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ABSTRACT OF THE DISSERTATION 
 

The bidirectional relationship between gut bacteria and intravenous fentanyl self-administration 

By 

Michelle Ren 

Doctor of Philosophy in Pharmaceutical Sciences 

University of California, Irvine, 2023 

Assistant Professor Shahrdad Lotfipour, Chair 

 
 

The United States is currently experiencing its worst drug crisis, which is largely driven 

by opioid addiction and primarily due to fentanyl. It is therefore necessary to investigate the 

mechanisms mediating fentanyl's rewarding and reinforcing properties to contribute to the 

development of successful treatment strategies. Gut bacteria communicate with the brain, and 

vice versa, via the gut-brain axis to regulate brain function, mood, and behavior. Addiction is a 

chronic brain disorder that alters circuitry involved in reward, stress, learning, and motivation, all 

of which have a bidirectional influence between their associated behaviors and gut bacteria. 

Given the associations between opioid use, gastrointestinal distress, and microbial dysbiosis in 

humans and rodents, I tested the hypothesis that interactions between gut bacteria and the 

brain mediate the reinforcing and motivational properties of fentanyl. 

In this dissertation, I present my work that supports a bidirectional relationship between 

gut bacteria and fentanyl intravenous self-administration (IVSA) in Sprague Dawley rats. In the 

following studies, I implanted rats with intravenous catheters in preparation for fentanyl IVSA on 

an escalating schedule of reinforcement and analyzed gut microbiota by sequencing bacterial 

DNA from rat fecal samples. I demonstrate that based on sex and fentanyl dose, the diversity of 

gut bacteria is either increased or decreased following fentanyl IVSA and predicts progressive 

ratio breakpoint, a measure of motivation. Further, I show that depletion of gut bacteria via 

prolonged oral antibiotic treatment enhances fentanyl IVSA, and restoration of microbial 



 ix 

metabolites with short-chain fatty acid administration decreases fentanyl IVSA back to controls 

at higher fixed ratio schedules of reinforcement. My findings highlight an important relationship 

between the knockdown and rescue of gut bacterial metabolites and fentanyl self-administration 

in adult rats, which provides support for a relationship between gut microbiota and opioid use. 

Further work in this area may lead to effective, targeted treatment interventions in opioid-related 

disorders. 



 1 

Chapter 1 
 

Introduction 
 
 

I. Background and significance 

Drug overdose is one of the top leading causes of death in the United States with the 

majority involving opioids. Despite existing treatment options for opioid use disorder (OUD), the 

number of opioid-related deaths has escalated rapidly in the last decade primarily due to 

fentanyl use and abuse. The primary treatment for OUD is medication-assisted therapy, which 

assists with withdrawal symptoms and cravings. However, the underlying mechanisms driving 

opioid abuse need to be addressed for effective long-term treatment, as well as to prevent the 

development of addiction. 

Addiction is a chronic brain disorder that alters circuitry involved in reward, stress, 

learning, memory, and motivation, all of which have a bidirectional influence between their 

associated behaviors and gut bacteria (Heijtz et al. 2011; Cussotto et al. 2019; Collins and 

Bercik 2009; Clarke et al. 2013; Selkrig et al. 2014). Opioid addiction is characterized by a 

compulsion to seek and voluntarily take opioids owing to their reinforcing effects and an 

impaired ability to control intake despite physical or psychological harm (Scholl et al. 2018). 

Although there are apparent associations between gut health, opioids, and addiction-related 

behaviors, the direct relationship between gut bacteria and opioid use is not yet understood.  

 

Opioid crisis in the United States 

The United States has been in an opioid overdose epidemic since 1999. Health and 

Human Services officially declared the opioid epidemic a public health emergency in 2017. 

There have been three distinct spikes in opioid overdose deaths, starting in the late 1990s with 

increased opioid prescriptions; in 2010, with rapid increases in overdose deaths involving 
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heroin; and most recently, beginning in 2013, a substantial rise in overdose deaths involving 

fentanyl (CDC 2013). Pharmaceutical fentanyl is prescribed for severe pain but is often diverted 

for misuse or illicitly manufactured and combined with counterfeit pills, heroin, cocaine, and 

methamphetamine (DEA 2019, 2021). Fentanyl is a synthetic opioid that is 50 to 100 times 

more potent than morphine (R. Hill et al. 2020; Schwienteck et al. 2019; Kosterlitz and Leslie 

1978), so it takes very little to produce euphoric effects. The high potency of fentanyl and 

increased availability of fentanyl-laced drugs increase the likelihood of accidental overdose or 

risk of dependence and/or withdrawal in users that may or may not be aware of the presence of 

fentanyl (DEA 2021). 

 

Opioid receptors and pharmacology 

Opioid receptors are expressed throughout the central nervous system (CNS) (brain and 

spinal cord) and peripheral nervous system (nerves and ganglia outside the brain and spinal 

cord, including the gut). The opioid system consists of three G protein-coupled receptors: mu, 

delta, and kappa, which are stimulated by a family of endogenous opioid peptides (Kieffer 

1995). Opioid receptors can also be activated by exogenous ligands, including heroin, 

morphine, oxycodone, and fentanyl, all examples that selectively activate mu opioid receptors 

(MORs). These opioids are highly addictive due to their activation of reward centers in the brain. 

The effects of MOR agonism (or activation) include euphoria, analgesia, drowsiness, nausea, 

tolerance, addiction, respiratory depression and/or arrest, and death. MORs are largely 

distributed along reward circuits where they mediate the reinforcing effects of morphine and 

non-opioid drugs (Contet, Kieffer, and Befort 2004). 

The reason opioid overdose leads to respiratory depression is because of the 

abundance of opioid receptors in the brainstem, an area that controls respiration and heart rate. 

The widespread distribution of opioid receptors in the gut also explains why opioids can cause 
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gastrointestinal side effects, such as spasm and constipation (also known as opioid-induced 

bowel dysfunction).  

 

II. Gut-brain communication 

Enteric nervous system 

The enteric nervous system (ENS) makes up a large part of the autonomic nervous 

system (a component of the peripheral nervous system) and comprises more than 100 million 

nerve cells lining the gastrointestinal tract. The intrinsic microcircuits within the ENS allow it to 

orchestrate gastrointestinal function independently of CNS input (Rao and Gershon 2016). 

However, the gut and brain do communicate with each other to regulate a variety of 

physiological processes via the gut-brain axis. 

The gut-brain axis signifies the physical and chemical communication between the two 

organs. Bidirectional communication between the CNS (brain) and ENS (gut) occurs through 5 

main pathways: afferent signaling via the vagus nerve, neuroendocrine signaling via the 

hypothalamic-pituitary-adrenal axis, enteroendocrine signaling via enteroendocrine cells, gut-

derived neurotransmitters, and production of microbial metabolites (Mayer 2011). Gut-brain 

communication through these pathways is modulated by the trillions of bacteria (or microbiota) 

that inhabit the gastrointestinal system, which collectively make up one’s gut microbiome (Cryan 

and Dinan 2012). The microbiota and the host create a mutually beneficial relationship, as a 

healthy microbiome prevents colonization of pathogenic bacteria, mediates the immune system, 

assists in fermentation of undigestible dietary fiber, and produces active peptides and proteins 

that regulate energy metabolism in the host (Belkaid and Hand 2014; DeGruttola et al. 2016; 

Bien, Palagani, and Bozko 2013; Kennedy et al. 2017; Mayer, Tillisch, and Gupta 2015; Rooks 

and Garrett 2016). Likewise, the host provides protection and nutrients necessary for the 

development of the microbial environment (Foster, Rinaman, and Cryan 2017; Mushegian and 

Ebert 2016). 
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An individual’s gut microbiome is attained at birth and is influenced primarily by diet, 

medication, and illness, with the modern western diet, overuse of antibiotics, and drug use 

having detrimental impacts on gut microbiome composition (Dethlefsen et al. 2008; Spreadbury 

2012; Stecher 2015; Zinöcker and Lindseth 2018). A “healthy” and balanced gut microbiome is 

diverse and resilient, which adapts to shifts in the community makeup and protects against an 

imbalance of the natural gut bacteria (Stecher, Maier, and Hardt 2013; Lozupone et al. 2012; 

Fassarella et al. 2021). Abnormalities in gut microbial communities, or dysbiosis, shift the 

microbiome balance, resulting in decreased bacterial diversity, increased abundance of 

potentially pathogenic bacteria, and/or decreased abundance of beneficial commensal bacteria 

(DeGruttola et al. 2016). An imbalanced gut microbiome leads to degradation of the gut 

epithelium and a translocation of microbes and metabolites that disrupts immune signaling 

throughout the body and brain (Levy, Blacher, and Elinav 2017). 

 

The role of gut bacteria on the brain and behavior   

A role of gut bacteria in brain function and behavior has been made evident through 

studies using germ-free animals, antibiotic administration, microbial supplementation, and fecal 

microbiota transplantation. Manipulation of the gut microbiota using these methods distinctly 

impacts the brain and spinal cord, gut health, and various behaviors, including those related to 

social interaction, sex, feeding, stress, learning and memory, mood, and addiction (Bravo et al. 

2011; Bercik et al. 2011; Heijtz et al. 2011; Hegstrand and Hine 1986; K. Neufeld et al. 2011; 

Nobuyuki et al. 2004; Kelly et al. 2016; Desbonnet et al. 2015; McKernan et al. 2010; O’Mahony 

et al. 2014). Consistent with the bidirectional communication of the gut-brain axis, gut dysbiosis 

significantly impacts brain function and behavior and is observed in patients diagnosed with 

substance use disorder, depression, anxiety, Parkinson’s disease, autism, and schizophrenia 

(Cussotto et al. 2019; Schroeder and Bäckhed 2016). Furthermore, disruption to a host’s normal 

microbiota can lead to exaggerated stress responses and depressive symptoms (Kelly et al. 
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2016; Sudo et al. 2004; Ait‐Belgnaoui et al. 2014; Tarr et al. 2015; Leclercq, Forsythe, and 

Bienenstock 2016; Rea, Dinan, and Cryan 2016). 

 

III. The role of gut bacteria in addiction-related behavior 

Few preclinical studies have directly examined the role of gut afferents and bacteria on 

addiction-like behavior (Kiraly et al. 2016; Han et al. 2018; Lee et al. 2018; Hofford et al. 2021). 

Current perspectives focus on dysfunctional reward processing, stress, and mood disorders as 

risk factors, characteristics, and/or co-morbidities in addiction and their implications with gut 

dysbiosis. Further, gut bacteria influence neural circuits and behaviors that are markedly 

associated with addiction, including reward, tolerance, and withdrawal (Kiraly et al. 2016; Lee et 

al. 2018; Hofford et al. 2021; Han et al. 2018; M. Kang et al. 2017; Wang et al. 2018; Thomaz et 

al. 2021).  

 

Reward- and addiction-related behavior 

 Drug addiction is characterized by 1) compulsion to seek and take a drug, 2) loss of 

control in limiting intake, and 3) emergence of a negative emotional state when access to the 

drug is prevented. This chronic, relapsing disease progresses from impulsivity to compulsivity 

through exaggerated incentive salience, reward deficits and stress surfeits, and compromised 

executive function in three stages: preoccupation/anticipation, binge/intoxication, and 

withdrawal/negative affect (Koob and Moal 1997). The neurobiology of reward is essential to 

study in addiction, as drugs of abuse activate reward brain circuitry. It is also important to 

understand the different categories of reward, including learning, motivation, and emotion, which 

each include their own distinct psychological subcomponents (e.g., wanting, liking, learning) 

(Berridge and Robinson 2003). 
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Opioids and gut bacteria 

A link between gut health and opioid intake is evident in the ability of opioids to 

significantly impact gastrointestinal function (i.e. opioid-induced bowel dysfunction). Indeed, 

opioid use is associated with gut dysbiosis in both humans and animals (Vincent et al. 2016; 

Acharya et al. 2017; Meng et al. 2013; Meng, Sindberg, and Roy 2015; Banerjee et al. 2016; M. 

Kang et al. 2017; Lee et al. 2018; Wang et al. 2018; Wang and Roy 2017; Zhernakova et al. 

2016; Xu et al. 2017). Preclinical studies have also shown an important role of gut bacteria in 

drug reward (Kiraly et al. 2016; Lee et al. 2018; Hofford et al. 2021) and the development of 

opioid tolerance (M. Kang et al. 2017). While alterations in gut microbiota directly affect opioid-

related behaviors, opioid exposure also alters the diversity and/or composition of the host gut 

microbiome (Wang et al. 2018; Banerjee et al. 2016; Meng et al. 2013; Ren and Lotfipour 2022; 

Acharya et al. 2017; Jingyuan Zhang et al. 2020; Cruz-Lebrón et al. 2021; Yafang Zhang et al. 

2021; Barengolts et al. 2018). In Chapter 2, I highlight the extensive overlap in neuroadaptations 

between overeating and drug abuse (Volkow, Wise, and Baler 2017) and the key roles of stress 

and reward processing in the development of opioid addiction. 

 

IV. Rationale for the dissertation 

With the prevailing opioid crisis and escalating numbers of opioid-related deaths driven 

by addiction, it is critical to evaluate underlying factors that significantly influence opioid abuse. 

My research is focused on fentanyl due to its marked involvement in overdose deaths within the 

last decade. Given the associations between the gut microbiota and stress, mood, psychiatric 

disorders, and behavior, evaluating the role of the gut microbiota in fentanyl use is a unique 

approach that could lead to new paths for the treatment of addiction. Few preclinical studies 

have directly examined the role of gut afferents and bacteria on addiction-like behavior (Kiraly et 

al. 2016; Han et al. 2018; Lee et al. 2018; Hofford et al. 2021). Current perspectives focus on 

dysfunctional reward processing, stress, and mood disorders as risk factors, characteristics, 
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and/or co-morbidities in addiction and their implications with gut dysbiosis. Different pathways 

mediate the pain-relieving and rewarding effects of opioids, so although an apparent 

relationship exists between gut bacteria and analgesic tolerance to opioids, further research is 

needed to evaluate how the gut microbiome modulates opioid reward and reinforcement. My 

studies explore gut-brain interactions in fentanyl use, which has previously not been studied 

before in the literature. By identifying how the gut-brain axis influences fentanyl use, my 

research has the potential to significantly progress our understanding of the mechanisms 

influencing opioid addiction. Different pathways mediate the pain-relieving and rewarding effects 

of opioids, so although an apparent relationship exists between gut bacteria and analgesic 

tolerance to opioids, further research is needed to evaluate how the gut microbiome modulates 

opioid reward and reinforcement. 

The central hypothesis of my studies is that gut bacteria are important regulators of 

reward, emotion, and motivation brain circuitry. In this dissertation, I review the role of the gut 

microbiome in various aspects of opioid addiction (Chapter 2). Next, I present an intravenous 

fentanyl dose-response curve in adult Sprague Dawley male and female rats, as well as the 

impact of fentanyl intravenous self-administration (IVSA) on gut microbiota (Chapter 3). To 

evaluate the bidirectional relationship between gut bacteria and behavior, I demonstrate the role 

of gut bacteria in fentanyl IVSA by depleting gut bacteria with oral antibiotic administration in 

rats (Chapter 4). Finally, I replete the animals’ gut microbial metabolites via short-chain fatty 

acid administration to assess a potential mechanism of gut-brain communication in fentanyl 

IVSA (Chapter 4). Collectively, my research supports evidence of a bidirectional role of the gut-

brain axis in fentanyl IVSA in adult Sprague Dawley rats, in that fentanyl use impacts gut 

diversity, and changes in gut diversity influence fentanyl use.  

Examining the bidirectional relationship between gut microbiota and fentanyl 

reinforcement and reward contributes to the limited understanding of mechanisms mediating 
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opioid dependence and abuse. Building upon this foundation allows for the development of 

tractable treatment options to mitigate opioid abuse and addiction vulnerability. 
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Chapter 2 

The Role of the Gut Microbiome in Opioid Use 

 

Introduction 

A growing field in human health is the gut-brain connection, a notion that our gut health 

is directly related to our emotional health. Although the gut and brain are separate organs, they 

are connected physically via the vagus nerve, and biochemically via neurotransmitters, gut 

hormones, microbial metabolites, and the immune system (Cryan and Dinan 2012). Bidirectional 

communication between the central nervous system (brain) and enteric nervous system (gut) 

occurs through the gut-brain axis, which is maintained by the trillions of intestinal bacteria that 

collectively make up one’s gut microbiome. 

An abundance of evidence in both humans and animals supports an essential role of gut 

microbiota in regulating brain function, mood, stress, and behavioral responses to rewards, 

including food and drugs of abuse (Collins and Bercik 2009; Heijtz et al. 2011; Clarke et al. 

2013; Selkrig et al. 2014; Cussotto et al. 2019). Gut bacteria are heavily impacted by ‟diseased” 

states, as abnormalities in gut microbial communities, or dysbiosis, are observed in patients 

diagnosed with substance use disorder, depression, anxiety, Parkinson’s disease, autism, 

and/or schizophrenia (Schroeder and Bäckhed 2016). Disruption to a host’s normal microbiota 

can lead to exaggerated stress responses and depressive symptoms (Sudo et al. 2004; Ait‐

Belgnaoui et al. 2014; Tarr et al. 2015; Kelly et al. 2016; Leclercq, Forsythe, and Bienenstock 

2016; Rea, Dinan, and Cryan 2016), further supporting the bidirectional relationship between 

the gut and brain. Given the significance of gut bacteria in obesity, stress, and motivated 

behaviors, as well as the extensive overlap in neuroadaptations between overeating and drug 

abuse (Volkow, Wise, and Baler 2017) and the key roles of stress and reward processing in the 
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development of addiction, we review available literature to support the hypothesis that gut-brain 

communication is necessary in the development and perpetuation of drug addiction. 

Addiction is a chronic brain disorder that alters circuitry involved in reward, stress, 

learning, memory, and motivation. The development of drug addiction is driven by exaggerated 

incentive salience, reward deficits, stress surfeits, and compromised executive function in three 

distinct stages, namely binge/intoxication, withdrawal/negative affect, and 

preoccupation/anticipation (craving) (Koob and Volkow 2016). Opioid addiction is the leading 

cause of drug overdose in the United States and is characterized by a compulsion to seek and 

voluntarily take opioids owing to their reinforcing effects and an impaired ability to control intake 

despite physical or psychological harm (Scholl et al. 2018). Due to the rapid increase in 

numbers of opioid-related disabilities and deaths throughout the world (Martins et al. 2017), this 

review is focused on gut-brain interactions specifically in opioid use. 

The endogenous opioid system regulates pain relief, reward processing, emotion, stress, 

and autonomic control, and consists of mu, delta, and kappa receptors (Benarroch 2012). 

Opioid receptors are distributed widely throughout the brain, periphery, and gut (De Schepper et 

al. 2004), and are activated endogenously by enkephalins, dynorphins, endorphins, and 

endomorphins, as well as exogenously by opioids (e.g., heroin, morphine, oxycodone, fentanyl). 

Opioids exert their primary clinical effects on mu opioid receptors to reduce pain perception. A 

link between gut health and opioid intake is evident in the ability of opioids to significantly impact 

gastrointestinal function (i.e. opioid-induced constipation). Indeed, opioid use is associated with 

gut dysbiosis in both humans (Vincent et al. 2016; Wang and Roy 2017; Zhernakova et al. 2016; 

Acharya et al. 2017; Xu et al. 2017; Barengolts et al. 2018). Preclinical studies have also shown 

an important role of the gut microbiome in drug reward (Kiraly et al. 2016; Lee et al. 2018) and 

the development of opioid tolerance (M. Kang et al. 2017). In this review, we present available 

literature assessing the bidirectional role of the gut-brain axis in addiction- and opioid-related 

behaviors, including stress, reward, incentive salience, mood disruption, tolerance, dependence, 
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withdrawal, and antinociception, as well as propose possible mechanisms of gut-brain 

interactions in opioid use. 

With the prevailing opioid crisis and escalating numbers of opioid-related deaths 

worldwide driven by addiction, it is critical to evaluate mechanisms that mediate the abuse 

potential of opioids. By presenting a specific role of the gut-brain axis in opioid use and in 

factors that influence addiction, we provide a potential therapeutic target integrated with opioid 

regimens to mitigate abuse and addiction vulnerability. Novel interventions to limit the negative 

clinical outcomes of opioid use, such as tolerance, dependence, and withdrawal, may reduce 

the risk of addiction and opioid-related deaths. An improved understanding of how the gut is 

involved in addiction-related behaviors can also contribute to the development of effective 

treatment strategies in other disorders with shared characteristics, including depression, 

anxiety, and chronic pain. 

 

Methods to study the gut microbiome 

While human subjects provide valuable translational data, the majority of our 

understanding of gut-brain interactions in addiction-related behaviors comes from preclinical 

rodent studies. Animal models allow specific, targeted manipulation of gut microbiota while 

controlling for factors that are widely variable in humans, including disease comorbidities, opioid 

dose and duration of use, co-use of other opioid and/or non-opioid drugs, drug history, and 

genetics. Comparing human microbiomes of substance use disorder versus healthy controls 

may also reflect differences in lifestyles and diets and are therefore difficult to appoint solely to 

drug use. 

The four primary ways that gut microbiota can be manipulated are with probiotics, 

prebiotics, antibiotics, and fecal microbiota transplantation (FMT). Probiotics are live, beneficial 

bacterial strains that do not repopulate on their own so need to be administered daily for 

benefits to the host. Prebiotics are dietary fibers that are indigestible by the host and undergo 
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bacterial fermentation to stimulate the growth of certain types of bacteria. An alternative to 

prebiotics is administration of short-chain fatty acids (SCFAs), which are bacterial fermentation 

byproducts. Depletion of 70-90 percent of gut bacteria in rodents can be achieved with 

prolonged oral treatment of non-absorbable antibiotics that do not mirror clinical doses (Bercik, 

Denou, et al. 2011; Reikvam et al. 2011). The goal of FMT, often known as stool 

transplantation, fecal transplantation, or fecal bacteriotherapy, is to restore eubiosis by 

transferring stool from a healthy donor into a recipient with an altered colonic microbiome 

(Vindigni and Surawicz 2017). FMT is an effective treatment for recurrent Clostridium difficile 

infection that has not responded to standard therapy. Potential applications of FMT for 

intervention in non-gastrointestinal diseases, such as obesity, ischemic stroke, Parkinson’s 

disease, Alzheimer’s disease, and depression, are also being explored (Kelly et al. 2016; 

Sampson et al. 2016; Chen et al. 2019; Dutta et al. 2019; Muscogiuri et al. 2019; J. Sun et al. 

2019). 

A unique animal model used in microbiome research is the germ-free mouse, in which 

mice are raised in a sterile environment from birth and remain completely absent of internal or 

external microbes (Faith et al. 2010). Germ-free mice are usually compared with mice 

containing known pathogens (conventional or specific pathogen-free) and can be colonized with 

microbial communities from donor animals or human subjects. Although the germ-free animal 

model is not entirely clinically relevant, as humans have constant exposure to environmental 

microbes immediately after birth, its use provides insight into early host development and 

function. Gut microbial depletion via prolonged oral antibiotic administration bypasses the 

perinatal developmental period. 

As the bulk of intestinal bacteria are excreted in fecal matter, microbial analysis is most 

commonly achieved from fecal samples. Gut bacterial profiles are analyzed by DNA sequencing 

of the 16S rRNA gene found in all bacteria. Specific primers can select for the variable regions 

of the 16S gene to provide a profile of the different bacterial species in a given sample. DNA 
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sequencing of bacterial genes reveals a sample’s bacterial abundance, alpha diversity (i.e. how 

many different species exist in the sample), and beta diversity (i.e. different species in one 

sample compared to another sample). 

 

Gut microbiome role in incentive salience 

Addiction is a chronic brain disease that is associated with dysregulation of reward and 

motivation. Incentive salience is a motivational property that when attributed to reward-

predicting stimuli, or cues, triggers the approach toward and consumption of a reward (Tindell et 

al. 2009; Jun Zhang et al. 2009). The development of incentive salience is mediated by the 

mesolimbic dopamine system and promotes habits that encourage excessive cue-induced drug 

seeking and self-administration behaviors (Berridge 2012). 

A vagal gut-to-brain circuit has been established to play a critical role in reward and 

motivation (Han et al., 2018), and gut bacteria influence how animals respond to various 

rewards, such as food and drugs (Korner and Leibel 2003; Duca et al. 2012; Alcock, Maley, and 

Aktipis 2014; Kiraly et al. 2016; Van de Wouw et al. 2018; Lee et al. 2018; Al-Ghezi et al. 2019). 

Natural rewards, such as food, sex, and nurturing, are processed by key mesocorticolimbic 

structures and neurotransmitters, including the ventral tegmental area (VTA), nucleus 

accumbens, prefrontal cortex, dopamine, serotonin, GABA, glutamate, and endogenous opioids 

(Russo and Nestler 2013). Drugs of abuse, including opioids, alcohol, stimulants, and cannabis, 

are artificial rewards that hijack this same brain system, and repeated drug use induces 

neurophysiological changes that contribute to addiction (Volkow and Morales 2015). 

Passive exposure to or voluntary consumption of drugs of abuse can induce imbalances 

in gut microbiota in humans and rodents (Volpe et al. 2014; Wang and Roy 2017; Ning et al. 

2017; Temko et al. 2017; Hillemacher et al. 2018; Hofford, Russo, and Kiraly 2019). In line with 

bidirectional gut-brain communication, these microbial imbalances influence brain function and 

behavior. Gut dysbiosis is associated with decreased levels of serotonin and dopamine, both 
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important reward-related neurotransmitters (Yano et al. 2015), and changes in the gut 

microbiome are correlated with altered striatal dopamine receptor expression in a model of 

compulsive alcohol seeking (Jadhav et al. 2018). Additionally, mice with depleted gut microbiota 

have abnormal behavioral responses to cocaine reward compared to controls (Kiraly et al. 2016; 

Lee et al. 2018), further highlighting a feedback loop between impaired reward processing and 

gut dysbiosis. 

A growing amount of work has investigated the role of gut bacteria in obesity and 

overeating, which is relatable to drug addiction, as clinical and preclinical evidence uncover a 

significant overlap of neuroadaptations in overeating (food addiction) and drug addiction 

(Volkow, Wise, and Baler 2017). The rewarding properties of food and drugs are necessary for 

addictive potential, as foods that are highly palatable or drugs that produce significant euphoria 

promote repeated consumption or intake. Further, the rewarding properties of food or drugs are 

necessary for attributing positive motivational value to stimuli associated with reward availability 

and act as powerful incentives of reward-seeking behavior (Di Chiara 1999). Consistent with 

food and drug reward sharing similar neural mechanisms, current pharmacological and non-

pharmacological (i.e. vagal nerve stimulation) treatments for obesity have also shown efficacy in 

reducing self-administration and/or rewarding effects of alcohol, cocaine, opiates, and nicotine 

in rodents (Egecioglu, Engel, and Jerlhag 2013; Graham et al. 2013; Skibicka 2013; Engel and 

Jerlhag 2014; H. D. Schmidt et al. 2016; Sirohi et al. 2016; Vallöf et al. 2016; Childs et al. 2017; 

Fortin and Roitman 2017; Tuesta et al. 2017). 

As expected, the reward system is more stimulated by high energy-dense food than low-

calorie food (van der Laan et al. 2014). High-fat or high-sucrose diets are associated with 

altered microbial diversity in mice (Daniel et al. 2014; B. Liu et al. 2018; Magnusson et al. 2015), 

and these diet-induced microbial changes substantially influence brain function, resulting in 

reduced synaptic plasticity, increased vulnerability to anxiety-like behavior, impairment in long-

term and short-term memory, and disruptions in exploratory behavior (Sharma, Zhuang, and 
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Gomez-Pinilla 2012; Bruce-Keller et al. 2015). Bacterial byproducts that come into contact with 

gut epithelium stimulate production of gut hormones and neuropeptides, including peptide YY, 

cholecystokinin, glucagon-like peptide-1, and substance P, which mediate hunger and satiety 

signaling (Cani, Everard, and Duparc 2013; Cani and Knauf 2016). These findings highlight a 

critical function of gut bacteria in regulating appetite and feeding behaviors. 

Although similar neural pathways influence food and drug reward, bariatric surgery (e.g. 

gastric bypass) to effectively reduce food intake, increases vulnerability and sensitivity to the 

reinforcing effects of opioid analgesics (Raebel et al. 2013; Biegler et al. 2016). This may be 

explained by the transference of one addiction (food) to another, as surgery eliminates 

excessive eating but does not alter individual predispositions to addictive behaviors (Niego et al. 

2007; Pepino et al. 2014). In addition, altered gastrointestinal anatomy may cause changes in 

pharmacokinetics, as opioids are absorbed in the gastrointestinal tract (Tan et al. 1989; Lotsch 

et al. 1999). 

 

Gut microbiome role in drug withdrawal/negative affect 

Various biological factors likely contribute to increasing chronic opioid use, including 

higher pain sensitivity and lower pain detection thresholds (Dodet et al. 2013). The shift from 

acute drug use to addiction may be due to opposing brain circuits that mediate stress and 

reward, as addiction progresses from initial drug use for reward (i.e. positive reinforcement) to 

repeated use for distress avoidance (i.e. negative reinforcement). Once an individual adapts to 

regular use of opioids, a sudden decrease in intake leads to withdrawal, which interestingly 

yields symptoms opposite of opioid effects, as the brain tries to compensate against 

homeostatic disruption. The withdrawal/negative affect stage of the addiction cycle is 

represented by dampened reward via dopamine deficits and increased stress via activation of 

corticotropin-releasing factor and dynorphin (Koob et al. 2014). This recruitment of the stress 

system results in an emergence of negative emotional states, including dysphoria, anxiety, 
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irritability, and depression. Baseline stress levels are heightened and exacerbated during 

withdrawal or extended abstinence, which encourages a cycle of continual drug intake to avoid 

the dysphoric feelings associated with the negative affect. 

Stress, both acute and chronic, plays a key role in mediating an animal’s sensitivity to 

food and drug reinforcers (Sinha and Jastreboff 2013; Yau and Potenza 2013; Koob et al. 2014) 

and is a primary risk factor in the development of drug abuse and addiction. A substantial 

amount of evidence supports a bidirectional and causal relationship between gut dysbiosis and 

stress. Gut microbiota directly modulate general stress responses as well as drug withdrawal-

induced anxiety (Xiao et al. 2018). Imbalances in gut microbial communities lead to a 

heightened activation of the hypothalamic-pituitary-adrenal (HPA) axis stress response (Sudo et 

al. 2004; Ait‐Belgnaoui et al. 2014; Tarr et al. 2015; Gacias et al. 2016; Leclercq, Forsythe, and 

Bienenstock 2016; Rea, Dinan, and Cryan 2016), and restoring eubiosis via probiotics, SCFAs, 

and FMT ameliorates stress-related biomarkers and behaviors (Desbonnet et al. 2010; Ait-

Belgnaoui et al. 2012; Liang, Bello, and Moran 2013; Pusceddu et al. 2015; K. Schmidt et al. 

2015; Tarr et al. 2015). In addition, stress induces changes in microbiota composition and 

intestinal barrier function (Söderholm et al. 2002; Melanie G Gareau, Silva, and Perdue 2008). 

This is perhaps unsurprising given the considerable impact that stress has in aggravating 

gastrointestinal disorders and symptoms, such as inflammatory bowel disease, irritable bowel 

syndrome, gastric ulcers, and diarrhea (Klooker et al. 2009; Mayer 2011; Moloney et al. 2016). 

Substance use disorders are also highly comorbid with depression and anxiety, which 

are both characterized as stress-related mood disorders, in which stress is a major risk factor in 

its onset, and affected individuals have increased stress sensitivity (Holsboer 2000; Kendler et 

al. 2006; Scott, Clarke, and Dinan 2013; L. Yang et al. 2015; Ramirez, Fornaguera-Trías, and 

Sheridan 2016). Impaired gut microbiota is reported in depression (Desbonnet et al. 2010; Jiang 

et al. 2015; Kelly et al. 2016; Luna and Foster 2015; Macedo et al. 2017) and anxiety (Neufeld 

et al. 2011; Luna and Foster 2015; Tarr et al. 2015), as well as other central nervous system 
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abnormalities and diseases, such as hyperactivity, cognitive deficits, Parkinson’s disease, and 

schizophrenia (Heijtz et al. 2011; Scheperjans et al. 2015; Fröhlich et al. 2016; Severance and 

Yolken 2020). This link between central nervous system disorders and dysbiosis is not simply 

an association, as transplantation of gut bacteria from humans or animal models with obesity, 

chronic pain, anxiety, depression, Parkinson’s disease, or schizophrenia produces matching 

abnormal behaviors in animals (Bravo et al. 2011; Bruce-Keller et al. 2015; Kelly et al. 2016; C. 

Yang et al. 2019; Zhu et al. 2020). Further, gut bacterial depletion in mice increases depressive-

like behavior, alters visceral pain responses, and impairs cognition (O’Mahony et al. 2015; 

Fröhlich et al. 2016). Similarly in humans, a single treatment course of antibiotics is associated 

with an increased risk of depression and anxiety that rises with recurrent antibiotic exposure 

(Lurie et al. 2015). These findings collectively suggest a feedback loop exists between stress, 

depressive states, and gut dysbiosis, which could underlie the gut microbiome’s role in drug 

withdrawal/negative affect. 

 

Gut microbiome role in drug anticipation/craving 

The preoccupation/anticipation stage is often linked with drug craving and hypothesized 

to be a key element in relapse. During this stage, the combination of excessive drug cue-

induced incentive salience, diminished reward system function, and heightened stress levels 

promotes pathological drug seeking. Motivational withdrawal syndrome develops when access 

to a drug is prevented, where the primary focus is to alleviate withdrawal symptoms. According 

to Pavlovian conditioning analysis, drug tolerance and withdrawal symptoms are both 

manifestations of conditioned compensatory responses (Siegel and Ramos 2002). These drug-

compensatory responses are proposed to mediate the development of tolerance by 

counteracting the drug effect when administered in the context of usual drug-administration 

cues (which may also be interpreted as ‟drug preparation” symptoms). In contrast, if the drug is 

not administered in the presence of usual cues, the conditioned compensatory responses are 
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not attenuated by drug effect and thus achieve full expression, increasing the risk of drug 

overdose. The essential role of gut microbiota in learning, memory, and stress highlights the 

striking impact of the gut in drug anticipation and craving (Sudo et al. 2004; Bravo et al. 2011; 

Heijtz et al. 2011; Desbonnet et al. 2015). 

The finding that opioid tolerance to analgesia can be transferred via fecal transfer from 

an opioid-dependent mouse model into opioid-naive mice reveals that opioid exposure produces 

changes in gut bacteria that contribute to the development of tolerance to the pain-relieving 

effects of opioids (M. Kang et al. 2017; Lee et al. 2018; C. Yang et al. 2019). Gut microbiota 

diversity is in fact altered with chronic opioid use in humans and mice, and these changes alter 

neuronal tolerance in extrinsic sensory afferents (Akbarali and Dewey 2017). In addition, the 

rate of tolerance to the analgesic effects of morphine is exaggerated in the presence of colonic 

inflammation (Komla et al. 2019). 

While tolerance to the analgesic and rewarding properties of opioids develops rapidly, 

the gastrointestinal-related side effects, including pain, nausea, and constipation, remain 

consistent and often worsen with chronic opioid exposure (Akbarali and Dewey 2017). One 

consideration is that gastrointestinal distress is one presentation of a conditioned compensatory 

response to opioid intake. As an example, diarrhea and/or vomiting are commonly observed 

signs of withdrawal, and administration of opioids alleviates these symptoms by inducing 

constipation and reduced gut motility. Gut dysbiosis may act as an interoceptive cue to opioid 

administration, similar to external cues, and elicit conditioned responses that mediate drug 

tolerance (Razran 1961). Consistent with this hypothesis, tolerance can be prevented with a 

peripheral mu-opioid receptor antagonist, which supports a peripheral or gut mechanism 

mediating opioid tolerance (Komla et al. 2019). Furthermore, the insula integrates interoceptive 

states into emotions and conscious feelings, and its reactivity has been suggested to serve as a 

biomarker to predict relapse in humans (Naqvi and Bechara 2009; Janes et al. 2010). 
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Possible mechanisms of the gut microbiome mediating opioid use behavior 

Neuroinflammation 

Gut-brain communication occurs vastly through immune pathways. Gut bacteria control 

the differentiation and function of immune cells in the brain, periphery, and intestines (Erny et al. 

2015; Matcovitch-Natan et al. 2016; Rooks and Garrett 2016), and a healthy intestinal lining 

forms a tight barrier to control what gets absorbed into the bloodstream. It is therefore feasible 

to expect that perturbed gut bacteria and/or structure prompt immune dysfunction by triggering 

inflammation throughout the brain and body. 

Intestinal barrier integrity can be threatened by a Western-style diet, certain medications, 

stress, and autoimmune conditions (Mélanie G Gareau et al. 2007; Stewart, Pratt-Phillips, and 

Gonzalez 2017), which cause the tight junctions in the large intestine to open up (i.e. leaky gut) 

and allow bacteria and their toxins to get through, eliciting a systemic inflammatory response. 

Neuroinflammation is characterized by increased microglial activation and/or malformed 

microglial morphology. Gut, brain, and systemic inflammation are seen in acute and chronic 

stress and mood disorders (Maes et al. 2012; Wohleb and Delpech 2017), as well as in opioid-

dependent states and particularly in states of withdrawal (Taylor et al. 2016; Lee et al. 2018). 

Neuroinflammation disrupts the function and projections of dopaminergic neurons within VTA, 

leading to decreased mesolimbic dopaminergic activity and dysregulated reward, which is a 

shared characteristic of chronic pain, depression, and opioid addiction (Taylor et al. 2016; Cahill 

and Taylor 2017). Vulnerability to the negative effects of opioids may be heightened by 

inflammation, which can develop from chronic opioid use, creating a vicious cycle. 

 

Microbial metabolites 

Gut bacteria help break down certain nutrients, which can be further metabolized by host 

cells. Several of these products, short-chain fatty acids (SCFAs, e.g. butyric acid, propionic acid, 

and acetic acid), are associated with neural function. Gut bacteria also produce tryptophan, 
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serotonin, dopamine, and GABA, which play important roles in the brain as neurotransmitters or 

their precursors (Lyte 2011; Thomas et al. 2012; Sudo 2019). 

SCFAs are considered to be beneficial to the host due to their anti-inflammatory effects 

and epigenetics regulation (Tsankova et al. 2007; C. H. Kim, Park, and Kim 2014; Erny et al. 

2015; Stilling et al. 2016). SCFAs are able to influence memory and learning processes in the 

brain and alleviate stress (Chambers et al. 2015; J. Liu et al. 2015; Burokas et al. 2017; Byrne 

et al. 2016; Arnoldussen et al. 2017; Van de Wouw et al. 2018; Garcez et al. 2018). Additionally, 

administration of SCFAs normalizes microglial abnormalities in germ-free mice (Erny et al. 

2015) and reverses the enhanced reward sensitivity to cocaine seen in gut bacteria-depleted 

mice (Kiraly et al. 2016). Opioid-related behaviors may be due in part to reduced bacterial 

metabolism, which can be repleted with SCFA supplementation. 

 

Serotonin (5-HT) 

Microbiota can regulate 5-hydroxytryptamine (5-HT) synthesis in the gut, which is 

important given that dysfunctional 5-HT signaling may underlie symptoms of gastrointestinal and 

mood disorders (Yano et al. 2015). Peripherally, 5-HT is involved in pain perception and 

regulation of gut secretion and motility, and centrally, 5-HT signaling pathways are implicated in 

regulating mood and cognition (Gershon and Tack 2007; O’Mahony et al. 2015). Gut bacteria 

may play a crucial role in tryptophan availability and metabolism to consequently impact central 

5-HT concentrations (Van de Wouw et al. 2018). The relationship between gut bacteria, 

serotonin synthesis and signaling, and mood is imperative to note as a consideration in 

addiction and motivated behaviors. 

 

Microbial diversity and presence of specific species 

Dysbiosis is characterized by imbalances in bacterial species, which can be measured 

by total abundance, species ratios, alpha diversity, and/or the presence or absence of a specific 



 21 

species. An imbalance in the body’s normal gut microbiota disrupts immunity and nutrition and 

leads to relative overgrowth of bacteria, which can progress into a secondary infection, such as 

the pathogenic Clostridium difficile. Gut microbiomes with high diversity are posited to be more 

beneficial to host health than low diversity microbiomes, as many different species exist in low 

numbers in a high diversity environment and expend more resources competing with other 

bacteria rather than manipulating the host (Alcock, Maley, and Aktipis 2014). 

Specific bacterial species may exert immunomodulatory effects on the central nervous 

system. Lactobacillus reuteri (L. reuteri) decreases anxiety-like behavior and stress-induced 

increase of corticosterone in mice, and alters mRNA expression of both GABA-A and GABA-B 

receptors in the central nervous system (Bravo et al. 2011). Vagotomy in these animals 

prevents the anxiolytic and antidepressant effects of L. reuteri, which indicates that 

parasympathetic innervation is necessary for L. reuteri to participate in the microbiota-brain 

interaction. Further, many species of Lactobacillus and Bifidobacterium produce GABA; 

Candida, Escherichia, and Enterococcus produce serotonin; and some Bacillus species produce 

dopamine (Lyte 2011; Barrett et al. 2012). Additional research on bacterial species differences 

in substance use disorder is necessary to understand the functions of specific species and for a 

precise therapeutic intervention in opioid use. 

 

Conclusion 

Few preclinical studies have directly examined the role of gut afferents and bacteria on 

addiction-like behavior (Kiraly et al. 2016; Han et al. 2018; Lee et al. 2018). Current 

perspectives focus on dysfunctional reward processing, stress, and mood disorders as risk 

factors, characteristics, and/or co-morbidities in addiction and their implications with gut 

dysbiosis. Different pathways mediate the pain-relieving and rewarding effects of opioids, so 

although an apparent relationship exists between gut bacteria and analgesic tolerance to 
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opioids, further research is needed to evaluate how the gut microbiome modulates opioid 

reward and reinforcement. 

We highlight here the role of gut bacteria in the affected neurocircuitry and behaviors of 

opioid abuse and addiction, including the stress HPA axis, mesolimbic dopamine system, 

tolerance, withdrawal, and craving. We also provide support that the gut-brain axis and opioid 

use share bidirectional communication, as opioid exposure changes the gut microbiome, and 

manipulation of gut bacteria influences opioid-related behaviors, such as pain tolerance, 

withdrawal, anhedonia, and drug reward. The impact of gut dysbiosis on impaired reward, 

enhanced stress, and neuroinflammation, as well as the glaring feedback of these factors on gut 

health, strongly implicates an important role of the gut-brain axis in opioid use. 

Individual differences in gut microbiomes contribute to variations in drug metabolism, 

which account for the disparities in therapeutic efficacy and side effects between individuals 

(Zimmermann et al. 2019). An interesting, targeted approach to personalized medicine would be 

to modulate or supplement the gut microbiota to increase the efficacy of a drug or reduce its 

adverse effects. Our knowledge of the gut microbiome on obesity has led to clinical trials to 

evaluate benefits of FMT in non-gastrointestinal disorders, including obesity (Carlucci, Petrof, 

and Allen-Vercoe 2016; Jayasinghe et al. 2016), autism (D. Kang et al. 2017), multiple sclerosis 

(Makkawi, Camara-Lemarroy, and Metz 2018), and depression (Wortelboer, Nieuwdorp, and 

Herrema 2019). A further understanding of the role of the gut microbiome in drug addiction and 

opioid use may offer a novel targeted approach in the treatment of substance use disorders 

and/or a combined therapy with opioid regimens. 
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Chapter 3 

Dose- and Sex-Dependent Bidirectional Relationship Between Intravenous Fentanyl Self-

Administration and Gut Microbiota 

 

Introduction 

The United States is currently in an opioid crisis: the number of drug-related deaths has 

been rapidly increasing every year, with most cases involving fentanyl (Rudd et al 2016). It is 

necessary to investigate mechanisms mediating the abuse potential of fentanyl to contribute to 

the development of successful treatment strategies. In this study, we evaluate the role of gut 

microbiota as a potential mechanism in fentanyl reward and reinforcement. A link between gut 

health and opioid intake is evident in the ability of opioids to significantly impact gastrointestinal 

function, (i.e., opioid-induced constipation). Indeed, opioid use is associated with imbalances in 

gut bacteria in both humans (Vincent et al. 2016; Zhernakova et al. 2016; Acharya et al. 2017; 

Xu et al. 2017; Barengolts et al. 2018) and animals (Meng et al. 2013; Meng, Sindberg, and Roy 

2015; Banerjee et al. 2016; M. Kang et al. 2017; Lee et al. 2018; Wang et al. 2018). Preclinical 

studies have also shown an important role of gut microbiota in opioid-dependent behaviors, 

including reward, tolerance, and withdrawal (M. Kang et al. 2017; Lee et al. 2018; Hofford et al. 

2021). 

The gut and brain communicate via the trillions of bacteria that reside in the 

gastrointestinal tract, collectively known as the gut microbiome. A growing field of literature 

supports a bidirectional relationship between gut bacteria and host health, particularly related to 

emotions, behavior, and neuropsychiatric disorders (Mitrea et al. 2022; Cryan and Dinan 2012; 

Valdes et al. 2018). Gut microbiota provides a protective role by occupying intestinal surfaces 

and preventing overgrowth of pathogenic microorganisms (Karczewski et al. 2010). An 

unbalanced gut environment, or gut dysbiosis, is bidirectionally associated with depression, 
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anxiety, and learning and memory deficits (Kelly et al. 2016; Qinrui Li et al. 2017; Carabotti et al. 

2015). Evidence also suggests a role of the microbiota–gut–brain axis in reward and motivation 

(Kiraly et al. 2016; Han et al. 2018; García-Cabrerizo et al. 2021). 

The present study aims to explore gut–brain interactions in fentanyl use, which has 

never been studied before in the literature. Because the literature is limited on fentanyl self-

administration, one primary objective of this study is to establish a dose–response relationship 

of fentanyl intravenous self-administration (IVSA) in adult wild-type Sprague Dawley rats. We 

implant rats with intravenous catheters in preparation for fentanyl IVSA on an escalating 

schedule of reinforcement to determine factors that influence fentanyl intake, including sex and 

dose. Moreover, we test the hypothesis that fentanyl IVSA decreases gut bacteria’s alpha and 

beta diversity based on prior findings that chronic opioid treatment decreases both measures of 

diversity (Lee et al. 2018; Wang et al. 2018). Given the bidirectional relationship between gut 

bacteria and behavior, we test the hypothesis that the diversity of gut bacteria predicts fentanyl 

IVSA. By identifying how gut bacteria influence fentanyl use, our research has the potential to 

significantly progress our understanding of the mechanisms influencing opioid addiction. 

 

Materials and Methods 

Animals 

Adult Sprague Dawley rats (8–9 weeks of age) were obtained from Charles River (San Diego, 

CA, USA) and acclimated to our vivarium at least 7 days prior to experimentation. A total of 52 

animals were used in this study with 10 animals excluded from data due to technical issues or 

lack of catheter patency, and 1 exclusion determined as an outlier via box-and-whisker plots. 

The final dataset analyzed includes 23 males (n = 9, 8, and 6 at 0, 1.25, and 2.5 μg/kg/infusion, 

respectively), and 18 females (n = 6, 8, and 4 at 0, 1.25, and 2.5 μg/kg/infusion). Animals were 

pair-housed (2/cage, 26 cages in final data) in a humidity and temperature-controlled room, and 

the assigned drug dose for each animal was cage-matched, (i.e., all animals housed in the 
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same cage self-administered the same drug dose). Food and water were available ad libitum 

until 24-h prior to drug self-administration and onward when food was restricted to 20–25 

g/animal/day (sufficient to maintain adult weight) to motivate exploration. Animals were 

randomly assigned to experimental groups using a random sequence generator. Animals were 

housed on a 12-h light-dark cycle (lights on at 07:00) and experimentation was performed 

during the light part of the light-dark cycle. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of California Irvine and performed 

in accordance with the Association for Assessment and Accreditation of Laboratory Animal 

Care. 

 

Catheter Implantation 

All rats were anesthetized with Equithesin (0.35 mL/100 g, intraperitoneal) and catheters 

implanted into their right external jugular vein in preparation for intravenous (i.v.) fentanyl self-

administration (implantation surgery described previously) (Belluzzi, Wang, and Leslie 2005). 

Animals were given carprofen (4 mg/kg, subcutaneous) (Med-Vet, Mettawa, IL, USA), a 

postoperative analgesic, immediately after surgery. Catheters were flushed daily with sterile 

heparinized saline (0.6 mL of 1000 units/mL heparin in 30 mL saline) to maintain patency. 

Animals were allowed at least 2 days to recover from surgery before drug self-administration. 

 

Fentanyl Intravenous Self-Administration 

Aqueous fentanyl citrate (Patterson Veterinary, Greeley, CO, USA) was mixed with saline and 

filtered through a 0.22 μm sterile filter (VWR, Radnor, PA, USA) prior to use. All animals were 

allowed to self-administer fentanyl at 0, 1.25, or 2.5 μg/kg/infusion during daily 2-h sessions for 

5 days at a fixed ratio (FR) 1 schedule of reinforcement, 2 days at FR2, followed by 2 days on 

FR5, all with a 20-s timeout. Subsequently, animals were assessed for drug reward using a 

progressive ratio (PR) schedule of reinforcement, where the response requirement to earn an 
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injection escalates within the same session according to an approximately logarithmic series 

(Roberts, Loh, and Vickers 1989). Optimal fentanyl doses were selected from prior rodent 

studies showing acquisition of self-administration while avoiding potentially toxic effects of long-

session and long-term self-administration access (van Ree, Slangen, and de Wied 1978; 

Morgan et al. 2002; Wade et al. 2015). Animals self-administered fentanyl in individual 

chambers by poking their nose into a “reinforced” nose poke hole, which signaled a cue light to 

turn on and delivery of one 20 μL i.v. infusion of the assigned dose of fentanyl. Non-reinforced 

nose pokes at a second hole were counted to control for non-specific drug effects. Data were 

collected by a multichannel computer system (Med Associates, St. Albans, VT, USA). After the 

final session on each schedule of reinforcement, propofol (0.1 mL) (Zoetis, Parsipanny, NJ, 

USA) was injected through the catheter to test patency as indicated by rapid (5–10 s) 

anesthesia. Data were discarded from animals not demonstrating rapid anesthesia. 

 

16S Sequencing 

Fecal samples were suspended in a 1.7 mL Eppendorf tube prefilled with DNA/RNA Shield 

(Zymo Research, Irvine, CA, USA) and stored at −80 °C until processing. Bacterial genomic 

DNA from all samples was isolated using the Zymobiomics DNA Mini Kit in a 96-well format 

(Zymo Research, Irvine, CA, USA). The gDNA was used to target the 16S rRNA gene. A 16S 

rRNA amplicon PCR was performed targeting the V4-V5 region using the EMP primers (515F 

(barcoded) and 926R) (Caporaso et al. 2012; Walters et al., 2015). The library was sequenced 

at the University of California Irvine’s Genomics High Throughput Facility using a MiSeq v3 

chemistry with a PE300 sequencing length. Sequencing resulted in 12M single-end reads 

(forward) passing filter of which 11% are PhiX with a >Q30 = 85%. The raw forward sequences 

were imported into QIIME2 (Bolyen et al. 2019). 

 

Statistical Analysis 



 27 

Behavioral data were analyzed with JMP (SAS Institute, Cary, NC, USA). Each self-

administration schedule of reinforcement (FR1, FR2, FR5, PR) was analyzed separately with 

multivariate ANOVA on sex, fentanyl dose, and response, with repeated measures on response 

(reinforced vs. non-reinforced). Any main effects were further analyzed using Bonferroni-

corrected paired (response) or unpaired (drug) t-test post hoc comparisons. One outlier 

determined from box-and-whisker plots on days 10–11 mean PR infusions was removed from 

the data. Bacterial sequence data were analyzed using QIIME2 and R Studio. 

 

Experimental Timeline 

Adult rats were implanted with an indwelling catheter in their right external jugular vein. 

Following 2–3 days of post-operative recovery, animals were allowed to self-administer fentanyl 

via reinforced nose pokes as described above. One fecal sample was collected from each 

animal the day before fentanyl self-administration and the last day of self-administration to 

assess the impact of fentanyl IVSA on gut microbiota diversity and composition (Figure 3.1). 

 

Figure 3.1. Experimental timeline for fentanyl self-administration and fecal sample collection. 
Animals undergo catheter implantation surgery and recover for 2 full days before starting self-
administration. Animals self-administer fentanyl at fixed ratio (FR) 1 for 5 days, FR2 for 2 days, FR5 for 2 
days, and progressive ratio (PR) for 2 days, for 11 days total. One fecal sample is collected from each 
animal the day before self-administration (day 0) and the last day of PR (day 11). 

 

Results 

Intravenous Fentanyl Self-Administration Is Dependent on Fentanyl Dose 
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Current data on fentanyl intravenous self-administration (IVSA) are limited, so we investigated 

responding for fentanyl infusions on an escalating schedule of reinforcement in wild-type 

Sprague Dawley rats to establish a fentanyl dose-response relationship. We analyzed fentanyl 

IVSA with a three-way ANOVA to investigate the roles of sex and fentanyl dose in fentanyl self-

administration, in addition to discrimination between reinforced and non-reinforced nose pokes. 

Data were analyzed separately by schedule of reinforcement, with the mean responses of the 

last 2 days of each schedule, due to stabilization of learning and drug acquisition. We found a 

main effect of fentanyl dose across all schedules of reinforcement (fixed ratio (FR) 1: F(5,35) = 

1.69, p = 0.05; FR2: F(5,35) = 2.43, p = 0.01; FR5: F(5,35) = 2.26, p = 0.01). Data are collapsed 

by sex due to a lack of sex differences (FR1: p = 0.62, FR2 and FR5: p = 0.82). Rats self-

administered significantly more fentanyl at 1.25 vs. 0 μg/kg/infusion at FR1 (p = 0.01), FR2 (p = 

0.002), and FR5 (p = 0.003) (Figure 3.2A, Table 3.1). 

 

Figure 3.2. Fentanyl intravenous self-administration. (A) Mean number of infusions across 2 days at 
fixed ratio (FR) 1, FR2, and FR5 schedules of reinforcement, reinforced (Reinf, filled bars and circles) vs. 
non-reinforced (NonReinf, empty bars and circles) responses, at 0, 1.25, and 2.5 μg/kg/infusion (error 
bars represent S.E.M., ** p < 0.01, * p < 0.05, n = 10–16/group). (B) Mean infusion breakpoint over 2 
days at a progressive ratio schedule of reinforcement at 0, 1.25, and 2.5 μg/kg/infusion (error bars 
represent S.E.M., **** p < 0.0001, ** p < 0.01, n = 10–16/group). Data are collapsed by sex. 

 

A B
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Table 3.1. Fentanyl intravenous self-administration. Mean number of infusions self-administered at 
fixed ratio (FR) 1, FR2, FR5, and progressive ratio (PR) schedules of reinforcement at 0, 1.25, and 2.5 
μg/kg/infusion. 

 
 

Motivation for Fentanyl Infusions Is Highest at 1.25 vs. 0 or 2.5 ug/kg/Infusion 

The “breakpoint” at a progressive ratio (PR) schedule of reinforcement is a measure at which an 

animal stops responding for a reinforcer. We define breakpoint as the last ratio of responses 

successfully completed by an animal [26]. As fixed ratio is a measure of reinforcement rather 

than reward or motivation, we measured breakpoint to determine the motivation of animals to 
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self-administer fentanyl infusions. A two-way ANOVA analyzing sex and fentanyl dose on mean 

infusions over 2 days at PR yielded a main effect of fentanyl dose (F(5,35) = 5.08, p = 0.0001). 

Post-hoc analysis showed significantly higher infusions self-administered at 1.25 vs. 0 

μg/kg/infusion (p < 0.0001) and 2.5 vs. 0 μg/kg/infusion (p = 0.008) (Figure 3.2B, Table 3.1). 

The data shown are collapsed by sex, as we found no significant effect of sex (p = 0.75). 

 

Fentanyl Self-Administration Changes Gut Bacteria Alpha Diversity 

We isolated bacterial DNA from fecal samples collected from animals before and after self-

administration to evaluate whether fentanyl IVSA alters the diversity of gut bacteria. Alpha 

diversity was measured using two diversity indices: Chao1, which estimates the total richness of 

a microbial sample based on relative abundance, and Shannon, which considers both richness 

and evenness of a microbial sample. We observed a main effect of sex between subjects 

(F(1,35) = 6.88, p = 0.01), a sex * fentanyl dose interaction (F(2,35) = 3.52, p = 0.04), and a 

main effect of time within subjects (before vs. after fentanyl IVSA) (F(1,35) = 4.07, p = 0.05). 

When evaluating post hoc comparisons, there was a significant reduction of alpha diversity in 

males compared to females before fentanyl IVSA (Shannon: p = 0.02, Chao1: p = 0.01). This 

baseline difference in alpha diversity appears to be driven by Verrumicrobia (p = 0.01), 

Prevotella (p = 0.02), and Akkermansia (p = 0.01), as relative abundance in these bacterial 

groups was significantly different in females than males before fentanyl IVSA (Table 3.2). When 

analyzing samples by sex and fentanyl dose, we found that Shannon diversity (richness and 

evenness) is increased after vs. before IVSA in males at 1.25 μg/kg/infusion (p = 0.02), and 

Chao1 diversity (richness) is increased after IVSA at 0 and 1.25 μg/kg/infusion (p = 0.03 and p = 

0.02, respectively) (Figure 3.3A,B). Further, we observed that fentanyl IVSA at 1.25 vs. 0 

μg/kg/infusion reduced alpha diversity in females (p = 0.05). Firmicutes/Bacteroidetes ratios 

remained stable before and after fentanyl IVSA (Figure 3.3C). In males that self-administered 

fentanyl at 1.25 μg/kg/infusion, changes in alpha diversity were seen in the bacterial phylum 
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Verrucomicrobia (p = 0.03) and genera Ruminococcus (p = 0.03) and Akkermansia (p = 0.03) 

(Table 3.2). Relative abundance of the bacterial genus Prevotella was greater in females that 

self-administered 1.25 μg/kg/infusion (Table 3.2). There were no significant differences in 

relative abundance or percent composition of Firmicutes, Bacteroidetes, Proteobacteria, 

Tenericutes, Actinobacteria, or Lactobacillus before and after fentanyl IVSA (data not shown). 

 

 

Figure 3.3. Alpha diversity of gut bacteria before and after IVSA. (A) Shannon diversity index values 
of gut bacteria before (gray bars) and after (black bars) IVSA in males and females (error bars represent 
S.E.M., * p < 0.05, # p < 0.05 vs. males, n = 4–9/group). (B) Chao1 diversity index values of gut bacteria 
before (gray bars) and after (black bars) in males and females (error bars represent S.E.M., * p < 0.05, n 
= 4–9/group). (C) Firmicutes/Bacteroidetes ratios before (gray bars) and after (black bars) IVSA in males 
and females (error bars represent S.E.M., n = 4–9/group). (D) Correlation plots of alpha diversity after 
IVSA vs. progressive ratio (PR) mean breakpoint on days (D) 10–11 in females at 1.25 and 2.5 
μg/kg/infusion (** p < 0.01, * p < 0.05, n = 4–8/group). 
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Table 3.2. Bacterial groups impacted by fentanyl intravenous self-administration (IVSA).

 
 
 

Baseline Gut Bacteria Alpha Diversity Does Not Predict Fentanyl Self-Administration 

To investigate whether an individual animal’s gut bacteria diversity impacts fentanyl self-

administration behavior, we analyzed the correlation between gut bacteria alpha diversity before 

fentanyl IVSA and (1) mean infusions self-administered at FR1 and (2) mean breakpoint at PR. 

We found no significant correlations between baseline gut bacteria (alpha diversity before 

fentanyl IVSA) and mean infusions at FR1 or mean breakpoint at PR, suggesting that gut 

bacteria do not influence the motivation to self-administer fentanyl infusions. 
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Figure 3.4. Beta diversity of gut bacteria before and after IVSA. (A) Non-metric multidimensional 
scaling (NMDS) ordination of gut microbiota communities before and after fentanyl IVSA at 0, 1.25, and 
2.5 μg/kg/infusion. (B) Bray-Curtis dissimilarity values extracted from distance matrix comparing before 
and after IVSA within each animal at 0, 1.25, and 2.5 μg/kg/infusion in males and females (error bars 
represent S.E.M., n = 4–9/group). (C) Correlation plot of Bray–Curtis dissimilarity vs. progressive ratio 
(PR) mean breakpoint on days (D) 10–11 in females at 2.5 μg/kg/infusion (* p < 0.05, n = 4). 

 

Gut Bacteria Alpha Diversity Predicts Progressive Ratio Responding in Females 

In addition to baseline gut bacteria influencing self-administration behavior, we wanted to 

consider the relationship between the rewarding value of fentanyl and gut bacteria diversity. We 

analyzed the correlation between gut bacteria alpha diversity after fentanyl IVSA and the mean 

breakpoint at PR. In females only, we discovered a positive correlation between Shannon index 

values and mean breakpoint at 1.25 μg/kg/infusion (p = 0.02), and a negative correlation 

between these same variables at 2.5 μg/kg/infusion (p = 0.002). These data show that at 1.25 

μg/kg/infusion, gut bacteria alpha diversity increases breakpoint, while at 2.5 μg/kg/infusion, gut 

bacteria alpha diversity decreases breakpoint (Figure 3.3D). 

 

A B

C
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Fentanyl Self-Administration Does Not Alter Beta Diversity of Gut Bacteria 

Beta diversity values were ordinated for visual representation using non-metric multidimensional 

scaling (NMDS) in R Studio (Figure 3.4A), as well as extracted from a distance matrix into 

individual Bray–Curtis dissimilarity values by comparing the distance before and after fentanyl 

IVSA within each animal (Figure 3.4B). A 2-way ANOVA evaluating the roles of sex and fentanyl 

dose on Bray–Curtis dissimilarity did not yield any significant findings (F(5,30) = 0.54 p = 0.74). 

 

Gut Bacteria Beta Diversity Predicts Progressive Ratio Responding in Females 

To evaluate the relationship between shifts in gut microbiota composition and the rewarding 

value of fentanyl, we tested the correlation between gut bacteria beta diversity and mean 

breakpoint at PR. Bray–Curtis dissimilarity measures how different two microbiota compositions 

are from each other. We found a positive correlation in females at 2.5 μg/kg/infusion (p = 0.025) 

(Figure 3.4C), indicating higher motivation for fentanyl as the microbiome shifts. 

 

Discussion 

The present study provides a feasible animal model of intravenous fentanyl self-

administration and a bidirectional relationship between fentanyl self-administration and gut 

bacteria. We show here that fentanyl reinforcement and motivation are dependent on fentanyl 

dose, but not sex. Further, we show that both sex and dose determine the impact of fentanyl 

IVSA on alpha diversity of gut bacteria, as fentanyl IVSA increases diversity in males at 1.25 

μg/kg/infusion and decreases alpha diversity in females at 1.25 vs. 0 μg/kg/infusion. Supporting 

a bidirectional relationship between fentanyl IVSA and gut bacteria, we find that bacterial 

diversity sex- and dose-dependently predicts responding for fentanyl infusions at a progressive 

ratio schedule of reinforcement. 

Previous studies report sex differences in opioid abuse and reinforcement in humans 

and animals (Townsend et al. 2019; Lacy et al. 2016; Klein, Popke, and Grunberg 1997; Carroll, 
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Campbell, and Heideman 2001; Cicero, Aylward, and Meyer 2003; Kaplovitch et al. 2015). 

Although our results do not determine whether sex affects fentanyl self-administration at FR or 

PR schedules of reinforcement, we uncover an interaction between gut bacteria and sex to 

impact fentanyl IVSA. The discrepancy in our results compared to prior findings may be 

explained by methodological differences, such as species and strain used, nose poke vs. lever 

presses, route of drug administration, self-administration vs. experimenter-administration, and 

duration of drug access or exposure. 

We show sex differences in baseline alpha diversity of gut microbiota, which is 

consistent with our hypothesis. These microbial differences are driven by Verrucomicrobia, 

Prevotella, and Akkermansia. The available literature on the impact of sex on gut microbiota is 

inconsistent, with findings either supporting or rejecting sex differences in gut microbiota 

diversity and composition (Y. S. Kim et al. 2019). Genotype, strain, and species appear to be 

stronger determinants than the sex of the rodent microbiota (Kovacs et al. 2011; Elderman et al. 

2018). However, sex is an important variable in gut microbiota and behavior in both clinical and 

preclinical studies (Van Nas et al. 2009; Org et al. 2016). Further research is necessary to 

establish the role of sex on the gut microbiome, though our findings demonstrate that sex 

impacts baseline gut bacteria and opioid-induced changes in bacteria. 

Our results support the hypothesis that opioid use affects gut bacteria. We see 

increased alpha diversity following fentanyl IVSA in males that self-administer 1.25 

µg/kg/injection, and a reduction in alpha diversity following fentanyl IVSA in females at 1.25 vs. 

0 µg/kg/injection. In addition, we find correlations between the diversity of gut bacteria and 

fentanyl IVSA at PR in females, but not males. The increasing breakpoint with increasing 

microbiome changes, both in alpha and beta diversity, is more likely that gut bacteria influence 

self-administration rather than responses affecting gut bacteria, as bacterial shifts do not occur 

that quickly (O’Toole and Ian 2015). Future studies aim to examine how direct manipulation of 

gut bacteria influences fentanyl self-administration. 
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The increase in alpha diversity after fentanyl IVSA in males is surprising and does not 

mimic results found in prior work focused on chronic morphine treatment in mice (Banerjee et al. 

2016; Lee et al. 2018; Wang et al. 2018; Hofford et al. 2021). There are major differences in 

methodology from the animals examined, both in species and model, (e.g., opioid-dependent, 

self-administering), and drugs used. Additionally, there are arguments in favor of microbial 

composition rather than diversity, as high diversity is not necessarily “healthier” (Shade 2017). 

One possibility of increased alpha diversity in our results is an introduction of pro-inflammatory 

microbes (Scotti et al. 2017), although further analysis of species is essential to clarify this. We 

observed a difference in Verrucomicrobia (phylum), Ruminococcus (genus), and Akkermansia 

(genus) in males at 1.25 µg/kg/injection, and in Prevotella (genus) in females at 1.25 

µg/kg/injection. The lack of change in the Firmicutes/Bacteroidetes ratio before and after 

fentanyl IVSA is expected, as these two phyla dominate a stable adult gut microbiome and are 

less susceptible to disruption (Paul et al. 2005) than other phyla. 

The present study is limited by its relatively small sample size, which obscures the 

natural variability of the gut microbiome. Further, as a microbiome study, our use of a 

conventional environment over germ-free conditions introduces contamination as a potential 

factor in both natural gut bacterial shifts and in sample processing. Although previous studies 

have observed microbiota differences following short-term drug treatment, our 11-day paradigm 

may be too short to see noticeable microbial changes. Co-housing of animals also may mask 

potential microbial shifts. Finally, we would argue both as a limitation and a strength that 

fentanyl dose alone is not sufficient to reveal fentanyl-induced changes in gut microbiota, as 

animals self-administer varying amounts due to individual preference. Additional 

experimentation could examine how a fixed fentanyl intake impacts gut bacteria, although 

experimenter-administered vs. self-administered drug may be a stressor. 

Collectively, our data show the impact of intravenous fentanyl self-administration on gut 

microbiota composition, as well as the role of gut microbiota on fentanyl self-administration, in 
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wild-type Sprague Dawley rats in a sex- and dose-dependent manner. Given the associations 

between the gut microbiota and stress, mood, psychiatric disorders, and behavior, evaluating 

the role of the gut microbiota in fentanyl use is a unique approach that could lead to new paths 

for the treatment of addiction. By identifying how the gut–brain axis influences fentanyl use, our 

research has the potential to significantly progress our understanding of the mechanisms 

influencing opioid addiction. The next steps are to investigate possible mechanisms underlying 

opioid-induced changes in gut bacteria, such as inflammation driven by decreased gut 

permeability (gut “leakiness”) and/or functional changes in gut peptides or bacterial metabolites, 

(i.e., short-chain fatty acids). Identification of direct mechanisms allows for targeted 

pharmacological therapeutics to address opioid abuse. Plausible clinical approaches include (1) 

early diagnosis and prevention by recognizing biomarkers or (2) supplementation with beneficial 

bacterial strains or metabolites, targeted anti-inflammatories, or microbiota transplantation. 
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Chapter 4 

Antibiotic Knockdown of Gut Bacteria Sex-Dependently Enhances Intravenous Fentanyl Self-

Administration in Adult Sprague Dawley Rats 

 

Introduction 

The number of opioid-related deaths is continuing to rise with the most recent spike in 

deaths driven by fentanyl (Rudd et al. 2016; SAMSA 2020). This highlights the urgency to 

identify underlying mechanisms contributing to fentanyl abuse and addiction. There is a clear 

association between opioids and gut health given the gastrointestinal (GI) side effects from 

opioid use (e.g., constipation, nausea) due to the widespread distribution of opioid receptors 

throughout the GI tract (Panchal, Müller‐Schwefe, and Wurzelmann 2007; Holzer 2004). The 

trillions of microbes that reside in the intestines are known as gut bacteria (also called 

microbiota or flora) and collectively make up an organism’s gut microbiome (Guarner and 

Malagelada 2003). In this study, we show communication between gut bacteria and the brain as 

a potential mechanism underlying fentanyl intravenous self-administration (IVSA) in adult 

Sprague Dawley rats. 

Bidirectional communication through the gut-brain axis has been demonstrated to 

mediate neuropsychiatric disease (Iannone et al. 2019; Cryan et al. 2020). The gut and brain 

are physically connected via the vagus nerve (Puizillout 2005), which has been shown to 

mediate behavior in mouse models of anxiety and depression (Bercik, Park, et al. 2011; Ghia, 

Blennerhassett, and Collins 2008; Bravo et al. 2011). Gut-brain communication also occurs 

biochemically through hormones, neurotransmitters, immune signaling, and microbial 

metabolites (Berthoud 2008; Mayer 2011; Sharon et al. 2016). Evidence that the brain and gut 

microbiota interact with each other has been established in a variety of studies. Animals raised 

and maintained with no microbes (i.e., germ-free) compared to conventional animals 
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demonstrate differences in anxiety- and depression-like behaviors, locomotor activity, gene 

expression, microglia, and neurogenesis (Bercik, Denou, et al. 2011; Heijtz et al. 2011; 

Hegstrand and Hine 1986; K. Neufeld et al. 2011; Nobuyuki et al. 2004). Additionally, 

administration of specific bacterial strains, fecal microbiota transplantation, or antibiotics 

distinctly impacts behavior, the brain and spinal cord, and gut health (Bercik, Park, et al. 2011; 

Bravo et al. 2011; Kelly et al. 2016; Desbonnet et al. 2015; McKernan et al. 2010; O’Mahony et 

al. 2014). 

Gut bacteria influence neural circuits and behaviors that are markedly associated with 

addiction, including reward, tolerance, and withdrawal (Kiraly et al. 2016; M. Kang et al. 2017; 

Wang et al. 2018; Lee et al. 2018; Hofford, Russo, and Kiraly 2019; Han et al. 2018; Thomaz et 

al. 2021). While alterations in gut microbiota directly affect opioid-related behaviors, opioid 

exposure also alters the diversity and/or composition of the host gut microbiome (Wang et al. 

2018; Banerjee et al. 2016; Meng et al. 2013; Ren and Lotfipour 2022; Acharya et al. 2017; 

Zhang et al. 2020; Cruz-Lebrón et al. 2021; Zhang et al. 2021). We previously demonstrated the 

impact of fentanyl self-administration on gut microbiota (Ren and Lotfipour 2022). To highlight 

the bidirectional communication between the brain and gut microbiota, our present study aims to 

evaluate the role of gut microbiota on fentanyl self-administration. As depletion of gut bacteria 

via oral antibiotic treatment has been shown to enhance sensitivity to cocaine reward and 

disrupt opioid reward (Kiraly et al. 2016; Hofford et al. 2021), we test the hypothesis that 

knocking down gut bacteria will enhance fentanyl self-administration due to dysregulated reward 

processing. We assess alpha diversity from fecal samples of water- and antibiotic-treated 

animals to confirm that the selected antibiotic doses and duration of treatment significantly 

deplete gut bacteria. Subsequently, we administer short-chain fatty acids (SCFAs) to bacteria-

depleted rats to examine the impact of gut microbial repletion on fentanyl self-administration. 

SCFAs are the main metabolites produced by bacterial fermentation of dietary fiber in the GI 
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tract, and prior work demonstrated SCFA treatment in antibiotic-treated animals restores 

behavioral responses akin to controls (Kiraly et al. 2016). 

The lack of a normal, healthy gut microbiome is understood to contribute to depression 

and anxiety (Bravo et al. 2011; Heijtz et al. 2011; Kelly et al. 2016; Desbonnet et al. 2015; 

Burokas et al. 2017; Wong et al. 2016; K.-A. M. Neufeld et al. 2011), and accumulating 

evidence shows that imbalances in gut bacteria (i.e., gut dysbiosis) is also linked to opioid use 

disorder (Jalodia et al. 2022; Ren and Lotfipour 2020). The antibiotic treatment in this study is a 

means to significantly deplete gut bacteria (Kiraly et al. 2016) and does not mirror clinical doses. 

The cited animal studies addressing the connection between drugs of abuse and gut microbiota 

evaluate drug reward using conditioned place preference. We use an intravenous model of self-

administration on an escalating schedule of reinforcement to assess drug reinforcement and 

motivation. Evaluating the bidirectional relationship between gut microbiota and fentanyl 

reinforcement and reward contributes to the limited understanding of mechanisms mediating 

opioid dependence and abuse. Building upon this foundation may allow for the development of 

tractable treatment options for opioid use. 

 

Materials and Methods 

Animals 

Adult male and female Sprague Dawley rats (8 weeks of age) were obtained from Charles River 

(San Diego, CA, USA) and acclimated to our vivarium at least 7 days prior to experimentation. 

Animals were pair-housed in a humidity and temperature-controlled room on a 12 h light-dark 

cycle (lights on at 0700). Two separate experiments were run in this study, denoted as Antibiotic 

Treatment and Short-Chain Fatty Acid Supplementation. 37 total animals were used in the 

antibiotic treatment experiment (20 males and 17 females) and 5 animals were excluded due to 

failure of catheter patency. Fecal samples from a subset of the males were collected for 

analysis. 49 total animals, all males, were used in the short-chain fatty acid supplementation 
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experiment and 14 animals were excluded (8 due to failure of catheter patency and 6 outliers 

determined by box-and-whisker plots). All animal procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC protocol number AUP-21-022) at the University of 

California Irvine and per-formed in accordance with the Association for Assessment and 

Accreditation of Laboratory Animal Care. 

 

Antibiotic and Short-Chain Fatty Acid (SCFA) Treatment 

Animals were randomly assigned to treatment groups using a random sequence generator. An 

antibiotic cocktail (2 g/L neomycin, 0.5 g/L bacitracin, 0.2 g/L vancomycin) was mixed in drinking 

water and provided ad libitum. SCFAs were mixed in drinking water in the following 

concentrations: 67.5 mM acetate, 40 mM butyrate, and 25.9 mM propionate (Sigma Aldrich, St. 

Louis, MO, USA). Water bottles were changed every 2 days and weighed daily to ensure the 

intake of antibiotics. The selected agents, doses, and treatment duration were adapted from 

Kiraly et al., 2016. 

 

Catheter Implantation and Drug Self-Administration 

Methodology for catheterization surgery in preparation for fentanyl intravenous self-

administration (IVSA) was described previously (Ren and Lotfipour 2022). Rats were 

anesthetized with Equithesin (0.35 mL/100 g, intraperitoneal) and administered carprofen (4 

mg/kg, subcutaneous) (Patterson Veterinary, Greeley, CO, USA) for post-operative analgesia. 

Animals were given at least 2 days to recover from surgery before fentanyl self-administration 

(see Ren and Lotfipour, 2022 for detailed methods). Briefly, fentanyl solutions were prepared 

using aqueous fentanyl citrate (Patterson Veterinary, Greeley, CO, USA) and sterile saline. All 

animals self-administered fentanyl at 1.25 μg/kg/infusion during daily 2-hour sessions on an 

escalating schedule of reinforcement (i.e., 5 days at a fixed ratio (FR) 1, 2 days at FR2, 2 days 

at FR5, and 2 days at progressive ratio (PR)). Animals self-administered fentanyl in individual 
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chambers via reinforced nose pokes, with non-reinforced nose pokes at a second hole to control 

for non-specific drug effects. Data were collected by a multichannel computer system (Med 

Associates, St. Albans, VT, USA). Catheter patency was tested after the final session on each 

schedule of reinforcement via i.v. administration of propofol (0.1 mL) (Zoetis, Parsipanny, NJ, 

USA). Data were discarded from 5 out of 37 animals not demonstrating rapid anesthesia. 

 

Experimental Timeline (Antibiotic Treatment) 

Rats were treated with water or antibiotics via their home water bottles and remained on the 

same treatment for the duration of the experiment. One week after antibiotic treatment, rats 

underwent catheter implantation surgery in preparation for fentanyl IVSA and began self-

administration after 2 days of recovery. One fecal sample was collected from each animal 

before surgery to confirm knockdown of gut bacteria prior to IVSA, and again at the end of 

experiment to ensure maintenance of bacterial depletion (Figure 4.1). 

 

Figure 4.1. Experimental timeline for antibiotic treatment, fentanyl self-administration, and fecal 
sample collection. Animals were provided drinking water plus antibiotics or drinking water only (controls) 
and maintained their assigned treatment throughout the entire experiment. Following one week of 
antibiotic or water treatment, animals were implanted with intravenous catheters and given 2 full days to 
recover from surgery before starting self-administration. Animals self-administered fentanyl at fixed ratio 
(FR) 1 for 5 days, FR2 for 2 days, FR5 for 2 days, and progressive ratio (PR) for 2 days, for 11 days total. 
One fecal sample was collected from each animal the day before self-administration (day 0) and the last 
day of PR (day 11). 

 

Experimental Timeline (SCFA Supplementation) 
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Animals were randomly assigned to the following experimental groups: water/water, 

water/SCFA, ABX/water, or ABX/SCFA. Rats were treated with water or antibiotics via their 

home water bottles for 3 days, and then the addition of either water or SCFA was added to the 

same bottle. Rats were maintained on the same treatment for the remainder of the experiment. 

One week after the start of antibiotic or water treatment, rats were implanted with catheters in 

preparation for fentanyl IVSA and began self-administration after 2 days of recovery (Figure 

4.2). 

 

Figure 4.2. Experimental timeline for short-chain fatty acid (SCFA) supplementation and fentanyl 
self-administration. Animals were provided drinking water plus antibiotics or drinking water only for 3 
days. SCFA or vehicle (water) was added to the treatment and rats were maintained on their assigned 
treatment throughout the entire experiment. Following one week of antibiotic treatment, animals were 
implanted with intravenous catheters and given 2 full days to recover from surgery before starting self-
administration. Animals self-administered fentanyl at fixed ratio (FR) 1 for 5 days, FR2 for 2 days, FR5 for 
2 days, and progressive ratio (PR) for 2 days, for 11 days total. 

 
16S Sequencing 

Fecal samples from animals were collected in individual 1.7 mL Eppendorf tubes prefilled with 

DNA/RNA Shield (Zymo Research, Irvine, CA, USA) and stored at -80oC until processing. 

Bacterial genomic DNA from all samples was isolated using the Zymobiomics DNA Mini Kit in a 

96-well format (Zymo Research, Irvine, CA, USA). The genomic DNA was used to target the 

16S rRNA gene. 16S rRNA amplicon PCR was performed targeting the V4-V5 region using the 

Earth Microbiome Project primers (515F (barcoded) and 926R) (Caporaso et al. 2012; Walters 

et al. 2021). The library was sequenced at the University of California Irvine’s Genomics High 

Throughput Facility using Illumina MiSeq v3 (600 cycles) with a PE300 sequencing length. 
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Sequencing resulted in 12M single end reads (forward) passing filter of which 11% are PhiX 

with a >Q30=85%. The raw forward sequences were imported into QIIME2 (version 2020.8). 

After initial sample quality check and trimming (DADA2 in QIIME2), there were 9.1 M single-end 

non-chimeric reads, which were used for further analysis. From the sequences, the first 5 bp 

were trimmed and truncated at 243 bp. The sequences were assigned a taxonomic 

classification using the August 2013 greengenes database (greengenes.secondgenome.com), 

trained with the full length 16S gene region supplied by QIIME2. 

 

Microbiome Analysis 

Sequence data were exported from QIIME2 and integrated within R Studio. Within R Studio, we 

rarefied the feature table (organized by exact sequence variants) to the same sequencing depth 

(rarefaction depth = 7200, based on the lowest read distribution), plotted Shannon diversity 

index values, and created a distance matrix. Statistical comparison of the communities was 

performed using Tukey’s HSD, PERMANOVA, and multivariate ANOVA. 

 

Statistical Analysis 

Behavioral data were analyzed with JMP (SAS Institute, Cary, NC, USA). Each self-

administration schedule of reinforcement (FR1, FR2, FR5, PR) was analyzed separately with 

multivariate ANOVA on sex, treatment, and response, with repeated measures on response 

(reinforced vs. non-reinforced). Any main effects were further analyzed using Bonferroni-

corrected paired (response) or unpaired (drug) t-test post-hoc comparisons. 

 

Results 

One-week oral antibiotic treatment significantly depletes gut bacteria (and depletion is 

maintained throughout experiment) 



 45 

We analyzed bacteria of fecal samples from a subset of males in our self-administration study. 

We evaluated the diversity of gut bacteria using the Shannon diversity index (richness and 

evenness) and the relative abundance of specific phyla and genera. We used a 2-way, repeated 

measures ANOVA to analyze differences in Shannon diversity between water- and antibiotic-

treated rats before and after fentanyl self-administration to ensure that the selected antibiotic 

cocktail knocked down gut bacteria prior to the start of self-administration and that knockdown 

was maintained throughout the experiment. We found a significant reduction in Shannon 

diversity in antibiotic-treated vs. water-drinking controls both before (F (1,6) = 195.76, p < 

0.0001) and after (F(1,6) = 116.18, p = 0.0001) self-administration (Figure 4.3). In addition to a 

main effect of treatment, we found a significant difference in Shannon diversity before and after 

fentanyl self-administration in water-treated animals (p = 0.01) (Figure 4.3). 
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Figure 4.3. Shannon diversity index values from fecal samples before (left of dashed line) and after (right 
of dashed line) fentanyl intravenous self-administration (IVSA) in males treated with water only (solid 
bars) or water with antibiotics (dashed bars). Error bars represent S.E.M. **** p < 0.0001, * p < 0.05, n = 
4–8/group. 

 
Antibiotic treatment causes phylum- and genus-level changes in gut bacteria 

To assess phylum-level changes in treatment groups before and after fentanyl self-

administration, we ran a one-way, repeated measures ANOVA to identify differences in the 

relative abundance of Firmicutes, Bacteroidetes, Proteobacteria, Tenericutes, Verrucomicrobia, 

and Actinobacteria. We observed a significant increase in Bacteroidetes (p = 0.002) in 

antibiotic-treated animals after vs. before fentanyl self-administration but saw no timepoint 

differences in controls (Figure 4.4). Further, we found a significant decrease in the percent 
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relative abundance of Firmicutes, Tenericutes, and Actinobacteria, and a significant increase in 

Bacteroidetes, Proteobacteria, and Verrucomicrobia in antibiotic-treated animals compared to 

controls independent of fecal collection timepoint (before or after self-administration) (Figure 

4.4). This indicates that one week of antibiotic treatment is sufficient to change all six phyla 

evaluated here. Analysis at the genus level did not reveal the specific changes in Bacteroidetes 

in the antibiotic-treated group before vs. after fentanyl self-administration; however, we found a 

higher relative abundance of the genus Prevotella in control animals compared to those treated 

with antibiotics (Figure 4.5). We also found specific genus differences in the Firmicutes phylum 

when comparing controls and antibiotic groups (Figure 4.5). Animals drank the same amount of 

water and maintained the same weight regardless of the treatment group. 

 

Figure 4.4. Alpha diversity at the phylum level in antibiotic-treated and control males. (A) Percent relative 
abundance of Firmicutes (dark blue), Bacteroidetes (red), Proteobacteria (green), Tenericutes (violet), 
Verrucomicrobia (orange), and Actinobacteria (light blue) in antibiotic-treated animals before and after 
fentanyl intravenous self-administration (IVSA). ** p < 0.01, n = 6–8/group. (B) Percent relative 
abundance of Firmicutes, Bacteroidetes, Proteobacteria, Tenericutes, Verrucomicrobia, and 
Actinobacteria in controls and antibiotic-treated animals. Data are collapsed by fecal collection timepoint. 
Asterisks (*) next to each phylum listed in the legend represent significant differences between controls 
and antibiotic treatment. **** p < 0.0001, ** p < 0.01, * p < 0.05, n = 9–14/group. 
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Figure 4.5. Alpha diversity at the genus level in control and antibiotic-treated males. Relative abundance 
of the genera Prevotella, Dehalobacterium, Clostridium, Coprococcus, Roseburia, Ruminococcus, Butyr-
icicoccus, Oscillospira, and Coprobaccilus in controls and antibiotic-treated animals. Asterisks (*) above 
bars represent significant differences between controls and antibiotic treatment. Data are collapsed by 
fecal collection timepoint. Error bars represent S.E.M., *** p < 0.001, ** p < 0.01, * p < 0.05, n = 9–
14/group. 

 
Antibiotic-treated males, but not females, self-administer more fentanyl than water-treated 

controls at fixed ratio (FR) 1 

We ran a 2-way ANOVA for each schedule of reinforcement to assess the role of treatment and 

sex on fentanyl self-administration. Because there was no difference in responding on any day 

at FR1, we analyzed a 2-day average (days 4-5). The last two days were selected, as animals 

may take time to acquire drug self-administration. At FR1, we found a significant interaction 

between treatment and sex (F(3,31)=4.5, p=0.04), thus data were analyzed separately for males 

and females. We observed a main effect of treatment on reinforced responding in males 

(p=0.02) but not females (p=0.78) (Figure 4.6A). 
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Figure 4.6. Fentanyl intravenous self-administration in controls and antibiotic-treated animals. All animals 
self-administered a fentanyl dose of 1.25 μg/kg/infusion. (A) Mean number of infusions across days 4–5 
at fixed ratio (FR) 1 in males and females. Infusions were administered via nose pokes and are reported 
as reinforced (filled bars and circles) and non-reinforced (empty bars and circles) responses. Error bars 
represent S.E.M., * p < 0.05, n = 7–10/group. (B) Mean number of infusions across 2 days at FR2 and 2 
days at FR5, collapsed by sex, for reinforced (filled bars and circles) and non-reinforced (empty bars and 
circles) nose poke responses. Error bars represent S.E.M., ** p < 0.01, * p < 0.05, n = 14–18/group. (C) 
Mean number of infusions across 2 days at progressive ratio, collapsed by sex. Error bars represent 
S.E.M., ** p < 0.01, n = 14–18/group. 

 
Antibiotic-treated animals self-administer more fentanyl than water-treated controls at FR2, FR5, 

and progressive ratio (PR) 

Subsequent 2-way ANOVAs showed a main effect of treatment at FR2 (F(3,31)=3.1, p=0.02), 

FR5 (F(3,31)=3.1, p=0.04), and PR (F(3,31)=4.11, p=0.008), with higher reinforced responses in 

antibiotic-treated animals compared to water-drinking controls (Figures 4.6B,C). Data are 

collapsed by sex due to a lack of sex differences at these higher schedules of reinforcement. As 

the responses required to earn an infusion increases logarithmically on a PR schedule of 

reinforcement, the number of infusions self-administered is much lower on PR than FR. Thus, 

the scale displaying mean infusions is smaller in PR (Figure 4.6C) compared to FR1, FR2, and 

FR5 (Figure 4.6A,B). 
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Short-chain fatty acid (SCFA) supplementation blunts fentanyl self-administration in antibiotic-

treated animals at FR2 and FR5 

Only males were used for the SCFA supplementation study, as the enhancement of fentanyl 

self-administration seen from antibiotic treatment was driven by males. A one-way ANOVA was 

run separately for all schedules of reinforcement to analyze differences in all 4 treatment groups 

on fentanyl self-administration at 1.25 μg/kg/infusion. We found a main effect of treatment at 

FR1 (F(3,34) = 4.52, p = 0.009), FR2 (F(3,34) = 6.57, p = 0.001), FR5 (F(3,34) = 3.58, p = 0.02), 

and PR (F(3,34) = 3.41, p = 0.02) (Figure 4.7). At FR1, animals treated only with antibiotics had 

higher reinforced responses compared to those treated with water only or water with SCFAs 

(Figure 4.7A). Additionally, treatment with antibiotics plus SCFAs resulted in higher reinforced 

responses at FR1 versus water-only controls (Figure 4.7A). At both FR2 and FR5, the same 

pattern of differences was observed: antibiotic treatment alone led to increased reinforced 

responses compared to all other treatment groups (water only, water with SCFA, and antibiotics 

with SCFA) (Figure 4.7A). These data show that the repletion of microbial metabolites via 

SCFAs restores self-administration similar to control animals at higher fixed ratio schedules of 

reinforcement. At PR, there was no significant difference in SCFA-supplemented animals 

treated with antibiotics compared to antibiotic treatment only, although this effect was trending 

(p = 0.08) (Figure 4.7B). 
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Figure 4.7. Fentanyl intravenous self-administration after short-chain fatty acid (SCFA) supplementation. 
All animals self-administered a fentanyl dose of 1.25 μg/kg/infusion and were treated with water, SCFA, 
antibiotics (ABX), or ABX plus SCFA. (A) Mean number of infusions across days 4–5 at fixed ratios 1, 2, 
and 5. Infusions were administered via nose pokes and are reported as rein-forced (filled bars and 
circles) and non-reinforced (empty bars and circles) responses. Error bars represent S.E.M., ** p < 0.01, * 
p < 0.05, n = 6–12/group. (B) Mean number of infusions across 2 days at progressive ratio. Error bars 
represent S.E.M., * p < 0.05, n = 6–12/group. 
 

 
Discussion 

Our findings highlight an important relationship between knockdown of gut bacteria and 

fentanyl IVSA with an enhancement of self-administration driven by males. In addition, we find 

that at higher schedules of reinforcement (i.e., FR2 and FR5), SCFA supplementation in 

antibiotic-treated males decreases fentanyl self-administration compared to males treated with 

antibiotics, suggesting that microbial metabolites may mediate the reinforcing efficacy of 

fentanyl. A previous study found a similar trend in cocaine reward in mice with knockdown and 

later restoration of bacterial metabolites (Kiraly et al. 2016). Our present study is consistent with 

prior work supporting a relationship between altered gut microbiota and opioid-related behaviors 

in rodents. While prior groups have reported depletion of gut bacteria to decrease opioid 

tolerance and preference using non-contingent drug exposure (M. Kang et al. 2017; Lee et al. 

2018; Hofford et al. 2021; O’Sullivan et al. 2019), we show an increase in opioid self-
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administration. Although conditioned place preference and IVSA both measure drug-related 

behavior and learning, they are drastically different methods and yield conclusions with subtle 

differences in reward, motivation, and reinforcement. These discrepancies may also be 

potentially explained by differences in species (rats vs. mice), the opioid used (fentanyl vs. 

morphine), duration of drug exposure, route of administration (intravenous vs. subcutaneous or 

intraperitoneal), and method of administration (self-administration vs. experimenter-

administered). Additional experimentation, particularly self-administration studies, will be 

necessary to interpret such inconsistencies.  

 Our findings are also consistent with clinical studies that establish an association 

between opioid use and subsequent gut dysbiosis (Acharya et al. 2017; Cruz-Lebrón et al. 

2021; Qiaoyan Li et al. 2020; Meng, Sindberg, and Roy 2015; Vincent et al. 2016). We observed 

an increase in Bacteroidetes in antibiotic-treated males before and after fentanyl IVSA. The 

Firmicutes/Bacteroidetes (F/B) ratio plays a role in maintaining normal intestinal homeostasis, 

with a higher or lower ratio observed in obesity or inflammatory bowel disease, respectively 

(Stojanov, Berlec, and Štrukelj 2020). However, the findings on the beneficial vs. harmful 

features of bacterial species within Bacteroidetes are mixed, as some studies suggest 

Bacteroidetes decreases inflammation and improves body composition (Trompette et al. 2014), 

while others highlight associations between Bacteroidetes and metabolic diseases (Johnson et 

al. 2017). This may be due to the various genera that make up this phylum, although we did not 

find specific differences at the genus level of Bacteroidetes. We observed many genera that 

were decreased from antibiotic treatment compared to water treatment, which is expected 

considering the significant depletion of bacteria from our antibiotic cocktail. 

One recent national database study found that opioids prescribed in combination with 

antibiotics in the hospital setting are protective against the development of opioid use disorder 

at later time points following hospital discharge (Freedman et al. 2022). Although both short- 

and long-term use of antibiotics drastically disrupts the gut microbiota, the microbial community 
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may retain more beneficial or pathogenic bacteria (Mulder et al. 2020; Shao et al. 2020; Ianiro, 

Tilg, and Gasbarrini 2016). The extent of antibiotic treatment on modifying gut bacteria is 

dependent on the class, pharmacokinetics, pharmacodynamics, and range of action, as well as 

their dosage, duration, and route of administration (Ianiro, Tilg, and Gasbarrini 2016). We found 

that our antibiotic treatment induced a significant depletion in Firmicutes and an increase in 

Proteobacteria, Tenericutes, and Verrucomicrobia. Proteobacteria is presumed to be an 

inflammatory microbe and is elevated in diseased states (Shao et al. 2020; Shin, Whon, and 

Bae 2015). Prior studies also observed shifts in Firmicutes and Bacteroidetes, the gut’s two 

dominant phyla, from antibiotic use (Shao et al. 2020; Panda et al. 2014). 

The inclusion of both male and female animals in our study broadens the field of opioid 

research, as there is limited literature on sex differences in opioid abuse and even less when 

focused on gut microbial studies, which is concerning given the existing correlations between 

several addiction-related behaviors and the microbiome specific to sex (Peterson et al. 2020). 

We see that gut bacteria depletion via antibiotic treatment enhances fentanyl self-administration 

in males, but not females, at the lowest schedule of reinforcement (i.e., FR1), but there are no 

sex differences at higher order schedules of reinforcement. Prior studies report lower drug use 

in females versus males (United Nations Office on Drugs and Crime 2006), while others find 

greater self-administration and vulnerability to addiction in females (Becker and Hu 2008; B. 

Yang et al. 2017; Townsend et al. 2019; Cicero, Aylward, and Meyer 2003). The variation in 

these outcomes highlights the necessity for additional studies in gut microbiota, sex hormones, 

and drug-related behavior.  

Our study is limited by the lack of assessment of antibiotic’s impact on fentanyl 

metabolism or overall locomotor activity, although previous work shows no significant influence 

of antibiotic treatment on cocaine or morphine metabolism in mice (Kiraly et al. 2016; Hofford et 

al. 2021). Further, non-reinforced responses (i.e., inactive nose poke hole) control for non-

specific drug effects, including locomotor activity. Our limited number of collected fecal samples 
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precluded an in-depth analysis of microbial interactions between fentanyl self-administration and 

antibiotic treatment, so future studies should evaluate these potential drug interactions. 

Furthermore, a causal relationship between gut microbiota and drug self-administration needs to 

be established. Future studies confirming gut bacterial changes with SCFA supplementation 

and/or evaluating microbial replacement via fecal microbiota transplantation may provide a 

direct connection between the gut microbiome and drug-related behavior. 

Given the connections between gut microbiota and stress, mood, psychiatric dis-orders, 

and behavior, evaluating the role of the gut microbiota in fentanyl use is a unique approach that 

could lead to new paths for the treatment of addiction. By identifying the gut-brain axis role in 

fentanyl use, our research has the potential to significantly progress our understanding of the 

mechanisms influencing clinical use of opioids and addiction. One potential mechanism 

mediating the enhancement of fentanyl IVSA in males with depleted gut bacteria compared to 

control animals may be through neuroinflammation. Prior work showed that manipulation of the 

gut microbiota alters microglia morphology, a measure of neuroinflammation (Lee et al. 2018). 

Neuroinflammation disrupts the function and projections of dopaminergic neurons within reward-

related regions in the brain, leading to decreased mesolimbic dopaminergic activity and 

dysregulated reward (Taylor et al. 2016). Although our present study is observational, future 

mechanistic findings may uncover direct gut-to-brain pathways or intermediate modulators, such 

as neuroinflammation, microbial metabolites, gut peptides, and neurotransmitters. 
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Chapter 5 

Discussion 

 

I. Significance 

The clinical efficacy of opioids is limited by the risk of dependence and addiction. Opioid 

addiction is driving the escalating number of lethal drug overdoses in the United States (Rudd et 

al. 2016). Among the strategies to address the opioid crisis (based on the Centers for Disease 

Control) are to monitor trends, advance research, and increase public awareness. The cause of 

opioid addiction is unclear and highly necessary to delineate to develop effective treatment 

interventions.  

Addiction is a neuropsychiatric disease that shares extensive commonalities with stress, 

depression, anxiety, learning and memory, reward processing, feeding, and social interaction. 

Emerging evidence supports a critical role of gut bacteria in these behaviors, in addition to brain 

function, emotion, and other neurological and psychiatric disorders. In particular, “diseased” 

states are associated with gut dysbiosis, and manipulation of gut bacteria impact related 

behaviors (Hasegawa et al. 2015; Keshavarzian et al. 2015; Li et al. 2019; Haran et al. 2019; 

Cosorich et al. 2017; Stasi et al. 2019; Grochowska, Laskus, and Radkowski 2019; Harach et al. 

2017). Further, gut function is clearly impacted by opioid use (i.e. opioid-induced constipation). 

Due to the significant overlap between addiction-related behaviors, opioids, and gut health 

(Meckel and Kiraly 2019; Ren and Lotfipour 2020; García-Cabrerizo et al. 2021), my aim was to 

evaluate the role of gut bacteria in an animal model of fentanyl intravenous self-administration. 

As communication between the gut and brain occurs in both directions, my studies assessed 

both the effect of fentanyl self-administration on gut bacteria, as well as the influence of gut 

bacteria on fentanyl self-administration. Improving the understanding of the gut-brain axis in 
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opioid use can potentially contribute to the development of a tractable treatment option for 

opioid abuse.  

 

II. Clinical implications 

Animal model of intravenous self-administration 

My studies evaluate intravenous self-administration on an escalating schedule of 

reinforcement, which measures reinforcement and motivation but not necessarily other aspects 

of drug addiction, such as drug seeking, craving, relapse, tolerance, and withdrawal. Thus, 

although my work assesses fentanyl intake, it is not entirely an addiction model. Other 

behavioral assays should be evaluated for a more comprehensive analysis, such as behavioral 

economics, food versus drug choice, extinction, drug tolerance, dependence, and withdrawal. 

Other factors can also influence these findings and should be considered, including 

comorbidities, pain, and social interaction. Addiction is co-morbid with mood disorders like 

depression and anxiety, and behavioral assays in animals may be conflicting. For example, 

depressive-like behavior or anhedonia may result in either increased drug intake as an attempt 

to self-medicate or decreased intake due to a lack of interest or motivation. 

 

Gut-brain modulation by short-chain fatty acids (SCFAs) 

SCFAs are the main metabolites produced by bacterial fermentation of non-digestible 

carbohydrates (i.e. dietary fiber) in the gastrointestinal tract (Miller and Wolin 1996). Circulating 

SCFAs can cross the blood-brain barrier and modulate neurotransmission, influence host 

physiology, and mediate cognition and emotion (Mitchell et al. 2011; DeCastro et al. 2005; 

Lewis et al. 2010; Sampson et al. 2016; Govindarajan et al. 2011; Kelly et al. 2016; Kiraly et al. 

2016; Moretti et al. 2011; Resende et al. 2013). SCFAs affect the host through various 

mechanisms, including the regulation of histone acetylation and methylation (Krautkramer et al. 

2016; Stilling et al. 2016), G‐protein coupled receptors (Milligan et al. 2017), facilitation of the 
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secretion of hormones and neurochemicals (Chambers et al. 2015; Reigstad et al. 2015), and 

the induction of vagus nerve signaling (De Vadder et al. 2014; Qinrui Li et al. 2017). 

Prior studies report decreased SCFA production in substance use (Touw et al. 2017; 

Simpson et al. 2022) and amelioration of drug-related behavior following administration of 

SCFAs (Kiraly et al. 2016; Hofford et al. 2021; Van de Wouw et al. 2018), which provides further 

support for a bidirectional, causal relationship between microbial metabolites and host behavior. 

One major limitation in these SCFA studies is the systemic availability is not measured (Dalile et 

al. 2019). Studies evaluating fecal SCFAs measure non-absorbed SCFAs but do not reflect in 

situ production rates, absorption, and interaction with other biologically relevant molecules or 

cell types. Future experimentation is critical to understand the full biological relevance of SCFAs 

in gut-brain communication. 

 

Fecal microbiota transplantation (FMT) 

FMT refers to the direct transfer of functional microbiota from a healthy donor to the 

gastrointestinal tract of a recipient with a disease that causes an imbalance in the gut microbiota 

(Ley, Peterson, and Gordon 2006). The goal of FMT is to treat the disease by restoring the 

phylogenetic diversity and bacteria of a healthy person. FMT is approved for the treatment of 

Clostridium difficile infection (Juszczuk et al. 2017) and is also increasingly being considered for 

treating neurological and psychiatric diseases. Studies have found that FMT in both humans 

and animals can be beneficial in treating symptoms of Parkinson’s disease, multiple sclerosis, 

autism spectrum disorder, depression, and anxiety (Sun et al. 2018; Huang et al. 2019; Qiaoyan 

Li et al. 2020; Borody et al. 2011; Makkawi, Camara-Lemarroy, and Metz 2018; Sharon et al. 

2019; D.-W. Kang et al. 2019; Yuan Zhang et al. 2019; Kelly et al. 2016). Although FMT has 

potential in treating a variety of diseases, one significant drawback is that transplantation of 

fecal microbiota does not isolate bacterial products. The microbiome also includes fungi, 
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viruses, and phages, making it difficult to determine how the whole community may impact the 

donor and match donors with patients (Sbahi and Di Palma 2016). 

 

Probiotic and diet interventions 

Administration of probiotics is a promising and valid intervention to improve 

neuropsychiatric disorder (Roman et al. 2018). Probiotics are live microorganisms which when 

administered in appreciable amounts confer a health benefit on the host (Hill et al. 2014). These 

bacteria are beneficial to gut health by competing for or producing growth substrates, affecting 

pathogens directly, improving barrier function, and regulating the immune system 

(Chidambaram et al. 2020; Hong et al. 2019). Specific bacterial species are associated with the 

clinical symptoms of depression and anxiety. There are decreased populations of Lactobacillus 

and Bifidobacterium in patients with depression, and administration of these species relieves 

depression- and anxiety-like behaviors in animal and clinical studies (Hsiao et al. 2013; Aizawa 

et al. 2016; Desbonnet et al. 2008; Jang et al. 2018). In addition, oral supplementation of 

probiotics in patients with substance use disorder reduces neuroinflammation, improves brain 

health, restores gut dysbiosis, reduces endotoxin, and improve tight junction and permeability 

(Letchumanan et al. 2022).  

Although substance use is indeed associated with gut dysbiosis (Qin et al. 2021; Xu et 

al. 2017), it is difficult to ascertain whether gut disruption occurs as a direct result of the drug, 

neurobiological adaptations of disease, or even daily habits, such as diet and polydrug use, as 

diet is the primary contributor of changes in the gut microbiota (Power et al. 2014; Kovatcheva-

Datchary and Arora 2013; Flint et al. 2012; Sandhu et al. 2017). Studies that have assessed 

dietary fats show a role of omega-3 polyunsaturated fatty acids in maintaining the balance 

between gut immunity and gut microbiota (Fu et al. 2021). Omega-3 fatty acids are essential 

fatty acids that humans are encouraged to obtain through their diet and have potential benefits 

in human health. 
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III. Limitations and future directions 

 Communication between the gut and brain has been extensively studied. It is 

established that their main communication pathways are the vagus nerve, immune system, 

hypothalamic-pituitary-adrenal axis, bacterial metabolites, and enteroendocrine cells (Mayer 

2011). However, the exact mechanisms need to be identified to support a causative, direct 

relationship between gut bacteria and fentanyl self-administration. One potential mechanism to 

further evaluate is inflammation of both the gut and brain. The presence or absence of specific 

microbes modulates the immune system (Belkaid and Hand 2014; Zhao and Elson 2018; Lazar 

et al. 2018; Gensollen et al. 2016) and regulates inflammation (Lobionda et al. 2019; Blander et 

al. 2017; Clemente, Manasson, and Scher 2018; Tilg et al. 2020). Further, opioid use and 

withdrawal leads to neuroinflammation (Taylor et al. 2016; Lee et al. 2018). Other possible 

pathways to consider are signaling through hormones and/or gut peptides and activity in specific 

brain regions and pathways.  

Clinical data demonstrate sex differences in opioid use, with women more likely to 

become dependent on opioids than men (CDC 2013). I did not find sex differences in fentanyl 

self-administration in my study; however, as stated earlier, the model used in my studies do not 

mimic opioid dependence or tolerance. Future experiments should test a variety of models of 

drug behavior and at various stages of addiction to assess sex differences in opioid use. 

Further, FMT and/or identification of specific bacterial strains affected in different addiction-

related behavioral assays would provide a more comprehensive understanding of the 

relationship between gut bacteria and opioid use. 

 Another important consideration is the influence of gut bacteria on drug metabolism in 

these studies. Gut bacteria can affect the pharmacokinetics and bioavailability of orally 

administered medications by enzymatically transforming pharmaceutical compounds into active, 

inactive, and toxic metabolites (Flowers, Bhat, and Lee 2020; Zhang, Zhang, and Wang 2018). 
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Although my studies did not evaluate oral fentanyl intake, gut microbiota may have an impact on 

drug metabolism. Thus, future studies evaluating gut bacteria-mediated drug metabolism are 

critical to interpret changes in drug pharmacokinetics. 

 

IV. Overall conclusions 

Through my studies presented in this dissertation, I have discovered that 1) fentanyl 

intravenous self-administration (IVSA) is dependent on fentanyl dose, but not sex, at the doses 

evaluated in our study; 2) fentanyl IVSA changes alpha diversity, but not beta diversity, of gut 

bacteria in a sex-dependent manner; 3) prolonged treatment of oral antibiotics enhances 

fentanyl IVSA; and 4) SCFA supplementation in antibiotic-treated males reverses the 

enhancement of fentanyl IVSA at higher-order schedules of reinforcement. Collectively, these 

findings strongly suggest a bidirectional relationship between gut bacteria and intravenous 

fentanyl self-administration. 
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