÞȭɯ3ÏÌɯɁ2ÊÙÈÔÉÓÌËɂɯ

column represents analogous colocalization of randomly selected ECN127 and FFN102 images 

taken from different fields of  view (please refer to the Experimental Section for details). Error 

ÉÈÙÚɯÙÌ×ÙÌÚÌÕÛɯǷɯ2#ɯÍÖÙɯn ǻɯƘƙɯÐÔÈÎÌÚɯÍÙÖÔɯƝɯÚÓÐÊÌÚȮɯƗɯÈÕÐÔÈÓÚȭɯ3ÏÌɯɁ-ÖÛɯ2ÊÙÈÔÉÓÌËɂɯÐÔÈÎÌÚɯ

×ÙÖÝÐËÌËɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÏÐÎÏÌÙɯÓÌÝÌÓɯÖÍɯÊÖÓÖÊÈÓÐáÈÛÐÖÕɯȹƛƗȭƖǔɯǷɯƖȭƙǔȺɯÛÏÈÕɯÛÏÌɯɁ2ÊÙÈÔÉÓÌËɂɯ

control  ȹƕƝȭƙǔɯǷɯƕȭƕǔȮɯP < 0.0001, two-tailed unpaired t -test). 
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2.2.5 ECN127 Labeling In Vivo 

 

Figure 2.6. ECN127 labeling in somatosensory cortex in vivo . (A) Nissl stained sagittal cross-

section of a murine brain216 with schematic representation of a noradrenergic neuron originating 

in the locus coeruleus (LC) projecting into the CTX. The blue rectangle indicates the 

approximate region where the image in panel B were acquired via two -photon excitation 

microscopy. Graphic prepared by Dr. Tomas Fiala. (B) Representative image of the CTX region 

labeled with ECN127 (200 nM, 1 ɬ 2 h; bath applied through a surgical cranial window) in vivo 

ƛƙɯϟÔɯËÖÞÕɯÍÙÖÔɯÛÏÌɯÔÜÙÐÕÌɯÉÙÈÐÕɯÚÜÙÍÈÊÌɯÞÐÛÏɯÛÏÌɯÈÕÐÔÈÓɯÈÕÌÚÛÏÌÛÐáÌËȭ The probe was 

excited at 760 nm and emission collected at 570ɬ610 nm. 

 

 Last but not least, together with Dr. Matthew Dunn, we explored the labeling with 

ECN127 in vivo to demonstrate its targeting potential in a yet more demanding experimental 

system. Here, we chose to label and image the region of somatosensory cortex (CTX) which 

contains sparse noradrenergic projections originating from the soma in locus coeruleus (LC; 

Figure 2.6A).217 Moreover, since the CTX region expresses NET in greater abundance compared 

to DAT and SERT,218 we could, at the same time, demonstrate the selective targeting of ECN127 

to one of its other monoamine transporter targets. 
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 From a practical standpoint, CTX is one of the most accessible brain regions by surgery 

with a straightforward cranial window on the murine skull right above CTX (please refer to the 

Experimental Section for details). In terms of specific targeting, however, CTX presents a greater 

challenge for ECN127 where the targetable noradrenergic axons are relatively sparse compared 

to the denser dopaminergic axonal structures in dSTR. Nevertheless, ECN127 (200 nM) applied 

via bath application through the cranial window, imaged between 1 and 2 h after probe 

application, exhibited a sparse, string-like labeling pattern in vivo under two-photon excitation 

microscopy (Figure 2.6B), corresponding to the pattern of noradrenergic axons in this region.218 

 

2.2.6 ECN127 Modification  to Enable VSD Targeting 

 

Figure 2.7. Graphical illustrations of the binding mechanisms of ECN127 and a targeted VSD 

probe. (A)  Scheme of ECN127 targeting. The dichloropane ligand (black) and the RRX dye 

(pink) is connected via only a short carrier. The polar RRX dye stays outside the cell membrane 

(gray) when the ligand binds to the membrane protein (red). (B) Scheme of the binding of a 

targeted VSD probe. The dichloropane ligand (black) and the VSD (pink) is connected via a 

long, flexible polymer carrier (blue) which allows the insertion of the VSD to the cell membrane 

(gray) to properly detect membrane potential changes. Graphic prepared by Dr. Tomas Fiala. 
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 The targeting model of ECN127 is illustrated graphically in Figure 2.7A, where the 

dichloropane ligand (black) is anchored to the monoamine transporter (red) situated on the cell 

membrane (gray). The polar, non-voltage sensitive RRX dye (pink) is tethered to the 

dichloropane ligand via a short, 11-atom carrier (see Figure 2.3). Here, due to the length of the 

carrier as well as the high polarity of the chromophore, the RRX dye likely stays outside the cell 

membrane. 

 Although ECN127 showed promises in specific targeting even in the most complex in 

vivo system, this concept could not be directly applied to the more difficult  targeting of lipophilic 

VSDs for two reasons. First, when the ligand is anchored into the monoamine membrane protein, 

the short length of the polymer carrier simply could not physically accommodate the insertion of 

the VSD into the membrane, which is required for the VSD to experience the electric field of the 

membrane and properly detect and respond to changes in membrane potential. Second, lipophilic 

VSDs possess high affinities for all cell membranes and would likely overwhelm the targeting 

ability of the ligand to render the probe as a whole non-selective. As a result, we propose to 

modify the ECN127 structure by adding a flexible, hydrophilic polymer carrier which could 

potentially resolve both issues. This proposition is displayed graphically in Figure 2.7B, where 

the dichloropane ligand (black) and the VSD (pink) is connected via a longer, flexible, and 

hydrophilic polymer carrier (blue) which would allow the insertion of the VSD to the cell 

membrane (gray) while compensating for the high lipophilicity of the VSD. 
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2.3 Exploration of a Suitable Carrier  for the Chemical Targeting Platform 

 

2.3.1 PEG as Potential Carrier 

 PEG stands for poly(ethylene glycol), a common polymer used in biological studies for 

its good solubility, biocompatibility, synthetic possibilities, and presumed low protein binding.219 

Specifically, PEG has been widely used to carry and deliver fluorescent dyes.148,149,220 

 

2.3.1.1 PEG Carrier with Polar Dye 

 We first built onto the previous ECN127 system by replacing its short carrier between the 

dichloropane ligand and the polar RRX dye with the longer PEG polymer. This new compound, 

synthesized by Dr. Peter Sebej, was named PSN102 which contains an average polymer length 

of 77 PEG units (avg. MW = 3,400 Da; Figure 2.8A). 

 Similar as for ECN127, we first investigated the labeling with PSN102 in the hDAT-

HEK cell system. Upon treatment with the compound (500 nM, 15 min incubation), hDAT-HEK 

cells exhibited clear coronal staining (Figure 2.8B, left panel) which was abolished when the cell 

was pre- and co-incubated with nomifensine (2 ÕM; Figure 2.8B, middle panel). Moreover, the 

sharp coronal labeling was not observed in null-HEK cells under the same experimental 

conditions (Figure 2.8B, right panel). Here, although the targeting ability of the original 

ECN127 was generally preserved with the added PEG polymer carrier, we should notice the 

higher concentration (500 nM) needed to achieve such labeling which revealed the adverse 

effects the PEG polymer may have on the binding of the dichloropane ligand. 
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Figure 2.8. The structure of PSN102 and its labeling in HEK cells. (A) The structure of PSN102 

with the RRX dye on the left and the dichloropane ligand on the right, connected by the PEG 

polymer in the middle. The polymer carrier contains 77 PEG units and a MW  of 3,400 Da on 

average. (B) Representative brightfield (BF, top row) and the corresponding fluorescence (Fluo, 

bottom row) microscopy images of HEK cells labeled with PSN102 (500 nM, 15 min incubation). 

Labeling was compared in hDAT -HEK cells (left), hDAT -HEK cells inhibited with nomifensine, 

(2 mM; middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left image. Excitation filter: 580 nm (40 nm bandpass); dichroic: 610 

nm; emission filter: 660 nm (50 nm bandpass). 
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2.3.1.2 PEG Carrier with Lipophilic Dyes  

 We next examined whether the PEG polymeric polymer carrier would be adequate for 

carrying dyes more lipophilic than RRX while maintaining the specific targeting of the entire 

probe. Here, Dr. Peter Sebej replaced the RRX on PSN102 with several lipophilic dyes, 

including dansyl, Prodan, Nile Red, and di-2-ANEP. The labeling with all these probes in HEK 

cells was performed and the results examined in this section. 

 

Figure 2.9. The structures of PSN112 and PSN160 with their respective labeling in HEK cells. 

(A, B) The structure of PSN112 (panel A) or PSN160 (panel B) with dansyl (PSN112) or Prodan 

(PSN160) on the left and the dichloropane ligand on the right, connected by the PEG polymer 

(77 units, MW  = 3,400 Da on average) in the middle. (C, D) Representative brightfield (BF, top 

row) and the corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells 

ÓÈÉÌÓÌËɯÞÐÛÏɯ/2-ƕƕƖɯȹ×ÈÕÌÓɯ"ȺɯÖÙɯ/2-ƕƚƔɯȹ×ÈÕÌÓɯ#ȰɯÉÖÛÏɯÈÛɯƙɯϟ,ȮɯƕƙɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȺȭɯ+ÈÉÌÓÐÕÎɯ

was compared in hDAT -HEK cells (left), hDAT -HEK cells inhibited with nomifensine, (2 mM; 

middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left, hDAT image. For PSN112 ɬ excitation filter: 350 nm (50 nm 

bandpass); dichroic: 400 nm; emission filter: 525 nm (50 nm bandpass). For PSN160 ɬ excitation 

filter: 350 nm (50 nm bandpass); dichroic: 400 nm; emission filter: 460 nm (50 nm bandpass). 

 



 

41 

 

 The first two lipophilic dyes examined were dansyl and Prodan. Constructs containing 

these probes attached to the PEG-based targeting platform were named PSN112 (Figure 2.9A) 

and PSN160 (Figure 2.9B), respectively. Upon treatment with PSN112 (5 ÕM, 15 min), 

however, we observed internalized fluorescence staining for the hDAT-HEK cells (Figure 2.9C, 

left panel). Furthermore, the same staining pattern was observed even when the hDAT-HEK 

cells were pre- and co-incubated with nomifensine (2 ÕM; Figure 2.9C, middle panel). This 

DAT-independent labeling suggested that PEG was not able to compensate for the lipophilicity 

of dansyl and prevent active or passive transport of the molecule through the cell membrane, 

overwhelming any specificity the dichloropane ligand might have for the DAT membrane 

protein. Similarly, PSN160 carrying the lipophilic Prodan dye (5 ÕM, 15 min incubation) also 

exhibited internalized labeling in hDAT-HEK cells (Figure 2.9D, left panel), while inhibiting the 

hDAT cells with nomifensine (2 ÕM; Figure 2.9D, middle panel) or applying the probe to null-

transfected cells (Figure 2.9D, right panel) yielded similar staining patterns to the non-inhibited, 

hDAT condition. Here, we should note that the working concentration of both PSN112 and 

PSN160 was 5 ÕM, an order of magnitude higher than that for PSN102 (500 nM). This was due 

to the relative dimness of PSN112 and PSN160, to which the lack of the most proper filters for 

exciting and collecting fluorescence emission of dansyl and Prodan might partially contributed. 

Therefore, the fluorescence of PSN112 and PSN160 was only sufficient for microscopic imaging 

at the relatively high 5 ÕM concentration. 

 In addition, Dr. Peter Sebej synthesized another new probe, PSN207, in which the RRX 

dye was replaced with the lipophilic Nile Red dye (Figure 2.10A). Upon incubation with 

PSN207 (5 ÕM, 15 min) in HEK cells, we again observed internalized and DAT-independent 
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labeling (Figure 2.10D), similar to the staining patterns of dansyl probe PSN112 and Prodan 

probe PSN160. 

 

Figure 2.10. The structures of PSN207, PSN203, and PSN247 with their respective labeling in 

HEK cells. (A, B) Structures of PSN207 or PSN203 with Nile Red on the left and the 

dichloropane ligand on the right, connected by the PEG polymer (77 units, MW  = 3,400 Da on 

average for PSN207; panel A or 45 units, MW  = 2,000 Da on average for PSN203; panel B). (C) 

Structure of PSN247, a homolog of PSN207 with an additional cysteic acid moiety (red) between 

Nile Red and PEG. (D, E, F) Representative brightfield (BF, top row) and the corresponding 

fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with PSNƖƔƛɯȹƙɯϟ,Ȱɯ

×ÈÕÌÓɯ#ȺȮɯ/2-ƖƔƗɯȹƙɯϟ,Ȱɯ×ÈÕÌÓɯ$ȺȮɯÖÙɯ/2-ƖƘƛɯȹƕƔƔɯÕ,Ȱɯ×ÈÕÌÓɯ%ȰɯÈÓÓɯÞÐÛÏɯƕƙɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȺȭɯ

Labeling was compared in hDAT -HEK cells (left), hDAT -HEK cells inhibited with nomifensine, 

(2 mM; middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left, hDAT image. For all probes: excitation filter: 580 nm (40 nm 

bandpass); dichroic: 610 nm; emission filter: 660 nm (50 nm bandpass). 
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 All three probes discussed above shared the same design: a dichloropane ligand and a 

lipophilic dye connected by a 3,400 Da PEG polymer. We hypothesized that improved targeting 

properties and lower internalization of the probes could be achieved by altering the polymer 

carrier length or increasing their effective charges. We explored two separate changes with the 

standard PEG polymer carrier used. First, Dr. Peter Sebej investigated a shorter PEG polymer 

carrier with an average of 45 PEG units and MW = 2,000 Da, compared to the average length of 

77 units and MW = 3,400 Da for the original PEG linker. However, this new probe, named 

PSN203 (5 ÕM, 15 min incubation; Figure 2.10B), exhibited a similar internalized and ligand-

independent labeling pattern in HEK cells (Figure 2.10E). Similar to PSN112 and PSN160, the 

working concentration for PSN207 and PSN203 was also relatively high at 5 ÕM, due to the 

relative dimness of the two probes. 

 As the second change, Dr. Peter Sebej inserted a cysteic acid moiety between the PEG 

polymer carrier and the Nile Red dye, for the negatively charged cysteic acid has been 

demonstrated previously to reduce the background labeling with Nile Red.220 However, this new 

probe, named PSN247 (100 nM, 15 min incubation; Figure 2.10C), did not provide membrane 

localized and DAT-dependent labeling in HEK cells. (Figure 2.10F). Interestingly, PSN247, 

with the additional cysteic acid moiety, greatly increased the brightness of the fluorescence 

images acquired so that it could be visualized adequately at 100 nM concentration under the 

same experimental setup as that for PSN207 and PSN203, which could not be visualized until at 

least 5 ÕM in working concentration. 
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Figure 2.11. The structure of PSN243 and its  labeling in HEK cells. (A) The structure of 

PSN243 with di-2-ANEP on the left and the dichloropane ligand on the right, connected by the 

PEG polymer (77 units, avg. MW  = 3,400 Da) in the middle. (B) Representative brightfield (BF, 

top row) and the corresponding fluorescence (Fluo, bottom row) microscopy images of HEK 

ÊÌÓÓÚɯÓÈÉÌÓÌËɯÞÐÛÏɯ/2-ƖƘƗɯȹƙɯϟ,ȮɯƕƙɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȺȭɯ+ÈÉÌÓÐÕÎɯÞÈÚɯÊÖÔ×ÈÙÌËɯÐÕɯÏ# 3-HEK 

cells (left), hDAT-HEK cells inhibited with nomifensine, (2 mM; middle), and nu ll -transfected 

HEK cells (right). All fluorescence microscopy images were equally contrasted to the left, hDAT 

image. Excitation filter: 480 nm (40 nm bandpass); dichroic: 570 nm; emission filter: 590 nm 

(longpass). 

 

 Furthermore, Dr. Peter Sebej replaced the polar RRX dye in PSN102 with di-2-ANEP, a 

well-studied classical electrochromic voltage sensor belonging to the 
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aminonaphthylethenylpyridinium (ANEP) class VSDs129,130 previously introduced in sub-chapter 

1.1.3. Unfortunately, this compound, named PSN243 (5 ÕM, 15 min incubation; Figure 2.11A), 

showed non-specific labeling patterns in HEK cells (Figure 2.11B) similar to all the other 

lipophilic dyes (dansyl, Prodan, and Nile Red) explored in this section. Similar to many 

previously explored constructs, the working concentration for PSN243 was also relatively high at 

5 ÕM due to its relative dimness. 
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2.3.2 NeutrAvidin/Biotin as Potential Carrier  

 NeutrAvidin is a 60 kDa tetrameric protein and belongs to the avidin family of proteins. 

Avidins and biotin ligands exhibit one of the strongest protein-ligand interactions known with a 

dissociation constant (Kd) on the order of 10-14 to 10-15 M.221,222 The strong affinity between the 

avidin family of proteins and biotin has been well-studied and widely used to solve problems in 

biology, biotechnology, and bioengineering.223 Here, we chose NeutrAvidin, a deglycosylated 

analog of the original avidin with retained strong affinity to biotin.222,224 However, NeutrAvidin 

has greatly reduced background staining in biological environments than the unmodified avidin 

for two main reasons. First, the binding of NeutrAvidin to the surrounding lectin protein is 

essentially eliminated due to the removal of carbohydrate moieties.225,226 Second, the isoelectric 

point of NeutrAvidin, much lower than that of the original avidin, is relatively neutral and 

physiological at pH = 6.3. This property diminishes the interaction of electrically neutral 

NeutrAvidin in biological environments to surrounding species such as the negatively charged 

phospholipid bilayers and nucleic acids.227 
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Figure 2.12. Graphical illustration of the components of the NeutrAvidin/biotin -based 

targeting platform.  The NeutrAvidin tetramer (blue) has four biotin binding sites, one for each 

monomer. The dichloropane ligand (green)  and the fluorescent dye (pink)  are separately linked 

to biotin ( yellow ) via a PEG polymer (avg. MW  = 3,400 Da; black). The NeutrAvidin , the 

biotinylated  targeting ligand, and the biotinylated  dye are stored separately and only mixed to 

form a complex before the experiment, where the strong binding between NeutrAvidin  (blue) 

and biotin  (yellow)  would lead to the assembly of a targeting complex with the protein serving 

as the carrier between the dichloropane ligand and the dye. 
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 After unsuccessful pursuits of the PEG polymer as the carrier for our chemical targeting 

platform, we aimed to utilize the NeutrAvidin/biotin platform to potentially prevent the 

internalization of lipophilic dyes via the sizable and charged protein and the strong interaction 

between NeutrAvidin and biotin to which both the lipophilic dye and the dichloropane ligand are 

attached. The targeting platform with NeutrAvidin/biotin is, therefore, comprised of three 

components (Figure 2.12): 1) the NeutrAvidin tetramer (blue) with four biotin binding sites, one 

for each monomer; 2) the dichloropane ligand (green) linked to biotin (yellow); and 3) the 

fluorescent dye (pink) linked to biotin (yellow). Considering that both the targeting ligand and 

the dye demand sufficient physically separation from the NeutrAvidin tetramer once the complex 

is formed to allow the flexibility for their proper functions, the biotin is attached to either the 

dichloropane ligand or the dye via a PEG linker with an average MW = 5,000 Da (black). All 

three components were stored separately and only mixed to form a complex (Figure 2.12) before 

the experiment, where the strong binding between NeutrAvidin and biotin would lead to the 

assembly of a targeting complex with the protein serving as the carrier between the dichloropane 

ligand and the dye. 

 

2.3.2.1 NeutrAvidin/ Biotin  Carrier with Polar Dye  

 Similar to the PEG study, we first investigated the NeutrAvidin/biotin platform in the 

HEK cell system with an easily deliverable polar dye before investigating the more challenging 

lipophilic sensors. Such preliminary exploration was still necessary to confirm that the 

NeutrAvidin/biotin platform would, at the minimum, not undermine the DAT binding affinity 
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and selectivity of the dichloropane ligand nor the intrinsic fluorescence of the dye. Here, we 

chose the Alexa Fluor 594 (AF594) dye since its biotin conjugate was commercially available. 

Note that the selected AF594ïbiotin conjugate here did not include a PEG linker for this pilot 

study. For each NeutrAvidin tetramer, we applied two molar equivalents of the dichloropaneï

PEG(5000)ïbiotin conjugate (Figure 2.13A) and two equivalents of the AF594ïbiotin conjugate 

(Figure 2.13B), considering that each NeutrAvidin tetramer possesses four active binding sites. 

The assembly occurs in a stochastic manner resulting in formation of NeutrAvidin species 

carrying the two biotinylated components in a 2:2, 3:1, or 4:0 ratio. Assuming independent 

binding of dichloropaneïPEG(5000)ïbiotin and AF594ïbiotin to NeutrAvidin under these 

conditions, statistically, only 12.5% of the formed species carry either exclusively the 

dichloropane ligand or the AF594 dye. However, 87.5% of the NeutrAvidin tetramers should still 

bind both the dichloropane ligand and the AF594 dye to render the complex potentially 

targetable and fluorescent at the same time. 

 Upon treatment with the dichloropane (1 ÕM)ïNeutrAvidin (500 nM)ïAF594 (1 ÕM) 

complex (2:1:2 ratio; pre-mixed for 1 h on ice on a rocker, then applied to cells for 30 min), 

hDAT-HEK cells exhibited clear coronal staining (Figure 2.13C, left panel) which was abolished 

when the cells were pre- and co-treated with nomifensine (2 ÕM; Figure 2.13C, middle panel). 

In addition, the coronal labeling was not observed in null-transfected HEK cells with otherwise 

same experimental conditions (Figure 2.13C, right panel). 
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Figure 2.13. The structure s of dichloropane -PEG(5000)-biotin  conjugate and AF594-biotin 

conjugate and the labeling with  dichloropane ɬNeutrAvidin ɬAF594 complex in HEK cells. (A) 

The structure of dichloropane -PEG(5000)-biotin conjugate with the biotin  on the left and 

dichloropane ligand on the right, connected by the PEG polymer  (avg. MW  = 5,000 Da) in the 

middle. (B) The structure of the commercial AF594-biotin conjugate with the biotin  on the left 

and the AF594 dye on the right.  (C) Representative brightfield (BF, top row) and the 

corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with 

ÛÏÌɯËÐÊÏÓÖÙÖ×ÈÕÌɯȹƕɯϟ,ȺɬNeutrAvidin (500 nM) ɬ %ƙƝƘɯȹƕɯϟ,ȺɯÊÖÔ×ÓÌßɯȹƖȯƕȯƖɯÙÈÛÐÖȰɯƗƔɯÔÐÕɯ

incubation). Dichloropane -PEG(5000)-biotin, NeutrAvidin, and AF594 -biotin were stored 

separately and only mixed before experiments for 1 h on ice on a rocker. Labeling was 

compared in hDAT -HEK cells (left), hDAT -HEK cells inhibited with nomifensine, (2 mM; 

middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left, hDAT image. Excitation filter: 580 nm (40 nm bandpass); dichroic: 

610 nm; emission filter: 660 nm (50 nm bandpass). 
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2.3.2.2 NeutrAvidin /Biotin Carrier with Lipophilic Dye  

 Similar to the study of PEG, we next switched to a lipophilic dye after the initial results 

with NeutrAvidin/biotin turned out positive with a polar dye. Here, Dr. Peter Sebej synthesized 

the NRïPEG(5000)ïbiotin conjugate (Figure 2.14A) carrying the lipophilic Nile Red dye which 

the PEG polymer alone failed to deliver (see Figure 2.10). Meanwhile, the same dichloropaneï

PEG(5000)ïbiotin conjugate used for the targeting of AF594 (see Figure 2.13A) was employed 

here for the targeting of the NR dye. 

 Unfortunately, upon treatment with the dichloropane (200 nM)ïNeutrAvidin (100 nM)ï

NR (200 nM) complex in a 2:1:2 ratio (pre-mixed for 1 h on ice on a rocker, then applied to cells 

for 30 min), we observed an internalized fluorescence pattern for the hDAT-HEK cells (Figure 

2.14B, left panel). The same staining pattern was noted when the hDAT cells were pre- and co-

treated with nomifensine (2 ÕM; Figure 2.14B, middle panel) or when the same experiment was 

performed with null-HEK cells (Figure 2.14B, right panel). This DAT-independent staining 

pattern suggested that NeutrAvidin/biotin, like PEG, was not able to compensate for the high 

lipophilicity of Nile Red and allow its selective delivery to the membrane of DAT-expressing 

cells. 

 We then attempted a different mixture ratio of the dichloropane (200 nM)ïNeutrAvidin 

(100 nM)ïNR (200 nM) complex by decreasing the concentration of the NR-PEG(5000)-biotin 

conjugate from 200 nM to 50 nM (2:1:0.5 ratio instead of the original 2:1:2 ratio), in an attempt 

to decrease the lipophilic load the complex had to carry. However, the fluorescence labeling 

pattern here (Figure 2.14C) was again not specific and similar to that of the previous complex 

ratio. 
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Figure 2.14. The structure of NR-PEG(5000)-biotin conjugate and the labeling with  

dichloropane ɬNeutrAvidin ɬNR complex in HEK cells. (A) The structure of NR-PEG(5000)-

biotin conjugate with the biotin  on the left and NR dye on the right, connected by the PEG 

polymer  (avg. MW  = 5,000 Da) in the middle.  (B, C) Representative brightfield (BF, top row) and 

the corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled 

with either the dichloropane (200 nM)ɬNeutrAvidin (100 nM) ɬNR (200 nM) complex (2:1:2 

ratio; panel B) or the dichloropane (200 nM)ɬNeutrAvidin (100 nM) ɬNR (50 nM) complex 

(2:1:0.5 ratio; panel C; both at 30 min incubation). Dichloropane -PEG(5000)-biotin, NeutrAvidin, 

and NR-PEG(5000)-biotin were stored separately and only mixed before experiments for 1 h on 

ice on a rocker. Labeling was compared in hDAT-HEK cells (left), hDAT-HEK cells inhibited 

with nomifensine, (2 mM; middle), and null -transfected HEK cells (right). All fluorescence 

microscopy images were equally contrasted to the left, hDAT image. Excitation filter: 580 nm 

(40 nm bandpass); dichroic: 610 nm; emission filter: 660 nm (50 nm bandpass). 
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 Since the sizable and charged 60 kDa NeutrAvidin is unlikely to freely diffuse through 

the cell membrane, we hypothesized that the lipophilic Nile Red was able to induce endocytosis 

of the complex to actively enter into the cell. The somewhat punctate intracellular labeling 

pattern in Figure 2.14 supports the hypothesis of active transport and localization of the complex 

in endosomes. Disassembly of the complex and internalization of the untethered NRï

PEG(5000)ïbiotin conjugate is unlikely due to the strong NeutrAvidinïbiotin association, 

although we have not carried out experiments to disprove this pathway. This exploration once 

again demonstrated the difficulty of our task to identify the appropriate carrier to prevent the 

lipophilic dyes from entering cells and preserve the targeting ability of the dichloropane ligand. 
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2.3.3 Dextran as Potential Carrier 

 Dextran, a bacterial, branched polysaccharide polymer, stood out as the next promising 

candidate for the carrier to our targeting platform due to its high hydrophilicity, fast diffusion in 

tissue, biocompatibility, and established clinical uses.228ï230 The main chain of dextran consists 

of Ŭ-1,6-glycosidic linkages while branching from mainly Ŭ-1,3 linkages and less commonly Ŭ-

1,2 and Ŭ-1,4 linkages.231 This characteristic connection renders dextran relatively stable in 

mammals where the hydrolysis of such linkages is difficult due to the lack of enzymes capable of 

cleaving them. 

 

2.3.3.1 Dextran Carrier ï Concepts of Ligand and Dye Coverages 

 Considering the important role of the dextran carrier to the remaining of this thesis, the 

concepts of ligand and dye coverages of the dextran-based targeting platform are first introduced 

in relation to the synthetic procedure which are imperative to how we interpret and represent 

concentrations of all dextran-based probes in the rest of this thesis. 

 To construct the dextran-based targeting platform, Dr. Tomas Fiala designed the 

functionalization of the dextran carrier, as well as the targeting ligand and the dye with 

corresponding conjugation partners which were then combined via one-pot click chemistry. The 

synthesis of all dextran-based targeting platforms, therefore, was carried out in three steps. First, 

the dextran was combined with the N-(3-azidopropyl)-O-(4-nitrophenyl) carbamate to provide 

the functionalized azidopropyl carbamate dextran (N3-dextran; Figure 2.15A). Here, the average 

number, or coverage, of available azide (N3) functionalities per dextran polymer was determined 

by 1H NMR spectroscopy. Second, the dichloropane targeting ligand and the cargo dye were 
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each functionalized with the bicyclo[6.1.0]non-4-yn-9-ylmethyl (BCN) group as the 

corresponding conjugation partner for the azide functionality of N3-dextran. Third, the BCN-

functionalized ligand and dye were combined with the N3-functionalized dextran via the 

established strain-promoted azide-alkyne cycloaddition (SP-AAC) click chemistry232 to produce 

the dextran-based platform carrying the dichloropane targeting ligand and the cargo dye (Figure 

2.15B). Such conjugation strategy is stochastic which leads to products with a distribution of 

attached ligand and cargo molecules, with only the average coverage of these species being 

controllable. As a general rule, for all but one probe introduced at the end, we decided to include, 

on average, no more than 1 equivalent of VSD per dextran carrier to provide products mostly 

carrying either 0 or 1 VSD molecule per dextran during the one-pot synthesis to limit the degree 

of lipophilicity the targeting platform would bear. Meanwhile, more than 1 equivalent of the 

targeting ligand on average was introduced per dextran polymer to ensure that the majority of the 

product molecules would include at least 1 targeting ligand to sustain the general targeting ability 

of the probe. At the end, we also synthesized a dextran-based probe carrying, on average, more 

than 1 equivalent of VSD per dextran carrier to explore the limits of the dextran carrier in 

compensating lipophilicity. 
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Figure 2.15. Synthesis of the functionalized azidopropyl carbamate dextran  (N 3-

dextran) on route to the synthesis of  the dextran-based chemical targeting platform . (A) 

Synthesis of the functional ized azidopropyl  carbamate dextran, with the letter  w representing 

the average number, or coverage, of available azide (N3) functionalities per dextran polymer 

determined by 1H NMR spectroscopy. (B) One-pot synthesis of the dextran-based targeting 

platform  via strain-promoted SP-AAC  click chemistry .232 The BCN-functionalized dichloropane 

targeting ligand  (green) and dye (red) were combined with the N 3-functionalize d dextran (blue) 

to assemble the dextran-based targeting  platform s carrying the targeting ligand and the dye . 

Here, the ratio of the dichloropane targeting ligand to the dye is customizable  for this one-pot 

synthesis, whose exact value is determined by 1H NMR spectroscopy after each dextran-based 

targeting platform  is synthesized. Synthesis performed by Dr. Tomas Fiala. 
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 It is worth noting that each dextran-based probe contains different effective 

concentrations in terms of the dextran carrier, the targeting ligand, or the cargo dye whose exact 

values are determined by 1H NMR spectroscopy after the probe is synthesized (since the exact 

ratio of the three components of the product might slightly differ from the ratio of clickable 

components added to the one-pot synthesis). To represent this discrepancy, we would, for the 

remaining of this thesis, first define the ratio of the three components of each new dextran-based 

probe, and then represent its concentration solely with respect to the dextran component of the 

probe. As an example, for a dextran-based probe with each dextran polymer carrying, on 

average, 2 molecules of the ligand and 1 molecule of the dye, a 100 nM probe concentration with 

respect to dextran would be equivalent to 200 nM concentration with respect to the ligand and 

100 nM concentration with respect to the dye. 

 

2.3.3.2 Dextran Carrier with Polar Dye 

 Similar to previous investigations with PEG and NeutrAvidin/biotin, we first investigated 

the dextran polymer carrier with an easily deliverable polar dye, in this case fluorescein, to 

confirm that the dextran carrier would not interfere with the binding affinity and selectivity of 

the ligand nor the fluorescence of the dye. The structure of this dextran-based probe, synthesized 

by Dr. Tomas Fiala, is shown in Figure 2.16A. Here, each dextran polymer (blue) carries, on 

average, 2 molecules of the ligand (green) and 1 molecule of the dye (red). At the same time, Dr. 

Tomas Fiala prepared two different lengths of the dextran polymer to explore ï a shorter 2.5 kDa 

polymer carrier (named TF124A) and a longer 6 kDa polymer carrier (named TF124B). 
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Figure 2.16. The structure of TF124A/B  with  labeling in HEK cells. (A) The structure of 

TF124A/B with the dichloropane ligand (green) and the fluorescein dye (red) connected by the 

dextran polymer carrier (blue). The average molecular weight of the dextran polymer is 2.5 kDa 

for TF124A and 6 kDa for TF124B. (B, C) Representative brightfield (BF , top row) and the 

corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with 

TF124A (panel B) or TF124B (panel C; both at 100 nM, 15 min incubation). Labeling was 

compared in hDAT -HEK cells (left), hDAT -HEK cells inhibited w ith nomifensine, (2 mM; 

middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left, hDAT image. For both probes ɬ excitation filter: 470 nm (40 nm 

bandpass); dichroic: 495 nm; emission filter: 520 nm (50 nm bandpass). 
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 When treated with TF124A (100 nM, 15 min incubation), hDAT-HEK cells exhibited 

clear coronal staining (Figure 2.16B, left panel) which was abolished when the cells were pre- 

and co-incubated with nomifensine (2 ÕM; Figure 2.16B, middle panel). In addition, the coronal 

labeling was not observed in null -transfected HEK cells under the otherwise same experimental 

conditions (Figure 2.16B, right panel). This finding was consistent with the positive results from 

the PEG and NeutrAvidin/biotin polymer carriers when a polar dye was delivered. Furthermore, 

TF124B, when subjected to the same experimental conditions as TF124A, produced similar 

staining results, although with possibly higher background labeling (Figure 2.16C). 

 

2.3.3.3 Dextran Carrier with  Li pophilic Dye 

 Based on previous experience with the PEG and NeutrAvidin/biotin carriers, the 

difficulty still lays ahead where the delivery of a dye similar in lipophilicity to a VSD is 

essential. Here, Dr. Tomas Fiala replaced the fluorescein in TF124A/B with the lipophilic Nile 

Red, again with two different sizes of the dextran polymer, 2.5 kDa (named TF132A) and 6 kDa 

(named TF132B), for further exploration (Figure 2.17A). Similar to TF124A/B, each dextran 

polymer in TF132A/B carries, on average, 2 molecules of the ligand and 1 molecule of the dye. 
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Figure 2.17. The structure of TF132A/B with labeling in HEK cells. (A) The structure of 

TF132A/B with the dichloropane ligand (green) and the Nile Red dye (red) connected by the 

dextran polymer carrier (blue). The average molecular weight of the dextran polymer is 2.5 kDa 

for TF132A and 6 kDa for TF132B. (B, C) Representative brightfield (BF, top row) and the 

corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with 

TF132A (panel B) or TF132B (panel C; both at 25 nM, 15 min incubation). Labeling was 

compared in hDAT -HEK cells (left), hDAT-HEK cells inhibited with nomifensine, (2 mM; 

middle), and null -transfected HEK cells (right). All fluorescence microscopy images were 

equally contrasted to the left, hDAT image. For both probes ɬ excitation filter: 580 nm (40 nm 

bandpass); dichroic: 610 nm; emission filter: 660 nm (50 nm bandpass). 
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 To our genuine excitement, unlike with PEG and NeutrAvidin/biotin, the dextran probes 

TF132A/B (25 nM, 15 min incubation) were able to maintain the coronal staining when 

delivering the lipophilic Nile Red in hDAT-HEK cells (Figure 2.17B and C, left panel). The 

same staining pattern was not observed in hDAT-HEK cells inhibited with nomifensine (2 ÕM; 

Figure 2.17B and C, middle panel) or null-transfected HEK cells under the same experimental 

conditions (Figure 2.17B and C, right panel). Therefore, dextran, unlike PEG or 

NeutrAvidin/biotin, was capable to compensate for the high lipophilicity of the Nile Red dye to 

keep the construct from internalizing into the cell and maintain the selective targeting of the 

dichloropane ligand. 

 Unlike TF124A/B where a polar fluorescein dye was delivered, here the larger 6 kDa 

dextran carrier (TF132B) produced lower background staining compared to the smaller 2.5 kDa 

dextran carrier (TF132A) when delivering the lipophilic Nile Red (Figure 2.17B and C). Since 

Nile Red is more similar in terms of lipophilicity to typical VSDs, we chose, going forward, the 

6 kDa dextran polymer carrier to be used in later studies for the targeting and delivery of VSDs. 

 



 

62 

 

2.3.3.4 Dextran Carrier with Lipophilic  Dye ï Labeling in Brain Tissue 

 

Figure 2.18. Labeling with  TF132B in dorsal striatum (dSTR) in acute murine brain slices 

with two -photon excitation microscopy. (A) Nissl stained sagittal cross-section slice of a 

murine brain 216 with schematic representation of a dopaminergic neuron originating in the SNc 

projecting into the dSTR. The blue rectangle indicates the approximate region where images in 

panels B and C were acquired. Graphic prepared by Dr. Tomas Fiala. (B) Representative images of 

muÙÐÕÌɯÚÛÙÐÈÛÈÓɯÚÓÐÊÌÚɯÓÈÉÌÓÌËɯÞÐÛÏɯ3%ƕƗƖ!ɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯÍÙÖÔɯÚÓÐÊÌɯ

surface), shown at different magnifications. (C) Representative images of murine striatal slices 

ÐÕÏÐÉÐÛÌËɯÞÐÛÏɯÕÖÔÐÍÌÕÚÐÕÌɯȹƖɯϟ,ȺɯÈÕËɯÓÈÉÌÓÌËɯÞÐÛÏɯ3%ƕƗƖ!ɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕ ÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯ
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from slice surface), shown at magnifications corresponding to those in panel B. The probe was 

excited at 920 nm and its emission collected at 570ɬ620 nm. 

 

 After achieving specific targeting in HEK cells with overexpressed hDAT proteins, we 

next aimed to label acute murine brain slices to explore if the dextran-based probe carrying the 

lipophilic Nile Red dye could maintain their targeting abilities in a more complex environment 

where only natively expression level of DAT was available. Similar as for ECN127, we first 

focused on the brain region of dSTR where the dense dopaminergic projections originating from 

the soma in SNc were located (Figure 2.18A). Acutely prepared striatal brain slices incubated 

with TF132B (100 nM, 30 min), when imaged with two-photon excitation microscopy, exhibited 

dense, string-like labeling pattern corresponding to the distribution of dopaminergic axons in this 

region (Figure 2.18B, shown with different magnifications). When the slices were pre- and co-

incubated with nomifensine (2 ÕM), the clear axonal labeling was abolished to only broad and 

dim background staining with no string-like pattern (Figure 2.18C, shown with different 

magnifications corresponding to the non-inhibited condition). These imaging results 

demonstrated that our dextran-based molecular targeting platform is capable to deliver and target 

the lipophilic Nile Red not only to overexpressed DAT in HEK cell culture but also to DAT at a 

much lower physiological expression level in live brain tissue. 
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2.4 Study of VoLDeMo, the Dextran-based Chemical Platform for Targeted Voltage 

Imaging 

 We demonstrated, in Section 2.3.3, the ability of dextran to compensate for the 

lipophilicity of Nile Red and enable its targeting in the HEK cell system and in acute brain tissue 

with only natively expression level of DAT. We, therefore, proceeded to the attachment of 

voltage sensitive dyes (VSDs) to our dextran-based chemical targeting platform. The two VSDs 

we selected, which would play overpowering roles throughout the rest of this thesis, were di-2-

ANEP and dsRVF5. 

 

2.4.1 VoLDeMo Specific Targeting 

 

2.4.1.1 VoLDeMo Labeling in HEK Cells 

 Di-2-ANEP, first introduced in sub-chapter 1.1.3 (see Figure 1.2), was attached 

previously to the PEG polymer carrier but was internalized and not specifically targeted in the 

HEK cell system (see Figure 2.11). Here, Dr. Tomas Fiala attached di-2-ANEP to our 6 kDa 

dextran-based targeting platform (TF148A; Figure 2.19A) with each dextran polymer (blue) 

carrying, on average, 1.38 molecules of the ligand (green) and 0.74 molecule of the dye (purple). 
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Figure 2.19. The structure of TF148A and its labeling in HEK cells. (A) The structure of 

TF148A with the dichloropane ligand (green) and di -2-ANEP (purple) connected by the 6 kDa 

dextran polymer carrier (blue). (B) Representative brightfield (BF, top row) and the 

corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with 

TF148A (100 nM, 5 min incubation). Labeling was compared in hDAT -HEK cells (left), hDAT -

HEK cells inhibited with nomifensine  (2 mM; middle), and null -transfected HEK cells (right). All 

fluorescence microscopy images were equally contrasted to the left, hDAT image. Excitation 

filter: 480 nm (40 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). (C) 

Quantification of TF148A labeling. Mean fluorescence intensity of randomly selected cell bodies 

(n = 3, 10 ROIs per n for each condition; please refer to the Experimental Section for details) 

labeled with TF148A (100 nM) was normalized to the mean fluorescence intensity of the hDAT, 

non-inhibited condition, with error bars representing ° SD. From two-tail ed unpaired t -tests: 

ƖƔȭƖɯǷɯƙȭƛɯÍÖÓËɯËÌÊÙÌÈÚÌɯÐÕɯÍÓÜÖÙÌÚÊÌÕÊÌɯÐÕÛÌÕÚÐÛàȮɯP ǻɯƔȭƔƔƕƗɯÍÖÙɯÏ# 3Ƕ-ÖÔÐɯÝÚȭɯÏ# 3ȰɯƜȭƘɯǷɯƕȭƙɯ

fold decrease in fluorescence intensity, P = 0.0018 for Null vs. hDAT. 

 

 Here, the dextran carrier was able to compensate for the high lipophilicity of di-2-ANEP 

like it did for Nile Red to achieve membrane-localized staining (Figure 2.19B, left panel) in 
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hDAT-HEK cells (100 nM, 5 min incubation) which was abolished when the cells were pre- and 

co-incubated with nomifensine (2 ÕM; Figure 2.19B, middle panel). In addition, the coronal 

labeling was not observed in null-transfected HEK cells under the otherwise same experimental 

conditions (Figure 2.19B, right panel). To support the qualitative result, we quantified the 

targeting by measuring fluorescence intensities of ROIs surrounding individual cell bodies which 

were randomly selected from the brightfield images while blinded to the respective conditions 

and their corresponding fluorescent images (please refer to the Experimental Section for details). 

Here, the fluorescence intensity of the hDAT-HEK, non-inhibited condition was 20.2 Ñ 5.7 fold 

greater than that of the hDAT-HEK, inhibited condition and 8.4 Ñ 1.5 fold greater than that of the 

null-HEK condition (Figure 2.19C), conforming to our observation. 

 dsRVF5, or disulfonated Rhodol VoltageFluor-5 and also introduced in sub-chapter 1.1.3 

(see Figure 1.3), is a disulfonate-modified version137,138 of the state-of-the-art PeT-based 

monosulfated RVF5 published by the group of Dr. Evan Miller (UC Berkeley).121,135 Here, Dr. 

Tomas Fiala introduced a second sulfonate group based on a previous study showing such 

modification improving the voltage sensitivity possibly by aligning the dye more perpendicular 

to the cell membrane. 



 

67 

 

 

Figure 2.20. The structure of TF263 and its labeling in HEK cells. (A) The structure of TF263 

with the dichloropane ligand (green) and dsRVF5 (purple) connected by the 6 kDa dextran 

polymer carrier (blue). (B) Representative brightfield (BF, top row) and the corresponding 

fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with TF263 (100 nM, 

15 min incubation). Labeling was compared in hDAT -HEK cells (left), hDAT -HEK cells 

inhibited with nomifensine, (2 mM; middle), and null -transfected HEK cells (right). All 

fluorescence microscopy images were equally contrasted to the left, hDAT image. Excitation 

filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). (C) 

Quantification of TF263 labeling. Mean fluorescence intensity of randomly selected cell bodies 

(n = 3, 10 ROIs per n for each condition; please refer to the Experimental Section for details) 

labeled with TF263 (100 nM) was normalized to the mean fluorescence intensity of the hDAT, 

non-inhibited condition, with error bars representing ° SD. From two-tailed unpaired t -tests: 3.4 

ǷɯƔȭƙɯÍÖÓËɯËÌÊÙÌÈÚÌɯÐÕɯÍÓÜÖÙÌÚÊÌÕÊÌɯÐÕÛÌÕÚÐÛàȮɯP ǾɯƔȭƔƔƔƕɯÍÖÙɯÏ# 3Ƕ-ÖÔÐɯÝÚȭɯÏ# 3ȰɯƚȭƔɯǷɯƔȭƚɯÍÖÓËɯ

decrease in fluorescence intensity, P < 0.0001 for Null vs. hDAT. 
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 Based on published parameters,137 we hypothesized that dsRVF5 would outperform the 

classical di-2-ANEP in terms of voltage sensitivity and brightness, while at the same time pose a 

greater challenge for our dextran-based targeting platform for its greater lipophilicity. 

Nevertheless, the dsRVF5-based TF263 probe (Figure 2.20A), with the 6 kDa dextran polymer 

(blue) carrying, on average, 1.4 molecules of the ligand (green) and 0.64 molecule of the dye 

(purple), exhibited clear coronal staining (Figure 2.20B, left panel) in hDAT-HEK cells (100 

nM, 15 min incubation) which was abolished when the cells were pre- and co-incubated with 

nomifensine (2 ÕM; Figure 2.20B, middle panel). In addition, the coronal labeling was not 

observed in null-transfected HEK cells under the otherwise same experimental conditions 

(Figure 2.20B, right panel). 

 To support the qualitative result, we also quantified the targeting of TF263 following the 

same procedure as that for TF148A (please refer to the Experimental Section for details). Here, 

the fluorescence intensity of the hDAT-HEK, non-inhibited condition was 3.4 Ñ 0.5 fold greater 

than that of the hDAT-HEK, inhibited condition and 6.0 Ñ 0.6 fold greater than that of the null-

HEK condition (Figure 2.20C). This targeting experiment showed that in HEK cells, the dextran 

polymer carrier is capable of targeting state-of-the-art voltage sensors more lipophilic than di-2-

ANEP such as the dsRVF5, albeit with expected higher background staining (compared to 20.2 Ñ 

5.7 fold greater than the inhibited condition and 8.4 Ñ 1.5 fold greater than the null-HEK 

condition for TF148A targeting). 

 This promising dextran-based molecular targeting platform was named [Voltage sensor-

L igand-Dextran targeting Monoamine transporters] probe, or VoLDeMo probe. Considering the 

substantial roles TF148A and TF263 will play throughout the rest of this thesis, I will be 
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referring to TF148A as di-2-ANEP-VoLDeMo, and TF263 as dsRVF5-VoLDeMo, from now 

on for clarity. 

 

2.4.1.2 VoLDeMo ï Spectra and Binding Potency 

 

Figure 2.21. IC50 determination of di -2-ANEP-VoLDeMo and dsRVF5 -VoLDeMo at hDAT by 

blocking APP+ uptake in hDAT -HEK cells. Non-linear regression curves showing the dose-

dependent inhibition of APP+ uptake by di -2-ANEP-VoLDeMo (red) and dsRVF5-VoLDeMo 

(purple) in hDAT -HEK cells (please refer to the Experimental Section for details). Concentration 

values on the x-axis are normalized to the dichloropane ligand of VoLDeMo. Error bars 

ÙÌ×ÙÌÚÌÕÛɯǷɯ2$,ɯÍÖÙɯn = 4 experiments with 2 replicates per independent experiment. Experiment 

performed by Dr. Tomas Fiala. 

 

 Before investigating di-2-ANEP-VoLDeMo and dsRVF5-VoLDeMo in more 

complicated experimental systems, we characterized the probes further in the HEK cell system 

by measuring their spectra and quantifying their binding to DAT. Here, Dr. Tomas Fiala 

quantified the binding of VoLDeMo probes by inhibiting the APP+ uptake in hDAT-HEK cells 
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(Figure 2.21). The IC50 value was determined to be 74 Ñ 3 nM for di-2-ANEP-VoLDeMo and 45 

Ñ 2 nM for dsRVF5-VoLDeMo. Both values are within the same order of magnitude to those of 

the dichloropane ligand (11 Ñ 1 nM; see Figure 2.2B) and ECN127 (25 Ñ 1 nM; see Figure 

2.3B). 

 

Figure 2.22. Normalized excitation and emission spectra of di -2-ANEP-VoLDeMo and 

dsRVF5-VoLDeMo  and their respective untagged VSDs in hDAT -HEK cells.  All spectra were 

measured in hDAT -HEK cells maintained in DPBS. All probes were incubated at  100 mM. (A)  

di -2-ANEPEQ: excitation spectrum at 600 nm emission, emission spectrum with 480 nm 

excitation. (B) dsRVF5: excitation spectrum at 590 nm emission, emission spectrum with 530 nm 

excitation. (C) di -2-ANEP-VoLDeMo: excitation spectrum at 600 nm emission, emission 

spectrum with 480 nm excitation. (D)  dsRVF5-VoLDeMo : excitation spectrum at 590nm 

emission, emission spectrum with 530 nm excitation. 
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 The excitation and emission spectra of the two VoLDeMo probes were measured in 

hDAT-HEK cells (Figure 2.22B, D) to be comparable to those of the original untethered di-2-

ANEPEQ VSD (Figure 2.22A) and dsRVF5 VSD (Figure 2.22C). 

 

2.4.1.3 VoLDeMo Labeling in Brain Tissue 

 After achieving specific targeting in HEK cells with overexpressed hDAT proteins, we 

next aimed to label acute murine brain slices to explore the targeting ability of VoLDeMo probes 

in a more complex environment with native expression level of DAT. Similar to the study with 

Nile Red (see Section 2.3.3.4), we first focused on the brain region of dSTR where the dense 

dopaminergic projections originating from the soma in SNc were located. Acutely prepared 

striatal slices (Figure 2.23A) incubated with di-2-ANEP-VoLDeMo (100 nM, 30 min) exhibited 

a dense, axonal labeling pattern under two-photon excitation microscopy (Figure 2.23B, left 

panel). Upon inhibition with nomifensine (2 ÕM), the string-like labeling pattern was abolished 

and only broad background staining was observed (Figure 2.23B, middle panel). Moreover, 

bright and broad background staining was observed from the original untethered di-2-ANEPEQ 

dye under the same experimental conditions (Figure 2.23B, right panel), which was expected 

from the labeling of all cell membranes due to the lack of a targeting ligand and the 

uncompensated high lipophilicity of di-2-ANEPEQ. 
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Figure 2.23. Targeting of di -2-ANEP-VoLDeMo in dorsal striatum (dSTR) and somatosensory 

cortex (CTX) in acute murine brain slices with two -photon excitation microscopy. (A , D) Nissl 

stained sagittal cross-section slice of a murine brain216 with schematic representation of a 

dopaminergic neuron originating in the SNc projecting into the dSTR  (panel A), or a 

noradrenergic neuron originating in the LC projecting into the CTX  (panel D). The blue 

rectangle indicates the approximate region where images in panels B and C, or E and F, were 

acquired, respectively. Graphics prepared by Dr. Tomas Fiala. (B, E) Representative images of 

striatal (panel B) or cortical (panel E) slices labeled with di-2-ANEP-VoLDeMo. Left: slice 

incubated with di -2-ANEP-5Ö+#Ì,ÖɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯÍÙÖÔɯÛÐÚÚÜÌɯÚÜÙÍÈÊÌȺȰɯ

middle: analogous experiment with slice inhibited  ÉàɯÕÖÔÐÍÌÕÚÐÕÌɯȹƖɯϟ,ȺȰɯÙÐÎÏÛȯɯÚÓÐÊÌɯÐÕÊÜÉÈÛÌËɯ

with the original untethered di -2- -$/$0ɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕȮɯƕƙɯϟÔɯËÌ×ÛÏȺȭɯ(ÔÈÎÌÚɯÞÐÛÏÐÕɯÛÏÌɯ

same panel were contrasted equally according to the left image. The probe was excited at 920 

nm and its emission collected at 570ɬ610 nm. (C, F) Representative images showing the 

colocalization of di -2-ANEP-5Ö+#Ì,ÖɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯËÌ×ÛÏȺɯÈÕËɯ3'-GFP 

in the brain region of dSTR (panel C) and CTX (panel F). Left: di-2-ANEP-VoLDeMo channel 

(excitation: 920 nm, emission collected at 570ɬ610 nm); middle: TH-GFP channel (excitation: 760 

nm, emission collected at 440ɬ500 nm); right: merged image of the two channels. 
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 In addition, we investigated the labeling with di-2-ANEP-VoLDeMo in the region of 

somatosensory cortex (CTX, the same region where we demonstrated the targeting of ECN127 in 

vivo, see Figure 2.6) containing noradrenergic projections originating from the soma in LC 

(Figure 2.23D). The CTX region expresses NET in greater abundance compared to DAT and 

SERT, but the density of targetable noradrenergic axons is much sparser compared to that of 

dopaminergic axons in dSTR. As a result, we could demonstrate the targeting of di-2-ANEP-

VoLDeMo to one of its other monoamine transporter targets in a more difficult  targeting 

environment. Here, under two-photon excitation microscopy, di-2-ANEP-VoLDeMo (100 nM, 

30 min incubation) exhibited a sparse, string-like labeling pattern corresponding to the 

distribution of noradrenergic projections in this region (Figure 2.23E, left panel), which was 

abolished to only broad background labeling when the slices were pre- and co-incubated with 

nomifensine (2 ÕM; Figure 2.23E, middle panel). Again, the application of the untethered di-2-

ANEPEQ produced broad background staining to all cell membranes (Figure 2.23E, right 

panel). 

 As an additional proof of the specific targeting of di-2-ANEP-VoLDeMo to 

catecholaminergic axons in dSTR and CTX, we evaluated the colocalization of its labeling with 

green fluorescent protein (GFP) expressed under the tyrosine hydroxylase promoter (TH), a 

marker of catecholaminergic neurons, from brain slices of TH-GFP mice. As expected, di-2-

ANEP-VoLDeMo labeling colocalized well with that of TH-GFP in dSTR (Figure 2.23C) and in 

CTX (Figure 2.23F). 
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Figure 2.24. Colocalization of di -2-ANEP-VoLDeMo labeling and FFN102 labeling  in  mouse 

striatal  slice. (A)  Nissl stained sagittal cross-section slice of a murine brain216 with schematic 

representation of a dopaminergic neuron originati ng in the SNc projecting into the dSTR. The 

blue rectangle indicates the approximate region where images in panel B were acquired. Graphic 

prepared by Dr. Tomas Fiala. (B) Representative images showing the colocalization of di-2-ANEP-

VoLDeMo (100 nM, 30 min incubation) and FFN102 (2 mM, 30 min incubation), imaged 15 mm 

deep from tissue surface with two -photon excitation microscopy. Left: di -2-ANEP-VoLDeMo 

(920 nm excitation, 570ɬ610 nm emission filter); middle: FFN102 (760 nm excitation, 435ɬ485 nm 

emission filter); right: merged image of the two channels. (C) Quantification  of di -2-ANEP-

5Ö+#Ì,ÖɯÈÕËɯ%%-ƕƔƖɯÊÖÓÖÊÈÓÐáÈÛÐÖÕȭɯ3ÏÌɯɁ-ÖÛɯ2ÊÙÈÔÉÓÌËɂɯÊÖÓÜÔÕɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯ×ÌÙÊÌÕÛÈÎÌɯ

of di -2-ANEP-VoLDeMo signal that colocalized with FFN102 puncta from the same field of 

ÝÐÌÞȭɯ3ÏÌɯɁ2ÊÙÈÔÉÓÌËɂɯÊÖÓÜÔÕɯÙÌ×ÙÌÚÌÕÛÚɯÈÕÈÓÖÎÖÜÚɯÊÖÓÖÊÈÓÐáÈÛÐÖÕɯÖÍ randomly selected di -2-

ANEP-VoLDeMo and FFN102 images taken from different fields of view (please refer to the 

Experimental Section for details). Error bars represent ° SD for n = 45 images from 9 slices, 3 

ÈÕÐÔÈÓÚȭɯ3ÏÌɯɁ-ÖÛɯ2ÊÙÈÔÉÓÌËɂɯÐÔÈÎÌÚɯÌßÏÐÉÐÛÌËɯÚÐgnificantly higher level of colocalization 

ȹƛƜȭƔǔɯǷɯƗȭƙǔȺɯÛÏÈÕɯÛÏÌɯɁ2ÊÙÈÔÉÓÌËɂɯÊÖÕÛÙÖÓɯȹƕƛȭƗǔɯǷɯƖȭƗǔȮɯP < 0.0001, two-tailed unpaired t -

test). 
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 Similar as for ECN127 (see Figure 2.5), we colocalized di-2-ANEP-VoLDeMo labeling 

(100 nM, 30 min incubation; Figure 2.24A, left panel) with that of an established DAT substrate, 

FFN102 (2 ÕM, 30 min incubation; Figure 2.24A, middle panel). We supported the qualitatively-

high overlap between di-2-ANEP-VoLDeMo and FFN102 labeling (Figure 2.24A, right panel) 

by quantifying the percentage of overlapping puncta of di-2-ANEP-VoLDeMo and FFN102 

labeling from the same field of view versus the labeling with the two probes from scrambled, 

different fields of view as the control (please refer to the Experimental Section for details). The 

non-scrambled images provided significantly higher (P < 0.0001, two-tailed unpaired t-test) level 

of colocalization (78.0% Ñ 3.5%) than the scrambled images (17.3% Ñ 2.3%; Figure 2.24C), 

confirming our observation. 

 Similar to di-2-ANEP-VoLDeMo, we incubated dsRVF5-VoLDeMo (100 nM, 30 min) 

carrying the more lipophilic dsRVF5 in acutely prepared striatal (Figure 2.25A) or cortical slices 

(Figure 2.25C), which also produced dense (Figure 2.25B, left panel) or sparse (Figure 2.25D, 

left panel), string-like labeling pattern, respectively, under two-photon excitation microscopy. 

Upon inhibition with nomifensine (2 ÕM) in either region, the string-like labeling was abolished 

and only broad background staining was observed (Figure 2.25B or D, middle panel). These 

labeling results were comparable to those of di-2-ANEP-VoLDeMo under similar experimental 

conditions (see Figure 2.23B and E). Moreover, broad background staining was observed from 

the original untethered dsRVF5 dye under the same experimental conditions (Figure 2.25B or D, 

right panel), similar to the labeling with the untethered di-2-ANEPEQ dye (see Figure 2.23B and 

E). This experiment showed that our VoLDeMo platform is capable of targeting the state-of-the-
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art dsRVF5 voltage sensor more lipophilic than di-2-ANEP in live brain tissue to native 

monoamine transporters at low physiological expression levels. 

 

Figure 2.25. Labeling with  dsRVF5-VoLDeMo in dSTR and CTX in acute murine brain slices. 

(A, C) Nissl stained sagittal cross-section slice of a murine brain216 with schematic 

representation of a dopaminergic neuron originati ng in the SNc projecting into the dSTR (panel 

A), or a noradrenergic neuron originating in the LC projecting into the CTX  (panel C). The blue 

rectangle indicates the approximate region where images in panels B and E, or D, were 

acquired, respectively. Graphics prepared by Dr. Tomas Fiala. (B, D) Representative images of 

striatal (panel B) or cortical (panel D) slices labeled with dsRVF5-VoLDeMo acquired via two -

photon excitation microscopy. Left: slice incubated with dsRVF5 -VoLDeMo (100 nM, 30 min 

ÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯÍÙÖÔɯÛÐÚÚÜÌɯÚÜÙÍÈÊÌȺȰɯÔÐËËÓÌȯɯanalogous experiment with slice inhibited by 

ÕÖÔÐÍÌÕÚÐÕÌɯȹƖɯϟ,ȺȰɯÙÐÎÏÛȯɯÚÓÐÊÌɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯÛÏÌɯÜÕÛÌÛÏÌÙÌËɯËÚ15%ƙɯȹƕƔƔɯÕ,ȮɯƗƔɯÔÐÕɯ

ÐÕÊÜÉÈÛÐÖÕȮɯƕƙɯϟÔɯËÌ×ÛÏȺȭɯ(ÔÈÎÌÚɯÞÐÛÏÐÕɯÛÏÌɯÚÈÔÌɯ×ÈÕÌÓɯÞÌÙÌɯÊÖÕÛÙÈÚÛed equally according to 

the left image. The probe was excited at 820 nm and its emission collected at 570ɬ610 nm. (E) 

Representative images of striatal slices labeled with dsRVF5-VoLDeMo (100 nM, 10 min 

ÐÕÊÜÉÈÛÐÖÕȮɯƙɯϟÔɯÍÙÖÔɯÛÐÚÚÜÌɯÚÜÙÍÈÊÌȺɯÈÊØÜÐÙÌËɯÝÐÈɯÖÕe-photon excitation microscopy. Excitation 

filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). 
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 In addition, we imaged the striatal slices (Figure 2.25A) labeled with dsRVF5-VoLDeMo 

(100 nM, 10 min) with widefield, one-photon excitation microscopy close to the tissue surface (5 

Õm depth). Again, we observed dense axonal labeling patterns (Figure 2.25E). The compatibility 

of our probe with widefield imaging techniques unveiled its potential for ultrafast voltage 

imaging, albeit with potential compromises in signal-to-noise ratio (SNR) when sampling deep 

tissue with the one-photon excitation method. 

 We conducted another investigation with dsRVF5-VoLDeMo in acute brain slice to study 

the extent for which the 6 kDa dextran polymer carrier could compensate the high lipophilicity 

of dsRVF5, since the ability to carry and target more molecules of VSD per dextran carrier, all 

else being equal, would increase the SNR of voltage recordings of our voltage probe for its 

associated higher photon output. This study was especially important for our purely chemical 

targeting platforms due to their inherently limited photon output defined by the low level of 

endogenous expression of their protein targets. 
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Figure 2.26. Labeling with  two versions of dsRVF5 -VoLDeMo with higher and lower 

coverages of the dsRVF5 cargo. (A) Nissl stained sagittal cross-section slice of a murine brain216 

with schematic representation of a dopaminergic neuron originati ng in the SNc projecting into 

the dSTR. The blue rectangle indicates the approximate region where images in panel B were 

acquired via two -photon excitation microscopy. Graphic prepared by Dr. Tomas Fiala. (B) 

Representative images of acute brain slices labeled with dsRVF5-VoLDeMo (100 nM dextran, 1 

ÏɯÐÕÊÜÉÈÛÐÖÕȮɯƕƔɯϟÔɯÍÙÖÔɯÛÐÚÚÜÌɯÚÜÙÍÈÊÌȺȭɯ+ÌÍÛȯɯÏÐÎÏÌÙɯËàÌɯÊÖÝÌÙÈÎÌɯÝÌÙÚÐÖÕɯÖÍɯËÚ15%ƙ-

VoLDeMo with 1.2 molecules of dsRVF5 on average per dextran polymer. Right: original lower 

dye coverage version of dsRVF5-VoLDeMo with 0.64 molecules of dsRVF5 on average per 

dextran polymer. Both versions of dsRVF5-VoLDeMo were excited at 820 nm and emission 

collected at 570ɬ610 nm. Experiment performed by Dr. Matthew Dunn. 
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 Here, in addition to the original lead version of dsRVF5-VoLDeMo with each dextran 

polymer carrying, on average, 0.64 molecule of dsRVF5 (see Section 2.4.1.1), Dr. Tomas Fiala 

synthesized a higher dye coverage variant with each dextran polymer carrying, on average, 1.2 

molecules of dsRVF5. Dr. Matthew Dunn investigated the targeting selectivity of these two 

versions of dsRVF5-VoLDeMo in striatal slices (Figure 2.26A) side-by-side. Under the same 

experimental conditions (100 nM, 1 h incubation time), the original lower coverage (0.64 

dsRVF5 per dextran) dsRVF5-VoLDeMo produced a much clearer axonal labeling pattern with a 

lower background than its higher coverage (1.2 dsRVF5 per dextran) counterpart (Figure 2.26B) 

for which the selective targeting was greatly compromised. As a result, we chose to stay with our 

original, lower dye coverage version of the dsRVF5-VoLDeMo probe to continue with the 

investigations forward. 
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2.4.1.4 VoLDeMo Labeling In Vivo 

 

Figure 2.27. Labeling with  dsRVF5-VoLDeMo in somatosensory cortex (CTX) in vivo . (A) 

Nissl stained sagittal cross-section of a murine brain216 with schematic representation of a 

noradrenergic neuron originating in the LC projecting into the CTX. The blue rectangle 

indicates the approximate region where images in panel B were acquired via two -photon 

excitation microscopy. Graphic prepared by Dr. Tomas Fiala. (B) Representative images of the CTX 

region labeled with dsRVF5-5Ö+#Ì,Öɯȹƕɯϟ,; injected via a Nanoject through a surgical cranial 

window) in vivo 30ɬƙƔɯϟÔɯËÖÞÕɯÍÙÖÔɯÛÏÌɯÔÜÙÐÕÌɯÉÙÈÐÕɯÚÜÙÍÈÊÌɯÞÐÛÏɯÛÏÌɯÈÕÐÔÈÓɯÈÕÌÚÛÏÌÛÐáÌËȭɯ

The string-like structures labeled by dsRVF5-VoLDeMo were highlighted with yellow arrows.  

The probe was excited at 820 nm and emission collected at 570ɬ610 nm. 
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 Furthermore, together with Dr. Clay Lacefield, we studied the labeling with dsRVF5-

VoLDeMo in murine brain in vivo to demonstrate its potential in an even more demanding 

experimental system. Similar to the experiment carried out previously with ECN127 (see Figure 

2.6), we labeled and imaged the region of somatosensory cortex (CTX, Figure 2.27A) which is 

relatively facile for in vivo imaging due to its accessibility with a surgical cranial window on the 

murine skull right above CTX. Unlike for ECN127 which was bath applied directly through the 

cranial window, we injected dsRVF5-VoLDeMo (1 ÕM) directly into the brain via a Nanoject 

(please refer to the Experimental Section for details). We imaged directly through the same 

cranial window used for probe injection via two-photon excitation microscopy between 1 and 2 h 

after probe injection while the mouse was anesthetized. Here, although we could discern string-

like structures revealed by dsRVF5-VoLDeMo (Figure 2.27B), the signal was much weaker 

while the non-specific background staining much higher compared to the labeling with ECN127 

in vivo (see Figure 2.6). This preliminary in vivo study of dsRVF5-VoLDeMo signified the 

promises as well as potential optimizations required for future applications of the VoLDeMo-

class probes in vivo. 
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2.4.2 VoLDeMo Voltage Sensitivity in Cell Culture 

 Although we have so far demonstrated the targeting ability of the VoLDeMo platform, 

we still need verification that the attachment of the original voltage sensors, namely di-2-

ANEPEQ and dsRVF5, to our dextran-based targeting platform would not abolish the original 

voltage sensitivities of these sensors. Therefore, we next proceeded to characterize the responses 

of di-2-ANEP-VoLDeMo and dsRVF5-VoLDeMo to membrane voltage changes in HEK cells 

and cultured dopaminergic neurons. Unless otherwise specified, we carried out these 

experiments at the same loading concentration for which the specific targeting of the VoLDeMo 

probe was achieved. To externally control the membrane potential, we used whole-cell voltage 

clamp, the standard method to characterize sensitivities of VSDs in the field. 

 

2.4.2.1 di-2-ANEP-VoLDeMo in HEK Cells 

 Here, hDAT-HEK cells incubated with di-2-ANEP-VoLDeMo (100 nM, 5 min) were 

fi rst held at -60 mV to mimic the resting membrane potential of neurons, and then subjected to 

voltage steps ranging from -100 mV to +80 mV in 30 mV intervals while signals were collected 

with one-photon excitation microscopy at 200 Hz. Consistent with the reported properties of the 

untethered di-2-ANEPEQ, we observed decreases in fluorescence intensity with increase in cell 

membrane potential (Figure 2.28A), expected for electrochromic ANEP-class VSDs when 

excited at the red edge of the absorption band.123 When the fractional fluorescence changes were 

plotted against the changes in membrane potential, we observed a linear ȹF/F response of -4.7 Ñ 

1.1% per 100 mV of increasing membrane potential (n = 5; Figure 2.28B), which is comparable 

to the published ȹF/F response of the original untethered sensor.123 
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Figure 2.28. Voltage sensitivity of di -2-ANEP-VoLDeMo in hDAT -HEK cells measured with 

whole -cell vol tage clamp under one -photon excitation microscopy. (A) A representative, 

concatenated single trace of the fractional changes in fluorescence intensity of di-2-ANEP-

VoLDeMo (100 nM, 5 min incubation) versus time obtained from a voltage clamped hDAT -HEK 

cell in whole -cell mode, held at -60mV, and then subjected to 100 ms voltage holdings ranging 

from -100 mV (top, blue trace) to +80 mV (bottom, red trace) in 30 mV intervals. (B) A linear plot 

of the fluorescence changes of di-2-ANEP-VoLDeMo (100 nM, 5 min incubation) versus cell 

membrane potentials, showing n ǻɯƙɯÊÌÓÓÚɯÞÐÛÏɯÌÙÙÖÙɯÉÈÙÚɯÙÌ×ÙÌÚÌÕÛÐÕÎɯǷɯ2$,ȭɯFͅ/F per 100 mV 

= -ƘȭƛɯǷɯƕȭƕǔȮɯ2-1ɯǻɯƘȭƙɯǷɯƔȭƙȭɯ$ßÊÐÛÈÛÐÖÕɯÍÐÓÛÌÙȯɯƘƜƔɯÕÔɯȹƘƔɯÕÔɯÉÈÕË×ÈÚÚȺȰɯËÐÊÏÙÖÐÊȯɯƙƛƔɯÕÔȰɯ

emission filter: 590 nm (longpass). 

 

 Next, we subjected the hDAT-HEK cells incubated with di-2-ANEP-VoLDeMo (100 

nM, 5 min) to two additional membrane potential stimulation profiles under the whole-cell 

voltage clamp mode ï simulated bursts or single spikes of rapid membrane depolarizations 

common to dopaminergic neurons to evaluate the ability of di-2-ANEP-VoLDeMo to capture 

and resolve action potentials on the timescale of 1 ï 2 ms, which is much shorter than the 100 ms 

voltage holdings in the previous experiment. The cells were held again at -60mV, and then 

subjected to either ten simulated bursts, each burst consisting of ten 2 ms-long, 100 mV 

depolarizations at 100 Hz frequency, or ten single 2 ms-long, 100 mV depolarizations. When 

imaged with one-photon excitation microscopy at 1 kHz sampling rate, di-2-ANEP-VoLDeMo 
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was able to detect and distinctively resolve individual depolarizations from a single trace in both 

simulated profiles (Figure 2.29A, C), while improved SNR was obtained by averaging the ten 

bursts/single spikes within the same trace (Figure 2.29B, D). 

 

Figure 2.29. Simulated bursts and single spikes in hDAT -HEK cells incubated with di -2-

ANEP-VoLDeMo un der the whole -cell voltage clamp mode, measured with  one-photon 

excitation microscopy.  Cells were treated with di -2-ANEP-VoLDeMo (100 nM, 5 min 

incubation), held at -60 mV, and then subjected to either ten simulated bursts, each burst 

consisting of ten 2 ms-long, 100 mV depolarizations at 100 Hz frequency [panels (A)  and (B)], or 

ten single 2 ms-long, 100 mV depolarizations [panels (C) and (D) ]. All data shown were 

corrected for photobleaching and the mean fluorescence intensity converted to DF/F (please 

refer to the Experimental Section for details). (A, C) Raw single-trial optical traces. (B, D) Ten 

simulated bursts or single spikes from panel A or C, respectively, were overlaid. The traces of 

ten individual bursts/single spikes are shown in gra y, and their average is shown in red. 

Excitation filter: 480 nm (40 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). 
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Figure 2.30. Volt age sensitivity of di -2-ANEP-VoLDeMo in hDAT -HEK cells under  whole -

cell voltage clamp, measured with  two -photon excitation microscopy  at 420 Hz sampling rate . 

Cells were treated with di -2-ANEP-VoLDeMo (100 nM, 5 min incubation), held at -60 mV, and 

then subjected to six 500 ms-long, 100 mV voltage holdings. The raw optical trace was corrected 

for photobleaching and the mean fluorescence intensity converted to DF/F (please refer to the 

Experimental Section for details). The six individual voltage holdings  were overlaid  and shown 

in gray, with their average shown in red. Fͅ/F per 100 mV = -ƗȭƔɯǷɯƔȭƗǔȮɯ2-1ɯǻɯƗȭƙɯǷɯƔȭƕɯȹn = 6). 

The probe was excited at 990 nm and emission collected at 570ɬ610 nm. Experiment performed by 

Dr. Yuki Bando. 

 

 In addition, we compared the voltage response of di-2-ANEP-VoLDeMo under one-

photon excitation (see Figure 2.28) to that under two-photon excitation, which would partially 

inform us of how the signal we obtained with patch clamp experiments would translate into 
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measuring signals in live brain tissue where two-photon excitation imaging is often 

advantageous. 

 hDAT-HEK cells incubated with di-2-ANEP-VoLDeMo (100 nM, 5 min incubation) 

were first held at -60mV, and then subjected to six 500 ms-long voltage holdings at +40 mV 

while signals were collected with two-photon excitation microscopy at 420 Hz under the 

resonant scanning mode. Similar to one-photon excitation, we observed decreases in 

fluorescence intensity with increasing membrane potential (Figure 2.30). Upon averaging all 

data points within the six voltage holding periods, we obtained a ȹF/F response of -3.0 Ñ 0.3% 

per 100 mV of increasing membrane potential, slightly lower than the ȹF/F response obtained 

with one-photon excitation imaging (-4.7 Ñ 1.1%) under the otherwise same experimental 

conditions. However, the SNR, which arguably is a more important parameter for voltage 

sensors to differentiate the measured signal from the background, was 3.5 Ñ 0.1 with two-photon 

excitation, comparable to that with one-photon excitation (4.5 Ñ 0.5). 
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2.4.2.2 dsRVF5-VoLDeMo in HEK Cells 

 

Figure 2.31. Voltage sensitivity of dsRVF5-VoLDeMo  in hDAT -HEK cells measured 

with whole -cell voltage clamp under one -photon excitation microscopy. (A)  Representative, 

concatenated single trace of the fractional changes in fluorescence intensity of dsRVF5-

VoLDeMo  (100 nM, 15 min incubation) versus time obtained from a voltage clamped hDAT -

HEK cell in whole -cell mode, held at -60 mV, and then subjected to 100 ms voltage holdings 

ranging from -100 mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV intervals. (B) A 

linear plot of the fluorescence changes of dsRVF5-VoLDeMo  versus cell membrane potentials. 

Error bars represenÛɯǷɯ2$,ȭɯFͅ/F ×ÌÙɯƕƔƔɯÔ5ɯǻɯƕƗȭƕɯǷɯƗȭƛǔȮɯ2-1ɯǻɯƕƘȭƖɯǷɯƖȭƝȮɯn = 5. Excitation 

filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). 

 

 Following the same experimental protocol as for di-2-ANEP-VoLDeMo, we incubated 

hDAT-HEK cells with dsRVF5-VoLDeMo (100 nM, 15 min) and characterized its fluorescence 

intensity changes to potential changes in cell membrane using whole-cell voltage clamp while 

signals were collected with one-photon excitation microscopy at 200 Hz. We observed increases 

in fluorescence intensity with increasing cell membrane potential (Figure 2.31A), which was 

expected for PeT-based rhodol-class VSDs.121,135 When the fractional fluorescence changes were 

plotted against the changes in membrane potential, we observed a linear ȹF/F response of 13.1 Ñ 

3.7% per 100 mV of increasing membrane potential with an SNR of 14.2 Ñ 2.9 (n = 5; Figure 

2.31B). 
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Figure 2.32. The structure of the untethered dsRVF5 VSD  and its  voltage sensitivity in 

hDAT -HEK cells measured with whole -cell voltage clamp under one -photon excitation 

microscopy. (A) Representative, concatenated single trace of the fractional changes in 

fluorescence intensity of the untethered dsRVF5 (100 nM, 15 min incubation) versus time 

obtained from a voltage clamped hDAT -HEK cell in whole -cell mode, held at -60 mV, and then 

subjected to 100 ms voltage holdings ranging from -100 mV (bottom, blue trace) to +80 mV (top, 

red trace) in 30 mV intervals. (B) A linear plot of the fluorescence changes of the untethered 

ds15%ƙɯÝÌÙÚÜÚɯÊÌÓÓɯÔÌÔÉÙÈÕÌɯ×ÖÛÌÕÛÐÈÓÚȭɯ$ÙÙÖÙɯÉÈÙÚɯÙÌ×ÙÌÚÌÕÛɯǷɯ2$,ȭɯFͅ/F ×ÌÙɯƕƔƔɯÔ5ɯǻɯƜȭƚɯǷɯ

ƕȭƙǔȮɯ2-1ɯǻɯƕƖȭƖɯǷɯƔȭƜȮɯn = 3. Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; 

emission filter: 590 nm (longpass). 

 

 Although dsRVF5-VoLDeMo exhibited markedly improved voltage sensitivities and 

SNR compared to di-2-ANEP-VoLDeMo (ȹF/F = -4.7 Ñ 1.1% per 100 mV, SNR = 4.5 Ñ 0.5; 

see Figure 2.28), its voltage response was, unexpectedly, significantly lower than that reported 

for the original untethered RVF5 probe (28 Ñ 1%).137 To investigate whether the discrepancy in 

voltage response was the result of the conjugation of VSD to the VoLDeMo targeting platform, 
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we also subjected the untethered dsRVF5 dye (Figure 2.32A) to whole-cell voltage clamp 

following the same experimental and data analysis procedures as those for dsRVF5-VoLDeMo 

in our own hands. 

 Here, when the fractional fluorescence changes (Figure 2.32B) were plotted against the 

changes in membrane potential, we observed a ȹF/F response of 8.6 Ñ 1.5% per 100 mV of 

increasing membrane potential for the untethered probe with an SNR of 12.2 Ñ 0.8 (n = 3; Figure 

2.32C). Both values were no greater than those of the tethered dsRVF5-VoLDeMo (ȹF/F = 13.1 

Ñ 3.7% per 100 mV, SNR = 14.2 Ñ 2.9; see Figure 2.31). This comparison indicated that the 

attachment of the dsRVF5 VSD to our VoLDeMo construct did not, at the minimum, 

compromise the voltage sensitivity of the original untethered VSD. 

 We previously introduced a higher dye coverage version of dsRVF5-VoLDeMo with, on 

average, 1.2 molecules of dsRVF5 per dextran carrier (compared to 0.64 molecule of dsRVF5, 

on average, per dextran carrier for the lead dsRVF5-VoLDeMo) and showed in acute brain slices 

that the 6 kDa dextran polymer could capably compensate for the lipophilicity of the original, 

0.64 dsRVF5 per polymer payload but not the increased 1.2 dsRVF5 per polymer payload (see 

Figure 2.26). This was the reason we continued with the original dsRVF5-VoLDeMo probe 

carrying 0.64 dsRVF5 per dextran for further investigations. 
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Figure 2.33. Voltage sensitivity of the higher  dye coverage version of dsRVF5 -VoLDeMo (1.2 

molecules of  dsRVF5 on average per dextran polymer ) in hDAT -HEK cells measured with 

whole -cell voltage clamp under one -photon excitation microscopy. (A) Representative, 

concatenated single trace of the fractional changes in fluorescence intensity of the higher 

coverage dsRVF5-5Ö+#Ì,Öɯȹƕɯϟ,ȮɯƕƙɯÔÐÕɯÐÕÊÜÉÈÛÐon) versus time obtained from a voltage 

clamped hDAT -HEK cell in whole -cell mode, held at -60mV, and then subjected to 100 ms 

voltage holdings ranging from -100 mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV 

intervals. (B) A linear plot of the fluorescence changes of higher coverage dsRVF5-VoLDeMo 

ÝÌÙÚÜÚɯÊÌÓÓɯÔÌÔÉÙÈÕÌɯ×ÖÛÌÕÛÐÈÓÚȭɯ$ÙÙÖÙɯÉÈÙÚɯÙÌ×ÙÌÚÌÕÛɯǷɯ2$,ȭɯFͅ/F ×ÌÙɯƕƔƔɯÔ5ɯǻɯƕƖȭƛɯǷɯƖȭƙǔȮɯ

SNR = 25.8 Ƿɯ6.2, n = 3. Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission 

filter: 590 nm (longpass). 

 

 We investigated whether the voltage sensitivity of dsRVF5-VoLDeMo is dependent on 

its dsRVF5 coverage. Following the same experimental procedure as for the original lead 

dsRVF5-VoLDeMo carrying 0.64 dsRVF5 on average per polymer, we also subjected hDAT-

HEK cells labeled with the higher coverage (1.2 dsRVF5 on average per polymer) dsRVF5-

VoLDeMo (1 ɛM, 15 min) to whole-cell voltage clamp. When the fractional fluorescence 

changes were plotted against the changes in membrane potential, we observed a ȹF/F response 

of 12.7 Ñ 2.5% per 100 mV of increasing membrane potential for the higher coverage dsRVF5-

VoLDeMo (n = 3; Figure 2.33), which was no greater than that of the original lower coverage 
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dsRVF5-VoLDeMo (ȹF/F = 13.1 Ñ 3.7%; see Figure 2.31). This result was expected since the 

nominal ȹF/F voltage sensitivity should not, in theory, be dependent on effective VSD 

concentration. Hence, this experiment further supported our choice to stay with the original 

lower coverage dsRVF5-VoLDeMo (0.64 dsRVF5 per polymer) moving forward since the 

higher coverage dsRVF5-VoLDeMo exhibited markedly lower targeting specificity than its 

lower coverage counterpart (see Figure 2.26). 

 Furthermore, similar as for di-2-ANEP-VoLDeMo, we subjected hDAT-HEK cells 

incubated with our lead dsRVF5-VoLDeMo (100 nM, 15 min) to two additional membrane 

potential stimulation profiles under the whole-cell voltage clamp mode ï simulated bursts or 

single spikes of rapid membrane depolarizations to evaluate the ability of dsRVF5-VoLDeMo to 

capture and resolve action potentials on the timescale of 1 ï 2 ms. Cells were held at -60mV, and 

then subjected to either ten simulated bursts, each burst consisting of ten 2 ms-long, 100 mV 

depolarizations at 100 Hz frequency, or ten single 2 ms-long, 100 mV depolarizations. When 

imaged under one-photon excitation microscopy at 1 kHz sampling rate, dsRVF5-VoLDeMo, 

like di-2-ANEP-VoLDeMo, was able to detect and distinctively resolve individual 

depolarizations from a single trace in both simulated profiles (Figure 2.34A, C), while improved 

SNR was obtained by averaging the ten bursts/single spikes within the same recording (Figure 

2.34B, D). 
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Figure 2.34. Simulated bursts and single spikes in hDAT -HEK cells incubated with dsRVF5 -

VoLDeMo  under the whole -cell voltage clamp mode, measured with one -photon excitation 

microscopy.  Cells were treated with dsRVF5-VoLDeMo (100 nM, 15 min incubation), held at -60 

mV, and then subjected to either ten simulated bursts, each burst consisting of ten 2 ms-long, 

100 mV depolarizations at 100 Hz frequency [panels (A)  and (B)], or ten single 2 ms-long, 100 

mV depolarizations [panels (C) and (D) ]. All data shown were corrected for photobleaching and 

the mean fluorescence intensity converted to DF/F (please refer to the Experimental Section for 

details). (A, C) Raw single-trial optical traces. (B, D) Ten simulated bursts or single spikes from 

panel A or C, respectively, were overlaid. The traces of ten individual bursts/single spikes are 

shown in gray, and their average is shown in red. Excitation filter: 540 nm (20 nm bandpass); 

dichroic: 570 nm; emission filter: 590 nm (longpass). 
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2.4.2.3 dsRVF5-VoLDeMo in Cultured Neurons 

 

Figure 2.35. Voltage sensitivity of dsRVF5 -VoLDeMo in cultured dopaminergic neurons with 

whole -cell voltage clamp, measured under one -photon excitation microscopy. (A) 

Representative, concatenated single trace of the fractional changes in fluorescence intensity of 

dsRVF5-5Ö+#Ì,Öɯȹƕɯϟ,ȮɯƕƙɯÔÐÕɯÐÕÊÜÉÈÛÐÖÕȺɯÝÌÙÚÜÚɯÛÐÔÌɯÖÉÛÈÐÕÌËɯÍÙÖÔɯÈɯvoltage clamped 

cultured dopaminergic neuron in whole -cell mode, held at -60mV, and then subjected to 100 ms 

voltage holdings ranging from -100 mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV 

intervals. (B) A linear plot of the fluorescence changes of dsRF5-VoLDeMo versus neuronal 

ÔÌÔÉÙÈÕÌɯ×ÖÛÌÕÛÐÈÓÚȭɯ$ÙÙÖÙɯÉÈÙÚɯÙÌ×ÙÌÚÌÕÛɯǷɯ2$,ȭɯFͅ/F ×ÌÙɯƕƔƔɯÔ5ɯǻɯƘȭƔɯǷɯƔȭƗǔȮɯn = 3. 

Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). 

 

 We characterized the voltage sensitivity of dsRVF5-VoLDeMo by whole-cell voltage 

clamp in cultured dopaminergic neurons for their greater resemblance to the neuronal cells in 

live brain tissue. The native expression of DAT on dopaminergic cell bodies is scarce compared 

to that in dopaminergic projections (axons and dendrites), and even more so compared to that in 

overexpressed hDAT-HEK cells. In addition, the general expression level of these transporters is 

likely diminished in cultured cells compared to neurons in brain tissue. This is supported by the 

fact that FFN102, a DAT substrate and dopamine tracer in acute brain tissue, does not label cell 

bodies in cultured neurons well (unpublished data from the Sulzer/Sames lab). Therefore, we 

applied a higher probe concentration than that used for hDAT-HEK cells to deliver a sufficient 
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number of probe molecules mostly via non-specific bulk loading to the dopaminergic soma to 

obtain sufficient photon output for voltage imaging. 

 Here, cultured dopaminergic neurons were incubated for 15 min at 1 ÕM concentration 

dsRVF5-VoLDeMo, as opposed to 100 nM concentration in hDAT-transfected HEK cells, and 

the whole-cell voltage clamp experiment was performed following the same procedure as that for 

hDAT-HEK cells. When the fractional fluorescence changes were plotted against the changes in 

membrane potential, we observed ȹF/F of 4.0 Ñ 0.3% per 100 mV of increasing membrane 

potential (n = 3; Figure 2.35), which was considerably lower than the corresponding ȹF/F in 

hDAT-HEK cells (13.1 Ñ 3.7%). This reduction in signal obtained from cultured neurons 

compared to the HEK cell model has been demonstrated previously for VoltageFluor type 

VSDs.149 Considering the diminished voltage sensitivity even under a non-specific high loading 

concentration for our dsRVF5-VoLDeMo probe, this experiment could anticipate the difficulties 

we might encounter for obtaining voltage measurements when transferring the experimental 

system from hDAT-HEK cells, which overexpress DAT, to neuronal cells in acute brain slices 

where we aim to apply a low probe concentration and target only the natively expression level of 

DAT. 
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2.4.3 VoLDeMo Photostability 

 We compared the photostability profiles of di-2-ANEP-VoLDeMo and dsRVF5-

VoLDeMo to those of the respective untethered VSDs. Not only is the photostability profile an 

integral part of the characterization of a new dye, it is also a crucial parameter for long-term 

imaging with the probe, especially in systems more complicated than cell cultures (such as acute 

brain slices). In the context of voltage imaging in brain tissue, higher intensity illumination and 

faster sampling rates are necessary to uncover relatively small signals for which good 

photostability is key. 

 

Figure 2.36. Photostability  of di -2-ANEP-VoLDeMo, untethered di -2-ANEPEQ, dsRVF5-

VoLDeMo, and untethered dsRVF5 in hDAT -HEK cells under a xenon lamp photon source. 

hDAT -HEK cells were incubated with either di -2-ANEP-VoLDeMo (100 nM, 5 min), untethered 

di -2-ANEPEQ (500 nM, 15 min), dsRVF5-VoLDeMo (100 nM, 15 min), or untethered dsRVF5 

(500 nM, 15 min) and then continuously irradiated for 15 min with a xenon lamp with a 450/50 

nm excitation filter (for di -2-ANEP-VoLDeMo and untethered di -2-ANEPEQ) or 540/25 nm 

excitation filter (for ds RVF5-VoLDeMo and untethered dsRVF5). Fluorescent images were 

collected at 580/40 nm (for di-2-ANEP-VoLDeMo and untethered di -2-ANEPEQ) or 605/55 nm 

(for dsRVF5-VoLDeMo and untethered dsRVF5) at 5 s intervals under  one-photon excitation. 

-ÖÙÔÈÓÐáÌËɯÍÓÜÖÙÌÚÊÌÕÊÌɯÐÕÛÌÕÚÐÛÐÌÚɯÞÌÙÌɯ×ÓÖÛÛÌËɯÝÌÙÚÜÚɯÛÐÔÌɯÈÕËɯÌÙÙÖÙɯÉÈÙÚɯÙÌ×ÙÌÚÌÕÛɯǷɯ2#ɯÍÖÙɯ

n = 4 repetitions for each probe. Experiment performed by Dr. Tomas Fiala. 
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 Dr. Tomas Fiala incubated hDAT-HEK cells with either di-2-ANEP-VoLDeMo (100 nM, 

5 min), untethered di-2-ANEPEQ (500 nM, 15 min), dsRVF5-VoLDeMo (100 nM, 15 min), or 

untethered dsRVF5 (500 nM, 15 min) and then irradiated the cells constantly with a xenon lamp 

under either 425 ï 475 nm light (for di-2-ANEP-VoLDeMo and di-2-ANEPEQ) or 528 ï 553 nm 

light (for dsRVF5-VoLDeMo and dsRVF5) for 15 min, while one-photon excitation fluorescence 

images were collected every 5 s at either 560 ï 600 nm (for di-2-ANEP-VoLDeMo and di-2-

ANEPEQ) or 578 ï 623 nm (for dsRVF5-VoLDeMo and dsRVF5). Here, di-2-ANEP-

VoLDeMo exhibited considerably higher photostability than the corresponding untethered di-2-

ANEPEQ dye (Figure 2.36A), while dsRVF5-VoLDeMo exhibited a similar photostability 

profile to the corresponding untethered dsRVF5 dye (Figure 2.36B). 

 Two potential rationales could be made regarding this discrepancy. First, photoprotection 

of dyes by polymers, including polysaccharides, is possible by shielding excited dye molecules 

from water and other nucleophilic molecules to mitigate certain photodegradation 

pathways.233,234 Such protective role by the dextran polymer is likely more prominent in the case 

of the positively charged ANEP dye which is more prone to nucleophilic attacks than the 

negatively charged dsRVF5. Second, the photostability of the untethered di-2-ANEPEQ could be 

negatively affected by the additional quaternary ammonium ion adjacent to the core 

chromophore which is absent in di-2-ANEP-VoLDeMo. This positively charged quaternary 

ammonium ion is necessary to prevent the untethered di-2-ANEPEQ VSD from crossing the cell 

membrane and internalizing. Such mechanism is not needed for di-2-ANEP-VoLDeMo for 

which the dextran polymer is sufficient for preventing the membrane crossing of the VSD. 
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Meanwhile, this discrepancy does not exist between the untethered dsRVF5 and dsRVF5-

VoLDeMo since the two negative charges of the untethered dsRVF5 is already sufficient to 

prevent its membrane crossing. 
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2.4.4 VoLDeMo with dsRVF5 Analogs ï Preliminary Exploration  

 As discussed previously in Section 2.4.1.1, Dr. Tomas Fiala first designed our lead probe 

dsRVF5-VoLDeMo to carry a disulfonate-modified version of the published monosulfonate 

RVF5 VSD121,135 based on a previous study which showed improved voltage sensitivity with 

such modification.137,138 At a later stage of the VoLDeMo project, Dr. Tomas Fiala synthesized a 

series of four VoLDeMo probes carrying variants of the published RVF5 VSD137 (including our 

lead dsRVF5-VoLDeMo) to systematically evaluate structure-function relationships of the 

VoltageFluor-class VSDs. This preliminary exploration aimed to expand the scope and improve 

upon our lead probe by searching for an analog with good compromises between low 

lipophilicity, which is important for preserving the high targeting ability of the VoLDeMo probe, 

and high voltage sensitivity. Starting from the published RVF5 probe (Figure 2.37A ï ms,L; 

RVF5-VoLDeMo), three different variations were introduced: 1) a second sulfonate group in 

addition to the original sulfonate group (Figure 2.37A ï ds,L; dsRVF5-VoLDeMo) with possible 

improvement in voltage sensitivity.138 Note that this variation was already applied to our lead 

dsRVF5-VoLDeMo probe; 2) a shortened ́-wire [Figure 2.37A ï ds,Sh; dsRVF5(Sh)-

VoLDeMo], based on literature report that such shortened -́wire, while significantly lowering 

the lipophilicity of the dye, was able to maintain good voltage sensitivity;121 3) a methoxy group 

was introduced to the ́-wire [Figure 2.37A ï ds,Sh,OMe; dsRVF5(Sh,OMe)-VoLDeMo], based 

on a previous study which showed improved ȹF/F sensitivity of the dye by such methoxylation 

for its increased PeT electron-transfer probability.135 
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Figure 2.37. The structures of RVF5 -based VoLDeMo  analogs with their labeling in hDAT -

HEK cells. (A) The structures of RVF5-based VoLDeMo variants synthesized by Dr. Tomas 

Fiala with the dichloropane ligand (green) and the RVF5 variant (purple) connected by the 

dextran polymer carrier (blue). Nomenclature: ms = monosulfonated, ds = disulfonated, L = 

long, Sh = short, OMe = methoxylated. (B) Equally contrasted fluorescence images according to 

the left RVF5-VoLDeMo image (Fluo ɬ equal, top row), individually contrasted fluorescence 

images (Fluo ɬ indiv., middle row), and the corresponding brightfield (BF, bottom row) 

microscopy images of hDAT-HEK cells labeled with RVF5-VoLDeMo, dsRVF5-VoLDeMo, 

dsRVF5(Sh)-VoLDeMo, and dsRVF5(Sh,OMe)-VoLDeMo (all at 100 nM, 15 min incubation). 

Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass). 

Experiment performed by me; graphic prepared by Dr. Tomas Fiala. 






































































































































































































































