JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by SELCUK UNIV

Improved PeT molecules for optically sensing voltage in neurons

Clifford R Woodford, E. Paxon Frady, Richard S Smith, Benjamin Morey, Gabriele Canzi, Sakina F
Palida, Ricardo C. Araneda, William B. Kristan, Clifford P. Kubiak, Evan W. Miller, and Roger Y. Tsien

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/ja510602z « Publication Date (Web): 13 Jan 2015
Downloaded from http://pubs.acs.org on January 18, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 9 Journal of the American Chemical Society

O©CoO~NOUTA,WNPE

Improved PeT molecules for optically sensing voltage in neurons

Clifford R. Woodford!* E. Paxon FradyRichard S. Smith,Benjamin Morey, Gabriele Canzl,Sakina F. PalidaRicardo
C. Aranedd,William B. Kristan, Jr5 Clifford P. Kubiak! Evan W. Miller?™*"and Roger Y. Tsieh?""

Departments of Chemistry and BiochemistBharmacology:Neurosciences Graduate GroBpivision of Biological Sci-
ences®Biomedical Sciences, ariowardHughes Medical Institute, University of Califéa, San Diego, La Jolla, Califor-
nia, 92093, United States afidepartment of Biology, University of Maryland, College Park, Marglle20742, United
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ABSTRACT: VoltageFluor (VF) dyes have the potential to optically measutag®lin excitable membranes with the combination
of high spatial and temporal resolution essential to betteactesize the voltage dynamics of large groups of excitalte &~
dyes sense voltage with high speed and sensitivity using photoinduced eleatsber tfPeT) through a conjugated moleculize.

We show that tuning the driving force for PeT (AGper + W) through systematic chemical substitution modulatesagelsensitiiy,
estimate (AGper + W) Values from experimentally measured redox potentials, anchtalide voltage sensitivities in patclamped
HEK cells for 10 new VF dyes. VF2.1(OMe).H, with a 48% AF/F per 100 mV, shows approximately 2-fold improvement over
prevous dyes in HEK cells, dissociated rat cortical neurong,raedicinal leech ganglia. Additionally, VF2.1(OMe).Htlfdilly
reports pharmacological effects and circuit activity in mouse olfactobydliges, thus opening a wide range of previouslgces-
sible applications for voltage sensitive dyes.

The ability to interrogate the dynamics of cellular everits w  indicators include combinations of low sensitivity, slow re-

precise spatial and temporal resolution is limited, togelde- sponse kinetics, high capacitive load, low brightness, and poor
gree, by the development of fluorescent indicators with suffi- membrane localization.
cient sensitivity and selectivity for events of interedta@iges In an effort to help meet the need for indicators that faithfully

in electric potential across biological membranes are ceIIuIarreport on voltage changes with high spadial temporal reso-
events of key interest in a number of biological systems such agytion, we recently disclosed the initial design and characteriza-
the heart, muscles, and brain. Understanding the spatial angqp, of VoltageFluor 2.1.Cl (VF2.1.Cl) for imaging voltage
temporal dynamics of electrical changes in neural activity that changes in neurons with high spatial and temporal ficlity.
underlie basic human behaviors, emotions, perceptions, and/g2 1 .| uses photinduced electron transfér(PeT) through
thought remains a key challenge to neurobiology. Monitoring 5 molecular wire as a platform to achieve fast, waveleimgth
transmembrane potential of excitable cells forms the basis fordependent voltage imaging in neurons. VoltageFluor dyes lo-
modern neurobiology, and yet methods to do so have been limgjize to the plasma membrane where the free energefbis

ited primarily to electrophysiological recordings withee affected by the local electric field. At hyperpolarized potentials
trodest This places sharp constraints on the spatial irdtion PeT is more favorable, and at depolarized poterfiais less
gleaned from this approach. In general, the size of electrodegayoraple. Considering PeT and fluorescence are competing
and pipettes used for traditional electrophysiology restricts theirprocesses, the inverse is true for fluorescence, whictbean
usage to aingle neuronal soma, making recording from either yonitored via traditional fluorescence imagifig 1a). In this
multiple cells simultaneously or from sehllular regions like  paper, we show that the VoltageFluor platform offers a general
dendritic spines and axonal terminals extremelfyadilt or im- chemicalstrategy for voltage imaging and that voltage sensitiv-
possible’ In a complementary fashion, imaging ofGans has ity can be rationally increased through modulation of dondr a
taken center stage for measuring neuronal activity, where the,cceptor electron affinities. We present the design and synthesis
transien increase in [C#]; acts as an indirect readout of neu- f g series of 10 new structuraiglated VoltageFluorssti-
ronal activity. However, while Caindicators are highly sensi-  a¢e the driving force for PeT (AGpe), andestablish their util-

tive and can in some cases be genetically encoded, they prowd@y for imaging transmembrane potential in cultured celis-

very little information regarding hyperpolarization, sttipesh- sociated mammalian neurons, amdvivo leech ganglia. Fi-
old eventsor the nature of the electrical changes that generatedyg|ly, we demonstrate that VF2.1(OMe).H can report on both
the C&" increase. fast and slow voltage changes in acutely prepared rodent olfac-

Imaging voltage dynamics offers an attractive solutichito tory bulb slices.
problem, and several types of voltage sensitive indicators have Reg)its
been described. These include small molecule fluorescent ap- . . o
proaches like merocyanirfesoxonols, and rhodaminés, Design, Snthesis, and Characterization of VoltageFluors
chargeshift electrochromic dye&? lipophilic anions’° sec- Our strategy for voltage sensing relies on proper orientation
ond-harmonic generatidh'2and nanoparticle$:**Genetically =~ of a fluorophorewire-donor construct into the plasma mem-
encoded voltage indicators are also known and make use of flubrane Fig 1a). Sulfofluoresceins were an initial choice because
orescent protein fusions to endogenous VOI'Eig'Ei'lg do- the perSiStent'y ionized sulfonic acid (pK&g helpsprevent
maing®2°or microbial opsing-??to transduce voltage changes internalizationof the sensor through the cellularembrane.
into photons. Limitations of these and other voltagasitive ~ Sulfofluoresceinglso have demonstrateility in two-photon
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Figure 1. Voltage sensing mechanism and synthesis of VoltageFluor dyébiperpolarizedleft) membranepotertials (negative inside
cell) promote PeT anguenchfluorescenceDepolarization (positive inside cell) decreases PeT and increases fluorgsgtyerhus, the
quantum yield of VF dyes are relateditie local membrane potential. b) General synthdsi§-alyes.

fluorescence imagindeaving open possibilities fan vivo staining loalized to the plasma membrarég 2a and3a, all
applicationg® The low attenuation values and ease of chemical images depict cells not under voltagamp, where W is close
synthesi& of phenylenevinylene (PPV) molecular wires made to -60 mV). Importantly, loading conducted at 37 °C did not
them an ideal choice for spacers between the donor and accepesult in significant internalization of the dye lemule. Further-
tor. Our previous study showed that 2 generations &f PP more, throughouthe course of evaluation in HEK cells (45 to
spacer provided excellent voltage sensitivity while naaiihg 60 minutes)we observenegligible dye internalization or loss
sufficient loading and water solubility. Finally, nitrogenous do- of voltage sensitivityas measured by the change in voltage sen-
nors are frequently used in PeT seng€dfand in this case offer  sitivity recorded from cells patched at the beginning of a trial
the opportunity to tune the relative energetics of PeT by modu-(approximately 515 min postloading) and at the end of a trial
lation of the electromichness of the aniline. Previous studies  (approximately 3660 min posfoading).
show that, while N,Nlibutylanilinederived VF2.4.Cl had sim-  The deviation in sensitivity is low (<5%), and this is retibet
llar voltage sensitivities as the Ngmethyl substituted  jn the small error bars in Figure 3b. This suggests that, under
VF2.1.Cl, the dimethyl analog had better sigiwahoise, onac-  these conditions, the initial orientatiari the dye within the
count of increasedptake into cellular membranesherefore,  membrands establishegarly during loading and very little
dimethyl analogs were used throughout this study.

We sought to explore the voltage sensitivity of VF2.1.Cl
through substituent changes on both the fluorophore/acceptor
and donor. The modular nature of the VF dysthesisKig 1b)
enabled rapid construction of several new derivatives listed in
Table 1. Scheme 1 outlines the synthesis of the VF family of
dyes (full details available in Supporting Information)| &f
the VF sensors were characterized spectrosdbpicaqueous Gt =
media(pH 9, 0.1% Triton X100 to ensure complete solubility c d  tom)
and deprotonated form of the xanthene phegod) had absorp-
tion maxima ranging from 504 nm (VF2.(10Me).H) to 522 nm
(VF2.1Cl compounds) and emission profiles from between 522
nm o 538 nm Table 1). The substituent pattern on the xan-
thene chromophore determined the absorbance band, with un-
substituted sulfofluorescein displaying Amax Values centered
around 506 nm, fluorsubstituted sulfofluoresceirentered at
508 nm, methyl at 514 nm, and chloro at 522 nm. Additionally,
each VF compound exhibited a secondary absorbance band
characteristic of a conjugated phenylenevinylene molecular
wire, with Amaxvalues ranging from 392 to 410 ni¥ig 2b and
Supporting Information Figure 1).VF2.0.Cl had a secondary
AmaxSubstantially blueshifted from the other VF dyes (363 nm),
owing to the lack of conjugation through the dimethylaniline.
The quantum vyields for the dyes ranged from40for
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Figure 2. Characterization of VoltageFluor 2.1(OMe).H in HEK
cells. a) HEK cells stained with 200 nM VF2.1(OMe).H for 15
minutes at 37 °C. Scale bar is 20 pm. b) Absorbance and emission
profile of VF2.1(OMe).H at pH 9, 0.01% Triton-X00. c¢) Fluores-
cence response of VF2.1(OMe).H in voltag@mped cells from a),
plotted against time, during 50 ms steps fré&® mV to +100 mV
VF2.1(OMe)Me to 050 for VF2.0.Cl Table 1). followed by steps decreasing in potential byn2@ increments to

Fluorescence Response to Potential Changes -100 mV. d) Linearity of VF2.1(OMe).H response (AF/F) vs. final

The voltage response of the dyes was established in wholemémbrane potential in the physiologically relevant range (+100
cell patched voltagelamped HEK cells. Bath application of mV). Each data point represents thre.e separate measurements. Er-
200 nM VF dyes for 15 minutes at 37 °C resulted in cellular ror bars are £8EM for > 3 separate experiments.
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Figure 3. Staining and voltage sensitivity of VoltageFluor dyes in HEK cell&péfjluorescence images BIEK cells incubated in HBSS
buffer containing 200 nM of the indicated VoltageFluor dyes for 15 min at.3WP@cquisition andanalysis parameters are identical, to
enable an estimation of the relative brightness of the dyes in a cellular context. Scale bar is 20 pm. Cells are not under voltaggamp
conditionsb) Fluorescence response of representative VoltageFluorvslyaenbrane potential. Voltagelamped HEK cells were held at
-60 mV and then stepped to the indicated potential. The relative change in fluorescence (AF/F) is plotted against the final membrane potential
for VoltageFluor dyes loaded in HEK cells at a concelatnadf 200 nM.Error bars areSEM forn > 3 for each dye.

inversionof the VoltageFluor occurs. We corroborated this

finding by examining the cellular staining of VF dyes as a func-

tion of dye incubation time and found little change inltoal-
izationafter loading VF2.1(OMe).H for either 10 minutes or 85
minutes(Supporting Information Figure 2). Uniform orien-
tation of the dyes is critical for obtaining voltage sewijtj be-

cause an equal distribution of “chromophore in” and “chromo-
phore out” orientations would result in net zero voltage sensi-

tivity (Fig 1a). Wholecell, voltageclamped HEK cells were
held at-60 mV and then stepped to hypand depolarizing po-
tentials 20 mV steps (range +100 piig 2c and d, SI Movie

1). After baclground subtraction, voltage sensitivities ranging
from 4% to 49% AF/F per 100 mV were measured for the VF

dyes, with VF2.1.Me least and VF2.1(OMe).CIl most sensitive,

with VF2.1(OMe).H registering 48% AF/F per 100 mV (Sup-
porting Information Figure 3 indicaies an example of region
of interest, ROI, selection for determining voltage devitj).

Importantly, control compound VF2.0.Cl, which lacks an elec-

tronrich aniline donorshows no voltage sensitivit$pport-
ing Information Figure 4).

To further explore the linearity of the VF series we applied a
more extreme hyperand depolarizing stepping paradigm to
HEK cells loaded with VF dyes, assaying a range spanning
+300 mV. Still larger steps proved too much of a strain on the
cells and could not be reliably measured. At extremely hyperpo-
larizing potentials (large negative potential inside ti#,cwe
hypothesized PeWwould be maximally activated and the VF
dye would be at its dimmest state. Conversely, at larger depo-
larizing potential (lege positive potential inside), PeT quench-
ing would be entirely relieved, and the dye would be at its max-
imal brightness. Fluorescence responses were measured as be-
fore, and steps were provided in 30 mV increments to cover the
range from +300 mV. The firgieneration dye VF2.1.Cl, as well
as VF2.1(diOMe).H, VF2.1(OMe).H and VF2.1fk, within a
range that encompassed, or nearly encompassed, the minimum
and maximum, meaning that the 600 mV range of potentials
spanned the energetics required to switch Peiptetely on or
off (Fig 3b). VF dyes bearing more electron rich aniline donors
(OMe, diOMe) and/or electrepoor fluorophores, such as
VF2.1(diOMe).Cl, VF2.1(OMe).Cl, and VF2.1(OMe).F,
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Figure 4. Application of VF2.1(OMe).Hto sensing action potentials in cultured neura)&pifluorescence image ofittured rat hippo-
campal/cortical neurons stained with 200 nM VF2.1(OMe).H for 15 minutes°&t. $¢ale bar is 20 um. b) Dual optical and electrophysi-
ological recordings of evoked action potentials in cultured neurons. c) Expameestcte of the first stimulation ifb).

showed fluorescence responses that generally comprised thimg the energy required to separate two charges. Due to the mi-
lower bound of the sigmoidal curve at hyperpolarizing poten- nor structural differences between the VF compoundsg-
tials, indicating that PeT processes dominate in this regime mains relatively constant across the VF series, though its abso-
Only at extremely depolarizing potentials (>100 mV) did sig- lute magnitude remains difficult to estimate with precisibhe
nificant voltage sensitivity manifest. A final groupinfydyes, (AGper+ W) values are summarized in Table 1.

including VF2.1.H, VF2.1(OMe).Me, and VF2.1.Me, displayed v gyes bearing electrenithdrawing groups (Cl, F) on the
fluorescence responses confined to the asymptoievethat  fyorophore and electredonatinggroups (OMe, diOMe) on
extreme depolarizing potentials. In this regime, radéagiath- the donor had the most negative (AGper+ W) values, while VF
ways predominate, giving bright signals that can only be gyes with electromlonating (H, Me) fluorophores and unsub-
quenched upon extreme hyperpolarization of the cell mem-giiyted dimethylanilines had the highest (AGper + W) values.
brane. The experimentally estimated (AGper + W) values coelates
Estimation of (AGper + W) well with the fluorescence response of the VF dyes at extreme

To gain a more quantitative understanding of the factors thatPotentials. For the three dyes with (AGeer + W) values lower
contribute to voltage sensitivity, we measured the redox potenthan -0.23 eV, VF2.1(diOMe).Cl, VF2.1(OMe).Cl, and
tials of both the donors and acceptors within the VF framework. VF2.1(OMe).F, voltage sensitivity was moderate to high (20%
The oxidation and reduction potentials of dimethyl anilines and to 49% AF/F per 100 mV) in the physiologically relevant win-
substituted sulfofluoresceins were seged via cyclic voltam- ~ dow of £100 mV Table 1 andFig 3b). However, the response
metry. As expected, @lubstituted sulfofluorescein was most Was not linear, and significant quenching is observed at hy-
readily reduced (E(A/A°) -2.02 V vsferrocene, Fc), followed perpolanzmg/ne_utral poter_mals. Only upon achieving more ex-
by F-substituted sulfofluoresceir2(10 V vs Fc). Unsubstituted ~ treme depolarizing potentials dbese dyes unquench to give
sulfofluorescein was 130 mV more difficutt teduce {2.24 V significantfluorescence responses to changing membpane
vs Fc), and Mesubstituted sulfofluorescein was the most diffi- tentials €ig 3b). Conversely, for the three VF dyes with (AGper
cult to reduce-@.32 V vs Fc)Supporting I nformation Figure + w) greater thar0.08 eV, sufficient dr|V|n_g f_orce isot avail- _
5). Measuring oxidation potentials of the donors proved more able toquench fluorescence, and so radlat|ve. pathways domi-
challenging, as the resulting radical cations undérgber ox- nateVF2.1.H, VF2.1(OMe).Me, and VF2.1.M&ig 3b).
idation and reaction to form benzidine speéidaniting our This results in low voltage sensitivity-(%% AF/F per 100
ability to report oxidation potentials of the pure dimethylaniline mV) in the physiological range that becomes larger only upon
species. We instead measured the oxidation potential of synincreased hyperpolarization. Finally, theeir VF dyes with in-
thetic intermediated, which, on account of substitutigara- termediate (AGper + W) values, ranging fron0.13 t0-0.22 eV
to the dimethylamingroup, restricted formation of confound- show the most linear responses to membrane potential changes
ing dimeric species. Oxidation of the phenylenevinylene dime- within the physiologically relevant range of +100 nfvid 3b),
thylanilines were still fairly reactive, giving irreveloge volt- with moderate (27%) to high (48%) voltage sew#iti(Table
ammograms, but provided more reliable initial oxidation meas- 1). These dyes include VF2.1.Cl, VF2.1.F, VF2.1(diOMe).H,
urements $upporting Information Figure 5). The unsubsti-  and VF2.1(OMe).H. These data suggest a threshold of (AGper+
tuted donor measured at the initial oxidation peak was the leasw) values less thar0.08 eV, but no lower tha®.27 eV, are
readily oxidized (E(D/D*) +0.129 V vs Fc). A single methoxy required to achieve voltage sensitivity greater than 20% AF/F
substitutionortho- to the dimethylamino group gave an oxida- per 100 mV.Two dyes that meet this criteria, VF2.1(OMe).Cl
tion potential of 0.090 V vs Fc, while 2dbmethoxy anilinewas  and VF2.1(OMe).H show high voltage sensitivity, at 49 and
the most readily oxidized at 0.033 V vs Fc. With these values48% AF/F per 100 mV, a >80% improvement over the initial
in hand, we could estimate the driving force for PeT through theVF2.1.Cl compound. Although the absolute sensitivity of
use of the RehriVeller equatior’? AGper = AEg, — AE,.q — VF2.1(OMe).Cl is marginayl greater than VF2.1(OMe).H, the
AE,, — w, where AE° is the oxidation potential of the donor, more negative (AGper+ W), Which results in more quenchiag
AE°q is the reduction potential of the acceptor/fluorophore, Physiological membrane potential, makes VF2.1(OMejdie
AEois the energy required to excite the chromophore into thesuitable for investigations of membrane potential fluetions

first electronically excited state, amnds a work term represent- ~ at or near-60 mV (nominal resting mentane potential for
many neurons)Additionally, the brighter staining of HEKells
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Figure 5. Applicationsof VF2.1(OMe).H & Epifluorescence image éf. medicinalis mid-body ganglia stained with VFBOMe).H. Scale
bar is 50 um. b) Optical (ed) and electrophysiological (black) recording of spontaneous activitieifeech ganglia from regions of intstre
(ROI) indicated in a). The calibration bar08% AF/F, 4 mV, and 1 s. rEpifluorescence image of a sagittal mouse olfactotly (DB)
slice loaded with VF2.1(OMe).H (500 nM). The dotted square represen&Ctheased for quantification. The white arrow poitdsthe
plasma membrane of a mitral cell (MC) loaded withdye. The scale bar is 10 um. d) Optical recordings (0.5 Hz asigition) showing the
fluorescence response of VF2.1(OMe).H in the cell frono(glutamate (blue trace, +Glu, 100 uM, 1.5 min.) and nicotine (red trace, +Nic,

30 uM, 1.5 min.). The calibration bar is 2% AF/F and 2 min. €) Epifluorescence ide field viewof another olfactory bulb slice loaded with
VF2.1(OMe).H. A patch electrode was used to electrically stimulate in thetyiofrthe MC layer (MCL). The top calibratidmr is 50 pum.
Orange and red circles indicate regionstdrest used for analysis f). f) Optical recordings (200 Hz acquisition) in the external plexiform
layer (EPL, orange) or granule cell layer (GCL, red). The timing oftimelkis pulse is indicated by black dots (10 msHED The stimulus
produces a voltage change in BeC (upper red trace) but not in the external plexiform layer (EPL, middle oramgg. tfdne responses in
the GCL are abolished in the presence of ionotropic glutamate receptors (iGluR) blockers (APV, 100uM; CNQX, 10uM; bottom red trace).
The calibration barsi2% AF/F and 100 ms).

with VF2.1(OMe).H over VF2.1(OMe).Cl, made it the opti- important model system for understanding circuit dynarbies,
mal probe for subsequent biological applications. causeit not only contains several hundréanhctionally con-

Characterization of VF2.1(OMe).H in Neurons nectedneurons, but also provides ready access to életiro-
physiological and voltageensitive optical recordingSmall

First, we applied VF2.1(OMe).H to cultured cortical neurons molecule indicatorave a distinct advantage overoteir

(Fig4). Bath applicationf the dyeextensivelystained neuronal based indicators becausgthe difficulty of transfecting adult

cell membranes, as determined by epifluorescence microscopy . .

: ; . . eech neuron¥ We prepared desheathed rhiddy ganglia
(Fig 4a). Confocal imaging of VF2.1(OMe)dtained neurons from H medicinalisstgingd with VF2.1(OMe).H (2y08 nl\% 20
established localization to the cellular membrane wit httie min.) Ilzollowing treatment with VE2 i(OMe) H celluialerﬁ-
visible mterr!allzatlon WF’O””.‘Q |r_1format_|on_ Figure 6)'. branes in the ganglia showed strong fluorescence characteristic
These experiments also show little internalization even with an ¢ v dyes Fig 5a). Using paired electrode recordit@0-40
e?(tended loading time of 2 h_ourSubportlng .I nformatl(_)n . MQ) in conjunction with fluorescence imaging, we monitored
F_|gure6). VF?.l(OMe).H readily Qetectgd action potentlgls " fluorescence as a function of membrane poteripbntane-
S'T.gle ]:[réaglfsl(Flg 4b t?\:[(:)l((:zi .SI Movie 2) \;V'th a f/'ggall g; q_(r)]lse ouslyfiring action potentials from the Retzius cell were clearly
.rahlo 0 " f ’ Pea: b |rr?p:10\\;(la:r7c11en over h' o 1ne distinguishe optically Fig 5b, red trace), and the time course
inherently fast hature by whic YES SENSe Changes In MeMz, 5 -hed that of the intracellular electroBeg(Bb, black trace).

. 2 g
brane pgtentlal (T‘.’”"’“ = 150 ps)™offers superior fldel|ty inre VF2.1(OMe).H detects not only sugttareshold spikes, but also
producing electrical signals compared to protein based Sensorg ., ver depolarization and pelarizations following action po-

with longer response times, for example ArcLight Q239 (tonor tential. These repolarizations were not observed in the rat opti-

— 18

= 1050 msy. ) S . cal or electrophysiological traces due to a stimulus atttfeat

~ One of the promises of voltage imaging is the it spa-  pled slightly into the repolarization phase of the action poten-
tially reconstruct patterns of activity within a functibmeet- tial. In both cases (rat and leech), the optical trace clearly fol

work. For this prpose, the medinal leech has proven to be an  |ows the electrophysiology, establishing the fidelitytwf VF
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Table 1. Properties of VoltageFluor Dyes

5 % AF/F
E°(D'/D) E°(AA) Aabs  dem  AGep COPeTT

Compound Ri= R= R~ R~ w DO
P W=V emp o mp @), PO
VF2.1(diOMe).CI N(Me). OMe OMe Cl 0.033 -2.02 521 535  2.38 -0.325 20 0.26
VF2.1(OMe).CI N(Me) OMe H Cl 0.090 -2.02 522 536  2.38 -0.263 49 0.13
VF2.1(OMe).F N(Me). OMe H F 0.090 -2.11 509 528  2.44 -0.243 44 0.05
VF2.1.Cl N(Me) H H Cl 0.129 -2.02 522 536  2.38 -0.224 27 0.05
VF2.1.F N(Me) H H F 0.129 -2.11 508 524  2.44 -0.209 30 0.10
VF2.1(diOMe).H N(Me), OMe OMe H 0.033 2.24 504 522 246  -0.186 30 0.24
VF2.1(OMe)H N(Me OMe H H 0.090 2.24 504 524 246  -0.130 48 0.04
VF2.1.H N(Me) H H H 0.129 -2.24 507 528  2.45 -0.076 16 0.11
VF2.1(OMe).Me N(Me) OMe H Me 0.090 -2.32 515 536 2.41 0.003 13 0.04
VF2.1.Me N(Me): H H Me 0.129 -2.32 513 532  2.42 0.033 5 0.38
VF2.0.Cl H H H Cl 1.080 -2.02 521 538  2.38 0.722 0 0.50

ays, Ferrocene (Fcf 0.01% Triton %100, 5 mM sodium phosphate, pH®easured in voltagelamped HEK cells? Oxidation potential of
stilbene taken from R&f3.

dyes for tracking realnembrane potential chang&he ac- UM, 2 min), also depolarized MCs (AF/F, 3.02 £ 0.27%, n=6
tion potentials in théeechoptical recording appear truncated p<0.01). Next, we conducted electrical stimulations (10 ms
due to undersampling in the fluorescence chifatguisition pulses, 10 Hz) in the vicinity of the MC layer (MCL), to synap-
speed is 50 Hz). The fractional change in fluorescence is ap4ically activateGCswhile optically recording (200 Hz frame
proximately 3x larger than with VF2.1.&consistent witlthe rate) from this cell layer (GCL). Focal electristimulation re-
improvement (approximately 2x) observed in HEK cells. vealed a fast, robust increase in fluorescence in the GigL (

Next, we assessed the ability of the dye to detect voltageSef, red circleand red upper trace, AF/F 1.91 £ 0.23%, n=5,
changes in brain slise—a more challenging endeavor consid- P<0.01).0wing to activation o6Csby glutamate released from
ering the complexity, scale, and diversity of the preparation. Ef- MCS. Importantly, this excitation did not elicit a resppisthe
forts to visuaize voltage changes in slice are hampered by small €xternal plexiform laye(EPL, Fig 5ef, orange circle and
fractional changes in fluorescence. State of the art indicators alfface), demonstrating that VF2.1(OMe).Efficiently tracks
have significant shortcomings in this context. For example, the Synaptic transnssion from the MCL to the GCL, and that this
low brightness of QuasAr requires intense laser power to&SPonse does not result from a s@fective depolarization of
achieve sensindimiting the observable field to ~ 200 um? be- the_ stlmula_ted regiaccordingly, t_he excitationwas sensitive
fore tissue heating becomes a con@®mall molecule volt- 0 ionotropic glutamate receptor (iGIuR) blockade by APV and
agesensitive dyes have inherent limitations as well, particu CNQX (Fig 5f, red lower trace, 100 and 10 uM; AF/F, 0.07 +
larly with indiscriminate staining of all plasma membrares 0.15%, n=5, p<0.01)When the same experiments were con-
creasing the voltage sensitivity of indicators can partially ame- ducted with VF2.1.Cl in order to compare its performance vs.
liorate this obstacle, and so we were hopeful that the inegrov  VF2.1(OMe).H, the optical response to identical stimafati

sensitivity of VF2.1(OMe).H would allow us to measure mem- Was substantially larger for VF2.1(OMe).H, consistent with re-
brane potential changes optically in a brain slice. sults in HEK cells, rat neurons, and leech ganglia. The response

from VF2.1(OMe).H was 2x larger than VF2.1.Cl for electrical
stimulation and 3x to 4x larger under stimulation with gluta
mate or nicotine, respectively (p < 0.00a%ll cases, est, n

= 6; Supporting Information Figure 7). These experiments
and direct comparisormemonstrate the utility of the VF dyes
and especially VF2.1(OMe)Hfor conducting both fast and
slowin vitro slice network physiology.

We turned to the olfactory bulb (OB) of mice because it con-
tains a welcharacterized synaptic connectivity which has
largely been explored thugh traditional electrophysiological
mean#’ or by optical imaging through absorbancehigques®®
Within the OB, sensory input excites principal neureitise
mitral and tufted cells (MCs). Activation of MCs exciteqa v
ionotropic glutamate receptors, surrounding local inhibitory ) )
neurons, or granule cells (GC8)Staining of OB slice with Discussion
VF2.1(OMe).H (500 nM, 20 min incubation), resulted in strong  Voltage imaging with small molecules has been limited to
fluorescence signals from the cell membranes of OB neuronsstaining of single cells in a brain sler to measurement of

in particular thedrge MCs Fig 5c, white arrow). Activation optical “field potentials” that report population changes and re-
of MCs by bath application of glutamate gives a large increasequire spiketimed averaging® One problem has been the lack
in fluorescence intensity, lasting several minutes ¢aptie- of fast, sensitive, nedisruptive probes to report on membrane

cording rate = 0.5 Hz) and consistent with activation of the MCs potential changes. To address this concern, we here now re-
(Fig 5d, “G”, 100 uM, 2 min; 4.13 + 0.40%, n=6 p<0.01). Ad- ported the design, synthesis, and application of a new family of
ditionally, in agreement with previous findintfspgdication of voltagesensitive dyes-VoltageFluors YFs)}—that make use

the acetylcholine receptor agonist, nicotifég(5d, “N”, 30 of photoinduced electron transfer from an electioh aniline
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through a conjugated phenylenevinylene molecular wire to a

xanthene chromophore for fast, sensitive voltage sensing in a

variety of neuronal contexts. The VF family of dyisplays
visible excitation and emission profiles that enablecaptiolt-
age recording at peak excitation and emission wavelengths

large linear responses to changes in membrane potential, negli-

gible capacitance loading of membranes, and fastauiopt-
cal responses capable of resolving action potentials and sub
threshold membrane potential dynamics in neurons.

As a chemical platform, the VF dyes offer a tunable approach
to voltage sensing, in which alteration of the electromigiféis
results in modulation of the voltage sensitivity of the dyes
study demonstrates, for the first time, that modulation of AGper
alters the voltagsensitivity of VF dyes and establishes une-
quivocally the requirement of an electrooh donor for voltage
sensing, as iticated by the lack of voltage response from
VF2.0.Cl. Analysis of the relative driving force for electron
transfer derived from experimentally determined oxidation/re-
duction potentials suggests that the rang® &8 V to-0.27 V
yields sensors with higioltage sensitivity and linearity within
a physiologically relevant window of £100 mV. The most sen-
sitive of the VF dyes-VF2.1(OMe).Cl and VF2.1(OMe) H
have voltage sensitivities of 49 and 48% AF/F per 100 mV, re-
spectively, and compare favorably to otlfast” voltage dyes
that function via an electrochromic sensing mechanism and
have typical voltage sensitivities ranging from 10 to 28% AF/F
per 100 m\#840 Although high voltage sensitivities can be
achieved with electrochromic dyes by excitation at the far red
edge of the excitation spectrum and collection with a similarly
narrow emission filter, this requires gf€ak excitation, the use
of potentially phototoxic higkintensity illumination, and sam-
pling of only a small fraction of emitted, voltagensitive pho-
tons*! For voltage imaging, which is inherently photimited
due to the fast sampling nature (@ %Hz range) of the exper-
iment, sacrificing a majority of excitatiand emission photons

can be problematic, making approaches like VF dyes that usel

all excitation and emission photons for sensing idealited

for voltage imaging. Due to its improved linear response to
membrane potential change, we used VF2.1(OMe).Haoi-m

tor action potentials in cultured neurons with enhanced SNR

Journal of the American Chemical Society

Table2. VF2.1(OMe).H Performancein Biological Samples

Sample AF/F SNR

HEK cells 4894 38:1

' Rat Neurons 109 28:1
Leech Neurons 2-4%pP 17:1

Olfactory Bulb Slice 2%° 17:1

aper 100 mV change, calibrated by simultaneous electro-
physiological measuremert.No background subtraction.
Images sampled at 50 HzUncalibrated no background
subtraction

here shows a greater than 100% AF/F per 100 mV at ex-
tremely depolarized potentialsydicating greater sensitivities
can be achieved. Thirdly, longer wavelengths would be benefi-
cial for thick samples and multiplex imaging with currently
availableprobes. The generality of the VoltageFluor PeT plat-
form predicts the chemical tractability of these efforts, which
are ongoing in our labs.

ASSOCIATED CONTENT

Supporting Infor mation.

Experimental details including synthesis and characterization of all
VoltageFluor dyes and precursors, cyclic voltammetry, electro-
physiology and cell imaging daféhis material is available free of
charge via the Internet http://pubs.acs.org
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VoltageFluor (VF) dyes have the potential to optically measure voltagecitablemembranes with the combination of high spatial and
15 temporal resolution essential to better characterize the voltage dynanaimgeofroups of excitable cells. VF dyes serddtage with high

16 speed and sensitivity using photoinduced electron transfer (PeT) throagjugated molecular wire. We show that tuning the driving force
17 for PeT (AGpet+ W) through systematic chemical substitution modulates voltage sensitivity, estimate (AGret+ W) values from experimentally
18 measured redox potentials, and validate voltage sensitivities in pataiamped HEK cells for 10 new VF dyes. VF2.1(OMe).H, with a
19 48% AF/F per 100 mV, shows approximately 2-fold improvement over previous dyes in HEK cells, dissociated rat corticabmeand

20 medicinal leech ganglia. Addinally, VF2.1(OMe).H faithfully reports pharmacological effects aincLi& activity in mouse olfactory bulb
21 slices, thus opening a wide range of previously inaccessible applicationstémeveénsitive dyes.
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