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SUMMARY 

 Optical manipulations of genetically defined cell types have generated significant insights 

into the dynamics of neural circuits. While optogenetic activation has been relatively 

straightforward, rapid and reversible synaptic inhibition has been far more difficult to achieve. 

Instead of relying on unpredictable ion manipulations or slow photoactivatable toxins at axon 

terminals, we took a different approach to leverage the natural ability of inhibitory presynaptic 

GPCRs to silence synaptic transmission. Here we characterize parapinopsin (PPO), a 

photoswitchable non-visual opsin from lamprey pineal gland that couples to Gi/o-signaling 

cascades. PPO can be rapidly activated by pulsed blue light, switched off with amber light, and is 

effective for repeated or prolonged inhibition. We developed viral vectors for cell-specific 

expression of PPO, which traffics very effectively in numerous neuron types. At presynaptic 

terminals, PPO can silence glutamate release and suppress dopamine-dependent reward and 

cocaine place preference behaviors in vivo. PPO immediately fills a significant gap in the 

neuroscience toolkit for rapid and reversible synaptic inhibition, and has broader utility for 

achieving spatiotemporal control of inhibitory GPCR signaling cascades in other biological and 

pharmacological applications.  
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INTRODUCTION 

 The development of diverse molecular tools to monitor and control defined cell types has 

greatly accelerated our understanding of fundamental biological processes. Within the field of 

neuroscience, these tools have granted access to the circuit dynamics underlying complex 

behaviors. Approaches to manipulate neuronal activity have largely focused on optogenetic 

strategies using light-activated ion channels and pumps (Copits et al., 2016; Kim et al., 2017; Rost 

et al., 2017; Wiegert et al., 2017), or chemogenetic implementations with engineered G protein 

coupled receptors (GPCRs) (Atasoy and Sternson, 2018; Burnett and Krashes, 2016; Roth, 

2016). The primary strength of optogenetic activators has been their high degree of 

spatiotemporal precision in controlling neuronal firing, and more importantly their distinct axonal 

projections, at millisecond timescales. However, optogenetic inhibition using ion-based opsins at 

synaptic terminals has proven to be far more problematic.  These challenges are largely due to 

biophysical limitations that can cause direct depolarization or rebound spiking (Mahn et al., 2016, 

2018; Messier et al., 2018; Raimondo et al., 2012; Wiegert et al., 2017). An alternative strategy 

for inhibiting synaptic projections used chemogenetic receptors to take advantage of the natural 

ability of Gi-coupled GPCRs to silence synaptic transmission (Stachniak et al., 2014). However, 

these chemogenetic tools lack spatial and temporal precision compared to optical approaches. 

Engineered rhodopsin-GPCR (opto-XR) chimeras, in which light sensitivity is granted to 

different GPCRs by splicing them to the light-sensitive visual protein rhodopsin, bridges opto- and 

chemogenetic approaches to gain spatiotemporal optical control of physiological signaling 

cascades (Airan et al., 2009; Kleinlogel, 2016). However, existing opto-XRs are limited by the 

extremely high photosensitivity and irreversible activation of the rhodopsin chromophore (Ernst et 

al., 2014). Evolution has generated tremendous diversity in visual and non-visual opsins 

throughout the animal kingdom (Davies et al., 2010; Koyanagi and Terakita, 2014; Marshall et al., 

2015; Terakita et al., 2015). We reasoned that some of these opsins may have evolved unique 
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spectral and/or kinetic properties that could make them superior alternative candidates to 

chemogenetic and rhodopsin-based optogenetic approaches for engaging endogenous signaling 

cascades to manipulate neural circuits. The ideal opto-XR would be (1) rapidly reversible, (2) 

exhibit moderate light sensitivity to avoid unwanted opsin activation by ambient light, and (3) 

possess biocompatible spectral properties that overlap with existing optogenetic light sources. 

Additionally, opsin coupling to inhibitory GPCR signaling cascades that have been evolutionarily 

co-opted to suppress neurotransmitter release, would directly address a major limitation with 

currently available tools – silencing synaptic projections (Wiegert et al., 2017). 

We searched and initially tested various opsins that might possess these features, and 

identified lamprey parapinopsin (PPO) as a potential candidate optogenetic tool (Kawano-

Yamashita et al., 2015; Koyanagi and Terakita, 2014; Koyanagi et al., 2004, 2017; O’Neill et al., 

2018). PPO is a non-visual G protein coupled opsin expressed in the lamprey pineal gland that 

exhibits bistable photoswitching between on and off states when irradiated with ultra-violet (UV) 

vs. green/amber light (Kawano-Yamashita et al., 2015; Koyanagi et al., 2004). This bistable 

optical sensitivity is thought to confer “color discrimination” abilities to sense wavelength changes 

during diurnal or seasonal changes in these ancient vertebrates (Dodt and Meissl, 1982; Koyanagi 

et al., 2004; Morita et al., 1992; Uchida and Morita, 1994). We reasoned that this unique 

photoswitchable property might be harnessed for more precise spatiotemporal modulation of 

neuronal circuits.  

Here we establish PPO as a novel photoswitchable GPCR-based opsin for rapid and 

reversible optical control of inhibitory G protein signaling pathways and thus synaptic silencing in 

neural circuits. We show that pulsed blue light stimulation of PPO activates G protein cascades 

at cellular and subcellular resolution and can be rapidly switched off with amber light. PPO can 

be activated by multiphoton stimulation and multiplexed with red-shifted indicators of neuronal 

activity. PPO couples to neuronal G proteins to inhibit voltage-gated calcium channels in an 
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equivalent manner to native Gi-coupled GABAB receptors.  We found that PPO rapidly and reliably 

couples to inhibitory signaling pathways for either repeated or prolonged optical modes of 

engagement. We developed Cre-dependent viral vectors for cell-specific expression in the brain, 

and found that PPO traffics very efficiently in multiple neuron types to both dendrites and 

presynaptic terminals, where it can be effectively stimulated at the latter site to silence synaptic 

transmission.  Finally, we go on to demonstrate that, when illuminated at terminal sites, PPO can 

suppress dopamine-dependent reward seeking behaviors and cocaine-induced preference 

mediated by ventral tegmental area dopamine neuron projections to the nucleus accumbens. 

Thus, PPO represents a unique GPCR-based tool that bridges the gap between optogenetics and 

chemogenetics and allows for projection-specific presynaptic silencing in neuroscience 

applications. More broadly, PPO grants spatial and temporal control of G protein signaling 

cascades which may have additional use in dissecting fundamental aspects of cellular biology 

and GPCR pharmacology. 
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RESULTS 

Spectral characterization of a photoswitchable GPCR-based opsin 

Lamprey parapinopsin (PPO) is a non-visual GPCR-based opsin that interconverts 

between on and off states by absorption of ultra-violet (UV) and amber light, respectively (Figure 

1A) (Koyanagi et al., 2004). Recently PPO was shown to couple to mammalian Gi/o proteins 

(Eickelbeck et al., 2019; Kawano-Yamashita et al., 2015), however the need for UV irradiation is 

a major limiting factor for use in vivo. We recently used violet light to stimulate PPO and control 

immune cell migration in vitro (O’Neill et al., 2018) and hypothesized that PPO may also be 

sensitive to even longer wavelengths, and thus suitable for in vivo applications. 

We noticed a small peak in the blue wavelength range (450 – 500 nm) of the PPO 

absorption spectra (Figure 1B) which could greatly extend the utility of this opsin for neuroscience 

applications. We therefore tested if blue light sources commonly used in optogenetic experiments 

can activate PPO. We confirmed that purified PPO can indeed absorb non-UV light (Figure S1A). 

and found that blue LED stimulation (465 nm, 5 mW, 60s) inhibited forskolin-induced cAMP levels 

in HEK293 cells expressing PPO (Figures 1C and S1B). To more precisely define the spectral 

and temporal properties of PPO signaling, we used imaging assays of G protein translocation to 

monitor PPO engagement of downstream G subunits (Karunarathne et al., 2012; O’Neill et al., 

2012). We co-expressed PPO with fluorescently tagged 9 subunits in HeLa cells and quantified 

9 intracellular fluorescence changes from the plasma membrane. Imaging of mCherry-tagged 9 

with a 595 nm laser did not affect membrane localization (red arrows, Figure 1D), consistent with 

the action spectra of PPO that would keep the receptor in the off state (Figure 1B). Widefield 

illumination with low intensity UV light (365 nm, 0.03 mW/mm2, 150 ms pulse delivered every 5 s) 

produced rapid intracellular translocation of 9-mCherry from the plasma membrane (Figure 1D 

and 1E; Video S1). Photoactivation with blue light of the same intensity (470 nm, 0.03 mW/mm2, 
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150 ms pulse every 5s) caused minimal translocation; however, when we increased the blue light 

intensity to 15 mW/mm2 we observed equivalent levels of translocation compared to UV 

illumination (Figure 1D and 1E). This suggests that while PPO exhibits lower blue light sensitivity, 

higher intensity stimulation produces equivalent efficacy. To examine the photoswitching 

properties of PPO, we imaged GFP-tagged 9 subunits with a 488 nm blue laser (45 W average 

power through the spinning disk, typical for GFP imaging), which activated PPO and increased 

the intracellular localization of 9-GFP upon imaging (Figure 1F and 1G). Simultaneous widefield 

illumination with an amber LED (595 nm, 150 W), rapidly reversed translocation of 9-GFP back 

to the plasma membrane even while photostimulating PPO. We could repeatedly photoswitch 

PPO on and off without any apparent desensitization or changes in efficacy (Figure 1G). Thus, 

these data demonstrate that UV-sensitive PPO can also be activated by blue light and rapidly 

turned off with amber light, making it more suitable for use in vivo. 

 

Multiplexed optical GPCR activation and imaging 

The lack of spontaneous 9 translocation while imaging, and the ability to photoswitch 

PPO into the off state, suggested that PPO could be simultaneously employed with red 

fluorescent activity sensors. We first assessed PPO trafficking in cultured striatal neurons where 

we observed prominent localization at the membrane and distal dendrites (Figure S1C). To 

determine if we could utilize PPO for photoinhibition while monitoring neuronal activity, we co-

expressed PPO with the genetically encoded Ca2+ indicator RCaMP1.07 (Ohkura et al., 2012) in 

striatal neurons. We observed spontaneous Ca2+ transients that were unaffected by imaging with 

a 561 nm laser. However, blue light stimulation of PPO-expressing neurons rapidly suppressed 

these transients and led to increased activity in adjacent PPO-negative neurons, possibly through 

disinhibition (Movie S2). To determine whether PPO could be used for more restricted patterns 
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of G protein activation we imaged 9-mCherry and then illuminated individual cells with blue light 

directed by a digital mirror device. We observed rapid translocation of 9-mCherry in stimulated 

regions without altering membrane localization in adjacent cells (Figure 1H and 1I; Video S3). 

We were also able to achieve subcellular resolution of G protein activation (Figure S1D and S1E), 

indicating that PPO could represent a useful tool for probing the subcellular dynamics of GPCR 

signaling (Eichel and von Zastrow, 2018; Lobingier and von Zastrow, 2019).  

We next asked whether this GPCR-based opsin could be activated by multiphoton 

stimulation. We imaged 9-mScarlet translocation at 1080 nm, while photostimulating at different 

infrared wavelengths with a second tunable laser. Consistent with the single photon absorption 

spectra, we observed maximal G protein activation around 700 nm, which decreased at longer 

wavelengths tested up to 1000 nm (Figures 1J and S1F). While we did observe slight activation 

with the imaging laser at 1080 nm, we could reliably reverse these effects with amber LED light, 

similar to our single-photon activation experiments. Taken together, these molecular features 

suggest that PPO represents a unique optogenetic tool that could be used for simultaneous 

optical monitoring and activation of GPCR signaling cascades in vivo (Carrillo-Reid et al., 2019; 

Marshel et al., 2019; Packer et al., 2014; Rickgauer et al., 2014; Yang et al., 2018). 

 

PPO rapidly and reversibly inhibits neuronal voltage-activated calcium channels 

To determine whether PPO has applications as an optogenetic silencing tool, we next 

generated a Cre-dependent (double-floxed inverted open reading frame, DIO) adeno-associated 

viral (AAV) construct for cell-specific expression (Figure S2A). We first examined PPO 

expression and trafficking in cultured dorsal root ganglia (DRG) neurons from AvilCre mice (da 

Silva et al., 2011; Zhou et al., 2010) transduced with AAVs to express Venus-tagged PPO 

(AAV5:CAG:DIO:PPO-Venus). Following transduction, we observed expression within 24 hours 
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and found that PPO-Venus was trafficked along tau-labeled axons where it colocalized with the 

presynaptic marker synapsin-1 at terminals (Figure 2A).  

To examine PPO coupling to neuronal G protein signaling cascades, we next recorded 

voltage gated Ca2+ channel currents in DRG neurons, where pharmacological activation of 

endogenous Gi-coupled GPCRs inhibits Ca2+ currents through G-mediated voltage-dependent 

mechanism (Bean, 1989; Bourinet et al., 1996; Currie, 2010; Dunlap and Fischbach, 1981). 

Constant illumination of PPO-expressing dorsal root ganglion (DRG) neurons with 470 nm LED 

light rapidly suppressed calcium channel currents in a light intensity-dependent manner (Figure 

2B-D). Maximal inhibition plateaued around 10 mW/mm2 and was equivalent to that observed 

with the GABAB receptor agonist baclofen (Figure 2D). Blue LED light inhibited DRG calcium 

channel currents with an IC50 of 0.8 mW/mm2, and no inhibition was observed in YFP-expressing 

controls (10 mW/mm2, Figure 2B-D).  

Surprisingly, in contrast to our Gtranslocation assays, Ca2+ channel currents did not 

spontaneously recover after constant blue light illumination at higher intensities (Figures 2C and 

S2B), and we were unable to reverse this effect by photoswitching PPO with green or amber 

LEDs (Figure S2C). Shorter durations of constant photostimulation (10 mW/mm2) did however 

recover (data not shown). This dose- and time-dependent irreversible inhibition suggested that 

we might be photobleaching the opsin with constant illumination at higher light intensities, so we 

tested whether agonist pulses of blue light could be used to activate PPO in a readily reversible 

manner. We explored a variety of stimulation parameters and found that 10 ms pulses delivered 

at 10 Hz with 10 mW/mm2 intensity exhibited similar efficacy to the maximal inhibition observed 

with constant illumination, but currents recovered rapidly to baseline (Figure 2E and 2F). We also 

tested the temperature dependence of Ca2+ channel inhibition and reversal, which were similar at 

physiological and room temperature (Figure S2D and S2E). We could repeatedly inhibit currents 

with similar efficacy (Figures 2F and S2F) suggesting that PPO undergoes little functional 
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desensitization. To more rigorously test this, we compared Ca2+ channel inhibition from prolonged 

optical stimulation to activation of endogenous GABABRs with baclofen, a well-established Gi-

coupled inhibitor of neurotransmitter release at synaptic terminals. We observed similar degrees 

of inhibition between PPO and GABABR after 2 minutes, however the baclofen response 

desensitized ~50% over the course of 10 minutes, while PPO did not exhibit any observable 

functional desensitization (Figure 2G and S2G). Consistent with our reversal of G localization, 

we were able to speed the recovery of Ca2+ channel inhibition approximately two-fold by 

illuminating neurons with 590 nm LED light (Figure 2H and 2I). The recovery tau of ~10 seconds 

reflects both the photoconversion of PPO to the off state and G protein deactivation, with the latter 

likely to be the limiting step in terminating PPO signaling. 

While we did not observe functional desensitization, illumination of PPO with UV light 

induces translocation of lamprey -arrestin, which was proposed to internalize receptors and 

terminate signaling similar to mammalian rhodopsins (Kawano-Yamashita et al., 2011; Wilden et 

al., 1986). To determine whether PPO undergoes arrestin-dependent internalization and 

desensitization following blue light activation in mammalian cells, we performed live cell total 

internal reflection fluorescence (TIRF) microscopy of GFP-tagged arrestin-3 and mCherry-tagged 

clathrin to mark endocytic zones. Illumination of PPO-expressing cells induced arrestin clustering 

at these clathrin+ sites (Figure S2H and S2I), confirming that PPO activation can activate 

mammalian arrestins. However, PPO did not accumulate with arrestins at these sites (Figure 

S2J), and we did not observe any internalization of PPO even after 90 minutes of stimulation with 

pulsed blue light (Figure S2K). Thus, while PPO activation clearly engages and mobilizes 

arrestin, we did not detect receptor internalization or functional desensitization in both imaging 

and physiological measures, which has been observed with other types of GPCRs (Eichel and 

von Zastrow, 2018; Eichel et al., 2016, 2018; Nuber et al., 2016). Collectively, these data 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 20, 2021. ; https://doi.org/10.1101/2021.02.19.432008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.432008


demonstrate that pulsed blue light stimulation of PPO can be used to rapidly and reversibly inhibit 

neuronal calcium channel function, with equivalent efficacy to endogenous Gi-coupled GABABRs. 

 

Calcium channel inhibition is G protein dependent 

 We next asked whether PPO inhibition of Ca2+ channel currents was G protein mediated. 

Treatment of DRG neurons with pertussis toxin (PTx) to inactivate Gi/o subunits and inhibit G 

protein signaling (Dolphin and Scott, 1987; Katada and Ui, 1982; Scott and Dolphin, 1987) 

completely blocked Ca2+ channel inhibition by both blue LED stimulation of PPO and activation of 

endogenous GABABRs with baclofen (Figure 3A-C). While this mechanism is consistent with 

PPO activation of Gi signaling, we also inquired whether PPO couples to Go subunits. To test 

this, we performed 9 translocation assays in cell treated with PTx to inactivate Gi/o proteins and 

and co-expressed a PTx-resistant Go mutant (Hunt et al., 1994; Wise et al., 1997). PTx treatment 

prevented translocation of 9-mScarlet during blue light stimulation of PPO-expressing cells; 

however, expression of PTx-resistant Go subunits partially restored 9 translocation (Figure S3A 

and S3B), demonstrating that PPO can also couple to Go signaling pathways. 

Following activation of Gi-coupled GPCRs, the G subunit is the primary downstream 

modulator of channel function in neurons (Lüscher and Slesinger, 2010; Zamponi and Currie, 

2013). We tested whether PPO mobilized G subunits to directly inhibit Ca2+ channels through 

voltage-dependent mechanism (Bean, 1989; Herlitze et al., 1996; Ikeda, 1996). Strong 

depolarizing pre-pulse steps reversed Ca2+ channel inhibition by PPO and baclofen (Figure 3D 

and 3E), while subsequent I-V curves revealed no change in gating (Figure S3C-E). Thus, light 

stimulation of PPO is consistent with the well-established voltage-dependent mechanism of Ca2+ 

channel inhibition by Gi-coupled GPCRs. Our previous development of opto-XRs has suggested 

that rhodopsin-based chimeras couple to endogenous and overlapping GPCR signaling cascades 
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(Siuda et al., 2015). To test whether PPO converges with endogenous Gi-coupled GPCRs, we 

recorded Ca2+ channel currents and activated GABABRs with baclofen. Ca2+ channel inhibition 

plateaued within ~1 minute and then desensitized slightly (Figure 3F and 3G). Subsequent 

illumination of PPO with blue light pulses did not increase the peak inhibition by baclofen (Figure 

3F-H). Thus, PPO couples to the same G protein signaling cascades in neurons as native Gi-

coupled GABABRs to inhibit voltage-gated calcium channels. 

 

Reversible silencing of synaptic transmission  

Presynaptic Gi/o-coupled GPCRs, like GABABRs, exert powerful control over synaptic 

transmission by inhibiting vesicle release through multiple mechanisms, including decreased 

calcium channel function and interference with release machinery (Blackmer, 2001; Browning et 

al., 2002; Heinke et al., 2011; Stachniak et al., 2014; Takahashi et al., 1998; Zurawski et al., 

2019a). The indistinguishable Gi/o coupling between PPO and endogenous GABABRs, suggested 

that PPO might represent a unique optical approach for presynaptic inhibition that takes 

advantage of these endogenous silencing mechanisms. We next tested whether PPO alters 

synaptic transmission in excitatory thalamic projections to the barrel cortex, which was used 

previously to identify biophysical limitations of optical inhibition at terminals with Cl- and H+ pumps 

(Mahn et al., 2016). We injected Cre-dependent AAVs carrying PPO-Venus into the ventral 

posterior medial nucleus (VPM) of the thalamus in Vglut2-IRES-Cre mice to target glutamatergic 

neurons (Figure 4A) (Vong et al., 2011). We first assessed PPO trafficking along the axons and 

into terminals of this long-range projection using confocal microscopy with deconvolution. We 

observed PPO-Venus in thalamocortical axons innervating the barrel cortex in as little as 14 days 

after injection, similar to the rapid trafficking of ChR2 observed previously (Crandall et al., 2017), 

with dense projections to layer IV neurons (Figure 4B). Imaging of these terminals revealed 

colocalization of PPO-Venus with the presynaptic glutamate transporter vGluT2 which was 
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opposed to excitatory synapses marked by PSD-95 (Figure 4C). These experiments demonstrate 

that PPO traffics effectively into axon terminals in vivo, making it well-positioned to control 

presynaptic release. 

 We assessed PPO at this long-range thalamocortical slice preparation where postsynaptic 

neurons in cortex receive inputs from intact axonal collaterals originating several millimeters away 

in thalamus (Agmon and Connors, 1991; Cruikshank et al., 2007). This permits electrical 

stimulation of cell bodies in the VPM while constraining the photostimulation to terminals in layer 

IV of the barrel cortex, limiting a potential confound of light “spillover” and somatic activation in 

shorter projections (Figure 4D). In acute slices prepared from mice receiving viral injections only 

2 weeks prior, we observed PPO-Venus expression along the entire axonal projection and at 

terminals surrounding layer IV cortical neurons (Figure 4E). We electrically evoked monosynaptic 

excitatory synaptic currents in VPM, and then photostimulated PPO-expressing terminals through 

the microscope objective (Figure 4D-G). Blue light pulses (10 Hz, 10 ms, 10 mW/mm2) inhibited 

EPSC amplitudes, and in some neurons completely silenced synaptic transmission, which could 

be reversed by constant illumination with amber light (Figure 4F-H). Consistent with a presynaptic 

mechanism of inhibition previously reported for numerous Gi/o-coupled GPCRs (Johnson and 

Lovinger, 2016; Kreitzer and Malenka, 2007; Nanou and Catterall, 2018; Zucker and Regehr, 

2002; Zurawski et al., 2019b), paired-pulse ratios and failure rates were increased (Figure 4I and 

4J). These data collectively demonstrate that optical stimulation of PPO reversibly couples to 

inhibitory GPCR signaling cascades to inhibit presynaptic vesicle release at long-range excitatory 

projections in the brain. 

 

 

PPO is functional in vivo, and inhibits dopamine-dependent reward-seeking behaviors 
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To functionally determine whether PPO can be employed as an inhibitory opsin for in vivo 

use, we first assessed if PPO could suppress reward-seeking behaviors mediated by dopamine 

(DA) neurons in the ventral tegmental area (VTA) (Morales and Margolis, 2017; Parker et al., 

2019). We bilaterally injected Cre-dependent AAVs into DAT-IRES-Cre mice (Bäckman et al., 

2006) to express PPO in DA neurons of the VTA, and implanted optical fibers above their somata 

(Figures 5A). We confirmed that PPO was strongly expressed throughout the VTA and found 

that it trafficked very well in DA neurons along cell bodies and processes (Figures 5B and S4A 

and S4B). Reward-seeking behavior was tested in mice trained to perform operant tasks for a 

sucrose reward (Figure 5C-E). Food-restricted mice underwent Pavlovian conditioning to 

associate a cue (house light) with access to a sucrose sipper (Figure 5D) and were trained on 

fixed ratio (FR) schedules to nose poke for sucrose rewards in response to the cue (Figure 5E). 

We then assessed reward seeking behavior in FR-3 tests with and without optical inhibition. 10 

Hz laser light (473 nm, 10 ms pulses) at the cell bodies of VTA DA neurons significantly 

suppressed both the number of nose pokes and rewards (Figure 5F).  These data indicate 

reduced reward-seeking behavior when VTA DA neurons were inhibited by PPO in the soma and 

dendrites of these neurons, consistent with other inhibitory approaches (Corre et al., 2018; Tye 

et al., 2013).  In addition, these data also suggest that this GPCR-based inhibitory approach may 

have potential advantages over many ion-conducting or pumping opsins, given that PPO can 

inhibit somatic activity in a pulsed mode without potential confounds of constant illumination 

(Stujenske et al., 2015).  

To determine the efficacy of PPO in silencing DA neuron projections to the NAc, we used 

the same strategy to virally target VTA DA neurons, and implanted bilateral optical fibers above 

their terminals in the NAc core (Figure 5G). We observed strong PPO expression in VTA neuron 

terminals in the NAc (Figures 5H and S4B), consistent with the efficient trafficking of PPO we 

observed in all other diverse neuron types examined (glutamate, GABA, DA and DRG). We 
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performed similar operant tasks for sucrose rewards in these mice, but also included progressive 

ratio (PR) tests (Figure 5I-J). In these PR tests, the number of nose pokes required to receive a 

reward was escalated exponentially, which assesses the point at which the animal is no longer 

willing to work for a reward (Figure 5J) (Hodos, 1961; Parker et al., 2019; Richardson and 

Roberts, 1996). Mice underwent similar training schedules before FR and PR testing. 

Photoinhibition of DA projections to the NAc core suppressed active total nose poke behavior in 

FR testing and reduced the number of rewards obtained (Figure 5K). In PR testing, optical 

stimulation depressed both nose pokes and the number of rewards in Cre+ mice expressing PPO 

(Figures 5L and S4C) but not in Cre- controls (Figure S4D), consistent with the role of this DA 

projection in both reward-seeking and motivated behaviors (Corre et al., 2018; Tye et al., 2013). 

We finally tested whether PPO could inhibit behavioral states of increased dopaminergic 

tone by examining cocaine-induced conditioned place preference. We used the same approach 

as above to optically target these terminals in DAT-Cre+ mice and Cre negative controls (Figure 

5G). After pre-testing, mice were paired with saline injections in one chamber followed by cocaine 

pairing in the other chamber (Figure 5M and 5N). During cocaine pairing however, both groups 

also received 10 Hz optical illumination of VTA DA terminals in the NAc. After 2 days of pairing, 

we assessed preference behavior for the two chambers. Cre- control mice strongly preferred the 

cocaine-paired chamber, which was completely blocked in DAT-Cre+ mice expressing PPO 

(Figure 5O-P). Importantly, distances traveled were similar between the two groups (Figure 

S4E), demonstrating the selectively of PPO inhibition of DA terminals in the NAc and not collateral 

projections to dorsal striatum. Collectively, these data demonstrate that PPO is a useful and 

efficient optogenetic tool for photoswitchable control of inhibitory G protein signaling cascades to 

inhibit presynaptic terminals in vivo.  
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DISCUSSION 

Here we identify and characterize PPO as a novel photoswitchable Gi/o-coupled GPCR for 

silencing presynaptic terminals. PPO rapidly couples to neuronal G proteins when illuminated with 

blue light and can be switched off with amber light.  PPO is trafficked very efficiently in neurons 

to both distal dendrites and presynaptic terminals. Here, PPO can be used to silence 

glutamatergic transmission. Similarly, at dopamine neuron projections to the NAc, PPO 

suppressed reward-seeking behaviors and completely blocked cocaine place-preference. Thus, 

this photoswitchable GPCR fills a major gap in biology, pharmacology, and neuroscience fields, 

providing a unique optical tool for probing GPCR dynamics that can also achieve rapid and 

reversible synaptic silencing (Lin et al., 2013; Liu et al., 2019; Mahn et al., 2016; Wiegert et al., 

2017). Indeed, the strength of this approach for synaptic silencing was independently 

demonstrated in a parallel study from the Yizhar lab using OPN3, a bistable Gi/o-coupled opsin 

from mosquitos (Mahn et al., 2020). Furthermore, these opsins may represent developmental 

scaffolds for constructing new and improved photoswitchable opto-GPCR chimeras and for 

gaining spatiotemporal precision over traditional chemogenetic DREADD-based approaches.  

 

Spectral properties of PPO and technical considerations 

PPO was first identified as the UV sensitive pigment in lamprey pineal cells (Koyanagi et 

al., 2004). Despite the optogenetic potential of a photoswitchable GPCR-based opsin, PPO 

seemed limited by the requirement for UV irradiation (Eickelbeck et al., 2019; Kawano-Yamashita 

et al., 2015). We took advantage of a peculiar shift in the activation spectrum and used blue laser 

and LED light sources, readily available in many biology labs, to stimulate PPO at light intensities 

comparable to those used in typical optogenetic experiments. This was important, as we were 

able to seamlessly integrate PPO into all of our optogenetic setups without needing to purchase 
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any additional specialized equipment. Also, while many GPCR-based opsins possess exquisite 

light sensitivities that that can be problematic due to activation by ambient light, we were able to 

use pulsed light intensities commonly used for ion-conducting opsins like ChR2 (Mattis et al., 

2011), by working at these “off-peak” wavelengths. Moreover, we observed that PPO is kept in 

the off state by ambient light (data not shown), limiting our initial concerns of unintended activation 

or constitutive activity prior to, or during, experiments. It is important to note that not all blue light 

sources are the same, particularly when working with LEDs. In some cases, their broad emission 

spectra may include UV or green photons, which could switch PPO into unintended states. For 

example, we could photoswitch PPO off with longer wavelength amber LEDs and even coherent 

515 nm laser light but saw activation with 530 nm LEDs, owing to their broad emission (data not 

shown). 

Stimulation with UV light appears to constitutively activate PPO until subsequent 

illumination with longer light wavelengths (Eickelbeck et al., 2019; Kawano-Yamashita et al., 

2015). In contrast, the pulsed blue light that we used here seems to shift PPO into a more dynamic 

state in which G protein signaling deactivates ~20 seconds after illumination. While this transition 

can be sped up by amber light (Figure 2G, 2H), the active state induced by pulsed blue light could 

reflect intermediate conformational states (Ernst et al., 2014; Kouyama and Murakami, 2010) 

which has recently been demonstrated with pharmacological activation of GPCRs (Du et al., 2019; 

Kato et al., 2019; Wingler et al., 2019). We find this possibility particularly intriguing, as it suggests 

that PPO coupling to G proteins could be dynamically altered with different durations or colors of 

“agonist” or light pulses, something not typically achieved with traditional pharmacological 

approaches. Thus, dynamic control of the G protein coupling state may allow for differential 

control of downstream effectors in future iterations of this GPCR-based optical tool. This could be 

used to alter signaling selectivity, akin to GIRK channel activation by the dynamics of M2 

muscarinic, but not 2 adrenergic, receptor-coupling to release G subunits (Touhara and 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 20, 2021. ; https://doi.org/10.1101/2021.02.19.432008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.432008


Mackinnon, 2018). This may also have important considerations for whether coupling to inhibitory 

signaling cascades has equivalent efficacies in different cell types. 

 

In vivo application of GPCR-based inhibitory opsins 

 PPO couples to mammalian Gi/o proteins to engage the canonical downstream cascades 

to inhibit adenylyl cyclase (Kawano-Yamashita et al., 2015), activate GIRK channels (Eickelbeck 

et al., 2019), and inhibit Ca2+ channels (this study). We focused on the latter mechanism to test 

whether PPO could fill a major gap in the systems neuroscience toolbox – that is, rapid and 

reversible inhibition of transmitter release from terminal projections (Wiegert et al., 2017). PPO 

rapidly and reversibly inhibited neuronal voltage-gated calcium channels with equal efficacy to 

the GABABR agonist baclofen (Figure 2), which strongly suppresses synaptic transmission 

throughout the nervous system. While decreased Ca2+ influx by presynaptic Gi/o-coupled GPCRs 

is a primary mechanism for inhibiting synaptic transmission, it is possible that PPO may also 

activate G subunits to directly inhibit SNARE proteins (Blackmer, 2001; Zurawski et al., 2019b). 

In the hippocampus, different types of presynaptic GPCRs can inhibit synaptic transmission 

through distinct mechanisms, with GABABRs reducing vesicle release primarily through Ca2+ 

channel inhibition while serotonin 5-HT1B receptors exert SNARE-dependent effects (Zurawski et 

al., 2019a). When implementing PPO for in vivo behavior studies, it will be critical to assess how 

PPO affects synaptic transmission at the different projections being targeted, as presynaptic 

GPCRs can modulate synapses in an input specific manner, with varying efficacies (Burke et al., 

2018; Creed et al., 2016; Kreitzer and Malenka, 2007; Marcott et al., 2018; Tejeda et al., 2017). 

Whether PPO can couple to distinct signaling cascades in different cell types or mimics 

presynaptic GPCRs to regulate plasticity certainly warrants future investigation.  
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The unique optical properties of PPO make it particularly intriguing for in vivo applications 

combining optogenetic manipulations with readouts of circuit activity (Carrillo-Reid et al., 2019; 

Marshel et al., 2019; Packer et al., 2014; Rickgauer et al., 2014; Yang et al., 2018). These 

approaches have typically used excitatory channel-based opsins together with genetically 

encoded Ca2+ indicators (GECIs) to test the contributions of specific cells within a circuit to a 

behavioral task (Carrillo-Reid et al., 2019; Marshel et al., 2019).  By incorporating PPO into these 

experimental paradigms, it may now be possible to determine how inhibitory neuromodulator 

signaling influences circuit dynamics with more precise cellular and temporal resolution. PPO can 

be activated by multiphoton wavelengths up to ~1100 nm, so red-shifted GECIs with excitation 

wavelengths exceeding 1200 nm (Dana et al., 2016; Inoue et al., 2019) could be used to limit 

PPO activation during in vivo imaging.  This may open new opportunities for all-optical cell-specific 

manipulations and readouts of GPCR action across diverse areas cellular biology, pharmacology, 

and neuroscience fields. 

  

Conclusions and future directions 

In its current state, PPO is an effective tool for rapid and reversible control of inhibitory 

GPCR signaling cascades. By coupling to endogenous inhibitory mechanisms, PPO is effective 

both at inhibiting cell bodies, likely through GIRK channel activation, and presynaptic inhibition of 

vesicle release. However, PPO may also represent a new chromophore scaffold for engineering 

photoswitchable chimeras to mimic the biological signaling of diverse GPCRs with spatiotemporal 

precision (Airan et al., 2009; Gunaydin et al., 2014; Li et al., 2015; Oh et al., 2010; Siuda et al., 

2015; van Wyk et al., 2015). These molecular engineering efforts may require a more detailed 

understanding of the structural dynamics of PPO photoswitching, which in turn may also lead to 

variants with more rapid kinetics or tuning of the spectral properties. Another intriguing avenue is 

the generation of photoswitchable DREADD-like tools, for more precise spatial and temporal 
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control over these powerful chemogenetic approaches for investigating neural circuits (Roth, 

2016). More broadly, achieving precise optical control over different types of GPCRs may enable 

new studies into fundamental aspects of these clinically important drug targets, including 

functional selectivity, subcellular coupling, and signaling dynamics in vivo. 
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FIGURE LEGENDS 

Figure 1. Spectral characterization of a photoswitchable GPCR-based opsin.  

(A) Cartoon of lamprey parapinopsin (PPO), a photoswitchable GPCR that is activated by UV light 

and turned off by amber light. PPO was previously shown to couple to Gi signaling pathways 

in vitro. 

(B) Absorption spectra of purified PPO protein in the dark off state (purple) and after irradiation 

with UV light (amber). Note the small hump in PPO absorbance in the off state in the blue light 

spectrum around 470 nm. Graph is modified from (Koyanagi et al., 2004) (copyright 2004 

National Academy of Sciences, USA) 

(C) Optical stimulation with blue LED light (465 nm, 15.6 mW/cm2) inhibits forskolin-induced cAMP 

luminescence in PPO-expressing HEK cells (n= 5).   

(D) Live-cell images of G translocation assays using 9-mCherry fluorescence to assess GPCR 

activation. In basal conditions, 9-mCherry is localized to the plasma membrane (red arrows), 

but translocates after stimulation of PPO (untagged) with UV (365 nm) or blue (470 nm) light. 

Scale bar is 10 m.  

(E) Quantification of 9-mCherry translocation following stimulation with UV vs. blue light. Note 

that higher intensity blue light produces equivalent mobilization of G subunits to UV light. 

n=10 cells, Paired t-test, ns=not significant, ***p<0.001, ****p<0.0001. 

(F) 9-GFP fluorescence in translocation assays to assess PPO photoswitching with amber light. 

9-GFP was imaged through a spinning disk every 3 seconds with a 488 nm laser (~45 W), 

which activated PPO and caused translocation from the plasma membrane (+laser). 

Simultaneous widefield illumination with a 595 nm amber LED (~150 W) resulted in 9 

translocation back to the membrane (+LED). Scale bar is 10 m. 
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(G) Quantification of 9-GFP cytosolic translocation by the blue imaging laser and reversal with 

amber LEDs. Note the lack of desensitization and ability to repeatedly photoswitch PPO on 

and off. n=4 cells. 

(H) Individual photoactivation of cells expressing 9-mCherry and untagged PPO. Blue boxes 

depict regions illuminated with blue LED light at different time-points, causing 9-mCherry 

translocation from the membrane. Scale bar is 10 m. 

(I) Individual traces of 9-mCherry translocation from cells marked in panel H. Blue light triggered 

PPO activation at cellular resolution without inducing translocation in neighboring cells. 

(J) Quantification of the multiphoton spectra of PPO activation using 9-translocation assays. 9-

mScarlet fluorescence was imaged with a Ti:Sapphire laser tuned to 1080 nm, while delivering 

multiphoton stimulation to PPO with a second laser at 700-1000 nm. n=7 cells. 

 

Figure 2. PPO inhibits neuronal calcium channel function. 

(A) Confocal micrograph of cultured DRG neurons from AvilCre mice 7 days after transduction with 

Cre-dependent AAVs to express PPO-Venus (AAV5:CAG:DIO:PPO-Venus). The merged 

image shows PPO-Venus fluorescence (green) at cell bodies and tau+ axons (magenta). PPO 

is also expressed in synapsin-1+ axonal boutons (red). Scale bars are 20 m (left) and 5 m 

(right). 

(B) Ca2+ channel current traces elicited by voltage steps from -80 to 0 mV in cultured DRG 

neurons. Constant LED illumination (470 nm, 10 mW/mm2) inhibited currents in PPO-

expressing neurons (purple) but not YFP+ controls (green).  

(C) Quantification of normalized Ca2+ channel currents depicting the time-course in inhibition in 

PPO+ (purple) vs. YFP control (green) neurons. Blue bar indicates when neurons were 

stimulated with constant blue LED light (470 nm, 10 mW/mm2). 
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(D) Dose-response curve of Ca2+ channel inhibition in response to varying intensities of constant 

blue light to PPO+ neurons (purple) or YFP+ controls (green). The inhibitory-half maximal 

value (IC50) of 0.8 mW/mm2 was calculated by a non-linear fit of the responses. Inhibition by 

the GABABR agonist baclofen (50 M, coral) was used to compare efficacy of PPO 

stimulation. n=6-11 for PPO at each intensity. n=7 for YFP controls and n=20 for baclofen 

responses. 

(E) Ca2+ channel trace of PPO expressing neuron before (purple) and after (blue) stimulation with 

pulsed blue light (470 nm, 10 Hz, 10 ms pulse-widths, 10 mW/mm2). 

(F) Time course of peak current inhibition to repeated LED pulses (blue bars) and enhanced 

recovery in amber light (yellow, 590 nm LED). n=4-6 neurons. 

(G) Plot of normalized Ca2+ channel currents in response to prolonged stimulation of PPO with 10 

Hz LED light (blue) or GABABR activation with 50 M baclofen (coral). PPO and GABABRs 

exhibited similar levels of short-term inhibition (ns=not significant); however, the response to 

baclofen desensitized within several minutes, while PPO continued to inhibit Ca2+ channels 

without apparent desensitization. T-test, *p<0.05 

(H) Normalized recovery time-course of Ca2+ channel currents with (LED, amber) and without (no 

stim., purple) subsequent illumination by amber light. The blue bar depicts when the pulsed 

LED was turned off. n=8 cells for each. 

(I) Summary graph of the plotted recovery tau with (amber) and without (purple) subsequent 

illumination with a 590 nm LED to photoswitch PPO off. Paired t-test, *p<0.05 

 

Figure 3. PPO couples to neuronal G proteins. 

(A) Ca2+ channel trace of PPO expressing neuron treated for 24 hours with 200 ng/ml pertussis 

toxin (PTx, purple) and subsequent responses to 10 Hz blue light (blue), 50 m baclofen 

(coral) and 100 m Cd2+ (black) to block Ca2+ channels.  
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(B) Time course of normalized peak Ca2+ channel currents in PPO-expressing neurons treated 

with PTx (purple) in response to 10 Hz LED stimulation (blue), 50 m baclofen (coral), and 

100 m Cd2+ (black). 

(C) Summary graph of the percent inhibition of Ca2+ channels in PPO expressing neurons. The 

blue and red bars represent parallel controls that were not treated with PTx. Gray bars 

represent PTx-treated PPO+ neurons stimulated with blue light (left) or baclofen (right). n=5-7 

for each, t-test **p<0.01, ***p<0.001. 

(D) Ca2+ channel current traces +/- pre-pulse (PP) depolarizations to 80 mV before test pulses to 

0 mV to test for voltage-dependent inhibition. Traces depict PPO (purple) or control (black) 

cells without pre-pulse, then after LED illumination of PPO (blue) or baclofen (coral). 50 ms 

pre-pulse depolarizations (gray) relieved the inhibition by LED (left) or baclofen (right). 

(E) Summary graph of voltage-dependent inhibition by LED illumination of PPO-expressing cells 

(n=9), or control neurons stimulated with baclofen (n=8). In both cases, inhibition was 

completely relieved by the pre-pulse. Paired t-test ****p<0.0001, *p<0.05. 

(F) Ca2+ channel trace of PPO expressing neuron (purple) stimulated with 50 M baclofen (coral) 

followed by 10 Hz LED stimulation (blue).  

(G) Time course of normalized peak Ca2+ channel currents in PPO-expressing neurons (purple) 

stimulated by 50 M baclofen (coral) and 10 Hz LED pulses (blue). n=6 

(H) Summary graph of the percent inhibition of Ca2+ channel currents by baclofen and subsequent 

LED stimulation. n=6 

 

Figure 4. Presynaptic PPO can silence synaptic transmission. 

(A) Cartoon depicting the injection site of Cre-dependent AAVs (AAV5:Ef1:DIO:PPO-Venus) 

into the ventral posterior medial nucleus  (VPM) of the thalamus in Vglut2-Cre mice to target 

excitatory projections to primary somatosensory cortex (S1). 
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(B) Confocal micrograph of the somatosensory cortex from a Vglut2-Cre mouse injected with Cre-

dependent AAV5s expressing PPO-Venus in the VPM. PPO-Venus+ axons (green) can be 

seen predominantly in layer IV of the barrel cortex. vGluT2+ presynaptic terminals (blue) and 

the excitatory postsynaptic marker PSD-95 (magenta) were used to visualize the synaptic 

localization of PPO. Scalebar represents 100 m. 

(C) Deconvolved super-resolution image depicting colocalization of PPO (green) with presynaptic 

vGluT2+ terminals (blue) opposed to excitatory postsynaptic sites marked by PSD-95 

(magenta). Scale bar represents 1 m. 

(D) IR-DIC images of an acute thalamocortical slice depicting the location of the bipolar 

stimulating electrode in the VPM, and the patch-pipette and objective for optical stimulation in 

LIV of the barrel cortex. 

(E) Epifluorescence image of PPO-Venus is the same acute slice showing PPO trafficking along 

axons projecting to the barrel cortex. Insets show 40x IR-DIC images of a recorded neuron in 

LIV surrounded by PPO-Venus+ fibers. PPO-Venus fluorescence was intentionally bleached 

(dashed circle) to show that the area of photostimulation was confined to individual barreloids 

in layer IV. 

(F) Plot of electrically evoked EPSCs which were silenced by 10 Hz pulsed LED stimulation (blue 

bar, 470 nm) and reversed by subsequent illumination with amber light (590 nm). 

(G) Representative EPSC traces (gray) and averaged responses during baseline (purple) and 10 

Hz LED stimulation (blue). Paired pulses were delivered at 50 ms intervals. Note the increased 

number of synaptic failures after LED stimulation. 

(H-J) Summary graph of EPSC amplitudes (H) paired pulse ratios (I), and failure rates (J) before 

(purple) and after LED stimulation (blue). n=8, paired t-tests, *p<0.05, **<0.01. 
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Figure 5. PPO inhibits dopamine neuron terminals to suppress reward seeking behaviors. 

(A) Cartoon depicting the experimental strategy for expressing Cre-dependent PPO-Venus 

(AAV5:Ef1:DIO:PPO-Venus) in DAT-Cre+ dopamine neurons in the ventral tegmental area 

(VTA). Optical fibers were implanted bilaterally above the VTA to stimulate cell bodies. 

(B) Confocal micrograph demonstrating PPO-Venus expression in cell bodies of the VTA. Scale 

bar = 400 m. 

(C) Experimental timeline for operant task training for sucrose rewards to assess reward seeking 

behaviors. Mice were trained on fixed ratio (FR)-1 and FR-3 schedules. 

(D) Cartoon of an operant chamber in which mice nose poke into an active port in response to a 

light cue to receive a sucrose reward.  

(E) Experimental design of the operant task in which mice learn to nose poke in the active port 

for a sucrose reward in response to the light cue. No reward is given for nose pokes in the 

inactive port. During FR1 training mice must nose poke once, while FR3 training requires 3 

nose pokes, for a sucrose reward. 

(F) Summary graphs operant behaviors with and without laser stimulation of PPO-expressing 

VTA neurons. Blue columns indicate pulsed laser light (473 nm, 10 Hz, 10 ms, 5-8 mW) which 

decreased both the number of nose pokes (left) and rewards (right). n=9 mice each, paired t-

test **p<0.01 

(G) Cartoon depicting sites for inhibiting DA neuron projections to the nucleus accumbens (NAc). 

Cre-dependent AAVs were injected into the VTA of DAT-Cre mice and optical fibers were 

placed above their terminals in the NAc shell. 

(H) Confocal micrograph depicting PPO-Venus expression in DA neuron terminals of the NAc. 

The placement of the optical fiber for targeting these projections is shown. Scale bar = 100 

m. 

(I) Operant chamber cartoon, as described above. 
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(J) Example graph of showing the escalating number of nose pokes needed to receive a reward 

in progressive ratio (PR) testing. 

(K) Summary graphs of FR-3 testing with and without optical stimulation of DA terminals as above 

(blue bars). Terminal inhibition decreased the number of rewards that mice received (right) 

but not the number of nose pokes (left). n=5 mice. Paired t-test **p<0.01 

(L) Summary graphs of PR testing in which optical stimulation decreased both the number of 

nose pokes and rewards received, indicating reduced motivation to work for these rewards 

when DA terminals to the NAc were inhibited. Paired t-test *p<0.05 

(M,N) Experimental timeline and set-up for testing cocaine preference behaviors in mice. During 

pre-testing mice were allowed to freely explore the 2 chambers. During pairing, mice were 

given saline injections in 1 chamber and cocaine (amount) along with 10 Hz blue light to inhibit 

DA neuron terminals in the other chamber. After 2 days of pairing, preference for either 

chamber was determined in both Cre+ PPO and Cre- control mice. 

(O) Summary graph of difference in time spent in the cocaine-paired chamber after testing. Cre- 

control mice (n=6) exhibit strong preference for the cocaine-paired chamber which was 

completely blocked by blue laser stimulation of DA terminals in the NAc in PPO-expressing 

mice (n=5). Both groups received optical stimulation during cocaine-pairing. t-test **p<0.01 

(P) Heat maps of relative time spent in each chamber for Cre-negative control mice (top) and 

PPO-expressing mice (bottom). 
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METHODS 

DNA and viral constructs 

Parapinopsin in pcDNA3.1 was kindly provided by Akihisa Terakita (Osaka City University, 

Japan). EGFP-9 and mCherry-9 were previously generated (Karunarathne et al., 2012, 2013), 

and the PTx-resistant mutant GOA(C351I)-CFP was previously described (Azpiazu et al., 2006). 

Arrestin3-GFP was a gift from Ken Mackie (Indiana University Bloomington). Clathrin-mCherry 

was obtained from Addgene (#55019). RCaMP1.07 was a gift from Junichi Nakai (Saitama 

University, Japan).  

mScarlet-9 was generated by PCR amplification of mScarlet using forward primer 5’- 

CCC AAG CTT ATG GTG AGC AAG GGC GAG GCA G-3’ (HindIII) and reverse primer 5’-CGC 

GGT ACC CTT GTA CAG CTC GTC CAT GCC G-3’ (KpnI). mCherry was excised from mCherry-

9 (in pcDNA3.1) after HindIII and KpnI digest, and mScarlet was ligated in frame with 9. 

For in vitro characterization of purified protein, parapinopsin was subcloned into pFastbac 

vector (ThermoFisher) with an N-terminal FLAG tag and 10xHis tag. The construct was cloned 

using cut sites NcoI and XhoI through PCR amplification using forward primer 5’-CCA TCA CGC 

CAT GGA GAA CTT GAC C-3’ and reverse primer 5’-CCT CTA GAT GCA TGC TCG AGT CTA 

GCT CG-3’.  PPO-Venus was generated by PCR amplification of PPO using forward primer 5’- 

GCG GAA TTC ATG GAG AAC TTG ACC TCG CTC GAC C-3’ (EcoR1) and reverse primer 5’- 

ATA GTT TAG CGG CCG CGC TCG GGG AGA CCT GCC CCG-3’ (NotI) and amplification of 

Venus using forward primer 5’-ATA AGA ATG CGG CCG CCA TGG TGA GCA AGG GCG AGG 

AGC-3’ (Not1 with extra base after the RE site to bring sequence into frame) and reverse primer 

5’-GCT CTA GAT TAC TTG TAC AGC TCG TCC ATG CCG-3’ (XbaI site followed by a stop 

codon). Purified PCR products were ligated into pcDNA3.1 after vector digest with EcoR1 and 

XbaI. 
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Cre-dependent viral vectors were generated by amplifying PPO-Venus from pcDNA3.1. 

Resulting amplification products were restriction digested, then gel-purified and ligated into a Cre-

dependent pAAV vector digested with the same enzymes used for the amplification product.  The 

Cre-dependent viral vector using the CAG promoter to drive expression (kindly provided by Larry 

Zweifel, University of Washington) was digested with AgeI and AscI.  PPO-Venus was amplified 

using the forward primer 5’-CGG ATC CAC TAG TCC AGA CCG GTG GAA TTC ATG G-3’ and 

the reverse primer 5’-GGC ACA GTC GAG GCG CGC CAG CGG GTT TAA ACG-3’, then 

digested with AgeI and AscI.  The Cre-dependent viral vector using the EF1 promoter to drive 

expression (available from Addgene, plasmid # 27056) was digested with NheI and AscI.   PPO-

Venus was PCR amplified using the T7 promoter as a forward primer and the reverse primer 5’-

GGC ACA GTC GAG GCG CGC CAG CGG GTT TAA ACG-3’, then ligated into the vector 

digested with NheI and AscI. All constructs were verified by Sanger sequencing. 

AAVs were produced in the Hope Center Viral Vector Core. AAV5:CAG:DIO:PPO-Venus 

was used for all in vitro studies at a titer of 2*1013 vg/ml and AAV5:Ef1:DIO:PPO-Venus for all 

in vivo studies at 3x1013 vg/ml. AAV5:Ef1:DIO:eYFP was used for all control experiments at a 

titer of 5x1012 vg/ml. 

 

Antibodies 

The following primary antibodies were used: mouse anti-synapsin-1 (Synaptic Systems 

cat. #106011, RRID:AB993033), guinea pig anti-tau (Synaptic Systems cat. # 314004, 

RRID:AB_A1547385), guinea pig anti-vGluT2 (Synaptic Systems cat. # 135404, 

RRID:AB_887884), and mouse anti-PSD-95 (NeuroMAb cat. # 75-028 RRID:AB_2292909). 

Secondary antibodies were both from Life Technologies: donkey anti-mouse Alexa Fluor 555 (cat. 

#31570) and goat anti-guinea pig Alexa Fluor 647 (cat. # 21450).  
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Animals 

All experiments were conducted in accordance with the National Institutes of Health 

guidelines and with approval from the Institutional Animal Care and Use Committee at 

Washington University School of Medicine and the Office of Animal Welfare at University of 

Washington.  Postnatal 1-2 day male and female Sprague Dawley rats were used to prepare 

striatal cultures. 4-6 week old male AvilCre mice (Aviltm2(cre)Fawa ; Jackson labs #032536) were used 

for DRG cultures (da Silva et al., 2011; Zhou et al., 2010). Male and female Vglut2-IRES-Cre mice 

(Slc17a6tm2(Cre)Lowl ; Jackson labs # 016963) were used for slice electrophysiology (Vong et al., 

2011), and male and female DAT-IRES-Cre mice (Slc6a3tm1.1(Cre)Bkmn ; Jackson labs # 006660) 

were used for behavioral experiments (Bäckman et al., 2006). All mice were group housed with 

ad libitum access to food and water before experiments and maintained on a 12hr light:dark cycle. 

 

Stereotaxic viral injections and optic fiber surgeries 

For slice electrophysiology, 5-6 week old Vglut2-IRES-Cre mice were anesthetized with 

isoflurane and secured on a stereotaxic frame. 1 l of AAV5:Ef1:DIO:PPO-Venus was injected 

unilaterally into the right VPm (AP: -1.5 mm, ML +1.8 mm, DV -3.6 mm) using a beveled tip 

Hamilton syringe. Viruses were injected at 75 nl/min and the needle was left in place for 10 

minutes after infusion before being slowly withdrawn and suturing the skin. 

In behavior experiments, 12-16 week old DAT-IRES-Cre (Cre+) mice or Cre- littermate 

controls were anesthetized with isoflurane and 0.4 l (per hemisphere) of AAV5:Ef1:DIO:PPO-

Venus was injected bilaterally at 100 nl/min into the ventral tegmental area (VTA) (AP: -3.4 mm, 

ML: ±0.4 mm, DV: -4.4 mm). 220 m optic fibers were placed bilaterally targeting either the VTA 

(coordinates same as above) or the nucleus accumbens core (NAc core) (AP: +1.4 mm, ML: +/-

1.5 mm, DV: -4.0 mm, 10o angle). 
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In vitro protein characterization 

Production of purified parapinopsin 

The construct was grown in DH10Bac (ThermoFisher, 10361012) cells and transfected 

into Sf9 insect cells using Cellfectin II reagent (ThermoFisher, 10362100). Baculovirus was 

generated according to the manufacturer’s protocol. From this point onward all experiments were 

completed in the dark or under dim red light.  

Sf9 cells were grown to a density of 2 million/mL at which time they were transduced with 

the baculovirus at a MOI=1.0. Protein was expressed for 48 hours in the dark. At 24 hours post-

transduction, 10 µM 9-cis-retinal was added to the culture. Cells were harvested and spun down 

at 1000xg for 10 minutes. They were then resuspended in buffer containing 65mM NaCl, 50mM 

HEPES, 1mM EDTA (pH=7.4), with protease inhibitors partial thromboplastin time (PTT) and 

leupeptin hemisulfate (LS). The suspension was placed in a nitrogen cavitation chamber at 600 

PSI for 30 minutes at 4°C. Upon release, lysed cells were centrifuged at 1000xg for 15 minutes 

followed by the supernatant being spun at 125,000xg for 35 minutes. The pellet was resuspended 

in buffer containing 50 mM NaCl, 50 mM HEPES, 5 mM MgCl2 (pH=7.4) with protease inhibitors 

(PTT/LS) and centrifuged at 125,000xg for 40 minutes. Resuspension of the pellet and 

centrifugation were repeated. Finally, the membranes were homogenized with a dounce and 

protein concentration was measured.  

Membranes were diluted to 5mg/ml of total protein and solubilized in 200 mM NaCl, 20 

mM HEPES, 5mM MgCl2, and 1% DDM (pH=7.4) at 4°C for 1 hour, at which point they were 

centrifuged at 125,000xg for 40 minutes. After centrifugation, the supernatant was applied to a 

Talon affinity column. The column was washed with 20 column volumes of wash buffer containing 

50 mM NaCl, 20 mM HEPES, 5 mM MgCl2, 5 mM imidazole, and 0.1% DDM (pH=7.4). Protein 

was eluted with elution buffer containing 150 mM imidazole, 40 mM NaCl, 20 mM HEPES, 1mM 

MgCl2, 0.1% DDM (pH=7.4).  
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Spectroscopy 

Absorption spectra of enriched protein samples were recorded on a SpectraMax 190 

Microplate Reader (Molecular Devices) at 23°C. Cuvette was blanked with elution buffer. The 

protein sample was initially scanned in a dark state. A 1 kW halogen lamp (Phillips) with a 

shortpass filter (Edmund Optics) was used for blue light (470 nm) photoactivation of the protein 

and protein deactivation was achieved using filtered amber light (594nm). Absorbance 

measurements were plotted using Graphpad Prism. 

 

Cell culture and transfection 

Real-time cAMP dynamics 

Luminescence assays to monitor cAMP levels were performed as we described previously 

(Siuda et al., 2015). Briefly, HEK293 cells (ATCC, cat. # CRL-1573) were co-transfected with 

PPO-Venus and pGloSensor-22F (Promega E2301) plasmids using JetPrime reagent (Polyplus, 

cat. # 114-07). Two hours before the experiment, cells were incubated with 2% of the GloSensor 

reagent (Promega, cat. # E1290). Relative luminescence units were recorded using a SynergyMx 

microplate reader (Biotek). Adenylyl cyclase was activated with 1 m forskolin, and cells were 

stimulated with constant blue LED light (465 nm, Plexon) for 60 seconds before being returned to 

the plate reader. Data, expressed as relative luminescence units, were normalized to the peak 

levels and plotted using GraphPad Prism. 

 

Imaging assays of 9 translocation 

The HeLa cell line was obtained from ATCC and cultured in MEM supplemented with 10% 

dialyzed FBS (Atlanta Biologicals) and 1x pen-strep at 37°C and 5% CO2. Cells were cultured and 

transiently transfected in 35-mm glass bottom dishes (CellVis), using Lipofectamine 2000 
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(Invitrogen) according to the manufacturer’s protocol. Transfections used 2 l of lipofectamine per 

dish along with the following DNA amounts:  

GFP-9 experiments:  1g PPO (untagged), 0.1g EGFP-9 

Two-photon experiments:  1g PPO-Venus, 0.1g mScarlet-9 

Go/PTX experiments:  1g PPO-Venus, 0.1g mScarlet-9, with or without 1 g 

OA(C351I)-CFP 

Arrestin experiments:   1g PPO (untagged), 1g Arrestin3-GFP, 0.5g mCh-clathrin, or  

1g PPO-Venus, 1g Arrestin3-mCh. 

Cells were imaged 1-2 days after transfection. 

 

Striatal neuron culture 

Timed pregnant Sprague Dawley rats were purchased from Charles River. On postnatal 

day P1-P2, striatal cultures were prepared as detailed (Mao and Wang, 2001). Cells were plated 

at 50,000-100,000 cells per dish in the center wells of 35 mm dishes containing 10 mm glass 

bottom wells (CellVis). On the day before dissection, the dishes were coated with poly-D-lysine 

(PDL) by overnight incubation with 100 g/ml PDL (Sigma P0899). Cells were cultured at 37°C 

and 5% CO2 in a 2:1 mix of NB:DMEM, where NB is neurobasal medium (Gibco) supplemented 

with 1x B27 (Gibco), 0.5mM glutamax (Gibco) and 1x pen-strep, and DMEM is DMEM/F12 

medium (Gibco) supplemented with 10% FBS (Atlanta Biological), 1x B27, 10 g/l glucose, and 1x 

pen-strep. At 4DIV, half of the medium was exchanged for fresh NB+ containing Ara-C at a final 

concentration of 5 M to prevent glial cell proliferation. Half the medium was exchanged for fresh 

NB+ every 7 days thereafter. 

Cells were transfected using a modified version of the Lipofectamine 2000 transfection 

protocol, with increased reagent concentration but reduced transfection time, as follows. For each 

dish, 2 l of lipofectamine and varying amounts of DNA (detailed below) were mixed in 100 l of 
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neurobasal medium and incubated at room temperature for 20 min. Conditioned medium was 

then removed from the dish of neurons, replaced with 100 l DNA/lipofectamine mix, and placed 

back in the incubator. After 10 min, the transfection mix was removed from the dish and replaced 

with the conditioned medium.   

PPO-Venus imaging:   0.5 g PPO-Venus, 0.1 g mScarlet-9, transfected 13DIV, 

imaged 14DIV 

RCaMP imaging with PPO:  0.5g PPO-Venus, 1 g RCaMP1.07, transfected 7DIV, imaged 

10DIV. 

 

Dorsal root ganglia (DRG) neuron culture 

DRG cultures were prepared from 4-6 week old AvilCre mice as described previously (Siuda 

et al., 2015). Mice were anesthetized with isoflurane, spinal columns were removed, and DRG 

were dissected in HBSS + 10 mM HEPES (HBSS+H). Tissue was enzymatically digested with 

papain (45U, Worthington, cat. # LS003126) for 20 minutes at 37°C, rinsed in HBSS+H, followed 

by collagenase (1.5 mg/mL; Sigma, cat. #C6885) for 20 minutes at 37°C. Ganglia were washed 

and resuspended in culture media consisting of Neurobasal A (Gibco), 5% FBS (Life 

Technologies), 1x B27 (Gibco), 2 mM glutamax (Life Technologies) and 100 g/mL 

penicillin/streptomycin (Life Technologies). Neurons were dissociated by mechanical trituration 

through glass pipettes, filtered with 40 m filters and plated at a density of 10,000 cells/well onto 

poly-D-lysine and collagen coated 12 mm coverslips. Neurons were infected with 2*1010 vg/ml of 

Cre-dependent AAVs (AAV5:CAG:DIO:PPO-Venus or DIO:eYFP) 2 hours after plating. For 

experiments testing G-protein dependence, neurons were incubated overnight in 200 ng/ml 

pertussis toxin (List Biological Laboratories, cat. # 179A) before recordings. 
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Histology 

DRG cultures 

 One to 7 days after AAV infection, cultured DRG neurons were rinsed in PBS and fixed in 

4% PFA/sucrose for 10 minutes on ice. After rinsing in PBS, neurons were blocked and 

permeabilized in PBS containing 3% donkey serum and 0.3% Triton X-100 for 15 minutes at room 

temperature. Cultures were incubated in primary antibodies (mouse anti-synapsin-1 and guinea 

pig anti-tau both at 1:2000 dilution) in PBS with 3% donkey serum overnight at 4°C. After washing, 

primary antibodies were labeled with donkey anti-mouse AF555 and goat anti-guinea pig AF647 

secondary antibodies (both 1:2000 in 3% donkey serum) for 1 hour at room temperature. 

Coverslips were rinsed five times before being mounted on slides with Prolong Gold Antifade 

reagent with DAPI (Life Technologies, cat. # 36931). Neurons were imaged on a Leica TCS SPE 

confocal microscope with a 63x oil immersion objective (NA=1.4).  

 

Thalamocortical projections 

Two to 6 weeks after viral injections of Cre-dependent PPO into the VPM, mice were 

deeply anesthetized with ketamine/xylazine and transcardially perfused with PBS followed by 4% 

PFA. Brains were removed and cut at a 45° angle to the right of the midline to preserve 

thalamocortical axon projections in the plane of slicing. They were then post-fixed in PFA 

overnight, cryoprotected in 30% sucrose and frozen in OCT media. 50 m thick thalamocortical 

slices were then cut parallel to the 45° plane and stored in PBS with 0.2% NaN3. Sections were 

rinsed thoroughly in PBS before being blocked and permeabilized in PBS with 2% donkey serum, 

2% goat serum and 0.3% Triton X-100 for 1 hour at room temperature. Primary antibodies (mouse 

anti-PSD-95 (1:500) and guinea pig anti-vGluT2 (1:500)) were incubated with the sections 

overnight at 4°C in PBS with 2% each donkey and goat serum. Sections were washed 5 times 

and incubated with secondary antibodies (donkey anti-mouse AF555 (1:500) and goat anti-guinea 

pig AF647 (1:500)) for 1 hour at room temperature in PBS with 2% donkey and goat serum. 
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Sections were washed 5 times again and mounted onto slides using Vectashield Hardset Antifade 

reagent with DAPI (Vector Labs, cat. # H-1400). Thalamocortical slice imaging was performed on 

an Andor Dragonfly microscope described below. 

 

VTA dopamine neurons and projections 

 Following behavioral experiments, mice were deeply anesthetized with pentobarbital and 

transcardially perfused with PBS followed by 10% formalin. Heads were placed with optic fibers 

intact overnight in 10% formalin. Brains were extracted and post-fixed in formalin overnight, 

followed by cryoprotection in 30% sucrose. 30 m thick slices containing either the VTA or NAc 

core were collected and mounted onto slides using Vectashield Hardset Antifade reagent with 

DAPI (Vector Labs, cat #H-1400) and imaged using an Olympus FV1000 confocal microscope 

(Olympus Scientific Solutions). 

 

Imaging assays 

Live-cell confocal imaging 

Imaging was performed using an Andor Dragonfly 500 spinning disk confocal system built 

on a Nikon Ti2 inverted fluorescence microscope equipped with Nikon Perfect Focus to actively 

prevent focal drift. The system is equipped with five solid state lasers (445 nm, 488 nm, 515 nm, 

561 nm, and 640 nm), the emission can be collected along one of two paths containing emission 

filter wheels and either an EMCCD camera (Andor iXon Life) or a sCMOS camera (Andor Xyla). 

LED light from a multi-LED illumination system (CoolLED pE-4000) was directed through the back 

port of the microscope by an Andor Mosaic DMD, which enabled spatially patterned illumination 

at the sample. Blue or UV LED light was coupled into the excitation path with the 515nm and 

longer wavelength lasers using a dichroic mirror to enable simultaneous imaging and 

photoactivation. LED pulsing was controlled using the CoolLED touch pad and LED illumination 

was either applied at constant intensity, or in 10 ms pulses at 10Hz where specified. 
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HeLa cell imaging and RCaMP1.07 imaging in cultured neurons, used a 60x, 1.4NA oil 

immersion objective (Nikon MRD01605: CFI Plan Apo Lambda 60x Oil), the EMCCD camera, and 

single plane confocal imaging. Imaging of PPO-Venus distribution in transiently transfected 

striatal cultures used the same objective, but z-stacks at 210 nm steps were collected using the 

sCMOS camera and deconvolved using Andor Fusion software. An OkoLabs stage top incubator 

maintained the samples at 37°C, 5% CO2. HeLa cells and cultured neurons were imaged in their 

respective culture medium, supplemented with 10 M 9-cis retinal. 

 

Total internal reflection fluorescence (TIRF) imaging  

TIRF imaging of PPO-induced arrestin translocation was performed on the Andor 

Dragonfly system described above, which is equipped for multi-color TIRF imaging. Images were 

captured using a 60x, 1.49 NA TIRF objective (Nikon: CFI Apochromat TIRF 60XC Oil) and an 

EMCCD camera (Andor iXon Life). Images were captured at 5 sec intervals for 10 min, and 

photoactivation with 460 nm LED light (10mW/mm2, 10 ms pulses, 10 Hz) was applied throughout 

the duration of the image sequence. Images of Arrestin3-GFP and mCh-clathrin were captured 

using 488 nm and 561 nm laser excitation, respectively. Images of PPO-Venus and Arrestin3-

mCh were captured using 515 nm and 561 nm laser excitation, respectively. 

 

Thalamocortical slice imaging 

Brain slice imaging was performed using the Andor Dragonfly system described above. A 

20x, 0.75NA objective (Nikon MRD00205) was used to identify regions of the barrel cortex for 

higher resolution imaging, which was performed using the 60x objective as above. Z-stack images 

were acquired using the sCMOS camera and deconvolved using Andor Fusion software. Laser 

excitation at 488nm, 561nm and 640nm was used to image PPO-Venus, Alexa Fluor 555 and 647 

dyes, respectively. 
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LED-based deactivation during GFP imaging 

  Imaging was performed using an Andor Revolution spinning disk imaging system build on 

a Leica DMI6000B inverted microscope with adaptive focus control, with a Yokogawa CSU x1 

spinning disk unit, and an Andor iXon EMCCD camera. The system is equipped with four solid 

state lasers at 445 nm, 488 nm, 514 nm, and 594 nm, combined through an acousto-optic tunable 

filter to enable rapid switching and control excitation power. An incubation chamber surrounding 

the entire microscope was maintained at 37°C, 5% CO2. Imaging was performed using a 63x, 

1.4NA oil immersion objective (Leica 506187: HCX PL APO 63x). For GFP-9 imaging and 

simultaneous activation of PPO, a single confocal plane was imaged at a rate of one frame every 

3 s, with 488 nm excitation through the spinning disk (average power ~45 W, which is typical for 

imaging GFP alone) and 300ms exposure time. PPO deactivation was achieved using a 595 nm 

LED (CoolLED pE-4000). The LED light was directed through the back port of the microscope by 

an Andor Mosaic DMD operating in “white mask” mode and ~150 W measured through the 

objective. The 488nm imaging laser and the 595 nm LED were coupled into the excitation path 

using a 562nm long pass dichroic mirror (Semrock Brightline FF556-SDi01). GFP emission was 

collected through the same dichroic mirror, a 488nm notch mirror, and a 525/30nm emission filter. 

 

Multiphoton imaging 

Multiphoton imaging was performed on an Olympus Fluoview FVMPE-RS multiphoton 

imaging system equipped with two wavelength-tunable Ti:Sapphire lasers (Spectra Physics, 

MaiTai and Insight lasers). HeLa cells transfected with PPO-Venus and mScarlet-9 were imaged 

at room temperature (22°C) in 35mm glass bottom dishes containing culture medium 

supplemented with 10 M 9-cis retinal. A water immersion objective (Olympus XLPLN25XWMP2, 

25x, 1.05NA) was immersed in the medium in the dish from above for imaging. Imaging and 

photostimulation were performed by laser scanning at a lateral resolution of 0.4792 m/pixel. 
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Imaging was performed with a scan speed of 20 s/pixel, and each line was scanned 3 times and 

averaged. Two-photon excitation of mScarlet was performed using the Insight and tuned to 1080 

nm. Two-photon photoactivation of PPO at each wavelength tested (700, 800, 900, 1000nm), was 

performed by tuning the wavelength of the MaiTai laser, adjusting the output power to an average 

of 10 mW measured at the back focal plane of the objective, and scanning the focused laser at a 

speed of 2 s/pixel. The two lasers were combined into the same excitation path using a laser 

coupling dichroic mirror (Olympus LCDM690-1050). Emission was collected through a green-red 

filter cube (Olympus FV30-FGR) onto GaAsP photomultiplier tubes. In order to reset PPO into the 

off state after each image acquisition, the sample was illuminated from below through a condenser 

lens by constant amber LED light (ThorLabs M590L3) for at least 2 min. 

 

Live-cell imaging analysis 

 Image sequences were first inspected manually for any lateral drift of the sample 

throughout the time course of the experiment. If necessary, the ImageJ TurboReg plugin was 

used to correct for lateral drift. Translocation of FP-9 from the plasma membrane to intracellular 

regions was quantified by manually selecting one cytosolic ROI per cell that excluded the plasma 

membrane and nucleus. The mean fluorescence intensity within the ROI was computed for each 

frame in a time series, using either ImageJ or Andor iQ software. An ROI selected in a nearby 

region of the sample lacking fluorescent cells was used for background subtraction. Since the 

fluorescence intensity varied among the transiently transfected cells, intracellular FP-9 intensities 

were normalized by the value at the first time point. 
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Electrophysiology 

Voltage gated calcium channel recordings 

Calcium channel currents were recorded from cultured DRG neurons after 3-6 days in 

vitro. Neurons were transferred into choline external solution containing (in mM): 135 choline 

chloride, 10 HEPES, 10 glucose, 2 BaCl2, 4 MgCl2, pH adjusted to 7.3 with CsOH and 300-310 

mOsm. 500 nM TTX (Abcam, cat. # ab120055) was included during recordings to block any 

residual sodium currents. Barium was used as the charge carrier for these recordings to avoid 

Ca2+ dependent changes in channel gating and physiology, and barium currents are referred to 

as calcium channel currents in the manuscript. GABABRs were stimulated with bath application 

of 50 M R/S-baclofen (Abcam, cat. # ab120149), and 100 M Cd2+ was routinely added at the 

end of an experiment to verify isolation of calcium channel currents. DRG neurons were visualized 

through a 40x objective using IR-DIC illumination to minimize light stimulation on an upright BX-

51 microscope, and Venus/YFP-expressing neurons were identified using epifluorescence. 

Whole-cell patch-clamp recordings were made using fire-polished glass pipettes with resistances 

of 2-3 M when filled with internal solution containing (in mM): 110 CsCl, 10 TEA chloride, 0.1 

CaCl2, 10 EGTA, 10 HEPES, 4 MgATP, 0.4 Na2GTP, 10 Na2phosphocreatine, pH to 7.28 with 

CsOH, 290 mOsm. The majority of recordings were performed at 25°C. For testing the effects of 

PPO at physiological temperatures, a heated chamber (ALA Scientific Instruments, cat. # HCS) 

and temperature controller (ALA, cat. # HCT-10) were used to maintain the bath temperature at 

32-34°C. 

Whole-cell patch-clamp recordings were made with Patchmaster software controlling a 

HEKA EPC10 amplifier. Calcium channel currents were elicited by step depolarizations from -80 

to 0 mV and monitored every 10 seconds, while leak currents were subtracted with a p/4 protocol 

of four 20 mV depolarizing test pulses after each sweep. IV curves were generated by step 

depolarizations from -80 to +60 mV in 10 mV increments. For pre-pulse protocols, neurons were 
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depolarized to +80 mV for 50 ms, followed by a return to -80 mV for 10 ms before 50 ms test 

pulses to 0 mV. Currents were digitized at 20 kHz and filtered at 3 kHz. Whole-cell and pipette 

capacitance transients were minimized using the compensation circuits of the amplifier, and 

series resistance was compensated by 70% in all recordings. Only cells with stable Rs < 15 M 

that did not change by more than 20% were included. Neurons were discarded from analysis if 

currents changed by more than 10% during baseline.  

Photostimulation was delivered through the microscope objective from custom made 

LEDs coupled to the rear fluorescence port. Blue LED light (Thorlabs, 470L2) was collimated with 

an aspheric condenser lens (Thorlabs, cat. #ACL2520U-A) and directed into the microscope by 

a 505 nm longpass dichroic mirror, while collimated green (Thorlabs, 530L3) and amber 

(Thorlabs, 590L2) were coupled behind this mirror. Pulsed light was triggered by TTL pulses from 

a Master-9 signal generator (AMP Instruments) to the LED current controller (Thorlabs DC4104). 

All light intensities were calibrated using a photodiode (Thorlabs, S121C) and power meter 

(Thorlabs PM100D).  

 

Acute slice preparation 

Brain slices for electrophysiology recordings were prepared using a protective cutting and 

recovery method (Siuda et al., 2015; Ting et al., 2014). 2-6 weeks after viral injections, mice were 

deeply anesthetized with ketamine and xylazine and transcardially perfused with cold oxygenated 

NMDG-aCSF containing (in mM): 93 N-methyl-D-glucamine, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 

20 HEPES, 25 glucose, 5 ascorbic acid, 2 thiourea, 3 sodium pyruvate, 0.5 CaCl2, 5 MgCl2, 

pH=7.4, 300-310 mOsm. Brains were rapidly removed and blocked with a 45° cut to the right of 

the midline (Agmon and Connors, 1991; Crandall et al., 2017). The cut surface was then glued to 

a platform and embedded in 2% low-melt agarose (Sigma, A0676). 350 m thick slices were cut 

using a Compresstome (Precisionary Instruments, cat. # VF-200-0Z) and transferred to a 
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recovery chamber containing oxygenated NMDG-aCSF at 32°C for 10-12 minutes before moving 

to a holding chamber filled with room temperature oxygenated holding-aCSF containing (in mM): 

92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 CaCl2, 2 MgCl2, pH=7.3, 

300-310 mOsm. Slices were maintained in the dark at room temperature and allowed to recover 

>1 hour before recording. 

 

Thalamocortical slice recordings 

Slices were transferred to a heated recording chamber of an upright BX-51 microscope 

and perfused at a rate of 2 ml/minute with oxygenated aCSF containing (in mM): 124 NaCl, 2.5 

KCl, 1.25 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 glucose, 2 CaCl2, 1 MgCl2 (pH=7.3 and 300-

310 mOSm). Slices were maintained at 32-34°C as described above. Neurons were visualized 

using IR-DIC microscopy and PPO-Venus+ fibers were imaged using LED epifluorescence 

through standard GFP filter cubes. Whole-cell patch-clamp recordings were made from visually 

identified neurons in layer IV of the barrel cortex using fire-polished glass pipettes with open tip 

resistances of 3-5 M when filled with internal solution containing (in mM): 110 cesium gluconate, 

8 tetraethylammonium chloride, 3 QX314 bromide, 1.1 EGTA, 0.1 CaCl2, 10 HEPES, 4 MgATP, 

0.4 Na2GTP, 10 Na2phosphocreatine, pH to 7.27 with CsOH, 291 mOsm.  

Recordings were performed using Patchmaster software controlling a HEKA EPC10. 

Neurons were voltage-clamped at -70 mV and electrically evoked thalamocortical currents were 

elicited by a bipolar stimulating electrode (FHC cat. #30202) placed in the VPm. Current pulses 

(0.2 ms, 50 ms interpulse intervals) was provided by a stimulus isolator (WPI, cat. #A365) and 

adjusted for each cell to produce ~90% success rates. Excitatory postsynaptic currents were 

pharmacologically isolated using 10 M bicuculline (Abcam, cat. # ab120108) and 100 M 

picrotoxin (Abcam, cat. # ab120315) and elicited every 10 seconds. LED stimulation (10 Hz, 10 

ms pulses, 10 mW/mm2) was delivered through the 40x objective above the recorded barreloid 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 20, 2021. ; https://doi.org/10.1101/2021.02.19.432008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.432008


as described above. We confirmed the restricted photostimulation by illuminating PPO-Venus+ 

fibers within the 40x field of view using constant blue illumination (10 mW/mm2 for ~5 minutes) 

and inspecting the photobleached area with the 4x objective. Series resistance values were not 

compensated and were continuously monitored using 5 mV hyperpolarizing test pulses every 

sweep. Neurons were excluded from analysis if Rs values changed more than 20% during 

recording. Data were sampled at 20 kHz, filtered at 3 kHz, and analyzed offline. 

  

Electrophysiology analysis 

 Electrophysiology recordings were analyzed using Igor Pro software (Wavemetrics) with 

the NeuroMatic plug-in (Rothman and Silver, 2018) and custom-written macros. Calcium channel 

currents were normalized to membrane capacitance and plotted normalized to the average 

baseline amplitude. Neurons were discarded if baseline currents drifted by more than 10%. 

Percent inhibition was quantified as the maximum inhibition observed during optical or 

pharmacological stimulation relative to baseline amplitudes. EPSC amplitudes were taken as the 

average amplitude within 0.1 ms of the peak. Latencies and jitter were calculated from the onset 

of electrical stimulation to 10% of the peak rise-time. Series resistance changes were monitored 

by calculating the peak amplitudes of the capacitance transients during 5 mV hyperpolarizing test 

pulses. Recovery tau values were calculated from single-exponential fits of the normalized peak 

current amplitudes as they returned to baseline using NeuroMatic. Half maximal activation for IV 

curves were determined using Boltzmann sigmoidal non-linear regression with Graphpad Prism 

8 software. Prism software was also used for all statistical analyses. 

 

Behavioral experiments 

Operant behaviors 

All behaviors were performed in a sound-attenuated room at least one week after 

habituation to handling and the holding room. Animals were trained on Pavlovian conditioning for 
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3 days, followed by fixed-ratio 1 (FR-1; 1 nose poke, one sucrose pellet) for 3 days, fixed ratio-3 

(FR-3; 3 nose poke, one sucrose pellet) for 3 days and then progressive ratio testing. One week 

prior to Pavlovian conditioning, DAT-Cre+ or Cre- mice were food restricted down to ~85% of free 

feeding body weight. Mice were also habituated to the reward (sucrose pellet) for 2 days prior to 

Pavlovian conditioning. Mice were trained to associate illumination of a house light (CS) with 

access to a sucrose pellet (US) within an operant box (Med-Associates, ENV-307A) under a 

variable interval 90 paradigm, where they would receive the pellet at a randomized interval of 30, 

60 or 90 s separating consecutive trials. The house light would illuminate concurrently for 20s with 

reward delivery. A randomized intertrial interval of between 30-90 seconds separated consecutive 

trials. Pavlovian conditioning sessions lasted for 60 minutes, over which an average of 35 rewards 

were presented. Following conditioning for 3 days upon which animals consumed all the rewards 

presented in one session, mice underwent FR-1, where they were trained to perform 1 nose poke 

for 1 reward. Similar to Pavlovian conditioning, the house light would illuminate concurrently for 

20s with reward delivery, following which, the animals would be able to proceed nose-poking. 

Upon optimum performance in FR-1, mice underwent FR-3 (3 nose-pokes for 1 reward) for 3 

days, mice were counterbalanced to receive laser stimulation for photoinhibition at 10 Hz (473 

nm wavelength, 10 ms pulse width, 5-8 mW of power; matched with optic fiber efficiency) for the 

entirety of the FR-3 session. Following photoinhibition during FR-3, mice were retrained on FR-3 

without light stimulation and underwent progressive ratio (PR) testing, following the geometric 

progression, nj = 5e j/5− 5, in which the criteria for rewards increased in an exponential manner 

(1, 2, 4, 6, 9, 12…) over the training period (Richardson and Roberts, 1996). Mice received laser 

stimulation for photoinhibition using the aforementioned parameters. Furthermore, during the 

photoinhibition experiments, mice were counterbalanced to receive laser stimulation during the 

entire PR session. 
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Conditioned place preference 

 DAT-Cre+ or Cre- mice were trained in an unbiased, three-compartment conditioning 

apparatus as described previously (Al-Hasani et al., 2015; McCall et al., 2015). In brief, we used 

a modified three-chamber CPP apparatus consisting of two square boxes (27 cm × 27 cm) that 

served as the conditioning chambers separated by a small center area that served as the 

passageway (5 cm wide × 8 cm long) between boxes. Boxes had 2.5 cm black-and-white vertical 

stripes or horizontal stripes and floors were covered with 500 ml of bedding on each side. The 

floor of the center area was smooth Plexiglas. Mice were habituated to handling, injection restraint 

and to the testing room for one week prior to testing. On day 1, mice were allowed free access to 

all 3 compartments of the conditioning apparatus for a 30-minute session. For 2 consecutive days 

following pre-test, mice received counterbalanced saline or cocaine (10 mg/kg, I.P) injections 

confined to either the left or right compartment at least 4 hours apart. Mice also received laser 

stimulation for photoinhibition at 10 Hz (473 nm wavelength, 10 ms pulse width, 5-8 mW of power; 

matched with optic fiber efficiency) on the cocaine-paired compartment for the entirety of the 30-

minute session. Following conditioning, mice underwent a “post-test” day, where they were again 

allowed free access to all 3 compartments. Time spent in each chamber and total distance 

traveled for the 30-minute trial was measured using Ethovision 10 (Noldus Information 

Technologies, Leesburg, VA). 
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