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Abstract

ChemicalTargeting of Voltage Sensitive Dyes in the Brain

Jihang Wang

Voltage sensitive dyes are a family of chemical sensors which evatiitalrecording 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] present a purely chemical approach to target voltage sensitive dyes to natively
expressed protein targets in live brain tissue and achievedualctoltage imaging with the
limited photon budget afforded by the small number of sensors targeted to endogenous molecular
targets. To our knowledge, this study represtrd first example of functional optical recording
from specific neuronal types @ditheir 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 sdtings, to whichimaging and diagnostimethods 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 wo#egsitive 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 modificatieinee, celt or moleculespecific imaging and pharmacology in the

brain.
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Chapter 1. Monitoring Signal Transmission in the Brain

The dsenationof signaltransmissiorbetween and within the cells of the nervous
system has been and remains one ofuhdamentathallenges in neuroscienc&nce the
establishmenof the electricahnd chemicahature of signal transductipa myriad of tools has
been developed tandersand andmonitorthe transmission of signals between neurons and their
circuits. In this chapter, we wilfirst reviewselectestablished tools for the monitoring of signal
transduction in the braimncluding electrophysiology, calcium imaging, and va#tagaging,
with concentrations otheir significanceto the fieldand pros and conas relation to other
established method¥hen we will introducaéovel opticalimagingprobeswe envisioned,
proposed, and developed which will be detailed in this thé&salso discustheiradvantages
and shortcomings ammpaedto thereviewed establisheabproaches studyingneuronal
signal transductiagand circuits in the brairFinally, we will presenta synopsis of the content of
each thesis chaptar preview thesystematic evaluation and establishment of the aforementioned

novel opticalmolecular tools

1.1 Review of Established Tools

1.1.1 Electrophysiology
Electrophysiolog is a general term referring to various methosed forthe monitoring

and manipulang of electrical activity,in particular, depolarization of cellSor the purpose of



this review, we will only discuss classical electrophysimalgtechniqueselevant to this thesis
which focuseson singlecell intracellularrecordingsExtracellular eletrophysiological methods
includingsingle-unit cellular recording'® multi-unit cellular recording*! local field potential
(LFP) recording'? ' andamperometry® 2! along with other less common approaches are not
reviewed here in detail.

Perhapshe most importat early breakthrough iréfield of intracellular
electrophysiology, which aims to measure aadtrolvoltage orcurrent across cell membranes,
was thecharacterizatioof action potentialsneasuredrom the giant axosm(around 0.5 mm and
up to 1.5 mmn diameter¥ of Longfin inshore squi@Doryteuthis peale)iby Hodgkin and
Huxley?® for which they received thidobel Prize in Physiology and Medicine in 1¥8%ince
then, the field of intrackllar electrophysiologgaw major advancement with the maturation of
the patch clamp techniqisy Neher and Sakmartifor whichtheyreceivedthe Nobel Prize in
Physiology and Medicingventy-eight yeardaterin 19912¢ Themost widely used technique
electrophysiology even till this dagatch clamp involvefirst thetighti ¢ | aofrgglass
microelectrodegainsthe membrane of the cell of interggtich enables the recording of
el ectrical activities through the ion channel
insidethee |l ectrode pipette t i p in(the eontexeofthelpatcheda me fip a
cell.>>2728Based on theriginal nonruptured, celattached approacmany variations of the
patch clamp technique were developed which enables the researcherstigate/different
components of the cell membra®@he most common of whicirethewhole-cell patch and
perforated patchwhich completelyor partially rupture thgpatched membranegspectivelyand

allow direct accesby the electrodéo the intracellular compartmeand enables the study of the



electrical activities of the entire céfl3! Moreover excised patching techiies where the
patched membrane i s r emov eate offeheseddoestudy o c i s e d 0)
channels located only within the excised membrane attached to the patching eleithrodlie
any context to the patched cell but allows more viegatharmacologicainvestigationof the
excised membrarigy manipulatingts exposureo solutions of different chemical compositions
These include the insigeut patchandoutsideout patchwith the intracellulaicytosolicor the
extracellularside ofthe membrane exposealthe external solution with respect to the patching
electrode’’*233In addition, othetess commoatch clamgechniqes are available, including
the loose patcmethod which, unlike any of the aforementioned methagiglies only a loose
seal with low electrical resistance between the electrode and the cell merrtamelue to the
ion leakage from the looseagethe resolution of recorded electrical activities is sacrificed in
exchange for thantegrity of thecell membraneTherefore thepatching electrode is allowed to
repeatedly detach and reattactd record electrical activities frodifferent location®of the
same cell membrarié 3¢

In addition to the versatility afforded by the various membrane sealing methods, the patch
clamp technique can lmarried out under either the voltage clamp or threetit clamp mode.
With the voltage clamp technique, the cell membrane potengatesnallycontrolled (hence
Acl amp e d datching etedirode $o ¢hat the resultioig currentacross the cell membrane
at any chosen voltage can be recoriély manipulating the membrane potential, this method
allows the investigation of voltaggated ion channeknd their currentoltage characteristics
with respect to thpatched celf® On the contraryunder the current clamp modbe

transmembrane current is externally controbdgccurrent injections through the patching



electrodeo record the resultinghanges ircdl membrane potentialThis approachs ideal for
the investigation ofeurl responses to physiological processes, for example, neurotransmitter
mediated opening of ligangiated ion channels, which result in changes in transmembrane ion
current3943

Despiteits revolutionary contribution to the progressiomaurosciencehe field of
electrophysiolog generally suffer from two major drawbacks. Firegny leading
electrophysiological techniques, such as patch clampijreethe physical insertion ah
electrode to theell of interest. This invasiveness approach genecafigtephysicalrupture of
the cell, leading tteakages of substances across the membrane which underntieaitheand
normal activities of the celSecondmost electrophysiological techniques can only record
electrical activities from a single cefiroviding only a singularized and provincial understanding
within a volume ofdistributed and inteonnected circuits ithe nervous systerhlere, we
should note thatlthoughcertain extracellular electrophysiological techniques, including LFP
recordingand amperometngregenerallynot as invasive angrovidesignals from a larger
neuronaklssemblythese methodsamot and are not designed to report electrical activitigth
spatial resolutionbeyondan averagareadoutfrom aggregatioaof neuronal ensemble$o
partially address this issue, electrophysiologists nowadaytinely patch clammand recordrom
multiple ells simultaneously? In addition, automated high throughgatch clampgechniques
have been developed fior vivo,*® in cell suspensioff 5! andin vitro applications’? >* mostly
throughtheplanar patch clamp techniquath theemployment of digital microfluidic
biochips®°’ Similarly, non-implantable and implantabtaicroelectrode arrays (MEA$)gve

been developed to simultanedy manipulate and record from uphiondredsf neurons foin



vitro®°8 1 andin vivo®? ¢ applicatons respectivelyHowever, any improvements based on the
singlecell intracellular electrophysiological techniqua® still orders of magnitude inadequate
to the investigation ofhe up tothreedimensionabpatial distribution of electrical activities

acrosdarge neuronal populatiorier the systematievaluationof their circuitry patterns and

interactions’



1.1.2 Calcium Imaging

Optical technigues to monitor the signal transmissiaxuaitable cellsvere developed
by scientists and engineers to address the aforementioned linsttibwe taditional
electrophysiological techniqués achieve nosinvasiverecordingof threedimensional spatial
distributions of electrical activities with molecules whose fluorescence properties are responsive
to their surroundinglectric field As a result, snultaneous recording of electrical activities from
large neuronal populations possible, which provides unprecedented insightstirganitiation
and propagation of electrical signals, both in terms of path and smreds large networks of
neurons owithin the branchingrameworkof the same neurdi¥%°One major player among
such optical techniques is calcium imaging, a microscopy technifjioch employdluorescence
indicatorswhose properties alter upon binding to calcium iong{)Ga capture increases in
intracellular calcium levels correlated tounenalaction potentials

It is worth noting tha&n increase in intracellular calcium level does not always
correspond te@hanges in membrane voltagad vice versa. For exampéertain AMPA
receptors are permeable to calciinfiux when activated® calcium ions can also be released to
the cytoplasm from intracellular compartments such as the endoplasmic retié@arthe other
hand,voltagegated calcium channels avaly activated byfull depolarization event&;’?so
membrane potenti@hangeghat are not action potentiaiacludingsubthresholdevens and
hyperpolarizatiog do not result in the opening sfich channels arate thereforaot
accompanied bgalciuminflux.”® Nevertheless, calcium imagimgmainsone of the most
valuabletools in neuroscienceot onlyfor studying intracellular calcium signalifi§j® but also

for monitoring neuronal electricaktivities,especiallymembrane depolarizationshich are



alwaysaccompanietby the opening of voltaggated calcium channels resultingtie influx of

calcium ions into the celindincrease in intracellular calcium levéfs’’

Synthetic calcium indicators.Calcium indicators can be generally divided into two
categories: chemically syntsigedcalcium indicators and genetically encoded calcium
indicators (GECIs)Synthetic calcium indicators are small molecule chelatocytosolic
calcium ionswhich were pioneered bhe laboratory of Roger Y. Tsiék/°Some of the most
widely used synthetic calcium indicators inclielga2,’®¢8%Indo-1,”® Fluo-3 8 Fluo-4 22
CalciumGreen1 22 andOregonGreen BAPTAL.2* The structures of synthetic calcium
indicatoss arehighly modularandbased o BAPTA, or 1,2-bis(o-aminophenoxy)ethane
N,N,N NjXgtraacetic aci. BAPTA is a homolog of EGTA, one of the most commonly used
biological chelating agentS and possesses highelatingspecificity forcalcium ions over
magnesium ion& Synthetic indicators are constructed by the fusioih@fC&*-chelating
BAPTA to afluorescenteporter

Based on the mechanism of action, synthetic calcium indicators can be further
categorized into two subtypeshd binding of calcium ions to certain synthetic calcium
indicators(such as flue8 and flue4), also known amtensiometricifitensitybased calcium
indicators,increases th#uorescenceuantum yieldvzia a decreasi quenching efficiency
mediated byhotoinduced electron transfer (P€¥§2 The other type ahdicators(such as fura
2 and indel), also known as remetric calcium indicators, functions through shiit
fluorescence excitation and emission wavelenggha result of changes in the effective degree

of “-conjugation upon bindingf the indicator to calcium ion&igure 1.1).
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Figure 1.1. Mechanism of action of ratiometric synthetic calcium indicators.  The
calcium indicator is composed of the Ca?*-chelating BAPTA fused to a fluorescence reporter.In
the unbound state (left), the noted nitrogen atom is largely sp? 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 conveni€haedremarlable sensitivity?? Reattime
calcium imaging was already achievable with synthetic indicators as eanly 2868°
Simultaneous calcium imaging with combinations of synthetic calcium indicators were also
accomplishedo study calcium transients in different cellubmpartment& Despitetheir
advantagessynthetic calcium indicatogenerally lack targeting strategiesatimablerecordings
only fromselectcell types of interesODne exceptiomerewas theargeting achievetly Calcium
Green FIAsHcomplemented with arsenic substituaistsub-cellular conpartmentsn vitro with
genetically expressddtracysteine peptidé8 Nevertheless, the application of synthetic calcium

sensorsn experimental systems more complex than cultured netgd¢insted for the lack of



delivery and targeting strategitsspecific cell types of interest atutebrain tissueandin

vivo.°

Genetically encoded calcium indicators (GECIs)Analogousto the design of synthetic
calcium indicatorsvhich are cenposedf acalciumchelatingmoietyanda fluorescencdye,
GECIs are constructed by the fusion @& recognitionprotein to fluorescence reporter
proteirs. Here,many common fluorescent proteins, including &rd its variantincluding
eGFP293BFP 495 CFP 249698 REPY5.99.1005nd YFP 249898 have been demonstrated as
successful candidates for GECls with appiete permutationsChe calcium recognition
component of GECls is generally served by either troponoalmodulin both of which
undergo conformational changes upon calcium bindinigh, in turnmodulatethefluorescence
properties of theonnectedeporter proteing® Troponinbasedndicators, representing some of
the earliest developed GEC® are ratiometrisensorsvith a pair of distinct reporter proteins
whose relative fluorescence intensities are modulated vigPtister resonance energy transfer
(FRET)mechanisn?® %¢1010n the other handatmodulinbased GEClsareintensiometric
indicatorswhosefluorescencéntensitiesare modulated by changes @aonformation antbr
protonation stateof a single reporter proteft 9%1%These sensors are generally later
developed and offer greatly improved sergigsover theconventionatroponinbased
ratiometricindicators'®> Among the most welknown and widely used calmodutimased
intensiometric GECls ithe family of GCaM@*103105.99.106sen50rs which enabléghly robust
imaging of calcium transients andumenal depolarizations everitsvivol®’1%andoffers

remarkable insightsito animalbehavior, including that ofarious disease modéef¥:11°



Furthermore, olike synthetic calcium sensors which lag&neraldelivery and targeting
strategiesGECIs enjoy the benefits of genetic expressionardeadilyencodedo specificcell
types of interesvia either cellspecific promoters or the Cre recombinase enzynbethin vitro
andin vivo systems 11115

Despite all the advantageffered by GEClgand synthetic calcium indicatorahd their
notable contributions to the field of neuroscience, teyertheless suffer from a fundamental
flaw when evaluating neuronal activities. After akhlcium imagingdf neuronabdepolarizations
isnotbasedn the actual, 1 2 ms electrical changes that define the depolarization events, but
the much longeintracellular calcium transientwith halflives lasting 50 60 ms,that
accompanynembrane depolarizatioh®¥ Due to this intrinsic deficiencygignals capturetly
caldum imagingoffer low temporal resolutioandoften lack detailed information about
individual depolarization eventespecially in the case of trains of action potentitss
shortcoming igurther compounded by trsdow kinetics of C& bindingby thes indicators
which generates an additiortamporal lag in calcium imaging technigues in reporting neuronal
depolarizations. As an exampthe fluorescence signal obtained fr@@AMP6f, one of the
stateof-the-artand fastesGECIs peaks around 200 ms after the corresponslingle,17 2 ms
depolarization everit® As a result, calcium imaging techniques are @mpgicableto
experiments for which high temporal resolution is esdentiglbutnot suited for the

investigation oforecise neuronal membrane electrical activitiedetail.

10



1.1.3 Voltage Imaging

Voltage imagingepresergthe other majoclassof microscopicoptical techniques
developed by scientists and engindersonitor the signal transmission in excitable
cellsb7:68:117.119 jke calcium imagingyoltage imagingddresses certalimitations of traditional
electrophysiological techniquésroughnoninvasive simultaneousecording ofactivitiesfrom
many neuronal cells or cellular compartmenith indicatorswhosefluorescenceroperties are
responsive to their surrounding elecfraid.

Unlike calcium imaginghowever voltage imagingrovidesdirect optical readout
responding to actuahembrane voltagehangesvithout relying on any intermediate events
associated with such chang¥sltage imaging techniques generagbisovide ultrafast response
times. For example, theéage-of-the-art ANNINEG-plusvoltage sensitive dyeffers nanosecond
level response times with minimal deldy$12°Such high temporally resolution is required for
answering many key neuroscientific questiofor instanceyoltage imaging can be used to
deciphetthe precise electrical spiking patterns of a behgwoducing ganglion to study the
precise electrical initiation dhe associatedehavior®® Such temporally resolved recordings are
impossible with any of the calcium imaging techniques with long delays and cannot resolve
signals beyond tens of maquired for distinguishing individual action potenti&l$n addition,
voltage imaging employs sensors that are localized to the pseudtn@osional cell
membrane which also provides superior spatial resolutions thagttisolic calcium sensors.
This is important to the study of fistructures such as the terminal dendritic branches of
neuronal cells whose localized electrical activities could only be probed with spatially resolved

voltage imaging techniquédLast but not leasthefractional fluorescence changesvoitage
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sensorareusuallylinear with changes in membrane potential, which provides for the convenient

and standardized characterizations of tiiesrescenceignal propertie§®

Voltage sensitive dyesSimilar to calcium imaging, voltage imaging techniqoas be
generally divided into two categories: chemically synthesindtéige sensitive dyesnd
genetically encodedoltageindicators (GE/Is). Voltage sensitive yes(VSDs)are synthetic
small molecules whod&iorescenceroperties alter witinembrane voltage changes in cells.
Unlike synthetic calcium indicators which are highly modular with the similarawemical
structure and mechanism of action, VSider dverse core structurebearing distinct
mechanismsef action®” Some otthe most commoworking mechanismef VSDs include
repartition,reorientationglectrochromismi-RET, aggregatiorand photeinduced electron
transfer®”*21Here, electrochromic and piwsinduced electron transfer, or PeT, based VSDs will
play major roles to theest of this thesiandtheir mechanisms of action are reviewsetrein
detail.

VSDs based otheelectrochromic mechanisare fluorescent moleculesntaining
conjugated -sysemsthat are charged and polarizallpondepolarizatiorand the
accompanying changes in transmembrane poteitisbelieved thaelectrochromic VSDs
insertednto neuronal membranesspondvia a change in their HOM@.UMO gaps and hence
excitation and emission specttae to electrostatic interactionsth the membrane potential
(Figure 1.2). Thisproposedmechanisms partially supported by a computational study which
suggestshatthe spectrigpropertiesof electrochromic VSDs are influenced only byithe

electrostati@nvironmenbut not surrounding molecular interactioi$

12



DESTABILIZED STABILIZED STABILIZED DESTABILIZED

GROUND STATE EXCITED STATE GROUND STATE EXCITED STATE
~..\N - -..\N -
® H @ EXTRACELLULAR
eodaNdodoceas N 000
=
DEPOLARIZATION
l CELL MEMBRANE
™

0000O000000000OO00O OO0NDONDIOADEOBOOODOO

INTRACELLULAR

Figure 1.2. Putative mechanism of action of the di-2-ANEPEQ electrochromic VSD.
The membrane-intercalated di-2-ANEPEQ electrochromic VSD contains alipophilic conjugated
fluorophore wit h a positively charged uysystem. 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 actianderlies the fluorescence spec{edcitation and
emission)shifts observed with these VSDs upon membrane degat#on, andhencethe term
Ael ect r oc hAmongiheearliedtigcerachromic VSDs was theclassical
aminonaphthylethenylpyridiniupor ANEP, family of VSDavhich includegshe commonly used
di-2-ANEPEQH8 (seeFigure 1.2), di-4-ANEPPS!23124(j-8-ANEPPS!?° and the RHsubfamily

of VSDs!?6127 Dye to the relatively low voltage sensitiviignly up to 10%gd=/F per 100 mV of
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potential changé®), the classical ANEP family of VSDs have been maapplied tan vitro
systenst?@ 130with rare examples oh vivo applications:?41310nly with thedevelopment of
anellated hemicyaniner ANNINE, family of VSDs which offers greatly improved voltage
sensitivity19132wereelectrochromic VSDs employed religlfor voltage imagingn vivo.'33

One crucial limitation oklectrochromic VSDss the factthat theyrequire excitatiorand
emission colleebn at the edgeof their excitation and emission spectra, respectjvuelgrder to
display their peak voltage sensity.*>* To achieve this optical precisiospecial imaging
hardware like specialized filter cubae usually needed. In addition, this characteristic of
electrochromic dyes requsa compromise between the collectedtoim output and magnitude
of voltage sensitivityluring voltage imaging, since to excite and collect emission from the edge
of fluorescenceapectra surrendersost of the photon outpof the fluorophorecompared to the
corresponding excitation and emascollectiors from the peaksf their spectraThis is
particularlyconcerning for voltage imaging @x vivoandin vivo systems where the background
is usuallyhigh,and a large photon outprgquiredto obtainrecordingswith good signato-noise
ratios (SNRs).

Compared to electrochromic VSD$1qto-induced electron transfer, or PeT, based VSDs
are a relatively new class of fluorescent voltage settdd?e*whasestructures are generally
modular and consisted affluorescence reportéusedto aconjugatednolecular -wire inserted
into the membranehich acts asafluorescence quenchdt is proposed thatuting theresting
state of membrane potential, the transferred electron is electrostadigallgto the extracellular
side,increasinghe PeTprobabilityfrom the” -wire to theextracellularfluorophoreand the

associatedluorescencejuenchingUponmembranalepolarization the transferred electron is
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electrostatically attractedsteado theintracellular side, whicklecreasethe PeTprobability
from the” -wire to the extracellular fluorophore and the associated quendsrayesult the

fluorescencéntensty of the now lesgjuenched reporténcreasegFigure 1.3).23’

Cl
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Figure 1.3. Putative mechanism of action of the dsRVF5 PeT-based VSD. The dsRVF5
PeT-basedVSD contains an extracellular fluorescence reporter fused to a conjugated lipophilic
wrwire 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 ujrwire to the extracellular fluorophore and the
associated fluorescence quenchingUpon depolarizations (right), the transferred electron is
electrostatically attracted instead to the intracellular side, which decreases the PeT probability
from the wrwire to the extracellular fluorophore and the associated quenching, resulting in an
increase influorescence intensity.

This putative mechanism of action underlies the fluoresceteesitychange®bserved

with PeT-basedvSDs. Since theluorescenceuantum yield, rather than the spectral (excitation
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and emission) properties, are altered with membrane potential changdmdeelTVSDslo not
suffer from the drawback as electrochromic VSDs and can be safely excited and emission
collected atheir respectivenaximato improvethe collected photon output without
compromising their voltage sensitiviti€she modular Pe-based VSDs have enjoyedtensive
improvements to dateothwith the molecular structure tifie " -wire for increased
sensitivty, *>138as well aghe fluorophoreo increasghoton output andxpandhe scope with
dyes covering a broad spectral rafhtfe3?4! To date, Peased VSDs have been successfully
demonstratetb recordvoltage activitiesn live brain tissu&’ andin vivo.142

Nevertheless, voltage imaging with VSDs suffers ftbnee majodrawbacksFirst,
lipophilic VSD molecules int@alated into the cell membraney induce permanent
pharmacological effect® the cellsor evenalterthe membrane electrical activities those \6SD
intend to measur®.Second, synthetic VSBioleculesin general areeffectivelyless bright and
sensitive than other optical imagipgpbessuch as calcium indicatof$ Theseintrinsic
shortcomings araggravatedyy thepseudo twedimensional membrane spacewhich these
dyesare confined, which severely limits the number of VSD molecules and their resulting
photon outputBy comparison, calcium indicators operate in a tfti@eensional cytosolic space
which cantheoreticallyaccommodatenuchmore indicator molecule3he low voltage
sensitivity and photon outptrianslate tgenerally low SNR$or VSDswhich are particularly
concerning in more complex experimental systems when backgroundstuige®® It is worth
noting thatfor ex vivoandin vivo applications, many spatial or temporal filtering algorithms
have been developed and appliegartially address these drawbacks to distinguish the optical

signals. One such examplas successfully applied the stateof-the-art ANNINEG-plus
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VSD.!?° These datarocessingnethods however, do ncaddress the fundamental low
sensitivity and brightness of synthetic VSDs.

Last but not leastjue to their inherergreatlipophilicity, synthetic VSD molecute
attachstrongly to all cell membranés a biological enwionmentwhich rendersher delivery
and targeting to specific cell types of interest difficult. Such task is evendaonrandingn ex
vivo andin vivo experimental systems where th@ckground staining is high and the diffusion
and penetration of the memules through tissue mecessary*133143To this goal, hybricchemo
genetic approachdsmve been developed target synthéc VSDsin vitro. Selectively eacoded
membrane enzymémve been developéd deprotect and target caged VSD molecules for both
electrochromit*¥ 46 and PeTbased VSD$#" More recently hybrid chemegenetic approaches
usingselectively encodeself-labeling enzymes AGRag-® andSpy-tag*® have also been
developedn vitro. A single and only example ddifgeting synthetic VSDs beyoinavitro

systems was achievedth Halo-tag in acute brain slicé&’

Genetically encoded voltagéndicators. Like with genetically encoded calcium
indicators (GECIs), genetically encoded voltage indicators (GEVISs) are the corresponding, later
developed engineered protein version of synthetic vokagsitive dyesvhich also respond
rapidly (millisecond tosubmillisecond scalg)®to membrane potentialterations with
changingfluorescence intensitynlike GECls whose structural components are highly modular
GEVlsare an exceptionally large class of sensdfiexing diverse core structat features

bearing distinct mechanisms of actiGa.
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GEVIs can be generally assigned to one of the four following categories based on their
corestructural featuresThe first two categories are analogous to the two major types of GECls
reviewed above. Brieflyhoth categories are constructed by the fusionroémbrandocated
voltage seriag domainto fluorescence reporter proteins. Upon alterations in membrane
potentials, the voltage sensitive domain undergmegormational changes which, in turn,
modulate the fluorescence properties of the conndicteescenceeportes. Here, thefirst
category ofGEVIs represergratiometricindicatorswith a pair of distincteporter proteins
whose relative fluorescence intensities are modulated vigPtister resonance energy transfer
(FRET)mechanismSome examples of this typecludemost members of théSFP family1>3
156the Mermaidamily,*®>"%8andthe Zahra family®® of GEVIs. The second type of GEY/|
refers taointensiometric indicate whose fluorescence intensities are modulated by changes in
conformation and/or protonation states of a single reporter pr&eime examples here include
FlaSh!®® SPARC?! Flarel%2 hvOS !¢ ElectricPk!®* Pado!®® FlicR1 % Bongwoort®’, and
perhaps among the most wktiown, the ArcLight family?®1%°and ASAP family’® 174 of
GEVIs. The voltage sensing domain of the majority of intensiometric and ratiometric GEVIs
mentionechere are bsed on thevoltage sensitive phosphatdsend inCiona intestinalis
named as GVSP or CiVSD, which was discovered from a genomic study efttganisnmt®

Thelast two categories of GEVintainvoltage sensitive domainghich arebased on
membrandocatedmicrobial (type I) opsins, a familgf ion channel proteins sensitive to light
through their retinal chromophor&8.Here, microbial opsins are genetically engineered to
remove their electrical conductivity and induce voltage sensitidippn membrane

depolaization events, theetinal Schiff base is protonated which causes a red shift in the
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absorption spectra dfie retinalchromophoré’"1"8GEVIs based on this engineered single opsin
protein include PROPB?the Arch family,*’"18and the QuasAr family of sensdr§:¥10ne
important limitation of this type of GEVwith the opsin protein serving both as the voltage
sensor and fluorescence repartewever, is the low quantum yield of the retinal chromophore.
As a resultthe fourth category of GEVIs, also based on eeegied opsiproteins is theFRET
pairing of thevoltage sensitivepsin to a standalom@oteinwith a much higher quantum vyield
servingas the mairfluorescence reportérl182183pon membrane depolarizaticthe voltage
sensitive opsin is protonatechusingan increased FREdonaton from the reporter proteio

the opsin and a decreased fluorescence emibyitime fluorescence reporter. Some exaspie
this type include the Mafamily'®? andthewidely-usedAce family'®! of GEVIs.Recently,a
chemagenetic hybrid GEVI based on the saRRET principle hamed Voltronwas developed
where the reporter protein was replaced wislyrthetic fluorescent dye (JaneliaFkE#5)
attached to the Haltag selflabeling enzymé?

It is worth notingthatthe variety of GEVIs is further promoted by the different
positioning of componentven within the same category oE®@I containing similar core
structural features. For example, although both ArcLight and ASAP1 belong to the
intensiometric GEVI witha singlefluorescenceeportermprotein,the location of the fluorescence
reporter is intracellular for ArcLight and extedlular for ASAP1'%8170Another example
concerns two families of ratiometric GEMASth 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 VSFButterfly are separated by the voltage sensing dortaitr. %8

19



Although the vast majority of GEVIs werergaically engineered via rationally designed
processes, more recent studies with directed evolutional processes have shown promises to the
optimizationof GEVIs!8 A GEVI can be evaluateakccording to various characteristics from
which possibe improvements can be mader example,hevoltage sensingerformancean
be enhanced via improvements in voltage sensitivity, photon output, response lanetics,
photostability'8® Other traits such as genetic engineering accessibilitgiaedeffectso the
cellsfrom genetic expression of GEVisaticularly to the membraneapacitance angotential,
are also important factors to consid&r.

Unlike syntheticvSDswhich lackgeneraldelivery and targeting strategies, GI& are
readily encodednd expresseda cellspecific promoterso specific cell types of interest both
transfected cell linessawvell as transgenic animaf€'1°* GEVIs have been widely uséavivoin
various speciéé®12:192and offer many distinct advantages and in many ways are favoeed
other optical imaging techniques such as calcium imaging and synthetic p&tsularly for
complexex vivoandin vivo studies sincetheyuniquelycombinethe superiotempoal and
spatial resolutions of voltage imaging with the remarkable delivery and targeting offered by
genetic and protein engineerinds an optical technique, GEVIs are also often favored over
electrophysiological techniqu@s vivofor their comparably lovinvasivenes$®

Despite being one of the most pafuttools in neuroscience, GEVIs are nevertheless
limited in several aspectBirst, GEVIs require higlexpressiorevelsof artificial proteirs
engineeredo aconstrictedpseudo twedimensional membrane spaoeorder toobtain
sufficient photoroutput This includes large amounts of fluorescent protaihih are

potentiallyphototoxicto the host ceft®® Also included are mukidomain,transmembrane
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voltage sensitive proteinghich may alter thelectricalsignalsof the native physiological
system, particularly thmembrane potentials whichis techniquere intended to measur¥
Secondthe majority ofGEVIs are developed via rational design whielquires laborious

genetic and protein engineeriguring this process, various factors affectingpkeeormane

and compatibilityof the designed GEMb the host organism have to be considevsdally
requiringextensivetrials and error$®-1%3_ast but not leashearlyall GEVIs employ fluorescent
proteins as the reportetich are generallinferior to synthetic VSDs in terms of photophysical
performancé3®14%14Q\ioreover, fluorescent pteinslack the synthetic scomd flexibility
allowed forchemicalVSDsfor which fine tuning okpectral, physical, and functional properties

are possib|é!8195.196
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1.2 Summary and Outlook

In this chapter, we reviewed addtailedthe significanceand pros and cons of
establishedanethods to monitor signalansmissionn the brain includingelectrophysiology and
optical imagingechniguesuch as proteindsed GECls and GEV,las well as small molecule
based synthetic calcium indicators and VS®mthetic VSDs, irparticular arerelativelynon
invasive as an optical imaging techniquelenable the simultaneous recording of electrical
activities from larg populations of neuronal cells. In addition, VSiDgoy the superior temporal
and spatial resolutions of voltage imaging techniques, as wiléagntheticscope and
versatility of small molecules.

However, due to thegenerally high lipophilicity, V®s are strongly attracted to all cell
membranes and other lipophilic species in the physiological system. Hencsuffieeyfrom the
lack of delivery and targeting strateginscomplex experimental environments beyond the
simplein vitro systemwhere the diffusion and penetration of molecules through tissue are
necessarySuch delivery and targeting of VSD molecules to specific cell types, however, is
requiredfor evaluating the activities of specific neuronal circuits of interest. In comparison
VSDs without targeting strategiase broadly bound to all cell membranes which only provide
the average activity from all neuronal types within an &tea.

Althoughchemaogenetic approaches have beecentlydeveloped to target VSDeith
genetically encoded enzym¥€ *°these hybrid methods have omlgmonstrateduccesssin
vitro, albeitwith asingle instance of targeting achieviedacute brain slicegery recently**°
More importantly no strategies have been introduced to target synthetic WS&pecific cell

types of interestvithout any use of genetic manipulatj@speciallybeyond the simpl@ vitro
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system where the specific targetingcomegparticularlydifficult. A purely chemical approach

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

in the long runCompaedto rodent models, other mammalian species, nedmyhich more

closely resemble humarsave longereproduction cycles and less characterized genetics which
render their genetic manipulation more difficaftd costly Furthermorewe need talltimately
translate the findings obtained from model animals in reséalpoinatorieso benefit real human
patients in clinical settingsAlthough certain genetibased therapeutic methods euverently
practicedt®” 2%t functional imaging in humans basedgenetic modification is and will likely
remain problematim theforeseeabléuture.

Therefore wedecidedo explore the targetability of synthetic VSDs in brain tigsue
specificneuronal populationsf interest viaonly natively expressed protein gatsby adopting a
purely chemical approach and avoidgenetic manipulation of the model syst€dempaedto
GEVIs or hybrid chem@enetic approaches which rely on genetic overexpressiemgirieered
proteirs as targets for voltage sensors, major chgksareexpectedor the targetingf
lipophilic VSDsto the relatively lowevel of endogenous expression of protein taripetsld-
type animalsHere, the small amount of protaargetswill translateto correspondingly low
number ofdeliveredvSDs and limited photon output, resulting in relativiely signatto-noise
ratios (SNRs) for the optical voltage imaging.

The rest of this thesis detadur efforts infinding appropriate chemical platforms for the
targeting of lipophilic VSDgo select cell typem the brain and addressing the potential
challengeaused by the low physiological expression level of their protein takyetfirst

show the exploration afuitableindividual components of an envisioned chemical targeting

23



platform. We thempropose and investigatariationsfor individual components of the
establishedhemical targeting platforrior sensoimprovemers andscope expansioifinally,

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

directionsfor furtheroptimizations.
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Chapter 2. VoLDeMo, a Dextran-based Chemical Platform for

Targeted Voltage Imaging in the Brain

Contribution disclosureCompounds presented in tlolsapter were synthesized by.
Tomas Fiala, Dr. Peter Sebej, or Dr. Ekeoma Nwaddlidrom Sames lab)Some experiments
in cell culturewere performed by Dr. Tomas Fiatome experiments in acute brain slice were
performed by Dr. Matthew Dunn (Samesl Sulzerdabs). In vivoexperimers wereperformed
with the guidance of Dr. Matthew Duram Dr. Clay Lacefield (Sulzer labyVhole-cell patch
clampexperiments werperformedwith the guidance of Dr. Yuki Bando (Yuste lab). All

aforementioned contributiongere specified correspondingly in the main text.

Publication disclosureThe majority of results presented in sthapter.1, 2.2, 2.4,
and2.5 arepublishedn a preprintrepository?®? an online conferengeresentatiog® anda peer

reviewed journaf® Results presented in sihapter2.3 are unpublished.

Chapterl introducedseveral established ways to monitor neuronal aigsii the brain,
including electrophysiology, synthetic calcium sensors, genetically encoded calcium sensors,
synthetic voltagsensitive dyes (VSDs), and genetically encoded voltage indicators. The
importance as well as pros and cons of each method wereeglswed. 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 lipoplicity. 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 ofa Chemical Platform for Targeted Voltage Imaging

We envisioned a chemical targeting platform consisting of three components: a targeting
ligand, a VSD, and a carrigfigure 2.1). We hypothesized that the high lipophilicity of VSDs
could be compensated viagaitablecarrier to enable thtargeting of VSDs to specific cells and
molecules in the brain. As the fimdmponent, 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
hydrophilicto 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 ttypeeaf
interest. In addition, the ligand binding affinity and selectivity shieldargely 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
Chapter2 will be dedicated to the individual explorations of thehloropandargeting 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 exampleGraphic prepared byr.

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 transg8t@f§the
dopamine transporter (DAT), tm®repinephrinéransporter (NET), and the serotonin transporter
(SERT)] was explored previously in our lab by Dr. Ekeoma NwadHigure 2.2A).2%’ The
dichloropane ligand was derived with an attachable handle foraspectiveconjugation to a
polymer carrier. Tis ligand derivative, PSN0O57, was later synthesized agaigrnam 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.
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Figure 2.2. The structure of the dichloropane ligand derivative, PSN0O57, and its  I1Cso
guantification. (A) The structure of PSNO57 (green) with the attachable handle (black).(B) ICso
determination of PSN057 at hDAT with APP+ uptake. The non-linear regression curve
represents the dosedependent inhibition of APP+ uptake by PSN057 in hDAT -HEK cells,
normalized to the maximum fluorescence intensity of each experiment. The ICso value was
EEOEUOEUI EwUOWEIT whhGEMIidunrSs, edparignehts vithus Eelplidaibaiget) I w
independent experiment.
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The binding of PSNO57 to DAT was characterized by inhipithre uptake of APP38a
DAT substrate previolss developed in our lab, with PSNO57haman embryonic kidney 293
(HEK) EM4 cell line stably transfected withe human dopamine transporter (hDAHigure
2.2B).209210The|Cso value was determingtdo be 11 N 1 nM (pltalase refe

Section for details).

2.2.2 ECN127,Attachment of Dichloropane Ligand toPolar Dye

Also previously explored by DEkeoma Nwadibia, based on the works of @hal?!!
and Erikseret al,?*?was the attachment of the dichloropane ligand to rhodamine red X (RRX), a
polar, nonvoltage sensitive fluorescent dye, to visualize the selective targeting of the ligand to
DAT. This probe was named ECN1Zidure 2.3A). The probe was later resynthesized by Dr.
Tomas Fiala and its inhibitory potency at DAT (as an indirect measure of binding affinity)
guantified by blocking the APP+ uptake in hDAEinsfectedHEK cells Figure 2.3B), using a
similar method as that for the dichloropane ligand.Osev al ue was cal cul at ed
nM, resembling that of the dichloropane ligand derivative PSN0O57 before its attachment to RRX
(11 K sekFigardR.2B). Furtrermore, the excitation and emission spectra of ECN127 were
also measured in hDAHEK 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 ICso 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 ICso of ECN127 at hDAT with

APP+ uptake. The nonlinear regression curve represents the dosedependent inhibi tion of

APP+ uptake by ECN127 in hDAT-HEK cells. ThelCsos Y EOQOUT whEUWEEOEUOEUI EwUOuw

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

- OUOEODPA&Tl Ewl REDUEUDPOOWEOE Wl OPUUDOO WU xHEK BellsE wOi w$ " -
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 nmexcitation.

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

1.29
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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 nM; 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 (h = 3, 10 ROIs pemn 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-U1 U0 U6 wk+ 8 k wp wt 8 Wwi OOE WEP£0J00E i wb Owi
i # 3H-O00PwYUBuwi # 30wt NGhwp wKdt wi ®6HWE FoENUIVE.UT wb Owi
hDAT.

We firstinvestigatedhe labeling withECN127in vitro in a HEK cell system. Upon
treatment with ECN127 (1 nM, 5 min incubation), hDANEK cells exhibited clear membrane
localized stainingKigure 2.4A, left panel which was abolished when the cells were-faned co
incubated with the hDAT inhibitor nomifensitié( 2  Gilire 2.4A, middle panél

Furthermore, the coronal labeling was not observed in HEK cells transfected with an empty
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vector (nukHEK cells)underthe otherwisesame experimental conditionsigure 2.4A, right

pane). To support theualitativeresult, we also quantified the labeling by measuring the
fluores@nce 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) heléhayrescence
intensity of the hDATHEK, noninhibited conditionwa$ 3 . 5 N gréateBthah thdt af the
hDAT-HEK, inhibited conditonan8 9 . 1 N gréateBthah thdt af the MHIEK condition

(Figure 2.4B), conforming to our observation.

2.2.4 ECN127 Labeling inBrain Tissue

The specific targatig shown above, whilelearly evidentwas achieved with
overexpressed dopamine transporters in hibrafsfected HEK cell3Ve next explored the
labeling ofacute murine brain slices with ECN127etcamineits targeting selectivity to DAT in
the more complex experimental systenewivivobrain tissue where only nativedxpression
level of DAT was available. Here, we focused specifically to the brain region of dorsal striatum
(dSTR) where the dense dopaminengiiojections originating from the somasabstantia nigra
compactgSNc) were locatedjgure 2.5A).21* Acutely prepared striatal brain slicesiated
with ECN127 (10 nM, 15 min) exhibited a dense, stlikg labeling pattern when imaged with
two-photon excitation microscopy, corresponding todistribution ofdopaminergic axons in
this region Figure 2.5B, left pane)l. Here, we should note that although our dichloropane ligand
is active toward all monoamine transporters, the dSTR region expresses Disater

abundance compared MET and SERF* hence our initial reasoning that the ECN127 labeling
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in this region is DATspecific. To confirm that ECN127 was indeed labeling Yaid the

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

an established DAT substrate devel ofigule i n our
2.5B, middle pandl?'®*We then supported treualitativdy-high overlap between ECN127 and

FFN102 labelingKigure 2.5B, right pane) 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 fielofsview as the control (please refer to the

Experimental Section for details). Thenscrambled imageprovidedsignificantly higher(P <

0.0001, twetailed unpaired-test)l evel of col ocal i zatsdrambled( 73. 2% |

images( 1 9 . 5%, ANurd2.5C), confirming ourqualitativeobservation.
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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 brain26with 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. Graphicprepared by Dr. Tomas Fial@) Representative
images showing the colocalization of ECN127 (10 nM, 15 min incubation) and FFN102 (2, 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, 570t 610 nm emission filter); middle: FFN102 channel (760 nm excitation, 43%485 nm
emission filter); right: overlaid image of the two channels. (C) Quantification of ECN127 and
%%- huy| wEOOOEEODa E EBD @S wsEl O Ourd0-0@uiu B0 U0 QU U wUOT 1T wx 1
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
EEUUwWUI xUIl WA QE&puDDE Ul Owiu UOOWNWUOPET UOwt wEOPOEOUS
xUOYPE]I EwUDPT OPI PEEOUOGawWI BT T 1T UwOl YI OwOi wEOOOEEODOD:
control gpruN 6 k U uPp<10.A00 Tutivéailed unpaired t -test).
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2.2.5ECN127 LabelingIn Vivo

Figure 2.6. ECN127 labeling in somatosensory cortex in vivo . (A) Nissl stained sagittal cross-
section of a murine brain26with 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 FialB) Representative image of the CTX region
labeled with ECN127 (200 nM, 1¢ 2 h; bath applied through a surgical cranial window) in vivo
Akwys OWEOPOwi UOOwWUT T wOUUDOI wEUE D O ubépobefnad wp DUT wUl
excited at 760nm and emission collected at 573 610 nm.

Last but not leastpgether withDr. Matthew Dunn, we explored thabeling with
ECN127in vivoto demonstrate its targeting potential in a yet more demanding experimental
system. Here, we chose to label andgmthe region of somatosensory cortex (CTX) which
contains sparseoradrenergi@rojectionsoriginating from the soma ilocus coeruleud.C;
Figure 2.6A).2” Moreover, sincéhe CTX regionexpresses NETh greater abundance compared
to DAT and SERT?*®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 straightforwad 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 targetaieadrenergi@axons are relatively sparsempared
to the denser dopaminergic axonal structures in dSTR. Nevertheless, ECN127 (200 nM) applied
via bath application through the cranial windomaged between 1 and 2 h after probe
applicationexhibited a sparse, striflife labeling patterrin vivo under twephoton excitation

microscopy Figure 2.6B), corresponding to the patternméradrenergi@xons in this regiof8

2.2.6 ECN127Modification to Enable VSDTargeting

A B

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. Graphicprepared bypr. Tomas Fiala.
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The targeting model of ECN127 is illustrated graphicallizigure 2.7A, where the
dichloropane ligand (black) is anchored to th@noamine transporter (red) situated on the cell
membrane (gray). The polar, ngoltage sensitive RRX dye (pink) is tethered to the
dichloropane ligand via a short,-hlom carrie(seeFigure 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 camplex
vivo system, this concept could not be directly applied to the diffreult targeting of lipophilic
VSDs for two reasons. First, when the ligand is anchored into the monoamine membrane protein,
the shortengthof the polymer carrier simply could nphysically accommodate the insertion of
the VSD into the membrane, which is required for the VSD to experience the electraf fredd
membrane and properly detect and respond to changes in membrane potential. Second, lipophilic
VSDs possess high affires for all cell membranes and would likely overwhelm the targeting
ability of the ligand to render the probe as a wholeselactive. 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 graphicaHigime 2.7B, where
the dichloropane ligand (black) and the VSD (pink) is connectedleiagar, 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 fgpoly(ethylene glycol)a common polymer used in biological studies for
its good solubility, biocompatibility, synthetic possibilities, andspraed low protein bindingf?

Specifically, PEG has been widely used to carry and deliver fluorescent'gg<2°

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 tipwlarRRX dye with the longer PE@olymer. This new compound,
synthesized by Dr. Peter Sebej, was named PSN102 which contains an average polymer length
of 77 PEG unitgavg. MW = 3,400 Dafigure 2.8A).

Similar as for ECN127, we firghvestigatedhelabeling withPSN102 in the hDAT
HEK cell system. Upon treatment with the compound (500 nM, 15 min incubation), -HEXT
cells exhibited clear coronal stainigigigure 2.8B, left panel which was abolished when the cell
waspreandcei ncubat ed wit h Figue?i8B, middie pang MaredverOihv;
sharp coronal labeling was not observed in-AEK cells under the same experimental
conditions Figure 2.8B, right pane). Here, although the targeting ability of the original
ECN127 was generally preserved with the added PEG polymer carrier, we should notice the
higher concentration (508M) neededo achieve such labeling which revedthe adverse

effects the PEG polymenay 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 specific targeting of the entire
probe. Here, Dr. Peter Sebej replaced the RRX on PSN102 with several lipophilic dyes,
includingdansyl,Prodan, Nile Red, and -ANEP. Thelabeling withall these probes in HEK

cells was performed and the results exanhinethis section.
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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) oProdan
(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
OEEIT Ol EwPDPUT w/ 2- huhul wepx EQT Ow" AwdOUw/ 2- hut Ywepx EOQT Ow# C
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¢ excitation filter: 350 nm (50 nm
bandpass); dichroic: 400 nm; emissionfilter: 525 nm (50 nm bandpass) For PSN160¢ excitation
filter: 350 nm (50 nm bandpass); dichroic: 400 nm; emission filter:460 nm (50 nm bandpass).
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The first two lipophilic dyes examined were dansyl 8maflan. Constructs containing
these probes attached to the P#3ed targeting platform were named PSNEIGufe 2.9A)
and PSN160Higure29B) , respectively. Upon treatment wit
however, we observed internalized fluorescence staining for the I cells Figure 2.9C,
left pane). Furthermore, the same staining pattern was observed even when theHHKAT
cellswerepreandcei ncubat ed wit h Figue?2i9¢, middeipangd This2 OM;
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 tiermdliane,
overwhelmingany specificity the dichloropane ligand might have for@#e’ membrane
protein. Similarly, PSN160 carrying the lipophikc o dan dye (5 OM, 15 min
exhibited internalized labeling in hDAREK cells Figure 2.9D, left pane), while inhibiting the
hDAT cellswi t h  n o mi f eFRigaré 2@, midde pdh8lor applying the probe to null
transfected celldHgure 2.9D, right pane) yielded similar staining patterns to the rinhibited,
hDAT conditian. Here,we should not¢éhat theworking concentratiorof both PSN112 and
PSN160 was &M, an order of magnitude higher than tfatPSN102 (500 nM). This was due
to the relative dimness 8fSN112 and PSN16& which thelack of the most proper filters for
exciting and collectindluorescencemission of dansyl anldrodanmight partially contributed.
Therefore, the fluorescence of PSN112 and PSNE&®mly sufficientfor microscopic imaging
at the relatively high M concentration.

In addition, Dr. Peter Sebej synthesized another new probe, PSN207, in which the RRX
dye was replaced with the lipophilic Nile Red di#g(re 2.10A). Upon incubation with

PSN207 (5 OM, 15 min) in HEK cel Fmslependedt agai n
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labeling Figure 2.10D), similar to the staining p&ttns of dansyl probe PSN112 @rddan

probe PSN160.
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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 PSN2Q3anel B). (C)
Structure of PSN247ahomolog 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 PSNI Y A wopk ws , O w
xEOI Ow# AOw/ 2-1 Yt wpk ws, OwxEOI Ows AOwdOUwW/ 2-1 KA wephiYy
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 samendasiichloropane 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 effe® 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 8@/ = 2,000 Da, compared to the average length of
77 units andMW = 3,400 Da for the original PEG linker. However, this new probe, named
PSN203 (5 OM, IFgureRilOB), eéxtmbited a similar mtarnalized and lighn
independent labeling pattern in HEK celsgure 2.10E). Similar to PSN112 and PSN160, the
working concentration for PSN207 and PSN203 was also relativelyahiBM, 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 teduce the background labeling with Nile R&tHowever, this new
probe, named PSN247 (100 nM, 15 min incubatiégure 2.10C), did not provide membrane
localized and DATdependent labeling in HEK cellgzigure 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 coticeniraer the
same experimental setup as that for PSN207 and PSN203, which could not be visualized until at

least 50M 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
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cells (left), hDAT -HEK cells inhibited with nomifensine, (2 nM; 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 replateel polar RRX dye in PSN102 with-BtANEP, a

well-studied classical electrochromic voltage sensor belonging to the
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aminonaphthylethenylpyridinium (ANER)ass VSD¥%13%previously introduced isub-chapter

1.1.3. Unfortunately, this compound, Figmme2mld)d PSN24
showed nosrspecific labeling patterns in HEK cell§igure 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 OM due to its relative dimness.
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2.3.2 NeutrAvidin/Biotin as Potential Carrier

NeutrAvidin isa 60kDa tetrameric proteirand belongs to the avidin family of proteins.
Avidins andbiotin ligand exhibit one of the strongest proteligand interactiongnownwith a
dissociation constankg) on the order of 1&*to 10*° M.?21-222The strong affinity betweethe
avidin family of proteinsand biotin has been wedtudied and widelysed to solve problems in
biology, biotechnology, and bioengineerittgHere, we chose NeutrAvidin, a deglycosylated
analog of the origal avidinwith retained strong affinity to biotiff>??*However, NeutrAvidin
hasgreatly reducethackground stainingn biological environmentthanthe unmodified avidin
for two main reasons. Firghe binding ofNeutrAvidin tothe surroundindectin proteinis
essentially eliminated due to the removal of carbohydrate moféti#€Secondthe isoelectric
point of NeutrAvidin, much lower than that dhe original avidin, iselatively neutrabnd
physiologicalat pH = 6.3 This propertydiminishes the interaction efectrically neutral
NeutrAvidinin biologicalenvironmetsto surrounding speciesich as the negatively charged

phospholipid bilayerandnucleic acid$?’
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NeutrAvidin
tetramer

Figure 2.12. Graphical illustration of the components of the NeutrAvidin/biotin  -based
targeting platform. The NeutrAvidin tetramer (blue) hasfour biotin binding sites, one for each
monomer. The dichloropane ligand (green) and the fluorescent dye (pink) are separatelylinked

to biotin (yellow ) via a PEG polymer (avg. MW = 3,400 Dablack). 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 polyagthe carrier for our chemical targeting
platform weaimed to utilizehe NeutrAvidin/biotin platform tgotentiallyprevent the
internalization of lipophilic dyes via thr@zableand chargegrotein andhe strong interaction
between NeutrAvidin and biotito which both thdipophilic dyeand the dichloropane ligarate
attachedThe targeting platform witheutrAvidin/biotinis, therefore, comprised of three
componentsKigure 2.12): 1) the NeutrAvidin tetrameb(ue) with four biotin binding sites, one
for each monomer; 2) the dichloropane ligagiér) linked to biotin yellow); and 3) the
fluorescent dyepink) linked 1 biotin /ellow). 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 ¢ftber
dichloropane ligand or the dye via a PEG linker with an avdvayye= 5,000 Da (black). All
three components were stored separately and only mixed to form a coFiplexe 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 investigathd NeutrAvidin/biotinplatform in the
HEK cell system with an easily deliverable palse before investigating the more challenging
lipophilic sensors. Sincpreliminary exploration was still necessary to confirm that the

NeutrAvidin/biotinplatform would, at the minimum, not undermine the DAT binding affinity
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and selectivity of the dichlopane ligand nor the intrinsic fluorescence of the dye. Here, we
chose te Alexa Fluor 594AF594) dye since its biotin conjugate was commercially available.
Note that the selected AF533otin conjugatéheredid not include a PEG linker for this pilot
study. For eactNeutrAvidintetramer, we applied two molar equivalents of the dichlordpane
PEG(5000j)biotin conjugateigure 2.13A) and two equivalents of the AF594iotin conjugate
(Figure 2.13B), considering that ead%eutrAvidin tetramer possesses four active binding sites.
The assembly oces in a stochastic manner resulting in formation of NeutrAvidin species
carrying the two biotinylated componentsai@:2, 3:1 or 4:0 ratio. Assuming independent
binding of dichloroparid®?EG(5000j)biotin and AF594biotin 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% oNthigtrAvidin tetramers should still
bind both the dichloropane ligand and the AF594 dye to render the completighgten
targetable and fluorescent at the same time.

Upon treat ment wi t hHNeuthAeiding500cnM) AoFr509p4a n(el (GIM)O M
complex (2:1:2 ratio; prenixed for 1 h on ice on a rocker, then applied to cells for 30 min),
hDAT-HEK cells exhibited clearoronal stainingKigure 2.13C, left panel which was abolished
when the cells were prandcet r eat ed wi t h rFigure243€,middlepandl( 2 OM;
In addition, the coronal labeling was not observed intnatisfected HEK cells with otherwise

same experimental conditiorBigure 2.13C, right pane).
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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 ¢ NeutrAvidin +AF594 complex in HEK cells. (A)
The structure of dichloropane -PEG(5000jbiotin 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 dyeon the right. (C) Representative brightfield (BF, top row) and the
corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells labeled with

UT 1T wEDET 00 UitNeuEAYidinuGDwoM) + A%k NK wophuws , AWEOOx O BRwpl 6 huo |
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 nM;
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 NeutrAvidir/biotin turned out posive with a polar dye. Here, Dr. Peter Sebgjthesized
the NR PEG(5000j)biotin conjugatgFigure 2.14A) carrying the lipophilic Nile Redye which
the PEG polymealonefailed to deliver (se€igure 2.10). Meanwhile, the same dichloropdne
PEG(5000i)biotin conjugataused for the targeting of AF594 (deigure 2.13A) wasemployed
herefor the targeting of the NR dye.

Unfortunately, pon treatment with the dichloropane (200)iiMeutrAvidin (100 nMY
NR (200 nM) complex in a 2:1:2 ratio (pneixed for 1 h on ice on a rockeéhen applied to cells
for 30 min), we observed an internalized fluorescence pattern for the fHEXTcells Figure
2.14B, left pan€). The same staining pattern was noted when the hDAT cells werangreo
treated with rFigurei2i4B8,m&ldlenpandl¢r Zrhe®the same experiment was
performed with nulHEK cells Figure 2.14B, right pane). This DAT-independent staing
pattern suggested thideutrAvidin/biotin, like PEG, was not able to compensate for the high
lipophilicity of Nile Red and allow its selective delivery to the membrane of 2RAdressing
cells.

We then attempted a different mixture ratio of the dichdare (200 nM)NeutrAvidin
(100 nM)Y NR (200 nM) complex by decreasing the concentration of the°?HR&(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 comptexd to carry. However, the fluorescence labeling
pattern hereKigure 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 ¢+ NeutrAvidin ¢ NR 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 Dag) 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) ¢ NeutrAvidin (100 nM) {+NR (200 nM) complex (2:1:2
ratio; panel B) or the dichloropane (200 nM)t NeutrAvidin (100 nM) +NR (50 nM) complex
(2:1:0.5 ratio; panelC; 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 nmM; 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 WBautrAvidinis unlikely to freely diffuse through
the cell membrane, we hypothesized that the lipophilic Nile Red was able to induce endocytosis
of the compéx to actively enter into the cell. The somewhat punctate intracellular labeling
pattern inFigure 2.14 supports the hypothesis of active transport and localizafithe complex
in endosomes. Disassembly of the complex and internalization of the untethéred NR
PEG(5000i)biotin conjugatds unlikely due to the strong NeutrAvidibiotin association,
although we have not carried out experiments to disprove this pathia exploration once
again dempstrated the difficult of ourtaskto identify theappropriatecarrierto prevent the

lipophilic dyes fromentering celland preserve the targeting ability of the dichloropane ligand.
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2.3.3 Dextran as Potential Carrier

Dextran, a bacteriahranched polysaccharide polymer, stood out as the next promising
candidate for the carrier to our targetirigtform due to its high hydrophilicity, fast diffusion in
tissue, biocompatibility, and established clinical /é8$3° The main chain of dextran consists
of U-1,6-glycosidic linkagesvhile branching from mainly+1,3 linkagesand less commonly-
1,2 andU-1 4 linkages*! This characteristic connection renders dextran relatively stable in
mammals where the hydrolysis of such linkages is diffiduét tothe lack ofenzymes capable of

cleaving them

2.3.3.1 Dextran Carrier i Concepts of Ligand and Dye Coverages

Considering the@mportantrole of the dextran carrier to the remaining of this théises,
concepts of ligand and dye coages of the dextrarbased targeting platform are first introduced
in relation to the synthetic procedwich are imperative to how weterpret andepresent
concentrations of alextranbased prob&in the rest of this thesis.

To construct thelextranbased targeting platform, Dr. Tomas Fiala designed the
functionalization of the dextran carrjes well asthe targeting ligand and the dyth
corresponding conjugation partnerkich were then combineda ore-pot click chemistryThe
synthesiof all dextranbased targeting platformtherefore, was carried ourt three steps. First,
the dextran wasombinedwith the N-(3-azidopropyl)O-(4-nitrophenyl) carbamate to provide
the functionalizecgzidopropyl carbamate dextréNs-dextran;Figure 2.15A). Here, theaverage
number, or coverage, availableazide(N3) functionalities per dextrapolymer was determined

by IH NMR spectroscopySecond, theichloropane targeting ligand and the cargo dye were
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each functionalized with thgicyclo[6.1.0]nor4-yn-9-ylmethyl (BCN) groupas the
corresponding conjugation partner for the azide functionalitysedéxtran Third, the BCN
functionalized ligand and dyeere combined with the Nunctionalized dextran vithe
establishedtsain-promoted azidalkyne cycloadditiofSR-AAC) click chemistry*?to produce
thedextranbased platform carrying the dichloropane targeting ligandtechrgo dyefigure
2.15B). Such conjugationtsategy is stochastiwhichleadsto products with a distribution of
attached ligand and cargo moleculegh only theaverage coverage these specidseing
controllable As a general rule, for all boine probentroduced at the endve decided to include
on averageno more tharl equivalentof VSD perdextran carrieto provideproductsmostly
carrying eithef or 1 VSDmoleculeperdextran during the orgot synthesis to limit the degree
of lipophilicity thetargeting platform wouldear Meanwhile, nore than 1 guivalentof the
targetingligandon averagevasintroducedperdextran polymeto ensure that the majority of the
product molecules would include at least 1 targeting ligand to sustain the gemgatahdgaability
of the probeAt the end, we also synthesized a dextvased probe carryingn averaganore
than 1 equivalent of VSD per dextran cart@explore the limits of the dextran carrier in

compensating lipophilicity.
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DMF, LiCl, DIPEA
70°C,24h

Figure 2.15. Synthesis of the functionalized azidopropyl carbamate dextran (Ns-
dextran) on route to the synthesis of the dextran-based chemical targeting platform . (A)
Synthesis ofthe functional ized azidopropyl carbamatedextran, with the letter w representing
the average number, or coverage, of available azide (N;) functionalities per dextran polymer
determined by H NMR spectroscopy. (B) One-pot synthesis of the dextran-based targeting
platform via strain-promoted SP-AAC click chemistry .32 The BCN-functionalized dichloropane
targeting ligand (green) and dye (red) were combined with the N s-functionalize d dextran (blue)
to assemblethe dextran-basedtargeting 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 valueis determined by *H 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 dextrdiased probe contains different effective
concentrations in terms of the dextramriea, the targeting ligand, or the cargo dye whose exact
values are determined Bl NMR spectroscopwfter the probe is synthesized (since the exact
ratio of the three components of the product might slightly differ from the ratio of clickable
componentadded to the onpot synthesis). To represent this discrepancy, we would, for the
remaining of this thesis, first define the ratio of the three components of each new-teaxgedn
probe, and then represent its concentration solely with respect to trendeomponent of the
probe. As an example, for a dexttamsed 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 dextrawould beequivalent to 200 nM ewentration 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 ifingtstigated
the dextran polymer carrier with an easily deliverable polaridytjs casdluorescein, to
confirm that the dextran carrier would not interfere with the bindifigity and selectivity of
the ligand nor the fluorescence of the dye. The structure of this ddsesaal probe, synthesized
by Dr. Tomas Fiala, is shown Figure 2.16A. Here,each dextran polyméblue)cariies on
average, 2 molecules of the ligafgleen)and 1 molecule of the dyee@). At the same time, Dr.
Tomas Fiala prepared two different lengths of the dextran polymer to exm@akorter 2.5 kDa

polyme 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) Representaive 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 mv;
middle), and null -transfected HEK cells (right). All fluorescence microscopy images were
equally contrasted to the left, hDAT image. For both probes ¢ excitation filter: 470 nm (40 nm
bandpass); dichroic: 495 nm; emission filter: 52 nm (50 nm bandpass).
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When treated with TF124A (100 nM, 15 min incubation), hBAEK cells exhibited
clear coronal staining-{gure 2.16B, left panel which wasabolished when the cells were pre
andcei ncubated wit h Figere?ildBemddle parel In(agdditidhMhe coronal
labeling was not observed inlhtransfected HEK cells under the otherwise same experimental
conditions Figure 2.16B, right pane). This finding was consistent with the positresults 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 backgrounditabé-igure 2.16C).

2.3.3.3 Dextran Carrier with Lipophilic 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
essentialHere, Dr. Tomas Fiala replaced the fluorescein in TF124AiBthe lipophilic Nile
Red, again with two different sizes of the dextran polymer, 2.5 kDa (hamed TF132A) and 6 kDa
(named TF132B), fofurtherexploration Figure 2.17A). Similar to TF124A/B, each dextran

polymer in TF132A/B cares, on average, 2 molecules of the ligand and 1 molecule of the dye

59



- o 2 . S
N o OH L ~
e @ ok
o= %~ NH “Zal
NHHZO 7 0 \“\_'N\ !

e " TF132A/B

N, N
S H / — NEL,
N H \/\-O ) e 2

(o]
B hDAT hDAT + nomifensine Null

50 pm

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 mV;
middle), and null -transfected HEK cells (right). All fluorescence microscopy images were
equally contrasted to the left, hDAT image. For both probes ¢ 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 l|ed in hDAT-HEK cells Figure 2.17B and C, left pangl The
same staining pattern was not observedin hBAEK cel I s i nhi bited with |
Figure 2.17B and C, middle pangbr nulttransfected HEK cells under the same experimental
conditions Figure 2.17B and C, right pangl 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 arantain 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 (TE32A) when delivering the lipophilic Nile Re&ifure 2.17B and Q. Since
Nile Red is more similar in terms of lipophilicity tgpical VSDs, we chose, going forard, the

6 kDa dextran polymer carrier to be used in later studies for the targeting and delivery of VSDs.
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2.3.3.4 Dextran Carrier with Lipophilic Dye’ Labeling in Brain Tissue

A .
e 35@\ ’ SNc
i STRd\/ :

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 2:6with 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 FialB) Representative images of

muUD Ol wUUUPEUEOWUOPET UwWOEET Ol EwbPPUT w3 %hut | | wephyYu
surface), shown at different magnifications. (C) Representative images of murine striatal slices
PDOT PEPUI EwbPDUT wOOODPI 1 OUDPOT wopl wy, AWBDOEWEBEEPODBWHB U
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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 576620 nm.

After achieving specific targeting in HEK cells with overexpressed hDAT protems,
next aimed to label acute murine brain slices to explore if the dexased 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 availabimil&r as for ECN127, we first
focused on the brain region of dSTR where the dense dopaminergic projections originating from
the soma in SNc were locatdeigure 2.18A). Acutely prepared striatal brain slices incubated
with TF132B (100 nM, 30 min), when imaged with twboton excitation microscopy, exhibited
dense, strindike labeling pattern corresponding to the distribution of dopaminergic axons in this
region Figure 2.18B, shown with different magnificationdVhen the slices were prand co
incubated with nomifensine ( 2shedMnlybtoddandc| ear
dim background staining with no stritige pattern Figure 2.18C, shown with different
magnifications corresponding to the nonibited candition). These imaging results
demonstrated that our dextrbased 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 expreien level in live brain tissue.
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2.4 Study of VoLDeMo, the Dextran-based Chemical Platformfor Targeted Voltage
Imaging
We demonstrated, in Secti@8.3, the ability of dextran to compensate for the
lipophilicity of Nile Red and enabile its targeting in the HEK cell system and in acute brain tissue
with only nativelyexpression levadf DAT. We, therefore, proceeded to the attachment of
voltage sensitive dyes (VSDs) to our dextb@sed chemical targeting platforirhe twoVSDs
we selected, which would play overpowering roles throughout the réss dhesis, were ei2-

ANEP and dsRVFb5.

2.4.1VoLDeMo Specific Targeting

2.4.1.1 VoLDeMo Labeling in HEK Cells

Di-2-ANEP, first introduced in subhapterl.1.3 (seeFigure 1.2), was attached
previously to the PEG polymer carrier but was internalized and not specifically targeted in the
HEK cell system (seEBigure 2.11). Here, Dr. Tomas Fiala attached2dANEP to our 6 kDa
dextranbased targeting platform (TF148Rigure 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 nM; 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 pem 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:
| Y61 wpwkdA wi OOCEwWET EUIl EPAwyBuyihG Gud WO VWA 1#0 B Hw 856D udy WS U

fold decrease in fluorescence intensity, P = 0.0018 for Null vs. hDAT.

Herg thedextrancarrier was able to compensate for the higbphilicity of di-2-ANEP

like it did for Nile Red to achieve membraloealized stainingKigure 2.19B, left panel in
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hDAT-HEK cells (100 nM, 5 min incubatiom)hich was abolished when the sallere pre and
coi ncubated with Figae?ildBeaniddlé pargl InadditidhMhe coronal
labeling was not obseed in nulttransfected HEK cellander the otherwiseame experimental
conditions(Figure 2.19B, right pane). To support the qualitative result, we quantifieg th
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 Exflfegzimental Section for details).
Here, the fluorescence intensity of the hDAEK, noninhibited condition was 20.85.7 fold
greater than that of the hDAAIEK, inhibited condition and 8.8 1.5fold greater than that of the
null-HEK condition Figure 2.19C), conforming to our observation.

dsRVF5, odisulfonatedRhodol VoltageFluoi5 and also introduced in stdhapterl.1.3
(seeFigure 1.3), is a disulfonatenodified versioh*”13of the stateof-the-art Pe Fhased
monosulfaed RVF5 published by the group of Dr. Evan Miller (UC Berkeléy}$3Here, Dr.
Tomas Fiala introduced a sawl 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.
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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 nM; 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 pem 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

Pwydkwi OOEWET EUI EUIT uPuyidqydUuuld B UE 1#w 0w | OPauYa)@uu | +

decrease in fluorescence intensity,P < 0.0001 for Null vs. hDAT.
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Based on published parametétsye hypothesized that dsRVF5 would outperform the
classical di2-ANEP in terms of voltageensitivity and brightness, while at the same time pose a
greater challenge for our dextrased targeting platform for its greater lipophilicity.
Nevertheless, the dsRVH&ased TF263 prob&igure 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 stainirigqure 2.20B, left panelin hDAT-HEK cells (100
nM, 15 min incubation) which was abolished when the cells wereapteceincubated with
nomi f en s iFigue?20B, mddlk pandl In addition, the coronal labeling was not
observed in nultransfected HEK cellander the otherwissame experimental conditions
(Figure 2.20B, right pane).

To support the qualitative result, \asoquantified the targeting of TF263 following the
sameprocedure athatfor TF148A (please refer to the Experimental Section for details). Here,
the fluorescence intensity of the hDATEK, noninhibited condition was 3.8 0.5fold greater
than that of the hDATHEK, inhibited condition and 6.80.6fold greater than that ahe nulk
HEK condition Figure 2.20C). This targeting experiment showed that in HEK cells, the dextran
polymer carrier is capable of targeting state¢he-art vokage sensors more lipophilic thanzdi
ANEP such as the dsRVF5, albeit with expected higher background staiaingdred t20.2N
5.7fold greater than the inhibited condition and B.4.5fold greater than the nuHEK
condition for TF148A targeting).

This promising dextrabbased molecular targeting platform was namémlthge senser
LigandDextrantargetingMonoamine transporterpfobe, or VoLD#&o probe Considering the

substantial roles TEBA and TF263 will play throughout the rest of this thesis, | will be
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referring to TF148A adi-2-ANEP-VoLDeMo, and TF263 adsRVF5-VoLDeMo, from now

on for clarity.

2.4.1.2VoLDeMo i Spectra andBinding Potency
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Figure 2.21. ICs 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

Ul x Ul Ul OU wdaepdrimentsithid replicates per independent experiment. Experiment

perfomed by Dr. Tomas Fiala.

Before investigatig di-2-ANEP-VoLDeMo and dsRVF5/oLDeMo 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. Hate[omas Fiala

guantified the binding of VoLDeMo probes by inhibiting the APP+ uptake in HBI&K cells
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(Figure 2.21).

N 2 ndsRVF®/oLDeMo. Both values are within the same order of magnitude to those of

the dichl or ofaM seeFigireaB)d afhtil ERN127 HRgare N
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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 100nM. (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) dsRVF5VolLDeMo : excitation spectrum at 590nm

emission, emission spectrum with 530 nm excitation.

70

1

n N



The excitation anémissionspectra othe two VoLDeMo probeweremeasured in
hDAT-HEK cells Figure 2.22B, D)to becomparableéo those of theriginal untethered el2-

ANEPEQ VSD Figure 2.22A) and dsRVF5 VSI¥Figure 2.22C).

2.4.1.3VoLDeMo Labeling in Brain Tissue

After achieving specific targeting in HEK cells with overexpressed hDAT protees,
next aimed to label acute murine brain slices to explertargetingability of VoLDeMo probes
in a more complex environment witiativeexpres®n level of DAT. Similar to the study with
Nile Red(see Sectio2.3.3.4), we firstfocused on the brain region of dSTR where the dense
dopaminergic projections originating from the soma in SNc were lacatedely prepared
striatal slicesKigure 2.23A) incubated withdi-2-ANEP-VoLDeMo (100 nM, 30 min) exhibited
a dense, axonal labeling pattern under-phioton excitation microscopyigure 2.23B, left
panel) . Upon inhibition wit ke labelng fatem svas abmlisied
and only broad background staining was obserkeglife 2.23B, midde pane€). Moreover,
bright and broad background staining was observed from the original untether@dN&EPEQ
dye under the same experimental conditidgrigyre 2.23B, right pane), which was expected
from thelabeling ofall cell membranes due to theck of a targeting ligand and the

uncompensated high lipophilicity of-@tANEPEQ.
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di-2-ANEP-VoLDeMo + nomifensine di-2-ANEPEQ di-2-ANEP-VoLDeMo + nomifensine di-2-ANEPEQ

di-2-ANEP-VoLDeMo TH-GFP merge di-2-ANEP-VoLDeMo TH-GFP merge

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 crosssection slice of a murine brain2:6with 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. Graphic prepared by Dr. Tomas Fial@, 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-5 O+ #1 , OwphyY Y wd, Owt YWOPOWPOEUEEUDOOO W
middle: analogous experiment with slice inhibited Ea wOOODPI 1 OUDPOT wpl ws, AOQwUDT |
with the original untethered di -2- - $/ $ 0 wphy Y wO, OQwt YwOPOOwhk ws QOwET x U
same panel were contrasted equally according to the left image. The probe was excited at 920
nm and its emission collected at 573 610 nm. (C, F) Representative images showing the
colocalization of di -2-ANEP-5 O+ #1 , OwphyY Y wd, Owt YwODPOwWDOEWEFEUPOOOw
in the brain region of dSTR (panel C) and CTX (panel F). Left: di-2-ANEP-VoLDeMo channel
(excitation: 920 nm, emission collected at 578 610 nm); middle: TH-GFP channel (excitation: 760
nm, emission collected at 44@ 500 nm); right: merged image of the two channels.
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In addition, we investigated thabeling withdi-2-ANEP-VoLDeMo in the region of
somatosensory cortex (CTX, the same region where we demonstrated the targeting of BCN127
Vivo, seeFigure 2.6) containingnoradrenergigorojectionsoriginating from the soma in LC
(Figure 2.23D). The CTX regionexpresses NETh greater abundance compared®T and
SERT, butthe density ofargetablenoradrenergi@axonsis much sparsexompaedto thatof
dopaminergi@xons in dSTRAs aresult,we could demonstrate the targeting cRdANEP-
VoLDeMo to one of its other monoamine transporter targets in a difficalt targeting
environmentHere,undertwo-photon excitation microscopy,-@&tANEP-VoLDeMo (100 nM,

30 min incubationgxhibited a sparse, stridike labeling pattern corresponding to the
distribution ofnoradrenergiprojectionsn this region Figure 2.23E, left pane€), which was
abolshed to only broad background labeling when the slices weramieceincubated with
nomi f en s iFigue2.23Z, middie pangl Again, the application of the untethereeRdi
ANEPEQ produced broad background staining to all cell membr&igs€ 2.23E, right
pane).

As an additional proof of the specific targeting cReANEP-VoLDeMo to
catecholaminggic axons in dSTR and CTX, we evaluated the colocalization of its labeling with
green fluorescent protein (GFP) eepsed under thgrosine hydroxylaspromoter (TH), a
marker of atecholaminggic neurons, from brain slices of TEHFP mice. As expected,-gi
ANEP-VoLDeMo labeling colocalized well with that of FBFP in dSTRKEigure 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 brain2t¢ 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 Fial@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 nm
deep from tissue surface with two -photon excitation microscopy. Left: di -2-ANEP -VoLDeMo
(920 nm excitation, 573 610 nm emission filter); middle: FFN102 (760 nm excitation, 433485 nm
emission filter); right: merged image of the two channels. (C) Quantification of di-2-ANEP -
50+#1 , OWEOEwW%%- uy| wEOOOEEOPAEUDOOB W31 1 w?- OUwWw2EUEC
of di-2-ANEP-VoLDeMo signal that colocalized with FFN102 puncta from the same field of
YDl P6w3T 1 w?2EUEOQEOI E» wEOOUOOwWUI xaodoraly sléttedue=D E O OT O UL
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
EOPOEOUB wW3T 1 w?- 00 w2 E UE Qitficantly highd® Bveliof ctlacdlizaio ED U1 EwUD
A WS YU wpwt kiU AwWUT EOwUT 1T w? 2 PYE@MEOWakaiediihaided - O O wphuA 6 1
test).
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Similar as folECN127 (seéigure 2.5), we colocalized di2-ANEP-VoLDeMo labeling
(100 nM, 30 min incubatiorfigure 2.24A, left panel with that of an established DAT substrate,
FFN102 (2 OM, 3ryureRi24A, middlepanslaNe isupported theualitativey-
high overlap between -@ANEP-VoLDeMo and FFN102 labelind-{gure 2.24A, right pane)
by quantifying the percentagf overlapping puncta of-@ANEP-VoLDeMo and FFN102
labeling from the same field of view versus lakeeling withthe two probes from scrambled,
different fields of view as the control (please refer to the Experimental Section for details). The
nonscrambled imageprovidedsignificantly higher(P < 0.0001, twetailed unpaired-test)level
of colocalization (8.0% 815%) than thescrambled imaged7.3% & 3%; Figure 2.24C),
confirming our observation.

Similar to di2-ANEP-VoLDeMo, we incubated dsRVF8oLDeMo (100 nM, 30 min)
carrying the more lipophilic dsRVH& acutely prepared striatafigure 2.25A) or cortical slices
(Figure 2.25C), which also produced dendeadure 2.25B, left panél or sparseRigure 2.25D,
left pane), stringlike labeling pattern, respectively, under tplooton excitation microscopy.
Upon inhibition with nomif e nlidlabaingwasatlidhed i n e i
and only broad background staining was obserkeglife 2.25B or D, middle pangl These
labeling results were comparable to thosdie?®-ANEP-VoLDeMo under similar experimental
conditions (se€&igure 2.23B and E). Moreover, broad background staining was observed from
the original untethered dsRVF5 dye under the same experimental condtigunre .25B or D,
right pane), similar to the labeling with the untethereeRdANEPEQ dye (se€igure 2.23B and

E). This experiment showed that our VoLDeMo platform is capable of targeting th@&tate
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art dsRVF5 voltage sensor more lipophilic thai2@ANEP in live brain tissue to native

monoamindransporters at low physiological expression levels.

dsRVF5-VoLDeMo + nomifensine dsRVF5 dsRVF5-VoLDeMo + nomifensine dsRVF5

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 brain26with 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 andE, or D, were
acquired, respectively. Graphics prepared by Dr. Tomas FidB, 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
POEUEEUDOOOwWhk ws Owi U O énaltgpud experiment ith isligeSinhiit®do® D E E Ol 0 w
OO0OPI T OUDPOT wepl wy, AOwUPT T UowUOPET wbOEUEEUI EwbbUI
POEUEEUDOOOWHK ws OwET x 01 A8 w( OET | Bceguall) hceofimgts | wUE Ol u
the left image. The probe was excited at 820 nm and its emission collected at 540610 nm.(E)
Representative images of striatal slices labeled with dsRVF5VolLDeMo (100 nM, 10 min
DOEUEEUDOOOWK wy OQwi UO O wU Petphbtoh exditdiidn imErBscofiyuExé&t@ionD Ul EwY D
filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass).
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In addition, we imaged the striatal slicEsgure 2.25A) labeled with dsRVF5/oLDeMo
(100 nM, 10 min) with widefield, orphoton excitation microscopy close to the tissue surface (5
Om depth). Again, we obs e rRgere225Ee The empatbiityn a |
of our probe with widefield imaging techniques unveiled its potentiallfoafast voltage
imaging, albeit with potential compromisessignatto-noise ratio (SNR) when sampling deep
tissue with the onphoton excitation method.

We conducted another investigation with dsRMWF3_DeMo in acute brain slice to study
the extent for which the 6 kDa dextran polymer carrier could compensatighhgbphilicity
of dsRVFD5, 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 wpsaally important for our purely chemical
targeting platforms due to their inherently limited photon output defined dguhievel of

endogenous expression of their protein targets.
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B high coverage low coverage
dsRVF5-VolLDeMo dsRVF5-VolLDeMo

(1.2 dsRVF5 per polymer)

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 brain2:6
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 FialB)
Representative images of acute brain slices labeled with dsRVF5VoLDeMo (100 nM dextran, 1
I uDOEUEEUDOOOwWhY ws OQwi UOOwWUPUUUT wUUOUI EEJ ASdw+11 0o
VoLDeMo with 1.2 molecules of dsRVF5 on average per dextran polymer. Right: original lower
dye coverage version of dsRVF5VoLDeMo 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 57@ 610 nm.Experiment performed by Dr. Matthew Dunn.
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Here,in addition to the original lead version of dsR¥¥6LDeMo with each dextran
polymer carrying, on average, 0.64 molecule of dsRVF5 (see Sédtidrl), Dr. Tomas Fiala
syntresized 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 dsRVFYoLDeMo in striatal slicesKigure 2.26A) sideby-side. Under the same
experimental conditions (100 nM, 1 h incubation time), the original lower coverage (0.64
dsRVFb5 per dextran) dsRVR&oLDeMo produced a och clearer axonal labeling pattern with a
lower background than its higher coverage (1.2 dsRVF5 per dextran) counteignant 2.26B)
for which the selectiveatgeting was greatly compromised. As a result, we chose to stay with our
original, lower dye coverage version of the dsR\Wr_.DeMo probe to continue with the

investigations forward.
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2.4.1.4VolLDeMo 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 brain2:6with 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 FiglB) Representative images of the CTX
region labeled with dsRVF5-5 O + # 1 , O w ipjected via a Nanoject through a surgical cranial
window) invivo30tk Y ws OWEOPQuwi UOOwUT 1 wOUUPOI wEUEPOWUUUI EEI
The string-like structures labeled by dsRVF5-VoLDeMo were highlighted with yellow arrows.

The probe was excited at 820 nm and emission collected at 576610 nm.
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Furthermoretogether with Dr. Clay Lacefieldye studied théabeling withdsRVF5
VoLDeMo in murine brainn vivoto denonstrate its potential in an even more demanding
experimental system. Similar to the experiment carried out previously with ECN1Zidee
2.6), we labeled and imaged the region of somatosensory cortex @Jue 2.27A) which is
relatively facile forin vivoimaging due to its accessibility with a sio@ cranial window on the
murine skull right above CTX. Unlike for ECN127 which was bath applied directly through the
cranial window, we injectedsRVF5VoLDeMo( 1 OM) directly into the |
(please refer to the Experimental Section fdaig). We imaged directly through the same
cranial window used for probe injectiora two-photon excitation microscogyetween Jand2 h
after probe injectiomvhile the mouse was anesthetized. Here, although we could discern string
like structures reveat bydsRVF5VolLDeMo (Figure 2.27B), the signalvasmuch weaker
while the nonspecific background staining much higltempared tahe labeling with ECN127
in vivo (seeFigure 2.6). This preliminaryin vivo studyof dsRVF5VolLDeMo signified the
promisesas well as potentiabptimizations required for future applications of the VoLDeMo

class probem vivo.
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2.4.2 VoLDeMo Voltage Sensitivityin 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, naf@ely di
ANEPEQ and dsRVF5, to our dextrBasedargetingplatform would not abolish theriginal
voltage sensitivities of these sensors. Therefore, we next proceeded to characterize the responses
of di-2-ANEP-VoLDeMo and dsRVF5/oLDeMo to membrane voltagehangesn HEK cells
and cultured dopaminergic neurobkless otherwise specified ewarriedoutthese
experiments at the same loading concentrdbomwhich the specific targeting of théoLDeMo
probe was achieved. To externally control the membrane potential, we useecelhotdtage

clamp, the standard method to charactesessitivties of VSDs in the field.

2.4.2.1 di-2-ANEP-VoLDeMo in HEK Cells

Here,hDAT-HEK cells incubated with é2-ANEP-VoLDeMo (100 nM, 5 min) were
first held at60 mV to mimic the resting membrane potential of neurons, and then subjected to
voltage steps ranging fror00 mV to +80 mV in 30 mV intervals while signals were collected
with onephoton excitation microscopy at 200 Hionsistent with theeported properties of the
untethered dR-ANEPEQ we observed decressin fluorescence intensity with increzis cell
membrane potentiaF{gure 2.28A), expected for electrochromic ANEPass VSDs when
excited at the red edge of the absorption B&hd/hen the fractional fluorescence changes were
plotted against the changes in membrane potential, we obsdrvedrad/& respopsef-4 . 7 N

1.1%per 100 mV of incrasing membrane potentia € 5; Figure 2.28B), which is comparable

to the publishedd/F responsef the original untethered sensgér.
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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 di2-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 -100mV (top, blue trace) to +80 mV (bottom, red trace) in 30 mV intervals. (B) A linear plot
of the fluorescence changes of di2-ANEP-VoLDeMo (100 nM, 5 min incubation) versus cell
membrane potentials, showing n& wk wEl OOV wpkp P UT wi UUOU wFERWIDOUMM x Ul UT O
=K A wpwhdhiOw2- 1wl wkKsKkwpwydkdws$sREPUEUDOOWI POUT U¢
emission filter: 590 nm (longpass).

Next, we subjected the hDAHEK cells incubated with e2-ANEP-VoLDeMo (100
nM, 5 min) to two additional membrarpotential stimulation profiles under the whokl
voltage clamp mode simulated bursts or single spikes of rapid membrane depolarizations
common to dopaminergic neurons to evaluate the ability-2fANEP-VoLDeMo to capture
and resolve action poteats on the timescale ofil2 ms, which is much shorter than the 100 ms
voltage holdings in the previous experimértie cells were heldgainat-60mV, and then
subjected to either ten simulated bursts, each burst consisting of telo2gn$00 mV
depohrizations at 100 Hz frequency, or ten single 2ang, 100 mV depolarizations. When

imaged with ongohoton excitation microscopy at 1 kHz sampling rate&-aNEP-VoLDeMo

83



was able to detect and distinctively resolve individual depolarizations fromla sice in both
simulated profilesKigure 2.29A, C), while improved SNR was obtained by averaging the ten

bursts/single spikes within the same trdéigijre 2.29B, D).
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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 mslong, 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 mslong, 100 mV voltage holdings. The raw optical trace was corrected

for photobleaching and the mean fluorescenceintensity 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 showninred. . F/Fper100mV=-+ 6 Y wp wy 6+ U0 Owe=6). wé& wt 6 k u
The probe was excited at 990 nm and emission collected at 576610 nm. Experiment performed by

Dr. Yuki Bando.

In addition, we compared the voltage response-@tANEP-VoLDeMo under one
photon excitation (seleigure 2.28) to that under twgphoton excitation, which wouldgptially

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-photon excitation imaging is often
advantageous.

hDAT-HEK cells incubated with e2-ANEP-VoLDeMo (100 nM, 5min incubation)
were first held at60mV, and thersubjected to six 500 rieng voltage holdings at +40 mV
while signals were collected with twahoton excitation microscopy at 420 Hz under the
resonant scanning mode. Similar to gqui®ton excitation, webserved decreasim
fluorescence intensity witimcreasing membrane potent{&igure 2.30). Upon averaging all
data pointsvithin the six voltage holding periods, we obtainegiFdF responsef -3.0N0.3%
per 100 mV of increasing membrane potential, slightly lower thagdfie respons®btained
with onephoton excitation imaging4 . 7 N untler thebtherwise same expeental
conditions. However, the SNR, which arguably is a more important parameter for voltage
sensors to differentiate the measured signal from the backgmaesn@,5N 0.1 with two-photon

excitation, comparable to thaith onephoton excitation (4.8(0.5).
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2.4.2.2 dsRVF5-VoLDeMo in HEK Cells
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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 @ the fractional changes in fluorescence intensity of dsSRVF5-

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 -100mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV intervals. (B) A

linear plot of the fluorescence changes ofdsRVF5-VoLDeMo versus cell membrane potentials.

Error bars represen0 wip w2FFxd W why Y w05 wi whit 8 hwp o 55 Bxditalion2 - 1 wé whf

filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass).

Following the same experimental protoasfor di-2-ANEP-VoLDeMo, we incubated
hDAT-HEK cdls with dsRVF5VoLDeMo (100 nM, 15 min) and characterized its fluorescence
intensity changes to potential changes in cell membrane using-edibieltage clamp while
signals were collected with ofpdoton excitation microscopy at 200 N¥e observed ineases
in fluorescence intensity witincreasingcell membrane potenti@fFigure 2.31A), which was
expected for Pebased rhodetlass VSDs2113When the fractional fluorescence changes were
plotted against the changes i nF/Fmespobseafh3dl pot en

3.7% per 100 mV of increasing membrane poteniidth an SNR of 14.N2.9(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 ncubation) 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 -100mV (bottom, blue trace) to +80 mV (top,
red trace) in 30 mV intervals. (B) A linear plot of the fluorescence changes ofthe untethered

ds1 5%k wYl UUUUWET OOwdi OEUEODT wx 601 CHAFBE Owduy Y WO Wb EufUS U
hud k U Ow?2 - 1 wé w3uExdithtierpfiliely 540Gn20 nm bandpass); dichroic: 570 nm;
emission filter: 590 nm (longpass).

Although dsRVF&VoLDeMo exhibited markedly improved voltage sensitivities and
SNR compared to 2-ANEP-V o L D e MGF =(4p 7  Nper11001m¥%, SNR = 4.80.5;
seeFigure 2.29), its voltage response was, unexpectedly, significantly lower than that reported
for the original untethered RVF5 probe (88%) %" 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 dyigure 2.32A) to wholecell voltage clamp
following the same experimental and data analysis procedures as thdsB¥Wb-VoLDeMo
in our own hands.

Here, when the fractional fluorescence changegue 2.32B) were plotted against the
changes in membrane potential, we observagH/& response of 8.811.5% per 100 mV of
increasing membrane potential for the untethered probe with an SNR Q3.2 = 3; Figure
2.32C). Both values wereagreater than those of the tethered dsRVB&DeMo (qF/F = 13.1
N3.7% per 100 mV, SNR 4 4 . 2 ; sReFigure2.31). 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 dsRMEDeMo with, on
average, 1.2 molecules @d§RVF5 per dextran carriecdmpared t®.64 molecule of dsRVF5,
on average, per dextran carrier for the lead dsRVé&5DeMo) and showed in acute brain slices
that the 6 kDa dextran polymer could capably compensate for the lipophilicity arfigimeal,
0.64 dsRVF5 per polymer payload but not ihereased..2 dsRVF5 per polymer payload (see
Figure 2.26). This was the reason we continued with the original dsR¥#i5DeMo 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 otthe higher
coveragedsRVF55 O+ #1 , Owphiwsy , O woakveréud tine Bbéitdd EdmDoltage
clamped hDAT -HEK cell in whole -cell mode, held at -60mV, and then subjected to 100 ms
voltage holdings ranging from -100mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV
intervals. (B) A linear plot of the fluorescence changes ofhigher coveragedsRVF5VoLDeMo
YT UUUUWET OOwlOil OEUEODI wx 601 00 pEAU dUwshuyUyQuAbEIEAUUIN UST Axulp
SNR =25.8p @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 dsRVBEDeMo is dependerdn
its dsRVF5coverage. Bllowing the same experimental procee as for the@riginal lead
dsRVF5VoLDeMo carrying 0.64 dsRVFb5n averag@er polymeywe also subjecteldDAT-
HEK cells labeled withthe highercoverage (1.2 dsRVFan averag@er polymerJdsRVF5
VoLDeMo (1 M, 15min) to wholecell voltage clamp. Wherng fractional fluorescence
changes were plotted against the changes in membrane potential, we obsgtiFeteaponse
of 12.7N2.5% per 100 mV of increasing membrane potential forttigher coveragdsRVF5

VoLDeMo (n = 3; Figure 2.33), which was no greater thahat of theoriginal lowercoverage
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dsRVF5VoLDeMo (qF/F = 13.1N3.7%; seeFigure 2.31). Thisresult wasexpected sincthe
nominalgd-/F voltage sensitivity should noin theory bedependent on effective VSD
concentrationHence, this experiment further supported chwiceto stay with theoriginal
lower coveragelsRVF5VolLDeMo (0.64 dsRVF5 per polymgemoving forward sincéhe
highercoveragalsRVF5VoLDeMo exhibited markedly lower targeting specificity than its
lower coverage counterpaiteeFigure 2.26).

Furthermore, imilar as for di2-ANEP-VoLDeMo, we subjected hDAHEK cells
incubated withour leaddsRVF5VolLDeMo (100 nM, 15 min) to two additional membrane
potential stimulation profiles under the whalell voltage clamp modie simulated bursts or
single spikes of rapid membrane depolarizations to evaluate the ability of dSFRNIEEMo to
capture andesolve action potentials on the timescale 6f2lms.Cells were held at60mV, and
thensubjected to either ten simulated bursts, each burst consisting of telo@gn$00 mV
depolarizations at 100 Hz frequency, or ten single 2omg, 100 mV depol@zations. When
imagedunderonephoton excitation microscopy at 1 kHz sampling rate, dsRV&EDeMo,
like di-2-ANEP-VoLDeMo, was able to detect and distinctively resolve individual
depolarizations from a singteacein both simulated profiledgure 2.34A, C), while improved
SNR was obtained by averaging the ten bursts/single spikes within theesamng(Figure

2.34B, D).
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Figure 2.34. Simulated bursts and single spikes in hDAT -HEK cells incubated with dsSRVF5 -
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 mslong,
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
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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
dsRVF55 O+ #1 , Owphiws , Owhk wOPOwb OE UE E U pdd&adamped UU U wUD O
cultured dopaminergic neuron in whole -cell mode, held at -60mV, and then subjected to 100 ms
voltage holdings ranging from -100mV (bottom, blue trace) to +80 mV (top, red trace) in 30 mV
intervals. (B) A linear plot of the fluorescence changes of dsRF5VoLDeMo versus neuronal

Ol OEUEO]I wxOUI OUPEOUS w$ UHOUWEERNIYuW 5<uwd 2B SOy uipwh &t
Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass).

We characterized the voltage sensitivity of dsRWFEL.DeMo bywhole-cell voltage
clamp in cultured dopaminergic neuronstlogir greater resemblance to the neworellsin
live brain tissueThe native expression of DAT on dopaminergic cell bodies is scarnpared
to that indopaminergigrojections (axons arakendrites), and even more @ampared tdhat in
overexpressed hDAHEK cells In addition, thegeneralexpression level of these transporiers
likely diminishedin cultured cellscompared to neurons in brain tissue. This is supported by the
fact that FIN102,a DAT substrate and dopamine tracer in acute brain tidses,notabel cell
bodiesin cultured neurongell (unpublished data from tlfeulzerGames lab)Therefore we

applieda higher probe concentration than ths¢dfor hDAT-HEK cells to delier a sufficient
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numberof probemolecules mostly via norspecific bulkloadingto the dopaminergic soma to
obtainsufficient photon outpubr voltage imaging.

Here, cultured dopaminergicneurom& r e i ncubated for 15 min a
dsRVF5VoLDeMo, as opposed to 100 ndbncentrationn hDAT-transfected HEK cells, and
the wholecell voltage clamp experiment was performed following the same procedina fas
hDAT-HEK cells. When the fractional fluorescence changes were plotted against tgeschan
membrane potential, we obsengd/F of 4.0N0.3% per 100 mV of increasing membrane
potential 6 = 3; Figure 2.35), which was considerably lower than tt@respondingd-/F in
hDAT-HEK cells (13.1N3.7%). This redudion in signalobtained from cultured neurons
compared tahe HEK cell model has been demont&dapreviously for VoltageFluor type
VSDs!*® Consideringthe diminishedvoltagesensitivity evenunder a nosspecific high loading
concentratiorior our dsRVF5VoLDeMo probe this experimentould anticipatehe difficulties
we might encounter for obtaining voltage measurements when transferring the experimental
system from hDATHEK cells, which overexpress DAT, teeuronal cells imcute brairslices
where we aim t@apply a low probe concentration atadgetonly the natively expressn levelof

DAT.
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2.4.3VoLDeMo Photostability

We comparedhe photostability profilesf di-2-ANEP-VoLDeMo and dsRVF5
VoLDeMo to those of the respective untethere®Dé. Not only ighe photostability profile an
integral part of the characterizationafiew dye, itis alsoa crucial parameter for lorigrm
imaging with the probe, especially systems more complicatedathcell cultures (such as acute
brainslices) In the context of voltage imaging in brain tissue, higher inteiikitpination and
faster sampling ratemrenecessary to uncoveglatively smallsignalsfor which good

photostability is key
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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), dsRVF5VoLDeMo (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.
- OUOEODPA&IT Ewi OUOUI UET OET wbOUI OUPUPI Uwkl Ul wxOOUUI Eu
n = 4 repetitions for each probe.Experiment performed by Dr. TasFiala.
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Dr. Tomas Fiala incubated hDAHEK cells with eithedi-2-ANEP-VoLDeMo (100 nM,
5 min), untethered e-ANEPEQ (500 nM, 15 min), dsRVF8oLDeMo (100 nM, 15 min), or
untethered dsRVF5 (500 nM, 15 min) and then irradiated the cells constantly with a xenon lamp
under either 425 475 nm light (fordi-2-ANEP-VoLDeMo and di-2-ANEPEQ) or 528 553 nm
light (for dsRVF5VoLDeMo and dsRVF5) for 15 min, while orpoton excitation fluorescence
images were collected every 5 s at either’ 5600 nm (fordi-2-ANEP-VoLDeMo and di2-
ANEPEQ) or 578 623 nm (for dsRVF8/oLDeMo anddsRVF5). Heredi-2-ANEP-
VoLDeMo exhibited considerably higher photostability than the corresponding untetheted di
ANEPEQ dye Figure 2.36A), while dsRVF5VoLDeMo exhibited a similar photostability
profile to the corresponding untethered dsRVF5 diygure 2.36B).

Two potential rationales could be made regarding this discrepancy. First, photoprotection
of dyes by polymers, including polysaccharides, is posbykhieldingexcited dye molecules
from water and other nucleophilic molecules to mitigate certain phgtadation
pathways33234Such protective role by the dextran polymer is likely npaminent in the case
of the positively charged ANEP dye which is more prone to nucleophilic attzakghe
negatively charged dsRVFSecond, e photostability of the untethered24ANEPEQ could be
negatively affected by the additional quaternary amioma ion adjacent to the core
chromophore which is absent inZHiANEP-VoLDeMo. This positivelychargedquaternary
ammonium ion is necessary to prevent the untether2dANEPEQ VSD from crossing the cell
membrane and internalizing. Such mechanism imeeted for dR-ANEP-VoLDeMo for

whichthe dextran polymer is sufficient for preventing the membrane crossing of the VSD.
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Meanwhile, this discrepandoes not exist between the untethered dsRVF5 and dsRVF5
VoLDeMo since the two negative chargesteuntehered dsRVF5 is already sufficient to

prevent its membrane crossing.
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2.4.4VolLDeMo with dsRVF5 Analogsi Preliminary Exploration

As discussed previously in Sectidd.1.1, Dr. Tomas Fiala first designed our lead probe
dsRVF5VoLDeMo to carryadisulfonatemodified version of the published monosulfonate
RVF5 VSD?1135pased on a previous study which showed improved voltage sensitivity with
such modificatiort3"38At a later stage of the VoLDeMo proje€ly. Tomas Fiala synthesized a
seriesof four VoLDeMo probe carryingvariants of the published RVF5 V$1 (including our
lead dsRVF5VoLDeMo) to systematically evaluate structeitenction relationships of the
VoltageFluorclass VSDsThis preliminary explorationimedto expand the scopndimprove
upon our lead probley searcimg for an analog with good comproresbetween low
lipophilicity, which is important for preserving the high targeting ability of the VoLDeMo probe,
and high voltage sensitivity. Starting from fgblishedRVF5 probe Figure 2.37A1T ms,L;
RVF5VolLDeMo9, three different variations were introduced: 1) a second sulfonate group in
addition to the original sulfonate groupidure 2.37A1 dsL; dsRVF5VoLDeMq with possille
improvement involtage sensitivity*® Note that this variation was already applied to our lead
dsRW5-VoLDeMo probe;2) a shortened-wire [Figure 2.37AT dsSh; dsRVF5(Sh)
VoLDeMd, based on literature report that such shorténedgtre, while significantly lovering
the lipophilicity of the dye, was able to maintgimodvoltage sensitivity?* 3) a methoxy group
was introduced to the-wire [Figure 2.37A 71 ds,$,0Me; dsRVF5(Sh,OM&joLDeMd, based
on a previous study which showed improegelF sensitivity of the dye by such methoxylation

for its increased PeT electroransfer probability>®
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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 RVF5based VoLDeMo variants synthesized by Dr. Tomas
Fiala with the dichloropane ligand (green) and the RVF5variant (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 + equal, top row), individually contrasted fluorescence
images (Fluot 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,0OMe)}VoLDeMo (all at 100 nM, 15 min incubation).
Excitation filter: 540 nm (20 nm bandpass); dichroic: 570 nm; emission filter: 590 nm (longpass).
Experiment performedytime graphic prepared by Dr. Tomas Fiala.
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