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Deaths from the opioid epidemic have been increasing steadily in recent years and have prompted many 

studies investigating various neural circuits related to addiction. Previous work has shown that both κ-opi-

oid receptor (KOR) agonists and antagonists have potential as therapeutic treatments for individuals 

suffering from addiction and as alternative analgesics to substitute for addictive substances such as mor-

phine. However, various aspects of KOR-dynorphin actions in different brain regions remain unclear and 

require further investigation to understand how stress can contribute to substance use disorders. There-

fore, we have performed methods for testing, validating, and developing the use of novel genetically 

encoded sensors to probe KOR-mediated signaling pathways in animal models. We tested these sensors at 

single cell resolution, bulk neuronal activity, and in behavioral assays. Additionally, we leverage infor-

mation gained from these sensors to investigate spatial KOR distribution in the PFC and its effect on 

cognitive disruptions. We found that HyPerRed, kLight, and GCaMP provide useful and unique infor-

mation regarding circuit dynamics. Ultimately, these findings will allow for more effective investigation 

into the neural circuits that govern stress and addiction.
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1     Introduction 
 

 

 

1.1     Section Overview 
 

The overarching goal of this thesis is to investigate the biological framework for substance use 

disorders to decrease the danger it poses both to the individual as well as society. Using computa-

tional approaches with optogenetic, behavioral, and pharmacological tools, this thesis demonstrates 

and identifies neural circuits involved with opioid addictions. Furthermore, it demonstrates meth-

ods for the development and validation of novel and existing genetically encoded sensors and 

computational analysis techniques for extracting useful information from those tests. The insights 

generated from this work will aim to promote therapeutic treatments for substance use disorders. 

 

1.2     Background 
 

The rapid growth of individuals developing opioid addictions has prompted many researchers to 

seek solutions that will address the opioid crisis. As a result of this problem, there has been an 

increased toll in terms of economic burden and fatalities placed on our society. It was estimated 

that the United States spent $78 billion addressing opioid addictions in 2013 (Florence et al., 2013). 

Additionally, over 100,000 individuals die from opioid overdose annually, and in 2017, over 47,000 

deaths were opioid overdose related in the United States (Strang et al., 2020). Abuse of prescription 

drugs has grown in recent years and it has been estimated that between 21% to 29% of patients 

misuse prescription opioids and that between 8% to 12% develop an opioid use disorder (Tcherpa-

kov, 2019). Furthermore, prolonged opioid use can produce a variety of unintended consequences, 

such as tolerance and escalation. A startling statistic estimates that 80% of people who misuse 

heroin initially began misusing prescription opioids (Tcherpakov, 2019). Orally consumed opioids 

can also lead to other, more dangerous, forms of drug abuse, including intravenous heroin use 

(Wikler, 1984). Taken together, these factors have brought dealing with opioid addictions to the 

forefront of behavioral pharmacology research. 
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A promising area of interest revolves around finding potential alternative analgesics that are just as 

effective as morphine, but do not cause dependence. In the case with fentanyl, one proposed mech-

anism for receptor desensitization is that repeated exposure results in the phosphorylation of opioid 

receptors, which in turn blocks the receptor from further activity through arrestin recruitment (Al-

varez et al., 2002; Allouche et al., 2014; Meiss et al., 2018). This in turn causes the receptor to be 

internalized and insensitive to opioid ligands. This suggests that drugs that preferentially activate 

one signaling cascade over the other could be promising targets for developing opioid alternatives. 

Recent studies suggest that the G protein pathway is responsible for the painkilling effects of opi-

oids while the β-arrestin pathway is responsible for respiratory suppression (Schmid et al., 2017; 

Kennedy et al., 2018). These G protein biased opioid receptor agonists would be beneficial because 

they could decouple the cellular response that leads to analgesia from the cellular response that 

leads to desensitization and eventually displace tolerance inducing analgesics such as morphine. 

Furthermore, an additional contributing factor that complicates and reinforces the reward-seeking 

behavior of drugs through changes in neural circuitry is stress. These same reward-seeking behav-

iors have different levels of reward based on the stressed state of the individual. Chronic stress is a 

contributing factor to addiction vulnerability as well as risk of relapse (Goeders, 2003). Therefore, 

by understanding exactly how stress mediates or contributes to the addiction process, effective 

treatments could be developed to aid in inhibiting those contributing factors. 

 

1.3     Specific Need 
 

To better understand self-administration of opioids such as morphine in mouse models, we previ-

ously developed a tool that was capable of continually monitoring the amount of morphine gelatin 

consumed by a mouse in a 24-hour period (Abraham et al., 2019, Appendix I). This allowed us to 

investigate morphine self-administration and withdrawal on a behavioral scale, and how morphine 

affects broad behavioral trends in mice. However, we lacked the resolution on a physiological level 

to monitor exactly how morphine affects neural networks and connections to result in morphine 

dependence and tolerance. Dynorphin, which acts as an agonist for the κ-opioid receptor (KOR) 

system, is likely released during morphine withdrawal but the timing of such release remains un-

clear. Therefore, understanding the temporal dynamics of dynorphin release in the brain could aid 

in developing effective therapeutics for combating addiction in individuals experiencing chronic 

stressors, such as withdrawal. 

In order to effectively identify and develop biased agonists to activate only select pathways that 

lead to the desired response, it is necessary to first better understand the pathways that result in 

receptor inactivation and how to characterize and visualize them. One potential mechanism for 

receptor inactivation includes the generation of reactive oxygen species through NADPH oxidase 

(Schattauer et al., 2017). Thus, a reporter for reactive oxygen species could serve as an indicator of 

the activity of the pathway that leads to inactivation of opioid receptors. This study is based on the 

development and validation of novel sensors that can effectively detect and report the presence of 

reactive oxygen species or KOR activation in neurons. 
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1.4     Current Technology 
 

Current technology utilizes other types of sensors such as GCaMP or HyPerRed sensors. These 

sensors and other similar types will be discussed in future sections. While these sensors provide 

useful information about different aspects of dynorphin action, other sensors could also help to 

create a more complete picture regarding the KOR-dynorphin circuit. For example, GCaMP serves 

as a green fluorescent calcium indicator, which provides information about the release of neuro-

transmitters at neuronal synapses. However, one of the scientific questions of interest involved 

monitoring the presence of reactive oxygen species. This suggests that a genetically encoded redox 

sensor would be more appropriate in this situation, such as HyPerRed. Other tools such as HRM63, 

a green variant of HyPerRed, and kLight, a sensor indicating KOR activation, could be developed 

and optimized to highlight specific aspects of the KOR-dynorphin circuit in various brain regions.  

 

1.5     Objectives 
 

This thesis consists of four main objectives that aim to further develop and validate the use of novel 

sensors in mouse models. At a cellular level, we investigated the response of various cells to phar-

macological agents through ex vivo single cell imaging and human embryonic kidney (HEK) cells. 

We had initially planned to include single cell imaging using a head-mounted miniaturized fluo-

rescence microscope (Miniscope) to further develop and validate these sensors. However, due to 

time constraints and complications arising due to the pandemic, we were unable to assemble this 

device and we leave this testing as a future direction. To understand broad changes in activity, we 

used in vivo fiber photometry with sensors, consisting of GCaMP, HyPerRed, HRM63, and kLight, 

to investigate the effects of these pharmacological agents in awake and freely behaving mice. Fi-

nally, we investigated the effects these neural circuits have on cognition and motivation for drug 

seeking through behavioral paradigms. Each of these objectives will be discussed in detail in the 

following sections. 

 

1.5.1    Ex vivo Single Cell Imaging 

 

The first objective for this thesis involves processing and analyzing fluorescence images from ex 

vivo brain slices. These recordings were collected from cells expressing the genetically encoded 

redox sensors used previously. Single cell recordings provide useful information because we can 

image many cells at once to visualize how each cell individually reacts to pharmacological treat-

ment. It can provide more information about the time courses of those interactions, which can be 

difficult using whole field imaging because of destructive interference. Single cell imaging can 

handle cells that are firing out of phase and extract useful information from those recordings. There-

fore, we utilized this method of ex vivo single cell imaging to better understand the time course for 

dopaminergic cells in the VTA reacting to the various pharmacological agents. 
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For these experiments, I designed an algorithm that used built-in MATLAB functionality to process 

images generated from slice imaging in single cells ex vivo. The custom written script identified 

certain regions of interest and tracked the fluorescence levels of those cells over the time course of 

the experiment, as well as tracked the fluorescence levels of the whole field. This provided more 

information about how the fluorescent sensors in these cells respond to certain pharmacological 

agents and provided a more complete picture about the average time course of those drugs in these 

specific cell types in the VTA. 

Some disadvantages to this method include the inability to link responses at a cellular level to 

behavior. Since these experiments are performed ex vivo, it is difficult to determine how those 

responses would differ if they had occurred in a living system (in vivo). Therefore, it was necessary 

to additionally test the pharmacological agents in vivo as well, using the fluorescent sensors to 

understand those interactions. 

 

1.5.2    Single HEK Cell Imaging 

 

Secondly, we processed and analyzed fluorescence images from HEK cells expressing genetically 

encoded redox sensors, such as HyPerRed and HRM63, that were treated with various pharmaco-

logical agents targeting opioid receptors, such as nalfurafine or U50,488. While HEK cells and 

neuronal cells have different compositions, these cells are useful tools for rapid initial testing of the 

redox sensors mentioned previously. Additionally, testing with HEK cells is more cost effective 

than performing analogous experiments in the brain. As such, these tests were useful to first verify 

the functionality of the sensors. However, since the HEK cells have different compositions than 

neurons, it was unknown whether these sensors would be useful in a neuronal context.  

For these experiments, I adapted and further optimized an algorithm previously used to identify 

regions of interest in images of fluorescent HEK cells expressing sensor proteins (Andrews, 2019). 

The cell regions were identified and tracked throughout the course of the recording and individual 

changes in fluorescence for each cell were recorded. Through these cellular resolution fluorescence 

data, we were able to accurately determine the time course over which various pharmacological 

agents produced their effect. 

 

1.5.3    In vivo Fiber Photometry 

 

To understand bulk neural activity, we utilized in vivo fiber photometry to monitor how pharmaco-

logical agents affected neural activity in specified brain regions. For these experiments, we used 

either the sensors GCaMP6m, HyPerRed, HRM63, or kLight1.3. GCaMP is a well-established sen-

sor that serves as an indicator for the presence of calcium, which is released in active neurons. 

HyPerRed is a sensor that indicates the presence of reactive oxygen species, which are produced in 

a specific pathway following activation of opioid receptors. HRM63 is a variant of HyPerRed that 

fluoresces at a green-shifted wavelength, as opposed to HyPerRed, which fluoresces at a red-shifted 

wavelength. kLight is a green fluorescent sensor that fluoresces upon dynorphin binding and thus 

serves as a direct measure for dynorphin activity. 
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Validation of these sensors in vivo was a necessary step to confirm the results obtained from the 

single cell imaging experiments. These experiments provided information about when groups of 

neurons in certain brain regions were active and about relevant time courses that could affect inter-

actions within the brain, but they lacked the cellular resolution that was present in the previous 

analyses. When paired with behavioral paradigms, they provided information to connect bulk neu-

ral activity with observed behavior in the mice, which is something that was not possible with the 

ex vivo single slice imaging or the single HEK cell imaging.  

 

1.5.4    Behavioral Analysis 

 

Finally, to investigate broad behavioral effects of certain drugs, we ran various behavioral assays 

under different conditions. We performed conditioned place preference experiments with repeated 

force swim stress to model stressful situations and the rewarding effects of drugs. Additionally, we 

used an operant delayed alternation paradigm that investigated the working memory of mice in 

performing a task for a food pellet reward under various conditions. These behavioral experiments 

provided information about how certain pharmacological agents affect behavior of the mice 

through drug seeking behaviors under stress as well as effects on working memory. 

 

1.6     Conclusions 
 

Taken together, the information gained from utilizing computational techniques for analysis of 

novel genetically encoded sensors provided useful information at various resolutions, including 

cellular, neural circuit, and behavioral levels. The insights gained from this thesis provide a more 

detailed understanding of the possibility of biased agonists and agonists as addiction therapeutics 

as well as a better understanding of how stress affects addiction circuits. Moreover, the insights 

also elucidate further the role of potential treatments on behavior such as drug seeking motivation 

and cognition. We were able to accomplish this by beginning at a cellular resolution and increasing 

the scope to focus on increasingly broader systems, ultimately leading to behavioral outputs. This 

process is summarized in Figure 1. 
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Figure 1: Analyses at varying resolutions of neuronal dynamics can determine the efficacy of different genetically 

encoded sensors. These analyses inform on which sensors could provide useful information at these levels. (A) Ex-

periments were performed at a single cell resolution on ex vivo brain slices and HEK cells to test various genetically 

encoded sensors. (B) Sensors were then tested and validated on a bulk population level with fiber photometry to verify 

feasibility for behavioral experiments. (C) Mice were then treated with pharmacological agents and stressors to ob-

serve the effect on behavior and link insights gained from the previous validation steps with behavioral observations. 

C A B 
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2     Literature Review 
 

 

 

2.1     Section Overview 
 

In this section, we provide an analysis on current literature investigating the fundamental neural 

circuits and connections involved in addiction, the contributing effects of stress on addiction, rele-

vant pharmacological agents involved in investigating these effects, and the specific brain regions 

being targeted. Additionally, we provide an analysis on the optogenetic tools and methods currently 

being used to investigate these interactions.  

This section provides the theoretical basis for understanding the methods and motivation for per-

forming the trials and experiments that will be described hereafter.  

 

2.2     Physiological Basis of Addiction 
 

Drug addiction has been characterized by consisting of three phases: drug binging and intoxication, 

withdrawal and negative affect, and preoccupation and craving (Koob and Volkow, 2009). For each 

of these phases, specific brain regions, cell types, and circuits are all involved that result in these 

behaviors.  

Essentially all addictive drugs lead to an increase in the neurotransmitter dopamine release, which 

acts as a reinforcement signal (Koob, 1992; Chiara, 2002; Wise, 2008). By pairing rewards with 

certain environmental contexts, dopamine levels will increase when presented with the conditioned 

context, even without administration of the addictive drug. Under normal circumstances, certain 

aspects of individuals’ lives provide natural rewards, such as food, water, and sex. However, these 

drugs of abuse can take over natural reward signaling pathways and replace those signals with 

signals resulting from drug use and the stimuli associated with it (Olsen, 2011; Volkow et al., 2016). 

By suppressing dopamine levels through drug use, this also affects the prefrontal cortex in the brain, 

which is responsible for decision making processes (Volkow et al., 2016). This change in dopamine 
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regulation causes behavioral changes linked with the prefrontal cortex, and ultimately changes how 

the individual responds to strong urges.  

As drug use induces changes in neuroplasticity and alters the reward pathways in the brain which 

ultimately drive individuals to seek drugs of abuse, it also alters stress pathways in the brain. The 

adaptations also amplify the effects of stress on the individual (Davis et al., 2009; Jennings et al., 

2013; Volkow et al., 2016). As a result, the individual experiences motivation, not only to satisfy 

a desire for the rewarding effects of drug use, but also to escape dysphoric stress induced situations, 

thereby strengthening the drive to seek drugs of abuse.  

Therefore, there are critical points in the phases of addiction that could break the addiction cycle 

and be targeted in order to develop treatments or preventions for addiction: the positive reinforce-

ment during binge and intoxication, the negative reinforcement during withdrawal and negative 

affect, and the behavioral changes linked with preoccupation and craving. By either reducing the 

level of dysphoria induced by stressful situations or by reducing the rewarding effects of drug use, 

therapeutics that target these aspects could help individuals to overcome substance use disorders. 

 

2.3     Effect of Stress on Addiction 
 

Stress is a natural response that is necessary for survival of all species. While acute stress can be 

beneficial and constructive for individuals, chronic stress has been shown to negatively impact 

mental states, fundamental biological functions, and neural circuitry. Over time, this results in an 

allostatic load (McEwen, 2011; Gold et al., 2015). These changes can affect nearly all facets of an 

individual’s life and can be especially potent in individuals with substance use disorders. 

For example, while stress associated hormones help the body to adapt in response to acute stressors 

through allostasis, chronic stress can result in alterations that can alter the connections and structure 

of key brain regions and thereby modify the body’s behavioral response (McEwen, 2011). To fur-

ther illustrate the difference in behavioral responses in acutely versus chronically stressed subjects, 

open field tests with rats have shown that acute exposure to stressors resulted in increased open 

field activity, whereas rats with chronic exposure to stress had decreased open field activity from 

baseline levels (Katz et al., 1981). Additionally, chronic stress has been shown to affect spatial 

memory and learning (Conrad, 2010). Thus, chronic stress appears to distinctly impact individuals 

as compared with acute stress. 

An important component of the body’s stress response system is the hypothalamic-pituitary-adrenal 

(HPA) axis. This endocrine system controls the body’s response to stress and affects brain regions 

also tied with learning and memory, such as the medial prefrontal cortex, the hippocampus, and the 

amygdala (Green and McCormick, 2013). As a result, chronic stressors not only have an impact on 

the physiological functions and mental state of individuals as discussed previously, but they also 

modify neural circuits and brain structures to affect learning and memory in chronically stressed 

individuals. 

Physiologically, some of the key components in stress circuits are corticotropin-releasing factor 

(CRF) and dynorphin (Nestler and Carlezon, 2006). It has been well studied that CRF is a primary 

messenger that allows the central nervous system to control the HPA axis (Owens and Nemeroff, 
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1991). CRF acts as an agonist for both CRF1-receptors and CRF2-receptors, which has a combined 

effect that leads to a depressive state. As such, CRF-receptor antagonists are commonly prescribed 

as anti-depressants in humans (Land et al., 2008).   

Sustained stressful situations can have important implications on the behavioral response of indi-

viduals responding to drugs of abuse and can contribute to the withdrawal and negative affect stage 

that was mentioned previously by increasing the risk of relapse. It has been well documented that, 

along with the behavioral changes that were mentioned previously, chronic stress can also lead to 

an increase in risk of drug abuse (Volkow and Li, 2004; Koob and Kreek, 2007). Additionally, by 

exposing animals to constant and inescapable stressors, there is an increase in the rewarding prop-

erties of drugs as well as the drive for self-administration (Piazza et al., 1990; Shaham and Stewart, 

1994; McLaughlin et al., 2003). As such, stress and its effects on neural circuits are a major focus 

of research as well as a target for developing effective treatment options for people faced with 

substance use disorders. 

 

2.4     Role of the κ-Opioid Receptor and Dynorphin 
 

Besides CRF, one of the other critical components of stress circuits that contribute towards addic-

tion is the interaction between dynorphin and the κ-opioid receptor (KOR). KORs are seven-

member transmembrane G protein coupled receptors (GPCRs) and have been implicated as possi-

ble targets for treating drug addictions. Like other opioid receptors, activation of KOR can result 

in an analgesic response, but unlike other opioid receptors, it can also lead to a dysphoric effect, 

thereby limiting its use as a therapeutic target (Carlezon et al., 1998, Bruchas and Chavkin, 2010, 

White et al., 2013; Tejeda et al., 2013; Ehrich et al., 2015). However, it has still been shown to be 

an effective target for treating cocaine dependence and self-administration (Glick et al., 1995; Bid-

lack, 2014). Therefore, finding a way to disentangle pathways activated by KOR and activate select 

desirable pathways could prove to be an effective method for developing treatment options for 

those with substance use disorder. This search for biased KOR agonists makes it a promising target 

for treatment options. 

One of the agonists that activate KOR are endogenous peptides such as dynorphin (Bruchas and 

Chavkin, 2010). It was found that dynorphins, which are derived from prodynorphin, produce dif-

ferent effects when binding to KOR compared with the other opioid receptors (Chavkin et al., 

1982). Additionally, while dynorphins can serve as an agonist and bind to any of the three opioid 

receptors (δ-, μ-, and κ-opioid receptors), it shows preference towards KOR. In many cases, how-

ever, it can activate opposite motivational effects when binding to KOR than with the μ-opioid 

receptors. As discussed previously, dynorphins and other KOR agonists produce dysphoric effects 

in both animals and in humans, while μ-opioid receptor agonists such as morphine or heroin pro-

duce euphoric effects (Shippenberg et al., 2007; Koob et al., 2014). In general, it is fairly well 

understood that agonist binding to opioid receptors leads to the desensitization of those GPCRs. 

For KOR, dynorphin is one such ligand that causes the desensitization and internalization through 

phosphorylation mechanisms (Bruchas and Chavkin, 2010). Thus, dynorphin emerges as an im-

portant agonist that contributes to opioid tolerance.  
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Contrasting with the use of agonists, treatment with KOR antagonists have shown to be useful in 

mitigating the stress response in stressed animals and attenuate the prodepressive-like responses in 

those animals (Newton et al., 2002; Knoll and Carlezon, 2010). Since stress can be a contributing 

factor to drug addiction, blocking the effects of endogenous stress induced KOR agonists such as 

dynorphin could be beneficial as treatment options for addiction, suggesting the use of KOR an-

tagonists. 

 

2.4.1     KOR Expression 

 

KOR has high expression in the ventral tegmental area (VTA), the hippocampus (HP), the prefron-

tal cortex (PFC), the nucleus accumbens (NAc), the bed nucleus of the stria terminalis (BNST), the 

amygdala (AMY), and the dorsal raphe nucleus (DRN), which are all mesocorticolimbic brain areas 

(Swanson et al., 1982). The VTA contains projections to other brain regions in the HP, PFC, NAc, 

BNST, and AMY, while the DRN also contains projections to the NAc. All these connections are 

KOR mediated and can induce changes in behavior in a KOR dependent manner. The important 

effects of these brain regions are summarized below in Table 1, adapted from Veer and Carlezon. 

 

Table 1: Neural circuits expressing KOR. Certain brain regions expressing KOR have important effects on behavior 

related to drug addiction. Understanding the temporal and spatial dynamics of these circuits can provide insights as to 

how to effectively reduce threats of drugs of abuse. 

Brain Region Expresses 

KOR? 

Projections Effects 

Ventral Tegmental Area Yes Outputs to HP, PFC, NAc, 

BNST, AMY 

Reward signaling 

Hippocampus No Inputs from VTA Memory, decision making 

Prefrontal Cortex Yes Inputs from VTA Cognition, decision making 

Nucleus Accumbens Yes Inputs from VTA Aversion/reward processing 

Bed Nucleus of the Stria 

Terminalis 

Yes Inputs from AMY Anxiety, reinstatement 

Amygdala No Inputs from VTA, outputs 

to BNST 

Withdrawal and relapse, anxiety 

Dorsal Raphe Nucleus Yes Inputs from NAc Withdrawal and depression 

 

2.5     KOR Signaling Cascades 
 

As mentioned previously, KOR is a seven-member transmembrane GPCR with subunits Gα and 

Gβγ and is expressed in specific brain regions that can affect various behavioral aspects, such as 

cognition, stress, and anxiety (Veer and Carlezon, 2013). Upon KOR activation by agonists such 

as dynorphin or U50,488, multiple kinase cascades become activated (Bruchas and Chavkin, 2010). 

Binding of a KOR agonist causes the exchange of a bound GDP on the Gα subunit with a GTP, 

which in turn causes the dissociation of the Gα and Gβγ subunits from the receptor (Wettschureck 

and Offermanns, 2005). The dissociation of these subunits from each other and from the receptor 
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are key steps in the signaling cascade that results from ligand binding to KOR that act as effectors 

for other chemical species of interest. 

 

2.5.1     The G Protein Pathway 

 

The G protein pathway is thought to be responsible for the analgesic effects of KOR activation 

(Schattauer et al., 2017a). After agonist binding, the Gβγ and Gα subunits dissociate, as described 

previously, and the Gβγ subunit goes on to activate G protein gated inwardly rectifying potassium 

channel as well as inhibits the influx of calcium through voltage-gated channels (Rusin et al., 1997; 

Bruchas and Chavkin, 2010; Schattauer et al., 2017a). As a result, the membrane becomes hyperpo-

larized, thereby decreasing the likelihood of firing an action potential. Additionally, the Gβγ 

subunit is responsible for the early phase extracellular signal-regulated kinases 1 and 2 (ERK1/2) 

activation (McLennan et al., 2008). 

Like other GPCRs, the Gα subunit of KOR regulates the levels of cyclic adenosine monophosphate 

(cAMP). Specifically, it was found that the Gα subunit of activated opioid receptors inhibits pro-

duction of cAMP (Minneman and Iversen, 1976).  

 

2.5.2     The GRK3/Arrestin Pathway 

 

The arrestin-mediated KOR activated pathway has been proposed to be responsible for the main 

dysphoric effects that result from agonist binding (Bruchas et al., 2007; White et al., 2013).To 

initiate arrestin-dependent signaling, GRK3 is responsible for receptor desensitization and 

Figure 2: Activation of KOR results in the separation of the Gβγ and Gα subunits from the receptor. (Left) The Gβγ 

subunit causes a reduction of influx of calcium into the cell while opening potassium channels for potassium efflux from 

the cell. Additionally, it activates ERK1/2 during the early phase of the signaling cascade which then phosphorylates 

pCREB, ultimately resulting in the expression of dynorphin. (Right) One effect of dissociation of the Gα subunit from 

the receptor is the inhibition of cAMP production. 
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internalization of KOR (Bruchas and Chavkin, 2010). After the Gα and Gβγ subunits dissociate 

from the receptor, GRK3 can then phosphorylate the receptor and lead to arrestin recruitment. This 

phosphorylated GPCR-arrestin complex can then go on to recruit different MAPK signaling cas-

settes, which is responsible for activating various signaling pathways (Lefkowitz and Shenoy, 

2005).  

Some of the key MAPKs that are recruited are ERK1/2 and p38 MAPK. While the G protein path-

ways are responsible for the early phase ERK1/2 activation, the arrestin-dependent pathway is 

responsible for the late phase activation (McLennan et al., 2008). Through KOR-mediated ERK1/2 

activation, pCREB is phosphorylated, which regulates the dynorphin gene expression (Carlezon et 

al., 1998). While ERK1/2 activation can occur through both arrestin-dependent and arrestin-inde-

pendent mechanisms, p38 MAPK depends solely on the GRK3/arrestin complex (Bruchas et al., 

2006). The p38 MAPK has important implications relating to KOR-mediated aversion (Bruchas et 

al., 2007).  

 

 

2.6     Pharmacological Agents 
 

To investigate the KOR-dynorphin system and efficacy of certain sensors, we used various phar-

macological agents to enact physiological changes in key components of the KOR signaling 

cascades. These pharmacological agents consisted of various biased and unbiased KOR agonists, 

selective and nonselective opioid receptor antagonists, and inhibitors of key components of the 

KOR signaling cascades. The compounds, their principal activities, and their specific effects are 

listed below in Table 2. 

Figure 3: KOR activation additionally results in activation of the GRK3/Arrestin pathway. After the Gβγ and Gα 

subunits dissociate from the receptor, GRK3 can bind and recruit arrestin. This recruitment then goes on to activate 

ERK1/2 in the late phase of the cascade, which goes on to phosphorylate pCREB and result in the expression of 

dynorphin. Additionally, arrestin recruitment results in the activation of p38 MAPK, which in turn is responsible 

for the aversive components of KOR activation. 
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Table 2: Summary of pharmacological agents used throughout this thesis. Pharmacological agents used range from 

biased or unbiased KOR agonists, nonselective and selective opioid receptor antagonists, and pathway inhibitors. 

 

Name of Compound Principal Activity Effect 

Nalfurafine Biased KOR agonist Biased KOR agonist that ac-

tivates the arrestin-

independent pathway, lead-

ing to analgesia without 

dysphoria 

U50,488 Unbiased KOR agonist Activates KOR-mediated ar-

restin-independent and 

arrestin-dependent path-

ways, leading to both 

analgesia and dysphoria 

Naloxone MOR/KOR antagonist Acts as nonselective opioid 

antagonist to block signaling 

pathways 

CMPD101 GRK2/3 inhibitor Prevents arrestin-binding to 

KOR, and thus activation of 

arrestin-dependent pathway, 

without affecting the arres-

tin-independent pathway 

Norbinaltorphimine KOR antagonist Acts as a long lasting KOR 

selective antagonist to block 

KOR signaling pathways 

Salvinorin A Biased KOR agonist KOR agonist whose bias 

level is unclear. 
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2.7     Reactive Oxygen Species in GPCR Inactivation 
 

One of the greatest contributing factors to opioid addictions is the development of tolerance. This 

tolerance stems from opioid receptors becoming inactivated and results in higher dosages of opioid 

necessary to elicit the same effect. It is still not fully understood which cellular pathways and re-

ceptors are responsible for causing this tolerance and resulting dependence on opioids. However, 

there have been several signaling pathways and receptors that have been proposed as contributing 

factors to opioid desensitization and tolerance. One of which involves the depalmitoylation of the 

Gαi subunit of KOR through oxidation, which is induced by the cJun N-terminal Kinase (JNK) 

dependent peroxiredoxin 6 (PRDX6) recruitment and production of reactive oxygen species (ROS) 

through increased NADPH Oxidase (NOX) activity (Schattauer et al., 2017b). These reactive oxy-

gen species could also diffuse to other local receptors and inactivate their respective Gαi subunits 

(Figure 4). 

 

Detection of ROS is important for determining activity of KOR through JNK-dependent PRDX6 

recruitment and for tracking KOR inactivation. For this reason, we have adapted and developed 

genetically encoded redox sensors to track postsynaptic KOR activation through the G protein path-

way in mouse models. By appropriately detecting spikes in the concentration of reactive oxygen 

species, this enables us to determine the extent of KOR activity through this arrestin-independent 

pathway.  

Additionally, KOR agonists that are G protein biased such as nalfurafine could have important 

implications for opioid replacements. By preferentially activating the G protein pathway of KOR 

Figure 4: KOR activation results in the dissociation of the Gβγ and Gα subunits. In addition to the effects previously 

mentioned, the Gβγ subunit also phosphorylates JNK1, which activates PRDX6 which goes on to activate NOX. Activa-

tion of NOX results in the generation of reactive oxygen species, which induces depalmitoylation of the Gβ subunit and 

inactivates KOR. The reactive oxygen species can be detected by the reactive oxygen species sensors developed in this 

thesis. 
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signaling, it can induce the same analgesic effects of opioids, but has low activation of the dys-

phoric component that results from the arrestin-dependent pathway (Schattauer et al., 2017a). As a 

result, it is useful to have a sensor that can detect and can be used to quantify reactive oxygen 

species levels in a physiological environment. 

 

2.8     Sensors 
 

In the field of cellular imaging, fluorescent sensors have increasingly been used to characterize 

molecular interactions that take place within the cell that would be otherwise nearly impossible to 

visualize. Previous fluorophores that have been used to visualize cellular events include fluorescein 

isothiocyanate (FITC; The and Felkamp, 1970), fluorescence resonance energy transfer (FRET) 

based sensors (Marx 2017), and circularly permuted fluorescent proteins (Topell et al., 1999). 

These sensors provided the technological basis that allowed researchers to study neural circuitry, 

both ex vivo and in vivo. Additionally, there are many ways to analyze signals collected from these 

types of sensors, which can provide useful information when interpreting the overall physiological 

effects. 

Since the chemical interactions that lead to addiction and tolerance occur on a microscopic level 

and cannot be readily visualized without specialized techniques, the use of indicators for chemical 

species is of great intrinsic value. The fluorescent nature of these probes allows for visualization of 

the concentration of the chemical species of interest under certain conditions, which is correlated 

with the intensity of the fluorescence. 

There are many different methodologies that employ various configurations of sensors to exploit 

the fluorescent nature of these probes. In addition, the molecular composition itself of the probe 

can alter the specific wavelength of light absorbed and transmitted. Thus, the selection of an ap-

propriate sensor is modular and results in a broad array of possibilities, each suitable for specific 

types of experiments. Furthermore, fluorescence from these sensors can then be processed and an-

alyzed through a variety of methods to extract useful information from the model. As a result, there 

are many combinations of available sensors and analysis techniques that can be selected from to 

best suit the experimental procedure and provide the most useful information. The different types 

of sensors will be described in the following sections.  

 

2.8.1    Types of Sensors 

 

The initial class of fluorescent probes that was developed were small molecule probes. One of the 

early uses of these probes was with the conjugation of a small fluorescent molecule, such as an-

thracene, with an antibody, such as Pn 3 serum (Coons et al., 1942). When the antibody-tracer 

conjugate was exposed to ultraviolet light, it emitted a blue fluorescence as a response. However, 

it was noted that this emission spectrum overlapped significantly with the inherent emission spectra 

of the tissue in question, rendering it more difficult to observe fluorescence solely due to the 
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conjugate. Since then, various techniques have been developed to improve the sensitivity and spec-

ificity of sensors. 

FRET based sensors work by using absorption and emission characteristics of the sensors. The 

system consists of two fluorophores, each that absorb and emit light at different wavelengths. In 

isolation, the first sensor absorbs at the wavelength λ1 and emits light at the wavelength λ2. When 

the two sensors are in close proximity, the first sensor absorbs at λ1, emits light at λ2 which is then 

absorbed by the second sensor, which then emits light at the wavelength λ3 (Vinkenborg et al., 

2009; Hamers et al., 2013). The system can be used for a wide variety of tests, including identifi-

cation of recruitment to membranes as well as with linkers conjugated between that change 

conformational shape in the presence of messengers such as calcium. 

 

Circularly permuted fluorescent proteins are based on Green Fluorescent Protein (GFP). GFP was 

originally isolated from the jelly fish Aequorea victoria and has a structure comprised of 11 β 

strands that form a barrel (β-barrel), an α-helix that runs up the center of the barrel, and a chromo-

phore attached to the α-helix in the center of the barrel (Tsien, 1998). The cpGFP is created by 

interchanging the carboxyl and amino termini through fusing the original termini with a linker and 

breaking the protein in the β-barrel (Nagai et al., 2001). A sensing domain is fused to the new 

carboxyl and amino termini that is used to detect the chemical species of interest. When the domain 

is unbound, water can permeate the barrel and quench the fluorophore in the center. When the 

domain is bound, it causes a conformational change in the barrel and water is unable to permeate, 

causing the fluorophore to emit and indicate the presence of the species of interest.  

These types of sensors are flexible in their utility, since many different sensing domains can be 

combined with various types of reporter domains that fluoresce at different wavelengths with var-

iable linker sizes between the two domains. However, designing such a sensor requires optimization 

to achieve acceptable sensitivity and fluorescence levels, which can be the most time-consuming 

step when developing new sensors. 

Figure 5: FRET sensors allow for detection of chemical species of interest based on the proximity of two fluorophores. 

(Left) In the absence of the chemical species of interest, a certain wavelength of light within the absorbance spectrum of 

the first fluorophore is absorbed, and a different wavelength is transmitted that is within the emission spectrum of the 

first fluorophore. (Right) In the presence of the chemical species of interest, the linker between the two fluorophore 

undergoes a conformational change that brings them closer together. When the first wavelength of light is absorbed by 

the first fluorophore, it emits a second wavelength that is then absorbed by the second fluorophore. The second fluoro-

phore then emits a third wavelength of light, and detection of this wavelength determines the presence of the chemical 

species of interest. 
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2.8.2    Genetically Encoded Calcium Indicators 

 

Calcium is a critical species present in physiological conditions that provides useful information 

about neuronal activity. Calcium ions are crucial components for the firing of action potentials as 

well as synaptic inputs. Since they are ubiquitous for all neuronal cells, they can provide useful 

information about action potential firing through the measurement of calcium ion concentration 

(Yasuda et al., 2004). As a result, genetically encoded calcium indicators were developed for this 

purpose. Genetically encoded calcium sensors are classified as circularly permuted fluorescent pro-

teins that have a calmodulin fused to the C terminus and an M13 (a fragment of the myosin light 

chain kinase) fused to the N terminus (Nakai et al., 2001). In the presence of Ca2+, CaM becomes 

bound and undergoes a conformational change, allowing for binding with the M13 domain (Wang 

et al., 2008). The Ca2+-CaM-M13 complex causes the conformational change in the β-barrel as 

described above and causes fluorescence. Thus, fluorescence can be used as a reporter for the con-

centration of Ca2+ and thereby indicates neuronal activity. 

 

2.8.3    Genetically Encoded Redox Sensors 

 

While calcium serves as a second messenger in many signaling cascades and is traditionally utilized 

for monitoring neural activity, other indicator species could be of more interest for certain applica-

tions, such as reactive oxygen species. Probes utilizing interactions between reactive oxygen 

species and boronate groups have been used previously, however there are complications with 

quantitative analyses of signals resulting from such sensors (Woolley et al., 2013). Another solution 

is to use a reactive oxygen species sensing domain in place of the CaM-M13 binding domains used 

in genetically encoded calcium indicators such as GCaMP. Various sensors such as HyPer (Bel-

ousov et al., 2006) and roGFP2-ORP1 (Gutscher et al., 2009) have been designed to report the 

presence of reactive oxygen species. These sensors are green fluorescent and have a significant 

spectral overlap with other common sensors such as GCaMP that precludes their use in multiplex-

ing experiments that would require both calcium and reactive oxygen species sensors. As a result, 

a novel red fluorescent genetically encoded redox sensor was developed to allow for such experi-

ments. 

Figure 6: GCaMP utilizes calmodulin and the M13 domain to report the presence of calcium. When calcium is absent, 

M13 and CaM do not bind. In the presence of calcium, CaM undergoes a conformational change that allows M13 to 

bind. When the two units bind, this results in a conformational change in the β-barrel that prevents water from quenching 

the fluorescence. As a result, in the presence of calcium, this sensor fluoresces. 



2     Literature Review 

 

 

18 

 

The HyPerRed sensor is similar to GCaMP and other such sensors in that it consists of a sensing 

domain and a reporter domain. The reporter domain is a variation of cpGFP, where the β-barrel is 

circularly permuted mApple, or cpmApple (Ermakova et al., 2014). Since mApple is used in the 

place of GFP, HyPerRed is a red-fluorescent sensor. The sensing domains are taken from the reg-

ulatory domain of an H2O2 sensing bacterial protein (OxyR-RD), which contains an oxidizable 

cysteine residue. In the presence of reactive oxygen species, the two cysteine residues from the two 

OxyR-RD sensing domains become oxidized and create a disulfide bridge. The disulfide bridge 

induces a conformational change in the β-barrel and results in the fluorescence of the cpmApple. 

Thus, HyPerRed can be used as a sensor to detect the presence of reactive oxygen species that result 

from JNK-dependent PRDX6 recruitment and G protein pathway activation. 

 

A variant of the HyPerRed sensor, HRM63, was developed by the Berndt lab at the University of 

Washington. Instead of emitting red fluorescence, this variant was designed to emit green fluores-

cence in the presence of reactive oxygen species. Instead of using cpmApple as the fluorescent 

protein, HRM63 uses GFP as the fluorophore. In addition, HRM63 contains further modifications 

to the cysteine bridges to optimize fluorescence.  

 

2.8.4    Genetically Encoded Neuromodulator Sensors 

 

Another useful piece of information that is useful for more directly measuring neural circuit dy-

namics are sensors that fluoresce under receptor-binding dependent conditions. Patriarchi et al 

(2018) developed a genetically encoded dopamine indicator, dLight1, that fluoresces when bound 

to dopamine. This sensor is a variant of various dopamine receptors (dopamine D1 receptor, D2 

receptor, and D4 receptor), in which the third intracellular loop is replaced with the circularly per-

muted fluorescent protein β-barrel from GCaMP6.   

Figure 7: HyPerRed is a genetically encoded redox sensor that detects the presence of reactive oxygen species. This 

sensor operates by using two cysteine residues on the OxyR-RD domain. (Left) In the absence of reactive oxygen species, 

the cysteine residues are reduced and do not form a disulfide bridge. In the presence of reactive oxygen species, these 

residues are oxidized and form a disulfide bridge. This results in a conformational change of the β-barrel which reduces 

the amount of quenching of the fluorophore due to water, and thus reports the presence of reactive oxygen species. 
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After creating the dLight sensor, they developed other intensity-based sensors based on different 

GPCRs, one of which being KOR. The indicator, kLight1.3, was developed in a similar manner, in 

which the cpGFP was inserted in the third intracellular loop of KOR.  

This sensor is advantageous for directly measuring KOR activation by ligands such as dynorphin 

and can provide useful information about the direct effect of certain pharmacological agents. How-

ever, since it is a new sensor, it can still be optimized further to provide improved fluorescence 

levels. 

 

2.9     Fiber Photometry 
 

Fiber photometry has been a useful technique for analyzing fluorescence signals due to chemical 

species sensors for the last few years. Single fiber photometry is based on microscopy principles 

that allow for freely moving and behaving mice while performing a behavioral task. 

Light is first emitted by a light source, typically an LED with a wavelength around the excitation 

spectrum of sensor being used. In the case with GCaMP, typical excitation wavelengths are blue 

shifted at about 473 nm (Gunaydin et al., 2014; Lerner et al., 2015; Wright et al., 2017). The light 

is passed through an excitation filter that isolates wavelengths in the sensor’s excitation spectrum 

and is reflected with a dichroic mirror. It is then passed through an optical fiber that is implanted 

over the brain region of interest. In the presence of the chemical species of interest, the light will 

be absorbed by the sensor and will emit a new wavelength of light in the sensor’s emission spec-

trum. In the case with GCaMP, typical emission wavelengths are green shifted at around 512 nm. 

The emitted light is transmitted through the optical cable and through the dichroic mirror into an 

emission filter that filters out wavelengths outside of the emission spectrum. The light is passed to 

a photodetector which records the bulk fluorescence level in the brain region of interest. 

Figure 8: The dLight sensor serves as an indicator for the presence of receptor-specific ligands. The dLight sensor was 

created by inserting a cpGFP into the third intracellular loop of the dopamine receptor. Binding of an agonist for the 

receptor, such as dopamine, results in a conformational change in the GFP, thereby resulting in the fluorescence. The 

variant used in this thesis was the kLight sensor, in which KOR is used in place of the dopamine receptor.  
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A variation of this fiber photometry system utilizes two light sources at different wavelengths. One 

wavelength acts as the excitatory wavelength for a sensor such as GCaMP, while the other wave-

length acts as a control, or isosbestic, channel. By using both channels, it allows for correction for 

motion artifacts. Real signal will be present only in the GCaMP channel, whereas any fluorescence 

change due to motion artifact will appear in both channels and can be subtracted off from the 

GCaMP channel. 

 

2.10    Effects of KOR on Behavior 
 

After investigating the effects of different pharmacological agents on KOR at a cellular and neural 

circuitry level, we then turned to investigating how KOR influences changes in behavior. Disrup-

tion in KOR function have been shown to lead to anxiety and depression-like symptoms in animals 

(Carlezon et al., 2005) and stress-like effects (Land et al., 2008), while KOR antagonists have been 

shown to counteract some of these effects (Land et al., 2008; McLaughlin et al., 2003; Mague et 

al., 2003). Other studies illustrate the importance of KOR in modulating behavioral responses by 

selectively deleting KOR from specific neuronal subpopulations using Cre recombinase and ob-

serving a reduction of conditioned place aversion in those animals (Ehrich et al., 2015). These 

experiments show that KOR function has important implications on behavioral phenotypes that can 

be manipulated and investigated as a potential target for treating substance use disorder. Some of 

the main behavioral effects involve motivation for drug seeking behaviors and effects on cognition 

Figure 9: Fiber photometry measures the bulk level fluorescence of a population of neurons expressing genetically 

encoded sensors. In the isosbestic fiber photometry setup, two light sources are reflected off dichroic mirrors and 

passed through a fiber optic cable implanted in the mouse skull over the brain region of interest. Fluorescence from the 

sensors are then emitted back through the fiber optic cable. The light is then reflected off one dichroic specific for the 

isosbestic wavelength into the isosbestic channel, and the other light is passed through another dichroic specific for the 

green channel. 
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and working memory. We investigated both facets through various behavioral assays, which will 

be discussed in the following sections. 

 

2.10.1    KOR and Drug Reward: Conditioned Place Preference 

 

To model the motivation for drug seeking behaviors under stressed conditions, we used a cocaine 

conditioned place preference paradigm. Briefly, conditioned place preference experiments are per-

formed by first allowing the mice to freely explore a two-compartment chamber, where each 

chamber is distinct from the other. The amount of time spent in each chamber is measured and used 

as a baseline. The mice then undergo conditioning periods, in which they are injected with the drug 

of interest or saline and restricted to one side of the chamber. During the post conditioning test 

period, they are allowed to freely explore both compartments of the chamber and the amount of 

time spent in each chamber is recorded. The conditioned place preference score is measured by 

subtracting the amount of time spent in the drug-paired chamber in the post test from the amount 

of time spent in the drug-paired chamber in the pre-test. These experiments illustrate the drug seek-

ing behavior and motivation for drug reward in mice. By disrupting KOR function and performing 

these experiments, it provides insight as to the role of KOR in mediating these types of behavioral 

responses. A variant of this conditioned place preference is conditioned place aversion, in which a 

similar paradigm is used, and the main difference is that an aversive stimulus is delivered instead 

of drug. 

 

Previous studies have investigated the effects of forced swim stresses on drug potentiation by using 

the cocaine conditioned place preference paradigm, which suggests that chronic stressors could 

activate the KOR-dynorphin circuit and thereby result in an increase in stress-induced potentiation 

of cocaine (McLaughlin et al., 2003). The role of the KOR-dynorphin system was further investi-

gated in later studies involving the effect of timing of KOR activation prior to stressful events on 

cocaine conditioned place preference (McLaughlin et al., 2005; Chartoff et al., 2015). These find-

ings suggest that the timing of KOR activation prior to stressful events plays an important role in 

contributing to either suppression or potentiation of stress-induced cocaine conditioned place pref-

erence. Further studies investigate how KOR contributes to the stress-induced dysphoric response, 

implicating p38α MAPK in VTA dopaminergic neurons as a contributor for conditioned place 

Figure 10: The general behavioral paradigm for conditioned place preference experiments. Mice are initially allowed 

to freely explore both compartments of the conditioning chamber, with distinct cues in each compartment, and the time 

spent in each chamber is measured. During the conditioning days, the mice are restricted to one chamber and are ad-

ministered the drug of interest, and the mice thereby associate the distinct compartment with the drug. After the 

conditioning days, the mice are once again allowed to freely explore both compartments. The time spent in the drug 

paired chamber is measured and the pre-conditioning test time is subtracted from the post conditioning test time to yield 

the preference score. 
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aversion (Ehrich et al., 2015). Taken together, these studies suggest that the timing and method of 

KOR activation can have variable effects on the potentiating effects of cocaine through a host of 

signaling cascades. 

 

2.10.2     KOR and Cognition: Delayed Alternation 

 

Besides affecting motivation and an increasing drive for drug seeking, KOR is also thought to 

mediate cognitive effects and working memory. The delayed alternation task used in this thesis is 

a behavioral assay that is an important indicator of such cognitive function in mice. Specifically, it 

investigates the functionality of the working memory in mice, which is distinct from long-term or 

short-term memory. Short-term memory refers to the ability to retain limited pieces of information 

in a temporary and very accessible state, while long-term memory refers to the storage of 

knowledge and recollection of prior events (Cowan, 2009). Working memory is similar to short-

term memory but is still somewhat distinct. Working memory is regarded as a memory that is used 

to inform and carry out a specific behavior. Thus, the purpose of the delayed alternation tasks in 

this thesis is to assess the working memory in mice after a predetermined delay period in response 

to different pharmacological treatments and stressors.  

Briefly, delayed alternation tasks are performed by placing the animal in a chamber with two levers. 

The animal must learn that, after an initial lever press on either lever, they will be rewarded if they 

correctly press the alternate lever. If they do not, they receive no reward. To test the animal’s work-

ing memory, both levers retract after the initial press and reextend after a predetermined delay 

period. Experiments consist of a certain amount of training days, in which the animal learns the 

behavior. Once they have adequately learned the behavior, they then undergo a pharmacological 

treatment, surgical treatment, or some other kind of stressor, and the effects on working memory 

of those treatments are assessed by performing the delayed alternation task once again. Typical 

data readout is conducted as percent correct and total number of alternations. 

Figure 11: The delayed alternation task assesses cognitive disruption and working memory in mice after 

various treatments. Mice are initially presented with two levers to press. Once the mouse presses one of the 

levers, both levers retract for a predetermined delay period. After the delay period, the levers extend once again. 

If the mouse incorrectly presses the same lever, the levers retract, and no reward pellet is delivered. If the 

mouse correctly alternates and presses the opposite lever, the levers retract, and a reward pellet is delivered. 

This test is repeated for 60 minutes. 
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Alternation tasks in rats were performed initially to study the effect of lesions in the caudate nucleus 

on working memory, in which rats were rewarded after correctly alternating between lever presses 

(Chorover and Gross, 1963). However, there was no delay period between lever presses. This study 

served as the foundation for developing methods for testing working memory in rodent models and 

further iterations on this method introduced predetermined delay periods between lever presses. 

Another study was performed to assess the effect of a tyrotrophin-releasing hormone analogue in 

rats with AMPA-induced lesions (Ballard et al., 1996). In this study, both an alternation task as 

well as a delayed alternation task was performed to train rats on the task and subsequently assess 

their working memory. Further experiments were later performed to investigate the effects of le-

sions in the primary and secondary motor cortices on working memory in rats (Yin et al., 2009), 

the effects of lesions, pharmacological treatments, and optogenetic stimulation in the medial pre-

frontal cortex (mPFC) on working memory in mice (Rossi et al., 2012), and the effects of 

chemogenetic inhibition of D1 receptor-positive (D1R+) cells in the lateral cerebellar nucleus 

(LCN) on working memory in mice (Locke et al., 2018). 

Therefore, delayed alternation tasks have been well-established as effective methods for assessing 

the effects of various treatments and stressors on the capability to retain working memory in mice. 

As a result, it is an appropriate behavioral assay for assessing the effects on cognition resulting 

from disruptions in the KOR-dynorphin circuit. 
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3.1     Section Overview 
 

This section provides the basis for the methods used in these experiments. It focuses on the cellular 

resolution, neural circuitry, and behavioral aspects of the experiments that were performed, as well 

as the motivation behind performing the experiments, the experimental methods, the data pro-

cessing procedures, and the data analysis techniques. 

 

3.2     Cellular 
 

To better understand the dynamics of certain sensors, we performed various experiments at the 

cellular level to observe sensor fluorescence as a response to different conditions and pharmaco-

logical agents. These experiments provide information at a single cell resolution that allows for a 

better understanding for how pharmacological agents of interest act at a cellular level. The experi-

ments are important for verifying and validating the use of such sensors described previously in 

animal models in these cellular level experiments. 

 

3.2.1    Ex vivo Single Cell Imaging 

 

Motivation 

Cells expressing the genetically encoded sensor of interest were imaged in ex vivo slices to validate 

their functionality and measure the response of certain neuronal cell populations to pharmacologi-

cal agents such as nalfurafine and naloxone. 

While some information is gained from whole field imaging procedures, we looked specifically at 

individual cell fluorescence as well as the fluorescence of the entire image. Since cells firing out of 

phase would result in a certain amount of signal attenuation, single cell resolution can provide a 
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richer set of information regarding the timing of certain cell types to the drugs of interest. These 

trials provided a simple method for measuring a sensor’s capacity to accurately report the level of 

the species of interest. In this case, we specifically wanted to test the HyPerRed sensor and its 

ability to detect reactive oxygen species. 

 

Experimental methods 

To test the HyPerRed sensor ex vivo at a single-cell resolution, DAT-Cre mice were injected with 

an AAV-DIO-HyPerRed in the VTA to express in dopaminergic neurons. All experimental proce-

dures were performed as described in Reichard et al (in revision). Mice were rapidly decapitated 

after 10-12 weeks, after which the brains were then sliced and incubated in a specialized oxygen-

ated solution of NMDG. The slices were then perfused with aCSF and imaged at 555 nm on an 

upright fluorescence microscope. After a 14-minute baseline period, the slices then had nalfurafine 

perfused over them to induce KOR activation mediated by G protein signaling pathways. A sepa-

rate group of slices were pretreated with naloxone, after which they had nalfurafine perfused over 

them to observe the effect of an opioid receptor antagonist on G protein biased agonism with nal-

furafine. All ex vivo experimental procedures and image recordings were performed by Katie 

Reichard and Keionna Newton in the Chavkin Lab (Reichard et al., in revision). 

 

Image Configuration 

Stacks of image were acquired in a .tif format. These images were loaded into ImageJ to verify 

broad trends in cellular fluorescence. They were then saved in a .jpg format by saving as an image 

sequence to be handled by MATLAB. Once they were converted to jpg, they were then run through 

the custom written MATLAB (version R2015a) script, whose code is included in Appendix II. 

The path to the folder containing the script was defined, as well as the folder containing the image 

data. The images were then read into MATLAB using the imread() function and sorted to ensure 

that the images were in the proper order. Once the images were read into MATLAB, they were 

saved into a .mat variable format to be used in the main script. 

 

Image Processing 

Once the images were in a MATLAB variable format, they were read into the image analysis script, 

which is included in Appendix II. The folder path that contained both the .mat variable file and 

the script was defined. The frames were read in and saved in a data structure to be analyzed later. 

The frame in which the drug treatment was delivered was defined as well as the frames to be used 

as the baseline period. Each individual baseline frame was analyzed using the imfindcircles() 

function in MATLAB to find all circles with a radius between 4 to 15 pixels and with a sensitivity 

of 0.9. For each of the circle centers that were identified, the corresponding neighborhood indices 

were recorded using a morphological disk-shaped structuring element using the strel() and 

getnhood() functions. The structuring element was converted to a vector of linear indices using 

the find() function, which was then converted to x- and y-coordinates about the center of each 

identified circle using the ind2sub() function. 
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Once all of the circles had corresponding neighborhood x- and y-indices, they were added to the x- 

and y-coordinates for the centers of each circle and the cell indices were binarized to yield a mask 

for all of the identified regions of interest. A separate structure for the borders of each of the base-

line cells was created by using the bwperim() function on each of the filled cells. The 

corresponding baseline cell signal was recorded by summing the values for each of the cell indices 

in the original frame. 

 

Image Analysis 

To create a baseline signal value for the recording, the binarized cell regions during the baseline 

frames were overlaid to create a binarized composite baseline frame. A structure and pixel index 

list for connected components was created using the bwconncomp() function. The centroid and 

area for each connected component was extracted using the regionprops() function. The base-

line signal was then created by summing the pixel values for each region of interest and normalizing 

by that region’s area for each of the baseline frames. The baseline frames were then averaged to 

generate an individual baseline fluorescence value for each of the regions of interest.  

Fluorescence values for each region of interest for each frame were then generated in a similar 

manner as the baseline fluorescence values by summing each pixel value and normalizing by the 

region of interest area. They were then normalized to ΔF / F0, where F0 was the baseline fluores-

cence value for each region of interest. 

The processes used for image processing and image analysis are summarized in Figure 13. 

 

 

Figure 12: Cells were defined using a custom written cell detection algorithm. (Left) Original characteristic frame from 

ex vivo single slice imaging. Images were taken of HyPerRed expressing dopaminergic neurons in the VTA. (Right) Orig-

inal frame with cell masks detected by the automated algorithm overlaid. The red numbers correspond with the 

identification for each cell throughout the course of the recording. 
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3.2.2    Single HEK Cell Imaging 

 

Motivation 

Single HEK cell imaging is a useful tool for initial phases of developing and validating the use of 

certain protein sensors for the detection of specific chemical species. While the physiological com-

position of HEK cells does not necessarily accurately represent that of neuronal cell types, it can 

still generate useful insights as to how those protein sensors interact with the chemical species of 

interest generally. It is a cost-effective method to run these initial tests without having to deal with 

complications implicated with the use of animal models and can provide supporting evidence and 

motivation for using the sensors in those animal models for future studies. 

 

Experimental Methods 

HEK293 cells expressing mycKOR were transfected with genetically encoded sensors using 

preestablished methods (Schattauer et al., 2019). These sensors included HyPerRed, Hy46 (a pre-

cursor to HRM63), and HRM63. The cells were imaged using real-time cellular microscopy to 

monitor the fluorescence of both sets of cells. Recording sessions consisted of around 80 frames, 

with a 60 second interval between each frame recording. To test functionality of the sensors, initial 

tests were performed by using an H2O2 ramp and observing increases in fluorescence from the 

sensors. In subsequent trials, the pharmacological agent of interest was washed on between frames 

10 and 11 and an H2O2 ramp was washed on at the end of the recording to confirm capability of 

detecting reactive oxygen species. 

Initial testing consisted of expressing mycKOR infected HEK cells with Hy46 to verify function-

ality of the reporting domain of the sensor. An H2O2 ramp was used at various increasing 

concentrations on half of the positions on a plate and a single H2O2 wash on the other half of the 

Figure 13: Schematic illustrating the general procedure for processing and analyzing ex vivo single cell images. Im-

ages were processed by identifying center locations and radii for each ROI in the frame using imfindcircle(). A structuring 

element for the corresponding size of circle was created to determine surrounding pixels that define the ROI using strel() 

and getnhood() functions. The elements were then converted to x- and y-indices by using find() and ind2sub() functions, 

which were then added to the center for each ROI to generate a solid mask for the cells. Borders of each ROI were created 

by using bwperim(). Images were analyzed by first determining the connected components for each frame and averaging 

the fluorescence for baseline frames for each ROI. The ROIs were then linked to track individual cells over the course of 

the recording and were then normalized to reflect ΔF / F.  
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positions to observe the ability of the sensor to report levels of reactive oxygen species. This was 

replicated twice, with a different live imaging media used on the second plate. After these validation 

trials were performed and further optimizations were made on the sensor, the variant HRM63 was 

then tested in the HEK cells with H2O2 on half of the positions on the plate and vehicle on the other 

half to observe the ability of this sensor to report levels of reactive oxygen species. Finally, HRM63 

was tested with KOR agonists on half of the positions and vehicle on the other half to observe the 

ability of the sensor to report levels of reactive oxygen species in a physiologically relevant envi-

ronment.  

By using U50,488 or nalfurafine as the pharmacological agents of interest, it allowed visualization 

of the reactive oxygen species production of individual cells. This was done by measuring the flu-

orescence values of the first ten frames as the baseline and normalizing the fluorescence in each of 

the frames to those baseline values. Additionally, the whole field fluorescence was observed to 

compare with individual cell fluorescence. 

All HEK cell experimental procedures and imaging were performed by Selena Schattauer in the 

Chavkin Lab. HyPerRed variants such as Hy46 and HRM63 were provided by the Berndt Lab. 

 

Image Configuration 

Each set of images was composed of two plates with four positions, each with a recording channel 

for HyPerRd and HRM63. Initial images were generated in a .lif format, which were then loaded 

into ImageJ to perform preliminary filtering steps to aid in the cell detection algorithm. The images 

were bandpass filtered to filter small structures up to 3 pixels and filter large structures down to 40 

pixels. Once the images were filtered, they were saved as .gif files to be run through a custom 

written MATLAB script for extracting frames for each of the recordings. 

The .gif files were stored in a data folder and were loaded into MATLAB using the dir() function. 

Once the files were stored, the images were read using the imread() function. They were sorted 

into structures for containing stacks of images over the course of each recording for both HyPerRed 

and HRM63 channels. The stacks of HyPerRed and HRM63 images were then saved as a 

MATLAB variable to be loaded into the cell tracking script. 

 

Image Processing 

The schematic in Figure 14 shows the workflow for how the stacks of images were processed and 

analyzed. 

The .mat variable files for both the filtered and original set of images were loaded into the cell 

tracking script and the specific plate, position, and sensor type were defined. The frames to be used 

as baseline frames were also defined. For each of the baseline frames, the cell identification algo-

rithm was run. 

A subtraction mask was created for each frame by thresholding it to the mean value of the frame 

and filtered with at 2D Gaussian smoothing kernel by using the imgaussfilt() function. The 

subtraction mask was then subtracted off of the frame, which was then filtered again.  
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The border for each region of interest was identified by using an edge-detection algorithm previ-

ously developed (Andrews, 2019). Borders were generated by parsing through the frame pixel by 

pixel and identifying neighboring poin ts. Frame values were stored for the center pixel as well 

as the frame values for pixels above, below, left, and right of the center pixel. For each pixel, the 

upper and lower pixels are compared with set threshold values. If one is greater than the threshold 

value and the other is less than the threshold value, the pixel is determined to be a border pixel. 

Similarly, the left and right pixels are compared, and if one is greater than the threshold value while 

the other is less than the threshold value, it is also determined to be a border pixel. The borders 

matrix was then filtered by using a morphological closing function of dilation followed by erosion 

and ensured that all features overlapping with the edges of the frames were closed at those over-

lapping points. Once the borders were fully defined and processed, the borders were filled to yield 

binary labeled images for the regions of interest in each frame. Small regions were filtered out by 

using the bwlabel() and bwareaopen() functions. The bwdist() function was then used on 

the complement of the filled binary images to compute the distance transform, or the distance of 

each pixel to the nearest non-zero pixel, which was then negated and run through the 

Figure 14: Schematic illustrating how the frames for each experiment were processed and then analyzed. (Top) 

Specific methods were used to identify regions of interest in the baseline frames and identify characteristic cells to 

track throughout the rest of the recording. The rest of the frames were processed in a similar manner to generate cell 

masks. The cells throughout the recordings were matched to the identified baseline cells to allow for cell tracking. 

(Bottom) (A) The original frame was converted from a .lif format to a stack of images that were read into MATLAB. 

These images were used primarily for quantifying the actual fluorescence levels of the images. (B) The bandpass 

filtered frame was generated in ImageJ for ease of cell detection and was used primarily for creating the cell masks. 

(C) The bandpass filtered frames were processed by using a subtraction mask algorithm: a threshold was applied to 

the frame and filtered using a 2D Gaussian smoothing kernel, which was subsequently subtracted from the original 

bandpass filtered frame and was filtered again. (D) The resulting processed image highlights the cells and eliminates 

background noise to enable accurate cell detection and masking. 
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imextendedmin(), imimposemin(), and watershed() functions. This allowed for the seg-

mentation of cells that were in contact.  

After individual cells were identified, a structure for connected components was created using the 

bwconncomp() function and the number of cells along with the pixel index list was extracted 

from the structure. A size exclusion was used to exclude any objects that had an area less than a 

certain threshold of pixels. The centroids, areas, and pixel index list for each of the remaining cells 

was then stored.  

 

A distance exclusion was then performed on the list of baseline centroids in the first baseline frame 

by using the ismembertol() function with a tolerance of 0.03. All centroids that failed this ex-

clusion were averaged together to create a composite centroid and composite pixel index list. 

Following this initial exclusion, all centroids in each baseline frame were compared with the list of 

current baseline centroids. Any centroid in the baseline frames that failed an exclusion with a tol-

erance of 0.05 was considered a unique cell and therefore added to the list of baseline centroids. 

For processing all frames of the recording, a similar procedure to baseline region of interest iden-

tification was used to identify regions of interest for each recording frame. Regions with an area 

less than 400 pixels and that had less than 40 pixels between each other were excluded. 

 

Image Analysis 

After the regions of interest were identified and processed, the cells were matched to their respec-

tive baseline centroid to track single cells over the course of the recording. The distance of each 

centroid in each frame to each baseline centroid was calculated and the minimum distance indicated 

the corresponding baseline cell. This was repeated for every frame and was organized into a matrix 

with each row corresponding to a distinct baseline cell and each column corresponding to each 

frame of the recording. 

Once the corresponding baseline cell for each region of interest in the baseline frames was identi-

fied, the regions were overlaid across all baseline frames for each representative baseline cell to 

create a composite pixel index list. This composite pixel index list was then used as a mask on the 

original baseline frames to sum the fluorescence values in those indices and yield a single baseline 

fluorescence value for each representative baseline cell for each baseline frame. The fluorescence 

Figure 15: The general workflow for identifying regions of interest in each frame. (A) Borders for each of the regions 

of interest are generated using an edge-detection algorithm. The cells had borders defined based on neighboring pixels 

for each pixel of the frame. (B) Cells were filled, and small regions were filtered out. (C) A watershed algorithm was used 

to aid in cell segmentation. This allowed for the detection of cells that were in contact. (D) Cells were finally converted 

back into borders for a mask for all the regions of interest. This algorithm was applied for all frames in the recording. 
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for each representative baseline cell was then averaged across all baseline frames. Cells that were 

not detected in at least two of the baseline frames were excluded.  

All frames were then processed using a similar method to match each region of interest to a repre-

sentative baseline cell. For each region of interest, a mask of the corresponding pixel index list was 

created and stored to the representative baseline cell number for each frame. These masks were 

then used to sum the fluorescence values for each region of interest in each original frame. After 

the raw fluorescence values for each frame was determined, they were then normalized to the cor-

responding representative baseline cell fluorescence. 

 

3.3     Neural Circuitry 
 

After verification of the functionality of the various sensors employed at the single cell resolution, 

we observed the correlations between fluorescence signals and behavioral output in freely awake 

and behaving mice. We sought first to develop and validate the use of various sensors in vivo for 

use in behavioral experiments. These experiments provided further insights into neural circuits and 

how specific brain regions connect and influence other brain regions as well as behavioral re-

sponses. Using these developed and verified sensors can help us to better understand neural 

connections and the effect that certain types of stressors can have on those connections. All exper-

imental methods and fiber photometry recordings were performed by Antony Abraham and Sanne 

Casello in the Chavkin Lab. 

 

3.3.1    HyPerRed Fiber Photometry 

 

Motivation 

While GCaMP tracks and reads out the presence of calcium as fluorescence, HyPerRed indicates 

the presence of reactive oxygen species. Sensing this chemical species can provide information 

about activation of the G protein, or arrestin-independent, pathway. Thus, it is useful to utilize 

biased KOR agonists while using HyPerRed to readout their action in a physiological setting. Val-

idation of HyPerRed in ex vivo slices and in HEK cells provided the motivation to use this reactive 

oxygen species sensor in freely behaving mice to monitor bulk changes in reactive oxygen species 

concentration under various pharmacological treatments.  

 

Experimental Methods 

To test the sensitivity of the HyPerRed sensor, we injected mice with various pharmacological 

agents to see the response to reactive oxygen species generated from KOR activation. We injected 

mice with saline, nalfurafine, U50,488, naloxone and nalfurafine, and CMPD101 and U50,488. 

Table 3 summarizes the injection scheme for each of the pharmacological treatments. 
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Table 3: Summary of pharmacological treatments for mice expressing HyPerRed sensor. 

 

To read out bulk neural activity, we injected AAV-DIO-HyPerRed in the PFC. We collected the 

fluorescence data using the fiber photometry system previously described.  

 

Data Configuration 

Initial experiments were performed using HyPerRed as an indicator for reactive oxygen species 

generation. Data was collected using the Tucker-Davis Technology fiber photometry system and 

Synapse software. The fluorescence was recorded at a sampling frequency of 1017 Hz. The fluo-

rescence data for both the green channel and red channel were stored in structures called “tanks”. 

Using the MATLAB function TDTBin2Mat(), a custom written function by Tucker-Davis Tech-

nologies for use with their fiber photometry system, the green and red streams were extracted from 

the tanks and the raw data were stored in vectors using the “ProcessTanks_2” MATLAB script 

included in Appendix II. However, for the HyPerRed experiments, only the red channel was used. 

The vectors were saved as a .mat MATLAB variable to be used in the analysis program. Fluores-

cence data for all the treatment groups were extracted and processed in this manner. 

 

Data Processing 

After extraction from the tanks, the .mat files were read into the HyPerRed processing script. Each 

of the treatment group files were stored in their respective data folders and read into the script using 

the dir() function. The time stamps for each of the injections in each treatment group were de-

fined and a cell was created to contain all the data for each of the treatment groups. Within each of 

the treatment group cells, separate cell structures were created to contain each session’s raw data.  

Each of the sessions were downsampled by a factor of 100 and normalized using the average of the 

five-minute baseline period in the beginning of the recording (F0) using the following definition: 

∆𝐹

𝐹
=
𝐹 − 𝐹0
𝐹0

∗ 100% 

The sessions were then smoothed using a moving average filter and detrended to remove any initial 

motion artifact (Figure 16).  

For each injection, the minimum session length was determined and all other sessions for that in-

jection were truncated to that length. The injection signals were then extracted and were fitted to 

subtract off any residual motion artifact or linear drift.  

 Injection 1 Injection 2 Injection 3 

Saline 10 ml/kg saline   

Nalfurafine 50 μg/kg nalfurafine  

U50,488 1 mg/kg U50,488 10 mg/kg U50,488 

Naloxone/Nalfurafine 10 mg/kg naloxone 50 μg/kg nalfurafine   

CMPD101/U50,488 15 mg/kg CMPD101 1 mg/kg U50,488 10 mg/kg U50,488 
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Data Analysis 

The data for each treatment group were truncated to the shortest recording length. The signals were 

averaged across all mice for each treatment group and compared. The standard error was calculated 

for each treatment group and plotted along with the average signals. All statistical analyses for fiber 

photometry recordings were performed with a two-way ANOVA, where the two factors were a 

repeated measure of time and drug. For HyPerRed, Dunnett’s post hoc was used at every time point 

to compare each treatment with nalfurafine. 

 

3.3.2    HRM63 Fiber Photometry 

 

Motivation 

To increase the sensitivities of the experiments to the presence of reactive oxygen species, we used 

the HyPerRed variant, HRM63. We tested whether this would allow us to better visualize the acti-

vation of the KOR induced G protein signaling cascades. While the HyPerRed sensor emits red 

shifted light, the HRM63 sensor emits green shifted light. As a result, we were unable to use the 

sensor along with GCaMP to measure calcium transients, but we tested if this sensor could better 

visualize changes in reactive oxygen species concentration. 

 

Experimental Methods 

To test the sensitivity of the HRM63 sensor, we injected mice with a biased KOR agonist to see 

KOR activation resulting from those treatments. We injected mice with saline and nalfurafine. Ta-

ble 4 summarizes the injection scheme for each of the pharmacological treatments. For increased 

sensitivity to reactive oxygen species, we expected to see an increase in fluorescence after KOR 

activation, like that of HyPerRed. 

Table 4: Summary of pharmacological treatments for mice expressing HRM63 sensor. 

 

To read out bulk neural activity, we injected AAV-DIO-HRM63 in the PFC. We collected the 

fluorescence data using the fiber photometry system previously described.  

 

Data Configuration 

Like the HyPerRed fiber photometry data processing, fluorescence recordings collected at 1017 Hz 

were stored in tanks. However, for the HRM63 fiber photometry, a system with an isosbestic chan-

nel was used instead. The fluorescence data for the green and isosbestic channels were stored in 

the tank and extracted using the TDTbin2mat() function and saved as a .mat file. Fluorescence 

data for all the treatment groups were extracted and processed in this manner. 

 

Treatment Injection 

Saline 10 ml/kg saline 

Nalfurafine 50 μg/kg nalfurafine 
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Data Processing 

The HRM63 signals were processed in a similar manner to the previous fiber photometry record-

ings. The HRM63 and isosbestic channels were downsampled by a factor of 100 and the baseline 

period was taken to be 5 minutes prior to the injection and were truncated to cut off any signal prior 

to the baseline period. The HRM63 and isosbestic channels were then normalized and the isosbestic 

channel was fitted to the HRM63 channel using a least-squares method and subtracted to adjust for 

motion artifact. A full description on how this least-squares regression was performed will be pro-

vided in the GCaMP fiber photometry section. 

 

Figure 16: General processing 

for all fiber photometry data. 

(Top) Raw data was initially 

loaded into MATLAB from tanks 

and saved as .mat variables to 

be used in other scripts. Raw 

data was sampled at a sampling 

frequency of 1017 Hz. (Middle) 

Data was then downsampled by 

a factor of 100, normalized to a 

set baseline period, and 

detrended to remove motion ar-

tifact. The signal was also low 

pass filtered using a moving av-

erage filter to eliminate high 

frequency noise. (Bottom) For 

each injection period, the signal 

of interest was extracted and 

truncated to the minimum re-

cording length. These traces 

were again detrended to remove 

any residual motion artifact or 

drift to yield the final processed 

trace that was used for analysis. 
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A new structure, sortByTreatment, was created to sort and contain the relevant experimental 

trials by treatment, which is summarized in Figure 17.  

 

Each treatment group name was stored in the treatment field of sortByTreatment. The corre-

sponding normalized data for each mouse was stored in cells in the rawData field. The injection 

times and mouse ID were stored in their respective field. A new field, injections, was created 

to store data relevant to each individual injection within each treatment. The data for each post 

injection period was stored in cells the injectionData field. The minimum length for each post 

injection period was determined and stored along with the corresponding minimum timeline for 

each injection period. After determining the minimum length for each post injection period, each 

post injection signal was truncated to contain the same number of data points and stored in a single 

array in the stackedInjection field. 

 

For ease of visualization, the data was further downsampled by a factor of 50, such that the new 

sampling frequency was 0.5 samples/sec. The stacked injection array for each post injection period 

and timeline were both downsampled by this factor and stored in a single matrix for export and 

ease of analysis. 

 

Data Analysis 

The data for each treatment group were truncated to the shortest recording length. The signals were 

averaged across all mice for each treatment group and compared. The standard error was calculated 

for each treatment group and plotted along with the average signals. 

Figure 17: Flowchart showing the organization of the sortByTreatment data structure. Initial fields for the 

treatment type, raw data, injection time stamps, unique mouse identification, and a nested structure contain-

ing information about the injections. The injections structure contains fields to hold the fluorescence data for 

each post injection period, the minimum post injection period length, all injections stacked in a matrix, data 

to be exported for analysis in other software, and a time axis for the post injection period. 
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3.3.3    kLight Fiber Photometry 

 

Motivation 

While GCaMP, HyPerRed, and HRM63 sensors measure neuronal activity and KOR activation 

indirectly, the novel kLight sensor can measure KOR activation directly. This is beneficial for un-

derstanding the action of different pharmacological agents or stressors on the KOR-dynorphin 

circuit and can provide useful information that cannot be measured directly with the previously 

discussed sensors. Unlike HyPerRed and HRM63, which indicate which cells express KOR, kLight 

does not indicate KOR expression, but rather, indicates the action of ligands such as dynorphin that 

directly activate KOR. 

 

Experimental Methods 

To test the sensitivity of the kLight sensor, we injected mice with various pharmacological agents 

to see KOR activation resulting from those treatments. We injected mice with saline to record a 

baseline signal to compare with the other drug treatments. We also injected mice with 1, 5, and 10 

mg/kg U50,488 to observe a graded fluorescent response to the unbiased KOR agonist. Addition-

ally, we injected mice with 10 mg/kg U50,488 following injection with 10 mg/kg naloxone to see 

if the kLight sensor could report naloxone, an opioid receptor antagonist, blocking the action of 

U50,488 on KOR. 

We also injected mice with 1 mg/kg naloxone after a repeated morphine dosing procedure to ob-

serve increases in dynorphin release from a stressor such as naloxone precipitated withdrawal. 

Finally, we injected mice with 50 and 150 μg/kg of nalfurafine, a G protein biased KOR agonist, 

to test if kLight could detect activation of the G protein pathway at various dosages. Table 5 sum-

marizes the injection scheme for each of the pharmacological treatments. 

 

Table 5: Summary of pharmacological treatments administered to mice expressing kLight sensor. Treatments were 

selected to investigate the kLight responses to an unbiased KOR agonist, stress evoked dynorphin release, and a biased 

KOR agonist. 

 

 

 

 

 

 

To read out bulk neural activity, we injected AAV-DIO-kLight in the PFC. We collected the fluo-

rescence data using the fiber photometry system previously described.  

 

Treatment Injection(s)  

Saline 10 ml/kg saline 

U50,488 

1 mg/kg U50,488 

5 mg/kg U50, 488 

10 mg/kg U50, 488 

10 mg/kg naloxone, 10 mg/kg U50,488 

Naloxone Induced Withdrawal 1 mg/kg naloxone 

Nalfurafine 
50 μg/kg nalfurafine 

150 μg/kg nalfurafine 



3     Methods 

 

 

37 

 

Data Configuration 

Like the HRM63 fiber photometry data processing, fluorescence recordings collected at 1017 Hz 

were stored in tanks. The fluorescence data for the green and isosbestic channels were stored in the 

tank and extracted using the TDTbin2mat() function and saved as a .mat file using the “Pro-

cessTanks_2” script. Fluorescence data for all the treatment groups were extracted and processed 

in this manner. 

 

Data Processing 

Data for the kLight fiber photometry was processed in a similar manner to the HRM63 fiber pho-

tometry processing, with the respective kLight treatment groups. The green and isosbestic channels 

were normalized with five minutes prior to the first injection taken as the baseline. After the nor-

malization, both channels were low pass filtered and subsequently detrended to remove any linear 

drift. To account for motion artifact, the isosbestic channel was then fitted to the green channel 

using a least-squares regression method and the fitted isosbestic channel was subtracted from the 

green channel. The post injection signals were isolated from the motion artifact corrected signal for 

each mouse and treatment and stored in the sortByTreatment structure described previously. 

For each trace, the signal was vertically shifted to ensure each trace began at zero at the injection 

point and had comparable baseline values. 

 

Data Analysis 

In a similar manner to the HRM63 data analysis, the data for each kLight treatment group were 

truncated to the shortest recording length. The signals were averaged across all mice for each treat-

ment group and compared. The standard error was calculated for each treatment group and plotted 

along with the average signals. 

 

3.3.4 GCaMP Fiber Photometry 

 

Motivation 

While morphine withdrawal is one source of stress that could contribute to the pathways of addic-

tion, we also investigated other sources of stress that also affect the addiction circuit in the brain. 

We used the existing and well-established sensor, GCaMP6m, to determine bulk neuronal activity 

in dopamine neurons in the VTA. These fiber photometry experiments that combined conditioned 

place preference and force swim stress provided a more complete picture of how repeated stressful 

events could potentiate cocaine preference in mice, and thereby be extended to human models. 

 

Experimental Methods 

To understand the effects that stress could have on mouse behavior, we performed a cocaine con-

ditioned place preference experiment. In this paradigm, mice were tested and conditioned over a 

period of four days. Their response to the cocaine conditioning was measured through the differ-

ence of time spent in the cocaine-paired chamber after and before conditioning days.  
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On the first day, the mice were allowed to freely explore two chambers for 30 minutes, each with 

distinct characteristics (Figure 18A). The amount of time spent in each chamber was recorded and 

the chamber that the mouse spent the most time in was set as the drug paired chamber. The mouse 

was then placed in a bucket of water for 15 minutes to simulate a stressful event.  

In the morning of the second day, the mouse was subjected a repeated forced swim stress test 

(rFSS), which consisted of four forced swim sessions, each lasting about six minutes (Figure 18B 

and C). Each force swim stress had a post period that also lasts around six minutes. After the rFSS 

test, the mouse was placed in the drug paired chamber and injected with cocaine. In this condition-

ing period, the mouse was not allowed to explore freely and was confined to the drug paired 

chamber for 30 minutes. In the afternoon on the second day, the mouse was placed in the opposite 

chamber and was injected with saline (Figure 18C). Again, in this conditioning period, the mouse 

was unable to explore freely and was confined to the non-drug paired chamber for 30 minutes.  

On the third day, the mouse was conditioned in the same manner; they received cocaine injection 

in the morning in the drug paired chamber and a saline injection in the afternoon in the non-drug 

paired chamber (Figure 18D). By undergoing these conditioning phases, the mouse should associ-

ate the drug paired chamber with cocaine and should tend to spend more time in that chamber.  

Finally, on the fourth day, they could freely explore both chambers for 30 minutes, and the time 

spent in each chamber was recorded (Figure 18E). The preference score was then recorded as the 

difference between the time spent in the drug paired chamber during the post-test and the time spent 

in the drug paired chamber during the pre-test. 

In this specific experiment, three test groups were used; DAT mice with a wildtype expression of 

KOR in dopaminergic neurons, DAT flox KOR (DFK), which had a deletion of KOR in dopamin-

ergic neurons, and an unstressed group with wildtype expression of KOR that did not undergo any 

of the force swim stress tests. 

To read out bulk neural activity in dopaminergic neurons, AAV-DIO-GCaMP6m was injected in 

the VTA of DAT-Cre mice. This allowed for the visualization of activity of dopaminergic neurons 

in the VTA during forced swim stress tests as well as during cocaine conditioned place preference.  

All conditioning and rFSS tests and fiber photometry recordings were performed by Antony Abra-

ham in the Chavkin Lab. 

 

Data Configuration 

Like the HyPerRed fiber photometry data processing, fluorescence recordings collected at 1017 Hz 

were stored in tanks. The fluorescence data for the red and green channels were stored in the tank 

and extracted using the TDTbin2mat() function and saved as a .mat file. This methodology was 

used for all days of conditioning to yield separate .mat files for each mouse and for each day, as 

well as for each phase of the experiment. 

Fluorescence data from days 1 and 4 were combined into a single MATLAB script to compare 

mouse reactions to cocaine before and after repeated force swim stress with subsequent condition-

ing periods. The portions of the fluorescence signal from day 2 with the repeated force swim stress 

tests were extracted and processed in a separate MATLAB script. Finally, cocaine and saline 
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conditioning periods in day 2 were combined with cocaine and saline conditioning periods in day 

3 in a single MATLAB script for analyzing those conditioning periods. 

Additionally, videos of the mice were recorded during each of the conditioning and repeated force 

swim stress sessions for behavioral analysis. These videos were analyzed using EthoVision by Nol-

dus to track and determine behavioral characteristics of the mice. For example, data such as total 

distance moved, velocity, mobility state of the mouse, and zone location were determined and used 

to supplement the GCaMP fluorescence data. 

 

Data Processing: Days 1 and 4 Pre- and Post-Tests 

For each of the analyzed periods, the GCaMP fluorescence signals were downsampled by a factor 

of 100. Since the recordings ranged anywhere from about 30 to 60 minutes with a sampling fre-

quency of 1017 Hz, this resulted in several million points generated for each signal. This proved to 

be computationally restrictive for MATLAB to process, so the signals were downsampled by a 

factor of 100 to yield a new sampling frequency of 10 Hz.  

For the day 1 pre- and day 4 post-conditioning periods, once the signals were downsampled, they 

were low pass filtered using a Butterworth filter with a frequency cutoff of 1 Hz to eliminate high 

frequency noise. To compare the fluorescence values between conditioning periods, both the 

GCaMP and red channel signals were normalized to ΔF/F. The baseline fluorescence, F0, was taken 

to be the mean value of the signal from 6 minutes to 1 minute before the mouse was placed in the 

conditioning chamber.  

Figure 18: Paradigm used for cocaine conditioned place preference with repeated force swim stress tests. (A) Mice 

were allowed 30 minutes to freely explore both compartments in the chamber and the time spent in each chamber was 

recorded. Immediately following the pre-test, mice were placed in a bucket of water for 15 minutes for a force swim 

stress. (B) On the second day, mice underwent 4 repeated force swim stresses, each lasting 6 minutes with a 6-minute 

post-swim period between each swim period. (C) Immediately following the repeated force swim stress test on the second 

day, mice were injected with cocaine and restricted to the drug paired chamber for 30 minutes. In the afternoon of the 

second day, mice were injected with saline and restricted to the non-drug paired chamber for 30 minutes. (D) The same 

procedure as in day 2 conditioning was performed on the third day. (E) Mice were allowed 30 minutes to freely explore 

both compartments in the chamber and the time spent in each chamber was recorded and compared with the pre-test 

times for the drug paired chamber. 
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One challenge with fiber photometry is handling motion artifact. For example, due to the freely 

moving nature of the mouse and fiber photometry system, artifact can be introduced that is a re-

sponse of movement and not a response of an increase in calcium levels. This can be handled by 

using an isosbestic control that is active at a different wavelength of light than GCaMP. In this 

experiment, we used a red channel to serve the same purpose. As a result, any change in fluores-

cence due to movement of the mouse will be recorded in both channels and can be removed by 

subtracting the red channel fluorescence from the GCaMP channel. However, since the amplitude 

of fluorescence is typically weaker for the isosbestic channel, it is often necessary to fit the isos-

bestic channel to the GCaMP channel, which can be done using a least-squares regression method.  

Once the red and GCaMP channels were both normalized, the red signal was fitted to the GCaMP 

signal using least-squares regression. To do this, we used an iterative approach to determine the 

scalar multiplier that minimized the sum of squares between the red and GCaMP signals. Using the 

fminsearch() function, different scalar values were iteratively tested to find the best multiplier 

to fit the red signal to the GCaMP signal. The fitted red channel was then filtered and subtracted 

from the normalized GCaMP signal to yield a motion artifact corrected GCaMP signal (Figure 19). 

 

After the GCaMP signal was motion artifact corrected, the 15-minute swim period for day 1 data 

was separated from the conditioning period. 

The original downsampled data was additionally bandpass filtered from 0.2 – 1 Hz to highlight 

transients in calcium concentration. After the data was filtered, the pre- and post-conditioning pe-

riods were extracted and converted to a z-score for comparison across conditioning signals: 

𝑍 =
𝐹 −𝑚𝑒𝑎𝑛(𝐹)

𝑠𝑡𝑑(𝐹)
 

The findpeaks() function was used to identify transients in the filtered GCaMP signal. Using a 

minimum peak height of 2.9 standard deviations and a minimum distance between peaks of 10 

samples, relevant transient locations were identified. Transients were further discriminated for by 

Figure 19: Removal of motion artifact from GCaMP fluorescence. (Left) The original GCaMP signal was 

normalized to ΔF/F, but still retained some motion artifact. The red channel was also normalized to ΔF/F and 

was fitted to the GCaMP channel using a least-squares regression method. The fitted red channel was sub-

tracted from the GCaMP channel to yield the motion artifact corrected signal (Right). 
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excluding any transients that were both greater than 5 standard deviations and had a width of less 

than 2 samples, which were considered as artifact. 

After loading in summary measures created from the EthoVision behavioral analysis, we deter-

mined when the mice were in the horizontal versus the vertical zone. The zone that the mouse spent 

the most time in during the pre-test on day 1 was designated as the drug-paired chamber, where the 

animal would receive cocaine injections on days 2 and 3. Based on that data, the drug-paired cham-

ber for each mouse was determined and stored.  

 

Data Analysis: Days 1 and 4 Pre- and Post-Tests 

Combining the zone data from EthoVision and the GCaMP transient data for the pre- and post-

tests, we were able to determine the number of transients that occurred in the paired and non-paired 

drug chambers for both the pre and post-test for each test group. This was accomplished by creating 

an array for when the mouse was detected in either zone. The starting zone was stored, and we 

looped over the entire length of the array. For each iteration of the loop, if the mouse was in the 

drug paired chamber and was not in the previous state, it was stored as a transition point to the drug 

paired chamber. If the mouse was in the non-drug paired chamber and was not in the previous state, 

it was stored as a transition point to the non-drug paired chamber. At the end of the iteration, the 

current location was stored as the last state for the next iteration to compare to. 

Once the transition points had been determined, the GCaMP signal from -10 to 40 seconds on either 

side of the transition points for drug paired transitions and non-drug paired transitions for pre and 

post tests for each test group. 

In addition to the transition points between chambers, we also determined the number of transients 

that occurred in drug paired chamber versus non-drug paired chamber for the pre and post tests for 

each test group. This was done by creating an array with the indices of both positive and negative 

transients. This array was looped over and if an index matched a time index of the mouse in the 

drug paired chamber, it was stored as a drug paired chamber transient. Conversely, if it matched a 

time index of the mouse in the non-drug paired chamber, it was stored as a non-drug paired chamber 

transient. 

 

Data Processing: Day 2 Repeated Force Swim Stress Tests 

The repeated force swim stress test GCaMP signals were processed in a similar manner to the days 

1 and 4 signals. The GCaMP and red signals were downsampled, filtered, and normalized. The red 

signal was fitted to the GCaMP signal using a least-squares method and subtracted to adjust for 

motion artifact. The behavioral data was captured by using EthoVision to determine the amount of 

time mobile.  

 

Data Analysis: Day 2 Repeated Force Swim Stress Tests 

Once the GCaMP signal was processed, the signal was divided into 4 swim and post periods. The 

traces for each swim and post period were averaged across each of the test groups. Overall trends 
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in both the average swim and post periods were analyzed for each test group and the differences 

were compared. 

 

Data Processing: Days 2 and 3 Cocaine and Saline Conditioning 

The most important features for cocaine and saline conditioning in days 2 and 3 were the number 

of calcium transients that occurred while the mice were in the chamber. This was accomplished in 

a similar manner to the transient analysis in days 1 and 4 tests. The data was bandpass filtered, 

converted to a z-score, and had peaks identified by using the findpeaks() function. Positive, 

negative, and total transients were identified and recorded. 

 

Data Analysis: Days 2 and 3 Cocaine and Saline Conditioning 

The number of transients for each group was collected for both cocaine and saline conditioning on 

days 2 and 3. Various combinations of the groups were compared, such as comparing cocaine vs 

saline for each day or comparing each treatment across days. Additionally, each of these combina-

tions were performed with positive, negative, and total transients.  

 

3.4     Behavior 
 

Using optical sensors in combination with pharmacological agents provides information about how 

those drugs affect signaling pathways and overall neural circuitry. Based on that knowledge, the 

effects of those pharmacological agents can then be further explored to see how those pathways 

influence behavior.  

 

3.4.1    Delayed Alternation 

 

Motivation 

Previous studies have shown that KOR activation in VTA dopaminergic neurons is partially re-

sponsible for disrupting cognitive or stress-induced compulsive behaviors, and that KOR 

antagonists could be useful therapeutics for treating such behaviors (Abraham et al., 2018). By 

performing the delayed alternation task, we can use another method to visualize the effect that 

certain pharmacological agents or other stressors have on behavior and working memory in mice. 

We can investigate which brain regions and connections are important in the formation and regu-

lation of working memory, and subsequently, how drugs of interest can affect those circuits and 

the resulting behavioral readouts.  

 

Experimental Methods 

For delayed alternation tasks, mice are placed in an operant chamber with the house light off. When 

the trial begins, the house light turns on and both right and left levers extend. The mouse can then 
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either press the right or left lever. Once the lever is pressed, both levers retract and a predetermined 

delay period of 2, 5, or 10 seconds begins. At the end of the delay period, the levers extend, and 

the mouse can press either lever. If the mouse incorrectly alternates and presses the same lever, no 

reward pellet is delivered. If the mouse correctly alternates and presses the opposite lever, a reward 

pellet is delivered. The intertrial interval of 20 seconds begins, the house light turns off, and the 

levers retract. Each session lasted 60 minutes. 

The program connected with the operant boxes registers time stamps for every left and right lever 

press, reward delivery, when the house light turns on or off, when the right or left lever extends or 

retracts, when the intertrial interval begins or ends, head entry into the food tray, correct or incorrect 

alternation to the left or right, and when the delay starts or ends. These time stamps were stored 

and were saved to be analyzed using a custom MATLAB script to extract relevant information. 

Mice were trained in the delayed alternation task until they sufficiently learned the task. Once they 

had learned the task, they were treated with their respective treatments, and the total number of 

responses and percent of correct responses were recorded. Four distinct groups of mice were run 

using the delayed alternation paradigm to investigate the effects of certain pharmacological agents, 

optogenetic stimulation, and withdrawal on cognitive function. Additionally, different stressors 

were tested to see which were sufficient to activate KOR induced signaling. All injections and 

treatments were done in the PFC (Abraham, Casello, Wong et al., in preparation). 

ACSF pretreated wildtype mice, norBNI pretreated wildtype mice, and mice with KOR in the PFC 

excised with Cre recombinase (PFC lox KOR) were injected with saline and evaluated using the 

delayed alternation task. They were then injected with U50,488 and their performance was evalu-

ated using the delayed alternation task. Their performance was broken into distinct time bins and 

the percent correct and total responses for each bin were recorded. 

For the second group, wildtype mice and PFC lox KOR mice were evaluated on the delayed alter-

nation task with no treatment. They then underwent a repeated morphine dosing procedure and 

underwent naloxone precipitated withdrawal. During the withdrawal period, they were evaluated 

on the delayed alternation task. Additionally, mice expressing channelrhodopsin-2 (ChR2) in the 

PFC were evaluated on the delayed alternation task with no stimulation. They were then stimulated, 

and their performance was evaluated using the delayed alternation task. 

Finally, control mice and PFC lox KOR mice were first injected with saline and their performance 

was evaluated using the delayed alternation task. They were then injected with nalfurafine and 

evaluated on the delayed alternation task. For each evaluation, the session was broken into 15-

minute bins and the percent correct for each bin was recorded. 

To understand which stressors were capable of effecting KOR induced signaling, mice were treated 

with various pharmacological agents and stressors. The percent change in KORp levels, an indica-

tor for the β-arrestin pathway activation and phosphorylated KOR, relative to control were 

evaluated to determine which treatments were sufficient to result in KOR activation. These treat-

ments were then pretreated with norBNI to investigate the extent of KOR dependence for the 

respective stressors. 

All delayed alternation tasks, experimental procedures, and injections were performed by Antony 

Abraham in the Chavkin Lab. 
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Data Processing 

To handle the large amounts of data produced by these delayed alternation experiments sampled at 

a rate of 100 Hz, we used a custom MATLAB script for extracting and storing all of the relevant 

information, based on preestablished code for the delayed alternation task (Andrews, 2019).  

All files were relabeled to identify the date of the session and the chamber number, and each file 

had at most two boxes in which the mice were run. All relevant data files were stored in a single 

main data folder and read into MATLAB using the dir() function. Each file was divided into 

lines by using regular expressions and was split further into individual words. The number of total 

events, event identifiers, corresponding time stamps, and chamber number were recorded and 

stored in a structure designated for each file. The date of the file was determined by using a while 

loop to find the start date listed in the file. The date format was then coerced to be in the format 

“yy/mm/dd”. 

Dates on which each session occurred were identified by appending each date to a new structure 

and using the unique() function on that structure. A new structure, sortByDate, was created 

to organize each of the files into the dates in which each session was conducted. The number of 

correct and incorrect responses, percent correct, and total responses were stored in the sortBy-

Date structure under each mouse’s chamber and box number. 

 

Once all the files had been sorted by date, chamber, and box number, the event and time matrices 

were analyzed to determine the timing of each lever press and alternation. The time stamps at which 

right and left alternations, correct right and left alternations, and incorrect right and left alternations 

occurred were saved in each structure within the latencies field. Once each of the time stamps 

for each kind of event was determined, the resulting lever presses were conveyed using a Raster 

plot to show the percentage of correct and incorrect alternations as well as the direction in which 

the alternations occurred (Figure 20).  

 

Data Analysis 

After extracting event time stamps from the recording files, we developed code to analyze session 

totals for percent correct and total alternations across all treatment groups. Additionally, we divided 

the entire session into different numbers of bins (2, 4, 6, and 12) and corresponding bin lengths (30 

min, 15 min, 10 min, and 5 min) to analyze the number of correct responses, total responses, and 

percent correct in various phases of the session. This was performed by isolating the time stamps 

for correct and total alternations for each trial and performing a logic operation to include only 

stamps within the respective bin edge indices. The length of this vector was taken as the number of 

correct or total alternations within each bin, which could then be used to determine the percent of 

correct alternations. When comparing between groups in each experimental trial, a two-way 

ANOVA was performed with drug administration as one factor and group as another factor. Sidak’s 

post hoc was then used to detect differences within each group. 
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Figure 20: Representative Raster plot showing delayed alternation for a single mouse. Relevant information regarding 

the number of correct and incorrect alternations were extracted from the files generated by the delayed alternation task 

and conveyed in Raster plots. These plots show the correct (upward lines) and incorrect (downward lines) alternations 

to the right (blue lines) or the left (orange lines). 
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4.1     Section Overview 
 

The following sections communicate the results from each of the experimental procedures ex-

plained previously. The results have important implications that support the development and 

validation of various types of sensors. This section will focus primarily on the results of the com-

putational methods and highlight key results of the experimental trials behind the computational 

analyses. 

 

4.2     Cellular 
 

Computational methods were developed to identify regions of interest in fluorescence microscopy 

images, match those regions of interest to cells, and quantify the cell fluorescence. These findings 

highlight the differences between population level fluorescence recordings and single-cell resolu-

tion fluorescence recordings. Additionally, they serve as initial tests for investigating the possibility 

of using the genetically encoded sensors in later in vivo systems. 

 

4.2.1    Ex vivo Single Cell Imaging 

 

For initial sensor testing and validation, DAT-Cre mice were injected with an AAV-DIO-HyPerRed 

in the VTA and allowed local sensor expression. After a period of 10-12 weeks, the mice were 

decapitated, after which the brains were sliced, incubated, and imaged. The nalfurafine group was 

generated by perfusing the slices with nalfurafine and imaging the resulting fluorescence. The other 

group was pretreated with the opioid receptor antagonist naloxone and then perfused with nalfuraf-

ine.  
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Without the presence of naloxone, slices that were perfused with nalfurafine exhibited an increase 

in fluorescence at around 15 minutes post perfusion. However, when the slices were pretreated with 

naloxone, this increase in fluorescence was not observed. 

Additionally, there are slight variations from cell to cell in the amount of fluorescence. Individual 

cells react slightly differently to the treatment, illustrating the divergence between population level 

dynamics and single cell recordings. However, the general trend is still apparent, even with a pop-

ulation level analysis. 

Figure 21: HyPerRed indicates the presence of reactive oxygen species in ex vivo single cell images. (A) Repre-

sentative images of VTA slices expressing HyPerRed before nalfurafine treatment (left column) and after nalfurafine 

treatment (right column). Pretreatment with naloxone (bottom row) inhibits fluorescence from treatment with nal-

furafine compared with pretreatment with aCSF alone (top row). Yellow arrows indicate representative cells with 

obvious increases in fluorescence. (B) Average traces for individual cells expressing HyPerRed after nalfurafine 

treatment and naloxone/nalfurafine treatment. Nalfurafine shows an increase in fluorescence around 15 minutes post 

perfusion while nalfurafine treatment after naloxone pretreatment shows no increase in fluorescence. (C and D). 

Fluorescence traces for individual cells in either nalfurafine or naloxone/nalfurafine treatments. 
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4.2.2    Single HEK Cell Imaging 

 

HEK293 cells expressing mycKOR were transfected with Hy46 and HyPerRed to indicate the pres-

ence of reactive oxygen species as a response to increasing concentrations of H2O2. The response 

of those cells was recorded through fluorescence microscopy and processed using a custom 

MATLAB script. After identifying baseline fluorescence for each cell in the baseline frames and 

matching those cells throughout the rest of the recording, the cells were normalized to the respective 

baseline fluorescence. The computational analysis was able to detect fluorescence of individual 

cells and averaging the fluorescence of those cells per each frame closely matched values deter-

mined by visually inspecting the frames for regions of interest. 

After validation with the initial HyPerRed variant (Hy46), the further optimized sensor (HRM63) 

was tested using similar techniques. HEK cells were treated with an H2O2 ramp to observe fluores-

cence in response to the presence of reactive oxygen species. Figure 22A compares the frame 

fluorescence for the Hy46, HyPerRed, and HRM63 sensors, respectively, at the beginning of the 

recording and after the 30 μM H2O2 wash. Comparing HRM63 fluorescence after the H2O2 wash 

with Hy46 and HyPerRed fluorescence after the H2O2 wash, the signal was weaker for HRM63 

than Hy46 or HyPerRed. 

After the H2O2 ramp, cells expressing HRM63 were then treated with either nalfurafine or U50,488 

between the 10th and 11th frames, and were treated with H2O2 after the 50th frame. Consistent with 

fluorescence based on regions of interest identified manually, there was little increase in fluores-

cence after the application of KOR agonists such as U50,488 or nalfurafine. While Hy46 and 

HyPerRed demonstrated increased fluorescence and increased reactive oxygen species sensitivity 

at physiologically relevant concentrations of reactive oxygen species, HRM63 did not demonstrate 

that same sensitivity. 

 

4.3     Neural Circuitry 
 

Through the development and validation of novel genetically encoded sensors, we were able to 

understand the dynamics that mediate KOR signaling pathways and effects of stress on the KOR-

dynorphin circuit. We found that the different sensors provided different and unique insights into 

these neural circuits and the time course through which they were active. 

 

4.3.1     Sensor Validation 

 

As specific sensors provide different information regarding the signaling pathways activated 

through KOR agonists, we sought to develop and validate use of those sensors in a bulk population 

level setting by using fiber photometry. In comparison with GCaMP, which has been widely used 

in previous studies, these sensors still required validation for use in animal models. The sensors 

that we tested consist of the HyPerRed sensor, the HRM63 sensor, and the kLight sensor. 
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Figure 22: HEK cells transfected with Hy46, HyPerRed, and HRM63 were tested with an H2O2 ramp. (A, Top) 

HEK cells expressing mycKOR transfected with Hy46 show visible increase in fluorescence between the 1st frame 

(left) and post 30 μM wash of H2O2 (right). (Middle) Similar to Hy46 trials, HEK cells expressing mycKOR trans-

fected with HyPerRed show visible increase in fluorescence between the 1st frame and post 30 μM wash of H2O2. 

(Bottom) While not clearly visible, there is a smaller increase in fluorescence for HEK cells transfected with 

HRM63 after the 30 μM wash of H2O2 compared with that of either Hy46 or HyPerRed. (B) Average fluorescence 

for Hy46 (rows 1 and 3) and HyPerRed (rows 2 and 4) treated with an H2O2 ramp (left column) or a single wash 

of H2O2 at the end of the recording (right column). (C) Representative individual cell traces for the Hy46 H2O2 

ramp for Hy46 (left) and HyPerRed (right). (D) Average traces of HRM63 treatments with an H2O2 ramp (left), 

U50,488 treatment (middle) and nalfurafine treatment (right). 
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HyPerRed Sensor Validation 

The HyPerRed genetically encoded redox indicator was used to investigate the time course of ac-

tivation of the G protein pathway in response to a biased KOR agonist. Mice were injected with an 

AAV-DIO-HyPerRed virus in the PFC to induce HyPerRed expression in that brain region. The 

mice were treated with various pharmacological agents, most notably nalfurafine and naloxone, to 

observe reactive oxygen species generation resulting from the KOR mediated G protein pathway. 

Nalfurafine induced an increase in reactive oxygen species concentration between 10 – 15 minutes 

prior to the injection time compared to mice injected with a saline control (Figure 23A, B). Mice 

that were pretreated with naloxone and then injected with nalfurafine show inhibition of the in-

crease in reactive oxygen species generation observed in the nalfurafine mice (Figure 23C).  

 

Findings from HyPerRed fiber photometry then prompted the use of HRM63 in vivo to investigate 

and compare the sensitivity between the two sensors. While a clear and statistically significant 

increase in HyPerRed fluorescence after nalfurafine treatment was observed, the sensitivity was 

lower than the sensitivity of other sensors such as GCaMP. Thus, we then tested HRM63 as a sensor 

in an in vivo system. 

 

Figure 23: Validation of HyPerRed 

sensor using nalfurafine and nalox-

one. (Top) Mice are injected with 

saline and the post injection period is 

shown. There is little change from 

baseline fluorescence levels. (Mid-

dle) Mice are injected with 

nalfurafine and the post injection pe-

riod is shown. There is a peak in 

fluorescence that occurs about 15 

minutes after the injection occurs. 

(Bottom) Mice are first injected with 

naloxone, an opioid receptor antag-

onist. They are then injected with 

nalfurafine, and the post nalfurafine 

injection period is shown. The in-

crease in fluorescence observed in 

the nalfurafine injection alone is 

blocked when pretreated with nalox-

one (Abraham, Casello, Wong et al.,  

in preparation). 
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HRM63 Sensor Validation 

Validation of the HRM63 sensor was performed by injecting mice with an AAV-DIO-HRM63 in 

the PFC to locally express the sensor. In a similar manner to other fiber photometry experiments, 

the fluorescence level was recorded after different pharmacological treatments and compared to 

injection of saline as the control. We found that after injection of nalfurafine, there was no appre-

ciable increase in fluorescence compared with saline. Since we did not see any appreciable increase 

in fluorescence signal, we decided not to continue with further pharmacological treatments until 

expression of the sensor had been improved. 

While both HyPerRed and HRM63 aim to investigate KOR activation and which cell populations 

express KOR, they did not provide information about the action of dynorphin and when it was 

released. Therefore, we required a different sensor that was not based on the presence of reactive 

oxygen species, but rather fluoresced under conditions in which KOR became activated by dy-

norphin. As a result, we then tested the kLight sensor in vivo to observe such effects. 

 

kLight Sensor Validation 

To test and validate the kLight sensor, we first injected mice with an AAV-DIO-kLight1.3 virus in 

the PFC to locally express the sensor. We then measured the fluorescence levels in the mice treated 

with various pharmacological agents including U50,488, nalfurafine, and naloxone using the fiber 

photometry system described previously. Figure 24A shows representative traces of mice after 

treatment with 10 mg/kg of U50,488 compared to after treatment with saline. 

We found that after injection with U50,488, there was an increase in kLight fluorescence compared 

with saline that persisted for around one hour. By varying the dosages of U50,488, we observed 

varying degrees of kLight fluorescence. Additionally, we found that when pretreated with nalox-

one, increases in kLight fluorescence from U50,488 treatment was effectively blocked (Figure 

24B). Treatment with naloxone after a repeated morphine dosing procedure induced an increase in 

kLight fluorescence similar to that of a mid-dose of U50,488 (Figure 24C). Finally, treatment with 

nalfurafine, a G protein biased KOR agonist, resulted in no effective increase in fluorescence com-

pared with saline (Figure 24D). 

After testing and validation of these genetically encoded sensors, this allowed us to determine 

which sensors would appropriately probe the scientific question of interest for further behavioral 

studies. Each sensor had specific advantages and limitations that influenced under which conditions 

they should be utilized, and as such, the correct selection of a sensor for a certain experimental 

procedure allowed for a new perspective into the dynamics being investigated. 
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4.3.2     GCaMP Fiber Photometry 

 

After performing a cocaine conditioned place preference experiment, we were able to observe the 

effects of chronic stressors on addiction-like behaviors in mice. Mice were divided into three 

groups, consisting of wildtype and stressed mice, DAT flox KOR and stressed mice, and unstressed 

wildtype mice. After being injected with viral vectors containing GCaMP sensors and implanting 

a recording fiber over the VTA, mice were run through a conditioned place preference paradigm to 

observe changes in fluorescence and thus calcium activity in response to various conditions. These 

Figure 24: KLight effectively indicates full KOR agonism in a graded manner. (A) Individual traces of kLight fluores-

cence for 10 mg/kg U50,488 (top) versus saline (bottom). (B) Increasing dosage of U50,488 results in an increased 

kLight fluorescence response compared to saline. Pretreatment with naloxone effectively blocks increases from KOR 

activation from U50,488 and is not significantly different from saline. (C) Comparison of kLight fluorescence after treat-

ment with U50,488, naloxone precipitated withdrawal, and saline. Naloxone precipitated withdrawal results in an 

increase in kLight fluorescence, similar to levels of the 5 mg/kg dose of U50,388, but does not increase fluorescence to 

the same level as the 10 mg/kg U50,488 dose. (D) kLight fluorescence from treatment with either 50 or 150 μg/kg of 

nalfurafine is not significantly different from saline. 
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recordings were handled and processed through custom written MATLAB scripts to normalize flu-

orescence values and extract relevant features of interest. 

 

Days 1 and 4 Pre- and Post-Tests 

As discussed previously, mice expressing GCaMP were placed in the conditioning chamber on 

days 1 and 4 to serve as the pre- and post-test, respectively, with fluorescence levels measured 

through fiber photometry. Preference scores were measured as the amount of time spent in the drug 

paired chamber during the pre-test subtracted from the amount of time spent in the drug paired 

chamber during the post-test. While this preference score gives useful information as to the poten-

tiation of cocaine, we also utilized fiber photometry to highlight key aspects of the response at a 

neural circuit level. In the wildtype DAT mice, we observed little change in the fluorescence level 

when the mice transitioned to the drug paired chamber. However, during the post-test, there was a 

robust increase in fluorescence during transitions to the drug paired chamber. In mice lacking KOR 

in dopaminergic neurons, this increase during the post-test was lost, implicating KOR in contrib-

uting to the potentiating effects of cocaine (Figure 25). 

 

 

Day 2 Repeated Force Swim Stress Test 

Following the pre-test on day 1, DAT flox KOR and wildtype mice were subjected to a repeated 

force swim stress test while measuring fluorescence levels to observe activity of dopaminergic 

VTA neurons. The fluorescence level was measured during the swim and post-swim periods to 

compare the effect of chronic stressors for both groups of mice. Additionally, the average fluores-

cence was measured for swim and post-swim periods. In the wildtype mice with normal KOR 

expression, during the swim period, there was a depression in fluorescence during the beginning 

portion of the test. Following the swim test, there was an upward deflection in fluorescence. 

Figure 25: Dopaminergic 

VTA neuron activity dur-

ing chamber transitions 

for pre- and post-tests. 

(Top) Increases in fluores-

cence for wildtype mice 

during transitions to the 

drug-paired chamber in the 

post-test (right) were ob-

served compared with the 

fluorescence levels for 

wildtype mice during tran-

sitions to the drug-paired 

chamber in the pre-test 

(left). (Bottom) No differ-

ence in fluorescence level 

was observed during tran-

sitions to the drug-paired 

chamber for DAT flox KOR 

mice in the pre-test com-

pared with the post-test 

(Abraham et al., in prepa-

ration). 
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Compared with the DAT flox KOR mice, which had a deletion of KOR in dopaminergic neurons 

in the VTA, there was an absence of either depression or increase in fluorescence for the swim or 

post-swim period, respectively (Figure 26).  
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Figure 26: Repeated force swim stress induces decreases in fluorescence during swim periods and subsequent increase 

during post swim periods. (A) Overall time course of fluorescence for representative wildtype and DAT flox KOR mice. 

Mice were subjected to forced swim stresses lasting 6 minutes with an equal length post period. (B) Averages of each 

individual swim and post period were extracted from the overall recording and overlaid for both wildtype and DAT flox 

KOR mice. During the first half of the swim stress, there is a characteristic decrease in fluorescence for the wildtype 

mice, which is absent in the DAT flox KOR mice. Subsequent post periods observe an increase in fluorescence for 

wildtype mice but not for DAT flox KOR mice. (C) Overall average fluorescence during swim and post periods for both 

wildtype and DAT flox KOR mice. Consistent with (B), the averages for wildtype mice during the swim period are nega-

tive with the average fluorescence for the post period being positive (Abraham et al., in preparation). 
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4.4     Behavior 
 

We found that at a phenotypic level, regulation of the KOR-dynorphin circuit controls behavioral 

outputs observed in animal models, and can be affected by different types of stressors, including 

pharmacological agents and various aversive contexts. These behavioral phenotypes can manifest 

as disruptions in motivation for drug seeking behaviors and cognition. 

 

4.4.1     Delayed Alternation 

 

While the cocaine conditioned place preference experiments provided information regarding stress 

induced KOR activation and motivation for drug reward, the delayed alternation experiments were 

performed to investigate the effects of KOR agonists and antagonists on cognition and working 

memory. This has important implications regarding these pharmacological agents as potential ther-

apeutics for addiction. 

 

Unbiased KOR Agonists Disrupt Cognition in a KOR Dependent Manner 

Mice were trained on the delayed alternation task to learn and acquire the behavior requiring work-

ing memory functionality. The mice were divided into three groups, consisting of aCSF pretreated 

wildtype mice, norBNI pretreated wildtype mice, and PFC lox KOR mice, which lacked postsyn-

aptic KOR expression in the PFC. These mice were then treated with saline and then performed the 

delayed alternation task. On the subsequent day, they were then treated with U50,488 and then 

performed the delayed alternation task. For all the trials, the percent of correct responses and total 

number of responses were recorded. 

We observed that in the early phase of the delayed alternation task, mice pretreated with aCSF 

showed decrease performance on the task as well as decreased locomotor activity, as illustrated by 

the percent correct and total number of responses, respectively. However, mice that had been pre-

treated with norBNI or lacked KOR in the first place did not express this disruption (Figure 27A). 

In the late phase of the task, the mice pretreated with aCSF continued to show decreased perfor-

mance in the task. However, the lox KOR group also showed decreased performance. In the late 

phase, there appeared to be no change in locomotor activity as measured by total number of re-

sponses (Figure 27B). 
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Types of Stressors Differentially Activate KOR Circuit 

After observing the effect of an unbiased KOR agonist on working memory, we tested different 

stressors to visualize their effect on KOR activation. By using KORp immunostaining, we were 

able to visualize the fraction of active receptors due to various stressors. We found that certain 

stressors were sufficient to induce KOR activation, while other stressors lacked the same potency. 

Most notably, we observed that the long-acting KOR antagonist norBNI effectively blocked KOR 

activation induced by stressors such as unbiased KOR agonists, morphine withdrawal, and optoge-

netic stimulation of dynorphin containing neurons in the PFC. Additionally, we observed that swim 

stress induced KOR activation in the DRN but not in the PFC (Figure 28). 

Figure 27: Conditional KOR knockouts in 

the PFC show no cognitive disruption dur-

ing the early phase of delayed alternation 

task, but show disruption during the late 

phase. Control mice treated with aCSF show 

cognitive disruption after injection of unbi-

ased KOR agonist U50,488 in both early and 

late phases of the delayed alternation task. 

Mice pretreated with norBNI show no de-

crease in performance, suggesting that KOR 

in the PFC is involved in mediating cognitive 

disruptions. Mice lacking post-synaptic KOR 

show no cognitive disruption during the 

early phase of the task but show disruption 

during the late phase (Abraham, Casello, 

Wong et al., in preparation). 

Figure 28: Different stressors are ca-

pable of evoking KOR activation. 

Certain stressors show an increase in 

KORp immunoreactivity, which indi-

cates activation of post-synaptic KOR. 

Pharmacological agents such as 

U50,488 are capable of activating 

KOR, which is blocked with pretreat-

ment of norBNI. Environmental 

stressors such as shock and morphine 

withdrawal are capable of inducing 

KOR activation in the PFC. Swim 

stress was shown to activate KOR in 

the DRN, but not the PFC. Finally, 

optogenetic stimulation of dynorphin 

containing neurons in the PFC was 

shown to induce KOR activation, 

which was blocked with pretreatment 

with norBNI (Abraham et al., in prep-

aration). 
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Select Stressors Disrupt Working Memory in Mice 

After observing the effects of an unbiased KOR agonist on the KOR circuit and confirming the 

KOR inducible nature of various stressors, we investigated the effects of those stressors on working 

memory. Mice were trained on the delayed alternation task and were split into different groups to 

investigate the effect of morphine withdrawal and optogenetic stimulation of dynorphin containing 

neurons in the PFC. 

Wildtype mice and PFC lox KOR mice were trained on the delayed alternation task during a period 

of no treatment. They received a repeated morphine dosing procedure, followed by naloxone pre-

cipitated withdrawal. It was observed that both groups showed decrease performance in the delayed 

alternation task (Figure 29A). Additionally, mice expressing ChR2 in dynorphin-containing neu-

rons were stimulated in the PFC to observe the effect of activation of dynorphin-containing neurons 

on working memory. It was observed that the stimulation resulted in a decrease in performance as 

measured by percent of correct alternations (Figure 29B). 

 

Biased Agonists Affect Late Stage Cognition and Working Memory 

Unbiased KOR agonists such as U50,488 suggest that activation of the KOR circuit results in de-

creased cognition and working memory. We investigated the effect of G protein biased KOR 

agonists such as nalfurafine on the delayed alternation task. In this experiment, mice were divided 

into two groups, consisting of PFC wildtype mice and PFC lox KOR mice. Each group was treated 

with both saline and nalfurafine to observe the differences in response. It was observed that nal-

furafine administration resulted in decreased performance in the late stage of the task in both 

wildtype PFC mice and PFC lox KOR mice (Figure 30). 

A 
Figure 29: Morphine withdrawal 

and optogenetic stimulation of dy-

norphin containing neurons in 

the PFC are sufficient to disrupt 

cognition and working memory. 

(A) For both wildtype and PFC lox 

KOR mice, morphine withdrawal 

causes a decrease in cognitive per-

formance when completing the 

delayed alternation task. (B) Opto-

genetic stimulation of dynorphin 

containing neurons in the PFC also 

induces a decrease in cognitive 

performance in the delayed alter-

nation task (Abraham, Casello, 

Wong et al., in preparation).  

B 
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Figure 30: Nalfurafine induces late phase disruptions in cognitive performance for both wildtype and 

PFC lox KOR mice. (Left) Wildtype mice injected with nalfurafine in the PFC demonstrate a disruption 

in cognitive performance only in the late phase of the delayed alternation task. (Right) Similarly, mice 

with post-synaptic KOR deleted also show an increase in cognitive disruption during the late phase of 

the delayed alternation task when compared with saline (Abraham, Casello, Wong et al., in prepara-

tion). 
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5     Discussion 
 

 

 

5.1     Section Overview 
 

This section provides the interpretations of the observed results in this thesis. We demonstrate the 

validation of the genetically encoded sensors that were used and show how they generate useful 

insights at the cellular, neural circuit, and behavioral levels, and how they can inform future studies 

in animal models. 

In this thesis, we developed a better understanding of how stress can affect and disrupt behavioral 

outputs such as motivation for drug seeking and cognition. Moreover, we investigated the role of 

KOR activation mediated by G protein and arrestin-dependent signaling pathways in modulating 

those behavioral outputs. All of this was performed with the use of genetically encoded sensors and 

optogenetic tools that were developed and validated with preliminary experiments that generated 

data which was computationally analyzed to determine the efficacy of those sensors. 

 

5.2     Main Findings 
 

Previous studies into KOR signaling cascades and dynorphin actions have been limited because 

there were limited tools for visualizing and quantifying activation of specific signaling pathways. 

Here we find that various genetically encoded sensors are useful in detecting chemical species or 

interactions of interest that provide useful insights into neural circuitry in general, and specifically 

the KOR-dynorphin circuit. 

By performing single cell imaging on both ex vivo and HEK cells, we were able to determine po-

tential sensor candidates for use in in vivo systems. We validated the use of the HyPerRed sensor 

for detecting concentrations of reactive oxygen species by imaging ex vivo brain slices that had 

been treated with nalfurafine. Additionally, we validated the use of the HyPerRed, Hy46, and 

HRM63 sensors in HEK cells and observed sensitive responses to KOR agonists from some, but 

not all, of the sensors. 
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Following single cell imaging, we performed validation of the sensors in vivo. We validated the 

use of HyPerRed, HRM63, and kLight by using fiber photometry. We found that U50,488 did not 

activate HyPerRed, while nalfurafine did. When tested with nalfurafine, we also found that kLight 

exhibited little fluorescent response. These results suggest that HyPerRed, and not kLight, would 

be a useful sensor for observing KOR mediated G protein activation and KOR expression in gen-

eral. However, kLight allowed us to determine the temporal dynamics for KOR activation in 

response to different unbiased agonists, specifically stressors evoking dynorphin release. Thus, 

these results suggest the utility of kLight, and not HyPerRed, as a dynorphin sensor. These useful 

insights ultimately informed how we should utilize these sensors when performing behavioral ex-

periments, and how kLight and HyPerRed could be used in tandem to uncover various aspects of 

the neural circuitry in question. These development and validations stages are summarized in Fig-

ure 31. 

 

 

Integrating fiber photometry with a cocaine conditioned place preference experiment and repeated 

force swim stress exposure, we sought to better understand the role of KOR in dopaminergic VTA 

cells. Specifically, we investigated how stress affects these neurons to produce changes in neuronal 

activity and how these populations of neurons respond to the induction and relief of stress. We 

Figure 31: Summary of poten-

tial applications for validated 

sensors. Each sensor studied in 

this thesis can provide useful in-

formation about neural circuits 

involved with stress and addic-

tion. Black arrows indicate 

sensors that are sufficiently op-

timized for use in behavioral 

studies while gray arrows indi-

cate sensors that require further 

optimization. While GCaMP is 

a useful sensor for detecting 

overall neuronal activity, it can-

not provide information specific 

to KOR expression or dy-

norphin release. HyPerRed 

indicates the activation of KOR 

mediated G protein pathways 

and KOR expression but does 

not provide information about 

dynorphin dynamics. KLight 

can indicate the timing and lo-

cation of dynorphin release but 

does not provide information 

about KOR expression. To-

gether, these sensors can 

provide a more complete pic-

ture of how these various neural 

components interact with each 

other and influence addiction 

circuits. 
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found that by knocking out KOR on dopaminergic neurons in the VTA, CPP potentiation and in-

creases in calcium transients were blocked. Additionally, we linked changes in neuronal activity in 

dopaminergic KOR expressing neurons with stress. 

Finally, we investigated the presence of pre- and post-synaptic KOR and how they correlate to early 

and late phase cognitive disruptions. Additionally, we sought to understand stressors that were ca-

pable of evoking dynorphin release in the PFC and how stress can be a contributing factor to 

cognitive disruptions. We found evidence suggesting that pre-synaptic KOR is likely responsible 

for late phase disruptions, mediated through G protein dependent pathways, while post-synaptic 

KOR is likely responsible for early phase disruptions, mediated through an arrestin-dependent path-

way. 

Taken together, these findings suggest that a toolbox of novel genetically encoded sensors can be 

custom selected for each scientific question of interest and to generate useful insights that would 

be otherwise inaccessible. 

 

5.3     Cellular 
 

Population level responses to pharmacological agents or stressors can be distinct from single-cell 

responses and can mask important features highlighted by those higher resolution analyses. Since 

there is variability in composition from cell to cell, each one responds in a slightly different time 

course that may not be seen at the population level. Computationally, these findings are significant, 

as they allow for automation of the task of identifying regions of interest in single cell recordings. 

This automation allows for robust methods for identifying regions of interest that can save time 

compared with circling regions by hand. It also combines the identification and quantification steps 

so that they can be performed by a single program, rather than being performed in separate steps, 

thereby streamlining the process for determining single cell fluorescence. These techniques applied 

to both ex vivo and HEK cells allows for effective development and validation of genetically en-

coded sensors. 
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5.3.1     Ex vivo Single Cell Imaging Validation 

 

Initial testing of the HyPerRed sensor shows that it is sensitive to reactive oxygen species genera-

tion from G protein biased agonists, such as nalfurafine. Since there is an increase in fluorescence 

for nalfurafine at a time course that is consistent with the increase in fluorescence in the HyPerRed 

fiber photometry, this suggests that HyPerRed is effectively able to report increases in reactive 

oxygen species that result from KOR activation through the G protein signaling pathway. Addi-

tionally, since this increase is blocked when pretreated with naloxone, this further reiterates the 

idea that HyPerRed can detect G protein mediated KOR activation. 

Not only do these experiments illustrate the use of HyPerRed as an indicator for G protein mediated 

KOR activation, but they also suggest that individual cells in the VTA expressing KOR react at 

similar time courses. Since there was little variation between time to peak for the cells, this suggests 

that KOR expressing cells in the VTA act synchronously and can be modeled well by whole frame 

fluorescence. 

These findings suggest that HyPerRed would be a suitable sensor for use in in vivo settings and in 

behavioral experiments for studying the effects of G protein biased agonists. However, there are 

limitations, since these trials were performed ex vivo and the HyPerRed responses could be differ-

ent in a physiological setting, where other pathways could also play a role in reactive oxygen 

species generation that might not be accounted for in this model. 

Figure 32: Summary of cellular experiments performed to develop and validate sensors. Ex vivo single cell imaging 

was performed to validate the use of HyPerRed by using nalfurafine and nalfurafine post naloxone pretreatment. Single 

HEK cell imaging was used to validate HyPerRed, Hy46, and HRM63 in an in vivo setting. HyPerRed has previously 

been established to be responsive to KOR agonists such as U50,488, while Hy46 and HRM63 (HyPerRed green variants) 

were validated using H2O2 ramps and these KOR agonists. 
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While the computational techniques that were designed can relatively accurately determine indi-

vidual cells, there were still limitations with these techniques. Due to how the depth of field and 

how the images were captured, there are some cells that are out of focus. These cells are difficult 

to properly identify, and the program is unable to capture all of them. Therefore, further optimiza-

tions could be performed to manipulate the images to bring those cells back in focus. 

 

5.3.2     Single HEK Cell Imaging Validation 

 

Compared with the ex vivo single cell imaging, HEK cell imaging provides certain benefits, since 

these trials are performed in living cells. However, this presents other limitations and challenges, 

both when computationally processing and analyzing the data as well as limitations regarding con-

sidering other relevant pathways in an in vivo system. Even so, single HEK cell imaging is a cost-

effective method that can still provide useful insights as to the feasibility of adapting certain sensors 

in an in vivo system. 

Previous work has shown that U50,488 is sufficient to induce increases in fluorescence for the 

HyPerRed sensor (Schattauer et al., 2019). However, we sought to validate the use of the HyPerRed 

variant HRM63 as a reactive oxygen species sensor in a similar manner. To do so, we began with 

an HRM63 precursor, Hy46, to observe if the variant was capable of fluorescing under the presence 

of reactive oxygen species, after which we tested HRM63 itself. 

In the case with the live cell imaging of HEK cells, we observed variability in the single cell re-

sponse to pharmacological treatments consisting of H2O2, U50,488, and nalfurafine with different 

sensors. In this instance, both whole field and single-cell imaging was useful in providing relevant 

information regarding the time course of reactive oxygen species generation. Initial testing with the 

H2O2 ramp showed that the Hy46 sensor was capable of detecting changes in and sensitive to reac-

tive oxygen species concentration. Individual cell traces highlighted the slight variability between 

intensity and timing of fluorescence that was otherwise masked in the population level traces.  

The testing of HEK cells with the HRM63 sensor showed that H2O2 could induce a fluorescent 

response compared with vehicle. However, when tested with relevant KOR agonists such as 

U50,488 or nalfurafine, there was no observable response in the fluorescence levels. While the 

individual cells in the recordings were identified, there was no increase in fluorescence as would 

be expected from KOR activation. This suggests that, while capable of reporting the presence of 

reactive oxygen species when the reactive oxygen species are directly applied, there are other un-

derlying issues in an in vivo setting with HRM63 expression or reporting that need to be optimized 

further.  

While the analysis algorithm was able to track cells across the recording, it was less optimal at 

differentiating borders between cells that were in contact with each other. A correction for this was 

attempted through use of the watershedding technique, but the problem persisted in some of the 

frames. Thus, further optimizations could be performed to better identify borders between cells that 

are in contact to properly differentiate between such cells. 
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5.4     Neural Circuitry 
 

While single cell resolution imaging provides some insights into the validity for the use of these 

genetically encoded sensors, we sought to further validate the sensors by using them in vivo through 

a fiber photometry system. We found that existing sensors such as GCaMP and some novel sensors 

such as HyPerRed and kLight can be used to probe signaling pathways involved with the KOR-

dynorphin circuit. These findings provide preliminary evidence that the use of such sensors could 

be integrated in future experiments that would ultimately generate insights into unclear signaling 

pathways involving KOR and dynorphin.  

 

 

Figure 33: Summary of neural circuitry experiments performed to develop and validate sensors. Initial validation steps 

involved using GCaMP in a CPP experiment to observe changes in fluorescence as a function of calcium concentration. 

Novel sensors such as HyPerRed, HRM63, and kLight were tested using various pharmacological treatments with biased 

and unbiased KOR agonists and other stressors inducing dynorphin release. 
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5.4.1     Validation of Genetically Encoded Sensors 

 

Experiments using fiber photometry were necessary for the development and validation of compu-

tational methods for analysis of novel sensors. While GCaMP has been an established method for 

detecting calcium concentrations and transients, other sensors could provide other useful insights 

regarding activated pathways of different KOR agonists. We found that other genetically encoded 

sensors could be utilized in a similar manner to GCaMP to be able to investigate neural circuitry 

involved in stress and drug seeking behaviors as well as investigating the effects of various KOR 

agonists. 

Through use of genetically encoded reactive oxygen species sensors, we saw G protein mediated 

increases in reactive oxygen species concentrations as a result of KOR activation with G protein 

biased agonists. In combination with downstream G protein inhibitors such as CMPD101 and KOR 

antagonists such as naloxone, we were able to observe an inhibition of reactive oxygen species 

generation. This suggests that KOR mediated G protein pathways are responsible for the generation 

of reactive oxygen species and can also be used as a model for postsynaptic KOR activation. 

Further validation was performed using the HyPerRed variant, HRM63. This sensor provided sim-

ilar information as HyPerRed, with the main difference being through the green fluorescence in 

place of red fluorescence in HyPerRed. 

Finally, a different class of sensor was used to determine dynorphin release through fluorescent 

signal. Mice expressing the kLight1.3 sensor were injected with differing dosages of U50,488, nal-

furafine, and naloxone to observe the fluorescence response due to biased and unbiased KOR 

agonists with or without antagonists. We observed an increase in fluorescence for the U50,488 

treatment which was absent in saline. This is reasonable, since U50,488 is an unbiased agonist, and 

binding of an agonist to kLight would result in fluorescence of the sensor. Furthermore, we found 

that mice treated with increasing dosages of U50,488 resulted in an increasing maximum fluores-

cence. By pretreatment with a non-selective opioid receptor antagonist such as naloxone, we found 

that fluorescence from kLight was blocked. These results suggest that kLight serves as an effective 

indicator for the presence of pharmacological unbiased KOR agonists. 

To support these conclusions, we tested if naloxone induced withdrawal could also evoke kLight 

fluorescence. Chronic stressors have been shown to induce dynorphin release, which is an endog-

enous unbiased KOR agonist (Land et al., 2008). Additionally, studies have shown that KOR 

antagonists in the NAc can reduce the depressive-like behaviors resulting from morphine with-

drawal (Zan et al., 2015) and that dynorphin could play a role in withdrawal from drugs of abuse 

(Chartoff and Carlezon, 2014). These preliminary studies suggest that morphine withdrawal should 

be able to evoke dynorphin release and thereby evoke kLight fluorescence. Our results show that 

kLight fluorescence from naloxone precipitated withdrawal causes an increase in fluorescence sim-

ilar to levels of fluorescence from treatment with 10 mg/kg of U50,488. These findings suggest the 

utility of kLight as a dynorphin sensor, which would generate useful insights into the temporal and 

spatial dynamics of dynorphin release from different types of stressors. 

Additionally, we tested the ability of biased KOR agonists to evoke a kLight response. We injected 

mice with nalfurafine, and we observed no difference with low or high doses of nalfurafine com-

pared with saline. Since biased agonists activate KOR differently than unbiased agonists, this could 
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result from differences in conformational changes. Since kLight fluoresces due to KOR conforma-

tional changes, the change induced by biased agonists may not be specific enough for evoking a 

fluorescence response. However, further studies are needed to investigate how unbiased and biased 

KOR agonists evoke different kLight responses, which could be carried out by using other biased 

KOR agonists. 

By developing and validating the use of these sensors in vivo, we prime them for future use in 

investigational studies into the preferential activation of different KOR-mediated pathways. Each 

sensor has specific advantages and limitations that govern their use in experimental procedures. 

Based on the scientific question of interest, these sensors can provide useful insights into the action 

of pharmacological agents and other stressors that could result in KOR activation. The trials further 

illustrate that these sensors can be used in animal models and provide information into which path-

ways are activated by biased or unbiased KOR activation, specific time courses for KOR activation, 

and connections within neural circuits that are important for mediating behavioral responses. 

Comparing the sensors, these results suggest that U50,488 does not activate HyPerRed, but nal-

furafine does. Therefore, by using HyPerRed, we can identify cell populations that are likely to 

contain KOR by infecting those populations with HyPerRed and observing the reaction to a KOR 

agonist such as nalfurafine. While HyPerRed provides information about the location of KOR, 

kLight can provide insights as to the temporal and spatial dynamics of dynorphin since it directly 

measures dynorphin binding. Since HyPerRed is a red sensor and kLight is a green sensor, the 

sensors could be included in a multiplexed experiment to further investigate KOR-dynorphin dy-

namics. 

 

5.4.2     GCaMP Fiber Photometry 

 

While previous studies have investigated KOR in dopaminergic VTA cells with in vivo electro-

physiology and voltammetry, the dynamics of KOR action in these cell populations remained 

unclear. It is known that systemic administration of KOR antagonists block conditioned place pref-

erence potentiation, but it was less clear how dopaminergic neurons expressing KOR is also 

responsible for potentiation. This raised the question as to what stress is doing to dopaminergic 

neurons to produce changes in then neurocircuitry.  

Previous studies have shown using DRN KOR knockouts that serotonergic neurons expressing 

KOR in the DRN are involved in conditioned place aversion (Land et al., 2009). Other studies have 

additionally shown that conditioned place aversion can be blocked using VTA KOR knockouts on 

dopaminergic neurons (Chefer et al., 2013; Ehrich et al., 2015). However, it remains unclear how 

stress and dynorphin interacts with dopaminergic KOR in the VTA and their effect on behavior. 

Specifically, we investigated how stressful experiences influence reward behaviors through KOR 

expressing dopaminergic neurons in the VTA. It was seen that by knocking out KOR in the VTA, 

this blocked calcium signal decreases as a result of repeated force swim stress, as well as blocked 

calcium signal increases after relief of the repeated force swim stress. These results indicate that 

stressors can modulate dopaminergic neuronal activity in the VTA in a KOR dependent manner, 

and that by knocking out KOR in this population of neurons, it can block those disruptions. How-

ever, we were not able to observe a direct linkage between neuronal activity and behavior during 



5     Discussion 

 

 

67 

 

the conditioned place preference test. This could have been because the fiber photometry setup may 

have confounded certain aspects of the test. Despite this, however, these results suggest that there 

is a connection between stress potentiation and these populations of neurons. 

5.5     Behavior 
 

Our findings suggest that presynaptic and postsynaptic KOR play different roles in mediating KOR 

induced signaling cascades that result in early and late stage disruptions in the delayed alternation 

procedure.  

When comparing between groups of mice that were pretreated with norBNI versus PFC lox KOR 

mice treated with a Cre recombinase AAV, both groups showed inhibition of cognitive disruption 

following KOR activation with an unbiased agonist during the early phase of the delayed alterna-

tion task. However, only the norBNI pretreated group exhibited further inhibition of cognitive 

disruption during the late phase of the procedure. Since the Cre-recombinase procedure deletes 

postsynaptic KOR and norBNI acts as an antagonist for both pre and postsynaptic KOR, this sug-

gests that presynaptic KOR are responsible for late phase disruptions and postsynaptic KOR are 

responsible for early phase disruptions.  

Furthermore, our results indicate that KORp staining shows arrestin-dependent postsynaptic acti-

vation of KOR, and that certain stressors that cause behavioral disruption also induce postsynaptic 

activation of KOR. Testing stressors such as morphine withdrawal and optogenetic stimulation of 

PFC dynorphin containing neurons observe a late phase disruption in cognition and working 

memory, suggesting that these effects might be presynaptic since the PFC lox KOR mice also ob-

serve a similar disruption, but more testing is needed to confirm this. While KORp staining provides 

information about activation of the arrestin-dependent pathway, this technique does not provide 

information about G protein-dependent post synaptic activation. Thus, the development and vali-

dation of the HyPerRed sensor was important to probe the G protein KOR mediated activation. 

In the HyPerRed fiber photometry experiments, it was observed that nalfurafine induced an in-

crease in reactive oxygen species, which is thought to be produced through the G protein pathway. 

In a following delayed alternation procedure when either PFC lox KOR mice or wildtype mice 

were injected with nalfurafine, both groups exhibited cognitive disruption in the late phase of the 

delayed alternation procedure. This further reiterates the idea that presynaptic KOR is responsible 

for late phase disruptions, since both groups had presynaptic KOR and observed late phase disrup-

tions. Contrasting with the HyPerRed nalfurafine results which indicate that there is, in fact, 

postsynaptic activation of KOR, this would suggest that KOR mediated G protein activation is not 

sufficient to induce behavioral disruptions in the early phase. However, since we observe both early 

and late phase behavioral disruption in aCSF pretreated mice after KOR activation, this would 

suggest that the arrestin-dependent pathway is responsible for the early phase disruptions. 

Previous work has shown that most KOR in the PFC is presynaptic (Tejeda et al, 2015). In these 

studies, there was little electrophysiological response to postsynaptic KOR activation. This raises 

the question as to the role of postsynaptic KOR. Using the delayed alternation task, we demon-

strated the presence and role of postsynaptic KOR in the PFC using KORp staining, PFC lox KOR 

mice, and the HyPerRed reactive oxygen species sensor. Each of these methods indicate the pres-

ence of postsynaptic KOR. 
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These results respond in part to the question as to the use of KOR antagonists as potential pharma-

cological treatments. While KOR antagonists can be useful for motivational and affective changes, 

our results suggest that they may also be useful for inhibiting cognitive disruptions and that KOR 

antagonists can block some aspects of stress induced disruptions in working memory. These results 

work toward disentangling the KOR-dynorphin circuit and using the tools that we have developed 

to better understand those dynamics. 

 

5.6     Future Directions 
 

While the objectives of this thesis were able to develop and validate the use of these genetically 

encoded sensors, more experiments could be performed to further the development of these sensors. 

For example, we were unable to visualize fluorescence in vivo on a single-cell resolution. Tools 

such as the UCLA Miniscope project or other miniature head-mounted Miniscopes could be 

adapted to be used in animal models (Aharoni et al., 2018). These tests would validate the use of 

such sensors and would provide useful insights into the live single-cell dynamic responses to phar-

macological agents and stressors while retaining appropriate physiological conditions, in contrast 

with either the ex vivo or single HEK cell imaging.  

Figure 34: Pre- and postsynaptic KOR mediate early and late phase cognitive disruptions. (1) Certain stressors me-

diate dynorphin release onto both pre- and postsynaptic KOR in the PFC. (2) Postsynaptic KOR is likely responsible 

for early phase cognitive disruptions through arrestin-dependent pathways, while postsynaptic KOR activation can be 

measured with HyPerRed through reactive oxygen species generation. (3) Presynaptic KOR is likely responsible for 

late phase disruptions through G protein pathways (Abraham, Casello, Wong et al., in preparation). 
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The UCLA Miniscope could be assembled and used in similar experiments that test the various 

effects of pharmacological agents and stressors in combination with the developed genetically en-

coded sensors. This head-mounted miniscope would be a logical next step, as it allows for 

behavioral assays in freely awake and behaving mice.  

To further integrate both neural circuitry and behavior, future experiments could be performed by 

using fiber photometry together with delayed alternation. Such an experiment would provide an 

increased level of resolution for the time course of KOR activation and could provide more com-

plete insights as to the timing of pre and postsynaptic KOR activation. These experiments could be 

performed with the sensors that were developed, namely HyPerRed, HRM63, or kLight1.3.  

Further fiber photometry experiments could be run using kLight and HyPerRed together in a mul-

tiplexed experiment. Such an experiment would generate insights as to the action of dynorphin as 

well as KOR expression. Since kLight indicates the interaction of a ligand, such as dynorphin, with 

KOR, it could clearly indicate when dynorphin is released. Additionally, HyPerRed could indicate 

the regions that express KOR and are thus activated by dynorphin. 

To follow up on the findings of the delayed alternation task and the role of pre and postsynaptic 

KOR in cognitive function, the early phase disruption of cognitive function could be investigated 

by using an arrestin-biased KOR agonist. However, since such an agonist does not currently exist, 

these tests would not be possible at the present time. 

Additionally, computational methods such as machine learning could be applied to behavioral data 

to quantify and understand behavioral responses to pharmacological treatments and stressors. Using 

the tool DeepLabCut, developed by Mathis et al, we could mark specific responses from the mice 

to characterize behaviors such as morphine withdrawal (Mathis et al., 2018). This data could pro-

vide useful insights that would link cellular and neural circuit responses with behavioral outputs. 

 

5.7     New Understanding 
 

These findings illustrate the value of various optogenetic sensors for use in animal models. As these 

sensors have been created in recent years, much of how they interact at a physiological level, their 

sensitivity to their respective reporters, and capability of indicating specific pathways that result 

from KOR activation in animal models still required further investigation. Through the experiments 

performed, we investigated those dynamics and prepared the further use of those sensors in animal 

studies, with the goal to probe certain aspects of the KOR-dynorphin circuit. A summary for each 

sensor that was used for these experiments, along with the main advantages and limitations for 

using each sensor are described in Table 6. 
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Table 6: Table summarizing new understanding regarding sensors that were developed and validated. Each sensor 

has specific advantages and limitations that provide unique insights regarding KOR-dynorphin circuit dynamics. 

Sensor Detection Advantages Limitations 

GCaMP Ca2+ - Commonly used and there-

fore optimized 

 

- Complementary to electro-

physiology measurements 

 

 

- Does not measure neuronal ac-

tivity directly, only through 

calcium concentration 

 

- May not provide insight into ef-

fects of biased agonism 

 

HyPerRed ROS - Red fluorescence allows for 

multiplexing experiments 

 

- Provides insights into effects 

of G protein biased agonism 

- Lower sensitivity as compared 

with more established sensors 

 

- Other pathways resulting in 

ROS generation could influence 

fluorescence 

 

HyPerRed 

Variants 

ROS - Green fluorescence 

 

- Differing sensitivity from 

HyPerRed 

- Other pathways resulting in 

ROS generation could influence 

fluorescence 

 

- Not currently optimized for in 

vivo recordings 

 

kLight1.3 KOR 

Ligand 

- Capable of directly measur-

ing KOR activation 

 

- Provides insight into tem-

poral dynamics of dynorphin 

 

 

- Cannot provide insight into ef-

fects of biased agonism 

 

- Novel sensor, could be further 

optimized 

 

 

After the validation, we then used the insights gained by using the sensors to inform how certain 

pathways affect behavioral outputs. Future studies that will be performed can be informed by the 

results of this thesis as to which sensor will provide the necessary readout to investigate the scien-

tific question of interest. 

 

5.8     Conclusions 
 

These experiments have demonstrated the value and validity of using optogenetic tools such as 

genetically encoded sensors for use in animal models. Initial tests at single cell resolution have 

shown that some of these sensors can detect certain chemical species of interest and reporting their 

presence with sufficient sensitivity, and that other sensors require further optimization before they 

can be adapted for use in animal models. These tests were at a cellular resolution that was performed 

in both ex vivo and in vivo systems as a cost-effective way to preliminarily determine the feasibility 
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of adapting these sensors to be used in animal models. Additionally, computational methods were 

adapted and designed to handle these datasets and automate the procedures involved with their 

analyses. 

Furthermore, the novel genetically encoded sensors were tested and validated in animal models 

through fiber photometry, which allowed us to visualize neuronal activity and KOR mediated sig-

naling pathways. Computational methods were developed to analyze these large datasets and 

extract useful information from the fluorescence recordings. These methods allowed us to deter-

mine if the sensors had the necessary sensitivity for reporting the chemical species of interest, which 

included calcium, reactive oxygen species, or receptor ligands.  

Finally, we used the insights gained from the validation and development stages for these sensors 

to better understand the neurocircuitry in different brain regions involved with stress and behavior. 

These tests have important clinical relevance because they work towards the development of either 

KOR agonists or antagonists as potential therapeutic alternatives to addictive substances such as 

morphine. Pharmacological agents that could replace morphine and other addictive opioids would 

aim to attenuate the strain felt by the current opioid epidemic and ultimately contribute to a safer, 

healthier, and more productive society. 
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Abstract 

Morphine and other opiate addictions are now considered an epidemic in the United 

States. Therefore, pre-clinical research is increasingly directed to finding treatments for 

individuals suffering from substance use disorders. Our preliminary studies showed that 

drug self-administration patterns in rodents can be examined through measurement of 

opioid gelatin consumption. However, the mass of remaining gel could only be measured 

by an experimenter intermittently, resulting in an incomplete profile of morphine gel con-

sumption. Therefore, we needed a method capable of continuously measuring the mass 

of gel left in the cage. To this end, we created a device that uses the change in electrical 

output due to the physical deformation of strain gauges in a load cell to determine and 

record the mass of gel left in the cage at any given time. Determining the consumption 

profile of morphine, cannabinol (CBD), and Δ9-tetrahydrocannabinol (THC) gels in com-

parison to control (drug-free) gels will elucidate the effect of morphine consumption on 

mouse behavior. The device also monitored desiccation rates of the gel and any potential 

confounding effects on the data by continuously measuring the mass of gel in the device 

in an empty cage throughout the day. This device will allow for a richer analysis of self-

administration of drugs throughout different times of the day and, in the long term, will aid 

in the development of more effective therapeutics for opiate addiction in humans. 
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Introduction 

In recent years, opioids have become increasingly problematic as addictive substances, 

being branded as “the opioid crisis”. This is partially due to the large number of fatalities 

and economic burden placed on society as a whole. For example, over 115 people die in 

the United States alone annually and the United States spends around $78 billion on deal-

ing with opioid addictions1,2. Morphine, heroin, and fentanyl are all examples of these types 

of opioids that cause these types of addictions. In addition, addictions to oral opioids can 

lead into more dangerous drug abuse, such as intravenous heroin use. These addictions 

are especially dangerous because prolonged use of the substance often results in toler-

ance and escalation of dosing3. This crisis could be addressed potentially be tightening 

restrictions on opiate-based prescription painkillers. However, we were more interested in 

developing better pharmacological treatments for individuals as opposed to such regula-

tions. It has recently become the focus of pharmacological research to find an alternative 

painkiller or analgesic to prevent these addictive behaviors from occurring in the first place.  

To aid in this research, animal models have been developed to simulate and model pat-

terns of self-administration of opioids and the effect of this consumption on behavior. 

Specifically, mouse models have proven to be the most useful and economically feasible 

in modeling addiction circuits in humans. As is the case with humans, increased stress or 

pain often increase the consumption and self-administration patterns of these types of 

drugs. Using the mouse model to study how these addiction circuits work, a significant 

amount of research has been performed on the morphine/mu-opioid receptor (MOR) sys-

tem to identify key components in signaling pathways activated by the MOR. In recent 

studies, it has been identified that MOR activation results in activation of the β-arrestin 

pathway in addition to G-protein pathways. β-arrestin pathways are often associated with 

respiratory depression and the G-protein pathways are often associated with analgesia4. 

Therefore, by finding a way to disentangle these two pathways, where we can activate the 

G-protein pathway without the β-arrestin pathway, we could develop a more effective and 

non-addictive therapeutic. By analyzing gel consumption patterns, it allows for a more in-

depth analysis of how various opioids and other drugs lead to addictions and could aid in 

elucidating the differences between the two pathways.  

Biomedical Need 

While it has been determined that the G-protein and β-arrestin pathways are triggered by 

MOR activation, it remains unclear to what extent each of these pathways are affected by 

other physiological mechanisms and how these pathways interact with each other as well 

as other signaling pathways. Eventually, we would like to understand the voluntary self-

administration of morphine for humans and this study helped to clarify the behavioral ef-

fects caused by morphine in mice. We expected that once the mice became addicted, 

there would be an increased amount of morphine consumed compared with the control 

gels, which was supported by the experimental data. A gel self-administration protocol 

had already been established, which was used in this study. 
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Therefore, knowing the mass of gel consumed and the feeding pattern in which that gel 

was consumed was critical for understanding how morphine self-administration affects 

mouse behavior. For example, we could gain insight into how the drug consumption af-

fects sleep behavior of the mice and if mice with escalated consumption show significant 

activity during the dark cycle. However, the current experimental procedure only allowed 

for the analysis of the total amount of gel consumed and not the feeding pattern.  

In this study, we designed a device for measuring and recording the mass of gel left in the 

cage continuously throughout the course of the day. It needed to be sensitive enough to 

measure small fluctuations in mass, be resistant to damage inflicted by the mice, and 

capable of recording data to a file to be analyzed later. In addition, we created MATLAB 

code capable of analyzing and extracting useful behavioral information from the data. 

Current Technology 

Mouse models have been frequently used by researchers to investigate certain addiction 

circuits and have been used in many other studies. Because of this, there is a wealth of 

existing technologies for studying the effect of addictive drugs on mice. Many of these 

technologies use methodologies different from the gel self-administration protocol. 

In one study, a lickometer was used to measure ethanol drinking behavior in mice5. While 

this study does not deal with addictive drugs in a gelatin media, it still addresses the drug 

self-administration patterns in mice. 

Another methodology that investigates the effect of addictive drugs on mice behavior in-

volves the use of intraperitoneal injections6. These types of studies involve the 

investigation of addictive drugs on behavior, but don’t address the self-administration of 

drugs, which don’t necessarily accurately represent reality in human models. 

Finally, other studies involve the use of a lever-pressing mechanism to allow for intrave-

nous self-administration7. As opposed to the daily intraperitoneal injections, the lever-

pressing mechanism allows for continuous self-administration. One issue with this would 

be the mechanism of delivery and considerations necessary when designing the device 

to prevent the mice from damaging it. 

However, these studies all fall short of allowing for a convenient methodology for recording 

and analyzing the self-administration patterns and effects on behavior since they lack the 

capability of continuously measuring and recording the amount of gel consumed by the 

mice. Therefore, we designed a device to be used in the mouse cages that allowed for 

this data collection and analysis to extrapolate the effect of morphine and other drugs on 

behavior, especially after events modeling chronic pain occurred in the mice. 

In designing such a device, it is important to take into consideration various aspects and 

constraints and needs for the device to be successful, as mentioned previously. Some of 

the additional important considerations that were taken into account were the safety of the 

mice, the social and ethical considerations for working with mice, and the economic factors 

for designing the scales. 
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Design Solution 

The following sections will describe the various iterations performed on the design solu-

tion. 

Design Specifications 

When designing the device, we needed to consider key aspects of how it should function 

and what it should be able to do. We wanted the device to be capable of accurate and 

continuous monitoring of the mass of gel left in the cage, be resistant to tampering from 

the mouse, be sterilizable, and be able to function while on the mouse cage rack. 

In designing the solution, we also needed to consider limitations imposed by using an 

Arduino Uno for data acquisition. There are only a certain number of pins available for the 

load cell to use, so we were limited in the capabilities that we wanted. Initially, it was 

proposed to use an IR beam breaker system to determine mouse locomotion and confirm 

eating events. However, we decided that it would produce an excessive amount of strain 

on the Arduino and that the data gained from that would ultimately be redundant. There-

fore, it was not included in the final design solution. 

In addition, the load cell needed to be secured in a fashion that allowed for the proper bar 

deformation to occur, but that also prevented the mouse from destroying the wiring on the 

load cell. In the initial design iterations, the underside of the load cell was unprotected, 

which allowed the mouse to chew on and destroy the wiring, which is shown in Figure 1. 

Engineering Standards 

An integral part of the device design was the 

3D printed components that allowed for 

compatibility with the mouse cage and the 

rest of the device design. The ISO Standard 

527-1:2012 applies in this study to charac-

terize the general tensile properties of 

thermoplastic polyesters in general8. In this 

specific case, the thermoplastic polyesters 

that were used were polylactic acid (PLA) 

and polyethylene terephthalate glycol 

(PETG). 

Animal Regulatory Standards 

Since this study involves the use of animal test subjects, it was necessary to receive ap-

proval from regulatory bodies such as the Institutional Animal Care and Use Committee 

(IACUC), and the National Institute of Health (NIH). The treatment of mice test subjects 

was followed according to the 1985 regulation enacted by the NIH entitled the “Public 

Health Service Policy on Humane Care and Use of Laboratory Animals”9. In addition, pro-

tocol involving the specific treatment of animals was submitted and approved by the 

Figure 1: Example of mouse destroying load cell due to 
not protecting the load cell wiring. A design iteration was 
performed on the base plate bottom to account for this 
and to more fully protect the load cell wiring. 
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IACUC under the Chavkin Lab Protocol number 2153-08, as specified by the publication 

for this study10. 

Considerations 

In addition to the previously mentioned technological, regulatory, and design constraints, 

other considerations were also made regarding various limiting aspects. In this case, cer-

tain aspects such as public health considerations, global considerations, cultural 

considerations, and social considerations are all not applicable to this design solution. 

However, we needed to consider the safety and welfare of the mice with which we per-

formed the drug self-administration and pain tests. The tests needed to be performed in 

an approved and ethical manner. In addition, there were environmental considerations 

that ensured that the device served as a safe environment for the mice and the device 

needed to be relatively cheap to manufacture, since we created eight separate devices. 

In addition, some other constraints that were taken into consideration were the construc-

tability, maintainability, and usability. The device needed to be relatively easy to construct, 

which would allow for ease of use by the experimenter. In addition, it needed to be repro-

ducible by other experimenters. To this end, an instruction manual was created to guide 

other users on how to construct and operate the device. Finally, it was important that the 

device was easy to use, since this would affect the utility as a tool for future experiments. 

Based on the all the previous considerations, Table 1 summarizes the specifications that 

were considered when designing the device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First Design Iteration 

The initial solution that was used consisted of a load cell, a load cell amplifier, an Arduino 

for data acquisition, various 3D printed pieces, and analysis of the data with MATLAB. An 

SD card module and LED display were added later to allow for easier use of the device. 

The general flow diagram for how the solution works is shown in Figure 2. 

The design works by first loading the gel cup with the prepared gelatin. Once the gel is 

loaded, the weight causes a deformation in the load cell, which deforms the strain gauges 

Need # Stakeholder Need Rank

1 Brenden The device is resistant to damage by mice 1

2 Brenden The device continuously monitors gel mass 1

3 Brenden The device is capable of measuring small mass fluctuations 1

4 Brenden The device is sterilizable 3

5 Brenden The device has no influence on frequency of eating events 2

6 Brenden The device does not need to be connected to a computer to operate 2

7 Brenden The device is easy to operate 2

8 Brenden The device fits within a single mouse cage 1

9 Brenden The device never goes below a minimum height above the floor of the cage 2

10 Brenden The device is compatible with the mouse cage 1

11 Brenden The device saves data in a manner that is able to be analyzed separately 1

12 Brenden The device is safe for mice to interact with 1

13 Brenden The device is easy to construct 3

14 Future Experimenters The device is reproducible by other experimenters 2

15 Dr. Chavkin The device is economically feasible 3

Table 1: Design Specifications
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located on the top and bottom of the cell. This deformation results in a change in electrical 

output, and this electrical signal is sent to the load cell amplifier, and then passed to the 

Arduino. The Arduino writes the measurement to an SD card, which can then be extracted 

later and analyzed using MATLAB.  

 

To aid in processing the data, we created a MATLAB script capable of importing the data 

and separating the eating events from the mass of gel remaining in the cup. In addition, 

the script smooths the mass data to remove any artifact caused by the electronics of the 

circuit. The script then writes the separated data to a separate file. This is a novel solution 

because it provides a method for monitoring mouse behavior from drug self-administration 

using an automated device. By designing such a device, it allowed for research to be 

effectively performed to allow for richer sets of data to help inform the accuracy of our 

hypothesis. 

Initially, our hypothesis regarding the experimental results was that mice would consume 

gel with morphine and thereby self-administer morphine. We expected that feeding pat-

terns would show the developed drug dependence of the mice and that consumption 

would differ throughout the course of the trials as the mice would develop a tolerance to 

the analgesic effects of morphine. Finally, we expected that mice would consume higher 

levels of morphine while in a state of chronic pain, serving as a model for individuals suf-

fering from this type of chronic pain. 

Second Design Iteration 

After various stages of troubleshooting, an LED display was added to the circuitry to allow 

for monitoring the data while the scale was running. Previously, there was no method for 

knowing what mass the scale was reading and there was significant difficulty experienced 

with troubleshooting. By adding the LED display, it made troubleshooting easier and more 

feasible. In addition, seven more devices were created to allow for tandem use for a cohort 

Figure 2: Flow diagram for the design solution. The gel cup is suspended from the load cell, and the mass of gel in the cup 
causes a deformation in the strain gauges in the load cell. The electrical signal is amplified through a load cell amplifier and 
passed to the Arduino. The data is then written to an SD card and saved. for processing in MATLAB. 

Gel Cup Load Cell
Load Cell 
Amplifier

Microcontroller Data Analysis

∞ 



7     Appendices 

 

 

89 

 

of eight mice. Besides these iterations, the 3D printed pieces were constantly modified to 

allow for optimum electrical isolation and efficiency of design. 

Materials and Methods 

The following sections will describe the main methods for designing and testing the device 

and for the protocol used to administer the gels to the mice. In addition, the statistical 

methods for analyzing the data will be included. For initial prototyping, we created a single 

scale. After troubleshooting and finalizing a design, we created seven more scales to be 

used in tandem for a total of eight mice in an experimental cohort. Design for a single 

scale will be explained in the following section. The gel self-administration protocols were 

followed as set by Leung et al.10 

Gel Self-Administration Protocol 

In the study, morphine, Δ9-tetrahydrocannabinol (THC), and cannabidiol (CBD) were 

added to gelatin for mouse consumption. THC and CBD were included to compare the 

analgesic effects with those of morphine. The gelatin was prepared initially by adding 3.85 

g of Knox Gelatin in 100 mL of deionized water, with 5 g (5 % sugar content) of polycal 

sugar to acclimate the mice to eating the gels. After two to three days, the gels were 

prepared with 2.5% sugar content and administered to the mice for two to three days, at 

which point the gel was prepared with 1% sugar content and administered to the mice. 

Once the mice were fully acclimated to the gels, the drug in question was added to reach 

a certain concentration (1 mg/ 15 ml for THC and CBD, 1.125 mg/15 ml for morphine) was 

infused in 1% sugar content gel and placed in the cage for self-administration. The mass 

of gel was weighed prior to placement in the cage and was measured again 24 hours later 

to determine the total amount of gel consumed by the mouse.  

Design Methods 

The following sections will describe the methods used for designing key components for 

cage compatibility as well as methods used for data acquisition and for data analysis. 

Computer Aided Design 

One of the key components of designing the device was using computer aided design. 

The various components that were crucial to the compatibility of the mouse cage were 

designed using Autodesk Professional Inventor 2019. The four pieces that were created 

were a base plate, a bottom piece for the base plate, a gel cup holder, and a gel cup lid, 

which are shown hereafter in Figure 4. The partial assembly for these pieces is shown in 

Figure 3. 
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The base plate was designed to allow isolation from the mice with the circuit components 

and to protect the circuit from damage as well as to protect the mice from injury. It was 

designed to rest on top of the metal mouse cage and to contain the Arduino, the bread-

board, and the load cell amplifier.  

The base plate bottom was designed to hold the load cell. As mentioned previously, the 

base plate bottom provided protection against damage by the mice and also allowed for 

the load cell to be suspended from the top of the mouse cage. The base plate bottom was 

designed with holes to be secured to the bottom of the base plate. 

The gel cup holder was designed to be attached to the opposite end of the load cell and 

be suspended from the top of the mouse cage. The gel cup was placed inside the ring of 

the gel cup holder and provided a secure attachment that allowed the mice to freely eat 

from the gel cup. 

The gel cup lid was designed to sit on the lip of the gel cup to adapt and fit inside the gel 

cup holder. It was designed to lock in place with the ring in the gel cup holder and prevent 

the mice from dislodging the gel cup. 

Prototype Testing 

Once the device was created, it was tested initially computer powered and was loaded 

with a known weight. The data was written to a file on the computer for a period of around 

19 hours. This testing was performed to ensure that the device was functional and was 

capable of correctly recording a known weight. 

After it was confirmed that the device was working, a mass of gel was placed in the gel 

cup and left for a period of around 24 hours. This testing was performed to measure the 

rate of gel desiccation in an empty cage, which was important to consider if the reduction 

in mass was due largely to mouse gel consumption in experimental trials or gel desicca-

tion. In this phase, the device was still computer powered. 

After the initial testing to ensure that the device was capable of accurately measuring mass 

for an extended period of time, the experimental trials was performed using a single mouse 

Figure 3: Assembly of the gel cup holder with the gel cup holder top, with the top ro-
tated to locking position (left). The base plate bottom attached to the bottom of the 
base plate (right). The load cell was inserted into the base plate bottom and the other 
end of the load cell was connected to the holes in the top of the gel cup holder. 
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over a period of around 18 hours. In this run, the eating events were recorded and a were 

represented as a threshold value of 20 g. 

To enable the device to be used in the mouse cage racks, we incorporated the capability 

to write data to a microSD card, which allowed the device to be powered by an outlet 

instead of a computer. This allowed for more flexibility in running the experiments. Using 

this setup, the same experiment was performed with a mouse and control gel consump-

tion. 

Finally, once the device was confirmed to be fully functionally in characterizing mouse self-

administration patterns, we created seven more devices to be used in tandem for a total 

of eight mice in a single cohort. This allowed for a maximum capacity of two mice for each 

drug group. 

Experimental Methods 

The trials were performed using the previously mentioned gel self-administration protocol 

for multiple days with a cohort of eight mice and were repeated with a cohort of six mice. 

The data were subsequently recorded and analyzed.  

For the first cohort of eight mice, the consumption patterns of the mice were collected 

every day for 7 days. There was a total of four groups: control, THC, morphine, and CBD, 

and each group had two mice.  

For the second cohort of six mice, the consumption patterns of the mice were collected 

every day for 8 days. There were two mice in the control and morphine groups and one 

mouse in each of the THC and CBD groups. 

Pain Tests 

To test the escalation of drug consumption, we measured the initial mass of gel consumed 

by the mice and we measured their response to pain tests such as a hot plate test, a Von 

Frey test, and a Hargreaves test, which are described hereafter. A partial sciatic nerve 

ligation (pSNL) was then performed on the mice and we then measured their response to 

the same pain tests. We also observed the differences in mass of gel consumed by the 

mice.  

Hot Plate Test 

The hot plate test of response latencies measures nociception, and an increase in sensi-

tivity is typical of the hyperalgesia experienced by the mice after the partial sciatic nerve 

ligation. The mice were placed on a hotplate at 57.5°C and were tested for the latency to 

lick their paws or jump.  

Von Frey Test 

The Von Frey test measured the allodynia experienced by the mice after the partial sciatic 

nerve ligation and was based off previous experimental trials testing the allodynia. The 
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test was performed by placing the mice on a metal mesh and the surface of the mouse 

paws was touched with different Von Frey filaments with bending forces from 0.166 g to 

3.63 g and the time it takes for paw withdrawal was measured.  

Hargreaves Test 

The Hargreaves test measures the hyperalgesia experienced by the mice by directing a 

high-intensity beam of light at the hindpaw. The mice were tested for the latency to with-

draw or lick its paw. The results were recorded and used as a measure for the increased 

sensitivity. 

Statistical Analysis 

The accuracy of the scale was classified using a simple linear regression model with a 

correlation coefficient. After multiple trial runs for each drug, the data were compiled and 

processed. The data for each drug was averaged and a simple standard error was gener-

ated for each point, which was shaded as Mean±SE. In addition, the number of eating 

events were classified into bouts based on the time between eating events and were 

counted for each day. These were then analyzed via ANOVA to determine whether the 

number of bouts were statistically different between each of the drug groups. 

Results 

The following sections will describe the results from the device design, from the testing of 

the design iterations, and the experimental results regarding the gel self-administration of 

drugs. 

Device Design: First Iteration 

For the design of the device, we used the following materials: an Arduino Uno, an HX711 

Load Cell Amplifier, a 100 g Load Cell, jumper wires, one mini breadboard, one microSD 

card reader module, one microSD card, one USB printer cable, eight M3 12mm machine 

screws, and one gel cup. In addition, we designed various pieces for 3D printed to allow 

for compatibility with the mouse cages. The pieces were designed using Autodesk Pro-

fessional Inventor 2019 and 3D printed using polyethylene terephthalate glycol 

(PETG). These pieces include a base plate, a base plate bottom, a gel cup holder, and a 

gel cup lid, which are shown and described in Figure 4. 

Some of the individual components also needed some preparation prior to assembly. The 

load cell amplifier required the soldering of breakaway header pins. 90-degree header 

pins were used in some of the scales to facilitate wiring but were not necessary. 

To allow for compatibility with the rest of the system, the load cell required some additional 

wire soldering. Superglue was used at the base of the load cell on the wiring to increase 

the strength, since that area was the most fragile and prone to damage or breaking. Two 

female-female jumper cables were cut in half and attached to the ends of the load cell 
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leads. These connections were then soldered and shrink wrapped to connect to the pins 

on the load cell amplifier. 

To prepare the gel cup itself, the gel cup was fitted inside the gel cup lid. Once the gel cup 

was placed in the lid, it could be placed in the holder and rotated 90 degrees to lock it in 

place. It was still able to rotate but was not removable from the gel cup. To remove it, it 

could be twisted until the tabs of the gel cup holder lid piece were aligned with the notches 

in the gel cup holder. 

 

To configure the circuit, the diagram shown in Figure 5 was used.  

The load cell was connected to the load cell amplifier, which was in turn connected to the 

corresponding pins in the Arduino. The data from the load cell was passed through the 

amplifier to the Arduino and written to the microSD card via the microSD card reader mod-

ule. The microSD card could then be removed to analyze the data. While the Arduino 

could write directly to the computer, a microSD card was used to allow for multiple Ardu-

inos to be used simultaneously. 

 

 

 

 

Figure 4: CAD models of 3D 
printed scale components. (Top 
Left) The base plate bottom 
houses the load cell and protects 
the wiring from damage by the 
mice. (Top Right) The gel cup 
holder allows for quick and easy 
removal of the gel cup for loading 
gel into the cage. (Bottom Left) 
The gel cup lid attaches to the lip 
of the gel cup to allow for compat-
ibility with the gel cup holder. 
(Bottom Right) The base plate 
provides isolation of the circuit 
components and allows for place-
ment of the various circuit 
components. 
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Device Assembly 

To assemble the scale, the baseplate was first placed on the wire cage top. The wired end 

of the load cell was inserted in the base plate bottom and the holes of the load cell were 

aligned with the holes on the bottom of the base plate bottom piece. Screws were inserted 

through the base plate bottom holes and the load cell holes to ensure that the load cell 

remained level. The wires were fed from the load cell through the large hole in the top of 

the base plate bottom. The other end of the load cell was placed underneath the holes 

from the gel cup holder and the gel cup holder holes were aligned with the load cell holes 

and were secured with screws. From underneath the wire cage top, the four holes and the 

large hole with the wires from the base plate bottom piece were aligned with the four holes 

and the large hole in the base plate. The wires from the load cell were fed through the 

large hole of the base plate and the base plate bottom was secured with screws to ensure 

that the base plate bottom remained level. The final device assembly is shown in Figure 

7. 

Device Operation 

The scale was first calibrated using the Load_Cell_Calibration sketch and uploaded to the 

Arduino, which is included in Appendix A and was created by Nathan Seidle11. Once a 

known mass was placed in the gel cup, we used the serial monitor on the Arduino IDE to 

Figure 5: (Left) Wiring diagram to show the connections between the load cell, the load cell amplifier, the Arduino, and 
the microSD card module. (Right) Description of connections between load cell, load cell amplifier, Arduino, and microSD 
card module 

Amplifier Load Cell

RED Red wire

BLK Black wire

WHT White wire

GRN Green wire

Amplifier to Load Cell Connections

Amplifier Arduino

VCC Vcc

DAT Pin 6

CLK Pin 7

GND Gnd

Arduino to Load Cell Connections

SD Card Module Arduino

CS Pin 10

SCK Pin 13

MOSI Pin 11

MISO Pin 12

VCC Vcc

GND Gnd

SD Card Module to Arduino Connections
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adjust the calibration factor until the displayed value on the serial monitor matches the 

actual mass. Once this calibration factor was known, it was included in the 

Load_Cell_Measurement sketch and uploaded to the Arduino, which is also included in 

Appendix A. 

The scale was then placed in the mouse cage and left running for a period between 18 to 

24 hours. A mass measurement was recorded on the microSD card every 2 seconds. After 

extracting the microSD card, the file was renamed to incorporate the mouse number and 

the date and stored for data processing. 

 

Data Processing 

The files were processed using the DataProcessing MATLAB script, which is included in 

Appendix B. The script prompts the user for the mouse number and date that the experi-

ment was performed. This reads the data file in and extracts the data. Disturbances were 

classified as such if there was a difference greater than 0.4 g between two consecutive 

samples, which were separated by 2 seconds. This threshold was applied to the data such 

that disturbances caused by the mice were maxed to an arbitrary value. The data was 

then separated into distinct eating events and mass of gel left in the cup. This data was 

then exported and stored according to mouse number and drug. In addition, the distinct 

eating events were processed such that any period greater than two minutes between 

disturbances was considered a simple mouse disturbance and was excluded as an eating 

event. The number of eating events were then distributed into time bins to determine an 

eating profile of the mouse, which was then exported as well. 

Device Testing 

The device was initially run for a period of around 19 hours. In this test, there was a known 

weight placed in the holder to allow for correct calibration with no mouse to test the 

Figure 6: Final setup for the initial prototype of the device. Circuit components consisting of the Arduino, load cell 
amplifier, and breadboard connected as described (left). Base plate bottom with load cell attached and gel cup 
holder attached to the load cell, with the gel cup loaded into the gel cup holder (right). 
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functionality of the device. It was observed that the mass remained relatively constant with 

very little fluctuations. 

The device was then run with a mass of gel in the holder to measure desiccation rates of 

the gel. After testing the functionality of the device, we then tested the device with a live 

mouse to verify that the mouse would not damage the device. The results of these runs 

are shown in Figure 8.  

Finally, the device was modified to write the data to a microSD card instead of writing the 

data to a file on the computer and to plot the mass of gel consumed instead of the mass 

of gel remaining in the cup. The results of this run are also shown in Figure 8, this time 

without the distinct eating events. 

After running the scales with various mice, the final mass of gel consumed recorded by 

the load cell was compared with the mass of gel consumed recorded by the user. It was 

expected that if the scale worked perfectly, the best fit line would be 𝑦 = 𝑥 and 𝑅2 = 1. 

The resulting correlation is displayed in Figure 10, with a best fit line of 𝑦 = 0.928𝑥 +

0.2723, with 𝑅2 = 0.9672. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: (Top-left) Result of testing device to detect 
desiccation of gel left in the cage over a period of 
around 24 hours. This was relevant because it was 
important to confirm that the mass of gel was de-
creasing over time predominantly due to 
consumption rather than desiccation and to deter-
mine how big of a factor gel desiccation was in the 
mass reduction. (Top-right) Device testing with 
mouse consumption of control gel. Dotted line at 20 
g represents gel cup disturbances by the mouse. (Bot-
tom) Trial for writing mass data to a microSD card. 
In this trial the data was processed as the amount of 
gel consumed by the mouse instead of mass of gel re-
maining in the cup. 
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Experimental Results 

From the different test groups, we collected consumption data for various mice for multiple 

days. Table 2 summarizes the drug groups, the number of mice in each, and the total 

number of days of data collected for each. 

For each of the groups, we collected the 

amount of gel consumed throughout an 

18-hour period. Five characteristic days 

for each of the drug groups are plotted in 

Figure 11. After all the experimental trials 

had been performed, the mass of gel re-

maining in the cup were averaged and 

plotted for each of the drug groups. In ad-

dition to the gel averages, the number of eating bouts for each of the days for each group 

of drugs was averaged. Both plots are shown in Figure 12. 

 

 

 

Pain Test Data 

The pain tests were performed both pre and post partial sciatic nerve ligation (pSNL) and 

the results from the von Frey test are represented in Figure 13. for all the groups of drugs. 

Group Number of Mice Days of Data

Control 4 21

THC 3 17

Morphine 4 26

CBD 3 19

Table 2: Experimental Groups

y = 0.928x + 0.2723
R² = 0.9672
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Figure 8: Correlation between the mass of gel consumed recorded by the user and the mass of gel consumed recorded by 
the load cell. The correlation was done with data from 6 mice over 4 days, 2 trials of which were unusable due to load 
cell malfunctioning. Therefore, it was done with an n = 22 days of data. 
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Figure 10: (Left)) Averages of gel consumption over a course of 18 hours. Morphine gel exhibits the highest mass of gel con-
sumption while THC exhibits the lowest mass of gel consumption. (Right) Distribution of bouts throughout the day for each of 
the drug groups. Bouts were characterized as such when there was a period greater than two minutes between subsequent 
disturbances.10  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 935: Characteristic individual traces for five days for each of the drug groups over 16 hours of recording. 
Individual traces illustrate the feeding microstructure of the mice throughout the course of the day. Mice con-
sumed significantly less THC than the other drugs. 
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Figure 11: Results from von Frey test comparing control with 
morphine response (left) and comparing control with CBD and 
THC response (right). 

 

 

 

 

 

 

 

 

The von Frey test was performed to measure allodynia in the mice. It was observed that 

directly after pSNL, the morphine response increased almost back to the baseline re-

sponse, while the control group was reduced to nearly half of the baseline response. 

However, after a week, the response of the morphine group returned to the reduced con-

trol response. In contrast, the CBD and THC responses both show an increase towards 

the baseline with no consequent reduction. 

Discussion 

In the following section, the final device design will be analyzed and compared with the 

initial specifications set forth at the beginning of the project. The experimental results will 

be analyzed and interpreted in the context of current and future research. 

 

Design Analysis 

After the device was implemented and used experimentally, it was analyzed to determine 

how well the device met the original specifications. This information is presented and sum-

marized in Table 3. 

Need # Stakeholder Need Rank Met?

1 Brenden The device is resistant to damage by mice 1 Yes

2 Brenden The device continuously monitors gel mass 1 Yes

3 Brenden The device is capable of measuring small mass fluctuations 1 Yes

4 Brenden The device is sterilizable 3 Semi

5 Brenden The device has no influence on frequency of eating events 2 Yes

6 Brenden The device does not need to be connected to a computer to operate 2 Yes

7 Brenden The device is easy to operate 2 Yes

8 Brenden The device fits within a single mouse cage 1 Yes

9 Brenden The device never goes below a minimum height above the floor of the cage 2 Yes

10 Brenden The device is compatible with the mouse cage 1 Yes

11 Brenden The device saves data in a manner that is able to be analyzed separately 1 Yes

12 Brenden The device is safe for mice to interact with 1 Yes

13 Brenden The device is easy to construct 3 Semi

14 Future Experimenters The device is reproducible by other experimenters 2 Yes

15 Dr. Chavkin The device is economically feasible 3 Yes

Table 3: Comparison of Final Device with Initial Specifications
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As can be seen from the table, nearly all of the specifications were completely met, with 

some of the less important specifications being partially met.  

Assessment of Significance 

The device has a significant impact on the ease of use and clarity of data for this type of 

experimental procedure. It is a tool that allows for a more rigorous data analysis to give a 

better understanding of the opioid self-administration patterns in mice. It confirms what 

had been previously determined, that there is significant feeding during the mouse’s active 

cycle, and it elucidates that the presence of morphine, CBD, and THC has no effect on 

feeding frequency. However, it demonstrated that there was a significant difference be-

tween the amount of gel consumed for THC as compared with morphine or CBD. 

Therefore, it shows that while the presence of THC did not affect the feeding frequency of 

the mice, it did affect the amount they were consuming during each bout. This could have 

important applications in understanding the effect of analgesics among patients. 

In addition, the pain tests performed demonstrated that the mice in the morphine group 

eventually built up a tolerance to the drug, while the mice in both the THC and CBD group 

did not. This could have important implications, as they could act as analgesics without 

the negative effect of building up tolerance, which is associated with morphine. 

Assessment of Impact 

This device has a significant impact in terms of experimental procedure. It is an easy to 

use, accurate, and robust design. In addition, it provides more accurate information about 

the feeding profile of the different mice. Previous to this device, only the net amount of gel 

consumed could be determined. However, as a result of this device, it allows for continu-

ous monitoring of gel left in the cage and can determine exactly when and how much the 

mouse is feeding. This provides a more complete understanding of how different drugs or 

other substances affect the mouse self-administration. 

In addition to investigating the effect of morphine, the device was used to assess the im-

pact of CBD and THC as analgesics for treatment of chronic pain10. Since both NSAIDs 

and opioids have significant side effects and limitations, it has caused increased scrutiny 

as to alternative painkillers, such as CBD and THC. This device helped to show how these 

drugs affect consumption patterns, and thus any possibility of developing a substance use 

disorder, and how effective their analgesic properties are.  

The device can be adapted to be used for a variety of other experimental designs. For 

example, it could be used in experimental designs involving alcohol or ethanol self-admin-

istration. 

Future Work 

While this project is a great aid in the experimental procedure, there are still more future 

steps that could be taken to improve upon the design. For example, RFID technology 

could be used to track individual mice and when they approach the feeder for self-
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administration. In this instance, multiple mice could be housed in a single cage and could 

be tracked through an implantable RFID chip. 

In addition, information could be collected about the body temperature, respiratory rate, 

and other biometrics of the mice analyze how opioids can affect behavior and other fea-

tures.  

Ultimately, it is important to not lose sight of the end goal, which is to help individuals 

suffering from opioid addiction. This device is a tool that allows for a better experimental 

design to be carried out and understand how opioids could affect human behavior, through 

a rodent model. It will increase the capability of future experimenters to rigorously perform 

these types of experiments. This will ultimately help elucidate information about key com-

ponents in the signaling cascades that result in addiction and will help to develop new 

methods for blocking those types of pathways while still retaining the analgesic effects of 

these drugs. 
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Appendix A 

Load Cell Calibration Sketch 
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Load Cell Measurement Sketch 
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Appendix B 

Load Cell Processing Script 
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Appendix C 

Scale Assembly Instructions 

The following sections describe methods for manufacturing and using the scale. 

 

Stage 1: Acquiring Required Parts for Scale 

The following is a list of all the components you will need to construct the scale: 

• 1 Arduino Uno 

• 1 HX711 Load Cell Amplifier 

• 1 100 g Load Cell 

• Jumper wires 

• 1 Mini breadboard 

• 1 microSD Card Reader Module 

• 1 MicroSD Card 

• USB Printer Cable 

• 8 M3 12 mm screws 

• Gel cup 

You will need the following tools: 

• Soldering iron 

• Super glue 

• Heat gun 

• Heat shrink tubing 

You will also need to 3D print the following pieces: 

• Base Plate 
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• Base Plate Bottom 
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• Gel Cup Holder 

 
 

 

 

• Gel Cup Holder Top 

 

The CAD files for the 3D prints can be found in the supplementary materials. Instructions 

on how to assemble the circuit will follow later. 

A table listing where you can find certain components can also be found in the supple-

mentary materials. 
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Stage 2: Preparing the Components 

The load cell and the load cell amplifier will both require some soldering and other modi-

fications.  

The load cell amplifier will need to have the breakaway header pins soldered on and 90 

degree breakaway headers may be used for the load cell pins to facilitate wired connec-

tions in the circuit, but are not necessary. 

The leads on the load cell are very fragile and must be handled carefully.  

1. Use superglue on the base of the load cell and the wires to strengthen that area, 

since it is the most fragile and likely to break.  

2. Strip the ends of the leads on the load cell so that about half an inch of wire is ex-

posed.  

3. Take two female-female jumper wires and cut them both in half and strip the 

ends of the wires so that about half an inch of wire is exposed. 

4. Wrap the exposed wire from each of the load cell leads with the exposed wire of 

one of the halves of the jumper wires. 

5. Use a soldering iron to solder each of the connections together. 

6. Use the small heat shrink tubing to cover all the exposed wire for the individual 

load cell leads. 

7. Use the large heat shrink tubing to group all four of the soldered connections to-

gether, leaving about a quarter of an inch of the bottom of the small heat shrink 

tubing exposed for each of the leads. 

To prepare the gel cup itself, fit the gel cup inside of the gel cup holder top piece. It 

should fit tightly but may require some additional superglue to secure the connection. It 

should be able to fit inside the gel cup holder piece. Once you put the gel cup in the 

holder, rotate it 90 degrees to lock it in place. It should still be able to rotate but will not 

removable from the gel cup. To remove it, simply twist until the tabs of the gel cup holder 

top piece are aligned with the notches in the gel cup holder. 

Stage 3: Scale Assembly 

1. Place the baseplate on the wire cage top 

2. Insert the wired end of the load cell in the base plate bottom and align the holes 

of the load cell with the holes on the bottom of the base plate bottom piece. Insert 

screws through the base plate bottom holes and the load cell holes, ensuring that 

the load cell remains level. 

3. Feed the wires from the load cell through the large hole in the top of the base 

plate bottom 

4. Place the other end of the load cell underneath the holes from the gel cup holder 

and align the gel cup holder holes with the load cell holes 

5. Insert screws from the top of the gel cup holder. 

6. From underneath the wire cage top, align the four holes and the large hole with 

the wires from the base plate bottom piece with the four holes and the large hole 
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in the base plate. Feed the wires from the load cell through the large hole of the 

base plate. 

7. Insert screws into the four holes in the base plate, ensuring that the base plate 

bottom piece remains level. 

The scale assembly should be secure on the wire rack. 

Stage 4: Configuring the Circuit 

Make the following connections on the circuit components: 

Arduino and Breadboard: 

Since multiple components will require a positive power supply and ground pins, make 

positive and ground power rails on the breadboard. The following figure is one sugges-

tion of how to do this. 

 

 

Load Cell Amplifier: 

Connect: 

 

Load Cell Amplifier -----> Arduino 

VCC --------------------------> Vcc 

DAT--------------------------> Pin 6 

CLK---------------------------> Pin 7 

GND -------------------------> Gnd 

 

Load Cell Amplifier ----> Load Cell 

RED ------------------------> Red wire 

BLK ------------------------> Black wire 
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WHT ----------------------> White wire 

GRN -----------------------> Green wire 

 

Use jumper wires and the breadboard as necessary to make the connections with the 

Arduino. Note that to reduce the number of wires, the load cell amplifier headers could 

be connected directly to the breadboard and use the breadboard pins to connect to the 

Arduino. 

SD Card Reader Module: 

Connect: 

SD Card Module ------> Arduino 

CS ------------------------> Pin 10 

SCK ----------------------> Pin 13 

MOSI --------------------> Pin 11 

MISO --------------------> Pin 12 

VCC ----------------------> Vcc 

GND ---------------------> Gnd 

 

Use jumper wires and the breadboard as necessary to make the connections with the 

Arduino. 

 

Liquid Crystal LED Display: 

Connect: 

LED Display ----------> Arduino 

GND ---------------------> Gnd 

VCC ----------------------> Vcc 

V0 ------------------------> Gnd 

RS ------------------------> Pin 9 

R/W ---------------------> Gnd 

E -------------------------> Pin 8 

DB4 ---------------------> Pin 5 

DB5 ---------------------> Pin 4 

DB6 ---------------------> Pin 3 

DB7 ---------------------> Pin 2 

B+ -----------------------> Vcc 

B-  -----------------------> Gnd 

 

Use jumper wires and the breadboard as necessary to make the connections with the 

Arduino. 

Stage 5: Calibrating the Scale 

Upload the load cell calibration sketch to the Arduino, ensuring that the sketch is using 

the correct serial port for the Arduino. For the full calibration sketch, see Appendix A and 
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can also be found in the supplementary materials. Open the serial monitor on the Ar-

duino IDE and put a known mass in the gel cup. Adjust the calibration factor until the 

displayed value on the serial monitor matches the actual mass. The calibration factor 

should be around 6720 but may vary slightly for individual load cells. 

Stage 6: Load Cell Sketch 

Modify the calibration factor in the load cell sketch to match the determined calibration 

factor from the previous stage. For the full load cell sketch, see Appendix B and can also 

be found in the supplementary materials. Simply upload the code to the Arduino, ensur-

ing that the sketch is using the correct serial port for the Arduino. 

Stage 7: Operating the Scale 

1. Remove the microSD card from the module and move data files 

“LOADCELL.CSV” and “TIME.CSV” to a computer 

a. Rename “LOADCELL.CSV” and “TIME.CSV” by inserting the date 

(YYMMDD) and the mouse number (##). For example, removing the card 

from mouse one’s cage on August 7, 2018, we would rename the load 

cell file as “180807_01LOADCELL.CSV” and the time file as 

“180807_01TIME.CSV”. 

2. Insert the microSD card back in the module 

3. Remove the gel cup from the holder 

4. Record the mass of gel and load it with new gel and record the new weight 

5. Ensure that the USB printer cable is connected to a power source.  

6. Press the reset button on the Arduino to initialize the data collection and to tare 

the scale.  

7. Secure the gel cup in the holder 

8. Replace the wire and plastic cage tops, being careful not to shift the wiring too 

much  

Stage 8: Processing the Data 

For the full MATLAB script, see Appendix C and can also be found in the supplementary 

materials. Ensure that the MATLAB script and the loadcell and time files are in the same 

directory. Simply run the MATLAB script and follow the prompts on the command win-

dow. Note that the files for each of the load cell data and time data must be named 

exactly in the style of YYMMDD_##LOADCELL.CSV and YYMMDD_##TIME.CSV with-

out any spaces for the program to work. If you get an error, check to see if the files are 

named properly. When the script finishes running, enter “y” on the command line to save 

the processed mass data. 

After saving the mass data to the same directory as the MATLAB script, move the mass 

data to the folder containing data for the specific mouse. Then run the corresponding 

MATLAB script and follow the prompt to enter how many days of data are being pro-

cessed to average the mass data over several days. The MATLAB script will 

automatically save the averaged mass data into the same directory as the script. 
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After saving the average data for each of the mice, put the saved average data for each 

of the mice into the same directory as the GelAverages MATLAB script and run it. This 

will produce figures comparing each of the mice in each group of the drugs individually 

and combined with the other drugs 

 

7.2     Appendix II: Code Documentation 
 

7.2.1     Ex vivo Single Cell Imaging Example Code 

clear all; close all; clc 

folderPath = 'E:\Lab\Cell Imaging\Fixed Cell Imaging\091019 kr kn hyperred 

slice 2 NALFURAFINE'; 

cd(folderPath) 

 

% Read in files in data folder 

files = dir('*.mat'); 

data = cell(length(files), 1); 

for i = 1 : length(files) 

    temp = open(files(i).name); 

    data{i} = temp.images; 

end 

filename = files(1).name(1 : end - 4); 

 

numFrames = length(data{1}); 

for i = 1 : numFrames 

   imshow(data{1}{i}) 

   pause(0.1) 

   disp(strcat('Reading frame', {' '}, num2str(i))) 

end 

TREATMENTS = [7]; 

 

% Define baseline frames 

baselineFrames = 4 : 7; 

 

% Initialize signal structure 

signal = cell(length(numFrames), 1); 

 

% Initizalize cell for holding binarized locations 

filled = cell(length(numFrames), 1); 

 

% Initialize cell for holding cell borders 

borders = cell(length(numFrames), 1); 

 

% Loop through baseline frames 

for k = baselineFrames 

    frame = data{1}{k}; 

    filled{k} = false(512); 

 

    % Find circles within radius range and sensitivity level 

    [centers,radii] = imfindcircles(frame,[4,15],'Sensitivity',.90); 

    signal{k} = zeros(length(centers), 1); 

 

    % Loop through each cell 

    for i = 1 : length(centers) 

        radius = floor(radii(i)); 
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        % Create structuring element with specified radius 

        SE = strel('disk', radius, 0); 

 

        % Find indices that correspond with the structuring element 

        circle = find(getnhood(SE)); 

 

        % Create X and Y coordinates about center for circle of interest 

        [X,Y] = ind2sub(size(getnhood(SE)), circle); 

        X = X - radius - 1; 

        Y = Y - radius - 1; 

 

        % Ensure that there is no overlap with the edge of the frame 

        if floor(centers(i, 2)) + min(X) > 0 && ceil(centers(i, 2)) + max(X) < 

512 

            if floor(centers(i, 1)) + min(Y) > 0 && ceil(centers(i, 1)) + 

max(Y) < 512 

                cellIndex = sub2ind(size(frame), ceil(centers(i,2)) + X, 

ceil(centers(i,1)) + Y); 

                filled{k}(cellIndex) = true; 

                borders{k} = bwperim(filled{k}); 

                signal{k}(i,1) = sum(frame(cellIndex)); 

            end 

        end 

    end 

end 

compositeBaselineFrame = false(512); 

for k = baselineFrames 

   compositeBaselineFrame(filled{k}) = true; 

end 

 

% Create structure for the location for each cell 

cc = bwconncomp(compositeBaselineFrame, 4); 

baselineCellIdx = cc.PixelIdxList'; 

 

stat = regionprops(cc, 'centroid', 'area'); 

baselineCellLocs = zeros(length(stat), 2); 

for i = 1 : length(stat) 

   baselineCellLocs(i, :) = stat(i).Centroid; 

end 

 

% Generate baseline fluorescence value for each region of interest 

baselineCellFluor = zeros(length(baselineCellIdx), length(baselineFrames)); 

for k = baselineFrames 

    frame = data{1}{k}; 

    for i = 1 : length(baselineCellIdx) 

       baselineCellFluor(i, k - baselineFrames(1) + 1) = sum(frame(baselineCel-

lIdx{i})) / stat(i).Area; 

    end 

end 

baselineCellFluor = mean(baselineCellFluor, 2); 

 

% Generate fluorescence values for each region of interest for each frame 

cellFluor = zeros(length(baselineCellIdx), numFrames); 

for k = 1 : numFrames 

   frame = data{1}{k}; 

   for i = 1 : length(baselineCellIdx) 

      cellFluor(i, k) = sum(frame(baselineCellIdx{i})) / stat(i).Area; 

   end 

   cellFluor(:, k) = (cellFluor(:, k) - baselineCellFluor) ./ baselineCellFluor 

* 100; 
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end 

cellFluor = cellFluor'; 

minAbsDist = zeros(size(cellFluor, 2), 1); 

for i = 1 : size(cellFluor, 2) 

   if i ~= size(cellFluor, 2) 

      minAbsDist(i) = sum(abs(cellFluor(:, i) - cellFluor(:, i + 1)).^2); 

   else 

      minAbsDist(i) = sum(abs(cellFluor(:, i) - cellFluor(:, 1)).^2); 

   end 

   for j = 1 : size(cellFluor, 2) 

      if j ~= i 

          tempDist = sum(abs(cellFluor(:, i) - cellFluor(:, j)).^2); 

          minAbsDist(i) = min(minAbsDist(i), tempDist); 

      end 

   end 

end 

fig = figure; 

dist = minAbsDist > 160; 

hold on 

for i = 1 : length(baselineCellIdx) 

   txt = char(strcat('Cell', {' '}, num2str(i))); 

   if dist(i) == 1 

      plot(cellFluor(:, i), '-o', 'DisplayName', txt, 'LineWidth', 2) 

   end 

end 

 

for i = 1 : length(baselineCellIdx) 

   if dist(i) == 0 

      plot(cellFluor(:, i), '-o', 'LineWidth', 0.5) 

   end 

end 

 

for i = 1 : length(TREATMENTS) 

   txt = char(strcat('Treatment', {' '}, num2str(i))); 

   line([TREATMENTS(i) TREATMENTS(i)], [-60 40], 'DisplayName', txt, 'Lin-

eWidth', 2, 'Color', 'k') 

end 

 

% legend show 

% lgd = legend('Location', 'BestOutside'); 

% lgd.FontSize = 8; 

box on 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

filename = 'Individual Nalfurafine Traces'; 

title(filename, 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

%saveas(fig, strcat(filename, '.jpg')) 

exportFluor = [(1 : size(cellFluor, 1))' cellFluor]; 

% xlswrite(strcat(filename, '.xlsx'), exportFluor, 1, 'A2') 

% xlswrite(strcat(filename, '.xlsx'), {'Frame Number'}, 1, 'A1') 

 

figure; 
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imshow(imoverlay(data{1}{1}, bwperim(compositeBaselineFrame))) 

hold on 

for i = 1 : length(baselineCellIdx) 

   cellDescrip = strcat('Cell', {' '}, num2str(i), ':', {' '}, 

num2str(round(baselineCellFluor(i)))); 

   text(baselineCellLocs(i, 1) + 5, baselineCellLocs(i, 2) + 5, num2str(i) , 

'color', 'red', 'FontSize', 8) 

end 

 

baselineFrameFluor = zeros(length(baselineFrames), 1); 

for k = baselineFrames 

   baselineFrameFluor(k - baselineFrames(1) + 1) = sum(sum(data{1}{k})); 

end 

 

frameFluor = zeros(length(baselineFrames), 1); 

for k = 1 : numFrames 

   frameFluor(k) = (sum(sum(data{1}{k})) - mean(baselineFrameFluor)) / 

mean(baselineFrameFluor) * 100; 

end 

figure; 

plot(frameFluor, '-o', 'LineWidth', 2) 

hold on 

for i = 1 : length(TREATMENTS) 

    line([TREATMENTS(i) TREATMENTS(i)], [-40 40], 'color', [i * 30 + 50 100 * i 

- 70 50] / 255, 'LineWidth', 1.5) 

end 

legend('Frame Fluorescence', 'Treatment 1') 

 

7.2.2     Single HEK Cell Imaging Load Gifs Code 

clear all; close all; clc 

folderPath = 'E:\Lab\Cell Imaging\Live Cell Imaging\Data\191115'; 

cd(folderPath); 

 

files = dir('**'); 

files(1 : 2) = []; 

 

numFiles = numel(files); 

 

data = cell(numFiles, 1); 

for i = 1 : numFiles 

    filename = files(i).name; 

    data{i} = imread(filename, 'gif'); 

    disp(strcat('Reading File: ', {' '}, filename)) 

end 

numFrames = zeros(numFiles, 1); 

for i = 1 : numFiles 

   numFrames(i) = size(data{i}, 4) / 2; 

end 



7     Appendices 

 

 

118 

 

img_hyper = cell(numFiles, 1); 

for i = 1 : numFiles 

   img_hyper{i}(:, :, :) = data{i}(:, :, 1, 2 : 2 : size(data{i}, 4)); 

end 

 

img_hy31 = cell(numFiles, 1); 

for i = 1 : numFiles 

   img_hy31{i}(:, :, :) = data{i}(:, :, 1, 1 : 2 : size(data{i}, 4)); 

end 

 

filename = files(1).name; 

filename = filename(1 : 6); 

%save(strcat(filename, '.mat'), 'img_hyper', 'img_hy31', 'numFrames') 

 

7.2.3     Single HEK Cell Imaging Example Code 

clear all; close all; clc 

plateNumber = 2; 

positions = 1 : 4; 

 

individual_cell_data = cell(length(positions), 1); 

originalFileName = '190821'; 

maskFileName = strcat('BPF_', originalFileName); 

data_original = open(strcat(originalFileName, '.mat')); 

data = open(strcat(maskFileName, '.mat')); 

 

img_hrm63_raw = data_original.img_hyper; 

img_hrm63_mask = data.img_hyper; 

 

% img_hrm63_raw = data_original.img_hrm63; 

% img_hrm63_mask = data.img_hrm63; 

 

numFrames = data.numFrames; 

 

numFiles = length(img_hrm63_raw); 

pos = 1; 

 

positionNumber = positions(pos); 

dataNumber = (plateNumber - 1) * 4 + positionNumber; 

img_hrm63 = img_hrm63_mask; 

 

baselineFrames = 5 : 10; 
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numCells =      zeros(numFrames(dataNumber), 1); 

pixList =       cell(numFrames(dataNumber), 1); 

filledFrames =  cell(numFrames(dataNumber), 1); 

centroidLocs =  cell(numFrames(dataNumber), 1); 

cellAreas =     cell(numFrames(dataNumber), 1); 

newBorders =    cell(numFrames(dataNumber), 1); 

newPixList =    cell(numFrames(dataNumber), 1); 

 

 

for k = baselineFrames 

    frame1 = img_hrm63{dataNumber}(:, :, k); 

    sub_mask = frame1; 

    threshold = mean(mean(sub_mask)); 

    sub_mask(sub_mask >=  threshold) = threshold; 

    sub_mask = imgaussfilt(sub_mask); 

 

    frame1 = frame1 - sub_mask; 

    frame1 = imgaussfilt(frame1); 

    borders = zeros(512,512); 

 

    dist1 = 1; 

    threshUpper = 15; 

    threshLower = 15; 

    for r = 1 + dist1 : 512 - dist1 

        for c = 1 + dist1 : 512 - dist1 

            p    = frame1(r, c); 

            pU1  = frame1(r - dist1, c); 

            pL1  = frame1(r, c - dist1); 

            pR1  = frame1(r, c + dist1); 

            pB1  = frame1(r + dist1, c); 

 

            AOI = [p pU1 pB1 pL1 pR1]; 

 

            if sum(AOI) ~= 0 

                if p >= threshUpper 

                    if ((pU1 <= threshLower && pB1 >= threshUpper) || (pU1 >= 

threshUpper && pB1 <= threshLower)) 

                        borders(r,c) = 1; 

                    elseif (pL1 <= threshLower && pR1 >= threshUpper) || (pL1 

>= threshUpper && pR1 <= threshLower) 

                        borders(r, c) = 1; 

                    end 

                end 

            end 

        end 

    end 

 

    bordersMem = bwmorph(borders, 'close'); 
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    se = strel('disk', 2); 

    borders = imclose(bordersMem, se); 

 

    for i = 1 : 512 

       for j = 1 : 512 

          if i == 512 || i == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif j == 512 || j == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif i == 512 && j == 512 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif i == 1 && j == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          end 

       end 

    end 

    filled = imfill(borders,'holes'); 

 

    [labeledImage, numberOfRegions] = bwlabel(filled); 

    labeledImage = bwareaopen(labeledImage, 100); 

 

    binaryLabIm = zeros(512); 

    binaryLabIm(labeledImage) = 1; 

    borders(~labeledImage) = 0; 

 

 

    filled = imfill(borders, 'holes'); 

    D = -bwdist(~filled); 

    mask = imextendedmin(D, 2); 

    D2 = imimposemin(D, mask); 

    Ld = watershed(D2); 

    filled(Ld == 0) = 0; 

    L = filled; 

 

    imshow(L) 

    filledFrames{k} = L; 

 

    % Define structure of connected components 

    cc = bwconncomp(L, 4); 

    numCells(k) = cc.NumObjects; 

    pixList{k} = cc.PixelIdxList; 

 

    % Extract centroid and area for each ROI 

    stat = regionprops(cc, 'centroid', 'area'); 

    newPixList{k} = cell(size(pixList{k})); 

    for i = 1 : length(stat) 

        % Check if cell is within frame 

        if stat(i).Centroid(1) < 510 && stat(i).Centroid(2) < 510 && 

stat(i).Centroid(1) > 10 && stat(i).Centroid(2) > 10 

 

           % Size exclusion for cells smaller than 10 pixels 

           if stat(i).Area > 10 

              % Store centroid locations, cell areas, and pixel index list 
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              centroidLocs{k} = [centroidLocs{k}; stat(i).Centroid]; 

              cellAreas{k} = [cellAreas{k}; stat(i).Area]; 

              newPixList{k}{1, i} = pixList{k}{1, i}; 

           end 

        end 

    end 

    newPixList{k} = newPixList{k}(~cellfun('isempty', newPixList{k})); 

end 

 

for i = baselineFrames 

    newBorders{i} = bwperim(filledFrames{i}); 

end 

 

compositeBaselineFrame = false(size(filled)); 

for k = baselineFrames 

   for j = 1 : length(newPixList{k}) 

      compositeBaselineFrame(newPixList{k}{j}) = true; 

   end 

end 

 

adj_pixList = cell(numFrames(dataNumber), 1); 

 

% Remove empty indices from the pixel index list 

for k = baselineFrames 

    adj_pixList{k} = newPixList{k}(~cellfun('isempty', newPixList{k})); 

end 

baselineCentroids = centroidLocs{baselineFrames(1)}; 

baselinePix = adj_pixList{baselineFrames(1)}; 

duplicates = cell(length(baselineCentroids), 2); 

count = 1; 

 

% Loop through length of baseline centroids 

for i = 1 : length(baselineCentroids) 

   % Check if each baseline centroid is within 0.03 of any other centroid 

   if any(ismembertol(baselineCentroids(i, :), baselineCentroids, 0.03, 'By-

Rows', true)) 

       % Return index/indices where this occurs 

       [~, index] = ismembertol(baselineCentroids(i, :), baselineCentroids, 

0.02, 'ByRows', true', 'OutputAllIndices', true); 

 

       % Store original baseline centroid index 

       duplicates{count, 1} = i; 

       % Store index/indices within tolerance of original baseline centroid 

       duplicates{count, 2} = index{1}; 

       count = count + 1; 

   end 

end 

 

 

usedPairs = [0 0]; 

% Loop through length of baseline centroids 

for i = 1 : length(duplicates) 

   % If there are more than one duplicates (ie original baseline and 

   % others) 
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   if length(duplicates{i, 2}) > 1 

      % If the pair has not already been recorded 

      if ~ismember(duplicates{i, 2}', usedPairs, 'rows') 

           % Replace duplicate with average of both centroids 

           baselineCentroids(duplicates{i, 1}, :) = (baselineCentroids(dupli-

cates{i, 1}, :) + centroidLocs{baselineFrames(1)}(duplicates{i, 2}(2), :)) / 2; 

           % Delete duplicate centroid 

           baselineCentroids(duplicates{i, 2}(2), :) = []; 

           % Create composite pixel index with both centroids 

           temp = false(512); 

           temp(union(baselinePix{duplicates{i, 1}}, baselinePix{duplicates{i, 

2}(2)})) = true; 

           temp = imclose(temp, strel('disk', 3)); 

           baselinePix{duplicates{i, 1}} = find(temp); 

           baselinePix{duplicates{i, 2}(2)} = []; 

           usedPairs = [usedPairs; duplicates{i, 2}']; 

       end 

   end 

end 

baselinePix = baselinePix(~cellfun('isempty', baselinePix)); 

 

tempCent = cell(numFrames(dataNumber), 1); 

tempFrameInd = cell(numFrames(dataNumber), 1); 

% Delete empty cells 

for k = baselineFrames 

   tempCent{k} = []; 

   tempFrameInd{k} = {}; 

   for j = 1 : length(newPixList{k}) 

      if ~isequal(centroidLocs{k}(j, :), [0 0]) 

         tempCent{k} = [tempCent{k}; centroidLocs{k}(j, :)]; 

         tempFrameInd{k}{end + 1} = newPixList{k}{j}; 

      end 

   end 

end 

 

newPixList = tempFrameInd; 

centroidLocs = tempCent; 

for k = baselineFrames 

    % Identify all of the centroids in the baseline frame 

    for i = 1 : length(centroidLocs{k}) 

        % Check if centroid is already contained in baselinePix 

        if any(ismembertol(centroidLocs{k}(i, :), baselineCentroids, 0.05, 'By-

Rows', true)) 

            [~, index] = ismembertol(centroidLocs{k}(i, :), baselineCentroids, 

0.05, 'ByRows', true, 'OutputAllIndices', true); 

             % Average current centroid with existing centroid 

             baselineCentroids(index{1}(1), :) = (centroidLocs{k}(i, :) + base-

lineCentroids(index{1}(1), :)) / 2; 

             % Store composite of both current and existing centroids 

             temp = false(512); 

             temp(baselinePix{index{1}(1)}) = true; 

             temp(adj_pixList{k}{i}) = true; 

             baselinePix{index{1}(1)} = find(temp); 

        else % Centroid is not already in baselinePix 

 

            % Store centroids and pixel index list 

            baselineCentroids = [baselineCentroids; centroidLocs{k}(i, :)]; 

            baselinePix{end + 1} = adj_pixList{k}{i}; 

        end 

    end 

end 
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baselineCellAreas = zeros(length(baselineCentroids), 1); 

for i = 1 : length(baselineCentroids) 

   temp = false(512); 

   temp(baselinePix{i}) = true; 

   tempStats = regionprops(temp); 

   baselineCellAreas(i) = tempStats.Area; 

end 

matchingCell = cell(numFrames(dataNumber), 1); 

for k = baselineFrames 

    % Store all centroids in the baseline frame 

    cents = centroidLocs{k}; 

    matchingCell{k} = zeros(length(cents), 1); 

    % Loop through all centroids in the baseline frame 

    for i = 1 : length(cents) 

       cellLoc = cents(i, :); 

       dist = zeros(length(baselineCentroids), 1); 

       % Loop through all baseline centroids 

       for j = 1 : length(baselineCentroids) 

          % Calculate distance from centroids in baseline frame to baseline 

          % centroids 

          dist(j) =  pdist([cellLoc; baselineCentroids(j, :)]); 

       end 

       % Find centroid with the minimum distance 

       [~, I] = min(dist); 

       % Match centroid in baseline frame to specific baseline centroid 

       matchingCell{k}(i) = I; 

    end 

end 

baselineFluor = zeros(length(baselineCentroids), length(baselineFrames)); 

for k = baselineFrames 

   % Loop through all matched cells in baseline frames 

   for i = 1 : length(matchingCell{k}) 

       % Store matched cell 

       matchedCell = baselinePix{matchingCell{k}(i)}; 

 

       % Create mask outlining matched cell 

       mask = false(512); 

       mask(matchedCell) = true; 

 

       % Multiply mask by original image and sum to get cell fluorescence 

       tempIm = img_hrm63_raw{dataNumber}(:, :, k); 

       indCell = tempIm .* uint8(mask); 

 

       % Normalize cell to the baseline cell area 

       indCellFluor = sum(sum(indCell)) / baselineCellAreas(match-

ingCell{k}(i)); 

       baselineFluor(matchingCell{k}(i), k - baselineFrames(1) + 1) = indCell-

Fluor; 

   end 

end 

 

numBaselineCells = length(baselineCentroids); 

keepInd = []; 
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for i = 1 : numBaselineCells 

   if length(find(baselineFluor(i, :))) > 2 

        keepInd = [keepInd; i]; 

   end 

end 

newBaselineFluor = baselineFluor(keepInd, :); 

newBaselineCentroids = baselineCentroids(keepInd, :); 

newBaselineCellAreas = baselineCellAreas(keepInd); 

newBaselinePix = baselinePix(keepInd); 

 

baselineFluorAvg = zeros(length(newBaselineFluor), 1); 

for i = 1 : length(newBaselineFluor) 

   baselineFluorAvg(i) = sum(newBaselineFluor(i, :)) / length(find(newBaseline-

Fluor(i, :))); 

end 

totalPix = cell(numFrames(dataNumber), 1); 

totalFramesCentroids = cell(numFrames(dataNumber), 1); 

totalFramesAreas = cell(numFrames(dataNumber), 1); 

tempCent = cell(numFrames(dataNumber), 1); 

tempFrameInd = cell(numFrames(dataNumber), 1); 

for k = 1 : numFrames(dataNumber) 

    disp(strcat('Reading Frame', {' '}, num2str(k))) 

 

    frame1 = img_hrm63{dataNumber}(:, :, k); 

    sub_mask = frame1; 

    threshold = mean(mean(sub_mask)); 

    sub_mask(sub_mask >=  threshold) = threshold; 

    sub_mask = imgaussfilt(sub_mask, 0.5); 

 

    frame1 = frame1 - sub_mask; 

    frame1 = imgaussfilt(frame1, 0.5); 

    borders = zeros(512,512); 

 

    dist1 = 1; 

    threshUpper = 15; 

    threshLower = 15; 

    for r = 1 + dist1 : 512 - dist1 

        for c = 1 + dist1 : 512 - dist1 

            p    = frame1(r, c); 

            pU1  = frame1(r - dist1, c); 

            pL1  = frame1(r, c - dist1); 

            pR1  = frame1(r, c + dist1); 

            pB1  = frame1(r + dist1, c); 

 

            AOI = [p pU1 pB1 pL1 pR1]; 

 

            if sum(AOI) ~= 0 

                if p >= threshUpper 

                    if ((pU1 <= threshLower && pB1 >= threshUpper) || (pU1 >= 

threshUpper && pB1 <= threshLower)) 

                        borders(r, c) = 1; 

                    elseif (pL1 <= threshLower && pR1 >= threshUpper) || (pL1 

>= threshUpper && pR1 <= threshLower) 

                        borders(r,c) = 1; 
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                    end 

                end 

            end 

        end 

    end 

 

    bordersMem = bwmorph(borders, 'close'); 

    se = strel('disk',2); 

    borders = imclose(bordersMem, se); 

 

    for i = 1 : 512 

       for j = 1 : 512 

          if i == 512 || i == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif j == 512 || j == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif i == 512 && j == 512 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          elseif i == 0 && j == 1 

              if frame1(i, j) >= 8 

                borders(i, j) = 255; 

              end 

          end 

       end 

    end 

    filled = imfill(borders,'holes'); 

 

    [labeledImage, numberOfRegions] = bwlabel(filled); 

 

    labeledImage = bwareaopen(labeledImage, 100); 

 

    binaryLabIm = zeros(512); 

    binaryLabIm(labeledImage) = 1; 

    borders(~labeledImage) = 0; 

 

    filled = imfill(borders, 'holes'); 

    D = -bwdist(~filled); 

    mask = imextendedmin(D, 2); 

    D2 = imimposemin(D, mask); 

    Ld = watershed(D2); 

    filled(Ld == 0) = 0; 

    L = filled; 

    imshow(L) 

    cc = bwconncomp(L, 4); 

    tempPix = cc.PixelIdxList; 

    stat = regionprops(cc, 'centroid', 'area'); 

    for i = 1 : length(stat) 

         if stat(i).Centroid(1) < 510 && stat(i).Centroid(2) < 510 && 

stat(i).Centroid(1) > 10 && stat(i).Centroid(2) > 10 

            if stat(i).Area > 10 

               totalFramesCentroids{k} = [totalFramesCentroids{k}; stat(i).Cen-

troid]; 

               totalFramesAreas{k} = [totalFramesAreas{k}; stat(i).Area]; 

               totalPix{k}{1, i} = tempPix{i}; 

           end 
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        end 

    end 

    totalPix{k} = totalPix{k}(~cellfun('isempty', totalPix{k})); 

 

 

   for j = 1 : length(totalPix{k}) 

      for i = 1 : length(totalPix{k}) 

         dist = pdist([totalFramesCentroids{k}(j, :); totalFramesCen-

troids{k}(i, :)]); 

         cellArea1 = size(totalPix{k}{i}, 1); 

         cellArea2 = size(totalPix{k}{j}, 1); 

         if dist ~= 0 && dist < 40 

             if cellArea1 < 400 || cellArea2 < 400 

                 totalFramesCentroids{k}(j, :) = (totalFramesCentroids{k}(j, :) 

+ totalFramesCentroids{k}(i, :)) / 2; 

                 totalFramesCentroids{k}(i, :) = [0 0]; 

                 totalPix{k}{j} = [totalPix{k}{j}; totalPix{k}{i}]; 

                 totalPix{k}{i} = zeros(size(totalPix{k}{i})); 

             end 

         end 

      end 

   end 

 

   tempCent{k} = []; 

   tempFrameInd{k} = {}; 

   for j = 1 : length(totalPix{k}) 

      if ~isequal(totalFramesCentroids{k}(j, :), [0 0]) 

         tempCent{k} = [tempCent{k}; totalFramesCentroids{k}(j, :)]; 

         tempFrameInd{k}{end + 1} = totalPix{k}{j}; 

      end 

   end 

 

    totalPix = tempFrameInd; 

    totalFramesCentroids = tempCent; 

 

end 

 
totalMatchingCell = cell(numFrames(dataNumber), 1); 

for k = 1 : numFrames(dataNumber) 

    cents = totalFramesCentroids{k}; 

    totalMatchingCell{k} = zeros(length(cents), 1); 

    for i = 1 : length(cents) 

       cellLoc = cents(i, :); 

       dist = zeros(length(newBaselineCentroids), 1); 

       for j = 1 : length( newBaselineCentroids) 

          dist(j) = pdist([cellLoc; newBaselineCentroids(j, :)]); 

       end 

       [val, I] = min(dist); 

       if val < 30 

          totalMatchingCell{k}(i) = I; 

       else 

          totalMatchingCell{k}(i) = 0; 

       end 

    end 

end 

 

cellMasks = cell(numFrames(dataNumber), 1); 

for k = 1 : numFrames(dataNumber) 

   cellMasks{k} = cell(length(newBaselineCentroids), 1); 
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   for j = 1 : length(newBaselineCentroids) 

       cellMasks{k}{j} = false(512); 

   end 

end 

 

maskAreas = cell(numFrames(dataNumber), 1); 

for k = 1 : numFrames(dataNumber) 

   maskAreas{k} = zeros(length(newBaselineCentroids), 1); 

   for j = 1 : length(totalMatchingCell{k}) 

       num = totalMatchingCell{k}(j); 

       if num ~= 0 

           temp = false(512); 

           if ismember(0, totalPix{k}{j}) 

              totalPix{k}{j} = find(totalPix{k}{j}); 

           end 

           temp(totalPix{k}{j}) = true; 

           cellMasks{k}{num} = (cellMasks{k}{num} | temp); 

           stats = regionprops(cellMasks{k}{num}, 'Area'); 

           maskAreas{k}(num) = stats.Area; 

       end 

   end 

end 

for k = 1 : numFrames(dataNumber) 

   temp = false(512); 

   for j = 1 : length(cellMasks{k}) 

      temp(cellMasks{k}{j}) = true; 

   end 

   imshow(imoverlay(adapthisteq(img_hrm63{dataNumber}(:, :, k)), 

bwperim(temp))) 

   pause(0.01) 

end 

 

totalCellFluor = zeros(length(newBaselineCentroids), numFrames(dataNumber)); 

for k = 1 : numFrames(dataNumber) 

   for i = 1 : length(cellMasks{k}) 

       tempIm = img_hrm63_raw{dataNumber}(:, :, k); 

       indCell = tempIm .* uint8(cellMasks{k}{i}); 

       indCellFluor = (sum(sum(indCell))) / maskAreas{k}(i); 

       totalCellFluor(i, k) = indCellFluor; 

   end 

end 

totalCellFluor(totalCellFluor == 0) = NaN; 

norm_cell_fluor = zeros(size(totalCellFluor)); 

for k = 1 : numFrames(dataNumber) 

    norm_cell_fluor(:, k) = (totalCellFluor(:, k) - baselineFluorAvg) ./ base-

lineFluorAvg; 

end 

norm_cell_fluor = norm_cell_fluor'; 

window = 2; 

smooth_cell_fluor = zeros(numFrames(dataNumber) - window, length(newBaseline-

Centroids)); 

for i = 1 : length(newBaselineCentroids) 

    for j = 1 : numFrames(dataNumber) - window 

       smooth_cell_fluor(j, i) = nanmean(norm_cell_fluor(j : j + window, i)); 

    end 



7     Appendices 

 

 

128 

 

end 

valid_cells = []; 

for i = 1 : size(smooth_cell_fluor, 2) 

   if sum(isnan(smooth_cell_fluor(:, i))) < 5 && max(smooth_cell_fluor(:, i)) < 

1.8 

       valid_cells = [valid_cells i]; 

   end 

end 

%treatmentTimes = [11 35.5 65.5 70.5 75.5]; 

treatmentTimes = [10.5 20.5 30.5 40.5]; 

for i = valid_cells 

   fig1 = figure(1); 

   plot(smooth_cell_fluor(:, i), 'o-') 

   hold on 

   for j = treatmentTimes 

      line([j j], [0 20], 'color', 'r') 

   end 

   hold off 

   ylim([0 2.5]) 

   xlim([0 51]) 

   fig1.Position = [100 480 560 420]; 

 

   fig2 = figure(2); 

   temp = false(512); 

   temp(newBaselinePix{i}) = true; 

   figure(2) 

   imshow(imoverlay(adapthisteq(img_hrm63{dataNumber}(:, :, base-

lineFrames(1))), bwperim(temp))) 

   text(10, 10, num2str(i), 'color', 'r', 'FontSize', 12) 

   fig2.Position = [700 262 686 607]; 

   pause(1) 

 

end 

 

plotCells = [1 : size(smooth_cell_fluor, 2)]; 

if window ~= 0 

    padded_cell_fluor = [NaN(window, size(smooth_cell_fluor, 2)); 

smooth_cell_fluor]; 

else 

    padded_cell_fluor = smooth_cell_fluor; 

end 

figure; 

hold on 

for i = 1 : length(treatmentTimes) 

    line([treatmentTimes(i) treatmentTimes(i)], [-5 5], 'color', [50 * i 50 60 

* i] / 255, 'linewidth', 2) 

end 

plot(padded_cell_fluor(:, valid_cells), 'o-') 

ylim([-1 2.5]) 

title(strcat('Individual Cell Fluorescence of Hy46 with', {' '}, 'H_2', 'O_2', 

{' '}, 'Ramp'), 'FontSize', 18) 

legend('10 uM H202', '30 uM H202', '100 uM H202', '300 uM H202') 

xlabel('Time (min)', 'FontSize', 14) 

ylabel('\Delta F / F', 'FontSize', 14) 

cellAreas = zeros(size(totalCellFluor)); 

for i = 1 : size(cellAreas, 1) 

   for j = 1 : size(cellAreas, 2) 
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      cellAreas(i, j) = maskAreas{j}(i); 

   end 

end 

 

cellAreas = cellAreas(valid_cells, :); 

figure; 

plot(nanmean(padded_cell_fluor(:, valid_cells), 2), 'linewidth', 2) 

ylim([-1 2.5]) 

for i = 1 : length(treatmentTimes) 

    line([treatmentTimes(i) treatmentTimes(i)], [-1 5], 'color', [50 * i 50 60 

* i] / 255, 'linewidth', 2) 

end 

title(strcat('Average Across Cells of Hy46 with', {' '}, 'H_2', 'O_2', {' '}, 

'Ramp'), 'FontSize', 18) 

legend('Average Signal', '10 uM H202', '30 uM H202', '100 uM H202', '300 uM 

H202') 

xlabel('Time (min)', 'FontSize', 14) 

ylabel('\Delta F / F', 'FontSize', 14) 

 

individual_cell_data{pos} = padded_cell_fluor(:, valid_cells); 

 

figure; 

leg = {}; 

for i = 1 : length(individual_cell_data) 

   tempData = individual_cell_data{i}; 

   hold on 

   plot(nanmean(tempData, 2), 'linewidth', 2.5) 

   leg{end + 1} = cell2mat(strcat('Position', {' '}, num2str(i))); 

end 

 

leg{5} = '10 \muM (Pos 1/2 only)'; 

leg{6} = '30 \muM (Pos 1/2 only)'; 

leg{7} = '100 \muM (Pos 1/2 only)'; 

leg{8} = '300 \muM (All Pos)'; 

 

for i = 1 : length(treatmentTimes) 

    line([treatmentTimes(i) treatmentTimes(i)], [-0.5 1.5], 'color', [50 * i 50 

60 * i] / 255, 'linewidth', 2) 

end 

legend(leg) 

xlabel('Time (min)', 'FontSize', 14) 

ylabel('\Delta F / F', 'FontSize', 14) 

title('Plate 2 HyPerRed Fluorescence', 'FontSize', 18) 

 

7.2.4     Fiber Photometry Process Raw Tanks Code 

clear all; close all; clc 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

subjectName = 'nalfurafine_cage2_2TM_Subject1-200504-145923'; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

[MAINEXAMPLEPATH,name,ext] = fileparts(cd); % \TDTMatlabSDK\Examples 
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DATAPATH = fullfile(MAINEXAMPLEPATH, 'Process raw files', 'Block Data'); % 

\TDTMatlabSDK\Examples\ExampleData 

[SDKPATH,name,ext] = fileparts(MAINEXAMPLEPATH); % \TDTMatlabSDK 

addpath(genpath(SDKPATH)); 

BLOCKPATH = fullfile(DATAPATH, subjectName); 

 

data = TDTbin2mat(BLOCKPATH, 'type', {'streams'}); 

 

sf = 1017; 

sig_gcamp = data.streams.gcpA.data; 

sig_isobe = data.streams.isoA.data; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%ttl_pulse = data.epocs.PtC0.onset; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

timelin_gcamp = (1 : length(sig_gcamp)) / sf; 

 

save (strcat(subjectName, '.mat'), 'sig_gcamp', 'sig_isobe','timelin_gcamp');%, 

'ttl_pulse'); 

 

figure; 

subplot(2,1,1) 

plot(timelin_gcamp, sig_gcamp, 'k-') 

 

subplot(2,1,2) 

plot(timelin_gcamp, sig_isobe, 'k-') 

 

7.2.5     Fiber Photometry Example Code 

clear all; close all; clc 

% Define sampling frequency, downsampling factor, and new sampling 

% frequency 

sf = 1017; 

dsFactor = 100; 

sf_ds = round(sf / dsFactor); 

 

% Define paths for main folder, data, and images 

folderPath = 'E:\Lab\Fiber Photometry\KLight'; 

dataPath = strcat(folderPath, '\KLight Data'); 

imagePath = strcat(folderPath, '\Images'); 

 

% Look in data path 

cd(dataPath) 

 

% Extract all files in data path 

files = dir('**'); 

files = files(3 : end); 

 

% Determine number of files 

numFiles = length(files); 

 

% Read in .mat files from data folder 

data = cell(numFiles, 1); 

for i = 1 : numFiles 

   data{i} = open(files(i).name); 
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   disp(strcat('Reading File:', {' '}, files(i).name)) 

end 

 

% Return to main folder path 

cd(folderPath) 

 

treatments = {'U50'; ... 

              'Saline'; ... 

              'Naloxone-U50'; ... 

              'Morphine WD';... 

              'Nalfurafine'}; 

numTreatments = length(treatments); 

injections = cell(numFiles, 1); 

treatmentInjections = [1,... 

                       1,... 

                       2,... 

                       1,... 

                       1]; 

 

% U50 Injection 

injections{6} = 1124; 

injections{7} = 682; 

injections{8} = 974; 

injections{9} = 1042; 

injections{10} = 1040; 

 

% Saline Injection 

injections{1} = 997; 

injections{2} = 1016; 

injections{3} = 1020; 

injections{4} = 1064; 

injections{5} = 1094; 

 

% Naloxone/U50 Injection 

injections{11} = [1102 3004]; 

injections{12} = [1048 2990]; 

injections{13} = [1110 3026]; 

injections{14} = [1012 3008]; 

injections{15} = [1290 3234]; 

 

% Morphine W/D 

injections{16} = 2004; 

injections{17} = 1748; 

injections{18} = 1886; 

injections{19} = 1756; 

injections{20} = 1834; 

 

% Nalfurafine 

injections{21} = 996; 

injections{22} = 948; 

injections{23} = 950; 

injections{24} = 1342; 

injections{25} = 1462; 

 

numInjections = zeros(numFiles, 1); 

for i = 1 : numFiles 

   numInjections(i) = length(injections{i}); 

end 

 

U50 = 6 : 10; 
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SALINE = 1 : 5; 

NALOXONE_U50 = 11 : 15; 

MORPHINE_WD = 16 : 20; 

NALFURAFINE = 21 : 25; 

 

% Define length of baseline in minutes 

minute_baselineLength = 5; 

 

% Convert baseline to seconds 

baselineLength = minute_baselineLength * 60; 

 

sig_klight = cell(numFiles, 1); 

sig_isosbe = cell(numFiles, 1); 

 

newInjections = cell(size(injections)); 

for i = 1 : numFiles 

    newInjections{i} = injections{i} - injections{i}(1) + baselineLength; 

end 

 

% Truncate signal 

for i = 1 : numFiles 

    sig_klight{i} = downsample(data{i}.sig_gcamp, dsFactor); 

    sig_isosbe{i} = downsample(data{i}.sig_isobe, dsFactor); 

 

    % Cut off all signal before start of baseline period 

    sig_klight{i} = sig_klight{i}((injections{i}(1) - baselineLength) * sf_ds : 

end); 

    sig_isosbe{i} = sig_isosbe{i}((injections{i}(1) - baselineLength) * sf_ds : 

end); 

end 

 

sig_klight_norm = cell(numFiles, 1); 

sig_isosbe_norm = cell(numFiles, 1); 

 

sig_adj = cell(numFiles, 1); 

 

bestk = zeros(numFiles, 1); 

 

for i = 1 : numFiles 

    % Normalize both KLight and Isosbestic channels 

    sig_klight_norm{i} = ((sig_klight{i} - mean(sig_klight{i}(1 : base-

lineLength * sf_ds))) / mean(sig_klight{i}(1 : baselineLength * sf_ds))) * 100; 

    sig_isosbe_norm{i} = ((sig_isosbe{i} - mean(sig_isosbe{i}(1 : base-

lineLength * sf_ds))) / mean(sig_isosbe{i}(1 : baselineLength * sf_ds))) * 100; 
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    % Low Pass Filter 

    sig_klight_norm{i} = fft_LPF2(0.1, 0.3, sig_klight_norm{i}, sf_ds); 

    sig_isosbe_norm{i} = fft_LPF2(0.1, 0.3, sig_isosbe_norm{i}, sf_ds); 

 

    % Detrend 

    sig_klight_norm{i} = detrend(sig_klight_norm{i}); 

    sig_isosbe_norm{i} = detrend(sig_isosbe_norm{i}); 

 

    % Scale isosbestic channel to fit KLight channel 

    fun = @(x) sseval(x, sig_klight_norm{i}, sig_isosbe_norm{i}); 

    x0 = 0.5; 

    bestk(i) = fminsearch(fun, x0); 

 

    % Subtract fitted isosbestic channel from KLight channel 

    sig_adj{i} = sig_klight_norm{i} - bestk(i) * sig_isosbe_norm{i}; 

 

end 

 

clear sortByTreatment 

 

% Create structure to contain data sorted by treatment 

sortByTreatment(numTreatments) = struct(); 

 

% Initialize fields in sortByTreatment 

for i = 1 : numTreatments 

   sortByTreatment(i).treatment = treatments(i); % Contains treatment name 

   sortByTreatment(i).rawData = {};              % Contains treatment data 

   sortByTreatment(i).injectionTimes = {};       % Contains injection times 

   sortByTreatment(i).id = {};                   % Contains mouse ID 

end 

 

% Initialize field for holding data for each injection period 

for t = 1 : numTreatments 

  for i = 1 : treatmentInjections(t) 

      sortByTreatment(t).injections(i).injectionData = {}; 

  end 

end 

 

% Sort data into treatments 

for i = 1 : numFiles 

   % Determine treatment group 

   if ismember(i, U50) 

       tempTreat = 1; 

   elseif ismember(i, SALINE) 

       tempTreat = 2; 

   elseif ismember(i, NALOXONE_U50) 

       tempTreat = 3; 

   elseif ismember(i, MORPHINE_WD) 

       tempTreat = 4; 

   elseif ismember(i, NALFURAFINE) 

       tempTreat = 5; 

   end 

   % Add raw data to sortByTreatment 

   sortByTreatment(tempTreat).rawData{end + 1, 1} = sig_adj{i}'; 

 

   % Add injection times to sortByTreatment 

   sortByTreatment(tempTreat).injectionTimes{end + 1, 1} = newInjections{i}; 

 

   % Identify mouse ID 

   tempID = regexp(files(i).name, '-', 'split'); 

   tempID = strcat(tempID{2}, '-', tempID{4}, '-', tempID{5}(1 : 2)); 
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   % Add mouse ID to sortByTreatment 

   sortByTreatment(tempTreat).id{end + 1, 1} = tempID; 

end 

 

 

for t = 1 : numTreatments % Go through each treatment group 

  for i = 1 : treatmentInjections(t) % Go through each injection in each treat-

ment 

      sortByTreatment(t).injections(i).minLength = 10 ^ 6; 

 

      for rd = 1 : length(sortByTreatment(t).rawData) % Go through each mouse 

         if treatmentInjections(t) == i % If the number of injections equals 

the current injection of the treatment 

            tempSig = sortByTreatment(t).rawData{rd}((sortByTreatment(t).injec-

tionTimes{rd}(i) - ... 

                                                      sortByTreatment(t).injec-

tionTimes{rd}(1) + 1) * sf_ds : end); 

         else 

            tempSig = sortByTreatment(t).rawData{rd}((sortByTreatment(t).injec-

tionTimes{rd}(i) - ... 

                                                      sortByTreatment(t).injec-

tionTimes{rd}(1) + 1) * sf_ds : ... 

                                                      sortByTreatment(t).injec-

tionTimes{rd}(i + 1) * sf_ds); 

         end 

         % Store minimum length for each injection 

         sortByTreatment(t).injections(i).minLength = min(length(tempSig), 

sortByTreatment(t).injections(i).minLength); 

         % Store injection data 

         sortByTreatment(t).injections(i).injectionData{end + 1, 1} = tempSig; 

      end 

  end 

end 

 

multipleInjections = find(treatmentInjections > 1); 

for t = multipleInjections 

   for i = 1 : size(sortByTreatment(t).injections(2).injectionData , 1) 

      sortByTreatment(t).injections(2).injectionData{i} = detrend(sortByTreat-

ment(t).injections(2).injectionData{i}); 

   end 

end 

 

exportDSFactor = 50; 

exportSF = sf_ds / exportDSFactor; 

smoothWindowSize = 1000; 

 

for t = 1 : numTreatments 

   for i = 1 : treatmentInjections(t) 

      % Adjust minimum length to account for moving average window 

      tempMin = sortByTreatment(t).injections(i).minLength - smoothWindowSize; 

 

      % Initialize structure for holding post injection signals for all 

      % mice 
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      sortByTreatment(t).injections(i).stackedInjection = ze-

ros(length(sortByTreatment(t).rawData), tempMin + smoothWindowSize); 

 

      % Initialize structure for holding further downsampled export data 

      sortByTreatment(t).injections(i).exportData = zeros(floor(tempMin / ex-

portDSFactor), length(sortByTreatment(t).rawData)); 

      sortByTreatment(t).injections(i).timeline = (1 : tempMin + smoothWin-

dowSize) / sf_ds - baselineLength; 

      for rd = 1 : length(sortByTreatment(t).rawData) 

         sortByTreatment(t).injections(i).stackedInjection(rd, :) = 

sortByTreatment(t).injections(i).injectionData{rd}(1 : (tempMin + smoothWin-

dowSize)); 

 

         % Downsample and smooth signals 

         tempExport = downsample(smoother(sortByTreatment(t).injec-

tions(i).stackedInjection(rd, :), smoothWindowSize), exportDSFactor); 

 

         % Truncate tempExport to proper length 

         tempExport = tempExport(1 : floor(tempMin / exportDSFactor)); 

 

         % Vertically shift signal to start at zero 

         tempExport = tempExport - tempExport(60); 

         %tempExport = tempExport - tempExport(1); 

 

         sortByTreatment(t).injections(i).exportData(:, rd) = tempExport'; 

      end 

      % Store timeline with exportData 

      sortByTreatment(t).injections(i).exportData = [(1 : length(tempExport))' 

/ exportSF - baselineLength sortByTreatment(t).injections(i).exportData]; 

 

      % Average each trace 

      tempAvg = mean(sortByTreatment(t).injections(i).exportData(:, 2 : end), 

2); 

 

      % Store average with exportData 

      sortByTreatment(t).injections(i).exportData = [sortByTreatment(t).injec-

tions(i).exportData tempAvg]; 

   end 

end 

 

cd(imagePath) 

for t = 1 : numTreatments 

   for i = 1 : treatmentInjections(t) 

      for rd = 1 : length(sortByTreatment(t).rawData) 

         fig = figure; 

         plot(sortByTreatment(t).injections(i).timeline / 60, sortByTreat-

ment(t).injections(i).stackedInjection(rd, :)) 

         hold on 

         line([0 0], [-10 20], 'color', 'r') 

         xlim([-minute_baselineLength sortByTreatment(t).injections(i).time-

line(end) / 60]) 

         ylim([-10 20]) 

         title(strcat(sortByTreatment(t).treatment, {' '}, sortByTreat-

ment(t).id(rd), {' '}, 'Injection', {' '}, num2str(i)), 'FontSize', 18) 

         ylabel('\Delta F / F', 'FontSize', 14) 

         xlabel('Time (min)', 'FontSize', 14) 

         legend('KLight Signal', 'Injection') 
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%          filetype = {'.jpg', '.fig'}; 

%          for f = 1 : length(filetype) 

%              filename = char(strcat(sortByTreatment(t).treatment, '_', 

sortByTreatment(t).id(rd), '_Injection_', num2str(i), filetype{f})); 

%              saveas(fig, filename) 

%          end 

      end 

   end 

end 

cd(folderPath) 

fig = figure; 

U50_leg = cell(size(sortByTreatment(1).injections.stackedInjection, 1), 1); 

for i = 1 : size(sortByTreatment(1).injections.stackedInjection, 1) 

    tempU50 = sortByTreatment(1).injections.exportData(:, 2 : end)'; 

    tempTime = sortByTreatment(1).injections.exportData(:, 1)'; 

    plot(tempTime / 60, tempU50(i, :)) 

    hold on 

    U50_leg{i} = sortByTreatment(1).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 60]) 

ylim([-10 15]) 

legend(U50_leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual U50 Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

% saveFilename = 'Individual_U50_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

sal_leg = cell(size(sortByTreatment(2).injections.stackedInjection, 1), 1); 

for i = 1 : size(sortByTreatment(2).injections.stackedInjection, 1) 

    tempsal = sortByTreatment(2).injections.exportData(:, 2 : end)'; 

    tempTimeSal = sortByTreatment(2).injections.exportData(:,1)'; 

    plot(tempTimeSal / 60, tempsal(i, :)) 

    hold on 

    sal_leg{i} = sortByTreatment(2).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 60]) 

ylim([-5 12]) 

legend(sal_leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual Saline Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 
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% saveFilename = 'Individual_Saline_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

nal__leg = cell(size(sortByTreatment(3).injections(1).stackedInjection, 1), 1); 

for i = 1 : size(sortByTreatment(3).injections(1).stackedInjection, 1) 

    temp_nal = sortByTreatment(3).injections(1).exportData(:, 2 : end)'; 

    tempTimeNal = sortByTreatment(3).injections(1).exportData(:, 1)'; 

    plot(tempTimeNal / 60, temp_nal(i, :)) 

    hold on 

    nal__leg{i} = sortByTreatment(3).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 35]) 

ylim([-10 25]) 

legend(nal__leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual Naloxone Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

% saveFilename = 'Individual_Naloxone_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

nal__leg = cell(size(sortByTreatment(3).injections(2).stackedInjection, 1), 1); 

for i = 1 : size(sortByTreatment(3).injections(2).stackedInjection, 1) 

    temp_nal = sortByTreatment(3).injections(2).exportData(:, 2 : end)'; 

    tempTimeNal = sortByTreatment(3).injections(2).exportData(:, 1)'; 

    plot(tempTimeNal / 60, temp_nal(i, :)) 

    hold on 

    nal__leg{i} = sortByTreatment(3).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 60]) 

ylim([-5 12]) 

legend(nal__leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual U50 post Naloxone Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

% saveFilename = 'Individual_U50_Post_Naloxone_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

nal_wd__leg = cell(size(sortByTreatment(4).injections.stackedInjection, 1), 1); 
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for i = 1 : size(sortByTreatment(4).injections.stackedInjection, 1) 

    temp_nal_wd = sortByTreatment(4).injections.exportData(:, 2 : end)'; 

    tempTimeNal_wd = sortByTreatment(4).injections.exportData(:, 1)'; 

    plot(tempTimeNal_wd / 60, temp_nal_wd(i, :)) 

    hold on 

    nal_wd__leg{i} = sortByTreatment(4).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 60]) 

ylim([-5 12]) 

legend(nal_wd__leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual Naloxone Induced WD Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

% saveFilename = 'Individual_NaloxoneInducedWD_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

nalf_leg = cell(size(sortByTreatment(5).injections.stackedInjection, 1), 1); 

for i = 1 : size(sortByTreatment(5).injections.stackedInjection, 1) 

    temp_nalf = sortByTreatment(5).injections.exportData(:, 2 : end)'; 

    tempTimeNalf = sortByTreatment(5).injections.exportData(:, 1)'; 

    plot(tempTimeNalf / 60, temp_nalf(i, :)) 

    hold on 

    nalf_leg{i} = sortByTreatment(5).id{i}; 

end 

line([0 0], [-10 25], 'color' ,'k', 'linewidth', 2) 

xlim([-5 60]) 

ylim([-5 12]) 

legend(nalf_leg, 'location', 'bestoutside', 'box', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Individual Nalfurafine Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

% saveFilename = 'Individual_Nalfurafine_Traces.jpg'; 

% saveas(fig, saveFilename) 

 

fig = figure; 

tempsal_avg = sortByTreatment(2).injections.exportData(:, end)'; 

 

stdErr = std(sortByTreatment(2).injections.exportData(:, 2 : end - 1)') / 

sqrt(size(sortByTreatment(2).injections.exportData(:, 2 : end - 1)', 1)); 



7     Appendices 

 

 

139 

 

 

fillColor = [128 193 219] ./ 255; 

lineColor = [ 52 148 186] ./ 255; 

tempTimeSal = sortByTreatment(2).injections.exportData(:, 1)'; 

x_vector = [tempTimeSal / 60, fliplr(tempTimeSal / 60)]; 

patch = fill(x_vector, [tempsal_avg + stdErr, fliplr(tempsal_avg - stdErr)], 

fillColor, 'handlevisibility', 'off'); 

set(patch, 'edgecolor', 'none'); 

set(patch, 'FaceAlpha', 0.4); 

hold on 

plot(tempTimeSal / 60, tempsal_avg, 'color', lineColor, 'LineWidth', 1); 

 

tempU50_avg = sortByTreatment(1).injections.exportData(:, end)'; 

stdErr = std(sortByTreatment(1).injections.exportData(:, 2 : end - 1)') / 

sqrt(size(sortByTreatment(1).injections.exportData(:, 2 : end - 1)', 1)); 

fillColor2 = [240 199 199] ./ 255; 

lineColor2 = [ 245 76  76] ./ 255; 

tempTime = sortByTreatment(1).injections.exportData(:, 1)'; 

x_vector = [tempTime / 60, fliplr(tempTime / 60)]; 

patch = fill(x_vector, [tempU50_avg + stdErr, fliplr(tempU50_avg - stdErr)], 

fillColor2, 'handlevisibility', 'off'); 

set(patch, 'edgecolor', 'none'); 

set(patch, 'FaceAlpha', 0.4); 

plot(tempTime / 60, tempU50_avg, 'color', lineColor2, 'LineWidth', 1); 

 

tempNal_U50_avg = sortByTreatment(3).injections(2).exportData(:, end)'; 

stdErr = std(sortByTreatment(3).injections(2).exportData(:, 2 : end - 1)') / 

sqrt(size(sortByTreatment(3).injections(2).exportData(:, 2 : end - 1)', 1)); 

fillColor2 = [120 196 159] ./ 255; 

lineColor2 = [84 171 127] ./ 255; 

tempTimeNal = sortByTreatment(3).injections(2).exportData(:, 1)'; 

x_vector = [tempTimeNal / 60, fliplr(tempTimeNal / 60)]; 

patch = fill(x_vector, [tempNal_U50_avg + stdErr, fliplr(tempNal_U50_avg - 

stdErr)], fillColor2, 'handlevisibility', 'off'); 

set(patch, 'edgecolor', 'none'); 

set(patch, 'FaceAlpha', 0.4); 

plot(tempTimeNal / 60, tempNal_U50_avg, 'color', lineColor2, 'LineWidth', 1); 

 

tempNal_wd_avg = sortByTreatment(4).injections.exportData(:, end)'; 

stdErr = std(sortByTreatment(4).injections.exportData(:, 2 : end - 1)') / 

sqrt(size(sortByTreatment(4).injections.exportData(:, 2 : end - 1)', 1)); 

fillColor3 = [221 169 245] ./ 255; 

lineColor3 = [177 52 235] ./ 255; 

tempTimeNal_wd = sortByTreatment(4).injections.exportData(:, 1)'; 

x_vector = [tempTimeNal_wd / 60, fliplr(tempTimeNal_wd / 60)]; 

patch = fill(x_vector, [tempNal_wd_avg + stdErr, fliplr(tempNal_wd_avg - 

stdErr)], fillColor3, 'handlevisibility', 'off'); 

set(patch, 'edgecolor', 'none'); 

set(patch, 'FaceAlpha', 0.4); 

plot(tempTimeNal_wd / 60, tempNal_wd_avg, 'color', lineColor3, 'LineWidth', 1); 

 

tempNalf_avg = sortByTreatment(5).injections.exportData(:, end)'; 

stdErr = std(sortByTreatment(5).injections.exportData(:, 2 : end - 1)') / 

sqrt(size(sortByTreatment(5).injections.exportData(:, 2 : end - 1)', 1)); 
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fillColor4 = [232 211 162] ./ 255; 

lineColor4 = [145 123 76] ./ 255; 

tempTimeNalf = sortByTreatment(5).injections.exportData(:, 1)'; 

x_vector = [tempTimeNalf / 60, fliplr(tempTimeNalf / 60)]; 

patch = fill(x_vector, [tempNalf_avg + stdErr, fliplr(tempNalf_avg - stdErr)], 

fillColor4, 'handlevisibility', 'off'); 

set(patch, 'edgecolor', 'none'); 

set(patch, 'FaceAlpha', 0.4); 

plot(tempTimeNalf / 60, tempNalf_avg, 'color', lineColor4, 'LineWidth', 1); 

 

ylim([-5 10]) 

xlim([-5 60]) 

line([0 0], [-5 15], 'color' ,'k', 'linewidth', 2, 'handlevisibility', 'off') 

xlabel('Time (min)', 'FontSize', 26) 

ylabel('\Delta F / F', 'FontSize', 26) 

title('Average Treatment Traces', 'FontSize', 38) 

set(gca, 'FontSize', 20) 

 

 

 

fig.PaperUnits = 'inches'; 

fig.PaperPosition = [0 0 50 30]; 

 

legend({'Saline', 'U50', 'U50 Post Naloxone', 'Naloxone Induced WD', 'Nalfuraf-

ine'}, 'location', 'bestoutside', 'box', 'off') 

saveFilename = 'Average_Treatment_Traces_Overlaid.jpg'; 

 

% legend({'Saline', 'Naloxone Induced WD'}, 'location', 'bestoutside', 'box', 

'off') 

% saveFilename = 'Saline_vs_NaloxoneWD_Overlaid.jpg'; 

 

%saveas(fig, saveFilename) 

 

7.2.6     Delayed Alternation Code 

clear all; close all; clc 

% Set main folder path 

folderPath = 'E:\Lab\Delayed Alternation\Flox KOR'; 

% Set data folder path 

dataPath = strcat(folderPath, '\Flox KOR Data'); 

% Set image folder path 

imagePath = strcat(folderPath, '\Images\Raster Plots'); 

 

cd(dataPath); 

files = dir('**'); 

files = files(3 : end); 

numFiles = length(files); 

 

[runs(1 : numFiles).filename] = files.name; 

 

for filenum = 1 : numFiles 

    filename = runs(filenum).filename; 

    disp(strcat('Reading', {' '}, filename)) 

    loadin = regexp(fileread(filename), '\n', 'split').'; 

    splitl = regexp(loadin, '\s+', 'split'); 

    rawData= cell(length(splitl), 8); 

    for i = 1 : length(splitl) 

       D = splitl{i}; 

       for j = 1 : length(D) 
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           insert = D{j}; 

           if isempty(insert) 

              insert = NaN; 

           elseif ~isempty(str2num(insert)) 

              insert = str2num(insert); 

           end 

           rawData{i, j} = insert; 

       end 

    end 

    runs(filenum).rawData = rawData; 

 

    runs(filenum).datalocations.rowA = find(strcmp(rawData(:, 1), 'A:')); 

    runs(filenum).datalocations.rowB = find(strcmp(rawData(:, 1), 'B:')); 

    runs(filenum).datalocations.rowC = find(strcmp(rawData(:, 1), 'C:')); 

    runs(filenum).datalocations.rowE = find(strcmp(rawData(:, 1), 'E:')); 

    runs(filenum).datalocations.rowT = find(strcmp(rawData(:, 1), 'T:')); 

    runs(filenum).datalocations.chamber = find(strcmp(rawData(:, 1), 'Box:')); 

 

    count = 1; 

    while (~isequal(splitl{count}{1}, 'Start')) 

        count = count + 1; 

    end 

    dateTemp = splitl{count}{3}; 

 

    % Ensure correct date format of mm/dd/yy 

    date = regexp(dateTemp, '/', 'split'); 

    dateCharMon = char(date(1)); 

    dateCharDay = char(date(2)); 

    if length(dateCharMon) == 1 

        dateCharMon = strcat('0', dateCharMon); 

    end 

    if length(dateCharDay) == 1 

       dateCharDay = strcat('0', dateCharDay); 

    end 

    date = strcat(date(3), dateCharMon, dateCharDay); 

    runs(filenum).date = date; 

 

    numBox = length(runs(filenum).datalocations.rowB); 

    runs(filenum).numboxes = numBox; 

 

   %Create A vector 

    for boxnum = 1 : numBox 

        Araw = rawData(runs(filenum).datalocations.rowA(boxnum) + 1 : 

runs(filenum).datalocations.rowB(boxnum) - 1, 3 : 7); 

        Atemp = []; 

        for j = 1 : size(Araw, 1) 

            current = Atemp; 

            next5   = Araw(j, :); 

            Atemp   = [current, next5]; 

        end 

        runs(filenum).animal(boxnum).parseddata.A = Atemp; 

    end 

 

    %Create B vector 

    for boxnum = 1 : numBox 

        Braw = rawData(runs(filenum).datalocations.rowB(boxnum) + 1 : 

runs(filenum).datalocations.rowC(boxnum) - 1, 3 : 7); 

        Btemp = []; 

        for j = 1:size(Braw, 1) 

            current = Btemp; 

            next5   = Braw(j, :); 



7     Appendices 

 

 

142 

 

            Btemp   = [current, next5]; 

        end 

        runs(filenum).animal(boxnum).parseddata.B = Btemp; 

    end 

 

    %Create E vector 

    for boxnum = 1 : numBox 

        Eraw = rawData(runs(filenum).datalocations.rowE(boxnum) + 1 : 

runs(filenum).datalocations.rowT(boxnum) - 1, 3 : 7); 

        Etemp = []; 

        for j = 1:size(Eraw, 1) 

            current = Etemp; 

            next5   = Eraw(j, :); 

            Etemp   = [current, next5]; 

        end 

        runs(filenum).animal(boxnum).parseddata.E = Etemp; 

    end 

 

    %Create T vector 

    for boxnum = 1 : numBox 

        Traw = rawData(runs(filenum).datalocations.rowT(boxnum) + 1 : ... 

                       runs(filenum).datalocations.rowT(boxnum) + 

ceil(length(runs(filenum).animal(boxnum).parseddata.E) / 5), 3 : 7); 

        Ttemp = []; 

        for j = 1:size(Traw, 1) 

            current = Ttemp; 

            next5   = Traw(j, :); 

            Ttemp   = [current, next5]; 

        end 

        runs(filenum).animal(boxnum).parseddata.T = Ttemp; 

    end 

 

    for boxnum = 1 : numBox 

        runs(filenum).animal(boxnum).chamberNum =  str2num(splitl{runs(file-

num).datalocations.chamber(boxnum)}{2}); 

    end 

end 

cd(folderPath); 

 

for f = 1 : numFiles 

    numBoxes = runs(f).numboxes; 

    for ani = 1 : numBoxes 

        if ~isempty(runs(f).animal(ani).parseddata.B) 

            Bcur = runs(f).animal(ani).parseddata.B; 

 

            runs(f).animal(ani).totals.right_presses        = Bcur(1); 

            runs(f).animal(ani).totals.left_presses         = Bcur(2); 

            runs(f).animal(ani).totals.correct_alts         = Bcur(3); 

            runs(f).animal(ani).totals.missed_alts          = Bcur(4); 

            runs(f).animal(ani).totals.pellets_deliv        = Bcur(8); 

            runs(f).animal(ani).totals.correct_alts_right   = Bcur(9); 

            runs(f).animal(ani).totals.correct_alts_left    = Bcur(10); 

            runs(f).animal(ani).totals.incorrect_alts_right = Bcur(11); 

            runs(f).animal(ani).totals.incorrect_alts_left  = Bcur(12); 

        end 

    end 

end 

flag = []; 

for f = 1:numFiles 

    if runs(f).numboxes > 2 
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        flag = [flag,f]; 

    else 

        id = regexp(runs(f).filename(9:end),'\d+','match'); 

        if length(id) == 0; 

            flag = [flag,f]; 

        else 

        runs(f).animalID = str2num(id{1}); 

        end 

    end 

end 

 

for i = 1:length(flag) 

    a{i,1} = {runs(flag(i)).filename}; 

end 

temp = {}; 

for i = 1 : numFiles 

   temp{end + 1} = char(runs(i).date); 

end 

dates = unique(temp); 

 

days = zeros(length(dates), 1); 

for i = 1 : length(dates) 

   wholeDate = str2num(dates{i}); 

   dd = mod(wholeDate, 100); 

   wholeDate = floor(wholeDate / 100); 

   mm = mod(wholeDate, 100); 

   wholeDate = floor(wholeDate / 100); 

   yy = wholeDate; 

   days(i) = datenum(strcat(num2str(mm), '/', num2str(dd), '/', num2str(yy)), 

'mm/dd/yy'); 

end 

days = days - days(1) + 1; 

days = days'; 

 

for i = 1 : length(dates) 

    sortByDate(i).dates = dates{i}; 

end 

 

numcorrect        = cell(length(dates),8,2); 

nummissed         = cell(length(dates),8,2); 

percentcorrect    = cell(length(dates),8,2); 

totalresponses    = cell(length(dates),8,2); 

rightpresses      = cell(length(dates),8,2); 

leftpresses       = cell(length(dates),8,2); 

correctaltsright  = cell(length(dates),8,2); 

correctaltsleft   = cell(length(dates),8,2); 

incorrectaltsright= cell(length(dates),8,2); 

incorrectaltsleft = cell(length(dates),8,2); 

 

for f = 1 : numFiles 

    for d = 1 : length(dates) 

        if char(runs(f).date) == dates{d} 

            for id = 1 : 6 

                if runs(f).animalID == id 

                    for b = 1 : runs(f).numboxes 

 

                        numcorrect{d,id,b}         = cell2mat(runs(f).ani-

mal(b).totals.correct_alts); 

                        nummissed{d,id,b}          = cell2mat(runs(f).ani-

mal(b).totals.missed_alts); 
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                        percentcorrect{d,id,b}     = numcor-

rect{d,id,b}./(numcorrect{d,id,b}+nummissed{d,id,b}); 

                        totalresponses{d,id,b}     = numcorrect{d,id,b}+num-

missed{d,id,b}; 

                        rightpresses{d,id,b}       = cell2mat(runs(f).ani-

mal(b).totals.right_presses); 

                        leftpresses{d,id,b}        = cell2mat(runs(f).ani-

mal(b).totals.left_presses); 

                        correctaltsright{d,id,b}   = cell2mat(runs(f).ani-

mal(b).totals.correct_alts_right); 

                        correctaltsleft{d,id,b}    = cell2mat(runs(f).ani-

mal(b).totals.correct_alts_left); 

                        incorrectaltsright{d,id,b} = cell2mat(runs(f).ani-

mal(b).totals.incorrect_alts_right); 

                        incorrectaltsleft{d,id,b}  = cell2mat(runs(f).ani-

mal(b).totals.incorrect_alts_left); 

 

                        sortByDate(d).ID(id).box(b).numcorrect = 

cell2mat(runs(f).animal(b).totals.correct_alts); 

                        sortByDate(d).ID(id).box(b).nummissed  = 

cell2mat(runs(f).animal(b).totals.missed_alts); 

                        sortByDate(d).ID(id).box(b).percentcorrect = numcor-

rect{d,id,b}./(numcorrect{d,id,b}+nummissed{d,id,b}); 

                        sortByDate(d).ID(id).box(b).totalresponses = numcor-

rect{d,id,b}+nummissed{d,id,b}; 

 

                        sortByDate(d).ID(id).box(b).parsedData = runs(f).ani-

mal(b).parseddata; 

                        sortByDate(d).ID(id).box(b).totals = runs(f).ani-

mal(b).totals; 

                        chamberNum = runs(f).animal(b).chamberNum; 

                        sortByDate(d).ID(id).box(b).chamberNum = chamberNum; 

                    end 

                end 

            end 

        end 

    end 

end 

 

for f = 1 : length(sortByDate) 

    for id = 1 : length(sortByDate(f).ID) 

        numBoxes = length(sortByDate(f).ID(id).box); 

        if numBoxes == 1 

           if sortByDate(f).ID(id).box(1).chamberNum == 4 

              fields = fieldnames(sortByDate(f).ID(id).box(1)); 

              tempStruct = cell(length(fields), 1); 

              tempStruct = cell2struct(tempStruct, fields); 

              sortByDate(f).ID(id).box = [tempStruct, sortBy-

Date(f).ID(id).box]; 

           end 

        end 

    end 

end 

for f = 1 : length(sortByDate) 

   for id = 1 : length(sortByDate(f).ID) 

      if length(sortByDate(f).ID(id).box) >= 1 

         for b = 1 : length(sortByDate(f).ID(id).box) 

            if ~isempty(sortByDate(f).ID(id).box(b).parsedData) 

 

                Emat = cell2mat(sortByDate(f).ID(id).box(b).parsedData.E); 

                Tmat = cell2mat(sortByDate(f).ID(id).box(b).parsedData.T); 
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                Emat(isnan(Emat)) = []; 

                Tmat(isnan(Tmat)) = []; 

 

                right_lever_press_E = (Emat == 1); 

                left_lever_press_E = (Emat == 2); 

                correct_alts_right_E = (Emat == 15); 

                correct_alts_left_E = (Emat == 16); 

                incorrect_alts_right_E = (Emat == 17); 

                incorrect_alts_left_E = (Emat == 18); 

                delay_starts_E = (Emat == 23); 

                delay_ends_E = (Emat == 24); 

                incorrectAltTimes = Tmat(Emat == 17 | Emat == 18); 

                correctAltTimes = Tmat(Emat == 15 | Emat == 16); 

                totalAltTimes = sort([incorrectAltTimes correctAltTimes]); 

 

 

                right_lever_press_T    = Tmat .* right_lever_press_E; 

                left_lever_press_T     = Tmat .* left_lever_press_E; 

                correct_alts_right_T   = Tmat .* correct_alts_right_E; 

                correct_alts_left_T    = Tmat .* correct_alts_left_E; 

                incorrect_alts_right_T = Tmat .* incorrect_alts_right_E; 

                incorrect_alts_left_T  = Tmat .* incorrect_alts_left_E; 

                delay_starts_T         = Tmat .* delay_starts_E; 

                delay_ends_T           = Tmat .* delay_ends_E; 

 

 

                right_lever_press_T(right_lever_press_T == 0 | is-

nan(right_lever_press_T)) = []; 

                left_lever_press_T(left_lever_press_T == 0 | is-

nan(left_lever_press_T)) = []; 

                correct_alts_right_T(correct_alts_right_T == 0 | isnan(cor-

rect_alts_right_T)) = []; 

                correct_alts_left_T(correct_alts_left_T == 0 | isnan(cor-

rect_alts_left_T)) = []; 

                incorrect_alts_right_T(incorrect_alts_right_T == 0 | isnan(in-

correct_alts_right_T)) = []; 

                incorrect_alts_left_T(incorrect_alts_left_T == 0 | isnan(incor-

rect_alts_left_T)) = []; 

                delay_starts_T(delay_starts_T == 0 | isnan(delay_starts_T)) = 

[]; 

                delay_ends_T(delay_ends_T == 0 | isnan(delay_ends_T)) = []; 

 

                sortByDate(f).ID(id).box(b).latencies.rlp = 

right_lever_press_T; 

                sortByDate(f).ID(id).box(b).latencies.llp = left_lever_press_T; 

                sortByDate(f).ID(id).box(b).latencies.car = cor-

rect_alts_right_T; 

                sortByDate(f).ID(id).box(b).latencies.cal = cor-

rect_alts_left_T; 

                sortByDate(f).ID(id).box(b).latencies.iar = incor-

rect_alts_right_T; 

                sortByDate(f).ID(id).box(b).latencies.ial = incor-

rect_alts_left_T; 

                sortByDate(f).ID(id).box(b).latencies.dst = delay_starts_T; 

                sortByDate(f).ID(id).box(b).latencies.den = delay_ends_T; 

                sortByDate(f).ID(id).box(b).incorrectAltTimes = incor-

rectAltTimes; 

                sortByDate(f).ID(id).box(b).correctAltTimes = correctAltTimes; 

                sortByDate(f).ID(id).box(b).totalAltTimes = totalAltTimes; 
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                press_latency_binary_E = delay_ends_E + ... 

                        correct_alts_right_E + correct_alts_left_E + ... 

                        incorrect_alts_right_E + incorrect_alts_left_E; 

 

                new_latency_binary_E = delay_starts_E + ... 

                    correct_alts_right_E + correct_alts_left_E +... 

                    incorrect_alts_right_E + incorrect_alts_left_E; 

 

                press_latency_binary_T = Tmat .* press_latency_binary_E; 

                new_latency_binary_T   = Tmat .* new_latency_binary_E; 

 

                sortByDate(f).ID(id).box(b).latencies.plb = press_latency_bi-

nary_T; 

                new_latency_binary_T(new_latency_binary_T == 0) = []; 

                sortByDate(f).ID(id).box(b).latencies.nlb = new_latency_bi-

nary_T; 

 

            end 

         end 

      end 

   end 

end 

cd(imagePath) 

for f = 1:length(sortByDate) 

    for id = 1:length(sortByDate(f).ID) 

        if length(sortByDate(f).ID(id).box)>=1 

            for b = 1:length(sortByDate(f).ID(id).box) 

                if ~isempty(sortByDate(f).ID(id).box(b).latencies) 

 

                figure; 

                car = (sortByDate(f).ID(id).box(b).latencies.car)./(100*60); 

                cal = (sortByDate(f).ID(id).box(b).latencies.cal)./(100*60); 

                iar = (sortByDate(f).ID(id).box(b).latencies.iar)./(100*60); 

                ial = (sortByDate(f).ID(id).box(b).latencies.ial)./(100*60); 

                dst = (sortByDate(f).ID(id).box(b).latencies.dst)./(100*60); 

 

                cr = 

plot([car;car],[ones(1,length(car)).*0;ones(1,length(car))],'b-','lin-

ewidth',2); hold on; 

                cl = 

plot([cal;cal],[ones(1,length(cal)).*0;ones(1,length(cal))],'Col-

or',[1,.6,.2],'linewidth',2); hold on; 

 

                ir = 

plot([iar;iar],[ones(1,length(iar)).*0;ones(1,length(iar)).*-1],'b-','lin-

ewidth',2); hold on; 

                il = 

plot([ial;ial],[ones(1,length(ial)).*0;ones(1,length(ial)).*-1],'Col-

or',[1,.6,.2],'linewidth',2); hold on; 

 

                fp = plot([dst;dst],[ones(1,length(dst)).*-

0.2;ones(1,length(dst)).*0.2],'k-','linewidth',2); hold on; 

                ce = plot([0,60],[0,0],'Color',[0,0,0,0.4]); 

 

                if length(cr) > 0 & length(cl) > 0 

                    subset = [cr(1),cl(1)]; 

                    legend(subset,'Right Lever','Left Lever','Loca-

tion','eastoutside') 

                    legend boxoff 

                elseif length(ir) > 0 & length(il) > 0 



7     Appendices 

 

 

147 

 

                    subset = [ir(1),il(1)]; 

                    legend(subset,'Right Lever','Left Lever','Loca-

tion','eastoutside') 

                    legend boxoff 

                elseif length(cr) > 0 & length(il) > 0 

                    subset = [cr(1),il(1)]; 

                    legend(subset,'Right Lever','Left Lever','Loca-

tion','eastoutside') 

                    legend boxoff 

                elseif length(ir) > 0 & length(cl) > 0 

                    subset = [ir(1),cl(1)]; 

                    legend(subset,'Right Lever','Left Lever','Loca-

tion','eastoutside') 

                    legend boxoff 

                end 

 

 

                names = {'Incorrect {\bf\downarrow}';'Correct {\bf\uparrow}'}; 

                xlabel('Time (min)'); 

                ylim([-4,4]) 

                ax = gca; 

                set(gca,'TickLength',[0,0]) 

                set(gca,'ytick',[-2,2],'yticklabel',names) 

                ax.FontSize = 20; 

 

                fig = gcf; 

                set(gcf,'color','w'); 

                fig.PaperUnits = 'inches'; 

                fig.PaperPosition = [0 0 30 10]; 

                figureName = strcat('Flox KOR:', {' '}, sortBy-

Date(f).dates(1:end),{' '}, 'Chamber', {' '}, num2str(id),{' '}, 'Mouse', {' 

'},num2str(b)); 

                title(figureName) 

 

                text(0, 2, strcat(num2str(round(sortBy-

Date(f).ID(id).box(b).percentcorrect * 100, 3, 'significant')), '% Correct'), 

'FontSize', 14) 

                text(0, -2, strcat(num2str(100 - round(sortBy-

Date(f).ID(id).box(b).percentcorrect * 100, 3, 'significant')), '% Incorrect'), 

'FontSize', 14) 

%                 if ismember(sortByDate(f).dates, {'200318', '200319', 

'200320'}) 

%                       saveas(gcf, strcat('Flox KOR_', sortBy-

Date(f).dates(1:end),'_',num2str(id),'_',num2str(b),'.jpg')) 

%                 end 

                end 

            end 

        end 

    end 

end 

cd(folderPath) 

numberOfBins = 2; 

bins = (0 : 60 / numberOfBins : 60) * 60 * 100; 

 

for f = 1 : length(sortByDate) 

   for id = 1 : length(sortByDate(f).ID) 

      if length(sortByDate(f).ID(id).box) >= 1 
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         for b = 1 : length(sortByDate(f).ID(id).box) 

                sortByDate(f).ID(id).box(b).binnedPC = []; 

                sortByDate(f).ID(id).box(b).binnedTotal = []; 

                sortByDate(f).ID(id).box(b).binnedCorrect = []; 

         end 

      end 

   end 

end 

 

 

for ind = 2 : length(bins) 

    for f = 1 : length(sortByDate) 

       for id = 1 : length(sortByDate(f).ID) 

           if length(sortByDate(f).ID(id).box) >= 1 

              for b = 1 : length(sortByDate(f).ID(id).box) 

                  if ~isempty(sortByDate(f).ID(id).box(b).numcorrect) 

                     % Total Alternation Times 

                     totalAltTimes = sortByDate(f).ID(id).box(b).totalAltTimes; 

                     totalCorTimes = sortByDate(f).ID(id).box(b).cor-

rectAltTimes; 

 

                     temp_binTotal = length(totalAltTimes(totalAltTimes <= 

bins(ind) & totalAltTimes > bins(ind - 1))); 

                     temp_binCorrect = length(totalCorTimes(totalCorTimes <= 

bins(ind) & totalCorTimes > bins(ind - 1))); 

                     binPercentCorrect = temp_binCorrect / temp_binTotal; 

                     sortByDate(f).ID(id).box(b).binnedPC = [sortBy-

Date(f).ID(id).box(b).binnedPC; binPercentCorrect]; 

                     sortByDate(f).ID(id).box(b).binnedTotal = [sortBy-

Date(f).ID(id).box(b).binnedTotal; temp_binTotal]; 

                     sortByDate(f).ID(id).box(b).binnedCorrect = [sortBy-

Date(f).ID(id).box(b).binnedCorrect; temp_binCorrect]; 

                  end 

              end 

           end 

       end 

    end 

end 

 

salDates = {'200102', '200103'}; 

u50Dates = {'200103', '200104'}; 

 

stackedBinPC_sal = []; 

stackedBinTA_sal = []; 

stackedBinCA_sal = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, salDates) 

      if isequal(sortByDate(f).dates, salDates{2}) 

          for id = [2 3 5] 

              if length(sortByDate(f).ID(id).box) >= 1 

                  if id == 2 || id == 3 

                      b = 1; 

                  else 

                      b = 2; 

                  end 

                  if ~isempty(sortByDate(f).ID(id).box(b).numcorrect) 

                  stackedBinPC_sal = [stackedBinPC_sal; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_sal = [stackedBinTA_sal; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 
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                  stackedBinCA_sal = [stackedBinCA_sal; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                  end 

              end 

          end 

      else 

          for id = 1 : length(sortByDate(f).ID) 

              for b = 1 : length(sortByDate(f).ID(id).box) 

                 if ~isempty(sortByDate(f).ID(id).box(b).numcorrect) 

                      stackedBinPC_sal = [stackedBinPC_sal; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                      stackedBinTA_sal = [stackedBinTA_sal; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                      stackedBinCA_sal = [stackedBinCA_sal; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                 end 

              end 

          end 

      end 

   end 

end 

 

stackedBinPC_u50 = []; 

stackedBinTA_u50 = []; 

stackedBinCA_u50 = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, u50Dates) 

      if isequal(sortByDate(f).dates, u50Dates{1}) 

          for id = [2 3 5] 

              if length(sortByDate(f).ID(id).box) >= 1 

                  if id == 2 || id == 3 

                      b = 2; 

                  else 

                      b = 1; 

                  end 

                  if ~isempty(sortByDate(f).ID(id).box(b).numcorrect) 

                  stackedBinPC_u50 = [stackedBinPC_u50; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_u50 = [stackedBinTA_u50; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_u50 = [stackedBinCA_u50; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                  end 

              end 

          end 

          for id = [1 4] 

              for b = 1 : 2 

                  stackedBinPC_u50 = [stackedBinPC_u50; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_u50 = [stackedBinTA_u50; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_u50 = [stackedBinCA_u50; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      else 

          for id = 1 : length(sortByDate(f).ID) 

              for b = 1 : length(sortByDate(f).ID(id).box) 

                 if ~isempty(sortByDate(f).ID(id).box(b).numcorrect) 

                      stackedBinPC_u50 = [stackedBinPC_u50; sortBy-

Date(f).ID(id).box(b).binnedPC']; 
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                      stackedBinTA_u50 = [stackedBinTA_u50; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                      stackedBinCA_u50 = [stackedBinCA_u50; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                 end 

              end 

          end 

      end 

   end 

end 

 

 

stackedBinPC_sal = stackedBinPC_sal * 100; 

stackedBinPC_u50 = stackedBinPC_u50 * 100; 

 

sal_5mg_Dates = {'200109', '200110', '200111', '200122'}; 

u50_5mg_Dates = {'200110', '200111', '200112', '200123'}; 

 

stackedBinPC_sal_5mg = []; 

stackedBinTA_sal_5mg = []; 

stackedBinCA_sal_5mg = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, sal_5mg_Dates) 

      if isequal(sortByDate(f).dates, sal_5mg_Dates{1}) 

          for id = [1 3 4 5] 

              if length(sortByDate(f).ID(id).box) >= 1 

                  if id == 1 || id == 5 

                      for b = 2 

                          stackedBinPC_sal_5mg = [stackedBinPC_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                          stackedBinTA_sal_5mg = [stackedBinTA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                          stackedBinCA_sal_5mg = [stackedBinCA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                      end 

                  else 

                      for b = 1 : 2 

                          stackedBinPC_sal_5mg = [stackedBinPC_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                          stackedBinTA_sal_5mg = [stackedBinTA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                          stackedBinCA_sal_5mg = [stackedBinCA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                      end 

                  end 

              end 

          end 

      elseif isequal(sortByDate(f).dates, sal_5mg_Dates{2}) 

          for id = [2 5] 

              for b = 1 

                  stackedBinPC_sal_5mg = [stackedBinPC_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_sal_5mg = [stackedBinTA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_sal_5mg = [stackedBinCA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      elseif isequal(sortByDate(f).dates, sal_5mg_Dates{3}) 

          for id = [1 2] 

             if id == 1 
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                 b = 1; 

             else 

                 b = 2; 

             end 

             stackedBinPC_sal_5mg = [stackedBinPC_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

             stackedBinTA_sal_5mg = [stackedBinTA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

             stackedBinCA_sal_5mg = [stackedBinCA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      else 

          for id = 1 : length(sortByDate(f).ID) 

              if length(sortByDate(f).ID(id).box) >= 1 

                 for b = 1 : length(sortByDate(f).ID(id).box) 

                      stackedBinPC_sal_5mg = [stackedBinPC_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                      stackedBinTA_sal_5mg = [stackedBinTA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                      stackedBinCA_sal_5mg = [stackedBinCA_sal_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                 end 

              end 

          end 

      end 

   end 

end 

 

stackedBinPC_u50_5mg = []; 

stackedBinTA_u50_5mg = []; 

stackedBinCA_u50_5mg = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, u50_5mg_Dates) 

      if isequal(sortByDate(f).dates, u50_5mg_Dates{1}) 

          if length(sortByDate(f).ID(id).box) >= 1 

              for id = [1 3 4 5] 

                  if id == 1 || id == 5 

                      for b = 2 

                          stackedBinPC_u50_5mg = [stackedBinPC_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                          stackedBinTA_u50_5mg = [stackedBinTA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                          stackedBinCA_u50_5mg = [stackedBinCA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                      end 

                  else 

                      for b = 1 : 2 

                          stackedBinPC_u50_5mg = [stackedBinPC_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                          stackedBinTA_u50_5mg = [stackedBinTA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                          stackedBinCA_u50_5mg = [stackedBinCA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                      end 

                  end 

              end 

          end 

      elseif isequal(sortByDate(f).dates, u50_5mg_Dates{2}) 

          for id = [2 5] 

              for b = 1 
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                  stackedBinPC_u50_5mg = [stackedBinPC_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_u50_5mg = [stackedBinTA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_u50_5mg = [stackedBinCA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      elseif isequal(sortByDate(f).dates, u50_5mg_Dates{3}) 

          for id = [1 2] 

             if id == 1 

                 b = 1; 

             else 

                 b = 2; 

             end 

             stackedBinPC_u50_5mg = [stackedBinPC_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

             stackedBinTA_u50_5mg = [stackedBinTA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

             stackedBinCA_u50_5mg = [stackedBinCA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      else 

          for id = 1 : length(sortByDate(f).ID) 

             if length(sortByDate(f).ID(id).box) >= 1 

                for b = 1 : length(sortByDate(f).ID(id).box) 

                    stackedBinPC_u50_5mg = [stackedBinPC_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                    stackedBinTA_u50_5mg = [stackedBinTA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                    stackedBinCA_u50_5mg = [stackedBinCA_u50_5mg; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                end 

             end 

          end 

      end 

   end 

end 

 

 

stackedBinPC_sal_5mg = stackedBinPC_sal_5mg * 100; 

stackedBinPC_u50_5mg = stackedBinPC_u50_5mg * 100; 

 

 

 

numSal_5mg = size(stackedBinPC_sal_5mg, 1); 

numU50_5mg = size(stackedBinPC_u50_5mg, 1); 

cd(folderPath) 

 

sal_nal_Dates = {'200220'}; 

nal_Dates = {'200221'}; 

 

stackedBinPC_sal_nal = []; 

stackedBinTA_sal_nal = []; 

stackedBinCA_sal_nal = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, sal_nal_Dates) 

      if isequal(sortByDate(f).dates, sal_nal_Dates{1}) 

          for id = 1 : length(sortByDate(f).ID) 

              for b = 1 : length(sortByDate(f).ID(id).box) 
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                  stackedBinPC_sal_nal = [stackedBinPC_sal_nal; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_sal_nal = [stackedBinTA_sal_nal; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_sal_nal = [stackedBinCA_sal_nal; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      end 

   end 

end 

 

stackedBinPC_nal = []; 

stackedBinTA_nal = []; 

stackedBinCA_nal = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, nal_Dates) 

      if isequal(sortByDate(f).dates, nal_Dates{1}) 

          for id = 1 : length(sortByDate(f).ID) 

              for b = 1 : length(sortByDate(f).ID(id).box) 

                  stackedBinPC_nal = [stackedBinPC_nal; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_nal = [stackedBinTA_nal; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_nal = [stackedBinCA_nal; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      end 

   end 

end 

 

 

stackedBinPC_sal_nal = stackedBinPC_sal_nal * 100; 

stackedBinPC_nal = stackedBinPC_nal * 100; 

 

 

 

numSal_nal = size(stackedBinPC_sal_nal, 1); 

numNal = size(stackedBinPC_nal, 1); 

cd(folderPath) 

 

mor_Dates = {'200224', '200225', '200226', '200227', '200228'}; 

nox_Dates = {'200316', '200317', '200318', '200319', '200320'}; 

 

stackedBinPC_mor = []; 

stackedBinTA_mor = []; 

stackedBinCA_mor = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, mor_Dates) 

      for id = 1 : length(sortByDate(f).ID) 

          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_mor = [stackedBinPC_mor; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_mor = [stackedBinTA_mor; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_mor = [stackedBinCA_mor; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      end 

   end 
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end 

 

stackedBinPC_nox = []; 

stackedBinTA_nox = []; 

stackedBinCA_nox = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, nox_Dates) 

      for id = 1 : length(sortByDate(f).ID) 

          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_nox = [stackedBinPC_nox; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_nox = [stackedBinTA_nox; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_nox = [stackedBinCA_nox; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      end 

   end 

end 

 

 

stackedBinPC_mor = stackedBinPC_mor * 100; 

stackedBinPC_nox = stackedBinPC_nox * 100; 

 

 

 

numMor = size(stackedBinPC_mor, 1); 

numNox = size(stackedBinPC_nox, 1); 

cd(folderPath) 

 

veh_Dates = {'200130', '200131'}; 

sala_Dates = {'200131', '200202'}; 

 

stackedBinPC_veh = []; 

stackedBinTA_veh = []; 

stackedBinCA_veh = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, veh_Dates) 

       if isequal(sortByDate(f).dates, veh_Dates{1}) 

          for id = [1 3 4] 

              if id == 1 || id == 3 

                  for b = 1 : length(sortByDate(f).ID(id).box) 

                      stackedBinPC_veh = [stackedBinPC_veh; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                      stackedBinTA_veh = [stackedBinTA_veh; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                      stackedBinCA_veh = [stackedBinCA_veh; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                  end 

              elseif id == 4 

                  b = 2; 

                  stackedBinPC_veh = [stackedBinPC_veh; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_veh = [stackedBinTA_veh; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_veh = [stackedBinCA_veh; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

       elseif isequal(sortByDate(f).dates, veh_Dates{2}) 

          id = 2; 
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          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_veh = [stackedBinPC_veh; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_veh = [stackedBinTA_veh; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_veh = [stackedBinCA_veh; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

       end 

   end 

end 

 

stackedBinPC_sala = []; 

stackedBinTA_sala = []; 

stackedBinCA_sala = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, sala_Dates) 

      if isequal(sortByDate(f).dates, sala_Dates{1}) 

          for id = [1 3 4] 

              if id == 1 || id == 3 

                  for b = 1 : length(sortByDate(f).ID(id).box) 

                      stackedBinPC_sala = [stackedBinPC_sala; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                      stackedBinTA_sala = [stackedBinTA_sala; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                      stackedBinCA_sala = [stackedBinCA_sala; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

                  end 

              elseif id == 4 

                  b = 2; 

                  stackedBinPC_sala = [stackedBinPC_sala; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

                  stackedBinTA_sala = [stackedBinTA_sala; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

                  stackedBinCA_sala = [stackedBinCA_sala; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

              end 

          end 

      elseif isequal(sortByDate(f).dates, sala_Dates{2}) 

          id = 2; 

          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_sala = [stackedBinPC_sala; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_sala = [stackedBinTA_sala; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_sala = [stackedBinCA_sala; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

 

      end 

   end 

end 

 

 

stackedBinPC_veh = stackedBinPC_veh * 100; 

stackedBinPC_sala = stackedBinPC_sala * 100; 

 

 

 

numVeh = size(stackedBinPC_veh, 1); 

numSala = size(stackedBinPC_sala, 1); 
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cd(folderPath) 

 

pres_Dates = {'181219', '190122'}; 

post_Dates = {'181220', '190123'}; 

 

stackedBinPC_pres = []; 

stackedBinTA_pres = []; 

stackedBinCA_pres = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, pres_Dates) 

      for id = 1 : length(sortByDate(f).ID) 

          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_pres = [stackedBinPC_pres; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_pres = [stackedBinTA_pres; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_pres = [stackedBinCA_pres; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      end 

   end 

end 

 

stackedBinPC_post = []; 

stackedBinTA_post = []; 

stackedBinCA_post = []; 

for f = 1 : length(sortByDate) 

   if ismember(sortByDate(f).dates, post_Dates) 

      for id = 1 : length(sortByDate(f).ID) 

          for b = 1 : length(sortByDate(f).ID(id).box) 

              stackedBinPC_post = [stackedBinPC_post; sortBy-

Date(f).ID(id).box(b).binnedPC']; 

              stackedBinTA_post = [stackedBinTA_post; sortBy-

Date(f).ID(id).box(b).binnedTotal']; 

              stackedBinCA_post = [stackedBinCA_post; sortBy-

Date(f).ID(id).box(b).binnedCorrect']; 

          end 

      end 

   end 

end 

 

 

stackedBinPC_pres = stackedBinPC_pres * 100; 

stackedBinPC_post = stackedBinPC_post * 100; 

 

 

 

numPres = size(stackedBinPC_pres, 1); 

numPost = size(stackedBinPC_post, 1); 

cd(folderPath) 

 

 

 


