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Abstract 

Preface:  

Within the context of the broader biological / life sciences field, my thesis work 

focused on the interdisciplinary area of neuroscience. By integrating biochemistry, 

synthetic biology, and pharmacology, I developed an innovative molecular toolkit that 

enables non-invasive, real-time monitoring of various neuromodulator activities with 

high specificity and spatiotemporal resolution through optical imaging in the brain of 

behaving animals. With focuses on both biogenic amines and neuropeptides, the 

described molecular tools offer sub-cellular targetability and sub-second precision 

readouts, leading to new insights into physiological and pathological processes of 

neuromodulation, novel therapies and diagnostics of daily life, and potentially leading 

to mapping brain computations. Most technologies and results described in the thesis 

have been patented and published in high-impact peer-reviewed journals, such as Cell 

and Science, with one manuscript submitted to Nature Neuroscience, and one preliminary 

study. 

 

Main Dissertation Abstract: 

The brain is an intricate organ that controls various functions, such as perception, 

behavior, mood, and cognition, through interactions between neurons, astrocytes with 

neurotransmitters (NT), and neuromodulators (NM). The recent advancements in 

fluorescence imaging and genetic engineering have allowed researchers to study neural 
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activity, neurochemicals, and drug-specific receptor conformations at a cellular and 

subcellular level. 

Imaging neuronal spikes is crucial in the study of neural circuits and behavior. 

Neuronal spikes, or action potentials, are brief electrical signals traveling along nerve 

fibers and are the primary means neurons communicate. Researchers can directly 

visualize and quantify these electrical signals in living animals with high spatiotemporal 

resolution using genetically encoded calcium indicators (GECIs) and genetically encoded 

voltage indicators (GEVIs). This ability to image neuronal spikes in real-time in behaving 

animals offers new possibilities for dissecting neural circuits and understanding the 

mechanisms behind behavior across different species. In the past ten years, GECIs and 

GEVIs have revolutionized systems neuroscience by allowing for the mesoscopic 

recording of intracellular calcium as a proxy for electrical activity and directly reporting 

spiking patterns and subthreshold voltage activity. 

Calcium and voltage imaging are valuable tools for monitoring neurons' calcium 

and electrical activity, but they have limitations when studying neuromodulation. 

Neuromodulation involves controlling neural activity through signaling molecules like 

hormones, NT, NM, and growth factors. This is a crucial aspect of brain function, 

enabling communication between neurons and coordination of brain regions. 

Neuromodulation fine-tunes neural circuits and influences brain functions like learning, 

memory, perception, and behavior. For instance, dopamine in the striatum controls 

reinforcement learning and habit formation, while serotonin affects mood, anxiety, and 

sleep. Neuromodulation also plays a crucial role in treating neurological and psychiatric 
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disorders, with drugs altering NT levels or neuromodulatory patterns, such as 

antidepressants targeting the serotonin system and antipsychotics targeting the 

dopamine system. However, the release of NM may not be directly coupled to neuronal 

activation because NM is often released from non-synaptic locations, can have diffuse 

effects on multiple neurons, and can be released in response to non-neuronal signals. 

Many groups have pioneered the effort and developed technologies for measuring 

the bulk release of NM, including micro-dialysis, opto-dialysis, amperometry, and mass 

spectrometry. However, the traditional methods either need direct measurements of 

specific NM or need to be higher in spatiotemporal resolution. Therefore, to better dissect 

the complex dynamics of neuromodulation, it is necessary to invent new technologies for 

monitoring NM release with sub-cellular and sub-second spatiotemporal resolution in 

real-time.  

My graduate thesis focused on engineering genetically encoded neurochemical 

indicators (GENIs) and using optical imaging to study NM release. By genetically 

encoding the indicators, we can achieve specific cell-type targeting of the indicators and 

pinpoint the release pattern of specific NM in a highly specific manner, providing sub-

second temporal- and sub-cellular spatial- resolution. This enables researchers to 

accurately measure the real-time release of NM, including their precise location and 

release dynamics in behaving animals. Overall, using GENIs and optical imaging to 

study NM release has greatly advanced our understanding of the complex processes 

involved in synaptic communication and has opened new avenues for exploring the 

mechanisms underlying neural and physiological diseases.  
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In the opening chapter, I delve into the current collection of GENIs, recent 

advances in NM dynamic studies, and the impact of drugs and environmental stimuli on 

neuromodulation via fluorescence imaging with GENIs developed by our lab and others. 

I present the methodology of engineering GENIs that allow real-time tracking of various 

neural activities and specific receptor conformations affected by drugs. I also use 

mathematical modeling to explore the engineering and optimization methods for these 

indicators. Further, the GENI engineering methods can be utilized for other 

neurochemicals we haven’t explored and provide a comprehensive toolkit for studying 

neural activity and drug effects in living organisms. The text of this chapter is modified 

from my first-author manuscript published in the Annual Review of Neuroscience in 2022. 

Despite the essential biological functions that serotonin regulates, as 

aforementioned, imbalances in the serotonin system have been linked to several 

psychiatric and neurological disorders, such as depression, anxiety, and obsessive-

compulsive disorder. Thus, understanding the underlying mechanisms of serotonin 

signaling is crucial for developing new treatments for these conditions. In chapters two 

and three of this dissertation, I expand into engineering two types of GENIs for the NM, 

serotonin.  

To understand the pharmacological mechanisms of drugs on the serotonin system, 

in chapter two, I present the creation and validation of a GENI, psychLight, based on the 

5-HT2A G-protein coupled receptor (GPCR) and circularly permuted green fluorescent 

protein. After extensive screening and optimization with molecular cloning and live-cell 

imaging techniques, psychLight was generated. It allows for detecting changes in 
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serotonin signaling in behaving rodents under aversive stimuli. Additionally, I use 

psychLight to study the mechanism of action of designer drugs on receptors. By 

evaluating the biased receptor conformations upon ligand binding, I investigate how to 

eliminate the side-effect of psychedelic-based antidepressants, i.e., hallucination. I use 

genetic and viral approaches to develop a cell-based drug screening platform using 

psychLight (patented), resulting in the synthesis and discovery of novel compounds with 

both short-term and long-term antidepressant potential but without the hallucination 

side-effect. Finally, I demonstrate the use of psychLight and other genetic tools to show 

that psychedelics promote plasticity through intracellular 5-HT2A receptors, and 

serotonin may not be the natural ligand for those intracellular receptors. This highlights 

the importance of considering the cellular location of 5-HT2ARs in determining their 

signaling properties and suggests that intracellular 5-HT2ARs may be a valuable 

therapeutic target. 

In summary, psychLight provides high-spatiotemporal resolution and real-time 

monitoring of endogenous serotonin in response to behavioral stimuli. The application 

of psychLight combined with other methods shed light on the mechanisms behind the 

therapeutic effects of psychedelics and the role of serotonin in promoting brain plasticity. 

Furthermore, the psychLight drug screening platform demonstrates the potential for 

conformational indicators in discovering novel treatments for neuropsychiatric and 

neurodegenerative diseases with fewer side effects. The text of this chapter is modified 

from my first-author manuscript published in Cell in 2021 and my contributions to the 

manuscript published in Science in 2023.  
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Chapter three presents an innovative method for creating a high-dynamic range 

serotonin indicator, iSeroSnFR, for better understanding serotonin’s role in the brain with 

a high signal-to-noise ratio (SNR). I use machine learning algorithms to modify an 

acetylcholine-binding protein, resulting in its ability to bind serotonin selectively. I 

validated the iSeroSnFR’s serotonin selectivity with screenings in mammalian cells and 

neuronal cultures. Together with others, we use iSeroSnFR to reveal serotonin dynamics 

during sleep-wakefulness cycles. The text of this chapter is modified from my 

contributions to the manuscript published in Cell in 2020. 

In chapter four, I discuss the creation of GENIs to detect neuropeptides (NP), 

another class of NM. NP has been linked to various brain dysfunctions, including 

addiction, cognitive disorders, and stress. However, the study of NP signaling is minimal 

due to the nature of the degradation of peptides over time. Traditional methods that need 

to extract NP out of the brain for analysis cannot provide detailed enough information 

on NP signaling. Thus, a direct measurement at the site of release/reception is the key. 

Of the numerous NP discovered, opioids are clinically the most significant, as they are 

the primary target of effective pain-relieving treatments. However, these treatments also 

lead to issues of abuse and overdose. To create a treatment without such adverse side 

effects, a better understanding of opioid signaling and opioid receptor actions on drugs 

is necessary.  

To fill this knowledge gap, I engineered a set of GENIs based on three opioid 

receptors to detect endogenous opioids with sub-second temporal precision at the 

releasing site in real-time. I thoroughly evaluated the binding kinetics of analgesics by 
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comparing drug screening on the indicators and traditional radio-ligand binding assay 

on the receptors. By incorporating these indicators with optogenetics, a technology that 

allows using light to activate specific neuronal projections in the brain, I observed light-

induced opioid release on opioid-releasing neurons in behaving animals. Further, I 

observed different opioid-releasing patterns in the sub-brain regions in rewarding and 

aversive behaviors with optical imaging. The opioid GENI toolkit is a valuable resource 

that facilitates new insights into opioid signaling and drug mechanisms that were 

previously inaccessible. The manuscript of this chapter is finalizing for publication.  

Chapter five of the thesis focuses on the future outlook, discussion, and conclusion. 

I begin the chapter with preliminary data on the optimization of the next generation of 

gastrin-releasing peptide (GRP), a critical neuropeptide for regulating fear extinction. In 

this section, I present an ongoing project that aims to optimize the sensitivity from a 

previous generation GRP sensor, grpLight1.0. Given that we have published the 

grpLight1.0 in 2021 and used this sensor to reveal that bombesin-like peptide plays a 

crucial role in enhancing fear memory by recruiting disinhibitory cortical circuits. 

However, grpLight1.0 is not sensitive enough to detect functionally relevant GRP levels 

in vivo. The first section of the chapter provides results for the sensitivity optimization of 

grpLight1.0 with characterizations in vitro and preliminary data for monitoring GRP 

release in vivo during fear conditioning. This optimized sensor variant, grpLight2.0, will 

be followed by more detailed ex vivo and in vivo characterizations for further dissecting 

GRP’s role in the brain. In the later sections, I discuss the limitations of GENIs in the field 
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of neuroscience and present a mathematical model for potential GENI optimization 

directions. Finally, I summarize my thesis projects and provide a future outlook. 

Together, this thesis presents the methodology and applications of GENIs to study 

the dynamics of selected NM signaling and drug-receptor interaction in the brain. It 

provided valuable insights into the role of NM in shaping circuit function, both in healthy 

and diseased conditions. It highlights the need for better indicators of existing and other 

NM for a broader understanding of brain computation. Optimizing indicators for better 

SNR and expanding the toolkit for multiplex imaging with indicators on different 

spectrums is encouraged to perform multi-NM readouts simultaneously. Methods 

including machine learning and fluorescence-activating cell sorting are also suggested to 

enhance the indicator optimization process in the future. This thesis presents the 

significance of GENIs in neuroscience research and their possibilities in furthering our 

understanding of neural circuits in complex behaviors and pharmacology with precision. 
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Chapter 1 – Introduction - from neuronal spikes to neuromodulators 
 
 
 

Fluorescence Imaging of Neural Activity, Neurochemical Dynamics, and Drug-

Specific Receptor Conformation with Genetically Encoded Sensors 

 

Preface 

The text of this chapter is a modified version of a manuscript that was submitted to the 

Annual Review of Neuroscience on September 10, 2021, and accepted for publication on 

March 22, 2022 (doi.org/10.1146/annurev-neuro-110520-031137). The layout has been 

adjusted in accordance with the requirements of a doctoral thesis. The authors on the 

original manuscript are listed as Chunyang Dong†, Yu Zheng†, Kiran Long-Iyer, Emily C. 

Wright, Yulong Li, and Lin Tian. 

(† authors contributed equally to this work) 
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Abstract 
To study neural circuitry, the action of one cell within a network of others, one 

would precisely measure and perturb specific neuronal populations and molecules, 

which are engaged in performing the computation or function of interest in behaving 

animals. The discovery and heterogeneous expression of green fluorescent protein (GFP) 

promoted the development of a vast array of genetically encoded sensors that have been 

created to monitor neurotransmission, synaptic spillover, excitable membrane potential, 

calcium dynamics, vesicle trafficking, receptor mobilization, and other biochemical 

events. For example, the development of genetically encoded calcium indicators (GECIs) 

such as GCaMP and its color variant jRGECO, combined with advanced imaging 

modalities, has revolutionized systems neuroscience (Chen et al. 2013, Dana et al. 2016, 

Tian et al. 2009) by permitting mesoscopic recording of intracellular calcium as a proxy 

for electrical activity (Grienberger & Konnerth 2012). Genetically encoded or hybrid 

voltage indicators (GEVIs) have also been engineered and significantly improved to 

directly report spiking patterns and subthreshold voltage activity. In addition, genetically 

encoded sensors for specific neurochemicals (GENIs) report release dynamics with high 

spatiotemporal resolutions and molecular specificity. Collectively, the application of 

these sensors provides new opportunities for in vivo dissection of neural circuits 

underlying behavior across various species. This chapter outlines a workflow for sensor 

development and discusses a broad range of applications of GENIs in neuroscience and 

pharmacology. 
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Imaging Neuronal Activity in Genetically Defined Populations 
The GECIs can be categorized into two types based on Förster resonance energy 

transfer (FRET) between two fluorescent proteins (FPs) or intensity changes of single FPs 

(Figure 1.1a). Miyawaki et al. (1997) engineered the very first FRET-based calcium sensor, 

Cameleon, composed of a calcium-sensitive calmodulin (CaM) and a CaM-binding 

peptide, M13, sandwiched by two GFP variants (BFP-GFP or CFP-YFP). Calcium binding 

induces CaM-M13 interaction to increase the FRET efficiency, reflected by changes in the 

dual emission of donor and acceptor. Further improvements on such FRET-based sensors 

include chromophore orientation tuning with Venus variants to improve the response 

dynamic range (Nagai et al. 2004) and CaM-M13 replacement with troponin C (TnC) or 

structure-guided redesign of the CaM-M13 interface to minimize cellular perturbation 

(Mank et al. 2008, Palmer et al. 2006). The ratiometric measurement of such FRET sensors 

confers correction of motion and blood flow artifacts and allows quantification of 

intracellular calcium concentration. However, FRET sensors often show less sensitivity 

compared with single FP–based calcium sensors. 
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Figure 1.1: Schematic representation of genetically encoded indicators for calcium (GECIs), voltage 
(GEVIs), and neurochemicals (GENIs).  
(a) GECIs are based on Förster resonance energy transfer (FRET) and circularly permuted fluorescent 
protein (cpFP). The FRET-based calcium sensor is developed by inserting the calmodulin (CaM)-M13 in 
between donor and acceptor fluorophores such as CFP-YFP or BFP-GFP (e.g., Cameleon). The cpFP-based 
sensor is intensiometric, in which a cpFP is inserted in between CaM and M13/RS20 (e.g., GCaMP).  
(b) GEVIs utilize the voltage-sensitive domain (VSD) or opsin as scaffold. VSD-based sensors are developed 
by attaching a native fluorescent protein (FP) to the C terminus of VSD (e.g., ArcLight) or inserting a cpFP 
into the extracellular S3–S4 loop of the VSD (e.g., ASAP series). The light-driven proton pumps (opsin) are 
functionally reversed to action as a voltage-sensitive optical element (e.g., Arch). A bright FP is attached to 
the opsin to address the dimness of opsin-based GEVIs via electrochromic FRET (eFRET), as shown in 
Ace2N-mNeon. The FP is replaced with HaloTag–Janelia Fluor dyes to develop a hybrid voltage sensor, 
namely Voltron.  
(c) Two classes of ligand-binding scaffolds, periplasmic binding proteins (PBPs) and G protein–coupled 
receptors (GPCRs), are used to develop GENIs. In both cases, a cpFP is inserted into the hinge region of 
PBPs (e.g., iGluSnFR) or intracellular loop 3 of GPCRs (e.g., GRAB, dLight). Abbreviations: NM, 
neuromodulator; NT, neurotransmitter. Sources for sensors named in the figure are as follows: Cameleon 
(Miyawaki et al. 1997), GCaMP (Nagai et al. 2001), ArcLight (Jin et al. 2012), ASAP series (St-Pierre et al. 
2014, Villette et al. 2019, Yang et al. 2016), Arch (Kralj et al. 2011), Ace2N-mNeon (Gong et al. 2015), Voltron 
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(Abdelfattah et al. 2019), iGluSnFR (Marvin et al. 2013), GRAB (Sun et al. 2018), and dLight (Patriarchi et 
al. 2018). 
 

The emergence of single FP–based calcium sensors originates from the creation of 

circularly permuted fluorescent protein (cpFP) (Baird et al. 1999). The environment-

sensitive cpFP can be modulated by the calcium binding–induced conformational 

changes of CaM-M13/RS20. Early versions of the cpFP-based calcium sensors include 

Pericam and GCaMP, both using the CaM and M13, with a circularly permuted yellow 

fluorescent protein or circularly permuted green fluorescent protein (cpGFP) inserted 

(Nagai et al. 2001, Nakai et al. 2001). Iterative protein evolution has greatly improved the 

sensors’ sensitivity and pushed them into practical use in vivo. In particular, GCaMP6, a 

big breakthrough in this field, has been widely used in the neuroscience community for 

neural activity imaging due to its superior signal-to-noise ratio (SNR) when probing 

calcium in individual neurons as well as in ensembles in vivo (Chen et al. 2013). Further 

optimization of GCaMP6 has led to jGCaMP7 and jGCaMP8 series. The jGCaMP7 shows 

further improved sensitivity and bright basal fluorescence, allowing high-quality calcium 

imaging in spines and somas (Dana et al. 2019). The latest jGCaMP8 was engineered by 

swapping the M13 peptide with an endothelial nitric oxide synthase peptide (Zhang et 

al. 2021). The rational design confers faster kinetics to the sensor, which benefits the 

tracking of action potentials. A similar strategy was also applied in developing the 

XCaMP series, in which the M13 was replaced by a ckkap peptide from the neuronal 

protein CaMKK, which is shown to respond to calcium linearly (Inoue et al. 2019). 

Subcellularly targeted GECIs have also been developed to improve the SNR of 

calcium imaging. Axon-GCaMP6 is a specialized GECI that enriches axonal structures by 
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fusing growth-associated protein-43 (GAP43) (El-Husseini et al. 2001) at the N terminus 

of GCaMP6m. Axon-GCaMP enabled the in vivo recording of orientation and direction 

tuning of axons projecting from L4 V1 neurons across cortical layers without 

somatodendritic calcium signal contamination (Broussard et al. 2018). The expression of 

GECIs can also be restricted to neuronal soma to reduce overlapping fluorescence from 

surrounding neuropil to substantially improve the SNR and specificity of imaging (Chen 

et al. 2020). 

 In addition, red-shifted, far-red, and near-infrared (NIR) GECIs have been 

developed to enable multiplex imaging and to potentially enhance imaging depth, 

allowing researchers to explore previously unreachable brain regions. R-GECO1 and 

RCaMP1 were the first red-shifted GECIs designed by replacing cpGFP in GCaMPs with 

cpmApple and cpmRuby, respectively (Akerboom et al. 2013, Zhao et al. 2011). Further 

optimization has generated the broadly used jRGECO1a, jRCaMP1a, and jRCaMP1b 

(Dana et al. 2016). The jRGECO1a is more sensitive but suffers from blue light–induced 

photoactivation and lysosomal accumulation. A new variant called KGECO1, based on 

cpFusionRed, was engineered to tackle this issue, while retaining high response (Shen et 

al. 2018). The color spectrum was further shifted to far red in FR-GECO using the 

monomeric far-red FP mKelly2 to enable sensitive detection of single action potentials in 

neurons (Dalangin et al. 2020). 

 Recent breakthroughs in protein engineering efforts have also led to the 

development of non-GFP-based NIR GECIs (Shcherbakova et al. 2015). Taking advantage 

of biliverdin-binding NIR FPs, the first NIR GECI, NIR-GECO1, was designed by 
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inserting the CaM-RS20 module into the split NIR mIFP (Qian et al. 2019, 2020). A 

brighter, FRET-based NIR GECI, named iGECI, utilized two bright NIR FPs, miRFP670 

and miRFP720, flanking the CaM-RS20 for FRET (Shemetov et al. 2021). Further 

optimization in the brightness and photostability of these sensors would significantly 

improve the SNR for in vivo imaging. 

 GEVIs, based on the voltage-sensing domain of voltage-sensitive phosphatases or 

light-driven proton pumps (opsin), have been developed to directly resolve firing 

patterns and coding properties of targeted neurons such as rapid sequential firing, 

hyperpolarizing, and subthreshold depolarizing (Knopfel & Song 2019). These GEVIs are 

engineered to measure membrane potential (Vm) changes (Figure 1.1b). Though voltage 

imaging remains challenging compared to calcium imaging, recent rigorous sensor 

engineering efforts have enabled spiking imaging in genetically defined neuronal 

populations in behaving animals. 

The development and applications of GEVIs have been reviewed extensively and 

in great depth elsewhere (Pal & Tian 2020, Panzera & Hoppa 2019, Wang et al. 2019). The 

current GEVIs are still far from optimal. Inadequate sensitivity, along with the 

requirement of kilohertz acquisition and very limited imaging duration, has limited their 

utilization to a few laboratories. We expect a practically useful GEVI, in conjunction with 

GECIs, to provide more precise dissection of information processing in the brain. 

Nevertheless, GECIs and GEVIs have paved the way for genetically encoded indicators, 

providing the foundation for the engineering and application of other sensors, including 

the neurochemical sensors reviewed below. 
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Imaging Beyond Spikes with Neurotransmitter and Neuromodulator Sensors 

Neurotransmitters (NTs) and neuromodulators (NMs) are essential signaling 

molecules for information processing in the brain. There are more than 100 known NT 

and NM molecules (Kovacs 2004), classified as amino acids, monoamines, neuropeptides, 

purines, and lipids based on their structures. Fast-acting NTs, namely glutamate and 

gamma-aminobutyric acid (GABA), act through ligand-gated ion channels and G 

protein–coupled receptors (GPCRs) to modulate firing rate and excitability of 

postsynaptic cells. In contrast to fast-acting NTs, NMs almost exclusively bind to GPCRs 

to initiate molecular signaling cascades that modulate synaptic strength, neuronal 

excitability, and circuit dynamics on timescales of subseconds to hours (Guillaumin & 

Burdakov 2021, Nadim & Bucher 2014). Altered NT and NM release is central to the 

pathogenesis of neurological and psychiatric disorders. Although the anatomical 

characterizations of NT and NM projections and their functional significance are 

understood at a moderate level, many outstanding questions remain regarding the 

structural and molecular basis and key computations underlying their release. There is a 

pressing need to increase experimental capacity to precisely measure the dynamics of 

these molecules with subsecond and single-cell resolution, high molecular specificity, 

and cell type specificity, ideally, across the full course of a behavioral paradigm. 

Inspired by the design of GECIs, we and others have developed a tool kit of 

genetically encoded single FP–based indicators to probe various NT and NM systems 

(Figure 1.1c). To date, two main categories of single FP sensors have been developed, 
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classified by their ligand-binding scaffolds: bacterial periplasmic binding proteins (PBPs) 

and GPCRs. 

PBP scaffolds are attractive for sensor engineering due to the conserved and large 

conformational change of PBP upon ligand binding. These proteins usually consist of two 

domains linked by a hinge region; this structure is conserved across other PBPs (Quiocho 

& Ledvina 1996). The ligand binding site is located in between the two domains, and the 

protein typically adopts two distinct conformations: a ligand-free (Apo) and a ligand-

bound (Sat) state. These two conformations can interconvert via the hinge region upon 

ligand binding and releasing. By connecting these PBPs with a cpFP, we can achieve more 

versatile and intensiometric measurements of the ligand transients in real time. Using 

this design platform, highly sensitive sensors have been developed for glutamate 

[iGluSnFR (Helassa et al. 2018; Marvin et al. 2013, 2018)]; acetylcholine [iAChSnFR 

(Borden et al. 2020)]; GABA [iGABASnFR (Marvin et al. 2019)]; nicotine [iNicSnFR 

(Shivange et al. 2019)]; ATP [iATPSnFR (Lobas et al. 2019)]; glucose (Hu et al. 2018, Keller 

et al. 2021, Mita et al. 2019); and, more recently, serotonin [iSeroSnFR (Unger et al. 2020)]. 

The development of iGluSnFR pioneered the field of NT sensor development and 

paved the way for developing other NT/NM sensors. For example, the acetylcholine 

sensor, iAChSnFR, consists of a hyperthermophilic homolog of Bacillus subtilis OpuBC 

from Thermoanaerobacter sp. X513 and a circularly permuted superfolder green 

fluorescent protein (cpSFGFP) (Borden et al. 2020). A critical challenge for developing 

iAChSnFR is the specificity tuning. The X513-OpuBC binds to both choline and 

acetylcholine, and the affinity for choline (kd = 8 uM) is tighter than that for acetylcholine 
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(kd = 95 uM). With the guidance of crystal structure modeling and modifications on the 

binding pockets, hinge region, protein interface between X513 and cpSFGFP, and 

junctions between the binding protein and cpSFGFP, the specificity and affinity of 

iAChSnFR have shifted from choline toward acetylcholine, despite the molecular 

similarity between the two. Expressing iAChSnFR in HEK293T cells yields an apparent 

kd of 2.9 ± 1.6 uM and a maximum dynamic range of 10 ± 1.4 folds. Furthermore, 

iAChSnFR has been utilized for in vivo recordings in mice, fish, flies, and worms (Borden 

et al. 2020). 

The recent development of the PBP-based serotonin sensor iSeroSnFR furthered 

the process of altering specificity and selectivity of the binding protein. By applying a 

machine learning strategy and computational modeling, the binding pocket of iAChSnFR 

was radically redesigned to bind serotonin while ablating acetylcholine and choline 

binding. The finalized iSeroSnFR conveys 19 mutations with an approximately 5,000-fold 

increase in serotonin binding specificity compared to iAChSnFR. The large dynamic 

range of this sensor permits in vivo detection of distinct serotonin transients across 

various brain regions and behaviors, including fear conditioning and sleep-wake cycles 

(Unger et al. 2020). 

Endeavors to create genetically encoded sensors based on GPCRs as a binding 

module have started to further expand the toolbox (Andreoni et al. 2019, Sabatini & Tian 

2020, Wang et al. 2018). Not only are GPCRs the largest and most diverse group of 

membrane receptors in eukaryotes, but they are also native targets of NTs and NMs in 

the brain. The readily available binding module for endogenous NTs and NMs of interest, 



 11 

as well as their highly conserved structures, led to the development of a universal design 

approach for NM sensors. The existing GPCR structures combined with computational 

simulation approaches suggest that the largest conformational change upon ligand 

binding is in the intracellular loop 3 (ICL3), the domain crucial for recruiting G proteins, 

which lies in between transmembrane (TM) domains TM5 and TM6 (Tikhonova & 

Costanzi 2009) (for solved GPCR structures, see Zhang et al. 2015).Two major single-FP 

intensiometric sensors, the Light and GRAB families, have been developed utilizing this 

conformational change. The general design strategies for GPCR-based sensors are similar 

to the PBP-based sensors, except they use the binding moiety from GPCRs. For the 

dLight1 series, based on three dopamine (DA) receptors (DRD1, 2, and 4), ICL3 of various 

DA receptors was completely removed and the cpGFP was inserted directly onto the TMs 

with short linkers (Patriarchi et al. 2018), while the GPCR activation–based dopamine 

sensor (GRABDA) series, based on the DRD2 receptor used different linkers and ICL3 

insertion sites (Sun et al. 2018). By systematic site saturation mutagenesis (SSM) on the 

linker region, GFP, and receptors, dLight1 achieved an affinity range from 4 nM to 2.3 

µM, with a dynamic range from 170% to 930%. Similarly, GRABDA has an affinity of 7–

130 nM and a dynamic range from 90% to 340%. The high affinity and high specificity of 

the DA sensors demonstrated excellent fluorescent sensitivity and brightness in response 

to ligand binding, making them ideally suited for in vivo imaging. This strategy has been 

successfully expanded to generate more GPCR-based biosensors for detecting other NMs, 

including acetylcholine (GRABACh), norepinephrine (nLight, GRABNE), serotonin 

(psychLight, GRAB5-HT), adenosine (GRABAdo), ATP (GRABATP), and 
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endocannabinoids (GRABeCB) (A. Dong et al. 2021; C. Dong et al. 2021; Feng et al. 2019; 

Jing et al. 2018, 2020; Peng et al. 2020; Wan et al. 2021; Wu et al. 2022). 

 

Workflow for Development and Optimization of Neurotransmitter and 
Neuromodulator Sensors 

Despite the considerable progress in NT/NM sensors that has been made in recent 

years, the existing NTs with applicable sensors are still far from adequate. Here, we 

summarize the workflow of how to develop and optimize NT/NM sensors, with 

GRABDA as an example, aiming to facilitate the expansion of sensor families (Sun et al. 

2018, 2020) (Figure 1.2). 
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Figure 1.2: A workflow for developing and optimizing GPCR-based neurochemical sensors.  
(a) Options and considerations for selecting an appropriate GPCR scaffold. GPCRs can be from different 
subtypes and species and redesigned in silico. A good scaffold should show good membrane trafficking, 
high initial dynamic range after cpFP insertion, appropriate affinity, and high selectivity for the 
neurochemical of interest.  
(b) After choosing a good scaffold, cpFP insertion site optimization, linker optimization, and cpFP 
optimization can be performed sequentially. The critical sites in cpFP optimization are mainly on the 
interface with the GPCR or learned from other FP or cpFP variants, as highlighted in gray.  
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(c) Further tuning can be performed by mutating GPCRs to tune the affinity and kinetics. The potential 
sites in GPCRs can be obtained from the reported GPCR structures, previous functional studies by 
downstream signaling detection, and in silico prediction, as highlighted in gray. The color can be expanded 
by introducing several mutations to the cpGFP or by replacing it with other cpFPs (e.g., cpmApple). 
Abbreviations: cpFP, circularly permuted fluorescent protein; cpGFP, circularly permuted green 
fluorescent protein; FP, fluorescent protein; GECI, genetically encoded calcium indicator; GENI, genetically 
encoded neurochemical indicator; GPCR, G protein–coupled receptor; ICL3, intracellular loop-3; sfGFP, 
superfolder green fluorescent protein; TM, transmembrane. 
 

The first step is choosing a good sensing domain that will determine the overall 

performance of the sensor (Figure 1.2a). GPCRs are more desirable due to the lack of the 

corresponding PBPs for most NT/NMs like DA. Moreover, diverse subtypes of GPCRs 

offer more choices. A potential candidate should be evaluated according to a set of criteria, 

including membrane trafficking, affinity and selectivity, and the initial dynamic range. 

During the development of GRABDA sensors, DRD1 and DRD2 showed excellent 

membrane trafficking when cpGFP was inserted in the preliminary screening of five 

human DA receptor subtypes. DRD2 was chosen for GRABDA sensors because of its 

higher affinity than DRD1, while DRD1 was chosen as the scaffold for dLight sensors due 

to its higher selectivity of DA over norepinephrine (as shown in the dLight1.3b sensor). 

GPCRs from different species or GPCR redesign by the computational approach also 

provides additional options. 

In order to create an effective sensor with a high SNR, it is imperative to maximize 

the dynamic range, defined as fluorescent response elicited by ligand binding. One 

practical approach to amplify the transduction of conformational change to the 

fluorescent domain is systematic truncation of the ICL3. This strategy helps determine 

the appropriate position of cpGFP insertion into the GPCRs. After cpGFP insertion, SSM 

on the linker residues between the FP domain and the receptor scaffold is utilized to 

generate a library of sensor variants (Figure 1.2b). This method was used to engineer the 
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GRABDA1m sensor, yielding a maximal dynamic range of about 90%. Further 

optimization of GRABDA can firstly focus on the cpGFP, especially on the interface with 

a GPCR. Other potential sites on the cpGFP can be obtained from the differential sites in 

alignment with brighter GFP variants, such as sfGFP and mClover3, or cpGFP variants 

from other sensors, including GECIs and GEVIs. A two- to threefold improvement in 

response was observed in this step for the next-generation GRABDA sensors. These steps 

are not always sequential. Sometimes, individual optimization of the linker region and 

cpGFP followed by a combination of beneficial mutations may help to maximize the 

sensitivity, as presented in the development of GRABACh3.0 (Jing et al. 2020). 

Dynamic range and brightness are the priorities for the previous steps. Additional 

parameters should be considered, including affinity, kinetics, and color expansion, as 

they also determine the in vivo performance (Figure 1.2c). The affinity can be tuned by 

rational design on the ligand-binding pocket to match the concentration of NT release in 

physiological conditions in vivo, in which the resolved structures are of great help. In 

addition, previous downstream functional analysis also provides potential sites for 

affinity tuning, especially as some of them are outside of the ligand-binding pocket. For 

example, in the GRABDA sensor, the T205M mutation on DRD2 that was previously 

identified by evolution-based computational approaches and validated by downstream 

signaling detection assay was introduced to generate high-affinity versions (Sung et al. 

2016). Fast on and off kinetics are always expected for sensors, but there usually exists a 

compromise between kinetics and affinity. For example, the high-affinity GRABDA1h 

and GRABDA2h show a slower off rate than do low-affinity GRABDA1m and 
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GRABDA2m, respectively. The color of sensors can be slightly yellow-shifted by 

introducing mutations on cpGFP or further red-shifted by replacing them with other 

cpFPs such as cpmApple, which is used to develop red GRABDA sensors. 

 

Imaging Neuromodulator Release in Behaving Animals 
 The fast-growing tool kit of genetically encoded sensors has allowed researchers 

to study complex neural systems and circuitry across a range of animal models with 

flexible experimental design. These tools are optimally tuned to answer biological 

questions about the functionality, pharmacology, and interactions of different molecules 

involved in chemical neurotransmission. One of the primary advantages is the subsecond 

temporal resolution. This allows real-time alignment of neural activity across the full 

course of behaviors. Additionally, the use of spectrally separated sensors permits great 

flexibility in experimental design, as the sensors can be multiplexed to record and 

compare transients from different neurochemicals simultaneously (Patriarchi et al. 2020, 

Sun et al. 2020). For example, researchers can use calcium indicators in conjunction with 

NM and NT sensors to interrogate the interplay of cellular activity and different 

neurochemical release phenomena. 

 Genetically encoded sensors offer the unique advantage of cell type–specific viral 

strategies for targeting distinct neuronal populations. Researchers can use a host of 

approaches to narrow the scope of sensor expression. Promoters such as CaMKII and 

hSyn are often utilized for broad distinction of neurons (Kügler et al. 2003, Nieuwenhuis 

et al. 2021, Wang et al. 2013). Viral constructs can also be expressed under promoters 

designed to localize expression to subclasses of neurons, e.g., the GAD67 promoter 
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selectively expresses in GABAergic neurons (Rasmussen et al. 2007). For additional 

specificity, researchers can employ transgenic animal models to limit sensor expression. 

Gene recombination systems, such as Cre/lox, are widely used to constrain sensor 

expression to specific cell types (Bouabe & Okkenhaug 2013, Kim et al. 2018). These 

approaches are generally combined with local or systematic viral injections to selectively 

label and image from region- or projection-specific cell types at scale. 

 The array of existing sensors combined with various imaging modalities provides 

an expanded technical arsenal for the interrogation of neural circuits, systems, and 

behaviors. Fiber photometry combined with genetically encoded sensors enables 

subsecond recording of calcium and neurochemical dynamics in freely moving, behaving 

rodents and elucidates neurobiological phenomena underlying innate and learned 

behaviors, albeit with a lack of single-cell resolution (Sabatini & Tian 2020). Additionally, 

photometric recording is suitable for targeting deep subcortical nuclei and densely 

fasciculated projections, which are difficult to access with either one- or multiphoton 

microscopy. For example, adenosine (GRABAdo) and serotonin (GRAB5-HT and 

iSeroSnFR) sensors have revealed fluctuating dynamics of extracellular adenosine and 

serotonin, respectively, over the entire course of the sleep-wake cycle in mouse cortical 

and subcortical regions (Peng et al. 2020, Unger et al. 2020, Wan et al. 2021) (Figure 1.3a). 

With fiber photometry, dLight has been used to great effect to understand downstream 

effects of dopaminergic neuromodulation. Recent work in the field of neural 

reinforcement learning illustrated a dissociation between dopaminergic ventral 

tegmental area (VTA) spiking and DA release in the nucleus accumbens (NAc) using 
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dLight. The authors showed that DA release in the NAc core covaried with reward 

history and expectations independent of dopaminergic VTA neuron spiking (Mohebi et 

al. 2019). Other research has revealed that positive and negative DA modulation leads to 

cell type–specific, asynchronous fluctuations in spiny projection neuron protein kinase A 

levels (Lee et al. 2021). 
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Figure 1.3: Behavioral and pharmacological applications of NT/NM sensors.  
(a) Long-term recording of adenosine release in cholinergic neurons using the GRABAdo sensor. Changes 
in adenosine-dependent fluorescence can be compared to cholinergic calcium activity and EEG/EMG 
signal across the full time course of the sleep-wake cycle. Panel a adapted from Peng et al. (2020).  
(b) Imaging GRABAch3.0 sensor using miniature two-photon microscopy in a treadmill task in mice. 
Single-cell changes in  responses are tractable during different stages of the task and across running speeds. 
Panel b adapted from Jing et al. (2020).  
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(c) Simultaneous calcium imaging in dmPFC of two mice during a social interaction test reveals correlations 
in neural activity during contact versus no contact sessions. Panel c adapted with permission from 
Kingsbury et al. (2019); copyright 2021 Elsevier.  
(d) psychLight-based characterization of compounds based on 5-HT2AR binding and hallucinogenic 
potential. Panel d adapted from C. Dong et al. (2021).  
(e) psychLight tracks in vivo action of 5-MeO-DMT administration over the course of the head-twitch 
response. Panel e adapted from C. Dong et al. (2021). Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-
dimethyltryptamine; DAQ, digital acquisition device; dmPFC, dorsomedial prefrontal cortex; EEG, 
electroencephalography; EMG, electromyography; NM, neuromodulator; NREM, non-rapid eye 
movement; NT, neurotransmitter; REM, rapid eye movement. 
 
 One- and multiphoton microscopy combined with NM sensors, on the other hand, 

provide the cellular or subcellular map of distinct release in response to electrical stimuli 

or behavior. For example, two-photon imaging of DA with the fast DA sensor dLight1.3b 

revealed the rise and fall of local synaptic release within 200 ms before the postsynaptic 

current reached plateau (Condon et al. 2021). Two-photon imaging of GRABACh3.0 

sensors in the primary somatosensory cortex have led to insights on single-cell 

cholinergic activity within cortical neuron populations in response to systemic 

pharmacological manipulation (Jing et al. 2020). Additionally, single- and multiphoton 

microendoscopy techniques have been adapted and optimized for freely moving 

behavior (Ziv & Ghosh 2015). These adaptations also permit high-resolution imaging in 

deep brain regions (Zhang et al. 2019). Miniature two-photon microscopy has been used 

to demonstrate visual cortex cholinergic response during a treadmill task in mice using 

the GRABACh3.0 sensor (Figure 1.3b). It is worth mentioning that the intrinsic properties 

of current NM sensors need to be further optimized for broad application with all 

microscopies. 

 What is particularly exciting about the multitude of ways these sensors can be 

implemented in vivo is the broad range of novel questions and experimental designs to 

which they can be applied. A prominent topic in neurobehavioral research that will 
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benefit from the in vivo imaging methods discussed here is social behavior. Social 

behaviors represent a range of interactions where two or more animals are engaging with 

each other and relate to a wide array of important and translatable lines of research, 

including mental health topics (Lim & Young 2006). Researchers have previously 

encountered roadblocks in measuring neural activity during social behaviors due to the 

freedom of movement required in many social behavior tests. Recent work has begun to 

take advantage of recording setups that allow unrestrained movement to investigate 

circuit-specific activity during behaviors such as neutral interaction (Gunaydin et al. 

2014), social defeat (Muir et al. 2018), social isolation (Matthews et al. 2016, Mita et al. 

2019), and social reward (Hung et al. 2017). It is even possible to record from multiple 

animals who are actively interacting and correlate changes in neural activity between 

animals (Figure 1.3c). All the examples noted thus far utilize calcium imaging with 

transgenic Cre lines to ensure cell type specificity. However, the advent of NM and NT 

sensors allows for specific and meaningful observations of dynamic changes in 

neurocircuitry to be conducted in model species that do not have transgenic options. 

 Genetically encoded sensors can be modified and used across an array of different 

species, both vertebrate and invertebrate. GRABACh sensors have been validated in 

Drosophila and mice, and the GRABDA sensor has been shown to track DA fluctuations 

in Drosophila, zebrafish, and mice (Jing et al. 2020; Sun et al. 2018, 2020). There are also 

advantages to using these sensors in wild-type animals, namely that they can serve to 

better model certain ethology. For example, researchers interested in understanding the 

neurobiology of paternal behavior may prefer to use mandarin voles as a model, as 
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mandarin voles are one of the few rodent species to show a high level of paternal infant-

directed care (Tai & Wang 2001, Tai et al. 2001). Mandarin vole researchers have used the 

dLight1 sensor to record DA release into NAc during infant-directed paternal behaviors, 

allowing for specificity of real-time, unrestrained, region-specific NT recording without 

a need for transgenics (He et al. 2021). Similarly, the GRABDA was used in zebra finches 

to monitor DA dynamics in the dopaminergic mesocortical circuit during cultural 

transmission of vocal behavior (Tanaka et al. 2018). The use of neurochemical sensors in 

nontraditional models is still in its infancy, but we predict we will see a large increase in 

popularity. Future studies may see a large increase in the diversity of animal models that 

allows for the examination of behaviors, conditions, or characteristics not available in 

inbred lab mice or rats. The California mouse, for example, exhibits high levels of female-

female aggression (Trainor et al. 2011) and sex-specific changes in anxiety behavior 

(Wright et al. 2020), allowing for unique insights into sex differences in anxiety-driven 

neuromodulation. Forays into sensor application in nonhuman primates have already 

begun (Sadakane et al. 2015, Seidemann et al. 2016) and represent a future direction of 

research where sensor neuroimaging could be done in complex cortical regions that do 

not present in rodents. Neurochemical sensors can be applied in cases like these to probe 

important questions using the most translatable animal model and ethological 

experimental design. Spectrally shifted sensors further push the boundaries of in 

vivo imaging possibilities. Spatiotemporal overlap in neurochemical release, either from 

synaptic corelease or from converging inputs, is a common phenomenon but one that has 

been historically difficult to visualize. By using spectrally distinct sensors, researchers 
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can monitor and correlate activity of multiple neurochemicals without sacrificing 

spatiotemporal resolution. Red-shifted iGluSnFR (Wu et al. 2018), red- and yellow-shifted 

dLight (Patriarchi et al. 2020), and red-shifted GRABDA (Sun et al. 2020) sensors have 

already been engineered. We recognize the importance of continued efforts to produce 

an expanded palette of neurochemical sensors and the wide-reaching implications that 

these developments have on the ability to measure interactions and complexities of in 

vivo neurochemical systems. Additionally, the universally applied sensor engineering 

methods can also be used to expand the scope of neurochemical sensors. For example, 

neurolipid indicators have permitted exploration of clinically relevant neurophysiology 

of endogenous lipid activity. Namely, the GRABeCB2.0 sensor has revealed in vivo 

endocannabinoid transients across multiple brain regions in response to foot shock, 

locomotion, and seizure (A. Dong et al. 2021, Farrell et al. 2021). 

 
Application of Neurotransmitter Sensors in Drug Discovery 
 Besides imaging endogenous NM release dynamics, GPCR-based NM sensors 

such as psychLight have been recently applied to probe specific ligand-induced 

conformational changes of the 5-HT2A receptor to predict behavioral outcomes. The cell-

based high-throughput assays using 5-HT2A now enable early identification of abusive 

drugs and the development of 5-HT2AR-dependent nonhallucinogenic therapeutics at 

scale. 

 Thirty-five percent of all Food and Drug Administration–approved medications 

bind to GPCRs (Hauser et al. 2017). The size, shape, and amino acid composition of the 

orthosteric binding site are very well suited to designing small synthetic molecules 
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(Shoichet & Kobilka 2012). The ligand-binding-specific conformation of the receptor 

dictates its function and diverse behavior via different conformation-dependent 

downstream pathways. It is known that there are multiple signaling pathways for GPCRs, 

and it is possible to bias the signaling of a given GPCR either through a specific G protein 

or through β-arrestin induced by designer compounds (Smith et al. 2018), and the biased 

agonism on GPCRs has been utilized in pharmacology to reduce the side effects of some 

designer compounds (Whalen et al. 2011). However, the mechanistic action of designer 

drugs at both molecular and cellular levels is not known. There is a pressing need to 

develop technologies that can access drugs with addictive potentials at scale in the early 

stages of drug discovery. 

 Recently, an open source of 14 optimized bioluminescence resonance energy 

transfer (BRET)-based sensors, TRUPATH, has facilitated the understanding of drug 

actions on GPCRs (Olsen et al. 2020). By attaching a RLuc8 on the optimized location of 

14 different Gα units and GFP2 on Gγ units—and BRET can happen only when two 

fluorophores are in the correct proximation and orientation—TRUPATH can specifically 

indicate the physical association of combinations of Gα, Gβ, and Gγ. Before binding of 

ligands, the G proteins are in a heterotrimer state. RLuc8 and GFP2 are in proximity so a 

BRET signal can be observed. Upon binding, Gα subunit exchanges bound guanosine 

diphosphate with guanosine triphosphate. The disassociation of the Gα unit from the βγ 

subunit will result in a loss of BRET signal, which indicates when the specific G proteins 

that are tagged with FP are being engaged. Thus, one can identify specific transducer 

complexes that are activated by a specific drug in response to a GPCR of interest. 
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Furthermore, TRUPATH verified that both in wild-type κOR and in chemogenetic κOR 

Ro1 activated canonical Gαi3 and novel GαGustducin transducers to a similar extent, 

which was the pathway that was previously reported from in vivo experiments (Mueller 

et al. 2005). 

 On the other hand, the use of GPCR-based sensors is a promising strategy to 

directly monitor the specific receptor conformational changes induced by ligands instead 

of secondary signaling molecules. The 5-HT2A receptor is the major target of 

psychedelics, which have shown promising antidepressant, albeit severe hallucinogenic, 

effects (Chi & Gold 2020). Recent research has shown that the hallucination effect is not 

necessary for treating depression (Cameron et al. 2021). Thus, it is imperative to screen 

novel compounds for 5-HT2ARs that do not trigger hallucination but still retain 

therapeutic effects. To do so, psychLight was engineered by coupling the fluorescence 

changes of a cpGFP to ligand-binding-induced conformational changes of the 5-HT2AR 

(C. Dong et al. 2021). PsychLight can categorize compounds into weakly or non-5-HT2AR 

binding, hallucinogens, and nonhallucinogens by real-time fluorescent readout (Figure 

1.3d). The novel compound AAZ-A-154 was discovered by the assay to be a 

nonhallucinogen. The nonhallucinogenic property of AAZ-A-154 was then validated in 

vivo with the head-twitch response (HTR) experiment in mice. With the forced swim and 

glucose preference tests in a genetic model of depression, AAZ-A-154 was shown to be a 

nonhallucinogenic psychedelic analog that exhibits antidepressant properties. 

 The genetically encoded approach to designing sensors also has the advantage of 

being able to study the action of a drug on receptors in vivo. Together with fiber 
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photometry recording, psychLight signals are able to correlate 5-MeO-DMT action in 

medial prefrontal cortex (mPFC) during the HTR experiment. An intraperitoneal 

injection of 5-MeO-DMT takes about a minute to reach mPFC and initiate head twitching 

(Figure 1.3e). With GPCR-based sensors directly monitoring drug actions in vivo, PBP-

based sensors can have a major role in neuropharmacology as well, for example, by 

monitoring NM release induced by exogeneous drugs. 
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Abstract 
Ligands can induce G protein-coupled receptors (GPCRs) to adopt a myriad of 

conformations, many of which play critical roles in determining the activation of specific 

signaling cascades associated with distinct functional and behavioral consequences. For 

example, the 5-hydroxytryptamine 2A receptor (5-HT2AR) is the target of classic 

hallucinogens, atypical antipsychotics, and psychoplastogens. However, currently 

available methods are inadequate for directly assessing 5-HT2AR conformation both in 

vitro and in vivo. Here, we developed psychLight, a genetically encoded fluorescent 

sensor based on the 5-HT2AR structure. PsychLight detects behaviorally relevant 

serotonin release and correctly predicts the hallucinogenic behavioral effects of 

structurally similar 5-HT2AR ligands. We further used psychLight to identify a non-

hallucinogenic psychedelic analog, which produced rapid-onset and long-lasting 

antidepressant-like effects after a single administration. The advent of psychLight will 

enable in vivo detection of serotonin dynamics, early identification of designer drugs of 

abuse, and the development of 5-HT2AR-dependent non-hallucinogenic therapeutics. 
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Introduction 
 G protein-coupled receptors (GPCRs) represent attractive therapeutic targets with 

nearly 35% of all Food and Drug Administration (FDA)-approved medications (Hauser 

et al., 2017) affecting this class of proteins. Ligand-induced changes in GPCR 

conformation provide a structural basis for initiating intracellular signaling through 

heterotrimeric G proteins, arrestins, and other effectors (Kenakin and Miller, 2010). 

Biased ligands are capable of selectively activating or inactivating specific cellular 

pathways at the expense of others by stabilizing discrete GPCR conformational 

ensembles, and thus, have the potential to reduce undesirable side effects while 

maintaining efficacy (Roth et al., 2017; Shonberg et al., 2014). 

 Ligands for the 5-HT2AR were some of the first small molecules to demonstrate 

biased agonism (Berg et al., 1998). Since that initial report, 5-HT2AR ligands have been 

shown to couple to a variety of signal transduction pathways via 5-HT2A monomers and 

heterodimers leading to distinct transcriptome profiles and behavioral effects (Fribourg 

et al., 2011; González-Maeso et al., 2003, 2007, 2008; Schmid and Bohn, 2010; Schmid et al., 

2008). Furthermore, 5-HT2AR ligands represent some of the most important drugs in 

neuropsychiatry, including atypical antipsychotics like clozapine, psychedelics such as 

lysergic acid diethylamide (LSD), and neural plasticity-promoting compounds known as 

psychoplastogens (Olson, 2018). 

 Mounting preclinical and clinical evidence suggests that psychedelics may prove 

useful for treating a variety of neuropsychiatric diseases including depression, post-

traumatic stress disorder (PTSD), and substance use disorder (SUD) (Chi and Gold, 2020). 

However, it is currently unclear if the subjective effects of these drugs are necessary to 
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ameliorate disease symptoms (Olson, 2020; Yaden and Griffiths, 2020). Like ketamine, 

psychedelics promote neural plasticity in key circuits relevant to mood, fear, and reward 

(Ly et al., 2018). Recent rodent studies using sub-hallucinogenic doses (Cameron et al., 

2019) and non-hallucinogenic congeners (Cameron et al., 2021) suggest that the 

hallucinogenic effects of 5-HT2AR ligands may not be necessary to promote neural 

plasticity and produce therapeutic outcomes. Thus, there is a critical need to develop 

methods for reliably determining if a novel ligand is likely to induce hallucinogen-

specific conformations of the 5-HT2AR. 

 Recent breakthroughs in the structural determination of ligand-activated GPCRs 

and GPCR-transducer complexes have significantly increased our understanding of how 

receptor activation leads to coupling with various signal transducers (Hilger et al., 2018; 

Kim et al., 2020; Roth et al., 2017). Although traditional methods for assessing GPCR 

activation have relied on the quantification of downstream signaling molecules (e.g., 

cyclic AMP [cAMP], Ca2+, etc.), ligand-induced conformational changes are increasingly 

being exploited to develop fluorescence- and bioluminescence-based assays for 

measuring the recruitment of various transducers (Olsen et al., 2020; Wan et al., 2018). 

Although these methods have proven useful for understanding important details of 

GPCR activation related to kinetics and specific drug responses, the direct measurement 

of behaviorally relevant GPCR conformations in real time and in vivo is still challenging 

with current technologies. As a result, there are currently no assays capable of directly 

measuring hallucinogenic potential across a wide range of structurally diverse 5-HT2AR 

ligands. 
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 Recently, we reported a modular strategy for creating genetically encoded 

fluorescent sensors that are activated by ligand-induced conformational changes in 

GPCRs (Patriarchi et al., 2018). Here, we applied this design strategy to develop 

psychLight, a 5-HT2AR-based fluorescent biosensor capable of detecting endogenous 

serotonin (5-HT) release in awake, behaving animals as well as conformations induced 

by hallucinogenic ligands in vivo and in a medium-throughput functional assay. By 

screening a small library of compounds, we successfully used psychLight to identify 

previously unknown hallucinogenic drugs and a non-hallucinogenic psychedelic analog 

with neural plasticity-promoting and antidepressant properties similar to the state-of-

the-art fast-acting antidepressant ketamine (Table S2.1). 
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Results 

(i) Development of Psychlight 
 To develop a sensor capable of reporting ligand-induced conformations of the 

human 5-HT2AR, we replaced the third intracellular loop (IL3) of the 5-HT2AR with a 

circularly permuted green fluorescent protein (cpGFP) inserted between Lys263 and 

Ser316 (Figure S2.1A). The dynamic range in response to the endogenous ligand 5-HT 

was maximized by screening linker compositions between cpGFP and 5-HT2AR, 

optimizing the insertion site of cpGFP, and introducing key point mutations (Figure S2.1B) 

(Patriarchi et al., 2018). We named the top-performing variant psychLight1 (Figure 2.1A). 

To further improve membrane localization in neurons, we fused an endoplasmic 

reticulum (ER) export motif (FCYENEV) (Stockklausner et al., 2001) to the C terminus of 

psychLight1, yielding a version (i.e., psychLight2) with improved membrane expression 

in both HEK293T cells and neurons (Figures 2.1B, S2.1C, and S2.1D). 
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Figure S2.1: Engineering a sensor for hallucinogenic conformations of the 5-HT2A receptor, related to 
Figure 2.1.  
A. Sequence alignment of β2A, DRD1, and 5-HT2A receptors. Initial insertion site of the LSSLI-cpGFP-
NHDQL module was between K263 and S316 of the 5-HT2AR. The original cpGFP flanking residues (i.e., 
LI-cpGFP-NH) were chosen based on the sequence of dLight1.3 (Patriarchi et al., 2018).  
B. After the initial insertion site was determined, a total of 781 variants were screened to optimize 
psychLight. We screened 766 variants related to the aa composition of the linkers. The top performer (i.e., 
GY-MH, blue) advanced to the next stage of screening. Next, we performed insertion site optimization of 
the fluorescent module. A point mutation in TM5 (i.e., E264Q) and removal of 1 aa from TM6 yielded a 
better variant (red). (TM5 −2aa, TM6 −1aa = −4.2 ± 0.8%. TM5 −1aa, TM6 −1aa = −0.5 ± 0.8%. TM5 +4aa, 
TM6 −1aa = 10.1 ± 2.2%. Parent (no mutation) = 22.1 ± 3.9%. TM5 +1aa, TM6 −1aa = 37.2 ± 3.2%. TM6 −1aa 
= 40.8 ± 1.7%. TM5 E264Q, TM6 N317K = 44.2 ± 1.8%. TM5 E264Q, TM6 −1aa = 53.2 ± 0.9%. n = 4 replicates 
from 4 passages of cells). Next, we made point mutations in intracellular loop 2. The top-performing variant 
was named psychLight1 (magenta) (P180G/I181G = 33.7 ± 6.8%. P180A/I181A = 34.8 ± 2.5%. Parent (no 
mutation) = 49.4 ± 5.1%. Q178A/I181A = 49.4 ± 5.1%. I181G = 68.5 ± 1.3%. P180A/I181G = 72.9 ± 5.7%. 
I181A = 85.2 ± 3.9%). n = 3 replicates from 3 passages of cells. Data are represented as mean ± SEM. ∗∗∗∗p 
< 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01 and ∗p < 0.05, one-way ANOVA compares to parent variant within the 
group with Dunnett’s test.  
C-D. Optimization of psychLight membrane localization. Representative images of HEK293T cells 
expressing either psychLight1 or psychLight2. Scale bar: 20 µm. Both psychLight1 and psychLight2 are 
expressed on the cell membranes of HEK293T cells. However, neuronal expression of psychLight1 is 
primarily intracellular PsychLight2 is expressed on the surface of neurons to a greater extent. AFU = 
Arbitrary Fluorescence Units. 
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Figure 2.1. Development of a fluorescent sensor based on the 5-HT2A receptor. 
(A) Simulated structure of psychLight consisting of 5-HT2AR (gray), a linker (magenta) and a cpGFP 
(green). 
(B) Representative images of cultured dissociated hippocampal neurons transiently expressing 
psychLight1 and psychLight2. Scale bar, 20 µm. 
(C) PsychLight1-expressing HEK293T cells respond to ligands in a concentration-dependent manner. 
(D) PsychLight1 is activated by hallucinogenic 5-HT2A ligands, but not non-hallucinogenic compounds 
when treated at 10 µM. ∗∗∗∗p < 0.0001, ∗∗p < 0.01 and ∗p < 0.05, one-way ANOVA compared to KETSN 
with Dunnett’s test. 
(E and F) Two-photon imaging of cultured cortical slices expressing psychLight2 (pL2) following bath 
application of 5-HT. 
(E) Representative images of a dendrite expressing psychLight2 (pL2) and tdTomato (tdT) before and after 
bath application of 50 µM 5-HT (imaged at 920 nm). 
(F) Fluorescence intensity changes in pL2 were normalized to the tdT signal, (ΔpL2/tdT = 111.1% ± 1.8%, 
n = 7 region of interests [ROIs] from 4 cells; ∗∗∗∗p < 0.0001, unpaired t test). Scale bar, 1 µm. 
(G and H) Two-photon 5-HT uncaging evoked psychLight responses. 
(G) Representative apical dendrites imaged during two-photon uncaging of serotonin. Representative 
single-trial traces of fluorescent intensity changes (ΔF/F%) of pL2 and tdT are shown in response to single 
pulse uncaging (10 ms). Averaged traces of ΔpL2/tdT in response to uncaging of Rubi-5HT (bottom) and 
without were shown. Scale bars, 1 µm. 
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(H) Characterization of peak response of green to red ratio (ΔpL2/tdT) normalized to the baseline for pL2 
in response to single-pulse uncaging with and without RuBi-5-HT (ΔpL2/tdT = 111.2% ± 0.7%, n = 76 ROIs 
from 11 cells (Rubi-5-HT); 101.3% ± 1.0% n = 32 ROIs from 6 cells [mock 2P]), ∗∗∗∗p < 0.0001, unpaired t 
test. 
(I–K) Two-photon imaging of endogenous 5-HT release triggered by electrical stimuli in acute slices. 
(I) A representative two-photon image of BNST acute slice expressing psychLight2. Scale bar, 50 µm. 
(J) Single-trial response of psychLight2 to electrical stimuli (0.5 s, 4 V, 40 Hz, 20 pulses). 
(K) The averaged off-kinetics of two groups of ROIs exhibiting fast and slow off rates. (40 pulses: Taufast 
= 0.997 ± 0.0376 s, n = 5 trials; Tauslow = 3.998 ± 0.6103 s, n = 6 trails), ∗∗p < 0.01, unpaired t test. 
(L) Averaged-trial traces of psychLight2 in response to electrical stimuli in the presence of escitalopram 
(ESC, 50 µM), granisetron (GRN, 10 µM), and tetrodotoxin (TTX,1 µM). Shaded area represents SEM. 
(M) Peak fluorescence changes in the absence (aCSF, n = 11 trials from 3 mice) and presence of compounds 
(ESC, n = 2 trials from 3 mice, ∗∗∗p = 0.0002; GRN, n = 8 trials from 3 mice, ∗∗∗∗p < 0.0001; TTX n = 9 trials 
from 3 mice, 40 pulses, one-way ANOVA compared to aCSF with Sidak’s test). Data are represented by 
mean ± SEM. 
See also Figures S2.1 and S2.2A–S2.2D and Tables S2.1 and S2.2. 
 
 We next investigated the pharmacological responses of the sensor. When 

psychLight1 is expressed in HEK293T cells, 5-HT activates the sensor with a half maximal 

effective concentration comparable to values obtained using assays designed to measure 

G protein and β-arrestin activation (Wacker et al., 2017) (Figure 2.1C). Moreover, other 

agonists were able to effectively increase the sensor’s fluorescence intensity to varying 

degrees (Figure 2.1D). In contrast, the traditional 5-HT2AR antagonists ketanserin and 

MDL100907 either had minimal effect on psychLight1 fluorescence or slightly quenched 

the sensor (Figures 2.1C and 2.1D), and ketanserin was able to block 5-HT-induced 

activation of psychLight in HEK293T cells (Figures S2.2A and S2.2B). Taken together, 

these findings demonstrated that psychLight can convert ligand-induced conformational 

changes of the 5-HT2AR into fluorescence readouts, suggesting that psychLight may be 

uniquely suited for detecting specific conformations of the receptor induced by ligands. 
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Figure S2.2. Control experiments of psychLight recordings in HEK cells ex-vivo and in vivo, related to 
Figures 2.1 and 2.2 
A–B. Application of 5-HT and KETSN to HEK293T cells in different orders reveals blocking effect of KETSN.  
A. The order of addition is 10 µM 5-HT followed by 10 µM KETSN and then 10 µM 5-HT.  
B. The order of addition is 10 µM KETSN followed by 10 µM 5-HT.  
C. Field stimulation of BNST brain slices followed by two photon imaging of psychLight with either aCSF 
(green) or a solution of 5-HT2A antagonist KETSN (10 µM, black). The effect of field stimulation was 
blocked by KETSN. N = 5 slices.  
D. Quantification of the peak response in C (aCSF: 3.71 ± 0.57%, KETSN: 0 ± 0.36%, ∗∗∗p < 0.001, unpaired 
t test).  
E. Fiber photometry recordings of psychLight0—a control sensor that cannot bind to 5-HT due to a key 
point mutation (D155A).  
F. Side by side comparison of psychLight2 and psychLight0 (ctrl) fluorescence during foot shock, indicating 
psychLight2 is primarily detecting changes in 5-HT concentrations and not simply motion artifacts. DR-
psychLight: −6.069 ± 1.165%, DR-ctrl: −1.588 ± 0.5303%, BLA-psychLight: −15.63 ± 1.581%, BLA-ctrl: −1.253 
± 0.7031%, BNST-psychLIght: −16.44 ± 1.034%, BNST ctrl: −2.408 ± 1.033%, OFC-psychLight: −13.79 ± 
2.835%, OFC-ctrl: 0.5163 ± 0.3395%, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, unpaired t test 
compared between each brain region. 5-HT = 5-hydroxytryptamine; KETSN = ketanserin; ctrl = 
psychLight0; DRN = dorsal raphe nucleus; BNST = bed nucleus of the stria terminalis; BLA = basolateral 
amygdala; OFC = orbitofrontal cortex. 
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(ii) Two-Photon Imaging of Endogenous Serotonin Dynamics Ex-Vivo and In-Vivo 
 To assess the utility of psychLight2 for measuring endogenous serotonin 

transients, we characterized the sensitivity and kinetics of the sensor using two-photon 

imaging in cultured and acute brain slices. Approximately 3 weeks after infection with 

AAV9.hSynapsin1.psychLight2 into organotypic cortical slice cultures and biolistic 

transfection of a red cell-fill fluorescent protein, tdTomato, we imaged layer 2/3 

pyramidal neurons using two-photon time-lapse imaging and line-scan acquisition mode 

(∼3.3 lines/ms). Bath application of 5-HT (50 µM) led to a significant increase in the ratio 

of green (psychLight2 signal; pL2) to red (tdTomato signal; tdT) fluorescence intensities 

(Figures 2.1E and 2.1F). Focal uncaging of RuBi-5-HT at apical dendrites (single 10-ms 

pulse at 810 nm) evoked a rapid increase in psychLight fluorescence that returned to 

baseline within milliseconds (Tauoff = 5.4 ± 0.9 ms) (Figures 2.1G and 2.1H). In contrast, 

no increase in fluorescence was observed in response to a mock stimulus. 

 Next, we examined the ability of psychLight2 to report time-dependent changes 

in 5-HT dynamics using an acute slice preparation. Three weeks after injection of 

AAV9.hSynapsin1.psychLight2 into the bed nucleus of the stria terminalis (BNST) 

(Figure 2.1I), we performed two-photon imaging in frame-scan mode (33 Hz) and 

triggered endogenous 5-HT release by electrical stimulation. The sensitivity of 

psychLight2 was sufficient to detect electrically evoked 5-HT release in single trials (d′ = 

234.2, see  Methods for details) (Figure 2.1J). Interestingly, we noticed two types of 

responses that differed in their amplitudes and decay rates (ΔF/F = 4.7% ± 1.5%, Tauoff 

fast = 0.997 ± 0.038 s and ΔF/F = 9.7% ± 1.2%, Tauoff slow = 3.998 ± 0.610 s) (Figures 2.1J 
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and 2.1K). The amplitude of the psychLight2 response could be enhanced by incubation 

with 50 µM escitalopram, a blocker of the 5-HT transporter (SERT) (ΔF/F = 18.4% ± 4.3%) 

(Figure 2.1L). Importantly, application of either the 5-HT3 receptor antagonist 

granisetron (10 µM) (Ko et al., 2016), the sodium channel blocker tetrodotoxin (1 µM), or 

ketanserin (10 µM) was sufficient to block psychLight fluorescence in response to 

electrically-evoked 5-HT transients (Figures 2.1L, 2.1M, S2.2C, and S2.2D). 

 To determine if psychLight2 could measure 5-HT dynamics in vivo, we employed 

a fear conditioning paradigm coupled with fiber photometry in freely behaving mice. 

First, AAV.hSynapsin1.psychLight2 was injected into the BNST, the basolateral 

amygdala (BLA), the dorsal raphe nucleus (DRN), or the orbitofrontal cortex (OFC) along 

with implantation of an optical fiber (Figure 2.2A). After 2–3 weeks to allow full 

expression of the sensor, we measured 5-HT transients during an auditory fear 

conditioning experiment consisting of 15 presentations of a 30-s tone co-terminating with 

a 1.5-s foot-shock (0.5 mA) (Figure 2.2B). In the DRN, we observed a robust increase in 

fluorescence intensity immediately after the onset of foot-shock (Figure 2.2C), followed 

by a sharp decline during the shock. These results are consistent with Ca2+ transients 

recorded in the DRN using GCaMP6 during auditory fear conditioning (Ren et al., 2018). 

In the BNST, we observed an immediate decrease in fluorescence following foot-shock 

that returned to baseline within 4 s (Figure 2.2D). A similar initial reduction in 

fluorescence was observed in both the BLA and OFC; however, in these brain regions, 

the initial decrease in sensor activity was followed by a considerable rise in the 

fluorescence signal following the shock (Figures 2.2E and 2.2F). Serotonin dynamics were 
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reliably detected across individual trials of the fear conditioning experiments (d′ = 12.80, 

30.38, 26.28, and 32.84 for the DRN, BNST, BLA, and OFC, respectively). To further 

demonstrate that changes in psychLight fluorescence during fear conditioning are 

specific to endogenous 5-HT2AR ligands, we injected AAV.hSynapsin1.psychLight0 into 

all four brain regions. PsychLight0 has a key point mutation (D155A) that completely 

prevents agonist binding. Unlike experiments using psychLight2, we did not observe 

significant changes in psychLight0 fluorescence following foot-shock (Figures S2.2E and 

S2.2F), indicating that psychLight2 detects endogenous agonists in freely behaving 

animals. 
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Figure 2.2. PsychLight enables the detection of endogenous serotonin dynamics during fear 
conditioning using fiber photometry. 
(A) Expression of psychLight2 in the DRN, BNST, BLA and OFC near the location of fiber implantation. 
Scale bars, 500 µm. 
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(B) Schematic illustrating the design of auditory fear conditioning experiments (30-s tone co-terminating 
with a 1.5-s foot shock, n = 15 presentations). 
(C–F) Single-trial heatmap and averaged-trial traces of serotonin dynamics in DRN (C, n = 135 trials from 
9 animals), BNST (D, n = 120 trials from 8 animals), BLA (E, n = 90 trials from 6 animals), and OFC (F, n = 
90 trials from 6 animals) in response to a tone (blue) and foot shock (pink). ROC plots indicate true detection 
rate (TDR) against false-positive rate (FPR), and d′ is calculated by avg(Z scoreshock)/std(Z scorebaseline). 
Average traces indicated by solid lines; shaded area represents SEM. DRN, dorsal raphe nucleus; BNST, 
bed nucleus of the stria terminalis; BLA, basolateral amygdala; OFC, orbitofrontal cortex. 
See also Figures S2.2E and S2.2F and Tables S2.1 and S2.2. 
 

(iii) Psychlight Activity Differentiates Hallucinogenic and Non-Hallucinogenic 
Drugs 

 We next sought to determine if the sensor could faithfully report 5-HT2AR 

activation in vivo following systemic administration of an exogenous agonist. We chose 

to use 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT or 5-MeO), because it produces 

a robust head-twitch response (HTR) (Dunlap et al., 2020)—a mouse behavior induced 

by hallucinogenic 5-HT2AR ligands (Halberstadt et al., 2020; Hanks and González-Maeso, 

2013). Three weeks after injection of AAV9.hSynapsin1.psychLight2 into the prelimbic 

cortex, we administered 5-MeO-DMT (50 mg/kg, intraperitoneal [i.p.]) and measured 

psychLight2 response using fiber photometry (Figures 2.3A and 2.3B). Within 1 min of 

drug administration, we observed a sharp increase in fluorescence along with a 

concomitant increase in HTR. After several minutes, the psychLight signal stabilized and 

remained elevated while head twitch frequency decreased (Figure 2.3B). In contrast, 

when mice were administered vehicle or the 5-HT2AR antagonist ketanserin (KETSN, 4 

mg/kg, i.p.), psychLight fluorescence remained unchanged or decreased, respectively 

(Figure 2.3C). These data suggest that psychLight is sensitive to both agonist- and 

antagonist-induced conformational changes in vivo. 
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Figure 2.3. PsychLight is activated by hallucinogenic drugs in-vivo and in-vitro. 
(A–C) PsychLight2 in vivo responses to drugs as measured by fiber photometry. 
(A) Expression of psychLight2 in the prelimbic cortex near the site of fiber implantation. Scale bar, 500 µm. 
(B) Averaged-trial traces of psychLight2 responses shown as Z score following injection of 50 mg/kg 5-
MeO (magenta, i.p.). The number of head-twitch responses (bars) were also recorded and binned into 1-
min intervals (n = 3 animals). 
(C) Averaged-trial traces of psychLight2 responses following the injection either of the saline (VEH; top 
black) or an antagonist (4 mg/kg KETSN, bottom blue, i.p.) (n = 3 animals). Average traces indicated by 
solid lines; shaded area represents SEM. 
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(D–G) Concentration-response studies using HEK293T cells transiently expressing psychLight1. 
Hallucinogens of the ergoline, tryptamine, and amphetamine classes of psychedelics (magenta) were tested 
along with their non-hallucinogenic congeners (blue). Hallucinogens activated psychLight1 while their 
non-hallucinogenic congeners did not. n = 3 cells from 3 different cell passages; Error bars represent SEM, 
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, compared to the non-psychedelic drug, two-way ANOVA. 
(H) PsychLight1 EC50 values, but not Emax values, correlate with hallucinogen potencies in humans. 
(I) PsychLight1 Emax values differentiate hallucinogens and non-hallucinogens, but other measures of 5-
HT2AR activation (e.g., phosphoinositide [PI] hydrolysis, Ca2+ mobilization, [35S]GTPγS binding) do not. 
Data represented by the heatmap with a double color gradient from values above 0 (magenta to black) and 
data below 0 (black to blue). Data are normalized to 5-HT values within each experiment. Data for PI 
hydrolysis, Ca2+ mobilization, and [35S]GTPγS binding were obtained from previous reports (Cussac et 
al., 2008; Rabin et al., 2002). PI hydrolysis data for 6-F-DET were estimated based on graphical data 
presented in Rabin et al. (2002). N/A indicates that the data are not available. 
See also Figures S2.3A and S2.3B and Tables S2.1 and S2.2. 
 
 We next assessed the sensor’s ability to differentiate between known 

hallucinogenic agonists and structurally similar non-hallucinogenic analogs. We tested 

several pairs of hallucinogenic and non-hallucinogenic congeners representing the 

ergoline, tryptamine, and amphetamine classes of psychedelics. We chose these 

compounds because the propensity of these drugs to produce hallucinations in humans 

was known (Benes et al., 2006; Dunlap et al., 2018; Halberstadt et al., 2020; Kalir and Szara, 

1963) or inferred from data using well-established rodent models of 5-HT2AR-induced 

hallucinations (Hanks and González-Maeso, 2013), such as rat drug discrimination (DD) 

(Glennon et al., 1983) and mouse HTR assays (Dunlap et al., 2020), which correlate 

exceptionally well with hallucinogenic potency in humans (Halberstadt et al., 2020). 

 All four hallucinogenic compounds activated psychLight1 when expressed in 

HEK293T cells, with half maximal effective concentrations ranging from 18.8–627 nM 

(LSD, EC50 = 18.8 nM, Emax = 20.0%; 5-MeO, EC50 = 157 nM, Emax = 48.4%; DOI, EC50 

= 35.5 nM, Emax = 52.9%; and DMT, EC50 = 627 nM, Emax = 12.4%). In sharp contrast, 

none of the non-hallucinogenic congeners were able to increase the sensor’s response, 

even at concentrations as high as 10 µM (Figures 2.3D–2.3G). By running the assay in 
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antagonist mode, we were able to demonstrate that non-hallucinogenic compounds such 

as lisuride (LIS) and 6-MeO-DMT (6-MeO) are capable of binding to the receptor despite 

lacking efficacy (Figures S2.3A and S2.3B). The large Emax differences between the 

hallucinogenic and non-hallucinogenic compounds within a given pair are remarkable 

given the extremely high degree of structural similarity between the paired molecules. 

 

Figure S2.3. Confocal imaging of psychLight1-expressing HEK293T cells after compound treatments and 
PSYLI2 characterization, related to Figures 2.3 and 2.4. 
A–B. The non-hallucinogenic ligands lisuride .(A) and 6-MeO-DMT (B) can compete off 5-HT resulting in 
a reduction in psychLight fluorescence.  
C. PsychLight1 and psychLight2 respond similarly to positive controls (i.e., 5-HT or 5-MeO-DMT at 10 µM) 
and negative controls (i.e., 6-MeO-DMT or ketanserin at 10 µM). The fluorescence intensities of psychLight1 
and psychLight2 were measured using a confocal microscope and a high content imager, respectively 
(Confocal with psychLight1: psychLight15-HT = 77.3 ± 2.4%, n = 3; psychLight15-MeO = 48.4 ± 3.1%, n = 3; 
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psychLight16-MeO = −1.1 ± 4.6%, n = 3; psychLight1KETSN = −1.7 ± 0.3%, n = 3. High content imager with 
psychLight2: psychLight25-HT = 38.2 ± 2.4%, n = 8; psychLight25-MeO = 24.1 ± 4.6% n = 6; psychLight26-
MeO = −3.0 ± 2.7%, n = 6; psychLight2KETSN = −3.5 ± 1.6%), n = 3. ∗∗∗∗p < 0.0001, ∗∗p < 0.01 and ∗p < 0.05, 
one-way ANOVA compared to 5-HT with Dunnett’s test.  
D. Bar graph showing PSYLI2 response to 10 µM 5-HT (44.8 ± 0.8%) and 10 µM KETSN (−12.7 ± 0.5%), and 
frequency distribution of both positive (magenta, 5-HT) and negative (blue, KETSN) control treatments (Z-
factorPSYLI2 = 0.6), n = 42. ∗∗∗∗p < 0.0001, unpaired t test. 
 

 PsychLight1 potencies, but not efficacies, correlate exceptionally well with 

hallucinogenic potencies in humans (r2 = 0.9) (Figure 2.3H). This strong correlation is 

noteworthy considering the error associated with estimating hallucinogenic potencies in 

humans and the fact that our cellular assay does not account for potential differences in 

pharmacokinetics. Furthermore, ligand activation of psychLight1 appears to be distinct 

from other measures of 5-HT2AR activation including phosphoinositide hydrolysis 

(Cussac et al., 2008), Gq activation (Rabin et al., 2002), and calcium mobilization (Cussac 

et al., 2008) (Figure 2.3I). 

 

(iv) Development of a Psychlight-Based Medium-Throughput Pharmacological 
Assay 

 To enable medium-throughput identification of hallucinogenic designer drugs of 

abuse as well as non-hallucinogenic therapeutics targeting 5-HT2ARs, we developed a 

screening platform based on wide-field high content imaging of a HEK293T cell line 

stably expressing psychLight2 (PSYLI2) under the EF1α promoter (Figures 2.4A and 

S2.4A). Relative responses were similar using either a confocal microscope or high 

content imager (Figure S2.3C). A Z-factor (Zhang et al., 1999) was generated using 

serotonin and ketanserin as positive and negative controls, respectively (Z factor = 0.6, n 

= 42) (Figure S2.3D). 
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Figure 2.3. Development of a medium-throughput psychLight-based pharmacological assay. 
(A) A lentivirus expressing psychLight2 under the EF1α promoter was used to engineer a HEK293T cell 
line stably expressing psychLight2 (PSYLI2) (see  Methods for details). 
(B and C) Structure-function studies using a variety of structurally related tryptamines. 
(B) Structures of compounds. 
(C) PSYLI2 fluorescence in response to compound treatments (10 µM). Data are represented by mean ± 
SEM, ∗∗∗∗p < 0.0001, ∗∗p < 0.01 and ∗p < 0.05, one-way ANOVA multiple comparison with Tukey’s test. 
(D) A series of hallucinogenic and non-hallucinogenic compounds with known 5-HT2AR affinities were 
tested in agonist (abscissa) and antagonist (ordinate) modes. Dotted lines represent 1 SD from the VEH 
control (white). Hallucinogenic and non-hallucinogenic 5-HT2AR ligands are shown in red and blue, 
respectively. Compounds with weak affinity for the 5-HT2AR (∼1–10 µM) are shown in gray, whereas 
compounds that are known to not bind to the 5-HT2AR are shown in black. Dots indicate averaged ΔF/F 
values (n = 3 replicates from 3 passages of cells). 
(E) Heatmap of ligand scores (see  Methods for details). Ligand scores greater than 0 indicate compounds 
more likely to be hallucinogenic while scores less than 0 indicate compounds that are more likely to be non-
hallucinogenic ligands of the 5-HT2AR. 
See also Figures S2.3C, S2.3D, S2.4, S2.5, and S2.6A–S2.6D and Tables S2.1 and S2.2. 
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Figure S2.4. Characterization of PSYLI2 cells and their use in high content screening, related to Figure 
2.3. 
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A. Schematic depicting the workflow for a screening campaign using both agonist and antagonist modes.  
B. Agonist mode screen of a compound library using PSYLI2 cells.  
C. Antagonist mode screen of a compound library using PSYLI2 cells.  
D. Concentration-response studies using PSYL2 cells (top) and a cell free wells (bottom) reveal that BOL-
148 and bromocriptine produce fluorescence artifacts at 10 µM (∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01 and 
∗p < 0.05, one-way ANOVA compares to parent variant within the group with Dunnett’s test). Data are 
represented as mean ± SEM 5-HT = 5-hydroxytryptamine; KETSN = ketanserin; BOL-148 = 2-bromolysergic 
acid diethylamide. 
  

 To assess the sensitivity of this assay, we first tested a panel of ligands with similar 

molecular structures to 5-HT (Figure 2.3B). We observed that subtle differences in ligand 

structure can significantly modulate the fluorescence signal generated by PSYLI2 cells 

(Figure 2.3C). Most notably, increasing N-methylation tends to reduce the magnitude of 

the sensor response (e.g., 5-HT: ΔF/F = 46.3% ± 1.4%; N-methylserotonin, N-5-HT: ΔF/F 

= 24.6% ± 1.7%; and N,N-dimethylserotonin, BUFO: ΔF/F = 22.3% ± 2.8%), which is 

consistent with a structure-activity relationship previously reported for 5-HT2AR-

induced accumulation of [3H]inositol phosphates (Ebersole et al., 2003). Surprisingly, the 

hydroxyl substituent of 5-HT does not appear to be necessary for achieving full agonism 

as tryptamine produces a robust response (Figure 2.3C). 

 Next, we screened a library of eighty-three compounds consisting of known 

hallucinogens (as defined by human data or predicted based on the mouse HTR and/or 

DD assays), known non-hallucinogenic 5-HT2AR ligands, psychoactive drugs with 

unknown 5-HT2AR affinity, and compounds from our medicinal chemistry program 

(Figures S2.4B, S2.4C, and S2.5; see Methods for details). When the assay was performed 

in agonist mode (Figure 2.3D, abscissa), serotonergic hallucinogens reliably gave a 

response of greater than +1 SD from the vehicle control (Figures 2.4D and S2.4B). Non-

hallucinogenic 5-HT2AR ligands did not activate the sensor in agonist mode but 
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decreased fluorescence in antagonist mode (Figure 2.3D, ordinate). Compounds that do 

not bind to the 5-HT2AR did not produce a response in either agonist or antagonist mode. 

 

Figure S2.5. Chemical structures of compounds synthesized in house, related to Figure 2.3. 
Syntheses and characterization data for compounds are shown in the supporting information. 
 
 When screened at 10 µM using PSYLI2 cells, 2-bromolysergic acid diethylamide 

(BOL-148) and bromocriptine produced unexpected fluorescence signals, because these 

compounds are widely believed to be non-hallucinogenic. Given that both compounds 

contain a two-bromoindole structural motif, we suspected that the inherent fluorescence 

of these molecules was resulting in false-positive signals. Therefore, we performed 

concentration-response experiments in PSYLI2 cells using a high content imager and 
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under cell-free conditions using a fluorescence plate reader (Figure S2.4D). The results 

confirmed our hypothesis that the signal from BOL-148 and bromocriptine at 10 µM was 

due to the inherent fluorescence of these compounds, and not due to activation of the 

sensor. 

 By running the assay in both agonist and antagonist mode (i.e., 100 nM 5-HT with 

10 µM test compound), we were able to distinguish between non-hallucinogenic ligands 

of the 5-HT2AR and compounds that do not bind to the receptor (Figures 2.4D, 2.4E, and 

S2.4C). We combined data from agonist and antagonist modes to define a “ligand score” 

(see Methods for details); positive and negative ligand scores indicated likely 

hallucinogenic and non-hallucinogenic ligands of the 5-HT2AR, respectively, whereas 

values close to zero indicated compounds that were unlikely to be 5-HT2AR ligands 

(Figure 2.3E). For example, the ligand scores for LSD and lisuride were 23.0 and −42.3, 

respectively. In contrast, non-serotonergic hallucinogens/dissociatives such as salvinorin 

A, ketamine, and phencyclidine displayed ligand scores close to 0 (Figure 2.3E). 

 Finally, to further characterize the pharmacological profiles of non-hallucinogenic 

ligands, we performed Schild regression analysis for several compounds with negative 

ligand scores (Figures S2.6A–S2.6D). The pA2 values indicate that LIS, apomorphine, and 

benztropine are potent psychLight competitive antagonists, whereas 6-MeO is 

significantly less potent (Figures S2.6A–S2.6D). 
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Figure S2.6. Schild regression analysis for non-hallucinogenic 5-HT2AR ligands and off target 
characterization for AAZ-A-154, related to Figures 2.4 and 2.5. 
A–D. Schild analysis using 5-HT (100 nM) as the agonist and 4 concentrations of non-hallucinogenic 
compounds (i.e., LIS, 6-MeO, apomorphine, benztropine). LIS = lisuride, 6-MeO = 6-MeO-DMT, APOM = 
apomorphine, BZTP = benztropine.  
E. Data from agonist and antagonist mode of 7 receptor-based sensors (Agonist mode: 0.1% DMSO or 10 
µM AAZ-A-154 was added; Antagonist mode: 0.1% DMSO or 10uM AAZ-A-154 was added in the presence 
of 100 nM dopamine (DA), norepinephrine (NE), U-50488 (U50) or serotonin(5-HT)). ∗∗∗∗p < 0.0001, ns p > 
0.05. One-way ANOVA. Tukey’s multiple comparisons test. 
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(v) Psychlight Accurately Predicts the Hallucinogenic Potentials of Designer Drugs 
 We next screened a small library consisting of thirty-four compounds with 

unknown hallucinogenic potentials (Figure 2.3E). By assessing ligand scores, we 

predicted that the smaller 5-F-DMT and 5-Cl-DMT would be hallucinogenic, while the 

larger 5-Br-DMT would not (Figures 2.4E and 2.5A). To confirm this prediction in vivo, 

we performed a three-point dose-response study measuring HTR (Figure 2.5B). As 

expected, both 5-F-DMT and 5-Cl-DMT produced robust HTRs, while 5-Br-DMT failed 

to induce HTRs at any dose (Figure 2.5B). Interestingly, the effects of the compounds on 

locomotion and the HTR were not correlated (Figure 2.5C). The 5-halo-DMT series really 

highlights the power of psychLight for detecting profound functional differences 

between compounds that share a high degree of structural similarity. 
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Figure 2.5. PsychLight accurately predicts hallucinogenic potentials of previously untested compounds. 
(A) Structures of 5-halo-DMT derivatives and AAZ-A-154. Colored circles indicate the relative size of the 
halogen atom compared to each other 
(B) Both 5-F-DMT and 5-Cl-DMT produce positive ligand scores and induce head-twitches in mice. In 
contrast, 5-Br-DMT produces a negative ligand score and does not induce a HTR (n = 4 mice). 
(C) All 5-halo-DMTs produce dose-dependent decreases in locomotion (n = 4 mice). 
(D) Schild regression analysis reveals that AAZ-A-154 is a psychLight competitive antagonist (n = 3 
replicates from 1 passage of cells). 
(E) AAZ-A-154 does not trigger a HTR at any dose compared to that triggered by 5-MeO-DMT (n = 4 mice). 
(F) AAZ-A-154 only decreases locomotion at a very high dose (100 mg/kg) (n = 4 mice). Data are 
represented as mean ± SEM. ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, and ∗p < 0.05, versus the vehicle control, one-
way ANOVA with Dunnett’s test. 
See also Figure S2.6E and Tables S2.1 and S2.2. 
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 Next, we sought to use psychLight to identify non-hallucinogenic 5-HT2AR 

ligands occupying previously unknown chemical space. Because AAZ-A-154 (Figure 

2.5A) had never been reported in the literature and exhibited a favorable ligand score, we 

subjected it to further testing. Schild regression analysis revealed that AAZ-A-154 

functions as a psychLight competitive antagonist (Figure 2.5D). Using a panel of GPCR-

based sensors (e.g., dopamine, adrenergic, opioid, and serotonin receptors) (Patriarchi et 

al., 2018; Wan et al., 2021) in both agonist and antagonist mode, we observed that AAZ-

A-154 exhibits high selectivity for 5-HT2 receptors (Figure S2.6E). To assess the 

hallucinogenic potential of AAZ-A-154 in vivo, we performed HTR experiments across 

multiple doses in mice. As expected, AAZ-A-154 failed to produce any head-twitches, 

even up to doses as high as 100 mg/kg (Figure 2.5E). However, a high dose of AAZ-A-

154 decreased locomotion (Figure 2.5F), indicating that this compound can still impact 

behavior without producing hallucinogenic effects. 

 

(vi) Characterizing the Antidepressant-Like Effects of AAZ-A-154 
Given its similar structure to several known psychoplastogens (Ly et al., 2018), we tested 

the ability of AAZ-A-154 to promote dendritic outgrowth in cultured rat embryonic 

cortical neurons (Cameron et al., 2021; Dunlap et al., 2020). Treatment with AAZ-A-154 

increases dendritic arbor complexity to a comparable extent as the fast-acting 

antidepressant ketamine (KET) (Figures 2.6A and 2.6B). This psychoplastogenic effect 

was abolished by the 5-HT2R antagonist ketanserin (KETSN) (Figure 2.6C), suggesting 
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that AAZ-A-154 triggers dendritic growth through activation of 5-HT2Rs. 

 

Figure 2.6. A predicted non-hallucinogenic compound with antidepressant potential. 
(A) Representative images demonstrating that AAZ-A-154 promotes dendritic branching. Scale bar, 20 µm. 
(B) Maximal number of crossings (Nmax) from Sholl plots (n = 51–60 neurons). ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, 
one-way ANOVA with Dunnett’s test. 
(C) The effects of AAZ (100 nM) on dendritic growth can be blocked by the 5-HT2R antagonist ketanserin 
(KETSN, 1 µM, n = 39–58 neurons). ∗∗∗∗p < 0.0001, one-way ANOVA with Dunnett’s test. 
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(D) Schematic depicting the forced swim test design. AAZ-A-154 (20 mg/kg) produces fast (30 min) and 
long-lasting (1 week) antidepressant-like effects in the FST comparable to ketamine (KET) (n = 12). ∗∗∗∗p < 
0.0001, ∗∗∗p < 0.001, and ∗p < 0.05, one-way ANOVA with Dunnett’s test 
(E) Sucrose preference test reveals that AAZ (15 mg/kg) reduces anhedonia in VMAT2-HET mice for at 
least 12 days. W-W, water-water pairing; W-S, water-sucrose (1%) pairing. When given the choice between 
water and a 1% sucrose solution (W-S), only WT mice displayed a sucrose preference. Total fluid 
consumption was not different between genotypes at any time point. n = 11 mice/genotype; data are 
represented as means and SEMs, ∗∗p < 0.01 and ∗p < 0.05, WT versus VMAT2-HET, repeated-measures 
ANOVA with Bonferroni corrected pairwise comparisons. 
See also Tables S2.1 and S2.2. 
 
 Hallucinogenic and dissociative psychoplastogens, are known to produce both 

rapid and sustained antidepressant effects (Olson, 2018). Because AAZ-A-154 is not 

predicted to produce hallucinations (Figures 2.4E and 2.5E), we were interested in 

assessing its antidepressant potential in vivo using behavioral assays relevant to active 

stress-coping strategies (i.e., forced swim test) and anhedonia (i.e., sucrose preference). 

 AAZ-A-154 decreased immobility in the forced swim test (FST) (Figure 2.6D)—an 

effortful behavioral response commonly produced by other known psychoplastogens 

(Cameron et al., 2018) and antidepressants such as ketamine (Li et al., 2010). In these 

studies, we utilized C57BL/6J mice, because this strain does not respond robustly to 

traditional antidepressants such as selective serotonin reuptake inhibitors (SSRIs) or 

tricyclics (Hascoët and Bourin, 2009), thus highlighting the similarity between AAZ-A-

154 and next-generation antidepressants like ketamine. AAZ-A-154 produced both rapid 

(30 min) and long-lasting (1 week) antidepressant-like effects after a single administration 

(Figure 2.6D). 

 To determine if AAZ-A-154 could ameliorate anhedonia, we used VMAT2 

heterozygous (VMAT2-HET) mice. We chose this animal model of depression because 

pharmacological inhibition of VMAT2 precipitates depressive-like behaviors in humans, 

and VMAT2-HET mice display several depressive phenotypes including a reduced 
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preference for a 1% sucrose solution over water alone (Fukui et al., 2007). At baseline, the 

wild-type (WT) animals displayed a strong preference for the sucrose solution whereas 

the VMAT2-HET mice did not (Figure 2.6E). However, immediately following a single 

administration of AAZ-A-154, the VMAT2-HET mice exhibited a sucrose preference that 

was indistinguishable from WT controls. This anti-anhedonic effect persisted for at least 

12 days before the treated VMAT2-HET animals began to display reduced sucrose 

preference (Figure 2.6E). Notably, the change in sucrose preference observed for the 

VMAT2-HET mice cannot be attributed to differential fluid consumption because both 

genotypes drank similar volumes of liquids across the entire experiment (Figure 2.6E). 

Moreover, the effects of AAZ-A-154 cannot be ascribed to increasing sucrose palatability, 

because AAZ-A-154 did not modify sucrose preference in the WT animals (Figure 2.6E). 

Taken together, these results suggest that psychLight can be used to identify both 

hallucinogenic and non-hallucinogenic ligands of the 5-HT2AR. 

 

Discussion 
 We developed psychLight as a 5-HT2AR-based fluorescent sensor capable of 

measuring endogenous 5-HT dynamics and detecting hallucinogenic conformations of 

the receptor. PsychLight exhibits millisecond off kinetics, which enabled us to detect 

time-dependent release/reuptake of 5-HT ex vivo and in vivo. Interestingly, we observed 

both fast and slow decaying 5-HT signals in acute BNST slices following electrical 

stimulation. However, it is unclear what causes the differential 5-HT time courses, 

although an SSRI can increase the amplitude of the response and slow reuptake. 

Compared to iSeroSnFR (Unger et al., 2020), psychLight displayed a much higher 
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apparent affinity even with a relatively smaller dynamic range. These intrinsic properties 

may make psychLight extremely useful for reporting low concentration events, although 

psychLight is likely to become fully saturated following a massive release of 5-HT. 

Together with existing genetically encoded indicators (Unger et al., 2020; Wan et al., 2021), 

we anticipate that psychLight will prove essential for fully understanding the effects of 

endogenous 5-HT on brain function. Future side-by-side comparisons of the sensors’ 

properties under identical experimental conditions across various species will provide 

useful information to guide which sensor to choose for a particular in vivo application. 

 Unlike existing serotonin sensors, psychLight is based on the 5-HT2AR, which 

plays an essential role in the hallucinogenic effects of psychedelics. Thus, the fluorescence 

changes of psychLight correlate with ligand-induced conformational changes specific to 

serotonergic hallucinogens. This is a unique feature of psychLight compared to other 5-

HT sensors. In fact, iSeroSnFR exhibits low affinity for many hallucinogenic 5-HT2AR 

ligands (Unger et al., 2020). In principle, extensive binding pocket engineering of 

iSeroSnFR could produce a sensor specific for a single hallucinogenic compound, but 

such a sensor would not be generalizable to the broad class of structurally diverse 

serotonergic hallucinogens. PsychLight solves this issue by directly measuring 

conformational changes of the 5-HT2AR—a receptor that is activated by a wide range of 

diverse serotonergic hallucinogens including tryptamines, ergolines, and amphetamines. 

This direct measurement of 5-HT2AR conformational change overcomes the limitations 

of existing methods, which either provide a snap-shot view of the interaction or depend 

on slow, indirect secondary signaling (González-Maeso et al., 2007). However, to fully 
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understand the action of biased 5-HT2AR ligands at the molecular level, the structures of 

psychLight bound to activating and inactivating ligands will be essential. Determining 

the spatial and temporal kinetics of ligand-receptor interactions and correlating this 

information to downstream signaling will provide additional insight into ligands’ 

molecular and cellular mechanisms of action. 

 PsychLight fills the gap between in vitro testing of novel compounds and in vivo 

behavioral studies. To date, labor-intensive and costly rodent HTR and DD assays have 

been the most commonly used methods to assess the hallucinogenic potentials of novel 

compounds (Halberstadt et al., 2020). González-Maeso et al. (2007) have demonstrated 

that hallucinogenic and non-hallucinogenic 5-HT2AR ligands induce distinct immediate 

early gene expression patterns and may differentially activate 5-HT2AR-mGluR2 

heterodimers (González-Maeso et al., 2007, 2008). However, these results have yet to be 

developed into a reliable cellular assay capable of differentiating between hallucinogenic 

and non-hallucinogenic congeners across a wide range of chemical structures. Using 

psychLight, hallucinogenic potential can be rapidly assessed in cells through direct 

fluorescence readout, enabling the identification of potential hallucinogens at an early 

stage in the drug discovery process. We predict that this assay will be easily adapted to a 

384-well format and will complement additional orthogonal GPCR assays (e.g., Ca2+ flux, 

G protein activation, β-arrestin activation, cAMP production, etc.). 

 PsychLight can be used to identify non-hallucinogenic 5-HT2AR antagonists (e.g., 

antipsychotics like clozapine) or non-hallucinogenic biased agonists (e.g., LIS). Non-

hallucinogenic psychoplastogens have emerged as an incredibly exciting class of 5-
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HT2AR ligands given the broad implications that neural plasticity-promoting 

compounds have for treating a variety of brain disorders (Cameron et al., 2021; Dunlap 

et al., 2020). We used psychLight to identify AAZ-A-154—a non-hallucinogenic analog of 

a psychedelic compound occupying previously unknown chemical space that promotes 

neuronal growth and produces long-lasting (>2-week) beneficial behavioral effects in 

rodents following a single administration. Tabernanthalog (TBG) is the only other known 

non-hallucinogenic psychoplastogen with antidepressant-like properties (Cameron et al., 

2021), and TBG has a similar ligand score as AAZ-A-154 (Figure 2.3E). In vivo, it appears 

that AAZ-A-154 may be more potent than TBG while producing more sustained 

antidepressant effects. 

 To date, the precise mechanisms of action of hallucinogens at molecular and circuit 

levels remain largely unknown (Aghajanian and Marek, 1999; Preller et al., 2018). Genetic 

tools including reporters, sensors, and effectors that enable the monitoring and 

manipulation of neuronal activity will be useful for dissecting the circuits involved in 

hallucinogenic versus antidepressant effects. Furthermore, the identification of 

functionally selective GPCR ligands will be key to the advancement of future therapeutics 

targeting this class of receptors. The development of psychLight outlines a general 

strategy for achieving this goal by directly measuring distinct, behaviorally relevant, 

ligand-induced conformational changes. 
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Method Details 
 
Materials Availability 
 The following plasmids have been deposited in Addgene: 
163910 pCMV_psychLight2 

163909 pAAV_hSynapsin_psychLight2 
 

AAV Viruses are available through Addgene and the Canadian Neurophotonics Centre. 

PSYLI2 cell line will be available upon request via MTA with UCD. 

 
Data And Code Availability 
 The full sequence of psychLight has been deposited in GenBank:MW285156 

(psychLight1), GeneBank: MW285157 (psychLight2). All source data present in this 

manuscript are available from https://github.com/lintianlab/psychLight. 

Custom MATLAB code is available via https://github.com/lintianlab/psychLight. 

 
Experimental Model and Subject Details 
 All experimental procedures involving animals were approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of California, Davis, the 

University of Colorado School of Medicine, or Duke University, and adhered to 

principles described in the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. The University of California, Davis, the University of Colorado 

School of Medicine, and Duke University are accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). 
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Abbreviations (In alphabetical order) 
 
 β2AR = beta-2 adrenergic receptor; (S)-Meth-AMPH = (S)-methamphetamine; 

+Ctrl = positive control; µm = micrometer; 25-CN-NBOH = 4-(2-(2-

Hydroxybenzylamino)ethyl)-2,5-dimethoxybenzonitrile hydrochloride; 2C-I = 2-(4-Iodo-

2,5-dimethoxyphenyl)ethan-1-amine; 2p = 2-photon; 3-IAA = indole-3-acetic acid; 5-Br-

DMT = 5-bromo-N,N-dimethyltryptamine; 5-Cl−DMT = 5-chloro-N,N-

dimethyltryptamine; 5-F-DMT = 5-flouo-N,N-dimethyltryptamine; 5-HT = serotonin; 5-

HT2AR = serotonin 2A receptor; 5-MeO = 5-methoxy-N,N-dimethyltrytamine; 6-F-DET 

= 6-flouro-N,N-diethyltrytamine; 6-MeO = 6-methoxy-N,N-dimethyltryptamine; 8-OH-

DPAT = (±)-8-hydroxy-2-(dipropylamino)tetralin; AAV = adeno-associated virus; AAZ 

= AAZ-A-154; aCSF = artificial cerebrospinal fluid; BLA = basolateral amygdala; BNST = 

bed nucleus of the stria terminalis; BOL-148 = 2-bromo- lysergic acid diethylamide; BUFO 

= bufotenin, N,N-dimethyltryptamine; cpGFP = circularly permuted green fluorescent 

protein; CPMD = compound; D1R = dopamine receptor D1; DA = dopamine; DMSO = 

dimethyl sulfoxide; DMT = N,N-dimethyltrytamine; DOI = 2,5-dimethoxy-4-

iodoamphetamine; DRN = dorsal raphe nucleus; EC50 = half maximal effective 

concentration; EF1α = human elongation factor-1 alpha; Emax = maximum efficacy; ESC 

= escitalopram oxalate; FST = forced swim test; GABA = γ-aminobutyric acid; GLU = 

glutamate; HEK293T = human embryonic kidney 293 cells with SV40 T-antigen; HTR = 

head-twitch response; IL3 = third intracellular loop; KET = ketamine; KETSN = 

ketanserin; LIS = lisuride; LSD = lysergic acid diethylamide; LTR = long terminal repeat; 

MDL = MDL 100907; N-5-HT = N-methylserotonin; N-acetyl-5-HT = N-acetylserotonin; 
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NA = not available; NE = norepinephrine; NMT = N-methyltryptamine; OFC = 

orbitofrontal cortex; PCP = Phencyclidine; PCP = phencyclidine; PGK = 

phosphoglycerate kinase; Puro(R) = puromycin resistance; R-AMPH = (R)-amphetamine; 

R-dimeth-AMPH = (R)-dimethamphetamine; R-MDA = (R)-3,4-

methylenedioxyamphetamine; R-MDDMA = (R)-3,4-

methylenedioxydimethylamphetamine; R-MDMA = (R)-3,4-methylenedioxy-

methamphetamine; ROI = region of interest; S-AMPH = (S)-amphetamine; S-dimeth-

AMPH = (S)-dimethamphetamine; S-MDA = (S)-3,4-methylenedioxyamphetamine; S-

MDDMA = (S)-3,4-methylenedioxydimethylamphetamine; S-MDMA = (S)-3,4-

methylenedioxy-methamphetamine; SEM = standard error mean; STD = standard 

deviation; TRY = tryptamine; TTX = tetrodotoxin citrate; U50 = U50488; VEH = vehicle; 

VMAT2-HET = vesicular monoamine transporter 2 heterozygous; W-S = water and 1% 

sucrose solution; W-W = water and water; WT = wild-type; TBG = Tabernanthalog; ΔF/F 

= change in fluorescence over initial fluorescence. 

 
Compounds 
 
 The NIH Drug Supply Program provided lysergic acid diethylamide hemitartrate, 

psilocin, psilocybin, 2-(4-Iodo-2,5-dimethoxyphenyl)ethan-1-amine hydrochloride (2C-I), 

2-bromo-lysergic acid diethylamide tartrate (BOL-148), ibogaine hydrochloride, 

noribogaine, cocaine hydrochloride, salvinorin A, and phencyclidine hydrochloride 

(PCP). Other chemicals were purchased from commercial sources such as serotonin 

hydrochloride (5-HT, Fisher, 50-120-7920), ketanserin (KETSN, ApexBio, 50-190-5332), 

ketamine hydrochloride (KET, Fagron, 803647), morphine sulfate (Mallinckrodt, Inc., 
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0406-1521-53), lisuride maleate (LIS, Tocris, 40-5210), bromocriptine mesylate (Tocris, 04-

275-0), (±)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI, Cayman, 13885), 

imipramine hydrochloride (Cayman, 15890), modafinil (Cayman, 15417), (±)-threo-

methylphenidate hydrochloride (Cayman, 11639), indole 3-aceitic acid (3-IAA, ACROS, 

AC12216-0250), gramine (ACROS, AC12018-0100), N-acetylserotonin (ACROS, AC22693-

1000), melatonin (ACROS, AC12536-2500), tryptamine (TRY, ACROS, AC15798-0050), N-

methyltryptamine (NMT, ACROS, AC151751000), MDL 100907 (MDL, Sigma, M3324-

5MG), haloperidol (Sigma, H1512), clozapine (Sigma, C6305), aripiprazole (Sigma, 

SML0935), fluoxetine hydrochloride (Sigma, F132-10MG), rizatriptan benzoate (Sigma, 

SML0247-10MG), benztropine mesylate (Sigma, SML0847-500MG), (±)-8-hydroxy-2-

(dipropylamino)tetralin hydrobromide (8-OH-DPAT, Sigma, H8520-25MG), R-(-)-

apomorphine hydrochloride hemihydrate (Sigma, A4393-100MG), pramipexole 

hydrochloride (Sigma, PHR1598-500MG), selegiline hydrochloride (Sigma, M003-

250MG), ladostigil tartrate (Sigma, SML2263-5MG), RuBi-5-HT (Tocris, 3856) 

escitalopram oxalate (ESC, Tocris, 4796), L-glutamic acid (GLU, Sigma, G1251-500G), γ-

aminobutyric acid (GABA, A5835-25G), dopamine hydrochloride (DA, Sigma, H8502-

25G), and norepinephrine bitartrate (NE, 1468501). For cellular experiments, the VEH is 

dimethyl sulfoxide (DMSO, ACROS, AC327182500). For in vivo experiments, VEH = USP 

grade saline (0.9%, VWR, 68099-103). The remaining compounds used in these studies 

were synthesized in house and judged to be pure based on NMR and UHPLC-MS. 

Compounds of the DMT, IsoDMT families (LED-A-4 − LED-C-21) and Tabernanthalog 

(TBG) were prepared as described previously (Cameron et al., 2021; Dunlap et al., 2020). 
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All enantiopure amphetamines (i.e., amphetamine, methamphetamine, 

dimethamphetamine) and methylenedioxymethamphetamines (i.e., MDA, MDMA, 

MDDMA) were prepared using methodology described by Nenajdenko (Huot et al., 2011; 

Nenajdenko et al., 2001). The key step involved the regioselective ring opening of 

enantiopure Boc-protected aziridines derived from R- and S-alaninol, respectively. The 

Boc-protected amphetamines and methylenedioxymethamphetamines were determined 

to be enantiomerically pure (> 99 % ee) by chiral HPLC. The methylated amphetamines 

and methylated methylenedioxyamphetamines were readily prepared using known 

methods (Dunlap et al., 2020; Talluri and Sudalai, 2007). All amphetamine and 

methylenedioxyamphetamine derivatives were prepared as the 1:1 fumarate salts with 

the exception of R- and S-MDMA, which were prepared as the 2:1 fumarate salts (i.e., 

hemifumarates). Lastly, N-Me-5-HT, N-Me-5-MeO-tryptamine hemifumarate, 6-

fluorodiethyltryptamine (6-F-DET hemifumarate), 5-bromo-DMT hemifumarate, 5-

chloro-DMT hemifumarate, 5-fluoro-DMT hemifumarate, and AAZ-A-137 hemifumarate 

were prepared using previously reported methods (Blair et al., 2000; Marzaro et al., 2009; 

Somei et al., 2001; Tombari et al., 2019). Synthetic procedures and characterization data 

for AAZ-A-154 and LED-C-233 are reported below. 

 
PsychLight Development and Characterization 
 
Development of PsychLight1 and PsychLight2 
 All constructs were designed using circular polymerase extension cloning (CPEC), 

restriction cloning, and gBlock gene fragments (Integrated DNA Technologies) (Quan 

and Tian, 2011). Sequences coding for a FLAG epitope were placed at the 5′ end of the 
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construct as previously described (Irannejad et al., 2013). HindIII and NotI cut sites were 

placed at the 5′- and 3′ ends, respectively, for cloning into pCMV (Addgene) to generate 

all pCMV constructs. BamHI and HindIII sites were introduced via PCR for final 

subcloning onto pAAV.hSynapsin1 vectors (Addgene). To maximize coupling between 

conformational changes and chromophore fluorescence, we chose to use a cpGFP module 

(LSS-LE-cpGFP-LP-DQL) from GCaMP6 (Chen et al., 2013) for insertion into the human 

5-HT2AR using circular polymerase extension cloning (CPEC). 

 For screening linker variants, we generated linker libraries by first creating an 

insert DNA carrying a randomized 2 amino acid linker on each side of cpGFP (LSS-xx-

cpGFP-xx-DQL). Cloned constructs were amplified and purified with the QIAGEN PCR 

purification kit prior to NEB® 5-α competent E. coli transformation. Competent cells were 

plated onto kanamycin-containing agar plates. After allowing for 24-hour of growth at 

37°C, single colonies were manually picked and grown overnight as described previously 

(Tian et al., 2009). Plasmids from the colonies were with purified using the QIAGEN 

miniprep kit. Top variants were sequenced by Genewiz. For conversion of psychLight1 

to psychLight2, an ER2 tag was added to the C terminus of the protein, as described 

previously (Stockklausner et al., 2001), and the two original amino acids from the cpGFP 

sequence (i.e., F511 and N512, numbering based on psychLight2) were inserted into the 

N-terminal side of linker 2 to increase the baseline fluorescence. NEB® stable competent 

cells were transformed with PAAV_hSynapsin_psychLight2. After growth on an agar 

plate at 30°C, a single colony was selected. After sequencing confirmed the presence of 

the psychLight2 gene, the cells were expanded at 30°C in 100 mL of growth medium 
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(2xYT), and purified with a QIAGEN Endo-free Plasmid Maxi kit and send to the UC 

DAVIS Virus Packaging Core for virus production. Sequence information for 

psychLight1 and psychLight2, see Data S2.1. 

 

Tissue Culture 
 
 HEK293T cells were grown in DMEM, supplemented with fetal bovine serum (FBS) 

and penicillin-streptomycin. Cells were transfected with Effectene according to the 

manufacturer’s instructions. Prior to imaging, cells were washed with Hank’s Balanced 

Salt Solution (HBSS) supplemented with 2 mM MgCl2 and 2 mM CaCl2. All images were 

collected in HBSS containing Mg2+ and Ca2+. 

 

Transient Transfection of PsychLight1 
 
 HEK293T cells were plated and transfected concurrently 24 h prior to each 

experiment using the QIAGEN Effectene Transfection Reagent kit according to the 

manufacture’s protocol. 

 

Confocal Microscopy Experiments 
 
 Dose-response experiments were performed using an Automate Perfusion System. 

Cells (HEK293T) were grown on 12 mm coverslips and transfected with psychLight1. The 

coverslips were then placed into a coverslip holder and washed with 5 mL of HBSS 

containing 2 mM MgCl2 and 2 mM CaCl2. Cells were perfused first with 5 mL of 0.1% 

DMSO, then drugs in ascending concentrations from 1 pM to 10 µM were added, with 
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the concentration of DMSO being held constant at 0.1%. Images were recorded using a 

465 nm laser and a 40x oil objection (0.55 N.A.) on a Zeiss 710 confocal microscope. For 

the competition studies described in Figure S2.3, HEK293T cells were prepared as 

described above; however, the cells were first exposed to 5 mL of 0.2% DMSO. Next, 100 

nM 5-HT in 0.2% DMSO was introduced to the cells followed by ascending 

concentrations of the drug (from 1 pM to 10 µM) in a solution of 100 nM 5-HT, with the 

concentration of DMSO kept constant at 0.2%. Analysis was performed by taking 3 ROIs 

on the cell membrane using ImageJ and calculating the mean intensity for each ROI across 

the time-points. Finally, the ΔF/F was calculated using the average of the baseline (0.1 or 

0.2% DMSO) and the average intensity between each dosage over the average of the 

baseline. 

 

Two-Photon Uncaging Experiments 
 
 Organotypic slice cultures from the frontal cortex were prepared from postnatal 

day 2–3 (P2–P3) C57BL/6J mice, as described previously (Stoppini et al., 1991). Slices 

were infected 19–20 days prior to imaging by adding a drop of a solution containing 1 µL 

of concentrated psychLight2 virus (AAV_hSyn_psychLight2) and 4 µL of slice culture 

media (pre-warmed to 37°C) to the top of the cortical layers. Slices were transfected with 

tdTomato 17–18 days prior to imaging using biolistic gene transfer (180 psi). Gold 

particles (6–7 mg) were coated with 12 µg of the tdTomato plasmid (Kwon et al., 2012). 

Two-photon imaging and uncaging were performed after 21–23 days in vitro (DIV) on 

transfected layer 2/3 pyramidal neurons within 40 µm of the slice surface at 30°C in 
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recirculating artificial cerebrospinal fluid (aCSF; in mM: 127 NaCl, 25 NaHCO3, 1.25 

NaH2PO4, 2.5 KCl, 25 D-glucose, aerated with 95%O2/5%CO2) with 2 mM CaCl2, 1 mM 

MgCl2, 0.1 mM RuBi-5-HT, and 0.001 mM tetrodotoxin. For each neuron, image stacks 

(512 × 512 pixels; 0.047 µm / pixel) with 1 µm z-steps were collected from one segment 

of secondary or tertiary apical dendrites 50–80 µm from the soma using a two-photon 

microscope (Bruker) with a pulsed Ti::sapphire laser (Mai Tai, Spectra Physics) tuned to 

920 nm (4–5 mW at the sample). All images shown are maximum projections of 3D image 

stacks after applying a median filter (2 × 2) to the raw image data. Two-photon uncaging 

was achieved, as previously described (Oh et al., 2016), except that RuBi-5-HT was used. 

In brief, the 5-HT uncaging stimulus (1 pulse of 10-ms duration; 17–20 mW at the sample, 

810 nm) was delivered by parking the beam at a point ∼0.5 µm from the edge of a dendrite 

with a pulsed Ti::sapphire laser (MaiTai HP, Spectra-Physics). The mock stimulus was 

identical in parameters to the uncaging stimulus, except carried out in the absence of 

RuBi-5-HT. Line-scan recording of fluorescence transients was performed simultaneous 

with 5-HT uncaging on layer 2/3 pyramidal neurons using two pulsed Ti::sapphire lasers 

for imaging and uncaging at wavelengths of 920 nm and 810 nm, respectively. The 

fluorescent measurements of psychLight transients were represented as ΔpL2/tdT = 

[(pL2/tdT) peak / (pL2/tdT) baseline], where pL2 and tdT represent the fluorescence 

from psychLight2 and tdTomato, respectively. After measuring baseline fluorescences 

(50 ms), 5-HT uncaging (1 pulse of 10-ms duration, 17–20 mW) was delivered at the target 

region and peak fluorescences were averaged over 10 ms around the peak. Only cells that 

showed stable 5-HT-insensitive (Red) signals (< ± 5% fluctuation) were included in our 
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analysis (Oh et al., 2016). To measure changes in psychLight fluorescence intensities 

following 5-HT bath application (50 µM), fluorescence intensities were calculated from 

bleed-through-corrected and background subtracted green (psychLight) and red 

(tdTomato) fluorescence intensities using the integrated pixel intensity of a boxed region 

surrounding a dendrite and were represented as ΔpL2/tdT = [(pL2/tdT) peak / 

(pL2/tdT) baseline] (Oh et al., 2016). All statistics were performed across regions of 

interest (ROIs). 

Slice Experiments 
 
Viral Injections 
 
 Injection procedures were performed as previously described (Broussard et al., 

2018). Briefly, animals were anesthetized using 0.5%–2.5% isoflurane and mounted on a 

stereotaxic apparatus (Model 900). For injections into the BNST (AP: 0.3 mm, ML: 1 mm, 

DV: −4.35 mm from the skull), a small craniotomy (1–2 mm diameter) was performed on 

top of BNST injection site. The virus injection was performed using a Sub-Microliter 

Injection System with nanofil needles. Three hundred nL of 

AAV9.hSynapsin1.psychLight2 was injected into C57/BL6J mice. Mice were allowed to 

recover > 2 weeks to allow for sensor expression. 

 
Brain Slices for Two-Photon Imaging 
 
 Two to 4 weeks after viral injection, mice were anesthetized with 2.5% avertin and 

decapitated. The heads were placed into a high-sucrose artificial cerebrospinal fluid 

(aCSF) solution that contained (in mM): 73 NaCl, 2.5 KCl, 2 MgCl2, 1.25 NaH2PO4, 25 

NaHCO3, 24 dextrose, 0.5 CaCl2 and 75 sucrose, saturated with 95% O2 and 5% CO2. 
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The brains were removed from skull and cut (400 µm) with a vibratome (V1200s, Leica) 

in ice-cold high sucrose aCSF. Brain slices were incubated at 32°C for 30 min before 

imaging in normal aCSF that contained (in mM): 128 NaCl, 2.5 KCl, 1 MgCl2, 1.25 

NaH2PO4, 25 NaHCO3, 10 dextrose and 2 CaCl2, saturated with 95% O2 and 5% CO2. 

Imaging was carried out at room temperature using a 2-photon microscope. The sensor 

was excited at 920 nm with a Ti: sapphire laser (Ultra II, Coherent) that was focused by 

an Olympus 40 ×, 0.8NA water immersion objective. Emitted fluorescence was separated 

by a 525/50 nm filter set, and detected by a photomultiplier (H7422PA-40, Hamamatsu). 

Data were acquired and collected with ScanImage5 software. Electrical stimulation was 

performed with a tungsten concentric bipolar microelectrode (TM33CCINS-B, World 

Precision Instruments). 

 The area within approximately 20 µm of the electrode was imaged. Rectangular 

voltage pulses were applied though a 9-channel programmable pulse stimulator (Master-

9, A.M.P. Instruments LTD) and a stimulus isolation unit (ISO-Flex, A.M.P. Instruments 

LTD). Imaging and electrical stimulation were controlled by an Axon Digidata 1550B. 

Field potentials were applied at 20 pulses with a duration of 0.5 s. Experiments were 

carried out at a scan rate of 30 (512 × 512 pixels) Hz. Image analysis was performed with 

ImageJ, data analyses were calculated using MATLAB and SigmaPlot 12.0. Drugs were 

dissolved as a stock solution in imaging HBSS buffer and diluted at 1:1000 prior to 

application in the perfusion system. 

In vivo PsychLight Recordings 
 
General 
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 At the beginning of surgery, mice were anesthetized with 5% isoflurane for 

induction and later 1% isoflurane was used for maintenance. After induction of 

anesthesia, Carprofen (5 mg/kg) and Buprenorphine (1 mg/kg) were subcutaneously 

injected. The mouse was mounted on a stereotaxic frame. During surgery, body 

temperature was maintained with a heating pad. Before a sterile scalpel was used to make 

an incision, the hair covering the skin above the skull was removed. To have consistent 

horizontal alignment of the skull, bregma and lambda were leveled to be on the same z 

axis while two points on the surface of the skull 1.5 mm to either side of lambda were 

used to level the skull with regard to the y axis. Following viral injection, optical fiber 

was implanted and secured with metabond and dental cement. Mice were monitored up 

to 14 days after surgery. 

 
Viral Injection 
 

 To inject virus and implant optical fibers for fiber photometry experiments, 

craniotomy holes were made over the DRN, BNST, BLA, and OFC (DRN, inject with 20° 

angle, AP: −4.3 mm, ML: 1.1, DV: −2.85 mm; BNST, AP: 0.3 mm, ML: 1 mm, DV: −4.35 

mm; BLA, AP: −1.35 mm, ML: 3mm, DV: −4.5 mm; and OFC, AP: 2.5 mm, ML: 1.5 mm, 

DV: −2.5 mm). Mice were injected with 300 nL of AAV9.hSynapsin1.psychLight2 (BNST, 

BLA, OFC) or AAV8.hSynapsin1.psychLight2 (DRN). Virus was injected using the Sub-

Microliter Injection System with nanofil needles. The injection needle was lowered into 

the brain regions indicated above and infused per site at a rate of 100 nL per min. The 

injection volume was controlled by a microsyringe pump, which was connected to a 
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controller. Following injection, the virus was allowed to diffuse into the tissue for an 

additional 10 min before the needle was withdrawn. 

Optical Fiber Implantation 
 

After viral injection, optical fibers were mounted into a stereotaxic holder and 

inserted into tissue targeting 50 µm above the brain regions mentioned above. A layer of 

Metabond was applied to the surface of the skull around the optical fiber followed by a 

layer of dental cement to secure the optical fiber. 

 
Auditory Fear Conditioning 
 

Mice were placed into a fear conditioning chamber (Med Associates) with a patch 

cord connected for photometric recordings. A Doric fiber photometry system was used 

in this study with 465 nm and 405 nm light (LED, ∼30 µW) used for generating the signal 

and as an isosbestic control, respectively. Each animal received 15 presentations of a 27 s 

tone (3000 Hz) co-terminating with a foot-shock (0.5 mA for 1.5 s) delivered at 2 min 

intervals. Each animal received 15 tone/foot-shock pairings over the course of 40 min, 

and the responses for these trials were averaged to create a single trace per animal. Data 

analysis was performed with custom-written script in MATLAB. In brief, 405 nm traces 

were fit with a bi-exponential curve, and then the fit was subtracted from the signal to 

correct for baseline drift. ΔF/F% was calculated as [100∗(465 signal - fitted signal) / fitted 

signal)]. Traces were then z-scored. A heatmap was plotted using a custom MATLAB 

script by plotting normalized single trials of traces from all animals tested per brain 

region. 
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ROC analysis was done by a custom MATLAB script. We first calculated the 

baseline response from a defined a period of time (fixed measurement time point) before 

the shock and the sensor response from a defined period of time after the shock from the 

single trial data. We then calculated the probability distributions for the baseline and 

response periods by binning the single trial data into two histograms. We then applied a 

range of thresholds to the two distributions and calculated the true detection rate and 

false positive rate, which resulted in the ROC curve. Finally, we integrated the area under 

the ROC curve and approximated the d’ of the sensor as the discriminability index that 

had equal area under the ROC curve. 

 
Head-twitch Response with Fiber Photometry 
 

 Three animals were used for experiments measuring sensor activity in the 

prelimbic cortex. A 10 min baseline was recorded prior to compound administration (50 

mg/kg 5-MeO or 4 mg/kg KETSN, i.p.) in a 5 mL/kg volume using 0.9% saline as the 

vehicle. To calculate the ΔF/F time series, a linear fit was applied to the 405 nm signals 

and aligned to the 465 nm signals. The fitted 405 nm signal was subtracted from 465 nm 

channels, and then divided by the fitted 405 nm signal to yield ΔF/F values. The number 

of head twitches were counted in 1 min intervals by 2 observers blinded to the treatment 

conditions and the results were averaged (interpersonnel kappas, Pearson’s correlation 

coefficient = 0.96) 

Perfusion and Histology 
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 Stock Avertin was self-made by mixing 10 g of 2,2,2-tribromoethyl alcohol and 10 

mL of tert-amyl alcohol. The working stock was diluted to 1.2% (v/v) with water and 

shielded from light. Animals were euthanized with 125 mg/kg 1.2% Avertin (i.p.) 

followed by transcardial perfusion with ice-cold 1x phosphate buffered saline (PBS) and 

subsequently perfused with ice-cold 4% paraformaldehyde (PFA) in 1x PBS. After 

extraction of the mouse brains, samples were post-fixed in 4% PFA at 4°C overnight. The 

mouse brains were cryo-protected by immersion in 10% sucrose in a 1x PBS solution 

overnight. Samples were next placed in 30% sucrose in a 1x PBS solution for > 1 day, 

before embedding the samples in O.C.T. Samples were then transferred to a −80°C freezer 

for long-term storage or were sliced into 50 µm sections on a cryostat (Leica Biosystems) 

for histology. Histology samples were imaged on Zeiss LSM 710 confocal microscope. 

 
High Content Screening with PSYLI2 Cells 
 
Creation of PSYLI2 Cell Line Stably Expressing PsychLight2 
 

 The psychLight2 gene was cloned into a pLVX plasmid with the EF1α promotor. 

The plasmid was transfected into HEK293T cells together with pCMV_delta8.2 and 

pCMV_VSV_G in a ratio of 10:7:3 using the QIAGEN Effectene Transfection kit. After 14 

h of incubation, the medium was exchanged for fresh DMEM. After an additional 48 h of 

incubation, the lentivirus-containing medium was collected, filtered through a 0.45 µm 

Durapore low-protein binding filter, concentrated using a Centricon-70 ultra filtration 

unit at 3,500 g for 50 min, and stored at −80°C. Next, confluent HEK293T cells that had 

been grown in 24-well plates were infected with 20 µL of concentrated lentivirus for 48 h. 
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Puromycin selection was performed as described by Tandon and co-workers (Tandon et 

al., 2018). Expression was assessed via fluorescence microscopy, and a single cell was 

selected for expansion. The new cell line, named PSYLI2, was frozen in 10% DMSO at 

−80°C and then transferred to a liquid nitrogen dewar. 

 
High-Content Imaging Experiments 
 
 Glass bottom 96-well plates (P96-1.5H-N, Cellvis) were coated with 50 µg/mL of 

poly-D-lysine (Sigma, P6407-5MG) and 10 µg/mL of laminin (Sigma, L2020) overnight in 

an incubator (37°C, 5% CO2). Plates were washed with Dulbecco’s PBS (ThermoFisher, 

14190-250) and PSYLI2 cells were suspended in DMEM (Fisher, 11995073) containing 10% 

FBS (Fisher, 26-140-079) with 5% penicillin-streptomycin (Fisher, 15140-163) and plated 

at a density of 40,000 cells/well 24 h prior to each experiment. Immediately prior to an 

experiment, stock solutions of drugs in DMSO (10 mM) were diluted 1:100 in imaging 

media distributed across an empty 96-well plate (treatment plate) in triplicate following 

a randomized plate map. The imaging media consisted of 1 x HBSS (Fisher, 14175103) 

containing 0.5 M MgCl2 (Sigma, M8266-1KG) and 0.5 M CaCl2 (Sigma, C5670-50G). Cells 

grown in a separate 96-well plate (assay plate) were gently washed 3x with imaging 

media, and the wells were filled with an appropriate volume of imaging media for the 

respective experiment (vide infra). 

Agonist Mode 
 
 For agonist mode experiments, 180 µL of imaging media were added to each well 

of the assay plate. Wells were then imaged on a Lecia DMi8 using Leica Application Suite 

X (V3.6.0.20104) at 40x (N.A. = 0.6) with 5 regions of interest (ROI) taken per well using 
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the default 5 ROI pattern for each well with no bias to location and no overlap of the ROIs 

(exposure = 350 ms, LED power = 80%). Next, 20 µL from the treatment plate was 

transferred to the assay plate containing a 1:1000 dilution of drug (10 µM as the final 

concentration in 0.1% DMSO). As positive, negative, and neutral controls, 5-HT (10 µM), 

ketanserin (10 µM), and DMSO (0.1%) were used, respectively. All final concentrations of 

drugs were 10 µM (0.1% DMSO) in agonist mode unless stated otherwise. After 5 min of 

incubation, the same sites were re-imaged using the same settings. 

 Once imaging was complete, the images were exported, and analyzed using self-

written MATLAB script. Script will be deposit on to Github. In short, segmentation was 

performed on individual images and a mask highlighting the membrane of the HEK293T 

cells was generated. Pixel intensities were obtained from the mask-highlighted area and 

exported into Excel. The ΔF/F values for each well were calculated using the following 

equation: 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑎𝑓𝑡𝑒𝑟	𝑑𝑟𝑢𝑔 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔	(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)  

 These values were then used to obtain the triplicate mean (N = 3). 

 
 
 
Antagonist Mode 
 
 For antagonist mode experiments, 160 µL of imaging media was added to each 

well of the assay plate. Wells were imaged on a Lecia DMi8 using Leica Application Suite 

X (V3.6.0.20104) at 40x (N.A. = 0.6) with 5 regions of interest (ROI) taken per well using 

the default 5 ROI pattern for each well with no bias to location and no overlap of the ROIs 
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(exposure = 350 ms, LED power = 80%). A 100 µM 5-HT stock solution in DMSO was 

diluted 1:100 in imaging buffer. Next, 20 µL of this solution was added to the assay plate 

for a final concentration of 111 nM 5-HT (0.1% DMSO). The same 5 ROIs were imaged 

after 5 min of incubation. Next, 20 µL from the treatment plate was transferred to the 

assay plate for a final 1:1000 dilution of drug (10 µM drug, 100 nM 5-HT, 0.2% DMSO). 

All final concentrations of drugs were 10 µM with 100 nM 5-HT (0.2% DMSO) in 

antagonist mode unless stated otherwise. After 5 min of incubation, the same sites were 

re-imaged using the same settings. 

 Once imaging was complete, the images were exported, and analyzed using self-

written MATLAB script. Script will be deposit on to Github. In short, segmentation was 

performed on individual images and a mask highlighting the membrane of the HEK293T 

cells was generated. Pixel intensities were obtained from the mask highlighted area and 

exported into Excel. Then the ΔF/F values for each well were calculated using the 

following equation: 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑎𝑓𝑡𝑒𝑟	𝑑𝑟𝑢𝑔 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑎𝑓𝑡𝑒𝑟	5 − 𝐻𝑇	)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑎𝑓𝑡𝑒𝑟	5 − 𝐻𝑇	(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)  

 These values were then used to obtain the triplicate average (N = 3). All imaging 

and incubation (both agonist and antagonist mode) were performed at ambient 

atmosphere and temperature. 

 
Calculation of the Ligand Score 
 
 Compounds unlikely to bind to the sensor should produce minimal to no response 

in either agonist or antagonist mode. Therefore, a ligand score was calculated as: 
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∆(F/F)Compound Agonist Mode – [(∆F/F)VEH Antagonist Mode – (∆F/F)Compound Antagonist Mode] 

  

The black heatmap value indicating no effect was set to the value calculated for the 

vehicle control (i.e., −4.2). The maximal red and blue values were set to those calculated 

for a prototypical agonist (i.e., LSD, Ligand Score = 21) and antagonist (i.e., MDL100907, 

Ligand Score = −58), respectively. 

 
Schild Regression Analysis 
 
 A treatment plate was prepared by pre-mixing various concentrations of a non-

hallucinogenic compound with increasing concentrations of 5-HT. During imaging, 180 

µL of imaging media were added to each well of the assay plate. Wells were then imaged 

on a Lecia DMi8 using Leica Application Suite X (V3.6.0.20104) at 40x (N.A. = 0.6) with 5 

regions of interest (ROI) taken per well using the default 5 ROI pattern for each well with 

no bias to location and no overlap of the ROIs (exposure = 350 ms, LED power = 80%). 

Next, 20 µL from the treatment plate was transferred to the assay plate for a final 1:1000 

dilution of drug. All final drug treatments contained 0.1% DMSO. After 5 min of 

incubation, the same sites were re-imaged using the same settings. The data analysis 

method was the same as in agonist and antagonist mode. 

 
Plate reader screening for compound fluorescence 
 
 A 96-well plate (UV transparent) was prepared with 100 µL of increasing 

concentration of BOL-148 and bromocriptine from 10−12 to 10−5 M together with vehicle 

control. The plate was read by Tecan Microplate Reader Spark® with excitation 

wavelength 465 nm (bandwidth 20 nm), emission wavelength 518 nm (bandwidth 20 nm), 
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gain of 120, 5 ROI per well, total 30 flashes per well, and read at z-position 30000 µm from 

bottom of the plate. All settings controlled by SparkControl software, V2.3. 

 
Antidepressant and Hallucination Related Behavior 
 
Dendritogenesis Experiments 
 
 For the dendritogenesis experiments conducted using cultured E18 cortical 

neurons, timed-pregnant Sprague Dawley rats were obtained from Charles River 

Laboratories (Wilmington, MA). Full culturing, staining, and analysis details were 

performed as previously described (Dunlap et al., 2020). 

 
Forced Swim Test (FST) 
 
 Male and female C57BL/6J mice (9–10 weeks old at time of experiment, n = 6 of 

each sex per condition) were obtained from The Jackson Laboratory and housed 4–5 mice 

of the same sex/cage in a UCD vivarium following an IACUC approved protocol. After 

1 week in the vivarium, each mouse was handled for approximately 1 min by a male 

experimenter for 3 consecutive days prior to the first FST. All experiments were 

conducted by the same male experimenter who performed the initial handling. During 

the FST, mice underwent a 6 min swim session in a clear Plexiglas cylinder (40 cm tall, 20 

cm in diameter) filled with 30 cm of 24 ± 1°C water. Fresh water was used for every mouse. 

After handling and habituation to the experimenter, drug-naive mice first underwent a 

pretest swim to more reliably induce a depressive-like phenotype in subsequent FST 

sessions. Immobility scores for all mice were determined after the pre-test and mice were 

assigned to treatment groups to generate groups with similar mean immobility scores 
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used in the following two FST sessions. The next day, the animals received injections (i.p.) 

of AAZ-A-154 (20 mg/kg), ketamine (3 mg/kg) as the positive control, or vehicle (saline). 

After 30 min, the animals were subjected to the FST, dried with a towel, and then returned 

to their home cages. One week later, the FST was performed to assess the sustained effects 

of the drugs. All FSTs were performed between the hours of 0800 and 1300 h. The 

experiments were divided into two cohorts either of all males or females and conducted 

on different days. Experiments were video-recorded and manually scored offline by an 

experimenter blinded to treatment conditions. Immobility time—defined as passive 

floating or remaining motionless with no activity other than that needed to keep the 

mouse’s head above water—was scored for the last 4 min of the 6 min trial. 

 

Head-Twitch Response (HTR) and Locomotion Assays 
 
 The HTR assay was performed as described previously (Dunlap et al., 2020) using 

both male and female C57BL/6J mice (2 male and 2 female = 4 total per treatment). The 

mice were obtained from The Jackson Laboratory (Sacramento, C.A.) and were 

approximately 8-weeks old at the time of the experiments. Compounds were 

administered (5 mL/kg, i.p.) using 0.9% saline as the vehicle. After injection, animals 

were placed into an empty cage (8” x 13” x 5”) and HTRs were videotaped, scored later 

by two blinded observers, and the results were averaged (interpersonnel kappas, Pearson 

correlation coefficient > 0.91). Locomotion was assessed using AnyMaze automated 

tracking software. 

 
Sucrose Preference 
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 Adult male and female wild-type (WT) and VMAT2 heterozygous (VMAT2-HET) 

mice were used for these experiments (Fukui et al., 2007), and they were housed in a 

humidity- and temperature-controlled room on a 14:10 h light:dark cycle. Mice were 

housed individually 48 h prior to the experiment with ad libitum access to chow and 

water. For each day’s experiment, bottles were prepared with water or a 1% sucrose 

solution and these were weighed just prior to the test. Two h prior to the beginning of the 

dark cycle, the home-cage water bottle was removed. One h after onset of the dark cycle, 

a pair of bottles was placed into the home-cage. The mouse was given 2 h to drink, after 

which the bottles were removed and weighed immediately. Approximately 1 h later, the 

home-cage water bottle was returned. This procedure was repeated daily with the water-

water (W-W) pairing until the mouse showed stable drinking volumes over 3 consecutive 

days without any side-bias. Once criterion was achieved, the mouse was presented with 

the water-sucrose (W-S) pairing. The next day (day 1), mice were administered an acute 

injection of AAZ-A-154 (15 mg/kg, i.p.) and 5 min later were given the W-S pairing (i.e., 

day 1). Subsequent W-S pairings were presented on days 2 and 4, and then at 4-day 

intervals. Preference for the sucrose bottle was calculated as the volume of sucrose 

consumed minus the volume of water consumed, divided by the total volume of liquid 

consumed. Preference scores approaching “0” indicated no preference for sucrose or 

water, whereas positive scores signified a preference for sucrose and negative scores 

denoted a preference for water. 

 
Compound Synthesis 
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Synthesis of Previously Uncharacterized Compounds 
 
 The syntheses and characterization of most compounds used in this study have 

been reported previously. Here, we provide synthetic procedures and characterization 

data (Data S2.2) for AAZ-A-154 and LED-C-233, as they have not been previously 

described. 

(R)-2-(dimethylamino)propan-1-ol 
 To an ice-cold solution of R-alaninol (4.93 g, 65.6 mmol) and glacial acetic acid 

(18.9 mL, 328 mmol, 5.0 equiv) in MeOH (328 mL) was added sodium cyanoborohydride 

(9.075 g, 144 mmol, 2.2 equiv) followed by 37% formaldehyde(aq) (13.8 mL, 171 mmol, 

2.6 equiv). The reaction was stirred at room temperature for 12 h before being 

concentrated under reduced pressure. The residue was diluted with glycerol (100 mL) 

and distilled under reduced pressure to yield the pure compound as a colorless oil (6.5 g, 

96%), which was used without further purification. 

(R)-1-chloro-N,N-dimethylpropan-2-amine hydrochloride 

 To an ice-cold solution of SOCl2 (2.1 mL, 29 mmol, 1.1 equiv) was added (R)-2-

(dimethylamino)propan-1-ol (2.7 g, 26 mmol). The mixture was heated to reflux for 4 h 

before being concentrated under reduced pressure to yield the desired product as a white 

solid (3.92 g, 95%), which was used without further purification. 
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AAZ-A-154 

 To a solution of 5-methoxyindole (441 mg, 3.00 mmol) in DMSO (7.5 mL) was 

added (R)-1-chloro-N,N-dimethylpropan-2-amine hydrochloride (664 mg, 4.20 mmol, 1.4 

equiv), potassium iodide (697 mg, 4.2 mmol, 1.4 equiv), and potassium tert-butoxide 

(0943 mg, 8.40 mmol, 2.8 equiv). The reaction mixture was stirred for 24 h, before being 

diluted with 1.0 M NaOH(aq) (750 mL). The aqueous phase was extracted with DCM (3 

× 100mL). The organic extracts were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure to yield a colorless oil, which was purified by flash 

chromatography (9:1 DCM/MeOH with 1% ammonium hydroxide(aq)). The purified oil 

was dissolved in CHCl3 (3 mL) and added dropwise to a boiling solution of fumaric acid 

(253 mg, 2.18 mmol, 1.0 equiv) in THF (10 mL). The mixture was concentrated under 

reduced pressure to yield the desired product as the 1:1 fumarate salt (758 mg, 73%). 1H 

NMR (600 MHz, DMSO-d6) δ 7.37 (d, 1H, J = 8.8 Hz), 7.30 (s, 1H), 7.03 (s, 1H, J = 3.1 Hz), 

6.76 (d, 1H, J = 8.8 Hz), 6.61 (s, 2H), 6.32 (s, 1H), 4.25 (dd, 1H J = 6.3, 7.8 Hz), 4.02 (dd, 1H, 

J = 6.3, 7.8 Hz), 3.74 (s, 3H,) 3.11 (q, 1H, J = 6.3, 6.6, Hz), 2.30 (s, 6H), 0.84 (d, 3H, J = 6.6 

Hz). 13C NMR (100 MHz, CD3OD) δ 171.0, 155.8, 136.1, 132.8, 130.9, 129.7, 113.3, 111.2, 

103.8, 103.3, 61.6, 56.2, 47.5, 39.9, 11.7 ppm. 

 

 

LED-C-233 
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 To a solution of 5-fluoroindole (100 mg, 0.739 mmol) in DMSO (1.90 mL) was 

added (R)-1-chloro-N,N-dimethylpropan-2-amine hydrochloride (128 mg, 0.814 mmol, 

1.1 equiv), potassium iodide (135 mg, 0.814 mmol, 1.1 equiv), and potassium hydroxide 

(166 mg, 15.8 mmol, 5.0 equiv). The reaction mixture was stirred for 24 h, before being 

diluted with 1.0 M NaOH(aq) (100mL). The aqueous phase was extracted with DCM (3 × 

25 mL). The organic extracts were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure to yield a colorless oil, which was purified by flash 

chromatography (9:1 DCM/MeOH with 1% ammonium hydroxide(aq)). The purified oil 

was dissolved in acetone (2 mL) and added dropwise to a boiling solution of fumaric acid 

(48.1 mg, 0.409 mmol, 1.0 equiv) in acetone (5 mL). The mixture was concentrated under 

reduced pressure to yield the desired product as the 1:1 fumarate salt (111 mg, 54%). 1H 

NMR (600 MHz, CD3OD) δ 7.49 (m, 1H,), 7.34 (d, 1H, J = 3.2 Hz), 7.25 (dd, 1H, J = 2.5, 9.3 

Hz), 6.98 (td, 1H, J = 2.5. 9.3 Hz), 6.72 (s, 2H), 6.53 (d, 1H, J = 3.2 Hz), 4.63 (dd, 1H J = 5.7, 

8.9 Hz), 4.35 (dd, 1H, J = 5.7, 8.9 Hz), 3.86 (m, 1H,) 2.84 (s, 6H), 1.21 (d, 3H, J = 6.7 Hz). 

13C NMR (100 MHz, CD3OD) δ 171.0, 160.2, 158.7, 136.1, 134.2, 131.1, 130.8, 130.7, 111.5, 

111.4, 111.3, 111.1, 106.7, 106.5, 103.6, 103.5, 61.5, 47.6, 40.0, 11.6ppm. 

 
Quantification and Statistical Analysis 
 Treatments were randomized, and the data were analyzed by experimenters 

blinded to the treatment conditions. Statistical analyses were performed using GraphPad 

Prism (version 8.1.2) unless noted otherwise. All comparisons were planned prior to 

performing each experiment. The sucrose preference and the volume of liquid consumed 

in the anhedonia test were analyzed separately by repeated-measures ANOVA using a 
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within subjects’ effects of days and a between subjects’ effects of genotype with SPSS 27 

programs (IBM SPSS Statistics, Chicago, IL). Post hoc analyses were by Bonferroni 

corrected pairwise comparisons. A p < 0.05 was considered significant. Data are 

represented as mean ± SEM, unless otherwise noted, with asterisks indicating ∗p < 0.05, 

∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001. Details of the statistical tests are displayed 

in Table S2.2. 
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Data S2.1: psychLight1 sequence 
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Data S2.1: psychLight2 sequence 
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Data S2.2: AAZ-A-A154 mass spectrum 
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Data S2.2: LED-C-233 mass spectrum 
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Table S2.1: Summary of the paper 
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Chapter 2 – Monoamine – the serotonin story 
 
 
 
2.2 - Psychedelics Promote Neuroplasticity Through the Activation of Intracellular 5-

HT2A Receptors 
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Abstract 
Decreased dendritic spine density in the cortex is a hallmark of several 

neuropsychiatric diseases, and the ability to promote cortical neuron growth has been 

hypothesized to underlie the rapid and sustained therapeutic effects of psychedelics. 

Activation of 5-hydroxytryptamine (serotonin) 2A receptors (5-HT2ARs) is essential for 

psychedelic-induced cortical plasticity, but it is currently unclear why some 5-HT2AR 

agonists promote neuroplasticity, whereas others do not. We used molecular and genetic 

tools to demonstrate that intracellular 5-HT2ARs mediate the plasticity-promoting 

properties of psychedelics; these results explain why serotonin does not engage similar 

plasticity mechanisms. This work emphasizes the role of location bias in 5-HT2AR 

signaling, identifies intracellular 5-HT2ARs as a therapeutic target, and raises the 

intriguing possibility that serotonin might not be the endogenous ligand for intracellular 

5-HT2ARs in the cortex.  
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Introduction 
Dysregulation of the cortex has been hypothesized to play an important role in the 

pathophysiology of mental illnesses such as depression and often manifests as structural 

changes, including decreased dendritic arbor complexity and reduced dendritic spine 

density (1–3). Traditional antidepressants, such as selective serotonin reuptake inhibitors 

(SSRIs), can rescue these deficits after chronic treatment, although it seems that their 

effects may be independent of serotonin and perhaps involve the activation of 

tropomyosin receptor kinase B (TrkB) signaling (4, 5). A class of therapeutic compounds 

known as psychoplastogens (6) is differentiated from SSRIs by their ability to produce 

both rapid and sustained effects on structural plasticity and behavior after a single 

administration (7). Psychoplastogens include both ketamine and serotonergic 

psychedelics, although their primary targets are distinct (7). 

Psychedelics are 5-hydroxytryptamine (serotonin) 2A receptor (5-HT2AR) 

agonists that can lead to profound changes in perception, cognition, and mood (8). Recent 

evidence suggests that they promote cortical structural and functional neuroplasticity 

through activation of 5-HT2ARs (9, 10). The mechanism by which 5-HT2AR activation 

leads to changes in neuronal growth is still poorly defined, although it appears to involve 

TrkB, mechanistic target of rapamycin (mTOR), and AMPA receptor signaling (11). It is 

currently unclear why some 5-HT2AR ligands can promote neuroplasticity and produce 

sustained therapeutic behavioral responses in the absence of hallucinogenic effects, 

whereas other 5-HT2AR agonists do not promote plasticity at all (12–15). Indeed, 

serotonin itself does not produce psychedelic-like effects on neuronal growth when 

administered to cortical cultures (9). This enigmatic finding cannot be easily explained 
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by traditional biased agonism because serotonin is a balanced agonist of the 5-HT2AR 

that exhibits high potency and efficacy for activating both heteromeric guanine 

nucleotide–binding protein (G protein) and β-arrestin pathways (16, 17). 

Unlike psychedelics, the physicochemical properties of serotonin prevent it from 

entering cells by passively diffusing across nonpolar membranes (8). Thus, we reasoned 

that another form of functional selectivity, known as location bias, might explain the 

difference in cellular signaling elicited by serotonin and psychedelics (18, 19). Here, we 

leveraged both chemical design and genetic manipulation to test the hypothesis that 

activation of an intracellular population of 5-HT2ARs is necessary for 5-HT2AR ligands 

to induce cortical structural plasticity and produce antidepressant-like behavioral 

responses.  
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Results  

(vii) Lipophilicity Correlates with Psychoplastogenicity 
To firmly establish the role of 5-HT2AR activation in psychedelic-induced 

spinogenesis, we administered 5-methoxy-N,N-dimethyltryptamine (5-MeO) to wild-

type (WT) and 5-HT2AR knockout (KO) mice (20) and assessed structural and functional 

changes in layer 5 pyramidal neurons of the prefrontal cortex (PFC) 24 hours later (Figure 

S2.7A to C). Golgi-Cox staining revealed that 5-MeO increased spine density in both male 

and female animals, and this effect was absent in 5-HT2AR KO mice (Figure S2.7A and 

B). Furthermore, ex vivo electrophysiology confirmed that 5-HT2AR activation is 

necessary for 5-MeO to produce sustained increases in both the frequency and amplitude 

of spontaneous excitatory postsynaptic currents (sEPSCs) (Figure S2.7C). 
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Figure S2.7. 5-MeO-DMT promotes cortical plasticity through activation of 5-HT2A receptors. 
(A) Dendritic spine density is increased in the PFC of WT, but not 5-HT2AR KO mice, 24 h after a single 
dose of 5-MeO-MT (50 mg/kg, IP).  
(B) Representative images of dendritic spines 
following treatment with 5-MeO.  
(C) Frequency and amplitude of sEPSCs is increased in the PFC of WT, but not 5-HT2AR KO mice, 24 h 
after a single dose of 5-MeO-DMT (50 mg/kg, IP).  
Data represent mean Å} SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed unpaired Student’s 
t test). 
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Next, we determined how the structures of 5-HT2AR ligands affect their abilities 

to promote neuronal growth by treating embryonic rat cortical neurons with serotonin, 

tryptamine (TRY), 5-methoxytryptamine (5-MeO–TRY), and their corresponding N-

methyl and N,N-dimethyl congeners (Figure 2.7A) before assessing neuronal 

morphology by means of Sholl analysis (21). Ketamine was used as a positive control 

because of its known ability to induce structural plasticity in this assay (9). These 

structure-activity relationship (SAR) studies revealed that increasing N-methylation led 

to an enhanced ability to promote neuronal growth, with the N,N-dimethyl compounds 

increasing dendritic arbor complexity to the greatest extent (Figure 2.7B to D). 
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Figure 2.7. Compound-induced neuronal growth correlates with ligand lipophilicity. 
(A) Chemical structures of serotonin, TRY, and 5-MeO–TRY as well as their corresponding N-methyl and 
N,N-dimethyl analogs. 5-HT, serotonin; BUF, bufotenin; Me, methyl; N-Me-5-HT, N-methylserotonin; 
NMT, N-methyltryptamine.  
(B) Sholl analysis demonstrates that increasing N-methylation leads to a concomitant increase in dendritic 
arbor complexity. The shaded area represents 95% confidence intervals. Sholl plots were generated from 
rat embryonic cortical neurons (DIV6) treated with compounds (10 µM). VEH, vehicle.  
(C) Maximum numbers of crossings (Nmax) of the Sholl plots in (B) (N = 45 to 64 neurons per treatment). 
Error bars represent standard error of the mean. KET, ketamine.  
(D) Widefield images of rat embryonic cortical neurons (DIV6) treated with compounds (10 µM).  
(E to J) Correlation plots of Sholl analysis percent efficacy (Nmax values relative to 10 µM ketamine as the 
positive control) versus [3H]-IP accumulation (E), activation of psychLight2 (F), Gq activation (G), β-
arrestin recruitment (H), or calculated LogP (J). PsychLight2 activation correlates well with both Gq 
activation and β-arrestin recruitment (I).  
Compounds were treated at 10 µM. Data for [3H]-IP accumulation were obtained from literature values 
(22). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as compared with VEH controls [one-way analysis 
of variance (ANOVA) followed by Dunnett’s multiple comparisons test]. R2 values were calculated 
through simple liner regression. ΔF/F, change in fluorescence intensity relative to the baseline fluorescence 
intensity; Emax, maximum effect.  

 

Increasing N-methylation is known to affect the efficacy of 5-HT2AR signaling, so 

we attempted to correlate psychoplastogenic efficacy across a range of 5-HT2AR ligands 

with efficacy in a traditional [3H]–inositol phosphates (IP) accumulation assay (Figure 

2.7E) (22). Notably, we did not observe a positive correlation between psychoplastogenic 

effects and ligand efficacy. Indeed, there seemed to be a nonsignificant inverse correlation 

between [3H]-IP accumulation and dendritogenesis efficacy (Figure 2.7E). To avoid 

potential issues associated with the amplification of secondary messengers, we used 

psychLight2, a fluorescent biosensor that is capable of directly detecting changes in 5-

HT2AR conformation (14). PsychLight2 efficacy closely mirrored that observed by using 

[3H]-IP accumulation assays, although psychLight2 efficacy exhibited an even stronger 

anticorrelation with dendritogenesis efficacy (P = 0.06) (Figure 2.7F). Lastly, we used 

bioluminescence resonance energy transfer (BRET) assays to directly measure Gq 

activation or β-arrestin-2 recruitment (Figure S2.8) (23). Both measures of 5-HT2AR 
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efficacy exhibited a strong negative correlation with psychoplastogenicity (Figure 2.7G 

and H). Moreover, both Gq activation and β-arrestin recruitment correlated well with 

psychLight efficacy [coefficient of determination (R2) = 0.9; P < 0.0001 and P = 0.0006, 

respectively] (Figure 2.7I). Negative correlation between 5-HT2AR efficacy and 

psychoplastogenicity should be interpreted with caution because this relationship may 

only apply to tryptamine-based ligands or compounds that exhibit a threshold level of 5-

HT2AR activation. 
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Figure S2.8. Tryptamines are agonists of 5-HT2ARs. 
Bioluminescence resonance energy transfer (BRET) assays were conducted to directly measure Gq 
dissociation or β-arrestin-2 recruitment following stimulation of 5-HT2Ars in HEK293T cells. 
Data represent mean and standard error of the mean (SEM) performed in duplicate in the assay plates, and 
data are from three independent experiments. 
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Nitrogen methylation of 5-HT2AR ligands structurally related to serotonin is 

known to result in partial agonism (22), but it also has a profound effect on their 

physicochemical properties. These compounds display a wide range of lipophilicities that 

ranged from highly polar molecules such as serotonin to relatively nonpolar compounds 

such as N,N-dimethyltryptamine (DMT). Using calculated LogP (cLogP) values, we 

observed a significant positive correlation with psychoplastogenic effects—more 

lipophilic agonists exhibited greater abilities to promote structural plasticity than polar 

compounds (Figure 2.7J). This relationship was evident within the TRY, serotonin, and 5-

MeO–TRY scaffolds. The finding that lipophilicity was a better predictor of 

psychoplastogenicity than 5-HT2AR activation led us to hypothesize that an intracellular 

pool of 5-HT2ARs in cortical neurons might be responsible for psychedelic-induced 

neuronal growth. 

(viii) Primary Localization of 5-HT2ARs in Cortical Neurons is Intracellular 
Although most G protein–coupled receptors (GPCRs) are believed to be localized 

primarily to the plasma membrane, several exhibit substantial intracellular localizations 

(24–27). In vitro and ex vivo experiments have also established the existence of large 

intracellular pools of 5-HT2ARs in various cell types in the absence of a ligand (28–31). 

To compare 5-HT2AR localization patterns between cell types, we expressed a Myc–5-

HT2AR–enhanced cyan fluorescent protein (ECFP) construct in both human embryonic 

kidney 293T (HEK293T) cells and cortical neurons, performed live-cell imaging, and 

assessed colocalization with a membrane dye (Cellbrite Steady) that labels the 

extracellular side of the plasma membrane. Because overexpression of tagged receptor 

constructs might alter trafficking and localization, we included several controls. We used 
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a β2 adrenergic receptor tagged with ECFP (β2AR-ECFP) as a GPCR that is canonically 

described as being plasma membrane bound, and we used an ECFP construct to establish 

the localization of a fluorescent protein that is not tagged to a GPCR (32, 33). 

When expressed in HEK293T cells that were cultured in the absence of serum, 5-

HT2ARs and β2ARs exhibited similar cellular expression patterns (Figure 2.8A) and 

possessed correlation coefficients with the plasma membrane marker that were not 

statistically different (Figure 2.8B). However, these two GPCRs displayed distinct 

localization patterns in neurons. In cortical neurons, β2AR expression was more highly 

correlated with the plasma membrane marker than was 5-HT2AR expression (Figure 

2.8B), which demonstrates that overexpression of a GPCR in cortical neurons does not 

necessarily lead to intracellular localization. The extent of overexpression was similar for 

5-HT2ARs and β2ARs in both HEK293T cells and cortical neurons (Figure S2.9A). We 

performed these localization experiments without serum in the culturing media because 

serum contains serotonin, which can lead to agonist-induced changes in trafficking and 

localization (Figure S2.93, B and C). In both neurons and HEK293T cells, the expression 

patterns of the tagged GPCRs were markedly distinct from ECFP, which confirms that 

the GPCR component of the constructs dictates cellular localization. Expression of a 

FLAG–5-HT2AR construct in rat cortical neurons produced a similar intracellular 

localization pattern, which suggests that these tags do not substantially alter the 

localization patterns of the 5-HT2AR (34). 
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Figure 2.8. Cortical neurons express intracellular 5-HT2A receptors. 
(A) Live-cell images of HEK293T cells and rat embryonic cortical neurons (DIV6) expressing Myc–5-
HT2AR–CFP, β2AR-ECFP, or ECFP. Signals from the fluorescent protein and fluorescent plasma 
membrane marker (Cellbrite Steady) are shown in cyan and white, respectively. The expression patterns of 
5-HT2ARs and β2ARs are comparable in HEK293T cells. However, in neurons, β2ARs exhibit higher 
expression on the plasma membrane than 5-HT2ARs. The expression of ECFP is diffuse in both HEK293T 
cells and cortical neurons.  
(B) Pearson’s correlation coefficients (Pearson’s CCs) and Manders’ colocalization coefficients (Manders’ 
CCs) quantify the extent of colocalization between MYC–5-HT2AR–CFP, β2AR-ECFP, or ECFP and the 
fluorescent plasma membrane marker (N = 20 to 43 cells per group). Error bars represent standard error of 
the mean. ns is not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; bars indicate 
comparisons between data (one-way ANOVA followed by Tukey’s multiple comparisons test). 
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Figure S2.9. The presence of serum in the media impacts the cellular localization of 5-HT2ARs. 
(A) Expression levels of 5-HT2ARs and b-2ARs tagged with CFP and ECFP, respectively, are comparable 
in both HEK293T cells and rat cortical neurons.  
(B) Representative live cell images of HEK293T cells expressing MYC-5-HT2AR-CFP grown in the presence 
(+) and absence (–) of serum. Cellbrite® Steady was used to mark the plasma membrane.  
(C) Pearson's Correlation Coefficient (PCC) and Manders' Colocalization Coefficient (MCC) quantify the 
extent of colocalization between Myc-5-HT2AR-CFP and Cellbrite® Steady (N = 36–46 HEK293T cells per 
treatment). Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed 
unpaired Student’s t test). 
 

Bright punctate staining within neurons suggested that 5-HT2ARs were localized 

within intracellular compartments (Figure 2.8A), so we performed additional 

immunocytochemistry experiments to assess the overlap with markers of various 

subcellular organelles (Figure S2.10). We observed a high level of 5-HT2AR colocalization 

with Rab5 and Rab7 in both HEK293T cells and neurons. Ras-related guanosine 

triphosphatases (GTPases) of the Rab family are known to regulate intracellular transport 

of GPCRs (35). We observed a very large difference in 5-HT2AR colocalization with the 

Golgi apparatus between neurons and HEK293T cells, with the former exhibiting 

substantially higher correlation coefficients (Figure S2.10). The Golgi apparatus is a key 

regulator of GPCR signaling, and ligands can either passively diffuse into Golgi-localized 
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receptor pools or gain access by facilitated transmembrane transport (18, 36, 37). 

Signaling from within the Golgi can be distinct, as is the case for opioid receptors (38). 

To ensure that high 5-HT2AR colocalization with the Golgi was not an artifact of 

overexpression, we assessed native 5-HT2AR expression in neurons using one of the few 

validated 5-HT2AR antibodies (30). To confirm the antibody’s specificity, we performed 

in-house validation by overexpressing 5-HT2ARs in HEK293T cells (Figure S2.11A) and 

we used mouse 5-HT2AR KO cortical neurons (Figure S2.11B). Next, we imaged rat 

embryonic cortical neurons that expressed only native 5-HT2ARs or overexpressed a 

Myc–5-HT2AR–ECFP construct. Longitudinal and transverse line scans indicated that 

Myc–5-HT2AR–ECFP expression closely mirrored the native localization pattern of 5-

HT2ARs (Figure S2.11C and D). 
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Figure S2.10. Subcellular localization of 5-HT2ARs in fixed HEK293T cells and cortical neurons. 
(A) Representative images of HEK293T cells or embryonic rat cortical neurons (DIV6) expressing Myc-5-
HT2AR-CFP (anti-CFP Ab) and co-stained for various markers of subcellular organelles (mitochondria, 
anti-MTC02; early endosomes, anti-Rab5; late endosomes, anti-Rab7; Golgi apparatus, anti-GM130). An 
anti-MAP2 antibody or a fluorescent phalloidin conjugate was used to visualize the morphology of neurons 
and HEK293T cells, respectively.  
(B) Pearson's Correlation Coefficient (PCC) and Manders' Colocalization Coefficient (MCC) quantify the 
extent of colocalization between MYC-5-HT2AR-CFP and various subcellular markers (N = 39–52 cells per 
group). Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed unpaired 
Student’s t test). 
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Figure S2.11. Validation of an antibody for the 5-HT2AR. 
(A) HEK293T cells were transfected with MYC-5-HT2AR-CFP. The cells were fixed and stained for f-actin 
(fluorescent phalloidin conjugate), CFP (anti-CFP Ab) and 5-HT2ARs (Neuromics anti-5-HT2B Ab). 
Excellent overlap between the 5-HT2AR and CFP signals were observed. Moreover, 5-HT2AR staining was 
absent in the cell that did not express the plasmid (top cell).  
(B) Signal from the Neuromics anti-5-HT2AR Ab is observed in wild type but not 5-HT2AR knockout 
embryonic mouse neurons (DIV7).  
(C) Representative images comparing native expression of 5- HT2ARs (Neuromics Ab) to overexpression 
of a Myc-5-HT2AR-CFP construct (CFP) in embryonic rat cortical neurons (DIV7).  
(D) Longitudinal (red) and transverse (blue) line scans from images in C demonstrate similar localization 
of native 5-HT2ARs and overexpressed 5-HT2ARs in rat cortical neurons. Line scans are shown from left 
(L) to right (R). 
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(ix) Membrane Permeability is Required for Psychedelic-Induced Neuroplasticity 
Given that cortical neurons have a large pool of intracellular 5-HT2ARs, we next 

used chemical tools to determine whether activation of this intracellular population was 

essential for psychedelics to promote structural neuroplasticity. Chemical modification 

of the membrane-permeable ligands DMT, psilocin (PSI), and ketanserin (KTSN) 

converted them into highly charged membrane-impermeable congeners N,N,N-

trimethyltryptamine (TMT), psilocybin (PSY), and methylated ketanserin (MKTSN), 

respectively (Figure 2.9A). All of the charged species exhibited negative cLogP scores 

(Figure S2.12A) but retained affinity for 5-HT2ARs, as determined by radioligand 

competition binding experiments (Figure S2.12B). In psychLight2 assays, the membrane-

impermeable analogs displayed comparable efficacies to their uncharged parent 

molecules with reduced potencies (Figure S2.12, C and D). 
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Figure 2.9. Intracellular 5-HT2ARs mediate structural plasticity induced by serotonergic 
psychoplastogens. 
(A) Structures of membrane-permeable (blue) and impermeable (red) compounds.  
(B) Widefield images of rat embryonic cortical neurons (DIV6) that were administered compounds with (+) 
and without (−) electroporation.  
(C) Nmax values obtained from Sholl plots. Membrane-impermeable analogs of psychedelics (1 µM) only 
promote growth when administered with electroporation (N = 35 to 110 neurons per treatment). Unlike 
KTSN (10 µM), MKTSN (10 µM) only blocks psychedelic-induced plasticity when administered with 
electroporation (N = 45 to 109 neurons per treatment).  
(D) Membrane-impermeable agonists of 5-HT2ARs (1 µM) cannot promote spinogenesis in cultured 
embryonic rat cortical neurons (DIV15) (N = 30 to 34 neurons per treatment).  
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(E) Confocal images of treated cortical neurons (DIV15).  
(F) HEK293T cells that expressed psychLight1 were pretreated with VEH or MKTSN (10 µM) before the 
administration of serotonin (10 µM) or 5-MeO–DMT (10 µM) (N = 41 to 54 cells per treatment).  
Error bars in (C) and (F) represent standard error of the mean. *p < 0.05, **p < 0.01, and ****p < 0.0001, as 
compared with VEH controls in (D) and (C) (one-way ANOVA followed by Dunnett’s multiple 
comparisons test) or between indicated pairs of data in (F) (two-way ANOVA followed by Šídák's multiple 
comparisons test). For box-and-whisker plots in (D), the center line represents the median, box limits are 
upper and lower quartiles, and whiskers are minimum and maximum values. 
 

 
Figure S2.12. Membrane impermeable analogs of 5-HT2AR ligands retain efficacy but exhibit. 
reduced potency. 
(A) Individual cLogP values were calculated using Molinspiration. Membrane permeable (blue) and 
impermeable (red) compounds exhibited positive and negative cLogP values, respectively.  
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(B) Competition radioligand binding studies demonstrate that membrane impermeable ligands (red) 
are 5-HT2AR ligands, but they are less potent than their membrane permeable congeners (blue). The 
percentage of [3H]-LSD bound is shown on the y-axis (N = 2–4 wells per concentration).  
(C) PsychLight assays performed in agonist mode demonstrate that membrane impermeable ligands (red) 
retain the same efficacy as their membrane permeable congeners (blue). While DMT, TMT, PSI, and PSY 
are agonists, both KTSN and MKTSN act as inverse agonists (N = 5–6 wells per 21 concentration).  
(D) PsychLight assays performed in antagonist mode demonstrate that both KTSN and MKTSN are 
antagonists (N = 5–6 wells per concentration). DMT = N,N-dimethyltryptamine; TMT = N,N,N-
trimethyltryptamine; PSI = psilocin; PSY = psilocybin; KETSN = ketanserin, MKETSN = methylated 
ketanserin. Data represent mean ± SEM. 
 

Next, we treated freshly dissected rat embryonic cortical neurons with DMT (1 µM) 

and PSI (1 µM) as well as their membrane-impermeable congeners in the presence and 

absence of electroporation. Electroporation creates temporary openings in the plasma 

membrane, which enables highly charged molecules to pass through and access the 

intracellular space. Although the membrane-permeable 5-HT2AR agonists were able to 

promote dendritogenesis regardless of whether electroporation was applied, the 

membrane-impermeable compounds could only promote neuronal growth when applied 

with electroporation (Figure 2.9B and C). Similarly, the membrane-permeable 5-HT2AR 

antagonist KTSN (treated in 10-fold excess at 10 µM) blocked DMT-induced plasticity 

both with and without electroporation; however, the membrane-impermeable antagonist 

MKTSN (10 µM) could only block DMT-induced neuronal growth when it was applied 

with electroporation (Figure 2.9B and C). By using more mature neurons (DIV15), we 

demonstrated that the membrane-permeable 5-HT2AR agonists increased dendritic 

spine density—another measure of structural neural plasticity—whereas the membrane-

impermeable agonists did not (Figure 2.9D and E). KTSN was able to inhibit the effects 
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of DMT and PSI on dendritic spine density, whereas MKTSN was not (Figure S2.13).

 

Figure S2.13. Pretreatment with KTSN, but not the membrane impermeable MKTSN, blocks the 
spinogenic effects of DMT and PSI.  
Embryonic rat cortical neurons (DIV15) were pre-treated for 30 min with VEH (white), KTSN (10µM, red), 
or MKTSN (10 µM, blue) prior to the administration of VEH, DMT (1 µM), or PSI (1µM). Spine density was 
assessed 24 h later using a fluorescent phalloidin conjugate to label Factin-rich spines (N = 27–37 neurons 
per treatment). VEH = vehicle; KETSN = ketanserin; MKTSN = methylated ketanserin. Data represent mean 
± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as compared to VEH controls (one-way ANOVA 
followed by Dunnet’s multiple comparisons test). 
 

To further establish that membrane-permeable and -impermeable ligands target 

different populations of 5-HT2ARs, we performed an experiment in HEK293T cells that 

express psychLight1. The psychLight1 construct was chosen over psychLight2 because 

the former lacks an endoplasmic reticulum (ER) export sequence, which results in greater 

intracellular localization (14). PsychLight1-expressing HEK293T cells were pretreated 

with either vehicle or MKTSN to selectively antagonize the population of 5-HT2ARs that 

were expressed on the plasma membrane. Next, changes in psychLight1 fluorescence 

were measured after administration of the membrane-impermeable ligand serotonin or 

its membrane-permeable congener 5-MeO–DMT. Because serotonin is a full agonist, it 

induced a stronger response in the absence of antagonist compared with the partial 

agonist 5-MeO–DMT. Pretreatment with MKTSN resulted in a much larger reduction in 

the serotonin-induced psychLight1 signal compared with that induced by 5-MeO–DMT 

(Figure 2.9F). Pretreatment with MKTSN could nearly fully antagonize the effect of 



 130 

serotonin. In sharp contrast, MKTSN only partially blocked the ability of 5-MeO–DMT to 

turn on psychLight1 fluorescence. 

Because serotonin and 5-MeO–DMT exhibit different lipophilicities (cLogP values 

of 0.57 and 2.33, respectively), we reasoned that their abilities to displace [3H]–d-lysergic 

acid diethylamide (LSD) bound to the 5-HT2AR would depend on whether those 

receptors were exposed to the extracellular environment. Thus, we performed 

radioligand competition binding experiments using intact HEK293T cells that expressed 

Myc–5-HT2AR or psychLight2 as well as membrane preparations obtained from these 

systems. The inhibition constant (Ki) values for serotonin and 5-MeO–DMT were nearly 

identical when using membrane preparations or intact PSYLI2 cells, with HEK293T cells 

that stably expressed a 5-HT2AR construct with an ER export sequence resulting in a 

large proportion of the 5-HT2ARs being exposed to the extracellular environment (Figure 

S2.14). However, 5-MeO–DMT was an order of magnitude more potent than serotonin 

when using intact HEK293T cells that expressed large populations of both plasma 

membrane–bound and intracellular 5-HT2ARs (Figure S2.14).  
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Figure S2.14. Serotonin exhibits lower potency than 5-MeO-DMT for outcompeting radioligands from 
intracellular 5-HT2AR binding pockets.  
(A) Representative images of PSYLI2 and HEK293T cell lines expressing psychLight2 and Myc-5-HT2AR, 
respectively. PsychLight2 has an ER export tag, and thus, exhibits higher expression on the plasma 
membrane.  
(B) Competition radioligand binding experiments using intact cells or membrane preparations generated 
from PSYLI2 cells stably expressing psychLight2 or HEK293T cells overexpressing Myc-5-HT2AR. The 
percentage of [3H]-LSD bound is shown on the y-axis (N = 2–3 wells per concentration). Data represent 
mean ± SEM. 
 

To confirm that serotonin and 5-MeO–DMT can target distinct populations of 5-

HT2ARs, we performed inositol monophosphate (IP1) assays in cortical neurons and 

HEK293T cells that expressed the Myc–5-HT2AR–ECFP construct. When the assay was 

performed in HEK293T cells that expressed Myc–5-HT2AR–ECFP, which display a large 

proportion of plasma membrane–bound 5-HT2ARs, serotonin and 5-MeO–DMT had 

comparable potencies and efficacies (Figure S2.15A). When the same experiment was 

performed in rat cortical neurons, serotonin failed to elicit an agonist response, although 
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5-MeO–DMT remained a potent agonist (Figure S2.15B).

 

Figure S2.15.  5-HT increases IP1 accumulation in 5-HT2AR-expressing HEK293T cells, but not cortical 
neurons.  
A FRET assay was used to assess IP1 accumulation following 5-HT2AR activation in HEK293T cells 
transfected with Myc-5-HT2A-ECFP or embryonic rat cortical neurons (DIV6) natively expressing 5-
HT2ARs (N =11–12 wells per concentration). Data represent mean ± SEM, ND = not determined. 
 

(x) Cellular Import of Serotonin Leads to Structural Plasticity and Antidepressant-
Like Effects 

If activation of intracellular 5-HT2ARs in cortical neurons is sufficient to promote 

structural plasticity, we hypothesized that serotonin should be able to promote cortical 

neuron growth if given access to the intracellular space. To test this hypothesis, we first 

treated cortical neurons with serotonin (1 µM) in the presence and absence of 

electroporation. Unlike ketamine (1 µM), serotonin was only able to promote cortical 

neuron growth when applied with electroporation (Figure 2.10A). Next, we took 

advantage of the serotonin transporter (SERT), which can import serotonin from the 

extracellular environment (39). Endogenous expression of SERT is typically restricted to 

presynaptic terminals of neurons that emanate from the raphe, and thus, rat cortical 

neurons do not express appreciable levels of the transporter (40, 41). Embryonic rat 

cortical neurons were electroporated with an enhanced yellow fluorescent protein 

(EYFP)–tagged SERT construct under the control of the calcium/calmodulin-dependent 
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protein kinase II (CaMKII) promoter to restrict expression to excitatory pyramidal 

neurons. Sparse transfection resulted in cultures that expressed both SERT-positive and 

SERT-negative neurons (Figure 2.10B), which enabled us to compare the effects of 

serotonin on neurons capable of importing the monoamine with those that could not 

within the same cultures. 
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Figure 2.10. Cellular uptake of serotonin induces structural plasticity in vitro. 
(A) Rat embryonic cortical neurons were administered compounds (1 µM) with (+) and without (−) 
electroporation. Nmax values obtained from Sholl plots (DIV6) demonstrates that unlike ketamine, 
serotonin only promotes growth when administered with electroporation (N = 49 to 59 neurons per 
treatment).  
(B) Widefield images of embryonic rat cortical cultures (DIV6) sparsely transfected with CaMKII-SERT-
EYFP and treated with compounds.  
(C) Nmax values obtained from Sholl plots demonstrate that serotonin (10 µM) can only increase the 
dendritic arbor complexity of SERT-positive neurons, whereas DMT (10 µM) can promote the growth of 
both SERT-positive and SERT-negative neurons (N = 69 to 93 neurons per treatment).  
(D) KTSN pretreatment (10 µM) blocks the plasticity-promoting effects of serotonin (1 µM) in SERT-positive 
neurons and DMT (1 µM) in both SERT-positive and SERT-negative neurons. CIT (10 µM) only blocks the 
plasticity-promoting effects of serotonin (1 µM) in SERT-positive neurons (N = 59 to 100 neurons per 
treatment).  
(E) Confocal images of CaMKII-SERT-EYFP positive and negative dendrites (DIV15) treated with 
compounds (10 µM).  
(F) Serotonin only promotes spine growth in SERT-positive neurons (N = 11 to 35 neurons per treatment). 
Error bars in (A), (C), and (D) represent standard error of the mean. ns is not significant, *p < 0.05, **p < 
0.01, ***p < 0.001, and ****p < 0.0001, as compared with VEH controls in (A) (one-way ANOVA followed 
by Dunnett’s multiple comparisons test) or compared with VEH controls from the same genotype in (C), 
(D), and (F) (two-way ANOVA followed by Tukey’s multiple comparisons test). For box-and-whisker plots 
in (F), the center line represents the median, box limits are upper and lower quartiles, and whiskers are 
minimum and maximum values. 
 

Treatment with the membrane-permeable psychedelic DMT (10 µM) resulted in 

greater dendritic arbor complexity and increased spine density in both SERT-positive and 

SERT-negative neurons (Figure 2.10B to F). Only SERT-positive neurons treated with 

serotonin (10 µM) displayed increased dendritogenesis and spinogenesis (Figure 2.10B to 

F). To ensure that serotonin-induced changes in structural neural plasticity were due to 

the engagement of intracellular 5-HT2Rs through serotonin importation from SERT, we 

performed similar experiments in the presence of the selective SERT inhibitor citalopram 

(CIT) and KTSN. When these experiments were performed in the presence of CIT (10 µM), 

the plasticity-promoting effects of serotonin (1 µM) on SERT-positive neurons were 

blocked (Figure 2.10D). By contrast, CIT had no effect on the ability of DMT (1 µM) to 

promote the growth of SERT-positive or SERT-negative cortical neurons (Figure 2.10D). 

In the presence of KTSN (10 µM), neither serotonin nor DMT could promote neuronal 
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growth, which confirms that DMT and intracellular serotonin promote plasticity by 

means of 5-HT2AR receptors in vitro (Figure 2.10D). 

To determine whether intracellular serotonin could promote the growth of cortical 

neurons in vivo, we injected the medial PFC (mPFC) of Thy1–enhanced green fluorescent 

protein (EGFP) mice with either CaMKII-SERT-mCherry or CaMKII-mCherry. The mPFC 

was chosen as the injection site because it exhibits high levels of 5-HT2AR expression (28) 

and has been implicated in the antidepressant-like effects of psychoplastogens (42). After 

3 weeks to enable construct expression (Figure 2.11A and B), both groups were 

administered (±)-para-chloroamphetamine [PCA, 5 mg/kg intraperitoneally (ip)], a 

selective serotonin-releasing agent (43). Dendritic spine density on mPFC pyramidal 

neurons was assessed 24 hours later. Animals that expressed SERT in the mPFC 

displayed significantly higher densities of dendritic spines after PCA administration as 

compared with mCherry controls (Figure 2.11C and D). Notably, PCA is not a 5-HT2AR 

agonist (Figure S2.16A), does not directly promote the growth of SERT-positive or SERT-

negative cortical neurons in culture (Figure S2.16B), and does not induce a head-twitch 

response (HTR) in WT mice (Figure S2.16C). 



 136 

 

Figure 2.11. Cellular uptake of serotonin produces antidepressant-like effects in vivo. 
(A) Schematic that displays experimental design for measuring spine density in Thy1-EGFP mice after 
administration of a serotonin-releasing agent.  
(B) Histology images of the mPFC of Thy1-EGFP mice that express CaMKII-mCherry or CaMKII-SERT-
mCherry.  
(C) Confocal images of dendritic spines in the mPFC of mice treated with PCA (5 mg/kg ip).  
(D) Mice that express CaMKII-SERT-mCherry display increased dendritic spine density after PCA 
treatment.  
(E) Schematic that displays experimental design for determining the sustained antidepressant-like effects 
of serotonin in mice that express SERT in the mPFC.  
(F) NIL demonstrates no difference between CaMKII-SERT-EYFP– and CaMKII-GFP–expressing mice.  
(G) CaMKII-SERT-EYFP– and CaMKII-GFP–expressing mice exhibit no differences in the FST. After PCA 
(5 mg/kg ip) administration, CaMKII-SERT-EYFP–expressing mice display a sustained antidepressant-like 
effect.  
ns is not significant, *p < 0.05, and **p < 0.01, as compared between indicated pairs of data in (D) and (F) 
(two-tailed unpaired Student’s t test) or (G) (two-way repeated measures ANOVA followed by Šídák’s 
multiple comparisons test). Error bars in (D), (F), and (G) represent the standard error of the mean. 
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Figure S2.16. PCA is not a 5-HT2AR agonist and does not promote structural plasticity in 
cortical cultures.  
(A) Assays using PSYLI2 cells demonstrate that PCA is not a psychLight2 agonist (N = 5–6 wells per 
concentration).  
(B) Nmax values obtained from Sholl plots demonstrate that PCA (10 µM) cannot increase the dendritic 
arbor complexity of SERT+ or SERT– neurons, while ketamine (KET, 10 µM) can promote the growth of 
both SERT+ and SERT– neurons (DIV6, N = 57–93 neurons per treatment).  
(C) PCA (5 mg/kg) does not induce a HTR in WT animals.  
(D) Histology images of mice expressing CaMKII-SERT-EYFP and CaMKII-GFP in the mPFC. 
(E) PCA (5 mg/kg) induces a HTR in mice expression SERT in the the mPFC immediately after 
administration.  
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as compared to VEH controls of the same genotype in (B) 
(two-way ANOVA followed by Tukey’s multiple comparisons test), VEH controls in (C) (one-way ANOVA 
followed by Dunnett’s multiple comparisons test), or the GFP controls in (E) (unpaired two-tailed Student’s 
t test) 

 

Evidence suggests that psychoplastogen-induced structural plasticity in the mPFC 

might be related to sustained antidepressant-like effects in rodents (44). To probe for an 

antidepressant-like response that might be linked to neuroplasticity, we injected an 

adeno-associated virus (AAV) that contained a CaMKII-SERT-EYFP or CaMKII–green 

fluorescent protein (GFP) construct into the mPFC of WT C57BL/6J mice (Figure 2.11E 

and Figure S2.16D). After 3 weeks to allow for construct expression, both groups of mice 

underwent a novelty induced locomotion (NIL) test, and no differences in locomotion 

were observed (Figure 2.11F). After 24 hours, mice were subjected to a forced swim test 

(FST) (7, 45). Again, we observed no differences between the mice that expressed SERT 

and those that expressed the GFP control (Figure 2.11G). Two days later, we administered 
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PCA (5 mg/kg ip), waited 24 hours, and then performed a second FST (Figure 2.11G). 

The SERT-expressing mice exhibited a statistically significant HTR immediately after the 

administration of PCA as compared with the GFP control mice (Figure S2.16E), and they 

also displayed a significant reduction in immobility in the FST 24 hours after 

administration (Figure 2.11G). 

 
Discussion 

Although GPCRs are traditionally viewed as initiators of signal transduction that 

originates at the plasma membrane, increasing evidence suggests that GPCR signaling 

from intracellular compartments can play important roles in cellular responses to drugs. 

Recently, location bias has been proposed to explain signaling differences between 

endogenous membrane-impermeable peptide ligands and membrane-permeable ligands 

of opioid receptors (38). Moreover, distinct ligand-induced signaling has been observed 

for plasma membrane–localized and intracellular populations of δ-opioid receptors (46). 

Here, we extend the concept of location bias to ligands of the 5-HT2AR. 

A substantial proportion of 5-HT2ARs in cortical neurons are localized to the Golgi, 

and intracellular compartments such as the Golgi are slightly acidic compared with the 

cytosol and extracellular space. Thus, it is possible that protonation of psychedelics 

within the Golgi leads to retention and sustained signaling, which results in neuronal 

growth, even after transient stimulation (47). Persistent growth after the drugs have been 

removed from the extracellular space is a hallmark of serotonergic psychoplastogens (47, 

48). Although the mechanistic details that link intracellular 5-HT2AR activation to 

cortical neuron growth have not been fully elucidated, they are likely to involve AMPA 
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receptor, TrkB, and mTOR signaling, as previously established (9). Future studies should 

examine the detailed signaling interplay between these proteins. 

In addition to promoting psychedelic-induced structural neuroplasticity, the 

intracellular population of 5-HT2ARs might also contribute to the hallucinogenic effects 

of psychedelics. When we administered a serotonin-releasing agent to WT mice, we did 

not observe a HTR. However, the same drug was able to induce a HTR in mice that 

expressed SERT on cortical neurons of the mPFC, a brain region that is known to be 

essential for the HTR (49). Thus, activation of intracellular cortical 5-HT2ARs may play a 

role in the subjective effects of psychedelics. This hypothesis is further supported by 

previous work that demonstrates that a high dose of the serotonin precursor 5-

hydroxytryptophan (5-HTP) induces a HTR in WT mice, which can be blocked by an N-

methyltransferase inhibitor that prevents the metabolism of 5-HTP to N-

methyltryptamines (50). Inhibition of N-methyltransferase failed to block the HTR 

induced by 5-MeO–DMT (50). Taken together, this work emphasizes that accessing 

intracellular 5-HT2ARs is important for 5-HT2AR agonists to produce a HTR. 

Our results demonstrate that membrane permeability is essential for a ligand to 

activate 5-HT2ARs in cortical neurons; however, our experiments did not distinguish 

between intracellular signaling or the possibility of psychedelics acting as 

pharmacological chaperones. Others have hypothesized that GPCR ligands may act as 

pharmacological chaperones, which facilitates their export to the plasma membrane 

where they could presumably engage in canonical signaling (51). Thus, future studies 
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should determine whether intracellular 5-HT2AR signaling is distinct from 5-HT2AR 

signaling at the plasma membrane. 

Although intracellular expression of 5-HT2ARs within cortical pyramidal neurons 

has been known for some time, it is unclear at present why the subcellular localization of 

these receptors differs greatly between neurons and HEK293T cells (28, 29, 31). One 

possibility is that 5-HT2ARs form heterodimeric complexes that affect cellular trafficking 

(31). Thus, by dictating 5-HT2AR localization, cellular context could influence responses 

to endogenous neuromodulators and/or exogenous drugs, which potentially results in 

circuit-specific effects of 5-HT2AR ligands. 

Intracellular signaling has been hypothesized to contribute to the pharmacological 

properties of a diverse range of compounds that includes nicotine, ketamine, and SSRIs 

(51–53). Like psychedelics, these compounds are weak bases with pKa (where Ka is the 

acid dissociation constant) values ranging from 7 to 10. Given that the antidepressant 

mechanisms of ketamine and SSRIs have not been definitively established, it is intriguing 

to speculate that they also might promote cortical neuron growth by binding to 

intracellular targets. Perhaps other antidepressants affect the function of scaffolding 

proteins within the cell interior to modulate neuronal growth phenotypes. 

Without facilitated transport across the plasma membrane, serotonin cannot 

induce psychedelic-like effects on neuronal morphology. Although it is possible that 

serotonin could alter cortical neuron physiology by activating cell-surface 5-HT2ARs, this 

receptor pool does not seem to be involved in 5-HT2AR–induced structural plasticity. 

Our results raise the intriguing possibility that serotonin may not be the endogenous 
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ligand for the population of 5-HT2ARs expressed inside cortical neurons. Alternative 

ligands could include methylated congeners of serotonin or TRY because these 

compounds have greater abilities to cross nonpolar membranes. Endogenous 

psychedelics such as DMT, 5-MeO–DMT, and bufotenin have been identified in a variety 

of species, including humans, and have long been hypothesized to play roles in diseases 

such as schizophrenia (54). However, they are rapidly degraded in vivo, which makes 

their detection by classic analytical methods quite challenging. The use of more modern 

analytical techniques has improved detection of these analytes (55), with a recent study 

demonstrating that the concentration of DMT in the cortex was comparable to that of 

serotonin (56). The possibility that endogenous psychedelics play a role in health or 

disease should therefore be thoroughly investigated. 

 

Author Contributions 
M.V.V. performed most of the in vitro experiments, including the dendritogenesis, 

spinogenesis, subcellular colocalization, IP1, neuromics antibody validation, and 

psychLight assays. C.D. cloned and validated key reagents for the in vivo experiments, 

performed the surgeries, and the perfusions. M.V.V. performed the small-molecule 

electroporation experiments, key pilot experiments imaging HEK293T cells and neurons, 

and brain-slice imaging with assistance from C.D., and M.V.V. performed the behavioral 

experiments. L.E.D. performed the N-methylation SAR dendritogenesis experiments, 

calculated cLogP values, and synthesized TMT and MKTSN. R.J.T. and S.J.C. performed 

the radioligand binding studies. H.N.S. performed culturing of 5-HT2AR KO cultures. 

L.P.C. and S.D.P. performed the Golgi staining experiments. S.A.J. performed the 



 142 

electrophysiology experiments. J.J.H. performed BRET assays of 5-HT2AR activation. 

J.D.M., J.A.G., L.T., and D.E.O. supervised various aspects of this project and assisted 

with data analysis. D.E.O. conceived the project and wrote the manuscript with input 

from all authors. 

 

Acknowledgments 
We thank C. Ly, A. C. Greb, L. P. Cameron, and W. C. Duim for performing early 

pilot studies; A. Avanes for assistance with radioligand binding studies; K. Zito for 

providing Thy1-GFP breeders; J. González-Maeso for providing the Myc–5-HT2AR–

ECFP plasmid; R. Iyer for performing high-resolution mass spectrometry analysis; and P. 

Beal for use of his CLARIOStar plate reader. We also thank C. Nichols for advice about 

the radioligand binding experiments. 

Funding: This work was supported by funds from the National Institutes of Health 

(NIH) (R01GM128997 to D.E.O., R35GM133421 to J.D.M., and U01NS120820, 

U01NS115579, and 2R01MH101214-06 to L.T.), three NIH training grants (T32GM099608 

to M.V.V., T32GM113770 to R.J.T., and T32MH112507 to H.N.S.), Human Frontier (L.T.), 

the Camille and Henry Dreyfus Foundation (D.E.O.), a sponsored research agreement 

with Delix Therapeutics (D.E.O.), and a University of California (UC) Davis Provost’s 

Undergraduate Fellowship (S.J.C.). This project used the Biological Analysis Core of the 

UC Davis MIND Institute Intellectual and Development Disabilities Research Center 

(U54 HD079125). The Nikon High Content Analysis Spinning Disk Confocal microscope 

used in this study was purchased using NIH Shared Instrumentation Grant 

1S10OD019980-01A1. We thank the MCB Light Microscopy Imaging Facility, which is a 



 143 

UC Davis Campus Core Research Facility, for the use of this microscope. Funding for the 

nuclear magnetic resonance spectrometers was provided by the National Science 

Foundation (NSF CHE-04-43516) and NIH (08P0ES 05707C). Analysis for this project was 

performed in the UC Davis Campus Mass Spectrometry Facilities, with instrument 

funding provided by the NIH (1S10OD025271-01A1). Several of the drugs used in this 

study were provided by the National Institute on Drug Abuse (NIDA) Drug Supply 

Program. 

 

  



 144 

Method Details 
 

Data Analysis and Statistics. Treatments were randomized, and data were 

analyzed by experimenters blinded to treatment conditions.  Statistical analyses were 

performed using GraphPad Prism (version 9.3.1) unless noted otherwise.  All 

comparisons were planned prior to performing each experiment. 

Drugs. Many of the drugs used in these studies were purchased from commercial 

sources including ketamine hydrochloride (KET, Fagron), ketanserin (KTSN, ApexBio), 

mianserin hydrochloride (TCI),(±)-para-chloroamphetamine (PCA, Sigma-Aldrich), and 

5-hydroxytryptamine (5-HT, Sigma-Aldrich), 5-hydroxy-N-mehtyltryptamine (N-Me-5-

HT, Sigma-Aldrich), tryptamine (TRY, ACROS), N-methyltryptamine (NMT, ACROS), 

and 5-MeO-tryptamine (5-MeO-TRY, ACROS). The psilocybin (PSY) and psilocin (PSI) 

used in these studies was generously provided by the NIDA Drug Supply Program. N,N-

dimethyltryptamine (DMT) 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT), 5-MeO-

N-Methyl-tryptamine (5-MeO-NMT), and bufotenin (BUF) were synthesized in-house as 

previously described (14). Methylated ketanserin (MKTSN) and N,N,N-

trimethyltryptamine (TMT) were synthesized according to the procedures outlined in the 

supporting information. All compounds synthesized in-house were judged to be 

analytically pure based on NMR and LC-MS data.  For cell culture experiments, VEH = 

0.1% (agonist studies) or 0.2% (antagonist studies) molecular biology grade dimethyl 

sulfoxide (DMSO, Sigma-Aldrich). For in vivo experiments, the vehicle was USP grade 

saline (0.9%). Free bases were used for all cellular experiments with the exception of PCA 

hydrochloride, which was used for both in vitro and in vivo studies.  
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N,N,N-trimethyltryptamine Iodide.  To a solution of tryptamine (100 mg, 0.6 

mmol) in THF/IPA (6.2 mL, 1:1) was added sodium bicarbonate (115 mg, 1.9 mmol, 3.0 

equiv) and methyl iodide (0.19 mL, 3.1 mmol, 5.0 equiv). The reaction was stirred at room 

temperature for 12 h before being filtered and rinsed with several portions of ice-cold IPA 

(3 mL) to yield the desired product as a white crystalline solid. Yield = 146 mg, 71%. 1H 

NMR (400 MHz, CD3OD) δ 7.64 (d, 1H, J = 7.9 Hz), 7.38 (d, 1H, J = 7.9 Hz), 7.23 (s, 1H), 

7.14 (t, 1H, J = 7.5, Hz), 7.06 (t, 1H, J = 2.9 Hz), 3.64 (m, 2H), 3.33–3.27 (m, 2H), 3.25 (s, 9H) 

ppm; 13C NMR (101 MHz, CD3OD) δ 138.2, 128.0, 124.3, 122.8, 120.2, 118.6, 112.6, 109.3, 

67.8, 53.7, 20.36 ppm; HRMS (ES+) calcd for C13H19N2+ 203.1543 found 203.1544 (M+).  

N-Me-Ketanserin Iodide.  To a solution of ketanserin (100 mg, 0.25 mmol) was 

added methyl iodide (2.5 mL) and the reaction was stirred at 50°C for 24 h before being 

filtered and rinsed with several portions of ice cold EtOAc (1 mL) to yield the desired 

product as a white crystalline solid. Yield = 56 mg, 41%. 1H NMR (400 MHz, DMSO-d6) 

δ 11.65 (s, 1H), 8.08 (dd, 2H, J = 6.8, 2.4 Hz), 7.96 (d, 1H, J = 8.3 Hz), 7.71 (t, 1H, J = 7.3 Hz), 

7.42 (t, 2H, J = 8.3, Hz), 7.24 (m, 2H), 4.38 (t, 2H, J = 7.0 Hz), 3.77 (quint, 1H, J = 7.3 Hz), 

3.63 (m, 6H), 3.17 (s, 3H), 2.05 (m, 4H) ppm. HRMS (ES+) calcd for C23H25FN3O3 + 

410.1874, found 410.1875 (M+). 

 

Animals. All in vivo experimental procedures involving animals were approved 

by the University of California, Davis Institutional Animal Care and Use Committee 

(IACUC) and adhered to the principles described in the NIH Guide for the Care and Use 

of Laboratory Animals. Timed pregnant Sprague Dawley rats were obtained from 
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Charles River Laboratories (Wilmington, MA, USA). Thy1-GFP line M (Tg(Thy1-

EGFP)MJrs/J, Stock No.007788) transgenic mice were obtained as a gift from Karen Zito’s 

lab at UC Davis and C57BL/6J (Stock No. 000664) mice were obtained from Jackson 

Laboratory. All behavior and Thy1-EGFP imaging experiments were performed using 

both males and females. Animals were randomly assigned to genotype groups.  At the 

time of experiments mice were 11–12 weeks old. Mice were group housed (2–5 mice per 

cage) under controlled temperature in a 12 h light/dark cycle (7:00 AM to 7:00 PM) with 

access to food and water ad libitum.  UC Davis is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC).  

Dendritogenesis experiments. Culturing, immunostaining, and data analysis was 

performed as previously described with the exception that there was no media change 

after treatments (12).  DMSO and ketamine (10 �M) were used as vehicle and positive 

controls, respectively. For blocking experiments, antagonists were added 30 min prior to 

addition of agonists in 10-fold excess.  Experiments were performed in duplicate with 

plates prepared using neurons obtained from independent pregnant dams. 

Spinogenesis experiments. Spinogenesis experiments were performed as 

previously described with the exception that cells were treated at DIV14 and fixed 24 h 

after treatment on DIV15 (8). The images were taken on a Nikon HCA confocal 

microscope a with a 100x/NA 1.45 oil objective. DMSO and ketamine (10 µM) were used 

as vehicle and positive controls, respectively. For blocking experiments, antagonists were 

added 30 min prior to addition of agonists in 10-fold excess. Experiments were performed 
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in duplicate with plates prepared using neurons obtained from independent pregnant 

dams. 

Electroporation Experiments. For experiments employing electroporation with 

drugs, freshly dissected E18 rat cortical neurons in suspension were centrifuged at 250 g 

for 10 min. The cell pellet was re-suspended in Lonza P3 Primary Cell Nucleofector 

Solution containing supplement 1 at a concentration of 2.5 x 105 cells per 18 µL. Next, 18 

µL/well of cell suspension was transferred into a P3 Primary Cell 96-well Nucleofector 

plate (Lonza, #V4SP-3096) and plates were inserted into the Lonza 4D-Nucleofector® 96-

well Unit (Lonza, #AAF-1003S).  Separately, 10 mM drug stocks in DMSO were diluted 

to 100 µM in sterile water, and 2 µL of the 100 µM drug solution was added into each well 

to achieve a final concentration of 10 µM (total dilution = 1:1000). For antagonist 

experiments, 1 µL of a 20 µM agonist solution and a 1 µL 200 µM antagonist solution 

diluted in sterile water to achieve final concentrations of 1 µM agonist and 10 µM 

antagonist (total dilution = 1:1000 for each drug). Neurons were electroporated using the 

neuron rat brain high efficiency setting. After the electroporation, cells were allowed to 

sit at room temperature for 10 min.  During this time, prewarmed plating media was 

added to the wells of a poly-D-lysine coated 96-well plate. Cells were then plated into the 

inner 60 wells at a density of 1.5 x 104 cells/well. Cells were placed back in the incubator 

and cultured until DIV6, at which time they were fixed, immunostained for MAP2 

(1:10,000; EnCor, CPCA-MAP2), and analyzed as for changes in dendritic arborization as 

previously described (12).  
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For experiments employing electroporation with plasmid DNA, Lonza 100 µL 

Nucleocuvette vessels (Lonza, #V4XP-3024) were utilized. Freshly dissected E18 rat 

cortical neurons (5 x 106 cells per Nucleocuvette) were centrifuged at 250 g for 10 min in 

a 15 mL conical tube. The cell pellet was re-suspended in 100 µL of Lonza P3 Primary Cell 

Nucleofector Solution containing supplement 1 and then transferred to the 

Nucleocuvette. Next, 5 µg of CaMKII-SERT-N1-pEYFP (Subcloned from 

RRID:Addgene_70105) or Myc-5-HT2AR-ECFP plasmid DNA (described in ref 53),  was 

added (volume of plasmid DNA was ≤ 10 µL) and the Nucleocuvettes were gently flicked 

to mix the solution. Nucleocuvettes were electroporated using the 4D-Nucleofector® X 

Unit (Lonza, #AAF-1003X) using the DR114 electroporation code (54). Nucleocuvettes 

were then removed and allowed to sit at room temperature for 10 min before adding 500 

µL of prewarmed plating media. The provided single use pipettes were used to mix and 

transfer the cell solution into plating media. 

For experiments in Figure 2.10B,C and S2.15B using poly-D-lysine coated 96 well 

plates, the full 600 µL solution was diluted into 12.4 mL of plating media and plated at 

200 µL/well into the inner 60-wells. Cells were returned to the incubator and then treated 

as previously described at DIV3 and fixed 72 h later on DIV6 to be stained for MAP2 and 

the EYFP tag on the SERT construct (Invitrogen, # A-21311, 1:1000 dilution) (12).  

For experiments in Figure 2.10E using poly-D-lysine coated 24-well plates 

containing glass coverslips (No. 1.5) the full 600 µL solution was diluted into 4.9mL of 

plating media and plated at 500 µL/well into the inner 8-wells. Cells were returned to 

the incubator and then treated as previously described at DIV14 and fixed 24 h later on 
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DIV15 to be stained for MAP2, EYFP, and F-actin using phalloidin conjugated to Alexa 

Fluor 555 (Invitrogen, #A34055, 1:40) (8).  

As a consequence of sparse electroporation, there were both SERT-positive and 

SERT-negative cortical neurons in the same well; SERT-positive and SERT-negative 

neurons were chosen for analysis based on the presence or absence of the EYFP signal, 

respectively. This was done by applying the same brightness/contrast setting to all 

images and manually sorting SERT positive and negative neurons for Sholl analysis. 

Experiments were performed in duplicate with plates prepared using neurons obtained 

from independent pregnant dams. 

Lipofection. Freshly dissected E18 rat cortical neurons were plated into poly-D-

lysine coated 35 mm live cell dishes (MatTek, P35G-1.5-14-C) at 1.5 x 105 cells/well and 

cultured as previously described (12). On DIV5, neurons were transfected with Myc-5-

HT2A-ECFP, β2-adrenergic receptor-ECFP (RRID:Addgene_55794), or pCAG-ECFP 

(RRID:Addgene_32597) using Lipofectamine™ 3000 Transfection Reagent (Invitrogen 

catalog # L3000001) according to manufacturer protocol with slight modifications. 

Culture media was switched for prewarmed Opti-MEM (Invitrogen, #11058021) 30 min 

prior to addition of the transfection mixture. Transfection reagents were mixed in Opti-

MEM using 1 µg DNA/well, 2 µL P3000 reagent/well, and 0.75 µL Lipofectamine 

3000/well and then added dropwise. After addition of the transfection mixture, cells 

were returned to the incubator for 4–6 h, and then the media was replaced with fresh 

culture media. HEK293T cells (ATCCCRL-11268; mycoplasma free) were cultured in 

complete media consisting of DMEM-high glucose-pyruvate (Gibco, #11995065), 1% 
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Penicillin-Streptomycin (Giboco, # 5140122), and 10% fetal bovine serum (Gibco # 

26140079). On the day of transfection, cells were suspended in DMEM prior to the 

addition of transfection reagents.  After addition of transfection reagents, cells were 

plated at a density of 1.5 x 105 cells/well. The plate was placed into the incubator and the 

media was not changed. To compare the effects of media lacking serum versus media 

containing serum, a separate dish of HEK293T cells were transfected in complete media. 

Both neurons and HEK293T cells were imaged 24 h after transfection in a live cell 

chamber connected to a Nikon HCA confocal microscope. 

Colocalization Experiments. Freshly dissected E18 rat cortical neurons were 

electroporated with Myc-5-HT2A-ECFP or HEK293T (ATCCCRL-11268; mycoplasma 

free) cells were lipofected with Myc-5-HT2A-ECFP.  Both cell types were cultured in the 

inner 8 wells of poly-D-lysine coated 24-well plates containing glass coverslips (No. 1.5) 

at a density of 3.5 x 104 cells/well and fixed on DIV6 as previously described (12). 

Neurons were immunostained for subcellular markers, MAP2, and CFP (note: anti-GFP 

antibodies cross react with CFP): anti-GFP (Invitrogen, #MA5-15256, 1:1000, used for co-

labeling with antibodies from rabbits); anti-GFP (Rockland, #600-401-215, 1:1000, used 

for co-labeling with antibodies from mice); anti-GM130 (Invitrogen, #703794, 1:100); anti-

RAB5 (Invitrogen, #PA5-29022, 1:100); anti-RAB7 (Invitrogen, #PA5-52369, 1:100); anti-

MTC02 (Invitrogen, #MA5-12017, 1:100); anti-MAP2 (1:10,000; EnCor, CPCA-MAP2). 

MAP2 was labeled with an anti-chicken secondary antibody conjugated to Alexa Fluor 

568 (Invitrogen, #A-11041, 1:500), CFP was labeled with an anti-mouse or anti-rabbit 

secondary antibody conjugated to Alexa Fluor 405 (Invitrogen, #A31553 and #A48258, 
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1:500), and subcellular markers were labeled with an anti-mouse or anti-rabbit secondary 

antibody conjugated to Alexa Fluor 488 (Invitrogen, #A-11001 and #A-11008, 1:500). 

HEK293T cells expressing Myc-5-HT2A-ECFP were prepared in the same fashion with 

the exception that instead of immunostaining for MAP2, the morphology of the cell was 

established by labeling F-actin with phalloidin conjugated to Alexa Fluor 555 (Invitrogen, 

#A34055, 1:40).  Coverslips were mounted onto microscope slides using ProLong Gold 

(Invitrogen # P36930) and imaged on a Nikon HCA confocal microscope with a 100x/NA 

1.45 oil objective imaging in the following order: 568 nm (25% laser power), 488 nm (25% 

laser power), and 405 nm (25% laser power). For each image, stacks (0.065 µm / 1 pixel) 

with 13x 0.25 µm z-steps were acquired for all three wavelengths. All images shown are 

maximum projections of the 7th and 8th stack where the outline of the cell body and 

processes are most prominent. Regions of interest (ROIs) were drawn around the cell 

using the MAP2 or phalloidin channel, and all signal was cleared from the outside of the 

ROI for all wavelengths. Using the ImageJ Just Another Colocalization Plugin (JACoP), 

the cleaned images of the Myc-5-HT2A-ECFP and the subcellular marker were analyzed 

to determine the Pearson’s correlation coefficient and Manders’ colocalization coefficient. 

Brightness/contrast and thresholding were kept consistent for each experiment. 

Experiments were performed in duplicate with plates prepared using neurons obtained 

from independent pregnant dams or independent HEK293T cultures. 

Live Cell Membrane Imaging. Following the manufacturer’s protocols, 

CelllBrite® Steady 550 Membrane Staining Kit (Biotium, #30107) was added to live DIV6 

rat cortical neurons or HEK293T cells (ATCCCRL-11268; mycoplasma free) lipofected 
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with Myc-5-HT2A-ECFP, Beta-2-adrenergic receptor-ECFP, or pCAG-ECFP cultured in 

poly-D-lysine coated 35 mm live cell dishes at 1.5 x 105 cells/well. Briefly, media was 

aspirated from the dishes and cells were washed three times with warm HBSS 

supplemented with 2 mM MgCl2 and 2 mM CaCl2 (Thermo Fisher, 14025092). Next, 1.5 

mL of a 1x dye and enhancer solution diluted in HBSS was added and the dish placed in 

the incubator for 10 min. The media was aspirated and replaced with 1 mL of warm HBSS. 

Cells were imaged in a live cell chamber connected to a Nikon HCA confocal microscope 

a with a 60x/NA 1.40 oil objective imaging in the following order: 568 nm (25% laser 

power) and 405 nm (35% laser power). All other imaging and analysis parameters were 

kept consistent with the other subcellular imaging experiments with the exception that 

the membrane channel was used to draw the ROI around the cell.  

5-HT2AR Antibody Validation and Native 5-HT2A Immunostaining. The 

Neuromics 5-HT2A antibody was validated in-house by lipofecting HEK293T cells 

(ATCCCRL-11268; mycoplasma free) with Myc-5-HT2A-ECFP and then plating cells in 

poly-D-lysine coated 24-well plates containing glass coverslips (No. 1.5) at 3.5 x 104 

cells/well as described above. The next day, cells were fixed and immunostained for CFP 

(Invitrogen, #MA5-15256, 1:1000) and the 5-HT2AR (Neuromics, RA24288, 1:50) 

following previously described methods with slight modifications (12). The cells were 

incubated with primary antibody for 48 h at 4 ºC. Following primary antibody incubation, 

CFP was labeled with an anti-mouse secondary antibody conjugated to Alexa Fluor 405 

(Invitrogen, #A31553, 1:500), the 5-HT2AR was labeled with an anti-rabbit conjugated to 
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Alexa Fluor 488 (Invitrogen, #A-11008, 1:500), and the actin-cytoskeleton was labeled 

using phalloidin conjugated to Alexa Fluor 555 (Invitrogen, #A34055, 1:40). 

For antibody validation in 5-HT2AR knock out embryonic mouse cortical neurons 

and wild type controls, P1 pups were sacrificed by decapitation, and their cortices were 

removed and stored in Hibernate E (Invitrogen catalog # A12476-01) supplemented with 

2% B-27 Plus (Invitrogen catalog # 17504-044) and 1% Pen/Strep (Invitrogen catalog # 

15140-122) for 5 days while genotypes were confirmed via PCR. Next, cortices were 

pooled, dissociated, and plated at a density of 7.5 x 104 cells/well into the inner 8 wells 

of poly-D-lysine coated 24-well plates containing glass coverslips (No. 1.5). Plating media 

consisted of MEM (Invitrogen catalog # 51200-038) supplemented with 10% heat-

inactivated horse serum (Invitrogen catalog # 26050-088), 0.4% glucose (Sigma Aldrich 

catalog # G7528), 1 mM sodium pyruvate (Invitrogen catalog # 11360-070), and 10 mM 

HEPES (Invitrogen catalog # 15630-106). After 3 hours, the plating media was exchanged 

for maintenance media consisting of Neurobasal (Invitrogen catalog # 21103-049), 2% B-

27 Plus (Invitrogen catalog # 17504-044), 1% Pen/Strep (Invitrogen catalog # 15140-122), 

0.3125% Glutamax (Invitrogen catalog # 35050-061), 1 mM sodium pyruvate (Invitrogen 

catalog # 11360-070), and 10 mM HEPES (Invitrogen catalog # 15630-106). The neurons 

were cultured until DIV6, at which time they were fixed and stained for MAP2 and 5-

HT2ARs (Neuromics, RA24288, 1:50) as described above.  

Coverslips were mounted onto microscope slides using ProLong Gold and imaged 

on a Nikon HCA confocal with a 60x/NA 1.40 oil objective imaging in the following order: 

568 nm (25% laser power), 488 nm (25% laser power), and 405 nm (25%) to image F-actin, 
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MAP2, and the CFP tag, respectively. All other imaging and analysis parameters were 

kept consistent. Due to the sparse lipofection in HEK293T cells, there were 5-HT2AR-

positive and -negative cells within the same well to determine the specificity of the 5-

HT2AR antibody. For mouse cortical neurons, separate wells containing knockout or 

wild type neurons were used. 

To compare localization of native 5-HT2AR expression to overexpression of 5-

HT2AR in cultures of embryonic rat cortical neurons, a line scan was performed on 

images of DIV7 cultures immunostained for native 5-HT2AR (Neuromics, RA24288, 1:50) 

or rat cortical neurons lipofected with Myc-5-HT2A-ECFP and stained for CFP . 

Transverse (perpendicular to the apical dendrite) and longitudinal (parallel to the apical 

dendrite) line scans were performed to quantify 5-HT2A fluorescence intensity across the 

cell membrane and intracellular space.  

 

IP1 Experiments. Freshly dissected E18 rat cortical neurons or Myc-5-HT2A-ECFP 

lipofected HEK293T cells (ATCCCRL-11268; mycoplasma free) were plated onto poly-D-

lysine coated HTRF 96-well low volume white plates with clear bottoms (cisbio, 66PL96) 

at 2.0 x 105 cells/well. The HTRF IP-One Gq kit (cisbio, 62IPAPEB) was used to assess Gq 

activation in response to treatment with 5-HT2AR agonists according to the 

manufacturer’s protocol. Briefly, neurons were cultured to DIV6 and Myc-5-HT2A-ECFP 

expressing HEK293T cells were cultured overnight. On the day of the experiment,  plates 

were washed three times with ultrapure water (Thermo Fisher, 10977015). Next, 20 µL of 

1x stimulation buffer diluted in ultrapure water was added to the wells.  Separately,10 
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mM drug stocks in DMSO were diluted to  35 µM in 1x stimulation buffer.  Then, 8 µL of 

the 35 µM agonist solution was added to the wells to achieve a final concentration of 10 

µM (total dilution = 1:1000). Serial dilutions (1:10) were performed in an empty treatment 

plate to generate a concentration response and added following a randomized plate map. 

The plate was sealed and placed in the incubator for 1 h. Next, 12 µL of a 6x IP1 d2 reagent 

and 6x IP1 Tb cryptate antibody reagent solution diluted in the provided lysis buffer was 

added to each well. The plate was sealed and placed on a shaker set to low for 1 h at room 

temperature. The plate was then imaged using the CLARIOStar plate reader (BMG 

LABTECH) using an excitation wavelength of 340 nm and recording emissions at 620 nm 

and 665 nm. Optimal gain and focal height settings were determined to observe the 

largest delta between the vehicle control and 10 µM 5-MeO-DMT treatment. The HTRF 

ratio was calculated according to the manufacturing protocol: (Signal 665nm)/(Signal 

620)×10^4 

Both 5-HT and 5-MeO-DMT were assayed as 8-point concentration responses and 

experiments were performed in quadruplicate with plates prepared using neurons 

obtained from independent pregnant dams or independent HEK293T cultures with a 

total of N = 11–12 wells per concentration. Raw HTRF ratios were normalized to the 

vehicle control set as 0% and the 10 µM 5-MeO-DMT response set as 100%.  

Radioligand Binding Experiments. Binding buffer consisted of 50 mM Tris HCl, 

10 mM MgCl2, 0.1 mM EDTA disodium dihydrate in autoclaved deionized water. The 

solution was adjusted to pH 7.4 with 10 M NaOH(aq) and stored at 4 °C. This solution 
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was used for membrane preparation generation as well as in saturation and competition 

binding assays. 

For the generation of membrane preparations, 15-cm plates of PSYLI2 cells 

(HEK293T cell line stably expressing psychLight2; mycoplasma free) or HEK293T cells 

(ATCCCRL-11268; mycoplasma free) lipofected with Myc-5-HT2AR 

(RRID:Addgene_67944) were grown in Dulbecco’s Modified Eagle Media (DMEM) 

containing 10% fetal bovine serum and 1% penicillin/streptomycin. When the cells 

were >90% confluent, the media was removed, and the cells were washed with 

Dulbecco’s Phosphate Buffered Saline (DPBS, 15 mL).  Next, DMEM (15 mL) lacking fetal 

bovine serum and penicillin/streptomycin was added, and the cells were serum-starved 

for 4–12 h.  All but ~5 mL of the media was removed from the plates before placing them 

on ice. After 1 min on ice, the contents of the plates were scraped and transferred to a pre-

chilled 50 mL Falcon tube and then centrifuged (2,000 g, 10 min, 4 °C). The supernatant 

was discared, and the pellet was resuspended in ice-cold binding buffer (2 mL per 15-cm 

plate). The cells in the pellet were lysed by 60 s of repeated pipetting of the suspension 

with a 10 mL serological pipet, and then the mixture was centrifuged (2,000 g, 10 min, 

4 °C). The supernatant was discarded, removing endogenous ligands from the lysed cells, 

and the pellet was resuspended in ice-cold binding buffer (2 mL per 15-cm plate). The 

suspension was transferred to 2.0 mL Eppendorf tubes in 1.0 mL aliquots, saving a single 

aliquot of 0.25 mL suspension to use for quantification of protein concentration via a 

Bradford assay (55). All aliquots were then centrifuged (20,000 g, 20 min, 4 °C). The 

supernatant was removed, and the aliquots were stored at -80 °C for later use. 
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For intact cell experiments, PSYLI2 cells or HEK293T cells transiently expressing 

Myc-5-HT2AR were cultured in 15-cm plates in DMEM containing 10% fetal bovine 

serum and 1% penicillin/streptomycin. Approximately 16–28 h prior to the experiment, 

the cells were plated in 24-well plates (2x105 cells/well) pre-coated with poly-D-lysine 

and grown in DMEM containing 10% fetal bovine serum and 1% penicillin/streptomycin. 

Prior to experiments, plated cells were washed three times at room temperature with 500 

µL/well of DPBS (with calcium and magnesium). All compounds and radioligands were 

diluted in DMEM. For saturation binding experiments, after wash steps, DMEM (450 µL) 

was added to each well. A 1:1 mixture of various concentrations of [3H]-LSD and either 

vehicle (1% DMSO) or 1 mM mianserin hydrochloride (1% DMSO, 50 µL) was added to 

each well, bringing the final well volume to 500 µL comprised of [3H]-LSD and either 

vehicle (0.1% DMSO) or 100 µM mianserin hydrochloride (0.1% DMSO). PSYLI2 cells 

were incubated with 0–80 nM [3H]-LSD and HEK293T cells transiently expressing Myc-

5-HT2AR were incubated with 0–40 nM [3H]-LSD for 60 min at 37°C. For competition 

binding experiments, after wash steps, DMEM (450 µL) was added to each well. A (1:1) 

mixture of [3H]-LSD (23.3 nM for PSYLI2 cells and 29.3 nM for HEK293T cells transiently 

expressing Myc-5-HT2AR) and either 5-HT (1% DMSO) or 5-MeO-DMT (1% DMSO) at 

various concentrations was added to each well, bringing the final well volume to 500 µL 

comprised of [3H]-LSD (2.33 nM for PSYLI2 cells and 2.93 nM for HEK293T cells 

transiently expressing Myc-5-HT2AR) and either 5-HT or 5-MeO-DMT at various 

concentrations. Cells were incubated with 0–10 µM 5-HT or 5-MeO-DMT for 60 min at 

37°C. At the end of intact cell saturation and competition binding experiments, the cells 
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were washed three times with DPBS (with calcium and magnesium). Cells were 

solubilized by the addition of 0.1 M NaOH and 0.5% Triton X-100 (500 µL/well) at 

ambient temperature, and after 30 min the lysates were transferred to 7 mL scintillation 

vials containing 3 mL Ultima Gold liquid scintillation cocktail. 

For membrane preparation experiments, saturation binding assays to determine 

the Kd values of [3H]-LSD and competition binding assays to determine the Ki values of 

unlabeled compounds were carried out using Millipore MultiScreen HTS FB filter plates 

that had been pre-soaked with 0.3% polyethylenimine(aq) (PEI) for at least 30 min on a 

Millipore Multiscreen HTS vacuum manifold. All compounds and radioligands were 

diluted in binding buffer. For PSYLI2 cell membrane preparation saturation binding 

experiments, binding buffer (0.21% DMSO, 47.5 µL) was added to half of the wells to 

determine total binding, while mianserin hydrochloride (0.21% DMSO, 210.5 µM, 47.5 µL) 

was added to the other wells to determine nonspecific binding. [3H]-LSD (20X solution 

in binding buffer, 5 µL, 0–5.76 µM) was then added to the wells. Membrane preparations 

were thawed on ice before resuspension in binding buffer. The membrane preparation 

suspension (47.5 µL, 0.211 µg/µL, 10 µg) was added as the final component in each well, 

bringing the final volume in each well to 100 µL, comprised of either vehicle (0.1% DMSO) 

or 100 µM mianserin hydrochloride (0.1% DMSO), [3H]-LSD ranging in concentrations 

from 0–288 nM, and a suspension of membrane preparation protein (10 µg). For HEK293T 

cells transiently expressing Myc-5-HT2AR membrane preparation saturation binding 

experiments, binding buffer (0.25% DMSO, 50 µL) was added to half of the wells to 

determine total binding, while mianserin hydrochloride (0.25% DMSO, 250 µM, 50 µL) 
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was added to the other wells to determine nonspecific binding. [3H]-LSD (5X solution in 

binding buffer, 25 µL, 0–480 nM) was then added to the wells. Membrane preparations 

were thawed on ice before resuspension in binding buffer. The membrane preparation 

suspension (50 uL, 0.50 µg/µL, 25 µg) was added as the final component in each well, 

bringing the final volume in each well to 125 �L comprised of either vehicle (0.1% DMSO) 

or 100 µM mianserin hydrochloride (0.1% DMSO), [3H]-LSD ranging in concentrations 

from 0–96.0 nM, and a suspension of membrane preparation protein (25 µg). For PSYLI2 

cell membrane preparation competition binding experiments, [3H]-LSD (2.5X solution in 

binding buffer, 50 uL, 12.5 nM) and various concentrations of unlabeled compounds (5X 

solution in binding buffer, 25 uL, 0.5% DMSO, 0–500 µM) were added to the wells. 

Membrane preparations were thawed on ice before being resuspended in binding buffer. 

The membrane preparation suspension (50 µL, 0.2 µg/uL, 10 µg) was added as the final 

component in each well, bringing the final volume in each well to 125 µL comprised of 

[3H]-LSD (5.00 nM), unlabeled compounds (0–100 µM), and a suspension of membrane 

preparation protein (10 µg). For HEK293T cells transiently expressing Myc-5-HT2AR 

membrane preparation competition binding experiments, [3H]-LSD (2.5X solution in 

binding buffer, 50 uL, 9.23 nM) and various concentrations of unlabeled compounds (5X 

solution in binding buffer, 25 uL, 0.5% DMSO, 0–50 µM) were added to the wells. 

Membrane preparations were thawed on ice before resuspension in binding buffer. The 

membrane preparation suspension (50 µL, 0.5 µg/uL, 25 µg) was added as the final 

component in each well, bringing the final volume in each well to 125 µL comprised of 

[3H]-LSD (3.69 nM), unlabeled compounds (0–10 µM), and a suspension of membrane 
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preparation protein (25 µg). All incubations were carried out at ambient temperature for 

60 min before separation of bound and free radioligand was conducted via rapid vacuum 

filtration followed by washing with ice-cold binding buffer (3 x 200 µL). Dried filter 

screens from the plates were transferred to 7 mL scintillation vials containing 1 mL 

PerkinElmer Ultima Gold liquid scintillation cocktail.  

Analysis of the radioactivity was conducted using a Beckman LS 6000 liquid 

scintillation counter. Saturation binding data were analyzed in counts per minute (CPM) 

using the One site – Total and nonspecific binding nonlinear regression on GraphPad 

Prism version 9.3.1. Competition binding experiment data were normalized to the 

radioactivity in disintegrations per minute (DPM) observed in the presence of vehicle 

(100% [3H]-LSD bound) and 10 µM 5-HT (0% [3H]-LSD bound). Competition binding 

data were analyzed using the One site – Fit Ki nonlinear regression on GraphPad Prism 

version 9.3.1, constraining HotKdNM to the Kd value of the radioligand determined in 

saturation binding assays, HotNM to the concentration of radioligand employed in the 

assays, and the bottom plateau to 0%. To analyze the data using this method, the 0.1% 

DMSO vehicle condition was set to an arbitrarily dilute concentration of 10-25 M to be 

included on the logarithmic scale of the X-axis. 

PsychLight1 Experiments. HEK293T cells (ATCCCRL-11268; mycoplasma free) 

lipofected with pCMV_PsychLight1 (described in ref 14)  were plated at 1.5 x 105 

cells/well in poly-D-lysine coated 35 mm live cell dishes. After 24 h, the cells were 

washed three times with HBSS supplemented with 2 mM MgCl2 and 2 mM CaCl2. A 10 

mM methylated ketanserin stock in DMSO was diluted in 1 mL of HBSS to achieve a 



 161 

concentration of 10 µM, added to the empty dishes, and placed back in the incubator for 

10 min. Cells were then imaged in a live cell chamber connected to a Nikon HCA confocal 

microscope a with a 60 x /NA 1.40 oil objective at 488 nm (35% laser power). Baseline 

images of cells were manually captured, and the coordinates were saved. Next, 10 mM 5-

HT or 5-MeO-DMT drug stocks in DMSO were diluted to 20 µM in 1 mL of HBSS and 

added dropwise to the dish to achieve a final concentration of 10 µM (total dilution = 

1:1000). The dish was incubated for 5 min before re-imaging at the saved positions. Using 

ImageJ, ROIs were drawn around individual cells to determine fluorescence intensity on 

a per cell basis. The same ROI was applied to the baseline and post treatment images to 

quantify the change in fluorescence (ΔF/F). The ΔF/F values for each image were 

calculated using the following equation: 

 (fluorescence intensity after drug- fluorescence intensity before drug)/(fluorescence 

intensity before drug) 

Individual cell ΔF/F values were averaged to determine the mean ΔF/F for each 

treatment. Experiments were performed in duplicate using dishes from independent 

HEK293T cultures with a total of N = 41–54 cells per treatment.  

PsychLight2 Experiments. For experiments using PSYLI2 cells (HEK293T cell line 

stably expressing psychLight2; mycoplasma free) cells were plated at 8.0 x 104 cells/well 

in poly-D-lysine coated glass bottom 96-well plates (P96-1.5H-N, Cellvis) in complete 

media and returned to the incubator. The next day, plates were washed three times with 

warm HBSS supplemented with 2 mM MgCl2 and 2 mM CaCl2. Next, 50 µL HBSS was 

added to the wells of the assay plate and a baseline scan was performed using a 
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CellInsight CX7 HCA Platform (ThermoFisher, CX7A1110) connected to an onstage 

incubator for live cell imaging (ThermoFisher, NX7LIVE001) at 40x with nine ROIs taken 

per well using an arbitrary ROI pattern for each well with no bias to location and no 

overlap of the ROIs (exposure = 400 ms, LED power = 100%). Immediately prior to re-

imaging, 10 mM stock solutions of drugs in DMSO were diluted in HBSS to 20 µM and 

distributed across an empty 96-well treatment plate in triplicate following a randomized 

plate map. Serial 1:10 dilutions were performed in the treatment plate to generate a 

concentration response. For agonist mode, 50 µL from the treatment plate was transferred 

to the assay plate resulting in a final 10 µM concentration (total dilution = 1:1000). After 

a 5 min incubation, the same sites were re-imaged using the same settings. For antagonist 

mode, a 100 µM 5-HT stock in DMSO was diluted in HBSS to a 200 nM solution, 50 µL of 

200 nM 5-HT was added to the wells to achieve a final concentration of 100 nM 5-HT 

(total dilution = 1:1,000). After a 5-minute incubation the plate was scanned. Following 

this, a 10 mM antagonist stock in DMSO was diluted in HBSS to a 20 µM solution, and 

100 µL of the 20 µM antagonist was added to the wells to achieve a final concentration of 

10 µM (total dilution = 1:1000). After a 5 min incubation, the plate was re-scanned. Once 

imaging was complete, the images were exported and processed through a custom 

Python script to obtain average ΔF/F values for each treatment 

(https://github.com/moagonzalez/OlsonLab/blob/main/PsychLightV3_Clean.txt). 

Next, ΔF/F values for each treatment were fitted to a nonlinear regression of agonist vs 

response (three parameter) for agonist mode and inhibitor vs response (three parameter) 

for antagonist mode using Prism (version 9.3.1). Responses were normalized to the 
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positive control (10 µM 5-HT) set as 100% and the average of the 1 pM concentration 

response between both treatments on each graph set as 0%. An 8-point concentration 

response was performed for each compound except for DMT and TMT where a 9-point 

concentration responses were used, adding an additional 100 µM treatment due to the 

low potency of each compound. Experiments were performed in duplicate with plates 

prepared using independent PSYLI2 cultures with a total of N = 5–6 wells per 

concentration.  

Surgery and Viral Injections for in vivo Experiments Involving SERT 

Expression in the PFC. Male and female C57/BL6J or Thy1-EGFP mice (8-weeks-old) 

were anesthetized using 5% isoflurane for induction and 1% isoflurane for maintenance. 

After induction of anesthesia, Carprofen (5 mg/kg) and Buprenorphine (1 mg/kg) were 

administered subcutaneously.  Mice were mounted on a stereotaxic apparatus (Kopf, 

model 900). During surgery, body temperature was maintained with a heating pad. 

Petrolatum ophthalmic ointment was used to cover the animal’s eyes. Before a sterile 

scalpel was used to make an incision, the hair covering the skin above the skull was 

removed and then disinfected with an ethanol pad and betadine. To have consistent 

horizontal alignment of the skull, bregma and lambda were leveled to be on the same z 

axis while two points on the surface of the skull 1.5 mm to either side of lambda were 

used to level the skull with respect to the y axis. For bilateral injections into the infralimbic 

cortex (AP: + 1.94 mm, ML: +/- 0.25 mm, DV: −3 mm from the skull), a small craniotomy 

(1–2 mm diameter) was performed on top of each hemisphere over the injection site. The 

virus injection was performed using a Sub-Microliter Injection System with nanofil 
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needles (WPI, NF35BV-2). The injection needle was lowered into the brain regions 

indicated and infused per site at a rate of 100 nL per min. The injection volume was 

controlled by a microsyringe pump, which was connected to a controller. Following 

injection, the virus was allowed to diffuse into the tissue for an additional 10 min before 

the needle was withdrawn.  For FST experiments, 300 nL of AAV1-CaMKII-SERT-EYFP 

(subcloned from RRID:Addgene_70105) or AAV1-CaMKII-GFP (RRID:Addgene_64545) 

was injected into C57/BL6J mice.  For dendritic spine imaging experiments, 300 nL of 

AAV1-CaMKII-SERT-mCherry (subcloned from RRID:Addgene_70105 and 

RRID:Addgene_114469) or AAV5-CaMKIIa-mCherry (RRID:Addgene_114469) was 

injected into Thy1-EGFP mice.  Mice were allowed to recover for 3 weeks in the vivarium 

to allow for construct expression before beginning experiments.  

Behavioral Experiments Using Mice Expressing SERT in the PFC. At 3-weeks 

post-surgery, each mouse was handled for approximately 1 min by a male experimenter 

for three consecutive days leading up to the first day of behavioral testing.  All 

experiments were carried out by the same male experimenter. Mice were allowed to 

habituate to the behavior room for 1 h before beginning the experiment. For multi-day 

experiments, mice were returned to their home cages and placed back in the vivarium 

after each test.  All behavior was performed between the hours of 8:00 and 13:00. On day 

1, mice were placed in a 40 cm x 40 cm arena for 60 min and baseline locomotor activity 

was assessed using AnyMaze automated tracking software. On day 2, a pre-test FST was 

performed. During the FST, mice underwent a 6 min swim session in a clear Plexiglas 

cylinder (40 cm tall, 20 cm in diameter) filled with 30 cm of 24 ± 1 °C water. Fresh water 
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was used for each mouse. Mice were dried and returned to their home cages following 

each FST session.. On day 3, the mice were allowed to rest and remained in the vivarium. 

On day 4, mice were administered PCA (5 mg/kg; IP) and were returned to their home 

cages and vivarium. On day 5, mice were subjected to a FST to determine the sustained 

effects of serotonin release between the two groups. Experiments were video-recorded 

and manually scored offline by a blinded experimenter. Immobility time—defined as 

passive floating or remaining motionless with no activity other than that needed to keep 

the head above water—was scored for the last 4 min of the 6 min trial. 

Perfusion and Histology for in vivo Experiments Involving SERT Expression in 

the PFC. Mice were deeply anesthetized with avertin and transcardially perfused with 

paraformaldehyde (PFA, 4% in PBS, 7.4 pH). After extraction of the mouse brains, 

samples were fixed in 4% PFA at 4°C overnight. The mouse brains were cryo-protected 

by immersion in 10% sucrose in a 1x PBS solution overnight. Next, samples were placed 

in 30% sucrose in a 1x PBS solution for at least 1 day. Samples were then embedded in 

O.C.T, sliced into 50 µm coronal brain slices using a cryostat (Leica Biosystems), and 

mounted on slides for staining. Slides were left in the dark at room temperature overnight 

to dry before staining the next day. A barrier around the slides was drawn using a PAP 

Pen (Biotium, 22006). Brain slices were permeabilized using 0.2% Triton X-100 

(ThermoFisher) in DPBS for 20 min at room temperature without shaking. Brain slices 

were blocked with antibody diluting buffer (ADB) containing 2% bovine serum albumin 

(BSA) in DPBS for 1 h at room temperature. Then, slides were incubated overnight at 4 

ºC in ADB containing rabbit anti-GFP antibody (Invitrogen, #MA5-15256, 1:1000) to 
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immunostain constructs with GFP like tags or enhance the Thy1-GFP signal or anti-RFP 

antibody (Rockland, #600-401-379, 1:1000) to immunostain constructs with an mCherry 

tag. The next day, slides were washed three times with DPBS. Following washes, slides 

were incubated for 1 h at room temperature in ADB containing an anti-mouse secondary 

antibody conjugated to Alexa Fluor 488 (Invitrogen, #A-11001, 1:500) and an anti-rabbit 

secondary antibody conjugated to Alexa Fluor 568 (Invitrogen, #A-11011, 1:500). Slides 

washed three times with DPBS, and after the final wash, slides were allowed to dry for 

10 min before coverslips were mounted onto microscope slides using ProLong Gold. 

Slides were imaged on a Zeiss LSM 710 confocal microscope equipped with a Plan-

Apochromat 63x/1.40 N.A. oil objective for dendritic spine imaging and a Plan-

Apochromat 20x/0.8 N.A. objective for stitching images of an entire brain slice. 

Experiments Assessing Dendritic Spine Density in Mice Expressing SERT in 

the PFC. Thy1-GFP mice expressing either AAV1-CaMKII-SERT-mCherry or AAV5-

CaMKIIa-mCherry were administered PCA (5 mg/kg; IP).  After 24 h, the mice were 

perfused and brain slices prepared as described above. Slices were mounted and 

immunostained for anti-GFP to label Thy1-EFGP and anti-RFP to label the mCherry 

constructs. Immunostained slides were imaged on a Zeiss LSM 710 confocal microscope 

using a Plan-Apochromat 63x/1.40 oil objective imaging in the following order: 561 nm 

(20% laser power), and 458 nm (25% laser power). Images of apical dendrites and their 

dendritic spines within the infralimbic cortex were captured and manually counted by a 

trained experimenter blinded to treatment conditions. 
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Abstract 
Serotonin plays a central role in cognition and is the target of most 

pharmaceuticals for psychiatric disorders. Existing drugs have limited efficacy; creation 

of improved versions will require better understanding of serotonergic circuitry, which 

has been hampered by our inability to monitor serotonin release and transport with high 

spatial and temporal resolution. We developed and applied a binding-pocket redesign 

strategy, guided by machine learning, to create a high-performance, soluble, fluorescent 

serotonin sensor (iSeroSnFR), enabling optical detection of millisecond-scale serotonin 

transients. We demonstrate that iSeroSnFR can be used to detect serotonin release in 

freely behaving mice during fear conditioning, social interaction, and sleep/wake 

transitions. We also developed a robust assay of serotonin transporter function and 

modulation by drugs. We expect that both machine-learning-guided binding-pocket 

redesign and iSeroSnFR will have broad utility for the development of other sensors and 

in vitro and in vivo serotonin detection, respectively. 
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Introduction 
 Serotonergic systems profoundly modulate diverse behaviors (Berger et al., 2009; 

Charnay and Léger, 2010). Serotonin (5-HT) dysregulation has been implicated in mental 

disorders, including depression and anxiety (Belmaker and Agam, 2008; Calhoon and 

Tye, 2015). Most antidepressants target some aspect of the serotonergic system; selective 

serotonin reuptake inhibitors (SSRIs) specifically target the 5-HT transporter (SERT) (Bos 

et al., 2012; Cipriani et al., 2018). Despite the critical importance of 5-HT, development of 

novel and more effective therapies has been challenging due to poor understanding of 5-

HT dynamics, specifically the inability to measure 5-HT with high spatiotemporal 

resolution. Existing methods for measuring 5-HT, including microdialysis and fast-scan 

cyclic voltammetry (FSCV) (Abdalla et al., 2017; Jaquins-Gerstl and Michael, 2015; 

Peñalva et al., 2003; Schultz and Kennedy, 2008), as well as transporter assays relying 

primarily on radiolabeled 5-HT or analogs (Clarke and Khalid, 2015), lack the spatial or 

temporal resolution to adequately probe 5-HT dynamics and targetability. 

 A genetically encoded 5-HT sensor could potentially overcome these technical 

challenges (for review, see Broussard et al., 2014; Lin and Schnitzer, 2016; Looger and 

Griesbeck, 2012). We and others have recently produced single-fluorescent protein (FP)-

based sensors for neurotransmitters and neuromodulators based on either microbial 

periplasmic binding proteins (PBPs) or G-protein-coupled-receptors (GPCRs). Combined 

with modern microscopy, these sensors enable direct and specific measurements of 

diverse neurotransmitters and neuromodulators including glutamate (Marvin et al., 

2013), GABA (Marvin et al., 2019), ATP (Lobas et al., 2019), dopamine (Patriarchi et al., 

2018; Sun et al., 2018), acetylcholine (ACh) (Borden et al., 2020; Jing et al., 2020), and 
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norepinephrine (Feng et al., 2019) with the necessary resolution for use in behaving 

animals (Corre et al., 2018; Madisen et al., 2015). 

 Although GPCR-based sensors can yield sensitive indicators, their response to 

pharmaceutical manipulations makes them problematic for use in any studies involving 

drug administration. Furthermore, it is difficult to target GPCR-based sensors to 

intracellular locations (e.g., to study 5-HT transport). PBP-based sensors are soluble and 

can therefore readily be targeted to subcellular locations, are amenable to high-

throughput screening in bacteria, and easily allow detailed characterization in purified 

protein (Marvin et al., 2011). Naturally evolved PBPs typically bind few, if any, drugs 

targeting host proteins. In addition, microbial PBPs are bio-orthogonal to pathways in 

model organisms, promising minimal interference with endogenous signaling, a 

particular concern following long-term expression. Importantly, ligand binding in PBPs 

induces large conformational changes, resulting in very large dynamic ranges (Marvin et 

al., 2011, Marvin et al., 2013, Marvin et al., 2018). However, with no annotated PBPs for 

5-HT, we opted to redesign the binding pocket of an existing PBP-based sensor to 

selectively bind 5-HT. 

 There are several complementary approaches available for binding-site redesign 

(Baker, 2019; Khoury et al., 2014). Site-saturated mutagenesis (SSM) combined with 

rational design can optimize sensor properties such as brightness, dynamic range, 

kinetics, and affinity (Cobb et al., 2013; Packer and Liu, 2015). However, SSM, while 

sufficient to convert our ACh sensor to one binding the cholinergic agonist nicotine 

(Shivange et al., 2019), cannot plausibly cover sufficient sequence space to radically 
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change binding specificity to the structurally very different 5-HT. Computational design 

(Rosetta) can successfully predict proteins with high affinity and selectivity for a given 

small molecule (Richter et al., 2011), but has never been used for sensors. Recently, 

machine-learning approaches of varying complexity have been applied to optimize 

protein function (Bedbrook et al., 2019; Biswas et al., 2018; Ehren et al., 2008; Liao et al., 

2007; Saito and Nakatsuji, 2001; Wu et al., 2019). Our approach combined computational 

design and machine learning to guide an SSM pipeline. Using this method, we developed 

the first PBP-based 5-HT sensor (iSeroSnFR) by redesigning the binding pocket of the 

ACh sensor iAChSnFR0.6 (Borden et al., 2020). iSeroSnFR contains 19 mutations relative 

to iAChSnFR0.6; these conferred >5,000-fold improvement in 5-HT affinity while 

eliminating choline and ACh binding. We demonstrate that iSeroSnFR enables imaging 

of 5-HT dynamics in brain slices and freely moving mice. In addition, we highlight the 

clinical relevance of iSeroSnFR for pharmacological assays. 
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Results 

(xi) Sensor Design 
 
Before redesigning a binding pocket for structurally disparate molecules, we established 

our machine learning pipeline on structurally similar molecules (Figure S3.1; Table S3.1; 

Data S3.1; Methods). As a starting scaffold for our sensor, we chose an early version of 

iAChSnFR, based on a choline-binding PBP, OpuBC, from the hyperthermophile 

Thermoanaerobacter sp. X513 (Miller et al., 2011). In addition, this variant displayed 

detectable binding to 5-HT (apparent Kd >1 mM) (Figure S3.2A), making it a good 

starting template. We used a multi-stage pipeline to iteratively improve 5-HT binding 

and sensor response (Figure 3.1A). We first performed computational binding-pocket 

redesign using Rosetta, then iterative rounds of SSM guided by machine learning.
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Figure S3.1. Development of a Machine-Learning-Guided Library Design Paradigm, Related to Figure 
3.1 
A. Schematic showing the evolution of substrate preference from D-luc to 4’Br-luc.  
B. Random forest (RF) modeling and generalized linear modeling (GLM) were performed on 222 variants 
(see Table S3.2).  
C. The combination library in (B) was generated and 276 variants were screened for their preference for D-
luc or 4’Br-luc. The top and bottom 10% of variants were sequenced.  
D. Table showing no difference between the mutation rate of the top and bottom 10% of variants (Fisher’s 
Exact test). Variants with no mutations were omitted from statistical analysis.  
E. Table showing the frequency of different mutations predicted by statistical modeling. ∗p values were 
calculated by Fisher’s exact test, comparing the mutated amino acid(s) to the native amino acid, and the 
top 10% to either the bottom 10% or the input data as noted.  
F, G. Comparison between the RF (F) and GLM (G) prediction and the actual data 
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Figure S3.2. iSeroSnFR Design, Related to Figure 3.1 
A. Purified protein of iAChSnFR0.6 and iGluSnFR were tested against multiple concentrations of 5-HT. n 
= 3. Data represent mean ± s.e.m.s.e.m. 
B. Table showing the top 18 variants predicted by Rosetta modeling. Mutations are highlighted in green, 
compared to iAChSnFR0.6.  
C. The top 18 variants were synthesized and tested as purified protein against multiple ligands. Protein 
concentration: 100 nM, ligand concentration: 10 mM. Shaded bars represent the mean.  
D. Single mutants from the first SSM screen were tested with 10 mM 5-HT and compared to iSeroSnFR0.0. 
Red dashed line indicates iSeroSnFR0.0 (set to 100%). 
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Figure 3.1. Using Machine Learning to Evolve Binding Proteins. 
(A) Overview of machine learning method. 
(B) Schematic showing conversion of an acetylcholine (ACh)-binding protein to a serotonin (5-HT)-binding 
protein. ACh and 5-HT were docked into the binding pocket of AChSnFR0.6 using Rosetta. Statistical 
modeling was performed on these models, and promising mutations were synthesized and tested (see 
Figure S3.2 and Table S3). iSeroSnFR0.0 was chosen as a starting point for statistical modeling. Positions 66, 
143, 170, and 188 were selected for further mutation. 
(C) The binding pocket of iSeroSnFR0.0 was simulated using Rosetta and 5-HT (magenta) docked. Top-
ranked positions are labeled (cyan). 
(D) Table of DNA libraries created, and number of variants screened from each library. 
(E) DNA libraries were generated, transformed into bacteria, grown, and lysed. Lysate was then screened 
with 10 mM 5-HT and compared to the parent sensor (iSeroSnFR0.0). 
(F). Heatmap of the contribution of each mutation at each position screened, as predicted by the generalized 
linear model (GLM) (for additional information see Table S3). 
(G) Combinations of mutations predicted to be better than the parent (iSeroSnFR0.0) were synthesized and 
tested as purified protein with 10 mM 5-HT. Dashed line represents the linear regression. 
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(H) Protein from iSeroSnFR0.0 and the top variant (iSeroSnFR0.1) was purified and tested against multiple 
concentrations of 5-HT. Fits were determined using the Hill equation. Shaded area denotes 95% confidence 
interval. The apparent Kd is defined as the concentration of the ligand producing 50% of the maximum 
fluorescence change. 
(I) Raincloud plot where iSeroSnFR0.1 was used as the parent for a second round of screening followed by 
GLM analysis. A small library (32 possible combinations) was generated based on the GLM results and 
screened (cyan), which led to the discovery of iSeroSnFR0.2. 
(J) Raincloud plot similar to (I), but using iSeroSnFR0.2 as the parent. This GLM-guided targeted library 
(96 possible combinations) was created and screened, leading to the discovery of iSeroSnFR. 
See also Figures S1 and S2 and Data S3.1. 
 

(xii) Step I: Computational Binding-Pocket Redesign 
 To perform computational modeling, we started with the structures of open, 

ligand-free iAChSnFR0.6 (6URU) and closed, choline-bound Bacillus subtilis OpuBC 

(3R6U), and created a model of the closed, ACh-bound form of iAChSnFR using Rosetta 

(Figure 3.1B). 5-HT conformers (rotation of the β-aminoethyl and hydroxy moieties) were 

generated using Open Eye Omega (Hawkins et al., 2010), and docked into the closed-

iAChSnFR model using RosettaLigand (Bender et al., 2016; Davis and Baker, 2009) 

(Figures 1B and 1C). Next, Rosetta protein redesign (Taylor et al., 2016; Tinberg et al., 

2013) was used to optimize the 5-HT binding pocket. In total, 250,000 variants were 

predicted and ranked based on computed ligand interaction ( Methods). The top 18 

predicted variants were synthesized, purified, and examined for fluorescence response 

to 5-HT and other ligands including ACh (Figures S2B and S2C). Among the 18 variants, 

variant 7 showed the largest fluorescence response to 10 mM 5-HT (ΔF/F0 = 87% ± 20%) 

with no ACh response (ΔF/F0 = −4% ± 1%), representing an 18-fold improvement in 5-

HT selectivity (Figure S3.2C). This mutated variant, named iSeroSnFR0.0 (Table S3.2), 

was then selected for further optimization. 
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(xiii) Step II: Random Forest Modeling 
 We next optimized iSeroSnFR0.0 with SSM to improve 5-HT affinity. We used a 

random forest (RF) model to estimate the importance of each position interrogated by 

computational design (Table S3.2). We took the four highest-ranked positions from RF 

(66 > 170 > 143 > 188) (Figure 3.1D) and performed SSM at each site separately and in 

pairs (using degenerate NNK codons). We screened a total of 2,576 variants, including 92 

from each single-site library and 368 from each dual-site library, for fluorescence 

response to 5-HT (10 mM). The library size was determined using the TopLib online 

library calculator (Nov, 2012). Of the screened variants, ~100 variants showed an 

improved response (~2- to 3-fold) compared to iSeroSnFR0.0 (Figure 3.1E). Subsequent 

analysis showed that top-performing variants frequently contained mutations at multiple 

positions, and the ordered contribution of each position (66 > 143 > 170 > 188) (Table S3.2) 

to the fluorescence response was nearly identical to that predicted by RF (66 > 170 > 143 > 

188) (Figure 3.1F). No single mutation drastically improved 5-HT affinity, but 

combinations of mutations were frequently better than single mutations (Figure S3.2D). 

These results suggest that RF effectively predicts important positions contributing to 

sensor response, and simultaneous, beneficial contributions of multiple residues are 

essential to large-scale improvements. 

(xiv) Step III: Generalized Linear Model 
 Because single mutations offered only small improvements, whereas 

combinations gave much better results, mutations were clearly not additive. For example, 

we found a top-performing variant containing T66Y/H170A with 140% improved 

response, whereas T66Y and H170A alone showed only 40% and 10% improvements, 
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respectively (Figure S3.2D). We next applied GLM to our dataset. This allowed us to 

identify individual mutations from our libraries that contribute to synergistic 

interactions—allowing us to design small targeted libraries. 

 GLM predicted that several amino acid mutations at each position would be 

beneficial (Figure 3.1F; Table S3), with 66Y, 66P, 143M, 170A, 188G, 188P, and 188T 

showing the strongest positive predictions. Given the beneficial T66Y/H170A mutant 

that we had already identified, we decided to synthesize variants combining those with 

GLM-predicted amino acid residues at positions 143 and 188. Out of 13 variants 

synthesized, 12 showed larger fluorescence response to 10 mM 5-HT than iSeroSnFR0.0 

(Figure 3.1G) (GLM was moderately predictive: pseudo-R2 = 0.31). One variant displayed 

4.5-fold improved response over iSeroSnFR0.0, well above any SSM-screened variant. In 

purified protein, this variant (T66Y/F143M/H170A/H188T, named iSeroSnFR0.1) 

showed >9-fold increased fluorescence response (ΔF/F0)max relative to iSeroSnFR0.0 

((ΔF/F0)max = 480% ± 14% versus 50% ± 4%), and 2-fold increased 5-HT affinity (900 ± 

110 µM versus 1.8 ± 0.5 mM) (Figure 3.1H). 

 In light of the substantial improvements from a single round of GLM-guided 

mutagenesis, we performed two more rounds of screening followed by GLM prediction, 

recruiting additional positions predicted by RF, and added others based on prior 

experience optimizing biosensors (e.g., linkers connecting the cpGFP to the binding 

protein, the interface between cpGFP and binding protein, and random mutations from 

previous rounds of screening) (Table S3.2). These subsequent rounds were screened at 

progressively lower 5-HT concentrations (round 2: 500 µM and round 3: 50 µM) to enrich 
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for variants with tighter affinity. After each round, the top-performing variants were 

sequenced and reanalyzed using GLM to create a focused library; in total, ~13,000 

variants were tested, of which 244 were sequenced. The best variant from round 2 (Figure 

3.1I) came from the GLM-driven focused library, had 8-fold improved response over its 

parent iSeroSnFR0.1, and was named iSeroSnFR0.2. The best variant from round 3 (Figure 

3.1J) was 5-fold improved over its parent iSeroSnFR0.2 (Figure 3.2A; Table S3.2). We 

named this final version iSeroSnFR, which contains 19 mutations relative to iAChSnFR0.6 

(Figure 3.2A, PDB: 6PER); In purified protein, this variant exhibits 310 ± 30 µM affinity 

for 5-HT, and 800% (ΔF/F0)max (Figure 3.2B). 
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Figure 3.2. Affinity and Specificity of the Sensor. 
(A) Crystal structure of unliganded iSeroSnFR (PDB: 6PER). Mutations in iSeroSnFR relative to 
iAChSnFR0.6 are mapped onto the crystal structure (red). Positions interrogated by site-saturated 
mutagenesis (but not mutated in iSeroSnFR) are displayed in blue, mutations interrogated by Rosetta, but 
not SSM, in purple, and positions that were randomly mutated, in green 
(B) Purified iSeroSnFR binding to 5-HT. 
(C) Purified iSeroSnFR binding to multiple ligands. Due to differential compound solubility, the values 
displayed match the following concentrations: octopamine, L-phenylalanine, 80 µM; 5-HTP, 85 µM; 
sertraline, 110 µM; L-DOPA, tyramine, escitalopram, citalopram, amoxapine, 125 µM; all other compounds 
were tested at either 100 or 105 µM. For the full concentration curve for each compound, see Figure S3.3. 
(D–F) Response of membrane-displayed iSeroSnFR in HEK293T cells. Representative images (D), and dose-
response curves for higher concentrations (E) and lower concentrations (F). n = 3–4. 
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(G–I) Response of membrane-displayed iSeroSnFR-PDGFR in cultured neurons. (G–I) Representative 
images (G), and dose-response curve for higher concentrations (H) and lower concentrations (I). n = 3–4. 
For raw traces, see Figure S4. 
(B, E, F, H, and I) Fits were determined using the Hill euqation. Shaded area denotes 95% confidence 
interval. Scale bars represent 50 µm. Insets show magnifications of the points at low concentrations. 
 

 Our data show that GLM is highly effective at identifying beneficial mutations 

(Figures 1I and 1J): the average performance of GLM variants was significantly higher 

than SSM variants (1st, 2nd, and 3rd rounds: p < 0.001, Wilcoxon rank-sum test) and more 

importantly, the top variants in each round (including the top 15 variants from round 2) 

were from the GLM-inspired library as opposed to the SSM library. Thus, our machine-

learning-guided mutagenesis pipeline can improve protein-ligand binding selectivity 

and affinity even for target molecules structurally distant from cognate ones, while still 

maintaining sensor function. 

(xv) In Vitro Characterization 
 iSeroSnFR is highly specific for 5-HT over a wide array of endogenous molecules 

and drugs (Figures 3.2C and S3.3). Only tryptamine and dopamine showed detectable 

responses, but with 8- and 16-times weaker affinity (apparent Kd = 2.4 mM for 

tryptamine and 5.6 mM for dopamine), respectively. Other endogenous molecules 

showed marginal responses, with very low or negative responses, and/or titrations that 

did not fit a single-site binding isotherm. 



 189 

 

Figure S3.3. Specificity of iSeroSnFR, Related to Figure 3.2. 
iSeroSnFR was purified and tested at 100 nM against multiple ligands as noted. Some ligands were tested 
in alternative buffers as noted. If no buffer is listed, the ligand was dissolved in PBS. Lines were fitted and 
Kd’s were determined using the drc package in R. Shaded areas represent the 95% confidence interval. If 
no line is present, convergence failed, and no fit was calculated. 
 
 To determine the in-situ affinity in mammalian (HEK293T) cells, we cloned 

iSeroSnFR into the pMinDisplay expression vector (pDisplay lacking the HA epitope tag) 

(Marvin et al., 2013) such that iSeroSnFR would be displayed on the outer cell surface; we 

also cloned a version targeted to the post-synapse using full-length neuroligin (Nlgn) 



 190 

(Methods). We observed robust membrane localization (Figure 3.2D) and clear response 

to 1.6 µM 5-HT (~50% ΔF/F0) (Figures 3.2E and S3.4A). The in situ affinity of the sensor 

on HEK293T cells was similar (390 ± 110 µM) to that in purified protein.  

 Fortuitously, the fluorescence response of iSeroSnFR on HEK293T cells was 

significantly increased ([ΔF/F0]max = 1,700%). To characterize the utility of iSeroSnFR 

for physiologically relevant concentrations, we focused on the range from high-pM (338 

pM) to mid-µM (60 µM) (Figures 3.2F and S3.4B). We observed small but reliable 

responses to all concentrations tested (ΔF/F0 = 16.8% ± 1.9% at 338 pM; similar responses 

up to 246 nM 5-HT) (Figure S4B). We quantified the ability of iSeroSnFR to faithfully 

report 5-HT by comparing 5-HT responses to Hank’s balanced salt solution (HBSS) buffer 

responses (Figure S4C) with two metrics from signal detection theory: the receiver 

operating characteristic (ROC) (Figure S4D) and the discriminability index (d′) (Figure 

S4E). ROC analysis indicates that 5-HT responses show essentially perfect discrimination 

(area under the curve = 0.990) (Figure S4D, bottom) of true-positives from false-positives, 

whereas buffer responses have no power (Figure S4D, top). Similarly, d′ analysis shows 

that 5-HT responses have very strong separation from system noise (d′ > 3) (Figure S4E, 

bottom), but buffer responses show essentially no separation (Figure S4E, top). Results 

on the surface of dissociated hippocampal neurons were similar to those on HEK293 cells 

(ΔF/F0 = 15.8% ± 2.0% at 16 nM 5-HT) (Figures 3.2G–3.2I and S3.4F). 
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Figure S3.4. In Situ Titration, Related to Figure 3.2. 
Representative traces from HEK293T cells (A,B) and primary cultured E18 rat hippocampal neurons (F) for 
which the images and dose response curves are displayed in Figures 2D–2F (HEK cells) and Figures 2G 
and 2H (neurons).  
C-E. HBSS (top) and concentrations of 5-HT between 338 pM and 246 nM (bottom) were further analyzed 
for sensor sensitivity.  
C. Distribution of responses is shown.  
D. ROC analysis was performed where responses during the “wash” period were defined as a false positive, 
and responses during the “HBSS” or “5-HT” period were defined as a true positive.  
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E. A d’ score was calculated based on the ROC analysis.  
(A) and (F) were imaged at 1 Hz, (B) was imaged at 5 Hz. n = 3-4 dishes. 
 
Discussion 
Use of Machine Learning to Accelerate Directed Evolution 

Our combined Rosetta and machine-learning-guided directed evolution approach 

was quite effective. After just one round of each, we screened fewer than 2,600 variants, 

but made dramatic improvements to the sensor’s affinity, specificity, and fluorescence 

response. After just two more rounds of machine-learning-guided directed evolution, we 

had screened a total of ~16,000 variants, interrogated more than 60 different protein 

scaffold positions, and introduced 19 mutations into our final sensor, increasing its 5-HT 

affinity by >5,000-fold, abolishing choline/ACh binding, and increasing fluorescence 

response by 3-fold compared to the starting scaffold, iAChSnFR0.6. The efficacy of the 

design cycle diminished somewhat with each round. However, these results validate the 

rankings of the initial RF model, which predicted high impacts for the top 4 positions and 

progressively lower impacts for each successive position. Nonetheless, in each round, the 

best variant came from the GLM-predicted library; in rounds 1 and 2, these variants were 

nearly twice as good as the best-performing variant from the SSM library. Because RF 

uses an ensemble method, we could identify the most important features (protein 

positions) and provide guidance for subsequent stages. GLM is a good classifier even for 

small (<10,000) training datasets and is ideal for first-pass data analysis (Yang et al., 

2019a). Our entire dataset was used for training (no test data), because our models were 

used only to guide one round of library design at a time. 
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Headroom remains in the iSeroSnFR scaffold, particularly for higher-affinity 

versions for better detection of sparse signaling events. It is likely that the machine-

learning-guided approach detailed here can produce further gains, although each round 

thus far produced diminishing returns. A high-resolution structure of ligand-bound 

iSeroSnFR could reinvigorate this process, but we have been as yet unable to obtain such 

a structure. Alternatively, the addition of more biophysical parameters to the model, or 

more advanced ML models such as universal transformers (Dehghani et al., 2019), 

Bayesian optimization (Yang et al., 2019b), or neural networks (Kato et al., 2005), could 

extract sequence/function relationships that we missed. On a related note, it will be 

broadly useful for the field to somehow incorporate ML-gleaned insights back into the 

biophysical potential functions underlying structure-based computational protein design. 

Regardless, the method described here was highly effective for our purposes, and we 

expect that it can be used to engineer other PBP-based neuromodulator sensors, and more 

generally to tackle other challenging protein-engineering tasks. 
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Method Details 
 
Materials Availability 
 The following plasmids have been deposited in Addgene: 
128483 pRSET-iSeroSnFR 

128484 pMinDisplay-iSeroSnFR 

128485 pAAV-CAG.iSeroSnFR-Nlgn 

128486 pAAV-CAG.FLEx.iSeroSnFR-PDGFR 

128941 pMinDisplay-iSeroSnFR-EnhancedExport 

129180 pAAV-CAG.FLEx.iSeroSnFR-PDGFR-EnhancedExport 
 
AAV viruses are available through the Canadian Neurophotonics Centre. 
 
Data And Code Availability 
 The full sequence of iSeroSnFR, and has been deposited in GenBank:MN083270. 

The crystal structure has been deposited in the Protein Data Bank:6PER). Code has been 

provided directly in this STAR Methods section. Code updates will be provided at 

https://github.com/ekunger/iSeroSnFR. 

 
Experimental Model And Subject Details 
 The experimental procedures performed on animals followed the guidelines of the 

Animal Care and Use Committees at the University of California Davis, the California 

Institute of Technology, the University of North Carolina, Chapel Hill, and the National 

Institute on Drug Abuse. Mice and rats were housed in a barrier facility with a 12:12 hr 

light:dark cycle, and food and water were available ad libitum. Animals were group 

housed by sex wherever possible. RosaAi14/Ai14 (Madisen et al., 2010) mice were 

maintained as homozygous breeding pairs or crossed to wild-type C57BL/6J (Jax # 

000664). SERTCre/+ (Zhuang et al., 2005) mice were bred as male SERTCre/+ x female 

wild-type C57BL/6J (Jax # 000664) as recommended by the depositing lab. Both male and 
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female animals were used in experiments and were between the age of 2 and 9 months. 

For in vivo mouse experiments, SERT-Cre (Zhuang et al., 2005; (Gong et al., 2003)) were 

crossed to wild-type C57BL/6J (Jax # 000664). Both wild-type mice and mice 

heterozygous for the Cre transgene were used for experiments. Following surgery, 

subjects were singly housed for at least five days in a residence room for full recovery 

before animals were moved to a behavioral room. Animals were habituated to the new 

light/dark cycle and behavioral room for at least 2 weeks before experiments were 

started. Rats were ordered as timed-pregnant females and sacrificed shortly after arrival 

in the facility. 
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Methods specific to luciferase 
 
Development of a machine learning-guided library design paradigm 
 
 Before pursuing the ambitious goal of drastically shifting the specificity of a 

choline-binding protein to 5-HT, we first established our machine learning approach on 

a more modestly modified ligand/binding pocket pair. We selected firefly luciferase, an 

enzyme that has been engineered for multicomponent imaging (Jones et al., 2017). We 

synthesized a brominated analog (4’Br-Luc) of the cognate substrate -luciferin (-Luc) and 

mutated the enzyme active site to accommodate the substitution (Figure S1A). 

 We first chose random forest (RF) (Liaw and Wiener, 2002) because it is tolerant of 

missing data points and capable of extracting information from relatively small training 

datasets, which are a practicality of most protein mutagenesis studies. Importantly, a 

strength of RF is “feature importance” detection, giving us the ability to prioritize protein 

positions for SSM (Figure 1A). Second, we chose generalized linear modeling (GLM, 

Gaussian regression) (Dobson et al., 2008) because it is a better classifier, while still 

tolerating small training datasets, and its linear nature provides precise, interpretable 

predictions about the effects of individual mutations that we could easily translate into 

new variants and combinations thereof (Figure 1A). 

 To build the models, we used sequence information from 222 published and 

unpublished luciferase variants as our input variables, and the experimentally 

determined preference for -Luc versus 4’Br-Luc as the output variable. Each position 

within the protein was an independent variable with a categorical distribution (amino 

acid), and the preference for -Luc versus 4’Br-Luc (fold-preference as calculated by the 
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amplitude of photon output in the presence of -Luc versus 4’Br-Luc) was our target with 

a continuous numerical distribution. We then compared the importance of each position 

using the RF model, and the contribution of each mutation using the GLM (identity link), 

followed by experimental validation of these predictions. We found that RF was effective 

at predicting positions, and GLM made correct predictions, but only at positions highly 

ranked by RF. We therefore decided that for future sensor design, we would use the two 

models in a sequential fashion: first we would use the RF to rank the positions for SSM, 

and then we would analyze the results of our SSM libraries with the GLM to identify the 

best individual mutations at each position. 

 The top residues predicted by the RF model were positions 218, 347, 316 and 247, 

which were frequently mutated to accommodate other 4’-substituted analogs in a 

previous screen (Jones et al., 2017). The GLM predicted S347G, L342A, S347A, Y255N, 

R218A, F247Y, and G316S as the top mutations. To experimentally validate these 

predictions, we created a small library covering both high-ranked and lowranked 

positions predicted by RF, all of which had very statistically significant GLM predictions 

of improved 4’Br–Luc specificity. We tested 276 variants from this library for their photon 

output with D-Luc and 4’Br–Luc and sequenced the top 10% favoring 4’Br–Luc (~1000x 

increased binding compared to the starting variant), as well as the bottom 10% favoring 

D-Luc. The number of mutations per variant was not significantly different between the 

two populations, indicating a similar overall mutation rate. However, the incidence of 

specific mutations was different between the two populations, and when compared to 

the input data. For example, at position 347, which was highly ranked by both RF and 
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GLM, the incidence of the glycine mutation compared to the native serine was 26:1 (G:S) 

in the top 10% of variants but 5:19 in the bottom ones. Conversely, at position 342, which 

was not ranked highly by RF, a leucine-to-alanine mutation was predicted by the GLM 

to heavily bias the preference toward 4’Br–Luc. This mutation appeared more frequently 

in the bottom variants (L:A, 18:9 – top 10% versus 3:21 – bottom 10%), demonstrating a 

correct prediction by the RF model, and an incorrect prediction for the GLM. In general, 

the RF more linearly predicted the preference (pseudo-R2 = 0.45), than GLM (pseudo-R2 

= 0.10) (Figure S3.1) 

Construction of luciferase library and mutants 

 DNA inserts for the luciferase shuffle library and point mutants were generated 

as described by Jones et al. (2017). Two sections of the luciferase gene (pgl4-luc2), denoted 

R1 and R2, were targeted for gene assembly. The R1 region comprises amino acids 199-

275 and was assembled with primers R1-F0 to R1-F235 (forward primers, Table M1) and 

R1-R0 to R1-R119 (reverse primers). The R2 region comprises amino acids 275-347 and 

was assembled with primers R2-F0 to R2-F264 (forward, Table M2) and R2-R0 to R2-R228 

(reverse). The gene assembly primers were designed using gene2oligo (Rouillard et al., 

2004) to identify desirable Tm values. To assemble the genes encoding point mutants, 

primers containing the codon(s) of interest were used in place of the primers coding for 

the wild-type sequence. For the shuffle library inserts, mutagenic primers were mixed 

with wild-type primers in a 1:1 molar ratio. Libraries were assembled as described by 

Bessette et al. (2003). All PCR reactions were performed using Q5 High-Fidelity DNA 

polymerase. 
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 Library DNA was inserted into linearized template vector pET28-R1del-mRFP as 

described by Rathbun et al. (2017). Library inserts were assembled with the linearized 

pET vectors using Gibson assembly (Gibson et al., 2009). Gibson assembly master mixes 

were prepared following the Prather recipe on 

https://www.openwetware.org/wiki/Gibson_Assembly, with all materials purchased 

from New England BioLabs. For each assembly, 50 ng of DpnI digested, linearized vector 

was combined with insert (5:1 insert:vector ratio) and added to 10 mL of master mix. The 

mixtures were incubated at 50°C for 60 min, then 2 mL was transformed into chemically 

competent cells (TOP10 E. coli, Thermo-Fisher). Transformants were plated on square, 

agar plates containing kanamycin. Cells were plated to exceed 3X the library size. Cells 

were scrapped of the plates, combined, and pelleted. DNA was isolated using 

ZymoPURE Plasmid Miniprep Kit and saved for screening. 

Primer lists 

 All primers were purchased from Integrated DNA Technologies, Inc. (San Diego, 

CA) and are written in the 5ʹ→3ʹ direction. Upper case letters denote bases coding for the 

luciferase gene. Lower case letters denote bases added to ensure similar melting 

temperatures (Tm) for all primers. Bases highlighted in red denote sites targeted for 

mutagenesis. 
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 Region 1 (R1, wild-type luc2 primers). Lower case letters denote non-luciferase 

sequences included for maintaining proper Tm and do not appear in the final assembled 

gene. 

 

 Region 2 (R2, wild-type luc2 primers). Lower case letters denote non-luciferase 

sequences included for maintaining proper Tm and do not appear in the final assembled 

gene. 
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 Primers used to construct luciferase point mutants and shuffle library. The bases 

highlighted in red denote sites targeted for mutagenesis. 

  

Primers used to amplify inserts for the R1 or R2 regions, along with the pET vector 

backbone. 

General bioluminescence imaging protocol 

 All analyses were performed with bacterial cell lysates in black 96-well plates 

(Greiner Bio One). Plates containing luminescent reagents were imaged in a light-proof 

chamber with an IVIS Lumina (Xenogen) CCD camera chilled to −90°C. The stage was 

kept at 37°C during the imaging session, and the camera was controlled using Living 

Image software. Exposure times were set to 60 s, and data binning levels were set to 

medium. Regions of interests were selected for quantification, and total flux values were 
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analyzed using Living Image software. All data were exported to Microsoft Excel for 

further analyses. 

Lysate screening of combination library 

 The shuffle library was screened following the protocol previously described in 

Jones et al. (2017), with modifications. Library DNA was transformed into chemically 

competent BL21-DE3 E. coli cells. Transformants were plated on square, agar plates 

containing kanamycin. Colonies were picked and expanded in LB-Kan media in a 96-well 

deep well plate (500 mL/well). The plate was incubated at 37°C overnight. An aliquot of 

the overnight culture (4 mL) was used to inoculate 400 mL of auto-induction LB media 

(Studier, 2005), and the cells were incubated at 30°C with shaking (200 rpm) for 24 h. The 

remaining starter cultures were stored at 4°C and used for subsequent plasmid recovery 

and sequencing analysis. The cells were pelleted and lysed in lysis buffer (600 mL). Cell 

lysate (90 mL) was added to 96-well black plates, followed by 10X luciferin and ATP 

solution (10 mL, 100 mM luciferin and 1 mM ATP final concentration) in phosphate buffer 

(250 mM phosphate buffer, pH = 7.8). The plate was then imaged as described above. 

Methods specific to iSeroSnFR 

Rosetta Modeling 

 Rotamers for 5-HT were generated with OMEGA from OpenEye Scientific. The 

closed conformation PDB structure of Thermoanaerobacter spX513 OpuBC was 

combined with the open structure of iAChSnFR0.4 (provided by PMB). We used 

rosetta_script in Rosetta 3 (2015.19.57819) for docking with protein-ligand interface 

design instructed by design.xml (below). Residues within 6Å of the ligand, as well as 
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those within 8Å and facing toward the ligand, were mutated. Residues within 10Å, as 

well as those within 12Å and facing the ligand, were repacked. We restricted aromatic 

residues (Trp, His, Tyr, and Phe) to only be mutated into other aromatic residues. We 

designed 48,000 models and filtered them with total_score for the top 5% and then picked 

the top 10 models according to the interface_delta_X score. These 10 models were further 

re-designed with a protocol to couple protein side-chain and backbone flexibility from 

the Kortemme lab (Ollikainen et al., 2015). Shape complementarity scores for the top 

redesigns were calculated with Sc routine in CCP4. Top designs were chosen for synthesis 

and characterization. 

Cloning 

 The bacterial expression vector pRSET-A was used for library screening, which 

contains a His6-tag for purification. The mammalian expression vector pMinDisplay, 

which contains a myc-tag, an IgK-leader secretion tag, a Kozak sequence, and a PDGFR 

transmembrane domain for tethering to the membrane, was used for transfection into 

HEK293 cells. The viral expression vector pAAV was used for infection of HEK293 cells, 

primary neurons, mouse brain slices, and in vivo fiber photometry. All vectors were 

cloned with a combination of QuikChange, circular polymerase extension cloning (Quan 

and Tian, 2011), overlap extension cloning (Bryksin and Matsumura, 2010), 

digestion/ligation, or Kunkel mutagenesis (Kunkel, 1985). Due to issues arising from 

double-stranded break repair machinery in the bacteria, which drastically reduced the 

cloning efficiency into FLEx backbones, sequences inserted into pAAV containing FLEx 
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sites were first subcloned into a custom shuttle vector, then cut with SacI and HindIII and 

ligated into a matching custom pAAV. 

Library generation 

 Libraries were constructed by Kunkel mutagenesis (Kunkel, 1985). Single stranded 

dU-DNA was generated by transforming the plasmid to CJ236 cells and infecting with 

M13K07 bacteriophage. Chloramphenicol was used initially to ensure an F-pilus+ host; 

ampicillin was used to ensure the presence of the plasmid, and kanamycin was used to 

ensure bacteriophage infection. Single stranded dU-DNA was harvested using a kit 

according to the manufacturer’s instructions. Phosphorylated primers were designed in 

the reverse direction with either a specific mutation or a degenerate codon (NNK), and 

at least 10 bp on either side of the mutation. An additional primer was included in each 

reaction to destroy a cut site (either NheI or XbaI) in order to allow easy enrichment for 

mutated sequences (Huang et al., 2012). Primers were annealed to the sequence by raising 

the temp to 95°C and lowering it slowly to 25°C (2°/min) using a thermocycler. Gaps 

were filled in and ligated using T7 polymerase and T4 ligase. DNA was transformed to 

Top10 cells and grown at 37°C overnight. DNA was extracted using a miniprep kit 

according to the manufacturer’s instructions, and digested with either NheI or XbaI. 

DNA was purified using a PCR cleanup kit according to the manufacturer’s instructions. 

Library screening 

 Library size was determined using the TopLib online library calculator (Nov, 2012). 

DNA libraries were transformed to BL21(DE3) cells, plated on LB-agar with ampicillin, 

and allowed to grow at 37°C overnight. Colonies were picked at random into 2.3 mL 
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deep-well 96-well plates and grown in 1 mL of autoinduction medium (2xYT + 0.5% 

glycerol, 0.5% glucose, 0.2% α-lactose, 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 

5 mM Na2SO4, 20 mM MgSO4) for 8 h at 37°C, then for 24-36 h at 18°C, shaking at 250-

300 rpm. 4 wells of each plate were designated for the parent protein, which was 

transformed and plated at the same time as the libraries. At the end of the growth period, 

50 µL was removed and stored at −80°C in 25% glycerol for subsequent DNA recovery. 

Cultures were then pelleted by centrifugation and washed 3x with PBS. Pellets were dried 

briefly, then frozen at −80°C for 15 mins, and thawed. Pellets were resuspended in 100 

µL of B-PER Complete reagent and incubated shaking at 30°C for 1 h. Cell debris was 

pelleted by centrifugation and the supernatant was transferred to a clean plate. 96-well 

plates were expanded into optically clear 384-well plates containing 45 µL PBS and 4 µL 

lysate, then read on a fluorescent plate reader. Following the initial read, 5-HT was 

prepared fresh and 1 µL was added to experimental wells, and 1 µL of PBS was added to 

control wells, and the plate was read again. The performance of each variant was 

calculated as the difference between the first and second read, divided by the first read, 

and normalized to the PBS well, then compared to the parent wells. Any variant showing 

considerable improvement over the parent was subsequently retested at multiple 

concentrations, then regrown from the glycerol stock, DNA extracted by miniprep, and 

sequenced. 
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Protein purification 

 Plasmids were regrown from glycerol stock or transformed to LOBSTR-BL21(DE3) 

cells. For small yields, cells were grown in 5 mL of autoinduction medium at 37°C for 8 

h, then 18°C for 24-36 h, shaking at 250-300 rpm. Then cultures were pelleted by 

centrifugation and the supernatant removed. Pellets were subjected to 3 rounds of freeze-

thaw, first at −80°C, followed by 37°C waterbath. Then pellets were resuspended in 500 

µL of B-PER Complete and incubated at 30°C for 1 h, shaking at 250-300 rpm. Cell debris 

was pelleted by centrifugation and supernatant was transferred to a 96-well deep-well 

plate. Protein was purified using the His-tag with prepacked NiNTA tips (IMAC20) 

connected to an electronic multichannel with a preset protein purification protocol. 

Briefly, NiNTA beads were washed with 10 mM imidazole, then the lysate was bound to 

the NiNTA beads, and washed 8X with 25 mM imidazole, then eluted with 250 mM 

imidazole. 

 For large yields, plasmids were first grown in 5 mL of autoinduction medium at 

37°C, then expanded to 100 mL and grown at 18°C for 36-48 h, shaking at 250-300 rpm. 

Then cultures were pelleted by successive rounds of centrifugation followed by 

supernatant removal. Pellets were subjected to 3 rounds of freeze-thaw cycles as above, 

then resuspended in 10 mL of B-PER Complete and incubated at 30°C for 1 h, shaking at 

250-300 rpm. Then NiNTA beads were washed with 10 mM imidazole in PBS and 

incubated with the lysate in 10 mM imidazole on a rotator at 4°C for 18 h. Beads were 

then washed with 25 mM imidazole in PBS 6 times (600-1000 mL total wash volume), 

then eluted with 250 mM imidazole in PBS. Protein was then dialyzed in 1X PBS 
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(specificity and affinity assays) or 0.1X TBS (crystallization), and subsequently 

concentrated using concentrator columns (10 kDa MWCO). 

Specificity screening 

 Purified protein was measured by nanodrop, and diluted with 1X PBS to reach a 

final concentration of 100 nM. 40 µL was added to a 384-well plate, and read on a 

fluorescent plate reader. Small molecule neurotransmitters, drugs and other compounds 

were dissolved in either 1X PBS, ascorbate buffer (to reduce oxidation: Na-(L) Ascorbate 

137 mM, KCl 5.3 mM, CaCl2 952 µM, MgSO47H2O 833 µM, MgCl26H2O 1 mM, 

Na2PO42H2O 423 µM, KH2PO4 345 µM, glucose 5.6 mM, NaHCO3 4.2 mM), 10% ethanol, 

or 10% DMSO. pH was carefully maintained at 7.4 for all experiments. Then 10 µL of 

either vehicle or compound was added to the protein and read again on the plate reader. 

Due to maximum solubility issues, not all compounds were tested at the same 

concentration. 
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Table S3.1: Additional information related to figure 3.1. 
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Table S3.2: Additional information related to figure 3.1.  

 

Data S3.1: Excel file for machine learning. Refer to: 
https://www.cell.com/cms/10.1016/j.cell.2020.11.040/attachment/1a31be91-e1eb-4ff0-9795-
6bcd3ec79ab0/mmc1.xlsx 
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Abstract 
Neuropeptides are ubiquitous in the nervous system. Research into neuropeptides 

has been limited by a lack of experimental tools that allow for the precise dissection of 

their complex and diverse dynamics in a circuit-specific manner. Opioid peptides 

comprise a clinically relevant family that modulates pain, reward, and aversion. To 

illuminate the spatiotemporal dynamics of endogenous opioid signaling in the brain, we 

developed a class of genetically-encoded fluorescent sensors based on kappa, delta, and 

mu opioid receptors: κLight, δLight, and µLight, respectively. We used κLight to identify 

electrical stimulation parameters that trigger endogenous opioid release and the 

spatiotemporal scale of dynorphin volume transmission ex vivo. Using in vivo fiber 

photometry, we characterized optogenetically-driven opioid release, and observed 

differential opioid signaling in response to fearful and rewarding conditions in the 

nucleus accumbens. These sensors reveal the dynamics of endogenous opioid 

neuropeptide release in vivo, in awake freely moving behavior. 
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Introduction 
Neuropeptides (NPs) are small proteins that modify neural activity, regulate brain 

states, and control blood flow in the nervous system1-5. Neurons synthesize and release 

neuropeptides (NP) in addition to fast-acting neurotransmitters (NT) such as glutamate 

and GABA6. NPs activate select G protein-coupled receptors to modulate synaptic 

strength, neuronal excitability, and circuit dynamics. Unlike small molecule NTs, NPs are 

hypothesized to be released into the extra-synaptic space and thought to be cleared by 

proteolysis and diffusion over a range of 100 micrometers to millimeters to affect neurons, 

leading to long-lasting modulatory effects  6,7,8. A comprehensive understanding of the 

conditions that trigger NP release from neurons and the spatiotemporal extent of peptide 

release has been lacking, and yet is critical for understanding the actions of NPs at the 

molecular, cellular, circuit and network levels to their influence on animal behavioral 

states.  

Among all known NPs, the opioid system is the most functionally diverse and 

clinically relevant family 9-15. The opioid receptor family contains distinct receptor 

subtypes—kappa, delta, and mu (κOR, δOR, and µOR, respectively), as well as 

nociception receptors — which can be activated by at least 20 endogenous opioid 

peptides with differential affinity and selectivity 12,16,17. Kappa, delta, and mu and 

nociception opioid receptors activate inhibitory Gi/o G proteins, which leads to 

reductions in cellular excitability and neurotransmitter secretion in receptor-expressing 

neurons. Opioid peptides and their receptors are widely distributed across cortical and 

subcortical brain regions 18,19. It is thought, that the diversity of opioid peptides is 

essential for modulating complex behavior and physiological processes, such as pain, 
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reward, substance abuse/dependence, and stress 20. Opioids drugs targeting these 

receptors are used to treat severe pain, but prolonged use can lead to addiction and 

overdose 21.   Newer efforts have isolated opioid receptors as potential targets for anxiety, 

depression, and addiction 22,23. Some of these efforts have been hindered by a lack of high-

resolution methods for studying endogenous neuropeptide release in vivo. 

Studies into neuropeptide systems, especially opioid systems, have been 

historically challenging due to a lack of sensitive experimental tools in the spatial 

temporal domain which can facilitate understanding the complexity and diversity of NP 

signaling in a circuit-specific manner. The endogenous opioid peptides have similar 

structures and bind to different opioid receptors with relatively lower selectivity than 

some neuropeptide molecules at their cognate receptors16.  Physiologically relevant NP 

release by neurons are thought to be difficult to trigger and the released concentration 

may also be at orders of magnitude lower than classical neurotransmitters (nanomolar vs. 

micromolar or even submillimolar) 24, making it extremely difficult to adequately probe 

the conditions to trigger the endogenous peptide release and measure the released 

concentration ex vivo and in vivo25. As a result, it has been exceedingly difficult to study 

the processes that regulate opioid neuropeptide release. Recent technological advances 

have begun to reveal the anatomical and spatiotemporal features of opioid signaling 26,27. 

Transcriptomics studies have documented the distribution of opioid peptide-receptor 

pairs across cell types in the cortex, highlighting the functional significance of opioid 

signaling in mediating trans-cellular communication in neural circuits 28. Features of 

peptide diffusion and clearance have been revealed by combining light-triggered photo-
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release of caged enkephalin with electrophysiological measurements of peptide-evoked 

currents in brain slices 29. In vivo, optogenetically-driven peptide release has been 

detected using high-speed micro-dialysis 30. Despite these successes, it remains 

challenging to quantify behaviorally relevant endogenous opioid peptide release with 

subsecond and subregional resolution.  

To bridge this gap in technology, we developed a class of genetically encoded 

opioid peptide indicators, κLight, δLight, and µLight, based on κOR, δOR, and µOR 

respectively. We used these sensors to systematically evaluate ligand binding-induced 

conformational changes at all three receptors and thereby established the binding 

specificity and efficacy of 14 opioid peptides and 8 opioid drugs. In acute hippocampal 

slice, we used κLight to determine electrical parameters that can trigger endogenous 

opioid peptide release and quantified the diffusion rate of dynorphin using 

photoactivatable peptide. Using optogenetics to stimulate opioid peptide release, we 

detected circuit-specific endogenous opioid signaling in vivo. Finally, we used these 

sensors to reveal rapid opioid peptide release in a subregion-specific manner in response 

to fear and reward conditions within the nucleus accumbens of awake, behaving mice. 
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Results 

(xvi) Design and Engineering of Opioid Sensors  
We replaced amino acids between R2.57 and R6.24 of the human κ receptor, S2.47 

and K6.24 of the human δ receptor, and S6.23 and K6.24 of human µ receptors, 

respectively, with a circularly permuted green fluorescent protein (cpGFP), to generate 

κLight, δLight, and µLight sensors (Figure 4.1A-B, Figure S4.1A-B). The dynamic range 

of each sensor was optimized by screening linker compositions. In total, the dynamic 

range of 698 κLight variants, 64 δLight variants, and 233 µLight variants were examined 

in response to U50,488, met-enkephalin (ME) and DAMGO, respectively (Figure S4.1C). 

To promote excellent membrane localization; we fused a telencephalin (TlcnC) tag 31 or 

endoplasmic reticulum (ER) export motif (FCYENEV) 32  followed by a chain of GS linker 

and the proximal restriction and clustering (PRC) tag 33 to the c-terminus of κLight, δLight, 

and µLight. We named these new variants κLight1.3, δLight1, and µLight1, respectively. 

In addition, we mutated D3.22 of KOR and D3.32 in DOR in the binding pockets to 

attenuate the ligand-binding, which led to two control sensors κLight0 and δLight0. 
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Figure S4.1. Screening and characterization of the opioid sensors. 

(a) Schematic diagrams showing the components of recombinant DNA for each opioid sensor.  

(b) Simulated structure of µLight. Mu opioid receptor (MOR, magenta), linkers (orange), cpGFP (light 
green).  

(c) Optimization of the opioid sensor variants. Dots representing ΔF/F (%) of variants screened along 
optimizations, including cpGFP insertion sites, linker screening, and point mutations. A ligand 
concentration of 100 µM was used for screening; U50,488 for κLight (blue), ME for δLight (green) and 
DAMGO for µLight (magenta). Variants with the highest ΔF/F (%) indicated as κLight1.3 (144.47%) with 
698 variants screened; δLight (191%) with 63 variants screened; µLight (69.6%) with 233 variants screened.  

(d) (Left) Representative image showing transient transfection of µLight in HEK293T cells. (Right) Heatmap 
indicating signal-to-noise-ration (SNR) upon addition of 100 µM β-endorphin. Scale bar, 20 µm. 

(e) (Left) Agonist (100 µM DynA8) and antagonist (1 mM naloxone) response of κLight1.3 transiently 
expressed in dissociated hippocampal neuron cultures. n = 4 wells. Solid blue line represents the mean, 
and shaded area represents SEM. (Middle) ΔF/F (%) comparison between two states: agonist response (151 
± 5.0 %), + antagonist response (36.9 ± 11.7 %), unpaired t test, ***p = 0.0001. (Right) Representative image 
show expression of κLight1.3 in neurons, scale bar, 50 µm. Nalo = Naloxone 

(f) (Left) Agonist (100 µM ME) and antagonist (1 mM naloxone) response of δLight transiently expressed 
in dissociated hippocampal neuron cultures. n = 4 wells. Solid green line represents the mean, and the 
shaded area represents SEM. (Middle) ΔF/F (%) comparison between two states: agonist response (123 ± 
19.4 %), + antagonist response (1.82 ± 2.4 %), unpaired t test, ***p = 0.0008. (Right) Representative image 
showing expression of δLight in neurons, scale bar, 50 µm. Nalo = Naloxone 

(g) (Left) Agonist (100 µM β-endorphin) and antagonist (1 mM naloxone) response of µLight transiently 
expressed in dissociated hippocampal neuron cultures. N = 4 wells. Solid magenta line represents the mean, 
and the shaded area represents SEM. (Middle) ΔF/F (%) comparison between two states: agonist response 
(19.6 ± 3.2 %), + antagonist response (0.75 ± 3.6 %), unpaired t test, ***p = 0.0082. (Right) Representative 
image showing expression of µLight in neurons, scale bar, 50 µm. Nalo = Naloxone 

(h) Schematic diagram showing the components of recombinant DNA for lentiviral production.  

(i) Excitation-emission spectra of the three opioid sensors under both bound (upper lines, 100µM DynA8 
for κLight -blue, 100µM ME for δLight -green, and 100µM β-endorphin for µLight -magenta) and unbound 
(lower lines) states. Excitation (dotted lines) of all three sensors peaks at ~490 nm, and emission (solid lines) 
of all three sensors peaks at ~515 nm.  

(j) Concentration-response curves of µLight-expressing HEK293T cells to three peptide ligands (β-
endorphin – magenta, ME – gray, DynA13 – black). Error bars represent SEM.  

(k) Concentration-response curve of µLight-expressing HEK293T cells to oxycodone and buprenorphine. 
Error bars represent SEM. 

 

When transiently expressed in mammalian HEK293 cells and dissociated neuronal 

culture, we observed excellent membrane expression of κLight1.3, δLight, and µLight. 

All three sensors were activated by their endogenous receptor agonists (100 µM), 

dynorphin A1-8 (DynA8), ME and β-endorphin, respectively (Signal to noise ratios (SNR) 

values for κLight1 (HEK) = 7.5 ± 0.45, κLight1.3 (neuron) = 5.6 ± 0.2, δLight (HEK) = 16 ± 
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0.62, δLight (neuron) = 8.9 ± 0.43, µLight (HEK) = 4.7 ± 0.26) (Figure 4.1C-D, Figure S4.1D). 

The ligand-induced responses (κLight1.3 ΔF/F (neuron) = 151 ± 5.1%; δLight ΔF/F 

(neuron) = 123 ± 19.4%; µLight ΔF/F (neuron) = 19.6 ± 3.2%) were blocked by naloxone 

(1 mM), which is an antagonist for all three receptors (Figure S4.1E-G).  

 

Figure 4.1. Development of the opioid sensors. 

(a) Simulated structure of κLight. Kappa opioid receptor (KOR, blue), linkers (orange), circularly permuted 
GFP (cpGFP, light green).  
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(b) Simulated structure of δLight. Delta opioid receptor (DOR, dark green), linkers (orange), cpGFP (light 
green). 

(c) Representative images of transient transfection of κLight1.3 in HEK293T cells and dissociated 
hippocampal neurons. Heatmap indicates signal-to-noise ratio (SNR) upon addition of DynA8 (100 µM). 
HEK293T images scale bar, 20 µm. Neuron images scale bar, 50 µm. 

(d) Representative images of transient transfection of δLight in HEK293Tcells and dissociated hippocampal 
neurons. Heatmap indicates signal-to-noise ratio (SNR) upon addition of ME (100 µM). HEK293T images 
scale bar, 20 µm. Neuron images scale bar 50 µm. 

(e) κLight1.3-expressing HEK293T cells respond to ligands in a concentration-dependent manner (DynA13 
– blue, β-endorphin – gray, ME – black). Error bars represent SEM. The highlighted area corresponds to a 
concentration range from 1 pM to 10 nM. n = 4 wells each. Dyn = dynorphin, ME = met-enkephalin.  

(f) δLight-expressing HEK293T cells respond to ligands in a concentration-dependent manner (ME – green, 
DynA13 – gray, β-endorphin – black). Error bars represent SEM. The highlighted area corresponds to a 
concentration range from 100 pM to 100 nM. n = 4 wells each. Dyn = dynorphin, ME = met-enkephalin. 

(g) Schild plot of κLight1.3 dose response with 100 nM, 1 µM, and 10 µM of Naloxone. n = 4 wells. Error 
bars represent SEM. Dyn = dynorphin 

(h) Schild plot of δLight dose response with 100 nM, 1 µM, and 10 µM of Naloxone. n = 4 wells. Error bars 
represent SEM. ME = met-enkephalin. 

(i) Schild plot of κLight1.3 dose response with 100 nM, 1 µM, and 10 µM of Nor-binaltorphimine (Nor-BNI). 
n = 4 wells. Error bars represent SEM. Dyn = dynorphin 

(j) Schild plot of δLight dose response with 100 nM, 1 µM, and 10 µM of Nor-BNI. n = 4 wells. Error bars 
represent SEM. ME = met-enkephalin. 

(k) Schild plot of κLight1.3 dose response with 100 nM, 1 µM, and 10µM of ICI174864. n = 4 wells. Error 
bars represent SEM. Dyn = dynorphin 

(l) Schild plot of δLight dose response with 100 nM, 1 µM, and 10 µM of ICI174864. n = 4 wells. Error bars 
represent SEM. ME = met-enkephalin. 

(m) Schild plot of κLight1.3 dose response with 100 nM, 1 µM, and 10 µM of CTAP. n = 4 wells. Error bars 
represent SEM. Dyn = dynorphin 

(n) Schild plot of δLight dose response with 100 nM, 1 µM, and 10 µM of CTAP. n = 4 wells. Error bars 
represent SEM. ME = met-enkephalin. 

(o) Combined Schild regression with Nor-BNI and Naloxone on κLight1.3.  

(p) Combined Schild regression with Nor-BNI, Naloxone, and ICI174864 on δLight.  

 

To eliminate response variability due to inconsistent expression level of sensors 

via transient transfection, we developed HEK293T cell lines stably expressing κLight1.3, 

δLight, and µLight, respectively (Figure S4.1H). Using these cell lines, we characterized 

the promiscuity of endogenous opioid peptides on activating sensors 34. First, all three 

sensors have consistent excitation peak wavelength at 495 nm and emission peaks at 515 
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nm (Figure S4.1I). Second, in situ titration showed that all three sensors can be activated 

by three distinct endogenous opioid peptides but with different potency and efficacy. 

κLight1.3 responded to dynorphin A1-13 (DynA13) with an apparent EC50 of 89.8 pM, 

which is three magnitudes higher than β-endorphin and ME. However, at higher 

concentrations (>10 µM), κLight1.3 displayed higher fluorescent changes to β-endorphin, 

followed by DynA13 and ME (ΔF/F (κLight - DynA13) = 93.6 ± 3.9%; ΔF/F (κLight - β-

endorphin) = 126.9 ± 8.6%; ΔF/F (κLight - ME) = 80.3 ± 1.8%) (Figure 4.1E). δLight is 

activated by ME with an EC50 of 6.5 nM, which is two orders of magnitude greater than 

DynA13 and β-endorphin, and has higher fluorescent efficacy compared to these two 

peptides (ΔF/F (δLight - DynA13) = 232.6 ± 6.8%; ΔF/F (δLight - β-endorphin) = 147.9 ± 

4.1%; ΔF/F (δLight - ME) = 246.1 ± 4.6%) (Fig. 1F). Together, at presumed physiological 

conditions (pM-100 nM), both κLight1.3 and δLight are selective and sensitive to 

endogenous opioid peptides. In contrast, all three endogenous opioid peptides showed 

similar sensor potency and efficacy for µLight activation (Figure S4.1J).  

By running the in-situ titration in antagonist mode 35, we were able to determine 

the selectivity of antagonists acting on κLight and δLight. In addition to naloxone, we 

chose nor-binaltorphimine (Nor-BNI), ICI 174864, and CTAP, which selectively 

antagonize κOR, δOR, and µOR, respectively. As expected, increasing the concentration 

of naloxone (100 nM to 10 µM) shifted the apparent EC50 to the right for DynA13 and ME 

for κLight1.3 and δLight, respetively: naloxone inhibited δLight with 2-fold greater 

affinity than κLight (p2A (δLight - naloxone) = 7.64, pA2 (κLight - naloxone) = 5.68). Nor-

BNI displayed slightly higher affinity in blocking κLight than δLight (pA2 = 8.28 and 7.3 
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respectively) (Figure 4.1G-J, O-P). We did not observe apparent antagonism of κLight by 

ICI 174864, whereas it effectively inhibited activation of δLight by ME (pA2 δLight – ICI 

174864 = 7.17) (Figure 4.1K, L, O-P). The µOR-selective antagonist CTAP did not affect 

the EC50 of DynA13 or ME in either κLight or δLight, respectively (Figure 4.1M, N, O-P).  

(xvii) Selectivity and Pharmacology of the Opioid Biosensors 
We next used a low concentration (10 nM) of a broad panel of endogenous and 

synthetic ligands to evaluate their rank order of response for inducing sensor 

fluorescence. We found that known κOR selective endogenous peptides induced 

significantly greater fluorescence changes at κLight compared to δOR- or µOR-selective 

ligands. Among the dynorphin peptides, the shorter form dynorphin DynA1-8 induced 

lower activation of κLight compared to DynA1-13. Interestingly, nalfurafine, a synthetic 

κOR agonist, elicited an almost two-fold greater fluorescent change compared to the 

dynorphins (Figure 4.2A). For δLight cells, enkephalins and δOR-selective agonists 

elicited larger responses compared to other ligands; deltorphin I displayed similar 

efficacy as ME and LE for δLight activation (Figure 4.2B). Endogenous opioid peptide 

agonists at µOR, including β-endorphin, endomorphin, metorphinamide, and BAM18, 

displayed various efficacies for κLight1.3 and δLight activation, although to a much 

smaller extent compared to κOR- and δOR-specific peptides.  Notably, U50,488 and 

U69,593 selectively activated κLight over δLight, while SNC80 and SNC162 activated 

δLight over κLight, confirming the sensors’ specificity to receptor-specific small molecule 

agonists (Figure 4.2A, B).  
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Figure 4.2. Pharmacological characterization of κLight and δLight. 

(a) Normalized change in fluorescence (ΔF/F) of κLight1.3 upon addition of the listed compounds (10 nM). 
ΔF/F of all compounds are normalized to DynA13 (DynA13: 1 ± 0.03, DynA17: 0.89 ± 0.08, DynA8: 0.61 ± 
0.04, DynB9: 0.97 ± 0.03, β-Neoendorphin: 0.26 ± 0.03, Nalfurafine: 1.91 ± 0.09, U69,593: 0.12 ± 0.06, U50,488: 
0.42 ± 0.03, ME: 0.18 ± 0.005, LE: 0.24 ± 0.02, Deltorphin I: 0.26 ± 0.02, DPDPE: 0.19 ± 0.04, SNC162: 0.009 ± 
0.02, SNC 80: 0.17 ± 0.008, β-Endorphin: 0.21 ± 0.01, Endomorphin I: 0.15 ± 0.05, Metorphinamide: 0.41 ± 
0.06, BAM18: 0.48 ± 0.03, DAMGO: 0.17 ± 0.03, Morphine: 0.08 ± 0.02, Fentanyl: 0.26 ± 0.02, Oxycodone: 0.16 
± 0.04, Methadone: 0.04 ± 0.03, Buprenorphine: 0.27 ± 0.01, n = 4 wells each, ****p < 0.0001, ***p < 0.001, one-
way ANOVA compared to DynA13 with Šídák's multiple comparisons test). 

(b) Normalized change of fluorescence (ΔF/F) of δLight upon addition of the listed compounds (10 nM). 
ΔF/F of all compounds are normalized to met-enkephalin (ME) (ME: 1 ± 0.01, LE: 0.84 ± 0.01, Deltorphin I: 
1 ± 0.07, DPDPE: 0.15 ± 0.01, SNC162: 0.54 ± 0.02, SNC80: 0.42 ± 0.03, DynA13: 0.15 ± 0.01, DynA17: 0.12 ± 
0.004, DynA8: 0.58 ± 0.03, DynB1-9: 0.53 ± 0.01, β-Neoendorphin: 0.26 ± 0.01, Nalfurafine: 0.24 ± 0.03, 
U69,593: 0.014 ± 0.014, U50,488: 0.009 ± 0.004, β -Endorphin: -0.03 ± 0.004, Endomorphin I: 0.12 ± 0.01, 
Metorphinamide: 0.07 ± 0.02, BAM18: 0.23 ± 0.01, DAMGO: 0.2 ± 0.01, Morphine: 0.12 ± 0.005, Fentanyl: 
0.25 ± 0.04, Oxycodone: 0.11 ± 0.01, Methadone: 0.06 ± 0.006, Buprenorphine: 0.22 ± 0.003, n = 4 wells each. 
****p < 0.0001, one-way ANOVA compared to DynA13 with Dunnett's multiple comparisons test). 

(c) Log s-slope values (in nM-1) of KOR-specific ligands plotted in triangle plots with κLight (blue) on top, 
δLight (green) on the bottom right corner, and µLight (magenta) on the bottom left corner. Higher s-slope 
values are located on the outer ring. Dyn = dynorphin, Enk = enkephalin.  

(d) Log s-slope values (in nM-1) of DOR-specific ligands plotted in triangle plots with κLight (blue) on top, 
δLight (green) on the bottom right corner, and µLight (magenta) in the bottom left corner. Higher s-slope 
values are located on the outer ring.  

(e) Log s-slope values (in nM-1) of MOR-specific ligands plotted in triangle plots with κLight (blue) on top, 
δLight (green) on the bottom right corner, and µLight (magenta) in the bottom left corner. Higher s-slope 
values are located on the outer ring. 

 

We then used radar plots to compare the proportionality constant (s-slope) of 

various receptor-selective ligands for activating each sensor (Figure 4.2C-E, Table 4.1). 

The s-slope is a constant that links the variables of dynamic range (ΔF/Fmax) and EC50 of 

a given sensor response to a drug, defined as ΔF/Fmax / EC50. It highlights both the 

efficacy and potency of drugs on sensor responses 36. By plotting s-slope values of 

individual ligands on three sensors as a radar plot, we found that the long forms of Dyn 

are more potent in activating κLight1.3 than the short forms, the latter of which displayed 

considerable activity at δLight as well. Both nalfurafine and U50,488 were selective for 

κLight1.3 (Figure 4.2C). The enkephalins (both ME and Leu-Enk (LE)), as well as β-
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endorphin, were highly selective for δLight, whereas deltorphin I and DPDPE displayed 

similar s-slopes for κLight1.3 and δLight. Despite low efficacy at κLight1.3, the s-slope of 

SNC80 was slightly higher at κLight1.3 than that at δLight (Figure 4.2D). Notably, µLight 

was insensitive to morphine, whereas the latter induced slight fluorescent increases at 

κLight1.3 and δLight. In contrast, methadone activated all three sensors with similar 

efficacy and potency. Buprenorphine activates all three sensors but showed higher 

potency for µLight and δLight. On the other hand, other µOR-selective synthetic drugs, 

including DAMGO, fentanyl, and oxycodone, engaged µLight with higher s-slopes 

compared to κLight1.3 and δLight (Figure 4.2E). Interestingly, oxycodone and 

buprenorphine suppressed, rather than enhanced, µLight fluorescence; thus, the s-slope 

was calculated using the absolute ΔF/Fmax (Figure S4.1K).  

To determine whether the insertion of cpGFP perturbs the ligand-binding 

properties of these receptor-based opioid sensors, we conducted a radioligand binding 

assay using cells expressing each sensor and a panel of ligands that includes several 

endogenous peptides 16,37,38. For µLight cells, endogenous opioid peptides displaced [3H] 

diprenorphine binding with nM IC50 \except for metorphamide (µM IC50). Specific 

binding detected in the presence of these peptides ranges from 34 ± 2% for peptide F to 

82 ± 2% with BAM18. In the case of synthetic agonists, we see that DAMGO and 

oxycodone have nM IC50   while morphine and fentanyl have µM IC50. Interestingly, in 

the case of fentanyl we find that it exhibits nM IC50 in CHO cells stably expressing µ 

receptors (Table 4.2). For δLight cells, the endogenous opioid peptides and the synthetic 

agonists displace [3H] diprenorphine binding with nM IC50 except for peptide E (µM IC50). 
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Specific binding detected in the presence of the endogenous peptides ranges from 32 ± 3% 

for BAM18 to 77 ± 4% with ME (Table 4.2). For κLight1.3 cells, the endogenous opioid 

peptides and the synthetic agonist, U69,593 displace [3H] diprenorphine binding with nM 

IC50. Specific binding detected in the presence of the endogenous peptides ranges from 10 

± 5% for ME to 76 ± 2% with DynB13 (Table 4.2). For the peptides DynA8, β-endorphin, 

and ME,  we used s-slope analysis to compare binding parameters with the sensors to 

those reported for opioid receptors under similar assay conditions 16. We found that they 

correlate in all three cases (Figure S4.2A-C). Similarly, the s-slope determined by the 

fluorescence assay was also correlated to that determined by radio-ligand binding (Figure 

S4.2D-F). Most importantly, we found that the effects of these peptides on receptors’ 

confirmation can be differentiated by the fluorescence assay (ΔF/Fmax), but not by radio-

ligand binding approach (Emax) (Figure S4.2G-I).  
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Figure S4.2. Binding studies of selected compounds on the opioid sensors and receptors.  

(a) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for KOR (S-slope - KOR 
Binding) and κLight1.3 (S-slope - κLight Binding) measured with a radio-ligand binding assay. Red curves 
indicate 95 % confidence interval. 

(b) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for DOR (S-slope - DOR 
Binding) and δLight (S-slope - δLight Binding) measured from radio-ligand binding assay. Red curves 
indicate 95 % confidence interval. 

(c) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for MOR (S-slope - MOR 
Binding) and µLight (S-slope - µLight Binding) measured from radio-ligand binding assay. Red curves 
indicate 95 % confidence interval. 

(d) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for KOR measured from 
radio-ligand binding assay (S-slope - κLight Binding) and the s-slope (ΔF/Fmax / EC50, in nM-1) for 
κLight1.3 measured from sensor imaging (S-slope - κLight Fluorescence). Red curves indicate 95 % 
confidence interval. 

(e) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for DOR measured from 
radio-ligand binding assay (S-slope - δLight Binding) and the s-slope in (ΔF/Fmax / EC50, in nM-1) for 
δLight measured from sensor imaging (S-slope - δLight Fluorescence). Red curves indicate 95 % confidence 
interval. 

(f) Regression plot between the s-slope (maximum displacement / IC50, in nM-1) for MOR measured from 
radio-ligand binding assay (S-slope - µLight Binding) and the s-slope (ΔF/Fmax / EC50, in nM-1) for µLight 
measured from sensor imaging (S-slope - µLight Fluorescence). Red curves indicate 95 % confidence 
interval. 



 239 

(g) Regression plot between the maximum displacement in (%) of indicated ligands from KOR (Emax - 
KOR Binding) measured with a radio-ligand binding assay and maximum fluorescence change in (%) of 
κLight1.3 (ΔF/Fmax) measured from sensor imaging. Red curves indicate 95% confidence interval.  

(h) Regression plot between the maximum displacement in (%) of indicated ligands from DOR (Emax - 
DOR Binding) measured with a radio-ligand binding assay and maximum fluorescence change in (%) of 
δLight (ΔF/Fmax) measured from sensor imaging. Red curves indicate 95% confidence interval.  

(i) Regression plot between the maximum displacement in (%) of indicated ligands from MOR (Emax - 
MOR Binding) measured with a radio-ligand binding assay and maximum fluorescence change in (%) of 
µLight (ΔF/Fmax) measured from sensor imaging. Red curves indicate 95% confidence interval.  

 

Together, these data suggest that the cpGFP insert is not likely to perturb the 

binding pockets of the patent receptor. Our studies demonstrate that peptide binding to 

an opioid sensor triggers fluorescence changes that correlate with the binding of the 

peptide to the receptor, making the sensors serve as useful tools to quantify differences 

in ligand-driven conformational changes between peptides. 

 

(xviii) Probing Dynorphin Release by Simultaneous Photo-Stimulation and κLight 
Dynamics 

Photoactivatable or “caged” synthetic variants of opioid NPs or photosensitive 

nano-vesicles (nVs) can be activated with millisecond precision using short flashes of 

light and have been optimized for spectrally orthogonal use with GFP-based probes 39. 

The spatiotemporal scale over which NP volume transmission occurs in brain tissue has 

been determined by combining photoactivatable NPs or nVs, electrophysiological 

recording or cell-based NP biosensors. We thus asked whether κLight is capable of 

reporting opioid peptide volume transmission in brain tissue using photo-uncaging 

experiments. 



 240 

To choose the most appropriate κLight variant that balances dynamic range and 

sensitivity, we first examined the responses and kinetics of various κLight variants using 

photoactivable Dyn8 (CYD8) 29. We injected AAV9-hSyn-κLight1.x (top kLight variants 

including 1.2a, 1.2b, 1.2c, 1.3) into the dorsal striatum (dStr) of C57 mouse pups (P0 – P3) 

and prepared the brain slices after 3 weeks of expression (Figure 4.3A). On the day of 

imaging, CYD8 was circulated in the bath and photo-uncaged with 50 ms flash of 355 nm 

laser light over an area of 700 µm2, while imaging the responses of κLight with a 473 nm 

LED within the same region (Figure 4.3B). Among all the κLight variants tested (Figure 

S4.3A), κLight1.3 yielded the greatest response (ΔF/F=11 ± 1.4 %) (Figure 4.3C, D), 

followed by κLight1.2a (ΔF/F=9.09 ± 0.81 %), κLight1.2c (ΔF/F=6.84 ± 0.65 %), and 

κLight1.2b (ΔF/F=5.1 ± 0.51 %) (Supplementary Fig. 3B, C). The uncaging response was 

completely blocked by the presence of naloxone (0.5 ± 0.1 %) (Figure 4.3D), confirming 

that the fluorescence change is due to ligand-dependent sensor activation, as opposed to 

being an artifact of the UV light flash. While κLight1.3 had the greatest ΔF/F, we noticed 

that its response was slow to decay in comparison to most of the other variants (tauoff - 

κLight1.3 = 202.1 sec, tauoff - κLight1.2a = 179.7 sec, tauoff - κLight1.2b = 246.1 sec, tauoff - 

κLight1.2c = 165.0 sec) (Figure 4.3C, Figure S4.3B), presumably due to the higher affinity 

for dynorphins that results in slower peptide dissociation (Figure S4.3D).  
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Figure 4.3. κLight1.3 characterization in acute brain slices. 

(a) Experimental schematics indicating virus injections in the dorsal striatum (dStr), followed by imaging 
of acute brain slices and photouncaging CYD8 with a 355 nm laser. 

(b) Image of tissue as acquired through video acquisition, with a semitransparent gray circle indicating the 
field of UV illumination with a collimated 355 nm laser. Scale bar, 50 µm.  

(c) Response of κLight1.3 to CYD8 photouncaging (blue, n = 6 slices) in the absence and presence of 
naloxone (Nalo, 10 µM) (black, n = 3 slices). Solid lines represent the mean and the shaded areas represent 
SEM.  

(d) Quantification of the peak ΔF/F evoked by CYD8 photouncaging. κLight1.3 (blue); 11.1 ±.1.36 %, + 
naloxone (black); 0.51 ± 0.12 %, p = 0.0011, unpaired t test. Error bar represents SEM.  

(e) Time course of κLight1.2a photoactivation after CYD8 (5 µM) photouncaging in the dorsal striatum. The 
dotted circle indicates the site of UV illumination. Heatmap indicates ΔF/F (%). Scale bar, 50 µm.  

(f) Summary of experiments determining the apparent diffusion coefficient, n = 7 slices from 4 mice. D* = 
1.4 µm2/s. Error bar represents SD. 

(g) Experimental schematics indicating virus injections in the hippocampal complex (HPC), followed by 
local electrical stimulation with trains of 1 second, 50 Hz stimuli with a 0.5 sec inter-stimulation-interval.  
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(h) Representative image showing expression of κLight1.3a in CA3 (top), scale bar 0.5 mm, and zoomed in 
to visualize the localization of localization κLight1.3a to the membranes of neuronal processes in the 
dentate gyrus (bottom), scale bar 50 µm.  

(i) Average κLight1.3a responses to electrical stimulation with varying numbers of stimuli (Stim). Solid 
lines represent the mean, and shaded areas represent SEM.  

(j) Average κLight1.3a response to electrical stimulation in the presence of antagonists Nor-BNI (gray) and 
ICI174864 (green). Solid lines represent the mean, and shaded areas represent SEM.  

(k) Bar graph summarizing the peak fluorescence response to each stimulation condition. 15 stim (n = 6 
slices): 14.3 ± 2.4 %, 10 stim (n = 6 slices): 8.39 ± 1.9 %, 5 stim (n = 6 slices): 4.28 ± 0.6 %, 1 stim (n = 6 slices): 
2.12 ± 0.3 %, Nor-BNI (100 µM, n = 3 slices): 1.57 ± 1.2 %, ICI174864 (100 µM, n = 3 slices): 6.44 ± 0.3 %. 
Ordinary one-way ANOVA with Bonferroni's multiple comparisons test, individual conditions compared 
to 15 stim, 15 stim vs. 10 stim: *p = 0.0492, 15 stim vs. 5 stim: ***p = 0.0005, 15 stim vs. 1 stim: ****p<0.0001, 
15 stim vs. Nor-BNI: ***p = 0.0007, 15 stim vs. ICI174864: ns, p = 0.0557).  

 

 We next examined whether sensor expression might alter the ability of peptide 

ligands to engage endogenous opioid receptors. For this experiment, we used κLight1.2a, 

which exhibited faster decay kinetics than κLight1.3 upon DynA8 photorelease, yet still 

produced a relatively large ΔF/F. AAVs encoding κLight1.2a or GFP control were 

injected into the hippocampus of C57 pups (P0 – P3) and allowed to express for a 

minimum of 3 weeks before acute slices were prepared for electrophysiology 

(Supplementary Fig3E). Parvalbumin interneurons in the CA1 region of the 

hippocampus express MOR and DOR, which act presynaptically to suppress synaptic 

transmission 40. Although DynA8’s primary target is KOR, it also binds to MOR and DOR 

(e.g. Fig 2B and Table 4.1) 41. This allowed us to ask whether the activation of MOR and 

DOR by DynA1-8 is altered by the expression of κLight1.2a. To assay opioid receptor 

function, we recorded inhibitory currents (IPSCs) in pyramidal cells, evoked with a 

stimulation protocol that favors MOR- and DOR-sensitive parvalbumin synapses 40 

(Figure S4.3F). Photorelease of DynA1-8 using 5 ms flashes of 355 nm light produced a 

rapid, power-dependent reduction in IPSC amplitude that reversed over the course of 
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several minutes (Figure S4.3G,H). Compared to GFP control, κLight1.2a expression 

altered neither the degree of IPSC suppression, nor the time-course of IPSC recovery in 

response to DynA8 photorelease across all light powers densities examined (Figure 

S4.3I,J). These results suggest that κLight1.2a expression does not result in sufficient 

ligand buffering as to perturb the activation of endogenous opioid receptors. 
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Figure S4.3. Comparison of top κLight variants and buffering effect study.  

(a) Sequence alignment of κLight1.2a, κLight1.2b, κLight1.2c, κLight1.3, and κLight1.3a. Purple indicates 
the same residues across all variants. Blank indicates different residues. Blue color indicates KOR sequence. 
Orange indicates linkers. Green indicates cpGFP sequences. Gray indicates the sequence for the ER2 tag. 
Khaki indicates the sequence for the PRC tag, and magenta indicates the TlcnC tag.  

(b) CYD8 uncaging response comparison between κLight1.2a (blue, n = 19 videos), κLight1.2b (black n = 
11 videos), and κLight1.2c (magenta, n = 16 videos) expressed in dStr in acute brain slices. The solid line 
represents the mean, and the shaded area represents SEM.  

(c) Max ΔF/F (%) at the peak of the CYD8 uncaging responses for κLight1.2a (blue, n = 19 videos), 
κLight1.2b (black, n = 11 videos), and κLight1.2c (magenta, n = 16 videos). κLight1.2a: 9.09 ± 0.8 %, 
κLight1.2b: 5.1 ± 0.5 %, κLight1.2c: 6.84 ± 0.7 %. **p = 0.0027, ordinary one-way ANOVA with Dunnett's 
multiple comparisons test. Error bars represent SEM.  

(d) Dose response curves for DynA13 at κLight1.2a (red, n = 3 wells, EC50 = 366 nM), κLight1.2b (purple, 
n = 5 wells, EC50 = 306 nM), κLight1.2c (black, n = 4 wells, EC50 = 234 nM), and κLight1.3 (blue, n = 4 wells, 
0.0898 nM). Error bars represent SEM.  

(e) Schematic indicating injection of C57/B6J pups with AAV1-hSyn-κLight1.2a or AAV-DJ-CAG-GFP in 
the hippocampus followed by 3 weeks of expression prior to preparation of acute brain slices for 
electrophysiology. 

(f) Schematic of the electrophysiological recording configuration. Whole-cell voltage-clamp recordings are 
obtained from pyramidal cells (PCs) held at 0 mV while parvalbumin (PV) basket cell axons are 
preferentially stimulated with a narrow-tipped theta-glass-based bipolar stimulating electrode. Two 
electrical stimuli are applied 50 ms apart to drive synaptic inhibition. A 5 ms flash of 355 nm light 
(semitransparent purple circle) is applied to photorelease DynA8, which acts on presynaptic mu and delta 
opioid receptors on the PV cell to suppress the synaptic output. 

(g) Example inhibitory post-synaptic currents (IPSCs) before (black) and after (purple) DynA8 photorelease. 

(h) Time-course of IPSC suppression in response to DynA8 photorelease in slices expressing κLight1.2a (n 
= 13 cells from 3 mice, green) or GFP (n = 10 cells from 3 mice, black) using different intensities of UV light. 
Traces indicate the mean peak IPSC (normalized to 100%) over time, which was probed every 20 sec. Purple 
arrows indicate the application of UV light. The solid lines represent the mean, and the shaded areas 
represent SEM.    

(i) Power-response curve summarizing the fraction of the baseline IPSC suppressed by DynA8 photorelease 
in slices expressing κLight1.2a (n = 13 cells from 3 mice, green) or GFP (n = 10 cells from 3 mice, black). No 
significant differences were detected at different power densities (Multiple Mann-Whitney tests between 
GFP and κLight1.2a at different power densities: 0.13 µW/µm2: p = 0.91, 0.51 µW/µm2: p = 0.71, 0.89 
µW/µm2: p = 0.71, 11 µW/µm2: p = 0.70, non-significant). 

(j) Average time constant of IPSC recovery after DynA8 photorelease in slices expressing κLight1.2a (n = 
11-12 cells from 3 mice, green) or GFP (n = 6-9 cells from 3 mice, black). No significant differences were 
detected (Multiple Mann-Whitney tests between GFP and κLight1.2a at different power densities: 0.51 
µW/µm2: p = 0.52, 0.89 µW/µm2: p = 0.04, 11 µW/µm2: p = 0.56, non-significant). 

 

We next measured the spread of DynA1-8 in space and time. AAV1-hSyn-

κLight1.2a was injected into dStr and imaging was performed three weeks post-injection 

(Figure 4.3A). Small volumes of DynA1-8 were rapidly photoreleased using a focused 25 
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µm diameter spot of 355 nm light (Figure 4.3E) while monitoring sensor activation at 

distances of up to 125 µm away. We observed that the peak ΔF/F decreased with 

increased time from uncaging and with distance from the uncaging site (Figure S4.4A). 

For each video frame post-uncaging, we plotted the fluorescence profile as a function of 

distance from the uncaging spot and extracted the ΔF/F half-width, which was used to 

compute an effective diffusion coefficient (D*) of 1.4 ± 0.4 µm2/s (n = 7 slices from 4 mice) 

for DynA8 in dStr (Figure S4.4B-D). These results suggest that DynA1-8 can reach 

receptors over 100 µm away from release sites within several seconds of release in the 

hippocampus.  

 

(xix) Two-Photon Imaging of Endogenous Dynorphin Release Triggered by Electrical 
Stimulation  

It has been historically difficult to determine the electrical parameters that can 

effectively trigger the release of endogenous opioid peptides in brain tissue. We thus 

examined if κLight is capable of detecting endogenous opioid peptide release triggered 

by electrical stimulation ex vivo. To do so, we first improved the basal fluorescence of 

κLight1.3 by integrating CYKIWRNFKGK as linker 1 and SVISKAKIRTV as linker 2 

derived from the oxytocin sensor MTRIAOT 42 (Figure S4.3A). This new variant, named 

κLight1.3a, displayed a similar dynamic range (κLight1.3 at 155 ± 11.6%, κLight1.3a at 

152 ± 29.5%, p=0.92, unpaired t test), but >2x the basal brightness compared to κLight1.3 

(κLight1.3 at 25 ± 0.08, κLight1.3a at 61.8 ± 7.6, p=0.0075, unpaired t test) (Figure S4.4E, 

F). Immunoreactivity studies have shown abundant dynorphin stored in dentate granule 

cells, dynorphin dynamics in CA3 have also been shown to have an association with 
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stress under various behavior paradigms, and dynorphins have been shown to inhibit 

excitatory neurotransmission and prevent the induction of long-term potentiation (LTP) 

in hippocampus 43-45. We sparsely expressed κLight1.3a in CA3 by delivering AAV1-

CAG-DIO-κLight1.3a in combination with AAV1-hSyn-Cre (Figure 4.3G). After 3 weeks 

of expression, we observed bright labeling of neurons in CA3 and dentate gyrus with 

clear processes in the basal state using two-photon imaging (Figure 4.3H).  
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Figure S4.4. Dynorphin diffusion analysis and in vivo pharmacology with control sensors. 

(a) Representative example of the fluorescence response of κLight1.2a for single pixels along the center of 
the imaging field at various distances from the site of DynA8 photorelease.  

(b) Representative examples of fluorescence profile as a function of distance from the uncaging site at 
differing time points after uncaging.  

(c) Representative example of a fluorescence profile at a single time (5 sec, as in Supplementary Figure 4B), 
normalized and fit to an exponential function in order to extract the half width (30.5 µm). 
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(d) Representative example plot of the half-width squared/4 vs. time for determination of the apparent 
diffusion coefficient D*. The fluorescence profile fits (e.g. Supplementary Fig.4C) were repeated in 1 second 
time bins to extract the half-width. The slope of this linear regression is the apparent diffusion coefficient 
D*. 

(e) Fluorescence response (ΔF/F) to U50,488 (100 µM) compared between κLight1.3 (blue, n = 3 wells), and 
κLight1.3a (magenta, n = 2 wells). κLight1.3: 1.56 ± 0.12, κLight1.3a: 1.53 ± 0.3, unpaired t test, p = 0.93, non-
significant. Error bar represents SEM. 

(f) Basal fluorescence compared between κLight1.3 (blue, n = 3 wells), and κLight1.3a (magenta, n = 2 wells). 
κLight1.3: 25.0 ± 0.08, κLight1.3a: 61.8 ± 7.7, unpaired t test, **p = 0.0075. Error bar represents SEM. 

(g) Representative images showing κLight (top), δLight (middle), and zoomed-in image for δLight (bottom) 
expression in ARC. Scale bar 150 µm for both κLight and δLight. δLight zoomed insert has scale bar = 30 
µm. Abbreviations: ventricle (3V), fiber track (f.t.).  

(h) (Left) κLight0 response to 3 mg/kg U69,593 (gray, n = 3 animals), and 3 mg/kg U69,593 + 1 mg/kg 
U62,066 (black, n = 4 animals) in ARC, Solid lines represent the mean, and shaded areas represent SEM. 
(Right) bar graph indicating the peak z-score of each response, U69,593: -1.9 ± 0.7 %, U69,593 + U62,066: -
0.2 ± 1 %, unpaired t test, p = 0.2625, non-significant. U69 = U69,593, U62 = U62,066.  

(i) (Left) δLight0 response to 5 mg/kg SNC162 (gray, n = 4 animals), and 5 mg/kg SNC162 + 4 mg/kg 
naloxone (black, n = 4 animals) in ARC. Solid lines represent the mean, and shaded areas represent SEM. 
(Right) bar graph indicating the peak z-score of each response, SNC162: 0.77 ± 0.5 %, SNC162 + naloxone: 
0.33 ± 0.4 %, unpaired t test, p = 0.4948, non-significant. Nalo = Naloxone. 

(j) (Left) κLight0 response to 10 mg/kg U50,488 (gray, n = 3 animals), and 10 mg/kg U50,488 + 10 mg/kg 
naloxone (black, n = 3 animals) in CA3. Solid lines represent the mean, and shaded areas represent SEM. 
(Right) bar graph indicating the peak z-score of each response, U50,488: -1 ± 0.7 %, U50,488 + naloxone: -
0.75 ± 0.8 %, unpaired t test, p = 0.8123, non-significant. U50 = U50,488, Nalo = Naloxone. 

(k) (Left) δLight0 response to 5 mg/kg SNC162 (gray, n = 4 animals), and 5 mg/kg SNC162 + 4 mg/kg 
naloxone (black, n = 3 animals) in ARC, Solid lines represent the mean, and shaded areas represent SEM. 
(Right) bar graph indicating the peak z-score of each response, SNC162: -0.61 ± 0.4 %, SNC162 + naloxone: 
-0.27 ± 0.07 %, unpaired t test, p = 0.5451, non-significant. Nalo = Naloxone. 

 

Next, we evaluated the responses of κLight1.3a to a range of electrical stimuli 

parameters applied locally via a stimulating electrode in CA3. Trains of electrical stimuli 

(1 s, 50 Hz, 0.5 sec inter-stimulus-interval) produced sustained fluorescence increases that 

rapidly decayed upon cessation of the stimulus (Figure 4.3I), with increasing number of 

stimuli driving larger maximum fluorescence responses (15 stimulations: 14.3 ± 2.4%, 10 

stimulations:  8.39 ± 1.9%, 5 stimulations: 4.28 ± 0.6%, 1 stimulation: 2.12 ± 3.3%) (Figure 

4.3K). The response to 15 stimuli was strongly attenuated by the addition of the KOR 

antagonist nor-BNI (100 µM, ∆F/F=1.57 ± 1.2%), consistent with the observed 
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fluorescence increase resulting from activation by endogenous peptide. In the presence 

of DOR antagonist ICI 174864 (100 µM), the responses were decreased but not statistically 

significant (Figure 4.3J, K) (∆F/F=6.44 ± 0.3%). 

 

(xx) Detecting the Dynamics of Opioid Receptor-Selective Ligand Binding in Vivo 
We next determined if κLight and δLight can be activated by systemic 

administration of exogenous small molecule drugs in vivo. We injected AAV encoding 

κLight1.3 or δLight in the hypothalamus (ARC) 46, CA3 43, and NAc 30, areas abundant in 

KOR and DOR. We next implanted fiber optic ferrules above each injection site and 

recorded the fluorescence of κLight and δLight upon intraperitoneal (i.p) injection of 

opioid receptor selective ligands using fiber photometry (Figure 4.4A, Figure S4.4G).  
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Figure 4.4. In vivo drug pharmacology imaged with κLight and δLight.  

(a) Experimental schematics indicating κLight1.3 and δLight injection sites in the hypothalamus (ARC), 
hippocampal CA3 region (CA3), and nucleus accumbens (NAc). κLight1.3 was injected into ARC and CA3, 
δLight was injected into ARC and nucleus accumbens (NAc), followed by imaging with fiber photometry 
during drug injection.  

(b) (Left) κLight1.3 response in ARC to different doses of U69,593 in ARC, 3 mg/kg (light blue), 1 mg/kg 
(blue), and 3 mg/kg U69,593 + 4 mg/kg naloxone (black), n = 7 animals. Solid lines represent the mean, 
and the shaded area represents SEM. (Right) Bar graph indicating the peak z-score of each response, 3 
mg/kg + naloxone: 0.4 ± 0.6 %, 1 mg/kg: 7.0 ± 1.9 %, 3 mg/kg: 15.9 ± 3.1 %, ordinary one-way ANOVA 
with Tukey’s multiple comparisons test, *p < 0.05, ****p < 0.0001.  

(c) (Left) κLight1.3 response to different doses of U50,488 in CA3, 10 mg/kg (light blue), 5 mg/kg (blue), 
and 10 mg/kg U50,488 +10 mg/kg naloxone (black) in CA3, n = 3 animals. Solid lines represent the mean, 
and shaded areas represent SEM. (Right) Bar graph indicating the peak z-score of each response, 10 mg/kg 
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+ naloxone: -2.9 ± 0.8 %, 5 mg/kg: 2.7 ± 1.8 %, 10 mg/kg: 11.1 ± 3.2 %, ordinary one-way ANOVA with 
Dunnett’s multiple comparisons test, **p < 0.01. 

(d) (Left) δLight response to different doses of SNC162 in ARC, 5 mg/kg (light green), 2.25 mg/kg (green), 
and 5 mg/kg SNC162 + 4 mg/kg naloxone (black) in ARC, n = 3 animals. Solid lines represent the mean, 
and shaded areas represent SEM. (Right) Bar graph indicating the peak z-score of each response, 5 mg/kg 
+ naloxone: 0.2 ± 0.7 %, 2.25 mg/kg: 2.4 ± 1.0 %, 5 mg/kg: 7.3 ± 2.4 %, ordinary one-way ANOVA with 
Tukey’s multiple comparisons test, *p < 0.05. 

(e) (Left) δLight response to compounds SNC162 in Nac, 5 mg/kg (green), 5 mg/kg SNC162 + 4 mg/kg 
naloxone (black), n = 4 animals. Solid lines represent the mean, and shaded areas represent SEM. (Right) 
Bar graph indicating the peak z-score of each response, 5 mg/kg + 4 mg/kg naloxone: -1.7 ± 0.1 %, 5 mg/kg: 
7.5 ± 2.2 %, unpaired t test, *p = 0.0185. 

 

In each case, we observed dose-dependent fluorescence increases in response to 

systemic drug i.p. treatment which were blocked by the non-selective opioid receptor 

antagonist naloxone. In ARC, κLight1.3 responded to the KOR-selective agonist U69,593 

with a robust increase in fluorescence within a few minutes of drug injection (1 mg/kg: 

z-scorepeak = 7.0 ± 1.9, 3 mg/kg: z-scorepeak = 15.9 ± 3.05). Co-injection of naloxone (4 

mg/kg) drastically attenuated the response to U69,593 (3 mg/kg) (U69,593+naloxone z-

scorepeak = 0.39 ± 0.59) (Figure 4.4B). In CA3, the KOR selective agonist U50,488, similarly 

activated κLight1.3 in a dose-dependent manner. Again, the response to U50,488 (10 

mg/kg) was completely blocked by co-injecting naloxone (10 mg/kg) (5 mg/kg: z-

scorepeak = 2.68 ± 1.8; 10 mg/kg: z-scorepeak = 11.1 ± 3.2; U50,488+Naloxone: z-scorepeak = 

-2.86 ± 0.83) (Figure 4.4C).  

In ARC, SNC162 administration produced increases δLight fluorescence that were 

blocked by naloxone (4 mg/kg co-injected with SNC162 (5 mg/kg)). (2.25 mg/kg: z-

scorepeak = 2.4 ± 1.0; 5 mg/kg: z-scorepeak = 7.28 ± 2.4; SNC162+naloxone: z-scorepeak = 0.19 

± 0.72) (Figure 4.4D). In NAc, the administration SNC162 (5 mg/kg) also increased δLight 
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fluorescence, and this was again blocked by naloxone (4 mg/kg) (SNC162: z-scorepeak = 

7.45 ± 2.2; SNC162+naloxone: z-scorepeak = -1.66 ± 0.11) (Figure 4.4E).  

Importantly, we did not observe fluorescent changes in response to agonist when 

then non-functional mutant sensors κLight0 or δLight0 were expressed in ARC, CA3, and 

NAc (Figure S4H-K). These results suggest that both sensors can be faithfully activated 

by receptor-specific agonists in vivo. 

 

(xxi) Measuring Evoked Endogenous Dynorphin Release Induced by Photo-
Stimulation of Neural Circuits 

Though optogenetics has been broadly used to trigger neuromodulator release 

and neural activity, direct monitoring of peptide release triggered by optogenetic 

stimulation in vivo, especially in a circuit-specific manner with high temporal resolution, 

has not been measured optically. NAc contains abundant dynorphin and previous 

studies have demonstrated that targeting the Dyn-KOR system in the NAcSh can 

modulate both rewarding and aversive behaviors 47,48. Furthermore, previous work has 

demonstrated the ability to measure the optogenetically-evoked release of dynorphin in 

the NAcSh using in vivo opto-dialysis 30. Studies have also shown that the basolateral 

amygdala (BLA) sends dense, functional excitatory projections to the NAcSh and that 

these terminals are sensitive to modulation by Dyn-KOR 49,50. We, therefore, set out to 

determine if κLight can detect photo-stimulated release in vivo in BLA to NAcSh 

projection.  
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To detect dynorphin signaling at KOR-expressing neurons, we injected KOR-Cre 

mice with AAV1-CAG-DIO-κLight1.3a and implanted optical fibers in the NAcSh. A 

subset of mice were also injected with the red-shifted opsin ChRimson (AAV5-DIO-EF1a-

ChRimson-tdTomato) in the BLA (Figure 4.5A-C, Figure S4.5A); ChRimson-lacking mice 

served as a negative control to determine if optical stimulation produced artifactual 

dynamics in κLight1.3a fluorescence. To ensure a good dynamic range, adequate 

expression, and fiber-expression alignments as a foundation for the following 

optogenetic stimulation experiments, we first examined the response of κLight1.3a to the 

agonist U50,488 in these mice (Figure 4.5D). U50488 (10 mg/kg; i.p) administration 

resulted in a rapid, sustained, and robust increase in the fluorescence of κLight1.3a. This 

increase was significantly attenuated when the animals were pre-treated with the short-

acting, reversible KOR antagonist, JNJ-67953964 51 (aticaprant, 3 mg/kg; i.p) (p =0.034, 

paired t test), demonstrating the selectivity of κLight1.3a responses in vivo (Norm peak, 

p =0.0344, paired t test. Norm AUC, p =0.0138, paired t test) (Figure 4.5E-H).  
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Figure 4.5. Imaging optogenetically-stimulated dynorphin release with κLight1.3a.  

(a) Schematic of viral injection sites for κLight1.3a into NAcSh and ChRimson into BLA of KOR-Cre+ mice.  

(b) Representative 20X coronal image (left panel) showing expression of κLight1.3a (green), ChRimson 
(red), DAPI (blue), and fiber placement in NAcSh (top; scalebar – 200 µm), and ChRimson (red) and DAPI 
(blue) in BLA (bottom; scalebar – 200 µm). 

(c) Schematic of in vivo head-fixed stimulation-evoked Dyn release experiments. The bottom schematic 
shows a trial consisting of three stimulations (yellow) at time 0, 180, and 360 sec, respectively.  
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(d) Schematic of in vivo agonist/antagonist drug injection experiments, comparing between 10mg/kg 
U50,488 and 3mg/kg aticaprant + 10mg/kg U50,488.  

(e) Mean recorded κLight1.3a activity averaged across all animals following i.p injections of vehicle 
(veh)+U50,488 (dark) and aticaprant+U50,488 (light; n = 6 animals). Solid lines represent the mean, and 
shaded areas represent SEM. 

(f) Heatmap raster plot of recorded κLight1.3a activity averaged across all animals following i.p injections 
of vehicle+U50,488 (top) and aticaprant+U50,488 (bottom; n = 6 animals) displayed in animal ascending 
order by average activity following injection. 

(g) Normalized peak fluorescence during injection period (0-50 min; U50: 1 ± 0.23, Atic+U50: 0.29 ± 0.07; 
paired t test, *p = 0.034, n = 6 animals). Data represented as mean ± SEM. Atic = Aticaprant, U50 = U50,488. 

(h) Normalized fluorescence area under the curve of single trails during injection period (0-50 min; U50: 1 
± 0.26, Atic+U50: 0.04 ± 0.02; paired t test, *p = 0.014, n= 6 animals). Data represented as mean ± SEM. Atic 
= Aticaprant, U50 = U50,488. 

(i) Mean recorded κLight1.3a activity averaged across all trials following vehicle (dark) and aticaprant (light) 
treatment during ChRimson stimulation-evoked trials (n = 4 animals). Solid lines represent the mean, and 
shaded areas represent SEM. Stim indicates the time of stimulus application. 

(j) Heatmap raster plot of recorded κLight1.3a activity averaged across all trials following vehicle (top) and 
aticaprant (bottom) treatment during ChRimson stimulation-evoked trials (n = 4 animals) displayed in 
ascending trial order by average activity across trials. Stim indicates the time of stimulus application. 

(k) Normalized peak fluorescence across vehicle and aticaprant treatment during all ChRimson 
stimulation-evoked trials (0-20 sec; veh: 1 ± 0.12, Atic: 0.63 ± 0.14; paired t test, *p = 0.037, n = 4 animals). 
Data represented as mean ± SEM.  

(l) Normalized fluorescence area under the curve of single trails across vehicle and aticaprant treatment 
during all ChRimson stimulation-evoked trials (0-20 sec; veh: 1 ± 0.09, Atic: 0.51 ± 0.068; paired t test, 
****p<0.0001, n = 4 animals). Data represented as mean ± SEM. 

(m) Mean recorded κLight1.3a activity averaged across all trials following vehicle (dark) and U50,488 (light) 
treatment during ChRimson stimulation-evoked trials (n = 4 animals). Solid lines represent the mean, and 
shaded areas represent SEM. 

(n) Heatmap raster plot of recorded κLight1.3a activity averaged across all trials following vehicle (top) 
and U50,488 (bottom) treatment during ChRimson stimulation-evoked trials (n = 4 animals) displayed in 
ascending trial order by average activity across trials. 

(o) Normalized peak fluorescence across vehicle and U50,488 treatment during all ChRimson stimulation-
evoked trials (0-20 sec; veh: 1 ± 0.15, U50: 0.55 ± 0.12; paired t test, **p = 0.002, n = 4 animals). Data 
represented as mean ± SEM. 

(p) Normalized fluorescence area under the curve of single trails across vehicle and U50,488 treatment 
during all ChRimson stimulation-evoked trials (0-20 sec; veh: 1 ± 0.12, U50: 0.65 ± 0.06; paired t test, **p = 
0.007, n = 4 animals). Data represented as mean ± SEM. 

 

Next, we tested whether κLight1.3a can detect endogenous dynorphin release in 

the NAc evoked via stimulation of glutamatergic BLA terminals, known to densely 

innervate the NAc 49. A 1 s, 20 Hz, 5 ms pulse-width stimulation produced a brief artifact, 
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followed by a significant increase in κLight1.3 fluorescence (Figure S4.5B, C). Importantly, 

this stimulus artifact was present to the same extent in all animals, with and without 

ChRimson expression in the BLA terminals (Figure S4.5D). However, the subsequent 

increase in κLight1.3a fluorescence was present only in the animals expressing ChRimson 

in BLA, suggesting that this elevation is due to the BLA terminal stimulation-evoked 

release of dynorphin (p < 0.0001, Welch’s t test) (Figure S4.5E). To determine the 

appropriate stimulation parameters for stimulation-evoked dynorphin release, we 

performed a battery of experiments modulating stimulation number (1-5 stim), laser 

intensity (0.5 – 5 mW), and stimulation time (1-30 sec) within the same session in a 

randomized order (Figure S4.5F-H). Varying the length of stimulation from 1-5 sec 

revealed, somewhat paradoxically, that 1 sec of photo-stimulation produced the most 

κLight1.3a activation, while the magnitude of the artifact (fluorescence minimum) 

remained constant throughout (p =0.0082, Brown-Forsythe and Welch ANOVA test) 

(Figure S4.5I-J). Based on these results, we performed all our subsequent experiments 

using 1s, 20 Hz, 5 ms pulse-width stimulation. 
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Figure S4.5. Controls for in vivo fiber photometry with optogenetics and other stimulation parameters. 

(a) Coronal brain schematic showing photometry fiber placements in the NAcSh of KOR-Cre+ mice.  

(b) Mean recorded κLight1.3a fluorescence averaged across all stimulation-evoked trials in ChRimson-
injected (dark purple; n = 4 mice) or control mice (light purple; n = 2 mice). 

(c) Heatmap raster plot of recorded κLight1.3a fluorescence averaged across all stimulation-evoked trials 
in ChRimson-injected (top; n = 4 mice) or control mice (bottom; n = 2 mice). 

(d) Normalized fluorescence minima during all stimulation-evoked trials (0-20 sec; ChRimson – n = 4 
animals: 0.98 ± 0.15, Control - n = 2 animals: -0.45 ± 0.13, unpaired t test, ****p<0.0001). Data represented as 
mean ± SEM. 

(e) Normalized fluorescence area under the curve of single trails during all stimulation-evoked trials (0-20 
sec; ChRimson – n = 4 animals: -1 ± 0.14, Control - n = 2 animals: -0.87 ± 0.14, unpaired t test, p = 0.51, non-
significant). Data represented as mean ± SEM. 

(f) Mean trace and heatmap raster plot of recorded κLight1.3a fluorescence averaged across all 1 second 
stimulation-evoked trials in ChRimson-injected mice (n = 4 animals). Stim indicates the time of stimulus 
application. 

(g) Mean trace and heatmap raster plot of recorded κLight1.3a fluorescence averaged across all 3 second 
stimulation-evoked trials in ChRimson-injected mice (n = 4 animals). Stim indicates the time of stimulus 
application. 

(h) Mean trace and heatmap raster plot of recorded κLight1.3a fluorescence averaged across all 5 second 
stimulation-evoked trials in ChRimson-injected mice (n = 4 animals). Stim indicates the time of stimulus 
application. 
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(i) Normalized fluorescence area under the curve of single trails during all stimulation-evoked trials (0-20 
sec; 1 stim (dark purple): 1 ± 0.22, 3 stim (medium purple): 0.46 ± 0.22, 5 stim (light purple): -0.29 ± 0.37, 
ordinary one-way ANOVA with Dunnett's multiple comparisons test, *p = 0.0167, n = 4 animals). Data 
represented as mean ± SEM.  

(j) Normalized fluorescence minima during all stimulation-evoked trials (0-20 sec; 1 stim (dark purple): -1 
± 0.14, 3 stim (medium purple): -1.18 ± 0.2, 5 stim (light purple): -0.87 ± 0.14, ordinary one-way ANOVA 
with Dunnett's multiple comparisons test, p > 0.05, n = 4 animals). Data represented as mean ± SEM. 

 

We then determined the pharmacological selectivity of BLA terminal stimulation-

evoked κLight1.3a activation. We first pre-treated animals with vehicle or aticaprant (3 

mg/kg; i.p), followed by 10 trials/animal of BLA terminal stimulation, while 

simultaneously monitoring κLight1.3a fluorescence. We observed that KOR antagonism 

significantly decreased stimulation-evoked κLight1.3a activity in vivo (Norm peak, p 

=0.0365, paired t test. Norm AUC, p < 0.0001, paired t test) (Figure 4.5I-L). We then 

posited that if this is due to KOR antagonism, wherein the antagonist prevents 

endogenous dynorphin from binding κLight1.3a, we should obtain a similar result 

following KOR agonism due to κLight1.3 occupancy by U50,488. Hence, we injected 

animals with vehicle or U50,488 (10 mg/kg; i.p) and performed the aforementioned 

recordings of stimulation-evoked κLight1.3 activity. As with aticaprant, we found that 

U50,488 significantly blunted evoked-κLight1.3a activation (Norm peak, p =0.0022, 

paired t test. Norm AUC, p = 0.0072, paired t test) (Figure 4.5M-P). This suggests that 

U50,488 occupied and competed for the binding of evoked endogenous dynorphin to 

κLight1.3a. Altogether, these results demonstrate that we can use optogenetics to trigger 

and measure terminal dynorphin release with κLight in a circuit-specific manner.  
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(xxii) Monitoring Dynorphin and Enkephalin Release Dynamics During Fear and 
Reward Seeking Behavior 

 After successfully detecting optogenetically-evoked dynorphin release, we next 

sought to use κLight and δLight to monitor longitudinal opioid peptide signaling 

dynamics in behaving animals under fear-inducing and rewarding conditions. Previous 

studies have demonstrated that dynorphin neurons in ventral and dorsal NAcSh 

subregions (vNAc and dNAc, respectively) have a distinct role in aversive and reward 

behavior 47. Furthermore, sub-region-specific dynorphin and enkephalin release have 

been measured in vNAc versus dNAc using an opto-dialysis method 30. We thus decided 

to examine the utility of κLight1.3 and δLight in probing subregion-specific release of 

opioid peptides in NAc during fear-learning. To do so, AAV9-hSyn-κLight1.3 or AAV9-

hSyn-δLight was injected in dNAc and vNAc, followed by fiber implantation. Three 

weeks post-surgery, we measured peptide transients during an auditory fear 

conditioning experiment consisting of 30 presentations of a 30 s tone co-terminating with 

a 1.5 sec foot-shock (0.5 mA) (Figure 4.6A, Figure S4.6A). In the case of κLight, both dNAc 

and vNAc, we observed a quick rise in fluorescence intensity after the onset of the tone, 

which was sustained during tone presentation, followed by a small dip at the onset of the 

shock and a large rise immediately after the foot-shock. The fluorescence signal then 

gradually decreased to the baseline after ~40 sec (Tau - κLight1.3 in dNAc = 28.7 sec; Tau 

- κLight1.3 in vNAc = 21.7 sec) (Fig. 6B-C). To assess differences in release between NAc 

subregions, we calculated the area under the curve (AUC) of individual trials. The AUC 

to the tone was similar between dNAc and vNAc, whereas the AUC of the post-shock 

response was significantly higher in dNAc compared to vNAc (AUC dNAc; 194 ± 24, 
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AUC vNAc; 135 ± 15, p = 0.0355, unpaired t test) (Figure 4.6D). We did not observe 

fluorescent changes during fear-learning when AAV1-hSyn-κLight0 was expressed 

either in dNAc or vNAc. (Figure S4.6B-D). 

 

Figure 4.6. Imaging dynorphin and enkephalin dynamics during aversive and rewarding behavior. 

(a) Experimental schematics indicating injection site for κLight1.3 or δLight into dorsal nucleus accumbens 
shell (dNAc) or ventral nucleus accumbens shell (vNAc) (top), followed by a fear conditioning protocol (30 
sec tone, co-terminated with 1.5 sec shock), recorded with fiber photometry (bottom).  

(b) κLight1.3 response in dNAc: (Top) Sorted shock trials averaged across animals from top to bottom in 
chronological order (trial 1 at the top, trial 30 at the bottom). (Bottom) Average trace of κLight1.3 response 
(blue) during fear conditioning, tone (0-30 sec, yellow shaded area), shock, (27.5-29 sec, black). Solid blue 
line represents the mean, and shaded area represents SEM. n = 7 animals. One-phase decay fit from 35 sec 
to 80 sec (red), Tau = decay constant. 

(c) κLight1.3 response in vNAc: (Top) Sorted shock trials averaged across animals from top to bottom in 
chronological order (trial 1 at the top, trial 30 at the bottom). (Bottom) Average trace of κLight1.3 response 
(blue) during fear conditioning, tone (0-30 sec, yellow shade), shock, (27.5-29 sec, black). Solid blue line 
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represents the mean, and shades represent SEM. n = 8 animals. One-phase decay fit from 35 sec to 80 sec 
(red), Tau = decay constant. 

(d) Area under the curve of single trails in (Fig.6B) and (Fig.6C) during tone and post-shock. Tone AUC in 
dNAc: 89 ± 8.5, tone AUC in vNAc: 74 ± 7, unpaired t test, p = 0.1829, non-significant. Post-shock AUC in 
dNAc: 194 ± 24, post-shock AUC in vNAc: 135 ± 15, unpaired t test, *p = 0.0355. Error bars represent SEM.  

(e) δLight response in dNAc: (Top) Sorted shock trials averaged across animals from top to bottom in 
chronological order (trial 1 at the top, trial 30 at the bottom). (Bottom) Average trace of δLight response 
(green) during fear conditioning, tone (0-30 sec, yellow shaded area), shock, (27.5-29 sec, black). Solid green 
line represents the mean, and shaded area represents SEM. One-phase decay fit from 31 sec to 80 sec (red), 
Tau = decay constant. 

(f) δLight response in vNAc: (Top) Sorted shock trials averaged across animals from top to bottom in 
chronological order (trial 1 at the top, trial 30 at the bottom). (Bottom) Average trace of δLight response 
(green) during fear conditioning, tone (0-30 sec, yellow shaded area), shock, (27.5-29 sec, black). Solid green 
line represents the mean, and shaded area represent SEM. One-phase decay fit from 31 sec to 80 sec (red), 
Tau = decay constant. 

(g) Area under the curve of single trails in (Fig.6E) and (Fig.6F) during tone and post-shock. Tone AUC in 
dNAc: 14 ± 1.4, tone AUC in vNAc: 18 ± 1.5, unpaired t test, p = 0.0582, non-significant. Post-shock AUC in 
dNAc; 18 ± 1.8, post-shock AUC in vNAc; 13 ± 1.4, unpaired t test, *p = 0.0276. Error bars represent SEM.  

(h) Experimental schematics indicating injection of κLight1.3a into NAc and performed classical Pavlovian 
conditioning with house light (yellow) illumination as the conditioned stimulus and 20 mg sucrose pellet 
(pink) as unconditioned stimulus. Bottom schematics show a trial consisting of 5 seconds of CS presentation, 
and a single sucrose pellet is dropped 7 seconds after CS onset. Intertrial interval is randomized between 
60-120 seconds. A total session is 1 hour. 

(i) (Left) Mean recorded κLight1.3a activity averaged across all trials during day 1 (early; light purple) and 
day 7 (trained; dark purple) of Pavlovian conditioning (n = 6 animals). (Right) Area under the curve of 
single trails across early and trained stages of Pavlovian conditioning, early: 8.4 ± 0.74, trained: 10.51 ± 0.77, 
paired t test, ****p<0.0001. Error bars represent SEM.  

(j) Experimental schematics indicating injection of δLight in ARC and performed caramel retrieval 
experiment, where caramel (Car, orange) is put into the arena 15 mins after i.p. injection of either saline or 
4mg/kg naloxone (nalo). 

(k) (Left) Averaged δLight activity upon caramel retrieval after injection of saline (dark green) or naloxone 
(light green) (n = 3 animals). Solid line represents the mean, and shaded area represent SEM. (Right) Area 
under the curve of single trails compared between saline and naloxone conditions, saline: 20 ± 2.3, naloxone: 
6 ± 2.7, *p = 0.0197, unpaired t test. Error bars represent SEM.  

 

 In the case of δLight in dNAc, we observed a brief increase in fluorescence 

triggered by the tone that gradually decreased to the baseline during the course of tone 

presentation. The foot shock also triggered a large fluorescence increase followed by a 

sharp decay over 10 sec after the shock (Tau - δLight in dNAc = 9.9 sec; Tau - δLight in 

vNAc = 3.6 sec) (Figure 4.6E-F). Although the AUC of the tone-evoked response in vNAc 
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was slightly larger in amplitude than in dNAc, the difference was not significant. Again, 

the AUC of the shock-evoked response in dNAc was significantly higher than in vNAc 

(AUC dNAc; 18 ± 1.8, AUC vNAc; 13 ± 1.4, p = 0.0276, unpaired t test) (Figure 4.6G). We 

observed significantly attenuated fluorescence changes to the tone and shock in the 

animals expressing the control sensor δLight0 (Figure S4.6E, F).  
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Figure S4.6. In vivo fiber photometry during aversive and rewarding behaviors with control sensors. 

(a) Representative images indicating κLight1.3 expression in dNAcsh (left) and vNAcsh (right). Blue lines 
indicate the fiber tract. Scale bar = 100 µm.  

(b) Experimental schematic indicating injection of κLight0 and δLight0 into vNAc individually, followed 
by fear conditioning protocol (30 sec tone, co-terminated with 1.5 sec shock, as described in Figure 6A), 
recorded with fiber photometry.  

(c) κLight0 response in vNAc: (Top) Sorted shock trials averaged across animals from top to bottom in 
chronological order (trial 1 at the top, trial 10 at the bottom). (Bottom) Average trace of κLight0 response 
(black) during fear conditioning, tone (0-30 sec, yellow shade), shock, (27.5-29 sec, orange). Solid line 
represents the mean, and shaded areas represent SEM. n = 5 animals.  

(d) Area under the curve of single trails in (Supplementary Fig.6C) and (Fig.6C) during tone and post-
shock. Tone AUC κLight0 (gray): 41 ± 7.6, tone AUC κLight1.3 (blue): 74 ± 7, unpaired t test, **p = 0.0016. 
Post-shock AUC κLight0 (gray): 37 ± 8.5, post-shock AUC κLight1.3 (blue): 135 ± 15, unpaired t test, ****p 
= 0.0001. Error bars represent SEM.  

(e) δLight0 response in vNAc: (Top) Sorted shock trials averaged across animals from top to down in 
chronological order (trial 1 at the top, trial 15 at the bottom). (Bottom) Average trace of δLight response 
(black) during fear conditioning, tone (0-30 sec, yellow shade), shock, (27.5-29 sec, orange). Solid line 
represents the mean, and shades represent SEM.  

(f) Area under the curve of single trails in (Supplementary Fig.6E) and (Fig.6F) during tone and post-shock. 
Tone AUC δLight0 (gray): 11 ± 2.5, tone AUC δLight (green): 18 ± 1.5, unpaired t test, *p = 0.025. Post-shock 
AUC δLight0 (gray): 6.8 ± 1.5, post-shock AUC δLight (green): 16 ± 2.7, unpaired t test, **p = 0.0034. Error 
bars represent SEM.  

(g) (Left) Averaged δLight0 fluorescence upon caramel retrieval after injection of saline (gray) or naloxone 
(black) (n = 4 animals). (Right) Area under the curve of single trails between δLight0-saline, δLight0-
naloxone, and δLight-saline conditions, δLight0-saline (gray): 5.8 ± 2.8, δLight0-naloxone (black): 3.1 ± 2.1, 
δLight-saline (green): 20 ± 2.3, **p<0.01, ordinary one-way ANOVA with Dunnett's multiple comparisons 
test. Error bars represent SEM. Abbreviations: saline (Sal), naloxone (Nalo), caramel (Car).  

 

Together, these data suggest κLight and δLight can faithfully report the sub-

regional differences in endogenous opioid peptide release triggered during fear learning. 

More interestingly, the post-shock signals from κLight are much larger and longer lasting 

in early trials, and the response gradually shifted from the shock to tone as the number 

of trials increased (Figure 4.6B-C, heatmap). However, we did not observe this pattern 

signal shift from shock to tone in δLight (Figure 4.6E-F, heatmap). This result suggests 

that dynorphin, but not enkephalin, might actively track fear state in NAcSh.  
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To determine the utility of κLight to probe reward-trigger endogenous dynorphin 

release, we first recorded the response of κLight1.3a to Pavlovian conditioning in NAc 

(Figure 4.6H). To target KOR-expressing neurons, we again injected CAG-DIO-

κLight1.3a into NAc of KOR-Cre mice and trained these animals using classical reward 

conditioning. Although reward delivery during early trials did not produce fluorescence 

increases, we found a significant increase in κLight1.3a fluorescence in during reward 

delivery and consumption following conditioning, as animals increased their reward 

consumption across training (AUC early: 8.4 ± 0.739, AUC trained: 10.51 ± 0.77, p < 0.0001, 

paired t test) (Fig. 6I). These results suggest that endogenous dynorphin is released 

during reward reinforcement, supporting our prior work showing that subpopulations 

of dynorphin neurons in the NAcSh are reinforcing 47.  

Similarly, we monitored δLight fluorescence in ARC while mice retrieved caramel 

rewards (Figure 4.6J). We observed elevated δLight signals in animals injected with saline 

following caramel retrieval, and this response was blocked when naloxone (4 mg/kg) 

was injected prior to caramel retrieval (AUC saline: 20 ± 2.3, AUC naloxone: 6 ± 2.7, p = 

0.0197, unpaired t test) (Figure 4.6K). We did not observe an increase of δLight0 in 

response to caramel retrieval under either condition (Figure S4.6G). Together, these 

results suggest that κLight and δLight can faithfully track dynamic changes in 

endogenous opioid release during the full course of aversive and rewarding behaviors in 

vivo.  
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Discussion  
In this study, we develop, and characterize genetically encoded opioid receptor 

sensors for high-resolution tracking of opioid peptides under various experimental 

settings. GPCR-based sensors have been valuable in monitoring neuromodulator signals 

in awake animals52,53, initially for biogenic amines and acetylcholine35,54-60, and more 

recently for neuropeptides including oxytocin, orexin, and others42,61-63. The development 

of opioid sensors addresses a crucial need in the neuroscience toolkit due to opioids' 

widespread significance.  

All three sensors, µLight, κLight, and δLight, collectively respond to a wide range 

of opioid ligands, including and endogenous opioid neuropeptides, with κLight and 

δLight retaining the pharmacological selectivity of the parent receptor. These sensors can 

detect and differentiate conformational changes of the receptor induced by various 

peptiides, which is difficult to do using traditional radio-ligand binding assays. However, 

µLight is weakly activated by small molecule drugs like morphine and fentanyl and has 

a lower binding efficacy for endogenous peptides.  In fact, oxycodone was observed to 

suppress µLight fluorescence. Structural studies of µOR in active and inactive state 

revealed that conformational changes of TM5 and TM6 depends on an allosteric coupling 

between ligand-binding pockets and G-protein 64.  As cpGFP was inserted into 

intracellular loop3, it is possible that cpGFP insertion decreased such coupling. Future 

optimization of µLight is crucial for reliably detecting MOR-selective neuropeptide β-

endorphin. 
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Neuropeptide receptors can be expressed at a significant distance(µm-mm) from 

putative peptide release sites, suggesting volume transmission as one mode of 

neuropeptidergic transmission, enabling small amounts of neuropeptides to widely 

impact brain function. We used κLight with spatially restricted peptide photorelease to 

measure DynA1-8 in the dorsal striatum, indicating that it can signal via volume 

transmission to activate receptors over 100 µm away within seconds, with an apparent 

diffusion coefficient of 1.4 µm2/s. Diffusion coefficients for neuropeptides and similar 

molecules vary greatly depending on peptide type and brain region, peptidase content, 

as well as tissue tortuosity8,62,65-67. We measured diffusion in the striatum, a tortuous 

region with myelinated fiber bundles and patch-matrix microcircuits; peptides may 

exhibit higher mobility in less tortuous regions. Although peptide uncaging has 

advantages, it doesn't target endogenous release sites and may release larger quantities 

than dense core vesicles. Additionally, confining sensor expression to KOR-expressing 

cells could improve sensitivity to endogenous peptide release by minimizing background 

fluorescence from neurons potentially unexposed to locally released peptide which can 

further enhance the accuracy of measurement.  Further studies on endogenously released 

peptide spread are needed. 

 Understanding the neural activity patterns required for evoking neuropeptide 

release remains a decades long challenge. Monitoring neuropeptide release in response 

to electrical or optogenetic stimulation ex vivo or in vivo offers a powerful method for 

identifying these activity patterns. We demonstrated κLight's utility in determining 
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electrical parameters to trigger endogenous release in hippocampal slices; this overcomes 

the challenge of using electrophysiological assays for endogenous receptor activation.  

Identifying conditions that support endogenous peptide release may be most 

appropriately addressed in vivo, where neural circuits remain fully intact and 

endogenous neuromodulatory tone remains unaltered by brain slicing. To demonstrate 

circuit and cell-type specific release, rather than stimulating dynorphinergic cells within 

NAc directly, we optogenetically stimulated their glutamatergic inputs arising from the 

BLA. Prior work has established that optogenetic stimulation of BLA terminals in the 

NAc reliably drives action potentials in striatal neurons in brain slices, as well as facilitate 

reward seeking behavior 49. In addition, synaptic stimulation of action potentials in 

peptidergic neurons via strong glutamatergic drive can activate metabotropic glutamate 

receptors, which have been implicated as gatekeepers for dynorphin secretion from 

striatal neurons in brain slices 68. Using this optogenetic approach, we successfully 

identified stimulation conditions that result in κLight activation, presumably via 

dynorphin secretion from striatal neurons, as BLA neurons themselves express little to 

no prodynorphin mRNA (Allen Brain Atlas ISH data). Paradoxically, we found that 

increasing the duration of the stimulus beyond 1 sec decreased the degree of κLight 

activation. This is likely due to the stimulation artifact generated by red-light, as 

evidenced by the comparable minima observed in the animals expressing ChRimson and 

the controls that lack it (Supplementary Fig. 5B-D). Furthermore, increasing stimulation 

number also increased the width of the artifact (Supplementary Fig. 5F-H). While our 

data strongly suggest that this paradoxical suppression is likely due to stimulation 
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artifacts induced by red light, future studies are required to explore the possibility of 

recruitment of additional neurochemical signaling processes during sustained 

stimulation that may suppress dynorphin release. Moreover, KOR-mediated suppression 

of BLA synaptic output, via dyn-KOR signaling at BLA terminals following sustained 

stimulation, resulting in the dampening of further synaptic activation of NAc dynorphin 

neurons requires further study. Additionally, whether prolonged stimulation of opioid 

release, either via optogenetics, or in response to strong behavioral stimuli such as 

footshock, results in the transient quenching of sensor activity also warrants future 

exploration. 

In this study, we further demonstrated utility of κLight and δLight sensors in 

tracking rapid dynamic changes in endogenous opioid peptide release triggered by both 

reward and aversion, which can vary between subregions. Collectively, κLight and 

δLight respond to most endogenous opioid neuropeptides, including various dynorphin 

forms and enkephalins. However, the promiscuity among opioid receptors and peptides 

present a disadvantage in specificity, as the sensors cannot reliably distinguish between 

the endogenous peptides that might activate them – indeed many brain areas are rich in 

multiple opioid neuropeptides. Further engineering effort combined with structural 

analysis may make it possible to reduce such promiscuity. We expect broad application 

of these opioid sensors to enable a new understanding of how endogenous opioid peptide 

signaling contributes to various physiological and pathological conditions, including 

pain, stress, reward, and drug addiction. Monitoring circuit-specific peptide release in 

behaving animals may reveal new opioid functions in behavioral state transitions and 
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associative learning. Detecting discrete peptide release events, evoked optogenetically or 

behaviorally, can help identify differences in opioid secretion under various 

pharmacological, behavioral, or disease states. While pharmacology, 

photopharmacology, and optogenetics have contributed significantly to opioid receptor 

signaling knowledge, these sensors enable a shift from focusing on receptor activation 

consequences to exploring endogenous neuropeptide secretion's impact on the brain's 

complex and diverse functions. 
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Method Details 
 
RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed and will 

be fulfilled by lead contact, Lin Tian, lintian@ucdavis.edu. 

Materials Availability 

The following plasmids and viral constructs have been deposited in Addgene and UNC 

neurotools:  

Constructs Deposited at Identifier 

pCMV- κLight1.3 Addgene 201223 

pAAV-hSyn-κLight1.3 Canadian Neurophotonics  Lot 1952 

pAAV-CAG-DIO-κLight1.3a UNC Neurotools NT-23-724 

pCMV- δLight  Addgene 201224 

pAAV-hSyn-δLight UNC Neurotools NT-23-485 

pCMV- µLight Addgene 201225 

 

κLight1.3, δLight and µLight stable cell lines will be available upon request via MTA with 

UCD.  
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Data and Code Availability 

All source data present in this manuscript and custom MATLAB code are available from 

https://github.com/lintianlab/opioid_sensorsV1.  
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Key Resources Table 

Reagent or Resource Source Identifier 

Bacterial and Virus Strains 

NEB 5-alpha 

competent E. coli 

(high efficiency) 

NEB C2987I 

NEB10-beta 

competent E. coli 

(high efficiency) 

NEB C3019I 

AAV1-hSyn-

κLight1.2a 

UC Davis viral core N/A 

AAV1-hSyn-

κLight1.2b 

UC Davis viral core N/A 

AAV1-hSyn-

κLight1.2c 

UC Davis viral core N/A 

AAV9-hSyn-κLight1.3 Canadian 

Neurophotonics 

N/A 

AAV1-hSyn-κLight0 Canadian 

Neurophotonics 

N/A 
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AAV9-hSyn-δLight Canadian 

Neurophotonics 

N/A 

AAV1-hSyn-δLight0 Canadian 

Neurophotonics 

N/A 

AAV1-CAG-DIO-

κLight1.3a 

UC Davis viral core N/A 

AAV5-DIO-

ChrimsonR-tdTomato 

UW NAPE Center viral 

vector core 

N/A 

AAV-DJ-CAG-GFP Addgene Plasmid #37825 

Chemicals, Peptides, and Recombinant Proteins 

Dynorphin A17 sigma aldrich D8147-1MG 

Dynorphin A13 Phoenix 

Pharmaceuticals, Inc. 

021-21 

Dynorphin A8 Phoenix 

Pharmaceuticals, Inc. 

021-10 

Dynorphin B9 Phoenix 

Pharmaceuticals, Inc. 

021-38 

Met-enkephalin Phoenix 

Pharmaceuticals, Inc. 

024-35 
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Leu-enkephalin Phoenix 

Pharmaceuticals, Inc. 

024-21 

Deltorphin I Phoenix 

Pharmaceuticals, Inc. 

050-05 

DPDPE Phoenix 

Pharmaceuticals, Inc. 

024-16 

DAMGO Phoenix 

Pharmaceuticals, Inc. 

024-10 

β-endorphin Phoenix 

Pharmaceuticals, Inc. 

022-14 

Endomorphin I Phoenix 

Pharmaceuticals, Inc. 

044-10 

Metorphinamide Phoenix 

Pharmaceuticals, Inc. 

024-54 

β-neo-endorphin Phoenix 

Pharmaceuticals, Inc. 

021-44 

BAM18 Phoenix 

Pharmaceuticals, Inc. 

024-06 

U50488 Fisher scientific 04-952-5 
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SNC80 Fisher scientific 50-816-10001 

Nalfurafine 

hydrochloride 

AdooQ Bioscience A12579 

Morphine Sulfate  Mallinckrodt 0406-1521-53 

Fentanyl citrate salt Sigma-Aldrich F3886-25MG 

Oxycodone 

hydrochloride 

Sigma-Aldrich O1378-500MG 

(±)-Methadone 

hydrochloride 

Sigma-Aldrich M0267-1G 

Buprenorphine 

hydrochloride 

Sigma-Aldrich B9275-50MG 

Naloxone Tocris 05-991-00 

Norbinaltorphimine Millipore Sigma 5.08017.0001 

ICI174864 Tocris 0820 

CTAP Tocris 1560/1 

CYD8 Banghart Lab and NIDA 

Drug Supply Program 

N/A 

NBQX HelloBio Cat #HB0443 

CPP Tocris Cat #0247 
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U69593 Millipore Sigma U103-5MG 

SNC162 Tocris 1529 

Aticaprant Research Triangle 

Institute 

14240-115 

Critical Commercial Assays 

DNA miniprep kit QIAGEN 27104 

PCR purification 

kitDNA miniprep kit 

QIAGEN 27104 

Endo-free plasmid 

maxi kitPCR 

purification kit 

QIAGEN 28104 

Lipofectamine2000 

transfection 

reagentEndo-free 

plasmid maxi kit 

QIAGEN 12362 

Lipofectamine2000 

transfection reagent 

ThermoFisher 11668019 

Experimental Models: Cell lines 

κLight stable line Tian Lab N/A 
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δLight stable line Tian Lab N/A 

µLight stable line Tian Lab N/A 

Experimental Models: Organisms/Strains 

C57/BL6J The Jackson Laboratory N/A 

KOR-Cre Bruchas Lab N/A 

Recombinant DNA 

pLVX_EF1a- vector Tian Lab N/A 

pCMV_delta8.2 Addgene 12263 

pAAV_hSyn- vector Addgene 111068 

pCMV-vector Addgene 111054 

pCMV_κLight1.3 Tian Lab N/A 

pCMV_δLight Tian Lab N/A 

pCMV_µLight Tian Lab N/A 

pCMV_µLight Tian Lab N/A 

Software and Algorithms 

Matlab Mathworks Inc https://www.mathworks.com 

ScanImage 5 Pologruto et al, 2003 http://scanimage.vidriotechnologie

s.com/ 
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Ocular Qimaging https://www.qimaging.com/ocula

r 

Igor Pro WaveMetrics https://www.wavemetrics.com 

ImageJ Schneider et al, 2012 https://imagej.nih.gov/ij/index.ht

ml 

Illustrator CC Adobe Systems Inc. https://www.adobe.com/ 

Prism 9 GraphPad Inc https://www.graphpad.com 

Excel Microsoft https://www.microsoft.com/en-

us/microsoft-365/excel 

Equipment 

2-photon Microscope Scientifica  

Small Animal 

Stereotax David Kopf Instruments 1900 

Leica Stellaris 8 

Confocal Leica Stellaris 8 

2-photon Microscope Scientifica  
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Animals  

All experimental procedures involving animals were approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of California, Davis, the 

University of California San Diego, the University of Washington, the University of Iowa 

Cold Spring Harbor Laboratory, the National Institute of Mental Health, or Icahn School 

of Medicine, and adhered to principles described in the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals. The University of California, Davis, 

the University of California San Diego, the University of Washington, the University of 

Iowa, Cold Spring Harbor Laboratory, the National Institute of Mental Health, and Icahn 

School of Medicine are accredited by the Association for Assessment and Accreditation 

of Laboratory Animal Care International (AAALAC).  

 

METHOD DETAILS 

Sensor Development and Characterization 

Development of κLight, δLight, and µLight.  

All constructs were designed using circular polymerase extension cloning (CPEC), 

restriction cloning, and gBlock gene fragments (Integrated DNA Technologies) 69. 

Sequences coding for a FLAG epitope were placed at the 5¢-end of the construct as 

previously described 70. HindIII and NotI cut sites were placed at the 5¢- and 3¢-ends, 

respectively, for cloning into pCMV (Addgene) to generate all pCMV constructs. BamHI 



 285 

and HindIII sites were introduced via PCR for final subcloning onto pAAV.hSynapsin1 

vectors (Addgene). To maximize coupling between conformational changes and 

chromophore fluorescence, we chose to use a cpGFP module (LSS-LE-cpGFP-LP-DQL) 

from GCaMP6 71 for insertion into the human OPRK1 (KOR), OPRD1 (DOR) and OPRM1 

(MOR) using circular polymerase extension cloning (CPEC).  

For screening linker variants, we generated linker libraries by first creating an 

insert DNA carrying a randomized 2 amino acid linker on each side of cpGFP (LSS-xx-

cpGFP-xx-DQL). Cloned constructs were amplified and purified with the Qiagen PCR 

purification kit prior to NEB® 5-α competent E. coli transformation. Competent cells were 

plated onto kanamycin-containing agar plates. After allowing for 24 hours of growth at 

37 °C, single colonies were manually picked and grown overnight as described 

previously 72. Plasmids from the colonies were purified using the Qiagen miniprep kit. 

Top variants were sequenced by Genewiz. For the iteration of κLight variants: κLight1.1 

was discovered after linker screen, resulted in linker GI-PH. κLight1.2a: V164K from 

κLight1.1. κLight1.2b is κLight1.2a with ER2 tag. κLight1.2c is κLight1.2b with T603K. 

κLight1.3 is κLight1.2a with TlcnC, PRC, and ER2 tag. κLight0 is κLight1.2a with D128N. 

δLight has linker GI-PH, V154K mutation with PRC and ER2 tag. δLight0 has D128N 

mutation. µLight has linker sequence CI-SH, V175Q mutation with PRC and ER2 tag. To 

make AAV plasmids, NEB® stable competent cells were transformed with pAAV 

plasmids. After growth on an agar plate at 30°C, a single colony was selected. After 

sequencing confirmed the presence of the sensor gene, the cells were expanded at 30°C 
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in 100 mL of growth medium (2xYT) and purified with a Qiagen Endo-free Plasmid Maxi 

kit and send to the UC DAVIS Virus Packaging Core for virus production. 

Tissue Culture 

HEK293T cells were grown in DMEM, supplemented with fetal bovine serum (FBS) 

and penicillin-streptomycin. Cells were transfected with Effectene according to the 

manufacturer's instructions. Prior to imaging, cells were washed with Hank’s Balanced 

Salt Solution (HBSS) supplemented with 2 mM MgCl2 and 2 mM CaCl2. All images were 

collected in HBSS containing Mg2+ and Ca2+ (HBSS+).  

Transient Transfection 

HEK293T cells were plated and transfected concurrently 24 h prior to each 

experiment using the Qiagen Effectene Transfection Reagent kit according to the 

manufacturer’s protocol.  

Displacement binding assays  

Membranes were prepared from µLight, dLight,  kLight cells or CHO-MOR cells 

as described previously37. Displacement binding assays were carried out with 

membranes  (100 µg), [3H]diprenorphine (3 nM final concentration) and different ligands 

(0-10 µM final concentration) as described previously 16,38, except that the assay buffer 

consisted of 50 mM Tris-Cl (pH 7.4) containing 100 mM NaCl, 10 mM MgCl2, 0.2 mM 

EGTA and protease inhibitor cocktail (Sigma Aldrich; cat No.P2714), and incubation was 

carried out for 1 h at 30 °C.  

Micro-confocal High-throughput Imaging Experiments  
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Glass bottom 96-well plates (P96-1.5H-N, Cellvis) were coated with 50 µg/mL of 

poly-D-lysine (Sigma, P6407-5MG) and 10 µg/mL of laminin (Sigma, L2020) overnight in 

an incubator (37°C, 5% CO2). Plates were washed with Dulbecco’s PBS (ThermoFisher, 

14190-250) and PSYLI2 cells were suspended in DMEM (Fisher, 11995073) containing 10% 

FBS (Fisher, 26-140-079) with 5% penicillin-streptomycin (Fisher, 15140-163) and plated 

at a density of 40,000 cells/well 24 h prior to each experiment. Immediately prior to an 

experiment, stock solutions of drugs in DMSO (10 mM) were diluted 1:100 in imaging 

media distributed across an empty 96-well plate (treatment plate) in triplicate following 

a randomized plate map. The imaging media consisted of 1 x HBSS (Fisher, 14175103) 

containing 0.5 M MgCl2 (Sigma, M8266-1KG) and 0.5 M CaCl2 (Sigma, C5670-50G). Cells 

grown in a separate 96-well plate (assay plate) were gently washed 3x with imaging 

media, and the wells were filled with an appropriate volume of imaging media for the 

respective experiment (vide infra).  

HEK cell titration 

For titration experiments, 50 µL of imaging media was added to each well of the 

assay plate. Wells were then imaged with ImageXpress Micro Confocal High-Content 

Imaging system at 40x (N.A. = 0.6) with 4 regions of interest (ROI) taken per well with no 

bias to location and no overlap of the ROIs (exposure = 300 ms) with MetaXpress software. 

Next, 50 µL from the treatment plate was transferred to the assay plate containing a 

doubled desired final concentrations. As for titration dose and controls, ligand of interest 

from 1pM to 100 µM (final) dissolved in HBSS+ as vehicle were used. Blank controls with 
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vehicles were present on every plate with randomized locations. After 5 min of 

incubation, the same sites were re-imaged using the same settings.  

Once imaging was complete, the images were exported and analyzed using a self-

written MATLAB script. The script will be deposited onto Github. In short, segmentation 

was performed on individual images and a mask highlighting the membrane of the 

HEK293T cells was generated. Pixel intensities were obtained from the mask-highlighted 

area and exported into Excel. The ΔF/F values for each well were calculated using the 

following equation: 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑎𝑓𝑡𝑒𝑟	𝑑𝑟𝑢𝑔 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔	  

 

These values were then used to obtain the triplicate mean (n = 3).  

SNR values are calculated by: 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑎𝑓𝑡𝑒𝑟	𝑑𝑟𝑢𝑔 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔)
√𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑏𝑒𝑓𝑜𝑟𝑒	𝑑𝑟𝑢𝑔

 

Schild Regression Analysis  

A treatment plate was prepared by pre-mixing various concentrations of 

antagonists with increasing concentrations of the sensors’ specific agonist. The agonist 

and antagonist were premixed in doubled concentrations in a treatment plate in HBSS+. 

Wells were first imaged with 50uL HBSS+ in the well, and 50uL of the mix of ligands 

from the treatment plate was then added to the imaging plate, and the wells were imaged 

again under the same settings.  
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Slice Experiments 

Stereotaxic Intracranial Injection 

 Male and female C57/B6J mice (postnatal day 0–3) were anesthetized with 

isoflurane and placed in a small animal stereotaxic frame (David Kopf Instruments). After 

puncturing the skin and skull under aseptic conditions, AAVs were injected (0.5–1 µl total 

volume) bilaterally through a pulled glass pipette at a rate of 100 nl/min using a UMP3 

microsyringe pump (World Precision Instruments). Depending on the size of the mouse, 

injection coordinates ranged between 0 to +0.5 mm from bregma, 0.5 to 1.0 mm lateral, 

and 1.8 to 2.3 mm below pia for dorsal striatum. For targeting hippocampus to study 

buffering, injection coordinates ranged from +0.3-0.5 mm from lambda, 2.2-2.5 mm lateral, 

and 1.4 to 2.0 below pia. After surgical procedures, mice were returned to their home cage 

for >30 days to allow for maximal gene expression. For CA3 injection in hippocampus for 

electrical stimulation, we used the following coordinates [-1.7 mm AP, 1.75 mm ML, -2.3 

mm DV]. To achieve sparse labeling of neurons in CA3, we injected AAV1-CAG-DIO-

κLight1.3 into CA3 with a 1:1000 dilution of AAV1-hSyn-Cre virus. Male and female 

C57/B6J mice were injected 8-10 weeks postnatal. 

Brain Slice Preparation 

Postnatal day 30-60 mice were anesthetized with isoflurane and killed, and the 

brain was removed, blocked, and mounted in a VT1000S vibratome (Leica Instruments). 

For striatal imaging experiments, coronal slices (300 µm) were prepared in 34°C ACSF 
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containing (in mM), 127 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 

and 25 glucose, osmolarity 307, equilibrated with 95% O2/5% CO2. For hippocampal 

electrophysiology recordings, horizontal slices (300 µm) were prepared in ice-cold 

choline-ACSF containing (in mM) 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 7 MgCl2, 25 

glucose, 1 CaCl2, 110 choline chloride, 11.6 ascorbic acid, and 3.1 pyruvic acid, 

equilibrated with 95% O2/5% CO2. Slices were transferred to a holding chamber with 

oxygenated ACSF and incubated at 32 °C for 30 min and then left at room temperature 

until recordings were performed. 

Fluorescence Imaging with Peptide Uncaging 

All video recordings were performed within 5 h of slicing in a submerged slice 

chamber perfused with ACSF warmed to 32 °C and equilibrated with 95% O2/5% CO2. 

Sensor-expressing tissue in the dorsal striatum was located and imaged through an eGFP 

filter cube (Semrock GFP-3035D-OMF) under a 60x, 0.8 NA objective using a SciCam CCD 

camera (Scientifica, Uckfield, UK) and illumination with the 470 nm LED (CoolLED, 

Andover, UK). Ocular image acquisition software (Qimaging) was used to acquire videos 

using a 100 ms exposure times at a frame rate of 1 Hz. For uncaging trials, 5 µM of CYD8 

was circulated in the bath prior to beginning video acquisition. During uncaging trials, 

ScanImage was used to trigger video acquisition and the UV laser. Uncaging was carried 

out using 50 ms flashes of light from a 355 nm laser (DPSS Lasers, Santa Clara, CA). For 

full-field uncaging (Figure 3C-D and Supplementary Figure 3B-C), a 70 µm diameter 

area of tissue was illuminated with collimated UV light at a power density of 5 µW/µm2, 

as measured in the sample plane. When measuring DynA8 diffusion, a 25 µm diameter 
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area of focused 355 nm light at a power density of 39 µW/µm2 was applied near the edge 

of the imaging field.  

Electrophysiology 

All recordings were performed within 5 h of slicing in a submerged slice chamber 

perfused with ACSF warmed to 32 °C and equilibrated with 95% O2/5% CO2. Whole-

cell voltage clamp recordings were obtained with an Axopatch 700B amplifier (Molecular 

Devices, San Jose, CA). Data were sampled at 10 kHz, filtered at 3 kHz, and acquired 

using National Instruments acquisition boards and a custom version of ScanImage 

written in MATLAB (Mathworks, Natick, MA). Cells were rejected if holding currents 

exceeded −200 pA or if the series resistance (<25 MΩ) changed during the experiment by 

more than 20%. For recordings measuring inhibitory synaptic transmission in mouse 

hippocampus, patch pipets (2.8−3.5 MΩ) were filled with an internal solution containing 

(in mM) 135 CsMeSO3, 10 HEPES, 1 EGTA, 3.3 QX-314 (Cl − salt), 4 Mg-ATP, 0.3 Na-GTP, 

and 8 Na 2 phosphocreatine (pH 7.3, 295 mOsm/kg). Cells were held at 0 mV to produce 

outward currents. Excitatory transmission was blocked by the addition to the ACSF of 

NBQX (10 µM) and CPP (10 µM).To electrically evoke IPSCs, stimulating electrodes 

pulled from theta glass with ∼5 µm tip diameters were placed at the border between 

stratum pyramidale and straum oriens nearby the recorded cell (∼50−150 µm) and a two 

brief pulses (0.5 ms, 50−300 µA, 50 ms interval) were delivered every 20 s. Uncaging was 

carried out using 5 ms flashes of collimated full-field illumination with a 355 nm laser at 

different power densities, which were measured at the sample plane.  

Data Analysis 
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Video acquisition data were first analyzed in ImageJ and subsequently plotted in 

Igor Pro (Wavemetrics). The mean brightness of each frame was divided by the average 

baseline fluorescence of the first minute to calculate ΔF/F. Then, the first minute before 

uncaging was fit with a biexponential curve to estimate the rate of bleaching during the 

video acquisition. The fitted bleaching curve was then subtracted from the recorded 

traces to correct for bleaching. A 700 µm2 circle ROI was drawn at the center of the 

uncaging field and the mean brightness of this ROI was plotted per frame. 

Electrophysiology data were analyzed in Igor Pro (Wavemetrics). Peak current 

amplitudes were calculated by averaging over a 2 ms window around the peak IPSC. To 

determine magnitude of modulation by DynA8 photorelease (% IPSC suppression), the 

IPSC peak amplitude measured immediately after a flash was divided by the average 

peak amplitude of the three IPSCs preceding the light flash. To determine the time 

constant of recovery (tau off), the IPSC amplitudes were fit to a monoexponential function 

starting at the point of maximal IPSC suppression to the point at which the IPSC 

amplitude returned to baseline.  

Diffusion coefficient calculation 

 Based on a derivation of Fick’s law of diffusion that yields 𝛾!" = 4𝐷∗(𝑡! + 𝑡$) 66, D* 

is the slope of the linear regression between 𝛾"/4, where gamma is the half-width of the 

spatial fluorescence profile, and time (t), as demonstrated by diffusion of dextrans 

molecules or quantum dots in the cortex 73. To reduce noise, we averaged 50 pixels in the 

y-axis around the center line of the image plane (parallel to the uncaging spot).  .   

Brain Slices for Two-Photon Imaging 
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3 to 4 weeks after viral injection, samples from adult mice were anesthetized with 

2.5% avertin and perfused in ice-cold carborgen (95% O2 and 5% CO2) gassed cutting 

NMDG-HEPES artificial cerebrospinal fluid (aCSF) solution that contained (in mM): 92 

NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 24 D-Glucose, 2mM Thiourea, 

5 sodium ascorbate, 3 sodium pyruvate, pH adjusted  to 7.3-7.4 and supplemented with  

0.5 CaCl2  and 10 MgCl2, before decapitated. Brains were quickly extracted and were cut 

(300 µm) with a vibratome (V1200, Leica) in ice-cold oxygenated NMDG-HEPES aCSF. 

Brain slices were incubated at 34-36ºC for 10 min before transferring to HEPES holding 

aCSF that contained (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 

25 D-Glucose, 2 Thiourea, 5 sodium ascorbate and 3 sodium pyruvate, pH adjusted to 

7.3-7.4 and supplemented with and 2 CaCl2 and 2 MgCl2, saturated with 95% O2 and 5% 

CO274. Imaging was carried out at room temperature using a 2-photon microscope. The 

sensor was excited at 920 nm with a Ti: sapphire laser (Ultra II, Coherent) that was 

focused by an Olympus 40×, 0.8NA water immersion objective. Emitted fluorescence was 

separated by a 525/50 nm filter set, and detected by a photomultiplier (H7422PA-40, 

Hamamatsu). Data were acquired and collected with ScanImage5 software. Electrical 

stimulation was performed with a bipolar stimulating electrode (Array of 2 SNEX-100 PI 

concentric electrodes epoxied side-by-side, MicroProbes). The area within approximately 

20 µm of the electrode was imaged. Rectangular voltage pulses were applied through a 

9-channel programmable pulse stimulator (Master-9, A.M.P. Instruments LTD) and a 

stimulus isolation unit (Analog Stimulus Isolator, A-M SYSTEMS). Imaging and electrical 

stimulation were controlled by an Axon Digidata 1550B. Field potentials were applied at 
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1, 5, 10, and 15 trains with inter stimulation interval of 0.5 s, where 1 train at 5V, 50Hz 

with a duration of 1s. Experiments were carried out at a scan rate of 30 (512×512 pixels) 

Hz. Image analysis was performed with ImageJ, data analyses were calculated using 

MATLAB and SigmaPlot 12.0. Drugs were dissolved as a stock solution in imaging HBSS 

buffer and diluted to final concentration prior to application in the perfusion system. 

 

In vivo Sensor Recordings 

Experimental Subjects and Stereotaxic Surgery 

Adult (25-35 g), 12-16 week old KOR-Cre mice or C57/B6J mice were group-

housed, given access to food pellets and water ad libitum, and maintained on a 12 hr:12 

hr light:dark cycle (lights on at 7:00 AM). All animals were kept in a sound-attenuated, 

isolated holding facility in the lab 1 week prior to surgery, post-surgery, and throughout 

the duration of the behavioral assays to minimize stress.  

For surgery, mice were anesthetized in an induction chamber (2-4% isoflurane) 

and placed into a stereotaxic frame (Kopf Instruments, Model 1900) where they were 

maintained at 1%-2% isoflurane. Male and female mice were anesthetized, following 

which we performed a craniotomy and unilaterally injected as described below, using a 

blunt neural syringe (65457-01, Hamilton Company). For photo-stimulation experiments 

and κLight Pavlovian conditioning experiments: 300-400 nL of AAV5-DIO-ChrimsonR-

tdTomato (UW NAPE Center Viral Vector Core, viral titer 5 x 1012 vg/mL) into the BLA 

(stereotaxic coordinates from bregma: -1.3 mm [AP], +- 3.2 mm [ML], -4.6 mm [DV]), and 
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AAV-DIO-κLight1.3 (UC Davis Viral Core, viral titer 3.6 x 1013 vg/mL) followed 

immediately by fiber optic implantation into the NAcSh (stereotaxic coordinates from 

bregma: +1.3 mm [AP], +- 0.5 mm [ML], -4.5 mm [DV]). For fear conditioning experiments: 

300-400 nL of AAV9-hSyn-κLight1.3 (Canadian Neurophotonics, viral titer 1 x 1013 

vg/mL) and AAV9-hSyn-δLight (Canadian Neurophotonics, viral titer 3.3 x 1012 vg/mL) 

separately into the dorsal NAcsh (dNAcsh, +1.3 mm [AP], +-0.5 mm [ML], -4.5 mm [DV]) 

and ventral NAcsh (vNAcsh, +1.3 mm [AP], +-0.5 mm [ML], -5 mm [DV]). For fear 

conditioning control experiments: 300-400 nL of AAV1-hSyn-κLight0 (Canadian 

Neurophotonics, viral titer 7.8 x 1012 vg/mL) and AAV1-hSyn-δLight0 (Canadian 

Neurophotonics, viral titer 9.5 x 1012 vg/mL) were injected into vNAcsh as controls. For 

δLight caramel reward retrieval experiments: 300- 500 nL virus (AAV9-hSyn-δLight, 

AAV-syn-δLight0) was injected bilaterally in the medio-basal hypothalamus (ARC, -1.25 

mm [AP], +-0.25 mm [ML], -5.6 mm [DV] from surface of the brain) using a pulled glass 

pipette (Drummond Scientific, Wiretrol, Broomall, PA) controlled by a micromanipulator 

(Narishige, East Meadow, NY). Fiber cannula was then implanted at the injection site and 

secured the implants using two bone screws and a dental cement head cap (Lang Dental). 

([AP] values are measured from bregma, and [ML] values are measured from the skull at 

bregma unless otherwise noted.) 

Fiber Photometry 

For fiber photometry studies, recordings were obtained throughout the entirety of 

drug injection, Pavlovian conditioning and head-fixed sessions as previously described 

75. Prior to recording, an optic fiber was attached to the implanted fiber using a ferrule 
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sleeve (Doric, ZR_2.5). Two LEDs were used to excite κLight1.3. A 531-Hz sinusoidal LED 

light (Thorlabs, LED light: M470F3; LED driver: DC4104) was bandpass filtered (470 ± 20 

nm, Doric, FMC4) to excite κLight1.3 and evoke emission. A 211-Hz sinusoidal LED light 

(Thorlabs, LED light: M405FP1; LED driver: DC4104) was bandpass filtered (405 ± 10 nm, 

Doric, FMC4) to evoke isosbestic control emission. Laser intensity for the 470 nm and 405 

nm wavelength bands were measured at the tip of the optic fiber and adjusted to 50 uW 

before each day of recording. κLight1.3 fluorescence traveled through the same optic fiber 

before being bandpass filtered (525 ± 25 nm, Doric, FMC4), transduced by a femtowatt 

silicon photoreceiver (Newport, 2151) and recorded by a real-time processor (TDT, RZ5P). 

The envelopes of the 531-Hz and 211-Hz signals were extracted in real-time by the TDT 

program Synapse at a sampling rate of 1017.25 Hz. For the ChrimsonR stimulation 

experiments, a 625 nm laser was used at 2 mW intensity to deliver red light through the 

tip of the same optic fiber used to excite BLA terminals for stimulation-evoked dynorphin 

release. 

Drug Injection  

Mice were pre-treated with either vehicle (17:1:1:1 – Saline:DMSO:Corn Oil, EtOH) 

or Aticaprant (Eli Lilly) at 3 mg/kg of body weight i.p for 30 minutes. Mice were then 

tethered to a photometry cable and placed in a chamber. Following a 5-minute baseline 

recording, mice were injected with either saline or U50,488 (Sigma Aldrich) at 10 mg/kg 

body weight i.p. Recordings were conducted for a total of 1 hour. 

Pavlovian Behavior Paradigm  
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Mice were initially food deprived to 90% of their body weight and trained in a 

Pavlovian behavioral paradigm for a total of 7 days with a modular test chamber (17.8 x 

15.2 x 18.4 cm) (Med Associates Inc.), as previously described 75. Mice were tethered to a 

photometry cable and habituated to an operant chamber in which there is a house light 

and pellet receptacle. The house light illuminates as the conditioned stimulus (CS) and 

sucrose pellets (20 mg, BioServe) are the unconditioned stimulus (US). Each trial consists 

of 5 seconds of CS presentation and a single sucrose pellet dropped 7 seconds after CS 

onset. Inter-trial interval was randomized between 60-120 seconds. Total session was 1 

hour. 

Stimulation-evoked release  

Mice were head-restrained in a custom-made head-fixation device 76 and tethered 

to a photometry cable. For initial parameter determination experiments, mice received 20 

Hz, 5 ms pulse-width laser stimulation in a randomized order varying the stimulus 

intensity, duration or pulse number, separated by an inter-trial-interval of 5 minutes 

resulting in 5 trials per mouse per condition, every session. For drug pre-treatment 

experiments, mice were injected with aticaprant at 3 mg/kg or U50,488 at 10 mg/kg body 

weight i.p using the aforementioned vehicle 30 minutes prior to stimulation sessions. 

Mice received 10 trials/mouse with an inter-trial interval of 5 minutes.  

Fear Conditioning Paradigm 

Mice were placed into a fear conditioning chamber (Med Associates) with a patch 

cord connected for photometric recordings. A Doric fiber photometry system was used 

in this study with 465 nm and 405 nm light (LED, ~30 µW) used for generating the signal 
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and as an isosbestic control, respectively. Each animal received 15 presentations of a 27 

sec tone (3,000 Hz) co-terminating with a foot-shock (0.5 mA for 1.5 s) delivered at 2 min 

intervals. Each animal received 15 tone/foot-shock pairings over the course of 40 min, 

and the responses for these trials were averaged to create a single trace per animal. Data 

analysis was performed with custom-written script in MATLAB. In brief, 405 nm traces 

were fit with a bi-exponential curve, and then the fit was subtracted from the signal to 

correct for baseline drift. ∆F/F% was calculated as [100*(465 signal - fitted signal) / fitted 

signal)]. Traces were then z-scored. A heatmap was plotted using a custom MATLAB 

script by plotting normalized single trials of traces from all animals tested per brain 

region.  

Photometry Analysis 

Custom MATLAB scripts were developed for analyzing fiber photometry data in 

context of mouse behavior. The isosbestic 405 nm excitation control signal was subtracted 

from the 470 nm excitation signal to remove movement artifacts. Baseline drift was 

evident in the signal due to slow photobleaching artifacts, particularly during the first 

several minutes of each recording session. A double exponential curve was fit to the raw 

trace and subtracted to correct for baseline drift. After baseline correction, the photometry 

trace was z-scored relative to the mean and standard deviation of the session. The post-

processed fiber photometry signal was analyzed in the context of animal behavior during 

Pavlovian conditioning and operant task performance. Pearson correlations, one sample 

t-tests, two sample t-tests and two-way ANOVAs were performed using standard 

MATLAB functions “corr”, “ttest”, “ttest2” and “anovan”, respectively. Peak, mean and 
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minimum fluorescence was determined during pre-determined time windows for the 

injection period (0-5 min), reward period (5-20 sec), release period (0-20 sec) or artifact 

period (0-20 sec) subtracted from peak, mean or minimum fluorescence values in a 

baseline window (-5-0 sec). Code that supports the analysis will be made available from 

the corresponding author upon reasonable request. 

Perfusion and Histology 

Stock avertin was made by mixing 10 g of 2,2,2-tribromoethyl alcohol and 10 ml of 

tert-amyl alcohol. The working stock was diluted to 1.2% (v/v) with water and shielded 

from light. Animals were euthanized with 125 mg/kg 1.2% Avertin (i.p.) followed by 

transcardial perfusion with ice-cold 1x phosphate buffered saline (PBS) and subsequently 

perfused with ice-cold 4% paraformaldehyde (PFA) in 1x PBS. After extraction of the 

mouse brains, samples were post-fixed in 4% PFA at 4°C overnight. The mouse brains 

were cryo-protected by immersion in 10% sucrose in a 1x PBS solution overnight. 

Samples were next placed in 30% sucrose in a 1x PBS solution for >1 day, before 

embedding the samples in O.C.T. Samples were then transferred to a -80°C freezer for 

long-term storage or were sliced into 50 µm sections on a cryostat (Leica Biosystems) for 

histology. Histology samples were imaged on Leica Stellaris 8 confocal microscope.  

 

 

QUANTIFICATION AND STATISTICAL ANALYSIS  
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 Treatments were randomized, and the data were analyzed by experimenters 

blinded to the treatment conditions. Statistical analyses were performed using GraphPad 

Prism 9 unless noted otherwise. Measurements are taken from distinct samples, and the 

sample size is indicated as n numbers. All comparisons were planned prior to performing 

each experiment. A p<0.05 was considered significant. Data are represented as mean ± 

SEM, unless otherwise noted, with asterisks indicating *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001. Measurements are taken from distinct samples, and sample size is 

indicated as n numbers.  
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Chapter 5 – Future Direction and Discussion 

Preliminary Data on the Engineering of GENI for Gastrin-Releasing Peptide 
 Disinhibitory neurons found throughout the mammalian cortex have a significant 

impact on circuit excitability and plasticity. Studies have shown that the expression of 

neuropeptide receptors differs in disinhibitory, inhibitory, and excitatory neurons, 

suggesting that distinct neuropeptidergic systems control each circuit motif. Previous 

research has revealed that a neuropeptide similar to bombesin, gastrin-releasing peptide 

(GRP), selectively targets and activates vasoactive intestinal peptide (VIP)-expressing 

cells to recruit disinhibitory cortical microcircuits (Melzer et al., 2021). The research 

conducted using a first-generation genetically encoded GRP sensor, grpLight1.0, 

optogenetic anterograde stimulation, and trans-synaptic tracing approach indicates that 

GRP regulates VIP cells through extrasynaptic diffusion from several local and long-

range sources. Furthermore, the signaling of GRP-GRPR enhances auditory fear 

memories. However, grpLight1.0 is not able to detect functionally relevant GRP levels in 

vivo as analysis of intracellular Ca2+ in VIP cells shows that GRP infusion has functional 

effects on these cells in vivo well before photometric detection of changes in grpLight 

fluorescence (Melzer et al., 2021). This is primarily due to a lack of sensors with sufficient 

sensitivity to detect released peptide. An improved GRP sensors will be beneficial to 

identify detailed spatial and temporal release dynamics also under physiological 

conditions in vivo.  

Thus, we focused on binding pocket mutations to improve the sensitivity of 

grpLight1.0. Studies have identified residue positions on GRP receptor that contributes 



 308 

to the high affinity binding of GRP (Nakagawa et al., 2005), and we then identified the 

indicated residues on grpLight1.0 (Table 5.1) 

 

Table 5.1. Residue positions and identities that contributes to the affinity of GRP binding on 
grpLight1.0.  
 
 
 We then surveyed positions in the GRPR and screened with site saturated 

mutagenesis with combinations between regions resulted in total of 15 top variants 

(Figure 5.1A, B). A variant with mutation E187K resulted both tighter EC50 and larger 

ΔF/F. This variant were named, grpLight2.0, and selected for further characterizations 

(Figure 5.1B).  

 When transiently expressed in mammalian HEK293T cells, we obtained the 

excitation and emission spectrum of grpLight2.0, with excitation absorbance peaking at 

490nm and emission spectrum peaking at 520nm (Figure 5.1C). After, we quantified the 

signal to noise ratio (SNR) of grpLight2.0 compared to the parent grpLight1.0 on 

HEK293T cells by adding 100 µM of GRP. Surprisingly, SNR of grpLight2.0 was 4 times 

higher than the parent (SNR-grpLight2.0 = 110 ± 5.9, SNR-grpLight1.0 = 32 ± 2.7) (Figure 

fold decrease of affinity for GRPMutated propertyOriginal propertyMutate topositionSingle mutationsdistance to the binding pocket
11.3+ charge+ chargeH101K>6A

0non-polar+ chargeG106R>6A
- charge181D>6A

1.25–2.5polarnon-polarT184P>6A
1.25–2.5+ charge+ chargeR186H<6A

0- chargenon-polarD187V>6A
1.25–2.5non-polar+ chargeP188K<6A
1.25–2.5polar- chargeN189D<6A
1.25–2.5non-polarpolarM192Q>6A
1.25–2.5polarnon-polarT198A<6A
1.25–2.5polarpolarQ293S<6A
1.25–2.5polar- chargeY294E<6A
1.25–2.5non-polarpolarP297T>6A
1.25–2.5non-polarpolarF304T<6A

100+ chargepolarR121Q<6A
0polarnon-polarS308A

11.3polarnon-polarS199P>6A
1+ charge+ chargeH288R<6A
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5.1D). We further performed an eight-point dose response of GRP onto the two sensor 

variants expressing HEK293T cells to characterize the affinity differences. We found that 

the E187K mutation shifted the affinity of grpLight2.0 to GRP 5-fold tighter than the 

parent grpLight1.0 (EC50 – grpLight2.0 = 49nM, EC50 – grpLight1.0 = 200nM) (Figure 

5.1E). Furthermore, the dynamic range of grpLight2.0 showed nearly 2-fold increase 

compared to grpLight1.0 (ΔF/F max - grpLight2.0 = 554.5 ± 18.8 %, ΔF/F max – 

grpLight1.0 = 314.8 ± 12.7 %) (Figure 5.1E).  

 
Figure 5.1. grpLight2.0 development and characterization in HEK293T cells.  
A. Simulated structure of GRP receptor indicating the residue locations that influences GRP binding affinity.  
B. grpLight variants with characterization of dynamic range normalized to the parent (grpLight1.0, black 
dot) (y-axis) and EC50 to GRP (x-axis). grpLight2.0 indicated as green dot.  
C. Excitation emission spectrum of grpLight2.0.  
D. SNR heatmap upon addition of 10uM GRP on grpLight1.0 (left, black) and grpLight2.0 (right, green) 
expressing HEK293T cells. Error bar 100um. 
E. Dose response curve compare between grpLight2.0 (green) and grpLight1.0 (gray). Dotted line indicates 
30nM GRP to indicate sensors performance differences at low concentration.  
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 Next, we sought to address the question that whether grpLight2.0 is good enough 

to report functionally relevant GRP levels which grpLight1.0 was not able to achieve. We 

first looked at whether we could use electrical stimulation to trigger GRP release on acute 

brain slices. Hippocampus has been shown to express abundant GRP receptors in CA1 

(Roesler et al., 2012). Thus, we packaged AAV1-hSyn-grpLight2.0 and injected to CA1 to 

assess if the sensor is capable of reporting electrically stimulated release of GRP (Figure 

5.2A, B). With previous success of triggering opioid release, we applied the same 

electrical stimulation protocol, 1 sec 50Hz stimulation with 0.5 sec inter stimulation 

interval (ISI), to trigger GRP release in acute brain slices (Figure 5.2B). The hSyn driven 

grpLight2.0 has bright basal state and labels the processes and cell membranes clearly in 

CA1 after 2 weeks of expression post injection (Figure 5.2C). We then performed a dose 

response on the number of stimulations and recorded the signals of grpLight2.0 with 2-

photon microscope. Expectably, we saw grpLight2.0 signals increases in a dose-

dependent manner from 1 stimulation to 15 stimulations. To ensure the signals are indeed 

from GRP instead of a stimulation artifact, we performed 15 times stimulation with an 

incubation of GRP receptor antagonist RC3095. The signal of grpLight2.0 was 

significantly diminished by the application of antagonist (Figure 5.2D). Together, the 

results indicating we could use the aforementioned electrical stimulation protocol to 

trigger GRP release, and the triggered release can be detected by grpLight2.0.  

 With the success of monitoring triggered release of GRP in acute brain slices, we 

next sought to apply grpLioght2.0 in vivo and characterize GRP release under fear 

conditioning behavior in rodents to address the big question of whether grpLight2.0 can 



 311 

monitor behavioral relevant GRP dynamics in vivo. Mechanism studies have shown 

activation of gastrin-releasing peptide receptors in the hippocampus CA1 interacts with 

multiple signaling pathways and growth factor systems to regulate memory formation 

and modulation (Roesler et al., 2012). We then decided to inject AAV1-hSyn-grpLight2.0 

in CA1, and access if we could use grpLight2.0 to monitor transients of GRP release 

during fear conditioning (Figure 5.2E). The behavior paradigm consists of three days of 

recordings; day1: five trials of cue plus ten trials of cue shock pairs, day2: fifteen trials of 

cue shock pairs, and day3: five trials of cue shock pairs followed by ten trials of cue only. 

During cue trials, we observed slight increase of cue related signals during cue but not 

very robust (Figure 5.2F). However, during cue shock pair trials across three days, we 

were able to see substantial increase of grpLight2.0 signals during cue, followed by a 

shock motion artifact, grpLight2.0 signals retains at similar level and drop down to 

baseline sharply (Figure 5.2G). We didn’t observe as strong signals during extinction on 

day3, but a slight increase and fluctuation after the “shock” times potentially indicates 

GRP might encodes fear memory (Figure 5.2H). 
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Figure 5.2 ex vivo and in vivo characterizations of grpLight2.0.  
A. Schematic plot indicating viral injectionof hSyn-grpLight2.0 into CA1 in hippocampus.  
B. Schematic plot showing two-photon imaging of grpLight2.0 expressing acute slices with electrical 
stimulation (top), and stimulation paradigm of 1 train of stimulation: 50Hz for 1 second (s) with inter 
stimulation interval (ISI) of 0.5 s (bottom).  
C. Representative image showing the membrane localization of grpLight2.0 in CA1 under two-photon 
microscope. Scale bar 20 µm.  
D. Averaged grpLight2.0 traces under numbers of stimulation in a dose-dependent manner (ranging from 
repeating the stimulation paradigm 1 time to 15 times, plus 15 times stimulation with bath application of 
100 µM RC3095). Solid line indicates mean, and shades indicates SEM.  
E. Schematics showing in vivo fear conditioning behavior recording with fiber photometry. Yellow bar 
indicates sound cue for 30 seconds, and lightning symbol represent a 1.5 s mild shock co-terminated with 
the sound cue.  
F. Average trace of grpLight2.0 during cue trials (day1: 1-5 trials). Blue indicates tone time and red indicates 
shock time. Green solid line is average trace, and shade represents SEM.  
G. Average trace of grpLight2.0 during cue shock trials (combined with day1: 6-15 trials, day2: 1-15 trials, 
and day3: 1-5 trials). Blue indicates tone time and red indicates shock time. Green solid line is average trace, 
and shade represents SEM.  
H. Average trace of grpLight2.0 during extinction trials (day3: 6-15 trials). Blue indicates tone time and red 
indicates shock time. Green solid line is average trace, and shade represents SEM.  
 
 
Discussion 
 GrpLight2.0 is an advancement over its predecessor, GrpLight1.0 in sensitivity. It 

can detect functionally relevant levels of GRP in real time through increased sensitivity 
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and dynamic range as demonstrated by SNR- and dose response experiments. 

Furthermore, this preliminary study shows how site saturated mutations can be used to 

optimize specific characteristic for sensor engineering, providing researchers with more 

tools for in-vivo neuroscience research. GrpLight2.0 has demonstrated in the detection of 

electrically stimulated GRP release from acute brain slices, which grpLight1.0 wasn’t 

capable of. It is essential to confirm the sensor can be imaged with two-photon and 

identify optimal electrical stimulation protocol to trigger neuropeptide release.  

GrpLight2.0's potential in-vivo applications were demonstrated through 

successful readout of fluorescent signals of during behavior stimulations. However, to 

further confirm the signal is from GRP, instead of pH, motion, or stimulation artifact, a 

control sensor that share the same design scaffold but with binding pocket ablated will 

be the next immediate step. Furthermore, while this study focused exclusively on GRP 

detection in the hippocampus region of the brain, it would be fascinating to see if 

grpLight2.0 can detect GRP across other brain regions under different conditions. Similar 

as psychLight and opioid sensos, potentially screen GRP receptor drug actions is also 

encouraged as next step to provide receptor level insights, i.e in inflammatory diseases 

(Petronilho et al., 2013).  
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Theoretic Considerations to Choose and Optimize GENIs 
There are intrinsic limitations of every individual GENI. GPCR-based sensors have 

similar ligand affinity to endogenous receptors, which may reduce effective dynamic 

range and interfere with endogenous signaling pathways. PBP-based sensors, on the 

other hand, have large dynamic range but may have compromised sensitivity at lower 

concentrations of release. The appropriate combination of intrinsic parameters of a sensor, 

including brightness, expression, dynamic range, apparent affinity, and kinetics, must be 

matched to the extrinsic properties of the system, which include the size, shape, and 

frequency and concentration of release. To guide the selection of the sensor that is most 

appropriate to applications and future improvement, especially for NM sensors, we 

provide a simple model based on kinetics and dynamic ranges of GRAB5-HT1.0 and 

iSeroSnFR that illustrates the relationship between these parameters (Figure 5.3). 



 315 

 

Figure 5.3: Mathematical modeling to guide sensor optimizations. 
(a) Modeling of effective sensitivity of GRAB5-HT1.0 (magenta) and iSeroSnFR (yellow) at resting serotonin 
concentration ([5-HT]r) of 200 pM, 2 nM, 20 nM, and 200 nM.  
(b) A 100-fold (green) or greater increase in sensor kd relative to that of the native receptor minimizes 
ligand buffering effect when sensor and receptor expression are equal (left) and when sensor expression is 
10 times higher than receptor expression (right).  
(c, left) A practical optimization for GRAB5-HT1.0 to maintain or enhance sensitivity while minimizing 
competition is to increase both the kd and the maximum dynamic range of the parent sensor (blue). 
According to the model, this can be achieved with a 100-fold increase in kd and a 5-fold increase in 
maximum dynamic range (green). (Right) The optimized sensor is more tolerant to changes in [5-HT]r 
compared to the parent GRAB5-HT1.0, while maintaining similar sensitivity at the ligand concentration 
where the parent GRAB5-HT1.0 sensor has the peak sensitivity. 
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 We define the dissociation and association rates of receptor or sensor and yield kd 

as a rate constant at half of the maximum dynamic range: 

𝑘%! =
['!()*%]	•	[./0/1234]
['!()*%×	./0/1234]

=
5"##!
5"$!

 . 1. 

𝑘%% =
['!()*%]	•	[6/*734]
['!()*%×	6/*734]

=
5"##%
5"$%

	. 2. 

When kd of the sensor is similar to the endogenous receptor, we need to factor in 

the competition of ligand binding. We thus define f as the ratio of the fractional occupancy 

of sensor and native receptor with respect to ligand concentration, in which fractional 

occupancy (Q ) is defined as the fraction of receptors in a bound state (Motulsky & Neubig 

2010): 

𝑓 =
Q['()*$+×%,$-".]
Q['()*$+×!,0,12".]

=
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	. 3. 

We next define ∆<
<

 as the sensor’s fluorescence change relative to its baseline 

fluorescence based on ligand binding, where F is fluorescence intensity. According to the 

specific binding equation, we can obtain a function of ∆<
<

 with respect to ligand 

concentration: 

∆<
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=
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We assume both PBP-based sensors and GPCR-based sensors have a Hill 

coefficient of one. 𝐹(['!()*%])is a function of fluorescence intensity with respect to ligand 

concentration.  𝐹([']5)  is a constant calculated from the function 𝐹(['!()*%]) when ligand 

concentration is zero. C∆<
<
D
@)A

is the maximum dynamic range of the sensor at its 
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saturation ligand concentration. 

This leads to the definition of the sensitivity of the sensor as the first derivative of 

function 	∆<
< (['!()*%])

: 
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  . 5. 

When the resting ligand concentration is above zero, the effective sensitivity is 

affected. We finally define the effective sensitivity as 
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and [𝐿]4 is resting NM release concentration. 

 
 GRAB5-HT1.0 showed much higher sensitivity at a range of 1 nM to 1 µM 

compared to iSeroSnFR, while the sensitivity started to decrease when the release 

concentration was beyond 10 nM (Figure 5.3a). However, the effective sensitivity of 

GRAB5-HT1.0 significantly decreases with the increase of extracellular ligand 

concentration at equilibrium, whereas the effective sensitivity of iSeroSnFR remains 

unchanged (Figure 5.3a). Therefore, it is concerning that GRAB5-HT1.0 may have 

compromised sensitivity when the extracellular serotonin concentration is higher at 

resting state. In contrast, iSeroSnFR would theoretically be less affected by resting 
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concentration. Both serotonin sensors have shown capabilities of recording in vivo 

(Unger et al. 2020, Wan et al. 2021); iSeroSnFR may not fully utilize its dynamic range at 

nanomolar release range, whereas GRAB5-HT1.0 could potentially encounter saturation. 

In other words, the intrinsic properties of both sensors can be further optimized. 

 As the dissociation rate of GRAB5-HT1.0 is similar to the endogenous 5-HT2 

receptor (kd of 5-HT2R = 20 nM) (Kelly & Sharif 2006), the potential competition with the 

endogenous receptor can be predominant, especially for long-term expression. Based on 

the model, if a sensor's dissociation rate can be increased about 100-fold higher than the 

endogenous receptor, the competition at the physiological range of release is minimal, 

which will significantly reduce the potential buffering effect (see the left side of Figure 

5.3b). However, by simply increasing the dissociation rate, the sensitivity of the sensor 

will be reduced (see the left side of Figure 5.3c). To compensate for the loss of sensitivity, 

we also need to increase the dynamic range. Therefore, to maximize the effective 

sensitivity with minimal buffering, a practical optimization goal for GRAB5-HT1.0 is to 

increase the kd by 100-fold while increasing the dynamic range by fivefold as predicted 

by the model (see the right side of Figure 5.3c). On the other hand, to optimize iSeroSnFR, 

the model is predicted to decrease its kd by 100-fold while maintaining the dynamic 

range. Theoretically, if the dynamic range of iSeroSnFR can be further increased by 

fivefold, the sensitivity would be able to detect the release between 100 nM and 1 mM 

without compromised effective sensitivity or buffering effect. However, this ideal sensor 

may be practically difficult to engineer. 
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 The other important factor affecting the SNR of imaging is the expression level of 

the sensor. We assume that the arbitrary sensor concentration is 10 times higher than that 

of native receptors to achieve sufficient SNR. Thus, the fraction will upshift and be more 

favorable to sensors than to endogenous receptors. However, a 100-fold-higher kd is still 

able to minimize the competition even when the sensor expression level is 10 times higher 

than that of the endogenous receptors (see the right side of Figure 5.3b). By increasing the 

maximum dynamic range and basal fluorescence, we can boost effective sensitivity at the 

lower release concentration. This modelling did not account for diffusion rate, distance 

of diffusion, ligand removal from transporter or enzyme, and assuming equilibrium is 

reached when binding. Together, our model suggests that an ideal sensor for a ligand of 

interest should have high dynamic range combined with a relatively higher dissociation 

rate compared to endogenous ligand-binding receptors. To practically achieve these end 

points, we have proposed a few strategies outlined in the workflow above. While 

optimizing both sensitivity and dynamic range can be guided by rational design, high-

throughput screening of variants properties is needed, which can be a potential roadblock 

during the course of sensor optimization, especially for membrane-bound sensors. An 

optimal tool development pipeline requires both theoretical and experimental methods 

to engineer a sensor with great sensitivity and fast kinetics, while minimizing buffering 

effects. 

 
Limitations of GENIs 
 We have pushed the spatiotemporal limitation of NM dynamics in a more precise 

way with GENIs, and unveiled many biological questions that are unachivable before. 
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However, there are many limitations still retains in many aspects. PsychLight, for 

example, although psychLight can predict hallucinogenic potential, the mechanisms 

underlying the effects of 5-HT2AR ligands at molecular, cellular, and circuit levels are 

still opaque. A critical step to understanding the molecular mechanisms of 5-HT2AR 

ligands will be to obtain and compare structures of psychLight bound to hallucinogenic 

and non-hallucinogenic ligands. Future work will need to rely on a combination of tools 

(e.g., imaging, electrophysiology, and behavior) to better understand the molecular and 

circuit-level mechanisms that give rise to hallucinogenic and antidepressant effects. 

Second, although psychLight provides direct examination of the conformational changes 

induced by biased 5-HT2AR ligands, the relationships between psychLight signals and 

other assays measuring downstream signaling have not been established. A detailed 

understanding of these relationships will be essential to reveal the mechanistic actions of 

biased ligands. Finally, a full pharmacological profile of AAZ-A-154 should be obtained 

and include information on mechanism of action, off-target effects, pharmacokinetics, full 

dose-response studies, potential toxicity, and efficacy validated using other established 

assays. 
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Conclusion and Outlook 
The development of genetically encoded sensors has opened doors in 

neuroscience research that were previously untenable, particularly in the context of 

understanding neural circuit bases of complex, naturalistic behavior. By reducing 

restrictions on animal model and experimental design, these sensors allow for the 

broadening of circuits- and systems-level neuroscience to encompass a larger array of 

questions and permit unprecedented exploration of neurobehavioral systems in real-time. 

To date, there are a vast amount of NT/NMs lacking precise detection tools, 

including neuropeptides and lipid transmitters. By taking advantage of naturally 

designed GPCRs, a similar strategy to GRAB sensor and Light sensor development 

pipeline can be generalized to cover more neurochemicals, which will greatly facilitate 

studies revealing their emergent roles under physiological and pathological conditions. 

In addition, the intrinsic properties of existing sensors demand further iterative 

optimization to be broadly applied to all microscopy techniques. The model we reported 

here provides theoretical guidance for future optimization. To achieve these goals, 

precise rational design aided by computational approach is expected for broad use, 

including machine leaning, as applied in iSeroSnFR (Unger et al 2020) or the recently 

developed AlphaFold 2.0 for protein structure prediction with unprecedented accuracy 

(Jumper et al 2021, Tunyasuvunakool et al 2021). A high-throughput screening system is 

crucial to maximize sensor optimization efficiency, since GPCR-based sensors can 

currently only be screened in mammalian cells. Fluorescence-activating cell sorting 

(FACS) combined with image-based screening or the well-known CRISPR/Cas9 system 

that has been applied in evolution of fluorescent proteins and voltage sensors (Erdogan 
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et al 2020, Lee et al 2020, Piatkevich et al 2018) hold great promise for screening of 

NT/NM sensors. 

Extending the sensitivity, specificity, and color palette of neuromodulator sensors 

will continue to create rich opportunities for minimally invasive, multiplex imaging of 

neurochemical signaling dynamics. Together with advanced microscopy, opsin-based 

optogenetics and cell atlas, fluorescent imaging with next generation genetically encoded 

indicators will bring our experimental capabilities to previously impossible level, thus 

uncovering brain mechanisms, and potentially transform our understanding of how 

neurochemical inputs influence cell and circuit function in health and disease. 
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