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ABSTRACT: Optical imaging of changes in membrane potential of living cells can be achieved by the means of fluorescent 
voltage sensitive dyes (VSDs). A particularly challenging task is to efficiently deliver these highly lipophilic probes to specif-
ic neuronal subpopulations in brain tissue. We have tackled this task by designing a solubilizing, hydrophilic polymer plat-
form that carries a high-affinity ligand for a membrane protein marker of interest and a fluorescent VSD. Here, we disclose 
an improved design of polymer supported probes for chemical, non-genetic targeting of voltage sensors to axons natively 
expressing the dopamine transporter in ex vivo mouse brain tissue. We first show that for negatively charged rhodol VSDs 
functioning on the photoinduced electron transfer principle, poly(ethylene glycol) (PEG) as a carrier enables targeting with 
higher selectivity than the polysaccharide dextran in HEK cell culture. In the same experimental setting, we also demon-
strate that incorporation of an azetidine ring in the rhodol chromophore substantially increases the brightness and voltage 
sensitivity of the respective VSD. We show that the superior properties of the optimized sensor are transferable to record-
ing of electrically evoked activity from dopaminergic axons in mouse striatal slices after averaging of multiple trials. Finally, 
we suggest the next milestones for the field to achieve single-scan recordings with non-genetically targeted VSDs in native 
brain tissue. 

Introduction 
Recording the electrical transients that accompany sig-

nal transduction within neuronal cells is a key tool in ex-
perimental neuroscience but remains a great challenge. 
The standard method for recording changes in membrane 
potential relies on whole cell electrophysiology, which is, 
however, invasive and low throughput.1,2 More recently, 
optical methods to interrogate signal transduction in neu-
rons have emerged as a viable alternative to patch-clamp 
techniques.3,4 Visualizing calcium transients with fluores-
cent calcium sensitive dyes, both synthetic5–8 and protein-
based,9–11 have become a highly popular optical approach 
to indirectly interrogate neuronal activity. Neurotransmit-
ter release, the result of a depolarization cascade, has been 
optically visualized by chemical tracers (fluorescent false 
neurotransmitters, FFNs),12–19 chemical sensors20–23 or 
genetically encoded sensors.24 

A great deal of effort has also been invested in direct op-
tical readout of membrane potential changes with voltage 
sensitive dyes (VSDs).25–28 Synthetic voltage sensors based 
on various mechanisms have been developed,26 some ex-
amples of which include electrochromic,29–31 semiconduc-
tor nanoparticle-based,32,33 redistribution-based34 or pho-
toinduced electron transfer (PeT)-based sensors.35–45 A 
major shortcoming of synthetic VSDs has been their lack of 
selectivity for specific neuronal subpopulations. This chal-
lenge has been partially tackled by genetically-encoded 
voltage indicators (GEVIs) – protein-based sensors which 
optically respond to changes in membrane potential and 

can be expressed in defined cells via cell-type specific 
promoters.46,47 Small-molecule dyes, however, have several 
advantages over protein-based probes, including the avail-
ability of a broad palette of structural features for tuning 
the photophysical properties of the probe.48,49 Hybrid 
chemo-genetic approaches have successfully fused the 
advantages of synthetic dyes with those of genetic target-
ing, either by conjugating voltage sensitive domains with 
small-molecule fluorophores,50–53 or by enzymatically 
decaging54–57 or anchoring58–61 synthetic VSDs. Targeted 
delivery of synthetic VSDs, however, remains a challenge 
due to the high lipophilicity of these sensors, resulting in 
background staining. 

All targeting approaches mentioned above require ge-
netic alteration of the brain tissue in the species of interest. 
We wondered whether targeted voltage imaging could be 
achieved by a purely chemical approach. We recently dis-
closed VoLDeMo (Voltage sensor–ligand–dextran targeted 
to monoaminergic neurons) as the first example of a VSD 
targeted to specific neuronal subpopulations without the 
use of genetic manipulation.62 In our design, we used di-
chloropane, a tropane analog, as a targeting ligand with 
high affinity for monoamine transporters.63,64 As a carrier, 
we used the polysaccharide dextran which compensates 
for the hydrophobic properties of the VSD and functions as 
a molecular platform supporting both the sensor as well as 
the targeting ligand. The design using the dextran polymer 
carrier proved to be universal, as both positively charged, 
electrochromic aminonaphthyl-ethylene-pyridinium 
 



 

Figure 1. Structures of polymer supported, non-genetically 
targetable VSDs. (A) Previous work: the dextran-supported 
dsRVF5-VoLDeMo probe (1).62 (B) This work: a series of PEG 
supported VSDs (2–5). Variations of structural features of the 
original dsRVF5 VSD are highlighted in red. 

(ANEP)-type VSDs and negatively charged, PeT-based 
VSDs were successfully targeted by this approach. Our lead 
prototype probe, dsRVF5-VoLDeMo (1; Figure 1A) enabled 
selective voltage recording from dopaminergic axons in 
brain tissue. The use of dextran as the polymer carrier, 
however, posed a significant disadvantage – the chemistry 
to functionalize the polysaccharide is not trivial and a dis-
tribution of functionalized species is always obtained. 

Poly(ethylene glycol) (PEG) has been widely used as a 
platform for well-defined bifunctional sensors58–61,65 or 
drugs,66–70 combining the advantages of easy synthesis 
from commercial heterobifunctional precursors and favor-
able physico-chemical properties, such as high water solu-
bility and low protein binding.71 Several hybrid chemo-
genetically targeted voltage sensors based on a PEG carrier 
have been developed.58–61 We therefore sought to system-
atically compare the dextran and PEG platforms in the 
context of our purely chemical, non-genetic targeting. 

In this work, we show that although dextran is a more 
universal carrier for targetable VSDs, PEG-supported nega-
tively charged rhodol VSDs (Figure 1B) are superior in 
terms of targeting selectivity. We use the new design to 
prepare improved, brighter and more voltage sensitive 
targeted VSDs by incorporating azetidine substituents in 
the chromophore core. We show that the new generation 
of targeted VSDs retains excellent selectivity for dopamin-
ergic axons in mouse striatal slices and can be used for 

recording electrically evoked activity in this system after 
signal averaging. 

Results and Discussion 
Design of PEG-supported targeted rhodol VSDs. From 

the original design of our dextran-based dsRVF5-VoLDeMo 
probe (1, Figure 1A), we first retained both the dichloro-
pane ligand as the targeting entity and the dsRVF5 VSD, a 
disulfonated (ds)38 rhodol voltage fluor (RVF)39 containing 
a five-membered (5) pyrrolidine ring. Instead of the poly-
saccharide dextran, we used a linear PEG carrier with an 
average Mw of 3500 Da (n ~ 80) based on the following 
considerations: the length of this linker is ~29 nm (calcu-
lated based on ref.59), which we hypothesized would suf-
fice to enable insertion of the dichloropane ligand into the 
membrane-spanning dopamine transporter (DAT) pro-
tein,72 allow insertion of the VSD into the cell membrane 
(which is ~4 nm thick26) and provide sufficient additional 
flexibility to the polymer carrier. We prepared the 
dsRVF5–PEG(3500)–dichloropane probe (2, Figure 1B) by 
a simple, two-step synthesis from the commercially availa-
ble N3–PEG(3500)–COOSu (Su = succinimidyl), via ami-
dation with an aminobutyl derivative of dichloropane and 
subsequent attachment of a bicyclo[6.1.0]nonyne (BCN)-
functionalized dsRVF5 by strain-promoted azide–alkyne 
cycloaddition (Supporting information). 

Next, we varied two structural parameters of the VSD, 
aiming to produce targetable sensors with superior sensi-
tivity than those carrying dsRVF5. Azetidine substitution 
has been introduced as a general strategy to improve the 
brightness of organic fluorophores.73 Up to four-fold in-
crease in brightness of rhodol fluorophores was reported 
with azetidine substitution compared to unstrained amine 
substitution.73 We hypothesized that such a sizable in-
crease in brightness would significantly increase the sig-
nal-to-noise ratio (SNR) of membrane potential recordings, 
since the SNR scales with the square root of brightness.59 
We therefore synthesized dsRVF4–PEG(3500)–
dichloropane (3, Figure 1B) which, to the best of our 
knowledge, is the first example of an azetidine-substituted 
PeT-based VSD. As the second structural modification, we 
introduced a methoxy substituent to the π-wire of RVF5, 
obtaining dsRVF5(OMe)–PEG(3500)–dichloropane (4, 
Figure 1B). A methoxy group in this position of PeT-based 
VSDs was reported to increase their ΔF/F voltage sensitivi-
ty (which scales linearly with the SNR59) by increasing the 
probability of electron transfer.36 Since the increased PeT 
probability results in reduced brightness of the chromo-
phore, we also synthesized dsRVF4(OMe)–PEG(3500)–
dichloropane (5, Figure 1B), a probe with both structural 
modifications combined. In this probe, we aimed to com-
pensate for the loss in brightness from the methoxy substi-
tution with the brightness-boosting azetidine substitution. 

Targeting selectivity comparison of dextran- and 
PEG-supported dsRVF5 probes. To commence our inves-
tigations of the targeting properties of the dextran- vs. 
PEG-supported probes (1 and 2, respectively), we first 
compared the potency of the probes to block hDAT, a 
proxy of the probes’ binding strength to the transporter. 
Probe 2 inhibited the uptake of APP+ (a fluorescent DAT 
substrate74) by HEK-293 cells stably transfected with hu-
man DAT (hDAT-HEK cells) with an IC50 of (19 ± 2) nM 



 

Figure 2. Comparison of the targeting selectivity of the dextran-supported probe 1 and the PEG-supported probe 2 in HEK cell 
culture. (A) Representative fluorescence (Fluo, top row) and the corresponding brightfield (BF, bottom row) microscopy images of 
HEK cells labeled with 1 (100 nM VSD, 15 min) or 2 (100 nM, 15 min). Labeling was compared in hDAT-HEK cells (left column in 
each pair) and null-HEK cells (right column in each pair). All fluorescence microscopy images were equally contrasted. Excitation 
filter: 540 nm (25 nm bandpass), 570 nm dichroic, emission filter: 605 nm (55 nm bandpass). (B) Mean fluorescence intensity of 
randomly selected cell bodies (n = 3, 5 ROIs per n) stained with probes 1 (blue) and 2 (red) as described in panel (A), normalized 
to the mean of probe 1, hDAT condition (left panel in A). Error bars are  SEM for n = 3 experiments, 5 cells per n. 

(Figure S1). The potency of PEG-supported probe 2 was 
higher than what we determined for the dextran-
supported probe 1 under identical conditions: 
IC50 = (45 ± 2) nM.62 We hypothesize, that the more flexible 
PEG linker allows for better accommodation of the dichlo-
ropane ligand in the deep pocket of DAT resulting in in-
creased binding potency. 

Based on these data, we proceeded with directly com-
paring the targeting selectivity of probes 1 and 2 at a con-
centration at which both probes saturate the target pro-
tein. We labeled hDAT-HEK cells and HEK cells transfected 
with an empty vector (null-HEK cells) with probes 1 and 2 
(100 nM VSD, 15 min) and compared the labeling patterns 
via one-photon excitation fluorescence microscopy (Figure 
2A). For both probes, a clear membrane-localized fluores-
cent labeling pattern was observed in hDAT-HEK cells, 
which was greatly diminished in the control null-HEK cell 
line. Notably, the labeling selectivity of the PEG-supported 
probe 2 (6.2 ± 0.3 fold, n = 3, P = 0.0043, two-tailed un-
paired t-test; Figure 2B) was significantly greater 
(P = 0.017, two-tailed unpaired t-test) than that of dextran-
supported probe 1 (2.7 ± 0.3 fold, n = 3, P = 0.026, two-
tailed unpaired t-test; Figure 2B) under the same labeling 
conditions. These results demonstrate that for negatively 
charged RVF-type VSDs, PEG is a superior polymer carrier 
compared to dextran in the context of targeting selectivity. 
We hypothesize that the observed improvement can be 
attributed to the lower propensity of PEG to non-specific 
binding to biomolecules on the cell surface compared to 
dextran.75 

Characterization of the targeting and brightness of 
PEG-supported probes carrying modified rhodol VSDs. 
With the superior properties of PEG as a carrier for the 
dsRVF5 VSD established, we proceeded with evaluating 
probes 3–5 carrying modified sensors compared to probe 
2 (Figure 3A). We first verified that alteration of VSD struc-

ture by azetidine substitution at the chromophore or 
methoxy substitution at the π-wire do not affect the bind-
ing of the probe to hDAT. Probe 5, as a representative 
carrying both structural modifications, blocked hDAT with 
an IC50 of (14 ± 1) nM (Figure S2), similar to that found for 
probe 2 [IC50 = (19 ± 2) nM, vide supra]. The structural 
alterations of the VSD therefore had only a negligible effect 
on the probe affinity to hDAT. 

We next quantitatively evaluated the relative brightness 
of the PEG-supported probes 2, 3, 4 and 5 in labeled cells 
to determine the effects of pyrrolidine vs. azetidine ring 
and methoxylation of the π-wire on this crucial parameter 
(Table 1, Figure 3A, B). All four probes had very similar 
excitation and emission profiles when targeted to hDAT-
HEK cells with only a minor hypsochromic shift observed 
in the azetidine-ring-containing probes 3 and 5 (Table 1, 
Figure S3). This fact warranted the use of a single set of 
excitation and emission filters for evaluating their relative 
cellular brightness (540/25 nm excitation filter, 
605/55 nm emission filter). As expected, changing the 
pyrrolidine ring in dsRVF5-containing probe 2 for an azet-
idine ring in dsRVF4-containing probe 3 led to a 2.9-fold 
increase in brightness in hDAT-HEK cells labeled with the 
probes (50 nM, 15 min). The opposite effect was observed 
upon addition of a methoxy group to the phenylene-
vinylene π-wire – dsRVF5(OMe) probe 4 had only 0.26× 
the brightness of the parent dsRVF5 probe 2. Unfortunate-
ly, the azetidine ring did not fully compensate for the 
brightness loss caused by the π-wire methoxy group in 
dsRVF4(OMe) probe 5, which had only 0.39× the bright-
ness of the parent dsRVF5-containing probe 2, or 1.5× the 
brightness of dsRVF5(OMe) probe 4. 

We also characterized the derivatized probes 3, 4 and 5 
in comparison to the dsRVF5 probe 2 in terms of targeting 
selectivity in HEK cells. The higher affinity of the PEG-
supported probes towards hDAT warranted the use of 



 

Table 1. Targeting selectivity and brightness of dsRVF–PEG–dichloropane probes. 

probe VSD 
exc. max.a 

(nm) 

em. max.a 

(nm) 

relative 

brightnessb,c 

selectivityc,d 

(hDAT/null) 

2 dsRVF5 554 578 1.0 ±0.1 6.2 ± 0.8 

3 dsRVF4 548 574 2.9 ± 0.2 4.2 ± 0.4 

4 dsRVF5(OMe) 555 577 0.26 ± 0.03 10 ± 1 

5 dsRVF4(OMe) 549 571 0.39 ± 0.05 9 ± 1 
aExcitation at 590 nm emission. Emission at 530 nm excitation. Measured in hDAT-HEK cells labeled with the respective probe (250 nM, 15 min). 

bData collected in hDAT-HEK cells labeled with the respective probe (50 nM, 15 min). cExcitation filter: 540 nm (25 nm bandpass), 570 nm dichroic, 
emission filter: 605 nm (55 nm bandpass). Values represent mean ± SD from n = 6 experiments, 5 ROIs per n. These data were analyzed by an 
evaluator blinded to the probe and cell type. dRatio of the labeling intensities (after background subtraction) of hDAT-HEK cells and null-HEK cells 
labeled with the respective probe (50 nM, 15 min). 

Figure 3. (A) Structures of the VSD units in probes 2, 3, 4 and 
5 with highlighted structural differences: pyrrolidine (red) vs. 
azetidine (green) substitution on the rhodol chromophore; 
and methoxylation of the π-wire (teal). (B, C) Relative bright-
ness and targeting selectivity of PEG-supported probes. hDAT-
HEK cells and null-HEK cells were labeled with probes 2, 3, 4 
or 5 (50 nM, 15 min). Images were taken with one-photon 
excitation fluorescence microscopy. Excitation filter: 540 nm 
(25 nm bandpass), 570 nm dichroic, emission filter: 605 nm 
(55 nm bandpass). All graphs represent mean ± SEM of ran-
domly selected cell bodies for n = 6 experiments, 5 ROIs per n. 
Analysis was carried out by an evaluator blinded to the probe 
and cell type. (B) Relative brightness of probes 2, 3, 4 and 5. 
Comparison of the mean fluorescence intensity of hDAT-HEK 
cells labeled with each probe, normalized to the parent 
dsRVF5 probe 2. (C) Targeting selectivity of probes 2, 3, 4 and 
5. Comparison of the mean fluorescence intensity of hDAT- 
and null-HEK cells labeled with the respective probe, normal-
ized to the hDAT condition for each probe. 

 

 

Figure 4. Characterization of the targeting of dextran-
supported probes in HEK cell culture. Representative fluores-
cence (Fluo, top row in each pair) and the corresponding 
brightfield (BF, bottom row in each pair) microscopy images of 
HEK cells labeled with probes 2, 3, 4 and 5 (50 nM, 15 min). 
Labeling was compared in hDAT-HEK cells (hDAT, top two 
rows) and null-HEK cells (null, bottom two rows). Fluorescence 
microscopy images in the same column were equally con-
trasted. Excitation filter: 540 nm (25 nm bandpass), 570 nm 
dichroic, emission filter: 605 nm (55 nm bandpass). 

lower concentrations than with dextran-supported probe 
1. Incubating hDAT-HEK cells with either of the probes 2, 
3, 4 and 5 (50 nM, 15 min) provided membrane localized 
fluorescence which was largely diminished in null-HEK 
cells (P < 0.0001 for all probes, n = 6, two-tailed unpaired 
t-test; Table 1, Figure 3C, Figure 4). The labeling selectivity 
ranged from 4.2 ± 0.4 for dsRVF4 probe 3 to 10 ± 1 for 
dsRVF5(OMe) probe 4 (Table 1, Figure 3C). The trend in 
labeling selectivity inversely follows that of the relative 
brightness of the probes, i.e., the brightest probe 3 exhibits 
the lowest selectivity. We thus hypothesize that the appar-
ent higher selectivity for the probes with low brightness is 
caused by the fact that their non-specific staining of null-
HEK cells produces a signal barely above the background. 



 

Voltage sensitivity in HEK cells. The next question we 
asked was how the voltage sensitivity of the PEG-
supported probes 2, 3, 4 and 5 compares to that of the 
dextran-supported probe 1. We carried out voltage clamp 
experiments on hDAT-HEK cells labeled with each of the 
probes (100 nM, 60 min). Using the patch-clamp tech-
nique, the cells were clamped at a –60 mV potential to 
mimic the typical resting potential of a living cell. Then, the 
potential was altered to hyper- and depolarizing values 
ranging from −100 mV to +90 mV and simultaneously 
imaged on an epifluorescence microscope. Two images at 
each voltage were acquired at 20 Hz (a representative 
trace corresponding to probe 3 is shown in Figure 5A). 
Plotting the fractional fluorescence change against the 
membrane potential provided a linear dependence for all 
probes (Figure 5B). The slope of this linear dependence, 
F/F per 100 mV (Figure 5C, Table 2), together with the 
signal-to-noise ratio (SNR; Figure 5D, Table 2) provided 
comparative measures of the voltage sensitivity of the 
probes. We note that for the methoxylated dsRVF5-
containing probe 4, measurements at 100 nM provided 
poor signal due to its low brightness, which did not allow 
accurate determination of F/F per 100 mV at this concen-
tration. Therefore, 200 nM was used for probe 4. 

Comparing the performance of dextran-supported probe 
1 (15.1 ± 1.0%, SNR = 5.2, n = 18) and the PEG-supported 
probe 2 carrying the same dsRVF5 VSD (10.9 ± 0.9%, 
SNR = 3.0, n = 15), the voltage sensitivity was significantly 
reduced (P = 0.0049, two-tailed unpaired t-test) in the case 
of the PEG-supported probe (Figure 5C, D, Table 2). We 
hypothesize that this reduction in sensitivity may be 
caused by less optimal orientation of the VSD within the 
cell membrane in probe 2 with the long PEG linker. The 
importance of the correct orientation of PeT-based VSDs in 
the cell membrane is known.38 Dependence of voltage 
sensitivity on the linker length has been previously ob-
served in chemo-genetically targeted VSDs.60 Optimization 
of the PEG linker length may be necessary to minimize the 
loss of voltage sensitivity of the PEG-supported probe 
compared to the ones with a dextran carrier. 

Probes 3, 4 and 5 carrying modified variants of the 
dsRVF-type VSD exhibited improved voltage sensitivity, all 
in the range of 16.7–18.0% F/F per 100 mV compared to 
PEG-supported dsRVF5 probe 2 (P < 0.0001, two-tailed 
unpaired t-test; Figure 5C, Table 2). Despite the similar 
F/F per 100 mV for probes 3–5, probe 3 containing the 
brightest, azetidine substituted and non-methoxylated 
dsRVF4 VSD provided voltage-dependent fluorescence 
with the highest SNR of 7.8, a 2.6-fold increase compared 
to the less bright reference dsRVF5-containing probe 2 
 

Figure 5. Membrane potential sensitivity of dextran- and PEG-supported probes in hDAT-HEK cells. (A) Representative trace of the 
fractional change in fluorescence of probe 3 (100 nM, 60 min) versus time of a voltage-clamped hDAT-HEK cell held at −60 mV and 
then subjected to 100 ms voltage holdings ranging from −100 mV to +90 mV. Images were taken with one-photon excitation fluo-
rescence microscopy. Excitation filter: 545 nm (30 nm bandpass), 570 nm dichroic, emission filter: 620 nm (60 nm bandpass). 
(B) Plot of percent fluorescence change of probes 1–5 versus membrane voltage under the conditions from panel A. Individual data 
points represent the mean  SD for n = 11–18. (C) Bar graph summarizing the slope of the linear dependence shown in panel B 
(ΔF/F per 100 mV) for each probe (mean ± SEM). Two-tailed unpaired t-test, ****: P < 0.0001, **: P < 0.01, ns: P > 0.05 (not signifi-
cant). (D) Bar graph summarizing the SNR of the voltage response for each probe calculated as (ΔF/F per 100 mV)/SD of the back-
ground. Note: the concentration used for probe 4 was 200 nM, unlike for all the other probes where 100 nM was used. 

Table 2. Voltage sensitivity of dextran- and PEG-supported targetable VSDs. 

probe carrier VSD 
ΔF/F per 100 mVa 

(%) SNRb 

1 dextran dsRVF5 15.1 ± 1.0 5.2 

2 PEG dsRVF5 10.9 ± 0.9 3.0 

3 PEG dsRVF4 17.5 ± 1.1 7.8 

4 PEG dsRVF5(OMe) 16.7 ± 1.7c 3.9c 

5 PEG dsRVF4(OMe) 18.0 ± 1.7 5.5 
aSlope of the linear dependence of fluorescence of hDAT-HEK cells labeled with the respective probe (100 nM, 60 min) on membrane voltage under the 

conditions as described in Figure 5 (mean ± SEM). bSignal-to-noise ratio (SNR) of the voltage response for each probe under the conditions described in 

Figure 5 calculated as (ΔF/F per 100 mV)/SD of the background. cConcentration of 200 nM was used. 



 

(SNR = 3.0). Also probe 5 (SNR = 5.5), containing both π-
wire methoxylation and azetidine-substitution of the xan-
thene core [dsRVF4(OMe)], proved superior to the 
dsRVF5(OMe)-containing probe 4 (SNR = 3.9), highlighting 
the importance of increased brightness originating from 
the azetidine-substituted chromophore. Nevertheless, the 
effective sensitivity of probe 5 remained lower than that of 
probe 3, which lacks a methoxy substituent on the π-wire. 
Overall, these results show that azetidine substitution of 
the xanthene core in PeT-based VSDs is a promising strat-
egy to design probes with enhanced sensitivity and bright-
ness. 

Targeting and voltage sensitivity in acute mouse 
brain slices. With the improved targeting selectivity and 
voltage sensitivity of the new PEG-supported VSDs estab-
lished in cultured cells overexpressing the target DAT 
protein, we aimed to explore the performance of the 
probes ex vivo in acutely prepared mouse brain slices. This 
environment poses a great challenge for targeting lipo-
philic sensors due to the relatively low, native expression 

levels of protein targets on the neuronal cells of interest 
and an abundance of “competing” non-target cells and 
extracellular matrix which lack the protein target. We first 
determined the labeling selectivity of probes 2, 3 and 5 
(leaving out probe 4 which did not exhibit sufficient 
brightness). To compare the performance of the probes 
with the previously established dextran-supported probe 
1 (ref.62), we focused on the dorsal striatum (dSTR), a re-
gion rich in arborized dopaminergic axonal projections 
expressing DAT originating in substantia nigra compacta 
(SNc, Figure 6A). Mouse striatal slices incubated with ei-
ther of the probes 2, 3 or 5 (100 nM, 30 min) exhibited a 
dense string-like labeling pattern as shown by two-photon 
excitation fluorescence microscopy (Figure 6B, C, Figure 
S4A), consistent with the highly arborized dopaminergic 
axons in this region and comparable to the pattern ob-
served for dextran-supported probe 1 under the same 
conditions.62 As a negative control, we carried out the la-
beling using probe 5 in the presence of the DAT blocker 
nomifensine (2 µM). A contrasting pattern of only weak, 
 

Figure 6. Targeting and voltage imaging with dextran supported probes in mouse striatal slices. (A) Nissl stained sagittal slice of a 
mouse brain (image credit: Allen Institute76,77) with the red arrows schematically representing the placement of dopaminergic 
axons originating in the SNc and arborizing in the dSTR. The black oval indicates the approximate region where the images in pan-
els B, C and D were acquired. (B, C) Representative images of mouse striatal slices labeled with probes 2 (panel B) and 3 (panel C) 
(100 nM, 30 min, 15 μm depth from the tissue surface). Excitation: 820 nm, emission: 570–610 nm. (D) Representative image of a 
single two-photon spiral scan frame (35 μm depth from the tissue surface) from the recording of evoked activity in panel E, 
demonstrating the field of view and spatial resolution. (E) Fluorescence trace recorded at 30 Hz from striatal slices labeled with 
probe 3 (500 nM, 30 min) with electric stimulation (25 pulses at 50 Hz, period highlighted in yellow). The trace is normalized to an 
analogous experiment conducted in the presence of TTX (1 μM) and is an average from multiple trials (n = 100 from 10 slices). A 
two-point moving average was applied to smoothen the trace. (F) Mean fluorescence ( SEM) of voltage recording from (E) during 
the stimulation and pre-stimulation periods, compared to an analogous experiment with the dextran-supported probe 1 (taken 
from ref.62). Probe 3 exhibits a F/F of 0.20  0.03% (n = 100 from 10 slices, P < 0.0001, two-tailed unpaired t-test), which is a 67% 
increase in sensitivity compared to probe 1 exhibiting a F/F of 0.12  0.03% (n = 100 from 10 slices).62 



 

diffuse background staining was observed in this case 
(Figure S4B, C) showing the excellent targeting selectivity 
of this class of probes to DAT in the complex environment 
of ex vivo brain tissue. 

Given our previous experience with voltage recordings 
of electrically evoked activity using the dextran-supported 
dsRVF5 probe 1 in striatal slices, we decided to compare 
its performance to that of the optimized, brighter probe 3. 
Specifically, we labeled striatal slices with probe 3 
(500 nM, 30 min) and placed a bipolar electrode to the 
vicinity of a region of interest (ROI). Then, we recorded 
two-photon excitation fluorescence images with spiral 
scanning at 30 Hz for 3.5 s (Figure 6D), while stimulating 
the slice with the bipolar electrode delivering 25 pulses at 
50 Hz from t = 0.5 to 1.0 s. To control for any voltage-
independent artifacts during the stimulation process, we 
conducted the same experiment in the presence of 1 μM 
tetrodotoxin (TTX). Raw traces from multiple trials 
(n = 100 from 10 slices) were corrected for photobleaching 
and averaged. The trace recorded in the presence of TTX 
was subtracted (as the voltage-independent baseline) from 
the trace recorded in the absence of TTX and a 2-point 
moving average was employed to smoothen the trace (Fig-
ure 6E, Figure S5). A significant increase (P < 0.0001, two-
tailed unpaired t-test) in fluorescence was observed dur-
ing the stimulation period with an average F/F of 
0.20  0.03% (Figure 6F), demonstrating that probe 3 can 
record voltage changes in axonal projections of dopamin-
ergic neurons in the striatum upon electric stimulation. 
Notably, the sensitivity of probe 3 to such stimulation is 
superior (67% higher) to the performance of probe 1 un-
der the same experimental conditions as we showed pre-
viously (F/F of 0.12  0.03%, Figure 6F).62 Overall, the 
combination of a PEG linker with a brighter, azetidine-
substituted dsRVF4 VSD provides a superior sensor which 
can be selectively delivered to dopaminergic axonal pro-
jections in striatal tissue and enables improved recording 
of membrane potential changes after electric stimulation. 

Conclusions 
Targeted voltage imaging in brain tissue with chemical 

probes remains a highly challenging task. An optimal com-
bination of three components should manifest in an ideal 
sensor: (1) anchoring of the probe to the neurons of inter-
est requires a potent ligand; (2) an efficient carrier mole-
cule is necessary to deliver the highly lipophilic dye to the 
neurons of interest with minimal background staining; and 
(3) VSDs with high brightness and sensitivity are required 
to efficiently report on the changes in membrane potential 
from the limited, pseudo-2D area of a cell membrane. 
These requirements are still more important when using 
endogenously expressed membrane proteins as molecular 
targets for sensor delivery, due to the relatively small 
number of delivered dye molecules dictated by the native 
expression levels of the protein target. This work address-
es the latter two components of a targetable voltage sen-
sor. On the delivery vehicle front, we show that for nega-
tively charged PeT-based VSDs, higher targeting selectivity 
is achieved with PEG compared to dextran as a polymer 
carrier. On the sensor side, we show that azetidine substi-
tution in a rhodol-based VSD substantially increases the 
brightness of the sensor, translating into higher voltage 

sensitivity. With the PEG-supported dsRVF4 VSD, we show 
a 67% improvement in sensitivity for recording electrically 
induced activity from dopaminergic axons in mouse stria-
tal slices compared to our previously published dextran-
supported dsRVF5 prototype.62 

Despite the improved targeting selectivity and voltage 
sensitivity, averaging of many trials was still necessary to 
obtain useful signal. Further development on several 
fronts will be necessary to enable high fidelity, single trial 
recording of membrane potential changes in defined neu-
ronal populations without the use of genetic manipulation: 

(a) Development of still brighter, more photostable and 
sensitive VSDs. Substantial improvements have been 
achieved on this front recently, enabling single trial voltage 
recordings in brain tissue with probes targeted to overex-
pressed genetically introduced anchors.60,61 We note that 
for our system, the detailed membrane action potential 
dynamics in the striatal dopaminergic axons are unknown 
and with the DAT-anchored VSD probes we are sampling 
averaged heterogenous response of a large number of 
axons over long periods of time (10’s of ms) that far ex-
ceeds the duration of a single action potential. In other 
words, our system is not an idealized model system, but a 
native tissue where the limits of new VSDs and the record-
ing methods can be determined. This work can therefore 
define the next milestones to be achieved in future re-
search designed to enable single scan 2P recordings under 
native conditions, i.e., using natively expressed proteins as 
anchors for VSDs. For 2P microscopy recordings (under 
standard conditions using a commercially available setup 
as used in this work), we require an approximately 10-fold 
improvement in SNR in the brain tissue. This can be 
achieved either by a 10-fold improvement in VSD sensitivi-
ty (F/F) while maintaining the sensor brightness, or a 
100-fold increase in the number of collected photons. For 
example, some electrochromic dyes (e.g., ANNINE dyes) 
can exhibit a nominal F/F per 100 mV of over 50% in 
cultured cells.78,79 However, to achieve such a high nominal 
sensitivity, VSD excitation is carried out only at the very 
edge of their absorption spectrum, resulting in a low pho-
ton budget and highlighting the main limitation of electro-
chromic dyes. In contrast, the full breadth of absorption 
and emission spectra of PeT-based VSDs can be utilized. 
We envision that implementation of the brightness-
increasing azetidine substitution strategy presented in this 
work into the recently published rhodamine designs60,61 
will provide superior PeT-based voltage sensors. Although 
improved sensors based on combining all state-of-the-art 
design principles would likely provide substantial im-
provement of SNR (likely more than 2-fold compared to 
this work), another several-fold improvement in SNR will 
have to originate from further advances in the field. Apart 
from additional improvement in VSD and linker design, 
superior engineering of photon collection in brain tissue 
may become a key contributor. We restate that we base 
these estimates on our slow 2P recordings, which provide 
deeper tissue imaging possibilities at the cost of slow tem-
poral resolution. 

(b) Imaging hardware and software. Particularly for 2-
photon imaging, minimizing the time spent for movement 
of the optics and maximizing the photon-collection time is 



 

crucial for high speed and high sensitivity measurements. 
Further developments in the area of spatial light modula-
tion techniques hold promise here.80 Other developments 
on the engineering front are also contributing to improve-
ments in the field. As an example, modern hybrid detectors 
can provide substantial improvement in SNR compared to 
the traditional photomultiplier tubes. 

In anticipation of further major developments in the 
field, both on the front of VSD as well as hardware and 
software improvement, we believe that our approach to 
non-genetic targeting of voltage sensors in brain tissue 
could enable efficient, single-scan action potential record-
ings in the foreseeable future. 

Methods 
Preparation and Storage of Stock Solutions. Stock so-

lutions of probes 1–5 were prepared at 500 μM in DMSO 
and stored at −80 C. Stock solutions of APP+ and nomifen-
sine (Sigma-Aldrich, St. Louis, MO) were prepared at 
10 mM in DMSO and stored at −80 C. Stock solutions of 
tetrodotoxin (TTX; Tocris Bioscience, Bristol, UK) were 
prepared at 1 mM in distilled water and stored at –20 °C. 

Growth of HEK cell culture. A human embryonic kid-
ney 293 (HEK) EM4 cell line stably transfected with human 
dopamine transporter (hDAT) and an empty-vector trans-
fected EM4 cell line74 were provided by Dr. Jonathan 
Javitch and Dr. Mark Sonders of the Department of Psychi-
atry at New York State Psychiatric Institute/Columbia 
University Irving Medical Center. They were cultured in 
Dulbecco’s modified Eagle medium (DMEM) with Gluta-
MAX (Gibco-Thermo Fisher Scientific, Waltham, MA) sup-
plemented with 10% FBS and 1% Penicillin-Streptomycin. 

Determination of IC50 of probes 2 and 5 at hDAT via 
inhibition of APP+ uptake. hDAT-HEK cells (Passage # 15 
to 20) were plated at a density of 1.5  105 cells/well onto 
a white, clear-bottom 96-well plate (Greiner Bio-One, Mon-
roe, NC) pre-coated with poly–D–lysine solution 
(0.1 mg/mL; Alamanda Polymers, Huntsville, AL) and al-
lowed to grow for 24 h to provide around 100% confluen-
cy. Prior to the experiment, experimental media [phenol 
red-free DMEM (Gibco) supplemented with 1% FBS (Atlan-
ta Biologicals, Flowery Branch, GA) and 1% Penicillin-
Streptomycin (Invitrogen, Waltham, MA)] was first pre-
pared containing different concentrations of probe 2 or 5 
(0.1 nM, 1 nM, 2.15 mM, 4.64 mM, 10 nM, 31.6 nM, 100 nM 
and 1000 nM) or DMSO (vehicle; same volume as added 
stock solution of the probe). During the experiment, the 
cells were washed with DPBS (HyClone, Marlborough, MA; 
120 μL) and pre-incubated with experimental media with 
the tested compounds or vehicle (63 μL) for 45 min at 
37 C and in a 5% CO2 environment. APP+ (1.1 M) was 
then added to all wells and cells were further incubated for 
25 min at 37 C and in a 5% CO2 environment. After incu-
bation, cells were washed with DPBS (120 μL) and main-
tained in DPBS (120 μL) during the remainder of the APP+ 
fluorescence uptake measurement, which was performed 
with a BioTek Synergy Neo2 Hybrid Multi-Mode Reader 
(Agilent, Santa Clara, CA) using 3  3 area scan and bot-
tom-read mode. The excitation and emission wavelengths 
were set at 420 nm and 500 nm, respectively. For data 
analysis, the mean fluorescence of wells containing tested 

probes was subtracted from that of the respective wells 
containing DMSO (vehicle) for each probe concentration. 
All data were normalized to the maximum fluorescence 
intensity of a well where APP+ uptake was inhibited by 
indatraline as a standard DAT blocker at 1 μM concentra-
tion. The IC50 of probes 2 and 5 to hDAT was determined 
by non-linear regression using a 1:1 binding model meas-
uring the dose-dependent inhibition of APP+ uptake ([in-
hibitor] vs. response – Variable slope; GraphPad Prism 
version 8, GraphPad Software Inc., San Diego, CA). 

Measurement of excitation and fluorescence spectra 
of fluorescent probes. hDAT-HEK cells (Passage # 15–20) 
were plated at a density of 1.5  105 cells/well onto a 
white, clear-bottom 96-well plate pre-coated with poly–D–
lysine solution (0.1 mg/mL; Alamanda Polymers, Hunts-
ville, AL) and allowed to grow for 24 h to provide around 
100% confluency. During the experiment, the cells were 
washed with DPBS, which was subsequently replaced with 
experimental media containing the dye solutions at 
250 nM concentration and cells were further incubated for 
15 min at room temperature. After incubation, cells were 
washed 2 with DPBS and maintained in DPBS during the 
remainder of the measurement, which was performed with 
a H1MF plate reader (BioTek, Winooski, VT) at 25 °C using 
bottom-read mode. Fluorescence emission spectra were 
measured using an excitation source with λexc = 530 nm. 
Excitation spectra were measured using the emission at 
λem = 590 nm. All spectra were measured with a 1 nm-
resolution and normalized. 

Cellular brightness and targeting selectivity. Prepara-
tion of HEK cells for imaging. Cells (passage # 15–20) were 
plated at a density of 5.0  105 or 2.5  105 cells/well onto 
culture-treated 12-well plates (Greiner Bio-One, Monroe, 
NC) and allowed to grow for 24 h or 48 h, respectively, to 
provide around 80% confluency for imaging. The growth 
media were replaced with experimental media containing 
the probe. The cells were subsequently incubated at 37 °C 
in a 5% CO2 environment for 15 min. After incubation, cells 
were washed 2 with DPBS (HyClone) and maintained in 
DPBS (HyClone) during the course of the imaging experi-
ment. 

Imaging HEK cells with one-photon epifluorescence. Imag-
ing was carried out with a Leica DMI4000 epifluorescence 
microscope (Leica Microsystems, Wetzlar, Germany) 
equipped with a xenon lamp (Sutter Lambda LS; Sutter 
Instrument, Novato, CA). Images were obtained with a 
Leica objective (40/0.45 HI Plan; Leica Microsystems, 
Wetzlar, Germany) and a PCO.Panda 4.2 camera (PCO, 
Kelheim, Germany). Filters used include a 540 nm excita-
tion filter (25 nm bandpass), a 570 nm dichroic, and a 
605 nm emission filter (55 nm bandpass; all Chroma Tech-
nology Corp., Bellows Falls, VT). Images were collected 
using the Micro-Manager software.81 Images were resolved 
in 2048  2048 pixel2 in a 225  225 m2 field of view. 

Quantification of probe labeling in HEK cells. Quantifica-
tion of labeling was done by an experimenter who was 
blinded to the experimental conditions and expected re-
sults. For each experimental condition (hDAT or null), ROIs 
strictly surrounding individual cell bodies were selected 
using the “Freehand selections” tool from the brightfield 
(BF) image without prior knowledge of the respective 



 

epifluorescence (FL) image. Only then were these ROIs 
applied to the corresponding FL image to measure the 
mean fluorescence intensity within each ROI (ImageJ, NIH). 
An ROI was also selected in a cell-free area close to the 
previously selected cell following the same procedure and 
the fluorescence intensity of this area was subtracted as 
background from the corresponding fluorescence intensity 
of the cell. Each data point (n) represented the average of 5 
ROIs. In very rare circumstances, ROIs selected from the 
BF image included exceedingly uniform bright circular 
spots in the corresponding FL image, and these ROIs were 
discarded (these likely represent dead cells). For graphs in 
Figure 3C, the fluorescence intensity for each probe was 
normalized to the mean of the respective hDAT-condition 
(hDAT). For graphs in Figure 3B, the fluorescence intensity 
for each probe was normalized to the mean of probe 2. 

Voltage sensitivity in HEK cells. hDAT-HEK cells were 
plated on PDL-coated coverslips at a density of ~0.5  105 
cells/coverslip. On the day of the experiment, a coverslip 
was mounted on an upright Olympus BX50WI (Olympus, 
Tokyo, Japan) microscope equipped with a 40× water im-
mersion objective, differential interference contrast (DIC) 
optics and an infrared video camera and constantly per-
fused at a rate of 1 mL/min with saline containing (in mM): 
118.6 NaCl, 3 KCl, 2.7 HEPES-Na, 3.3 HEPES, 
1.2 MgCl2·6H2O, 2 CaCl2, and 10 glucose (pH 7.2 – 7.4, 250 –
 255 mOsm/L). Whole-cell recordings were performed 
with a MultiClamp 700B amplifier (Molecular Devices, 
Forster City, CA) and InstruTECH ITC-18 A/D board 
(HEKA, Holliston, MA). Electrophysiological data were 
acquired using WINWCP software (developed by John 
Dempster, University of Strathclyde, UK). The pipette solu-
tion contained (in mM): 115 K-gluconate, 10 HEPES, 
2 MgCl2, 20 KCl, 2 MgATP, 1 Na2-ATP, and 0.3 GTP (pH 7.3; 
280 ± 5 mOsm). A cell was held at –60 mV in voltage clamp 
mode and a series of voltage steps was applied between 
–100 and +90 mV. Simultaneous recording of VSD optical 
signal was performed with an ORCA Fusion digital camera 
(Hamamatsu, Japan) using a DSRed fluorescent filter set 
(545 nm excitation filter, 30 nm bandpass; 570 nm dichro-
ic; 620 nm emission filter, 60 nm bandpass; Chroma Tech-
nology Corp, VT) and recorded using HCImage software 
(Hamamatsu, Japan). Electrical and optical signals were 
synchronized with Master 9 multichannel TTL pulse gen-
erator (A.M.P.L., Israel). Background-subtracted time se-
ries of images were analyzed in ImageJ (NIH, USA), with 
the plasma membrane as the ROI. 

Preparation of acute murine brain slices. All animal 
protocols were approved by the Institutional Animal Care 
and Use Committee of New York State Psychiatric Insti-
tute/Columbia University Irving Medical Center. All proto-
cols followed the Guide for the Care and Use of Laboratory 
Animals by National Institute of Health (NIH). All animals 
used were C57BL/6, wild-type mice from The Jackson 
Laboratory (Bar Harbor, ME), included both males and 
females, and sacrificed between 8 to 10 weeks. Coronal 
slices (300 µm thick) were cut by a Leica VT1200 vi-
bratome in ice-cold slicing solution (in mM: 194 sucrose, 
30 NaCl, 4.5 KCl, 26 NaHCO3, 1 MgCl26H2O, 1.2 NaH2PO4, 
10 D-Glucose), and transferred to oxygenated (95% O2 + 
5% CO2), 37 C artificial cerebrospinal fluid (ACSF, in mM: 

124 NaCl, 4.5 KCl, 26 NaHCO3, 1 MgCl26H2O, 2 CaCl2, 
1.2 NaH2PO4, 10 D-Glucose; pH = 7.30; 295 mOsm) in a 
slice chamber for 15 min. Slices were then incubated in 
oxygenated ACSF at room temperature for 30 min before 
imaging. 

Electrical stimulation and two-photon imaging of 
acute murine brain slices. Slices were transferred to a 
QE-1 imaging chamber and held in place by a SHD-26H/2 
slice anchor (both by Warner Instruments LLC, Hamden, 
CT). Slices were maintained in a bath of ~ 2 mL, oxygenat-
ed ACSF during probe incubation. Slices were perfused 
with oxygenated ACSF at 2 mL/min during the course of 
imaging, with tetrodotoxin (TTX; 1 M) added to the per-
fusate only for TTX-treated conditions. Slices were imaged 
with a Prairie Ultima Multiphoton Microscopy System 
(Bruker Corp., Billerica, MA), a Ti:sapphire Chameleon 
Ultra II laser (Coherent Inc., Santa Clara, CA), a Zeiss water-
immersion objective (63/0.9 NA; Zeiss, Oberkochen, 
Germany), and the Prairie View software (version 5.4). 
Probes were excited at 820 nm and emission collected at 
570 – 610 nm. High-resolution images were collected with 
the galvo scanning mode in the format of 512  512 pixel2 
or 1024  1024 pixel2, 10 s/pixel dwell time, and 4 opti-
cal zoom (55  55 m2 field of view). To achieve a faster 
sampling rate (30 frames/second) during the electrical 
stimulation experiments, images were collected with the 
spiral scanning mode in the format of 16-bit, 10.4 s/pixel 
dwell time, and 1 optical zoom with circular ROIs of 
16 pixel in diameter (84 m in diameter field of view). 
Each t-series was imaged for 5 s total, where a single elec-
trically stimulated train was delivered from seconds 2.0 to 
2.5 (50 Hz, 25 pulses, each pulse 100 s  180–200 mA, 
0.5 s total) with a bipolar stainless-steel electrode, with 
each pole of the electrode controlled by an ISO-Flex stimu-
lus isolator triggered by the “Voltage Output” application 
of the Prairie View software. Here, one of the two isolators 
were set to be positive and the other negative, and each 
individual pulse was comprised of a positive pulse imme-
diately followed by a negative pulse (i.e., 100 s delay for 
the negative pulse). For each condition, 100 different 
ROIs/t-series were taken 25–35 m below slice surface 
with 10 ROIs per slice, 10 total slices across 3 days. 

Analysis of electrical stimulation experiments in 
acute murine brain slices. The total fluorescence of each 
timeframe of each t-series was plotted as the raw data 
trace. The normalized raw traces for each condition are 
shown collectively in Figure S5A, B. Each raw trace was 
corrected for photobleaching using the two-phase expo-
nential decay function in GraphPad Prism 9. The change in 
fluorescence (∆F/F) at each time frame for each bleaching-
corrected trace was then calculated. The average of all 
∆F/F traces was shown in Figure S5C. The averaged ∆F/F 
trace of the TTX-added condition was subtracted from the 
∆F/F trace of the same condition but with no TTX added 
and the results shown in Figure S5D. Then a 2-points mov-
ing average (of each frame and its previous frame) was 
applied to each ∆F/F trace, and for each probe, the average 
∆F/F trace of the TTX-added condition was subtracted 
from the ∆F/F trace of the same condition but with no TTX 
added and the results shown in Figure 6E. Finally, for each 
probe, the average of all data points from the subtracted 



 

∆F/F traces from the pre-stimulation period and those 
from the stimulation period were shown in Figure 6F with 
± SEM, and the statistical significance analyzed with a two-
tailed unpaired t-test using GraphPad Prism 9. 
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