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The dynorphin/Kappa opioid receptor (KOR) system has been implicated in the regulation 

of stress, anxiety, depression, and substance use disorders. KOR antagonists have great 

potential as a therapeutic for these disorders, but the culmination of preclinical work over 

the last two decades has made for very little success in the clinic. The work here aims to 

identify and design a repeated dosing regimen to use with partial and G-biased KOR 

agonists. These agonists, specifically nalfurafine and nalmefene, activate the G-protein 

mediated JNK-ROS pathway that leads to long-term inactivation seen with norBNI and 

JDTic. Using a new tool, oROS-Gr, ROS generation was detected in ex vivo slice and in 

vivo fiber photometry with the treatment of these agonists. Repeated dosing caused 

significant KOR inactivation and blocked stress-induced aversion and aversion during 

opioid-withdrawal mediated by the dyn/KOR system. Low dosing combined with 



  

previously demonstrated high degree of safety profiles for nalfurafine and nalmefene 

make them promising new options for the treatment of substance use and mood disorders 

in humans. 
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Chapter 1 

Why is norBNI long-lasting? 

It has been four decades since the start of characterization of the kappa opioid receptor 

(KOR) and its endogenous ligand dynorphin (Chavkin et al., 1982; Han & Xie, 1984; 

Martin et al., 1976; Meng et al., 1993). Since then, KOR has been implicated in the 

regulation of stress, anxiety, depression, and substance-use disorders (Lalanne et al., 

2014). This body of work is almost entirely preclinical and uses either gene knock-out 

models or the KOR antagonist, norbinaltorphimine (norBNI). NorBNI is selective for 

KOR with a long-lasting block of signaling for days to weeks (Horan et al., 1992; Jones 

& Holtzman, 1992). It appeared in the literature not long after it was made obvious that 

KOR offered its own regulation of neurobiological systems, separate from the mu and 

delta opioid receptors (Sayre et al., 1983; Shippenberg & Herz, 1986). The long-lasting, 

selective inactivation of KOR makes it a near-perfect tool for studying the effects of 

endogenous dynorphin as well as exogenous ligands. But what happens when norBNI 

is introduced into a biological system? The field has been either split, confused, or 

indifferent in terms of norBNI action for arguably too long. Because this thesis aims to 

address both a continued characterization of KOR action and the ability to mimic 

the effects of norBNI for the treatment of mood and substance use disorders, it is 

important to have as complete an understanding of the action as possible. Further, the 

exploration and identification of the intricacies of norBNI action are required for the 

advancement of KOR regulation and modulation for therapeutic use in humans.  
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As mentioned above, norBNI shows up in the literature not long after the delineation of 

opioid receptor subtypes (Martin et al., 1976) to address the need for a KOR selective 

antagonist as opposed to naloxone and naltrexone that act nonselectively for opioid 

receptors (Portoghese et al., 1987). While norBNI’s receptor selectivity in vivo was not 

entirely agreed on (Birch et al., 1987), it became clear that its antagonistic action at 

KOR, while somewhat delayed, lasted on the scale of days instead of hours (Endoh et 

al., 1992; Jones & Holtzman, 1992). Indeed, it was indicated that KOR blockade was 

evident for an astounding 56 days after a single dose given i.c.v., with the simple 

assumption that norBNI physically remained in the brain for as long (Horan et al., 1992). 

To this day, there are some in the field that still assert that this is the case. However, 

there is more evidence to support a different explanation - irreversible inactivation of 

KOR via biased signaling. 

 

During the 1980s, the concepts of “message-address” and “induced fit” were starting to 

be explored more readily (Nagase et al., 1998). These early ideas eventually led to the 

pharmacological principle of functional selectivity or biased signaling. Functional 

selectivity refers to the process in which a receptor undergoes different conformation 

changes based on the type of ligand bound to it. This leads to various signal 

transduction events that ultimately cause distinct biological responses (Urban et al., 

2007). Possibly the best example of this is the characterization of the beta-blocker 

medication, Carvedilol. This drug, when compared to others of its class, can 

preferentially stimulate beta-arrestin-mediated signaling without increasing Gs-

dependent adenylyl cyclase activity. This causes the treatment to be especially effective 
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since it does not create a push-and-pull stimulation versus inhibition and leans heavily 

toward just inhibition (Wisler et al., 2007).  

 

Functional selectivity has shifted the Receptor Theory dogmas in the field of 

pharmacology. Traditional Receptor Theory suggests streamlined definitions of agonists 

(full or partial) that activate all downstream effectors. In contrast, classical antagonists 

block endogenous or exogenous ligands from further activating the receptor or 

decreasing typical receptor activity (also known as inverse agonists). Such definitions 

are great for teaching introductory pharmacology but fail to capture the true depth 

required to understand ligand-receptor interactions.  

 

It’s difficult to overstate how meaningful the principle of functional selectivity has been 

for opioid receptor pharmacology. Determining the downstream effects of biased mu-

opioid receptor (MOR) ligands for example may hold promise for strong analgesics 

without the extremely debilitating side effects of respiratory depression, tolerance, and 

dependence. Thus far, however, it seems that the complexity of effects related to each 

major pathway (G-protein versus beta-arrestin dependent) remains unclear, with a 

strong possibility that the sought-after clinical effects and unwanted side effects are both 

mediated by the G-protein pathway (Kelly et al., 2023). Interestingly, even these major 

pathways have intricacies that suggest further complexity.  

 

Functional selectivity also holds great promise for KOR ligands. It was suggested early 

in KOR research that agonists of the receptor offered an alternative to MOR agonists for 
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pain management since they did not cause the same euphoric effects as ligands like 

morphine or fentanyl. However, the ligand U50,488H, which had been used as the 

prototypical agonist to characterize KOR activation effects along with dynorphin, 

actually caused dysphoria along with analgesic effects (Shippenberg & Herz, 1986; Von 

Voigtlander & Lewis, 1982). Quickly, the need for a biased KOR agonist was identified, 

and compounds like TRK-820 (now known as nalfurafine) were designed for their 

selectivity and ability to cause analgesia without induction of dysphoria (Nagase et al., 

1998). This is a great example of the early use of functional selectivity in drug design. 

Indeed, Nagase et al., (1998) knew that they wanted the “address” (in the “message-

address concept) of norBNI to recreate its KOR selectivity, but with the “message” of an 

agonist. The fate of nalfurafine was to become an anti-itch drug restricted to the use in 

Japan (another KOR-mediated biological effect) for the treatment of uremic pruritus 

associated with kidney failure (Inui, 2015), but this won’t be the last we hear of it. To 

date, there has been little success in developing KOR analgesics for human use.  

 

A unique aspect of KOR signaling was demonstrated by McLaughlin et al., in 2003 

showing that immobility resulting from repeated force swim stress (rFSS) in mice could 

be blocked by norBNI and that the same rFSS could cause norBNI-sensitive 

potentiation of cocaine reward. This finding essentially changed norBNI from a tool used 

to elucidate KOR functionality to a possible antagonist of stress-related behavior and 

gave rise to the proposal that KOR antagonism had therapeutic potential for the 

treatment of addiction and depression. Following this, studies identified a whole host of 
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stress, depression, anxiety, and drug abuse behaviors that are KOR-mediated. (More 

on this topic will be covered in Chapter 5.) 

 

Focusing on the molecular mechanisms of KOR-mediated behaviors, it was determined 

that sustained activation results in G protein-coupled receptor kinase (GRK3) activation 

and recruitment of beta-arrestin 2, which was responsible for the aversive properties of 

KOR (unbiased) agonists. This cascade is considered the G protein-independent 

pathway, meaning that it does not occur through direct interaction with the G protein 

subunits. In contrast, KOR-mediated analgesic and anti-pruritic effects occur through 

the G-protein dependent pathway through activation of the Gi-alpha subunit and 

dissociation of the βγ subunit, leading to activation of G-protein activated inwardly 

rectifying potassium (GIRK) channels and inhibition of voltage-gated calcium channels. 

These two pathways, resulting in analgesia and aversion, are the basis for our 

understanding of the biological effects of KOR activation. However, the complexity 

increases from there. 

 

In the early 2000s, evidence was emerging that KOR activation stimulates mitogen-

activated protein kinase (MAPK) pathways. Specifically extracellular signal-regulated 

kinase (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase (JNK) (Bruchas et al., 2006; 

Kam et al., 2004). These downstream effectors held promise for a better explanation of 

what may be causing the long-term block of KOR signaling seen with antagonists like 

norBNI, JDTic, and GNTI. As mentioned above, the predominant explanation at the time 

was that norBNI and similar antagonists physically persisted for the 3-4 weeks that 
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inhibition was observed. However, these antagonists were reversible and 

noncompetitive, failing to covalently bond to KOR (Smith et al., 1990). Using receptor 

protection assays, Bruchas et al., (2007b) showed that pretreatment with readily 

reversible opioid antagonist naloxone and buprenorphine could inhibit long-lasting 

norBNI action, indicating that norBNI did not persist at the site of action. Furthermore, 

after in vivo treatment with norBNI, the agonist site of the receptor remained intact, 

suggesting that a different functional disruption may occur due to these antagonists. 

They were then able to show that JNK phosphorylation could be stimulated by both 

norBNI and JDTic in a KOR-dependent manner and that direct inhibition of JNK 

attenuated norBNI long-term antagonism (Bruchas et al., 2007b). This pointed to JNK 

being the primary mediator for the long-acting effects of norBNI-like functional 

antagonists. It also suggested that instead of norBNI being a classical antagonist, it was 

instead a “collateral” agonist, causing activation of a specific pathway that eventually led 

to downstream inactivation. Still to be determined though was how JNK might be 

interacting with KOR to cause receptor inactivation. It was hypothesized that a 

hypothetical substrate of JNK (called “Jammer” or JNK Modulated Regulator (JMR)) 

was sterically blocking the G protein association (Figure 1.1) (Bruchas & Chavkin, 

2010). 
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Figure 1.1. KOR-mediated signal transduction highlighting the hypothetical 

missing piece “JMR”. (from (Bruchas & Chavkin, 2010).) 
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As more exploration into MAPK pathways activated by opioid signaling was underway, it 

was determined that ERK1/2 had an “early” and “late” stage activation in KOR. The 

early stage of this bi-phasic effect was arrestin-independent while the late stage was 

arrestin-dependent (Bruchas et al., 2006; Schattauer et al., 2012), suggesting tight 

MAPK control in response to signaling. It was also demonstrated that p38 MAPK was 

responsible for the aversive properties of KOR activation, shown by lack of effect when 

inhibited or knocked out of either the VTA (DA cells) or DRN (5-HT cells) (Bruchas et 

al., 2011; Ehrich et al., 2015). In MOR, JNK was shown to have pathway specificity as 

well. Acute tolerance due to the administration of morphine could be blocked by JNK 

inhibition while fentanyl could be blocked by GRK3 knock-out, but not the other way 

around (Melief et al., 2010). In addition, the duration of KOR antagonism of various 

ligands was positively correlated with JNK activation (Melief et al., 2011). These data 

further suggested that JNK activation is both ligand-dependent and responsible for KOR 

long-term inactivation.  

 

In 2017, Schattauer et al. published an important study identifying the elusive “Jammer” 

that was proposed previously (Bruchas & Chavkin, 2010). In this work, iterative, 

discovery-based proteomics was employed to identify the pJNK-dependent recruitment 

of peroxiredoxin 6 (PRDX6) to the opioid receptor complex. Then, using a CellROX 

Green detection assay, the study determined that reactive oxygen species (ROS) were 

generated by treatment with norBNI in KOR-expressing cells, and by morphine, but not 

fentanyl, in MOR-expressing cells. This was consistent with the specificity for JNK 

phosphorylation using morphine that had been previously shown (Melief et al., 2010). 
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The generation of ROS by norBNI in KOR could be blocked by inhibition of ROS, 

PRDX6, or JNK. Similarly, the generation of ROS could be blocked in MOR cells with 

inhibition of JNK. These effects were also shown in vivo using KOR- and MOR-

mediated analgesia. The ability of norBNI to block KOR-mediated analgesia long-term 

was reversed by the PRDX6 inhibitor MJ33 and partially reversed by antioxidant 

treatment. Acute analgesic tolerance to morphine, but not fentanyl, could also be 

reversed by pretreatment of MJ33. Lastly, it was shown that the same block of ROS 

generation and acute tolerance could be achieved in D2 dopamine receptors when 

pretreatment with MJ33 and that JNK-mediated cross-tolerance was observed in cells 

co-expressing KOR and D2 dopamine receptors. The hypothesis generated based on 

these findings was that ROS generated from increased NADPH-oxidase activity 

oxidizes a palmitoylated cysteine residue (Cys3) on the Gαi, depalmitoylating it and 

causes a tighter association between the G-protein and the receptors. This would 

prevent the exchange of GDP and GTP necessary for conformational change and 

subsequent Gβγ subunit release (Schattauer, et al., 2017).  

 

Together, the results of this study suggested several important aspects of GPCR 

signaling. Firstly, it identified the downstream regulators of JNK-mediated long-lasting 

KOR inactivation and acute MOR tolerance to morphine-like drugs. After 

phosphorylation of JNK, PRDX6 is recruited to the receptor complex, PLA2 activity is 

increased, and NADPH-oxidase activity is increased leading to the generation of 

reactive oxygen species. Secondly, the study demonstrated that this mechanism is not 

limited to opioid signaling but can be shown in D2 dopamine receptors and has been 
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suggested for other GPCRs as well (Chatterjee et al., 2011). Lastly, the effects of JNK-

mediated generation of ROS may not be localized to the receptor responsible for the 

generation and instead may be able to cause cross-tolerance or cross-inactivation with 

nearby receptors. In a follow-up study, it was shown that there is a biphasic activation of 

JNK following treatment of U50,488 and that early phase JNK phosphorylation, but not 

late phase, is arrestin-independent and causes ROS generation. U50,488 elicited an 

inverted U-shaped dose-response curve of ROS generation. Genetic modification of the 

receptor to prevent the GRK3/arrestin binding or inhibition of p38 MAPK caused 

U50,488 to instead dose-dependently increase ROS generation (Schattauer et al., 

2019). This study helped to complete our understanding of how this pathway is 

responsible for long-term inactivation with norBNI and JDTic and why those same 

inactivating effects are absent with endogenous dynorphin signaling. It can be 

concluded from this work that sufficient activation of the GRK3/arrestin-dependent 

pathway and downstream phosphorylation of p38 MAPK inhibits ROS generation and 

receptor inactivation.  

 

One of the remaining intricacies of norBNI action and KOR signaling as a whole lies in 

observed sex differences. Studies have suggested decreased KOR-mediated analgesic 

efficacy in female humans and animals that may be linked to genetic difference or, more 

likely, sex specific hormones (Craft, 2008; Mogil et al., 2003; Stoffel et al., 2005). We 

know from the previously mentioned work that KOR analgesia is a G-protein pathway-

mediated effect. Consistent with that, it was demonstrated that male and female mice 

show similar KOR-mediated aversion (GRK/arrestin pathway), but KOR-mediated 
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analgesia was only present in males. This insensitivity to analgesic effects was reversed 

by ovariectomy, GRK2/3 inhibition, and the low estrogen estrous cycle state (estrus). 

The phosphorylated, inhibitory form of GRK2 was found to be elevated in female mice 

and estradiol increased the association of GRK2 and Gβγ (Abraham, et al., 2018). 

Taken together, these results suggest that estrogen increases the phosphorylation of 

GRK2, which then interacts with Gβγ to inhibit the G-protein dependent pathway. 

Similarly, it was found that female mice are insensitive to the long-lasting KOR 

antagonism of norBNI, and that this insensitivity can be overcome by a block of GRK2 

or by repeated low-dose administration of norBNI (Chavkin et al., 2019; Reichard et al., 

2020). These findings corroborate the previous results that show norBNI action as being 

G-protein pathway-mediated.  

 

The evidence presented here (summarized in Table 1), especially that of the last two 

decades, has shaped our understanding of norBNI action. With this extensive 

characterization, I believe that we can leverage the concepts of functional selectivity 

and JNK-ROS-dependent KOR inactivation to design novel treatments for dyn/KOR 

induced anhedonia associated with drug addiction and mood disorders. 

 

  



 12 
 

Table 1.1 

Evidence of proposed mechanism of norBNI Publications 

ERK1/2 early phase activation and p38 late phase 
activation 

Bruchas et al., 2006; 
Schattauer et al., 2012 

Protection from long-term inactivation with short-acting, 
competitive inhibition 

Bruchas et al., 2007 

G-protein pathway-dependent JNK phosphorylation and 
correlation with duration of inhibition 

Melief et al., 2011 

JNK-, PRDX6-dependent ROS generation and 
subsequent long-term inactivation  

Schattauer et al., 2017 

Arrestin-dependent pathway/p38 MAPK block of JNK 
activation 

Schattauer et al., 2019 

Inconsistent KOR agonist effects in females due to 
GRK2-estrogen interaction during acute high estrogen 
state 

Abraham et al., 2018; 
Reichard et al., 2020 

Accumulation of effect Chavkin et al., 2019; 
Reichard et al., 2020 
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Chapter 2 

Microdosing G-biased Partial Agonists Inactivates Kappa Opioid Receptors - an 

alternative strategy for human therapeutics. 

  

Authors: Carlie Neiswanger, Micaela V. Ruiz, Kandace Kimball, Justin D. Lee, Benjamin 

Land, Andre Berndt, and Charles Chavkin 

 

This chapter is currently being prepared for submission for publication in a peer-

reviewed journal. 

Introduction 

An essential role for endogenous dynorphin opioids in regulating mood and addiction 

risk has been suggested by extensive preclinical studies during the last two decades 

(Chavkin, 2011, 2013; Knoll & Carlezon, 2010; Schwarzer, 2009; Zhang et al., 1998). 

Pharmacological and genetic disruption of dynorphin actions in the rodent brain block 

depression-like and anxiety-like behaviors (Bruchas et al., 2009; Carr et al., 2010; 

Chartoff et al., 2012). Stress-induced release of endogenous dynorphins potentiates the 

rewarding effects of addictive drugs (e.g. cocaine, ethanol, nicotine, and morphine) 

(Ehrich et al., 2014; Schindler et al., 2012; J. S. Smith et al., 2012; Walker & Koob, 

2008). Stress-induced reinstatement of drug self-administration is blocked by kappa 

opioid receptor (KOR) antagonists (Beardsley et al., 2005), and KOR antagonists block 

the dysphoric effects evident during opioid, nicotine, and ethanol abstinence (Chavkin, 

2018; Jackson et al., 2010, 2015). Stress exposure has been shown to increase the risk 

of mood and substance use disorders in humans (Calabrese et al., 2009; Lijffijt et al., 
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2014), and these preclinical studies strongly suggest that KOR antagonists could be 

therapeutically useful in promoting stress resilience in vulnerable people.  However 

selective, safe, and effective KOR antagonists for human studies are still being 

developed, and the role of dynorphin in human pathophysiology is not yet established. 

  

The majority of the preclinical studies cited have been done using the selective KOR 

antagonists norbinaltorphimine (norBNI) or JDTic (Lalanne et al., 2014). Although these 

drugs are competitive KOR antagonists in vitro, they both have the unusual properties 

of delayed onset of action and very long durations of effect when given in vivo; for 

example, a single injection of norBNI in rodents or nonhuman primates can block KOR 

activation for weeks (Endoh et al., 1992). The mechanism for this long duration was 

initially unclear and attributed to the very slow clearance of the drug from the brain (a 

pharmacokinetic mechanism) (Horan et al., 1992). However, a detailed analysis of the 

molecular pharmacology revealed that both norBNI and JDTic are not conventional 

antagonists; rather they are functionally selective KOR agonists that activate cJun N-

terminal Kinase (JNK) which recruits the phospholipase peroxiredoxin 6 (PRDX6) to the 

plasma membrane; PRDX6 bound to KOR stimulates NADPH to locally generate 

reactive oxygen (ROS) which oxidizes the sulfhydryl in cysteine residues and 

depalmitoylated the G-protein, Gɑi. The depalmitoylated Gɑi binds more tightly to KOR 

and prevents receptor activation (Figure 1; (Schattauer et al., 2019)). Pharmacological 

inhibition of the JNK or PRDX6 components in this signaling pathway or genetic deletion 

of JNK-1 blocked the long duration of norBNI action (Bruchas et al., 2006; Melief et al., 

2010; Schattauer, Land, et al., 2017). In this context, the agonist or antagonist label is 
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confusing, and norBNI-like ligands are better described as KOR-inactivating agents. 

This series of molecular characterization studies helped establish that there are four 

different types of functionally selective KOR ligands (Fig. 2.1).   
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Figure 2.1: An overview of major pathways in the functionally selective signaling 
cascade of the kappa opioid receptor. A) Highly efficacious agonists like U50,488, 
and the endogenous peptide dynorphin cause analgesic effects through a G-protein 
dependent pathway and dysphoric effects through a G-protein independent, beta-
arrestin/GRK3 pathway. p38 MAPK is required for this dysphoria.  B) Competitive 
antagonists such as naloxone bind to the active site of the receptor and prevent 
agonists from binding.  C) Biased and partial agonists cause conformational changes 
that lead to the g-protein pathway being activated preferentially or the GRK3/arrestin 
pathway being activated weakly. D) Long–lasting functional antagonists like norBNI 
activate the G-protein pathway preferentially but do not elicit analgesia. Instead, they 
activate a cascade that leads to the phosphorylation of c-Jun N-terminal kinase (JNK), 
recruitment of PRDX6, increased activity of NADPH oxidase, and generation of reactive 
oxygen species (ROS). ROS then causes the oxidation of cys-3 on the Gα subunit and 
blocks repalmitoylation of the residue, causing inactivation from the lack of ability to 
exchange GDP for GTP. This inactivation is irreversible and the receptor has to be 
resynthesized before it can be activated again, leading to the ~3-week antagonist effect 
of norBNI and JDTic. The functional selectivity of drugs binding to G protein-coupled 
receptors (GPCRs) is now a well-established pharmacological principle (Urban et al., 
2007), but the functional selectivity of KOR ligands are particularly impressive. Highly 
efficacious KOR agonists (e.g. dynorphins, U50,488, salvia divinorum, and others) 
produce their responses by activating Gɑi/o-protein signaling to produce analgesia, 
sedation, inhibition of itch, and psychotomimetic effects (Dalefield et al., 
2022).  Sustained receptor activation by high-efficacy KOR agonists results in G-protein 

receptor kinase (GRK3) activation and ꞵ-arrestin binding to the C-terminally 

phosphorylated KOR (McLaughlin et al., 2003). ꞵ-Arrestin binding to the cytoplasmic 
face of KOR sterically inhibits G-protein activation (causing acute receptor 

desensitization and receptor internalization) and receptor-bound ꞵ-arrestin acts as a 
scaffold to enable KOR activation of mitogen-activated kinases (MAPKs) (Bruchas & 
Chavkin, 2010; McLaughlin, Xu, et al., 2003). GRK3/arrestin-dependent activation of 
p38ɑ MAPK results in the dysphoric effects of high-efficacy KOR agonists through 
mechanisms involving the inhibition of serotonin and dopamine signaling (Bruchas et 
al., 2011; Ehrich et al., 2015). In contrast, competitive KOR antagonists bind to the 
receptor with little or no signaling efficacy (Fig. 2.1B). Competitive KOR antagonists 
include drugs lacking receptor selectivity (e.g. naloxone, naltrexone, buprenorphine) 
and the recently developed receptor-selective KOR antagonists Aticaprant and 
Navacaprant (Hampsey et al., 2024; Kormos et al., 2018). 
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A fourth group of functionally selective KOR ligands includes nalfurafine, which is a 

highly efficacious but G-biased KOR agonist (Huskinson et al., 2022; Schattauer, Kuhar, 

et al., 2017), and nalmefene, which is a low-efficacy KOR partial agonist (Browne et al., 

2020; Windisch et al., 2021) (Fig. 1C). Neither nalfurafine nor nalmefene efficiently 

activate GRK3/arrestin-dependent desensitization mechanisms (Liu et al., 2019; 

Windisch et al., 2018). In consequence, neither produces the dysphoric effects of highly 

efficacious KOR agonists at analgesic doses. Another important distinction is that the 

activation of p38ɑ MAPK by the highly efficacious KOR agonists inhibits cJun Kinase 

and prevents long-lasting receptor inactivation (Schattauer et al., 2019). Based on this 

insight, we hypothesized that nalfurafine and nalmefene which do not efficiently activate 

either GRK3 or p38ɑ MAPK might produce a norBNI-like long-lasting inactivation of 

KOR. The results presented in this study support this prediction. Because both 

nalfurafine and nalmefene have long histories of safe use in humans (Chick et al., 2021; 

Inui, 2015), they could conceivably be repurposed as medications to block KOR and 

promote stress resilience for the adjunctive treatment of mood disorders and drug 

addiction.  

 

Methods 

Animals 

C57BL/6 wild-type (WT) male and female mice 8-24 weeks of age were used for 

behavioral experiments (Charles River). KOR-cre mice were ear punched at least 21 

days after birth and genotyped using Transnetyx genotyping services. PCR screening 

was performed for the presence of cre recombinase. Surgeries performed on KOR-cre 
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mice occurred between 5 and 7 weeks of age. All animal studies were approved by the 

University of Washington IACUC. 

 

Drugs 

Nalfurafine (NIDA Drug Supply Program), nalmefene (Tocris), norBNI (NIDA Drug 

Supply Program), U50,488 (Tocris), naloxone (Tocris), and MJ33 (Sigma Aldrich) were 

dissolved in saline and administered intraperitoneally. Estradiol (50ug/kg; Cayman 

Chemical) was dissolved following a previously described procedure (Abraham et al, 

2018) in 0.1% ethanol/ 0.1% Cremophor EL/ 99% saline and administered 

subcutaneously in a volume of 10ml/kg. Progesterone (5 mg/kg; ThermoFisher) was 

dissolved in 0.1% ethanol/ 0.1% Cremophor EL/ 99% saline and administered 

subcutaneously in a volume of 10 ml/kg.  

 

Stereotaxic injection 

Male KOR-cre mice between 5-7 weeks were anesthetized with 2.5% isoflurane and 

head fixed on a Kopf Model number stereotaxic alignment system. After the incision to 

expose the skull, bregma was determined and a drill was used at the appropriate 

coordinates (see below) to allow for needle entry. A 2.0uL model 7002 KH Neuros 

Syringe (Hamilton, NV, USA) was lowered for viral injection of 0.5 uL of AAV1-FLEX-

oROS-mCherry. For in vitro brain slice experiments, bilateral injection into the VTA 

using coordinates: ML: +/- 0.5mm, AP: -3.28mm, DN: -4.5mm, and for fiber photometry 

experiments, unilateral injection using coordinates AP: -3.28 mm, ML: -1.71 mm, DV: -

4.67 mm at a 15-degree angle. An implantable fiber optic cannula (400/430 core, 0.57 
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NA; Doric Lenses, Quebec, CA) was placed at the same coordinates as the viral 

injection site, and then C&B meta bond was used to secure the cannula to the skull. 

After injection, the needle was kept at the injection site for 5 minutes before removal. All 

mice were monitored and given carprofen (dose) daily for 7 days for post-surgical 

analgesia.  

 

Fiber photometry 

Briefly, a real-time signal processor (RZ5P; Tucker-Davis Technologies) was connected 

to Synapse Software (Fiber Photometry) to set the frequency of light stimulation and 

record input from photodetectors as described (Abraham 2021). The RZ5P was 

connected to a light-emitting diode (LED) driver (Doric Lenses) that controlled the power 

of a 465 nm and 560 nm Doric LED. A low autofluorescence patch cord (400/430 nm) 

was attached to the LED, to a fluorescent MiniCube (Doric Lenses) with dichroic 

mirrors. Connected optical patch cords to the MiniCube with pigtailed rotary joining 

(FRJ; Doric Lenses) allowed free animal movement during data collection. Patch Cords 

were bleached with light before photometry sessions to minimize autofluorescence. The 

power of the LED at the fiber tip was set to ~30 W and was tested before the start of 

each session. Fluorescent signals were collected at a sampling frequency of 1017 Hz. 

Each of the sessions was down-sampled by a factor of 100 and normalized to a fifteen-

minute baseline period at the beginning of the recording. The sessions were then 

smoothed using a moving average filter (100s window) to remove high-frequency noise 

and detrended to remove linear drift. The isobestic channel (405 nm) was fitted to the 

470 nm channel using a least-squares method and subtracted to remove motion 
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artifacts. Each session started with a 15-minute baseline recording period before 

pharmacological experiments to calculate fluorescent change from baseline (ΔF/F; 

Change in fluorescence from baseline fluorescence/baseline fluorescence). For in vivo 

experiments, mice were run with all conditions on separate days. Mice received Saline, 

100 µg/kg Nalfurafine, and 10 mg/kg Naloxone. For 100 µg/kg Nalfurafine experiments, 

after baseline, the recording session lasted for 45 minutes. For 10 mg/kg naloxone 

pretreatment to 100 µg/kg Nalfurafine experiments, after baseline, mice were given 

administration of naloxone, and after 15 minutes 100 µg/kg Nalfurafine was 

administered. Mice were allowed to freely explore the chamber during in vivo 

experiments. 

 

Estrous cycle determination 

Vaginal lavage for the estrous cycle stage determination was done following behavioral 

testing. 50 L of DI water was pipetted to collect cells and placed on glass slides for 

cytology. The estrous cycle stage was classified using the estrous cycle identification 

tool (Byers et al., 2012) and then quantified by the relative ratio of nucleated epithelial 

cells, cornified epithelial cells, and leukocytes. Cytology was determined with the 

investigator blind to treatment.  

 

Hormone treatment 

Female mice were injected subcutaneously with progesterone or estradiol. 3 days after, 

the mice were tethered for fiber photometry (as described above) and given an 

intraperitoneal injection of Nalfurafine (100 µg/kg) to measure oROS response. Estrous 
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states were determined after the recording session. Following lavage, mice were given 

a second subcutaneous injection of the treatment they received prior and 3 days after, 

repeated the assessment of their estrous state and fiber photometry experiments. Both 

treatment groups had a two-week recovery period with no treatment. Following the 

recovery period, the treatment groups switched. Data analyses were done by an 

investigator blinded to treatment. 

 

Slicing 

Brains were collected 2-4 weeks after viral injection and 200 m horizontal sections 

were obtained using a vibratome in NMDG cutting solution (92 mM NMDG, 2.5 mM KCl, 

1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM Glucose, 2 mM Thiourea, 

5 mM Na-ascorbate, 3 mM Na-pyruvate, pH to 7.4, 0.5 mM CaCl•4H2O, 10 mM 

MgSO4•7H2O). Sections are then placed in NMDG solution at 32o C for 15 minutes 

then incubated for an hour in room temperature HEPES solution (92 mM NaCl, 2.5 mM 

KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM Glucose, 2 mM 

Thiourea, 5 mM Na-Ascorbate, 3 mM Na-Pyruvate). 

 

Imaging 

Image collection was done on a Bruker Investigator 2-photon microscope, with software 

Prairie View 5.5, simultaneously collecting both the mCherry (1040 nM fixed) and GFP 

(920 nM tunable) signals with a Nikon 16X water immersion objective, as well as a z-

stack spanning 60 m across an hour time course. During this collection time a baseline 

is established for 7 minutes in ACSF buffer solution (124 mM NaCl, 3 mM KCl, 2 mM 
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MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, 10 mM Glucose) or ACSF 

with (1 uM) naloxone, (10 uM) MJ33, or (1 uM) JNK-IN-8  at 32oC followed by wash on 

the treatment with 100 nM nalfurafine, 10 uM nalmefene, or those in addition to 

previously mentioned inhibitors for 30 min, followed by H2O2 (590 uM) for 5 minutes. 

Analysis was completed by creating a hyperstack in ImageJ and then creating a Z-

projection for both signal channels. Regions of interest (ROIs) were drawn broadly over 

the entire slice and values were collected using ImageJ for each channel with the same 

ROI. The mCherry signal value was subtracted from the GFP signal value and the 

resulting data were fit so that the lowest value was adjusted to be 1. Then a ΔF/F was 

calculated using the average value of the baseline (7 minutes of buffer solution, or 7 

minutes of only inhibitor treatment) for the rest of the time course. 

 

Confocal images 

Horizontal images were collected using slices that underwent 2Photon imaging and 

were put into 10% formalin after the H2O2 wash. Confocal images are taken with the 

Leica SP8x Confocal microscope located in the Keck Center at UW.  

 

Warm water tail withdrawal 

Mice were tested for U50,488 analgesic response using a warm water tail withdrawal 

test as previously described (Bruchas et al., 2007). Briefly, a water bath is brought to 

52.5oC and maintained. Mice were wrapped in paper towels and roughly ⅓ to ½ of their 

tail was submerged in the water. The latency for tail removal was taken by stopwatch 

and recorded to 1/100th of a second. This was performed for 3 trials separated by no 
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less than 8 seconds. After the initial trials, mice were treated with U50,488 (10 mg/kg) 

i.p., and the 3 trials were repeated at 30 minutes post U50,488 injection. Scores were 

calculated as the difference of the before and after trials, reflecting a positive number for 

increase. This assay was performed on mice after 7 days of daily norBNI, nalfurafine, 

nalmefene, or saline treatment and was repeated 7 days post-last treatment for 7-day 

recovery experiments or on days 0, 3, 7, 14, 21, and 28 post-treatment for 28-day 

recovery experiments. 

 

Odorant-paired repeated forced swim stress 

Mice were treated with saline, norBNI, nalfurafine, or nalmefene daily for 7 days. 7 days 

after their last treatment day mice were exposed to one 15-minute swim on day 1 and 

four 6-minute swims on day 2, in 30°C water, without opportunity for escape. Two 

minutes before each swim, Nestlets with 20 µl of imitation almond extract (Kroger, 

Cincinnati, OH) were placed in their home cage. During the forced swim test, each 

animal was simultaneously exposed to a Nestlett with 20 µl of almond extract 5–10 cm 

above the swim chamber. Each mouse experienced 5 odorant-swim pairings; control 

mice were exposed to the odorant without the swim pairing. Odorant-aversion test 

followed 24 hours after the last swim.  

 

Odorant-paired precipitated fentanyl withdrawal 

Mice were treated with saline, norBNI, nalfurafine, or nalmefene daily for 7 days. On day 

4 of the 7-day treatment, Alzet(R) micro-osmotic pumps (Model 1007D) filled with either 

saline or fentanyl (2 mg/kg/day) were implanted under the skin between the scapula to 
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induce dependence. The pumps were removed after 7 days and mice were allowed 

recover for 2 days. On day 3 post-pump removal, they were given injections of 1 mg/kg 

naloxone, once in the morning and once in the afternoon, in the presence of a Nestlet 

containing 20 µl of imitation almond extract. Odorant-aversion test followed 24 hours 

and 7 days after naloxone pairing. 

 

Odorant-aversion test 

Mice underwent two types of odorant pairing; stress-odorant pairing in which almond 

scent was paired with repeated forced swim stress and withdrawal-odorant pairing in 

which almond scent was paired with two instances of naloxone-precipitated withdrawal 

(outlined above). Mice were pre-exposed to a 3-chamber Plexiglas box for 3 min before 

odorant pair conditioning. For the odorant-aversion test, mice were placed in a Plexiglas 

3-chamber box with a quarter Nestlet containing 20 µl of almond extract placed on one 

far side of the chamber, and a quarter Nestlet with no scent placed on the far side of the 

other chamber. The session in the 3-chamber box was video recorded for 14 min and 

analyzed using Ethovision for the time spent in each zone. The odorant score was 

calculated by the time spent in the odor-paired chamber minus the time spent in the 

opposite chamber. 

 

Statistical analysis 

All data were analyzed using either one- or two-way ANOVA appropriate for variables. 

Post-hoc tests for multiple comparisons were performed to determine differences from 

controls.  
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Results 

The novel sensor oROS-Gr detects increases in ROS generation in the presence 

of nalfurafine and nalmefene 

We previously determined that nalfurafine stimulated cJun Kinase phosphorylation in 

KOR-expressing HEK293 cells by western blot analysis (Schattauer et al., 2019) and 

showed that nalfurafine could stimulate the KOR/JNK/PRDX6 pathway in KOR-

expressing neurons in live slices of the ventral tegmental area (VTA) using the ROS 

sensor HyPerRed (Reichard et al., 2020). These responses required KOR expression 

and were blacked by KOR antagonists. However, HyPerRed has low sensitivity and 

slow kinetics; thus, we started by optimizing the ROS sensor using structure-based 

design as described (Lee et al., 2024 in review). The resulting sensor oROS-Gr 

performed better in its enhanced “off” kinetics (Suppl figure) and was used to 

characterize ROS generation by nalfurafine and nalmefene in this study.  Adult male 

KOR-cre mice were bilaterally injected in the Ventral Tegmental Area (VTA) with AAV1-

DIO-oROS-Gr-mCherry virus (Fig. 2.2A). Horizontal ventral tegmental area slices were 

taken 2-4 weeks post viral injection to allow for expression. Live slice imaging was 

performed using 2-photon microscopy over a 50-minute time interval at 1 frame per 

minute.  Both nalfurafine and nalmefene significantly increased oROS fluorescence by 

45-50% (Fig. 2.2D-E). The fluorescence increase was blocked by the competitive opioid 

receptor antagonist naloxone (10 uM), the PRDX6 inhibitor MJ33, and the JNK inhibitor 

JNK-IN-8 (Fig 2.2D). The advantage of the 2-photon imaging in the in vitro slice 
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preparation is the single cell resolution (Fig 2.2C) and ability to control the drug and 

inhibitor concentrations in the perfusion buffer (Fig 2.2E). 
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Figure 2.2: Nalfurafine and nalmefene cause ROS generation in a KOR-specific 
manner A) Cartoon visual of viral expression of oROS-Gr in the VTA of KOR-cre mice. 
B) Left Confocal image a horizontal VTA slice showing merged channels of the GFP 
sensor (green) and the mCherry tag (red). Right Representative 2-photon image of the 
same slice.  C) Representative images using 2-photon microscopy of KOR+ cell bodies 
in the VTA with oROS expression under buffer only condition, with nalfurafine washed 
on for 20 min, followed by H2O2 for positive control D) Delta-F/F values for 50 min 
imaging sessions. Wash on of 100 nM nalfurafine (red) and 10 uM nalmefene (blue) 
both show clear increases in oROS fluorescence that can be blocked by naloxone, 
MJ33, or JNK-IN-8. Wash on of H2O2 at 40 min shows the sensor was adequately active 
by the end of the time course. E) AUC quantification of time course data from 0-40 min. 
F) AUC quantification of fiber photometry time course for 40 min after injection of 
various doses of nalfurafine and nalmefene in freely behaving male mice. Both drugs 
dose-dependently caused the generation of ROS. G) Cartoon visual of the fiber 
photometry setup used in (F). H) Left AUC quantification of time course data from 0-40 
min after injection of 100 µg/kg nalfurafine in female mice measured at various points in 
the estrus cycle. Female mice show no response to nalfurafine at the high estrogen 
stage (proestrus). Right AUC 0-40 min in female mice pretreated with estradiol or 
progesterone compared to the cycle collapsed into high estrogen stage (proestrus) and 
low estrogen stages (estrus-diestrus). Pretreatment with estradiol mimics the proestrus 
stage and pretreatment with progesterone keeps the animals in the low estrus state, 
mimicking the low estrogen stages. I) Representative images of histology from vaginal 
lavage to determine estrus cycle stage.  
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Expression of oROS-Gr in the VTA was also imaged using in vivo fiber photometry (Fig 

2.2F). Similar to the ex vivo slice results, we see an increase in oROS fluorescence with 

both nalfurafine and nalmefene and in a dose-dependent manner (Fig. 2.2G). The in 

vivo increase in oROS fluorescence was blocked by pretreatment with 10 mg/kg 

naloxone. These results confirm that both nalfurafine and nalmefene generate ROS 

through the KOR/JNK/PRDX6 signaling cascade in KOR-expressing VTA neurons.  

 

KOR-induced ROS generation increase is estrus cycle dependent in female mice 

It has been previously reported that female rodents have estrus state-dependent 

insensitivity to KOR activation because estrogen stimulates GRK2 to block Gβ𝝲 

signaling. Through this mechanism, estrogen blocked the long-lasting effects of norBNI 

(Abraham 2018, Reichard 2020). To determine if the activation of oROS was similarly 

affected, we expressed oROS-Gr in VTA neurons of adult female KOR-Cre mice and 

measured the fluorescence responses to nalfurafine during different estrus stages. 

Nalfurafine significantly increased oROS fluorescence during estrus (lowest estrogen 

state) but had no effect during proestrus (highest estrogen state) (Fig. 2H), consistent 

with what has been reported. To mimic these states, we pretreated females with either 

exogenous estradiol or progesterone and repeated the in vivo fiber photometry with the 

same dose of nalfurafine. Female mice pretreated with estradiol had no ROS response 

to nalfurafine, whereas female mice pretreated with progesterone had a robust increase 

in fluorescence after nalfurafine injection (Fig. 2I). These results confirm that female 

mice have estrus state-dependent insensitivity to KOR activation by nalfurafine 
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(comparable to norBNI) and that this can be overcome by progesterone. These findings 

have important implications as we advance to human trials with women subjects.  

 

Repeated administration of nalfurafine and nalmefene blocks U50-induced 

analgesia in a JNK-pathway-specific manner 

A single injection of 10 mg/kg norBNI completely inactivates KOR for weeks in mice 

(Bruchas et al., 2007). A single injection of a 100-fold lower dose of norBNI was 

ineffective, but daily injection of 0.1 mg/kg norBNI for 3 weeks produced KOR 

inactivation in both male and female mice (Chavkin, 2019). Presumably, the lower dose 

is able to inactivate a small percentage of the receptors and because recovery takes 

weeks, the inactivation accumulates. Reducing a drug dose by 100-fold reduces the risk 

of adverse and off-target effects and would be potentially advantageous in human trials. 

To determine the ability of nalfurafine and nalmefene to produce nor-BNI-like cumulative 

KOR inactivation, we injected various doses daily for 7-days then waited for 7 days to 

allow drug clearance before assessing the degree of KOR inactivation. Treatment of the 

mice for 7-days was chosen to simulate the future human Phase 1 clinical trial, however 

if the treatment advanced to therapeutics, we imagine that persons would continuously 

take the medication at an even lower dose (to be determined).   

We used the tail-flick assay of KOR function as the initial measure of receptor 

inactivation. We utilized the warm water tail withdrawal paradigm in which mice have ⅓-

½ of their tail dipped in 52.5oC water and the latency for them to withdraw their tail was 

measured. Typically, the analgesic effect of U50,488 increases latency to withdraw by 

about 3-6 seconds (Bruchas, Land, et al., 2007; Chavkin et al., 2019)  
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Figure 2.3: Repeated administration of nalfurafine and nalmefene blocks KOR-
induced analgesic response through the JNK pathway. A-C) Tail withdrawal latency 
is shown as a percent of the baseline of the normal increase elicited by U50,488 
administration. Treatments of norBNI (1 mg/kg), nalfurafine (1 mg/kg), and nalmefene 
(10 mg/kg) were given once daily for 7 days. Time points are shown as days after the 
last administration of treatment measured out to 28 days. Saline or saline with MJ33 
pretreatment shows no change from the normal baseline (Supplemental Fig. 3). 
Repeated treatment with norBNI, nalfurafine, and nalmefene blocks U50,488-induced 
latency increase. Pretreating with MJ33 1 hour before each daily dose caused KOR 
function to recover more rapidly.  D-F) The same dosing regimen as in A-C showing 7 
days post-last treatment norBNI (100 µg/kg - 1 mg/kg), nalfurafine (10 ng/kg - 100 
µg/kg), and nalmefene (1 µg/kg - 10 mg/kg). All 3 treatments dose-dependently block 
U50,488-induced analgesia. 
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and we consider that response 100% effect and compare each back to their maximal 

effect (Fig. 2.3).]  Mice were injected i.p. with saline, norBNI (1 mg/kg), nalfurafine (1 

mg/kg), or nalmefene (10 mg/kg) once daily for 7 days then the analgesic response to 

the kappa opioid agonist U50,488 (10 mg/kg) was assessed in the standard warm-water 

(52.5oC) tail withdrawal assay. Treatment for 7-days with low doses of norBNI (330 

µg/kg), nalfurafine (100 ng/kg), or nalmefene (100 µg/kg) significantly inhibited the 

antinociceptive effects of U50,488 (Fig 3A-C). The inactivation was long-lasting: norBNI-

treated mice (1 mg/kg) showed only partial recovery after 28 days (Fig 3D). Nalfurafine-

treated mice recovered only after 21 days (Fig 3E), and nalmefene-treated mice 

required more than 14 days to recover (Fig 3F). When PRDX6 was inhibited by injection 

with MJ33 (1.25 mg/kg) prior to each injection of norBNI, nalfurafine or nalmefene, the 

rates of recovery of the U50488 analgesic response were significantly increased. These 

results support the prediction that microdosing with nalfurafine or nalmefene can 

inactivate KOR in a norBNI-like manner through the JNK/PRDX6 cascade.  

 

Repeated administration of nalfurafine and nalmefene block stress-paired cue 

aversion 

The therapeutic utility of KOR antagonists would presumably be to promote stress-

resilience. To determine if microdosing nalfurafine or nalmefene would block dynorphin-

induced stress responses, we used two different assays of dysphoria. In mice, 

dysphoria typically measured as aversion conditioned to a cue associated with the 

stressful experience (Land et al., 2009). In the first assay, mice were subjected to a  
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Figure 2.4: Repeated administration of nalfurafine and nalmefene block stress-
paired cue aversion. A-C) Odorant scores were determined by the amount of time 
spent in the null odorant side subtracted from the paired odorant side (a negative score 
representing aversion). Unstressed animals had neutral scores while stressed animals 
pretreated with saline showed an aversion of over 100 seconds. Repeated low-dose 
treatments of nalfurafine (1 µg/kg) and nalmefene (1 mg/kg) fully blocked this aversion. 
Unstressed animals have no aversion to the almond scent while animals that had the 
almond scent-swim stress pairing showed an aversion (calculated by time in the odor 
zone – time spent in the null zone). 7 daily injections of norBNI (330 µg/kg or 1 mg/kg), 
nalfurafine (1 µg/kg or 10 µg/kg), and nalmefene (1 mg/kg) blocked stress-odor paired 
aversion. D) Mice were started on daily treatments of saline, norBNI (1 mg/kg), 
nalfurafine 5 µg/kg), or nalmefene (5 mg/kg). 4 days into treatment, they were implanted 
with osmotic pumps delivering 2mg/kg/day of fentanyl for 7 days. 2 days after pump 
removal, the almond scent was paired with an injection of naloxone (1 mg/kg) to 
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precipitate withdrawal, once in the morning and once in the evening. Mice were tested 
for aversion to the almond scent 15 days post-pump removal. Mice treated daily for 7 
days with saline showed a strong aversion to the almond scent which was greatly 
attenuated in groups receiving daily injections of norBNI, nalfurafine, or nalmefene. E) 
Schematic of almond pairing with either repeated force swim-stress or naloxone 
precipitated withdrawal, followed 24 hours later by 3-chamber aversion assay with the 
scent on one of the far sides. 
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repeated forced swim paradigm previously shown to release dynorphin (Land et al., 

2008; McLaughlin, Marton-Popovici, et al., 2003) in the presence of a neutral odorant 

cue (almond scent). Following conditioning, mice were introduced to a 3-chamber place 

preference apparatus with the almond scent present in only one compartment. Control 

mice exposed to the almond scent in the absence of the stress-pairing show no 

aversion to the almond scent-containing compartment. In contrast, mice experiencing 

the stress-pairing show robust aversion (Fig 2.4). Pretreatment of the mice for 7 days 

with norBNI (either 330 µg/kg or 1 mg/kg) followed by 7-days of recovery before 

repeated swim stress exposure in the presence of the cue did not develop aversion to 

the almond scent (Fig 2,4A). Mice pretreated daily with nalfurafine (1 µg/kg or 10 µg/kg) 

for 7 days did not develop aversion to the almond scent (Fig 2,4B). Similarly, pretreated 

daily with nalmefene (100 µg/kg or 1 mg/kg) for 7 days did not develop aversion to the 

almond scent (Fig 2,4C). The drug potencies in the swim-odorant assay were 

comparable to the tail-flick analgesia assay. Because the place aversion assay requires 

conditioning, it is important to determine if treatment affects learning and memory 

processing. When a different set of mice were injected with cocaine in the presence of 

the almond scent, they developed robust place preference to the almond-scent paired 

compartment. NorBNI (10 mg/kg) treatment prior to cocaine conditioning did not block 

almond-scent preference (Land et al., 2008). 

The second stress assay we used paired almond scent during naloxone precipitated 

withdrawal in opioid-dependent mice. Acute abstinence to opioids causes dynorphin 

release and includes a profound dysphoria response (Abraham et al., 2021). 
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Mice were implanted with osmotic mini-pumps containing fentanyl (2 mg/kg/day) to 

produce opioid dependence. After 7 days, the pumps were removed and 2 days later 

mice were injected twice with 1 mg/kg naloxone in the presence of the almond scent, 

once in the morning and once in the evening to precipitate withdrawal. Fentanyl-

dependent mice developed robust place aversion (Fig 2.4D). In contrast, control mice 

with saline-filled minipumps did not develop aversion when injected with naloxone in the 

presence of almond scent.  

 

Fentanyl-dependent mice that were pretreated for 7 days with either norBNI (100 

µg/kg), nalfurafine (5 µg/kg), or nalmefene (5 mg/kg) showed significantly reduced 

odorant aversion when challenged with naloxone 2-days after pump removal (acute 

withdrawal). Naloxone-precipitation is not identical to spontaneous withdrawal from 

opioids - it is more intense and acute; however the symptoms are qualitatively similar 

(Schulteis et al., 1998). Although we are ultimately interested in the determining the role 

of dynorphin in humans experiencing opioid abstinence, the conditioning paradigm in 

mice works better if the cue and the stimulus are discrete and temporally associated. 

The 1 mg/kg dose of naloxone chosen will block mu opioid receptors but is insufficient 

to block KOR (Abraham et al., 2021). These results from both these stress assays 

suggest that repeated low-dose treatment with nalfurafine or nalmefene promotes stress 

resilience and supports their potential therapeutic utilities. 
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KOR agonists increase circulating prolactin in the blood and this physiological 

response can be blocked with the repeated dosing regimen 

It has been previously reported that KOR activation increases prolactin and could be 

used as a biomarker for KOR agonists (Er & Mj, 2001; Kopruszinski et al., 2022). To 

determine the relative increases of prolactin at different doses of our treatments, we 

generated a dose-response with ng/ml of serum prolactin as our output measure, 1 hr 

post i.p. injection of each drug (Fig. 2.5A). These curves highlight the high potency of 

nalfurafine (left-shifted compared to U50,488) and the partial agonism of nalmefene 

(decreased maximal effect compared to U50,488). Pretreatment with norBNI (10 mg/kg, 

7 days prior) blocks the increase in prolactin seen with U50, nalfurafine, and nalmefene 

(Fig. 2.5B).  
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Figure 2.5: KOR agonists increase serum prolactin which can be blocked by 
nalfurafine and nalmefene A) Serum prolactin dose-response curves 60 min post 
administration of nalfurafine, nalmefene, and U50,488. Nalfurafine has increased 
potency compared to U50 while nalmefene has similar potency but reduced efficacy, 
highlighting its partial agonism. B) Pretreatment with norBNI blocked nalfurafine, and 
U50-induced increase in prolactin. C) Repeated doses of nalfurafine and nalmefene 
blocked nalfurafine-induced increase in serum prolactin 
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Long-term KOR antagonism is tissue-specific 

The long-lasting KOR block that results from ROS generation and subsequent receptor 

inactivation has been previously shown to have specificity in where it acts. GNTI-

induced scratching behavior, lack of ROS generation at NAc dopamine terminals. A 

single large dose of norBNI (10 mg/kg) blocks KOR-induced diuresis at 1hr and 24hr 

post administration but not 7 days post-administration.  Similarly, we show here that 

repeated injections with varying nalfurafine doses nor norBNI pretreatment of the same 

block KOR-induced diuresis (Fig. 2.6A). These data, along with the previous data 

showing a lack of ROS generation in NAc dopamine terminals, suggest that the ROS-

induced receptor inactivation with norBNI and now with repeated doses of nalfurafine 

and nalmefene are restricted to specific CNS areas. 
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Figure 2.6: norBNI demonstrates short-acting antagonism in specific tissues. A) 
Administration of nalfurafine increases diuresis compared to saline control. This effect 
can be block acutely by norBNI ( 10 mg/kg, 1 hr pretreatment) but is not long lasting (10 
mg/kg, 24 hr, 7d, and 14d pretreatment)  B) Nalfurafine was given to mice each day for 
6 days at varying doses with pretreatment of either saline or low-dose norBNI (1 mg/kg) 
for 7 days and 7 days of recovery. No differences were observed between saline and 
norBNI repeated dose pretreatment. Doses of nalfurafine were given each day and no 
tolerance effect was observed in its diuretic action.  C) Mice treated with saline, norBNI 
(1 mg/kg), nalfurafine (5 µg/kg), or nalmefene (5 mg/kg) daily for 7 days. 7 days post 
last administration, they were tested on a rotor rod, rotating from 6-14 rpm (increased 
every 30 seconds). Latency to fall was measured in seconds. U50,488 administration 
caused a significant decrease in latency with saline, nalfurafine, and nalmefene 7+7 
treated animals. D) Rotor rod scores expressed as latency post U50,488 minus pre 
U50,488 (top) or as a % of pre U50,488 score (bottom). No treatments significantly 
blocked U50,488-induced decrease in rotor rod performance.  
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Discussion  

The results presented in this study highlight the potential of leveraging functional 

selectivity. With the identification and characterization of these 4 signaling pathways at 

KOR, we can expand past the more traditional idea of what a partial agonist is and 

continue to use these mechanisms to our advantage with drugs that are already 

available and shown to be safe and well tolerated in humans. In the case of nalfurafine 

and nalmefene in combination with repeated low-dosing regimens, KOR blockade can 

build slowly to promote stress-resilience.  

 

Nalfurafine has been shown to be a G-protein-biased agonist (Schattauer et al., 2017), 

exhibiting 10-20-fold more selectivity for G in rodent KOR and 200-fold more in 

human KOR. Because of this, we were able to find an exceptionally large range of 

doses in which repeated administration caused KOR inactivation. Having such 

selectivity for the G-protein pathway allows for JNK to be activated without hindrance 

from p38 MAPK activation which occurs primarily through the GRK3-arrestin pathway. 

Nalmefene’s partial agonist properties result in low efficacy in both the analgesic and 

aversive pathways, possibly allowing for it to build the ROS generated from the JNK 

pathway without enough p38 MAPK kinase to block it. Nalmefene is also a functional 

antagonist of opioid receptors at high doses, allowing for its use in the reversal of opioid 

overdose as well as treatment for alcohol use disorder, similar to that of naltrexone. 

However, at the range of doses we have shown here, combined with its ability to cause 

downstream generation of ROS, we are able to block KOR action long-term. This 

suggests for both nalfurafine and nalmefene, dosing could be adjusted as needed in 
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human patients in the event of psychological or physiological discomfort without loss of 

KOR inactivation.  

 

There is now a large body of preclinical literature suggesting that KOR antagonists may 

prove useful in the treatment of the anhedonic component of many mental ailments. 

norBNI and JDTic, long-lasting KOR antagonists, have been shown to block stress-

induced drug seeking and self-administration (Graziane et al., 2013; Redila & Chavkin, 

2008; Walker et al., 2011). Dynorphin has been shown to be elevated in a host of 

preclinical models of stress and in the CSF of persons experiencing psychosis (Heikkilä 

et al., 1990). In this study, we show the ability of nalfurafine and nalmefene to block 

stress-cue-paired aversion. In the odor-swim stress pairing, there is a full block of odor 

aversion, consistent with what has been shown with a single large dose of norBNI (Land 

et al., 2008). In the odor-withdrawal pairing, the is a partial block of the aversion with 

norBNI, nalmefene, and nalfurafine. It is unclear why the aversion behavior is not fully 

blocked. However, we speculate that because withdrawal is multifaceted and we believe 

we are blocking the anhedonic component, other factors that are not KOR-mediated 

contribute to the whole effect. 

 

There has been large variability in the response to KOR agonists in preclinical models 

using females. This phenomenon has been attributed to estrus cycle changes. Both the 

menstrual cycle in humans and the estrus cycle in rodents are controlled by fluctuations 

in ovarian steroid hormones. The mouse reproductive cycle is 4-6 days, with key 

fluctuations of estrogen and progesterone mimicking a condensed version of the human 
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menstrual cycle. Estrogen concentrations increase during peak ovulation during the 

early proestrus phase and drop rapidly during the rise of progesterone. Indeed, both 

previous data as well as the data presented here confirm that female mice have an 

extremely muted response to KOR agonism in the G-protein mediated pathway, 

including the collateral agonism of norBNI, during the peak estrogen phase, proestrus 

(Fig. 2.2H-I) (Abraham et al., 2018; Reichard et al., 2020). This is due to estrogen’s 

ability to increase the phosphorylation of GRK2, a key regulator of the G-protein 

mediated signals, and the phosphorylated GRK2 may sequester the G subunit. This 

has implications for the treatment of human females with KOR agonists and the 

possibility of blunted responses to downstream activation of JNK. However, previous 

studies suggest that the repeated dosing we have proposed here has the potential to 

overcome this insensitivity issue (Chavkin et al., 2019). In addition, treatment using 

KOR inactivation may be more effective in females who are concurrently on 

progesterone in one form or another, a common method of contraception.  

 

Aside from sex differences, there is also cell specificity in KOR activity. It has been 

shown that the ability of norBNI to block KOR inhibition of dopamine release NAc core is 

not long-lasting (Reichard et al., 2020). It may also be the case for different brain areas 

as well as for KOR in the periphery. In this study, KOR-induced diuresis was the same 

for both males and females, suggesting that nalfurafine is not subject to the same lack 

of sensitivity in females in this assay. However, a single injection of high-dose norBNI 

blocked this increase in diuresis a week post-administration in males but not females. 

This may indicate that the GRK2 interaction with estrogen is different in renal tissue 
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containing KOR. It has also been shown that GNTI, a KOR-antagonist that causes 

pruritic effects when injected subcutaneously can be blocked by acute treatment with 

nalfurafine (Schattauer  et al., 2017). While the pruritic effect of GNTI is a KOR-

independent, off-target effect, the nalfurafine block is KOR-meditated. Pretreatment with 

norBNI blocks nalfurafine inhibition of GNTI-induced pruritus 18-20 hours after injection 

(Inan et al., 2011), however, we showed that norBNI does not block the antipruritic 

effect of nalfurafine 7 days post-administration, suggesting yet another site that KOR 

long term antagonism is absent.  

 

Our ability to identify the generation of ROS by nalfurafine and nalmefene in both ex 

vivo slice and in vivo fiber photometry was reliant on the development of the novel 

oROS sensor (Lee, 2024). This bacterial-derived sensor, modified from HyPerRed 

(Ermakova et al., 2014), allows for the detection of very low levels of ROS. It is 

important to note that while the absolute value of ROS concentration in oxidative stress 

compared to the low concentrations that can be used instead as physiological 

messengers has not been demonstrated. However, it is typically understood that the 

concentration differs by several magnitudes. The idea of ROS as an essential part of 

signal transduction is not new but it is understudied, especially in the context of GPCR 

inactivation. 

 

The mechanism described here for KOR inactivation due to downstream ROS 

production is, in fact, the same mechanism that occurs in mu-opioid receptors (MOR) 

and may contribute to the tolerance seen when using some MOR agonists. The 
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difference in how this inactivation functions between MOR and KOR is due to the 

relative turnover rate of the receptor. We understand the inactivation caused by ROS-

induced depalmitoylation to be irreversible in this context, meaning the receptor is taken 

offline and has to be resynthesized. This process takes 2-3 days for MORs (Messing et 

al., 1982) but 21+ days for KORs (Jones & Holtzman, 1992) and accounts for the long-

lasting effect of antagonists like norBNI and JDTic. Our findings that the same can be 

achieved with repeated low dosing of KOR G-biased and partial agonists represent a 

brand new avenue for leveraging KOR modulation in the treatment of human disease.  
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Chapter 3 

Stress decreases serotonin tone in the nucleus accumbens in male mice to 

promote aversion and potentiate cocaine preference via decreased stimulation of 

5-HT1B receptors. 

 

This chapter was formatted for this thesis from the following article previously published. 

“Stress decreases serotonin tone in the nucleus accumbens in male mice to promote 

aversion and potentiate cocaine preference via decreased stimulation of 5-HT1B 

receptors”. Fontaine HM, Silva PR, Nesiwanger, C, Tran R, Abraham AD, Land BB, 

Neumaier JF, Chavkin C. (2021) Neuropsychopharmacology, 47: 891–901. 

My contribution to this work was to run portions of the cocaine-conditioned place 

preference tests in Figures 3.1-3.3. 

 

The presented study investigates the role of KOR in stress-induced dysphoria and drug 

reward potentiation. We found that excising KOR from serotonergic (SERT-expressing) 

neurons in male mice blocked stress-induced potentiation of cocaine preference. Two 

distinct populations of KOR-expressing neurons were identified in the dorsal raphe 

nucleus (DRN): those expressing VGluT3 and SERT. Optogenetic inhibition of SERT+ 

neurons increased cocaine preference, while inhibition of VGluT3+ neurons reduced it. 

Inhibition of SERT+ neurons in the DRN projecting to the medial nucleus accumbens 

(mNAc) caused aversion whereas stimulation reduced stress responses and cocaine 

preference. The dynorphin afferents in the mNAc were required for stress-potentiated 

cocaine preference. Blocking dynorphin in the mNAc or transiently inhibiting 5-HT1B 
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receptors blocked this potentiation. Stress caused increased 5-HT1B receptor 

expression in mNAc dynorphin cells. 

 

This work further elucidates the dyn/KOR signaling modulating serotonin activation of 5-

HT1B receptors in the NAc that influences stress responses, emotional states, and drug 

reward in this system. Our increased understanding of these circuits adds to a body of 

knowledge on the therapeutic potential of KOR regulation. 

 

Introduction  

Stress has profound effects on the risk of substance use disorders and relapse in 

humans and promotes drug seeking behaviors in animal models of addiction [1–4]. 

Animal studies have shown that the endogenous opioid dynorphin (Dyn) and its cognate 

receptor, the kappa opioid receptor (KOR), are critical to the enhancement of each 

stage in the progression towards drug addiction, from initial preference, to escalation, 

and ultimately reinstatement [2,5–7]. These have been shown to be mediated in part by 

stress-induced modulatory effects on the serotonin (5-HT) system; however, the 

contribution of serotonin (5-HT) to hedonic processing remains controversial [8–10]. In 

humans, polymorphisms in genes encoding dynorphin, KOR, and the serotonin 

transporter (SERT) have been linked to stress-induced depression and increased risk 

for addiction [11–14].   

  

Stress-evoked release of neuropeptides including corticotropin-releasing factor (CRF) 

and the prodynorphin-derived peptides impinge on affective circuitry to orchestrate 



 53 
 

changes in both neurophysiological state and observable behavior [15]. CRF-induced 

Dyn release and KOR activation is required for the dysphoric and anxiogenic properties 

of stress. Additionally, Dyn action at KOR on dopaminergic and serotonergic neurons is 

necessary for a stress-induced dysphoric state, which may underlie stress-potentiation 

of drug-seeking behaviors [15,16]. KOR activation within serotonergic neurons of the 

dorsal raphe nucleus (DRN), which is a hedonic hot spot and primary source of 

forebrain serotonin, results in somatic hyperpolarization and increases the surface 

expression of SERT in axon terminals projecting to the nucleus accumbens (NAc) 

[9,10,17,18]. Together, these findings suggest that stress-induced activation of the Dyn-

KOR-5-HT axis reduces serotonin tone in the NAc to increase drug reward in mice.  

  

Direct manipulation of serotonergic neuron activity in DRN via optogenetic and 

chemogenetic techniques, however, has resulted in conflicting conclusions concerning 

the role of 5-HT in mediating responses to rewarding, aversive, and stressful stimuli 

[19– 24]. These discrepancies may be due to the genetic and anatomical complexity of 

the DRN as well as the impact of different assay conditions and event timing on stress 

and reward processing [25,26]. In the present study, we resolved a KOR-expressing, 

serotonergic projection from the lateral aspect of the DRN to the medial NAc (mNAc) 

that controls 5-HT tone to regulate stress response, aversion, and reward potentiation. 

We further implicate presynaptic dynorphin and postsynaptic 5-HT1B receptors within 

the mNAc in mediating these effects.  

  

Materials and Methods  
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Drugs 

Cocaine-HCl, norbinaltorphimine-HCl (norBNI), and ±U50488 were provided by the 

National Institute on Drug Abuse Drug Supply Program (Bethesda, MD) and were 

dissolved in 0.9% saline. Sodium pentobarbital, Beuthanasia Special-D, and isoflurane 

were obtained from University of Washington Medical Center Drug Services. CP 94253-

HCl, GR 127935-HCl, and GR 125487 were purchased from Tocris Bioscience and 

dissolved in artificial cerebrospinal fluid (ACSF).   

  

Viral reagents 

CAV2-DIO-ZsGreen was provided by Dr. Larry Zweifel (University 

of Washington).  UNC Vector Core or Addgene provided: AAV5-DIO-EYFP (UNC/ 

Addgene #27056), AAV5-DIO-SwiChRCA-EYFP (UNC), AAV5-DIO-ChR2-EYFP (UNC/ 

Addgene #20298), AAV5-EGFP (#105547), AAV5-Cre-EGFP (Addgene #105545), and 

AAVrg-DIO-EYFP (Addgene #27056). Viral suspensions were stored at -80°C until use 

and injected undiluted (2×1012 - 3×1013 vg/ml).  

  

Animals 

Adult (8-20wk) male C57BL/6 mice and transgenic strains on C57BL/6 genetic 

background were group housed (2-5/cage), given access to food pellets and water ad 

libitum, and maintained on a 12hr light:dark cycle (lights on at 7AM). All animal 

procedures were approved by the University of Washington Institutional Animal Care 

and Use Committee and conformed to US National Institutes of Health guidelines. We 

obtained Slc6a4-Cre (SERT-Cre) mice from the GENSAT project (MMRRC:017260-
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UCD), Oprk1-Cre (KOR-Cre) mice from Dr. Sarah Ross (University of Pittsburgh) [1], 

Pdyn-IRES-Cre (Pdyn-Cre) and Pdyn-lox/lox (Pdynflx) mice from Dr. Richard Palmiter 

(University of Washington), Slc17a8-Cre (VGluT3-Cre) and Oprk1-lox/lox (KOR-flx) from 

Jackson Labs (MGI:5823257, MGI:5316477). KORSERT conditional knockout (cKO) 

mice were generated as previously described [2].  

  

General behavioral methods 

Mice were kept in the same housing facility in which behaviors were assayed for at least 

1 week prior to experimentation. For all optogenetic experiments, controls were Cre+ 

mice injected with AAV-DIO-EYFP instead of the active opsin. Cage changes were 

conducted no less than 3 days prior to behavioral testing to minimize confounding 

effects of environmental stress exposure. Mice were habituated to handling daily for 3 

days prior to the initiation of each experiment. All experiments were conducted on mice 

naïve to prior treatment, except for the optical stimulation during rFSS and social 

approach assays, which were conducted 2 weeks after the completion of cocaine 

CPP.  EthoVision Software (Version 3.0 & 11.0, Noldus Information Technology) was 

used to assess movement and generate path heatmap graphics. Experiments were 

conducted in sound-attenuating behavioral rooms with medium-intensity lighting.  

  

Stereotaxic Surgery 

For aseptic surgery, mice were anesthetized in an induction chamber with 4% isoflurane 

before placement into a stereotaxic frame (David Kopf Instruments Model 1900) where 

they received 1-2% isoflurane as described previously [2]. Viral injections were 
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performed using Hamilton Neuros syringe (Sigma-Aldrich) at a rate of 100nl/min (500nl 

for all behavioral studies, 750nl for tracing studies). The syringe was left in place for 

5min following the injection. Injection sites were as follows: DRN (AP -4.35, ML 0, DV-

2.7; 20° angle) or NAc (AP+1.35, ML +-0.7, DV -4.6) and optic fibers (Doric) were 

placed 0.5mm above the target site. All NAc viral injections for behavioral studies and 

optical stimulation were bilateral and unilateral for retrograde tracing. For drug 

microinfusion, guide cannula (Plastics One #C235G/SPC-1.4mm) were placed above 

the NAc (AP +1.35, ML +-0.7, DV -4.1), with internal cannula projecting 0.5mm past the 

guide cannula. Implants were secured using Metabond (Parkell) and dental cement 

(Stoelting). Following surgeries, mice were given carpofen for 5 days to reduce 

inflammation and pain and allowed time for recovery and viral expression (10 days for 

infusion studies, 4 weeks for somatic optical stimulation, and 5 weeks for terminal 

optical stimulation and anatomical tracing studies).  

  

Forced Swim Stress 

Mice were subjected to a modified Porsolt forced swim stress (rFSS) as described 

previously [3]. All swim sessions were conducted in 31±1ºC water. On day 1, mice 

received a 15min initial swim, followed 22hr later by four 6min swims, each separated 

by 6min. After each swim, mice were removed from the water, towel dried, and returned 

to their home cage.   

  

Optogenetic stimulation during rFSS 
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Mice were connected to the optical tether 1min prior to swim sessions on day 1 and 2, 

and they remained tethered throughout the swim session. Mice were visually monitored 

during swim sessions. Mice that submerged due to impaired swimming were removed 

from the water and excluded from subsequent analysis (3 EYFP-injected and 2 ChR2-

injected mice were excluded). Optical stimulation was delivered 1min prior to the initial 

swim and 6min prior to the second and fourth swim on the day 2.   

  

Cocaine conditioned place preference 

Mice were assayed in a balanced place conditioning apparatus with distinct visual and 

tactile cues in each chamber as previously described [2,4]. On day 1, an initial 

preference test was conducted for place preference bias. Conditioning occurred on days 

2 and 3, consisting of cocaine administration and 30min confinement to the drug-paired 

chamber in the morning (15mg/kg, IP) and saline administration (10ml/kg, IP) and 

confinement to the other chamber 4hr later. On day 4, mice were allowed to freely 

explore the apparatus for a postconditioning assessment in the absence of drug. 

Preference tests and conditioning sessions lasted for 30min and were conducted in 

sound attenuating chambers.   

  

Manipulations prior to cocaine conditioning 

Repeated forced swim stress prior to cocaine conditioning: mice were subjected to rFSS 

(as described above) 30min after the initial preference test on day 1 and before cocaine 

conditioning on day 2, terminating 10min prior to cocaine administration.   
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Optogenetic inhibition of DRN subtypes prior to cocaine conditioning 

VGluT3-Cre and SERT-Cre mice expressing EYFP or SwiChR were tethered to fiber 

optic cables coupled to a 473-nm laser in an empty cage bottom and received optical 

stimulation (0.33 Hz, 15ms pulse duration) for 30min on each conditioning day. 

Following optical stimulation, mice were returned to their home-cage 30min prior to 

each cocaine conditioning session.   

  

Optogenetic excitation of SERTDRN-NAc terminals during U50488 pretreatment 

Mice received the selective KOR agonist U50488 (5mg/kg, IP) 1hr prior to cocaine 

conditioning and were immediately tethered to optical fibers providing 473-nm 

stimulation (15Hz, 10ms pulse duration) in an empty cage bottom. Mice were 

untethered 5min before each cocaine conditioning session.  

  

Local infusion of 5-HT receptor antagonists prior to cocaine conditioning 

Wild-type (WT) mice with guide cannula placed in the NAc received infusions of the 5-

HT1B antagonist GR 127935 or 5-HT4 antagonist GR 125487 (1µg/0.2µl in ACSF, 

0.1µl/min) 135min and/or 75min prior to each cocaine conditioning session. Following 

infusions, mice were returned to their home cage.  

  

Conditioned place aversion 

Cannulated SERT-Cre mice expressing EYFP or SwiChR were assayed in a balanced 

place conditioning apparatus with distinct visual and tactile cues as previously described 

[2]. An initial preference test was performed on day 1 to assess baseline preference. On 
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days 2 & 3 optogenetic conditioning was performed, comprising a tethering session with 

confinement to the less-preferred chamber in the morning and optical stimulation (0.33 

Hz, 15ms pulse duration) with confinement to the more-preferred chamber 4hr later. On 

the 4th day, mice were allowed to freely explore the apparatus for a final preference test 

in the absence optical stimulation.  

  

Social approach 

Social interaction was assessed as described previously using a three-chambered 

apparatus with two clear internal partitions [5]. The day prior to the experiment, age-

matched target mice were habituated to confinement in an inverted pencil cup 

(Spectrum Diversified Designs) for 1hr. WT mice with cannula placed in the NAc 

received infusions of 5HT1B antagonist GR 127935 (1µg/0.2µl in ACSF; 0.1 µl/min), 

and 125min later were allowed to freely explore the social interaction apparatus for a 

10min habituation period. The mouse was then briefly removed to a holding cage, and 

two inverted pencil cups were placed in the far corners of the apparatus, with one cup 

containing a target mouse. The experimental mouse was then reintroduced and allowed 

to explore for an additional 10min. Time spent in an interaction zone adjacent to each 

cup was recorded.  

  

Local infusion of 5-HT1B ligands prior to histology 

WT mice with guide cannula placed in the NAc received norBNI (10mg/kg, IP) 24hr prior 

to the experiment to minimize the effects of infusion-induced stress on pERK-IR [6]. 

Mice received control infusions (ACSF, 0.2µl) in the right hemisphere and drug infusions 
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(GR 127935 or 5 CP94253; 1µg/0.2µl, 0.1µl/min) in the left hemisphere. Drug infusions 

consisted of CP 94253 alone or following infusions of GR127935 135min or 75min prior. 

15min after infusion of CP 94253, mice were deeply anesthetized, transcardially 

perfused, and brains were prepared for histology as described below.  

  

Immunohistochemistry 

Mice were transcardially perfused with 4% paraformaldehyde in 0.1M phospho-buffered 

saline (PBS) as reported previously [7]. Brains were then dissected, cryoprotected with 

30% sucrose at 4°C overnight, frozen, cut into 40µm sections (Leica microtome, 

SM200R), and stored in 0.1M PBS containing 0.1% sodium azide at 4°C until further 

processing. Standard immunohistochemical procedures were used to stain NAc 

sections as described previously [6]. Briefly: floating sections were washed 3x5min in 

PBS, then blocked for 1hr in 5% normal goat serum (Vector Labs), 0.3% Triton-X in 

PBS before 24hr at room temperature incubation with primary antibodies: 1:400 rabbit 

anti-pERK antibody (CS4370, Cell Signaling) for phospho-ERK detection or 1:1000 

Chicken anti-GFP (AB12970, Abcam) to enhance detection of anterograde and 

retrograde tracing. Sections were washed again 4x5min in PBS before incubation with 

the 1:500 goat anti-rabbit 488 or goat anti-chicken 488 (Life Technologies) for 2hr at 

room temperature. Lastly, sections were washed 4x5 in PBS, then once with 0.5X PBS 

before mounting on Fisher Superfrost slides (Sigma-Aldrich) and coverslipped using 

Vectashield (Vector Laboratories).  

  

Fluorescent in situ hybridization (ISH) using RNAscope 
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Brains were rapidly dissected and flash frozen on dry ice. For stress experiments, brain 

dissection was performed either 30min or 24hr following the last swim session of the 

rFSS protocol or unhandled (no rFSS) controls. Thin (14µm) coronal sections containing 

the NAc or DRN were collected and mounted onto Superfrost plus slides using a 

cryostat (Leica CM 1850) maintained at -20ºC. RNAscope ISH was performed 

according to the Advanced Cell Diagnostics as previously reported [8]. Each set of 

staining included a negative control, in which probes were omitted from the process. 

Probes were discriminated using tyramide signal amplification (TSA) fluorophores 

(NEL744001, NEL745001, NEL741001; Akoya Biosciences).  

  

Characterization of DRN subpopulations 

Probes for Oprk1 (mm-Oprk1), Slc6a4 (mmSlc6a4), and Slc17a8 (mm-Slc17a8) were 

used to label tissue from the central DRN (AP +4.34.5) of unstressed mice. NAc Htr1b 

distribution: sections containing the central NAc (AP 1.1-1.3) were obtained from 

stressed and unstressed mice, and separate sets of tissue were stained with probes to 

Htr1b(mm-Htr1b)/Chat (mm-Chat) and Htr1b/Pdyn (mm-Pdyn)/Adora2a (mmAdora2a).  

  

Microscopy and Image Quantification 

All images used for quantitation were taken using a confocal microscope (SP8X, Leica 

Microsystems), except for initial determination of expression in retrograde tracing 

studies and confirmation of viral expression in behavioral studies, in which a scanning 

widefield microscope was used (DMI6000, Leica Microsystems).   
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Anterograde tracing 

Two brain sections containing the NAc (AP +1.3 and AP +1.0) were imaged at 10x 

magnification for each SERTDRN ChR2 and VGluT3DRN ChR2 mouse. Boundaries of 

the mNAc were determined using the Paxinos atlas [9]. Terminal density was 

determined using Image J software (NIH) by binarizing the images and calculating the 

density of positive pixels within the mNAc as described previously [10].  

  

Retrograde tracing 

For KOR retrograde tracing from the mNAc, every sixth section within the DRN (AP -4.0 

to AP -5.0) was mounted and imaged at 10x magnification following anti-GFP staining to 

enhance detection of labeled cell bodies. For Pdyn retrograde tracing from the mNAc, 

every 12th section throughout the collected tissue (AP +2.5 to AP -5.5) was mounted to 

survey across all brain regions and imaged at 10x on a scanning widefield microscope. 

These were visually inspected for signal by an observer blind to treatment. 

Subsequently, confocal images were taken of the medial NAc at 10x magnification.   

  

Effects of 5-HT1B drug infusion on pERK in the NAc 

The left and right medial NAc of two sections (AP +1.3 and AP +1.0) were imaged for 

each animal. Z-stacks (5µm thick, 7 steps) were taken at 60x magnification and an 

average projection was generated using LASX software (Leica Microsystems). A 

detection threshold for each section was set according to the brightest 5% of pixels in 

the ACSF image and positive cells (more than half of cell above threshold) for each 

image were quantified manually by an observer blind to treatment using ImageJ 
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software (NIH). Average counts of two sections for the ACSF and drug treated 

hemispheres were taken for each animal. Percent increase of NAc pERK-IR+ cells in 

the drug-treated hemisphere was calculated as (pERKDrug-pERKACSF)/ pERKACSF.   

  

Fluorescent ISH: DRN subpopulations 

The entire DRN was imaged at 20x magnification from one section (AP 4.4) of each 

subject. Images were taken during the same imaging session, and capture settings 

were adjusted such that no signal was observed in negative controls and kept constant 

for all subsequent images. For DRN subregion analysis, an observer blind to staining 

conditions determined subregion boundaries and selected a rectangular region within 

each DRN subregion for colocalization analysis. Cells that contained signal brighter 

than threshold were counted as positive or overlapping. NAc Htr1b distribution: a region 

immediately medial and ventral to the anterior commissure (ac) was imaged at 20x 

magnification, with capture settings adjusted to ensure no signal in the negative 

controls. Two bilateral images from two sections were taken. Images were processed 

using custom MATLAB scripts (available upon request) for positive cells, co-expressing 

cells, and levels of RNA detected per cell; these values were averaged for each subject 

animal and then group averages were calculated. Cells that contained signal brighter 

than threshold were counted as positive or overlapping. Within positive cells, RNA 

levels were calculated by determining the percent of area within positive cells that was 

above threshold. For all analyses, total cells were determined by the number of 

DAPIstained nuclei.   
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Data Analysis 

Sample sizes were based on prior studies but were not predetermined by statistical 

methods. All aspects of histology and histological analysis were performed by an 

experimenter blind to genotype and treatment. Prior to further analysis, outliers in data 

sets were excluded using Grubb’s Test for statistical outliers. The assumption of normal 

distribution was tested for each data set and was statistically corrected for (welch’s 

correction) when this criterion was not met. Post-hoc tests used were Sidak’s, except for 

the analysis of antagonist pretreatment on cocaine CPP, where Dunnet’s T3 was used 

due to statistical correction. Alpha was set at 0.05 for all analyses.  

  

Results  

KOR expression in SERT neurons is required for stress potentiation of cocaine 

reward  

Slc6a4-Cre (‘SERT-Cre’) and Oprk1-lox/lox (‘KOR-flx’) mice were crossed as previously 

described [16], resulting in conditional excision of KOR in SERT+ cells 

(‘KORSERTcKO’) (Figure 3.1A). These mice and their littermate controls were 

subjected to a modified Porsolt repeated forced swim stress (rFSS), which consisted of 

a 15 min initial swim, followed 22hr later by four 6min swims that terminated 10 min 

prior to cocaine conditioning (Figure 3.1B).  Cocaine place preference of the unstressed 

KORSERTcKO mice was not significantly different from that of littermate controls (two-

way ANOVA; F1, 34= 0.27, P= 0.604), indicating that excision of KOR in SERT-

expressing neurons does not regulate basal cocaine preference (Figure 3.1C). There 

was a significant main effect of stress (F1, 34 = 8.87, P= 0.005) and a marginal 
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interaction (F1, 34= 3.45, P= 0.072). Comparison of cocaine preference within each 

genotype revealed a significant effect of stress in controls (Sidak post-hoc, P= 0.004) 

that was absent in the KORSERT cKO group (P= 0.664) (Figure 3.1C). Normalized data 

revealed that stress increased cocaine preference in controls by more than twofold, 

significantly more than in KORSERT cKO group (t test, welch-corrected, P= 0.036) 

(Figure S1A). These data demonstrate that global deletion of KOR in SERT expressing 

neurons blocks stress-induced potentiation of cocaine CPP.   

  

Inhibition of SERT neurons in the DRN is aversive  

KOR activation by stress hyperpolarizes serotonergic neurons in the DRN [18], but 

stress exposure also broadly affects brain physiology. To assess the effect of selective 

inhibition of DRN neurons, we optogenetically inhibited SERT neurons in the DRN 

(SERTDRN) by injecting an inhibitory opsin (AAV5-DIO-SwiChR-EYFP) into the DRN of 

SERT-Cre mice (Figure 3.1D). SwiChR is a channel rhodopsin variant that conducts Cl- 

ions and has been utilized to generate long-term, reversible inhibition, while avoiding 

photic damage [30,31]. We conducted a CPP assay by confining the mice to an 

optically-paired chamber during SwiChR-mediated inhibition of SERT neurons in the 

DRN for two days, following and preceding preference tests (Figure 3.1E). SwiChR-

mediated inhibition of SERT neurons in the DRN induced a robust and significant 

aversion to the optically-paired chamber (t test, P< 0.001) (Figure 3.1F). These results 

reflect the necessity of KOR expression within SERT neurons for KOR-mediated 

aversion [16] and support the conclusion that inhibition of SERT-DRN neurons produces 

place aversion.   
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KOR is expressed in SERT and VGluT3 subpopulations in the DRN  

DRN serotonin neurons are anatomically and phenotypically heterogeneous and have 

been suggested to form functional subsystems regulating diverse stress-sensitive 

processes [32–36], but the distribution of KOR within DRN serotonin neurons has not 

been evaluated. RNAscope was used to probe for co-expression of transcripts for KOR 

(Oprk1), SERT (Slc6a4), and the vesicular glutamate transporter type III (VGluT3DRN; 

Slc17a8) (Figure 3.1G, S1B). SERT and VGluT3-expressing neurons within the DRN 

comprise largely serotonergic populations that overlap extensively yet may have distinct 

roles in driving reward-related behaviors [19,20,22]. Most Slc6a4 neurons expressed 

Slc17a8, indicating substantial overlap of SERT and VGluT3 populations in the DRN 

(Figure 3.1H). Oprk1 was present in nearly all Slc17a8+ or Slc6a4+ cells (Figure 3.1H). 

The expression of KOR transcript in the majority of SERT+ and VGluT3+ cells indicates 

a potential for direct regulation of these subsystems by KOR.  

  

Next, the percentages of SERT+ (Slc6a4+) neurons in each subregion that co-

expressed KOR transcript (Oprk1+/Slc6a4+) were determined. The percentage of 

Slc6a4+ neurons that co-expressed both Oprk1 and Slc7a18 

(Oprk1+/Slc17a8+/Slc6a4+) was significantly higher in the dorsal and ventral DRN than 

in the lateral DRN (DRL), where Slc17a8 was nearly absent (two-way ANOVA; 

Interaction, F2,8= 61.1, P< 0.001; Sidak post-hoc P= 0.036, P< 0.0001, respectively) 

(Figure 1I). These data indicate that unlike the majority of SERTDRN neurons, SERT+ 

neurons in the lateral DRN are almost exclusively KOR+/ VGluT3-.  
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SERT+ projections from the DRN innervate the medial NAc, but VGluT3+ 

projections neurons do not  

To assess the projections of these SERT-DRN and VGluT3DRN populations to the 

NAc, AAV5-DIO-ChR2-EYFP was injected into the DRN of SERT-Cre and VGluT3-Cre 

mice. Labeled terminals in the medial NAc (mNAc; a region including medial aspect of 

NAc shell and core) revealed that SERT+ projection terminals in the mNAc were denser 

than VGluT3+ terminals, which were nearly absent (t test, welch corrected, P= 0.044) 

(Figure 3.2A, 3.2B). In contrast, VGluT3+ and SERT+ terminal density was similar in 

other regions (Figure S2A). These data are consistent with previous reports of different 

projection biases of these populations [19,32,37].  

  

NAc-projecting KOR neurons are restricted to the lateral DRN  

To confirm that KOR is expressed within the DRN-NAc projection, a retrograde virus 

(AAVretro-DIO-EYFP) was injected into the NAc of KOR-Cre mice [38]. We observed a 

population of KOR-expressing, NAc-projecting neurons that was concentrated in the 

lateral aspect of DRN (Figure 3.2C). This indicates that DRN KOR neurons projecting to 

the NAc define an anatomically segregated subpopulation. To validate these findings, 

AAV5DIO-ChR2-EYFP was injected into the DRN of KOR-Cre mice, and examination of 

the mNAc showed robust terminal expression of the fluorophore (Figure 3.2D). 

Together, these findings demonstrate that KOR is expressed in a subpopulation of DRN 

neurons that project to the mNAc, indicating a potential for direct regulation of this DRN-

NAc projection by Dyn/KOR.  
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Inhibition of SERT+ neurons in the DRN recapitulates KOR-mediated potentiation 

of cocaine preference, but inhibition of VGluT3+ neurons does not  

Although prior work has demonstrated an association between KOR activation, somatic 

hyperpolarization of DRN neurons, increased serotonin reuptake, and potentiation of 

cocaine preference, a causal link between decreased 5-HT tone and increased cocaine 

preference has not been established. We mimicked previous studies of KOR-agonist 

induced potentiation of cocaine preference but substituted KOR-agonist administration 

with optogenetic inhibition of DRN subpopulations (Figure 3.2E). SERT-Cre mice 

received DRN viral injections delivering inhibitory opsin (AAV5-DIO-SwiChR-EYFP) or 

control  

(AAV5-DIO-EYFP), and an optical fiber was placed above the site of viral expression 

(Figure 3.2F). These mice received 30min of SERT+ neuron inhibition that terminated 

30 min prior to cocaine conditioning. Comparing cocaine preference scores following 

SERTDRN SwiChR pretreatment to controls revealed a significant potentiation of 

subsequent cocaine CPP (t test, welch-corrected, P= 0.037) (Figure 3.2G). These 

findings indicate that prior inhibition of SERT+ neurons in the DRN is sufficient to 

potentiate cocaine CPP thereafter.  

  

In parallel studies, VGluT3-Cre mice were injected with AAV5-DIO-SwiChR-EYFP or 

AAV5-DIO-EYFP in the DRN, and an optical fiber was placed above the site of viral 

expression (Figure 3.2H). Surprisingly, VGluT3DRN SwiChR pretreatment significantly 

attenuated subsequent cocaine preference (t test, welch-corrected, P= 0.050) (Figure 
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3.2I). Normalizing preference scores of the groups receiving pretreatment inhibition of 

SERT+ or VGluT3+ neurons to their corresponding controls illustrates divergent 

consequences on subsequent cocaine preference (Figure 3.2J). Thus, inhibition of 

different DRN populations exerted bidirectional control of subsequent cocaine 

preference, and inhibition of SERTDRN neurons (but not VGluT3DRN neurons) was 

sufficient to replicate the consequences of stress on subsequent cocaine CPP.    

  

Increased 5-HT tone in the mNAc decreases rFSS immobility and cocaine 

preference following KOR activation  

To probe the hypothesis that a KOR-mediated decrease in serotonin tone within the 

mNAc may be necessary for potentiation of subsequent cocaine preference, we 

optogenetically stimulated SERTDRN-NAc terminals during KOR activation. SERT-Cre 

mice were injected an excitatory opsin (AAV5-DIO-ChR2-EYFP) in the DRN, and a 

bilateral optical fiber was placed above the mNAc (Figure 3.3A). One hour before each 

cocaine conditioning session, these mice and their controls received pretreatment that 

included the selective KOR agonist U50488 (5mg/kg) as well as optical stimulation of 

SERT+ terminals (to counteract KOR-induced decreases in serotonin tone) that 

terminated 5 min before cocaine conditioning (Figure 3.3B). Concurrent stimulation in 

the SERTDRN-NAc ChR2 group reduced cocaine preference compared to EYFP 

controls (t test, P = 0.029). This indicates that increasing serotonin tone in the mNAc 

during KOR activation decreases subsequent cocaine preference (Figure 3.3C).   
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Next, SERT+ terminals were stimulated during a rFSS assay to determine if decreased 

NAc 5-HT is required for rFSS-induced immobility (Figure 3D). Immobility was analyzed, 

showing an escalation of immobility in EYFP controls but not in the SERTDRN-NAc 

ChR2 group (two-way ANOVA; Interaction, F3,33=1.050, P=0.384; Sidak post-hoc, 

P=0.0483, P=0.998, respectively) (Figure 3.3E, S3A, S3B). Comparing immobility 

during the final swim shows that ChR2-stimulated mice spent significantly less time 

immobile (t test, P=0.021) (Figure 3.3F). These results suggest that stress-induced 

changes in mNAc serotonergic terminals are required for passive coping and 

potentiation of subsequent cocaine preference.  

   

Pdyn+ neurons in the NAc are required for stress potentiation of cocaine 

preference  

The role of dynorphin acting on KOR expressed in DRN-NAc projections has been 

demonstrated by the effects of global prodynorphin gene deletion and local KOR 

antagonism [1,8], but the neuronal source of dynorphin responsible for stress-induced 

potentiation of cocaine CPP is unknown. To identify candidate sources of dynorphin to 

the NAc, two different retrograde viral constructs (AAVretro-DIO-EYFP or CAV2-

DIOZsgreen) were injected into the NAc of Pdyn-Cre mice. Examining regions for 

labeled neurons revealed signal only in the mNAc (Figure 3.3G, S3C). Distinct tropisms 

of these viruses have been documented that may cause either construct to undercount 

input populations [38]. However, because both show signal exclusively in the mNAc, we 

conclude that local neurons within the mNAc likely represent the principal source of 

endogenous dynorphin for this region.   
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To assess the necessity of these PdynNAc neurons in stress potentiation of cocaine 

CPP, AAV5-Cre-EGFP or AAV5-EGFP was injected into the NAc of Pdyn-lox/lox 

(‘Pdyn-flx’) mice to generate ‘PdynNAc cKO’ or ‘Ctl’ mice (Figure 3.3H). Examining the 

NAc of these mice demonstrated viral expression that was confined to the NAc (Figure 

3.3I). These PdynNAc cKO mice were subjected to a rFSS potentiation of cocaine CPP 

assay. Cocaine preference scores indicated a main effect of Pdyn excision from the 

NAc (two-way ANOVA, F1, 54= 4.73, P= 0.034), indicating that dynorphin within the 

NAc regulates basal cocaine preference (Figure 3.3I). There was also a significant main 

effect of stress (F1, 54= 13.1, P= 0.001) but no significant interaction (F1,54= 2.437, P= 

0.124). Stress significantly potentiated cocaine preference in Cre- controls (Sidak post-

hoc, P= 0.015) but not in the PdynNAccKOs (P=0.901). We have routinely observed 

cocaine preference scores higher than the ~500 s preference in the unstressed 

PdynNAccKO group, which suggests that the lack of stress potentiation is likely not due 

to a ceiling effect on expressed preference. To isolate the effect of stress on 

potentiation of cocaine preference, we normalized rFSS cocaine preference scores in 

each group to the cocaine preference of their unstressed counterparts (Figure S3D). 

This revealed a stress potentiation of cocaine preference of nearly two-fold in controls 

that was absent in PdynNAccKOs. This finding supports a central role of the 

dynorphinergic population within the NAc in regulation of both basal cocaine preference 

and stress potentiation of that preference.   
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Blockade of mNAc 5-HT1B receptors recapitulates KOR-mediated potentiation of 

cocaine preference and increases social preference  

These findings suggest that a reduction in 5-HT tone in NAc is responsible for stress-

induced potentiation of cocaine CPP, but the specific 5-HT receptor type that mediates 

the consequences of decreased serotonin tone is not known. An especially plausible 

candidate receptor was 5-HT1B, which is heavily expressed in the nucleus accumbens 

[39,40]. 5-HT1B receptors regulate stress-enhancement of psychostimulant effects and 

have been proposed to mediate a compensatory response to the negative hedonic 

properties stress [40–42]. To mimic the transient decrease in serotonin at 5-HT1B 

receptors caused by stress, 5-HT1B antagonist GR 127935 was infused into the NAc of 

WT mice (Figure 3.4A). Histological data measuring pERK-IR (Figure S4) demonstrated 

that 5-HT1B receptor blockade was present 75min, but not 135min, after GR 127935 

infusion. GR 127935 produced a transient decrease in signaling at this receptor (Figure 

S3). GR 127935 was infused at 135min and/or 75min prior to each cocaine conditioning 

session (Figure 4B). Preference scores indicated that only infusion 135min prior to 

conditioning resulted in potentiation of cocaine preference (one-way ANOVA, 

welchcorrected, F4, 10.49= 7.80, P= 0.004; Dunnett’s T3 post-hoc, P= 0.001) (Figure 

3.4C). Separately, infusion of a 5-HT4 antagonist prior to cocaine conditioning was 

tested and failed to potentiate preference, implying that this potentiation is not a general 

consequence of 5-HTR inhibition (Figure 3.4C). GR 127935 failed to potentiate cocaine 

preference in the group that received a second infusion of antagonist 75min prior to 

cocaine conditioning, indicating that this potentiation of cocaine CPP is sensitive to 

5HT1B receptor blockade during cocaine administration (Figure 3.4C). These results 
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demonstrate that a prior decrease in activation of NAc 5-HT1B receptors is sufficient to 

potentiate subsequent cocaine preference and mimic the effects of rFSS.  

  

To assess whether this reward potentiation is specific to cocaine or reflective of a 

broader change in reward processing the effect of 5-HT1B antagonism on social 

preference was evaluated. Semi-chronic stressors have been shown to increase social 

preference [43], but a potential role for 5-HT1B receptors in this process has not been 

examined. Mice received infusions of GR 127935 or ACSF into the mNAc and 135min 

later were assayed for social preference, a behavior regulated NAc 5-HT1B receptors 

[23]. In this assay, mice could explore an apparatus with an empty, inverted pencil cup 

in one corner and a pencil cup containing a novel mouse in the opposite corner (Figure 

4D, 4E). Social interaction scores were significantly greater in mice pretreated with GR 

127935 than ACSF (t test, P= 0.028) (Figure 3.4F). These findings indicate that a prior 

blockade of 5-HT1B receptors, utilized here to reflect decreased serotonin tone in the 

mNAc, induces reward potentiation that generalizes beyond cocaine preference.  

  

rFSS increases 5-HT1B transcript expression in Pdyn+ neurons in the NAc   

Chronic exposure to stress increases 5-HT1B transcript in the NAc, which may 

represent a compensatory increase in reward sensitivity in response to stress 

[42,44,45]. However, regulation by sub-chronic stress exposure, such as the rFSS used 

in this study, has not been detected. This may be attributed to low sensitivity of prior 

techniques or difficulty assessing cell-type specific changes. We used RNAscope to 

evaluate expression of Htr1b in NAc subpopulations. In unstressed mice, Htr1b 



 74 
 

colocalized with Pdyn, Adorsa2a, and Chat-expressing cells (Figure 5A, 5B, S5). To 

assess the effects of rFSS on Htr1b expression, brains were dissected 30min and 24hr 

after rFSS and stained tissue sections were compared to unstressed controls (Figure 

5C). Total levels of Htr1b, Pdyn, and Adora2a transcript did not change after rFSS (two-

way ANOVA, P> 0.05) (Figure 3.5D). In contrast, examining the levels of Htr1b in Pdyn 

and Adora2a subpopulations revealed a significant and selective increase in Htr1b 

expression in Pdyn+ cells 30min after stress (two-way ANOVA; F2,36= 3.53, P= 0.040; 

Sidak post-hoc, P= 0.046) (Figure 3.5E). These results indicate that the sub-chronic 

stressor (rFSS) which potentiates cocaine CPP induces a transient and selective 

increase in 5-HT1B transcript in Pdyn+ cells of the mNAc.   

  

Discussion  

The principal findings of the present study provide insight into the mechanisms by which 

stress impinges on the serotonin system to sensitize animals to subsequent reward. 

KOR expression within serotonergic neurons and dynorphin expression within the 

mNAc were critical to rFSS potentiation of cocaine reward. Our results are 

schematically summarized (Figure 3.5F). Temporally precise manipulations of DRN 

circuitry showed that acute inhibition of DRN serotonin neurons drives negative affect 

and can potentiate subsequent cocaine preference. Additional experiments indicated 

that KOR-induced decreases in serotonin within the NAc regulate both behavioral 

coping and cocaine preference. We isolated the effect of decreased serotonin tone at 

the 5-HT1B receptor by transient blockade of 5-HT1B receptors, which was sufficient to 

recapitulate the potentiation of cocaine preference observed following KOR activation 
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(Figure 5F). Lastly, we show that rFSS selectively increases expression of 5-HT1B 

transcript in Pdyn+ neurons (Figure 3.5F). Together, this evidence details a potential 

Dyn-KOR-5-HT-5HT1B axis contained within the mNAc, in which rFSS provokes a 

transient decrease of serotonin tone that is central to passive coping, aversion, and 

increased cocaine preference.  

  

Stressful events in humans and non-human primates are associated with increased 

drug preference and drug taking that may facilitate the transition to habitual use [46–49]. 

RFSS is a sub-chronic, inescapable stressor that induces robust physiological and 

behavioral responses, and we employed it in this study to model the effects of a 

stressful event on cocaine preference [1,50]. Similar effects have been observed 

following other stressors, including nicotine withdrawal and social defeat [9,17,51]. The 

discrete nature of stress exposure in rFSS allowed for precise control of the timing of 

stress relative to cocaine administration and facilitated interrogation of the effects of 

stress on subsequent cocaine preference.  

  

Stress and KOR activation potentiate cocaine preference through interactions at 

serotonin terminals in the ventral striatum, but the circuitry involved has not been fully 

characterized [1,5,8,17]. We indicate that the KOR-expressing neurons in the lateral 

DRN that project to the mNAc and Pdyn-expressing neurons located within the mNAc 

likely regulate stress potentiation of cocaine preference. Retrograde tracing of 

dynorphin inputs to the mNAc revealed only inputs from the mNAc itself, implying that 

Pdyn+ neurons may provide the sole source of dynorphin to this region. This indicates 
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that in addition to a critical role in stress-potentiation of cocaine preference, Pdyn+ 

neurons in the NAc may also regulate other behaviors that are dependent on KOR 

activation in the NAc, including escalation of drug taking, learned helplessness, and 

pain-induced negative affect and anhedonia [6,20,52–55].   

  

We observed robust aversion to SERTDRN neuronal inhibition in the present 

study.  Although place preference is not a direct measure of affect, this finding supports 

theories of serotonin function that assert a central role of decreased serotonin tone in 

negative affect [10,26]. Together with data indicating the necessity of KORSERT in 

stress potentiation of cocaine CPP, these results suggest that a decrease in serotonin 

tone may mediate stress-induced dysphoria, thereby increasing subsequent preference 

for cocaine [9,49]. During stress potentiation of cocaine preference, stress likely 

decreases NAc serotonin prior to cocaine administration, but this effect is unlikely 

persistent, as cocaine inhibition of SERT function dramatically increases NAc serotonin 

tone [9,56]. Thus, temporally precise manipulation of DRN serotonin was crucial to 

evaluating our central hypothesis that a prior stress-induced decrease in serotonin tone 

drives subsequent increased sensitivity to drug reward. Our findings support this model 

and may support a general framework by which KOR and 5-HT-mediated dysphoria 

increases the relative impact of reward on affect.  

  

Recently, an integral role of SERT-DRN neurons in regulating response to stress and 

reward has begun to come into focus, but how SERT-DRN neurons mediate the impact 

of stress on responses to natural and drug reward remains opaque [25,32,34,57]. We 
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isolated the potential role of decreased serotonin tone in stress potentiation of cocaine 

preference first by selective inhibition of SERT-DRN neurons prior to cocaine 

conditioning and demonstrated that a prior reduction in serotonin was sufficient to 

potentiate subsequent cocaine preference. Surprisingly, we found that inhibition of 

VGluT3DRN neurons, which overlap extensively with SERT-DRN, strongly attenuated 

subsequent cocaine preference. We note different baseline cocaine preferences in 

these genotypes, which may be attributed to strain differences and inter-wave assay 

variability. However, these differences are likely not responsible for the observed effects 

of neuronal inhibition, in part because the observed effects were large and controls and 

experimental mice were assayed concurrently. These findings further demonstrate that 

the DRN is a critical regulator of reward behavior, and we reason that these divergent 

effects may be mediated by the non-overlapping fraction of these DRN populations (i.e., 

SERT+/VGluT3- neurons drive reward potentiation) and their projections. The 

population of overlapping VGluT3+/SERT+ DRN neurons project to a myriad of target 

regions, including the lateral hypothalamus, ventral tegmental area and many aspects of 

the cortex [33]. Based on our DRN in-situ hybridization and projection tracing studies, 

we suggest the population responsible for stress potentiation of cocaine preference may 

comprise SERT+/VGluT3/KOR+ neurons of lateral DRN that project to the mNAc. This 

subregion is anatomically segregated, highly responsive to stress, and separate from 

parts of the DRN known to innervate other regions involved in reward processing 

[35,58].   
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Historically, the effect of stress on serotonin in the NAc has been controversial, with 

evidence for increases, decreases, and no effect on serotonin tone [9,59–62]. While we 

did not directly measure 5-HT tone, this study leveraged the neurochemically and 

anatomically precise nature of terminal optogenetic stimulation during stress to 

manipulate the SERTDRN-NAc projection and indicate that a decrease in 5-HT tone 

within the mNAc promotes stress-induced immobility. These findings contribute to 

recent findings of parallel DRN serotonin subsystems innervating distinct targets to 

regulate reward and response to stressors [32,34]. Thus, while serotonin tone within the 

mNAc is a critical regulator of passive coping behavior, serotonin tone in other regions 

may also regulate passive coping, possibly in coordination with the DRN-mNAc 

projection.  

  

In this study, we examined potential contributions of the 5-HT1B receptor to stress 

potentiation of reward. 5-HT1B receptors are Gi-coupled GPCRs that inhibit 

neurotransmitter release and have been implicated in regulating the response to 

stressors and psychostimulants [40]. However, the direction of these effects is 

dependent on brain region, involvement of autoreceptors or heteroreceptors, and stage 

of addiction cycle [63– 66]. In the mNAc, transient overexpression of 5-HT1B 

heteroreceptors during mild stress enhances stress-induced potentiation of the 

psychomotor effects of amphetamine [40]. We observed that transient antagonism of 5-

HT1B receptors in the NAc was sufficient to recapitulate potentiation of cocaine 

preference induced by stress or decreased serotonin tone. Transient antagonism of 

NAc 5-HT1B receptors also potentiated social preference, a behavior mediated by NAc 
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5-HT1B receptors, which also recapitulates reports of stressinduced increases in social 

preference [23,43]. At the behavioral level, these increases in drug and social reward 

seeking may represent an attempt to buffer the negative hedonic effects of stress 

[27,67]. At the receptor level, these data suggest that 5-HT1B in the NAc acts as a 

critical signal transducer, sensing a decrease in 5-HT tone and initiating postsynaptic 

consequences that result in potentiation of reward. Our findings also indicate that the 

mechanism by which decreased 5-HT1B activation results in potentiation of subsequent 

cocaine reward may generalize to processing of other rewarding stimuli, including 

natural rewards. Lastly, we showed that potentiation of cocaine preference induced by 

transient prior blockade of NAc 5-HT1B was attenuated by an additional antagonist 

infusion that blocked 5-HT1B receptors during cocaine conditioning. These findings 

indicate that the 5-HT1B receptor is not only involved in initiating reward potentiation but 

is involved in mediating the expression of increased reward as well.  

  

5-HT1B transcript is highly expressed in the NAc, and prior work indicates that chronic 

exposure to stressors or psychostimulants may regulate its expression within the 

accumbens to increase reward sensitivity [42,44]. Colocalization of the 5-HT1B 

transcript (Htr1b) with markers of the direct pathway (Pdyn), indirect pathway (Adora2a), 

and cholinergic interneurons (Chat) showed uniform distribution across these cell types, 

indicating that serotonin actions through 5-HT1B receptors may regulate these 

populations in concert to modulate processing in the NAc. Following stress, 5-HT1B 

mRNA increased within Pdyn+, but not Adora2a+ neurons, suggesting that stress 

selectively increases the expression of 5-HT1B transcript in cells of the direct pathway. 
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Whether this increase in transcript is accompanied by an increase in functional 

receptors remains to be tested. Prior work has also shown that overexpression of 5-

HT1B receptors in the NAc sensitizes rats to the hedonic properties of cocaine [39,68], 

which intimates that stress-induced increases of postsynaptic 5-HT1B receptors in 

direct pathway neurons may mediate stress potentiation of reward. The attenuation of 

potentiated cocaine preference by 5-HT1B receptor blockade during cocaine 

conditioning supports this conclusion.  

  

Chronic stress induces hedonic and motivational deficits that contribute to depression-

like behavior, but sub-chronic stress can provoke coping responses. This coping 

response may include a proadaptive hedonic allostasis that increases sensitivity to 

reward and is reflected by increases in mNAc 5-HT1B expression. We indicate this 

coping response is maladaptive in the context of drug exposure, resulting in increased 

drug preference and enhanced addiction risk. Broadly, we hypothesize that the 

proadaptive compensatory adaptations that underlie reward potentiation are exhausted 

following chronic stress exposure. Collapse of adaptations in this circuit and others may 

be expected to decrease reward sensitivity. While our data are consistent with this 

interpretation, future work is required to assess the behavioral and cellular tenets of this 

theory. In human studies, polymorphisms of the 5-HT1B receptor have been associated 

with major depression and substance use disorder [69–71], and receptor binding 

studies show altered 5-HT1B binding in the NAc of subjects with major depression and 

alcohol dependence [72,73]. Such findings suggest a central role of NAc 5-HT1B 

receptors in regulation of affect and substance use, but a potential connection to the 
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Dyn/KOR system and stress potentiation of addiction risk has not been previously 

evaluated. The insights gleaned from this study support a functional Dyn-KOR-5-HT-5-

HT1B axis in which decreased 5-HT is a central regulator of drug preference, affect, and 

response to stressors. Future studies will be required to directly evaluate the 

consequences and kinetics of the stress and dynorphin-mediated effects on functional 

5-HT1B receptors and evaluate the therapeutic potential of this dynamic circuit.  
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Figure 3.1. Serotonin neuron kappa opioid receptors mediate stress potentiation of 
cocaine reward and can be mimicked by optogenetic inhibition. (A) Breeding scheme 
used to excise KOR gene from SERT expressing neurons. (B) Schematic of rFSS 
potentiation of cocaine CPP protocol. Mice were subjected to rFSS on day 1 and day 2 
prior to cocaine conditioning. (C) Stress potentiation of cocaine preference scores for 
control and KORSERT cKO mice with or without prior stress (n=9-10). (D) Cartoon 
depicting DRN injection of inhibitory opsin (AAV5-DIO-SwiChR-EYFP) and cannula 
placement in a SERT-cre mouse. Below: image showing EYFP expression in the DRN. 
Scale bar= 50 µm. (E) Schematic of optogenetic CPA protocol. During optogenetic 
conditioning, the mouse was confined to one chamber where it received opto-inhibition 
of SERTDRN neurons. (F) Serotonin inhibition preference scores (postconditioning-
preconditioning preference for opto-paired chamber) for control and SwiChR-inhibition 
conditioned groups (n=5-7). (G) Representative image showing expression of 
transcripts for SERT (Slc6a4), VGluT3 (Slc17a8), and KOR (Oprk1) in the medial DRN. 
Right insets: higher magnification of rectangular regions showing colocalization in cells 
of the dorsal, ventral, and lateral aspects of the DRN (DRD, DRV, DRL, respectively). 
Scale bar= 200µm, 200µm, 25 µm. (H) Quantitation of cells co-expressing two 
transcripts, expressed as percentage cells in the denominator indicated (n=3). (I) 
Quantitation of Slc6a4+ cells coexpressing Oprk1 or both Oprk1 and Slc17a8 in each 
subregion, expressed as percentage of Slc6a4+ cells per subregion.  
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Figure 3.2. Prior inhibition of DRN serotonin subpopulations with distinct projection bias 
has divergent effects on cocaine preference. (A) NAc terminal expression of EYFP-
tagged ChR2 in a SERT-Cre and VGluT3-Cre mouse. Scale bar=200µm. (B) 
Quantification of terminal density (arbitrary units) in the NAc of SERT-cre and 
VGluT3cre mice (n=4). (C) Expression of retrogradely-delivered EYFP in subregions of 
central DRN of KOR-Cre mouse. Scale bar=200µm. (D) Expression of EYFP+ terminals 
in the NAc of KOR-Cre mice. Scale bar=200µm (E) Schematic showing assay of 
optogenetic replication of KOR-mediated cocaine CPP potentiation. Mice received 
optogenetic inhibition of specified DRN subpopulations prior to cocaine conditioning. (F) 
Cartoon depicting injection of AAV5-DIO-SwiChR-eYFP into the DRN and placement of 
cannula above injection site. Below: expression of EYFP-tagged SwiChR in the DRN of 
a SERTCre mouse. Scale bar=50µm (G) Cocaine preference scores (postconditioning 
preference-preconditioning preference) for groups subject to control treatment and 
SERT+ neuron inhibition prior to conditioning (n=7-8). (H) Cartoon depicting injection of 
AAV5-DIO-SwiChR-EYFP into the DRN and placement of the cannula above the 
injection site. Below: expression of EYFP-tagged SwiChR in the DRN of a VGluT3-Cre 
mouse. Scale bar=50µm. (I) Cocaine preference scores for groups subjected to control 
treatment and VGluT3+ neuron inhibition prior to conditioning (n=6-7). (J) Comparison 
of cocaine preference scores (normalized to respective EYFP controls) following 
inhibition of SERTDRN or VGluT3DRN neurons (n=7).  
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Figure 3.3. Stimulation of DRN-NAc serotonin terminals and PdynNAc cKO regulates 
cocaine preference. (A) Cartoon showing DRN injection of AAV5-DIO-ChR2-EYFP and 
placement of optical cannula above the NAc in a SERT-Cre mouse. Below: expression 
of EYFP+ terminals in NAc of SERT-Cre mouse. (B) Schematic of cocaine CPP with 
pretreatment of KOR agonist and stimulation of serotonin terminals prior to cocaine 
conditioning. Prior to each cocaine conditioning session, mice were pretreated with 
KOR agonist (U50488; 5mg/kg I.P.) and received concurrent optical stimulation of 
serotonin terminals in the NAc or control treatment. (C) Cocaine preference scores of 
mice receiving KOR agonist prior to cocaine conditioning with or without concurrent 
ChR2 stimulation of SERT+ terminals in the NAc (Dashed line shows typical unstressed 
cocaine preference) (n=10-12). (D) Schematic of optical stimulation of SERT+ terminals 
in the NAc during rFSS. (E) Time immobile during swim bouts on day 2 of rFSS for mice 
with stimulation of NAc SERT terminals and controls (n=6-7). (F) Time immobile during 
last swim bout of rFSS in panel E. (G) Representative images showing expression of 
retrogradely-delivered fluorophore (EYFP) in the NAc of a Pdyn-Cre mouse. Scale 
bar=200µm. (H) Cartoon showing injection of virus delivering Cre-recombinase (AAV-
Cre-EGFP) to the NAc of Pdyn-flx mice. Below: representative image showing 
expression of AAV-Cre-EGFP in the NAc. (I) Raw cocaine preference scores for control 
and PdynNAc cKO mice with or without prior stress (n=13-16).   
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Figure 3.4. Prior 5-HT1B receptor antagonism in NAc potentiates subsequent cocaine 
and social preference. (A) Cartoon showing implantation of fluid cannula for infusion of 
5-HTR antagonists into the NAc of WT mice. (Inset) image showing dye injection 
(arrow) and damage from cannula confirming placement in medial NAc. Scale 
bar=200µm. (B) Schematic of cocaine CPP procedure showing pretreatment with NAc 
infusions of 5-HT1B antagonist (GR 127935) at time points 75min or 135min prior to 
cocaine conditioning. (C) Cocaine place preference scores (postconditioning-
preconditioning preference) for mice following infusions of 5-HT1B antagonist GR 
127935, 5-HT4 antagonist GR 125487, or ACSF in the NAc at time points 135min, 
75min, or 135min+75min prior to cocaine conditioning (as depicted in panel B) (n=4-13) 
(D) Schematic showing pretreatment NAc infusion of 5-HT1B antagonist prior to three-
chamber social interaction assay. (E) Representative heatmaps indicating the 
distribution of time spent in the social interaction apparatus after infusion of GR 127935 
into the NAc 135min prior and ACSF infusion control. (F) Social interaction ratio (time 
spent in social zone/time spent in empty zone) following pretreatment with GR 127935 
(n=10-11).  
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Figure 3.5. Stress induces a transient and cell-type specific increase in Htr1b 
expression in the NAc. (A) Representative image showing in-situ hybridization labeling 
Pdyn, Adora2a, and Htr1b transcripts in the medial NAc. Inset: higher magnification of 
rectangular region. Scale bar= 100µm, 25µm (inset). (B) Proportion of each 
subpopulation that expresses Htr1b. (C) Representative images showing colocalization 
and intensity of labelling of Pdyn, Adora2a, and Htr1b transcripts in the medial NAc after 
stress. Scale bar=25µm. (D) Quantified total levels of Pdyn, Adora2a, and Htr1b 
following stress, normalized to no rFSS controls (n=6-8). (E) Quantified levels of Htr1b 
transcripts expressed in Pdyn+ and Adora2a+ cells following stress, normalized to no 
rFSS controls. (F) Summary schematic of NAc circuit mediating response to stressors, 
aversion, and reward potentiation. With exception of SERT, the schematic is simplified 
to include only entities measured or manipulated in this study. Briefly: Stress activation 
of KOR by dynorphinergic neurons within the mNAc induces translocation of SERT, 
which decreases serotonin tone in the the mNAc. Decreased serotonin tone in the 
mNAc is aversive, drives passive stress response, and regulates subsequent cocaine 
preference. NAc 5-HT1B receptors are critical to the induction and expression of this 
stress potentiation of cocaine preference. RFSS induces a selective increase 5-HT1B 
transcript in the Pdyn+ neurons in the NAc, suggesting potential pathway specific 
regulation of reward processing following stress  
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Supplemental Results  

Supplemental Figure S1 (A) Cocaine preference scores with each genotype normalized 
to its unstressed control (n=9-10). (B) Quantitation of cells expressing transcripts for 
SERT, VGluT3, KOR, expressed as percentage of total DRN cells (n=3).  
 

We found that KOR transcript was expressed in the majority of DRN cells (84±8.0%) 

(Figure S1B). Slc6a4 and Slc17a8 were present in a roughly equal percentage of DRN 

neurons (35±9.9% and 31±7.5%, respectively).  

Supplemental Figure S2 (A) Expression of EYFP labeled terminals in lateral 
hypothalamus following injection of AAV5-DIO-ChR2-EYFP in VGluT3-Cre or SERT-Cre 
mouse. Scale bar= 200µm.  
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 In contrast to differences observed in terminal density within the mNAc, we observed 

that the terminal density in the lateral hypothalamus was similar for SERT+ and 

VGluT3+ projections.  

  

Supplemental Figure S3 (A) Representative track traces during first and last swims on 
day 2. (B) Change in immobility from first to last swim on day 2 (n=6-7). (C) 
Representative image of ZsGreen expression in NAc of a Pdyn-Cre mouse. (D) Cocaine 
preference scores with each group normalized to its unstressed controls (n=13-16).  
   

Movement was tracked during swim sessions and indicated a decrease in movement in 

the EYFP group that was not apparent in SERTDRN-NAc ChR2 group (Figure S3A). To 

calculate the escalation of immobility in mice of each group, time immobile during first 

swim was subtracted from the last swim of day 2 (Figure S3B). The results indicate that 
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stimulation of serotonergic terminals in the NAc prevents escalation of immobility within 

subjects (t test, P= 0.014).  

  

Retrograde tracing utilizing a second virus (CAV2-DIO-ZsGreen) injected into the mNAc 

of a Pdyn-cre mouse also found expression that was restricted to the mNAc. These 

findings are likely not due to technical limits of the virus or transgenic line, as a recent 

report using the same virus and transgenic line noted expression in several regions 

following viral injection into the VTA [11].  

Supplemental Figure S4 (A) Schematic of unilateral NAc infusion of 5-HT1B antagonist 
GR 127935, followed 75 or 135min later by infusion of 5-HT1B agonist CP 94253 and 
perfusion. Rectangles show imaging field. (B) Representative images showing 
immunofluorescent lab phospho-ERK1/2 (pERK) in ACSF (control) hemisphere and 
hemisphere receiving 5-HT1B ligand infusions. Scale bar= 50µm. (C) Quantification of 
pERK+ cells in control hemisphere and agonist-infused hemispheres following NAc 
infusion of GR 127935 prior to CP 94253 (n=8-10). (D) Quantification of pERK+ cells 
following GR 127935 pretreatment, expressed as percentage of agonist-induced 
increase in pERK compared to ACSF and normalized to agonist-induced increase 
without pretreatment (n=8-10).  
 

Two time points were selected to evaluate the duration of antagonist-mediated blockade 

of the receptor. Injection cannula were placed in the mNAc of WT mice and 5-HT1B 

antagonist GR 127935 was infused unilaterally (Figure S4A). This was followed either 
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75min or 135min later by unilateral infusion of 5-HT1B agonist CP 93129 and perfusion 

of the brain 15min later. ACSF was infused in the opposite hemisphere during each 

drug infusion to control for nonspecific effects of the infusion procedure on ERK 

phosphorylation. Coronal sections containing the mNAc were probed for pERK-

immunoreactivity (IR), a consequence of 5-HT1B activation (Figure S4B) [12]. 

Comparison of treatments showed a significant main effect of agonist treatment on 

agonist stimulated pERK-IR and a significant interaction (two-way ANOVA, agonist main 

effect, F1,25 = 7.12, P= 0.013; pretreatment X agonist interaction, F2,25= 8.04, P= 

0.002). Post-hoc comparisons indicated that treatment with CP 93129 induced a 

significant increase in pERK-IR cells as compared to the ACSF control hemisphere in 

the absence of antagonist pretreatment (Sidak post-hoc, P= 0.002). This result 

confirmed that local infusion of the 5-HT1B agonist induces pERK-IR within mNAc cell 

bodies. Pretreatment with the antagonist GR 127935 75 min prior to CP 93129 infusion 

blocked the agonist-induced increase in pERK-IR (Sidak post-hoc, P= 0.293), whereas 

pretreatment 135min prior did not (Sidak post-hoc, P= 0.033) (Figure S4C). To further 

interrogate antagonist duration, the number of pERK+ cells were normalized to the 

ACSF hemisphere for each subject, and this value was expressed as a fraction of the 

effect from agonist treatment alone (Figure S4D). This direct comparison of antagonist 

pretreatment timing illustrates the transient block of pERK-IR caused by GR 127935 

infused 75min before CP 93129, but not 135min before agonist (t test, P= 0.014).  
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Supplemental Figure S5 (A) Quantification of percent of total cells in the medial NAc 
positive for Htr1b, Pdyn, and Adora2a (n=6). (B) Representative image showing in-situ 
hybridization labeling and Htr1b and Chat transcripts in the medial NAc. Inset: higher 
magnification of rectangular region. Scale bar=100µm, 25µm.  (C) Quantification of 
percent of total cells in the medial NAc positive for Htr1b and Chat (n=6). (D) Fraction of 
Chat cells expressing Htr1b.  
 

Staining and imaging were performed to assess the colocalization of Htr1b with Pdyn 

and Adora2a.  Results indicate that nearly half (43±2.7%) of the neurons within the 

mNAc express Htr1b (Figure S5A). Staining for other markers show that Pdyn and 

Adora2a were detected in a sizeable fraction of neurons (33±2.5% and 45±2.5%, 

respectively). A second experiment was performed to establish Htr1b colocalization with 

Chat (Figure S5B, S5C). Chat was expressed sparsely (2.5±0.5%), in line with prior 

findings, and Htr1b was present in a majority of these neurons (Figure S5C, S5D)[13].  
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Chapter 4 

Structure-guided engineering of a fast genetically encoded sensor for real-time 

physiological and pathophysiological H2O2 monitoring 

 

This chapter was formatted for this thesis from the following article in review. “Structure-

guided engineering of a fast genetically encoded sensor for real-time physiological and 

pathophysiological H2O2 monitoring”. Lee JD, Won W, Kimball K, Neiswanger C, Wang 

Y, Schattauer S, Rappleye M, Yeboah F, Ruiz MV, Evitts KM, Bremner SB, Chun C, 

Smith N, Mack DL, Young JE, Lee CJ, Chavkin C, Berndt A. (2024) In review. 

 

My contribution to this work is shown in Figure 6, including fiber photometry and 

2-photon microscopy data collection and analysis. 

 

This study highlights the oROS-Gr sensor, a reactive oxygen species (ROS) sensor 

modified from HyPerRed to have enhanced kinetics for more precise tracking of both 

transient and steady-state H2O2 levels. H2O2 dynamics were observed in human stem 

cell-derived neurons, primary neurons, astrocytes, and mouse brains, demonstrating a 

broad utility profile. With a growing amount of evidence of the importance of ROS in 

GPCR regulation, this detection method has been paramount in enhancing our ability to 

measure ROS generation both for in vivo photometry and ex vivo 2-photon imaging. We 

are able to achieve single cell resolution with the combination of these methods, 

allowing us to further interrogate the consequences of ROS signaling in KOR. 
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Introduction 

Endogenous Reactive Oxygen Species (ROS) are indispensable components of aerobic 

metabolism, which hallmarks the rise of complex life(1, 2). Due to their damaging impact 

on biological macromolecules at high concentrations, redox homeostasis is tightly 

regulated in most aerobic systems, and high-level accumulation of ROS is often viewed 

as a pathogenic marker in degenerative diseases (e.g. Alzheimer’s disease, Duchenne 

Muscular Dystrophy), tumorigenesis, and inflammation (3–6). Furthermore, an 

increasing number of studies report the role of low-level ROS as a physiologic mediator 

in normal cellular signaling processes(7–9). Specifically, H2O2 is a key redox signaling 

molecule, owing to its relative stability and ability to modify cysteine residues in proteins, 

enabling selective downstream signaling(10). On the other hand, excessive H2O2 is a 

common pathological marker affecting phenotypic and disease progression in various 

cell types(11–13). Nevertheless, limited analytic tools to spatiotemporally monitor 

specific oxidants in situ with precision have been a bottleneck to deciphering their 

specific role in physiology and the cause and effect of their imbalance(14, 15). Thus, 

methods to interrogate the role of H2O2 would be broadly applicable to the study of 

redox biology(15).  

 

Most synthetic ROS-sensitive dyes are unsuited for these considerations because of 

their short working time window, low sensitivity, and low specificity(16). Alternatively, 

protein-based peroxide sensors have been engineered to overcome these 

shortcomings. For example, the roGFP sensor family fuses roGFP, a redox-sensitive 

https://paperpile.com/c/iwQc0H/32KBi+tKzMI
https://paperpile.com/c/iwQc0H/mFwXw+aNuzv+mZBvU+RxpVH
https://paperpile.com/c/iwQc0H/k7lVT+SPTfm+EicbB
https://paperpile.com/c/iwQc0H/MEtxr
https://paperpile.com/c/iwQc0H/CvVEQ+01f9D+iOhU5
https://paperpile.com/c/iwQc0H/mKYA8+lSQ3G
https://paperpile.com/c/iwQc0H/lSQ3G
https://paperpile.com/c/iwQc0H/mK67k
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green fluorescent protein variant, to H2O2-specific enzymes like Orp1 (thiol peroxidase), 

or Tsa2 (typical 2-Cys peroxiredoxin) from yeast to achieve peroxide-specific roGFP 

fluorescence changes via redox relay(17, 18). The HyPer sensor family is based on the 

direct fusion of circularly permuted fluorescent protein (cpFP) to the regulatory domain 

of bacterial peroxide sensor protein OxyR for conformational coupling that leads to 

H2O2-specific fluorescence change(19–24). HyPer sensors either use nmOxyR 

(Neisseria meningitidis OxyR) or ecOxyR (Escherichia coli OxyR), the most extensively 

studied OxyR variant, as their sensing domain. Remarkably existing ecOxyR-based 

peroxide sensors exhibit slow oxidation kinetics (seconds under saturation 

conditions)(21, 22, 25), while studies reported peroxide-dependent oxidation of ecOxyR 

at a sub-second scale(26). We hypothesized that the discrepancy stems from the 

disruption of structural flexibility in the sensors. Under this consideration, we developed 

oROS-G (optogenetic hydRogen perOxide Sensor, Green), an ecOxyR-based peroxide 

sensor with a green fluorescent reporter protein (GFP, excitation: 488 nm, emission: 

515 nm). oROS-G exhibits faster kinetics, enabling the visualization of peroxide 

diffusion in cells and their environment. We also engineered oROS-Gr, a ratiometric 

variant of oROS-G by fusing it with mCherry, which improves monitoring precision by 

normalizing sensor fluorescence intensity to the H2O2 inert red fluorescence. Here, we 

present diverse use cases of oROS sensors to monitor steady-state and transient H2O2 

levels in various model systems. Specifically, we showed how oROS can detect varying 

H2O2 levels in astrocytes in the context of Alzheimer’s disease models and assessed 

the efficacy of a drug in reducing aberrant peroxide levels. Also, we investigated how 

different glucose levels can result in different intracellular oxidative environments in 

https://paperpile.com/c/iwQc0H/8X9rB+4YZvz
https://paperpile.com/c/iwQc0H/5Q01T+k0ZGY+SomKN+6ndzP+uxLth+qWjIS
https://paperpile.com/c/iwQc0H/SomKN+6ndzP+5BOAd
https://paperpile.com/c/iwQc0H/QjTP5
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conjunction with mitochondrial respiratory depression. Lastly, we monitored opioid-

dependent acute H2O2 generation in mouse brains both ex vivo and in vivo, 

demonstrating the potential utility of oROS sensors as a functional downstream reporter 

for G-protein-biased opioid receptor activation. 

 

Results 

Structure-guided engineering to improve sensitivity and kinetics of ecOxyR-

based H2O2 sensor. 

Rational engineering strategies for oROS-G 

ecOxyRs is an H2O2 sensor protein that regulates the transcription of antioxidative 

genes in response to low-level cellular H2O2 in E.Coli. The specificity of OxyR stems 

from its unique H2O2 binding pocket(27). Previous studies have shown that binding 

H2O2 leads to an intermediate state that facilitates the disulfide bridging of two 

conserved cysteine residues (C199-C208, based on exOxyR-RD numbering(22)) which 

triggers the transition into the oxidized conformational state of OxyR. Due to its 

characteristic as an H2O2 sensor with low scavenging capacity(27), OxyR is an ideal 

scaffold for building a protein-based H2O2 reporter. However, the slow kinetics of 

existing ecOxyR sensors(19, 21–23, 25) deviate from the reported ecOxyR properties. 

Hence, we revisited the sensor design [Fig. 1A], to create a green genetically encoded 

indicator for H2O2 with accelerated kinetics. OxyR-based peroxide sensors integrate 

circular permuted fluorescent proteins (cpFP) within the loop between residues C199 

and C208. However, the crystal structure of oxidized ecOxyR [PDB:1I6A] predicted an 

evident peak of B-factor [Fig. 1B] indicating this loop region is more flexible than its 

https://paperpile.com/c/iwQc0H/Nh7ga
https://paperpile.com/c/iwQc0H/6ndzP
https://paperpile.com/c/iwQc0H/Nh7ga
https://paperpile.com/c/iwQc0H/5Q01T+6ndzP+uxLth+5BOAd+SomKN
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surroundings. We hypothesized that inserting the cpFP in the region (e.g. in HyPer 

sensors) may increase the conformational entropy of the intermediate state that brings 

C199 and C208 into proximity(27). We performed a pairwise residue distance analysis 

between oxidized and reduced ecOxyR structures and found that the region between 

residues 209-220 goes through noticeable peroxide-dependent conformational change. 

cpGFP insertion between residue 211 and 212 elicited a robust response (∆F/Fo = 

97.55%; confidence interval 95% (ci) = [96.6, 98.52]) to 300 µM extracellular peroxide in 

HEK293 cells, which fully oxidizes previous OxyR-based sensors(22). The 211-212 

variant exhibited a faster change in fluorescence  in response to H2O2 (time from 25% to 

75% max. sensor response = 1.06s; ci = [1.05, 1.07]) compared to other ecOxyR-based 

sensors(19, 21, 22, 25). Moreover, the variant showed improved response amplitudes 

(∆F/Fo = 20.41%; ci = [19.62, 21.17]) to low peroxide levels (10µM) compared to 

HyperRed (∆F/Fo = 2.8%; ci = [2.61, 3.0]), the previously most sensitive H2O2 sensor 

derived from ecOxyR(22). To further optimize the dynamic range of the 211-212 variant, 

we applied engineering principles from the calcium indicator GCaMP5(28), and 

introduced large and hydrophobic amino acid tyrosine at the residue sites proximal to 

the cpGFP opening to reduce solvent access. We found the E215Y mutation increased 

response amplitude (∆F/Fo) by 2.1-fold at full oxidation (ci = [1.99, 2.26]) and named 

this variant oROS-G. Furthermore, the H2O2-induced fluorescence increase was 

effectively disrupted by the C199S mutation. This confirms the sensor function is 

dependent on interactions at the C199-C208 pair consistent with the OxyR 

conformational changes in response to peroxide.  We also confirmed the sensor 

https://paperpile.com/c/iwQc0H/Nh7ga
https://paperpile.com/c/iwQc0H/6ndzP
https://paperpile.com/c/iwQc0H/5Q01T+SomKN+6ndzP+5BOAd
https://paperpile.com/c/iwQc0H/6ndzP
https://paperpile.com/c/iwQc0H/TZQML
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activation is fully reversible following treatment with the reducing agent Dithiothreitol (10 

mM, DTT).  

 

Characterization of kinetics and sensitivity of oROS-G in mammalian host systems. 

We first characterized oROS-G sensor following expression in mammalian HEK293 cell 

cultures. Direct application of exogenous H2O2 increases intracellular H2O2 by diffusion 

across the plasma membrane through aquaporins, which creates a gradient of H2O2(29–

31) across cell membranes. Under these conditions, the intracellular concentration of 

H2O2 is reported to be about 2 or 3 magnitudes lower than that of extracellular H2O2(22, 

32). HyPerRed is the most sensitive sensor designed based on ecOxyR(22). Thus, 

despite differences in spectral properties, we first sought to benchmark oROS-G against 

HyPerRed for their response to H2O2. The signal amplitude of oROS-G (∆F/Fo = 

192.34%; ci = [190.45, 194.23]) at saturation (300 µM H2O2) was ≈2-fold greater than 

that of HyPerRed (∆F/Fo = 97.74%; ci = [96.52, 99.06]) [Fig. 4.1C] while oROS-G 

exhibited significant improvement in on-kinetics compared to HyPerRed with ≈23 times 

faster 25-75% ∆F/Fo kinetics in situ (oROS-G: 0.4 ; ci = [0.26, 0.51], HyPerRed: 9.19; ci 

= [8.92, 9.46]) [Fig. 1D]. In addition, we observed a >7 times larger response at low-

level peroxide stimulation (oROS-G: ∆F/Fo = 116.22%; ci = [110.85, 121.73] vs 

HyPerRed: ∆F/Fo = 16.45%; ci = [15.98, 16.95]) [Fig. 1E]. Improved sensitivity profile of 

oROS-G also found to be at equivalent level (i.e. 10 µM/300 µM exogenous H2O2 

response ratio) compared to HyPer7, the newest iteration of HyPer sensor family [Fig. 

4.1F]. oROS-G and HyPer7 take a fundamentally different approach to gain sensitivity 

as HyPer7 was designed by swapping the sensing domain with a more sensitive OxyR 

https://paperpile.com/c/iwQc0H/jozae+PPAgc+359qQ
https://paperpile.com/c/iwQc0H/jozae+PPAgc+359qQ
https://paperpile.com/c/iwQc0H/6ndzP+ML5Nw
https://paperpile.com/c/iwQc0H/6ndzP+ML5Nw
https://paperpile.com/c/iwQc0H/6ndzP
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variant from Neisseria meningitidis (nmOxyR) with fluorescent reporter insertion 

contained to the C-C loop region [Fig. 4.1F](24). Intriguingly, oROS-G exhibited much 

faster off-kinetics in HEK293 cells while they both exhibit near-immediate response to 

saturating level of bolus H2O2 [Fig. 4.1G]. When both oROS-G and HyPer7 were 

activated with 100 µM H2O2 followed by media wash to measure endogenous reduction 

kinetic in HEK293 cells, oROS-G reached ≈90% reduction from its maximum saturation 

in 4.17 minutes, whereas HyPer7 only achieved about ≈20% reduction from its full 

saturation in the same duration, consistent with previous studies. (HyPer7: 0.81; ci = 

[0.8, 0.82], oROS-G: 0.12; ci = [0.1, 0.15]) In contrast, oROS-G showed 2.63 times 

faster decay kinetics than HyPer7 based on the reduction time to 85% of the saturation 

level [Fig. 4.1G, H]. Lastly, we confirmed the robust expression and function of oROS-G 

in rat cortical neurons and human-induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CMs) demonstrating a versatile application range [Fig. 4.1I]. 

 

Visualizing extracellular and intracellular diffusion H2O2 using oROS-G. 

We exploited oROS-G’s fast kinetics by visualizing H2O2 diffusion in the extracellular 

environment and in intracellular space in HEK293 cells. Due to its slower kinetics, the 

HyPerRed exhibits spatially uniform sensor activation across the field of view (660 x 660 

µM) in response to exogenous H2O2 stimulation [Fig. 4.2A]. In contrast, oROS-G’s 

faster response allowed the spatial H2O2 propagation to be visualized in the image field 

of view [Fig. 4.2B]. To better estimate the diffusion kinetics of the H2O2 propagation in 

the field-of-view, we transformed the time-series fluorescence profile into a time-series 

pixel-wise activation map that depicts when pixel intensity reached 50% of the observed 

https://paperpile.com/c/iwQc0H/qWjIS
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maximum. Convolution of the activation map perpendicular to the direction of H2O2 

propagation revealed the speed of the H2O2 diffusion across the field-of-view to be ≈ 0.8 

mm/s [Fig. 4.2C]. Next, we created a pixel-wise chronological activation map that 

depicts H2O2 diffusion kinetics within cells. [Fig. 4.2D].  Intriguingly, patterns of 

intracellular H2O2 entry were diverse, potentially representing aquaporin-driven passive 

transmembrane diffusion(30, 33).  For example, we noticed cells exhibiting a radial 

entry pattern along their membranes [Fig. 4.2Ei], while others displayed a more 

polarized entry pattern aligned with the direction of global H2O2 diffusion [Fig. 4.2Eii]. It 

was also revealed that neighboring cells were topologically distinguishable from each 

other, implying that H2O2 transport at the cell-to-cell junctions may also be limited by the 

abundance of the transporters present at the cell-cell interface [Fig. 4.2Eiii]. Taken 

together, visualization of bolus H2O2 exposure using oROS-G allowed real-time 

observation of extra and intracellular peroxide diffusion. The significance of the 

heterogeneous intracellular H2O2 diffusive pattern could hint to potential factors, like 

aquaporins, that regulate H2O2 diffusivity within spatial contexts. These insights could 

support studies on how extracellular H2O2 build-up effects intracellular H2O2 pools(34). 

 

Ratiometric variant oROS-Gr improves temporal flexibility of H2O2 measurement. 

Design of oROS-Gr: a ratiometric variant of oROS-G for improved precision of long-term 

H2O2 monitoring. 

We created oROS-Gr, by fusing mCherry to oROS-G, creating an equimolar reference 

point inert to H2O2. Flow cytometry analysis confirmed a strong linear correlation 

between green (Em. 510 nm) and red (Em. 605 nm) emission intensity of oROS-Gr 

https://paperpile.com/c/iwQc0H/VXwEJ+PPAgc
https://paperpile.com/c/iwQc0H/29Ctw
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expressed in HEK293 cells (n = 16,326) [Fig. 4.3A]. Thus, oROS-Gr can be used for 

long-term and non-continuous monitoring by calculating the green-to-red light emission 

ratio independent of sensor expression levels. Upon exogenous H2O2 stimulation, the 

oROS-Gr ratio (Em. 510/605) showed a dose-dependent response in HEK293 cells. (1 

µM: 0.06 (n = 327); ci = [0.06, 0.06], 10 µM: 0.11 (n = 306); ci = [0.1, 0.11], 25 µM: 0.14 

(n = 405); ci = [0.14, 0.14], 50 µM: 0.15 (n = 469); ci = [0.15, 0.15]) [Fig. 4.3B] In 

addition, the oROS-Gr green-to-red ratio predictably followed a sequence of exogenous 

H2O2 stimulation (100 uM) and DTT (10 mM) reduction [Fig. 4.3C]. Menadione 

treatment has been widely used to model oxidative stress in biological systems (35–39). 

Still, studies to monitor its intracellular effect have been mostly limited to short time 

windows or non-continuous snapshots at varying time points, which do not 

enable insights into the real-time impact on redox homeostasis and its impact over a 

longer period. In HEK293 cells, oROS-G acutely responded to 10 µM and 50 µM 

menadione in a dose-dependent manner (∆F/Fo, 10 µM: 89.56 %; ci = [81.79, 97.57], 

50µM: 173.68%; ci = [166.81, 180.35]) in HEK293 cells. The trend was consistent in 

human primary astrocytes. Next, we continuously measured the effects of menadione 

on cellular H2O2 levels over a ten-hour time window in HEK293 cells. Initially, 

menadione at 0, 1, 10, and 50 uM induced acute dose-dependent elevation of H2O2. 

However, within 30 minutes, the H2O2 levels at 10 µM exposure were higher than those 

at 50 µM, which returned to a dose-dependent trend within four hours [Fig. 4.3D]. 

Further analysis of intracellular redox landscape analysis and the functional role of 

putative cellular antioxidative elements(40, 41) is required to understand this 

phenomenon fully. Nevertheless, the impact of menadione on intracellular H2O2 levels 

https://paperpile.com/c/iwQc0H/wkFmG+9z1SP+qwtcB+xpuSE+pyTbZ
https://paperpile.com/c/iwQc0H/GerYg+bP0yC
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demonstrates the necessity to measure cellular oxidative stress at various time points. 

We also evaluated whether oROS-Gr improved the readout precision over oROS-G. We 

compared the coefficient of variation (CoV) of the ratiometric signal (Em. 510/605 ratio) 

against the single wavelength signal (Em. 510 nm) [Fig. 4.3D, E]. The ratiometric 

readout showed about 2-fold lower CoV compared to the single wavelength mode, 

confirming improvements in precision [Ratiometric: 0.27 (n = 484), non-Ratiometric: 

0.46 (n = 484)]. 

 

Glucose-dependent basal oxidation level in mammalian cells. 

Superoxide and peroxide are continuously generated as byproducts of  electron transfer 

during aerobic metabolism(42-44). In this context, glucose, as one of the primary 

substrates of aerobic metabolic pathways, plays a crucial role in modulating cellular 

metabolic activity(45). Intriguingly, low as well as high glucose levels were reported to 

result in depressed respiratory activity in cultured human podocytes(46).  The study also 

showed that the reduction of metabolic rates in high-glucose conditions can be reversed 

by incubation with the antioxidant N-acetyl cysteine (NAC), indicating that respiratory 

suppression is correlated with oxidative stress. Thus, we hypothesized that high glucose 

(HG = 25 mM) and low glucose (LG = 1 mM) media would result in higher basal 

peroxide levels than medium glucose (MG = 10 mM). We incubated HEK293 cells for 48 

hours in HG, NG, and LG media and compared the ratiometric oROS-Gr signals. Here, 

low and high glucose conditions caused greater  peroxide levels than MG (MG: 0.38; ci 

= [0.378, 0.382], LG: 0.402; ci = [0.4, 0.404], HG: 0.392; ci = [0.389, 0.394]). [Fig. 4.3F]. 

We directly measured metabolic activities and found that basal and maximum 

https://paperpile.com/c/iwQc0H/hArku
https://paperpile.com/c/iwQc0H/QEHUy
https://paperpile.com/c/iwQc0H/NmEaj
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respiratory rates were also the lowest under low and high glucose conditions, indicating 

an inverse correlation with increased peroxide levels. Indeed, cells pre-incubated with 1 

mM of the antioxidant NAC under HG conditions brought the oROS-Gr level 84% closer 

to MG conditions, indicating modest suppression of oxidative stress. 

 

oROS-Gr in human stem cell-derived cardiomyocytes and cortical neurons. 

We confirmed the robust expression and functionality of oROS-Gr in various human 

stem cell-derived cells. For example, we measured peroxide levels in hiPSC-derived 

cortical neurons in response to 24-hour 10 µM and 50 µM Menadione incubation to be 

1.77-fold and 2-fold of oROS-Gr ratio observed at vehicle negative control, respectively 

(Vehicle: 1.0; ci = [0.82, 1.21], 10 µM: 1.77; ci = [1.62, 1.88], 50 µM: 2.01; ci = [1.97, 

2.03]) [Fig. 4.3G]. Next, we used the sarcoendoplasmic reticulum calcium ATPase 

(SERCA) blocker cyclopiazonic acid (CPA, 10 µM) to elevate Ca2+ in the cytosol of 

hiPSC-cardiomyocytes (CM)(47). When hiPSC-CMs expressed oROS-Gr, we measured 

increased cytosolic peroxide levels within 2 hours of CPA incubation. As previously 

reported, this portrays a tight coupling between intracellular Ca2+ and ROS levels(48–

51). 

 

Monitoring the effect of antioxidants on intracellular peroxide level in Alzheimer’s 

model. 

Next, we explored using oROS-G in the context of antioxidants that target intracellular 

peroxides. N-acetyl-cysteine (NAC) is a cysteine prodrug widely used as a classical 

“antioxidant”. Although its detailed mechanism of action has not been established, 

https://paperpile.com/c/iwQc0H/AcN0X
https://paperpile.com/c/iwQc0H/u7gao+LnZ3R+tV7Vv+lkaX9
https://paperpile.com/c/iwQc0H/u7gao+LnZ3R+tV7Vv+lkaX9
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recent studies highlight its antioxidative role via the production of low-level sulfane sulfur 

species(52, 53). Using oROS-G, we measured the effect of NAC-dependent catabolism 

on cellular H2O2 levels in real-time. With a 1-hour preincubation of 1 mM NAC, oROS-G 

expressed in HEK293 showed a 73% diminished response to exogenous 10 µM 

peroxide exposure. Similarly, we incubated oROS-G expressing HEK293 cells to either 

NAC (10 mM) or Vehicle (DMSO) for 20 minutes before 10 µM menadione exposure. 

NAC significantly attenuated the response by 72 percent. We next examined the ability 

of the oROS-G sensor in primary cultured astrocytes to detect intracellular H2O2 levels 

to assess the H2O2-scavenging effects of molecules. Initially, we expressed oROS-G in 

the astrocytes and tested H2O2 concentration-dependent functionality. We observed an 

increase of 21.3  ± 5.3% and 57.7 ± 9.4% in fluorescence with 10 and 100 μM H2O2, 

respectively, indicating a functional response of the oROS-G sensor in primary cultured 

astrocytes. Previously, we have shown that aberrant H2O2 production by reactive 

astrocytes, a pathological form of astrocytes, is a contributing factor to Alzheimer’s 

disease (AD) pathology(11, 54). In detail, upregulated monoamine oxidase B (MAOB) in 

reactive astrocytes produces H2O2 by breaking down oligomerized amyloid beta (oAβ)-

metabolites, such as putrescine, leading to pathological H2O2 generation(55, 56) [Fig. 

4.4A]. Therefore, we tested whether we could monitor aberrant endogenous H2O2 

production in oROS-G transfected astrocytes treated with oAβ (5 μM) or putrescine (180 

μM). Over a 40-hour continuous recording [Fig. 4.4B], we observed a significant 

increase in oAβ-induced oROS-G fluorescence, indicating a notable rise in H2O2 [Fig. 

4.4C, D]. Conversely, the application of KDS2010 (1 μM), a selective MAOB inhibitor, 

and sodium pyruvate (1 mM), a potential H2O2 scavenger, showed a smaller increase in 

https://paperpile.com/c/iwQc0H/lH2Tp+ajUed
https://paperpile.com/c/iwQc0H/CvVEQ+SWvMb
https://paperpile.com/c/iwQc0H/mgpMe+y2cQi
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H2O2 levels. Additionally, incubation with putrescine, a pre-substrate of MAOB, also 

significantly increased oROS-G sensor fluorescence [Fig. 4.4E, F]. However, this H2O2 

elevation was significantly reduced by KDS2010 and partially reduced by sodium 

pyruvate. Taken together, these results suggest that the oROS-G sensor in primary 

cultured astrocytes is a reliable tool for monitoring endogenous H2O2 production under 

AD-like conditions and evaluating the efficacy of potential H2O2-scavenging compounds. 

Then, we asked whether we could measure the endogenous H2O2 levels in mouse 

brains. To test this idea, we bilaterally injected the AAV5-GFAP104-oROS-G virus into 

the CA1 hippocampus of APP/PS1 mice(56, 57), a well-characterized Alzheimer’s 

disease model, to express oROS-G sensor specifically in the astrocytes [Fig. 4.4G]. 

Two weeks post-injection, we prepared brain slices and tested the H2O2 concentration-

dependent functionality of the sensor. Again, to test the functionality of the sensor, we 

applied 10 and 100 μM H2O2 through bath application. We found an increase of 13.2 ± 

1.2% and 39.5 ± 3.12% in fluorescence with 10 and 100 μM H2O2, respectively [Fig. 

4.4H, I]. Like in vitro, the oROS-G sensor functions effectively in astrocytes ex vivo. 

Next, we examined the capability to measure elevated H2O2 levels in astrocytes of 

APP/PS1 mice. We hypothesized that treatment with DTT would unmask the portion 

activated by astrocytic H2O2. Following DTT (10 mM) administration, we observed a 

reduction in fluorescence below the baseline levels. Notably, we demonstrated that 

APP/PS1 mice exhibited a greater reduction compared to wild-type, suggesting a 

potential method for measuring endogenous H2O2 levels [Fig. 4.4J-L]. Taken together, 

these results demonstrate that the oROS-G sensor functions effectively ex vivo, 

https://paperpile.com/c/iwQc0H/cMelU+y2cQi
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presenting a potential method for measuring endogenous H2O2 levels and investigating 

the antioxidant capacity of various molecules. 

 

G-protein biased agonists elicit H2O2 generation in κ and μ opioid receptor-

expressing neurons in the Ventral Tegmental Area ex vivo and in vivo. 

We previously reported that peroxide generated by a NADPH oxidase (NOX) 

mechanism regulated opioid receptor signaling(58, 59), which exemplifies intricate 

functional G-protein biased agonists' influence on arrestin-independent inactivation 

profile of µ and κ opioid receptors. Briefly, G-protein-biased opioid receptor activation 

triggers cJUN N-terminal kinase (JNK) phosphorylation. Phosphorylated JNK then 

activates peroxiredoxin 6 (PRDX6), producing superoxide (SO) from NOX. SO can 

quickly oxidize the Gαi protein complex to inactivate the opioid receptors. This event 

can be captured using H2O2 as a marker of opioid receptor activation because 

superoxide is readily transformed into H2O2 by superoxide dismutase(60–63) [Fig. 

4.5A]. Given the robust responses of oROS-Gr, we sought to monitor transient H2O2 

generation in the animal brain in response to G-protein-biased agonists.  

As a proof of concept, we showed that morphine, a potent G-protein biased agonist of 

µ-opioid receptors (MOR), triggers transient peroxide generation in MOR-expressing 

neurons in the ventral tegmental area (VTA) of MOR-Cre transgenic mice, which is 

consistent with our previous findings. The oROS signals were measured using 2-photon 

microscopy on ex vivo live brain slices after viral delivery of the AAV1-DIO-oROS-Gr 

into the VTA of MOR-Cre transgenic mice. Expression of oROS-Gr in the VTA was 

verified with one-photon confocal microscopy of post-mortem fixed brain slices [Fig. 

https://paperpile.com/c/iwQc0H/PYqkw+R4wF9
https://paperpile.com/c/iwQc0H/Qnz8h+Rq34u+C8QHF+YDjPq
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4.5B]. The VTA in ex vivo brain slices showed an acute increase in sensor fluorescence 

during bath application of 1 µM morphine over 30 minutes of monitoring. This increase 

was blocked by the opioid receptor antagonist 1 µM Naloxone (Normalized ∆F/Fo to first 

5 baseline frames, MOR: 3.35; ci = [1.94, 4.82], MOR+NLX: 0.63; ci = [0.42, 0.85]) [Fig. 

4.5C].  

κ-opioid receptor (KOR) has emerged as a promising drug target for pain management 

with fewer side effects(64). We previously showed behavioral and pharmacological 

evidence on how the oxidative pressure of JNK-PRDX6-PLA2-NOX cascade from KOR 

results in acute analgesic tolerance, as shown in the warm water tail withdrawal 

assay(58). Nalfurafine is a functionally selective G-protein biased κ-opioid agonist 

shown to have therapeutic potential as a non-dysphoric antipruritic analgesic(65). Here, 

we explored the use of the oROS sensor to directly monitor acute H2O2 response to 

Nalfurafine in vivo, confirming activation of JNK-PRDX6-PLA2-NOX in KOR-positive 

neurons in the VTA. KOR-Cre transgenic mice were injected with AAV1-DIO-oROS-Gr, 

and the sensor fluorescence (ex:488/em:510) was monitored by fiber photometry in the 

VTA [Fig. 4.5D]. Intraperitoneal administration of 100 µg/kg Nalfurafine led to a 

transient increase of H2O2. Mice pre-treated 30 min prior to a 100 µg/kg Nalfurafine 

injection with a high dose of naloxone (10 mg/kg), sufficient to block KOR(66), showed 

no significant increase in fluorescence compared to mice only treated with Nalfurafine 

[Fig. 4.5E]. This confirms that the Nalfurafine-induced H2O2 signal in KOR-expressing 

neurons of VTA is opioid receptor-specific. 

 

Discussion  

https://paperpile.com/c/iwQc0H/ImnsU
https://paperpile.com/c/iwQc0H/PYqkw
https://paperpile.com/c/iwQc0H/zPpup
https://paperpile.com/c/iwQc0H/va3AB
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Our refinement of the oROS sensor framework resulted in significant improvements in 

the kinetics and sensitivity compared to previous ecOxyR-based peroxide sensors. This 

optimization can largely be attributed to the relocation of the cpGFP insertion site to 

maintain the flexibility of the C199-C208 loop in ecOxyR and the incorporation of bulky 

residues adjacent to the cpGFP barrel opening. Interestingly, the diversity of OxyR 

variants in nature, each characterized by a conserved peroxide oxidation mechanism, 

opens avenues for exploring a range of sensor functionalities. Notably, OxyRs from 

different bacterial strains exhibit distinct reduction mechanisms; ecOxyR predominantly 

follows a Grx (glutaredoxin)-dependent reduction pathway, where Grx proteins facilitate 

the reduction of oxidized proteins(67). In contrast, other variants like nmOxyR 

(Neisseria meningitidis), used by HyPer7(68), might employ a Trx (thioredoxin)-

dependent reduction mechanism involving the Trx system known for mitigating cellular 

oxidative stress. This variation necessitates further exploration of these domains for 

sensors in mammalian systems, and they could serve as complementary tools for 

dissecting peroxide biology in various redox environments(68). In addition, our study 

demonstrated the versatility of oROS sensors in a range of experimental applications. 

We successfully monitored H2O2 levels in astrocytes, both in vitro and ex vivo, shedding 

light on elevated oxidative stress in Alzheimer’s models. Moreover, the ratiometric 

oROS-Gr sensor enabled us to observe the effects of glucose on cytoplasmic peroxide 

levels, which correlated with known patterns of mitochondrial oxidative stress. 

Additionally, our work highlights the oROS sensor's efficacy in detecting opioid-induced 

peroxide increase in vivo, further emphasizing the role of ROS in signaling mechanisms. 

In conclusion, oROS sensors, exemplified by oROS-G and oROS-Gr, offer real-time 

https://paperpile.com/c/iwQc0H/Icrjv
https://paperpile.com/c/iwQc0H/uqSJ3
https://paperpile.com/c/iwQc0H/uqSJ3
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application across various model systems. They can monitor complex redox processes 

that are present in virtually all eukaryotic cells, with significant implications for 

unraveling the pathophysiology of oxidative stress in diseases. 

 

Methods 

Protein structure analysis 

Protein structure analysis and plotting were performed using Chimera-X-1.2.1. Oxidized 

[PDB:1I6A] and reduced [PDB:1I69] crystal structures of ecOxyR were imported from 

the Protein Data Bank (PDB). Pairwise residue distance between reduced and oxidized 

ecOxyR structure was achieved by aligning both structures using a matchmaker 

algorithm that superimposes protein structures by creating a pairwise sequence 

alignment and then fitting the aligned residue pairs to derive pairwise residue 

distances.  

Molecular Biology 

oROS-G variants were cloned based on the pC1 plasmid backbone from pC1-HyPer-

Red (Addgene ID: 48249). Primers for point mutations or fragment assembly required to 

generate the oROS-G screening variants were designed for In Vitro Assembly cloning 

(IVA) technique(69), Gibson Assembly (New England Biolabs; E2611L) or blunt-end 

amplification for KLD-based site-directed mutagenesis methods. Primers were ordered 

from Integrated DNA Technologies (IDT). All gene fragment amplifications were done 

using either Q5-polymerase (New England Biolabs; M0492L) or Superfi-II polymerase 

(Invitrogen; 12368010). Amplification of DNA fragments were verified with agarose gel 

electrophoresis. 30 minutes of DpnI enzyme treatment were done on every PCR 

https://paperpile.com/c/iwQc0H/u9WF3
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product to remove the plasmid template from PCR samples. For IVA cloning 

circularization or assembly of the PCR products was achieved by transforming linear 

DNA products into competent E.Coli cells (DH5ɑ or TOP10) and grown on agar plates 

that contain either ampicillin or kanamycin selection antibiotic (50 µg/mL). For gibson 

assembly and KLD cloning, circularized DNA was transformed as above. Upon colony 

formation, single colonies were picked and grown in 5mL cultures containing LB Broth 

(Fisher BioReagents; BP9723-2) and selection antibiotic (ampicillin/kanamycin; 50 

µg/mL) overnight (37°C, 230 RPM). DNA was isolated using Machery Nagel DNA prep 

kits (Machery Nagel; 740490.250). Sanger sequencing (Genewiz; Seattle, WA) or 

Whole plasmid nanopore sequencing (Plasmidsarus; Eugene, OR) of the isolated 

plasmid DNA was used to confirm the presence of the intended mutation. Genes 

encoding the final variants were cloned into a CAG-driven backbone, pCAG-Archon1-

KGC-EGFP-ER2-WPRE (Addgene; #108423), using the methods above(New England 

Biolabs; E2621L). All subsequences were verified with Sanger sequencing (Genewiz; 

Seattle, WA) or Whole plasmid nanopore sequencing (Plasmidsarus; Eugene, OR) 

 

Chemicals 

H2O2 working solutions were freshly prepared before every experiment from H2O2 

solution 30% (w/w) in H2O (Sigma-Aldrich, H1009). Stock solution of Menadione 

(VENDOR, CAT) was prepared in 100% DMSO at 50mM. Stock solution of 

Cyclopiazonic Acid (Tocris, 1235) was prepared in 100% DMSO at 20mM. Chemicals 

specific to other method sections can be found in their respective sections. 

Cell culture and transfection 
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Human Embryonic Kidney (HEK293; ATCC Ref: CRL-1573) cells were cultured in 

Dulbecco’s Modified Eagle Medium + GlutaMAX (Gibco; 10569-010) supplemented with 

10% fetal bovine serum (Biowest; S1620). When cultures reached 85% confluency, the 

cultures were seeded at 150,000/75,000 cells per well in 24/48-well plates, respectively. 

24 hours after cell seeding, the cells were transfected using Lipofectamine3000 

(Invitrogen; L3000015) at 1000/500 ng of DNA per well of a 24/48-well plate, according 

to the manufacturer’s instructions. 

Primary rat neuron isolation 

Primary cortical neurons were prepared as previously described 47,48. Briefly, 24-well 

tissue culture plates were coated with Matrigel (mixed 1:20 in cold-PBS, Corning; 

356231) solution and incubated at 4°C overnight prior to use. Sterile dissection tools 

were used to isolate cortical brain tissue from P0 rat pups (male and female). Tissue 

was minced until 1 mm pieces remained, then lysed in equilibrated (37°C, 5% CO2) 

enzyme (20 U/mL Papain (Worthington Biochemical Corp; LK003176) in 5mL of EBSS 

(Sigma; E3024)) solution for 30 minutes at 37°C, 5% CO2 humidified incubator. Lysed 

cells were centrifuged at 200 xg for 5 minutes at room temperature, and the supernatant 

was removed before cells were resuspended in 3 mL of EBSS (Sigma; E3024). Cells 

were triturated 24x with a pulled Pasteur pipette in EBSS until homogenous. EBSS was 

added until the sample volume reached 10 mL prior to spinning at 0.7 rcf for 5 minutes 

at room temperature. Supernatant was removed, and enzymatic dissociation was 

stopped by resuspending cells in 5 mL EBSS (Sigma; E3024) + final concentration of 10 

mM HEPES Buffer (Fisher; BP299-100) + trypsin inhibitor soybean (1 mg/mL in EBSS 

at a final concentration of 0.2%; Sigma, T9253) + 60 µl of fetal bovine serum (Biowest; 
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S1620) + 30 µl 100 U/mL DNase1 (Sigma;11284932001). Cells were washed 2x by 

spinning at 0.7 RCF for 5 minutes at room temperature and removing supernatant + 

resuspending in 10 mL of Neuronal Basal Media (Invitrogen; 10888022) supplemented 

with B27 (Invitrogen; 17504044) and glutamine (Invitrogen; 35050061) (NBA++). After 

final wash spin and supernatant removal, cells were resuspended in 10 mL of NBA++ 

prior to counting. Just before neurons were plated, matrigel was aspirated from the 

wells. Neurons were plated on the prepared culture plates at desired seeding density. 

Twenty-four hours after plating, 1 µM AraC (Sigma; C6645) was added to the NBA++ 

growth media to prevent the growth of glial cells. Plates were incubated at 37°C and 5% 

CO2 and maintained by exchanging half of the media volume for each well with fresh, 

warmed Neuronal Basal Media (Invitrogen; 10888022) supplemented with B27 

(Invitrogen; 17504044) and glutamine (Invitrogen; 35050061) every three days. 

Human primary astrocytes, and stem cell derived cardiomyocytes and neurons 

Astrocytes: Human primary cortical astrocytes were purchased from ScienCell 

Research Laboratories (Carlsbad, CA) and were stored, thawed and sub-cultured based 

on the manufacturer’s protocol. Briefly, the astrocytes were cultured for 72 h in a base 

medium with an astrocyte growth supplement and fetal bovine serum provided by the 

same manufacturer. Cultures were maintained in a 37°C/5% CO2 incubator throughout 

the culture period, and the astrocytes with low passage numbers (p0-p3) were used to 

guarantee consistent phenotype expression. When the culture became 70% confluent, 

the cells were dissociated with TrypLE (Thermo Fisher), followed by passaging on the 

PDL-coated 24 coverslips for oROS-G1 transfection. The transfected cells were then 
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cultured for an additional 96 h before H2O2 treatment (10 µM, 100 µM) for recording the 

fluorescence response upon H2O2 stimulation.  

Cardiomyocytes: Undifferentiated IMR90 (WiCell) hiPSCs were maintained on Matrigel 

(Corning) coated tissue culture plates in mTeSR1 (Stemcell Technologies). 

Cardiomyocyte directed differentiation was performed using a modified small molecule 

Wnt-modulating protocol using Chiron 99021 and IWP-4 as previously described.(70, 

71). Lactate enrichment was performed following differentiation to purify hiPSC-

CMs.(72) 

Cortical neurons: Neurons were generated from the previously characterized wild type 

CV background human induced pluripotent stem cell line (Young et al. 2015). Neural 

progenitor cells (NPCs) from this cell line were differentiated from hiPSCs using dual-

SMAD inhibition and NPCs were differentiated to neurons as previously described 

(Knupp et al., 2020; Shin et al., 2023). Briefly, for cortical neuron differentiation from 

NPCs, NPCs were expanded into 10 cm plates in Basal Neural Maintenance Media 

(BNMM) (1:1 DMEM/F12 (#11039047 Life Technologies) + glutamine media/neurobasal 

media (#21103049, GIBCO), 0.5% N2 supplement (# 17502-048; Thermo Fisher 

Scientific,) 1% B27 supplement (# 17504-044; Thermo Fisher Scientific), 0.5% 

GlutaMax (# 35050061; Thermo Fisher Scientific), 0.5% insulin-transferrin-selenium 

(#41400045; Thermo Fisher Scientific), 0.5% NEAA (# 11140050; Thermo Fisher 

Scientific), 0.2% β-mercaptoethanol (#21985023, Life Technologies) + 20 ng/mL 

Fibroblast Growth Factor (FGF) (R&D Systems, Minneapolis, MN). Once the NPCs 

reached 100% confluence, they were switched to Neural Differentiation Media (BNMM 

+0.2 mg/mL brain-derived neurotrophic factor (CC# 450–02; PeproTech) + 0.2 mg/mL 

https://paperpile.com/c/iwQc0H/AVlrd+i4qHN
https://paperpile.com/c/iwQc0H/AVlrd+i4qHN
https://paperpile.com/c/iwQc0H/aw5tD
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glial-cell-derived neurotrophic factor (CC# 450–10; PeproTech) + 0.5 M dbcAMP (CC# 

D0260; Sigma Aldrich). Neural Differentiation Media was changed twice a week for 21 

days at which point the differentiation is considered finished. Neurons were replated at a 

density of 500,000 cells/cm2. 

Imaging and data collection 

Imaging experiments described in this study were performed as follows unless 

specifically noted. Epifluorescence imaging experiments were performed on a Leica 

DMI8 microscope (Semrock bandpass filter: GFP ex/em: FF01-474-27/FF01-520-35, 

RFP ex/em:FF01-578-21/FF01-600-37)  controlled by MetaMorph Imaging software, 

using a sCMOS camera (Photometrics Prime95B) and 20x magnification lens (Leica 

HCX PL FLUOTAR L 20x/0.40 NA CORR) or 10× objective (Leica HCX PL FLUOTAR L 

10x/0.32 NA). Confocal imaging experiments were performed on a Leica SP8 confocal 

microscope from the Lynn and Mike Garvey Imaging Core at the Institute of Stem Cell 

and Regenerative Medicine. Cells were imaged in live cell imaging solution with 10 mM 

glucose (LCIS+, Gibco, A14291DJ) unless noted otherwise. 

Analysis 

Extraction and analysis of cellular fluorescence profiles 

Extraction of cell fluorescence imaging data was done by FUSE, a custom cloud-based 

semi-automated time series fluorescence data analysis platform written in Python. First, 

the cell segmentation quality of the selected Cellpose(73) model was manually verified. 

For the segmentation of cells expressing cytosolic fluorescent indicators, model ‘cyto’ 

was selected as our base model. If the selected Cellpose model was low-performing, 

we further trained the Cellpose model using the Cellpose 2.0 human-in-the-loop 

https://paperpile.com/c/iwQc0H/O3t8S
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system(74). Using an “optimized” segmentation model, fluorescence time-series data is 

extracted for each region of interest. This allows for unbiased extraction of change in 

cellular fluorescence information for a complete set of experimental samples. When it is 

necessary, extracted fluorescence data is represented as ∆F/Fo(%) (eq. 1).  

{\Delta} F/{F}_{0}=\frac{(F-{F}_{0})}{{F}_{0}}\times 

100                                                                                   (eq.1)  

Spatiotemporal diffusion mapping 

The spatiotemporal diffusion profile was analyzed using a custom-developed Python 

script. To construct a time-series pixel-wise activation map, the intensity of each pixel at 

each time point was normalized by dividing by the maximum observed intensity, 

followed by background subtraction. This resulted in a ratio value for each pixel, which 

was then used to create a boolean map where pixels with a ratio above 50% were 

assigned a value of 1, and those below 50% were assigned a value of 0. For global 

diffusion speed analysis, we assumed that the diffusion direction was parallel to the x-

axis, as observed. We calculated the ratio of the number of activated pixels (value of 1) 

to the number of pixels activated at any time point throughout the experiment, and 

applied min-max normalization to express this as a percentage, creating a diffusion 

distance map. Diffusion speed was estimated from the time points at which the number 

of activated pixels reached 10% of the total, without interpolation. Finally, a 

chronological activation map was generated by determining the time at which 10% of 

pixels became activated in the previously mentioned activation map, which was 

smoothed using a Gaussian kernel (size 1.5) in FIJI software (version 2.14.0), to 

enhance spatial visualization. 

https://paperpile.com/c/iwQc0H/5SwqI
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Astrocyte study 

Primary mouse astrocyte culture: Primary mouse cultured astrocytes were prepared 

from P1-P3 C57BL/6J mouse pups as previously described.(75) Briefly, 60-mm culture 

dishes were coated with 0.1 mg/ml poly-D-lysine (PDL, Sigma; P6407) solution prior to 

use. The hippocampal tissue was isolated and dissociated into single-cell suspension 

by trituration in Dulbecco’s modified Eagle’s medium supplemented with 4.5 g/L 

glucose, L-glutamine, sodium pyruvate (DMEM, Corning; 10-013-CV) + 10% heat-

inactivated horse serum (Gibco; 26050-088) + 10% heat-inactivated fetal bovine serum 

(Dawin bio; A0100-010) + 1000 unit/ml penicillin-streptomycin (Gibco; 15140122). 

Dissociated cells were plated onto the PDL-coated dishes. Cultures were maintained at 

37°C in an incubator with a humidified atmosphere containing 5% CO2. On the third 

day, cells were vigorously washed with repeated pipetting using medium to 

remove debris and other floating cell types. 

On the 10th day of culture, cultured primary astrocytes were electrophoretically 

transfected with oROS-G plasmid with a voltage protocol (1200 V, 20 pulse width, 2 

pulses) using the Microporator (Invitrogen Neon Transfection System; MPK5000S) and 

replated onto coverslip  coated with PDL (Sigma; P6407) or µ-Plate 96 Well Black (ibid; 

89626). 

Imaging of cultured primary mouse astrocytes: On the 14th day of culture, the oROS-G 

transfected cultured primary astrocytes were transferred to a recording chamber which 

were mounted on an inverted Nikon Ti2-U microscope and continuously perfused with 

an external solution contained (in mM): 150 NaCl, 10 HEPES, 5.5 glucose, 3 KCl, 

2MgCl2, 2 CaCl2, and pH adjusted to pH 7.3. Intensity images of 525 nm wavelength 

https://paperpile.com/c/iwQc0H/dVqck
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were taken at 485 nm excitation wavelengths using ORCA-Flash4.0 CMOS camera 

(Hamamatsu; C13440).  Imaging workbench (INDEC Biosystem) and ImageJ (NIH) 

were utilized for image acquisition and ROI analysis of cultured astrocytes. To examine 

H2O2-dose dependent responses of oROS-G transfected cultured astrocytes, 

concentrations of either 10 or 100 µM of H2O2 (Sigma; 88597) were introduced by bath 

application. The peak response of the sensor was normalized to its baseline (ΔF/Fo), 

which was measured 90 seconds before introducing H2O2. For confocal live-cell imaging 

and monitoring antioxidant drugs, confocal imaging was performed by using a Nikon 

A1R confocal microscope mounted onto a Nikon Eclipse Ti body with 20x objective 

lens. A Live-cell imaging chamber and incubation system were used for maintaining 

environmental conditions at 10% CO2 and 37°C during 40-hour continuous recording. 

Images were acquired by using NIS-element AR (Nikon). For image analysis, NIS-

element (Nikon) and ImageJ (NIH) were used. 

Animals: All APP/PS1 mice were group-housed in a temperature- and humidity-

controlled environment with a 12 h light/dark cycle and had free access to food and 

water. 

Virus injection: The AAV5-GFAP104-oROS-G viral vector was cloned and AAV 

containing GFAP-104-oROS-G was packaged by the IBS virus facility (Daejeon, Korea). 

Mice were deeply anesthetized via vaporized 1% isoflurane and immobilized in a 

stereotaxic (RWD Life Science). Following an incision on the midline of the scalp, 

bilateral craniotomies were performed above the hippocampus CA1 (anterior/posterior, -

2 mm; medial/lateral, ±1.6 mm; dorsal/ventral, -1.45 mm from the bregma) using a 
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microdrill. The virus was bilaterally microinjected (0.1 μl/min for 10 min; total 0.8 μl) 

using a syringe pump (KD Scientific). 

oROS-G imaging of GFAP-positive astrocytes in the brain slices: 2 weeks after viral 

injection into the hippocampus, animals were anesthetized with 1% isoflurane and then 

decapitated. The brains were submerged in chilled cutting solution that contained (in 

mM): 250 Sucrose, 26 NaHCO3, 10 D(+)-glucose, 4 MgCl2, 0.1 CaCl2, 2.5 KCl,  2 

Sodium Pyruvate, 1.25 NaH2PO4, 0.5 ascorbic acid, and pH adjusted to pH 7.4. Coronal 

slices (300 μm thick) were prepared with a vibrating-knife microtome D.S.K LinearSlicer 

pro 7 (Dosaka EM Co. Ltd). For stabilization, brain slices were incubated at room 

temperature for at least 1 h before imaging. For imaging, the slices were transferred to a 

recording chamber which were mounted on an upright Zeiss Examiner D1 microscope 

and continuously perfused with an artificial cerebrospinal fluid (aCSF) solution that 

contained (in mM): 130 NaCl, 24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.5 MgCl2, 1.5 

CaCl2, D(+)-glucose, and pH adjusted to pH 7.4. All solutions were equilibrated with 

95% O2 and 5% CO2. Imaging was acquired at 0.25 frame per second with 60X water-

immersion objective lens, a ORCA-Flash4.0 CMOS camera (Hamamatsu; C13440), and 

a LED (CoolLED) filtered with 485-nm fluorescence was applied. Imaging workbench 

(INDEC Biosystem) and ImageJ (NIH) were utilized for image acquisition and ROI 

analysis. To examine H2O2-dose dependent responses of sensor-expressing astrocytes, 

concentrations of either 10 or 100 µM of H2O2 were introduced by bath application. The 

peak response of the sensor was normalized to its baseline (ΔF/Fo), wich was 

measured 90 seconds before introducing H2O2. To measure endogenous H2O2 in 

astrocytes of APP/PS1 mice and their littermates, we used 10 mM DTT (Thermo; 
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R0861). This method reduced the oROS-G sensor bound to H2O2, resulting in 

fluorescence below the baseline levels. These reduced fluorescence responses were 

normalized to its baseline (ΔF/Fo), suggesting the basal endogenous H2O2 levels. 

Generation of stable oROS-Gr expressing HEK293 cells. 

HEK293 cells in a T75 flask were transfected (using lipofection, as described above) 

with oROS-Gr-P2A-Puromycin plasmid. 3 Days after the transfection, cells were 

passaged to 2 T75 flasks. 2 Days after, puromycin-based selection was performed for a 

week using complete DMEM media (as previously described) supplemented with 

puromycin (1 µg/mL). Cells after selection were expanded for 3 passages. Enrichment 

of cell populations with robust oROS-Gr expression was achieved with BD FACSAria II 

Cell Sorter at Flow and Imaging Core Lab of University of Washington South Lake 

Union Campus. 

Glucose experiment and Seahorse Assay 

oROS-Gr stable cells cultured in complete DMEM with 10 mM glucose were plated at 

75,000/well in 24-well plates. oROS-Gr stable cells were plated at 75,000/well in 24-well 

plates. 1 day post seeding, FBS in the DMEM media was brought down to 2% from 

10%. 2 day post seeding cells were in serum-free DMEM with various levels of glucose. 

Mannose was supplemented as needed to keep osmotic pressure of each media 

consistent (final total sugar content: 25 mM). oROS-Gr ratio (GFP/RFP) were imaged in 

LCIS media with varying glucose and mannose level. For Seahorse assay, oROS-Gr 

stable cells mentioned above were plated in a Matrigel-coated 96 well Seahorse plate at 

a density of 2 × 105 cells/well for an equivalent procedure as above. The MitoStress 

protocol in the Seahorse XF96 Flux Analyzer (Agilent Technologies, Santa Clara, CA, 
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USA) was performed two weeks later. An hour before the assay, the culture media was 

replaced with media (Agilent Seahorse XF base medium, 103334-100 Agilent 

Technologies, Santa Clara, CA, USA) supplemented with 25 mM glucose and 1 mM 

Sodium pyruvate (11360070 Gibco/Thermo Scientific, Waltham, MA, USA). Substrates 

and select inhibitors of the different complexes were added during the measurement to 

achieve final concentrations of oligomycin (2.5 μM), FCCP (1 μM), rotenone (2.5 μM) 

and antimycin (2.5 μM). The oxygen consumption rate (OCR) values were then 

normalized with readings from Hoechst staining (HO33342 Sigma-Aldrich, St. Louis, 

MO, USA), which corresponded to the number of cells in the well.  

Opioid receptor study 

AAV: An adenovirus associated double floxed inverted (AAV1-DIO) virus was generated 

containing the oROS-Gr by cloning oROS-Gr into pAAV1-Ef1a-DIO using Nhe1 and 

Asc1 restriction sites. AAV1 were prepared by the NAPE Molecular Genetics Resources 

Core as described previously (Gore, et al, 2013). HEK293T cells were transfected with 

25 μg AAV1 vector plasmid and 50 μg packaging vector (pDG1) per 15 cm plate. Two 

days after transfection, cells were harvested and subjected to three freeze–thaw cycles. 

The supernatant was transferred to a Beckman tube containing a 40% sucrose cushion 

and spun at 27,000 rpm overnight at 4°C. Pellets were resuspended in CsCl at a density 

of 1.37 g/ml and spun at 65000 rpm 4 hours at 4°C. 1 ml CsCl fractions were run on an 

agarose gel, and genome-containing fractions were selected and spun at 50000 rpm 

overnight at 4°C. The 1 ml fractions were collected again, and genome containing 

fractions were dialyzed overnight. The filtered solution was transferred to a Beckman 

tube containing a 40% sucrose cushion and spun at 27,000 rpm overnight at 4°C. The 



 133 
 

pellet (containing purified AAV) was resuspended in 150 μl 1× HBSS. Virus was 

aliquoted and stored at -80°C until use. 

Animals and surgeries: Test naive C57BL/6 male mice were ear punched at least 21 

days after birth and genotyped using Transnetyx genotyping services. PCR screening 

was performed for the presence of Cre recombinase. For brain slice studies, mice 

between 5-7 weeks of age were injected with 0.5 µL AAV1-Efla-FLEX-oROS-mCherry 

(CITE) construct containing oROS-Gr into a Oprm1-CRE positive mouse bilaterally into 

the VTA using coordinates: ML: +/- 0.5, AP: -3.28, DN: -4.5 zeroed at bregma. 

Isoflurane was used for anesthesia and carprofen for pain relief. Mice were mounted on 

a stereotaxic alignment system and injections were made using a Hamilton 2.0 µL 

model 7002 KH syringe. Similarly, for fiber photometry experiments, mice were injected 

with 0.5 µL AAV1-Efla-FLEX-oROS-mCherry unilaterally at a 15-degree angle, using the 

coordinates ML: -1.71, AP: -3.28, DN: -4.67 then implanted with a 400/430 µm diameter 

Mono fiberoptic cannula from Doric Lenses. 

2-photon imaging of µ-opioid receptor expressing neurons in VTA: Two-four weeks after 

viral injection, the brain was dissected and 200 µm horizontal slices were prepared 

using a vibratome. Slices were incubated in NMDG (92 mM NMDG, 2.5 mM KCl, 1.25 

mM NaH2PO4, 30 mM NaHCO3, 20mM HEPES, 25 mM Glucose, 2 mM Thiourea, 5 mM 

Na-ascorbate, 3 mM Na-pyruvate, pH to 7.4, 0.5 mM CaCl•4H2O, 10 mM 

MgSO4•7H2O). Recordings were made in a HEPES solution (92 mM NaCl, 2.5 mM KCl, 

1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM Glucose, 2 mM Thiourea, 

5 mM Na-Ascorbate, 3 mM Na-Pyruvate). Image collection was done using a Bruker 

Investigator 2-photon microscope, software Prairie View 5.5, simultaneously collecting 
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both the mCherry (1040 nm fixed) and GFP (920 nm tunable) signals with a Nikon 16X 

water immersion objective, as well as a z-stack spanning 60 µm across an hour time 

course. Baseline recordings were made in ACSF (124 mM NaCl, 3 mM KCl, 2 mM 

MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, 10 mM Glucose) at 32oC, 

before treatment. For confocal images, animals were perfused intracardially with 

phosphate-buffered saline (PBS) and 10% formalin. Brains were stored in 10% formalin 

for up to 24 hours then switched to a 20% sucrose solution at 4oC until sectioning. 

Coronal slices of the VTA were collected at 40 µm each and mounted using 

VECTASHIELD HardSet mounting Medium with DAPI. Confocal images were taken 

with the Leica SP8x Confocal microscope located in the Keck Center at UW.  

Fiber photometry of kappa-opioid expressing neurons in the VTA: A real-time signal 

processor (RZ5P; Tucker-Davis Technologies) connected to Synapse Software (Fiber 

Photometry) to set frequency of light stimulation and to record input from 

photodetectors. The RZ5P was connected to a light emitting diode (LED) driver (Doric 

Lenses) that controlled the power of a 465 nm and 560 nm Doric LED. A low 

autofluorescence patch cord (400/430) was attached to the LED, to a fluorescent 

MiniCube (Doric Lenses) with dichroic mirrors. Connected optical patch cords to the 

MiniCube with pigtailed rotary joining (FRJ; Doric Lenses) allowed free animal 

movement during data collection. Patch Cords were bleached with light prior to 

photometry sessions to minimize autofluorescence. Power of the LED at the fiber tip 

was set to ~30 µW and was tested prior to the start of each session. Signals were 

collected at a sampling frequency of 1017 Hz. Each of the sessions was downsampled 

by a factor of 100 and normalized to a 15-minute baseline period in the beginning of the 
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recording. Data were then smoothed using a moving average filter (100 sec window) to 

remove high frequency noise and detrended to remove linear drift. The isosbestic 

channel (405 nm) was fitted to the 470 nm channel using a least-squares method and 

subtracted to remove motion artifacts. Each session started with a 15 min baseline 

recording period prior to pharmacological experiments to calculate fluorescent change 

from baseline (ΔF/Fo; Change in fluorescence from baseline fluorescence/baseline 

fluorescence).  

 

 

 

 

Figure 4.1 Structure-guided engineering to improve sensitivity and kinetics of ecOxyR-

based H2O2 
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sensor.

 

A-B Structure-guided design of an oROS sensor. A Crystal structure of reduced and 

oxidized forms of Regulatory Domain (RD) of Escherichia coli OxyR. C-C pair labeled in 
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yellow. Red indicates the fluorescent protein insertion loop for HyPer sensors, and Blue 

indicates the newly identified fluorescent protein insertion site for oROS sensors. B 

Overlay of B-factor of oxidized OxyR structure and residue-to-residue distance plots for 

a zoomed-in view of the putative region with high conformational change between 

oxidized and reduced form of ecOxyR. The red and green boxes indicate the insertion 

sites of HyPerRed and oROS-G, respectively. The insertion site proposed for oROS-G 

is outside of the loop between C199 and C208 (blue dashed line) to maximize the 

flexibility of the loop. C Fluorescence responses of oROS-G and HyPerRed to 300 µM 

exogenous H2O2. The barplot represents the mean of the maximum fluorescent 

response of cells in ∆F/Fo (change of fluorescence over baseline). D On-kinetic analysis 

of oROS-G and HyPerRed. Representative trace of 300µM peroxide-induced saturation 

of both sensors with normalized ∆F/Fo. Vertical dotted lines represent 75% and 25% 

sensor activation, labeled with 25-75% activation completion time. 100% indicates full 

sensor saturation. E Fluorescence responses of oROS-G and HyPerRed to 10 µM 

exogenous H2O2. F Benchmark test of oROS-G, HyPerRed, and HyPer7 for their H2O2 

sensitivity. Each sensor was expressed in HEK293 cells, and their ∆F/Fo were 

calculated for their responses to exogenous administration of either 300 µM (high) or 10 

µM (low) H2O2. Bar plot represents the low/high response (10 µM/300 µM) ratio of each 

sensor. G Representative reduction kinetics of oROS-G and HyPer7 after 100 µM H2O2 

stimulation followed by media wash (n>100 cells per sensor). H HEK293 expressing 

oROS-G were stimulated with 100 µM H2O2 followed by media wash. The sequence 

was repeated twice. I Expression of oROS-G in HEK293 (Scale bar: 100 µM), primary 

rat cortical neuron (Scale bar: 50 µM), and hiPSC-derived cardiomyocyte (Scale bar: 
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100µM), and their responses to 300µM H2O2 stimulation. Descriptive statistics: Error 

bars and bands represent the bootstrap confidence interval (95%) of the central 

tendency of values using the Seaborn (0.11.2) statistical plotting package. Cell-of-

interests were collected from 3 biological replicates unless noted otherwise. 

Figure 2 Visualizing extracellular and intracellular diffusion H2O2 using oROS-G. 

A-B Normalized (min-max scaled) fluorescence response of oROS-G (A) and 

HyPerRed (B) to 300µM H2O2 stimulation captured at 10Hz. Region-of-interests (ROI) 

were color-coded for their respective X-axis location. Scale bar = 150µm.Traces show 

oROS-G responses at varying locations along the X-axes. C Diffusion map derived from 

Fig. 2A. The image was transformed into an activation map that depicts the ratio of 

responding (i.e. activated) pixels along the x-axis over time. The map reveals the speed 

of the H2O2 diffusion to be ≈800µm/s. D Chronological pixel activation map of oROS-G 

expressing HEK293 cells. Colormap represents the time each pixel passes the 10% of 

the maximum threshold. Scale bar = 50µm. White dashed line: segmented cell outline. 

E Representative images of intracellular H2O2 diffusion. (i) radial diffusion (ii) polarized 

diffusion (iii), (iv) neighboring cell cluster. Scale bar = 25 µm. White dashed line: 

segmented cell 



 139 
 

outline.

 

Figure 4.3 Ratiometric variant oROS-Gr improves temporal resolution of H2O2 

measurement. 

 

A left Schematic illustration of the oROS-Gr sensor design. oROS-Gr is an oROS-G 

variant with a C-terminus fusion of mCherry red fluorescent protein. right Flow 

cytometry result showed the linear relationship of green and red fluorescence levels of 

the oROS-G1r sensor expressed in HEK293 cells. B 510/605 nm emission ratio of 

oROS-Gr expressed in HEK293s stimulated with various concentrations of H2O2. 

Fluorescence emission ratios were captured a minute after the exposure. (n>100 cells 



 140 
 

per condition) C 510/605 nm emission ratio change of oROS-Gr during activation and 

reversal upon stimulation with 100 µM H2O2 and 10 mM DTT in HEK293 WT cells (n=82 

cells). D Continuous (10 hours) monitoring of oROS-Gr stable cells in response to 

various concentrations of menadione (n>100 cells per condition). Top Ratio: 510/605 

nm emission ratio of oROS-Gr Bottom Non-ratio: unnormalized 510 nm emission 

intensity profile. E Aggregated Coefficient of Variation (CoV) of 510/605 nm emission 

ratio and 510 nm emission intensity from Figure 4D. F Observation of glucose-level 

dependent basal oxidation level of oROS-Gr (510/605 ratio) in oROS-Gr stable cells. 

The cells were incubated in LG (low glucose, 1 mM), NG, and HG incubation for 48 

hours after they were serum-deprived overnight. The sensors were least oxidized in NG, 

exhibiting a U-shape dose-dependent response (n>100 cells per condition). G Resting 

oROS-Gr ratio expressed in hiPSC-derived cortical neurons incubated in various levels 

of menadione for 24 hours. (n=3-4 wells per condition) Descriptive statistics: Error 

bars and bands represent the bootstrap confidence interval (95%) of the central 

tendency of values using the Seaborn (0.11.2) statistical plotting package. Cell-of-

interests were collected from 3 biological replicates unless noted otherwise. Inferential 

statistics: F - t-test independent samples.  *P < 0.05, **P < 0.01, 



 141 
 

***P<0.001.

 

Figure 4.4 Monitoring the effects of antioxidants on intracellular peroxide levels in an 

Alzheimer’s model.  

A Schematic illustration of the experimental timeline showing oROS-G transfected 

primary astrocytes seeded in a 96-well plate, administered with 5 µM oligomerized 
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Amyloid beta (oAβ), 180 µM putrescine, 1 µM KDS2010 (selective and reversible MAOB 

inhibitor), and 1 mM sodium pyruvate (H2O2 scavenger) followed by 40-hour of confocal 

live imaging to monitor intracellular H2O2 and antioxidant effects. B Schematic diagram 

of the oAβ and putrescine induced H2O2 production. C 40-hour monitoring of oAβ-

induced H2O2 production and antioxidant effects with KDS2010 and sodium pyruvate 

(Vehicle: n=22, oAβ: n=22, oAβ+Sodium Pyruvate: n=23, oAβ+KDS2010: n=13). D 

Summary bar graph representing fluorescence values normalized to the baseline, 

measured during the first hour.  E Monitoring of putrescine-induced H2O2 production 

and antioxidant effects with KDS2010 and sodium pyruvate (Vehicle: n=24, Put.: n=25, 

Put.+Sodium Pyruvate: n=22, Put.+KDS2010: n=14). F Summary bar graph 

representing fluorescence values normalized to the baseline. G Schematic illustration of 

the bilateral virus injection of experimental design. H Fluorescence response of oROS-

G to 10 µM (n=13) or 100 µM H2O2 (n=14) in astrocytes of hippocampal tissue. I H2O2 

dose-dependent summary bar graph. J Representative images captured with a CMOS 

camera illustrating the expression of oROS-G in astrocytes located in the stratum 

radiatum (SR) of the hippocampal CA1 region, in coronal brain slices ex vivo. oROS-G 

virus, driven by the GFAP promoter, is selectively expressed in astrocytes, with no 

expression in pyramidal neurons (PYR). K Fluorescence response of oROS-G to 10 

mM (DTT) in astrocytes of hippocampal tissue (WT: n=22, APP/PS1 n=14). L Summary 

bar graph representing the difference between baseline fluorescence and saturation 

values after DTT administration. Descriptive statistics: Data are presented as mean ± 

SEM.  Inferential statistics: D, F - One-way ANOVA with Tukey’s multiple comparison 

test, I, J -  Unpaired t-test, two-tailed  *P < 0.05, **P < 0.01, ***P < 
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0.001.

 

Figure 4.5 G-protein biased agonists elicit H2O2 generation in κ and μ opioid receptor-

expressing neurons in the Ventral Tegmental Area ex vivo and in vivo. 

A Schematic illustration of the JNK/PRDX6/NOX pathway for opioid receptor-dependent 

generation of H2O2. B Targeted expression of oROS-Gr in µ opioid receptor (MOR) 

positive neurons of Ventral tegmental Area (VTA) was achieved by AAV1-DIO-oROSGr 

injection in VTA of Oprm1-Cre animals. Fluorescent images show histological validation 
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of post-mortem slices via confocal microscopy. Scale bar = 100 µm C Ex vivo brain slice 

showing morphine-dependent H2O2 increase in MOR-positive neurons. (Morph: 1 µM 

Morphine, n=10 slices. Morph + NLX: 1µM Morphine co-administered with 1 µM 

Naloxone, n=9 slices) left real-time trace of morphine-induced oROS-Gr signals 

detected in µOR positive neurons of VTA. Naloxone, a competitive mu-opioid receptor 

antagonist, effectively diminishes Morphine-induced oROS-Gr signals. right maximal 

fluorescence response for each condition. D Schematic description of fiber photometry 

experimental set-up with Oprk1-Cre transgenic mouse injected with AAV1-DIO-oROSGr 

in VTA. Bottom-right fluorescent image shows histological validation of post-mortem 

slices via confocal microscopy. Scale bar = 100 µm E in vivo fiber photometry of oROS-

Gr (only ex:488/em:510) showed significant fluorescence increase in response to 

Nalfurafine (100 µg/kg), which is readily blocked by pre-treatment of Naloxone (10 

mg/kg). (Nalfurafine: n=14, Nalfurafine + NLX: n=7 mice) left real-time trace of fiber 

signal from oROS-Gr detected in KOR (trans positive neurons of VTA. right Area under 

curve (AUC) integrated for each animal in each condition using the composite 

trapezoidal rule (trapz function in NumPy python package: version 1.26). Descriptive 

statistics: C, E - Error bars and bands represent the bootstrap confidence interval 

(95%) of the central tendency of values using the Seaborn (0.11.2) statistical plotting 

package. Inferential statistics: C,E - t-test independent samples.  *P < 0.05, **P < 
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0.01, ***P < 0.001. 
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Chapter 5 

The Therapeutic Potential of KOR antagonists – what are the advantages and 

disadvantages of receptor inactivators compared to simple competitive 

antagonists? Concluding comments and implications for the treatment of drug 

addiction and mood disorders in humans 

 

Preclinical studies have established that the Dynorphin opioids have an important role in 

the stress response and KOR antagonists may potentially be useful in promoting stress 

resilience in vulnerable individuals (Chavkin, 2011; Lalanne et al., 2014). There is much 

still to learn about how this dyn/KOR system functions in humans because we have lacked 

selective tools, but hyperresponsivity to stressors exacerbates a wide range of human 

pathologies including anxiety disorders, clinical depression, cognitive disturbances during 

psychosis, and the risk of drug addiction (Bondi et al., 2008; Jawahar et al., 2015; Mizrahi, 

2010). Dynorphin also contributes to the regulation of neuronal excitability and KOR 

antagonism could affect seizure risk, learning deficits, migraine, and chronic pain 

disorders (Baird et al., 2021; Dai et al., 2019; Gruol et al., 1983; Ito et al., 2023; Lee et 

al., 2014).  Having safe and effective KOR antagonists for use in humans would enable 

studies to address these important questions about dynorphins’ roles in human 

physiology and pathophysiology. However, studies described in this thesis highlight the 

complexity of KOR antagonism. Previously, we thought that selective high-affinity 

competitive KOR antagonists would be the drugs of choice.  We now realize that KOR-

inactivating medications are a possible alternative with potential advantages. Which 

therapeutic strategy will be preferable will be empirically determined, but we can 

speculate based on what we know now. 
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Dynorphin is thought to be released by chronic stress to activate the kappa opioid 

receptors (Knoll & Carlezon, 2010). In many neuronal systems, KOR is highly expressed 

and there are ‘spare’ receptors (Cox & Chavkin, 1983). This is physiologically important 

because dynorphin is released from distal sites and diffuses many 10s of microns from 

sites of release to sites of action. High levels of KOR expression enhance the sensitivity 

of the post-synaptic neuron to the neuropeptide diluted during diffusion. The presence of 

spare receptors makes the practical utility of competitive antagonists somewhat 

challenging. The antagonist medication would need to supersaturate the receptor to 

prevent dynorphin binding. Frequent dosing may be required and patient compliance 

would be a concern. A risk of off-target effects of high drug doses is also problematic. 

Receptor inactivation by low doses of KOR inactivating medications reduces the 

probability of off-target effects. The slow reversal of inactivation reduces the risk of 

treatment failure caused by missed dosing. The tissue selectivity of KOR inactivation 

demonstrated in this thesis is a unique advantage of the receptor inactivation approach. 

However, the slow reversal of inactivation may be concerning if adverse effects do 

develop. 

 

The goal of the work presented here is to use what we have learned to continue to a) 

develop tools useful for determining molecular mechanisms of opioid signaling, b) use 

behavioral approaches in combination with those tools to deepen our understanding of 

biological outcomes of opioid signaling and, c) leverage our understanding of signaling 

and behavior within the dyn/KOR system to create novel, effective therapeutics for 
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treatment of the anhedonic component of drug addiction and mood disorders. This 

conclusion chapter will highlight how we came to our current understanding of how 

dyn/KOR is proposed to regulate drug addiction-, anxiety-, and depression-like 

behaviors, as well as implications for the treatment of these disorders in humans.  

 

Koob and colleagues have developed an exceptionally relevant explanation of how the 

cycle of addiction occurs concerning changes in homeostasis or “baseline” emotional 

state. The cycle starts with binge/intoxication, in which the person uses a substance and 

enjoys the effects, leading to repeated use. This repeated use shifts the cycle into the 

withdrawal/negative affect stage in which the person starts to experience emotional 

dysregulation and as well as physical discomfort without the substance. This ultimately 

drives increased use. In the preoccupation/anticipation stage, the person’s focus 

becomes dominated by thoughts of obtaining and using the substance. This often 

occurs at the expense of relationships and responsibilities. This cycle is believed to be 

mediated by change and dysfunction of the reward and stress systems of the brain, 

especially PFC, NAc, VTA, and amygdala. Koob notes that this combination of behavior 

and brain chemistry cause addiction to be a chronic, relapsing disorder that often 

requires intervention to overcome (Koob et al., 2014). 

 

As mentioned in the first chapter, the therapeutic potential for KOR was originally 

centered around activation causing analgesia without the euphoric effects of MOR 

agonists like morphine, suggesting they would have little to no abuse potential. 

However, studies were starting to determine the involvement of KOR in the stress 
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response as well as its role in drug reward and addiction behaviors (Carlezon et al., 

1998; Kreek & Koob, 1998). While it had been suggested that KOR activation opposed 

drug-rewarding effects (Schenk et al., 1999), it was shown that the rFSS paradigm 

could enhance preference for cocaine. This enhancement, or potentiation, could be 

effectively blocked by pretreatment with norBNI or genetic deletion of the prodynorphin 

gene, suggesting that the effect was KOR-mediated (McLaughlin et al., 2003). This 

represented a turning point for norBNI, and KOR antagonism in general, turning it from 

a tool for the study of the dyn/KOR system, to a mechanism with therapeutic potential. 

Indeed, innumerable studies went on to show a host of different stress-related 

behaviors that could be blocked by KOR/dyn deletion or inhibition (Lalanne et al., 2014). 

 

Key studies from this time period showed stress activation and subsequent KOR-

mediated effects in drug-seeking and drug-taking behaviors (Beardsley et al., 2005; 

McLaughlin, Marton-Popovici, et al., 2003), depression- and anxiety-like behaviors 

(Bruchas et al., 2009, 2011), and social-interaction behaviors (McLaughlin et al., 2006). 

As previously stated, it has been demonstrated that downstream activation p38 MAPK 

is responsible for these KOR-mediated negative behaviors in both the dopamine and 5-

HT systems. For this reason, we focused on the VTA in Chapter 1 for its previous 

implication in KOR-mediated aversion and reward control along with its high overlap of 

KOR and DA expression. Primarily implicated brain regions for KOR-mediated DA 

effects include the VTA, PFC, and NAc (Abraham et al., 2018; Chefer et al., 2013; 

Ehrich et al., 2014, 2015; Margolis et al., 2003; Tejeda et al., 2013; Yarur et al., 2023). 

Chapter 3 highlights the involvement of KOR signaling in decreased 5-HT tone in the 



 157 
 

mNAc (Fontaine et al., 2021) and adds to the body of evidence suggesting excessive or 

repeated (but not acute) KOR activation causes a hyposerotonergic state via activation 

of p38 MAPK and increased translocation of SERT, leading to stress-vulnerability. 

Implicated brain areas for this KOR-mediated 5-HT effect include the NAc, DRN, and 

SNr (Land et al., 2009; Lemos et al., 2012; Schindler et al., 2012; Sundaramurthy et al., 

2017; West et al., 2023).  

 

Despite this ever-growing set of preclinical studies into KOR antagonism, it has been 

historically difficult to demonstrate safety and efficacy in clinical trials. For example, 

early oral dose testing of JDTic was quickly ended due to cardiac effects (Buda et al., 

2015). It has even been suggested that there is simply too much of a mismatch between 

the human condition and our preclinical models, especially in regard 

 to addiction (Banks, 2020). However, there has been recent success of KOR 

antagonists in clinical trials, in spite of the previously failed attempts. Navacaprant 

(BTRX-335140, NMRA-140) and Aticaprant (JNJ-67953964, CERC-501, and LY-

2456302) are short-acting KOR antagonists in development for treatment of mood 

disorders (specifically, Major Depressive Disorder (MDD)). Both compounds have made 

their way to Phase III clinical trials after a host of preclinical and clinical work. While 

these treatments offer the first true clinical tests of KOR antagonism, short acting drugs 

present unique challenges including requiring high doses which present a higher 

likelihood of off-target side effects.  
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The treatments I have proposed (Chapter 2) offer a different mechanism entirely more 

akin to those originally tested using JDTic. The microdosing regimen introduces an 

added layer of safety to combat the toxicity issues seen with JDTic, essentially keeping 

the ability to “inactivate” as opposed to antagonizing KOR along with the use of drugs 

that have already been shown to be safe in humans. What we end up with is a slow, 

titratable accumulation of effect in which KOR can be inactivated in as little as 7 days, 

as long as 30 days, and possibly even longer than that. Continuing treatment of 

nalfurafine or nalmefene would maintain this effect, ideally without unwanted side 

effects. New tools like oROS-Gr (Chapter 4) have expanded our ability to assess 

downstream effectors, in this case ROS, with more spatial and temporal resolution than 

ever before both in vivo and in single-cell imaging. The findings reviewed here also 

present the opprotunity for new directed development of treatments that are similarly G-

baised or low efficacy at KOR. 

 

There has been some disagreement in the literature about aspects of nalfurafine action. 

Both behavioral consequences and signaling pathway activation range from being 

similar to U50,488 in aversion and activation of the GRK/arrestin pathway to being 

showing no aversion and being G-protein pathway biased. We believe that these 

discrepancies are due in part to improper dosing and misinterpretation of in vitro data. In 

previous work, Schattauer, et al. showed that nalfurafine is indeed G-biased based by 

comparing ERK phosphorylation at 5 min post-treatment (early phase pERK indicates 

activation of the G-protein dependent pathway, see Chapter 1) and p38 MAPK 

phosphorylation 30 min post-treatment (late phase, pp38 indicates activation of the 
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GRK3/arrestin pathway). This was done in cells expressing either the rat KOR (rKOR) 

or the human KOR (hKOR). rKOR showed a 10-20 fold bias for pERK in rKOR and a 

100-fold bias for pERK in hKOR (Schattauer et al., 2017). It is important to note that 

nalfurafine shows a left shifted dose response curve for pERK compared to pp38. 

However, its efficacy in activating p38 is not reduced compared to U50,488, but simply 

requires a higher concentration than activation of ERK. The consequence of this is, 

given a high enough concentration of nalfurafine, the GRK3/arrestin pathway will be 

activated. In Dunn, et al., 2019, it is claimed that nalfurafine is biased for the 

GRK3/arrestin pathway. The evidence they use for this claim starts with a comparison 

of a radioligand binding for measurement of the G-protein pathway activation and a cell 

based assay for beta-arrestin2 recruitment, which are not biologically equivalent. They 

also correlate those measures with the rotor rod performance of mice after 

administration of nalfurafine and show that nalfurafine causes as much reduction in 

performance as U50,488 (Dunn et al., 2019). The disconnect here is that their dosing of 

3 mg/kg is far too high. Based on previous studies, the anti-itch and analgesic doses of 

nalfurafine are in the range of 5-50 µg/kg. Indeed, it has been shown that in mice, anti-

itch effects of nalfurafine are significant starting at 5 µg/kg and analgesic effects starting 

at 2.5 µg/kg. 20 µg/kg nalfurafine has a small but significant effect on rotor rod 

performance, but not conditioned place aversion or locomotor inhibition (Liu et al., 

2019). In humans, doses of about 80 ng/kg/day are effective for uremic pruritis (Inui, 

2015). In our hands (shown in Chapter 2), we can see KOR inactivation with 7 daily 

treatments of 100 ng/kg (700 ng/kg, cumulatively). From our dose-response curves of 

KOR-mediated prolactin increase, it is clear that in vivo, nalfurafine is exceptionally 
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more potent than U50,488 (EC50 = 2.91 µg/kg vs EC50 = 5.18 mg/kg). These data 

together suggest that nalfurafine is a G-biased KOR ligands at clinically relevant doses. 

Combined with its demonstrated safety in humans, nalfurafine is a plausible candidate 

for repeated dosing in clinical trials to inactivate KOR. 

 

Nalmefene on the other hand, does not effectively cause activation of the GRK3/arrestin 

pathway, regardless of dose. This is due to its partial agonism at KOR (Mann et al., 

2016). In the previously shown prolactin dose-response curves, the Emax of U50,488 is 

about 2.5-fold higher than nalmefene. Like with G-biased agonists, this lack of efficacy 

in downstream activation of p38 MAPK results in KOR activation without the dysphoric 

properties. As mentioned above, nalmefene has also been shown to be safe in humans. 

It has been used in Europe for the treatment of alcohol use disorder (Chick et al., 2021) 

and was previously used in the US for its MOR antagonist properties in the treatment of 

emergent opioid over dose (https://www.federalregister.gov/documents/2017/11/03/ 

2017-23952/determination-that-revex-nalmefene-hydrochloride-injection-01-milligram-

basemilliliter-and-10). We were able to show that as low as 100 µg/kg nalmefene given 

daily for 7 days was sufficient to inactivate KOR (Chapter 2). The limitation of nalmefene 

in the treatment of substance use disorder is that higher doses could cause precipitated 

withdrawal in opioid-dependent persons. It would need to be titrated in doses low 

enough to not acutely antagonize MOR. Similar to G-based KOR agonists, partial KOR 

agonists hold promise for treatment of the anhedonic component of addiction relapse 

and mood disorders. 

 

https://www.federalregister.gov/documents/
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The first step towards developing KOR-inactivating drugs for use by humans would be a 

Phase 1 human trial in healthy volunteers. My study predicts that both men and women 

on progesterone birth control would respond to daily dosing with either nalfurafine or 

nalmefene. The dose required would depend on the duration of the trial: 1 week of 

nalfurafine would likely require 100-500 ng/day; a 30-day trial would likely require 10-fold 

lower doses, 10-50 ng/day. At those low doses, it seems unlikely that the subjects would 

experience any noticeable adverse effects different from placebo. Inactivation of KOR 

could be determined by administering a challenge dose of KOR agonist. There are 

several to choose from, but I suggest 30-60 mg of pentazocine with 10 mg of naltrexone 

to block the mu-opioid agonist effects of pentazocine. KOR activation could be assessed 

by measuring stimulated prolactin and standard mood assessment scales to measure 

dysphoria. The powerful combination of an objective endocrine response and a clinically 

meaningful subjective mood response would provide a strong foundation for the 

subsequent Phase 2 clinical trial. 

  

There are several clinical indications that could be assessed in the Phase 2 study. The 

most straightforward would be to study heavy smokers (>3 packs/day) in persons wishing 

to quit but unable to overcome the strong feelings of anhedonia during abstinence. 

Nicotine is a short-acting drug, and nicotine-dependent persons could be assessed after 

12 hr of abstinence. Standard questionnaires have been developed that quantify nicotine 

abstinence and the anhedonic component during withdrawal is likely to be significantly 

reduced by KOR inactivation. An effect on craving during abstinence would be an 

interesting symptom to assess since the neurochemical basis of craving is poorly 
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understood. A role for dynorphin is expected, but not yet established. Craving during 

alcohol abstinence, cocaine, methamphetamine, and opioid abstinence could each be 

individually studied. 

  

The competitive KOR antagonists Aticaprant and Navacaprant have been found in Phase 

2 trials to significantly reduce the anhedonia experienced by persons with treatment-

resistant clinical depression. By following the same protocol and study design, it will be 

very interesting to determine whether microdosing KOR inactivating medications is 

equally or more effective than the competitive antagonists. 

  

The role of dynorphin during psychosis is very intriguing. Dynorphin is highly expressed 

in the cortical regions important for cognition. Preclinical studies have demonstrated that 

KOR inactivation prevents stress-induced cognitive disruption (Abraham et al., 2021). 

Human studies have documented that dynorphin peptides are elevated in the 

Cerebrospinal fluid of persons with schizophrenia, and high doses of non-selective opioid 

antagonists were found to block auditory hallucinations in a small double blind crossover 

study (Terenius & Wahlström, 1978). 

  

A key feature of KOR antagonist therapy is that the drugs will only act when dynorphin 

tone is evident. Drugs that block mu opioid receptors cannot be distinguished from 

placebo unless the human subject is in pain. We presume that means that basal tone of 

endogenous opioids is low. We don’t yet know the circumstances under which dynorphin 

tone is elevated, but we can speculate that binge cocaine, ethanol, methamphetamine or 
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opioids is likely to produce sustained elevations of dynorphin. This prediction can be 

experimentally assessed. 

  

In conclusion, my thesis has provided evidence that KOR inactivating medications are 

nearly in-hand. We look forward to the next era of study when we can better understand 

how the dynorphin/KOR system functions in humans. Preclinical studies using animal 

models of human disorders are powerful, but inherently unsatisfying because of the well-

documented limitations of animal models of human disease. Advancing to human studies 

generates tremendous excitement and we look forward to this next step in KOR 

therapeutics.  
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protective against homologous challenge in ferrets. NPJ Vaccines. 2021 Apr 21;6(1):59. 
doi: 10.1038/s41541-021-00320-9. PMID: 33883559; PMCID: PMC8060263.  

  

 

      

CONFERENCE PRESENTATIONS   
 
Neiswanger, C., Kimball, K., Ruiz, M.V., Lee, J., Berndt, A., & Chavkin, C., (2023) 
Microdosing Partial Agonists Inactivates Kappa Opioid Receptors - An Alternative 
Strategy for Human Trials (poster). Annual Meeting of the American College of 
Neuropsychopharmacology, Tampa, FL. 
 
J. D. Lee, Y. Wang, A. Nguyen, C. Neiswanger, S. S. Schattauer, F. Yeboah, S. Zuniga, 
S. Wait, M. Rappleye, S. Bremner, C. Chun, K. Evitts, A. S. T. Smith, D. L. Mack, J. E. 
Young, C. I. Chavkin, A. Berndt (2022) oRos: a comprehensive suite of fast and 
sensitive optogenetic H2O2 sensors for the in situ monitoring of redox signaling and 
oxidative stress in neurons. (Abstract) Society for Neuroscience annual meeting, San 
Diego, CA.  
 
Neiswanger, C.A., Schattauer, S., Kimball, K., Ruiz, M.V., Lee, J., Berndt, A., & 

Chavkin, C., (2022) Kappa Receptor Partial Agonists Inactivate KOR through a 

JNK/ROS Mechanism (talk). Conference on the Therapeutic Potential of Kappa 

Opioids, Bethesda, MD.  

Neiswanger, C.A., Schattauer, S., Kimball, K., Tran, R., Lee, J., Berndt, A., & Chavkin, 
C., (2022). Kappa opioid receptor partial and biased agonists inactivate KOR through a 
JNK/ROS mechanism (poster). International Narcotics Research Conference, Valencia, 
Spain.  

Neiswanger, C.A., Schattauer, S., Kimball, K., Tran, R., Lee, J., Berndt, A., & Chavkin, 
C., (2022). Exploration of kappa opioid receptor signaling (talk). Center for Excellence in 
Neurobiology of Addiction, Pain, and Emotion, Seattle, WA.  

Neiswanger, C.A., Luczo, J. M., & Tompkins, S.M. (2018). Pathogenesis of a novel 
avian influenza A virus, A/New York/108/2016 (H7N2) (poster). Molecular Parasitology & 
Vector Biology Symposium by the Center for Tropical and Emerging Global Diseases, 
Athens, GA.  
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Neiswanger, C.A., Luczo, J. M., & Tompkins, S.M. (2018). Pathogenesis of a novel 
avian influenza A virus, A/New York/108/2016 (H7N2) (poster). American Society for 
Microbiology Microbe, Atlanta, GA.  

Knox, C.A. & Craft, R.M. (2017). Sex differences in opioid-cannabinoid interactions on 
chronic inflammatory pain (poster). Showcase for Undergraduate Research and 
Creative Activities, Pullman, WA.  

Knox, C.A. & Craft, R.M. (2016). Sex differences in opioid-cannabinoid interactions on 
chronic inflammatory pain (poster). Annual Biomedical Research Conference for 
Minority Students, Tampa, FL.   

(Knox was my name before marriage)  

  

  

 

  

GRANTS AND FELLOWSHIPS  
 
2019-2022, National Institute on Drug Abuse T32 (T32DA007278)  

2016, WSU Alcohol and Drug Abuse Research Program undergraduate research 
fellowship, $2,700   

2015, WSU Psychology Department Undergraduate Research Initiative Grant, $750   

  

 

 

AWARDS   
 
2023, Conference on the Therapeutic Potential of Kappa Opioids Travel Award  

2022, International Narcotics Research Conference Travel Award  

2016, Annual Biomedical Research Conference for Minority Students Presentation 
Award (category: neuroscience)  

2016, Annual Biomedical Research Conference for Minority Students Travel Award  

  

 

RESEARCH  
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Sept 2018- June 2024 Graduate Student  

Department of Pharmacology, School of Medicine, University of Washington, Seattle, 
WA  

• Behavioral research in mouse models of depression, chronic stress, and addiction  

• Ex vivo slice imaging (2p and light microscopes), voltammetry  

• Survival viral injections and cannula placement surgeries in multiple brain areas  

• Fiber photometry 

• Mentorship of undergraduate, post-bac, and junior graduate students 

• Mentors: Dr. Charles Chavkin, Dr. Benjamin Land  

  

Aug 2017- July 2018 PREP Scholar, Post-Bac Research Assistant  

Department of Infectious Disease, Center for Vaccines and Immunology, College of 
Veterinary Medicine, University of Georgia, Athens, GA  

• Participation in the Emory-UGA Center of Excellence for Influenza Research and 

Surveillance (NIAID-CEIRS)  

• Influenza A environmental stability study  

• Murine in vivo study investigating pathogenesis and pathology of a human influenza 

isolate  

• Training in mouse handling, cell culture, RNA extraction and amplification, PCR, 

reverse genetics, egg-grown virus, and aseptic technique  

• Multiple manuscripts in progress  

• Mentors: Dr. Mark Tompkins, Dr. Jasmina Luczo  

  

Oct 2014- July 2017 Research Assistant  

Department of Integrated Physiology and Neuroscience, Department of Psychology, 
College of Veterinary Medicine, Washington State University, Pullman, WA   

• Psychopharmacology research in rat models focusing on sex differences and pain  

• Study of affective pain and reversal of pain-suppressed behavior via pharmacologic 

intervention  

• Interactions between and effects of opioids and cannabinoids on chronic pain  

• Training in rat handling, injections (intraperitoneal, subcutaneous, and intraplantar), 

survival surgery (gonadectomy), graphing (Sigma Plot), and statistical analysis 

(SPSS).  

• Manuscript in progress  

• Mentor: Dr. Rebecca M. Craft   
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PROFESSIONAL ACTIVITIES AND DEVELOPMENT  
  

Aug 2021- Present Undergraduate/Post-bac Mentorship  

• Training in various lab techniques, data collection and analysis  

• Preparation and application to graduate programs  

• Preparation of weekly lab meeting data presentation  

• Lead an undergrad-focused journal club 

  

Summer 2019, 2022 Undergraduate Professional Development panels  

• Design and participate in presentation and Q&A  

• Summer program in the NAPE center with a focus on DEI students  

  

July 2019- Present  Pharmacology Equity, Diversity, and Inclusion (PEDI) 

Committee Member  

• Participate in monthly meetings  

• Plan and organize events for graduate student recruitment  

• Create actionable items to increase EDI awareness and membership in the 

department  

  

Sept 2019- March 2020  Teaching Assistant, Intro Pharmacology  

• Designing and presenting review lectures  

• Creating and administering quizzes  

• Aiding pharmacy students in gaining a deeper understanding of pharmacology  

  

Aug 2016- May 2017 Peer Mentor   

Department of Psychology, Washington State University, Pullman, WA   

• Mentor freshmen and sophomore undergraduates in the psychology program  

• Office hours once a week to help students with class work and successful navigation 

of the psychology major  

• Presentations on how to be a successful student and how to prepare for life after 

undergraduate work  

• Program coordinators: Dr. Dee Posey, Amy Nusbaum, MS   

  

Aug 2016-May 2017 Teaching Assistant, Introductory Psychology   
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 Department of Psychology, Washington State University, Pullman, WA  

• Proctor and grade exams (written and multiple choice)  

• Grade writing assignments with constructive feedback on content, citations, and 

style  

• Program Coordinator: Dr. Samantha Swindell   

  

 

  

 
 
 


