
Covalently tethered rhodamine voltage reporters for high speed 
functional imaging in brain tissue

Parker E. Deal‡,⁂, Pei Liu‡,⁂, Sarah H. Al-Abdullatif‡, Vikram R. Muller‡, Kiarash 
Shamardani†,§, Hillel Adesnik†,§, Evan W. Miller‡,§,†,*

‡Department of Chemistry, University of California, Berkeley, California 94720, United States

§Department of Molecular & Cell Biology, University of California, Berkeley, California 94720, 
United States

†Helen Wills Neuroscience Institute. University of California, Berkeley, California 94720, United 
States

Abstract

Voltage-sensitive fluorophores enable the direct visualization of membrane potential changes in 

living systems. To pair the speed and sensitivity of chemical synthesized fluorescent indicators 

with cell-type specific genetic methods, we here develop Rhodamine-based Voltage Reporters 

(RhoVR) that can be covalently tethered to genetically-encoded, self-labeling enzymes. These 

chemical-genetic hybrids feature a photoinduced electron transfer (PeT) triggered RhoVR voltage-

sensitive indicator coupled to a chloroalkane HaloTag ligand through a long, water-soluble 

polyethyleneglycol (PEG) linker (RhoVR-Halos). When applied to cells, RhoVR-Halos selectively 

and covalently bind to surface-expressed HaloTag enzyme on genetically modified cells. RhoVR-

Halos maintain high voltage sensitivities—up to 34% ΔF/F per 100 mV— and fast response times 

typical of untargeted RhoVRs, while gaining the selectivity typical of genetically encodable 

voltage indicators. We show that RhoVR-Halos can record action potentials in single trials from 

cultured rat hippocampal neurons and can be used in concert with green-fluorescent Ca2+ 

indicators like GCaMP to provide simultaneous voltage and Ca2+ imaging. In brain slice, RhoVR-

Halos provide exquisite labeling of defined cells and can be imaged using epifluorescence, 

confocal, or two-photon microscopy. Using high-speed epifluorescence microscopy, RhoVR-Halos 

provide a read out of action potentials from labeled cortical neurons in rat brain slice, without the 

need for trial averaging. These results demonstrate the potential of hybrid chemical-genetic 

voltage indicators to combine the optical performance of small-molecule chromophores with the 

inherent selectivity of genetically-encodable systems, permitting imaging modalities inaccessible 

to either technique individually.
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Introduction

In neurons, rapid changes in membrane potential initiate transient rises in intracellular 

[Ca2+] and subsequent release of neurotransmitters from synaptic terminals. Capturing an 

overview of voltage dynamics across even small areas of the brain remains an outstanding 

challenge, because traditional electrode measurements of voltage are typically restricted to 

single cells, and the most robust imaging approach, Ca2+ imaging, cannot track the fast 

kinetics of voltage changes. Fluorescent indicators that report on voltage directly would 

combine the temporal resolution of voltage measurements with the spatial resolution 

afforded by an imaging approach.

Inspired by a theoretical description of electron transfer for imaging voltage,1 we have been 

developing molecular wire-based fluorescent voltage indicators, which we hypothesize use 

photo-induced electron transfer (PeT)2 as a voltage-sensing trigger. These voltage-sensitive 

fluorophores, or VoltageFluors, respond to changes in membrane potential with sub-

microsecond response kinetics,3–5 provide large, turn-on fluorescence responses to action 

potentials in neurons, and can operate with excitation wavelengths ranging from blue 

(VoltageFluor)6–7 to green (Rhodamine Voltage Reporters, RhoVR)8–9 and into the far red 

(Berkeley Red Sensor of Transmembrane potential, BeRST)10 and infrared region with two 

photon excitation (2P).9, 11–12 For voltage imaging with cellular resolution in vivo, 

molecular wire-based VoltageFluors possess the required speed, sensitivity, minimal 

invasiveness, and compatibility with 2P excitation. To date, however, the direct application 

of VoltageFluor-type dyes to brain slice or intact brains precludes cellular resolution of 

voltage dynamics – the hydrophobic nature of the molecular wire effectively targets the dyes 

to all membranes. Genetically encoding a voltage-sensitive fluorophore is one solution to the 

problem of cell-type specificity in intact brains. However, despite significant progress in 

developing completely genetically encoded voltage indicators (GEVIs), improvements are 

needed in overall brightness, localization to plasma membranes, and 2P performance. In this 

regard, hybrid indicators that utilize chemically-synthesized reporters in concert with 

genetically encoded targeting groups represent a promising route towards voltage imaging 

complex tissues. Indeed, the use of synthetic chemical reagents and probes in the context of 

neurobiology has a long13–15 and continuing tradition.16–22

A number of strategies exist for hybrid, genetically-targeted voltage imaging. Two 

component hybrids rely on FRET interactions between the genetically encoded and chemical 

component;23–27 whereas catalytic strategies rely on enzymatic or photochemical uncaging 

to either switch on fluorophores or facilitate their accumulation in plasma membranes.28–31 

More recently, covalent tethering of environmentally-sensitive dyes enabled voltage imaging 
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in cultured neurons.32 We were attracted to a covalent tethering approach, because it should 

allow us to employ the entire suite of VoltageFluors developed within our lab, rather than 

relying on phenol-containing fluorophores, as currently required by fluorogenic strategies 

developed in our lab.29–31 In a tethering approach, the voltage-sensitive indicator is modified 

to include a long, flexible, water-soluble linker terminating in a ligand that forms a covalent 

bond with a genetically-encoded cell surface enzyme (Scheme 1). We recently demonstrated 

the feasibility of this approach by tethering VoltageFluors to the SpyTag peptide.33 The 

resulting VoltageSpy compounds enable selective labeling and voltage imaging from defined 

neurons in culture, however improvements to labeling kinetics, 2P absorption, and voltage 

sensitivity are needed to afford labeling and voltage imaging in tissue.

We therefore aimed to design a tethering approach for voltage imaging using RhoVR and the 

HaloTag34 self-labeling enzyme system (Scheme 1). RhoVR indicators provide red-shifted 

excitation and emission profiles,8 high 2P cross sections,9 large voltage sensitivities (up to 

47% ΔF/F per 100 mV),8 and a well-established synthetic route to further functionalization. 

In a complementary fashion, the HaloTag ligand/enzyme system34 has been widely deployed 

in a number of biological contexts,35–38 offers fast reaction kinetics34 compared to first 

generation SpyCatcher,39 and a simple synthesis to access the chloroalkane ligand. In this 

paper, we describe the synthesis of two new RhoVR voltage indicators that can be combined 

with HaloTag labeling strategies to create RhoVR-Halos. The new RhoVR-Halo indicators 

retain the high voltage sensitivity of their parent, untargeted indicators (>30% ΔF/F per 100 

mV in HEK cells), can be combined with blue/green optical tools like GCaMP for dual 

voltage and Ca2+ imaging, and show excellent staining in immortalized cells, cultured 

primary neurons, and cortical neurons in brain slices. Importantly, RhoVR-Halos not only 

label cells, but can provide an optical readout of voltage dynamics from neurons in intact 

brain slices.

Results

Synthesis of piperazine-functionalized RhoVRs

Synthesis of HaloTag functionalized RhoVR 1 (RhoVR1-Halos) begins from 

tetramethylrhodamine voltage dye 3, which was synthesized in 70% yield via a Heck 

coupling between isomerically pure Br-TMR 1 and phenylenevinylene wire 2 (Scheme 2).8 

Previous studies in our lab revealed that a negatively charged functional group on the 

chromophore is necessary for the proper localization and function of the voltage dye.7–8 In 

order to both maintain a negatively charged anchor and provide a functional handle for the 

attachment of the HaloTag ligand, we modified the substitution at the 2′ position of our 

typical RhoVRs to incorporate an L-cysteic acid amino acid linker.40 This was accomplished 

through a HATU mediated coupling between 3 and 1-Boc-piperazine, followed by a TFA-

catalyzed deprotection of the Boc-protected amine 4 to afford 5 in 62% yield over two steps 

(Scheme 2).24 A second HATU-mediated coupling between 5 and Boc-L-cysteic acid and 

subsequent TFA deprotection of the protected intermediate 6 afforded 7 in 78% yield over 

two steps.

Compound 7 possesses absorption and emission properties similar to the parent RhoVR 1,8 

with a λmax at 565 nm (ε = 82,000 M−1 cm−1) and emission maximum at 585 nm (Table 1, 
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Figure 1a). In HEK293T cells, 7 localizes to plasma membranes (Figure 1b–c). The effective 

cellular brightness of 7 was lower than that of RhoVR 1, when both dyes were loaded at the 

same concentration (Figure S1, Table 1). Compound 7 is voltage-sensitive. Simultaneous 

fluorescence imaging and patch-clamp electrophysiology in HEK293T cells stained with 

500 nM 7 reveals a voltage sensitivity of approximately 38% ΔF/F per 100 mV (Table 1, 

Figure 1d–e). This value is slightly lower than RhoVR 1 (47% ΔF/F per 100 mV, Table 1).

Synthesis of RhoVR1-PEGx-Halos

Due to the covalent nature of HaloTag labeling, we hypothesized that a long linker might be 

required to allow the tethered RhoVR to properly insert into the plasma membrane while 

bound to the active site of HaloTag. We therefore synthesized a library of RhoVR1-PEGx-

Halo derivatives with varying lengths of PEG linkers in order to determine the effect of 

linker length on voltage sensitivity. From 7, NHS-ester activated dPEG* linkers with either 

5, 9, 13, or 25 ethylene monomer units (spanning a theoretical linear distance of about 21 to 

92 Å) were coupled to the free amine of the L-cysteic acid moiety of 7 (Scheme 3). 

Subsequent HATU-mediated coupling of the HaloTag-amine ligand and purification by 

preparative HPLC afforded RhoVR1-PEGx-Halo dyes 12 – 15 in 24-53% yield; x = the 

number of ethylene glycol monomer units (x = 5, 12; x = 9, 13, x = 13, 14; x = 25, 15). We 

also synthesized a “PEG0” RhoVR1-Halo derivative 16 using a succinic anhydride-derived 

linker (Scheme S1). The absorption and emission properties of the new RhoVR1-PEGx-Halo 

compounds matched those of 7 (Figure S2).

Design of cell-surface expressed HaloTag enzymes

In order to express the HaloTag enzyme on the cell surface, we fused a transmembrane 

domain (pDisplay) derived from platelet-derived growth factor receptor (PDGFR)41–42 or a 

glycophosphatidyl inositol (GPI) signal peptide derived from decay accelerating factor 

(DAF)43 to the C-terminal of the HaloTag sequence. We also appended a secretion signal 

peptide from immunoglobulin K (IgK) to the N-terminal to enhance extracellular trafficking 

(Figure S3a). To track the protein expression in live cells, we included a nuclear-localized 

EGFP downstream of HaloTag, separated by an internal ribosome entry site (IRES). We 

tested the effectiveness of the pDisplay and DAF constructs in live HEK293T cells using a 

cell-impermeant tetramethylrodamine (TMR)-Halo ligand 44 (Scheme S2). Bath application 

of TMR-Halo 44 at 50 nM for 30 minutes showed clear membrane-bound fluorescence, 

which matched EGFP signal in transfected cells (Figure S3b–e). In HEK293T cells, use of 

pDisplay-based constructs results in marginally higher RhoVR fluorescence than the 

analogous DAF constructs (Figure S4a–b); therefore, we used pDisplay-enabled targeting 

for all future studies.

Cellular characterization of RhoVR1-PEGx-Halos

RhoVR1-PEGx-Halo compounds selectively label HEK293T cells that express cell-surface 

HaloTag enzyme (Figure 2a–d, Figure S4c–d, Figure S5a–d). RhoVR fluorescence depends 

on expression of HaloTag; higher levels of HaloTag enzyme, estimated by higher EGFP 

fluorescence intensity, correlates with high RhoVR fluorescence (Figure S4e). Selective 

labeling can be achieved in as little as 5 minutes (50 nM 15), and staining improved with 
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longer incubation times (we examined up to 30 min loading times, Figure S4f). Selective 

labeling appeared independent of reaction temperature. Both 37 °C and 22 °C loading 

temperature gave similar cellular RhoVR fluorescence values (Figure S4g). We observed 

effective RhoVR staining at concentrations as low as 5 nM, indicating the fast kinetics of 

HaloTag labeling leads to rapid sequestration of the dye.21 Although the contrast ratio 

decreases, we still observe highly selective labeling at concentrations as high as 500 nM 

(Figure S4c–d). We hypothesize the minimal off-target labeling is due to the increased water 

solubility of RhoVR1-PEGx-Halos afforded by the L-cysteic acid and PEG linkers.23

Voltage sensitivity of RhoVR-PEGx-Halos

Possessing a library of RhoVR-PEGx-Halo compounds allowed us to examine the 

relationship between tether length and voltage sensitivity. RhoVR1-PEG0-Halo 16, which 

incorporates a very short succinic anhydride-derived linker, shows no voltage sensitivity in 

HaloTag-expressing HEK293T cells (Figure S6a–c, Table 1), despite displaying selective 

labeling in these same cells (Figure S5a). We hypothesize that the short linker of 16 prevents 

the RhoVR component of the molecule from inserting into the plasma membrane when the 

chloroalkane tail of 16 is ligated in the active site of the HaloTag enzyme. Increasing PEG 

linker length improves the voltage sensitivity of RhoVR1-PEGx-Halo compounds. Voltage 

sensitivity increases from 0% (16, Figure S6a–c) to 11% ΔF/F per 100 mV for 12, which 

possesses a PEG5 linker of about 21 Å (Figure S6d–f, Table 1). Longer PEG linkers are even 

more voltage sensitive, 20% for 13 (PEG9, ~35 Å, Figure S6g–i), 26% for 14 (PEG13, ~50 

Å, Figure S6j–l), and 34% for 15 (PEG25, ~92 Å, Figure S6m–o). At 34% ΔF/F per 100 mV, 

RhoVR1-PEG25-Halo 15 nearly recovers the full voltage sensitivity of the parent RhoVR 

(38%, 7). The linker length dependence on the voltage sensitivity of RhoVR-Halos contrasts 

with previous results from our lab.33 We found no dependence on PEG linker length for 

fluorescein-based voltage indicators targeted via similar covalent tethering through SpyTag/

SpyCatcher interactions.33 The larger size of HaloTag (~33 kDa) vs. SpyCatcher (~15 kDa) 

may require longer linkers to allow proper insertion and orientation of RhoVRs into the 

plasma membrane.

RhoVR(Me) and brighter RhoVR(Me)-PEGx-Halos

One potential limitation to the covalent labeling strategy is that the brightness of RhoVR 

fluorescence on the membrane is dependent on the number of enzymes displayed on the cell 

surface (Figure S4c). Loading screens showed that RhoVR1-PEGx-Halo compounds were 

3-4 fold dimmer than bath applied RhoVR r under normal loading conditions (Figure S5, 

Table 1). In attempt to address this limitation, we synthesized a new RhoVR derivative, 

dubbed RhoVR(Me), which includes a methyl-substituted molecular wire as opposed to the 

methoxy-substituted wire of RhoVR 1 (Scheme S3). We hypothesized that decreasing the 

electron-donating nature of the aniline substitution might increase the molecular brightness 

of RhoVR(Me) compared to RhoVR1, owing to less electron-donating ability of methyl 

compared to methoxy.

The synthesis of the untargeted RhoVR(Me) was analogous to RhoVR 1, starting with a 

Heck coupling between isomerically pure Br-TMR 1 and phenylenevinylene wire 18 to 

generate voltage dye 19 in 80% yield. Formation of an N-methyl glycine-derived tertiary 
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amide at the 2′ position of the pendant aryl ring gave the untargeted RhoVR(Me) 21 in 77% 

yield over two steps (Scheme S3). The absorption and emission spectra of RhoVR(Me) is 

nearly identical to that of RhoVR 1 and 7 (Figure S2b, Table 1). Like RhoVR 1 and 7, 

RhoVR(Me) (21) localizes to the plasma membranes of HEK293T cells (Figure S7a–b). 

RhoVR(Me) is approximately 4-fold brighter than RhoVR 1, under identical loading 

conditions (Figure S5, Table 1). Patch-clamp electrophysiology revealed the increased 

brightness came at the cost of voltage sensitivity, with RhoVR(Me) possessing a lower 13% 

ΔF/F per 100 mV (Figure S7c–d, Table 1). When accounting for both the cellular brightness 

and voltage sensitivity of the dyes, the signal to noise ratio (SNR) of RhoVR(Me) (77:1) is 

close to RhoVR 1 (80:1) and better than 7 (30:1). In particular, RhoVR(Me) may be a 

promising indicator when the photon budget is a limiting factor for imaging.

RhoVR(Me)-PEG25-Halo synthesis and cellular characterization

Genetically-targeted versions of RhoVR(Me) can be readily synthesized by adapting the 

methods for generating RhoVR1-Halos 12 – 15. RhoVR(Me) precursor 19 can be converted 

to the piperazine/L-cysteic acid-functionalized 25 in two steps (Scheme S4). Coupling of the 

NHS-ester activated NHS-PEG25-acid linker followed by HATU-mediated coupling of 

HaloTag-amine affords RhoVR(Me)-PEG25-Halo 27 in 28% yield over two steps. 

Compound 27 selectively stains HEK293T cells expressing HaloTag (Figure S7e–h). Patch-

clamp electrophysiology in HEK293T cells reveals that 27 had a voltage sensitivity of 16% 

ΔF/F per 100 mV, similar to the parent, untargeted RhoVR(Me) (Figure S7i–j, Table 1). 

RhoVR(Me)-PEG25-Halo 27 was 3-4 fold brighter than RhoVR1-PEG25-Halo 15 in HEK 

cells (Table 1). This recapitulates results with the untargeted dyes (Figure S5). Because total 

dye concentration in the membrane is correlated to the number of HaloTag enzymes, this 

result suggests that the increased brightness of RhoVR(Me) over RhoVR 1 is due to reduced 

PeT quenching, and not because of improved uptake of RhoVR(Me) into the plasma 

membrane.

We also synthesized two voltage-insensitive RhoVR compounds as controls. RhoVR(0), 32, 

possesses a sarcosine-amide membrane anchor but lacks an aniline substitution on the 

molecular wire (Scheme S5). Although 32 possesses absorption and emission spectra similar 

to RhoVR1 (Figure S2c) and localizes to cellular membranes (Figure S7e–f), it is not 

voltage-sensitive (Figure S7g–h), consistent with a PeT-based mechanism of voltage 

sensing. In a similar fashion, we also synthesized a piperazine-cysteic acid functionalized 

RhoVR(0) (36) and coupled it to the HaloTag ligand via a PEG25 spacer (Scheme S6). Just 

like the untargeted indicators, RhoVR(0)-PEG25-Halo (38) has a higher quantum yield than 

RhoVR1-PEG25-Halo (15), but is not voltage sensitive (Table 1).

Characterization of RhoVR1-PEG25-Halo 15 and RhoVR(Me)-PEGx-Halo 27 in neurons

Having established the selective staining and voltage sensitivity of both 15 and 27 in 

HEK293T cells, we next evaluated these hybrid chemical-genetic indicators in cultured rat 

hippocampal neurons. The plasmids encoding HaloTag constructs were modified by 

replacing the CMV promoter with a neuron-specific synapsin promoter. A regulatory 

element from the woodchuck hepatitis virus (WPRE) was also added to improve protein 

expression (Figure S3a). In neurons, membrane targeting with either DAF or the single-pass 
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transmembrane domain of pDisplay appeared equally effective (Figure S8); however, since 

pDisplay gave the best results in HEK293T cells, we continued with its use in neurons.

Sparsely transfected neurons were stained with either 15 or 27 at 50 nM. Similar to 

HEK293T cells, both dyes labeled HaloTag expressing neurons with high selectivity (Figure 

3). Both 15 (Figure 3a) and 27 (Figure 3e) clearly label the cell bodies and processes of 

neurons expressing HaloTag/GFP (Figure 3b and f). The exquisite labeling of chemical-

genetic methods like RhoVR(Me)-PEG25-Halo 27 is highlighted by comparing to 

simultaneous loading with the untargeted, far-red indicator, BeRST10 (Figure 3i–l). While 

BeRST stains all cellular membranes (Figure 3k), RhoVR(Me) fluorescence (Figure 3l) is 

limited to the neuron expressing HaloTag (Figure 3l). Both 15 and 27 can report on voltage 

dynamics in cultured neurons that express HaloTag. Spontaneously firing action potentials 

were detected with an average ΔF/F of 11.1 ± 0.1% (N = 256 spikes, 30 neurons) for 15 and 

6.4 ± 0.1% (N = 186 spikes, 21 neurons) for 27. Patch clamp electrophysiology in cultured 

neurons, along with neurons expressing HaloTag alone or expressing HaloTag and labeled 

with RhoVR1-PEG25-Halo 15, demonstrates that 15 has little impact on the membrane 

properties of neurons. This includes resting membrane potential, action potential kinetics, 

and membrane capacitance (Figure S9). Expression of HaloTag (but not addition of RhoVR 

compounds) caused a small, but statistically significant, decrease on membrane capacitance 

(Figure S9a).

Comparison of RhoVR1-PEG25-Halo to genetically-encoded voltage indicators

We compared the performance of 15 to the commonly used genetically-encoded voltage 

indicators ASAP2f,44 based on circularly permuted green fluorescent protein (cpGFP), and 

Ace2N-mNeon (Ace2N),12 which uses the mNeon fluorescent protein45 appended to the 

Acetabularia acetabulum rhodopsin (Ace) voltage sensitive domain. Neurons labeled with 15 
compared favorably to both ASAP2f and Ace2N expressing neurons, displaying brighter and 

red-shifted membrane fluorescence at matched light powers (Figure S10), turn-on responses 

to action potentials (ASAP2f and Ace2N-mNeon both possess turn-off responses) (Figure 

S10a) and an average ΔF/F per spike of 10.4% ± 0.2% (SNR= 16.5:1) for evoked action 

potentials, compared to −4.4% ± 0.1% (SNR= 9:1) per spike for ASAP2f and −1.8% ± 0.1% 

per spike for Ace2N (SNR= 16.7:1) (Figure S10b–c). Another advantage of our chemical-

genetic tethering approach is greatly improved membrane localization of fluorescence. 

Because the genetically encoded HaloTag protein is non-fluorescent and the RhoVR-Halo 

dye is impermeable to the plasma membrane, we only observe RhoVR staining when both 

components are present at the cell surface (Figure S4, S8). In contrast, GEVIs rely on 

genetically encoded fluorescent proteins that can contribute high amounts of unresponsive 

background fluorescence during the various stages of their assembly/export to the plasma 

membrane (Figure S10d–e).

Dual voltage and Ca2+ imaging with RhoVR1-PEG25-Halo and GCaMP6s

Since the red-shifted absorbance/emission profile of RhoVR-Halos allows their use 

alongside green fluorescent tools, we demonstrated our ability to carry out dual-color 

calcium and voltage imaging in genetically defined cells by replacing the nuclear EGFP 

marker with a genetically encode calcium sensor GCaMP6s (Figure S3).26 Neurons 
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expressing the HaloTag-GCaMP6s construct were selectively labeled with 15 with the same 

efficiency as the HaloTag-EGFP constructs (Figure 4). Simultaneous excitation with both 

blue and green light and segregation of the resulting emission into RhoVR-Halo and 

GCaMP6s fluorescence channels allowed us to visualize both the rapid changes in 

membrane potential and the corresponding slower increase in [Ca2+] during spontaneous 

spiking events (Figure 4). The sensitivity of 15 to these action potentials was similar to those 

obtained at a single wavelength (ΔF/F per spike = 5.3 ± 0.9%, SNR = 15.6:1, N = 18 spikes). 

RhoVR and GCaMP6s fluorescence emission are well separated; even when large Ca2+ 

spikes are recorded with GCaMP6 (Figure S11a and e), RhoVR fluorescence remains 

uncontaminated (Figure S11e) by bleed-through from GCaMP6s. In all cases, the fast 

voltage spike precedes the subsequent Ca2+ transient.

Because of the fast kinetics of Vm compared to Ca2+ transients, monitoring Vm directly 

enables better resolution of spike timing than Ca2+, especially when spikes occur in quick 

succession.

Deploying RhoVRs in mouse brain slice

Inspired by the performance of RhoVR-Halos in cultured cells,we applied our chemical-

genetic labeling strategy to brain tissue samples. We prepared brain slices from mice 

expressing cell-surface HaloTag (pDisplay). The gene for HaloTag was introduced by in 
utero electroporation of a mixture of HaloTag-pDisplay under control of the synapsin 

promoter and either pCAG-EGFP or pCAG-mTagBFP2 as a marker for expression in slice 

preparation. Approximately 300 μm-thick coronal slices were loaded with 250 nM RhoVR1-

PEG25-HaloTag 15 at room temperature for 15 min and imaged via confocal microscopy 

(Figure 5a–i).

In contrast to the non-specific staining we observe with untargeted dyes (Figure S12), 

application of 15 to brain slices expressing cell-surface HaloTag provides cell-specific 

labeling in the sparsely labeled EGFP cells found in layer 2/3 of the cortex (Figure 5a–i). 

RhoVR fluorescence (Figure 5b,e,h) from cell bodies and processes is clearly visible and 

correlates with EGFP fluorescence (Figure 5a,d,g). Not all EGFP-positive cells display 

RhoVR fluorescence, which we hypothesize is a result of introducing the EGFP marker on a 

separate plasmid during in utero electroporation. Confocal microscopy reveals strong 

RhoVR 15 fluorescence down to 50 μm below the surface (Figure S13). 15 can be readily 

observed from single cells as deep as 100 μm below the surface of the slice, indicating good 

penetration during the 15-minute loading period (Figure S13). Staining near the surface of 

the brain slice does not appear selective (Figure S13), which we hypothesize is due to both 

the tendency of damaged tissues at the cut site of the slice to take up dyes and to saturation 

of any membrane-bound HaloTag enzymes.

The high two-photon cross section of rhodamine dyes allows RhoVR1 and related 

compounds9,12 to be imaged under two-photon illumination. We generated a normalized 

two-photon absorption cross section (GM) plot of 15 and 27 (Figure S14). RhoVR 15 and 27 
have two-photon cross section maxima near 830 nm, in good agreement with the reported 

maxima for related rhodamine compounds (Figure S4a).9 Both RhoVRs possess reasonable 

absorption cross sections at around 1030 – 1040 nm, making them useful for newly 
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developed kHz-rate two-photon microscopies that require excitation near this wavelength.12 

Two-photon microscopy of 15 reveals excellent staining of single neurons in layer 2/3 of the 

cortex (Figure 5j–l); both neuronal soma (Figure 5j) and processes are clearly visible when 

excited at 860 nm (Figure 5k,l). Illumination with 920 nm and 1040 nm also provides clear 

visualization of 15labeled neurons (Figure S14b–c)

RhoVR1-PEG25-Halo 15 is voltage-sensitive in brain slice. We performed dual optical and 

electrophysiological recordings from whole-cell, patch-clamped neurons in cortical layer 2/3 

of mouse brain slices. We evoked a train of action potentials in the RhoVR-stained neuron 

(Figure 5m) via current injection and recorded the responses both electrophysiologically 

(Figure 5n) and optically (Figure 5o). RhoVR1-PEG25-Halo 15 clearly records action 

potentials in a single trial (indicated by black arrows), with an average ΔF/F per spike of 

4.3% (± 0.3% S.E.M. for n = 6 spikes) and SNR of approximately 3.3 (± 0.6, S.E.M. for n = 

6 spikes).

Discussion

We present the design, synthesis, and application of genetically targetable 

tetramethylrhodamine voltage indicators (RhoVR-Halos) that combine the specificity of 

self-labeling proteins39, 46–51 with the favorable photophysics of small-molecule Rhodamine 

Voltage Reporters. RhoVR-Halos label HaloTag expressing cells and neurons with 

exceptional selectivity (≥30-fold selectivity over untransfected neurons in culture) and 

record membrane potential changes with high sensitivities (up to 34% ± 2% ΔF/F per 100 

mV in HEK cells, 6.7% ± 0.2% ΔF/F per spike in cultured neurons, and 4.3% ± 0.3% per 

spike for neurons in slice). We demonstrated the utility of RhoVR-Halos for simultaneous 

dual-color imaging, for example enabling simultaneous Vm and Ca2+, and their 

compatibility with 2P excitation. Finally, we demonstrated the ability to selectively label 

individual neurons and record neuronal activity in brain slice with RhoVR-Halos, a feat not 

previously possible with RhoVRs or other molecular wire-based chemical indicators.

Taken together, these results demonstrate the power of a chemical/genetic voltage indicator 

to combine the favorable photophysics—excitation and emission profiles beyond GFP, 

excellent voltage sensitivity, compatibility with two-photon excitation, turn-on response to 

action potentials, and nanosecond response kinetics4—of molecular-wire based indicators 

with the selectivity afforded to genetically encoded proteins. Due to the modularity of this 

approach, we envision deploying RhoVR-Halos alongside orthogonal hybrid reporters 

developed in our lab (like VoltageSpy) as well as applying this chemical genetic approach to 

other molecular wire-based indicators, like carboVF and BeRST. Additionally, RhoVR-Halo 

is unique in its ability to function as a hybrid chemical-genetic voltage indicator with turn-on 

responses and large two-photon cross sections. This, combined with emerging holographic 

and kilohertz framerate two photon methodologies,12 make RhoVR-Halos promising 

candidates for interrogating voltage dynamics in the context of intact brains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of RhoVR 7. a) Normalized absorption and emission spectra for 7. Spectra 

were obtained in Dulbecco’s phosphate buffered saline (dPBS) with 0.1% SDS. Dye 

concentration was 500 nM. b) Transmitted light (DIC) and c) widefield fluorescence 

microscopy image of HEK293T cells stained with 7. Dye was loaded for 30 min at 37 °C. 

Scale bar is 20 μm. d) Plot of fractional change in fluorescence (ΔF/F) vs time for a single 

HEK293T cell stained with 7 and subjected to 100 ms hyper- and depolarizing steps (±100 

mV, 20 mV increments) from a holding potential of −60 mV under whole-cell voltage-clamp 

mode. e) A plot of fractional change in fluorescence (ΔF/F) vs. final membrane potential 

(mV). Data depict mean ΔF/F ± standard deviation (error bars are smaller than markers) for 

n = 4 individual cells loaded with 7.
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Figure 2. 
Cellular labeling and voltage sensitivity of RhoVR1-PEGx-Halo compounds. a) DIC image 

of HEK293T cells expressing nuclear EGFP stained with 15. b) Confocal fluorescence 

image of HaloTag expressing cells from (a) as indicated by nuclear EGFP fluorescence. c) 

Confocal fluorescence image showing the fluorescence of 15 from cells in (a). d) Merge of 

fluorescence from EGFP (green) and 15 (magenta), demonstrating the highly selective 

localization of 15 to HaloTag expressing cells. Scale bar is 10 μm. e) Plot of % ΔF/F vs final 

membrane potential for RhoVR 1, 7 and RhoVR1-PEGx-Halo derivatives 12–16 (n=3-9, 
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error bars not shown). f) Plot of the fractional change in fluorescence of 15 vs time for 100 

ms hyper- and depolarizing steps (±100 mV in 20 mV increments) from a holding potential 

of −60 mV for single HEK293T cells under whole-cell voltage clamp mode.
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Figure 3. 
Evaluation of RhoVR-Halos 15 and 27 in cultured rat hippocampal neurons. Confocal 

fluorescence microscopy images (single optical section of ~0.8 μm) depicting the selective 

labeling of HaloTag expressing neurons with (a-d) 15 or (e-h) 27. a and e) RhoVR 

fluorescence is localized to the plasma membrane of the HaloTag expressing neurons. b and 

f) EGFP fluorescence indicates expression of HaloTag (pDisplay). c and g) DIC image and d 
and h) merged image of neurons in panels (a/b) and (e/f). Scale bar is 20 μm. i) Maximum 

projection of RhoVR-Halo 27 fluorescence in j) HaloTag and EGFP-expressing neurons. k) 

Counter-staining with silicon-rhodamine BeRST reveals pan-membrane staining. 1) Merged 

image showing RhoVR (magenta), EGFP (green), and BeRST (cyan) fluorescence. Scale bar 

is 20 μm. Plots of fractional change in fluorescence (ΔF/F) vs time in hippocampal neurons 

stained with m) 15 or n) 27. o) Average ΔF/F and p) SNR per spike for evoked action 

potentials recorded with RhoVR-Halos. Error bars are ±S.E.M. for n = 256 or 186 spikes 

from 30 or 21 neurons for RhoVR1-PEG25-Halo (15) or RhoVR(Me)-PEG25-Halo (27), 

respectively.
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Figure 4. 
Simultaneous, two-color voltage and Ca2+ imaging in hippocampal neurons with RhoVR-

Halo 15 and GCaMP6s. a) Transmitted light image of neurons expressing cell-surface 

HaloTag and cytosolic GCaMP6s. b) Merged widefield fluorescence microscopy image 

depicting 15 (magenta) and GCaMP6s (green) staining. Individual channels of the same 

neuron show c) membrane-associated 15 and d) cytosolic GCaMP6s. e) Plot of ΔF/F vs time 

for 15 (magenta) and GCaMP6s (green). f) Expanded time scale of the boxed region in panel 

(e). Scale bar is 20 μm.
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Figure 5. 
Brain slice imaging with RhoVR1-PEG25-Halo 15 under widefield, one-photon confocal, 

and two-photon microscopy. a-i) One-photon, confocal microscopy of 15 in mouse brain 

slice prepped from animals expressing HaloTag-pDisplay and EGFP (introduced via in utero 
electroporation). Maximum projection of a) EGFP (green), b) 15 (magenta), and c) merged 

fluorescence in mouse cortical brain slice stained with 15 (250 nM, 15 min loading). 

Maximum projections are constructed from 25 slices with optical sections of about 0.8 μm. 

d-i) Zoomed-in, single optical slice confocal images of cells from panels (a-c). d and g) 

EGFP-associated fluorescence. e and h) RhoVR-associated fluorescence. f and i) Overlay of 

EGFP (green) and 15 (magenta) fluorescence. Scale bar is 20 μm. j-k) Two photon 

microscopy of 15 in cortical brain slice prepared from a mouse expressing pDisplay-

HaloTag (in utero electroporation). j) RhoVR fluorescence associated with a slice treated 

with 250 nM 15 for 15 min at room temperature. Image is a maximum projection of 100 

optical slices over 37 μm, with excitation provided at 860 nm. Scale bar is 20 μm. k and 1) 

Expanded view of boxed regions in panel (j). Scale bar is 10 μm. m-o) Widefield 

fluorescence microscopy and dual voltage imaging and electrophysiology of cortical neurons 

in brain slice stained with 15. m) Widefield fluorescence image of 15 fluorescence (250 nM, 

15 min loading) in a cortical neuron expressing HaloTag-pDisplay. n) Plot of voltage vs. 

time for the neuron in panel (n) during current injection to evoke action potentials. 

Electrophysiology is digitized at 20 kHz. o) Plot of ΔF/F vs. time for the same neuron. 

Fluorescence data was acquired at 500 Hz, and is not corrected for bleaching. Arrows 

indicate evoked spike. Small spike are sub-threshold current injections. Scale bar is 20 μm.
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Scheme 1. 
Rhodamine Voltage Reporter-HaloTag hybrids for voltage imaging (RhoVR-Halos)
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Scheme 2. 
Synthesis of piperazine-cysteic acid functionalized RhoVR 7
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Scheme 3. 
Synthesis of RhoVR1-Halos
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