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Editorial on the Research Topic
 Next-Generation Genetically-Encoded Fluorescent Sensors



Fluorescent probes, or biosensors, are cleverly designed molecules that are able to transform the act of binding/reacting with a unique target (e.g., analyte) into a fluorescent signal (ΔF/F). Of the various kinds (e.g., small molecules, fluorescent proteins), genetically-encoded fluorescent sensors are particularly popular as these can be targeted to select cells or subcellular regions via gene promoters, conditional expression systems, protein recombination schemes or localization sequences, to name a few. In particular, the field of Genetically-Encoded Indicators (GExI; x— calcium, neurotransmitter, voltage, etc.) continues to flourish as researchers explore and develop new methods to improve sensitivity, specificity, and compatibility of probes for multi-channel microscopy. Contemporary GExIs include a single fluorescent protein as their fluorescent core (commonly GFP or RFP), making them smaller than FRET-based probes as well as allowing users to more easily combine these—crosstalk free—with added optogenetic or photochemical tools that require their own set of wavelengths for activation. Owing to these features, GExIs have become valuable tools for cell biologists with a broad range of questions. In this Research Topic on “Next Generation Genetically-Encoded Fluorescent sensors,” we collate reviews and research articles representative of the breadth of the field today, including descriptions of the functioning principles of genetically-encoded fluorescent biosensors, their potential and pitfalls, examples of applications, and original reports describing the development of new probes or use of novel biosensors to study diseases.

We present three retrospective articles by leading scientists in the field. The review by Leopold et al. provides a concise overview of current biosensors best suited for imaging neurotransmission and neuromodulation in neurons. The authors describe operating principles of how binding of target molecules changes the fluorescence of the probe, and detail a workflow for their development. Complementary to this, Ravotto et al., offer a fresh perspective on probes that link G-Protein Coupled Receptors to circularly-permuted GFP (cpGFP), and their potential for remote and real-time monitoring of various neurotransmitters, such as dopamine, in the brains of living animals. The authors discuss potential challenges when using these emerging tools and further suggest new designs. Finally, a comprehensive review by de Beer and Giepmans details the use of probes based on single-chain antigen binding proteins (nanobodies) for subcellular identification of endogenous proteins. The authors review the current state of the art of nanobodies fused to fluorophores and peroxidases, including discussion of different labeling strategies and applications for multi-modal nanobody probes in correlative light and electron microscopy.

Four articles in the collection focus on probing diseases by developing novel assays and adapting GExIs to meet a specific need. Waldeck-Weiermair et al., describe their efforts to understand sub-organellar Ca2+-uptake by mitochondria. To address this, the authors explore novel targeting peptides to localize extant green- and red-emitting GECIs (c-calcium) to the intermembrane space and cristae lumen of mitochondria. Their approach proved successful and they employ it to examine the effects of gene knock-down on Ca2+-dynamics in mitochondria. They go on to show that several GECIs of different colors can be combined in the same cell to examine Ca2+-levels in distinct sub-compartments of the organelle. Harlen et al., focus their attention on Ca2+-dynamics of the endoplasmic reticulum (ER). Here, the authors try to understand how different disease-relevant mutations in rhodopsin or α-synuclein affect cell stress and intrinsic ER-signaling. This goal motivated them to devise a semi-high throughput live-cell assay for ER-mediated cell stress and second messenger signaling. They analyze single-cell Ca2+-profiles by combining use of a green GECI, a red cAMP biosensor (R-cADDis) and an optical actuator bPAC (blue light-activated adenylyl cyclase). Together these provide new views on disease processes. Bera et al., also look to the ER, where instead of studying endogenous analytes within the organelle, they engineer a novel family of biosensors—iSKetSnFR (Intensity-based S-ketamine-sensing fluorescent reporters)—to examine whether S-ketamine, an antidepressant drug, can pass the plasma membrane and enter the ER lumen. The authors find that S-ketamine can rapidly enter and exit the ER, which leads them to propose that the antidepressant actions of the drug may also involve intracellular activity of the drug on organellar ion channels, receptors, and transporters. Das et al. also explore a disease of the central nervous system, namely multiple sclerosis (MS). They ask whether prolonged demyelination and remyelination have any effect on neuronal activity in the hippocampus. The authors combine electrophysiological recordings and imaging of GECIs to monitor neural firing during demyelination over a period of 100 days. They find that demyelination greatly reduces synaptic transmission and firing rates in CA1 and DG neurons in vivo. The authors suggest that GECIs can also be used to examine effects of therapeutics on CNS neurons.

Lastly, two original reports focus on the development of photoactivatable (PA) fluorescent probes. PA-probes are particularly useful when trying to obtain relevant fluorescent signals solely from cells defined by the user without excessive background fluorescence from nearby cells. Lee et al., engineer photoactivatable genetically encoded voltage- (GEVI) and pH (GEPI)-indicators and characterize these in HEK293 cells. They first explore several probe designs for a GEVI, namely using a single fluorescent protein (cpGFP), a FRET pair or a pH-sensitive variant of GFP, ecliptic pHluorin. The candidate bearing the ecliptic pHluorin exhibited both coveted features, explicitly photoactivation and voltage-dependent fluorescence changes. This led the team to the engineering of a pH-sensitive photoactivatable GFP that varies its brightness in response to different intracellular pH. Analogously, Hussein and Berlin explore the photoactivation of red GECIs, leading them to develop PA-R-GECO, a red photoactivatable Ca2+-probe. This expands the color palette of photoactivatable Ca2+-indicators. In the process of testing photoactivation in several other red GECIs, they also create a new photoactivatable RFP variant, namely PA-mRuby3, that undergoes strong photoactivation.

Collectively this collection of articles highlight the rich possibilities for discovery remaining in the field of genetically-encoded fluorescent sensors.
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Mitochondrial Ca2+ uptake into the mitochondrial matrix is a well-established mechanism. However, the sub-organellar Ca2+ kinetics remain elusive. In the present work we identified novel site-specific targeting sequences for the intermembrane space (IMS) and the cristae lumen (CL). We used these novel targeting peptides to develop green- and red- Ca2+ biosensors targeted to the IMS and to the CL. Based on their distinctive spectral properties, and comparable sensitivities these novel constructs were suitable to visualize Ca2+-levels in various (sub) compartments in a multi-chromatic manner. Functional studies that applied these new biosensors revealed that knockdown of MCU and EMRE yielded elevated Ca2+ levels inside the CL but not the IMS in response to IP3-generating agonists. Knockdown of VDAC1, however, strongly impeded the transfer of Ca2+ through the OMM while the cytosolic Ca2+ signal remained unchanged. The novel sub-mitochondrially targeted Ca2+ biosensors proved to be suitable for Ca2+ imaging with high spatial and temporal resolution in a multi-chromatic manner allowing simultaneous measurements. These informative biosensors will facilitate efforts to dissect the complex sub-mitochondrial Ca2+ signaling under (patho)physiological conditions.

Keywords: Ca2+ measurements, biosensors, mitochondrial Ca2+, mitochondrial cristae, Ca2+, live cell imaging, mitochondria


INTRODUCTION

Embedded between the outer (OMM) and the inner mitochondrial membrane (IMM) the mitochondrial intermembrane space (IMS) including the cristae lumen (CL) represents the smallest mitochondrial sub-compartment. This specialized area is of upmost importance for the regulation of mitochondrial protein import, lipid homeostasis, energy metabolism and metal ion exchange to maintain cellular functions (Frey and Mannella, 2000; Herrmann, 2010; Shoshan-Barmatz et al., 2018). While the OMM is permeable for molecules below 5 kDa via VDAC1 (Camara et al., 2017), the IMM is impermeable. Thus, the transfer of biomolecules across the IMM into the mitochondrial matrix relies on transporters, carriers and exchangers. Among these the mitochondrial Ca2+ uptake machinery displays a frequently studied mechanism due to its importance for the regulation of various mitochondrial functions. The molecular nature of the mitochondrial Ca2+ uniporter is a complex formation of several interacting proteins located in the IMM including the pore forming subunit mitochondrial Ca2+ uniporter (MCU) (Baughman et al., 2011), the essential mitochondrial regulator (EMRE) (Sancak et al., 2013) and the two gatekeeper opponents, the mitochondrial Ca2+ uptake 1 and 2 (MICU1 and MICU2) (Kamer and Mootha, 2014). Recently, we and others demonstrated that MICU1 forms multimers and rearranges its oligomeric state as soon as Ca2+ enters by binding to the EF hand motifs that are localized toward the IMS (Wang et al., 2014; Waldeck-Weiermair et al., 2015), which in turn regulates MCU/EMRE channel activity. Notably in most non-excitable cells the endoplasmic reticulum (ER) represents the main source of Ca2+ to be requested into the mitochondrial matrix. The direct transfer of Ca2+ from the ER into the mitochondrial matrix has been studied intensively and was described to be take place in focal contact sites between the two organelles, the mitochondria-associated membranes (MAMs) (van Vliet et al., 2014). The formation of MAMs and as a consequence the transfer of Ca2+ from the ER to the mitochondria is crucially dependent on the distance between the two organelles (Szymański et al., 2017). On the other hand, the voltage dependent anion channel 1 (VDAC1) represents the most abundant porin in the OMM accounting for its permeability for cations like Ca2+ (Camara et al., 2017). As one of the most studied mitochondrial proteins VDAC1 does not just serve as a non-selective hole, but contributes to numerous Ca2+ dependent functions such as Ca2+-induced apoptosis (Weisthal et al., 2014), Ca2+-modulated energy production (Cárdenas et al., 2010; Shoshan-Barmatz and Mizrachi, 2012), global Ca2+ signaling (Berridge et al., 2003) and ER-to-mitochondria Ca2+ transport (Szabadkai et al., 2006; Gautier et al., 2016). For the latter it has been suggested that VDAC1 may form supra-molecular complexes that occur at MAMs by the interaction with GRP75 (Szabadkai et al., 2006), mitofusin-2 (Shoshan-Barmatz et al., 2018) and the IP3 receptor 1 (Szabadkai et al., 2006). Indeed, regulation of mitochondrial Ca2+ uptake is especially critical in neurons. On the one hand excessive mitochondrial Ca2+ induce cell death by the release of pro-apoptotic proteins like cytochrome C that is mainly harbored within mitochondrial cristae (Cogliati et al., 2016) leading to neurodegenerative pathologies like Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) (Britti et al., 2018). Although these diseases are commonly based on mitochondrial Ca2+ dysfunction, the progression of each depends on its specific molecular mechanism. Accordingly, dysregulation of VDAC1 has been described to induce both, PD and AD, either by altered dopamine homeostasis (Alberio et al., 2014) or mediating amyloid β toxicity (Smilansky et al., 2015). In HD it has been reported that the capacity of Ca2+ buffering is impaired (Gellerich et al., 2008) and in ALS it is hypothesized that chronic excitotoxicity induce permanent ER Ca2+ depletion leading to mitochondrial Ca2+ overload (Grosskreutz et al., 2010). On the other hand regulated mitochondrial Ca2+ uptake is a prerequisite for neuronal function and survival (Rugarli and Langer, 2012). Aside from stimulating ATP production, transient increases in mitochondrial Ca2+ particularly occur at synapses and regulates neurotransmitter release, synaptic transmission and excitability (Pivovarova and Andrews, 2010) by rapidly clearing Ca2+ from the cytosol (MacAskill et al., 2010). For instance, in a recent work it has been demonstrated by simultaneously detecting cytosolic and mitochondrial Ca2 + using targeted genetically encoded indicators, namely cytosolic G-GeCO1 and mitochondrial R-GeCO1, that Ca2+ is strongly biased toward mitochondria in axon terminals in zebrafish neurons (Mandal et al., 2018). However, since mitochondrial Ca2+ buffering is tightly shaping the spatiotemporal profiles of intracellular Ca2+ we herein sought to fill the “missing link” of genetically encoded Ca2+ probes between the cytosol and the mitochondrial matrix. In order to develop such tools that allow sub-mitochondrial recordings of respective Ca2+ signals as prerequisite in a more detailed investigation of the sub-mitochondrial Ca2+ signaling and homeostasis, in the present work we focused on the targeting of already widely used genetically encoded Ca2+ sensors (i.e., GeCO1-like Ca2+ indicators) to the IMS or the mitochondrial cristae. We identified specific targeting sequences for distinct sub-mitochondrial protein targeting and fused them with single FP-based various GeCO1-like Ca2+ indicators (Figure 1A) that even allow simultaneous recordings of the Ca2+ signals in two (sub-) compartments and enabled us to take a closer look in the kinetics of Ca2+ transfer from the ER to mitochondria.
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FIGURE 1. Differential sub-mitochondrial localization of MICU11– 140-, CVsue- and ROMO1-mRuby. (A) Illustration of construct design of sub-mitochondrial targeting sequences fused with GeCO1 Ca2+ indicators. MICU11– 140 including polybasic domain (PB), full length complex V subunit e and full length mutated reactive oxygen modulator 1 (ROMO1) were C-terminally tagged with red and green GeCO1 Ca2+ indicators. Numbers indicates amino acid positions. (B–D) Representative dual-color structural illumination microscopy (SIM) images of HeLa mitochondria stained with inner mitochondrial membrane-(IMM-) label MitoTracker Green (MTG, green, middle images) and expressing mRuby2 (magenta, left images) C-terminally tagged with either MICU11– 140 (B), CVsue (C) or ROMO1 (D). Merged images show co-localization of green MTG and magenta mRuby fluorescence (right images). Sum of line scans within the representative rectangle areas were performed for the green and red fluorescence (right panels). Overlay of normalized fluorescence intensity curves indicates distances in full width at half maximum (FWHM) of sub-mitochondrial targeted mRuby (magenta curves) vs. MTG (green curves). (E) Calculation of differences in FWHMMTG to FWHMmRuby was performed by subtracting the distance given by the magenta curve from the green one. Statistical evaluation of ΔFWHM values calculated per mitochondrion; ∗∗∗P < 0.001. Images were obtained from 5 cells in each of 8 independent experiments on 4 different days (n = 8) for each targeting. (F) Schemes illustrating sub-mitochondrial localization given by the distinct targeting sequences.





MATERIALS AND METHODS


Materials and Buffers

Chemicals and reagents for solutions and buffers were purchased from Carl Roth (Karlsruhe, Germany). Histamine, monensin, and BHQ were obtained from Sigma-Aldrich (Vienna, Austria). Nigericin was from Tocris (Abingdon, United Kingdom) and ionomycin from Abcam Biochemicals (Cambridge, United Kingdom). For storage cells were maintained in a buffer (storage buffer) containing (in mM): 2 CaCl2 135 NaCl, 5 KCl, 1 MgCl2, 1 HEPES, 2.6 NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4, 10 D-glucose, 0.1% vitamins, 0.2% essential amino acids, and 1% penicillin/streptomycin pH adjusted with NaOH to 7.4 prior to imaging experiments. Therefore, cells were perfused in a physiological HEPES-buffered solution (2CaNa) composed of (in mM): 2 CaCl2 135 NaCl, 5 KCl, 1 MgCl2, 1 HEPES, 10 D-glucose, pH adjusted with NaOH to 7.4 and stimulated with either BHQ or histamine in either a Ca2+ free solution or a nominal Ca2+ free solution containing EGTA instead of 2 CaCl2.



Cell Culture and Transfection

In this study we exclusively used a HeLa cell model that was cultivated at passage >50 on low fluorescence glass cover slips with a diameter of either 15 or 30 mm in DMEM (Sigma-Aldrich, Vienna, Austria) containing 10% FCS (PAA, Pasching, Austria), penicillin (100 U/ml) and streptomycin (100 U/ml) in a humidified incubator (37°C, 5% CO2/95% air). Cells were transfected in a serum-free medium using 3 μg/ml TransFastTM Transfection reagent (Promega, Madison, WI, United States) together with 1–2 μg of plasmid(s) and/or 100 nM of the respective siRNA(s) per ml 2 days before experiments.



Plasmid and siRNA Material

The plasmid encoding mutated ROMO1 at positions 15, 27, and 42 from potential ROS modulating cysteines to serines (ROMO1) was synthesized by General Biosystems Inc., (Morrisville, NC, United States) and the vectors encoding for GEMGeCO1, CARGeCO1, and mt-CARGeCO1 were purchased from Addgene (Cambridge, MA, United States) and used as vector templates for the N-terminal insertion via XhoI/BamHI of either MICU11–140, CVsue or ROMO1 using the primers as follows: MICU1 forward 5′-CCCTCTAGACTCGAG class="underline"> CATG TTTCGTCTGAACTCACT-3′; MICU1 position 420 reverse 5′- GGTTGGATCC TTCAAGGTGGCAAAATATCGG-3′; CVsue forward 5′-AAACTCGAG CATGGTGCCACCGGTGCAGGT- 3′; CVsue position 206 reverse 5′-CCCGGATCC TTTAATAT GCTGTCATCTTCTGCC-3′; ROMO1 forward 5′-AAATCTAG ACTCGAGCATGCCGGTGGCCGTGGGT-3′ and ROMO1 position 255 reverse 5′-CATAGGATCC CGGATGCCCATCCCA ATGG-3′. For SIM these targeting sequences were subcloned in frame with a C-terminal red fluorescent protein (mRuby). All siRNAs were purchased from Microsynth (Balgach, Switzerland) and their (sense strands, 5′-3′) sequences were: ACACUAGGCACCGAGAUUA (siVDAC1) for silencing hVDAC1 (Arif et al., 2019); GCCAGAGACAGACAAUACU (hMCU-si1) and GGAAAGGGAGCUUAUUGAA (hMCU-si2) for silencing hMCU; GAACUUUGCUGCUCUACUU for silencing hEMRE and UUCUCCGAACGUGUCACGU as a scrambled Control siRNA. It should be noted that the siRNAs for the knockdown of hMCU and hEMRE had been already verified and used before in the present HeLa cell type (Waldeck-Weiermair et al., 2015; Gottschalk et al., 2019) and thus a verification of the efficiency due to the siRNA mediated knockdown was only performed for VDAC1 siRNA in this work (Supplementary Figure S6).



Quantitative RT-PCR

Total cellular RNA was isolated from HeLa cells transfected with either siRNA against VDAC1 or the scrambled Control siRNA with the PEQLAB total RNA isolation kit (Peqlab, Erlangen, Germany), followed by reverse transcription to cDNA, performed in a thermal cycler (Peqlab) using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, United States). The qPCR reaction was set up with the GoTag® qPCR Master Mix (Promega, Mannheim, Germany) together with gene-specific primers (Invitrogen, Vienna, Austria). Experiments were performed on a LightCycler 480 (Roche Diagnostics, Vienna, Austria). Relative expression of specific genes was normalized to human GAPDH, as a housekeeping gene. Primer sequences were as follows: VDAC1 for: 5′-GGACTGAGTACGGCCTGACGTT-3′, VDAC1 rev: 5′-CAGTCCACGTGCAAGCTGATCT-3′, GAPDH (QuantiTect® Primer Assay Hs_GAPDH, Qiagen, Hilden, Germany).



Ca2+ Imaging Experiments

Ca2+ imaging was performed on a digital wide field microscope, the iMIC (Till photonics, Gräfelfing, Germany) equipped with a 40× objective (alpha Plan Fluar 40×, Zeiss, Göttingen, Germany) and an ultrafast switching monochromator, the Polychrome V (Till Photonics). Illumination of GEM-GeCO1 targeted sensors was performed at 430 nm excitation and emissions were collected with a dichrotome dual emission filter set (dichroic 535dcxr, CFP emitter 482/18 nm, and YFP emitter 535/3 nm). pH calibration was performed as described previously (Burgstaller et al., 2019) in a Ca2+-free or Ca2+ containing buffer supplemented with 10 μM ionomycin each to establish Ca2+ unbound and Ca2+ bound states of targeted GEMGeCO1. CARGeCO1 based Ca2+ indicators were excited at 575 nm and emitted at 600 nm. For simultaneous measurements, GEM- and CARGeCO1 targeted sensors were alternately excited for 400 ms each at 430 and 575 nm. Emissions derived from both sensors were taken in 3 s interval. Alternatively, we used an ultrafast switching mode where both Ca2+ indicators were excited for 150 ms in a 310 ms interval. During the measurements cells were continuously perfused by using a gravity-based perfusion system (NGFI, Graz, Austria) and images were recorded with a charged-coupled device (CCD) camera (AVT Stingray F-145B, Allied Vision Technologies, Stadtroda, Germany). Data acquisition and control of the digital fluorescence microscope was performed using the live acquisition software version 2.0.0.12 (Till Photonics).



Super-Resolution Structured Illumination Microscopy (SIM)

Structured Illumination Microscopy experiments were performed as described previously (Gottschalk et al., 2018). In brief, transfected HeLa cells either expressing MICU11–140-mRuby, CVsue-mRuby or ROMO1-mRuby were loaded with 0.5 μM MitoTrackerTM Green (MTG, Thermo Fisher Scientific, Waltham, MA United States) in storage buffer for 40 min, once washed and imaged in 2CaNa with a super-resolution CFI SR Apochromat TIRF 100x-oil (NA 1.49) objective mounted on a Nikon-Structured Illumination Microscopy (N-SIM®) System with standard wide field and SIM filter sets and equipped with two Andor iXon3® EMCCD camera mounted to a Two Camera Imaging Adapter (Nikon Austria, Vienna, Austria). Co-localization of MTG fluorescence intensities with MICU11–140-mRuby, CVsue-mRuby and ROMO1-mRuby in the CM and IBM were measured via line scan analysis within a defined rectangle area. Normalized sum of intensities profiles derived from green (MTG) and red (mRuby) fluorescence were calculated to define the full width at half maximum (FWHM) as a measurement for the label latitude. MTG-staining was used as an internal reference for the IMM to determine the distance variation of sub-mitochondrial targeted mRuby at basis of the FWHM.



Statistical Analysis of Data

Statistical analysis for SIM experiments were performed using one way ANOVA and Bonferroni’s post hoc test. The acquired data of Ca2+ measurements were analyzed by the GraphPad Prism software version 5.01 (GraphPad Software, San Diego, CA, United States). Data are presented as mean ± standard error of mean (SEM) of independent experiments (n) throughout the whole manuscript. For comparisons between two groups, two-tailed Student t-test was used for evaluation of statistical significance and a P value between 0.01 and 0.05 (p Student’s t-test) was considered significant and indicated with “∗”, P between 0.001 and 0.01 as very significant with “∗∗,” and P < 0.001 as highly significant with “∗∗∗.” For comparisons across multiple groups, one-way ANOVA with Bartlett’s test for equal variances and Bonferroni’s Multiple Comparison test were used for evaluating statistical significance expressed as described above.




RESULTS


Development of Sub-Mitochondrial Targeted Ca2+ Biosensors

We and others have predicted that the mitochondrial calcium uptake 1 protein (MICU1) is a specific IMS protein via its N-terminal targeting sequence (Petrungaro et al., 2015; Waldeck-Weiermair et al., 2015). Accordingly, we generated a potentially IMS-targeted mRuby variant using the first 140 amino acids that includes the polybasic region of MICU1, but none of the two EF-hand motifs or the multimerization sites. HeLa cells expressing MICU11–140-mRuby were subsequently loaded with the IMM specific dye MitoTrackerTM Green (MTG). Super-resolution structure illumination microscopy (SIM) revealed that MICU11–140-mRuby was exclusively directed to the inner boundary membrane (IBM) (Figures 1B,E and Supplementary Figure S1A). For targeting the sensor into the CL, we utilized a recently identified protein referred to as reactive oxygen species modulator 1 (ROMO1) that acts especially in the CL (Norton et al., 2014; Cogliati et al., 2016). Moreover, we used the subunit e of complex V (CVsue) that has been already shown to target within the CL (Rieger et al., 2014; Figures 1C,E and Supplementary Figure S1A) to structurally and functionally verify the targeting of ROMO1. In its size ROMO1 is comparable with CVsue and is also anchored with only one transmembrane domain into the cristae membrane. To disable ROMO1’s function as ROS modulator while preserving its feature as a targeting peptide we mutated all four ROS sensitive cysteine residues to rather ROS-inert serine residues at the amino acid positions 15, 27, 42, and 79. Fusion of ROMO1 to the N-terminus of an mRuby yielded predominantly CL localization that was comparable to that of CVsue targeting as revealed via SIM (Figures 1D,E and Supplementary Figure S1A). SIM data were randomly recorded under all conditions and line plot analyses were performed showing no influence of ROMO1-, CVsue- or MICU11–140-mRuby expression on mitochondrial thickness (Supplementary Figures S1B,C). Using these newly identified targeting sequences MICU11–140, CVsue, and ROMO1 we generated differentially targeted green and red GeCO1 biosensors aiming to visualize Ca2+ within the IMS or CL compartments (Figures 1A,F).



Testing the Functionality of the Sub-Mitochondrially Targeted Ca2+ Biosensors

We generated two groups of differentially targeted Ca2+ biosensors including the ratiometric GEMGeCO1 (Zhao et al., 2011) or intensiometric CARGeCO1 (Wu et al., 2013; Supplementary Table S1). For imaging of the ratiometric GEMGeCO1 we used a standard CFP/YFP emission filter. Recording the single fluorescence intensities of the localized sensor constantly revealed a 5-fold higher signals in the YFP channel compared to the CFP emission at basal Ca2+ levels (Figures 2A,C,E). Analyses of all three sub-mitochondrial constructs resulted in comparable ratio signals under resting conditions (Figures 2B,D,F,G). However, the signals upon IP3-mediated Ca2+ mobilization by histamine (100 μM) was more than 50% higher by using the IMS specific MICU11–140-GEMGeGO1 in comparison to both CL targeted probes (Figure 2H). Although the two Ca2+ indicators within the CL, CVsue-GEMGeCO1 and ROMO1-GEMGeCO1, performed almost identical, the expression level of the ROMO1 targeted probe was significantly higher enabling a better resolution of signals (Figure 2I). Moreover, testing pH sensitivity of MICU11–140 or ROMO1 localized GEMGeCO1 revealed relative pH insensitivity of the probes at neutral and higher pH as previously reported for the recombinant GEMGeCO1 protein (Zhao et al., 2011; Supplementary Figure S2). We also constructed the corresponding sub-mitochondrial targeted intensiometric red CARGeCO1 variant which displays a low fluorescent signal under resting conditions and greatly lights up in the presence of Ca2+. According to the low expression level together with the low fluorescence intensity of a CVsue-CARGeCO1 indicator we assumed that this probe is hardly detectable at basal Ca2+ levels and thus, visualization of CL localized CAR-GeCO1 was only performed by using the ROMO1 targeting sequence. In line with the results obtained by the ratiometric GEMGeCO1, statistical analyses of IMS or CL targeted CARGeCO1 derived signals resulted in comparable histamine responses indicating to distinct sub-mitochondrial Ca2+ concentrations upon Ca2+ mobilization with an IP3 generating agonist (Supplementary Figure S3).
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FIGURE 2. Dynamics of sub-mitochondrial targeted GeCO1-like Ca2+ indicators. Single fluorescence intensities over time of MICU11– 140-GEMGeCO1 (A), CVsue-GEMGeCO1 (C) and ROMO1-GEMGeCO1 (E) in HeLa cells excited at 430 and 480 nm (blue curve) and 535 nm (yellow curve) emission upon stimulation with 100 μM histamine in a nominal Ca2+ free buffer. Calculated ratio (green curves) from the respective left panels by the division of F480 by F535, representing Ca2+ concentration levels ([Ca2+]) in the IMS (B) and the CL (D,F). (G–I) Statistical analysis of HeLa cells expressing either MICU11– 140-GEMGeCO1 (dark green, n = 17), CVsue-GEMGeCO1 (aqua green, n = 16) or ROMO1-GEM-GeCO1 (light green, n = 15) and evaluation of ratiometric signals at basal levels (G) in response to histamine treatment (H) and intensiometric basal intensities at 535 nm reflecting sensor expression levels (I). ∗∗∗P < 0.001 of CVsue-GEMGeCO1 and ROMO1-GEMGeCO1 vs. MICU11– 140-GEMGeCO1 and #P < 0.05 of ROMO1-GEMGeCO1 vs. CVsue-GEMGeCO1.





Multi-Chromatic Imaging of Sub-Mitochondrial Ca2+ Responses

The distinct spectral properties of the green and red GeCO1 biosensors allow simultaneous Ca2+ recordings in two distinct (sub-)compartments. First, we tested the suitability of the biosensors for simultaneous measurements by co-expressing MICU11–140-GEMGeCO1 with MICU11–140-CARGeCO1 and alternately recorded the respective emission. Since both biosensors exhibit a similar kD for Ca2+, i.e., 340 nM for GEMGeCO1 (Zhao et al., 2011) and 490 nM for CARGeCO1 (Wu et al., 2013), simultaneous measurements resulted in almost analog Ca2+ traces in both channels even at randomly occurring oscillatory Ca2+ spikes in one given HeLa cell (Supplementary Figure S4). These results demonstrate that both, the red and green biosensor retain their full functionality even in sub-mitochondrial regions and further demonstrate the suitability of these constructs to image Ca2+ in a multi-chromatic manner. Accordingly, we co-expressed each sub-mitochondrial targeted GEM-GeCO1 with either the cytosolic- (CARGeCO1) or the mitochondrial matrix-targeted (mt-CARGeCO1) red Ca2+ biosensor and imaged the responses upon histamine stimulation and store-operated Ca2+ entry within individual cells. Targeting of the various sensors is illustrated in Figure 3A and the respective sub-mitochondrial Ca2+ measurements simultaneously with cytosolic Ca2+ signals (CARGeCO1) are presented in Figures 3B,D,F. Furthermore, simultaneous measurements of the mitochondrial matrix Ca2+ with the newly targeted Ca2+ sensors for the IMS, and for both CL probes were shown in Figures 3C,E,G. Notably, the various sensors exhibited a distinct kinetics that further reflecting the individual Ca2+ signaling of the very sub-compartment of the mitochondria. Hence, co-imaging of IMS with cytosolic Ca2+ in a fast temporal sampling mode revealed almost simultaneous occurring Ca2+ increase (Supplementary Figures S5A,B), while mitochondrial matrix Ca2+ was clearly delayed upon histamine stimulation (Supplementary Figures S5C,D).
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FIGURE 3. Simultaneous measurements of the sub-mitochondrial Ca2+ sensors with the cytosol and mitochondrial matrix. (A) Scheme representing targeting of MICU11– 140-GEMGeCO1, CVsue-GEMGeCO1, and ROMO1-GEMGeCO1 Ca2+ indicators within specific sub-mitochondrial regions. Dark gray region indicates intermembrane space (IMS) and light gray area the cristae lumen (CL). Simultaneous Ca2+ imaging of MICU11– 140-GEMGeCO1 (B,C), CVsue-GEMGeCO1 (D,E) and ROMO1-GEMGeCO1 (F,G) (green curves) with either CARGeCO1 (blue curve; B,D,F) or mt-CARGeCO1 (red curve; (C,E,G) co-expressing single HeLa cells treated with 100 μM histamine in the absence of extracellular Ca2+ and upon subsequent store-operated Ca2+ entry. Simultaneous measurements allow kinetical comparisons of the Ca2+ signals in the various (sub-)compartments.





Knockdown of MCU/EMRE Augments the Ca2+ Accumulation Within the Mitochondrial Cristae

To verify the effect of an inhibition of mitochondrial Ca2+ uptake on the IMS and CL Ca2+ signals, the expression of MCU and its positive key regulator EMRE (Baradaran et al., 2018) were reduced by transfection with the respective siRNAs. Knockdown of MCU and EMRE resulted in an effective decrease of mitochondrial Ca2+ uptake upon intracellular Ca2+ mobilization (Figure 4A), while the respective Ca2+ signal in the IMS remained unaffected (Figure 4B). However, ablation of MCU and EMRE yielded enhanced Ca2+ signals in the CL measured with CVsue-GEMGeCO1 (Figure 4C) as well as with ROMO1-GEMGeCO1 (Figure 4D) upon stimulation with histamine. These results point to a specific Ca2+ accumulation that occurs especially within the CL under conditions where mitochondrial Ca2+ uptake is prevented by the knockdown of MCU/EMRE (Figure 4E).
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FIGURE 4. Mitochondrial (sub-)compartmental Ca2+ signaling upon knockdown of the pore-forming units of the mitochondrial Ca2+ uniporter complex, MCU and EMRE. HeLa cells were co-transfected with GeCO1 Ca2+ sensors either targeted in the mitochondrial matrix (A), the IMS and (B) the CL targeted with either CVsue (C) or ROMO1 (D), and specific siRNAs against EMRE and MCU (siEMRE siMCU, orange curves and bars) or scrambled control siRNAs (Control, black curves, and white bars). Cells were stimulated with 100 μM histamine in the absence of extracellular Ca2+. (A) Average mitochondrial Ca2+ signals over time measured with mt-CARGeCO1 (left panel) and statistical evaluation (right panel) of maximal Δ intensities upon siEMRE siMCU (n = 7) vs. Control (n = 8). (B) Average [Ca2+]IMS curves of IMS-GEMGeCO1 expressing cells (left panel) and bars (right panel) representing maximal Δ ratios in Control (n = 9) and siEMRE siMCU (n = 8). (C) Average Ca2+ signals within the CL recorded from CVsue-GEMGeCO1 expressing HeLa cells (left panel) and statistical analysis (right panel) of Control (n = 9) in comparison to siEMRE siMCU (n = 9). (D) Average [Ca2+]CL traces of ROMO1-GEMGeCO1 expressing cells (left panel) and bars (right panel) representing maximal ratiometric fluorescence changes for Control (n = 11) and siEMRE siMCU (n = 10). ∗∗∗P < 0.001 vs. Control. (E) Illustration of cristae localized Ca2+ indicators (ROMO1-GEMGeCO1 or CVsue-GEMGeCO1) sensing Ca2+ upon IP3-mediated Ca2+ mobilization within the cristae lumen under control (left panel) or under ablation of mitochondrial Ca2+ uptake proteins (siEMRE siMCU, right panel).





Knockdown of VDAC1 Impedes the Ca2+ Transfer Through the OMM

Several studies have shown that VDAC1 serves as a gate for Ca2+ ions within the OMM (De Stefani et al., 2011). Hence, we performed siRNA mediated knockdown of VDAC1 that was validated on the mRNA level by qRT-PCR (Supplementary Figure S6). To monitor the Ca2+ transfer through the OMM we used the IMS targeted MICU11–140-GEM-GeCO1 in comparison with cytosolic CARGeCO1 or mt-CARGeCO1 and established a protocol where we exposed the biosensors to either slow/low or fast/high ER Ca2+ release and store operated Ca2+ entry by the re-addition of extracellular Ca2+ after excessive ER store depletion. Notably, in comparison to the IP3-mediated ER Ca2+ release the SERCA inhibitor BHQ mediates a lower Ca2+ rise in the cytosol (Figure 5A) and the IMS (Figure 5B) that is marginally entering the mitochondrial matrix (Figure 5C). Knockdown of VDAC1 did not affect [Ca2+]Cyto (Figure 5A). In contrast, depletion of VDAC1 resulted in a reduced Ca2+ elevation in the IMS (Figure 5B) and, much more pronounced, in the mitochondrial matrix (Figure 5C) under all conditions of cytosolic Ca2+ elevations.
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FIGURE 5. Mitochondrial (sub-)compartmental Ca2+ signaling upon knockdown of VDAC1 that controls the Ca2+ transfer through the outer mitochondrial membrane (OMM). HeLa cells were treated with either a siRNA against VDAC1 (siVDAC1, blue curves and bars) or a scrambled Control siRNA (Control, black curves and white bars) and Ca2+ imaging (A–C) was performed over time by consecutively application of 15 μM BHQ and 100 μM histamine in the absence of extracellular Ca2+ following a readdition of extracellular Ca2+ to highlight store-operated Ca2+ entry. (A) Average cytosolic Ca2+ curves (left panel) and statistical analysis for Control (n = 11) and for siVDAC1 (n = 11) of maximal Ca2+ elevations during treatment with either 15 μM BHQ, 100 μM histamine or re-addition of 2 mM Ca2+ (SOCE) (right panel). (B) Average curves of [Ca2+]IMS (left panel) and statistical evaluation of maximal Δ ratio signals (right panel) for Control (n = 19) versus siVDAC1 (n = 19). (C) Average curves reflecting mitochondrial Ca2+ signals (left panel) and bar graph (right panel) showing maximal normalized Δ intensities for Control (n = 17) and siVDAC1 (n = 10). ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. Control.






DISCUSSION

In this study we identified specific sequences that allow the distinct targeting of genetically encoded Ca2+ sensors for (simultaneous) sub-mitochondrial Ca2+ measurements. We aimed to establish such biosensors for sub-mitochondrial Ca2+ measurements in order to allow the examination of spatial, sub-organellar Ca2+ kinetics that will foster our attempts in investigating mitochondrial Ca2+ homeostasis. Besides the identification of suitable signal sequences, targeting was assessed using super-resolution structural-illumination microscopy (SIM), and a comparative characterization of the very Ca2+ sensitivity was performed. Hence, our work also provides initial (simultaneous) measurements where we applied the new sub-mitochondrial Ca2+ sensors for analyses of the Ca2+ kinetics upon given intracellular Ca2+ signals and, thus, tested the suitability of these new Ca2+ sensors to reveal distinct sub-mitochondrial Ca2+ signals under various conditions of altered mitochondrial Ca2+ signaling.

So far, only few attempts to target fluorescent indicators to these very sub-mitochondrial regions were successful. In an early study, the cDNA of glycerolphosphate dehydrogenase (GPD) was fused to HA1-tagged aequorin to study [Ca2+]IMS (Pinton et al., 1998) or [H+]IMS (Porcelli et al., 2005), but at that time the authors did not determine the exact sub-mitochondrial localization. In a more recent work specific IMS- or CL-targeted pH sensors were introduced and employed on the investigation of mitoflashes within various mitochondrial regions (Rosselin et al., 2017). However, in the present work we seek for signaling sequences from proteins that are directly involved in Ca2+ ion signaling and of those the localization has been previously undoubtfully proven. We pictured the localization sequence of MICU1 as very promising approach as it not only includes the important polybasic region between the amino acids 99 to 110. By fusing either the ratiometric green GEMGeCO1 (Zhao et al., 2011) or the intensiometric red CARGeCO1 (Wu et al., 2013) with the C-terminal side of amino acids 1 to 140 from MICU1 we achieved an excellent targeting of the probes exclusively in the IMS but not the CL or mitochondrial matrix. Our approach for targeting Ca2+ sensors exclusively into the cristae was successful when using the recently identified proteins referred to as complex V subunit e (CVsue) and reactive oxygen species modulator 1 (ROMO1) that has been shown to localize exclusively in the CL (Norton et al., 2014; Rieger et al., 2014; Cogliati et al., 2016). Our findings show that displacing the ROS-sensitive cysteines of ROMO1 to serines at positions 15, 27, 42, and 79, and C-terminal fusion with the N-terminus of the Ca2+ sensors did not affect the proteins distinct CL localization, thus, this approach successfully provided us a strategy to localize (Ca2+) sensors exclusively to the CL.

In course of the functional testing of the newly targeted GEMGeCO1 Ca2+ sensors the ratiometric behavior upon changes in spatial Ca2+ was verified for all localizations. However, the ratio amplitude within the IMS was found to be approximately 1.5-fold higher than that obtained in the CL. One explanation for such reduced amplitude would be either a reduced Ca2+ accumulation within the CL. Alternatively, the fluorescence dynamic of GEMGeCO1 might be most likely reduced in the CL because of the acidic environment (Rosselin et al., 2017). By combining distinctively targeted ratiometric green fluorescent ratiometric GEMGeCO1 (Zhao et al., 2011) with differently targeted red intensiometric CARGeCO1 (Wu et al., 2013) we established simultaneous measurements of the Ca2+ signals of two distinct sub-mitochondrial compartments. The kinetical analysis of the various Ca2+ signals upon intracellular Ca2+ release revealed a tight and almost instant coupling between the cytosol and the intermembrane space, thus, indicating that Ca2+ transfer through the OMM is very rapid and does not represent a speed-limiting process. Such process is known for the mitochondrial Ca2+ uniporter complex that is essentially activated upon Ca2+-triggered rearrangement of MICU1 that also requires rather high Ca2+ concentrations (>4 μM) to get initiated (Waldeck-Weiermair et al., 2015). However, the kinetics of mitochondrial Ca2+ uptake complex (MCUC) is much lower than that in any other mitochondrial sub-compartment, thus indicated some further processes necessary for MCUC activation. This assumption is further supported by the findings that upon a slow Ca2+ release by SERCA inhibition or when Ca2+ flux through the OMM is reduced by knockdown of VDAC1, no or only very small matrix Ca2+ signals occur despite the Ca2+ signals in the IMS is much less affected. Our findings that the prevention of MCUC by knockdown of MCU and EMRE did not affect the Ca2+ signal in the intermembrane space but considerable increased Ca2+ accumulation in the CL point to an active contribution of the cristae to mitochondrial Ca2+ homeostasis.

Altogether, in the present work we have successfully targeted well-known Ca2+ sensors to sub-compartments of the mitochondria and established simultaneous measurements of two distinct locations. Hence, the newly targeted Ca2+ sensors described herein have been approved to be suitable for analyses of sub-mitochondrial Ca2+ signaling and mitochondrial Ca2+ homeostasis, thus, providing suitable tools to discriminate between malfunction of OMM and/or IMM Ca2+ import e.g., during generation of neurodegenerative disease and will foster our understanding on mitochondrial Ca2+ homeostasis in future work.
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Understanding how neuronal activity patterns in the brain correlate with complex behavior is one of the primary goals of modern neuroscience. Chemical transmission is the major way of communication between neurons, however, traditional methods of detection of neurotransmitter and neuromodulator transients in mammalian brain lack spatiotemporal precision. Modern fluorescent biosensors for neurotransmitters and neuromodulators allow monitoring chemical transmission in vivo with millisecond precision and single cell resolution. Changes in the fluorescent biosensor brightness occur upon neurotransmitter binding and can be detected using fiber photometry, stationary microscopy and miniaturized head-mounted microscopes. Biosensors can be expressed in the animal brain using adeno-associated viral vectors, and their cell-specific expression can be achieved with Cre-recombinase expressing animals. Although initially fluorescent biosensors for chemical transmission were represented by glutamate biosensors, nowadays biosensors for GABA, acetylcholine, glycine, norepinephrine, and dopamine are available as well. In this review, we overview functioning principles of existing intensiometric and ratiometric biosensors and provide brief insight into the variety of neurotransmitter-binding proteins from bacteria, plants, and eukaryotes including G-protein coupled receptors, which may serve as neurotransmitter-binding scaffolds. We next describe a workflow for development of neurotransmitter and neuromodulator biosensors. We then discuss advanced setups for functional imaging of neurotransmitter transients in the brain of awake freely moving animals. We conclude by providing application examples of biosensors for the studies of complex behavior with the single-neuron precision.
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INTRODUCTION

Neurotransmitters and neuromodulators are chemicals, which are crucial for signal transmission in neuronal circuits. Neurotransmitters are released by the axon of the presynaptic neuron and excite, like glutamate, or inhibit, like γ-aminobutyric acid (GABA), the adjacent neurons in a sub-second timescale. Neurotransmitters are stored in vesicles in presynaptic terminals and are released into the synaptic cleft in response to an action potential (Figure 1A; Klein et al., 2019). Neuromodulators are diffusing chemicals that modulate activity of the groups of neurons and can act not only on fast but also on slow timescales (Figures 1B,C). However, even classical fast neurotransmitters, such as glutamate, may not necessarily act as point-to-point transmitters; and diffusion of neurotransmitters from the synaptic cleft to the extracellular space is sufficient to activate non-synaptic receptors at a significant distance. This type of neurotransmission is called volumetric transmission (Taber and Hurley, 2014).
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FIGURE 1. Neurotransmission and neuromodulation principles. (A) In local neurotransmission, neurotransmitters packed in vesicles are released into the synaptic cleft and interact with the ionotropic receptors of neurotransmitters, which are typically ion channels. The interaction causes receptor with inhibitory or excitatory neurotransmitter channel to open to negatively or positively charged ions. The post-synaptic neuron is inhibited (blue) or excited (red). Neurotransmitters released by a presynaptic neuron act only on the single post-synaptic neuron and, after interaction with ionotropic receptors, are rapidly destroyed in the synaptic cleft. (B) In neuromodulation and volumetric transmission, neuromodulators released by a single neuron act simultaneously on the groups of neurons, modulating their synaptic strength. (C) Neurotransmission at synaptic level: on the left: the inhibitory neurotransmitter is released in the synaptic cleft and activates anion channels and GPCR receptors. Activation of GPCR receptors by the inhibitory neurotransmitters, such as GABA, negatively regulates calcium channels. On the right: the excitatory neurotransmitter is released in the synaptic cleft and activates cation channels and relevant GPCR receptors.


Neurotransmitters act on ionotropic and metabotropic receptors. Ionotropic receptors are ion channels whose activity is directly modulated by neurotransmitters. As an example, glutamate interaction with its ionotropic receptors (iGluRs) at the plasma membrane of the post-synaptic neurone leads to opening of channel pores, cation influx and membrane depolarization (Figure 1C; Traynelis et al., 2010). Metabotropic receptors are G-protein-coupled receptors (GPCRs) and their activation by neurotransmitters leads to indirect modulation of ion channels activity via activation of G-protein signaling (Nadim and Bucher, 2014).

Neuromodulators act mostly through G-protein-coupled receptors (Figure 1C; Nadim and Bucher, 2014; Avery and Krichmar, 2017), however, clear distinction between neurotransmitters and neuromodulators is problematic, as far as many classical neuromodulators may act through ionotropic receptors. For example, acetylcholine acts mostly as point-to-point neurotransmitter at neuromuscular junctions and in peripheral nervous system but as neuromodulator in central nervous system (Picciotto et al., 2012).

While neurotransmission leads to the fast excitation or inhibition of the post-synaptic neurons, neuromodulation results in the alteration of synaptic efficacy and in the changes of synaptic dynamics. Action of neuromodulators can change the rates of depression and facilitation at synapses, allowing synaptic dynamics as well as strength to vary (Nadim and Bucher, 2014). In the nervous system neuromodulators regulate switching of brain states, with the examples of serotonin controlling mood and norepinephrine controlling sleep and arousal (Avery and Krichmar, 2017).

All neurotransmitters and neuromodulators are essential to cognition and behavior (Nadim and Bucher, 2014; Avery and Krichmar, 2017). The correlation of chemical transmission in animal brain with its complex behavior can be studied using modern fluorescent biosensors. These biosensors provide high spatiotemporal precision for the visualization of fast neurotransmitter transients in neural circuits in brains of behaving animals (Brunert et al., 2016; Xie et al., 2016; McGirr et al., 2017; Sun et al., 2018; Tanaka et al., 2018; Feng et al., 2019; Marvin et al., 2019).

Fluorescent proteins (FPs) are essential part of modern biosensors. There are two major approaches of using FPs in biosensors. The first approach employs Forster resonance energy transfer (FRET) between two FPs (Li et al., 2016). FRET occurs when a donor FP is excited by light and non-radiatively transfers the excitation energy to the nearby chromophore, an acceptor. The second approach employs circular permutants of FPs (cpFPs) (Wang et al., 2018). Circular permutation involves rearrangement of the parts of the original FP that retains the protein secondary structure. Certain regions in cpFPs tolerate insertion of other proteins; and conformational changes in the insert profoundly influence the fluorescence intensity. Moreover, circular permutants alter the relative orientation of the chromophore to a fusion partner, which is exploited in the optimization of FRET-based biosensors by inserting cpFPs.

Fluorescent biosensors can be delivered to the animal brain using viral vectors and detected in behaving animals by fiber photometry, including multi-channel fiber photometry (Guo et al., 2015), stationary two-photon (2P) excitation microscopy (Svoboda and Yasuda, 2006), and miniaturized head-mounted microscopes (Aharoni et al., 2019). Imaging of neurotransmitter transients in response to visual, audio or olfactory stimuli can be performed in restrained animals, however, head-mounted wireless miniaturized microscopes allow imaging of biosensors in the brain of freely moving animals (Liberti et al., 2017).

In this review, we firstly summarize available fluorescent biosensors for neurotransmitters and neuromodulators. We then outline a biosensor engineering workflow and provide the basic design principles for the modern biosensors. Next, we overview detection and functional imaging techniques that allow recording neurotransmitter and neuromodulator transients in animals. We then discuss how the biosensors enable monitoring brain function with high spatiotemporal precision and how they can be combined with common optogenetic tools for all-optical electrophysiology assays. Lastly, we outline avenues for engineering and applications of future biosensors for neurotransmitters and neuromodulators.

For biosensors of neural activity, such as genetically encoded membrane voltage and calcium indicators, we refer our readers to the recent reviews (Chen et al., 2017; Bando et al., 2019; Kannan et al., 2019; Piatkevich et al., 2019).



GENERAL DESIGNS OF BIOSENSORS FOR CHEMICAL TRANSMISSION

To develop fluorescent biosensor for neurotransmitter or neuromodulator, a FRET pair of FPs or a cpFP is combined with a respective binding protein, called a sensing domain. In FRET-based biosensors a ratio between fluorescence intensities of the FRET donor and FRET signal changes upon neurotransmitter binding, therefore they are referred as ratiometric biosensors. In single-FP-based biosensors, fluorescence at single wavelength changes upon neurotransmitter binding, therefore they are referred as intensiometric biosensors (Lindenburg and Merkx, 2014; Chen et al., 2017). Currently, two types of sensing domains are used for engineering of both ratiometric and intensiometric biosensors.

First, periplasmic-binding proteins (PBPs) that interact with neurotransmitters are used. PBPs possess so-called Venus Flytrap Domain (VFTD), which changes its conformation upon binding neurotransmitter. VFTD is a bilobal protein, which remains “open” in the inactive state and “closes” upon ligand binding (Figure 2; Kunishima et al., 2000; Pin et al., 2003). At the moment only three PBP proteins, such as GltI from Escherichia coli, Atu2422 from Agrobacterium tumefaciens, and Pf622 from Pseudomonas fluorescens are used in the neurotransmitter biosensors (Table 1). In PBP-based biosensors VFTD domain is inserted into the FRET pair (Figure 2A; Chen et al., 2017) or, on the contrary, cpFP is inserted into the flexible region of VFTD domain (Figure 2C; Marvin et al., 2013). Upon neurotransmitter binding, VFTD domain changes its structure from “open” to “closed” and that results in the either FRET between fluorescent proteins or restoration of the cpFP fluorescence, if cpFP is used.


TABLE 1. Modern biosensors for neurotransmitters and neuromodulators.
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FIGURE 2. Ratiometric and intensiometric biosensors. (A) FRET-based biosensors in which PBP proteins are used as neurotransmitter-sensing domains. A PBP is inserted between FRET pair of FPs, such as ECFP and mVenus. Upon PBP interaction with neurotransmitter the FRET efficiency between FPs changes, which can be detected. (B) FRET-based biosensors in which GPCR receptors are used as neurotransmitter-sensing domains. A FRET pair consisting of ECFP and mVenus is inserted in the third intracellular loop of the respective GPCR. Upon interaction of the receptor with neurotransmitter FRET between two FPs changes. (C) Example of the PBP-based intensiometric biosensor is shown. Circular permutant of superfolder GFP (sfGFP) between positions 146–147 is inserted into GltI protein, resulting in the SF-iGluSnFR glutamate biosensor (Marvin et al., 2018). N-terminal IgG-secretion signal ensures transport of the biosensor to extracellular space, while C-terminal transmembrane domain of PDGFR receptor anchors the biosensor to the plasma membrane (D) Example of the GPCR-A-based intensiometric biosensor is shown. Circularly permuted EGFP (cpEGFP) is inserted into the third intracellular loop of GPCR having the VFTD domain at the N-terminus. After binding neurotransmitter or neuromodulator, the conformation of GPCR changes that results in enhancement of cpEGFP fluorescence.


Glutamate, acetylcholine, serotonin and GABA binding-proteins were discovered in organisms lacking nervous systems and even in unicellular organisms (Venter et al., 1988; Hoyle, 2011; Elphick et al., 2018). Bacteria use neurotransmitter-recognizing motifs presented by PBPs (Moussatova et al., 2008) in ATP binding cassette (ABC) transporters (Wilkens, 2015), with an example of several glutamine, L-histidine, glycine, and arginine-binding transporters (Moussatova et al., 2008). Moreover, the family of plant glutamate-receptor like proteins might become a source of neurotransmitter-binding motifs. Proteins of this family bind GABA and various amino acids, such as glycine and glutamate (Forde and Roberts, 2014). AtGAT1, a high-affinity GABA transporter in Arabidopsis thaliana may also present a valuable scaffold for engineering of GABA biosensors (Meyer et al., 2006). Dopamine/norepinephrine transporter (SmDAT) (Larsen et al., 2011), as well as transporters of serotonin and norepinephrine (Ribeiro and Patocka, 2013), were found in human parasite trematode Schistosoma mansoni.

Second, GPCRs are used for the development of neurotransmitter and neuromodulator biosensors. GPCRs are membrane-spanning proteins, which change their conformation upon binding of neurotransmitters or neuromodulators and activate downstream signaling (Niswender and Conn, 2010). In this type of biosensors the activation state of GPCR is detected. Neurotransmitters and neuromodulators mostly interact with GPCRs of the A group (GPCR-A), with the exception of glutamate and GABA, which interact with the GPCRs of the C group (GPCR-C), such as metabotropic glutamate receptors and GABA receptors. GPCR-C receptors possess the large N-terminal domain, which is structurally similar to the VFTD of PBPs. Similar to VFTDs of GltI and Atu2422, the VFTD of GPCR-C remains “open” in the inactive state and “closes” upon neurotransmitter binding (Figure 2B). Second and third intracellular loops of GPCR-C receptors form the cavity, responsible for the G-protein recognition (Pin et al., 2003). The GPCR-A group comprises all other receptors of neurotransmitters and neuromodulators, including catecholamine aminergic receptors, β-adrenergic receptors, histamine H1 receptor and muscarinic acetylcholine receptors (Katritch et al., 2013). As opposed to GPCR-C receptors, GPCR-A receptors have the longer intracellular third domain (it is the longest intracellular domain in these receptors, while in GPCR-Cs the second domain is the longest) and do not have VFTD domain.

In both GPCR-A- and GPCR-C-based neurotransmitter biosensors, a FRET pair of FPs (Figure 2B) or a cpFP (Figure 2D) is inserted in a third intracellular loop of the receptor (Sun et al., 2018; Wang et al., 2018; Feng et al., 2019). Upon neurotransmitter binding to the extracellular part of the GPCR, the receptor conformational changes are transferred to the intracellular part, causing the FRET changes between FPs or the recovery of cpFP fluorescence.

Below we describe the modern biosensors for neurotransmitters and neuromodulators, which are compatible with the studies of chemical transients in the brain of behaving animals.



BIOSENSORS FOR GLUTAMATE

Glutamate is the most abundant excitatory neurotransmitter in the mammalian nervous system. Concentration of glutamate is tightly regulated by the number of transporters and glutamate-degrading enzymes, preventing the glutamate excitotoxicity (Zhou and Danbolt, 2014). Glutamate is released not only by neurons but also by glial cells (Harada et al., 2015). As it has been mentioned, glutamate-binding proteins are found in all kingdoms of life (Pin et al., 2003; Ribeiro and Patocka, 2013; Forde and Roberts, 2014). Some of these proteins, such as GltI, are similar to extracellular VFTD domains of mammalian GPCR-C receptors of glutamate and GABA (Figure 2A).

The first glutamate ratiometric biosensor was based on the GltI inserted between the ECFP-mVenus FRET pair of proteins (Okumoto et al., 2005). It was later improved by replacing mVenus with EYFP and systematic screening for the highest glutamate sensitivity. This resulted in SuperGluSnFR biosensor (Table 1) that exhibits 44% change in FRET/donor ratio upon glutamate binding (Hires et al., 2008).

Later, an intensiometric glutamate sensor, iGluSnFR, was engineered by inserting of cpEGFP in GltI (Figure 2C; Marvin et al., 2013). Although iGluSnFR was shown to work in vivo, it has some limitations including slow readout of glutamate dynamics in synapses and inability to detect sparse glutamate release (Marvin et al., 2018). iGluSnFR was recently improved by developing two fast glutamate biosensors iGluu and iGluf (Helassa et al., 2018). Reducing the GltI affinity to glutamate enabled increasing rate of its dissociation in iGluu and iGluf. Another family of glutamate biosensors was developed by replacing cpEGFP in iGluSnFR with circularly permuted superfolder GFP (fGFP) (Marvin et al., 2013). Moreover, iGluSnFR affinity to glutamate was changed by mutating GltI in the ligand-binding center. This resulted in two biosensors, SF-iGluSnFRS72A and SF-iGluSnFRA184V, with the reduced and enhanced affinity to glutamate, respectively. To develop multicolor SF-iGluSnFR biosensors, Marvin et al. (2018) introduced in the cpsfGFP chromophore mutations from spectrally-shifted GFP variants, such as mAzurite, mTurquoise2 and mVenus, resulting in the blue, cyan and yellow SF-GluSnFRA184V variants, respectively.

To shift intensiometric glutamate biosensors toward red spectral range, cpEGFP in iGluSnFR was replaced with circularly permuted mApple red FP, resulting in R-iGluSnFR1 and R-ncp-iGluSnFR1 biosensors (Wu et al., 2018). Although R-iGluSnFR1 exhibits the high glutamate affinity and dynamic range (Table 1; Wu et al., 2018), it demonstrates the fluorescence decrease upon glutamate binding, as opposed to the glutamate biosensors based on the GFP variants. It makes R-iGluSnFR1 rather similar to “turn-off” quantum dots used in neurotransmitter research, which lose fluorescence upon neurotransmitter binding (Ankireddy and Kim, 2015). Red fluorescent biosensors for glutamate which respond to glutamate binding with fluorescence increase are still waiting to be developed.



GABA BIOSENSORS

While glutamate is the primary excitatory neurotransmitter in the brain, GABA is the main inhibitory neurotransmitter. GABA interacts with the GPCR-C receptors. While the earlier GABA biosensors were “semisynthetic” (Masharina et al., 2012; Lecat-Guillet et al., 2017), recently, a fully genetically encoded GABA biosensor was developed (Marvin et al., 2019).

The first GABA semisynthetic biosensor, called GABA-Snift (Masharina et al., 2012), is based on the GABAB receptor in which VFTD is N-terminally fused to the CLIP and SNAP tag peptide sequences. The SNAP and CLIP tags interact with the synthetic fluorophores forming a FRET pair. Moreover, in the GABA-Snift an antagonist of GABA, CGP71783, occupies a cleft between the lobes of the VFTD. When the cleft is occupied by CGP71783, FRET between synthetic fluorophores is weak; however, when GABA displaces CGP71783 the FRET enhances (Masharina et al., 2012). Another semisynthetic biosensor reports conformational changes in the heterodimeric GABAB receptor that consist of GB1 and GB2 subunits. Similarly to GABA-Snift, in the GABAB receptor-based biosensor the SNAP and ACP peptide tags are used. These tags are attached to VFTDs of the different GABAB subunits. Fluorescein and Lumi4-Tb fluorophores bind the SNAP and ACP tags, respectively (Masharina et al., 2012; Lecat-Guillet et al., 2017).

The semisynthetic biosensors need adding of fluorophores, which complicates their use in vivo. Recently, a GABA-recognizing Pf622 protein from non-sequenced Pseudomonas fluorescens strain was used to engineer an intensiometric GABA biosensor, named iGABASnFR. In iGABASnFR, cpsfGFP is inserted into the Pf622 protein. As the membrane-anchoring sequences iGABASnFR utilizes an N-terminal immunoglobulin secretion signal and a C-terminal transmembrane domain of the platelet-derived growth factor receptor (PDGFR) (Marvin et al., 2019). Similarly to SF-iGluSnFR biosensor, iGABASnFR demonstrated good membrane localization, however, its response to neurotransmitter release was almost 10-fold smaller than of SF-iGluSnFR. In hippocampal acute slices, iGABASnFR detected GABA release caused by electric stimulation of stratum radiatum with sufficient signal-to-noise ratio. Yet, reliable recording of GABA release from individual synapses using iGABASnFR was challenging, whereas release of glutamate at individual synapses was easily detectable with SF-iGluSnFR.



ACETYLCHOLINE BIOSENSORS

Acetylcholine acts as fast point-to-point neurotransmitter in the peripheral nervous system and in neuromuscular junctions and as neuromodulator acting on the groups of neurons in the central nervous system. It is responsible for the adaptive behavior and coordinates responses of neuronal circuits in many brain areas (Picciotto et al., 2012). As a neuromodulator, acetylcholine influences neuronal excitability, synaptic transmission and synaptic plasticity. Moreover, acetylcholine coordinates firing of groups of neurons (Picciotto et al., 2012). It acts through the nicotinic receptors (nAchR), which are non-selective cationic channels, and muscarinic receptors (mAChR), which are GPCRs (Markovic et al., 2012) coupled to either Gq proteins (M1, M2, and M5 subtypes) activating phospholipase C or Gi/o proteins (M2 and M4 subtypes) inhibiting adenylate cyclase (Wess, 2003; Picciotto et al., 2012). Acetylcholine can act as inhibitory and excitatory neuromodulator, depending on the localization and type of muscarinic receptors. Action of acetylcholine on presynaptic mAChRs (M2/M4) is inhibitory whereas action on post-synaptic muscarinic receptors (M1/M5) is activatory (Picciotto et al., 2012). Action of acetylcholine on nicotinic ionotropic receptors in the brain is mostly neuromodulatory because nAChRs predominantly participate in coordination of neuronal firing (Picciotto et al., 2012).

M1-mAchR was used to develop the first genetically encoded acetylcholine biosensor. A FRET-based acetylcholine biosensor was engineered by inserting ECFP and EYFP into the third intracellular loop of the mouse M1-mAChR receptor. The resulting biosensor, called M1-cam5, retained the ability to stimulate downstream signaling of M1-mAchR (Markovic et al., 2012).

mAchRs were also used to develop intensiometric biosensors. For this, the longest third intracellular loop of mAchRs was replaced with the shorter third intracellular loop from the β2 adrenergic receptor, and cpEGFP was inserted in it, following random mutagenesis of the N- and C-termini of cpEGFP. After the first round of mutagenesis Jing et al. (2018) identified several best clones producing up to ∼70% fluorescence increase upon acetylcholine binding. The mutations from the found clones were rationally combined and the best biosensor variant was called GACh2.0 (Jing et al., 2018). In contrast to ratiometric M1-cam5 biosensor (Markovic et al., 2012) GACh2.0 exhibits weak coupling to downstream G-protein intracellular signaling, likely due to the replacement of mAchR third intracellular loop with the respective intracellular loop of the β2 adrenergic receptor.

Recently, the acetylcholine synthesis pathway was described in unicellular eukaryotes Acanthamoeba sp. (Baig et al., 2018). Earlier, a mAChR1 homolog was identified in Acanthamoeba castellanii (Baig and Ahmad, 2017). Likely, these unicellular eukaryotes can become a source of acetylcholine-binding domains for the development of novel acetylcholine biosensors.



DOPAMINE BIOSENSORS

Dopamine is primarily involved in the reward behavior, control of movement, emotion and cognition. Dysfunction of dopaminergic system is the cause of several mental disorders including Parkinsonism and autism spectrum disorder. Dopamine interacts with D1 and D2-like GPCR receptors. The important difference between D1 and D2-like receptors is their action on the production of the secondary messenger cAMP. Due to the coupling to the different types of G-proteins they either activate (D1) or inhibit (D2) cAMP production (Klein et al., 2019).

Existing methods of dopamine measurements are not well suited to detect changes of dopamine with both high spatial and high temporal precision during complex animal behavior. The widely used for dopamine measurements fast-scan cyclic voltammetry allows to measure longitudinal changes of dopamine in single recording locations, however, this technique is invasive and restricts animals (Rodeberg et al., 2017). Despite high temporal resolution of cyclic voltammetry, its spatial resolution is low and does not allow visualization of dopamine release from single neurons. Use of false fluorescent neurotransmitters (FFN) allows to visualize dopamine release with a single-neuron precision (Sames et al., 2013). However, it requires intracranial infusion of FFN, and is not applicable for longitudinal measurements (Dunn et al., 2018). In contrast, a genetically encoded biosensor for dopamine allows to measure dopamine transients in mice, zebrafish and flies with a high spatiotemporal precision for months (Patriarchi et al., 2018; Sun et al., 2018).

To engineer the intensiometric dopamine biosensor Sun et al. (2018). inserted cpEGFP in the third intracellular loop of several human dopamine receptors. Among them, a D1-cpEGFP chimera appeared to be the most promising. Changing the position of cpEGFP insertion and mutagenesis of linker residues led to the development of two biosensor variants, DA1m and DA1h. Both variants demonstrated rapid (∼60 ms for DA1m and ∼140 ms for DA1h) fluorescence increase in response to dopamine. A reversibility of the response was demonstrated by treatment with dopamine antagonist. Dopamine biosensors DA1m and DA1h (also called together GRABDA) were orthogonal to the cell signaling and did not activate GPCR downstream pathways (Sun et al., 2018).

In another dopamine biosensor family, called dLight1, cpEGFP was inserted in the human D1 receptor (Patriarchi et al., 2018). The initial variant, which was obtained by inserting cpEGFP into the third loop of D1, showed a fluorescence decrease in response to dopamine. To engineer a positive-response biosensor Patriarchi et al. (2018) screened a library of the D1-based mutants in HEK293 cells to select a dLight1.1 variant, which exhibited the highest fluorescence increase in response to dopamine. An additional Phe129 mutation in the GPCR part of dLight1.1 resulted in a dLight1.2 variant with even higher dynamic range (Patriarchi et al., 2018).

Similar to GRABDA family, dLight1 biosensors do not interfere with G-protein signaling and, unlike natural D1 receptor, do not stimulate cAMP synthesis. Thus, the conversion of D1 to fluorescent biosensors blocked its ability to bind G-protein and trigger signaling (Patriarchi et al., 2018). Moreover, neither GRABDA nor dLight1 biosensors exhibit internalization, which is inherent to dopamine receptors (Sun et al., 2018).



SENSING NOREPINEPHRINE SIGNALING

Norepinephrine, also known as noradrenalin, is a neurotransmitter that participates in the memory consolidation of emotionally arousing experiences (Cahill and Alkire, 2003). Norepinephrine is released by several brainstem nuclei including locus coeruleus (LC, a nucleus in the pons of brainstem) and is important for modulation of forebrain function. Release of norepinephrine by LC is associated with waking in both the cortex and hippocampus (Borodovitsyna et al., 2017).

Norepinephrine interacts with three types of adrenergic GPCR receptors, such as α1, α2 and β1. Receptors α1 and β1 activate phospholipase C and adenylyl cyclase whereas α2 mostly exerts inhibitory effect on cell signaling via suppression of adenylyl cyclase activity (Ramos and Arnsten, 2007).

To develop an intensiometric biosensor for norepinephrine Feng et al. (2019) inserted cpEGFP in the third intracellular loop of several adrenergic receptors including α2AR. Among all tested constructs, α2AR-cpEGFP preserved the membrane trafficking and, therefore, was selected for further optimization. The systematic truncation of the linker regions surrounding cpEGFP resulted in the family of norepinephrine biosensors (Table 1) consisting of GRABNE1m and GRABNE1h (Feng et al., 2019).

In another approach, a conformation-specific single-domain nanobody was proposed to probe activation of β2-adrenoceptor. The nanobody Nb80 recognizes β2AR only in its activated form, so that upon activation of β2AR the Nb80-EGFP fusion translocates from the cytoplasm to the plasma membrane. However, this type of translocation biosensors is difficult to implement in vivo (Irannejad et al., 2013).

All adrenergic receptors interact not only with norepinephrine but also with structurally similar epinephrine (Ramos and Arnsten, 2007). Thus, the development of norepinephrine-specific GPCR-based biosensor seems problematic if not impossible (Feng et al., 2018).

Bacteria are also able to sense norepinephrine. An example of bacterial receptor of norepinephrine is the histidine kinase QseC from enterohemorrhaghic E. coli strain. It was shown that a response of QseC to norepinephrine was blocked by norepinephrine antagonists (Clarke et al., 2006). Moreover, a homology modeling revealed the presence of typical for histidine kinases periplasmic signal-recognition domain, which is responsible for the norepinephrine binding (Clarke et al., 2006). Likely, use of this sensing domain as norepinephrine-binding template could result in the development of novel norepinephrine biosensors, similar to GltI-based biosensors for glutamate.



OPIOID BIOSENSOR

Opioid receptors are GPCRs that are activated by endogenous opioid peptides and exogenous compounds. They play a key role in pain management, drug abuse and mood disorders. There are three major subtypes of opioid receptors, such as δ, μ, and κ (Shang and Filizola, 2015). Signaling of opioid GPCRs is not limited to the cell plasma membrane but to other cellular compartments (Irannejad et al., 2013) including endosomes and Golgi membranes (Eichel and von Zastrow, 2018). Studying opioid receptor signaling from different cellular locations was problematic because of the lack of relevant biosensors. To overcome this, Stoeber et al. (2018) developed a nanobody-based fluorescent biosensor. For that they selected a nanobody, which recognized only activated opioid receptors, and fused it to EGFP (Stoeber et al., 2018). This biosensor, called OR-sensor, allowed to detect difference between activation of opioid receptors by endogenous peptides and exogenous compounds, such as drugs. It was found that the peptide agonists produce a specific activation pattern initiated at the plasma membrane and propagated to endosomes after receptor internalization whereas drugs produce a different activation pattern by additionally causing opioid receptor activation in Golgi apparatus (Stoeber et al., 2018).



ATP BIOSENSORS

The function of the number of cellular metabolites depends on their location. An example is ATP, which is universal intracellular energy source and also a key purinergic signal that mediates cell-to-cell communication both in and between organs. Thus, targeting ATP biosensors to extracellular space allow to detect purinergic transmission (Burnstock, 2006).

This approach was implemented with an ATeam ratiometric biosensor for ATP. ATeam family of intracellular biosensors was the first developed by an Imamura group (Conley et al., 2017). These biosensors are composed of an ε subunit from a bacterial FoF1-ATP synthase that is inserted between ECFP and EYFP. ATP binding induces a conformational change that increases FRET between the ECFP donor and EYFP acceptor. Targeting ATeam3.10 using an immunoglobulin K leader sequence and a transmembrane anchor domain from the PDGFR to a surface of the plasma membrane turns it into an extracellular biosensor.

Similarly, an ε subunit of FOF1-ATPase from Bacillus PS3 was used to develop an intensiometric biosensor iATPSnFR. In this biosensor, cpEGFP is inserted between two α-helices of the ε subunit using two amino acid linkers from each side with expectation that conformational changes of the ε subunit might affect fluorescence. Both linkers were extensively mutated to maximize ATP-dependent fluorescence changes. To optimize expression of biosensor variants on the surface of HEK293 cells, EGFP was replaced with sfGFP and additionally mutated to reduce biosensor dimerization. The resulting iATPSnFR ATP biosensor exhibited efficient cell surface trafficking and 25% ΔF/F (Lobas et al., 2018).



BIOSENSOR FOR GLYCINE

Glycine acts as inhibitory neurotransmitter through ionotropic glycine receptors and as co-agonist of excitatory glutamate receptors of the NMDAR subtype. Recently, the first FRET-based glycine biosensor GlyFS was developed. For this, Zhang et al. (2018) used the Atu2422 protein from Agrobacterium tumefaciens. Atu2422 binds glycine, serine and GABA; however, rational design of the Atu2422 binding site allowed to significantly increase its specificity to glycine. A glycine-specific mutant of Atu2422, called AYW, was inserted between EGFP and mVenus FPs. The ratiometric response of this initial EGFP-AYW-mVenus construct to glycine was only 4%. To enhance it, Zhang et al. (2018) truncated the flexible linker between the AYW and EGFP and introduced a rigid (EAAAK)4 linker between AYW and mVenus. These modifications led to the increase of the dynamic range to 28%. Further elongation of the rigid linker caused the decrease of FRET efficiency. The resulting GlyFS biosensor was applied to detection of glycine transients in hippocampal acute slices. Since targeting of the GlyFS to the cell surface using immunoglobulin K leader sequence was ineffective, the biotin-streptavidin interaction was utilized. For that, acute brain slices were biotinylated, and the purified from expressing bacteria GlyFS biosensor with streptavidin was injected into the slices. Likely, use of the alternative membrane surface targeting peptides could result in the GlyFS delivery to the cell surface. Also, further engineering of glycine-binding AYW core could result in the development of an intensiometric glycine biosensor, as exemplified by use of GltI in both FRET and single-FP biosensors for glutamate (Table 1).



WORKFLOW FOR ENGINEERING OF BIOSENSORS FOR NEUROTRANSMITTERS

Modern biosensors for glutamate, GABA, acetylcholine, dopamine and glycine (Table 1) provide examples of the successful development of biosensors. Based on their engineering steps, we provide below the general workflow for development of biosensors for neurotransmitters and neuromodulators. The workflow consists of 4 steps outlined in Figure 3.
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FIGURE 3. Workflow for engineering of biosensors. (1) Selection of a protein template, which interacts with the respective neurotransmitter or neuromodulator. From left to right: specific templates that bind relevant chemical substance with high specificity, such as GPCRs, GltI from Escherichia coli or Pf622 from Pseudomonas fluorescens. A promising template, such as Atu2422 from Agrobacterium tumefaciens that binds glycine, GABA and L-serine is also shown. Atu2422 mutant AYW binds only glycine and is used in glycine biosensor (Zhang et al., 2018). (2) Fusing of neurotransmitter-binding protein templates with FRET pairs of FPs or cpFPs. From left to right: Glycine-binding AYW is inserted between ECFP and mVenus; cpEGFP is inserted in the flexible region of GltI (Hires et al., 2008). FRET pair or cpFP is inserted in the third intracellular loop of GPCRs. Note the low dynamic range of relevant fusions. (3) Improving dynamic range of the initial fusions. (3.1) Deleting the flexible regions between ECFP and AYW in GlySF biosensor and inserting the rigid helical linker between AYW and mVenus (3.2) Mutagenesis of linkers joining VFTD domain and cpEGFP in a biosensor. (3.3 and 3.4) Mutagenesis of regions of the third intracellular loop of GPCRs in the point of insertion of FRET pair or cpFP. (4) Optimization of properties of resulting biosensors with high dynamic range. Manipulating color, stability and response dynamics. (4.1) Mutations, which change color of EGFP to yellow (mVenus), cyan (mTurquoise) and blue (mAzurite) are introduced in the cpEGFP-based biosensor to get a set of multicolor biosensors (Marvin et al., 2018). (4.2) EGFP is changed to mApple to get novel red fluorescent biosensor (Wu et al., 2018). (4.3) EGFP is changed to sfGFP to enhance biosensor stability. (4.3) Lowering affinity of the neurotransmitter-binding protein to the neurotransmitter allows to get biosensors able to detect fast neurotransmitter transients (Helassa et al., 2018; Marvin et al., 2018). (4.3) Enhancing affinity of neurotransmitter-binding protein allows to increase biosensor sensitivity to neurotransmitter (Marvin et al., 2018).


Step 1, an appropriate neurotransmitter or neuromodulator binding protein should be chosen. It can be VFTD or GPCR. As it was showed in engineering of biosensors for GABA (Marvin et al., 2019) and glycine (Zhang et al., 2018), a specificity of the selected sensing protein can become a problem. Natural Atu2422 protein binds both GABA and glycine, so that it is not possible to immediately use it for a biosensor specific to one of these neurotransmitters. Therefore, Zhang et al. (2018) mutated amino acid residues in the ligand-binding center of Atu2422 that resulted in a glycine-specific Atu2422 mutant, named AYW (Figure 3). Atu2422 sensing domain has been considered for GABA biosensor too, however, its low specificity prompted Marvin et al. (2019) to search for other GABA-binding proteins. That search resulted in the identification of Pf622 that interacts with GABA only (Marvin et al., 2019).

Step 2, the selected specific neurotransmitter or neuromodulator binding protein can be fused with either a cpFP or a FRET pair of monomeric FPs. For ratiometric FRET-based biosensors, this VFTD-containing sensing PBP is inserted between two FPs. For intensiometric biosensors, the cpFP is inserted in a flexible part of the VFTD-containing PBP, such as GltI in iGluSnFr (Marvin et al., 2013) or Pf622 in iGABASnFr (Marvin et al., 2019) biosensors. For both ratiometric and intensiometric GPCR-based biosensors, an insertion-point for FRET pair or cpFP is the same; it is the third intracellular loop that undergoes the most pronounced conformational changes upon GPCR activation.

Step 3, to efficiently report neurotransmitter changes several properties of the biosensor prototype obtained in the previous step should be improved. Fusing the neurotransmitter or neuromodulator binding protein with FRET pair or cpFP usually results in a biosensor variant with low dynamic range of FRET or fluorescence intensity changes upon binding the relevant substance. To improve dynamic range, a length and a composition of the linkers connecting FPs with the neurotransmitter-sensing domain (either VFTD or GPCR) should be modified by length and contents using either structure-based or random mutagenesis. For FRET-biosensors the linkers should provide an efficient separation of FPs in the non-bound state and optimally position FPs for high FRET in the bound state. For example, in GlySF glycine biosensor replacement of the flexible linker between AYW and FPs with the rigid helical linker (EAAAK)4 resulted in the sevenfold increase of dynamic range (Zhang et al., 2018). In other cases linkers were either subjected to random mutagenesis followed by screening, as in the dopamine biosensors (Feng et al., 2018; Patriarchi et al., 2018) or modified by stepwise deletions of amino acid residues, as in the acetylcholine biosensor (Jing et al., 2018).

Step 4, the resulting biosensors with high dynamic range can be subjected to several types of optimizations to improve parameters, such as color, stability, affinity and rate. Many intensiometric biosensors contain circular permutants of GFP, which can be changed to other FPs. For example, the cpsfGFP-based glutamate biosensor SF-iGluSnFR was converted into blue, cyan and yellow biosensors (Marvin et al., 2018) by introducing chromophore-modifying mutations in cpsfGFP (Figure 3). Changing cpEGFP in iGluSnFR to cpmApple resulted in the red glutamate biosensors R-iGluSnFR1 and R-ncpiGluSnFR1 (Wu et al., 2018). An ability of biosensor to monitor fast dynamics of neurotransmitter in synaptic cleft can be improved by manipulating of binding affinity to neurotransmitter in the sensing protein by mutating a ligand-binding site of the respective VFTD. For example, the decrease of affinity resulted in the development of fast glutamate biosensors, such as iGlu (Helassa et al., 2018) and SF-iGluSnFR/S72A (Marvin et al., 2018).



APPLICATION OF NEUROTRANSMITTER BIOSENSORS IN VIVO

Correlation of real-time neuronal activity with corresponding psychophysiological activities is one of the primary goals of neuroscience (Alivisatos et al., 2013). Since chemical transmission is the major communication pathway between neurons, precise detection of chemical transmission in neural circuits is required for achieving this goal. Chemical point-to-point transmission occurs extremely fast: depolarization of the post-synaptic neuron occurs within hundreds of milliseconds after glutamate release in the synaptic cleft. Chemical transmission underlies both unconscious and conscious behavior. Experimental objects perform complex psychophysiological tasks in 50–200 ms whereas perception of conscious experience requires 0.5–2 s (Korf and Gramsbergen, 2007).

Traditional molecular imaging methods, such as magnetic resonance imaging (MRI), proton MR spectroscopy (HMRS), and positron emission tomography (PET), has insufficient spatiotemporal resolution to efficiently visualize these fast events of chemical transmission. For example, PET has temporal resolution of few minutes and spatial resolution of few millimeters (Liang et al., 2015). Moreover, these techniques do not allow imaging of single neurons and separate neural circuits. However, spatially-precise longitudinal detection of fast neurotransmitter transients in the animal brain can be performed using modern optical techniques.


Setups for in vivo Experiments

Design of in vivo experiment with fluorescent biosensors for neurotransmitters and neuromodulators, consists of a transduction of the relevant brain zone with adeno-associated virus (AAV) encoding a biosensor under specific promoters. AAV injection can be performed intravenously via either tail injection or using stereotactic injection, which requires surgery. Tail injection allows to achieve even AAV distribution in the rodent brain whereas stereotactic injection leads to expression of the neurotransmitter only at the injection place (Figure 4A; Boulaire et al., 2009; Stoica et al., 2013). In the case of tail injection a tissue-specific promoter is important to limit biosensor expression to certain tissue or subset of cells.
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FIGURE 4. Expression of biosensors in vivo. (A) Delivery of biosensors to the animal brain using AAV particles. A typical structure of the AAV vector is shown (top). AAV transduction in adult animals can be performed by either stereotactic injection in the brain or tail injection (middle). Brain injection requires the stereotactic surgery, and the biosensor expression is restricted to the injection point. Via tail injection AAV are delivered to the whole body. The neuronal-specific promoters, such as for CaMKII kinase and Synapsin, provide biosensor expression in CNS (Stoica et al., 2013). Use of cell-specific Cre recombinase expression and AAV in which gene of biosensor is inverted and flanked with loxP and lox511 sequences allows to achieve cell-specific biosensor expression (bottom) (B) Generation of transgenic animals allows to achieve either even or cell-specific expression of biosensor in the animal brain (Xie et al., 2016).


Common way to achieve neuron-specific biosensor expression is use of specific promoters, such as human Synapsin1 (hSyn1) promoter or CaMKII promoter (Kugler et al., 2003). Synapsin1 promoter ensures efficient neuronal targeting without expression in glial cells (Kugler et al., 2003). If expression of biosensor in glial cells is desirable then glial fibrillary acidic protein (GFAP) promoter can be used (Dashkoff et al., 2016).

Some promoters are able to limit transgene expression to one type of neurons only. For example, Hb9 promoter limits biosensor expression to motor neurons (Lukashchuk et al., 2016). mDlx enhancer placed before the minimal AAV promoter restricts transgene expression to GABAergic neurons (Dimidschstein et al., 2016; Wilson et al., 2017), and Vglut2 promoter restricts transgene expression to glutamatergic neurons (Borgius et al., 2010). For detailed description of the relevant neuronal-specific promoters we refer readers to several reviews (Shevtsova et al., 2005; Hioki et al., 2007; Delzor et al., 2012; Dashkoff et al., 2016).

Generation of a transgenic animal line is another way to achieve cell-specific biosensor expression in the mammalian brain (Figure 4B; McGirr et al., 2017). Biosensor expression is defined to the specific subset of neurons if mice with cell-specific expression of Cre recombinase are used. In this case, mice are injected with AAV in which the biosensor encoding sequence is inverted and flanked with loxP and lox511 sequences (Figure 4A; bottom). Cre recombinase recognizes the lox sequences, excises and inverts the biosensor gene. For example, expressing Cre recombinase under the glutamatergic neurons specific Vglut2 promoter allows to confine the gene expression to the excitatory glutamatergic neurons (Borgius et al., 2010).

Delivery of biosensor can be followed by the visualization of transmitter-specific events in the brain of behaving animals with 2P microscopy, miniaturized head-mounted microscopes or fiber photometry (Figure 5; Helmchen et al., 2001; Guo et al., 2015; Brunert et al., 2016; Ozbay et al., 2018).
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FIGURE 5. Detection and imaging of neuronal activity in vivo. (A) 2P excitation microscopy of immobilized animals. Principle of the 2P excitation is depicted (top). Non-invasive 2P imaging of the brain in immobilized animals through the cranial window (middle) and through the thinned skull (bottom) is shown. (B) Schematics of the portable single-photon microscope for imaging of neurotransmission in freely moving animals. Imaging data can be transferred to the detection device using either optical fiber or wirelessly. (C) Schematics of the fiber photometry setup for detection in freely moving animals. Optical fiber is implanted in the animal brain. Optical modulator determines excitation light frequency. Fluorescent signal from biosensor is collected with the same frequency using photodetector and normalized to a signal at times when excitation light is turned off (Resendez and Stuber, 2015).


When choosing how image acquisition should be performed, two important issues should be considered. If study is performed in immobilized animals, then imaging can be done using a stationary 2P microscope. The 2P microscopy can be performed via two types of imaging windows. In one type, a thin-skull window technique is used in which the skull is thinned down to a thickness of ∼15 μm. In another type, a part of skull is removed and a glass cranial window is places instead (Figure 5A). Both window techniques have advantages and disadvantages. The thinned-skull window is less invasive and allows immediate chronic imaging after surgery and long imaging intervals. Open-skull window allows imaging of deep brain layers (Yang et al., 2010). Thinned-skull and open-skull window techniques are compared in details in several reviews (Yang et al., 2010; Isshiki and Okabe, 2014).

If detection of neurotransmitter transients in freely behaving animals is desirable, then a miniaturized head-mounted microscope or a fiber photometry can be used (Figures 5B,C). A number of miniaturized devices has been developed by different research groups (Aharoni et al., 2019). While usually a miniaturized microscope is connected with the detection device using an optical fiber, wireless microscopes became recently available too (Liberti et al., 2017). In contrast to single-photon head-mounted microscopes that frequently require invasive brain surgery for inserting optical objectives or prisms in the brain, 2P miniaturized microscopes allow non-invasive deep-brain imaging via thinned skull or, with limited skull surgery, via cranial window (Silva, 2017). Moreover, modern 2P head-mounted microscopes allow high-resolution imaging of cortex with visualization of individual dendrites and dendritic spines (Silva, 2017; Ozbay et al., 2018).

Similarly to miniaturized microscopes, a fiber photometry (Figure 5C) enables detection of fluorescence in the brain of freely moving animals. However, it requires implantation of an optical fiber in the animal brain and, opposed to the above microscopy approaches, lacks single-cell resolution. Nevertheless, simplicity of fiber photometry instrumentation and high sensitivity of detection of neuronal activities makes it attractive to researchers (Resendez and Stuber, 2015). Multicolor fiber photometry is also available, allowing readout of several biosensors simultaneously. Moreover, a wireless fiber photometry was recently developed to detect biosensor responses in the brain of non-tethered animals (Lu et al., 2018).



Examples of Applications of Biosensors for Neurotransmitters

Biosensors for neurotransmitters are used in animals in a wide range of studies, from simple responses to sensory stimuli to complex animal behaviors in models of mood disorders.


Mapping Neurotransmitter Transients in Cortex of Behaving Animals

Neurotransmitter biosensors allow precise spatiotemporal mapping of neurotransmission in the brain of animals. For example, Xie et al. (2016) used iGluSnFR to determine high-frequency mesoscale intracortical maps. In this study iGluSnFR enabled to resolve temporal features of sensory processing in both anesthetized and awake mice. The fast glutamate transmission events on 13–200 ms timescale in response to sensual stimuli, such as touching whiskers, skin on the fore- and hind limbs, and visual stimuli, were imaged (Figure 6A; Xie et al., 2016).
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FIGURE 6. Visualization of neurotransmitter transients in vivo. (A) Mapping glutamate transients in the mouse brain is performed through the chronic cranial window. One millisecond light visual stimulation induces an initial fast response followed by a clearly separated secondary response in awake Emx-CaMKII-iGluSnFR mouse (Xie et al., 2016). (B) Complex song learning in zebra finches is outlined. Left: juvenile zebra finch is exposed to the living adult male tutor. The song causes dopamine bursts in the high vocal center (HVC) of the juvenile bird, resulting in song learning. Right: juvenile zebra finch is exposed to the playback of the song. Dopamine bursts in the HVC of juvenile bird are not detected, and consequently, song learning does not occur (Tanaka et al., 2018). (C) Spectral multiplexing of green fluorescent dLight1.1 with either red fluorescent jRGECO1a biosensor or channelrhodopsin ChrimsonR activatable with red light. Left: both dopamine and calcium signals are detected in the mouse brain using multicolor fiber photometry. The sucrose application causes both dopamine transients and neuronal activity in the NAc (green and red squares), whereas the foot shock increases calcium but not dopamine transients (gray and red squares). Right: ChrimsonR channelrhodopsin is selectively expressed in the VTA of the mouse brain. Activation of ChrimsonR with red light causes the dopamine release in the NAc. The VTA neuron projections to NAc are shown with the arrow.


iGluSnFR was also used to localize task-specific glutamate events in the primary motor cortex of mice. iGluSnFR was delivered to the mouse motor cortex using AAV particles, and the brain of mice was imaged in rest and upon running (while head of running mice was fixed). It was found that in the brain of resting mice the repetitive glutamate transients are observed in dendritic spines. Running increased frequency of these events twice over 8 s of running. Extremely high spatiotemporal resolution in this study demonstrates the utility of iGluSnFR for the precise mapping of glutamate release events (Marvin et al., 2013).



Complex Song Learning in Zebra Finches

Juvenile zebra finches copy songs of the living bird adult tutors only if they interact with them and fail to reproduce songs played to them through a speaker (Figure 6B). To elucidate how juvenile birds detect a difference between the tutor and speaker Tanaka et al. (2018) expressed intensiometric dopamine biosensor GRABDA1h in the neurons of high vocal center (HVC) and imaged dopamine transients using 2P microscopy. He has found that only interaction with the song of live tutor caused dopamine secretion by the neurons of the periaqueductal gray (PAG). Even playback of the song from the recent tutor failed to evoke similar activity. Thus, the single-FP neurotransmitter biosensor allowed to visualize dopamine transients with the single-neuron precision and to establish connection between dopamine secretion by the PAG neurons and transmission of vocal behaviors from one bird to another (Tanaka et al., 2018).

In the same study the PAG neurons were excited optogenetically using ChR2 channelrhodopsin actuator expressed in the HVC. Interestingly, the excitation of the HVC neurons via ChR2 in combination with playback of the song from the speaker resulted in the successful learning by juvenile birds (Tanaka et al., 2018). Dopamine blockers reduced the effect. However, optogenetic excitation was not combined with the simultaneous analysis of dopamine transients because ChR2 is excited by the same light used for visualization of EGFP-based biosensors.



Multiplexing of dLight1.1 With Red-Light Excited Probes

The availability of red fluorescent calcium biosensors and red-shifted channelrhodopsins provides possibility either to simultaneously detect neurotransmitter transients and neuron activity or to combine optogenetic excitation of certain neurons with detection of neurotransmitters released by their terminals. Patriarchi et al. (2018) combined visualization of dopamine transients with calcium imaging using jRGECO1a red biosensor. It has been shown that mice consuming water containing sucrose (reward) show both dopamine and calcium peaks in the nucleus accumbens (NAc) region. However, mice subjected to foot shock demonstrated only calcium spikes in the NAc (Figure 6C; Patriarchi et al., 2018).

In the same study dLight1.1 was combined with the red-light excited channelrhodopsin ChrimsonR (Figure 6C). Dopaminergic neurons in the ventral tegmental area (VTA) send projections to the NAc. dLight1.1 was delivered in the mouse brain using AAV particles, and ChrimsonR was selectively expressed in the VTA. Photostimulation of neurons in the VTA enabled detection of individual peaks of dopamine transients in the NAc region.



Imaging Neurotransmission in Animal Behavioral Models

Dysregulation of neurotransmission underlies the number of brain diseases, making the biosensors useful in various animal models of human neuropsychiatric disorders. The animal models of human CNS disorders proved their effectiveness in studies of Parkinsonism (Blesa and Przedborski, 2014), major depressive disorder (Morozova et al., 2016; Zorkina et al., 2019), autism (Chesselet, 2005) and many others reviewed elsewhere (Keifer and Summers, 2016).

For example, the glutamate intensiometric biosensor iGluSnFR was used to study antidepressant activities of ketamine (McGirr et al., 2017). Transgenic mice expressing iGluSnFR (Figure 4B) were subjected to social defeat model of depression and then treated with ketamine. Glutamate transients were imaged non-invasively using the thin-skull window technique. Longitudinal tracking of iGluSnFR signal revealed that social defeat caused the network-wide glutamate functional hyperconnectivity in animals whereas injection of ketamine reduces this effect.

In another study, the GRABDA biosensor for dopamine was applied to detect endogenous dopamine release during Pavlovian conditioning in immobilized and freely moving mice (Feng et al., 2018). The water-restricted mice were trained to associate a brief auditory cue with reward (a drop of water). Monitoring fluorescence changes of GRABDA in these trained animals allowed to visualize dopamine release in response to the reward-predictive cue (sound). Also, the dopamine biosensor was used to study dopamine dynamics during naturally rewarding social behaviors, such as courtship and mating. It was confirmed that introduction of the sexually receptive mouse female into the home cage of the male promoted dopamine release during mating.

Moreover, given the important role of dopaminergic transmission in reward and pleasure behavior (Bressan and Crippa, 2005) it will be advantageous to apply dopamine biosensors in animal models of depression, similarly to iGluSnFR.



CONCLUSION

Recently developed fluorescent biosensors for glutamate, dopamine, acetylcholine, adrenaline and GABA allow to detect neuronal activity in vivo with high spatiotemporal precision. Single-FP-based intensiometric biosensors represent the most useful group of the biosensors because they are monochromic and have the higher dynamic range than FRET-based, thus, enabling spectral multiplexing with other biosensors or optogenetic tools and imaging of neuronal activity in vivo, respectively.

In spite of many advantages, there are two major limitations of the biosensors for neurotransmitters and neuromodulators. One limitation is that these biosensors may influence dynamics of neurotransmitters and neuromodulators in the brain by binding them. The similar problem and possible ways of its resolution were recently described for calcium biosensors (McMahon and Jackson, 2018). The other limitation is related to use of the biosensors in the human brain. Although nervous system is considered immunologically tolerant, but expression of proteins from bacteria and invertebrates may cause immunological response. Currently, expression of bacterial channelrhodopsins is restricted to human eyes in vision restoration (Baker and Flannery, 2018). However, heterologous expression of bacterial proteins may become a subject of immunogenicity (Maimon et al., 2018).

We foresee the following future directions in the development and applications of biosensors for chemical transmission.

First, the major characteristics of the existing fluorescent biosensors, such as selectivity, stability, sensitivity, kinetics, reversibility and dynamic range (Shang and Filizola, 2015), will be enhanced and optimized for specific applications in the mammalian brain.

Second, the availability of the neurotransmitter- and neuromodulator-binding proteins in unicellular and multicellular organisms, including diverse bacterial ABC-transporters (Moussatova et al., 2008), GABA-binding malate transporters in plants (Ramesh et al., 2015), and monoamine-binding transporters in worms (Ribeiro and Patocka, 2013), allows to anticipate that they will be used as molecular templates to engineer novel biosensors. Likely, search of these templates can be alleviated using machine learning approaches, such as deep learning. Machine learning is based on computer algorithms, which are able to learn automatically to distinguish between various datasets, for example, between two sets of images (Majaj and Pelli, 2018). Deep machine learning is based on complex multi-layered artificial neural networks (Miotto et al., 2018; Mehta et al., 2019). Deep learning approaches are already used to predict interaction of a chemical substance, like drug, with a target protein. Likely, deep learning approaches for prediction of drug-target interactions (Anusuya et al., 2018; Lee et al., 2019) and to annotate protein functions (Sureyya Rifaioglu et al., 2019) can be adapted to predict interaction of neurotransmitters or neuromodulators with proteins with unknown function. Thus, novel specific neurotransmitter-binding proteins can be found while limitations derived from use of GPCRs or finite number of bacterial proteins used in biosensor engineering could be overcome. Use of deep learning for identification of such proteins in silico will reduce laborious and time-consuming search for neurotransmitter-binding proteins in vitro.

Third, the available biosensors have fluorescence readout mainly in the green range of light spectrum, with few exceptions in the red range. We anticipate that more red and, moreover, far-red and near-infrared fluorescent biosensors for neurotransmitters will be developed based on the modern red (Shcherbakova et al., 2015), far-red and near-infrared FPs (Chernov et al., 2017; Oliinyk et al., 2017; Shcherbakova et al., 2018). Far-red and near-infrared light is less cytotoxic, penetrates animal tissues deeper, and exhibits less scattering. Moreover, far-red and near-infrared biosensors will allow cross-talk free simultaneous use of common optogenetic tools and major calcium biosensors.

Fourth, we hypothesize that processing of the data obtained in imaging experiments will benefit from deep learning methods. Neurotransmitter and neuromodulator biosensors allow in vivo detection of large neural populations during weeks with single-neuron and single-spike resolution, similar to calcium biosensors (Pnevmatikakis, 2019). Several deep learning-based techniques for calcium imaging (Stringer and Pachitariu, 2019) can be adopted for processing of data obtained in experiments with neurotransmitter imaging. For example, an artificial neural network STNeuroNet was recently used to identify and segment active neurons expressing calcium biosensor (Soltanian-Zadeh et al., 2019). Likely, the similar technologies will be applied for analysis of large datasets of neurotransmitter and neuromodulator imaging.

Fifth and last, much wider implementation of biosensors for neurotransmitters and neuromodulators for mapping of brain activity can be anticipated. Correlation between brain activities and behavior makes possible prediction of motor or cognitive functions out of imaging data (Li et al., 2019). Data obtained by imaging of fluorescent biosensors for neurotransmitters and neuromodulators in animal brain can also be used to predict motor and cognitive function in animal models. For example, calcium imaging data recorded by 2P microscopy in rodent brain were used to predict features of upcoming movement (forelimb reach) in mice. For that, the authors collected calcium imaging signal from motor cortex while mice were performing a two-dimensional lever reaching task. Obtained calcium imaging data were used to train deep learning model to predict forelimb movement direction in mice. This deep learning model was then used to determine the motion direction based on imaging of calcium in the motor cortex (Li et al., 2019). We hypothesize that this approach can be expanded to the prediction of motion direction out of neurotransmitter and neuromodulator biosensor imaging. Such data can be further applied in the field of brain-computer interface (Andersen et al., 2014; Li et al., 2019).
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Genetically-encoded indicators of neuronal activity enable the labeling of a genetically defined population of neurons to optically monitor their activities. However, researchers often find difficulties in identifying relevant signals from excessive background fluorescence. A photoactivatable version of a genetically encoded calcium indicator, sPA-GCaMP6f is a good example of circumventing such an obstacle by limiting the fluorescence to a region of interest defined by the user. Here, we apply this strategy to genetically encoded voltage (GEVI) and pH (GEPI) indicators. Three photoactivatable GEVI candidates were considered. The first one used a circularly-permuted fluorescent protein, the second design involved a Förster resonance energy transfer (FRET) pair, and the third approach employed a pH-sensitive variant of GFP, ecliptic pHluorin. The candidate with a variant of ecliptic pHluorin exhibited photoactivation and a voltage-dependent fluorescence change. This effort also yielded a pH-sensitive photoactivatable GFP that varies its brightness in response to intracellular pH changes.

Keywords: voltage indicator, photoactivatable, GEVI, pH sensor, ecliptic pHluorin, PA-GFP, PA-Bongwoori-R3, PA-ecliptic pHluorin


INTRODUCTION

Genetically encoded fluorescent sensors often suffer from extensive background fluorescence (Lin and Schnitzer, 2016; Bayguinov et al., 2017; Song et al., 2017; Nakajima and Baker, 2018). Confining the expression to naturally sparse cell types such as parvalbumin positive or somatostatin positive interneurons can alleviate the dense expression issue (Lou et al., 2016; Marshall et al., 2016). Co-injecting a Cre recombinase virus together with a floxed virus that contains a gene of interest can provide a sparse expression pattern but this necessitates an optimization step for each virus sample (Xu et al., 2012). Using a destabilized Cre recombinase was reported to induce sparse labeling in cortical layers 2/3 (Sando et al., 2013; Harris et al., 2014; Madisen et al., 2015). Utilizing this method to achieve a Förster resonance energy transfer (FRET) type genetically encoded voltage (GEVI) expression involved the generation of triple transgenic mice to acquire the desired level of sparseness in cortical pyramidal cells (Song et al., 2017; Quicke et al., 2019). However, sparse labeling is a stochastic approach that is difficult to control. Approaches that empower the experimenter to define the circuits that optically respond would be a welcome addition to the imaging toolbox.

Optically activating fluorophores in a region of interest may address this issue (Berlin et al., 2015). Photoactivation of fluorescent proteins enables optical labeling of a defined region (Lukyanov et al., 2005). As such, the rationally designed, photoactivatable GFP (PA-GFP) has been a useful tool since its development (Patterson and Lippincott-Schwartz, 2002; Betzig et al., 2006). This FP exhibited fluorescence when excited at 470 nm only after photoactivation at 413 nm. The photoactivatable genetically-encoded calcium indicator (sPA-GCaMP6f) reported by Berlin et al. (2015) demonstrated the usefulness of it in studying calcium dynamics of neuronal cells. Besides from the photoactivatable version, two green to red photoconvertible genetically encoded calcium indicators were previously reported (Hoi et al., 2013; Fosque et al., 2015). However, since the observation of intracellular calcium transients is an indirect measure of neuronal depolarization (Lin and Schnitzer, 2016; Storace et al., 2016), having a photoactivatable GEVI (PA-GEVI) would be a valuable addition. A photoconvertible voltage indicator was previously reported (Abdelfattah et al., 2016). This GEVI exhibited a change in emission from green to red upon a 400 nm wavelength excitation. The only photoactivatable GEVI reported to date is a microbial rhodopsin voltage indicator with voltage-dependent near-infrared fluorescence requiring intense and simultaneous dual excitation for the photoactivation enhancement and epifluorescence imaging (Adam et al., 2019).

A genetically encoded pH indicator (GEPI) is useful in studying network activity of the brain slice as well as synaptic transmission at the cellular level (Lin and Schnitzer, 2016). Previously, Miesenböck et al. (1998) and Sankaranarayanan et al. (2000) imaged vesicle release dependent pH changes by using pH-sensitive GFPs. Additionally, Raimondo et al. (2012, 2013, 2016) used a ratiometric pH-sensitive GFP to optically study activity-dependent acidification of both neurons and astrocytes in hippocampal slices (Bizzarri et al., 2006; Raimondo et al., 2012, 2016). Therefore, the development of an optically activatable pH indicator would be a useful asset to the optical imaging toolset.

In this article, we describe the design strategies and experimental results of developing photoactivatable voltage and pH indicators. Based on the rationales used for the development of the original PA-GFP and the photoactivatable GCaMP, three candidate PA-GEVIs were developed. These candidates include a circularly permuted FP, a FRET pair, and a pH-sensitive fluorescent protein. One of the candidates, PA-Bongwoori-R3 demonstrated a voltage-dependent fluorescence change only after photoactivation. The fluorescent protein in PA-Bongwoori-R3 is also pH-sensitive. Since the optical bio-sensor field lacks a photoactivatable, genetically encoded pH indicator (Lukyanov et al., 2005; Lippincott-Schwartz and Patterson, 2009; Chudakov et al., 2010), a voltage insensitive variant of the pH-sensitive GFP, PA-ecliptic pHluorin was developed. When this cytoplasmic photoactivatable pH indicator was expressed in mammalian cells, it had changes in fluorescence intensity for varying intracellular pH values that were difficult to measure before photoactivation.



MATERIALS AND METHODS


Gene Constructs Design and Cloning

Two versions of photoactivatable ASAP1 (St-Pierre et al., 2014) were prepared. ASAP1 with three photoactivatable mutations (ASAP1-PATM; Berlin et al., 2015) was generated by two separate gene cloning steps. L163F and T164S mutations (correspond to L64F and T65S mutations in the original PA-GFP) were first introduced by polymerase chain reaction (PCR) using SM067A and SM067B primers. Then the T59H mutation that corresponds to the T203H mutation in PA-GFP construct was substituted in by PCR using SM068A and SM068B primers. A PCR with SM070 and SM071Xho1 primers was conducted to cut and paste the whole ASAP1-PATM insert into pcDNA3.1(+) backbone vector. A second type of photoactivatable ASAP1 was generated by switching the OPT (optimum) variant of circularly permuted superfolder GFP (cpsfGFP-OPT) in ASAP1 into a photoactivatable circularly permuted GFP from the short superfolder photoactivatable GCaMP6f (ssPA-GCaMP6f; Berlin et al., 2015). The synthesized gene fragment had Nhe1 and Xho1 restriction sites to facilitate cloning (Integrated DNA technologies, Coralville, IA, USA; Supplementary Data S1). Restriction digest was carried out with the two enzymes to cut and paste the synthesized gene fragment and it was then ligated into the pcDNA3.1(+) backbone vector to acquire ASAP1-ssPA version.

A FRET version PA-GEVI was prepared by mutating Nabi 2.242 developed by Sung et al. (2015). The original Nabi 2.242 has Clover and mRuby2 as a FRET pair. To replace Clover with PA-GFP, a 1,279 base pair long gene fragment that includes a Nhe1 site, PA-GFP, and an Apa1 site was synthesized (Integrated DNA Technologies, Coralville, IA, USA; Supplementary Data S1) and cloned into the Nabi 2.242 vector (Sung et al., 2015). Another set of PCR was conducted to produce PA-Nabi2.242 where SM100A and SM100B primers were used to introduce PA-Nabi2.242 into the pcDNA3.1(+) backbone vector.

Photoactivatable Bongwoori-R3 (PA-Bongwoori-R3) was prepared by replacing Bongwoori-R3’s (Lee et al., 2017) fluorophore with a mutated ecliptic pHluorin (Supplementary Data S1, Miesenböck et al., 1998). T203H and A227D mutations were introduced in the synthesized gene fragment to confer photoactivatability and voltage-sensitivity to the original ecliptic pHluorin. BamH1 and Xho1 restriction sites were used for cloning into the Bongwoori-R3 gene construct. A voltage-sensitive but non-photoactivatable version (ecliptic-Bongwoori-R3_A227D) and a photoactivatable but non-voltage-sensitive version (PA-Bongwoori-R3_T203H_D227A) were generated by PCR with SM105A and SM105B, and SM106A and SM106B primers, respectively. A cytoplasmic version of photoactivatable GFP (pPA-GFP-N1) was purchased from Addgene, USA (#11909).

A cytoplasmic version of photoactivatable ecliptic pHluorin was generated by a simple one-step PCR with SM103 and SM013 to acquire the ecliptic pHluorin part from PA-Bongwoori-R3_T203H_D227A. The polymerized insert was cut and ligated back into pcDNA3.1(+) backbone vector resulting in photoactivatable ecliptic pHluorin D227A (PA-ecliptic pHluorin).

All primers are listed in Supplementary Table S1. The sequences of newly generated gene constructs were verified commercially (Cosmogenetech, South Korea).



Cell Culture and Transfection

Human Embryonic Kidney 293 (HEK 293) cells were cultured and transfected following the methods described in Lee et al. (2017) with a few modifications. The cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA) with 10% (v/v) Fetal Bovine Serum (Gibco, USA) and kept in a CO2 incubator (MCO-20AIC, Sanyo, Japan) at 37°C and 5% CO2 level throughout the culture. For a transient transfection with a plasmid DNA construct, the HEK 293 cells were detached by using 0.25% trypsin-EDTA solution (Gibco, USA) and seeded onto poly-D-lysine (Sigma-Aldrich, USA) coated coverslips (10 mm diameter and 0.08–0.13 mm thickness, Ted Pella, USA). For transfection, 1 μL of a lipofection reagent (Lipofectamine 2000, Life Technologies, USA) was pre-mixed with 100 ng of the plasmid DNA molecules for each of the coverslip and incubated in the CO2 incubator overnight.



Photoactivation and Imaging

A 385 nm light-emitting diode [bandwidth (FWHM): 10 nm] placed in a 4-wavelength LED housing (LED4D242, Thorlabs, USA) was used for photoactivation of all photoactivatable variants. To find a photoactivatable optical sensor expressing cell and for photoactivation with the 385 nm LED, a filter cube consisting of a 385/23 nm excitation filter (FF01-386/23-25, Semrock, USA), a 495 nm dichroic mirror (FF495-Di03, Semrock, USA) and a 520/35 nm emission filter (FF01-520/35, Semrock, USA) was used. After photoactivation, a 470 nm LED [bandwidth (FWHM): 25 nm] delivered excitation light to green fluorophores in the specimen. A 4-channel LED driver and its software (DC4100, Thorlabs, USA) were used to control the LEDs. Protocols for simultaneous voltage imaging and electrophysiology experiments were as described in Lee et al. (2017). The high-speed CCD camera (Neuro CCD, RedShirtImaging, Decatur, GA, USA) and the camera software NeuroPlex (RedShirtImaging, Decatur, GA, USA) were used to acquire images. For photoactivation at 385 nm and epifluorescence imaging at 470 nm, the LEDs were modulated at their full intensities. The intensities of 385 nm and 470 nm were 2.7 mW/mm2 and 5.3 mW/mm2, respectively. Before the photoactivation, the 385 nm LED was used at its 10% intensity to locate transfected cells while preventing unintended photoactivation.

To locate a cell expressing the FRET sensors (PA-Nabi 2. 242), a 565 nm LED [bandwidth (FWHM): 104 nm], a 561/14 nm excitation filter (FF01-561/14, Semrock, USA), a 561 nm dichroic mirror (Di02-R561, Semrock, USA) and a 609/54 nm emission filter (FF01-609/54, Semrock, USA) were used. For the imaging of a FRET pair, an image splitter (Optosplit 2, Cairn, UK) was placed between the high-speed CCD camera and the c-mount port of the microscope to divide the CCD sensor into two halves for simultaneous imaging of green (ET 520/40, Chroma, USA) and red (ET 645/75, Chroma, USA) fluorescence. For FRET imaging, the 470 nm LED light was filtered by a 475/23 nm excitation filter (FF01-475/23-25, Semrock, USA). For imaging of Nabi 2.242, a 75 W Xenon arc lamp (Osram, Germany) was used (lamp housing from Cairn, UK).

For pH imaging experiments of PA-GFP and PA—ecliptic pHluorin, and Gramicidin D (Sigma-Aldrich) was applied to transfected cells at 50 μM to perforate their cell membranes for 20 min at 34°C. The Gramicidin was prepared and stored as described previously (Kang and Baker, 2016). After the photoactivation, each bath solution with a different pH was perfused into the patching chamber for at least 20 min to induce pH-dependent fluorescence change of the photoactivatable probe. The strongly buffered bath solution (100 mM NaCl, 3 mM KCl, 0.5 mM MgCl2, 1 mM CaCl2, 3 mM Glucose and 100 mM HEPES) was prepared following the description in Kang and Baker (Kang and Baker, 2016) and used to change intracellular pH level. A scientific CCD camera (128 × 128 pixels, Neuro CCD, RedShirtImaging, Decatur, GA, USA) was used to measure pH sensitivities of the fluorescent proteins.



Analyses

As described earlier in Lee et al. (2017), fluorescence traces from selected pixels were derived from NeuroPlex software (RedShirtImaging, Decatur, GA, USA). Calculation of averaged ΔF/F values and statistics of means for comparison were conducted in Origin 9.0 (OriginLab, Northampton, MA, USA) and Microsoft Office—Excel 2016 (Microsoft, USA).




RESULTS


Engineering a Circularly Permuted FP Type GEVI

The photoactivatable GFP (PA-GFP) developed by Patterson and Lippincott-Schwartz (2002) had four mutations in comparison to eGFP. The L64F and T65S mutations recovered the 390 nm absorbance peak that originally existed in wild-type GFP (wtGFP; The amino acid residue numbers indicate GFP residues only). The T203H mutation maximized the contrast of the two absorbance bands so the FP could stay dim during 470 nm excitation until it was activated by 390 nm light. The V163 residue was mutated to alanine to improve protein folding at 37°C as an alternative to the F64L mutation in eGFP.

Two photoactivatable voltage indicator candidates were designed based on the rationale described above (Figures 1A,C). First, a photoactivatable version of ASAP1 (St-Pierre et al., 2014) which is a genetically-encoded voltage indicator with a voltage-sensing domain and a circularly permuted GFP was generated. The three mutations from PA-GFP, F64L, S65T and T203H, were introduced into the GEVI’s FP and named as ASAP1-PATM (Figure 1A, bottom). The V163A mutation that was previously used to improve protein folding was already present in ASAP1. Another photoactivatable variant of ASAP1 was prepared by using a photoactivatable circularly permuted GFP engineered by Berlin et al. (2015) for the development of their photoactivatable calcium indicators. The FP part of ASAP1 was substituted with the short superfolder photoactivatable circularly permuted GFP (sPA-cpGFP). This candidate was named ASAP1-ssPA.
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FIGURE 1. Photoactivatable versions of ASAP1 and Nabi 2.242. (A) Schematics of photoactivatable ASAP1-PATM (top) and the gene construct design (bottom). The voltage-sensing domain is depicted in light blue. (B) A representative voltage-dependent fluorescence change of the unactivated ASAP1-PATM. The inset on the right shows an HEK 293 cell expressing ASAP1-PATM before photoactivation. (C) Schematics of photoactivatable Nabi 2.242 (PA-Nabi 2.242; top) and its gene construct design (bottom). (D) Images acquired by a CCD camera before (left/middle) and after photoactivation (right). The left half of each image represents FRET donor (green) channel and the right half is the FRET acceptor (red) channel. (E) The increase in fluorescence after photoactivation for PA-GFP and mRuby2. (F) The ratio between FRET donor (green) and FRET acceptor (red) fluorescence calculated for the original non-photoactivatable Nabi 2.242 (Clover/mRuby2 brightness ratio) and PA-Nabi 2.242 (photoactivated PA-GFP/mRuby2 brightness ratio), respectively. For the fluorescence imaging of Nabi 2.242, a Xenon arc lamp was used. The photoactivation time for PA-Nabi 2.242 cells varied for 30 s (cell1), 10 s (cell2), and 20 s (cell3). Scale bar is 20 μm.



ASAP1-ssPA transfected HEK 293 cells were imaged with both 385 nm and 470 nm excitation light. Very weak green fluorescence was observed indicating poor expression of the probe (Supplementary Figure S1). Conversely, ASAP1 with the three photoactivatable mutations (ASAP1-PATM) expressed well in the plasma membrane (Figure 1B, inset). The photoactivatable ASAP1 showed bright green fluorescence even before the photoactivation with 385 nm light. In its non-photoactivated state, this GEVI responded well to voltage steps (Figure 1B). The response in the non-photoactivated state diminished the value of this probe as a photoactivatable optical sensor.



Engineering a GEVI With a FRET Pair

A photoactivatable GEVI with a FRET pair was also generated. Nabi 2.242 is a FRET-based GEVI (Sung et al., 2015) that consists of the FPs, Clover, the FRET donor and, mRuby2, the FRET acceptor (Lam et al., 2012). Originally, Nabi 2.242 responds to a depolarizing voltage pulse with a decrease in the FRET donor and an increase in the acceptor fluorescence. Since the photoactivated PA-GFP had excitation and emission spectra similar to Clover (Patterson and Lippincott-Schwartz, 2002; Lam et al., 2012), it was substituted as the FRET donor (Figure 1C).

To verify the expression in HEK 293 cells, mRuby2 was excited with a 565 nm LED which kept the photoactivatable FRET donor inactive (Figure 1D, left). The image from the FRET acceptor channel clearly showed red fluorescence mainly from the plasma membrane of the cell. Subsequent FRET imaging with a 470 nm LED showed weak green and red fluorescence indicating a basal level of FRET before photoactivation (Figure 1D, middle). After photoactivation of the FRET donor, the PA-GFP emission was increased about 2-fold (Figure 1D, right and (Figure 1E) but the FRET acceptor showed only 10% increase in its red fluorescence (Figure 1E). The green to red fluorescence ratios of the original non-photoactivatable Nabi 2.242 (Clover/mRuby2) and PA-Nabi 2.242 (photoactivated PA-GFP/mRuby2) were analyzed to compare the relative brightness of Clover and photoactivated PA-GFP (Figure 1F). This revealed that the photoactivated PA-GFP was 5-fold dimmer than the original FRET donor FP. There was no detectable voltage-dependent optical signal.



Development of Photoactivatable Bongwoori-R3 With a Mutated Ecliptic pHluorin

We also tried to develop a photoactivatable version of the GEVI, Bongwoori-R3 (Lee et al., 2017). Bongwoori-R3 uses the FP, super ecliptic pHluorin, to optically report voltage changes. Super ecliptic pHluorin is a modified version of ecliptic pHluorin with diminished 390 nm excitation (Miesenböck et al., 1998; Sankaranarayanan et al., 2000). We, therefore, created a photoactivatable probe with the ecliptic version of the FP that can be excited with both 390 nm and 470 nm light (Figure 2A). The ecliptic FP version of ArcLight has been shown to be voltage-sensitive (Jin et al., 2012; Treger et al., 2015; Platisa et al., 2017). The ecliptic Bongwoori-R3 construct exhibited a voltage-dependent fluorescence change that was smaller and slower than that of the original Bongwoori-R3 (Lee et al., 2017; Figure 2B). This variant did not show an increase in fluorescence after photoactivation (Figure 2C). The construct consisting of ecliptic-Bongwoori-R3 with the T203H photoactivatable mutation but lacking the A227D mutation that improves the voltage-dependent optical signal was prepared. This construct increased fluorescence upon photoactivation but did not yield a voltage-sensitive optical signal (Figure 2D). The photoactivation with 385 nm light improved its brightness by 1.4 ± 0.1 fold (Figure 2E).
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FIGURE 2. Engineering of Photoactivatable Bongwoori-R3 and verification of its photoactivatability and voltage sensitivity. (A) A schematic design of Bongwoori-R3 with an ecliptic pHluorin (left). Key mutations of photoactivatable ecliptic pHluorin compared to wild-type GFP (right). Residues in green (65S and 64F) contribute to the wild-type dual absorbance bands. The T203H mutation is responsible for photoactivatability. The A227D mutation confers voltage-sensitivity. Mutations depicted in blue color (S147D, N149Q, S202F, Q204T and A206T) are characteristic residues for ecliptic pHluorin compared to wtGFP. Protein Data Bank ID: 1GFL. (B) Gene construct design of ecliptic-Bongwoori-R3 with the A227D mutation (top) and the voltage-dependent fluorescence change imaged from HEK 293 cells expressing the variant (bottom). Traces from three cells were analyzed. (C) Raw fluorescence intensity values imaged before and after photoactivation (left). The ratio of the fluorescence change is on the right. The number of cells analyzed was five. (D) Gene construct design (top) and response to a 100 mV voltage pulse (bottom) of ecliptic-Bongwoori-R3_T203H_D227A. (E) The raw fluorescence intensities before and after photoactivation (left). The increase ratio after photoactivation (right). Six cells were analyzed. (F) PA-Bongwoori-R3 responding to a 100 mV membrane depolarization. (G) The fluorescence intensities before and after photoactivation (left). The increase ratio of fluorescence intensity after photoactivation (right). Five PA-Bongwoori-R3 expressing cells were analyzed. The shaded area in the traces and error bars denote standard error of the mean. The protein structure image in (A) was from Protein Data Bank ID: 1GFL. Further modifications were made with UCSF Chimera 1.13.1 software.



Subsequently, both the A227D and T203H mutations were introduced into the ecliptic pHluorin version of Bongwoori-R3 to improve voltage sensitivity and confer photoactivatability. This variant of Bongwoori-R3 expressed well in HEK 293 cells. A photoactivation at 385 nm wavelength increased the green fluorescence imaged with 470 nm excitation light about 1.5 ± 0.1-fold (Figure 2G). To examine its voltage-sensitivity, a 100 mV voltage change was induced before and after the photoactivation while imaging at a frame rate of 1,000 Hz. Before photoactivation, only a slight voltage-dependent fluorescence change was observed (Figure 2F, left). After photoactivation, a 2% Δ F/F was observed during the 100 mV depolarization step. While this signal size is much reduced compared to the original Bongwoori-R3 probe, the fact that the voltage-dependent optical signal can only be detected after photoactivation suggests that the probe may be useful in vivo and merits further development. We named this variant PA-Bongwoori-R3.



Development of Photoactivatable Ecliptic pHluorin and Its pH Sensitivity

The photoactivatable version of Bongwoori-R3 used a variant of a pH-sensitive GFP, ecliptic pHluorin, which is known to get brighter as the pH increases. A photoactivatable GEPI candidate was created by removing the Ciona Intestinalis voltage-sensing domain from ecliptic-Bongwoori-R3_T203H_D227A. Since it was unnecessary for the probe to sense a voltage change, the 227D mutation in the FP was also removed (Figure 3A). The cytoplasmic version of ecliptic pHluorin with T203H (PA-ecliptic pHluorin) and PA-GFP were expressed in HEK 293 cells. The cells were first incubated with an ionophore that makes the cell membrane permeable to external monovalent cations (Gramacidin, Sigma-Aldrich, USA). Next, the cells were washed with a pH 6.8 bath solution with a high buffering capacity (100 mM HEPES) to efficiently change the intracellular pH (Figure 3B). Subsequent photoactivation of both PA-ecliptic pHluorin and PA-GFP at the same pH level increased the fluorescence intensity by 1.5 and 18-fold, respectively (Figures 3C,D). As the pH of the bath solution was changed from 6.8 to 7.4, PA-ecliptic pHluorin showed an increase in its fluorescence level as expected from ecliptic pHluorin’s pH sensitivity (Miesenböck et al., 1998). At pH 8.0, PA-ecliptic pHluorin exhibited a further increase in green emission that was 7.9 ± 1.0 fold brighter compared to its non-activated state at pH 6.8 (Figure 3E). The non-pH sensitive FP, PA-GFP, only showed decreased fluorescence levels as the bath solution was changed to basic pH. Photoactivation did not confer pH sensitivity. As a control experiment, non-photoactivated PA-ecliptic pHluorin was also tested at different pH levels. Although the fluorescence from these cells remained dim, the FP was slightly sensitive to pH changes (Figure 3C, inset). Figure 3F summarizes pH sensitivities from the three experiments.
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FIGURE 3. A photoactivatable optical pH sensor (PA-ecliptic pHluorin) and its pH sensitivity in HEK 293 cells in comparison to PA-GFP. (A) Schematics of a cytoplasmic optical pH sensor (top), the photoactivatable ecliptic pHluorin with T203H mutation (middle) and PA-GFP (bottom). The blue asterisks depict pH-sensitive mutations in ecliptic pHluorin. (B) Experimental procedure for the photoactivatability and pH sensitivity tests. (C) Fluorescence intensities measured at each pH level normalized to the fluorescence read-out at pH 6.8 before photoactivation. For the non-photoactivated PA-ecliptic pHluorin experiment (black dots), the photoactivation step shown in (B) was omitted. The inset shows PA-ecliptic pHluorin’s sensitivity at pH 6.8, 7.4, and 8.0 from the no photoactivation experiment. (D) Comparison of photoactivatability of PA-GFP (dark green dots) and PA-ecliptic pHluorin (violet dots) at pH 6.8 (normalized to non-photoactivated states at pH 6.8). (E) Fluorescence intensities of PA-GFP (dark green dots) and PA-ecliptic pHluorin (violet dots) at photoactivated pH 8.0 normalized to non-photoactivated states at pH 6.8. (F) Fluorescence intensities of PA-GFP (dark green dots) and PA-ecliptic pHluorin (violet dots: photoactivated/black dots: non-photoactivated) normalized to their values at pH 6.8 after photoactivation to only show their pH sensitivities. Error bars are standard error of the mean (SEM). The number of cells analyzed were 13 cells (PA-ecliptic pHluorin), 19 cells (PA-GFP) and 19 cells (PA-ecliptic pHluorin_non-photoactivated).






DISCUSSION

The addition of PA-GFP to the palette of fluorescent proteins led to the development of photoactivated localization microscopy (PALM) that realized single molecule imaging below the diffraction limit in a biological sample (Patterson and Lippincott-Schwartz, 2002; Betzig et al., 2006; Lippincott-Schwartz and Patterson, 2009). The wtGFP has some intrinsic degree of photoactivation due to its characteristic dual excitation bands at 397 nm and 475 nm. Before photoactivation, its chromophore stays in the protonated (neutral) state. Illumination with near 400 nm light is thought to shift the neutral state into the anionic state by deprotonating the chromophore. In this activated state, the excitation at 470 nm becomes dominant. PA-GFP has the T203H mutation that improves the 470 nm excitation upon photoactivation with 400 nm light from 3-fold (wtGFP) to 100-fold (PA-GFP) when measured using purified protein preparations (Patterson and Lippincott-Schwartz, 2002). In order to utilize the advantage of photoactivatable fluorescent proteins for the efficient and controllable fluorescence imaging of voltage and pH, several photoactivatable GEVI candidates and one photoactivatable GEPI were rationally designed and generated. Except for ASAP1-ssPA, all candidates expressed well in HEK 293 cells and showed an increase in fluorescence upon photoactivation. The ASAP1-PATM was bright enough to resolve induced voltage pulses even before photoactivation. However, it would be more useful if the increase in fluorescence level after photoactivation is large enough to make the activated cells easily distinguishable from non-activated cells.

The 385 nm LED light used to photoactivate all the photoactivatable variants in this work was measured to be 2.7 mW/mm2 in intensity. As this light intensity was both low and slightly off centered from the typical 400–405 nm light used for illuminating a photoactivatable GFP, the increase after photoactivation may improve if a stronger 400–405 nm light source is used.

The FRET version of the GEVI, PA-Nabi 2.242 was prepared by replacing the bright green FP, Clover, by PA-GFP. This construct failed to show a voltage-dependent FRET signal. Several properties affect FRET efficiency. The distance between the chromophores of donor and acceptor, the spectral overlap between the donor’s emission and the acceptor’s excitation bands, and the relative orientation of the donor and acceptor dipoles all contribute to the FRET efficiency (Tsien, 1998; Campbell, 2009). Both PA-GFP and Clover are variants of GFP and the construction of PA-Nabi 2.242 was a simple substitution of PA-GFP for Clover. The emission maxima of the two FPs (photoactivated PA-GFP and Clover) are 517 nm and 515 nm, respectively. A comparison of the emission spectra suggests the overlap with the mRuby2’s excitation spectrum was similar for both FRET donors. The quantum yields of photoactivated PA-GFP and Clover are 0.79 and 0.76, respectively (Lukyanov et al., 2005; Lam et al., 2012). However, the extinction coefficients for photoactivated PA-GFP and Clover were measured to be 17,400 and 111,000 M−1 cm−1 (Patterson and Lippincott-Schwartz, 2002; Lam et al., 2012). As the intrinsic brightness of a fluorophore is determined by extinction coefficient multiplied by quantum yield, Clover is far brighter than the photoactivated PA-GFP. The brightness of photoactivated PA-GFP was measured to be 0.42-fold of eGFP (Lukyanov et al., 2005). Clover is about 2.5-fold brighter than eGFP (Lam et al., 2012). A rough extrapolation of the two values would suggest that the photoactivated PA-GFP is about 5–6-fold dimmer than Clover. A similar difference was seen in our result as well (Figure 1F). Although PA-Nabi 2.242 was not promising, having a red-shifted FP as both a FRET acceptor and a guide to locate nicely transfected cells without accidentaly activating photoactivatable GFP molecules merits continued exploration.

Photoactivatable Bongwoori-R3 and its derivatives nicely demonstrated the functions of the voltage sensing mutation (A227D) and the photoactivatable mutation (T203H). The voltage-sensitive but non-photoactivatable version, ecliptic-Bongwoori-R3_A227D, had a small voltage-dependent fluorescence change without photoactivation. However, the ΔF/F for a 100 mV depolarization of the plasma membrane was decreased to less than 50% of the original Bongwoori-R3. Jin et al. (2012) also tested both ecliptic pHluorin and super ecliptic pHluorin containing the A227D mutation. According to their report, both variants showed about 18% ΔF/F for a 100 mV depolarization. Further linker length optimization for the super ecliptic pHluorin A227D version resulted in the development of ArcLight. Since it is well-known that both linker length and composition affect the voltage-dependent fluorescence signal (Jung et al., 2015; Piao et al., 2015; Lee et al., 2017; Yi et al., 2018), the same may improve PA-Bongwoor-R3 variants’ optical signals. Combining the two distinct mutations successfully accomplished a photoactivatable GEVI. With the optical setup that was used in this work, PA-Bongwoori-R3 expressing cells responded to a voltage pulse only after they were photoactivated. As these cells stay in a dim state before the activation, even the modest ΔF/F change could be useful (Figure 2F).

The intensity of PA-Bongwoori-R3 after photoactivation showed less than a 2-fold increase. This was about 50-fold weaker than that previously reported for PA-GFP (Patterson and Lippincott-Schwartz, 2002). Although the 100-fold increase from the original report was measured from purified proteins embedded in a polyacrylamide gel, PA-Bongwoori-R3’s photoactivation increase was modest. This may suggest that the mutations in the photoactivatable ecliptic pHluorin A227D hindered proper photoactivation. Another possibility could be the weak 385 nm LED light used to photoactivate the molecules. The small 2% ΔF/F per 100 mV of PA-Bongwoori-R3 could also be improved through the optimization of linker length.

The regulation of intracellular proton concentration is involved in synaptic vesicle release and network excitability (Sankaranarayanan et al., 2000; Raimondo et al., 2012, 2013, 2016; Lin and Schnitzer, 2016). Optical measurement of intracellular pH changes is important since other means to measure pH such as microelectrodes are limited due to their size (Raimondo et al., 2013). The presynaptic terminal of a neuron, the pH level in the synaptic vesicle lumen is maintained near pH 5.5 and increases to pH 7.3 upon the vesicle opening into the synaptic cleft (Anderson and Orci, 1988; Nelson, 1992; Lin and Schnitzer, 2016). Ecliptic pHluorin is only weakly fluorescent at pH 5.5 and becomes brighter at pH 7.3 (Miesenböck et al., 1998). The pH-sensitivity of PA-ecliptic pHluorin should be useful for studying pH changes in the cytoplasm (Figure 3C). Non-photoactivated PA-ecliptic pHluorin was still pH-sensitive but its brightness at pH 8.0 increased by about 1.5-fold compared to the photoactivated state which had an 8-fold increase in fluorescence.

The key finding of this report is that the voltage-sensing mutation, A227D, and the photoactivatable mutation, T203H, were applicable to the development of photoactivatable voltage and pH sensors. Further optimization of photoactivation for both PA-Bongwoori-R3 and PA-ecliptic pHluorin may enable the optical resolution of both high speed and low speed in vivo neuronal activity.
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The target for the “rapid” (<24 h) antidepressant effects of S-ketamine is unknown, vitiating programs to rationally develop more effective rapid antidepressants. To describe a drug’s target, one must first understand the compartments entered by the drug, at all levels—the organ, the cell, and the organelle. We have, therefore, developed molecular tools to measure the subcellular, organellar pharmacokinetics of S-ketamine. The tools are genetically encoded intensity-based S-ketamine-sensing fluorescent reporters, iSKetSnFR1 and iSKetSnFR2. In solution, these biosensors respond to S-ketamine with a sensitivity, S-slope = delta(F/F0)/(delta[S-ketamine]) of 0.23 and 1.9/μM, respectively. The iSKetSnFR2 construct allows measurements at <0.3 μM S-ketamine. The iSKetSnFR1 and iSKetSnFR2 biosensors display >100-fold selectivity over other ligands tested, including R-ketamine. We targeted each of the sensors to either the plasma membrane (PM) or the endoplasmic reticulum (ER). Measurements on these biosensors expressed in Neuro2a cells and in human dopaminergic neurons differentiated from induced pluripotent stem cells (iPSCs) show that S-ketamine enters the ER within a few seconds after appearing in the external solution near the PM, then leaves as rapidly after S-ketamine is removed from the extracellular solution. In cells, S-slopes for the ER and PM-targeted sensors differ by <2-fold, indicating that the ER [S-ketamine] is less than 2-fold different from the extracellular [S-ketamine]. Organelles represent potential compartments for the engagement of S-ketamine with its antidepressant target, and potential S-ketamine targets include organellar ion channels, receptors, and transporters.

Keywords: antidepressants, organelles, green fluorescent protein, protein engineering and design, periplasmic binding proteins (PBPs), inside-out pharmacology, iSketSnFR1, iSketSnFR2


INTRODUCTION

Despite half a century of research and improvement, antidepressant drugs do not work optimally. Although selective serotonin reuptake inhibitor antidepressants help appreciable numbers of patients, their benefits appear too slowly (2–6 weeks) after treatment has begun. In contrast, administration of a single, relatively small (subanesthetic) dose of racemic ketamine for ~1 h partially relieves depression in <1 day; this relief continues for several days post-administration (Berman et al., 2000). In some preclinical studies, R-ketamine has more potent and lasting antidepressant action than S-ketamine (Hashimoto, 2019). Recently, the US FDA approved inhaled S-ketamine for treatment-resistant depression.

However, because higher doses of S-ketamine have adverse effects, developing antidepressants that act similarly to S-ketamine may be a better strategy than using S-ketamine itself. To enable developing better rapidly acting antidepressants, one must first understand the mechanism of S-ketamine action, including the molecular target.

Most investigators emphasize the hypothesis that S-ketamine exerts its antidepressant effects by binding to an N-Methyl-D-aspartate (NMDA) receptor subtype (MacDonald et al., 1991; Blanpied et al., 1997; Preskorn et al., 2008; Autry et al., 2011; Emnett et al., 2013; Gideons et al., 2014; Miller et al., 2014; Johnson et al., 2015). Other articles suggest the following receptor, channel, or transporter targets for ketamine: α3β2 nicotinic receptors (nAChRs; Lee et al., 2012), α4β2 nAChRs (Buisson and Bertrand, 1998), α7 nAChRs (Coates and Flood, 2001; Moaddel et al., 2013), dopamine D2 receptors (Kapur and Seeman, 2001, 2002; Seeman and Kapur, 2003), HCN1 channels (Chen et al., 2009), 5-HT2 receptors (Frohlich and Van Horn, 2014), or 5-HT3 receptors (Yamakura et al., 2000). Most contemporary psychiatric drugs have well-established receptor, channel, or transporter targets. In contrast, the “target” for the antidepressant actions of S-ketamine is poorly understood.

We comment similarly that downstream signaling pathways are poorly understood. Suggested pathways include mechanistic target of rapamycin (mTOR; Zoncu et al., 2011; Moaddel et al., 2013; Miller et al., 2014), eukaryotic elongation factor 2 (EEF2) kinase (Autry et al., 2011; Gideons et al., 2014; Adaikkan et al., 2018), serine/threonine kinase glycogen synthase kinase-3 (GSK-3; Beurel et al., 2011; Liu et al., 2013), calcium/calmodulin-dependent protein kinase II (CaMKII; Adaikkan et al., 2018), brain-derived neurotrophic factor (BDNF; Lepack et al., 2014), Kir4.1-containing transport vesicles (Stenovec et al., 2019), and G-protein translocation to/from lipid rafts (Wray et al., 2018). These molecules are thought to participate in enhancements of glutamatergic (Zanos et al., 2018), cholinergic, or GABAergic (Widman and McMahon, 2018) transmission (Ren et al., 2016). Finally, we comment similarly about brain regions and nuclei. Most studies focus on hippocampus and cortex; but ketamine also blocks bursting in the lateral habenula (Yang et al., 2018).

If one does not know the target for a drug, then an appropriate step is to seek that target in all compartments that contain the drug, and to measure how long the drug remains in each compartment. A previous report shows that a ketamine analog enters cells (Emnett et al., 2016). This report presents the first quantitative, dynamically resolved measurements of S-ketamine in an organelle: the endoplasmic reticulum (ER).

To conduct these experiments, we executed a research strategy resembling our previous report for nicotine (Shivange et al., 2019). We developed a genetically encoded fluorescent biosensor for S-ketamine. We targeted the biosensor to either the plasma membrane (PM) or the ER. We then performed fluorescence measurements to dynamically report the S-ketamine concentration in each compartment.



MATERIALS AND METHODS


Directed Evolution of iSKetSnFR Proteins Using Bacterial-Expressed Protein Assays

Starting with the iNicSnFR biosensor constructs (Shivange et al., 2019), we constructed and measured ~3,000 mutants, in iterative rounds of site-saturated mutagenesis (SSM). We utilized the Quikchange mutagenesis protocol (Agilent), including a mixture of three primers, creating 22 unique codons encoding the 20 canonical amino acids (Kille et al., 2013). The 22-codon procedure yields an estimated >96% residue coverage for a collection of 96 randomly chosen clones.

A Tecan Spark M10 96-well fluorescence plate reader (equipped with appropriate filters) was used to measure resting and S-ketamine-induced fluorescence (F0 and ΔF, respectively). Bacterial lysates were tested with excitation at 485 nm and emission at 535 nm. Promising clones were amplified and sequenced. The most sensitive construct in each round of SSM was used as a template for the next round of SSM.



Measurements on Purified iSketSnFR Constructs

Biosensors selected for further study were purified with the His6 sequence included in the bacterial expression vector (Shivange et al., 2019). Proteins were purified by immobilization in phosphate-buffered saline (PBS), pH 7.4, and elution in an imidazole gradient (10–200 mM). Proteins were concentrated by centrifugation through a 30 kDa cut off column, and by dialysis against PBS. The dialyzed protein was quantified using a nanodrop spectrofluorometer, and 50 or (preferably) 100 nM was used in dose-response studies to characterize responses to various ligands. Dose-response relations for ligands were conducted with the plate reader. The pH-dependent dose-response studies with purified iSketSnFR constructs were performed using 3× PBS buffers.



Expression in Mammalian Cells

We constructed two variants of the iSKetSnFR1 and iSketSnFR2 biosensors for expression in mammalian cells. The plasma membrane (_PM) and endoplasmic reticulum (_ER) variants were constructed by a circular polymerase extension cloning procedure. For iSketSnFR1_PM and iSKetSnFR2_PM, we cloned the bacterial constructs into pCMV(MinDis), a variant of pDisplay (Invitrogen, Carlsbad, CA, USA) lacking the hemagglutinin tag (Marvin et al., 2013). We modified the previous transmembrane domain (Shivange et al., 2019) as follows. We replaced the terminal KKPR of the PDGF receptor (a putative ER retention motif) with KYLQKRRERRRQ (a p14 Golgi export motif) and ENANSFCYENEVAL (a putative Kir2.X ER export motif). To generate iSketSnFR1_ER and iSketSnFR2_ER, we replaced the 14 C-terminal amino acids (QVDEQKLISEEDLN, including the Myc tag) with an ER retention motif, QTAEKDEL (Shivange et al., 2019).

We conducted cDNA transfection experiments on iSketSnFR1_PM, iSKetSnFR2_PM, iSketSnFR1_ER, and iSketSnFR2_ER in Neuro2a cells. Neuro2a cells were purchased from ATCC1 and cultured according to ATCC protocols. For chemical transfection, we utilized either Lipofectamine 2000 or Lipofectamine 3000, following the manufacturer’s recommended protocol. Cells were incubated in the transfection medium for 24 h and then in growth media for ~24 h before imaging.



Expression in Dopaminergic Neurons Differentiated From Human Induced Pluripotent Stem Cells (iPSCs)

Fujifilm CDI2 (formerly named Cellular Dynamics International, Madison WI, USA), furnished iCell DopaNeurons. These are human dopaminergic neurons differentiated from induced pluripotent stem cells (iPSCs). The supplier has measured that 89% of the cells are positive for tyrosine hydroxylase by fluorescence-activated cell sorting. The iCell DopaNeurons were maintained in 95% BrainPhys Neuronal medium (STEMCELL Technologies3), 2% iCell Neural Supplement B (CDI), 1% iCell Nervous System Supplement (CDI), 0.1% of 1 mg/ml laminin (Sigma), 1% N-2 Supplement 100× (Thermo Fisher Scientific, Waltham, MA, USA) and supplemented with penicillin and streptomycin. iCell DopaNeurons were maintained on dishes for 17–24 days before imaging. Glass bottoms of the 35-mm imaging dishes (MatTek4) were coated with ~0.07% poly(ethyleneimine) solution and incubated at 37°C for 1 h. Dishes were rinsed with PBS, then rinsed with water and air-dried overnight. Glass bottoms were then coated with 80 μg/ml laminin solution for 30 min at 37°C before cells were plated. We confirmed that ≥40% of the cells stained for TH by immunocytochemistry using a previously described assay (Srinivasan et al., 2016).

Cultured iCell DopaNeurons were transfected after either 13 or 21 days in culture using the Viafect kit (Promega, Cat. #E4981) at 4:1 transfection reagent (μl): DNA (μg) ratio. The transfection mixture was prepared in 100 μl OptiMEM (Thermo Fisher Scientific, Waltham, MA, USA) containing 4 μl of Viafect transfection reagent and 1 μg of cDNA. The mixture was incubated for 10–15 min, then added directly to fresh maintenance medium in the culture dish. Transfection medium was removed after 24 h and cells incubated for 48–72 h further before imaging.



Time-Resolved Fluorescence Measurements in Live Mammalian Cells

We find that signals with the iSKetSnFR constructs have brightness similar to those of the previous iNicSnFR cpGFP-based biosensors for nicotine (Shivange et al., 2019), but the dynamic range is somewhat lower for the iKetSnFRs. Datasets were taken on an Olympus IX-81 microscope, in widefield epifluorescence mode. Images were acquired at 3–4 frames/s with a back-illuminated EMCCD camera (iXon DU-897, Andor Technology USA, South Windsor, CT, USA; Pantoja et al., 2009), controlled by Andor IQ2 or IQ3 software. Fluorescence measurements at λex = 470 nm have been described (Shivange et al., 2019). We also installed a second LED for excitation at 405 nm. The epifluorescence cube was previously described (Srinivasan et al., 2011). The 40× lens proved most convenient for imaging several adjacent cells and was relatively insensitive to modest drift of the focus. PM-directed constructs were measured with a region of interest (ROI) that included only the cell periphery.

Solutions were delivered from elevated reservoirs by gravity flow, through solenoid valves (Automate Scientific, Berkeley, CA, USA), then through tubing fed into a manifold, at a rate of 1–2 ml/min. Experiments were performed with HBSS buffer, except that iPSC-derived neurons were studied in PBS plus D-glucose (5.56 mM), MgCl2 (0.49 mM), MgSO4 (0.4 mM), KCl (5.33 mM), and CaCl2 (1.26 mM). Other details have been described (Shivange et al., 2019). As usual in fluorescence imaging experiments, we excluded data from the brightest cells, because these may have fluorescent impurities or aggregates that produce a rapidly bleaching baseline. Data analysis procedures included subtraction of blank (extracellular) areas and corrections for baseline drifts.



Confocal Fluorescence Imaging

For laser scanning confocal fluorescence imaging, Neuro2a cells were transfected with iSKetSnFR1_PM, iSKetSnFR2_PM, iSketSnFR1_ER, or iSketSnFR2_ER (0.5 μg) with the aid of either Lipofectamine 2000 or Lipofectamine 3000, using the manufacturer’s recommended protocol. The images were acquired with a Zeiss LSM 710 laser-scanning confocal microscope, equipped with a 63× NA 1.4 objective lens. HBSS was used to wash and replace the growth medium in the dishes before imaging. GFP illumination was at 488 nm, observed through a 495–550 nm band-pass filter.



The S-Slope

We introduce a convenient metric to summarize progress in evolving increasingly sensitive fluorescent biosensors for drugs. The metric, the S-slope, is especially appropriate for low drug concentrations because it corresponds to the relationship between [drug] and ΔF at the beginning of the dose-response relation. We define the S-slope for use with intensity-based drug biosensors:

[image: image]


We state the S-slope in units of μM−1.

This article uses the S-slope for measurements on S-ketamine biosensors in bacterial lysates, with purified proteins, and expressed in cells. For measurements with bacterial lysates and with purified proteins, it is usually possible to construct a complete dose-response relation with a Hill coefficient close to 1. In this case, we calculated (as in Figure 2A below),
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FIGURE 1. Structures of S-ketamine and R-ketamine.
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FIGURE 2. Sequences, dose-response relations, and pH dependence of iSketSnFR1, iSketSnFR2 and related proteins. (A) Sequences of eight iKetSnFRs studied. The names iSketSnFR1 and iSketSnFR2 correspond to AK2 and AK8. Functional regions of the biosensor protein are shown as stippled cells above the sequences. Regions highlighted include those surrounding the ligand (“binding site”), the interface between the PBP and the cpGFP moiety, the two linker sequences leading from the PBP to the cpGFP, and vice versa, and the PBP hinge. The N- and C-terminal amino acids are also shown. The numbering corresponds to PDB entry 6EFR (Shivange et al., 2019). The cpGFP moiety, not shown, runs from codon 80 to 320. Greek letters denote aromatic groups that were candidates for cation-π interactions with the N-atom of the ligand (Shivange et al., 2019), and red borders denote those with the strongest evidence. The residues shown were mutated in this study or in a previous study that generated iNicSnFR biosensors. The background colors for amino acids, similar to those in JMOL, have no chemical meaning but are chosen to provide a wide, distinguishing range of colors. There is no correspondence between the background color of the stippled entries and the background color for the codons. (B1) Dose-response relations for purified iSketSnFR1, studied for various ligands at pH 7.0, 3× phosphate-buffered saline (PBS; Shivange et al., 2019). The data for S-ketamine have been fitted to the Hill equation, ΔFmax/F0 = 3.4 ± 0.1 and EC50 10.7 ± 1.5 μM, Hill coefficient (nH) = 0.91 ± 0.09. The other seven ligands tested yielded responses that were too small for systematic study. (B2) Dose-response relations for purified iSketSnFR2, studied forvarious ligands at pH 7.0, 3× PBS (Shivange et al., 2019). The data for S-ketamine have been fitted to the Hill equation, ΔFmax/F0 = 3.0 ± 0.3 and EC50 1.16 ± 0.6 μM, Hill coefficient (nH) = 1.18 ± 0.07. The other 12 ligands tested yielded responses that were too small for systematic study. (C) Dose-response parameters at varying pH values between 6.0 and 8.5, for S-ketamine at purified iSketSnFR1 and iSketSnFR2. Data are included for curve fits that gave nH values between 0.75 and 1.2 and EC50 values < 50 μM. The plots show that iSketSnFR2 has the most favorable S-slope at all pH values studied, because of both its lower EC50 and its higher ΔFmax/F0.





Reagents

All solvents purchased were of analytical grade and used without further purification. S-ketamine HCl was purchased from Sigma-Aldrich (St. Louis, MO, USA; Cat. #K1884, CAS #33643-47-9. We purchased R-ketamine HCl from Cayman Chemicals (Ann Arbor, MI, USA; Cat. #16519, CAS#33795-24-3).



Data Analysis

Image movie files, spectral data, and dose-response data were analyzed further and presented with general-purpose software. These programs include ImageJ2 (Rueden et al., 2017), Excel (Microsoft), and Origin (OriginLab). All the sequencing analyses used Benchling.




RESULTS


Development of iSKetSnFR1 and iKetSnFR2

We tested S-ketamine and R-ketamine (Figure 1) against iNicSnFR1, iNicSnFR2, and iNicSnFR3a, as well as against 12 other biosensors in the series that led to the iNicSnFRs (Shivange et al., 2019). We found no detectable fluorescence increase activated by S-ketamine, at concentrations <100 μM.

For further insights, we computationally docked S-ketamine into the structure of iNicSnFR1 (PDB file 6EFR), and several computationally mutated variants (Supplementary Figure S1). In the highest-ranked results, the predicted distances between the S-ketamine N atom and the aromatic groups are too great to form a cation-π interaction of the type suggested by docking, structural, and mutational studies for the iNicSnFR series with nicotine, acetylcholine, and varenicline (Shivange et al., 2019). These observations, while heuristic and not definitive, suggested that we mutate the aromatic residues.

When we applied SSM to the Tyr357 position, we found S-ketamine responses, but only for a Gly residue at position 357 (ΔF/F0 ~0.12 at 1 μM). While insufficiently sensitive for systematic measurements, this construct (AK1) provided an entry for further SSM experiments.

After we identified AK1, further rounds of SSM (retaining the Gly357 codon) led to improvements by mutations at and near the ligand site, including positions 10, 436, and 457. The iSketSnFR1 construct has an S-slope of 0.32 μM−1, nearly equal to that of nicotine for iNicSnFR3a and iNicSnFR3b (Shivange et al., 2019). Thus, in vitro, one expects a response to 1 μM S-ketamine of ΔF/F0 = 0.32. The actual recorded data in cells were in this range (see below). The development series has culminated in iSketSnFR2, which has an S-slope of 1.87 μM−1 (Figure 2).

We note the presence of the Phe436Trp mutation (referred to the original OpuBC periplasmic binding protein). One conformer of the Trp side chain can fit into the vacancy left by the absence of a side chain at Gly357. This combination may re-establish a cation-π interaction with the nitrogen of ketamine; further structural analysis would test this hypothesis.

We also note the substantial increased sensitivity for the Met10 codon (from AK7 to iSketSnFR2). We have no explicit structural explanation for the effectiveness of this mutation.



pH Dependence of iKetSnFRs

Studies of the pH dependence on the GCaMP family provide a mechanistic background for other biosensors that use cpGFP. In the inactive conformation of cpGFP, the fluorophore has a pKa of 8–9, and a second at a higher, only approximately characterized pH. At neutral pH, the fluorophore is almost fully protonated, decreasing the absorption in the band centered at λex ~485 nm (Barnett et al., 2017). In the active form, the pKa is ~7, so that some of the fluorophore molecules are deprotonated. This allows absorption and fluorescence (Barnett et al., 2017). Possibly both the pH dependence of the biosensor and that of the ligand affect measurements with iSketSnFR1 and iSketSnFR2.

Therefore, in the pH range from 6 to 8.5, we determined the ΔF dose-response relations of iSketSnFR1 and iSketSnFR2 using excitation at λex = 485 nm (Figure 2C). The greatest S-slope occurs at pH 7.0–8.5, resulting from maximal ΔFmax/F0 at pH 6.5–7 and an EC50 that decreases monotonically with pH. Both those trends resemble results with the iNicSnFR family (Shivange et al., 2019). For measurements at λex = 400 nm, see Figure 7 below and Supplementary Figure S2.
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FIGURE 3. Confocal imaging. (A) Typical plasma membrane (PM) fluorescence pattern of a representative Neuro2a cell transfected with iSketSnFR2_PM. Panel (B) Typical intracellular fluorescence pattern of a representative Neuro2a cell transfected with iSketSnFR2_ER.
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FIGURE 4. Fluorescence waveforms in Neuro2a cells transfected with iSketSnFR1 constructs. Neuro2a cells transfected with iSketSnFR1_PM or iSketSnFR1_ER were exposed to 20 s pulses of S-ketamine at varying concentrations, at intervals of 40 s. A descending concentration series was followed by an ascending series. (A) iSKetSnFR2_PM, average of 10 cells ± SEM. (B) iSketSnFR2_ER, average of 10 cells ± SEM.




[image: image]

FIGURE 5. Fluorescence waveforms in Neuro2a cells transfected with iSketSnFR2 constructs and exposed to sub-μM S-ketamine. Transfected Neuro2a Cells were exposed to an ascending concentration series of 10 s pulses of S-ketamine at intervals of 20 s. (A) iSKetSnFR2_PM, average of 10 cells ± SEM. (B) iSketSnFR2_ER, average of 10 cells ± SEM. (C) S-slope calculations from linear fits to the ΔF/F0 data for the final 5 s of each application.
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FIGURE 6. Fluorescence waveforms in induced pluripotent stem cells (iPSCs) transfected with iKetSnFR1 constructs. Dopaminergic neurons differentiated from iPSCs were transfected with (A) iSketSnFR1_PM or (B) iSketSnFR1_ER. S-ketamine was perfused at varying concentrations for 20 s, at 38 s intervals. Average of five cells, ± SEM. (C) S-slope calculations. (D) Averaged waveforms for (B) on an expanded time axis.
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FIGURE 7. 485 vs. 400 nM excitation. (A) Dose-response relations in solution for iSketSnFR2, excited at 400 vs. 485 nm. (B) Live-cell imaging for iSketSnFR1, with either 485 nm or 400 nm excitation. Pulses of varying S-ketamine concentration lasting 20 s, at 40 s intervals.



The permanently charged nicotine analog, N’-methylnicotinium, previously provided additional insights for the iNicSnFR family (Shivange et al., 2019). The analogous S-ketamine derivative, N,N-dimethyl-S-ketamine, did not produce robust activation of the iSketSnFR constructs, vitiating experiments to study the possible role of charge at the nitrogen atom. This is consistent with but does not prove a reduced role for cation-π interactions between S-ketamine and the biosensor. Regardless of the underlying mechanism, the data suggest that the pH dependence of iSketSnFR1 and of iSketSnFR2 is dominated by that of the cpGFP moiety rather than by that of the weakly basic ligand, S-ketamine.



The _PM and _ER Constructs Reach the Intended Organelles

We examined the subcellular localization of the iSKetSnFR2_PM and iSketSnFR2_ER constructs, using confocal microscopy (Figure 3). The iSKetSnFR2_PM construct shows the expected localization at the cell periphery (Figure 3A). The iSketSnFR2_ER construct shows the expected intracellular localization, including the nuclear lamina (Figure 3B). Neuro2a cells are not ideal for distinguishing among organelles, and it is possible that some fluorescence arises from localization in both the ER and Golgi. For both the iSKetSnFR2_PM and iSketSnFR2_ER constructs, we noted clear increases in fluorescence when we added 1.5 μM S-ketamine. We described this increase systematically in the specialized, time-resolved, albeit lower-resolution imaging experiments presented below. Similar images were obtained for iSketSnFR1_PM and iSketSnFR1_ER.



Time-Resolved Responses to S-Ketamine in Live Cells

The S-slope of iSketSnFR1 for S-ketamine roughly equals that of nicotine for iNicSnFR3a and iNicSnFR3b. As expected from this similarity, iSketSnFR1 provided meaningful time-resolved dose-response relations for S-ketamine, at concentrations >1 μM (Figure 4). Transfected Neuro2a cells readily displayed ΔF within a few seconds after the external solution was switched to one containing S-ketamine; and the fluorescence decreased to baseline within a few seconds after the external solution was switched to a ketamine-free solution. The half-maximal concentration of S-ketamine is ~10 μM, near the concentration measured with purified protein.

The rapid antidepressant effects of S-ketamine occur after peak blood plasma concentrations of 0.2–1 μM, and free brain concentration of S-ketamine may be similar (Lester et al., 2012; Janssen Research and Development, 2019). Although the Hill coefficient near unity implies that measurement at [S-ketamine] >1 μM can be linearly extrapolated to provide meaningful insights for lower [S-ketamine], we sought direct measurements at the pharmacologically relevant [S-ketamine]. Our most powerful and sensitive tool for such a study is iSketSnFR2, with its S-slope of 1.9 μM−1 at purified protein. Transfected Neuro2a cells readily displayed measurable ΔF within a few seconds after the external solution was switched to an S-ketamine solution; and the fluorescence decreased to baseline within a few seconds after the external solution was switched to a ketamine-free solution (Figure 5). We plotted data for [S-ketamine] ≤1 μM, which is less than the EC50 measured with purified iSketSnFR2 protein. This ensures that our measurements remain on the linear part of a conventional dose-response relation. Summarizing our experiments on cells expressing targeted iSketSnFR2 constructs for [S-ketamine] <1 μM, iSketSnFR2_PM displayed an S-slope = 0.42 ± 0.14 μM−1 (mean ± SD, 25 total cells from two independent transfections) and iSketSnFR_ER displayed an S-slope = 0.29 ± 0.04 μM−1 (mean ± SD, 25 total cells from two independent transfections). These S-slopes do not differ significantly.



Time-Resolved Responses to S-Ketamine in iPSC-Derived Dopaminergic Neurons

We also studied iPSCs differentiated to become dopaminergic neurons (Shivange et al., 2019) and transfected with either iSketSnFR1_PM or iSketSnFR1_ER. In these cells, responses to S-ketamine appeared and decreased within just a few seconds after jumps in the extracellular S-ketamine concentration (Figure 6), resembling the results in Neuro2a cells. Responses increased linearly with concentration when we applied S-ketamine at concentrations < the EC50 (Figure 6). The experimentally determined S-slope for iSketSnFR1_PM was 0.1 μM−1, or ~4-fold lower than the value measured for iSKetSnFR2_PM in Neuro2a cells. Importantly, iSketSnFR1_ER constructs in iPSCs displayed an S-slope only slightly greater than that of the iSketSnFR1_PM construct.

S-slopes measured for PM and ER constructs in cells are several fold lower than for purified iSketSnFR proteins, as also observed for iNicSnFR constructs (Shivange et al., 2019). Furthermore, S-slopes measured in cells for iSketSnFR2 constructs are ~2- to 4-fold higher than for iSketSnFR1, rather than 5.8-fold higher as measured for the purified biosensor proteins. Both these differences presumably arise because cellular experiments have appreciable contributions to F0 from other fluorescent molecules. Further experiments with various optical arrangements and with various cell types are required. The major conclusion is that, for two cell types and for two iSketSnFR biosensor proteins, the ER S-ketamine concentration follows the extracellular concentration, within a few seconds and within 2-fold.



Excitation at 400 nm vs. 485 nm

Previous studies indicate that cpGFP-based sensors can also provide information when excited at 400 nm (Barnett et al., 2017). In tests at pH 7, we found that the EC50 is not markedly different at 400 and 485 nm, as though measurements are detecting a common binding and conformational change event (Figure 7A). The S-slope at pH 7 is −0.23, some 7-fold lower than at 485 nm (and opposite in sign). With iSketSnFR1_ER, we tested whether one can monitor S-ketamine entry into the ER at λex = 400 nm, even though the lower S-slope produces a lower signal-to-noise ratio. As shown in Figure 7B, this is possible, but only at [S-ketamine] in the higher range of the dose-response relation.

In measurements on purified iSketSnFR2, we compared the pH sensitivity for measurements at λex = 400 nm and at λex = 485 nm. We confirmed that the EC50 for S-ketamine does remain approximately equal when tested at λex = 400 nm vs. 485 nm, increasing at lower pH (compare Figure 2C vs. Supplementary Figure S2). A similar trend was previously noted for iNicSnFR3a. This trend is opposite to the expectation for a response limited only by the fraction of protonated ligand in the solution (Shivange et al., 2019). Therefore, we restate the previous suggestion that the pH dependence of S-ketamine measurements with iSketSnFR sensors is dominated by the pH sensitivity of the biosensor protein, not of the S-ketamine ligand. Because of this sensitivity, the [S-slope] for λex = 400 nm becomes quite small at pH < 7, never exceeding 0.3 even for iSketSnFR2 (Supplementary Figure S2).




DISCUSSION


S-Ketamine in Organelles

As pointed out in the “Introduction” section, in the absence of well-established information about a drug’s target, one needs to know which compartments a drug enters, how quickly, and at what concentrations. The present study establishes that S-ketamine enters the ER within a few seconds after appearing near cells, then leaves within a few seconds after S-ketamine is removed from the extracellular space. The S-ketamine concentration in the ER is less than 2-fold different from that in the extracellular solution. These conclusions arise from data on two biosensor constructs (iSketSnFR1, iSketSnFR2) and on two cell types (Neuro2a and human dopaminergic neurons differentiated from iPSCs).

A previous report shows that ketamine enters cells (Emnett et al., 2016). The pharmacological role of entry into organelles may differ between nicotine and S-ketamine; the former was studied in a previous article on ER permeation (Shivange et al., 2019). For nicotine, the ER is a major compartment relevant for pharmacological chaperoning and upregulation—the early stages of nicotine dependence (Henderson and Lester, 2015). For S-ketamine, if target engagement occurs in an organelle rather than on the PM, that organelle is still unknown. The sigma-1 receptor, a binding site for both R-ketamine and S-ketamine, occurs in the ER (Su, 2019).

Other organelles should also be considered as possible compartments for target engagement by S-ketamine. In 1974, it was first pointed out that weak bases accumulate, perhaps by factors of 100, in lysosomes and other acidic compartments (de Duve et al., 1974). In one suggestion, the relevant compartment(s) for S-ketamine are acidic vesicles (Lester et al., 2015; Stenovec et al., 2019). Uncertainties about the relevant acidic vesicles imply that the relevant pH is between 4.5 (lysosomes) and 5.5 (synaptic vesicles). Further uncertainties about ketamine permeability in the charged state allow for a wide range of intraluminal [S-ketamine] (Trapp et al., 2008). Therefore, it will be important to study intraluminal S-ketamine concentration directly.

The pharmacokinetic literature points out that lysosomes (pH ~4.5), representing just ~1% of a cell’s volume, would accumulate as much weakly basic drug as the entire cytoplasm (Smith et al., 2012). Antipsychotic drugs, which are also weak bases, accumulate in synaptic vesicles (pH ~5.5), and their release by pre-synaptic action potentials has both pre- and post-synaptic consequences (Trapp et al., 2008; Tischbirek et al., 2012; Tucker et al., 2015; Walters and Levitan, 2019). The present data provide the foundation for modifications of iSKetSnFR1 and iSKetSnFR2 that also function in acidic vesicles.



Other Candidate Ketamine Analogs and Metabolites

Candidate rapidly acting antidepressants include R-ketamine, as well as metabolites such as (2R, 6R)-hydroxynorketamine (HNK) and (2S, 6S)-HNK. Scopolamine also has rapid antidepressant actions (Wohleb et al., 2016). Biosensors tested in our experiments do respond, though quite weakly, to several of these compounds (Supplementary Figure S3). In previous experiments, the iNicSnFR series was “evolved” from initial biosensors characterized by an S-slope of ~10−5 (Shivange et al., 2019). The strategy we describe could conceivably be extended to these ligands.



Technical Considerations for Drug Biosensors

We comment on developing “iDrugSnFRs,” biosensors for synthetic and endogenous drugs. To some extent, the considerations differ from biosensors for endogenous neurotransmitters. For comparisons among intensity-based biosensors such as PBP-based or G protein-coupled receptor (GPCR)-based constructs, this article emphasizes the S-slope, a single metric that summarizes the beginning of the dose-response relation. The S-slope is simply ΔFmax/F0 divided by the EC50. The S-slope has dimensions, μM−1. Use of the S-slope has the following advantages.

(1) In our experience with isolated cells and in vivo systems, two factors usually render it desirable to follow the time course of relatively low drug concentrations. First, the pharmacological half-maximal dose is often less than the EC50 that characterizes the fluorescence. The S-slope describes sensitivity in the appropriate concentration range. Second, a full dose-response relation, in organelles of live cells, can be complicated if higher drug concentrations inhibit transporters, short-circuit proton gradients, or saturate buffers.

(2) An increased S-slope [pedantically, an increased (S-slope)] denotes an increased sensitivity. Interference by other drugs or neurotransmitters (again, at rather low concentrations) can be simply stated as the ratio of the S-slopes. This is an useful comparison if either EC50, or ΔFmax/F0, or both vary among ligands. In the case of iSketSnFR1 and iSketSnFR2, all other ligands we measured have ΔF responses so low that an S-slope can be approximately determined only by extrapolation at higher concentrations (Supplementary Figure S3). R-ketamine, another ligand of interest which gives detectable responses at concentrations >100 μM, has an S-slope at least 100-fold lower than S-ketamine at iSketSnFR2.

This article shows that S-slope comparisons between data on purified proteins have some predictive value. However, the S-slopes in cells, between iSketSnFR1 and iSketSnFR2, differed by smaller factors than those measured with purified protein, presumably because in cells, endogenous fluorescent molecules increase the F0 values.

(3) Use of a single parameter allows one to estimate the lowest analyte concentration observable, especially if one has characterized the fluorescence measurements in one’s imaging instruments. In isolated cells, which have favorable fluorescence properties, we find that our instruments allow ΔF/F0 values of 0.1 to be resolved readily. Therefore, an S-slope of 0.3, 1, 3, or 10 (Shivange et al., 2019) allows measurements as low as ~ 0.3 μM, ~0.1 μM, 10 nM, or 3 nM, respectively.

(4) Use of the S-slope is more general than the previous metric, ΔF/F0 at 1 μM ligand (Shivange et al., 2019). As noted above, this generality allows ready extensions to experiments that use only sub-micromolar concentrations of drugs. The S-slope can also be applied to decreases in fluorescence, for instance at 400 nm excitation (Figure 7). Because fluorescence cannot become less than zero, ΔF/F0 can never become more negative than −1. However, EC50 can become so small that S-slope values become more negative than −1 μM−1.

Use of the S-slope does require simplifications that occur with both PBP-based and GPCR-based fluorescent biosensors. These simplifications may not occur with less direct sensors such as those that measure Ca fluxes (Ding et al., 2019) or gene activation (Bick et al., 2017). One simplification appropriate to both PBP-based and GPCR-based biosensors: the Hill slope is near unity, so that responses < the EC50 remain linear with the [drug].

Straightforward choices based solely on the S-slope are possible because here, as in Shivange et al. (2019), the binding and conformational changes are rapid enough to eliminate concerns caused by the response of the sensor itself. However, very low Kd would depart from this experience. In the simplest view, the equilibrium EC50 (Kd) is a ratio of two (possibly composite) kinetic steps, characterized phenomenologically as Kd = koff/kon. In our experience, kon values for OpuBC-based biosensors are ~107/M/s (Shivange et al., 2019). Therefore, Kd values < 10−7 M (100 nM) are accompanied by koff <1/s. Such values would produce a “lag” of >1 s between the drug concentration and the fluorescence response.

An important final assumption is that in vitro and in vivo measurements occur at the same pH. The S-slope does vary with pH, because both its numerator and denominator vary with pH (Figure 2C, Supplementary Figure S2; Barnett et al., 2017; Shivange et al., 2019). We would like to extend the iDrugSnFR measurements to acidic organelles. With PBP-GFP-based iDrugSnFRs, this is not yet possible: the S-slope approaches zero.



Prospects for Developing Improved Rapidly Acting Antidepressants

Knowing that S-ketamine enters organelles will not in itself develop a new ~24 h antidepressant drug. Nonetheless, such data can help test whether novel mechanisms, such as action on intra-organellar targets and subcellular pharmacokinetics, must be considered in developing such drugs. Researchers may wish to test the subcellular pharmacokinetics, targets, compartment of target engagement, and downstream signaling events of other candidate drugs as rapidly acting antidepressants.
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Many neurodegenerative diseases induce high levels of sustained cellular stress and alter a number of cellular processes. To examine how different mutations associated with neurodegenerative disease affect cell stress and signaling, we created live-cell assays for endoplasmic reticulum (ER)-mediated cell stress and second messenger signaling. We first examined neurodegenerative mutations associated with direct ER stress by exploring the effect of rhodopsin mutations on ER stress and Ca2+ signaling. The rhodopsin P23H mutation, the most common mutation in autosomal dominant Retinitis Pigmentosa (RP), produced increased ER stress levels compared to wild type (WT) rhodopsin. Moreover, this increase in cell stress correlated with blunted Ca2+ signaling in a stress-dependent manner. Analysis of single-cell Ca2+ signaling profiles revealed unique Ca2+ signaling responses exist in cells expressing WT or P23H rhodopsin, consistent with the idea that second messenger signaling is affected by cell stress. To explore the use of the ER-stress biosensor in neurodegenerative diseases that may not have a direct effect on ER-mediated cell stress, we examined how various mutants of α-synuclein and TDP-43 affected ER stress. Mutants of both α-synuclein and TDP-43 associated with Parkinson’s disease (PD) and Amyotrophic lateral sclerosis (ALS) demonstrated increased ER stress compared to WT proteins. To examine the effect of α-synuclein and TDP-43 mutants on cellular signaling, we created a second live-cell assay to monitor changes in cAMP signaling during expression of various forms of α-synuclein and TDP-43. The increased cell stress caused by expression of the mutant proteins was accompanied by changes in phosphodiesterase activity. Both HEK293T and SH-SY5Y cells expressing these proteins displayed a shift towards increased cAMP degradation rates, likely due to increased phosphodiesterase activity. Together these data illustrate how biosensors for cellular stress and signaling can provide nuanced, new views of neurodegenerative disease processes.
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INTRODUCTION

Genetically-encoded fluorescent biosensors are powerful tools that have provided new views of how circuits in the brain operate, and how cells and networks of cells process and respond to stimuli (Chen et al., 2017). Many of these biosensors detect small molecule analytes, like Ca2+, cyclic AMP (cAMP) and diacylglycerol (Zhao et al., 2011; Tewson et al., 2012, 2016; Broussard et al., 2014) that change in concentration during cell signaling events. Biosensors of this type are used to monitor events such as G-protein coupled receptor (GPCR) activation or neuronal Ca2+ signaling. Because they are protein-based, biosensors can be targeted to distinct sub-populations of cells or to specific organelles and subcellular domains (Moore et al., 2016; Pendin et al., 2017), and can be systemically delivered by viral vectors. These features have popularized genetically-encoded biosensors, especially those for Ca2+ and cAMP (Castro et al., 2014), for use in both in vitro as well as in vivo models (Chen et al., 2017). Another type of genetically encoded biosensor targets changes to the state of the cell. For example, biosensors for apoptosis (Xu et al., 1998), cell cycle state (Sakaue-Sawano et al., 2008), autophagy (Katayama et al., 2011), and cell stress (Iwawaki et al., 2004; Roy et al., 2017) have been developed to detect broad changes to cellular states. However, these two classes of biosensors are often used in separate assays to examine unique outcomes of either change in cell state or signaling. We reasoned that combining biosensors for cell state with those for cell signaling could provide new insights as to how changes in cell state, such as cell stress, alter cellular signaling.

Neurodegenerative disorders, such as Parkinson’s disease (PD), Amyotrophic lateral sclerosis (ALS), and the degenerative blinding disease Retinitis Pigmentosa (RP) all involve cellular stress and occur over the course of many years. Each disease is also linked to changes in second messenger signaling. In RP, rod photoreceptors slowly degrade over time, eventually degrading the cone photoreceptors as well, leading to photoreceptor cell death and blindness (Hartong et al., 2006; Ferrari et al., 2011; Koch et al., 2015). The most common mutation associated with RP is the autosomal dominant P23H mutation within the rhodopsin gene (Ferrari et al., 2011). This rhodopsin mutation is accompanied by changes in Ca2+ and cyclic GMP (cGMP) signaling, along with increased cell stress triggered by the unfolded protein response (UPR; Arango-Gonzalez et al., 2014; Shinde et al., 2016). In Parkinson’s and ALS, unique subpopulations of neurons experience prolonged cell stress before eventually dying (Bosco et al., 2011; Taylor et al., 2016; Maiti et al., 2017). Parkinson’s and ALS are characterized by the accumulation of misfolded proteins throughout the cell. However, there is also evidence that the modulation of second messenger signaling levels mediated through GPCR activity may influence disease progression (Xu et al., 2012; Mittal et al., 2017). Furthermore, inhibition of phosphodiesterase activity, which is responsible for the breakdown of cAMP and cGMP, has been demonstrated to preserve dopaminergic neurons in models of PD (Morales-Garcia et al., 2011). Thus, accumulating evidence suggests that changes in both cell stress and signaling are associated with multiple neurodegenerative diseases.

Imagine the neuron suffering under the load of a misfolded protein for years on end. Which stress pathways are activated and how does it compensate for the stress? Does it still respond to its environment appropriately? Can it still sense the same neurotransmitters and neuromodulators in the same way? Does it still respond to drugs in the same way that the healthy, surrounding cells do? To answer these questions live-cell assays conducted in models of neurodegeneration must be developed. Genetically-encoded biosensors represent useful tools for the development of these assays because of their ability to monitor cellular function in real-time. Multiple biosensors can also be paired to monitor different cellular activities and pathways simultaneously, providing details of cellular function that cannot be assessed by simply monitoring cell death.

Endoplasmic reticulum (ER) stress is associated with multiple neurodegenerative diseases including RP, Parkinson’s, and ALS (Shinde et al., 2016; Remondelli and Renna, 2017) and occurs well before cell death, making it an important live-cell assay target. We created an ER-stress biosensor that can be combined with biosensors for second messengers. We then monitored, either simultaneously or orthogonally, changes in cell stress levels and the effects on cellular signaling. To analyze these signaling changes we created two assays. We first examined how the expression of mutant rhodopsin affects ER-stress and Ca2+ signaling. We show that a blunted Ca2+ signaling response accompanies increased ER stress in cells expressing the rhodopsin P23H mutant. Next, using mutants of α-synuclein and TAR DNA binding protein (TDP-43) we created a second live-cell assay that reveals how cAMP signaling is altered under ER stress brought on by expression of these neurodegenerative associated proteins. Together, these results demonstrate the usefulness of live-cell assays utilizing unique genetically-encoded fluorescent biosensors as models to study neurodegenerative disease.



MATERIALS AND METHODS


Biosensor Construction

The ER-stress biosensor was modified from Iwawaki et al. (2004). mNeonGreen was placed downstream of the XBP1 sequence and splice site. SantakaRFP (ATUM FPB-58-609) was placed upstream of the XBP1 sequence (Figure 1A). The SantakaRFP and XBP1-mNeonGreen sequences were separated by a self-cleaving 2A peptide sequence. For the R-GECO-cell stress biosensor SantakaRFP was replaced with R-GECO1.2 (Wu et al., 2013; Figure 3A). Cloning was done using In-Fusion HD cloning (Takara 638911). R-GECO (U0600R), R-cADDis (U0200R) and bPAC (V0100N) were obtained from Montana Molecular.
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FIGURE 1. A genetically-encoded fluorescent biosensor to detect endoplasmic reticulum (ER)-mediated cell stress. (A) Schematic of the two-color cell stress biosensor. The biosensor is polycistronic transcript consisting of a nuclear targeted constitutively expressed red fluorescent protein followed by a self-cleaving 2A peptide and a stress-induced nuclear targeted green fluorescent protein (mNeonGreen) fused to a portion of the XBP1 protein (ΔXBP1-mNeonGreen). Activation of ER stress through the IRE1α-XBP1 pathway splices out a portion of the XBP1 mRNA, shifting mNeonGreen into frame. Top: unstressed cells; bottom: stressed cells treated with 1 μM thapsigargin. Scale bar = 100 μm. (B) Reverse-transcription polymerase chain reaction (RT-PCR) agarose gel of the splicing status of either endogenous or biosensor XBP1 transcripts over 24 h. Cells were treated with either DMSO or 1 μM thapsigargin. Three bands are present, unspliced XBP1, spliced XBP1 and a hybrid band of spliced and unspliced transcripts (Chalmers et al., 2017). (C) HEK293T cells were transduced with the cell stress biosensor and treated with increasing amounts of thapsigargin. Top: the fold change (ΔF/F) in green fluorescence was calculated over 22 h, measured every 30 min on a plate reader. Middle: the percent of stressed cells per image was calculated every hour on a high content imager. Bottom: the normalized cell count per image was calculated every hour on a high content imager. Data are plotted as mean × SD, N = 3 wells per condition. (D) Overlay of phase, red fluorescence, and green fluorescence images of HEK293 cells transduced with the cell stress biosensor and treated with 0.3 μM and 1 μM thapsigargin. Images acquired at 0, 6 and 22 h after treatment, scale bar = 200 μm. (E) HEK293T cells were transfected with the cell stress biosensor and either wild type (WT) or mutant P23H rhodopsin. The fold change in green and red fluorescence ratio is plotted over 20 h. Fold change in stress response (ΔF/Fgreen) and expression (ΔF/Fred) is shown. Data are plotted as mean × SD, N = 3 wells per condition. (F) After 20 h the cells from (E) were treated with increasing amounts of the IRE1α inhibitor 4μ8C or DMSO. The fold change in stress response (ΔF/Fgreen) and expression (ΔF/Fred) were monitored for an additional 20 h.
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FIGURE 2. Mutant P23H rhodopsin elicits ER-mediated cell stress and alters Ca2+ signaling. (A) HEK293T cells transduced with the cell stress biosensor and either no protein (control), wild type (WT) rhodopsin or P23H rhodopsin. After 24 h the green, red, and green/red fluorescence ratio were analyzed. Data are plotted as mean ± SD, N = 3 wells per condition, **P-value < 0.01, n.s. = not significant. (B) Average profiles of the fold change in cytoplasmic Ca2+ in cells expressing the R-GECO Ca2+ biosensor and transduced with 5 μl WT or P23H rhodopsin during stimulation with 30 μM carbachol. Data are plotted as the mean ± SD of two wells and 2,125 cells for WT and two wells and 1,023 cells for P23H. (C) Ca2+ signaling profiles form individual cells in (B) expressing WT or P23H rhodopsin were fit to equation ΔF/F = αe−θt, where ΔF/F is the fold change in fluorescence, α is the signaling amplitude, θ is the exponential decay rate, and t is time in seconds. Density plots of the values for α and θ from each cell are shown for WT and P23H expressing cells. (D) PBM index score of Ca2+ signaling profile clusters in WT and P23H rhodopsin expressing cells. A maximum at four clusters indicates Ca2+ signaling profiles can be best segmented into four distinct profiles. (E) Individual Ca2+ responses from each cell in (B) were analyzed and separated into four distinct profiles based on the PBM index score from (D). Each black line represents a single cell; the red line represents the mean response of each profile.
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FIGURE 3. ER stress levels correlate with decreased Ca2+ signaling response. (A) Schematic of the R-GECO cell stress biosensor. (B) Representative image of cells expressing the R-GECO cell stress biosensor and the rhodopsin P23H mutant. Top: red Ca2+ channel, middle: green stress channel, bottom: merge. Images are taken before during and after carbachol stimulation. The white arrow depicts a lowly stressed cell. The red arrow depicts a highly stressed cell. Scale bar = 25 μm. (C) Scatter plot comparing the stress levels and max fold change in Ca2+ levels of individual cells expressing the R-GECO cell stress biosensor and rhodopsin P23H. The blue line is the linear correlation between the two variables. R = Pearson correlation coefficient.





Chemicals

Sodium butyrate (B5887), valproic acid (P4543), and carbachol (C4382) were obtained from Millipore Sigma. Thapsigargin (10522) and 4μ8C (22110) were obtained from Cayman Chemical.



Cell Culture

HEK293T cells were obtained from ATCC (CRL-11268) and cultured in T-75 flasks at 37°C and 5% CO2 in EMEM media (ATCC 30-2003) containing 1× Penicillin-Streptomycin (Thermo Fisher Scientific 15140122), supplemented with 10% fetal bovine serum (FBS). SH-SY5Y cells were obtained from ATCC (CRL-2266) and cultured the same as the HEK293T cells except DMEM (ATCC 30-2002) which was used as the base media. For plate reader, experiments cells were cultured in Fluorobrite DMEM (Thermo Fisher Scientific A1896701) containing 4 mM Glutamax (35050061) and 10% FBS (Figure 1), or the media was replaced with DPBS (Figures 2–6). For imaging media was replaced with DPBS containing calcium and magnesium (Thermo Fisher Scientific SH30264.01). For all experiments cells were subcultured at 70–90% confluence and plated onto 96-well poly-D lysine coated microplates (Greiner Bio-One 82050-806).
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FIGURE 4. α-synuclein expression induces ER-mediated cell stress and alters PDE activity. (A) HEK293T or SH-SY5Y cells were transduced with the cell stress biosensor and either no other virus (control) or 1 or 10 μl of WT α-synuclein or one of four α-synuclein mutants. The green, red, and green/red ratio fluorescence were measured after 24 h of expression. Individual data points are plotted and bars represent the mean, error bars represent the standard deviation of N = 3 wells. (B) Schematic of optical PDE activity assay. Cells were transduced with the red fluorescent cAMP biosensor R-cADDis and the blue light-activated adenylyl cyclase bPAC. Baseline cAMP levels were monitored prior to bPAC activation to raise cAMP levels. A 2-s pulse of blue light activates bPAC to raise cAMP. bPAC activity decays rapidly and cAMP levels were monitored for 15 min at which point cAMP levels return to baseline. cAMP degradation profiles were fit with the following logistic function ΔF/F = α/1+βe−θt for cAMP half-life calculation where ΔF/F is the change in fluorescence, α is the maximum cAMP level, βe−\rtheta is the exponential decay rate, and t is time in seconds. (C) Average cAMP degradation profiles in HEK293T and SH-SY5Y cells expressing different variants of α-synuclein or control cells not over-expressing any form α-synuclein. For HEK293T cells N = 3 wells per sample, control = 4,047 cells, WT = 3,882 cells, A53T = 3,385 cells, E46K = 3,431 cells, A30P = 3,700 cells, H50Q = 3,455 cells. For SH-SY5Y cells N = 3 wells per sample, control = 2,697 cells, WT = 2,427 cells, A53T = 2,775, E46K = 1,462 cells, A30P = 1,902 cells, H50Q = 2,209 cells. (D) Cumulative distribution functions plotted for the distribution of cAMP half-lives (t1/2) determined from the individual cells analyzed in (C). *P-value < 0.05, **P-value < 0.01.
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FIGURE 5. Analysis of PDE activity from individual cells reveals distinct PDE activity profiles. (A) Schematic of PDE activity profiles from individual cells revealed three distinct cAMP decay profiles, rapid, intermediate, and delayed. (B) PBM index score of cAMP degradation profile clusters in HEK293T and SH-SY5Y cells. Data from control cells or cells expressing WT or a mutant variant of α-synuclein were merged for analysis. A maximum at three clusters indicates cAMP degradation profiles can be best segmented into three distinct profiles for both HEK293T and SH-SY5Y cells. (C) Individual cAMP degradation profiles from control HEK293T cells and HEK293T cells expressing WT or a mutant variant of α-synuclein. Each black line represents a single cell; the red line represents the mean response of each profile. N = 3 wells per sample, control = 4,047 cells, WT = 3,882 cells, A53T = 3,385 cells, E46K = 3,431 cells, A30P = 3,700 cells, H50Q = 3,455 cells. (D) Bar plot of the fraction of cells in each profile for control and α-synuclein variants from the profiles determined in (C). N = 3 wells for each condition. Individual data points are plotted along with the mean bar and error bars representing the standard deviation. Panels (E,F) same as in (C,D) but for SH-SY5Y cells. N = 3 wells per sample, control = 2,697 cells, WT = 2,427 cells, A53T = 2,775, E46K = 1,462 cells, A30P = 1,902 cells, H50Q = 2,209 cells.
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FIGURE 6. TDP-43 expression induces cell stress and increases cAMP degradation rate. (A) SH-SY5Y cells were transduced with the cell stress biosensor and either no other virus (control), 1 or 10 μl of WT or M337V TDP-43 virus. The green, red and green/red ratio fluorescence was measured after 24 h of expression. Individual data points are plotted and bars represent the mean, error bars represent the standard deviation of N = 3 wells. (B) Average cAMP degradation profiles in SH-SY5Y cells expressing different variants of TDP-43 or control cells. N = 3 wells per sample, control = 2,697 cells, WT = 3,352 cells, M337V = 3,023 cells. (C) Cumulative distribution functions plotted for the distribution of cAMP half-lives (t1/2) determined from the individual cells analyzed in (B). To determine T1/2 cAMP, data from each cell were fit to the following equation ΔF/F = α/1+βe−θt with the same parameters as Figure 4B. (D) PBM index score of cAMP degradation profile clusters in SH-SY5Y cells. Data from control cells or cells expressing WT or M337V versions of TDP-43 were merged for analysis. A maximum at two clusters indicates cAMP degradation profiles can be best segmented into two distinct profiles. (E) Individual cAMP degradation profiles from control cells and cells expressing WT or M337V TDP-43. Each black line represents a single cell; the red line represents the mean response of each profile. Well and cell number are the same as (B). (F) Bar plot of the fraction of cells in each profile for control and TDP-43 variants from the profiles determined in (E). N = 3 wells for each condition. Individual data points are plotted along with the mean bar and error bars representing the standard deviation. *P-value < 0.05, **P-value < 0.01.





Gene Expression

Plasmid transfections were done using Lipofectamine 2000 (Thermo Fisher Scientific 11668019) according to the manufacturer’s instructions. Briefly, 0.4 μl of Lipofectamine 2000 per 100 ng of plasmid DNA was added to Opti-Mem reduced serum media (Thermo Fisher Scientific 31985088) to create a final volume of 100 μl. After incubation at room temperature for 20 min all 100 μl of the transfection mix was mixed with 100 μl of HEK293T cells and plated onto a single well of a 96-well microtiter plate. For all transfection experiments, 100 ng of either the cell stress biosensor or the R-GECO-cell stress biosensor plasmids were delivered along with 100 ng of WT or mutant P23H rhodopsin plasmid per 27,000 cells. Four hours later the media was exchanged for 150 μl of Fluorobrite DMEM media. For viral transduction experiments, the following BacMam viruses were used: cell stress biosensor (2 × 1010 viral genes (VG)/ml), R-GECO (3.1 × 1010 VG/ml), bPAC (1.18 × 1011 VG/ml), R-cADDis (5.06 × 1010 VG/ml), rhodopsin, a-synuclein, and TDP-43 viral titers listed in Table 1. For experiments comparing WT and mutant versions of rhodopsin, α-synuclein, and TDP-43 the viral volume was matched to the titer of the WT protein in the case of rhodopsin and TDP-43 and the A53T mutant of α-synuclein. For all experiments using BacMam 25 μl of biosensor was transduced per 48,000 cells. When bPAC was used it was transduced at 5 μl per 48,000 cells. For HEK293T cells all transductions were conducted in the presence of 2 mM sodium butyrate and for SH-SY5Y cells all transductions were conducted in the presence of 6 mM valproic acid. After 24 h incubation, the cells were analyzed for cell stress, Ca2+ signaling, or cAMP degradation.

TABLE 1. mRNA transcripts per cell for WT and mutant versions of the genes used in this study.
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RT-qPCR

Two wells of a 96-well plate containing 48,000 HEK293T (96,000 total) cells were transduced with either 1 or 10 μl of BacMam virus indicated in Table 1. Cells were then incubated for 24 h followed by RNA isolation using Quick-RNA Microprep Kit (Zymo Research R1050). cDNA was generated using the M-MLV Reverse Transcriptase kit (Promega M1701) according to the manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR) was conducted using Syber select master mix for CFX (Thermo Fisher Scientific 4472942).



Plate Reader, Imaging and Image Analysis

For the long-term plate reader analyses in Figure 1, cells were transfected as described above with the addition of 25 mM HEPES (Thermo Fisher Scientific 15630080) to the media. Cells were analyzed for 20–40 h on a BMG CLARIOstar (Figure 1C) or BioTek SynergyMX (Figures 1E,F) plate reader, heated to 37°C. Reads with excitation/emission of 485/528 and 558/603 with 20 nm bandpass were taken every 30 min. Data are plotted every 2 h for clarity. High content analysis (Figures 1C,D) was conducted on the Lionheart FX Automated Microscope (BioTek Instruments) at 37°C and 5% CO2. HEK293 cells were transduced with 10 μl of the cell stress biosensor per well in Fluorobrite DMEM containing 6 mM valproic acid and plated onto 96-well plates. Twenty-four hours after plating, increasing concentrations of thapsigargin was added to the cells and cells were imaged every hour using a 10× objective and the following filter sets, red fluorescence: 531 Ex, 593 Em LED filter cube, green fluorescence: 469 Ex, 525 Em LED filter cube. Images for Figure 2 were collected on a Zeiss Axiovert 200 using an Olympus UPlanFL 10×/0.30 lens and a Teledyne Qimaging 2000R CCD camera. Images were taken every 2 s exciting for 200 ms with a 1A 560 nm LED (ThorLabs DC4100) with a 556/20 Semrock excitation filter and a 617/70 Semrock emission filter. Images for Figure 3 were acquired on an Olympus IX81 using an Olympus UPlanSApo 20×/0.75 lens and a Hamamatsu C9100 EM-CCD camera. Images were acquired every 2 s exciting for 200 ms with a 1A Halogen Exfo X-cite series 120 lamp using the same excitation and emission filters. For all bPAC-RcADDis imaging in Figures 4–6, the Zeiss Axiovert with the 10× lens was used. Images were acquired every 20 s using a 100 ms exposure and the 556/20 Semrock excitation filter. After 100 s, the sample was pulsed with blue light for 2 s using a 1A 470 nm LED and a 470/20 Semrock excitation filter. Following this, pulse images were acquired every 20 s as before the pulse. All image analysis was conducted using CellProfiler (McQuin et al., 2018). Raw images and CellProfiler scripts are available in the supplemental materials.



Statistical Analysis

Where applicable, data are reported as mean ± SD of at least three replicates. Either the fold change (ΔF/F) in fluorescence or the percent stressed cells was used to determine cell stress response. ΔF/F refers to the fold change in green fluorescence induced by activation of the stress sensor. Percent stressed cells is calculated by dividing the number of cells that display both green and red fluorescence by the total number of cells expressing red fluorescence within a single image. The percent stressed cell analysis was used to analyze high content data in Figure 1. For image analysis in Figures 2–6, individual cells from two or three images were analyzed, with the total number of wells and cells listed for each experiment in the figure legends. P-values were determined using two-tailed equal variance t-tests. Ca2+ signaling and cAMP degradation profile analysis was conducted in R1 using the TSrepr package (Laurinec, 2018). Data were first filtered for a positive increase in cAMP levels after bPAC stimulation by removing cells displaying a ΔF/F of less than 0.2. The number of cAMP degradation profiles was determined using the PBM index (Pakhira et al., 2004), identifying the number of clusters that had highest PBM index score. Calculation of the Ca2+ signaling amplitude and decay were conducted in R. Data from each cell was fit to the following exponential equation, ΔF/F = αe−θt, where ΔF/F is the fold change in fluorescence, α is the signaling amplitude, θ is the exponential decay rate, and t is time in seconds. The distribution of values for α and θ in cells expressing WT and P23H rhodopsin were then plotted. cAMP average profiles for each sample were calculated by average individual cAMP signaling profiles from each cell from three biological replicate images. cAMP half-lives were calculated by first fitting each cAMP degradation profile to following logistic function, ΔF/F = α/(1+βe−θt), where ΔF/F is the change in fluorescence, α is the maximum cAMP level, βe−\rtheta is the exponential decay rate, and t is time in seconds. The t1/2 was then calculated for each cell from three biological replicate images. The cumulative distribution function of t1/2 values from each sample was then calculated in R and compared between samples. Note, for both Ca2+ and cAMP analysis, the equations were fit to the data after carbachol or bPAC stimulation, respectively.




RESULTS


A Genetically-Encoded Reversible Biosensor to Detect Cell Stress

To assay cellular stress responses, we created a genetically encoded live-cell biosensor to detect an ER-mediated stress response through the IRE1α-XBP1 arm of the UPR. Versions of this type of biosensor have been previously described (Iwawaki et al., 2004; Roy et al., 2017), however, we sought to modify the sensor to adapt it for use in both imaging and plate reader-based assays. Upon detection of misfolded proteins within the lumen of the ER, IRE1α is activated and carries out an unconventional cytoplasmic splicing of the XBP1 transcript. This splicing leads to a frame shift in the XBP1 open reading frame, creating a functional transcription factor which in turn activates a host of stress response genes (Grootjans et al., 2016). Similar to previous versions of this biosensor, we co-opted this splicing event to shift into frame a bright green fluorescent protein, mNeonGreen (Figure 1A). Also in line with previous XBP1-based biosensors we either removed or maintained key sequence features of the XBP1 protein and fused this sequence to the mNeonGreen portion of the biosensor (Yanagitani et al., 2009; Peschek et al., 2015). These sequence features were either added or removed to create a biosensor that displayed similar activation and termination kinetics to the endogenous UPR. We first removed the DNA binding and basic domains of XBP1 as was done in previous versions of this biosensor (Iwawaki et al., 2004). Removing these domains from XBP1 is important as overexpression of full-length XBP1 inhibits the endogenous UPR response (Lee et al., 2003; Iwawaki et al., 2004). We also removed the leucine zipper domain of XBP1 to decrease the stability of the XBP1-mNeonGreen fusion. The leucine zipper domain is important for maintaining stability and expression of spliced XBP1 during the stress response (Uemura et al., 2013). Unspliced XBP1 protein enhances the degradation of the spliced protein. Binding of UBC9 to the leucine zipper domain inhibits this enhanced degradation (Uemura et al., 2013). By removing this domain from the portion of XBP1 that is fused to mNeonGreen, we created a biosensor that was likely sensitive endogenous UPR regulation. We term this modified XBP1-mNeonGreen fusion ΔXBP1-mNeonGreen. We also added a constitutively expressed red fluorescent protein upstream of the XBP1 intron to identify cells expressing the biosensor and as an indicator for protein expression levels. A self-cleaving 2A peptide was placed between the red and green fluorescent proteins to uncouple changes in protein expression from changes in ER-mediated cell stress. Finally, we targeted both fluorescent signals to the nucleus for easy image analysis and signal comparison. To test the ability of the biosensor to report on ER-mediated cell stress through the UPR, we compared the endogenous XBP1 splicing status to the biosensor splicing status during treatment with thapsigargin, a SERCA pump inhibitor that activates the IRE1α-XBP1 pathway. The splicing of the biosensor and the endogenous XBP1 transcript display similar profiles during a 24-h treatment with thapsigargin (Figure 1B). The highest level of spliced endogenous XBP1 transcript is observed between 2 and 6 h after thapsigargin treatment but diminishes within 24 h (van Schadewijk et al., 2012; Figure 1B). Both the splicing of the biosensor transcript and the stress-related green fluorescence peak between 2 and 6 h of treatment, diminishing after 22–24 h (Figures 1B–D), mimicking the endogenous stress response. Importantly, the cell stress response to thapsigargin is similar whether the stress levels are monitored using the fold change in green fluorescence on a plate reader (Figure 1C, top) or a high content imager using the percent of stressed cells within the well (Figure 1C, middle). Additionally, high content image analysis demonstrates that changes in cell stress occur an order of magnitude prior to changes to cell growth (Figure 1C, middle and bottom) when cells are stressed with thapsigargin. These data indicate that the cell stress biosensor may be more sensitive to detect changes in cellular stress response than assays monitoring cell growth or death.

An important feature of many neurodegenerative diseases is sustained cellular stress often caused by genetic mutations or changes in protein expression (Bosco et al., 2011; Ferrari et al., 2011). We next tested the ability of the cell stress biosensor to detect stress mediated through genetic mutations. We chose to assess a WT and mutant variant of rhodopsin. Rhodopsin is trafficked through the ER to the cell membrane in retinal cells (Deretic and Papermaster, 1991). Mutations in rhodopsin can lead to misfolding of the protein within the ER and are known to cause the progressive blinding disease, RP (Sung et al., 1991). By co-expressing the cell stress biosensor with either WT or a mutant form of rhodopsin known to cause RP, rhodopsin P23H, the effects of the WT and mutant rhodopsin were monitored over 20 h. Rhodopsin P23H not only displayed an increased cell stress response (Figure 1E, ΔF/Fgreen stress), it also resulted in decreased protein expression (Figure 1E, ΔF/Fred expression). This general decrease in protein expression is a hallmark of the UPR. These data demonstrate the ability of the cell stress biosensor to detect cell stress induced by genetic mutations. Lastly, as the cell stress biosensor may be a useful tool for assaying compounds that alleviate the cell stress response, we assessed the ability of the IRE1α inhibitor, 4μ8C to reduce the stress caused by the P23H mutation. After 20 h of expression, increasing doses of 4μ8C were added to cells expressing the P23H mutation and the subsequent changes in stress-related green fluorescence and expression-related red fluorescence were monitored independently (Figure 1F). As expected addition of 4μ8C reduced the stress response within 5 h after treatment (Figure 1F, ΔF/Fgreen stress), while no change in general protein expression was observed (Figure 1F, ΔF/Fred expression). Importantly, 1 μM of 4μ8C, which has an IC50 for IRE1α of 6.8 μM, was able to reduce stress levels of the P23H mutant back to those of WT within 20 h of treatment (Figure 1F, WT DMSO). These results demonstrate the ability of the cell stress biosensor to detect real-time changes in cell stress responses mediated by genetic components.



Ca2+ Signaling Is Affected by ER Stress

Cellular stress responses, including those brought on by ER stress, can lead to a number of changes in cellular physiology. Second messenger signaling is especially sensitive to changes in cell state, thus we sought to explore how ER-mediated cell stress, brought on by the overexpression of WT and mutant P23H rhodopsin, affected intracellular Ca2+ signaling. We chose to explore Ca2+ signaling as the ER is the main store of Ca2+ within the cell, and changes to cytosolic Ca2+ has been associated with the P23H mutation (Shinde et al., 2016). We first created a modified baculovirus, BacMam, to express the cell stress biosensor along with the WT or mutant forms of rhodopsin. We then transduced HEK293T cells with increasing amounts of WT or mutant rhodopsin BacMam along with BacMam carrying the cell stress biosensor. Analysis of the stress signal, the expression signal, and the green/red ratiometric signal (Figure 2A) demonstrated a dose-dependent increase in cell stress mediated by WT and mutant P23H rhodopsin when compared to control HEK293T cells that were not transduced with either rhodopsin construct. The stress response from P23H rhodopsin became distinguishable from the WT stress response at 5 μl transduced virus, which corresponds to a similar level of rhodopsin mRNA expression observed in the retina (Table 1, Uhlén et al., 2015).

To determine if the stress response instigated by the P23H mutation affected Ca2+ signaling we co-transduced 5 μl of either WT or P23H rhodopsin BacMam along with the R-GECO Ca2+ biosensor (Wu et al., 2013) and the human cholinergic receptor muscarinic 1 (hM1) GPCR. Cells expressing either WT or P23H rhodopsin were then stimulated with carbachol to activate a Gq signaling response. Cells were imaged every 2 s before and during carbachol treatment. As shown in Figure 2B, the average Ca2+ response was quite different between the cells expressing WT and P23H rhodopsin. WT cells displayed an average ~1.75-fold change in cytoplasmic Ca2+ levels whereas P23H cells displayed only an average ~0.8-fold change. Inspection of individual Ca2+ traces from single cells imaged in Figure 2B suggested there may be distinct subpopulations of cells with variable responses to Gq activation. To explore this possibility, single-cell traces for the WT and P23H data were analyzed for Ca2+ response. First, each Ca2+ trace was fit to the following equation ΔF/F = αe−θt to identify the Ca2+ amplitude (α) and cytoplasmic Ca2+ clearance rate (θ; Figure 2C). Cells expressing WT rhodopsin show two distinct populations of α values, with larger α values, indicating a larger Ca2+ signaling amplitude, dominating the distribution. Cells expressing P23H rhodopsin also display two distinct populations of α values. However, both populations are shifted to lower α values, indicating a blunted a Ca2+ signaling amplitude. Also, while a greater portion of cells display larger α values in the P23H expressing cells, the distribution is much more even between the two states than in WT cells (Figure 2C). Analysis of the distribution of values for θ from WT cells shows a single narrow distribution, while P23H expressing cells show a broader distribution of θ values. P23H cells also display a shift towards higher θ values, indicating a more rapid clearance of Ca2+ from the cytoplasm after hM1 stimulation (Figure 2C). The distinct distributions of α and θ from WT and P23H expressing cells support the notion that there may be subpopulations of cells with distinct Ca2+ signaling dynamics within the larger population of WT and P23H expressing cells. To explore this possibility, all single-cell traces from both the WT and P23H expressing cells were pooled and analyzed for the presence of unique Ca2+ signaling patterns. To identify the number of distinct Ca2+ signaling clusters present in the data, we tested the goodness of fit for 2–7 clusters of Ca2+ signaling profiles. Using the PBM index (Pakhira et al., 2004) to score cluster number, we identified four Ca2+ response profiles (Figure 2D). Two profiles, dominant in the WT cells, displayed increased Ca2+ responses upon hM1 activation (Figure 2E; profiles 3 and 4), resembling a typical Gq response (Tewson et al., 2013). The other two profiles, dominant in the P23H cells, displayed a blunted Ca2+ response (Figure 2E, profiles 1 and 2). However, the presence of profiles 1 and 2 in cells expressing WT rhodopsin suggests that even overexpression of WT rhodopsin elicits altered Ca2+ signaling along with increased ER stress (Figures 2A,C,E).

Analysis of ER-mediated cell stress and individual Ca2+ profiles suggests variability in Ca2+ signaling response may be related to varying levels of cellular stress induced by the rhodopsin P23H mutation. To explore this possibility, we created a modified version of the cell stress biosensor where the constitutively expressed red fluorescent protein was replaced with R-GECO (Figure 3A). We then co-expressed this version of the biosensor with rhodopsin P23H and hM1 and again activated Gq signaling through carbachol treatment. As seen in Figure 3B, cells with higher levels of cell stress had blunted Ca2+ responses, while those with lower levels of cell stress displayed a more typical Gq Ca2+ response. Comparing the fold change in Ca2+ levels upon Gq activation with stress levels revealed a negative correlation between cell stress and Ca2+ signaling. The higher the levels of cell stress, the more blunted the Gq Ca2+ response (Figure 3C). Together these data demonstrate that Ca2+ signaling dynamics are affected by ER-mediated cell stress. Moreover, the degree to which Ca2+ signaling is altered by cellular stress is dependent upon the severity of the cellular stress response.



α-Synuclein Overexpression Induces Cell Stress and Alters PDE Activity

ER stress is also associated with protein folding diseases of proteins that are not directly trafficked through the ER (Scheper and Hoozemans, 2015). To test the ability of the cell stress biosensor to detect indirect ER stress, we created BacMam constructs of WT α-synuclein (α-syn) and four α-syn mutants associated with PD (Maiti et al., 2017). HEK293T and SH-SY5Y cells were co-transduced with BacMam containing the cell stress biosensor and either 1 μl or 10 μl of BacMam containing either WT or one of the mutant α-syn genes. SH-SY5Y cells were chosen along with HEK293T cells as they are a neuroblastoma cell line that has become an increasingly useful neuronal model to study not only PD but other neurodegenerative diseases as well (Nonaka et al., 2009; Xicoy et al., 2017; Vasquez et al., 2018). After 24 h of expression both the green fluorescence levels, to monitor stress induction, and the red fluorescence levels, to monitor protein expression, were analyzed using a plate reader. In both HEK293T and SH-SY5Y cells all of the α-syn mutants displayed increased ER-mediated cellular stress, compared to the WT at both 1 μl and 10 μl of virus (Figure 4A, green/red ratio). Notably, in both cell lines the α-syn mutants induced a significant decrease in overall protein expression at 1 μl of virus, which is equal to ~7× overexpression (Figure 4A red, Table 1). Normalizing the green stress fluorescent signal to this overall drop in expression results in significant detection of cell stress in each of the α-syn mutants. Interestingly, in HEK293T cells at 10 μl of the virus, the WT α-syn induces increased stress levels compared to the mutants, but in SH-SY5Y cells each α-syn mutant induced greater stress levels than the WT. This result suggests cell type may be an important factor to consider when assessing the effects of α-syn mutations on cellular responses. Together, these data demonstrate the ability of the cell stress biosensor to detect ER-mediated cell stress induced by genetic mutations affecting proteins in the cytoplasm as well as the ER.

Similarly to the rhodopsin mutant, we postulated that expression of α-syn variants might alter cellular signaling events along with inducing a stress response. Recent studies have identified phosphodiesterase (PDE) inhibitors as a way to preserve dopaminergic neurons (Morales-Garcia et al., 2011), promote neurogenesis (Morales-Garcia et al., 2015) and rescue Parkinsonian phenotypes (Bartolome et al., 2018). PDEs are key in the regulation of cyclic nucleotide second messenger levels within the cell as they degrade both cAMP and cGMP (Francis et al., 2011). We focused our analysis on cAMP as PDE inhibitor treatment increases cAMP levels within the cells which leads to increased CREB activation and expression of genes promoting neurogenesis (Morales-Garcia et al., 2011). How the regulation of basal levels of cAMP is altered in the disease state and how PDE activity affects cAMP dynamics in Parkinson’s models remains unclear. To address how changes in cell stress alter cAMP levels and PDE activity, we created a second live-cell assay to compare cell stress and cAMP signaling. We then assessed the effects of expressing different α-syn variants on cAMP levels and PDE activity in HEK293T and SH-SY5Y cells.

To remove the need for receptor activation to stimulate cAMP production, we developed a completely optical-based approach to monitor cAMP production and degradation. First, we used a blue light-activated adenylyl cyclase, bPAC (Stierl et al., 2011) to transiently raise cAMP levels within the cell, bypassing the endogenous receptor and adenylyl cyclase. The rapid off rate of bPAC allows direct monitoring of cAMP degradation by PDEs using R-cADDis, a red cAMP biosensor (Figure 4B). We first compared the PDE activity profiles between control cells and cells transduced with 1 μl of either WT or mutant α-syn, the lowest level of overexpression found to increase cellular stress. Initial analysis of cAMP degradation profiles revealed a marked difference in PDE activity in control cells and cells expressing any form of α-syn (Figure 4C). This trend was independent of the cell type analyzed as both HEK293T and SH-SY5Y cells expressing α-syn variants displayed similar increased PDE activity. We then determined the cAMP half-life (t1/2) in cells expressing different α-syn variants using the following logistic function, ΔF/F = α/(1+βe−θt). The distribution of cAMP t1/2 from individual cells expressing different α-syn variants was compared to the distribution of cAMP t1/2 determined from control cells. The cumulative distribution function for each α-syn variant and the control cells was then calculated and plotted to compare the cAMP t1/2 in both HEK293T and SH-SY5Y cells (Figure 4D). Consistent with the average cAMP degradation profiles, the α-syn variants displayed a shift towards increased PDE activity compared to control cells.

Taking advantage of the live-cell nature of this PDE activity assays, we inspected individual cAMP degradation profiles from cells expressing different α-syn variants. Interestingly, we identified multiple profiles of PDE activity within the cells. To identify the number of unique profiles and quantify their abundance in the different α-syn variants, we again used the PBM index score. In both HEK293T and SH-SY5Y cells, three unique cAMP degradation profiles were observed, rapid, intermediate, and delayed (Figures 5A,B). Overexpression of either WT or mutant forms of α-syn resulted in drastic changes in the cAMP degradation profile distribution in both cell types. In HEK293T cells, overexpression of any form of α-syn displayed a shift in cAMP degradation away from the delayed profile towards the rapid and intermediate profiles (Figures 5C,D). Similar shifts towards more rapid cAMP degradation were observed in SH-SY5Y cells as well (Figures 5E,F). These data are consistent with the increased cAMP degradation rates observed in the average profiles and cumulative distribution functions. Interestingly, in SH-SY5Y cells, the A53T and E46K mutations displayed an even greater shift towards the rapid profile when compared to WT α-syn (Figures 5E,F). The fact that overexpression of WT α-syn creates a shift towards increased PDE activity, with no observable change in ER-mediated cell stress, suggests that monitoring changes in cAMP degradation may be a more sensitive readout to detect defects in cellular function than ER-mediated cell stress. Or that changes to PDE activity may precede detectable changes in cell stress in overexpression models of WT α-syn. Notably, overexpression of WT α-syn has been shown to recapitulate Parkinson’s symptoms (Mochizuki et al., 2006; Chesselet, 2008). Together, these data suggest that in the presence of minimally overexpressed α-syn variants, cells undergo an ER-mediated cellular stress response and display increased PDE activity. These results are consistent with previous reports that PDE inhibitors can preserve dopaminergic neurons suggesting that cAMP levels play an important role in the progression of PD (Morales-Garcia et al., 2011, 2015).



TDP-43 Overexpression Increases cAMP Degradation Rate

To determine if these changes in cell stress and cAMP degradation kinetics are unique to α-syn, we repeated the cell stress assay and optical interrogation of PDE activity using SH-SY5Y cells co-transduced with either WT or the M337V mutant of TDP-43. Overexpression of either WT or M337V versions of TDP-43 resulted in increased cell stress (Figure 6A) when compared to control cells at 1 μl of transduced virus, which corresponds to ~1.5× overexpression of TDP-43 in SH-SY5Y cells (Table 1). Transduction of 10 μl of virus, corresponding to ~5× overexpression, also resulted in increased cell stress when compared to control cells. Further, when compared to WT, the M337V mutation displayed a significant increase in cell stress at 10 μl of transduced virus (Figure 6A, 10 μl). Analysis of PDE activity again demonstrated a shift towards more rapid cAMP degradation in cells expressing WT or M337V TDP-43 compared to control cells (Figure 6B). Plotting the cumulative distribution function of cAMP t1/2 values from individual cells confirmed this shift towards more rapid cAMP degradation in cells expressing TDP-43 variants (Figure 6C). However, this shift was diminished compared to the shift observed in SH-SY5Y cells expressing α-syn variants (compare WT samples in Figures 4D, Figure 6C). These data suggest while TDP-43 overexpression increased PDE activity, it is to a lesser degree than α-syn overexpression. Lastly, analysis of cAMP degradation profiles by clustering revealed two distinct cAMP degradation patterns, a rapid and a delayed profile (Figure 6D). As control cells are analyzed along with cells expressing TDP-43 WT or TDP-43 M337V to determine cluster number, the intermediate profiles identified when comparing control cells to α-syn variants were segmented into either rapid or delayed profiles. Similarly to α-syn overexpression, both the WT and the M337V mutant of TDP-43 displayed a shift towards rapid cAMP degradation profiles at 1 μl of virus (Figures 6E,F), consistent with average cAMP degradation profiles and cumulative distribution functions. The M337V mutant also displayed a significant shift away from the delayed cAMP degradation profile towards the rapid profile when compared to WT TDP-43 (Figure 6F). These data are not only consistent with overexpression of TDP-43 increasing PDE activity, but with the notion that detectable changes in cell signaling are observed prior to changes in ER-mediated cell stress when comparing WT and M337V TDP-43 variants. These data, coupled with the similar results for α-syn, suggest that activation of cell stress and increased PDE activity are a common feature of overexpression of two of the major proteins associated with PD and ALS.




DISCUSSION

The cell stress biosensor described here builds upon previous attempts to create ER stress biosensors through the IRE1α-XBP1 pathway (Iwawaki et al., 2004; Roy et al., 2017). The generation of a reversible ER stress biosensor makes it possible to identify the onset as well as the alleviation of cell stress. This feature may prove useful for screening of compounds or genetic mutations that activate ER stress as well those that inhibit the response, using a single assay. The detection of ER stress brought on by a mutation in rhodopsin and the subsequent inhibition of this stress response by blocking IRE1α splicing activity through the use of 4μ8C is an intriguing example of such an intervention. Moreover, these assays were conducted in HEK293T cells but recapitulated the stress response observed in retinal cells. This type of assay, where both activation and inhibition of a cellular stress response can be detected in an immortalized cell model should prove useful. The genetic nature of these assays will also be useful in moving to in vivo models of neurodegeneration. In vivo models allow for a broader context for studying disease and having assays that can be deployed in both in vitro and in vivo models will help transition findings between the two. Thus, future work to optimize and deploy these assays in animal models will be an important next step.

Diseases such as RP, PD and ALS are difficult to study and treat because the assays used to study the effects of these diseases are often endpoint assays monitoring cell death. At this point, the ability to intervene and alter the course of the affected cell is lost. Furthermore, any changes in cell function, such as susceptibility to neurotransmitters and agonists, changes to second messenger regulation, or organelle function are best studied during the disease process. In vitro models for neurodegenerative diseases provide a useful platform to study these processes as many different mutations and cellular processes can be examined in a rapid manner. Studies of α-synuclein in SH-SY5Y cells highlight the usefulness of this in vitro system (Emadi et al., 2009; Xin et al., 2015; Xicoy et al., 2017; Vasquez et al., 2018). It is our hope that the biosensors and assays described here can be applied to these models to provide new insights into the changes in cellular function that accompany neurodegenerative-associated mutations. These assays may also provide a strategy to identify pertinent mutations, stress responses, and signaling events to be further assessed using in vivo models.

Many neurodegenerative diseases not only display cellular stress responses but changes in cellular signaling events as well (Xu et al., 2012; Shinde et al., 2016). The changes observed in cAMP and Ca2+ signaling induced by neurodegenerative mutations observed here also raises the question of how affected cells respond to stimuli. Changing the balance and timing of second messenger signaling in the cell may affect the ability of the cell to properly respond to, or transduce, extracellular signals such as neurotransmitters and neuromodulators. This alteration in cellular transduction status may also impact the druggability of cells. For example, a neuron expressing the A53T α-syn mutation displays an increased cell stress response and altered cAMP regulation. However, a neighboring cell, where the mutation has not caused build-up of misfolded protein yet, has intact cAMP regulation. If both cells are treated with agonists to the dopamine receptor there will likely be unique signal transduction responses in each cell. These differences are likely to affect how the cell responds or does not respond to the stimuli. These changes are important to consider in the development of drugs targeting these diseased cells. If a cell has lost its ability to transduce certain signals, those receptors, even though present at the cell surface, may no longer be a valid drug target. Indeed, our results suggest that targeting PDE activity may be a more effective method to restore the cellular transduction status. Thus, understanding how multiple stress and signaling pathways converge to affect cellular function in neurodegeneration will be an important step in the search for drugs to combat these diseases.

Finally, while ER-mediated cell stress is an important stress response involved in neurodegenerative disorders, many other cell stress pathways are involved. Proteasome stress, protein aggregation, mitochondrial stress, and oxidative stress have all been associated with neurodegenerative disease (Ciechanover and Kwon, 2017; Tan et al., 2019). Creating and combining genetically-encoded fluorescent biosensors for these pathways with biosensors for cellular signaling would further enhance our understanding of how neurodegenerative diseases disrupt cellular homeostasis and create new avenues for treatment of these diseases.
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Demyelination of axons in the central nervous system (CNS) is a hallmark of multiple sclerosis (MS) and other demyelinating diseases. Cycles of demyelination, followed by remyelination, appear in the majority of MS patients and are associated with the onset and quiescence of disease-related symptoms, respectively. Previous studies in human patients and animal models have shown that vast demyelination is accompanied by wide-scale changes to brain activity, but details of this process are poorly understood. We used electrophysiological recordings and non-linear fluorescence imaging from genetically encoded calcium indicators to monitor the activity of hippocampal neurons during demyelination and remyelination over a period of 100 days. We found that synaptic transmission in CA1 neurons was diminished in vitro, and that neuronal firing rates in CA1 and the dentate gyrus (DG) were substantially reduced during demyelination in vivo, which partially recovered after a short remyelination period. This new approach allows monitoring how changes in synaptic transmission induced by cuprizone diet affect neuronal activity, and it can potentially be used to study the effects of therapeutic interventions in protecting the functionality of CNS neurons.
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS) that affects more than 2.3 million patients worldwide (Wallin et al., 2019). For approximately 85% of patients, disease progression begins with a “relapsing-remitting” phase, where symptoms including motor deficits and vision loss that correlate with increased formation of demyelinated lesions detected by magnetic resonance imaging (MRI). Over time, these symptoms resolve into periods of clinical quiescence and partial remyelination of demyelinated axons (Chari, 2007; Goldenberg, 2012). In the majority of MS patients, the disease course eventually transforms from the relapsing-remitting phase to a secondary-progressive phase, where symptoms continually worsen (Mahad et al., 2015). Traditionally, MS was considered to be mainly a white-matter disease, but today it is widely accepted that there is also a critical gray-matter component, including demyelination of the cerebral cortex and deep gray matter (Geurts and Barkhof, 2008). Previous studies have also identified changes in brain activity patterns of MS patients during both the relapsing-remitting and secondary-progressive forms of the disease, where presumably the reduced activity of MS-affected brain regions is partially compensated for by increased activity in other brain regions (Staffen et al., 2002; Chiaravalloti and DeLuca, 2008).

Studying the relationships between demyelination/remyelination cycles, motor and cognitive deficits, and changes in brain activity patterns requires the use of appropriate animal models and proper experimental methods. A commonly used mouse model for studying demyelination and remyelination is the cuprizone model (Kipp et al., 2009; Vega-Riquer et al., 2019), in which the copper chelator cuprizone is added to the mouse diet, resulting in damage to oligodendrocyte cells in the CNS. Over time, cuprizone causes extensive demyelination in various brain areas, including the hippocampus, corpus callosum, cortex, and cerebral white matter, which is partially reversible upon cessation of cuprizone by returning the animals to normal diet (Skripuletz et al., 2008; Kipp et al., 2009; Koutsoudaki et al., 2009; Sachs et al., 2014). Interestingly, cuprizone-treated mice, similar to MS patients, were identified as having demyelination-induced reorganization of brain circuitry (Huebner et al., 2017). Moreover, the extensive brain demyelination produced by cuprizone resulted in significantly poorer performance in various behavioral tests, including hippocampus-dependent tasks (Xu et al., 2009). This reduction in performance was reversed upon remyelination (Dutta et al., 2013). Therefore, the cuprizone model seems to capture the demyelination-induced brain-wide activity reorganization that has been identified in MS patients. However, the traditional brain mapping methods used to identify these brain-wide activity changes in living mice were usually functional MRI and electroencephalogram (EEG), which have limited spatial and temporal resolutions that restrict their ability to assess rapid and local changes in brain activity. In order to uncover demyelination-induced effects on single cells and local networks, a method is required that allows micron-scale identification and single action potential (AP) detection in vivo.

Substantial improvements in spatiotemporal resolution can be achieved by using non-linear optics to detect brain activity (Svoboda and Yasuda, 2006). Two-photon laser scanning microscopy (TPLSM) of the fluorescence signal from genetically encoded calcium indicators (GECIs) enables monitoring the activity of thousands of individual neurons in the rodent brain with micron-scale resolution and high signal-to-noise ratio (Chen et al., 2013; Dana et al., 2016, 2019). Moreover, state-of-the-art GECIs provide the temporal dynamics and sensitivity that are necessary to allow detection of single APs over time scales of months, mainly by switching to stable transgenic expression strategies (Dana et al., 2014, 2016, 2018, 2019; Madisen et al., 2015; Wekselblatt et al., 2016). Therefore, this approach may enable the exploration of changes in brain activity following demyelination and remyelination with the required sensitivity and accuracy to detect changes in individual neurons over time.

In this study, we combined electrophysiology and TPLSM recording of acute and chronic activity patterns of neurons in the mouse hippocampus before, during, and after mice were fed with cuprizone diet. We identified rapid degeneration of CA1 activity following the initiation of cuprizone diet, which were faster than expected by the induced demyelination alone, which decreased neuronal activity to ∼20% of its pre-cuprizone level. We also found that synaptic transmission in CA1 neurons in response to sustained pre-synaptic stimuli was drastically diminished after the initiation of cuprizone diet. Synaptic transmission and neuronal activity partially recovered upon cessation of cuprizone diet. Thus, our study presents a new experimental approach for studying the effects of toxin-induced changes to brain physiology, such as demyelination and remyelination, on the integrity of individual neurons and neuronal circuits, and it also provides a platform to test the benefits of potential treatment options.



MATERIALS AND METHODS

All surgical and experimental procedures were conducted in accordance with protocols approved by the Lerner Research Institute, Institutional Animal Care and Use Committee and Institutional Biosafety Committee.


Hippocampal Slice Electrophysiology

Electrophysiological experiments were performed in the CA1 region of 400 μm-thick transverse hippocampal slices as reported previously (Tekkok and Krnjevic, 1995; Provencio et al., 2016). Briefly, a cohort of 46 mice was divided into control (n = 18, normal diet, daily Rapamycin injections) and experimental groups (n = 28, cuprizone diet with daily Rapamycin injections). The experimental group was further divided and, synaptic transmission was monitored and quantified beginning at 1 (n = 2), 3 (n = 9), 4 (n = 8), 5 (n = 3), and 6 weeks (n = 3) of cuprizone diet. A final group consisted of mice on cuprizone diet for 6 weeks, which were then returned to control diet for 6 weeks to remyelinate (n = 3, 6 W DM + 6 W RM). Synaptic transmission was recorded in a subset of Controls at week 0 (n = 8) and beginning at 4 (n = 5, 4 W C) or 6 weeks (n = 5, 6 W C) to match the respective experimental groups. Mice were decapitated after anesthesia and brains were immediately removed and placed in ice-cold (±4°C) artificial cerebrospinal fluid (ACSF) containing in mM: 126 NaCl, 3.5 KCl, 1.3 MgCl2, 2 CaCl2, 1.3 NaH2PO4, 25 NaHCO3, and 10 glucose at pH 7.4. Hippocampi were quickly dissected and sliced with a McIlwain tissue chopper. Transverse slices were then transferred to ACSF solution and were continuously bubbled with 95% O2/5% CO2 for at least 1–2 h at room temperature to stabilize.

Individual slices were then transferred and placed on a Haas-type tissue chamber (Warner Instruments, Harvard Apparatus) on a custom mesh (Warner Instruments, Catalog # 99-1129) to avoid air bubble accumulation and were stabilized using a slice holder (Warner Instruments, Cat. # 64-1415). Slices were kept at the interface of a moist humidified gas mixture of 95% O2/5% CO2 and warm ACSF (at 33–34°C) bubbled with 95% O2/5% CO2 continually at a flow rate of 3–3.5 ml/min. For simultaneous extracellular recordings of afferent volleys (AV) and excitatory post-synaptic potentials (EPSPs), glass microelectrodes with 1-micron tips were pulled (Sutter Instruments, Borosilicate Glass with filament) and filled with 2 M NaCl (resistance 1–2 MΩ). Electrode tips were polished using a Micro-Forge (Leica, MF-830, Narishige, Japan) and placed in the CA1 region of stratum radiatum layer to record synaptic transmission. Responses were evoked by stimulation of Schaffer collateral commissural fibers by a custom-designed bipolar tungsten wire electrode (Microprobes Part# PI2ST30.1B3) with 50 μs-long pulses at 30-s intervals. After stabilization, synaptic transmission was recorded for at least 30 min as baseline. Changes in synaptic transmission properties were quantified by measuring the peak amplitude of EPSPs, as well as their area (Clampfit 10.7) to account for smaller slower responses. Maximum EPSPs, evoked by 100% of the stimulation amplitude (1 mA), were chosen for these measurements.



Installation of Hippocampal Windows

For hippocampal window implantation, we slightly modified a previously described procedure (Dombeck et al., 2010; Lee et al., 2019). Thy1-jRGECO1a line 8.31 mice were anesthetized using isoflurane (2.5–3% for induction, 1.5% during surgery) on a 37°C heating pad. Local pain medication (bupivacaine 0.5%) was injected into the craniotomy area before the skin and connective tissue were removed to expose the skull. A circular craniotomy (3.2 mm diameter) was drilled using a hand drill (OMNIDRILL35, World Precision Instruments). The cortex and corpus callosum, but not the alveus above the dorsal part of the hippocampus, were removed by gentle suction with saline using 26G and 28G sharp and blunt needles connected to a vacuum line. After the hippocampus was exposed, it was kept in place by gently pressing a glass coverslip to it (3 mm diameter #1 glass, Warner Instruments) attached to a metal cannula (2.65 mm internal diameter, 3.2 mm outer diameter, 1.8 mm length, New England Small Tube Corp., type 304L stainless steel). The cannula was attached to the skull bone using dental cement (Contemporary Ortho-Jet, Lang Dental). A custom stainless-steel head post was cemented to the skull using the same dental cement.



Recording of Hippocampal Activity

Seven to fourteen days after the craniotomy surgery, we started monitoring hippocampal activity. The same procedure was followed for all mice before, during, and after the cuprizone diet period. Mice were anesthetized (3% isoflurane) and injected with Chlorprothixene Hydrochloride (IM, 30 μl of a 0.33 mg/ml solution, Santa Cruz). Recordings started at least 30 min after injection. Mice were put on a 37°C heating pad in the dark, and isoflurane levels were reduced to 0.5–0.75% prior to recording to bring the mice to a lightly anesthetized state, where they do not move but are sensitive to pain. Spontaneous activity was recorded using 20–120 mW of 1100 nm excitation light (Insight X3, Spectra-Physics) and a resonant-scanner two-photon microscope (512 × 512 pixels, 30 Hz acquisition rate, Bergamo II, Thorlabs). Light intensity was controlled using a Pockels Cell (model 350-105, Conoptics) to maintain similar signal-to-noise ratios across different animals. Data were recorded on a weekly basis from all animals, and each recording session included acquisition of 200 s for each field of view (FOV), 3–5 FOVs from CA1 and 2–4 FOVs from dentate gyrus (DG) for each mouse.



Data Analysis

Data analysis was performed using custom MATLAB scripts (MathWorks). Every two frames in the recorded time series were averaged to improve the signal-to-noise ratio, reducing the acquisition rate to 15 Hz. Small drifts and movements of the imaged area during the 200 s recording time were corrected with a MATLAB script using the TurboReg plug-in of ImageJ (Thevenaz et al., 1998). Ring-shaped regions of interest (ROI) corresponding to all identifiable somata were selected using a semi-automatic graphical user interface (Chen et al., 2013). Fluorescence signal from all pixels inside of a ROI were averaged to calculate the fluorescence signal (F) for every cell. Baseline fluorescence levels (F0) for each ROI were estimated as its F median value across the 200 s of recording. To estimate AP firing from the fluorescence data, we calculated ΔF/F0 = (F−F0)/F0 for each cell, and fed it to a published model (Deneux et al., 2016) for extracting AP activity from calcium traces (for accepting the model assumption, a trace of 1 + ΔF/F0 was used). We fit the model with the following parameters, according to jRGECO1a published characterization (Dana et al., 2016): one AP amplitude of 15%, decay time of 175 ms, and Hill coefficient of 1.9. Saturation level was set to 0.001 and signal drift to 0.03. Noise level was estimated using the model’s internal function. The model results were inspected visually for accuracy, and for CA1 data the noise level estimation was increased by 50% to lower the false-positive rate. We identified active cells as cells with at least one identified AP by the AP-extraction model. The average activity was calculated as the total number of APs divided by the recording duration of 200 s. An activity burst was defined as firing of at least five APs within 660 ms.

For calculating the cellular contrast, we averaged all pixels in the ring-shaped ROI (covering the cellular cytosol), and averaged 5 × 5 grid of pixels around the ROI center, corresponding to an area inside the nucleus. The contrast was calculated as the difference between the averaged cytosolic and nucleic signals, divided by the nucleic signal.



Statistical Analysis

Statistical analysis was performed using MATLAB and R software (version 3.5.1)1. We performed four different statistical tests to identify changes in activity across different recording dates and mice. Wilcoxon Rank Sum tests were used to compare changes in median firing rate between two different recording dates from the same mice. Mann-Kendall Trend Tests were used to identify any monotonic trends in median firing rates during the cuprizone diet period (eight recording dates) for individual mice. Paired t-tests were used to compare changes in median firing rates of cuprizone or control groups across two recording dates. A repeated measures linear mixed effects model (repeated ANOVA test) was performed to determine the interaction of group (cuprizone and control) and time (eight recording dates) on CA1 and DG median activity rates, separately. The level of significance was set to P < 0.05 for all hypothesis testing procedures.

For analysis of in vitro hippocampal experiments, all means are reported ± SEM and significant differences within a group was assessed by a one-way ANOVA, followed by Bonferroni’s test. N denotes animal numbers in the text and parentheses in Figure 1 indicate slice numbers.
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FIGURE 1. Demyelination interrupts synaptic transmission. (A) Representative traces showing excitatory synaptic potentials (EPSPs, black arrows) with a clear Afferent Volley (AV, red asterisk) in Zero Week Controls (0 W C). Six weeks of demyelination (6 W DM) diminished EPSPs, while AV remained unchanged. After 6 weeks of demyelination (6 W DM) followed by 6 weeks of remyelination (6 W DM + RM) partly restored EPSPs. Note the stimulus artifact that is labeled with a blue line. (B,C) Demyelination caused a time-dependent suppression of EPSP Peak (B) and EPSP Area (C), which were partially restored upon remyelination. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, One-way ANOVA, Bonferroni test.




Mouse Model of Demyelination and Remyelination

After the mice recovered from craniotomy surgery and we recorded at least one imaging session from them (7–14 days after the craniotomy surgery), we switched their diet to include 0.3% cuprizone (TD.140805, Envigo). Mice were provided access to food ad libitum. Food pellets were refrigerated and were replaced three times per week to ensure cuprizone efficiency. We continued to monitor hippocampal activity on a weekly basis. After 53 days of cuprizone diet, we identified that activity levels had reached a median level of zero APs (Figure 2B) in one of the mice, and we switched the mouse diet back to normal food. Mouse weight was monitored before each recording session (Supplementary Table 1). For electrophysiological recording experiments, mice were also injected daily with rapamycin for 12 weeks.
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FIGURE 2. Optical recording from mouse CA1 and DG regions of the hippocampus. (A) Top, schematic illustration of the mouse hippocampal recording experiments. We implanted metal cannulas with a glass bottom on top of the hippocampi of transgenic Thy-jRGECO1a mice to gain optical access to CA1 and DG neurons (shown in red). Hippocampus geometry was adopted from a mouse brain atlas (Dong, 2008). Bottom, a coronal section from the brain of mouse 1 shows the location of the hippocampal window and native jRGECO1a fluorescence signal throughout the brain. Note that some distortion to the brain tissue occurred when the metal cannula was detached from it. (B) In vivo dorsal-to-ventral view of a Thy1-jRGECO1a line 8.31 transgenic mouse expressing the red GECI jRGECO1a in the hippocampus 3 weeks after a craniotomy surgery. The tissue on top of the hippocampal formation was removed to expose the hippocampus and a z-stack series of two-photon microscopy images shows CA1 and DG regions. White rectangles indicate the location of the CA1 and DG (upper and lower blades) projection neurons, labeled by jRGECO1a. (C) Images of CA1 pyramidal cells (top image) and DG granular cells from the upper and lower blades of DG (middle and bottom images, respectively), corresponding to the respective rectangles shown in panel (B). (D) ΔF/F0 traces of the nine cells highlighted with yellow squares in panel (C). Note the differences in firing pattern and amplitude between the CA1 and DG cells. (E) Model fit (Deneux et al., 2016) (black line) to the raw fluorescence signal (blue line) of cells one and six [upper and lower traces, respectively, corresponding to the rectangles shown in panel (D)] to extract the baseline signal (green line) and AP firing (red, bottom, single AP events are represented with asterisks). The model was fed with jRGECO1a biophysical parameters (Dana et al., 2016), and showed good agreement to the recorded data from both CA1 (top) and DG (bottom) neurons. (F) Summary of average firing rates of all recorded CA1 pyramidal cells from seven mice before the initiation of cuprizone diet (328–623 cells from a single recording session for each mouse, 3,167 cells total). Red lines correspond to medians, blue boxes show the 25th–75th percentile range, whisker length is the shorter of 1.5 times the 25th–75th range or the extreme data point. Outliers are not shown. (G) Fraction of active DG neurons from all recorded DG neurons from six mice before the start of cuprizone diet (470–997 cells from a single recording session for each mouse, DG cells of mouse 4 were not visible, 3,113 cells total).




RESULTS


Demyelination Interrupts Synaptic Transmission in Hippocampal CA1 Neurons

Previous studies have identified that the hippocampus is severely demyelinated following 6–12 weeks of cuprizone diet, and that additional injections of rapamycin have eliminated the spontaneous remyelination that occurs when mice are fed with cuprizone (Sachs et al., 2014; Bai et al., 2016). These mice performed poorly in a hippocampus-dependent spatial-memory task (Dutta et al., 2013). Therefore, to investigate changes in neuronal activity in the hippocampus, we conducted a set of in vitro experiments in acute hippocampal slices. Forty-six mice were divided into seven cohorts and controls. The groups included 1, 3, 4, 5, or 6 weeks of cuprizone-diet-induced demyelination and daily rapamycin injections, and one group with 6 weeks of cuprizone diet with rapamycin injections, followed by an additional 6 weeks of remyelination with regular diet and no rapamycin injections (Figure 1). The control group received regular diet and daily rapamycin injections for 6 weeks, and recordings were performed at 0, 4, or 6 weeks to compare synaptic properties between demyelination and rapamycin-only conditions (Supplementary Figure 1). EPSPs together with clear AVs were evoked to monitor axon function in Schaeffer collateral commissural fibers. A successful synaptic transmission is a result of presynaptic input and a subsequent synaptic response. Sample traces shown in Figure 1 denote that in every control slice following the stimulus artifact (blue line, due to square pulse delivered with the stimulation electrode), a prominent AV and EPSP were evoked (Figure 1A, 0 W C, red ∗: AVs, black arrow for EPSPs). EPSPs presented with a peak amplitude of ∼2 mV and an average area of 5 mV × s (Figure 1B, white columns, n = 16). As demyelination continued, EPSP peak amplitude and area gradually started to decline, becoming prominently low by 3–4 weeks (Figures 1A,B, blue and green columns, n = 17 and 15, respectively) and almost completely diminishing by 6 weeks (Figures 1A,B, black columns, n = 6). These changes were specific to cuprizone treatment because recordings in 4- and 6-week control groups were similar to 0-week control values (Supplementary Figure 1). Remyelination partially restored EPSPs, albeit with smaller amplitude compared to the control groups (Figures 1A–C, 6 W DM + RM, n = 7). Therefore, demyelination effectively interrupted synaptic transmission, characterized by loss of EPSPs, despite sustained presynaptic input, while remyelination partially restored synaptic transmission.



Chronic Optical Recording of Neuronal Activity From CA1 and DG Cells of Thy1-jRGECO1a Mice

In order to further investigate the prevalence and time course of CA1 neuronal activity modulations, we conducted additional experiments for longitudinal optical recording of GECI signal from the hippocampus of lightly anesthetized mice (n = 7 mice, 10–17 weeks old when implanted with an optical window; mice 1, 4, and 7 were males; mice 2, 3, 5, and 6 were females). Optical recording from CA1 cells usually requires removal of the cortical tissue on top of the recorded area (Dombeck et al., 2010; Ziv et al., 2013; Lee et al., 2019). Recordings from the DG area have also required removal of the CA1 region, causing severe damage to the hippocampal circuit (Danielson et al., 2016, 2017). Recent developments in the field of three-photon functional microscopy offer deeper tissue penetration to depths greater than 1 mm, enabling the recording of CA1 cells under an intact cortex (Ouzounov et al., 2017); however, this method is not yet able to probe deeper structures such as the DG. To allow deep-hippocampal recording while minimizing disruption to its integrity, we followed previous studies that used red GECIs to facilitate deeper TPLSM imaging, which allows recording from the DG without removing the CA1 layer (Dana et al., 2016; Pilz et al., 2016). We used a recently developed transgenic line, Thy1-jRGECO1a line GP8.31, which expresses the state-of-the-art red GECI jRGECO1a under the Thy1 promoter. jRGECO1a is expressed mostly in projection neurons across various brain regions, including the CA1 pyramidal and DG granular layers of the hippocampus (Dana et al., 2018). The enhanced imaging depth and high sensitivity achieved with jRGECO1a compared to green GECIs like GCaMP that we previously used for cortical imaging (Dana et al., 2016) enabled us to record, in six out of the seven mice used in this study, from the upper and lower blades of the DG down to 650 μm under the hippocampal surface using up to 120 mW of 1100 nm excitation light (Figures 2A–D).

Recording of spontaneous activity from CA1 and DG neurons of lightly anesthetized mice revealed different firing patterns across the two populations (Figure 2D and Supplementary Movies 1, 2). To quantify activity patterns from the recorded fluorescence traces, we used a physiological model for extracting AP firing from calcium signals (Figure 2E) (Deneux et al., 2016). The majority of CA1 cells fired bursts of APs with a median average firing rate of 0.21 Hz and a maximal instantaneous firing rate of 8.15 Hz (3,114/3,167 CA1 cells were detected with at least firing of one AP; 2,099/3,167 cells fired bursts of APs, instantaneous firing rate was measured for 1-s time bins. Data from n = 7 mice, one recording session for each mouse, Figure 2F). Most DG cells were not active during our recordings, and firing rates were substantially lower than those of CA1 cells (1,048/3,113 DG cells were detected with at least firing of one AP; only 184 cells from which were detected with average firing rate higher than 0.05 Hz; n = 6 mice, one recording session for each mouse, Figure 2G).

Chronic activity recording from DG neurons proved to be more challenging than CA1 recording, since the deeper location of the DG resulted in a lower signal-to-noise ratio, caused by attenuation of the incoming laser beam and outgoing fluorescence signal. Moreover, we found that in some of the mice, the recorded image quality gradually degraded 6–12 weeks after cranial window implantation (Supplementary Figure 2, the DG of mouse 4 could not be recorded, the contrast of mouse 3’s DG neurons deteriorated 1 month after the craniotomy surgery, and was excluded from the rest of the study), resulting in reduced sensitivity to AP detection, or even an inability to identify DG cells. We quantified this degeneration by measuring the contrast between the cytosolic jRGECO1a signal and the nuclear signal, which should be much weaker in jRGECO1a-expressing neurons (Dana et al., 2016). The contrast of CA1 neurons was 2–5 times higher than DG neurons in the same animal. Data from DG neurons, recorded on dates with very low contrast, were excluded from our analysis (Supplementary Figure 2B).



Cuprizone Diet Reduced CA1 Projection Neuron Firing Rates

To explore the reversible change in CA1 excitability (Figure 1) and to quantify how cuprizone-induced effects, such as demyelination and remyelination, affect the activity of single neurons in the hippocampus, we fed n = 4 mice with 0.3% cuprizone diet (n = 3 mice for 53 days, mouse 4 optical window quality deteriorated after 16 days of cuprizone diet so it was subsequently excluded from the rest of the study, Figure 3A). A control group of n = 3 mice was implanted with a hippocampal window and received normal diet. These mice were not injected with Rapamycin in order to allow for faster remyelination after the end of the cuprizone diet period (Sachs et al., 2014). Weekly monitoring of CA1 and DG activity was conducted before, during, and after the cuprizone diet period, in order to identify changes to activity patterns in the same animal. Shortly after the initiation of the cuprizone diet, the average firing rate of CA1 cells was significantly decreased by 57% (comparing the mean of median firing rate values per mouse of n = 4 mice, with 1,695 and 1,823 identified neurons on days 0 and 9 for cuprizone diet, respectively, P < 10–13 for the decrease in each mouse firing rate, Wilcoxon Rank Sum Test; P = 0.02, paired t-test between median firing rates of mice 1–4 on days 0 and 9; Figures 3B,C). During the 53 days of cuprizone diet, CA1 median firing rate significantly decreased for individual mice (P = 0.002, 0.064, 0.035, Mann-Kendall Trend Test for mice 1, 2, and 3, respectively, see examples in Supplementary Figure 3), but the group effect was not significant, presumably because of the small sample size (P = 0.07, paired t-test for change for median firing rates of mice 1–3). We also detected short-term increases in firing rates (Figures 3B,C, days 20–30) that might be associated with partial spontaneous remyelination, as was previously identified in cuprizone-treated mice (Sachs et al., 2014). On the last day of cuprizone diet, the average firing rate was significantly reduced to 16.5% of pre-diet levels (comparing the mean of median firing rate values per mouse of n = 3 mice, with 1,135 and 1,356 identified neurons on days 0 and 53 for cuprizone diet, respectively. P < 10–36, Wilcoxon Rank Sum Test, Supplementary Movies 1, 3). A similar decrease was identified in the fraction of cells that fired bursts on APs (Figure 3D, Methods). Monitoring CA1 activity of n = 3 control mice showed no similar decrease. Changes in firing rates and burst activity were smaller than in the cuprizone group, had no identified monotonous trend, and presumably were the result of differences in anesthesia levels and brain state (Figures 3E–G and Supplementary Movies 4,5; P = 0.99, 0.86, 0.14, Mann-Kendall Trend Test for mice 5, 6, and 7, respectively; P = 0.53 and 0.49, paired t-test for changes of median firing rates of mice 5–7 between days 0 and 7, and days 0 and 49, respectively; see examples in Supplementary Figure 4). A repeated ANOVA test between the cuprizone and control groups yielded no statistically significant differences in the group and the interaction between the time and group, respectively (P = 0.03 for the time effect, P = 0.77 for the group effect, and P = 0.18 for the group-time interaction).
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FIGURE 3. Changes to CA1 activity patterns during demyelination and remyelination. (A) Time line of the demyelination/remyelination experiment for mice 1–4. Craniotomy surgery was performed between day-14 and -7, and baseline activity recording from CA1 and DG neurons started between day -6 and day 0 [indicated by green background in panels (B–D)]. On day 0, after an activity recording session, we switched the diet to include 0.3% cuprizone. This diet was administered until day 53 [demyelination period, indicated by magenta background in panels (B–D)], while we maintained weekly activity recordings. On day 53, after an activity recording was completed, we switched the mice back to normal diet and monitored activity until day 100 [remyelination period, indicated by cyan background in panels (B–D)]. Bottom, two example fields of view acquired from mouse 1 (cuprizone group) showing the CA1 layer and activity of two CA1 example cells on days 53 and 58. The estimated timing and number of APs is shown (red) beneath each raw data trace (blue). (B) Summary of the average firing rates from all recorded CA1 neurons from mouse 1 during 107 days of recording. Firing rates decreased significantly from 0.345 to 0.17 Hz between day 0 and 9 (P = 1.8 × 10–37, Wilcoxon Rank Sum Test), after cuprizone diet had been introduced. Activity levels continued to significantly decrease down to zero on day 53 (P = 0.002, Mann-Kendall Trend Test), and were significantly increased to 0.205 Hz on day 58, 5 days after normal diet was resumed (P = 4 × 10–133, Wilcoxon Rank Sum Test). Activity levels on the following days continued to increase compared to the demyelination period (P = 0.064, Mann-Kendall Trend Test), but remained lower than the pre-cuprizone period. Magenta and cyan backgrounds highlight the demyelination and remyelination periods, respectively; red lines correspond to medians, blue boxes show the 25th–75th percentile range, whisker length is the shorter of 1.5 times the 25th–75th range or the extreme data point. Outliers are not shown. ∗∗∗P < 0.001. (C) Summary of the average firing rates from all recorded CA1 neurons from all cuprizone-treated mice. Solid lines connect the distribution medians, and the error bars indicate the 25th–75th percentile range for each recording session. For all recorded mice, there was a significant decrease in the average firing rate upon the start of cuprizone diet, between day 0 and 9 (n = 4 mice, P < 10–13, Wilcoxon Rank Sum Test), and a significant increase upon the termination of cuprizone diet, between day 53 and 58 (n = 3 mice, P < 10–32, Wilcoxon Rank Sum Test). Note that the rapid increase in firing rate on day 58 was followed by a second decrease in activity rate. ∗∗∗P < 0.001. (D) Summary of the fraction of cells that fired bursts of APs from all recorded cells for all cuprizone-treated mice. This fraction decreased for all mice during the demyelination period and rapidly recovered upon the start of the remyelination period. Colors are the same as in panel (C). P-values for the decrease were 0.035, 0.108, and 0.064 for mice 1, 2, 3, respectively (Mann-Kendall Trend Test). (E) Summary of the average firing rates from all recorded CA1 neurons from control mouse 5, which received normal diet throughout the recording period, showing no similar decreases or increases in firing rate as those recorded from cuprizone-treated mice. (F) Summary of the average firing rates from all recorded CA1 neurons from all control mice. Solid lines connect the distribution medians, and the error bars indicate the 25th–75th percentile range for each recording session. None of the traces showed a significant monotonous trend (P = 0.99, 0.86, 0.14, for mice 5, 6, 7, respectively, Mann-Kendall Trend Test). (G) Summary of the fraction of cells that fired bursts of APs from all CA1-recorded neurons from all control mice. Colors are the same as in panel (F).




Spontaneous Remyelination Restored the Activity of CA1 Excitatory Neurons

It has been shown multiple times that once cuprizone diet is stopped and mice are returned to their normal diet, spontaneous remyelination begins (Skripuletz et al., 2008; Kipp et al., 2009; Dutta et al., 2013; Sachs et al., 2014). Therefore, once we stopped the cuprizone diet and returned the mice to normal diet, we kept monitoring the same mice during the remyelination period. We identified a substantial and significant increase in the average firing rate of individual mice within 5 days after the end of the cuprizone diet (1,356 and 1,207 neurons from n = 3 mice recorded on days 53 and 58, respectively. P < 10–32 for the change in individual mice firing rate, Wilcoxon Rank Sum Test), but the group effect was not significant (P = 0.08, paired t-test for change in median firing rates; Supplementary Movies 3, 6, see examples in Supplementary Figure 3). The amount of recovery was different across mice, but returned overall activity back to similar levels as the pre-cuprizone period (−40.5%, +4.8%, and +104% of the pre-cuprizone median firing rate, n = 3 mice, 1,135 and 1,207 neurons from days 0 to 58, respectively). Interestingly, this recovery was not monotonous (non-significant results in Mann-Kendall Trend Test for days 53–100), and included a second cycle of decreasing and increasing of CA1 cell activity (Figures 3B,C, days 65–70). We monitored cellular activity for 47 additional days following the termination of cuprizone diet, and identified partial recovery of cellular firing rates, to lower levels than those before the start of cuprizone diet (35 and 52% of the activity level on day 0, data from 807 and 1,201 neurons from n = 2 mice, measured on day 0 and 100, respectively; data shown in Figures 3C,D, Supplementary Movie 7, see examples in Supplementary Figure 3).



Cuprizone Diet Reduced Activity Levels of DG Excitatory Neurons

For all tested mice, DG neuronal activity levels were lower than those of CA1 cells, and in the majority of DG neurons, firing of APs was not detected under our experimental conditions, similar to previously reported data (Pilz et al., 2016). In neurons that AP firing was detected, most fired a low number of APs. Therefore, we also quantified DG activity levels by assessing the fraction of cells that fired any number of APs, and the fraction of cells that fired at least one burst of more than five APs within a 660-ms time bin. Cuprizone diet caused a rapid decrease in the fraction of active cells by 49%, and an 89% decrease in bursting activity, but insufficient group size resulted in non-significant P-values (1,977 and 2,326 neurons recorded on days 0 and 9, respectively, n = 3 mice; P = 0.19 and 0.26, t-test for change in fraction of active and bursting cells, respectively). Median firing rate was significantly decreased for two out of three mice (P < 10–15 for mice 1 and 2, P = 0.338 for mouse 3, Wilcoxon Rank Sum Test). This decrease in activity levels continued during the cuprizone diet period, similar to the trend detected in CA1 cells (Figures 4A,B, see examples in Supplementary Figure 5). On the last day of the cuprizone diet, the fraction of active cells was decreased to 15% of its value on day 0 (1,419 and 1,334 neurons from n = 2 mice, recorded on day 0 and 53, respectively, P < 10–10 for change in median firing rate, Wilcoxon Rank Sum Test, Supplementary Movies 2, 8). Activity recording in control mice did not show such a decrease (P = 0.59 and 0.30, paired t-test for change in fraction of active and bursting cells between first and second recording dates, respectively; Figures 4C,D and Supplementary Movies 9, 10, see examples in Supplementary Figure 6).
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FIGURE 4. Changes to DG activity patterns during demyelination and remyelination. (A) An example field of view of DG neurons from mouse 1, after 53 days of cuprizone diet, with activity traces of three example cells. The estimated timing and number of APs is shown (red) beneath each raw data trace (blue). (B) An example field of view of DG neurons from mouse 1, 5 days after the end of the cuprizone diet, with activity traces of three example cells. The estimated timing and number of APs is shown (red) beneath each raw data trace (blue). (C) Summary of the fraction of active DG cells from all recorded DG cells for all cuprizone-treated mice. The low-level recorded activity of DG cells is in line with previous findings (Pilz et al., 2016). However, the cuprizone diet reduced the activity even further, and the termination of cuprizone diet was followed by a noticeable recovery. DG cells of mouse 3 could be recorded only during the first four recording sessions. (D) Summary of the fraction of DG cells that fired bursts of APs from all recorded DG cells in cuprizone-treated mice shows a similar trend to the change in CA1 activity patterns. Colors are the same as in panel (C). (E) Summary of the fraction of active DG cells from all recorded DG cells for all control mice. (F) Summary of the fraction of DG cells that fired bursts of APs from all recorded DG cells in control mice. Colors are the same as in panel (E).




Spontaneous Remyelination Restored the Activity of DG Projection Neurons

Dentate gyrus neurons presented a similar recovery pattern as CA1 neurons. DG cell activity increased rapidly upon termination of cuprizone diet, from 15 to 59% of the fraction of active cells on day 0 (1,419, 1,334, and 1,059 cells from n = 2 mice on days 0, 53, and 58, respectively, Supplementary Movie 11, see examples in Supplementary Figure 5). This was followed by a second decrease and a second increase in activity levels, to reach comparable levels to day 0 (78.3 and 220.2% of fraction of active cells on day 0 for mice 1 and 3, respectively, data from 1,419 and 1,657 cells on day 0 and on the last day of recording, respectively; Figures 4A,B, Supplementary Movie 12, see examples in Supplementary Figure 6).



DISCUSSION

Repeating cycles of demyelination and remyelination are associated with the progression of MS in the majority of patients, who first experience the relapsing-remitting form of the disease (Chang et al., 2012). This highlights the necessity to understand the impact of these cycles on brain activity. In this study, we measured the effects of cuprizone diet, such as demyelination and remyelination, on hippocampal activity, which recapitulates the loss and partial recovery of myelin, consistently in the same brain regions and with a reliable and reproducible time course (Dutta et al., 2013; Sachs et al., 2014; Bai et al., 2016). We combined electrophysiology and functional microscopy for acute and long-term monitoring of the activity of projection neurons in CA1 and DG regions with cellular resolution over more than 100 days, during both the demyelination and remyelination phases. We identified cuprizone-induced deterioration of synaptic transmission of CA1 cells, and quantified the longitudinal effect of this deterioration on hippocampal activity in vivo. We report large changes in neuronal firing rates, with both fast and long-term components that followed the initiation and cessation of cuprizone diet. These changes were associated with the demyelination and remyelination processes, as were previously reported, and are in agreement with behavioral deficits and recovery that were also reported in cuprizone mice (Sachs et al., 2014; Bai et al., 2016), as well as changes to the excitability levels of single neurons (Praet et al., 2014; Hamada et al., 2017) and disrupted large-scale activity patterns (Hoffmann et al., 2008).

The time-scales of cuprizone-mediated brain activity degeneration, and recovery once cuprizone diet was stopped, are in agreement with previous studies (Sachs et al., 2014; Bai et al., 2016). However, our recordings have identified rapid changes and non-monotonous trends for both conditions that have not yet been reported. A large fraction of the activity change occurred within 5–9 days (one recording session) from the initiation and cessation of cuprizone diet, faster than the reported time scale of 3–6 weeks for demyelination and remyelination (Sachs et al., 2014; Bai et al., 2016). Interestingly, this relatively rapid change was followed by a “rebound” change in activity levels, i.e., the activity increased during cuprizone diet, and decreased during remyelination. Increased activity during demyelination, approximately 3–6 weeks after the start of cuprizone diet, may be explained by partial remyelination due to maturation of the oligodendrocyte progenitor cells into mature myelinating oligodendrocytes (Sachs et al., 2014), but other characteristics of the effects of cuprizone on neuronal and non-neuronal cells, and how it translates to the reported rapid changes in activity, will require additional studies. It is possible that cuprizone has, in addition to the reported effect on oligodendrocytes, a direct effect on neuronal health, or alternatively an indirect effect mediated by glial cells, that resulted in the rapid changes we identified. In addition, this study included both male and female mice, and the reduction in activity levels seemed to be stronger in males (mice 1 and 4). Though the number of mice used in this study does not allow for a definitive assessment of sex-specific differences, such differences may be expected based upon the existing findings (Kipp et al., 2009; Ohgomori and Jinno, 2019).

In agreement with fluorescent imaging results, electrophysiological recording of CA1 synaptic transmission showed significant depression starting at 3 weeks of demyelination, which is earlier than previously reported (Sachs et al., 2014). Depression of EPSPs progressed on a weekly basis, reaching a nadir level by 6 weeks of demyelination. Interestingly, AVs were well preserved, even in 6-week demyelinated slices, suggesting that the primary site of failure for synaptic transmission is post-synaptic. Indeed, cuprizone-induce demyelination reduces AMPA receptors in the CA1 region of hippocampus (Dutta et al., 2013). Additionally, deficits in excitatory synaptic transmission during experimental autoimmune encephalomyelitis (EAE) correlated with disruption of PSD-95 integrity involving both AMPA and NMDA receptor-mediated currents (Ziehn et al., 2012a, b) while preserving presynaptic function in CA1 neurons. In contrast, recordings in layer V pyramidal neurons in somatosensory cortex of mice that were kept on cuprizone diet for 5 weeks revealed that AP propagation switched from rapid saltatory conduction toward a slow continuous wave broadening the presynaptic AP, with reduced velocity presumably due to redistribution of fast-acting K channels (Hamada et al., 2017). Furthermore, AP changes were accompanied by demyelination of internodes, variable reorganization of nodal domains, and frequent sprouting of axons. Characterizing the structural changes in our animal model will require additional work. However, taken together, it seems that loss of myelin in gray matter causes a wide range of site-specific structural and functional changes.

Optical activity monitoring allows probing how connected brain regions are affected by external input, and how they affect each other. We recorded activity both from CA1 and DG neurons in the same mice, and identified substantial differences in their activity patterns (Figures 2–4), in agreement with previous studies (Ziv et al., 2013; Pilz et al., 2016). The deep-tissue location and low level of activity of DG neurons under anesthesia make them more challenging to monitor compared to CA1 neurons (Supplementary Figure 2). Therefore, more studies are required to obtain a better understanding of cuprizone-induced changes in DG cells, preferably in awake mice, where activity levels are expected to be higher (Pilz et al., 2016). Nevertheless, longitudinal DG recording is feasible using laser power that is not expected to produce substantial heating or thermal damage to the tissue (Podgorski and Ranganathan, 2016). Our electrophysiological studies have highlighted that cellular excitability of CA1 neurons was interrupted during cuprizone-induced demyelination, suggesting impaired synaptic transmission, which was restored during remyelination. Future studies may characterize how DG pre- and post-synaptic activity is modulated, and how it affects the CA1 pre-synaptic signal via feed-forward hippocampal circuitry. Such studies may reveal whether cuprizone-mediated diet attenuates activity in other brain regions, and hence also the input to the hippocampus, reduces the excitability of DG neurons via changes in excitation-inhibition balance, or similarly affects cellular excitability in both CA1 and DG neurons.

A limitation of the in vivo approach we used in this study is the relatively low number of mice in each group, which is related to the amount of time required to record and analyze the activity data from each mouse. The small group size limited the significance of the statistical analyses that we performed. We received significant P-values for changes in activity characteristics from the same animal, which relied on the large number of cells that we sampled. However, our statistical analyses were less conclusive for t-tests across median values from mice in the same group, and were non-significant for a repeated ANOVA across the cuprizone and control groups. A preferred approach for overcoming this limitation is to increase the group sizes, which might require adopting an automatic analysis pipeline for improving the throughput of such experiments (Pachitariu et al., 2017).

Finally, applying optical methods for monitoring the brain offers an attractive approach for acquiring essential in vivo information to link structure, function, and behavior. We demonstrated that TPLSM recording of GECI signal enables direct evaluation of functional properties of neurons in a mouse model of MS-like symptoms. Moreover, we show that deterioration of synaptic transmission in CA1 cells is reflected in the activity levels of these neurons, and can be measured in vivo in a longitudinal manner. Future studies may combine this approach with emerging methods for in vivo measurements of the myelin sheath using label-free third harmonic generation (Farrar et al., 2011; Redlich and Lim, 2019) to allow for all-optical detection of demyelination and activity levels in the same cells. Complementary behavioral data can be acquired with standard behavioral and cognitive tests for assessing the mouse condition, such as the Morris water maze (Dutta et al., 2013). Such experimental platforms will provide a more holistic assessment of the mouse condition. Such an experimental platform may also be used as an evaluation testbed for comparing the efficacy of new pharmaceutical intervention treatments for protecting synaptic transmission and neuronal activity patterns, reducing demyelination levels, and/or relieving behavioral deficits.
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Neurochemicals have a large impact on brain states and animal behavior but are notoriously hard to detect accurately in the living brain. Recently developed genetically encoded sensors obtained from engineering a circularly permuted green fluorescent protein into G-protein coupled receptors (GPCR) provided a vital boost to neuroscience, by innovating the way we monitor neural communication. These new probes are becoming widely successful due to their flexible combination with state of the art optogenetic tools and in vivo imaging techniques, mainly fiber photometry and 2-photon microscopy, to dissect dynamic changes in brain chemicals with unprecedented spatial and temporal resolution. Here, we highlight current approaches and challenges as well as novel insights in the process of GPCR sensor development, and discuss possible future directions of the field.
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INTRODUCTION

A variety of neurochemicals, including transmitters, modulators, peptides and hormones, are constantly released within the brain during neuronal and glial communication, and play a fundamental role in coordinating physiological brain functions. Tools for monitoring the dynamic changes of individual neurochemicals are therefore highly desirable. For decades fast-scan cyclic voltammetry and microdialysis have been the gold-standard techniques used for measuring the extracellular concentrations of neurochemicals during animal behavior (Kehr and Yoshitake, 2013). However, intrinsic challenges of these analytical chemistry techniques, such the limited molecular specificity and number of detectable neurochemicals for voltammetry (Carter and Shieh, 2010), and poor temporal resolution for microdialysis (Chefer et al., 2009), as well as the low spatial resolution in both systems generated a great need for new technologies capable of bridging these gaps. Specific advantages and limitations of these techniques for monitoring individual neurotransmitters in brain tissue are reviewed in Zeng et al. (2019).

Optical microscopy techniques in combination with genetically encoded sensors are emerging as a powerful solution that can elegantly answer this need. In particular the recently introduced genetically encoded sensors based on a single circularly permuted green fluorescent protein (cpGFP) engineered into G-protein coupled receptors (GPCR), which for simplicity here we refer to as “GPCR sensors,” can enable the detection of neuromodulatory molecules at high resolution in awake behaving animals (Patriarchi et al., 2018; Sun et al., 2018). One of the greatest benefits of these new genetically encoded sensors is their unique ability to detect spatially resolved neuromodulatory signals at high-resolution, which was demonstrated using two-photon imaging in the fly brain (Sun et al., 2018; Handler et al., 2019) and in the mouse cortex (Patriarchi et al., 2018). Exciting new questions in the field can now be addressed thanks to the level of spatial and temporal resolution allowed by these tools, such as whether neuromodulatory signals can be transmitted in a cell-type specific manner or heterogeneously from neuronal projections.

These tools purposely combine the high ligand-binding affinity and molecular specificity which were fine-tuned in the receptor by natural evolution, with the large sensitivity typical of intensity-based probes engineered from cpGFP (Marvin et al., 2011; Chen et al., 2013b; Marvin et al., 2013; Kostyuk et al., 2019). Because GPCRs are a very large family of receptors (class-A alone comprises approximately 350 members without including odorant receptors (Pándy-Szekeres et al., 2018), for an overview see Figures 1A,B), in principle they represent a largely unexplored pool from which novel fluorescent sensors could be developed to probe a vast amount of endogenous neurochemicals. Although FRET or BRET-based biosensors of GPCR activation have been available for a long time (Vilardaga et al., 2003; Sleno et al., 2016), to date only a few GPCR sensors have been introduced for in vivo sensing of dopamine (Patriarchi et al., 2018; Sun et al., 2018), acetylcholine (Jing et al., 2018, 2019a), and norepinephrine (Feng et al., 2019). The ability to reveal the intimate spatial and temporal details of neurotransmitter release in living animals is only possible with this new type of sensors and not with previously available FRET or BRET-based probes, due to their limited dynamic range (Jing et al., 2019b). Thus, the innovative field of GPCR sensor development represents a true technological breakthrough and, while still in its early days, is likely to continue expanding to cover many more neurochemical ligands as well as toward bright and colorful new directions.
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FIGURE 1. A snapshot of the current GPCR sensor engineering landscape. (A) Class-A GPCR family tree. Receptors are grouped and branches are color-coded based on ligand type. Gray-scale circles in front of the receptor name represent the number of currently available ligands (white: 0, light gray: >100, gray: >500 and black: >1000). Reproduced from Pándy-Szekeres et al. (2018). (B) Length distribution of ICL3 (region where cpGFP is inserted during the sensor engineering process) for several class-A GPCRs highlights the high degree of variability in this region among different receptors. The number of ICL3 aminoacid residues is shown on the x axis, while the relative probability of each length from a total of 89 analyzed GPCRs is shown on the y axis. Reproduced with permission from Otaki and Firestein (2001). (C) Schematic depiction of representative members of the two classes of genetically encoded dopamine sensor classes developed to date: dLight1.1 and GRAB-DA1m. Aminoacid residues of sensor sequence belonging to the original dopamine receptors (DRD1 and DRD2) are shown in the snake-plot. The insertion position of circularly permuted green fluorescent protein (cpGFP) is indicated for both sensor types. N-term, N-terminus; ICL, intracellular loop; ECL, extracellular loop; C-term, C-terminus. Third intracellular loop, ICL3, is highlighted in yellow.




CURRENT STRATEGIES AND BOTTLENECKS IN GPCR-SENSOR DEVELOPMENT

The first examples of GPCR sensors were only recently introduced when two similar but independent engineering approaches were published almost simultaneously (Patriarchi et al., 2018; Sun et al., 2018). These studies produced the two alternative genetically encoded dopamine sensor families named dLight1 and GRAB-DA1. The general concept behind both approaches is similar: inserting cpGFP at specific locations between the transmembrane helix 5 (TM5) and 6 (TM6) of a human dopamine receptor is used as a mean to generate sensitive fluorescent reporters of receptor conformational change. Due to their genetically encoded nature these sensors can be easily expressed in living animals, and because conformational motion at the interface of TM5 and TM6 is a classical feature of GPCR activation and reflects ligand binding (Venkatakrishnan et al., 2013), their fluorescent signals can be used as a proxy of endogenous dopamine dynamics.

When compared side by side the approaches taken to develop the two classes of sensors have important differences. In dLight1 cpGFP completely replaces the third intracellular loop (ICL3) as well as small portions of TM5 and TM6 of the D1 dopamine receptor (DRD1) (Patriarchi et al., 2018), while in GRAB-DA1 it is inserted within the ICL3 of the D2 dopamine receptor (DRD2), and a large stretch of 30 aminoacids is carried over from the original ICL3 (Figure 1C; Sun et al., 2018). Similar to GRAB-DA1 sensors, the approaches taken for developing both the acetylcholine and norepinephrine sensors also relied on the presence of a variable amount of ICL3 residues surrounding cpGFP (Jing et al., 2018; Feng et al., 2019).

In all cases, the final goal is to maximize the coupling between receptor conformational change and the fluorescence response of cpGFP. This process, builds on previous knowledge established for genetically encoded sensors of similar design (Chen et al., 2013b; Marvin et al., 2013) and mostly involves the generation of libraries where the linker regions connecting GPCR to cpGFP are subject to sequence randomization and the resulting sensor variants are individually screened for their fluorescence response.

Strikingly, the sensor design used in the development of dLight1, which is completely devoid of ICL3 residues, was demonstrated to be quite versatile. In fact, the simple grafting of a “fluorescent protein module” (i.e., cpGFP flanked by short linkers derived from the dopamine sensor) into other GPCR subtypes made it possible to rapidly generate preliminary sensors for norepinephrine, serotonin, melatonin, and opioid neuropeptides (Patriarchi et al., 2018). Although these prototype probes may not sensitive enough for in vivo application, they may represent an ideal starting point for further optimization through targeted mutagenesis at a reduced number of sites, and thus could provide a useful shortcut in a process that is otherwise very costly and time-consuming. Considering that the ICL3 is an extremely variable region among different class-A GPCRs (Figure 1B) both in terms of size and composition (Otaki and Firestein, 2001; Unal and Karnik, 2012), and that this region is predicted to be intrinsically disordered, based on sequence composition (Jaakola et al., 2005), the presence of a considerable portion of the ICL3 in GRAB-DA1 is likely to prevent the versatile grafting of the fluorescent protein module for rapid engineering of novel GPCR sensors.

The concept of versatile engineering is somewhat reflected in the field of GPCR crystallography, where long and disordered ICL3 sequences are counterproductive and are thus commonly replaced with small fusion proteins (e.g., T4 lysozyme; Thorsen et al., 2014), or stabilized with the aid of nanobodies (Manglik et al., 2017). We believe that, in order to be most effective, future engineering efforts should follow a “semi-rational” approach where the starting point for cpGFP insertion into the TM5-TM6 interface of a GPCR is set by the receptor sequence (e.g., the positively charged residues identified during the development of dLight1; Patriarchi et al., 2018) and site-directed mutagenesis screening follows. In this regard, a deeper understanding of the relationship between the receptor, linker, and fluorescent protein components of the sensor, which could be obtained by structural studies. For instance a sensor structure obtained by cryogenic electron microscopy would provide important information on the specific orientation of charged, polar and hydrophobic residue sidechains at the GPCR/cpGFP interface, which could guide future sensor optimization efforts. The current lack of structural information for both dLight1 and GRAB-DA1 sensors, makes it very difficult to achieve a clear understanding of how the receptor conformational change is capable of triggering the fluorescence of cpGFP, and to elucidate the role that linker regions and the residual ICL3 residues play in this process.

Overall, every screening approach in GPCR sensor development faces the same obstacle: a large number of variants to be screened and the low throughput of current mammalian cell-based screening assays. To overcome this hurdle possible strategies could make use of a recently established screening assay, combining Fluorescence-Activated Cell Sorting (FACS) with robotic cell-picking, which was successfully used to evolve voltage sensors derived from integral membrane proteins (Piatkevich et al., 2018). However, implementation of a robotic arm for cell-picking may not be easily applicable in many labs due to the inherent technical complexity of the system. As an alternative, we envision that in the future it may become advantageous to devise novel FACS-based screening methods, perhaps in combination with microfluidic channels that can cyclically integrate two independent cell-sorting steps. Such innovative assay concepts could in theory enable selection of sensor variants based on fluorescence in both an active and inactive state from a library pool of 106–109 cells, which would ideally suit GPCR sensor development and dramatically increase the scale of the process.

Although all attention of current GPCR sensor screening approaches focuses on obtaining sensors with the largest maximal fluorescence changes, this property is not by itself sufficient to guarantee success when testing the probe in the living brain. The apparent affinity of the probe is another important factor to be considered when imaging neuromodulators. Owing to its design each probe can only reliably work within a narrow concentration range. Because the levels of release for endogenous neuromodulators are variable among different brain regions, mostly depending on the abundance of neuromodulatory projections in the area, multiple probes with complementary affinity ranges need to be developed in order to most sensitively detect the same neuromodulator in different regions. Up to now, sensors with different affinity ranges have been obtained mostly by using different receptor subtypes as a starting point (in the case of dopamine sensors, DRD1, DRD2, DRD4) (Patriarchi et al., 2018; Sun et al., 2018), and in few cases have been tuned by mutagenesis of one specific site in the GPCR moiety (Patriarchi et al., 2018; Feng et al., 2019). Future sensor development could tremendously benefit from computational modeling-based approaches aimed at fine tuning the sensor apparent affinity or even ligand-selectivity (Feng et al., 2017).



THE OPPORTUNITY OF A LIFETIME

A deeper understanding of the basic photophysical properties of GPCR sensors may lead to novel applications based on different fluorescence properties (e.g., fluorescence lifetime) and open new research directions. In fact, while intensity-based fluorescence readouts can provide valuable information about the dynamics of biological systems using simple instrumentation, they suffer from limitations (e.g., wavelength-dependent absorption and scattering, different detector sensitivities or expression dependence for single-wavelength sensors) that make them unsuitable for quantitative measurements of analyte concentrations (Waters, 2009; Yellen and Mongeon, 2015). These drawbacks are particularly critical for deep brain imaging or when comparing different samples or measurements done with different instrumentation. In the case of GPCR sensors, the kinetics of a biological response to stimulation can be reliably accessed (Patriarchi et al., 2018; Sun et al., 2018), but important parameters such as the absolute extent of the response or the baseline levels of the analyte are much more difficult to retrieve. On the contrary, fluorescence lifetime is an intensive rather than extensive physical quantity, which reflects the kinetics of excited to ground state relaxation and is independent on the absolute intensity of the signal (Lakowicz, 2006). This latter factor is critical as it eliminates the effects of laser fluctuations, tissue absorption and detector sensitivity. Also, in a microscopy or fiber photometry setup, the lifetime is much less affected by tissue scattering than intensity (Dowling et al., 1997; Vishwanath et al., 2002).

All these advantages have sparked a growing interest in techniques like fluorescence lifetime imaging (FLIM) (Berezin and Achilefu, 2010; Borst and Visser, 2010; Chen et al., 2013a) or fluorescence lifetime fiber photometry (FLiP) (Brown et al., 1994; Saxl et al., 2011; Lagarto et al., 2019; Lee et al., 2019a, b), which have been successfully applied to obtain more quantitative information on analyte concentrations (Díaz-García et al., 2017; Melo et al., 2017) or protein interactions (Yasuda et al., 2006; Sun et al., 2011; Walther et al., 2011). Recent studies investigated the optimization and application of fluorescent protein (FP) pairs to produce FLIM sensors based on fluorescence resonance energy transfer (FLIM-FRET) (Visser et al., 2010; George Abraham et al., 2015; Martin et al., 2018). The process of FRET introduces an additional path for the excited state decay of a “donor” fluorophore, due to the transfer of excitation energy to an “acceptor.” Due to the relationship between quantum yield and lifetime of a fluorophore (Lakowicz, 2006; Noomnarm and Clegg, 2009), the effect of FRET on lifetime is particularly straightforward (the higher the FRET efficiency, the shorter the donor lifetime) and the design of FLIM-FRET sensors is, at least in first approximation, conceptually simple.

On the other hand, the field of FLIM sensors based on circularly permuted fluorescent proteins (cpFPs) is still largely underdeveloped. While some groups have reported the use of cpFP sensors with FLIM readout (Tantama et al., 2011; Mongeon et al., 2016; Melo et al., 2017; Díaz-García et al., 2019), the sensor characterization has been mostly limited to empirical calibrations, and no clear guidelines for the choice of FPs that would give optimal lifetime changes currently exist. In our opinion, this is largely due to the complexity of the problem. While in FRET sensors a single photophysical process is responsible for the observed changes, in cpFPs a complex combination of effects needs to be taken into account (Barnett et al., 2017; Molina et al., 2019). In a cpFP sensor, the acid and basic forms of the chromophore exist in equilibrium. Each form has its own absorption spectrum and fluorescence quantum yield (usually, only the basic form has a high quantum yield and is defined as “emissive” form), and the equilibrium concentrations can change upon opening and closing of the protein barrel (Figure 2A). Interconversion between the two forms can happen also in the excited state (Meech, 2009; Barnett et al., 2017), so that the excitation of the acid form can result in the emission of the basic one. In the case of multiphoton absorption, also the absorption cross-sections can depend on the barrel conformation (Molina et al., 2019). As a consequence of this complexity, the relation between intensity and lifetime is very difficult to predict.


[image: image]

FIGURE 2. Simplified photophysical description of cpFP sensors with emphasis on FLIM. (A) Schematic representation of the equilibrium occurring in GPCR sensors (left) and of their spectroscopic properties (right). It can be observed how the absorption spectrum is actually the sum of two bands, one due to the protonated (acid) form of the chromophore and one to the deprotonated (basic) one. The latter is also the only emissive form in most cpFPs used in sensors. This is certainly true if the sensor is excited at longer wavelengths, as shown in these examples, where only the basic form absorbs. (B) Representative spectral changes for the two limit cases described in the text (left), and FLIM images and histograms of RINm5f cells expressing the cpFP sensor TriPer before (right, top) and after (right, bottom) exposure to 0.2 mM H2O2 (reproduced without modifications from Melo et al., 2017; under Creative Commons license: http://creativecommons.org/licenses/by/4.0/). Possible candidates for FLIM can be identified by looking at the changes of the absorption and fluorescence spectra of the sensors upon analyte binding. If only the acid/base equilibrium changes, but not the quantum yield of the basic form, then no lifetime change is expected (limit case 1). An easy way to conceptualize this phenomenon is that if the absorbance of the open and closed forms at the excitation wavelength would be the same (i.e., if the two would absorb the same number of photons), then their fluorescence intensity would also be the same (column “absorbance match”). On the other hand, if there are changes in the fluorescence intensity but not in the acid/base equilibrium (limit case 2), then changes in the quantum yield are occurring and will likely (but not necessarily) result in a lifetime change. We note that this is a simplified scheme which takes into account only a subset of the photophysical processes occurring in cpFP sensors, thus: (a) unexpected results may occur by strictly following this simplified scheme as a general rule for all sensors, (b) lifetime changes can occur also as result of other mechanisms.


Ignoring for simplicity excited-state dynamics and multiphoton effects, the photophysical basis of sensor function can be described by two limit cases (Figure 2B). In the first one, the changes in the fluorescence intensity of the sensor are due exclusively to changes in the relative abundance of the acid-base equilibrium forms of the chromophore upon analyte binding, while the quantum yield of the basic form (the emissive one) remains unaffected (Figure 2A). In this scenario, while fluorescence intensity changes can be large (and wavelength dependent), no change in lifetime is expected. In the second limit case, there are no changes in the acid-base equilibrium upon analyte binding, but the fluorescence quantum yield of the basic form changes. While this is not always the case, very often variations in fluorescence quantum yield are accompanied by variations in lifetime (Lakowicz, 2006). Real world scenarios lie in between these two extremes, and thus FLIM sensors with smaller or larger (and more or less wavelength-dependent) lifetime changes can in principle be developed based on these considerations.

Careful photophysical studies (Barnett et al., 2017; Molina et al., 2019) have shown that even for seemingly similar cpFP sensors the mechanisms that determine the fluorescence response can change considerably, and that good candidates for FLIM definitely exist. We expect that in the future more studies will be devoted to this specific aspect and cpFPs optimized for FLIM readouts will start to emerge. This will in turn boost the field of GPCR-based sensors, paving the way toward a more quantitative understanding of the role of neurochemicals in brain functions. Particularly for physiological dynamics that do not manifest themselves in fast and quasi-binary transients (as is often the case for calcium signals), quantification of molar concentrations of the target molecule is essential. This will allow for reliable comparisons among different brain areas, different animals or data acquired by different labs, and for analyzing data obtained in chronic long-term imaging over days and months.



THE PUSH TOWARD RED-SHIFTED WAVELENGTHS

It is reasonable to imagine that in the near future the development of GPCR sensors will also expand toward both red and near-infrared (NIR) wavelengths, by taking advantage of a large variety of fluorescent proteins available at these wavelengths (Rodriguez et al., 2017). This has for instance been the case for genetically encoded calcium sensors, which have recently been developed at near-infrared wavelengths based on mIFP (Qian et al., 2019) or GAF-FP (Subach et al., 2019). Such GPCR sensors would benefit from inherent advantages of using red-shifted light for excitation, such as increased penetration depth and lower phototoxicity. They would also increase the quality and quantity of potential applications. For instance, the availability of red-shifted GPCR sensors would enable “mix and match” approaches where green and red sensors for two different neurotransmitters could be combined in dual-color fluorescence imaging, similar to what has been previously achieved for red calcium sensors (Dana et al., 2016). This approach could be used for instance to resolve long-standing challenges, such as the unequivocal proof of co-release between two neurotransmitters. A prominent example of this is the case of dopamine and norepinephrine: previous studies imply that the two catecholamines can be synthesized and simultaneously released by the locus coeruleus (Kempadoo et al., 2016; Takeuchi et al., 2016), however, direct evidence for this is lacking as well as the important information of whether this phenomenon is constitutive or regulated.

The landscape of raw materials for building GPCR sensors is constantly evolving, as new fluorescent and chromoproteins are added to the plate (Lambert et al., 2019). Development of GPCR sensors based on near-infrared fluorescent proteins could in principle expand the solution space for multiplex imaging, and allow us to image up to three different aspects of neural communication and activity simultaneously. In addition, the NIR window (650–900 nm) offers improved optical transmission properties in living animals because of the relatively lower absorption component of endogenous molecules such as hemoglobin or melanin (Ntziachristos et al., 2003). We predict that the development of GPCR sensors absorbing in this wavelength range, that could for instance be engineered based on bacterial phytochromes (e.g., BphP1; Yao et al., 2016), will enable successful application of the probes with optoacoustic imaging, a scalable imaging modality capable of resolving whole-brain activity three-dimensionally at millisecond time scale and 100 μm resolution non-invasively (i.e., without the need for optical fiber or gradient index lense implantation) (Gottschalk et al., 2019). Another advantage of red/NIR FPs is that their photophysical properties are optimal for three-photon absorption (3PA) in the 1700 nm optical window (Horton et al., 2013; Deng et al., 2019), which is recently emerging as a superior technique for deep in vivo imaging (Horton et al., 2013; Miller et al., 2017). Due to the much reduced scattering and absorption, 3PA at these wavelengths is limited only by signal-to-noise ratio (which depends on protein brightness) up to more than 3 mm depth (Horton et al., 2013), and structural imaging of neurons has already been demonstrated at a depth of 1.4 mm (Horton et al., 2013), reaching the subcortical region of the mouse brain. Especially if combined with FLIM detection (Ni et al., 2019), that eliminates artifacts due to absorption and scattering, 3PA at 1700 nm would constitute a promising strategy for non-invasive imaging of neurochemicals in deep brain regions, while at the same time improving the cell resolution ability in densely labeled samples with respect to two-photon absorption (Ouzounov et al., 2017).



DISCUSSION

Considering the important and multifaceted roles that neurochemicals play in the nervous system, the thirst for novel sensor types capable of probing these molecules in their natural environment is likely to continue increasing. Although GPCR sensors are an elegant technological solution, some caveats need to be considered. One example is the potential interference with endogenous neuromodulatory signaling of target cells, which has not yet been extensively characterized in living animals. Our hope is that, with time, a careful evaluation of the side-effects of GPCR sensor expression will elucidate best experimental practices that can allow us to make the most out of these tools without significantly altering the system under investigation. For a more in-depth discussion of the limitations of these tools please refer to our previously published protocols (Patriarchi et al., 2019). All things considered, we envision a bright future for GPCR sensor development, with important achievements to be expected along at least three directions. First, the continuous improvement of existing GPCR sensors (in terms of increased dynamic range, basal brightness, kinetics, photostability, etc.) will follow an analogous path to that of the GCaMP family of calcium sensors (Dana et al., 2019), and will build upon the continuous discovery and directed evolution of novel and improved variants of fluorescent proteins and chromoproteins. Second, in striking difference with calcium sensors, the optical measurement of the actual concentrations of neurochemicals in vivo, rather than merely their dynamic behavior, is a much needed task. The demonstration that GPCR sensors can be utilized in quantitative techniques such as FLIM and the design of specifically optimized sensors is still lacking and will likely be a central topic in the field in the near future. Third, the need for multiplexed imaging will not only spur the design of novel GPCR sensors to probe an increasing number of neurochemicals, but also the diversification of existing sensors in terms of emission wavelengths. The latter will dramatically expand the possibilities to simultaneously image multiple neurochemicals, or observe how their dynamics correlate with other important phenomena such as calcium or metabolite transients. While the path ahead for this new class of sensors certainly presents its challenges, some of which were highlighted in this work, their unique features and wide applicability will keep us and others motivated to develop new and improved variations which will clearly contribute to shape a bright and colorful future for neurochemical imaging.
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Emerging genetically-encoded Ca2+-indicators (GECIs) are intensiometric reporters that increase in fluorescence when bound to Ca2+; highly suited for studying calcium-signaling in many cell types, notably neurons. Today, major efforts are devoted toward optimizing red-emitting [red fluorescent protein (RFP)-based] GECIs (R-GECI), as these provide several advantages over GFP-based reporters, for instance, increased imaging depth, reduced photodamage by longer imaging wavelengths and, in principle, are better suited for use with prevalent blue-absorbing optogenetic tools (e.g., channelrhodopsin). However, excessive fluorescence from intersecting neighboring cells in very dense tissues, notably the brain, hinders the ability to collect signals from single cells and their processes. This challenge can be addressed by photoactivatable (PA) fluorescent proteins that can be rendered fluorescent on demand by user-defined targeted light. This allows activation and, thereby, collection of fluorescent signals exclusively from desired cells and their processes, while leaving all neighboring cells in the dark (i.e., non-fluorescent). Nevertheless, there are no PA R-GECIs. Here, we sought to develop PA-R-GECIs. To do so, we initially explored a recently discovered phenomenon of Ca2+-independent increases in fluorescence (i.e., artifacts) in an emerging R-GECI, which has led us to rationally engineer several functional PA-R-GECIs. We also take advantage of our findings to quickly engineer a novel PA-RFP, namely, PA-mRuby3.

Keywords: photoactivatable, GECI genetically encoded Ca2+ indicator, calcium, red fluorescent protein, optical tools


INTRODUCTION

There is a growing interest in red-shifted genetically-encoded Ca2+-indicators (R-GECI) as these are activated by longer and less cytotoxic wavelengths, provide deeper imaging depths and, importantly, ease on concomitant use with common optogenetic or synthetic optogenetic tools (Yizhar et al., 2011; Berlin and Isacoff, 2017; Piatkevich et al., 2019). R-GECIs are therefore ideal for all optical neural interrogation in vivo (Emiliani et al., 2015). However, when studying cellular and subcellular Ca2+-dynamics in vivo, it is often difficult to monitor Ca2+-signals from single neuronal somata owing to background fluorescence, namely, fluorescence emanating from adjacent cells and processes located next to, above, or below the desired cell. Background fluorescence also makes it very challenging for tracing and assigning processes to defined somata. These limitations have previously motivated us to design green photoactivatable (PA)-GECIs (PA-GCaMP; Berlin et al., 2015). Akin to PA-GFP (e.g., Patterson and Lippincott-Schwartz, 2002), the capability to control the basal fluorescence of GCaMP in single cells by light enables users to optically label (“highlight”) selected cells with very high spatiotemporal resolution (Patterson and Lippincott-Schwartz, 2002; Piatkevich et al., 2013). This robustly improves the signal-to-noise ratio and permits subsequent collection of signals (i.e., Ca2+-dependent changes in fluorescence) exclusively from highlighted cells and their processes with higher certainty and ease. Whereas other methods can address some of these challenges by sparsely labeling single neurons (Lee et al., 2019), optical highlighting of cells provides one major advantage over these, namely, granting users access to all cells in the preparation (for instance, in a transgenic model), rather than restricting the user to a small and stochastic population of cells. Moreover, photoactivation can be performed sequentially thereby allowing to monitor many cells in the same preparation, including adjacent ones.

Of the handful photoconvertible (Hoi et al., 2012; Fosque et al., 2015; Zolnik et al., 2017) and PA-sensors (Matsuda et al., 2013; Berlin et al., 2015; Lee et al., 2019), none are of single red-emission (see Walia et al., 2018). We therefore sought to develop a single-emission red-PA-GECI. Sequence analysis of extant PA-red fluorescent proteins (RFPs) reveals that the most optimized R-GECI variants are based on RFPs to which there are no PA versions. Moreover, unlike green PA-FPs, there are no shared set of mutations that can be easily transferred among different members of the RFP superfamily to endow them with PA features. This likely stems from the fact that the structural basis for photoactivation in PA-RFPs is less understood (and likely less conserved) than in members of the GFP superfamily (Lukyanov et al., 2005; Piatkevich and Verkhusha, 2010). Consequently, PA-RFPs are almost exclusively engineered via random mutagenesis schemes. To rationally design PA-R-GECI, we began by focusing on R-GECO1 (red-genetically encoded Ca2+-indicator for optical imaging; Zhao et al., 2011). R-GECO1 is a potent red-GECI with very large responses (ΔF/F), wide dynamic-range and is suitable for two-photon imaging, to name a few (Zhao et al., 2011; Dana et al., 2016). Importantly, R-GECO1 is based on mApple; a unique FP that exhibits intrinsic and transient photoconvertible behavior (Shaner et al., 2008). The functional outcome of this behavior is the appearance of transient light-dependent—and Ca2+-independent—increases in fluorescence (here denoted artifacts) when illuminated with near-UV-to-green light (Wu et al., 2013 and see Figure 1). These artifacts display similar features (size and kinetics) as bona fide Ca2+-dependent responses, making it very hard to distinguish between them. This limitation thereby complicates the use of R-GECO1 with near-UV-to-green light activated optogenetic tools (Shaner et al., 2008; Akerboom et al., 2013; Wu et al., 2013; Berlin et al., 2016; Piatkevich et al., 2019). Nevertheless, here we benefitted from this behavior for the development of PA Red-GECIs and a new PA-RFP.
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FIGURE 1. R-GECO1 is blue and red-emitting fluorescent sensor. (A) Emission spectra collected after excitation with 405 nm (magenta bar, blue plot) and 561 nm (yellow bar, red plot). Insets—Micrographs of HeLa cells expressing R-GECO1 and illuminated by 561 nm (top) or 405 nm (bottom). Note the bright red fluorescence following 405 nm (e.g., white arrows). (B) R-GECO1 exhibiting transient photoconversion during intervals of near UV light irradiation (405 nm). (C) Representative traces of Ca2+-activity induced by application of excessive Ca2+ (see section “Materials and Methods”).




RESULTS


Red Ca2+-Indicators Display Blue Emission and Ca2+-Independent Increases in Fluorescence

We, and others, have recently noted that R-GECO1 undergoes reversible photoactivation by blue-shifted wavelengths (e.g., Wu et al., 2013). Unfortunately, the mechanism of this phenomenon remains poorly understood (speculated to range from light-induced deprotonation, formation of new chromophore-type to chromophore isomerization) (Akerboom et al., 2013; Wu et al., 2013; Berlin et al., 2016). To try and harness this behavior for generating a PA R-GECI, we first turned to characterize this behavior in our system and cells. Cells expressing R-GECO1 and illuminated by 561 nm exhibit bright red fluorescence (Figure 1A, top micrograph and red plot, 561 nm excitation—yellow bar). When short and intermittent bouts of 405 nm illumination are applied, robust and transient increases in red fluorescence are obtained (i.e., artifacts); highly reminiscent of bona fide Ca2+-dependent increases in fluorescence (Figures 1B,C). These observations suggest that R-GECO1 directly absorbs 405 nm. Indeed, 405 nm excitation elicits two emission peaks of blue and red fluorescence, λpeak = 460 and 600 nm, respectively (Figure 1A, bottom micrograph—note the apparent blue and red cells; and blue plot, 405 nm excitation—magenta bar). While R-GECO1 has been shown to absorb near-UV light (Akerboom et al., 2013; Wu et al., 2013), to the best of our knowledge, the description of its emission(s) in response to shorter wavelengths has not been reported. R-GECO1’s emissions of blue and red spectra suggested to us the presence of two populations of R-GECO in cells; each with a different maturation state of its chromophore. In fact, most (if not all) RFPs begin as blue-emitters before their methionine-tyrosine-glycine (MYG) chromophore develops into its final red-emitting form (see full sequence, Supplementary Figure 1, red box) (Subach et al., 2008; Shcherbakova et al., 2012). Thus, the near-UV induced artifacts may result from several mechanisms, such as the direct excitation of the red-chromophore, light-induced isomerization, or, less likely, instantaneous maturation of the blue-chromophore into red (Wu et al., 2013 and see below).



Generation of Photoactivatable Red Ca2+-Indicators

To benefit from the artifactual behavior of R-GECO, we first set out to locate residues within R-GECO1 (i.e., mApple) that would be amenable to rational mutagenesis so as to convert the transient photoconversion into stable photoactivation. We first examined the sequences of various PA-FPs, explicitly PA-GFP, PA-mCherry, and PA-TagRFP (Patterson and Lippincott-Schwartz, 2002; Lukyanov et al., 2005), in addition to sequences of RFPs that serve as templates for R-GECIs, namely, mPlum (backbone of R-GECO1.2; Wu et al., 2013) and mRuby (backbone of RCaMP1h and jRCaMP; Akerboom et al., 2013; Dana et al., 2016; Supplementary Figure 1). Interestingly, PA-GFP and PA-RFPs show no obvious shared pattern of mutations, except for the involvement of the well-recognized polar residue essential for the PA behavior of PA-GFP (Figure 2A; black arrowhead and Supplementary Figure 1, black arrowhead; Patterson and Lippincott-Schwartz, 2002). Notably, whereas the 203rd residue is essential for the photoactivation of both red and green FPs, a histidine in that position does not seem to be essential for RFPs. For instance, PA-mCherry1, 2, and -3 (Subach et al., 2009), and PA-TagRFP (Subach et al., 2010) are PA but with an arginine substitution instead.
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FIGURE 2. Photoactivatable R-GECO1H. (A) Partial sequence alignment between PA-GFP and mApple. Black arrow indicates T203H position and its parallel I78 in mApple. (B) R-GECO1H in HEK293T cells during prolonged photoactivation with 100% of 405 nm at ∼1.7 mW (magenta bar). Insets—HEK cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (C) Emission spectra collected before photoactivation by use of 405 nm (blue plot) and 561 nm (red plot). Insets—Micrographs of HeLa cells expressing R-GECO1H and illuminated by 405 nm (top) or 561 nm (bottom). Note the lack of red fluorescence following 405 nm excitation. (D) Stable photoactivation of R-GECO1H in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence, until reaching a plateau. Insets—HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation. (E) R-GECO1H is functional as a Ca2+-probe. Representative traces showing Ca2+-activity following the application of histamine (15 μM, left) and Ca2+ (+50 μM, right). (F) Hippocampal neuron before and after somatic photoactivation (left micrographs). Note the low, albeit noticeable, basal fluorescence (white arrow). Right images (ΔF/F) show spread of fluorescence throughout the dendritic arbor over 600 s, following somatic photoactivation of R-GECO1H (white circle).


We therefore deemed it worthy to focus on this residue in R-GECO1 (mApple; residue I78) (see section “Materials and Methods” and primer list). Importantly, whereas PA-GFP required two additional mutations for photoactivation, specifically phenylalanine preceding the chromophore and a serine within it (F64 and S65; GFP numbering; Patterson and Lippincott-Schwartz, 2002), most PA and non-PA RFPs examined (including mApple of R-GECO1) retain the original chromophore (MYG) and the preceding hydrophobic phenylalanine (Supplementary Figure 1, red box). The only exception in our screen was mPlum (template for R-GECO1.2; Wu et al., 2013; and see below). mPlum does not bear the F64 residue, rather I64 (Supplementary Figure 1, blue circle). However, these two amino acids are similarly hydrophobic and therefore we did not deem it necessary to substitute it or any additional residues.

Based on the above-mentioned, we naturally turned to firstly engineer R-GECO1-I78H; R-GECO1H (Figure 2). When expressed in HEK293T cells, very low basal fluorescence (prior Ca2+ addition or photoactivation) could be detected when imaged at 561 nm (Figure 2B, 0–20 s, top micrograph; before). After prolonged (seconds) near-UV (405 nm) illumination over a large field of view (objective 20x, NA = 1, digital zoom 0.7) using maximal laser power (see section “Materials and Methods” for details on laser power), we observed stable increases in fluorescence over a very broad range (mean photoactivation;ΔF/F = 6.88 ± 0.25), likely due to very different expression levels in different HEK293 cells, rather than resting Ca2+-levels (Figure 2B, 80–120 s and bottom micrograph; after). This clone also showed that, whereas the 561 nm-induced emission spectrum of R-GECO1H prior photoactivation was indistinguishable from that of the parent R-GECO1wt (Figure 2C, red plot), the spectrum obtained by 405 nm illumination was strikingly different, namely, retained blue emission but with a complete loss of the second peak of red fluorescence (Figure 2C, blue plot and arrowhead). We then expressed the clone in HeLa cells with the intention to monitor activity as these cells are more Ca2+-active. Transfected HeLa cells exhibited lower basal fluorescence than levels in HEK293T cells, albeit detectable (Figure 2D, top micrograph). Of note, low, but extant, fluorescence allowed us to calculateΔF/F values without introducing near-zero division artifacts (see section “Materials and Methods” for more details). Importantly, we deem visible basal fluorescence as a highly useful feature for detecting cells that express the clone prior photoactivation. This eliminates the need to introduce additional non-PA optical markers. In fact, basal fluorescence is so low in PA-GFP, and also in PA-GCaMP, therefore requiring imaging with low intensity 405 nm (that does not cause substantial photoactivation) for spotting positive cells; to then target for photoactivation (e.g., see protocol in Berlin et al., 2015). Owing to low levels of fluorescence, we performed gradual photoactivation to minimize photobleaching, consisting of shorter and repeated bouts of 405 nm until reaching maximal photoactivation (seen as steady state fluorescence). In HeLa cells, this protocol demonstrated that R-GECO1H underwent weak photoactivation (Figure 2D and Table 1). It has also revealed, unexpectedly, that this clone no longer exhibited the light-induced artifacts as seen with R-GECO1wt (compare Figure 1 to Figure 2D, arrowheads). These observations rule-out the hypothesis that the light-induced artifacts directly stem from instantaneous maturation of the blue-emitting population. Importantly, this clone exhibited very robust Ca+2-performance in response to varying challenges commonly employed; histamine or excessive extracellular Ca2+ (Figure 2E, left and right panels, respectively). Thus, the low extent of photoactivation was complemented by very large Ca2+-responses. We then expressed the clone in rat hippocampal neurons where R-GECO1H exhibited similar characteristics to those obtained from HeLa cells, namely, very low basal fluorescence and weak photoactivation (Figure 2F). As our primary goal is to express these probes in neurons, the quantitative similarities in basal fluorescence (likely due to similar expression levels) and the degree of photoactivation in HeLa and primary neurons indicated to us that HeLa cells are better suited for predicting expression/performances of our clones in neurons instead of HEK293 cells.


TABLE 1. Summary of basal expression, extent of photoactivation, and Ca2+-performance.

[image: Table 1]Dissatisfied with the PA performance of R-GECO1H, in all cell types, we were motivated to pursue our screen for better R-GECO mutants specifically in HeLa cells. We proceeded to make 17 more substitutions (see primers list), as we could not determine a priori which mutation would endow the best performances in photoactivation and in Ca2+-responsivity. Though most of the variants did not express at all (e.g., Supplementary Figure 2a, R-GECO1-I78R), it was surprising to find that multiple mutations could confer photoactivatability, for instance, I78Y, -S, and -E (Supplementary Figure 2b and Table 1). It was also surprising that the leucine-mutant (R-GECO1-I78L), despite the residue’s high degree of homology to isoleucine as is originally found in R-GECO1wt, lost its direct 405 nm-induced red emission (Supplementary Figure 3a) and the large light-induced artifacts (Supplementary Figure 3b). Moreover, it did not display photoactivation. Unfortunately, this collection of variants (including R-GECO1-I78L) failed to respond to Ca2+ (e.g., Supplementary Figure 3c for R-GECO1-I78L) and were not further characterized (see summary in Table 1).

We lastly engineered R-GECO1T (R-GECO1-I78T) and expressed it in HeLa cells. Notably, we did not expect this clone to display any photoactivation based on observations with PA-GFP in which T203H enables photoactivation, whereas H203T cancels it. Counterintuitively, R-GECO1T exhibited the largest extent of photoactivation of all clones tested, thus far, in HeLa cells (ΔF/F = 2.65 ± 0.64, n = 6) by short bouts of 405 nm illumination (Figure 3A). Akin to R-GECO1H, this mutation completely eliminated the light-dependent artifacts (Figure 3A), without abolishing the blue-emitting population (Figure 3B, blue plot). However, this mutation significantly reduced the appearance of the direct excitation of the red-fluorophore by 405 nm in comparison to R-GECO1wt (Figure 3B, arrowhead). We also noticed that single photoactivation bouts yielded very rapid and sharp increases in fluorescence, suggesting to us higher sensitivity to photoactivation. We tested different photoactivation protocols on single cells and found that efficient photoactivation could be obtained very rapidly by irradiating the cells with as brief as 500 ms bouts of 405 nm (Figure 3C). Lastly, R-GECO1T retained its responsiveness to Ca2+ (Figure 3D), which increased after photoactivation (Figure 3F and Supplementary Figure 4a). These responses were on par with the responses obtained for R-GECO1H as well as for R-GECO1wt under similar conditions (compare Figures 1, 2, summarized in Table 1). In cultured hippocampal neurons, R-GECO1T exhibits detectable basal fluorescence (Figure 3E, top micrograph and Figure 3F, top magenta plot starts with noticeable fluorescence), undergoes photoactivation and readily reports on action potential (AP) firing (Figures 3E,F). Together, we find that R-GECO1T displayed the best combination of features, namely, moderate extent of photoactivation, large Ca2+-responsiveness, reduced artifacts, and reduced direct excitation of the mature red chromophore. We therefore denoted this clone PA-R-GECO1 (Table 1).
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FIGURE 3. Photoactivatable R-GECO1T. (A) Stable photoactivation of R-GECO1T in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence, until reaching a plateau. Insets—HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (B) Emission spectra of R-GECO1T collected from HeLa cells a before photoactivation by use of 405 nm (blue plot and top micrograph) or 561 nm (red plot and bottom micrograph). Note the diminished 405 nm-induced red emission (black arrowhead). (C) R-GECO1T exhibits rapid photoactivation. Very brief photoactivation bouts (25–500 ms) yield robust photoactivation. 5 s 405 nm illumination yields 85% of that obtained by longer exposures (15 s). Insets—single cell before (top) and after (bottom) photoactivation (magenta dashed region). (D) R-GECO1T is functional as a Ca2+-probe. Representative traces showing Ca2+-activity following the application of histamine (15 μM, left) or Ca2+ (+50 μM, right). (E) Hippocampal neuron co-transfected with GFP and R-GECO1T, showing the noticeable basal fluorescence of this clone prior photoactivation (top right micrograph). Bottom images show spread of fluorescence, following somatic photoactivation of R-GECO1T (white circle). (F) Ca2+-activity is larger in highlighted regions. Traces show that soma and nearby dendrites exhibit larger ΔF/F than distant dendrites.


We were then curious as to whether the photoactivation of R-GECO1T showed dependence on Ca2+ ions (as observed for another photoconvertible GECI denoted CaMPARI; Fosque et al., 2015). To address this, we expressed R-GECO1T in HEK293 cells for these are typically less Ca2+-active than HeLa cells (Morita et al., 2015), thereby with likely lower cytoplasmic Ca2+ levels. We photoactivated cells in regular imaging medium (as used in experiments with HeLa cells), as well as in media with or without Ca2+ (Supplementary Figure 4b and see section “Materials and Methods”). First, as seen with other clones, HEK293 cells showed much more robust (and variable) expression of R-GECO1T than when expressed in HeLa cells or in neurons (under similar conditions; “standard medium”). This translated into much higher degrees of photoactivation. More specifically, both standard- and Ca2+-free media enabled cells to undergo ∼8 (ΔF/F = 7.08 ± 0.11, n = 263) and ∼7 fold (ΔF/F = 6.23 ± 0.20, n = 181) increases in fluorescence (Supplementary Figures 4b,c, red and gray plots, respectively; raw data in Supplementary Figures 4d,e), whereas the presence of Ca2+ significantly reduced the ability of the clone to undergo photoactivation (ΔF/F = 0.71 ± 0.01, n = 294), even to lower extents than seen in HeLa cells (Supplementary Figure 4c, blue plot and Supplementary Figure 4f; compare with Figure 3). These results show that the photoactivation of R-GECOT does not depend on Ca2+, rather it diminishes it. We also find no changes in the fluorescence emission, before and after photoactivation, (regardless the media) when illuminated with 561 nm (Supplementary Figure 4g). However, the emissions resulting from 405 nm illumination did change after photoactivation—the direct red emission (at ∼600 nm) was strongly increased by 405 nm irradiation no matter the medium (Supplementary Figure 4h). These observations show that the chromophore undergoes irreversible chemistry by 405 nm (as is the case for PA-GFP and that this modification gives rise to enhanced direct absorption of 405 nm. Since this clone does not exhibit artifactual behavior as the original R-GECO1, it strengthens our hypothesis that the artifacts do not stem from direct red emission by 405 nm illumination, rather a transient change in the chromophore induced by 405 nm, most likely isomerization, and the I to T mutation disrupts or abolishes this ability while increasing 405 nm absorbance.



Next-Generation PA-R-GECI

Having seen that a single point mutation could confer most of the traits desired in a PA Ca2+-probe, we were curious as to whether we could quickly engineer other PA-R-GECI with higher contrast using the same strategy. Naturally, we moved to an optimized version of R-GECO1 probe, namely, R-GECO1.2 (Wu et al., 2013). Of note, R-GECO1 and -1.2 are not based on the same RFP backbone, rather R-GECO1.2 is based on mPlum. However, mApple and mPlum both share the I78 residue (Supplementary Figure 1). We then generated 18 different R-GECO1.2 clones and found that most mutants failed to express, as seen with their R-GECO1 counterparts (Table 1), but with a few exceptions. For instance, whereas R-GECO1L almost lost its ability to sense Ca2+, R-GECO1.2L remained potent (compare Supplementary Figures 3a,b). The best performing clone was R-GECO1.2T, displaying moderate photoactivation (ΔF/F = 1.25 ± 0.19) in HeLa cells (though to lower extent than R-GECO1T), but with significantly larger Ca2+-responses (ΔF/F = 23.80 ± 2.83) (Figures 4A,B and Table 1). It also displayed strongly diminished red emission by direct 405 nm irradiation, not to mention loss of the near-UV light-induced artifacts (Figures 4A,C arrowhead). We also find that, analogous to R-GECO1T, this variant does not exhibit Ca2+-dependent photoactivation (Supplementary Figures 5a,b) and 561-nm induced emission remain similar before and after photoactivation, with or without Ca2+ (Supplementary Figure 5c). Its emission in response to 405 nm, before and after photoactivation, showed the same trend as R-GECO1T, but to larger extents. More specifically, photoactivation enhanced the direct red emission by 405 nm (Supplementary Figure 5d). Moreover, photoactivation also strengthened the emission of another peak, ∼512 nm (Supplementary Figure 5d, but also see Supplementary Figure 4d). This supports the notion that 405 nm irradiation causes a chemical change in the vicinity of the chromophore (likely by β-elimination; Miyawaki et al., 2012), and therefore creates a new stable chromophore with increased green emissions. We therefore denoted this clone PA-R-GECO1.2.
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FIGURE 4. Photoactivatable R-GECO1.2T. (A) Stable photoactivation of R-GECO1.2T in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence, until reaching a plateau. Insets—HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (B) R-GECO1.2T is functional as a Ca2+-probe. Representative traces showing Ca2+-activity following the application of Ca2+ (+50 μM). (C) Emission spectra of R-GECO1.2T collected from HeLa cells before photoactivation by use of 405 nm (blue plot and top micrograph) or 561 nm (red plot and bottom micrograph). Note the diminished 405 nm-induced red emission (black arrowhead).


We then turned to test the newest R-GECO variant, jR-GECO1a; also based on mApple (Dana et al., 2016). Based on our experience with R-GECO1 and -1.2, we only produced three variants (I131T, H, and R), expecting these to provide the entire range of features, namely, T and H to perform well and R to serve as control for a poor expression variant. Indeed, jR-GECO1a-I131T behaved as PA-R-GECOs, explicitly retained blue population, lacked direct 405 nm-induced red emission and artifacts and exhibited brightest features (photoactivation, ΔF/F = 2.12 ± 0.13; Ca2+-performance, ΔF/F = 1.9 ± 0.13) (Figures 5A–C). Nevertheless, these were of lower amplitudes than those of PA-R-GECO1 and -1.2. In parallel, we explored a closely related R-GECI family denoted RCaMPs (RCaMP1h; Akerboom et al., 2013 and jRCaMP1a, -b; Dana et al., 2016; see Dana et al., 2016; Kerruth et al., 2019 for GECIs genealogy). RCaMPs are based on mRuby and therefore enclose a histidine in the 203rd position (H115, RCaMP1h numbering) (Supplementary Figure 1). We briefly examined the basic properties of the three RCaMPs using our protocols and found that, akin to R-GECOs, 405 nm excitation yielded blue emitting populations, but without direct excitation of the red chromophore (Supplementary Figure 6a). RCaMP1h also displayed similar light-induced artifacts as observed for R-GECO1 and -1.2 (Supplementary Figure 6b), whereas jRCaMPa did not (Supplementary Figure 6c).
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FIGURE 5. Photoactivatable jR-GECO1aT. (A) Emission spectra of jR-GECO1aT collected from HeLa cells before photoactivation by use of 405 nm (blue plot and top micrograph) or 561 nm (red plot and bottom micrograph). (B) Stable photoactivation of jR-GECO1aT in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence. Insets—HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (C) jR-GECOaT is functional as a Ca2+-probe. Representative traces showing Ca2+-activity following the application of Ca2+ (+50 μM).


We began engineering H115T mutants because, so far, substitution to a threonine yielded best performances. We also made a H115I substitution because we were curious to see the potential involvement of this in the transient photoactivation seen in all R-GECOs, including RCaMP1h. Surprisingly, all six clones exhibited robust and stable photoactivation; much larger than most of the responses obtained for the different R-GECO variants (Supplementary Figure 7). Notably, RCaMP1hT exhibited the largest extent of photoactivation with contrast as high as ∼100 fold in HEK293 cells (mean photoactivation, ΔF/F = 45.38 ± 2.03, n = 96) (Figure 6A). However, all RCaMP-variants did not yield very strong Ca2+-responses (Figure 6B and Supplementary Figure 7). In general, we note a weak, albeit non-significant, inverse relationship between Ca2+-performance and extent of photoactivation among all R-GECO and RCaMP variants tested (Supplementary Figure 7g). We hypothesize this to stem from the fact that both capabilities compete for the same mechanism, namely, deprotonation of the chromophore and increase in fluorescence. In other words, the addition of Ca2+ (akin to increase in basal fluorescence) reduces the effective range for photoactivation, while maintaining the same total fluorescence (see Supplementary Figures 4d–f). Lastly, RCamP1hT retained its light-induced artifacts by 405 nm irradiation (Figure 6C). Thus, owing to these limitations, we did not continue with the RCaMP family for further development of red PA Ca2+-probes, but we did find their FP backbone to be highly relevant for the generation of novel PA-RFPs (below).


[image: image]

FIGURE 6. Photoactivatable RCaMP1hT. (A) Stable photoactivation of RCaMP1hT in HEK293 cells. RCaMP1hT in HEK293T cells during prolonged photoactivation with 100% of 405 nm at ∼1.7 mW (magenta bar). Insets—HEK cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (B) RCaMP1hT is a poor Ca2+-probe. Representative traces showing Ca2+-activity following the application of histamine (15 μM). (C) RCaMP1hT maintains its artifacts. Following photoactivation, brief illumination by 405 nm yields large Ca2+-independent increases in fluorescence.




Engineering a Novel PA-mRuby3

Owing to the fact that RCaMPs, in particular RCaMP1-H115I and H115T, showed very robust photoactivation among the clones tested, we wondered whether it would be possible to use this knowledge for rational engineering of a novel PA-RFP, namely, PA-mRuby. Notably, there is no PA-mRuby. We therefore turned to the newest and brightest mRuby denoted mRuby3 (Bajar et al., 2016). We mutated its corresponding 203rd residue (i.e., H200) to either isoleucine or threonine; producing mRuby3-H200I and -H200T. Analysis of emission spectra showed that both variants did not show any 405 nm-induced emissions by the chromophore as compared to their parent protein with its minimal, albeit noticeable, direct excitation (Figure 7A, arrowhead, Figures 7B,C). Importantly, both variants rendered mRuby3 photoactivatable, with mRuby3-H200I exhibiting more potent photoactivation (ΔF/F = 13.63 ± 1.37, n = 29) in HeLa cells (Figures 7D,E). Therefore, we denoted this clone PA-mRuby3I.


[image: image]

FIGURE 7. Photoactivatable mRuby3. Emission spectra of mRuby3-wt (A), mRuby3 H200I (B), and mRuby3 H200T (C) collected from HeLa cells before photoactivation by use of 405 nm (blue plots and top micrographs) or 561 nm (red plots and bottom micrographs). Note the 405 nm-induced red emission in mRuby3-wt (A, black arrowhead), but complete loss in mRuby3 H200I, and H200T (B,C, respectively). Robust photoactivation of mRuby3 H200I (D) and mRuby3 H200T (E) in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence. Insets—HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square).




DISCUSSION

Here, we describe a simple rational design strategy with which we have created a palette of unique PA red-GECIs, along a novel PA-RFP. These, unlike PA-GFP and PA-RFPs, only required a single point mutation (equivalent to T203H mutation as in PA-GFP; Baird et al., 1999; Patterson and Lippincott-Schwartz, 2002). Moreover, these variants did not need to be optimized for better folding and emission at physiological conditions (pH and temperature), as was the case with green PA-GECI (Berlin et al., 2015) and PA-GEVI (Lee et al., 2019). In a previous attempt to create a PA version of R-GECO1 (Hoi et al., 2012), the authors introduced multiple mutations as are found in PA-mCherry. However, since R-GECO1 is not based on mCherry, this scheme likely yielded low photocontrast and, more importantly, this clone displayed poor Ca2+ responses.

Substitution of isoleucine to threonine at position 78 (I78T) in mApple or mPlum-based probes, namely, R-GECO1 and -1.2, respectively, resulted in generating functional and PA probes. More specifically, PA-R-GECO1 and -1.2 express efficiently at 37°C in HEK293, HeLa cells, as well as in cultured primary neurons, undergo robust 405 nm-induced photoactivation and readily report on Ca2+-activity (especially PA-R-GECO1.2 with Ca2+-dependent increases in fluorescence of up to 24 fold). In addition, these display low to moderate basal florescence (e.g., Figure 2B, pre-photoactivation), a trait we deem highly useful for initial detection of cells that express the clone prior photoactivation, without the need of additional fluorescent markers (such as GFP) or illumination with low-intensity near-UV (Berlin et al., 2015). Importantly, these probes also show greatly diminished (or completely eliminated) artifactual behavior which should make them ideal for concomitant use with many blue light-absorbing optogenetic tools, such as blue-absorbing opsins (Akerboom et al., 2013; Wu et al., 2013). We also report on the rapid engineering of a high-contrast PA-mRuby3I. Notably, PA-mRuby3I is based on a highly optimized, bright, and stable monomeric RFP (Piatkevich and Verkhusha, 2010).

Although beyond the scope of this work, our systematic comparison between different mutations within multiple GECIs also sheds light on the transient photoconversion mechanism of R-GECOs. We observe that most variants can no longer emit red fluorescence when illuminated by near-UV light, despite retaining a blue-emitting population (Figures 3, 4). This observation rules-out the involvement of direct 405 nm-excitation of the red chromophore as the culprit for the transient increases in fluorescence. It also rules-out the instantaneous light-dependent maturation of the blue chromophore. The fact that many different mutations introduced around the chromophore abolished photoconversion and stabilized photoactivation support the notion that, unlike in GFP, light induces a chemical shift in the chromophore that is sufficiently long-lived (hundreds of ms to seconds) to enable increase in absorbance of 561 nm, so that when we revert back to 561 nm imaging of the probe, this is seen as a large increase in Ca2+-independent fluorescence that disappears within half a second. Such long-lived isomerization of the red chromophore to an anionic fluorescent state (Wu et al., 2013), could then allow for, akin to GFP, further permanent chemical changes such as decarboxylation of the E222 residue (GFP numbering, Patterson and Lippincott-Schwartz, 2002; van Thor et al., 2002).

We note that probes that exhibit better photoactivation are also probes that tend to respond less well to Ca2+. For GCaMPs, binding of Ca2+-ions changes their absorption spectrum, effectively increasing their ability to absorb 488 nm (i.e., the imaging wavelength) (Barnett et al., 2017). However, in the case of R-GECIs, binding of Ca2+-ions can also increase their quantum yield (Molina et al., 2019). In fact, R-GECO and RCaMP exhibit very different mechanisms that engender increase in fluorescence when bound to Ca2+. Specifically, whereas the fluorescence change in R-GECO is mostly due to a dramatic increase in the excitable protonation state (i.e., shift in absorption spectrum), akin to GCaMPs, RCaMPs (RCaMP1h and jRCaMPa or b) belong to a second class in which the increase in fluorescence depends on both Ca2+-induced shift in fluorescence and in the quantum yield of the excitable state. Thus, in the case of R-GECI, it can be assumed that mutations around the chromophore that enhance photoactivation limit the subsequent increase in absorption following Ca2+-binding. Conversely, studies of R-GECO’s unique photoconversion behavior show that short wavelengths (405 and 488 nm) shift the absorbance of the calcium-bound population of R-GECO1 to the right therefore decreasing its fluorescence (by up to 40%) when illuminated with its optimal imaging wavelength (i.e., 561 nm) (Akerboom et al., 2013). Thus, it can be assumed that after loading the probe with calcium, its absorption of short wavelengths (employed for photoactivation) is also decreased and therefore would yield lower photoactivation. Inversely, when devoid of Ca2+, illumination of R-GECO1 by short wavelengths results in an apparent decrease in the absorbance of protonated chromophore and a simultaneous increase in absorbance in deprotonated chromophore. In this case, it can therefore be assumed that stable photoactivation would mimic this scenario, namely, enabling R-GECO to absorb 561 better when it is devoid of Ca2+, thereby performing less well when saturated by Ca2+ (Akerboom et al., 2013; Molina et al., 2019).

Lastly, we could not find any correlation between the property of the amino acids (hydrophobicity, polarity, or volume) and the extent of photoactivation or Ca2+-performance (Table 2). This is not completely surprising as estimating how an amino acid substitution would affects the entire network around the chromophore, a priori, is extremely challenging without detailed spectroscopic analysis (Heim et al., 1994). Future spectroscopic work should shed light on the nature of these phenomena.


TABLE 2. Lack of correlation between amino acid properties and extent of photoactivation and Ca2+-performance.

[image: Table 2]Together, we describe a fast and simple method for generating PA-GECIs from the R-GECO and RCaMP family. The best performing probes, namely, R-GECO1T and -1.2T, display basal fluorescence that can be imaged by very low 561 nm laser powers. This should therefore allow to detect the probes in vivo by use of two-photon imaging (Drobizhev et al., 2014). In addition, photoactivation by 405 light can be obtained via wide-field epifluoresence, as previously shown for similar probes at similar laser powers (e.g., CaMPARI; Ebner et al., 2019) or via light-guides (Sileo et al., 2015). However, as short wavelengths poorly penetrate tissues and scatter (Carmi et al., 2019), it would seem more attractive should these probes be compatible with two-photon illumination. Though we do not test for the latter in this work, previous work show the feasibility of photoconversion and imaging of RFPs (mApple and mPlum in particular) using multiphoton lasers (Drobizhev et al., 2009, 2014; Molina et al., 2019).



CONCLUSION

The ability to generate numerous PA-GECIs, by incorporation of a single point mutation at position 203 (GFP numbering), suggests that this mechanism is not restricted to a handful of RFP and should therefore be transferrable to other R-GECIs (and likely other RFPs). We anticipate that the PA-GECIs developed here will serve as a starting point for the development of additional or enhanced versions (of larger photoactivation contrast and larger Ca2+-responses) by additional methods, such as directed evolution, and expect to see the emergence of new PA-R-GECIs in the very near future.



MATERIALS AND METHODS


cDNA Constructs and Site Directed Mutagenesis

R-GECO1, R-GECO1.2, RCaMP1h, and jRCaMP1a/b were purchased from Addgene (addgene clones: # 32444, 45494, #32444, #42874, respectively). Point mutations were introduced by PCR, saturating position I78 (equivalent to T203 in GFP) by all other amino acids: I78L, I78T, I78N, I78H, I78A, I78Y, I78Q, I78P, I78C, I78K, I78G, I78F, I78D, I78E, I78S, I78R, I78V, I78W (see list of primers at Supplementary Table 1). PCR reactions were carried out with the use of Pfu polymerase (Promega, United States), at annealing temperatures of 60°C (1:30 min); extension at 68 °C (15 min). RCaMP1h was removed from its original bacterial expression vector using standard PCR reaction and inserted into a mammalian expression vector.



Tissue Culture

Heterologous cell lines, HEK293 or HeLa cells, were grown to ∼50% confluence on poly-D-lysine-coated 12 mm coverslips (Bar-Naor, Israel) and transfected with 0.5–1 μg plasmid DNA with the use of ViaFect (Promega, United States) for overnight incubation in Dulbecco‘s modified Eagle’s medium (DMEM) with 5–10% fetal bovine serum (FBS) at 37°C and 5% CO2. Primary neuronal hippocampal neurons were collected as previously described (Berlin and Isacoff, 2018). Briefly, hippocampi were harvested from rat neonates (P0-1) and plated at a density of ∼100K cells/well (24 well-plate) on PDL-coated 12 mm glass coverslips, grown at 37°C. At 7 days in vitro (DIV), neurons were transfected with 0.5–1 μg DNA of the different variants by the calcium-phosphate transfection method (Berlin and Isacoff, 2018) and imaged at 9–13 DIV. All animal procedures were approved by the Technion’s Institutional Animal Care and Use Committee (permit no. IL-130-09-17).



Imaging

Imaging was performed on a Zeiss Laser Scanning Confocal Microscope equipped with a with a spectrally resolved 32-pixel GaAsP detector array (LSM-880-meta detector; Zeiss, Germany). We monitored emission at 8 nm intervals. Excitation of R-GECIs was performed by 405 and 561 nm lasers. Brief pulses of 405 nm (typically rastering over defined regions of interest at 0.64 μs/pixel dwell time). The output power of the 405 nm laser line was ∼3.4 mW when using an air objective (10x/0.45). It is measured at 100% power slider without laser blinking (i.e., bi-directional scanning). Our experiments were always performed by uni-directional scanning, hence the power is corrected by a factor of ∼0.5, hence ∼ 1.7 mW. Our experiments were conducted using a water immersion objective lens 20x [a water Plan-Apochromat objective lens; 20x/1.0 DIC D = 0.17 (UV) VIS-IR M27 75 mm] with a focal spot diameter of 0.5 μm (D = 1.2 ∗ λ/NA). This lens transmits identically to the one used for power measurements of the 405 nm laser line and it illuminates an area on the sample of 0.2 μm2. The power density (PD) under these conditions is ∼106 W/cm2. The AOTF transmission is calibrated to be linear so that 1% laser power slider is equivalent to 10 KW/cm2 @ 405 nm. Cells were imaged in a standard imaging solution containing (in mM): 138 NaCl, 1.5 KCl, 1.2 MgCl2, 2.5 CaCl2, 10 D-glucose, 10 HEPES, pH 7.4. Ca2+-imaging was performed for several minutes with low intensity 561 nm to avoid bleach. To test functionality, we applied histamine (15 μM; final concentration) or additional Ca2+ (denoted Ca2+-challenge, +50 μM) when using HeLa or HEK293 cells, as previously described (Berlin et al., 2015). For imaging photoactivation in Ca2+-Free or Ca2+-saturated states, cells were either incubated for 10 min in nominally Ca2+-free imaging medium supplemented with the Ca2+-chelator EDTA (5 mM) and a Ca2+-ionophore; ionomycine (10 μM). This treatment induces Ca2+-release and promotes Ca2+-depletion from cells. For saturating Ca2+, we incubated cells with extracellular Ca2+ (2 mM) and ionomycine (10 μM) (McCombs and Palmer, 2008). Image acquisition and photoactivation (i.e., bleach mode; Zen software, Zeiss) are performed intermittently so that no image (i.e., fluorescence) is acquired during illumination with 405 nm. Time resolved fluorescence plots thereby present data from images acquired before and after the 405 nm photoactivation bouts. Construction of a continuous fluorescence plot is done by connecting the data from images acquired before photoactivation to the images following the bout (appearing as slopes, e.g., Figure 3; 15 s).



Statistical Analysis

Change in fluorescence (ΔF/F) was calculated by (Ft–F0)/F0, where Ft is measured fluorescence (in arbitrary units, a.u.) at a given time t and F0 is initial baseline fluorescence, typically calculated from averaging the 10 first images. ΔF/F = 1 describes an increase by 100%, equivalent to twofold increase in fluorescence. Owing to easily observable basal fluorescence (see Supplementary Figures 4e–g for multiple examples), we did not need encounter near division-by-zero artifacts. For collecting emission spectra, we used small imaging intervals (8 nm, see above) which allowed us to plot the data as smooth (splined) curves rather than straight lines (SigmaPlot 11). We find no differences between the two plots (e.g., Supplementary Figure 5e). All results are displayed as mean ± SEM. Sample sizes are provided (summarized in Table 1). Significance was tested using one-way ANOVA (post hoc Tukey) where relevant and relationship between Ca2+-performance and extent of photoactivation was tested by Spearman correlation using SigmaPlot 11.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Technion’s Institutional Animal Care and Use Committee (permit No. IL-130-09-17).



AUTHOR CONTRIBUTIONS

WH and SB designed, performed, and analyzed the experiments and wrote the manuscript.



FUNDING

Support was provided by the Israel Science Foundation (SB; 1096/17) and the Mallat Family Fund for Medical research (SB; 1015018). The research submitted is in partial fulfillment for a doctoral degree for WH.


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2020.00113/full#supplementary-material

FIGURE S1 | Sequence alignment of green and red fluorescent proteins. Homologous residues are color coded, whereas homology shared by all proteins is highlighted in yellow. Stars indicate the chromophore. Isoleucine residue in mPlum is indicated by blue circle. The T203 position (GFP numbering) is indicated by black arrowhead. Note that several PA-RFPs share positively charged amino acids (H or R) at the corresponding T203 position.

FIGURE S2 | R-GECO1R and R-GECO1Y. (a) R-GECO1R does not express nor undergoes photoactivation in HeLa cells. Micrographs show HeLa cell before (left) and after (right) photoactivation (magenta dashed square). (b) R-GECO1Y undergoes photoactivation in HeLa cells. Micrographs show HeLa cell before (left) and after (right) photoactivation (magenta dashed square).

FIGURE S3 | R-GECO1L retains light-induced artifacts. (a) Emission spectra of R-GECO1L collected from HeLa cells before photoactivation by use of 405 nm (blue plot and top micrograph) or 561 nm (red plot and bottom micrograph). Arrowhead indicates the weak direct excitation of the red chromophore by 405 nm. (b) R-GECO1L does not undergo photoactivation in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) does not exhibit stable increases in Ca2+-independent fluorescence but exhibits light-induced artifacts. (c) R-GECO1L does not responding to Ca2+ (left), whereas R-GECO1.2L does (right).

FIGURE S4 | Characterization of the effect of Ca2+ on photoactivation and emission spectra of R-GECO1-I78T. (a) Ca2+-activity before and after photoactivation. Left: micrographs of R-GECO1-I78T expressed in HEK293 cells; initially (1), during photoactivation (2; before and after), and after photoactivation (3). Data are summarized in plot (right). Note the large increase in the amplitudes of the spontaneous Ca2+-oscillations after photoactivation (magenta bar). (b,c) Extent of photoactivation of R-GECO1-I78T under different conditions. (b) Micrographs of R-GECO1-I78T expressed in HEK293 cells in standard medium (top, red), Ca2+-free (middle, gray) and Ca2+-saturated (bottom, dark blue) conditions, before and after photoactivation. Data are summarized in c. Note that Ca2+-free and standard conditions are beneficial to photoactivation, whereas the presence of Ca2+ is detrimental. (d–f) Representative experiment showing raw fluorescence traces before and after photoactivation of HEK293 cells in different meda (as summarized in c). These show the detectable basal fluorescence (above zero) from which we could faithfully calculate ΔF/F (see section “Materials and Methods”). Traces also show that the baseline drastically changes, though maximal fluorescence is obtained under all conditions. Emission spectra induced by 561 nm illumination (g) or 405 nm (h), under different conditions (color coded as in e).

FIGURE S5 | Characterization of the effect of Ca2+ on photoactivation and emission spectra of R-GECO1.2-I78T. (a) Micrographs of R-GECO1.2-I78T expressed in HEK293 cells in standard medium (top, red), Ca2+-free (middle, gray), and Ca2+-saturated (bottom, dark blue) conditions, before and after photoactivation. (b) Extent of photoactivation of R-GECO1.2-I78T under different conditions (color coded as in a). Note that Ca2+-free and standard conditions are beneficial to photoactivation, whereas the presence of Ca2+ is detrimental. Emission spectra induced by 561 nm illumination (c) or 405 nm (d), under different conditions (color coded as in a). Note the striking increase in the emission of 512 nm. (e) Comparison between straight and smoothed lines for plotting emission spectra. A representative emission spectrum induced by 561 nm. Data points are collected every 8 nm (open circles; see section “Materials and Methods”). Plot is constructed by straight lines (black) or smoothed (splined, red plot). Note the agreement between both plots.

FIGURE S6 | Characterization of RCaMP1h and JRCaMP1b. (a) Emission spectra of RCaMP1h collected from HeLa cells before photoactivation by use of 405 nm (blue plot and top micrograph) or 561 nm (red plot and bottom micrograph). RCaMP1h (b) exhibits transient photoconversion during intervals of near UV light irradiation (405 nm), whereas jRCaMP1a (c) does not, rather undergoes slight photobleaching.

FIGURE S7 | Photoactivatable JRCaMP1a and JRCaMP1b are poor Ca2+-probes. Emission spectra of JRCaMP1aI (a) and JRCaMP1aT (b) collected from HeLa cells before photoactivation by use of 405 nm (blue plots and top micrographs) or 561 nm (red plots and bottom micrographs). Stable photoactivation of JRCaMP1aI (c), JRCaMP1aT (d), JRCaMP1bI (e), or JRCaMP1bT (f) in HeLa cells. Cells imaged by 561 nm (yellow bar) are intermittently excited by short (1 s) bouts of 405 nm (magenta bars) exhibit stable increase in Ca2+-independent fluorescence. Micrographs show HeLa cells imaged by 561 nm before (top) and after (bottom) photoactivation (magenta dashed square). (Right) Representative traces showing Ca2+-activity following the application of Ca2+ (+50 μM) of JRCaMP1aI (c), JRCaMP1aT (d), JRCaMP1bI (e), and JRCaMP1bT (f). (g) Correlation between extent of photoactivation and Ca2+-performance of various probes in HeLa cells and in HEK293 cells (inset). R-GECO1-I78T (red) and R-GECO1.2-I78T (blue) are highlighted. Note the inverse trend between the features (though non-significant, Spearman correlation, see section “Materials and Methods”).

TABLE S1 | List of primers used to generate the various mutants tested. Mutated residues are highlited (yellow).
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Understanding how building blocks of life contribute to physiology is greatly aided by protein identification and cellular localization. The two main labeling approaches developed over the past decades are labeling with antibodies such as immunoglobulin G (IgGs) or use of genetically encoded tags such as fluorescent proteins. However, IgGs are large proteins (150 kDa), which limits penetration depth and uncertainty of target position caused by up to ∼25 nm distance of the label created by the chosen targeting approach. Additionally, IgGs cannot be easily recombinantly modulated and engineered as part of fusion proteins because they consist of multiple independent translated chains. In the last decade single domain antigen binding proteins are being explored in bioscience as a tool in revealing molecular identity and localization to overcome limitations by IgGs. These nanobodies have several potential benefits over routine applications. Because of their small size (15 kDa), nanobodies better penetrate during labeling procedures and improve resolution. Moreover, nanobodies cDNA can easily be fused with other cDNA. Multidomain proteins can thus be easily engineered consisting of domains for targeting (nanobodies) and visualization by fluorescence microscopy (fluorescent proteins) or electron microscopy (based on certain enzymes). Additional modules for e.g., purification are also easily added. These nanobody-based probes can be applied in cells for live-cell endogenous protein detection or may be purified prior to use on molecules, cells or tissues. Here, we present the current state of nanobody-based probes and their implementation in microscopy, including pitfalls and potential future opportunities.
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INTRODUCTION

Defining protein identity and visualizing protein localization is fundamental in biology. Uncovering dynamics of protein localization and function were boosted when green fluorescent protein (GFP) and other fluorescent proteins (FPs) were developed and used to tag proteins of interest (Tsien, 1998; Giepmans et al., 2006; Rodriguez et al., 2017). Advantages of these chimeric fusion proteins include the lack of distance between protein of interest and label, thereby improving the resolution, as well as the specificity of labeling derived from the genetic fusion. Disadvantages include modification of the target protein, with the consequence that unmodified endogenous proteins cannot be studied (Giepmans et al., 2006). To detect endogenous proteins, immunolabeling using antibodies (immunoglobulins, mostly of the IgG isotype; IgGs) conjugated with small fluorophores are typically applied. However, for intracellular targeting IgGs require plasma membrane permeabilization leading to a damaged ultrastructure (Schnell et al., 2012). Furthermore, IgGs are large (∼150 kDa; ∼14 nm long; Table 1). This may result in a distance greater than 25 nm between target and label in indirect conventional immunolabeling, the so-called linkage error (Muyldermans, 2013; Mikhaylova et al., 2015). In addition, IgGs are multidomain proteins which require post-translational modifications (Muyldermans, 2013) and therefore preclude routine controlled genetic modification and modular expression in conjunction with e.g., GFP.


TABLE 1. Overview of different probes used in microscopy.

[image: Table 1]Nanobodies are single variable domains of heavy-chain only antibodies(hcAB) derived from Camelidae species (Hamers-Casterman et al., 1993; Muyldermans, 2013; Helma et al., 2015; Van Audenhove and Gettemans, 2016), but do not compromise in the binding-affinity compared to IgGs, due to its complementarity-determining region (CDR) organization (Muyldermans et al., 2001; Muyldermans, 2013; Beghein and Gettemans, 2017). Nanobodies have been explored since 2006 as labeling tools in light microscopy (LM) (Rothbauer et al., 2006), because of the several potential advantages of nanobodies over other labeling techniques. Nanobody-mediated targeting for protein identification is more precise than IgG targeting, as nanobodies are only ∼15 kDa with a diameter of 2–3 nm (Table 1) and can be encoded by a relative short stretch single cDNA of 360 base pairs (Van Audenhove and Gettemans, 2016; Traenkle and Rothbauer, 2017; Carrington et al., 2019). This cDNA can genetically be fused to FPs cDNAs for intracellular (live-cell) imaging or tags can be added for purification and chemical modifications. Like IgGs, customized nanobodies can be created against a protein of interest and the cDNA can be shared free of charge, as opposed to IgGs (Zuo et al., 2017; McMahon et al., 2018). Here, an overview is given about the past and potential future of nanobody application in microscopy.



NANOBODIES IN LIGHT MICROSCOPY

Nanobodies (see Box 1 for terminology) can be expressed in cells conjugated to a detection module (like GFP) to target endogenous intracellular proteins, or they can be expressed, purified and then applied in immunolabeling resembling traditional immunofluorescence approach. Conventional immunolabeling is performed using IgGs, but for an improved penetration nanobodies can be used as an alternative (Fang et al., 2018). The improved penetration of nanobodies is illustrated in nuclear labeling of anti-GFP labeling targeting Histone2B (H2B)-GFP. Note that, in an equal labeling time, the nanobodies are colocalizing in the nucleus with the GFP, whereas the IgGs are mainly localized in the cytoplasm (Figure 1A). Though the anti-GFP is the best characterized and most used nanobody to date (Table 2), nanobodies are also used for visualizing endogenous proteins (Figure 1B and Table 2). Finally, nanobodies can be applied for live-cell imaging, both as purified proteins typically targeting extracellular antigens or being expressed from its introduced cDNA and targeted to intracellular antigens (Rothbauer et al., 2006; Ries et al., 2012).


Box 1 Nanobody terminology Nanobody

Synonyms: single domain antibody (sdAB), variable domain of heavy-chain only antibody (VhH), nAbs.
 Small antigen binding protein, derived from heavy-chain only antibodies (hcAB). These are produced in cell culture or in bacteria.
 Intrabody
 The cDNA of this probe is expressed in the cells for intracellular antigen targeting.
 Chromobody
 Synonyms: Fluobody, fluorescent nanobody.
 Genetic fusion of intrabody and fluorescent protein. Direct visualization with microscopy is possible.
 Labeled nanobodies
 Synonyms: fluobody, fluorescent nanobody.
 Nanobodies protein purified and tagged in vitro with e.g., a chemical dye.
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FIGURE 1. Nanobodies improve penetration and detect endogenous proteins. (A) Anti-GFP nanobody labeling (mCherry and peroxidase fused) and IgG labeling in H2B-GFP expressing cells. Cells permeabilized for 5 min with 0.1% Triton before labeling. Nanobodies and primary and secondary antibodies incubated for 1 h each. Note the colozalization between GFP and mCherry (nanobody), most prominently in the low-expressing cells, while Alexa Fluor 594 (IgG) mainly localizes in the cytoplasm. (B) High HER2 expressing cells, SkBr3, labeled with nanobodies targeting HER2. Overlay of nanobody fluoresence and EM image. Note the positive labeling at cell-cell contact sites. Bars: 10 μm. Reproduced from De Beer et al. (2018), http://creativecommons.org/licenses/by/4.0/.



TABLE 2. Nanobody implemented in microscopy – An overview of targets that have been visualized using nanobodies and microscopy.
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cDNA Delivery of Chromobodies for Intracellular Targeting

The first nanobody-based visualization of intracellular targets was achieved by the fusion to FPs (“chromobodies” Rothbauer et al., 2006; Table 1), being expressed in the target cells. Since then more nanobodies where developed targeting proteins inside cells (Table 2, delivered as cDNA). These intracellular chromobodies have been applied in small organisms like Danio rerio (Panza et al., 2015), Drosophila melanogaster (Harmansa et al., 2017), Caenorhabditis elegans (Pani and Goldstein, 2018) and Toxoplasma gondii (Tosetti et al., 2019) allowing live-cell and intravital microscopy. Intracellular expression of chromobodies in mice was successfully achieved by infecting the mice with adeno-associated viral particles containing the coding sequence of the chromobody (Figure 2A) (Wegner et al., 2017). Importantly, these chromobody approaches opens the opportunity for intravital imaging of endogenous proteins.


[image: image]

FIGURE 2. Nanobodies delivered for intracellular live-cell imaging. (A) Chromobodies cDNA loaded in e.g., adeno-associated viral particles (AAV). These viruses are used to infect cells in culture or in animals e.g., mouse. (B) Magnetic optical dimerization tool exists of two nMagHigh1 and pMagHigh1. Here, the nMagHigh1 is fused to nanobody fragment containing CDR1/2 and pMagHigh1 is fused to nanobody fragment containing CDR3. Upon stimulation of light, the magnetic tool paired together, resulting in restoring the nanobody. (C) Fluorescent nanobodies in e.g., oligomers can be taken up via endocytosis. Here, when endosomal rupture is induced, the free fluorescent nanobodies can bind to their target. (D) Microfluidic cell squeezing for temporary cell permeabilization. Purified fluorescent nanobodies are present in the medium, and diffuse into the accessible cytoplasm. (E) MoonTag: array of 24 peptide sequence repeat allows visualization of single molecules directly following translation by signal amplification. Chromobodies accumulate at the peptide chain. Major inspiration for this cartoon is from Roder et al. (2017), Klein et al. (2018), Boersma et al. (2019), Yu et al. (2019).


Next to defining protein localization, chromobodies can also relay functional changes in cells by fusing the nanobody to a fluorescent sensor for e.g., Ca2+ or pH (Prole and Taylor, 2019). For instance, anti-GFP nanobodies are fused to a Ca2+ sensor targeting GFP labeled mitochondria (Zhao et al., 2011). The nanobody facilitates the Ca2+ sensor to be in close proximity of the mitochondria to allow for Ca2+ dependent fluorescence readout. This results in the imaging of the local Ca2+ concentrations upon different stimuli. In the same study, anti-GFP nanobodies were conjugated to a SNAP-tag, a 20 kDa protein, modified from the human DNA repair protein O6-alkylguanine-DNA alkyltransferase (Keppler et al., 2003). The SNAP-tag is used to recruit a chemical dye, which facilitates live-cell imaging for Chromophore-Assisted Light Inactivation (CALI) (Jacobson et al., 2008): laser-induced subcellular destruction of a protein of interest. Thus nanobodies allow precise molecular targeting and enable analysis of the function of biomolecules, as well as precise protein manipulation with CALI allowing a direct cause/consequence study in living cells.


Fluorescence Signal From Unbound Chromobodies

Despite the success of chromobodies as intracellular probes, a disadvantage is their continued presence. Chromobodies fluoresce whether or not they bind to their target, as opposed to immunolabeling techniques that include multiple wash-out steps for unbound reagents or genetic fusions between target and FPs. To reduce the signal from non-bound chromobodies, conditionally stable chromobodies have been developed (Tang et al., 2016b). These modified anti-GFP chromobodies are instable and rapidly degraded by the proteasome. When stabilized, however, these chromobodies will bind their target and consequently will no longer be degraded. Indeed, engineering and application of conditionally stable anti-GFP chromobodies resulted in a reduced background fluorescence (Tang et al., 2016b). The mutations in the genetically modified nanobodies are highly conserved within nanobodies and therefore the switching from stable to instable nanobodies is generically applicable.

Non-targeted fluorescence can also be reduced by enhancer nanobodies (Roebroek et al., 2015). When the enhancer nanobodies bind with GFP, it increases the fluorescence and stability of the GFP. Enhancer nanobodies were also applied in a method to track single molecules in live-cell imaging (Ghosh et al., 2019). Here, an array of nanobodies is fused to the protein of interest, and expressed in cells with cytosolic monomeric GFP. Upon GFP binding to the array of nanobodies, the GFP molecules increase in fluorescent intensity, resulting in an increased signal-to-noise ratio. This binding can in the microscope be seen as a single dot, that represents a single protein of interest. In conclusion, the signal-to-noise ratio of chromobodies can be improved by degrading unbound chromobodies or by enhancing the fluorescence of bound FPs, which both will be beneficial in the detection of proteins.



Delocalization of Targeted Proteins

Modifying cellular systems, in any way, may of course result in altered biology (Schnell et al., 2012). Interactions between endogenous proteins and ectopically expressed chromobodies can potentially influence the localization and function of the protein of interest. Binding of nanobodies to their target during or post-translationally may disrupt proper protein folding, macromolecule organization and/or transport. Despite the often-highlighted benefits of nanobody-technology, like any other technique their use should be validated including the effect on protein localization. Artificial modifying localization of proteins can be used on purpose for targeted interference. Chromobodies targeting endogenous actin-binding proteins, like gelsolin and cortactin, led to a disturbed actin distribution (Van Audenhove et al., 2013; Hebbrecht et al., 2017; Wegner et al., 2017; Bertier et al., 2018) paralleled with a decrease in both the number of invadopodia as well as extracellular matrix degradation. These factors are important in cell migration (Wolf and Friedl, 2009). Thus, chromobodies-assisted protein modulation allows to study the contribution of specific proteins of biology, including cell migration or some of its consequences, like the delay of metastasis (Bertier et al., 2018).



Controlled Nanobody Activation

Spatiotemporal control of chromobody function is desirable in several assays. To initiate functionalized chromobodies in a controlled manner, chemogenetics or light stimuli can be applied to influence the binding capacity of the nanobody during and after synthesis. Such chemogenetic control employs ligand-modulated antibody fragments (LAMAs): a circular permutated bacterial dihydrofolate reductase (cpDHFR) linked to the nanobody is in such a conformation that it recognizes and binds to the nanobody target. In the presence of cell permeable DHFR inhibitors, the conformation changes precluding the antigen binding site of the nanobody binding the target, and thereby loss of association of nanobody and target. This process can be reversed to activate the nanobody binding (Farrants et al., 2020).

The light-dependent nanobody, termed photobody, uses a genetic photocaged tyrosine variant that results in the inactivation of the antigen-binding site (Arbely et al., 2012; Mootz et al., 2019). The photocaged tyrosine is photo-labile, and upon light induction (365 nm) the antigen-binding properties of the chromobodies are restored. Optobody, a second light-dependent tool, uses a split nanobody with a N-terminal fragment containing CDR1 and CDR2, and a C-terminal fragment containing CDR3 (Figure 2B; Yu et al., 2019). When both fragments are genetically fused to an optical-induced dimerization tool [MagHigh (Kawano et al., 2015)], the complete nanobody folds upon light stimulus and thereby forms the antigen-binding site. However, a generic position to split the nanobody is lacking, and thus for every different nanobody optimization and validation is needed. Overall, the activation of nanobodies using light or chemogenetic stimuli gives spatiotemporal control over the nanobodies, allowing precise subcellular modulation followed by direct readout of the biological consequences on targets studied.



Purified Fluorescent Nanobodies Delivered for Live-Cell Imaging

Nanobodies can also be generated in cellular systems, subsequently purified and/or modified and then used in bioassays. Typically, these are secreted by mammalian cells or produced in high yields by bacteria (Harmsen and De Haard, 2007). After purification, the nanobody can for instance be coupled to chemical dyes (Beghein and Gettemans, 2017) to create fluorescent nanobodies (Tables 1, 2). Dyes suitable for super-resolution microscopy (SRM), i.e., LM beyond the diffraction limit resulting in typically 20 – 100 nm lateral resolution [reviewed in (Schermelleh et al., 2019)], will increase the resolution when using nanobodies compared to IgGs because of the smaller size of the reagents used, reducing the linkage error discussed above (Ries et al., 2012). Alternative to conjugation of purified nanobody with small fluorescent molecules, chromobodies can be expressed and purified. These chromobodies can then be directly used in fluorescent microscopy studies because they contain both the targeting module as well as the fluorescent module (Figure 1). The benefit of using cDNA encoding protein modules is the ease to switch target or color with molecular cloning tools. To employ these fluorescent nanobodies in live-cells different delivery mechanisms for extracellular or intracellular targets have been created.


Extracellular Targets

The extracellular domain of peripheral membrane proteins in cultured cells is well accessible to ectopic added reagents and therefore straightforward to target in live-cell imaging. Nanobodies that target extracellular receptors may trigger receptor specific endocytosis, which can be important for e.g., drug delivery. Endocytosis can be triggered via binding with the human epidermal growth factor receptor 2 (HER2). Anti-HER2 nanobodies (Kijanka et al., 2013) coupled to fluorescent, drug containing nanoparticles (Martinez-Jothar et al., 2019), were indeed able to trigger endocytosis. After the trigger, uptake and cell viability was visualized to examine the effect of the therapeutic nanoparticles. So, receptor mediated endocytosis can be activated using fluorescent nanobodies to study therapeutic agents coupled to the nanobodies.

Super resolution localization of GFP surface-exposed by cells has been achieved while studing dynamic changes at the plasma membrane: The glycosylphosphatidylinositol (GPI)-anchored GFP reporter was further probed with Alexa647-conjugated nanobodies to enable SRM based on the blinking of the Alexa-dye. This resulted in higher resolution imaging of dynamic changes and detection of protein enrichments in the plasma membrane (Ries et al., 2012; Virant et al., 2018). Indirect visualization enables newly displayed proteins at the plasma membrane. Here, all available antigens first are blocked by unconjugated nanobody. Upon exocytosis stimuli, at the plasma membrane, new extracellular exposed antigens can be detected with fluorescent nanobodies (Seitz and Rizzoli, 2019). This pulse-chase approach allows dynamic studies, e.g., protein turnover, of receptors and other cell surface proteins.



Intracellular Targets

The plasma membrane is a physical barrier for the nanobodies to target intracellular proteins in live-cells. Therefore, custom delivery methods are needed to target endogenous proteins in (living) cells without permeabilizing the plasma membrane. If nanobody expression is not an option because it first needs chemical modification or the concentration should be well-controlled, a purified nanobody may be delivered to cells. Fluorescent nanobodies can enter cells via endocytosis, when they formed non-covalent complexes with oligomers (Figure 2C; Roder et al., 2017) or they undergo lipid-based protein transfection (Oba and Tanaka, 2012; Virant et al., 2018). After endocytosis, the nanobodies need to escape the endosomal system and the formed complexes need to be degraded. However, using this strategy one has to take into account that the efficiency of endosomal escape is low (Stewart et al., 2016) and the nanobodies in the endosomes are already fluorescent, resulting in localized labeling of the endosomal system.

To prevent cellular uptake via endocytosis, cell-permeable nanobodies were generated by the addition of a cyclic cell-penetrating peptide [cCPP; (Herce et al., 2017)]. cCPPs are arginine-rich peptides that facilitates direct penetration of the plasma membrane to enter directly into the cytoplasm, independent of endocytosis. The efficiency of the labeling is expected to be increased because endosomal escape after endocytic uptake is omitted. Another advantage of using the cell-penetrating peptide is the ability to co-transport recombinant proteins, e.g., GFP, inside the cells, when both are bound to the nanobody. Although the efficiency of this co-transport was low, this cell-permeable nanobody can be further explored to serve as a drug delivery vehicle. A major disadvantage of the cCPPs however, is the strong tendency to accumulate in the nucleolus.

Generating temporary permeable plasma membranes is another approach to artificially deliver cargo inside cells. Different methods to temporary permeabilize the membrane have been developed: (i) Electroporation to deliver nanobodies linked to fluorescent quantum dots (QDs) into cells (Shi et al., 2018). The QDs were used for single particle visualization of intercellular transport by targeting kinesin motor proteins (Katrukha et al., 2017); (ii) Artificial plasma membrane channels that allow chromobody delivery into cells can be formed by bacterial Streptolysin O (Teng et al., 2016). Unbound nanobodies are removed during rinsing and the channels are closed upon switching to a recovery medium; (iii) Photoporation in which a laser-induced transfection enables the delivery of the nanobodies intracellular, and when these are fluorescently labeled, these can be directly detected (Hebbrecht et al., 2020). (iv) Another method to induce temporary damage to the plasma membrane is cell squeezing through the small capillaries of a microfluidic system resulting in fragility of the plasma membrane (Figure 2D; Klein et al., 2018). While the cells are squeezed, extracellular proteins can diffuse into the cells. When cells leave the small capillary the plasma membrane recovers to its normal state. Obviously, the effect of any temporary permeabilization approach used to enable nanobodies entrance into cells, is that endogenous molecules might diffuse out or targets may delocalize.



General Applicable Peptide Tags

Genetic fusion with FPs cDNA is the widely used technique for protein visualization in living systems, but sometimes smaller peptide tags are preferred. Currently, there are no nanobodies available against common generic peptide tags (Muyldermans et al., 2001; Stijlemans et al., 2004; De Genst et al., 2006; Braun et al., 2016). Hence, three new small tags have been developed along with their respective targeting nanobodies. (i) The BC2-tag is a 12 amino acid peptide sequence originating from β-catenin (Braun et al., 2016; Virant et al., 2018), but the nanobody does not recognize endogenous β-catenin making it fairly specific for the tag only. (ii) The ALFA-tag (13 amino acids) forms an α-helix and is naturally absent in eukaryotes (Gotzke et al., 2019), also making it a specific target for its nanobody, which also counts for the (iii) Pep-Tag (15 amino acids) (Traenkle et al., 2020).

An array of peptides fused to the protein of interest can amplify the fluorescent signal, and thus increase the signal-to-noise ratio. A peptide-repeat called MoonTag (Boersma et al., 2019) was created to visualize active translation (Figure 2E). Here, an array of a 15 amino acid peptide sequence was added N-terminal of the protein of interest. The newly formed peptide chain forms a docking site for chromobodies. The MoonTag can be combined with the SunTag; an intracellular expressed single-chain variable fragment (scFV; Tanenbaum et al., 2014). Combining the two tags will allow visualization of different reading frames within a single mRNA or can be used to amplify the signal from different targets. Given the mechanism of probing the target with a cDNA encoded peptide repeat, making use of the same antibodies, this is a highly versatile enhancer system.



NANOBODIES IN ELECTRON MICROSCOPY

While resolution of targets in LM is improved by using nanobodies because of a reduced linkage error compared to IgG targeting, the ultrastructural remains unexplored. In electron microscopy (EM), the ultrastructure is revealed, but localizing the protein of interest within this structure also requires probes. EM-visualization of targets benefits from the nanobody-technology because the probe is small and thus penetrates better. Therefore, milder permeabilization is needed, better preserving the ultrastructure. Moreover, the small size improves the resolution compared to traditional immuno-EM because the target and identifiable tag are in close proximity. Also in EM proteins can be specifically identified using genetically encoded or affinity-based probes. Genetically encoded probes may be based on peroxidases that creates black precipitates in the presence of diaminobenzidine (DAB) and H2O2. Affinity-based probes include electron dense nanoparticles like nanogold and QDs (De Boer et al., 2015). Of course the genetically encoded probes form good candidates to use in conjunction with nanobodies as a multi-modular probe for EM studies.


Intracellular Nanobody Expression

Intracellular nanobodies fused with soybean ascorbate peroxidase (APEX2) (Lam et al., 2015) can target GFP or mCherry to add an electron dense mark to the protein of interest at EM level (Ariotti et al., 2015, 2017). This APEX2-nanobody can be applied as general CLEM (correlated LM/EM) probe because many cells and small organisms have already been engineered to express GFP or mCherry. Using conditionally stable nanobodies (section Nanobodies In Light Microscopy), unbound APEX2-nanobody is degraded and thereby improve EM detection of the target proteins (Ariotti et al., 2018). The conditionally stable APEX2-nanobody enables studying protein-protein interactions by making use of splitFPs as target (Figure 3A; Ghosh et al., 2000; Hu and Kerppola, 2003). Here, a protein of interest and its potential interacting protein are genetically fused with different segment of e.g., GFP. Anti-GFP APEX2-nanobody can only bind to the folded GFP, representing the interaction between the two proteins of interest. When GFP is absent, the conditionally stable APEX2-nanobodies are degraded. Another alternative to study protein-protein interactions would be by using nanobodies fused to splitHRP or splitAPEX2 (Martell et al., 2016; Han et al., 2019). Two distinct nanobodies recognizing proteins within close proximity will facilitate the refolding of the peroxidase, which will result in DAB precipitates at that location in the sample. The split peroxidase thus reduces the signal of unbound nanobodies, leading to a more conclusive picture. In conclusion, where chromobodies allow dynamic studies of endogenous proteins, APEX2-nanobodies enable high resolution analysis in the ultrastructural context.


[image: image]

FIGURE 3. Nanobody technology for EM. (A) Cells were expressing only C-terminus YFP or both C- and N-terminus YFP. The cells also expressed a conditionally stable anti-YFP, for proteasomal degradation of unbound probe. The nanobodies were genetically fused with peroxidase, APEX2, for EM detection. Note that only black precipitation is visible in cells expressing C-terminus YFP and N-terminus YFP. This confirmed the degradation of the nanobody with the peroxidase. Bars: 1 μm. (B) Purified nanobodies were used as primary antigen binding protein to reduce the distance between label and antigen. Nanobodies can be detected using an anti-VhH IgG conjugated to gold for EM visualization. Bars: 0.5 μm. (C) Cells express H2B-GFP from Figure 1A, and are permeabilized after fixation followed by labeling with anti-GFP FLIPPER-bodies. Note the colocalization in LM and the dark, positive nucleus in EM versus an unlabeled nucleus. Bars: 10 μm. (D) Neuronal cells expressing pHluorin on the plasma membrane. Added anti-GFP nanobodies bind to the pHluorin, and after a pulse stimulation, synaptic vesicles are formed. In EM, a population of unlabeled and labeled synaptic vesicles is detected. Arrows indicate synaptic vesicles, arrow heads indicate unstained vesicles and open arrow heads indicate residual staining (PM, plasma membrane, SV, Synaptic vesicle). Bar: 0.5 μm. The images in (A–D) have been reproduced from the following studies (Joensuu et al., 2016; Kijanka et al., 2017; Ariotti et al., 2018; De Beer et al., 2018), all of which have been published under a Creative Commons Attribution License.



Nanobodies as Immunolabeling Reagent

Purified nanobodies can be applied for affinity-based immunolabeling, and thereby replace conventional IgGs. Immunolabeling with unconjugated nanobodies was used to label HER2 in breast cancer cells, followed by a secondary anti-nanobody IgG conjugated with nanogold (Figure 3B; Kijanka et al., 2017). Although this already improved the resolution, it could benefit more by replacing the IgG a direct labeling method using conjugated nanobodies.



CLEM and Nanobodies

Reagents used in CLEM that are readily detectable both in the FLM and EM, like nanogold or QDs, are relatively large and/or bulky in comparison to 15–30 kDa range FPs or even smaller fluorescent dyes like FITC. These inorganic nanoparticles whether or not conjugated to nanobodies, will have limited penetration (Giepmans et al., 2005; Schnell et al., 2012). Therefore, we developed a completely protein-based probe, called “FLIPPER”-body (Kuipers et al., 2015; De Beer et al., 2018) with (i) a nanobody as targeting module; (ii) a FP for LM analysis; and (iii) a horseradish peroxidase (HRP) for EM analysis. The FLIPPER-bodies were produced by mammalian cells applied as immunoreagent to label e.g., intracellular GFP (Figure 3C). Other targets were generated by simple molecular cloning interchanging the modules of the probe. FLIPPER-bodies improve penetration due to its size and flexibility comparted to IgGs-targeted nanoparticles and thus lead to a better target detection while maintaining reasonable ultrastructure.

In conventional EM glutaraldehyde is used to fix the samples for ultrastructural preservation (Schnell et al., 2012). However, cells fixed with paraformaldehyde become permeable for small molecules like e.g., small fluorescent nanobodies (Fang et al., 2018). This labeling without adding permeabilization reagents method was further developed to stain intracellular targets in fixed mouse tissue slices. When targeting an intracellular target with both nanobody and IgG, the nanobody penetrated up to 100 μm into a brain tissue slice, while the IgGs only stained the surface of the slice. Subsequently, the same cells were imaged with EM and ultrastructural details were well preserved due to glutaraldehyde fixation after performing the nanobody labeling. So, detergent treatment is not required when using small nanobody probes and thus cellular structure is better preserved. The technique needs to mature further to establish the ratio of positives and false negatives to determine if the recognition of the targets is generically reliable. Moreover, the accessibility of targets within organelles, like mitochondria or nucleus, remains to be studied further.


Nanobodies for Live-Cell Imaging and EM

Alternatively to expressing nanobody-based probes in the cellular system of interest, they also can first be purified and then applied to cells. An elegant example of this approach has been used to visualize the formation of synaptic vesicles in living cells (Joensuu et al., 2016). Ultrastructural localization of newly formed synaptic vesicles can be examined using peroxidase-fused nanobodies. Vesicle-associated membrane protein 2 (VAMP2) mediates the formation of synaptic vesicles and is expressed at the plasma membrane of neuronal cells. Anti-GFP nanobodies were applied to target pHluorin, a GFP derivative, fused with VAMP2 (Figure 3D). Upon K+ stimulation, pHluorin-VAMP2 with bound nanobody is endocytosed, and new synaptic vesicles are formed. After EM preparation, the newly formed synaptic vesicles were stained black, as a result of the peroxidase attached to the nanobody, whereas older synaptic vesicles remained unstained. Thus, the endocytic route of specific proteins of interest can be visualized.

Purified nanobodies, fused to a FP and a peroxidase, were used to analyze the retrograde transport system in live-cells (Buser and Spiess, 2019) or within ultrastructural context (Buser et al., 2018) to study the transport from the cell surface to the Golgi complex. Cells with GFP-modified cycling reporter proteins at the plasma membrane captured the nanobodies extracellular and transported them in the cells. CLEM revealed the dynamic behavior of different cycling reporter proteins, and showed the ultrastructural localization of the reporter proteins. Overall, these nanobody-based CLEM probes can reveal the localization of plasma membrane proteins and visualize their dynamics, together with the ultrastructural context.



Nanobodies in Cryo-EM

Structural analysis of proteins at atomic resolution is achieved by cryo-EM [reviewed in (Kühlbrandt, 2014; Egelman, 2016; Cheng, 2018)]. However different conformations of proteins may be present, hindering the structural determination of specific states. Here, nanobodies can help to stabilize the proteins into a certain conformational state [reviewed in (Uchański et al., 2020)], especially as the targeting module in rigid chimeras termed megabodies. These stabilizing nanobody-chimeras recently have been used to solve the type A γ-aminobutyric (GABAA) structure in membranes-like structures in presence and absence of natural ligands and antagonists (Laverty et al., 2019; Masiulis et al., 2019). Using the megabodies, no longer the target proteins themselves need to be engineered and thus structure on the endogenous proteins is being revealed. Likely, nanobody technology will further contribute to structural biology on many other target proteins by facilitating single conformational protein states and better understand the dynamic regulation of biomolecules by their ligands without directly altering the proteins at study.



NANOBODIES FOR MICROSCOPY: TO DATE A GREAT POTENTIAL BUT SUCH A LIMITED USE

Nanobodies have clear benefits over conventional IgGs antibodies or genetically encoded probes. Nanobodies (i) have a small diameter resulting in better resolution and better penetration; (ii) can visualize endogenous proteins in live-cell imaging; (iii) are encoded by a one cDNA, which enables easy molecular cloning; (iv) allow researchers to create and produce custom multi-modal probes. Potential artifacts specific for nanobody technology in microscopy include signal from chromobodies independent of target binding and modified localization of the protein target, as detailed above.

Nanobodies are still limited used in research, mainly due to the limitation in the availability of nanobodies for general targets compared to IgGs and researchers are not aware of the possibilities of nanobody in microscopy. Here, we aim to increase the visibility of opportunities and benefits highlighted in the main text, but also exemplified by the successful new insights and new nanobody-based reagents by many (Table 2). Other ways to improve the use of nanobodies in research are open access sharing of nanobodies cDNA to allow researchers to create and manipulate their own labeling reagent and to increase the nanobody database of general targets. Currently, most nanobodies are generated via Camelidae immunization, a route that may be a (seemingly) hurdle for scientists. However, these days the generation of nanobodies is both economically and time-wise competitive with generation of newly synthesized rabbit IgG against specific targets. The novice user obviously will benefit of expertise and accessibility to the needed infrastructure by more experienced users mentioned throughout this review. In addition, a fast method based on a yeast display platform to select nanobodies in vitro has been established (McMahon et al., 2018).


From Current State to Future Outlook: Nanobodies Towards a Common Technique

Protein identification in microscopy has been greatly aided by immunolabeling using IgGs as well as the application of genetically encoded tags. Nanobody technology, being explored for approximately 25 years is a great additional tool. Like IgGs, endogenous proteins can be easily studied without direct modification. Moreover, the single domain properties and therefore the easy use as a module in other genetically encoded probes allow freedom of use of tags and targeting module. In line with SRM techniques, nanobodies have the added benefit over IgGs that they hardly provide distance between target and label (linkage error). The major limitation in the use of nanobodies in general is the sparse availability of high affinity nanobodies for specific targets. Increasing the availability for different targets using immunization and/or micro-organism-based libraries will increase the variation in the decade to come. When more targets can be studied with nanobodies these will become a common tool in the lab and share the top-3 podium with genetically encoded tags as well as IgGs since they share benefits of both approaches to identify and visualize targets of interest in dynamic systems and with high precision.
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FRET-based FRET pair Relative change of Kg (M) Conditions used to Substance Template for sensing In vivo use References
biosensors FRET ratio,AR/R (%) measure AR/R and Ky (neurotransmitter or  domain
neuromodulator)
SuperGIuSnFR ECFP-Citrine 44 2.5 Cultured neurons, 1P Glutamate Gitl Not tested Hires et al.,
microscopy 2008
M1-cam5 ECFP-EYFP 10 Not determined HEK293 cells, 1P Acetylcholine M1mAChR Markovic et al.,
microscopy 2012
GlyFS EGFP-Venus 20 20 Brain slices, 2P microscopy ~ Glycine Atu2422 (AYW mutant) Zhang et al.,
2018
Single-FP-based  Circularly Relative change of Kg (M) Conditions used to Substance Template for sensing In vivo use References
biosensors permuted FP fluorescence, AF/F (%) measure AF/F and Ky (neurotransmitter or  domain
neuromodulator)
iGluSnFR cpGFP 103 4.9 Cultured neurons, 1P Glutamate Gitl Imaging of dendritic Marvin et al.,
microscopy spines 2013
SF-iGluSnFR sfGFP 69 0.6 Marvin et al.,
A184V 2018
SF-iGIluSnFR S72A 250 34
SF-Azurite- Azurite 66 46
iGluSnFR
SF-Venus-iGluSnFR  Venus 66 2
SF-mTurquoise2- mTurquoise 90 41
iGluSnFR
IGABASNFR sfGFP 250 9 Purified protein, fluorimeter ~ GABA pPf622 Imaging of single Marvin et al.,
neurons 2019
iGlug EGFP 100 137 HEK293 cells, Glutamate Giltl Not tested Helassa et al.,
stopped-flow 2018
iGluy 170 600
R-iGIuSnFR1 mApple —33 1 Purified protein, fluorimeter Wu et al., 2018
R-ncp-iGluSnFR1 0.9
GACh EGHEP 90 2 HEK293 cells, 1P Acetylcholine MsR Imaging of single Jing et al.,
microscopy neurons 2018
GRABNE1m 230 1.9 Norepinephrine a2AR Aggregated Fengetal,
fluorescence signal 2019
GRABNE1h 150 0.093
Nb80-GFP Not determined Not determined  Not applicable B2AR/Nb80 Not tested Irannejad et al.,
2018
OR-sensor EGFP Not determined Not determined  Not applicable Activation of w and § w and 8 ORs/Nb33 Not tested Stoeber et al.,
ORs 2018
IATPSnFR spGFP 150 630 Cultured neurons, 1P ATP ¢ subunit of FOF1 Imaging of single Lobas et al.,
microscopy ATPase from Bacillus astrocytes 2018
PS3
dLight1.1 EGHEP 230 0.33 HEK293 cells, 1P Dopamine DRD1 (inserted into the  Aggregated Patriarchi et al.,
microscopy ICL3) fluorescence signal 2018
dLightt.2 340 0.77
DATm 90 0.13 DRD2 (inserted into the Sun et al., 2018
ICL3)
DA1h 0.01
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Protein Mutation Viral Transduced mRNA transcripts “TPM Transcripts “TPM Transcripts
Titer (VG/ml) virus (il per cell HEK293 per cell HEK293 SH-SY5Y per cell SH-SY5Y
Rhodopsin WT 6.73 x 101 ] 118.82 +5,602.8 1,118.56 0 0
10 1,647.71
P23H 6.50 x 10 1 66.34
10 2,108.75
a-synuclein WT 5.00 x 10 1 29.17 21.9 4.38 16.2 3.24
10 667.60
AB3T 7.66 x 101 1 139.01
10 1,067.81
A30P 7.93 x 101 1 82.62
10 989.90
Ed6K 8.57 x 101 1 62.86
10 1,147.50
H50Q 9.18 x 10 1 101.65
10 917.29
TDP-43 WT 8.77 x 10 ] 45.51 151 30.2 167.7 33.54
10 58.62
M337V 7.66 x 101 1 36.11
10 187.77

All genes were packaged in BacMam and the viral titer was determined as viral genes (VG) per milliter mANA transcripts per cell were determined by qRT-PCR and compared to
endogenous expression levels in HEK293T and SH-SYSY cels. *For odopsin expression data from the retina was used. *Data obtained from Uhlén et al. (2015). TPM, transcripts

per million.
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