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Opioid addiction is a chronic, relapsing disorder that arises from dysregulation of the neural circuits responsible 
for reward processing, associative learning, and decision making, and is conceptualized as a three-stage, 

cyclical process encompassing drug consumption, withdrawal, and drug craving. Research into the 
neurobiological mechanisms that underlie addiction has demonstrated a central role for the cortico-basal 

ganglia circuit in the development and persistence of maladaptive addictive behaviors. The nucleus 
accumbens (NAc), which lies at the interface of the cortico-basal ganglia circuit, integrates cortical and 

subcortical inputs to guide behavioral output. The NAc is a heterogeneous structure containing two 
interspersed populations of medium spiny neurons (MSNs) with oppositional behavioral control: direct pathway 

MSNs (dMSNs) facilitate behavior and serve as a “go” signal; indirect pathway MSNs (iMSNs) suppress 

behavior and serve as a “stop” signal. Behavioral regulation is thought to rely on a balance between signaling 
of the direct and indirect pathways, and discrete behavioral aberrations, such as those associated with 

addiction, have been linked to disruptions of this balance. For example, driving NAc output (via dMSN 
activation or iMSN inhibition) facilitates drug taking and drug seeking, while dampening NAc output (via dMSN 

inhibition or iMSN activation) suppresses drug taking and drug seeking. Moreover, the excitability of iMSNs 
increases after cocaine exposure in cocaine-resistant mice, suggesting a role for MSNs in encoding individual 

vulnerability to addiction. It is important to note that most of our understanding of the role of these neuronal 
populations in regulating addictive behaviors is based on psychostimulant research, so their contribution to 

opioid addiction remains unknown. Furthermore, only a subset of individuals who use drugs medically or 

recreationally transition to addiction, so it is imperative to determine the neural correlates of vulnerability to 
addiction.  

 



 iv 

The overarching goal of this thesis was to combine innovative strategies for modulating and monitoring the 

activity of dMSNs and iMSNs with classic behavioral models of addiction that have been modified to highlight 
individual variability to the effects of heroin. In the first chapter, I will present an overview of the state of the 

opioid epidemic in the United States, introduce the primary nuclei of the cortico-basal ganglia circuit, and 
describe prominent mechanisms for modulating the excitability of dMSNs and iMSNs. The second chapter will 

introduce a model of intermittent-access heroin self-administration that produces subsets of addiction-resistant 
and addiction-sensitive rats, followed by a series of chemogenetic studies to assess the role of bidirectional 

modulation of dMSNs and iMSNs in the motivation to self-administer heroin and cue-induced heroin seeking 
after a period of abstinence. The third chapter will introduce a heroin conditioned place preference procedure 

that produces subsets of rats that are sensitive to and resistant to the reinforcing effects of heroin, followed by 
a series of fiber photometry studies to investigate the temporal signatures of dMSNs and iMSNs, as well as 

dopamine, during conditioned heroin reinforcement. The fourth chapter will describe a series of studies 

exploring sex differences in the behavioral effects of heroin following psychomotor sensitization or intermittent-
access self-administration. The final chapter will summarize the main findings of these studies and describe a 

hypothetical model for the encoding of vulnerability to heroin addiction by dMSNs and iMSNs in the NAc, along 
with introducing multiple lines of future study stemming from these findings.  
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CHAPTER 1 

OPIOID ADDICTION, THE CORTICO-BASAL  
GANGLIA CIRCUIT, & MEDIUM SPINY NEURONS 
 
With excerpts from: 

Elizabeth A. Crummy, Timothy J. O’Neal, Britahny M. Baskin, Susan M. Ferguson  
Frontiers in Neuroscience (2020) 14: 569 

 
 

 
THE OPIOID CRISIS 

Epidemiology 

Drug addiction is a heterogeneous disorder characterized by cyclic periods of drug use, withdrawal and 
abstinence, and drug-craving and recurrence of use1. Addiction is highly prevalent in our society, with 19.3 

million people in the United States meeting the diagnostic criteria for a substance use disorder (SUD) in 2018 
and ~10% of individuals developing a SUD during their lifetime2,3. Drug addiction is also one of the largest 

public health problems in the US, with an annual financial burden of $740 billion in costs related to treatment, 
lost work productivity, healthcare, and crime4. Notably, drug use has been rising worldwide in recent years, 

with ~250 million individuals reporting drug use in 2018 alone5. Although opioid use in the US has begun to 
plateau at ~11 million users, global opioid use has continued to rise; in 2018 alone, for example, 53 million 

people worldwide reported misusing opioids5. Additionally, opioid-associated mortality has continued to rise 
both globally and domestically, increasing >6-fold from 1999 to 20176 (Figure 1.1).  

Figure 1.1 | Public health trends in opioid use. (a) Drug use in the United States from 1990 to 2019. Data from the 
National Household Survey on Drug Abuse and the National Survey on Drug Use and Health. (b) Drug overdose deaths 
in the United States from 1999 to 2019 involving opioids. Data from the Centers for Disease Control and Prevention. (c) 
Drug overdose deaths in the United States in 2020. Data from the Overdose Detection Mapping Application Program.  
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Although a rise in opioid-related mortality may seem contradictory to a plateau in opioid use, it can be 
explained by the trajectory of the opioid epidemic, which has occurred in three waves. Prior to the early 1990s, 

prescription of opioids for chronic pain outside of cancer treatment, palliative care, and end-of-life care was 
relatively uncommon. This began to change in the mid-1990s when pharmaceutical companies – particularly 

Purdue Pharma (the manufacturer of OxyContin) – employed a myriad of marketing strategies to increase 
prescription and use of opioids. These strategies, which included downplaying the addictive potential of these 

drugs to Congress, hosting all-expenses-paid symposia to influence prescribing habits, and offering lucrative 
bonuses to increase opioid sales, were remarkably successful, with sales of OxyContin alone growing from 

$48 million to $1.1 billion between 1996 and 20007. These aggressive prescribing practices of opioids 
continued during the early 2000s and led to the first wave of the opioid epidemic, characterized by increased 

use of prescription opioids. The second wave of the opioid epidemic began ~2010 with the rise of heroin use. 

As regulators began to take steps towards stymying the flow of prescription opioids into particularly hard-hit 
communities, heroin became a cheaper, more easily attainable and potent alternative for opioid-dependent 

individuals. Deaths linked to heroin overdoses increased >250% from 2002 to 2013, and 80% of heroin users 
reported initial abuse of prescription opioids before switching to heroin8,9. The third wave of the opioid epidemic 

began in 2013 with a rise in deaths related to synthetic opioids – particularly fentanyl. Unlike earlier waves of 
the opioid epidemic, overdoses during the third wave have risen more rapidly, with an ~8-fold increase in 

overdose deaths since 20132. This can be largely attributed to two factors: potency and distribution. Fentanyl 
has a remarkably high potency ( ~100x that of morphine), and fentanyl has increasingly been cut into other 

illicit opioids, particularly heroin10. This contributes to opioid users unknowingly taking fentanyl-laced opioids 
that are more potent than expected, leading to a greater risk of overdose and death. Following declaration of 

opioid addiction as a public health emergency in 2017, an increased focus on reducing opioid misuse and 

treating opioid addiction has contributed to a slow decline in overdose mortality. However, with the emergence 
of the COVID-19 pandemic and increased social isolation, overdose-related deaths have been on the rise – 

with a >40% rise in overdose mortality through May 202011. The threat of overdose has always been 
disproportionately higher for isolated, socioeconomically disadvantaged individuals, and the gap between the 

privileged and disadvantaged has only widened during the COVID-19 pandemic.  
 

Diagnosis and treatment 
In 2013, the American Psychological Association released the updated Diagnostic and Statistical Manual of 

Mental Disorders (DSM) that included substantive changes in the characterization and diagnosis of SUDs. 
Unlike the prior DSM-IV that separately diagnosed substance abuse and substance dependence, the DSM-5 

contains a spectrum for diagnosing SUDs that spans mild to severe, and is dependent on presence of specific 

criteria12. These criteria include escalation of drug intake, continued use despite negative consequences 
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(interpersonal, social, physical, or psychological), drug craving, emergence of tolerance, and withdrawal. While 
imperfect, the DSM-5’s spectrum of addictive behaviors more closely captures the nature of addiction, 

regarded as a three-phase, cyclical process encompassing drug consumption, withdrawal, and drug craving1. 
Following bouts of excessive drug consumption, individuals undergo acute (i.e., minutes to hours) and chronic 

(i.e., hours to days) periods of withdrawal that are characterized by a negative affective state (e.g., dysphoria, 
heightened stress reactivity). Thereafter, individuals experience persistent drug-craving that increases over 

time, ultimately leading to relapse and propagation of the cycle. Rates of relapse are higher for opioids than for 
other drugs, with 59% of individuals relapsing within the first week of abstinence and 80% relapsing within the 

first month13. Notably, while prescription of opioids contributed to the onset and exacerbation of the current 
opioid crisis, development of pharmacotherapeutics for the treatment of opioid addiction has lagged behind. 

Today, FDA-approved medications for the treatment of opioid addiction are limited to those that reverse 

overdoses (naloxone) and those that work as opioid replacement therapies (e.g., methadone, buprenorphine). 
Importantly, there are currently no pharmacotherapeutics available to prevent binge opioid consumption or to 

alleviate opioid craving during abstinence, largely due to an incomplete understanding of the neural circuitry 
governing such behaviors. 

 
THEORIES & MODELS OF ADDICTION 

Theories of addiction 
Over time, multiple theories of addiction have been proposed in an attempt to explain the various processes 

that contribute to the development and persistence of addiction. Several of these have gained prominence due 
to their elegant explanation of key components of the addiction cycle that are grounded in neuroscientific 

evidence: (1) incentive sensitization, (2) aberrant learning, (3) hedonic allostasis, and (4) frontostriatal 

dysfunction14. The incentive sensitization theory of addiction posits that potentially addictive drugs cause an 
initial increase in phasic dopamine (DA) release, which functions to attribute incentive salience (i.e., the 

psychological process that increases the valence of reward-associated cues) to cues, contexts, and other 
events associated with drug use. In addition, this theory posits that repeated exposure to drugs produces long-

lasting adaptations in DA systems to sensitize responses to drugs and drug-associated stimuli15. The aberrant 
learning theory of addiction posits that repeated drug exposure enhances Pavlovian and instrumental 

sensitivity to drug-associated stimuli via neuroplastic adaptations in reward-associated nuclei, and that this 
heightened, targeted behavioral response is insensitive to outcome devaluation16. The hedonic allostasis 

theory, derived from the opponent-processes theory of motivation, proposes that while initial drug use is 
primarily due to the drug’s rewarding effects, chronic drug use reduces the rewarding effects of drugs, recruits 

stress systems, and shifts the hedonic setpoint downward, such that continued drug use is driven by a desire 

to alleviate dysphoria, rather than enhance euphoria17. The frontostriatal dysfunction theory of addiction posits 
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that repeated drug exposure induces deficits in executive control that leads to exaggerated responsiveness to 
drugs and drug-associated stimuli, loss of impulse control, and overall impaired decision-making18. Drawing 

from these theories, prominent behavioral models have been developed over the years to investigate the 
contribution of specific neural circuits to addiction (Figure 1.2)19. Designed to assay specific addictive 

behaviors, these models have led to a substantial increase in our understanding of the neurobiology of 
addiction. 

 
Psychomotor sensitization 

The sensitizing properties of drugs of abuse have classically been used as a proxy for measuring progression 
of addiction pathology, including compulsive drug-seeking and psychosis. As proposed in the incentive 

sensitization theory, repeated exposure to drugs of abuse sensitizes the neural circuits underlying motivation, 

including those that illicit drug craving and seeking. Accordingly, psychomotor sensitization procedures involve 
repeated administration of a drug over multiple sessions, during which the locomotor response is monitored. 

Over time and with repeated drug exposure, the locomotor response becomes sensitized and stereotyped 
behaviors (“stereotypies”) begin to develop, resulting in a hyperactive response to drug exposure20. In addition 

to measuring direct sensitization in response to repeated drug exposure, sensitization procedures frequently 
include a period of drug abstinence and withdrawal, followed by a challenge session that can provide insight 

into the persistent adaptations resulting from drug 
sensitization.  

 
Conditioned place preference 

In accordance with the aberrant learning theory of 

addiction, it is hypothesized that pairing drug 
exposure with specific stimuli produces an 

association that is insensitive to devaluation or 
extinction, facilitating the persistence of stimuli-

induced drug craving. For decades, conditioned place 
preference (CPP) procedures have been used to 

investigate the neural circuits underlying this form of 
associative learning and have provided extensive 

insight into the development of conditioned drug 
seeking behaviors. CPP procedures involve two 

visually distinct chambers, with or without a smaller 

center chamber, that can be open for free exploration 

Figure 1.2 | Animal models of addiction. Schematics and 
example behavioral metrics assessed with (a) psychomotor 
sensitization, (b) conditioned place preference, and (c) self-
administration procedures.  
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or closed for confinement. During conditioning, subjects are alternatively confined to each chamber following 
non-contingent exposure to a drug and a non-drug reward, such as saline. Following conditioning, subjects are 

then allowed to freely explore the entire apparatus and spend time where they choose, which is often in the 
drug-paired chamber21. CPP procedures can also be modified to compare the rewarding effects of different 

types of drugs, different doses of the same drug, or drugs and non-drug rewards (e.g., highly palatable food), 
and can be extended to examine the persistence of the conditioned response.  

 
Self-administration 

While useful for answering specific questions about the sensitizing and rewarding properties of drugs, 
locomotor sensitization and CPP procedures are inherently limited due to the non-contingent (i.e., researcher-

administered) route of drug administration. Contingent administration of drugs provides the opportunity to 

investigate a much broader set of questions around drug use, including drug-seeking and -taking, motivation to 
take drug, continued drug seeking despite negative consequences, and drug-seeking after a period of 

abstinence22. Moreover, self-administration of drugs can provide tremendous insight into individual differences 
associated with drug use and can help identify neural mechanisms that contribute to an individual’s 

vulnerability to addiction. Self-administration procedures typically involve learning an action-outcome pairing of 
a drug reward delivered after completion of a response contingency (e.g., nose poke, lever press). Classic self-

administration involves short-access sessions of continuous drug access for the length of a session (~1-3 
hours)23. These sessions typically require a fixed number of responses for drug delivery, known as the fixed 

ratio (FR) of reinforcement. Depending on the nature of the experiment, the FR can begin low (e.g., FR1) and 
increase over time to assess willingness to work for drug at an increased cost. In addition to modifying the FR, 

self-administration procedures have been developed to lengthen the duration of each session (long-access), 

interleave periods of drug-availability with periods of drug-unavailability within a single session (intermittent-
access), or increase training to >30 sessions to look at long-term patterns of drug use (extend-access). Unlike 

short-access self-administration, these variants more easily produce variability in the development and 
expression of addiction severity, allowing researchers to selectively study drug-induced alterations in 

vulnerable versus resilient groups24–27 and model DSM criteria28,29. Once self-administration has been acquired 
through FR training, subjects can then undergo a plethora of additional tests to assay specific addiction-like 

behaviors, including: progressive ratio, a test of motivation in which the response contingency increases with 
successive reward deliveries; behavioral economics, a test of motivation in which the response contingency 

remains constant but the reward size decreases with successive trials; and punishment sessions, a test of 
sensitivity to negative consequences in which infusions are paired with a footshock22. Additionally, self-

administration experiments can include extinction/reinstatement sessions, in which the action/outcome 

relationship is initially devalued (i.e., responding no longer results in drug delivery or presentation of drug-
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paired cues) and the sensitivity to reinitiate drug-seeking is assessed following re-exposure to drug-associated 
stimuli (e.g., cues, context) or a stressor. Alternatively, self-administration can be followed by a period of 

abstinence (either forced or voluntary) prior to re-exposure to drug-associated stimuli. This abstinence period is 
known as incubation of craving30,31, and drug craving has been shown to progressively increase with longer 

incubation periods. In combination with targeted (e.g., pharmacology, optogenetics, chemogenetics) or gross 
(e.g., lesions, ablations) manipulations of neural activity, these behavioral paradigms have revealed 

tremendous insight into the neural basis of addictive behaviors.  
 

NEUROBIOLOGY OF ADDICTION 
The development and maintenance of addictive behaviors arises in part from maladaptive neuroplasticity within 

the neural circuits responsible for decision making, associative learning, motivation, and reward processing. In 

particular, alterations in the cortico-basal ganglia circuit (C-BG) are known to contribute to the development 
and persistence of addictive behaviors1. The C-BG is a heavily interconnected network that integrates sensory 

and interoceptive cues to drive motivated behavioral output. The striatum, which serves as the interface of the 
C-BG, receives extensive glutamatergic input from cortical and subcortical regions (e.g., amygdalar, thalamic, 

and hippocampal nuclei), along with dopaminergic modulation from the ventral tegmental area (VTA) and 
substantia nigra in the midbrain32,33 (Figure 1.3). 

Integration of glutamatergic and dopaminergic inputs 
with lateral inhibition in the striatum contributes to 

the initiation or suppression of behavioral output, 
and imbalanced signaling between the two striatal 

output pathways can drive addictive behaviors34–36.  

 
Prefrontal cortex 

The prefrontal cortex (PFC) is centrally involved in 
reward learning, decision making, and outcome 

valuation37. It is a highly heterogenous structure, 
which adds to the complexity in understanding its 

role in normal cognition, as well as how its 
dysregulation contributes to drug use and addiction. 

In general, the medial prefrontal cortex (mPFC) – 
encompassing the anterior cingulate, prelimbic, and 

infralimbic cortices – regulates motivation and 

seeking of both natural and drug rewards via 

Figure 1.3 | Cortico-basal ganglia circuitry. (a) Prominent 
glutamatergic (blue) and dopaminergic (purple) inputs to the 
nucleus accumbens (NAc). (b) Local connectivity between 
direct pathway medium spiny neurons (dMSNs) and indirect 
pathway medium spiny neurons (iMSNs) in the NAc. 
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excitatory glutamatergic projections to the NAc and VTA1. Notably, projections from the mPFC to the NAc are 
topographically and functionally organized, with the prelimbic cortex preferentially innervating the NAc core and 

encoding reward-associated cues and the infralimbic cortex preferentially innervating the NAc shell and 
encoding reward-associated contextual information14,38,39. The PFC is comprised of six layers, each with 

unique connectivity patterns and distinct cell types. Specifically, the PFC contains large pyramidal output cells 
that make up ~75% of all cortical cells, as well as several subtypes of interneurons40. Pyramidal cells in layers 

II/III send local projections within cortex, while those in layers V-VI send projections throughout the C-BG, 
including to the striatum, midbrain, amygdala, hippocampus, and thalamus40,41. Pyramidal cells can be further 

subdivided into intratelencephalic, pyramidal tract, and corticothalamic cells, each with distinct physiology and 
connectivity42–46. Recent studies have begun to characterize the anatomical, electrophysiological, and 

molecular profiles of each of these cell types43,47–50, though how they each regulate behavior remains poorly 

understood. Finally, the PFC contains multiple populations of interneurons that heavily regulate cortical output 
via projections to both pyramidal neurons and interneurons51,52. 

 
Ventral tegmental area 

The VTA, together with the substantia nigra, sends dopaminergic projections throughout the C-BG to modulate 
network activity and behavioral output53. Dopaminergic projections from the substantia nigra pars compacta to 

the dorsal striatum regulate action initiation, while those from the VTA to the NAc regulate goal-directed 
behaviors54. Recently identified subtypes of DA neurons with unique molecular profiles preferentially project to 

the NAc core or NAc shell, and regulate reward learning or motivation, respectively, yet co-activation of both 
populations appears to be necessary for robust reinforcement55. DA neurons receive dense glutamatergic input 

from the PFC, bed nucleus of the stria terminalis, and periaqueductal gray, as well as GABAergic input from a 

variety of sources56, including the NAc and local GABA neurons. GABA neurons maintain tonic DA levels via 
inhibition of DA neurons, and brief disinhibition of DA neurons results in phasic DA release into the NAc. DA 

neurons receive glutamatergic input from the PFC and a number of subcortical nuclei, as well as GABAergic 
input from throughout the brain, including the NAc56. The VTA also contains glutamatergic neurons that project 

to striatal interneurons57,58, though the inputs to and behavioral relevance of these neurons is unknown. 
Notably, the VTA contains subpopulations of DA neurons that can release glutamate and/or GABA56,59,60, 

allowing the VTA to modulate C-BG activity at multiple levels and time scales. In addition to local inhibition 
from GABA neurons and the NAc, the activity of DA neurons undergoes dopaminergic modulation from D2 

autoreceptors on DA terminals and cholinergic modulation from striatal cholinergic interneurons56.  
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Striatum  
The striatum is a heterogeneous structure comprised primarily of two interspersed populations of GABAergic 

medium spiny neurons (MSNs) that can bidirectionally regulate behavioral output. Direct pathway MSNs 
(dMSNs) express dopamine D1 receptors and the neuropeptides dynorphin and substance P, project directly 

to the midbrain, and can promote behavioral output by serving as a “go” signal. Conversely, indirect pathway 
MSNs (iMSNs) express dopamine D2 receptors and the neuropeptide enkephalin, project indirectly to the 

midbrain via the pallidum, and can suppress behavioral actions by serving as a “stop” signal32,34. The striatum 
contains dorsal and ventral compartments, with further subdivisions based on connectivity and function. The 

dorsal striatum receives dopaminergic modulation from the substantia nigra pars compacta and glutamatergic 
input from sensorimotor and associative cortices61. The ventral striatum, comprised of the olfactory tubercule, 

nucleus accumbens (NAc) core, and NAc shell, receives dopaminergic modulation from the VTA and 

glutamatergic input from the PFC, as well as thalamic, hippocampal, and amygdala nuclei62. In general, the 
dorsal striatum regulates motor planning, action selection, and locomotion, while the ventral striatum regulates 

motivated behavior and reward learning34,63. However, it has been hypothesized that an ascending loop 
between ventral and dorsal striatum facilitates information consolidation during learning, whereby habitual 

behaviors transition from the ventral striatum to the dorsal striatum61,64. Importantly, while dMSNs and iMSNs 
have historically been differentiated by downstream targets and expression of dopamine receptors, dorsal and 

ventral striatal dMSNs send collaterals to the pallidum65,66, and D1 and D2 receptors are co-expressed by 
MSNs in the dorsal striatum (2-5%), NAc core (6-7%), and NAc shell (12-15%)67,68. In addition to MSNs, the 

striatum contains large, tonically-active cholinergic interneurons and multiple subtypes of GABAergic 
interneurons with distinct electrophysiological properties and peptide expression patterns61. MSNs also receive 

cholinergic modulation via projections from the pedunculopontine tegmentum and laterodorsal tegmentum69, 

though the relevance of such input to local or network dynamics remains uncertain. Interestingly, each MSN 
receives ~5000-15000 excitatory inputs in addition to ~1200-1800 GABAergic inputs from other MSNs, so 

modulation of MSN activity via cholinergic and dopaminergic inputs are necessary for signal integration and 
effective synaptic plasticity61,70. Indeed, MSNs exhibit bi-stability, residing almost exclusively in either a down-

state (-80 mV) or an up-state (-50 mV, near threshold) in the absence of external input. In addition, the 
maintenance of bi-stability and intrinsic excitability relies on the activity of cation channels that are under robust 

dopaminergic and cholinergic modulation70,71. Maintenance of intrinsic excitability within MSNs is critical for 
normal regulation of behavioral output, and dysregulation of NAc microcircuitry contributes to the development 

and expression of addictive behaviors36,72,73. 
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DIRECT & INDIRECT PATHWAY MEDIUM SPINY NEURONS 
Intrinsic excitability 

Midbrain DA release into the striatum differentially impacts the activity of MSNs, facilitating dMSN activity and 

suppressing iMSN activity (Figure 1.4). D1 receptors (D1, D5) are excitatory Gaolf-coupled receptors that 

enhance intrinsic excitability of dMSNs, while D2 receptors (D2, D3, D4) are inhibitory Gai/o-coupled receptors 

that reduce intrinsic excitability of iMSNs. D1 receptor activation increases production of cAMP via Gaolf-
mediated activation of adenylyl cyclase, promoting downstream activity of PKA to augment excitability; in 

particular, PKA activity reduces Na+ channel conductivity, enhances NMDA receptor currents, and enhances L-
type Ca2+ currents74. Additionally, D1 receptor activation enhances dMSN excitability by inactivating N-type and 

P/Q-type voltage-gated Ca2+ channel currents that subsequently suppresses small-conductance Ca2+-

dependent K+ channel current70. Conversely, D2 receptor activation reduces cAMP production via Gai/o-

mediated inhibition of adenylyl cyclase and inhibits the opening of N-type and P/Q-type Ca2+ channels via 

direct binding of Gbg heterodimers75. D2 receptor activation also triggers stimulation of PLCb via direct 

activation by Gbg, driving the mobilization of intracellular Ca2+ stores and activation of the calcium-dependent 

phosphatase calcineurin, which ultimately suppresses L-type Ca2+ channel currents76. Notably, while DA is 

capable of modulating intrinsic excitability via multiple mechanisms in both dMSNs and iMSNs, the net effect of 
these modulations appears to be negligible on the whole cell level; rather, it appears that dopaminergic 

modulation of MSNs regulates Ca2+ influx into dendritic spines to influence synaptic plasticity, with D1 
receptors facilitating and D2 receptors suppressing plasticity70. Specifically, D1 receptor activation facilitates 

Figure 1.4 | Glutamatergic and dopaminergic modulation of MSN excitability. (a, c) Glutamate release increases the 
excitability of both (a) iMSNs and (c) dMSNs, facilitating depolarization. (b, d) Dopamine releases bidirectionally 
modulates MSNs, (b) suppressing iMSNs and (d) enhancing dMSNs. 
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up-state transitions and enhances up-state spiking in dMSNs, while D2 receptor activation impedes state 
transitions and suppresses up-state spiking77.   

 

In addition to dopaminergic modulation, the intrinsic excitability of MSNs is modulated via acetylcholine (ACh) 
released from cholinergic interneurons, which acts on two families of muscarinic ACh receptors: M1 receptors 

(M1, M5) are Gaq/11-coupled receptors that increase intracellular [Ca2+] and activate PLCb and PKC, while M2 

receptors (M2, M3, M4) are Gai/o-coupled receptors that inhibit cAMP production and inactivate voltage-gated 
Ca2+ channels78,79. Passive efflux of K+ through constitutively active inwardly rectifying K+ (KIR), A-type K+ (KA), 

and KCNQ channels maintains the hyperpolarized down-state of MSNs, which is directly modulated by M1 
receptors80. Phosphorylation by PKC reduces opening of KA channels and disrupts their voltage dependence, 

while PLCb-mediated depletion of phosphatidylinositol 4,5-bisphosphate, inactivates KCNQ and KIR channels, 

collectively leading to MSN depolarization81–83. M1 receptor activation also inactivates L-type Ca2+ channels via 
a Ca2+-dependent, G-protein-independent pathway, potentially via activity of calcineurin84. MSNs normally 

integrate synaptic input over a time window of 40-60ms, acting as input integrators rather than coincidence 
detectors70. CINs are relatively sparse within the striatum but are large, tonically active, and have largely 

branching dendritic arbors, so M1 receptor-dependent modulation of MSNs may serve to enhance signal 
integration within a local cluster of MSNs61,85. Additionally, M1 receptor-mediated suppression of L-type Ca2+ 

channels during MSN spiking attenuates Ca2+-dependent K+ currents (e.g., small conductance K+ channels) to 

expand the window of integration84. M2 receptors are also capable of modulating MSN activity, via two distinct 
mechanisms: M2 and M3 receptors regulate synaptic input onto MSNs via presynaptic inhibition of 

glutamatergic, GABAergic, and Dopaminergic afferents, while M4 receptors regulate intrinsic excitability via 

direct inhibition of N-type and P/Q-type voltage-gated Ca2+ channels via Gbg binding to shape the spiking of 

MSNs61,80. Notably, M4 receptors are more heavily expressed in dMSNs than iMSNs, indicating cell type-
specific output filtering via CIN activity76. MSNs receive 5000-15000 glutamatergic inputs and 1200-1800 

GABAergic inputs from other MSNs, so extensive cholinergic and dopaminergic modulation of a single MSN is 
likely necessary for signal integration and effective synaptic plasticity61,70. 

 

Synaptic plasticity 
Unlike induction of synaptic plasticity in other cells types that requires the combination of strong somatic 

depolarization with high-frequency stimulation of afferent fibers, regulation of synaptic plasticity in striatal 
MSNs requires the convergence of back-propagating action potentials (bAPs) and synaptic input onto MSN 

dendrites86. Synaptic plasticity in MSNs generally employs a phenomenon known as spike timing-dependent 
plasticity (STDP) that determines the direction of plasticity: synaptic stimulation followed by trailing bAPs (+5 

ms) induces long-term potentiation (LTP), while bAPs preceding synaptic stimulation (-10 ms) induces long-
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term depression (LTD). Additionally, the mechanisms underlying the modulation of striatal synaptic plasticity 
differ between dMSNs and iMSNs. LTD in iMSNs requires stimulation of both presynaptic glutamatergic 

afferents and en passant dopaminergic afferents, which result in the activation of Gaq/11-coupled group I 

metabotropic glutamate receptors (mGluRs), Gai/o-coupled D2 receptors, L-type voltage-gated Ca2+ channels, 

and CB1 endocannabinoid (eCB) receptors, but not NMDA receptors87. bAPs decrementally back-propagate 

into dendrites, providing local depolarization that is sufficient to open L-type Ca2+ channels and facilitate 
dendritic Ca2+ influx, resulting in ryanodine receptor-dependent Ca2+-induced Ca2+ release from intracellular 

stores87,88. Additionally, glutamate binding to mGluR1/5 and DA binding to D2 receptors both activate PLCb via 

direct binding of Gbg dimers, enhancing production of IP3 and src kinase to facilitate Ca2+ entry via L-type Ca2+ 

channels and IP3 receptors88. These signaling mechanisms collectively enhance the production of eCBs (e.g., 

anandamide, 2-arachidonylglycerol) that are released from iMSN dendritic spine heads to act on presynaptic 
CB1 receptors89. Activation of D2 receptors also decreases surface expression of AMPA receptors to reduce 

iMSN synaptic strength, which together with presynaptic CB1 receptor activation depresses synaptic 
plasticity90. Unlike iMSN LTD that is expressed presynaptically and is dependent on D2 receptors, iMSN LTP is 

dependent on activation of NMDA receptors and Gaolf-coupled adenosine A2A receptors. Stimulation of A2A 
receptors augments adenylyl cyclase-dependent production of cAMP to enhance activity of PKA, though the 

exact mechanisms through which this produces LTP remains uncertain. PKA phosphorylates a number of 

signaling molecules that have been implicated in synaptic plasticity, including DARPP-32 and MAPKs, though 
future work is needed to fully understand the role of such signaling in iMSN LTP32. Notably, enhancing D2 

receptor activity via an LTP protocol induces LTD, while enhancing A2A receptor activity via an LTD protocol 
induces LTP, emphasizing the critical balance between G-protein signaling cascades, presynaptic activity, and 

postsynaptic excitability required for proper modulation of iMSN synaptic plasticity86.  
 

Similar to LTP in iMSNs, LTP in dMSNs is dependent on activation of NMDA receptors and a Gaolf-coupled 

receptor, though dMSN LTP requires activation of D1 receptors rather than A2A receptors. Employing an 
STDP protocol with synaptic stimulation and trailing postsynaptic stimulation induces LTP in dMSNs that is 

dependent on activation of D1 receptors, likely requiring downstream activity of cAMP and PKA. D1 receptor 
activation also enhances surface expression of AMPA and NMDA receptors through a PKA-dependent 

mechanism, potentially via activation of striatal-enriched phosphatase and the tyrosine kinase Fyn, to enhance 
excitability of dMSNs32,90. However, using the same stimulation protocol in the presence of a D1 receptor 

antagonist induces dMSN LTD that is dependent bAP-driven Ca2+ influx through L-type Ca2+ channels, 
glutamatergic activation of mGluR1/5, and presynaptic CB1 receptor activation86. Collectively, these 

mechanisms provide a framework through which DA can induce bidirectional Hebbian plasticity at 
glutamatergic synapses on MSNs, despite differing DA receptor expression at dMSNs and iMSNs. D2 
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receptors have a high affinity for DA and are the primary target of tonic DA release from the midbrain, while D1 
receptors have a low affinity for DA and generally only activate following phasic DA spikes. Additionally, iMSNs 

and dMSNs can have opposing control of behavioral output, with iMSN activity suppressing behavior and 
dMSN activity facilitating behavior. Thus, in the absence of behaviorally relevant stimuli, low levels of tonic DA 

primarily activate iMSN D2 receptors to enable bidirectional STDP plasticity, while the absence of 
dopaminergic modulation of dMSN D1 receptors selectively facilitates LTD. During phasic DA release – 

triggered by behaviorally relevant stimuli – dMSN D1 receptors can be transiently activated to facilitate LTP, 
thereby affording behaviorally mediated mechanisms for bidirectional Hebbian plasticity in striatal MSNs. 

 
MECHANISMS OF CALCIUM SIGNALING 

Ca2+ is a ubiquitous second messenger molecule that can regulate nearly all forms of neuronal activity, 

including membrane excitability, neurotransmitter release, short- and long-term synaptic plasticity, gene 
expression, and apoptosis91. Given the broad impacts that fluctuations in intracellular Ca2+ may have on the 

activity of an individual neuron or local neural networks, cellular mechanisms have evolved to regulate local 
Ca2+ via chemical and ionic concentration gradients across the plasmalemma, sequestration within intracellular 

storage organelles, and binding to cytosolic Ca2+ buffers. In particular, the expression of electrophysiologically 
and pharmacologically distinct Ca2+ channels in distinct subcellular compartments provides mechanisms for 

rapid, localized, and transient spikes in intracellular Ca2+ that can be time-locked to discrete signaling events 
(e.g., action potential arrival, G-protein activation)92,93. Collectively, these mechanisms facilitate transient, 

temporally precise fluctuations in intracellular Ca2+ that can either be restricted to isolated neuronal 
compartments during discrete signaling events or propagate towards the soma to induce long-term changes in 

gene expression, as determined by the source and conditions of Ca2+ release.   

 
Calcium channels 

Plasmalemmal Ca2+ channels can be divided into two superfamilies, based on mechanism of activation: 
voltage-gated Ca2+ channels that are dependent on local membrane depolarization, and ligand-gated Ca2+ 

channels that are dependent on neurotransmitter binding. Voltage-gated Ca2+ channels are differentiated 
based on their electrophysiological and pharmacological properties, as well as on their subcellular 

distribution92. T-type Ca2+ channels (also known as low voltage-activated channels) activate at hyperpolarized 
membrane potentials (i.e., positive to -70mV), rapidly inactivate, and have low ionic conductance. T-type Ca2+ 

channels are expressed both somatically and dendritically, and are primarily responsible for regulating 
excitability in pace-making cells, such as interneurons94. High voltage-activated (HVA) Ca2+ channels activate 

at depolarized membrane potentials (positive to -20mV) and can be further subdivided into four subtypes: N- 

and P/Q-type Ca2+ channels are predominately expressed at presynaptic terminals and initiate 



CHAPTER 1 | OPIOID ADDICTION & THE CORTICO-BASAL GANGLIA CIRCUIT 
 

 13 

neurotransmitter release, L-type Ca2+ channels are expressed both dendritically and somatically and initiate 
Ca2+-dependent transcription events, and R-type Ca2+ channels are expressed both presynaptically and 

postsynaptically and mediate neurotransmitter release and synaptic plasticity92,95. Ligand-gated Ca2+ channels 
are ionotropic glutamate receptors that provide the primary source of excitatory input for most neurons, and 

include AMPA receptors and NMDA receptors93. AMPA receptors are tetrameric ionophores composed of four 
GluR1-4 subunits that determine cation selectivity: AMPA receptors that lack the GluR2 subunit have fast 

gating kinetics, exhibit inward rectification, and gate Na+, K+, and Ca2+, and are thus termed Ca2+-permeable 
AMPA (CP-AMPA) receptors; GluR2-containing AMPA receptors are weakly-conductive, gate Na+ and K+, and 

are referred to as Ca2+-impermeable AMPA (CI-AMPA) receptors93. CI-AMPA receptors predominate in mature 
neurons under normal physiological circumstances, though certain conditions induce synaptic expression of 

CP-AMPA receptors96. In particular, withdrawal from heavy psychostimulant intake and incubation of 

psychostimulant craving upregulate CP-AMPA receptor expression in NAc MSNs, presumably enhancing 
neuronal excitability to drug-related cues96–99. NMDA receptors are also tetrameric ionophores composed of 

GluNR1 and GluNR2 subunits, and all NMDA receptors are permeable to both Na+ and Ca2+, with Ca2+ 
accounting for 6-12% of the total cation current through NDMA receptors100. While AMPA and NMDA receptors 

similarly use glutamate as their endogenous agonist, activation of NMDA receptors also requires co-agonism 
by glycine or serine along with coincident depolarization to remove a Mg2+ block from within the conductive 

pore93. Intracellular Ca2+ channels mediate Ca2+ release from internal storage organelles (e.g., SER, 
endosomes) and include inositol 1,4,5-trisphosphate (IP3) receptors, localized in dendritic shafts and near the 

soma, and ryanodine receptors, localized in dendritic spines and axons101. Whereas transient activation of 
plasmalemmal Ca2+ channels rapidly and transiently increases local Ca2+, activation of intracellular Ca2+ 

channels occurs downstream of primary signaling events (e.g., plasmalemmal ion channel opening, G-protein 

activation) to generate Ca2+ waves that are capable of propagating throughout the neuron to induce long-
lasting changes in neuronal plasticity and gene expression102.  

 
Calcium release 

When an action potential invades a presynaptic terminal, local Na+ current-induced depolarization triggers the 
opening of voltage-gated Ca2+ channels (N-type and P/Q-type) clustered near the readily-releasable pool of 

neurotransmitter to provide a rapid spike in intracellular Ca2+ near the synaptic cleft, with the Ca2+ near voltage-

gated Ca2+ channels rising from 50nM to >50µM in ~5ms103. This localized increase in presynaptic Ca2+ binds 

to low-affinity Ca2+ sensors (e.g., synaptotagmins) to initiate vesicular release machinery (i.e., zippering of a-

helical SNARE motifs on the plasma membrane and the synaptic vesicle, membrane fusion) and ultimately 
induces neurotransmitter release within several milliseconds of the action potential’s arrival. In contrast to the 

rapid rise in Ca2+ upon action potential arrival, removal of Ca2+ from the presynaptic bouton occurs more slowly 
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(~100s of milliseconds) and relies primarily on two mechanisms: Ca2+ chelation and Ca2+ extrusion104. 
Endogenous Ca2+ buffers (e.g., parvalbumin, calretinin, calbindin) sequester free Ca2+ with high-affinity Ca2+ 

binding sites, whereas Ca2+ extruders either actively pump Ca2+ out of the presynaptic bouton and into the 
extracellular space (e.g., K+-dependent and K+-independent Na+/Ca2+ exchangers, plasma membrane Ca2+-

ATPases) or pump Ca2+ into intracellular storage organelles, such as the SER (e.g., sarco-/endoplasmic 
reticulum Ca2+ ATPase)91,100. Under normal physiological conditions, glutamate released from a presynaptic 

terminal can bind to both CI-AMPA and NMDA receptors, opening CI-AMPA receptors to allow influx of Na+ 
into the dendrite and facilitating subsequent depolarization. Following sufficient CI-AMPA receptor-mediated 

depolarization or during coincident glutamate release and local depolarization bAPs from within the 
postsynaptic neuron, NMDA receptors open to facilitate robust Ca2+ influx into the cell, driven by the steep 

concentration gradient of Ca2+. Under these conditions, NMDA receptors are the primary source of glutamate 

induced Ca2+ influx in neurons and act as coincidence detectors to selectively gate Ca2+ when both pre- and 
post-synaptic regulatory conditions are met. Conversely, glutamatergic excitation of CP-AMPA receptors can 

result in Ca2+ influx independent of postsynaptic depolarization and NMDA receptor activation, providing a 
mechanism through which subthreshold (e.g., mEPSP rather than full depolarization) stimulation of a dendritic 

spine can result in Ca2+ influx and activation of Ca2+-dependent intracellular signaling events. In addition to 
directly driving Ca2+ influx via CP-AMPA or NMDA receptors, glutamate-mediated dendritic depolarization can 

also indirectly open L-type Ca2+ channels in the perisynaptic membrane to further enhance local, intracellular 
Ca2+.  

 
While CP-AMPA receptors, NMDA receptors, and L-type Ca2+ channels are efficient for producing acute, 

transient spikes in dendritic Ca2+, whole-cell Ca2+ events (also known as Ca2+ waves) can be generated by 

either IP3-dependent Ca2+-induced Ca2+ release (ICICR) via IP3 receptor or Ca2+-induced Ca2+ release (CICR) 
via ryanodine receptors102,105. ICICR requires the coincidence of bAP-triggered Ca2+ influx via voltage-gated (L-

type and R-type) Ca2+ channels and activation of postsynaptic Gɑq/11-coupled metabotropic receptors. Agonist 
binding to Gɑq/11 receptors (e.g., glutamate binding to mGluR1) triggers the activation of PLCβ, which 

hydrolyzes phosphatidylinositol 4-5-bisphosphate into diacylglycerol and IP3. IP3 binds to IP3 receptors on the 
SER to facilitate Ca2+ release from internal stores, resulting in a substantial rise in intracellular Ca2+ within the 

dendritic spine, referred to as the trigger zone for ICICR102. Similar to ICICR, CICR requires bAP-triggered Ca2+ 
influx and results in release of Ca2+ from intracellular stores, but unlike ICICR, mGluR1 activation enhances but 

is not necessary for CICR, as CICR induces Ca2+ release from ryanodine receptor-sensitive Ca2+ stores rather 
than IP3 receptors88. Once Ca2+ within a trigger zone reaches threshold, Ca2+-gated K+ currents activate to 

modulate bidirectional transfer of synaptic currents toward distal dendrites and the soma102. Somatic Ca2+ 

signals generally have a delayed onset, greater amplitude, and longer duration than dendritic Ca2+ signals, and 
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Ca2+ within the nucleus can regulate CREB-mediated gene expression directly or indirectly via 
Ca2+/calmodulin-dependent protein kinases106. Ca2+ waves are more likely to fully propagate to the soma when 

Ca2+ reaches threshold within the trigger zone of multiple, proximal dendrites, indicating a potential role for 
Ca2+ waves in encoding synergistic, global Ca2+ signaling events. Ca2+ waves have therefore been proposed to 

be a mechanism for heterosynaptic plasticity, by which changes in synaptic strength spread from one synapse 

to neighboring synapses107. Strong activation of Gaq/11 receptors is also capable of inducing ICICR and 

subsequent Ca2+-mediated K+ currents independent of action potential-evoked Ca2+ release108,109. This 

phenomenon is also subject to modulation by other neurotransmitters, including dopamine: in the NAc, phasic 
dopamine enhances ICICR-mediated Ca2+ signals in D1 receptor-expressing dMSNs but reverses adenosine 

A2A receptor/ICICR-mediated Ca2+ signals in D2 receptor-expressing iMSNs. D1 and A2A receptors are both 
Gɑs-coupled receptors that facilitate cAMP production and PKA activation, each of which have been shown to 

increase cytosolic Ca2+ via IP3-sensitive Ca2+ stores independent of IP3 production110,111.  
 

Calcium imaging 
As cytosolic Ca2+ can be influenced by such a range of signaling mechanisms, it is unsurprising that the 

significance of in vivo Ca2+ signals monitored via genetically encoded Ca2+ sensors (e.g., GCaMP) in a specific 
brain region and/or genetically defined cell type remains uncertain. However, careful experimental design can 

resolve some of the conflicts when considering the information outlined above. Ca2+ signaling in the axonal 

bouton, for example, is predominated by voltage-gated N-type and P/Q-type Ca2+ channels that activate during 
firing of an action potential, so in vivo Ca2+ imaging in the downstream target region of a neuronal population of 

interest can be used as a proxy for action potential firing. Similarly, somatic Ca2+ signaling, driven by L-type 
Ca2+ channels and CICR via Ca2+ waves, drives transcriptional regulation, so single cell Ca2+ imaging with 

ROI’s centered near the nucleus and soma can provide insight into such processes. Finally, while individual 
dendritic Ca2+ signaling drives homosynaptic plasticity, Ca2+ waves across a population of dendrites may be 

linked to heterosynaptic plasticity associated with dramatic changes in neuronal signaling, so the use of fiber 
photometry can inform the influence that external, behaviorally relevant stimuli have on a population of 

neurons.  
 

MECHANISMS OF OPIOID ACTION 

Pharmacology 
Mu opioid (µO) receptors are widely expressed throughout the central, peripheral, and enteric nervous 

systems, and can be distributed both somatodendritically and axonally112. While expression of µO receptors in 
axons is weaker than expression in proximal dendrites and the soma, µO receptor activity in the presynaptic 

bouton substantially impacts local and network neuronal activity via presynaptic inhibition. µO receptors are 
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Gai/o-coupled receptors that affect neuronal activity via four distinct mechanisms, mediated by activity of the 

Ga and Gbg subunits: (1) inhibition of cAMP-mediated signaling cascades, (2) activation of GIRK channels, (3) 

inhibition of voltage-gated Ca2+ channels, and (4) inhibition of soluble N-ethylmaleimide-sensitive factor 
attachment protein receptor (SNARE)-dependent vesicle release113,114. Prior to ligand binding, heterotrimeric 

G-protein complex (Gabg) are coupled to µO receptors. Agonist binding results in a conformational change that 

activates the Ga subunit, facilitating exchange of a bound GDP for a GTP and inducing dissociation of the 

Ga/GTP complex and the Gbg dimer from the µO receptor. Gai/o translocates to the membrane-delimited 

enzyme adenylyl cyclase, inhibiting the enzymatic conversion of ATP to cAMP. cAMP is a ubiquitous second 

messenger responsible for activating protein kinases (e.g., PKA) and transcription factors (e.g., CREB), so µO 
receptor agonist-induced suppression of cAMP activity can result in medium- and long-term changes in 

neuronal activity. Conversely, the Gbg dimer acutely impacts neuronal excitability by translocating to GIRKs 

and voltage gated Ca2+ channels near the synaptic bouton. Gbg dimers can directly bind to and open GIRK 

channels, causing hyperpolarization in the presynaptic terminal and inhibiting neural activity until either the 

Ga/GTP complex undergoes hydrolysis to Ga/GDP and re-associates with Gbg or a Gbg scavenger (e.g., G-

protein regulated kinase [GRK] 2 or GRK3) binds Gbg subunits via their carboxy termini113,115. Gbg dimers can 

also directly bind to the I-II linker of a1A/a1B subunits of N-type and P/Q-type Ca2+ channels to disrupt channel 

gating, slow activation kinetics, and shift the current/voltage relationship of the channel, effectively occluding 

Ca2+ influx116,117. Finally, Gbg dimers can directly disrupt presynaptic vesicular release machinery by binding to 

vesicular SNARE proteins and preventing zippering of a-helical SNARE motifs on the synaptic vesicle and the 

plasma membrane, thereby obstructing neurotransmitter release114. Collectively, these mechanisms afford 
opioids with broad-reaching potential for µO receptor-mediated presynaptic inhibition that impacts not only µO 

receptor-expressing neurons but also their downstream targets to disrupt local circuit dynamics. 
 

Respiratory depression 
Opioids are capable of disrupting many aspects of respiration (e.g., tidal volume, respiratory rate), but opioid-

induced respiratory depression is predominately caused by desynchronization of respiratory rhythm. 

Respiration is controlled by nuclei within the brainstem and ventrolateral medulla that receive ascending input 
from peripheral and central chemoreceptors that detect changes in blood O2 and CO2 content, respectively. 

Oxygen-sensing type I cells of peripheral carotid bodies are responsible for triggering the hypoxic ventilatory 
response, a chemoreflex that upregulates respiration when O2 levels begin to decline. During a hypoxic event, 

reduced O2 availability triggers the opening of L-type and P/Q-type Ca2+ channels in type I cells, and the influx 
of Ca2+ drives neurotransmitter release and excitation of postsynaptic carotid sinus nerves within the carotid 

body. Glutamatergic stimulation by carotid sinus nerves excites neurons of the nucleus tractus solitarius (NTS) 
within the brainstem and subsequently upregulates respiratory rate via connections between the NTS and the 
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pre-Bötzinger complex (preBötC) in the ventrolateral medulla. µO and kappa opioid (KO) receptors are widely 
expressed throughout the respiratory system, including in oxygen-sensing type I cells of the carotid body, the 

NTS, and the preBötC, and opioid-induced respiratory depression is thought to be due to direct activity at each 

of these sites. DAMGO and U50-488 (full agonists for µO and KO receptors) facilitate activation of Gai/o-

coupled signal transduction in µO/KO receptor-expressing type I cells of the carotid body, resulting in 

presynaptic inhibition via activation of GIRKs and inhibition of voltage gated Ca2+ channels by the Gbg dimer. 

This presynaptic inhibition reduces excitability of NTS neurons and protracts the duration of a hypoxic 

ventilatory response, which is independently capable of disrupting respiration. However, µO receptors are also 
densely expressed in the commissural subdivision of the NTS (comNTS), which receives direct glutamatergic 

input from the carotid sinus nerve to induce a hypoxic ventilatory response. Intra-comNTS administration of 
DAMGO hyperpolarizes comNTS neurons and inhibits presynaptic glutamate release, attenuating the hypoxic 

ventilatory response; moreover, intra-comNTS administration of CTAP, a selective µO receptor antagonist, 
rescues depression of the hypoxic ventilatory response induced by systemic DAMGO injection, implicating the 

comNTS as an essential site for opioid-induced respiratory depression. Glutamatergic projections from the 
NTS innervate the preBötC, which is responsible for the generation of respiratory rhythm via oscillatory activity 

with the nearby retro-trapezoid and parafacial respiratory group (RTN/pFRG). Treatment of in vitro 

preparations of intact preBötC/RTN/pFRG with DAMGO reduces inspiratory frequency that is not due to faulty 
rhythmicity, as subthreshold action potentials can still be recorded in the absence of inspiration. Similar 

disruptions in respiratory rhythmicity can be seen in vivo in rats treated with fentanyl, indicating that opioid-
induced respiratory disruption is mediated in part by stochastic, intermittent attenuation of preBötC output. 

However, intra-preBötC injection of the µO receptor antagonist naloxone fails to reverse opioid-induced 
respiratory depression, suggesting that disrupted preBötC rhythmicity may be a consequence of opioid action 

upstream in the respiratory pathway. Collectively, this body of research indicates that opioids are capable of 
inducing respiratory depression at multiple, synergistic levels, including: (1) impaired peripheral 

chemosensation of hypoxia, (2) weakened hypoxic ventilatory response generation within the NTS, and (3) 

disrupted respiratory rhythm generation by the preBötC. µO and KO receptors are expressed in additional sites 
throughout the respiratory system and while it is possible that there are additional neural loci responsible for 

disrupting respiration, the action of opioids at these sites is sufficient for opioid-induced respiratory depression. 

Notably, highly efficacious µO receptor agonists (e.g., fentanyl, sufentanil) with biased b-arrestin2 signaling 

pose a greater risk for respiratory depression, and respiratory depression is attenuated in b- arrestin2-KO 

mice. Thus, both G-protein and b-arrestin2 signaling appear to influence respiratory depression through distinct 
mechanisms. 
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POLYDRUG USE WITH OPIOIDS 
Although studies of drug addiction and its impacts are often centered around individual drugs, drug use 

frequently involves multiple substances118–120. Indeed, drug-dependent individuals report an average use of 3.5 
substances121, including both simultaneous and sequential polydrug use. In addition, the likelihood of 

developing comorbid substance dependencies is high in clinical populations122,123. Although which substances 
are co-used can vary, primary drug dependencies are typically found for alcohol, opioids, amphetamine, and 

methamphetamine, while cannabis and cocaine are more often reported as secondary- or tertiary-used 
substances118. The high prevalence of polysubstance use is particularly concerning given the impact that this 

can have on both SUD severity and treatment outcomes. For example, a polysubstance history is associated 
with greater unmet physical and mental health care needs, increased risk behavior, violence, and increased 

overdose and mortality risk compared to single substance use123–125. Although the majority of research on 

SUDs has focused on individual substances in isolation, with a multiple drug use history often considered an 
exclusion criterion for clinical studies, it is important to recognize that many drug users engage in 

polysubstance use. For instance, 30% to 80% of heroin users also use cocaine126, and deaths involving both 
cocaine and opioids more than doubled between 2010 to 2015.. A person is considered a polysubstance user 

if they use more than one substance, including use of multiple drugs on separate occasions (sequential use) or 
at the same time (concurrent/simultaneous). Limiting studies to individual drugs risks overlooks interactions 

between substances, limits translatability of preclinical research, and can impede the efficacy of resulting 
treatments for SUDs. Indeed, polysubstance use has consistently been associated with worse treatment 

outcomes, including poorer treatment retention, higher rates of relapse, and a three-fold higher mortality rate 
compared to mono-substance use127–129. 

 

Epidemiology of polydrug opioid use 
The prevalence of opioid misuse (i.e., use outside of prescribed use) has risen dramatically in recent years, 

with ~53 million adults (1.1% of global population) reporting past-year non-medical use of an opioid5. North 
America has the highest rate of opioid misuse, with ~11 million past-year users130; however, this estimate is 

conservative as it does not include homeless or incarcerated individuals, who have disproportionately higher 
levels of opioid use. In addition, the rate of first-time heroin users rose in parallel with non-medical use of 

prescription opioids from 2002 to 20115, a reflection that individuals with past-year prescription opioid misuse 
are 19 times more likely to initiate heroin use than those without such a history9,131. Studies have investigated 

polydrug use among heroin and prescription opioid misusers, and found that there are higher frequencies of 
opioid use in people that also use cocaine (>33%) or methamphetamine (>20%)132,133, but reduced odds for 

primary opioid use in those that have secondary alcohol and cannabis use133,134 (Figure 1.5). In addition, first-

time methamphetamine use is more prevalent following past-month opioid use134. Of those entering treatment 
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for heroin use, it has been found that 91% of people reported a 
lifetime history of cocaine use128, and in the UK, 54% of opioid 

users in treatment between 2017-2018 also had a comorbid 
cocaine use disorder135. Nonetheless, simultaneous use of 

heroin with alcohol and/or cannabis is more common than with 
psychostimulants136,137, suggesting that a sequential pattern of 

drug use is preferable for opioids and psychostimulants. 
 

In the US, opioid use is a national public health emergency, 
responsible for more than 1.6 million years of life lost from 2001 

to 2016138. Moreover, opioid overdose deaths are currently the 

leading cause of accidental death among US adults, with 68% of 
all drug overdose deaths involving an opioid5. Given that nearly 

80% of fatal opioid overdoses also involved another substance, it 
appears that there is a greater risk of death when opioids are 

used in combination with other opioids and/or other drugs139. 
Specifically, of these deaths, 78% involved another opioid, while 

21.6% involved cocaine, 11.1% involved alcohol, and 5.4% 
involved a psychostimulant other than cocaine139. In addition, opioid-related emergency room visits also 

involved tobacco (51.1%), cocaine (36.9%) or other stimulants (22.6%), cannabis (25.1%), and alcohol 
(16.9%). Substantial polysubstance use of three or more of these substances has also been reported for 

opioid-related emergency room visits140, and the likelihood of these visits has been associated with the degree 

of severity of other SUDs141,142. Taken together, these reports suggest that combining opioid use with other 
substances is frequently involved with the deleterious consequences of opioid use. In addition to overdose risk, 

opioid users face very high rates of relapse, with 59% of individuals relapsing in the first week and 80% 
relapsing in the first month of abstinence13. Past use of other substances, including the degree of cocaine use, 

increases relapse susceptibility128. Methamphetamine use among those seeking treatment for opioid use has 
also been on the rise5, and it has recently been reported that methamphetamine use is associated with a 

discontinuation of buprenorphine treatment in people with an opioid use disorder143. Thus, a better 
understanding of the impact of multi-substance use in the context of opioids is crucial for more successful 

emergency responses and long-term treatment outcomes.  
 

 

 

Figure 1.5 | Polysubstance use. Unspecified 
polysubstance use in treatment-seeking drug 
users in Finland from 1997 to 2008. Top: 
Primary (left) and secondary (right) drugs used 
by treatment-seeking drug users, shown as 
percent of total users. Bottom: Percent of users 
reporting exclusive misuse of one drug (white 
bars) or misuse of a given drug along with 
polysubstance use of another (colored bars). 
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Behavioral effects of polydrug opioid use 
Given the unique neurobiological alterations that can occur with exposure to multiple drugs, along with the high 

prevalence of polysubstance use disorders, there is a strong need to develop polydrug paradigms that have 
high translational value. These paradigms are critical for fully understanding the behavioral changes and 

addiction-related phenotypes that develop following polydrug use. However, given the vast number of potential 
substance combinations and the variability in methodologies that exist across studies, there are mixed results 

and interpretations to date regarding the impact of polydrug history on addiction-related behaviors. 
Nonetheless, some general trends in drug consumption, drug preference and drug-seeking have been 

demonstrated in commonly investigated substance combinations (Figure 1.6). 
 

Sequential use of heroin and cocaine has not been found to alter heroin self-administration or reinstatement of 

heroin-seeking144. Although alcohol pretreatment can prevent the conditioned morphine seeking145, adolescent 
alcohol exposure enhances the development of conditioned morphine seeking146. Interestingly, co-

administration of morphine & THC prevents the development of the analgesic tolerance that normally 
accompanies long-term exposure to either drug alone147–149. In addition, the analgesic effects of THC and 

oxycodone co-administration are additive to oxycodone alone150. Moreover, administration of either THC or 
THC & CBD attenuates naloxone-precipitated withdrawal without impacting the development of conditioned 

Figure 1.6 | Net effects of polydrug combinations on addiction behaviors. Summary of the effects of specific 
polydrug combinations on assays of addiction-like behavior in animal studies.  
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morphine seeking151,152. These data suggest a 
potential role for cannabinoids in regulating a 

physical dependence to opioids without altering their 
reinforcing properties. In support of this, repeated 

THC administration has no effect on the motivation 
to self-administer heroin or relapse to heroin-

seeking, although it produces a small reduction in 
both heroin153 and oxycodone150 intake. The effects 

of opioid and cannabis polydrug use, however, 
appear to be dose-dependent as systemic 

administration of THC prior to heroin self-

administration reduces responding for large doses 
of heroin, but has no effect on responding for lower 

doses in both monkeys and rats153,154.  
 

Mechanisms of polydrug opioid use 
A unique feature of all potentially addictive drugs is 

the ability to evoke phasic DA release into the NAc, 
yet the underlying mechanisms vary across drugs 

(Figure 1.7). Psychostimulants disrupt DA reuptake 
into VTADA terminals155, nicotine and alcohol directly 

activate VTADA neurons156,157, and opioids and 

cannabinoids disinhibit VTADA neurons156,158. The 

Figure 1.7 | Primary mechanisms of potentially addictive 
drugs on DA release. (a) Nicotine activates DA neurons via 
direct activation of somatodendritic nACh receptors and 
activation of glutamatergic inputs. Alcohol directly activates 
DA cell bodies, but the mechanism is not understood. (b) 
Opioids and cannabinoids disinhibit DA neurons via 
presynaptic inhibition of dMSN inputs and local GABA 
interneurons through four mechanisms: inhibition of VGCCs, 
activation of GIRKs, inactivation of AC, and inhibition of 
GABA release. (c) Psychostimulants impair DA reuptake by 
blocking DAT (cocaine) or reversing the activity of DAT and 
facilitating DA release (amphetamine), leading to increased 
dopaminergic tone in the NAc. Alcohol also targets 
glutamatergic inputs NAc, but the mechanism is unknown. 
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synergistic and antagonistic interactions between different drugs within the C-BG lends complexity to the study 
of polydrug use, and little is known about the mechanisms underlying the acute effects of specific polydrug 

combinations. However, in vivo extracellular recordings in rats that alternatively self-administered cocaine and 
heroin in the same session found that only ~20% of PFC and NAc neurons responded similarly to both 

drugs159, indicating divergent engagement of the C-BG by these drugs. Thus, examining the synergistic and 
antagonistic mechanisms of different drugs can guide our understanding of how specific polydrug combinations 

may disrupt C-BG network dynamics and contribute to the manifestation of addiction behaviors. 
 

Although opioids are differentiated by their origin, potency, and receptor bias factor160, all opioids exert their 
rewarding effects via activation of µO receptors. µO receptors are expressed both somatodendritically and 

axonally112, but the primary mechanism of opioid-induced DA release relies on presynaptic inhibition of 

VTAGABA neurons. µO receptors are inhibitory G protein-coupled receptors, and their activation reduces 
neuronal excitability via four mechanisms: (1) Gɑ-mediated inhibition of cAMP-dependent signaling cascades, 

(2) Gβγ-mediated activation of GIRK channels, (3) Gβγ-mediated inactivation of voltage-gated Ca2+ channels, 
and (4) Gβγ-mediated inhibition of SNARE-dependent vesicle release113–117. Acute exposure to opioids inhibits 

VTAGABA neurons161,162, resulting in subsequent disinhibition of VTADA neurons and phasic DA release into the 
NAc155,163. Nonetheless, although opioids facilitate DA release into the striatum, whether this DA transmission 

is necessary for opioid reward remains a point of debate14. Opioids activate VTADA neurons in vivo and 
increase DA in the NAc162,164, but lesions of the NAc or systemic antagonism of DA receptors blockade has no 

effect on opioid reward165–168. Given the divergent mechanism of action for opioids compared to 
psychostimulants and nicotine, it is not surprising that co-administration of these drugs augments the acute 

effects of opioids. Indeed, simultaneous administration of opioids and psychostimulants produces an additive 

increase in DA release in the NAc, and prolongs elevated levels of DA and its metabolites, DOPAC and 
HVA169. Similarly, simultaneous administration of opioids and nicotine enhances opioid-evoked DA release in 

the NAc and dorsal striatum170. Cross-tolerance to opioid-mediated analgesia has also been shown following 
pre-exposure to nicotine and cannabis171, and chronic nicotine treatment dose-dependently reduces analgesic 

tolerance to opioids in a nACh receptor-dependent manner172,173. Interestingly, pretreatment with Ca2+ channel 
blockers or naloxone prevents this tolerance, suggesting a complex pharmacological interaction between 

opioids and nicotine174. Notably, cross-tolerance to opioid analgesia is mediated via divergent mechanisms for 
different polydrug combinations. Nicotine and opioid cross-tolerance is mediated by µO and nACh 

receptors172,173 while cannabinoid and opioid cross-tolerance is mediated by µO receptors and CB1 
receptors175,176.  
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Neuroplasticity of polydrug opioid use 
Long-term use of psychostimulants, nicotine, opioids, cannabinoids, and alcohol results in widespread and 

disparate changes throughout the C-BG network, yet there are notable alterations that are shared across drugs 
(Figure 1.8). For example, acute withdrawal produces a transient reduction in tonic DA levels in the NAc177–180. 

This is followed by a persistent increase in excitability of VTADA neurons181–185, which contributes to enhanced 
cue-evoked phasic DA release during abstinence186. Conversely, withdrawal also produces a persistent 

reduction in LTD and intrinsic excitability in NAc MSNs, as well as a reduction in striatal D2 receptor binding187. 
As described earlier, striatal D2 receptors are primarily expressed on iMSNs, can serve as a “stop” signal on 

the C-BG circuit, and reduced D2 receptor availability has been ubiquitously linked to range of addictive 
diseases, including drug addiction and obesity188–190. Finally, these drugs all drive a persistent increase in 

ΔFosB expression in cortical pyramidal cells and NAc dMSNs191, which has been linked to drug-seeking during 

abstinence192.  

Figure 1.8 | Persistent disruptions in synaptic and structural plasticity caused by long-term use of potentially 
addictive drugs. Summary of disruptions in synaptic and structural plasticity following chronic drug exposure. 
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Similar to psychostimulants and nicotine, long-term exposure to opioids strengthens glutamatergic input to 
VTADA neurons193,194. They also weaken GABAergic inhibition of VTADA neurons182,195,196 via a reduction of 

dMSN-mediated GABAB inhibition193. This effect is largely driven by MSNs in the NAc197, indicating a persistent 
disruption in NAc output. Unlike psychostimulants and nicotine, however, long-term exposure to opioids 

decreases dendritic branching and spine density in NAc MSNs and mPFC pyramidal cells198–200. Within the 

NAc, long-term opioid exposure weakens glutamatergic input to NAc shell iMSNs201,202 and induces silent 
synapses on iMSNs via AMPA internalization203. Moreover, during withdrawal, opioid-generated silent 

synapses on iMSNs are eliminated203, and the intrinsic excitability of iMSNs is weakened202. Given that MSNs 
create a dense network of lateral inhibition within the NAc, with ~30% of iMSNs synapsing onto other iMSNs or 

dMSNs204, it is possible that opioid-induced disruptions in iMSN signaling could disrupt local NAc microcircuitry 
and facilitate aberrant C-BG network dynamics.  

 
THESIS OVERVIEW 
The overarching goal of this thesis is to combine novel techniques for manipulating and monitoring neuronal 

activity with classic behavioral models in order to understand the role of NAc dMSNs and iMSNs in encoding 
individual vulnerability to heroin addiction. Chapter 2 will describe an intermittent-access heroin self-

administration procedure that produces subsets of high-risk and low-risk rats, based on individual differences 

in addictive behaviors. In combination with targeted chemogenetic manipulations, I will describe a role for 
dMSNs and iMSNs in cue-induced heroin seeking, selectively in high-risk rats. Chapter 3 will describe a heroin 

conditioned place preference procedure that produces subsets of heroin-preferring and saline-preferring rats. 
In combination with fiber photometry for in vivo monitoring of dMSNs, iMSNs, and DA release, I will describe 

NAc activity dynamics during conditioned heroin seeking and present evidence of basal differences in relative 
dMSN and iMSN strength in drug-naïve rats, based on their sensitivity to the rewarding effects of heroin. 

Chapter 4 will explore potential sex differences in the behavioral effects of heroin using locomotor sensitization 
and intermittent-access self-administration procedures. Chapter 5 will provide a discussion of major findings, 

describe a potential model for the NAc in encoding individual vulnerability to the addictive effects of heroin, and 
present preliminary data for future directions stemming from this work.  
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ABSTRACT 

Opioid addiction has been declared a public health emergency, with fatal overdoses following relapse reaching 
epidemic proportions and disease-associated costs continuing to escalate. Relapse is often triggered by re-

exposure to drug-associated cues, and though the neural substrates responsible for relapse in vulnerable 
individuals remains ambiguous, the nucleus accumbens (NAc) has been shown to play a central role. NAc 

direct and indirect pathway medium spiny neurons (dMSNs and iMSNs) can have oppositional control over 
reward-seeking and associative learning and are critically involved in reinstatement of psychostimulant-

seeking. However, whether these pathways similarly regulate reinstatement of opioid-seeking remains 
unknown, as is their role in modulating motivation to take opioids. Here, we describe a method for classifying 

addiction severity in outbred rats following intermittent-access heroin self-administration that identifies 
subgroups as addiction-vulnerable (high-risk) or addiction-resistant (low-risk). Using dual viral-mediated gene 

transfer of DREADDs into dMSNs or iMSNs, we show that transient inactivation of dMSNs or activation of 

iMSNs is capable of suppressing cue-induced reinstatement of heroin-seeking in high- but not low-risk rats. 
Surprisingly, however, the motivation to self-administer heroin was unchanged, indicating a divergence in the 

encoding of heroin-taking and heroin-seeking in rats. We further show that transient activation of dMSNs or 
inactivation of iMSNs exacerbates cue-induced reinstatement of heroin seeking in high- but not low-risk rats, 

again with no effect on motivation in either group. These findings demonstrate a critical role for dMSNs and 
iMSNs in encoding vulnerability to reinstatement of heroin-seeking and provide much needed insight into the 

specific neurobiological changes that occur in vulnerable groups following heroin self-administration. 
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INTRODUCTION 
Drug addiction is characterized by cycles of compulsive drug-taking and drug-seeking and high rates of 

relapse. Reported relapse rates for opioids are higher than any other drug class, with up to 59% of individuals 
relapsing in the first week of abstinence and 80% relapsing in the first month. Moreover, deaths linked to opioid 

overdoses are currently the leading cause of accidental death among American adults, and the recent sharp 
rise in opioid-related deaths have led to the opioid epidemic being declared a national emergency.  

 
The cortico-basal ganglia (C-BG) circuit has been identified as a critical neural substrate in regulating the 

development and persistence of addiction. The striatum, which can be anatomically and functionally divided 
into the dorsal striatum and the nucleus accumbens (NAc), serves as the interface of the C-BG circuit, 

integrating cortical and subcortical inputs to guide a diverse set of behaviors including associative learning, 

decision-making, and motivation1,2. For example, the NAc is necessary for the development and expression of 
opioid-seeking3,4, and the NAc has been shown to modulate opioid reward and opioid-taking5–8. However, the 

striatum is a heterogeneous structure containing two interspersed populations of GABAergic medium spiny 
neurons (MSNs): direct pathway MSNs (dMSNs) and indirect pathway MSNs (iMSNs). Both dMSNs and 

iMSNs receive extensive glutamatergic inputs from cortical, subcortical, and thalamic nuclei; GABAergic inputs 
from local striatal interneurons and other MSNs via lateral inhibition; and dopaminergic inputs from the ventral 

tegmental area (VTA) and substantia nigra9. However, NAc dMSNs project directly to the VTA, while NAc 
iMSNs project to the ventral pallidum (VP). As a result of this distinct connectivity, dMSNs and iMSNs can have 

opposing control over behavioral output, with stimulation of dMSNs facilitating behavior by serving as a “go” 
signal and stimulation of iMSNs suppressing behavior by serving as a “stop” signal2,10. With respect to 

addiction, it has been hypothesized that disruptions in the balance of signaling between dMSNs and iMSNs 

(i.e., excessive “go” signal or insufficient “stop” signal) could underlie development of the compulsive drug-
taking and drug-seeking behaviors that are associated with compulsive drug use. Nonetheless, the role of 

these two striatal cell populations have not been examined in behaviors related to opioid addiction. 
 

As only a subset of drug users transition from casual or medical use to addiction, it is essential to investigate 
whether addiction vulnerability is an intrinsic (e.g., genetically-defined) or acquired trait11. Thus, we have drawn 

from previous work investigating individual variability in addiction-like behavior12–14 and developed a model for 
characterizing addiction severity using an intermittent-access (IntA) self-administration procedure that has 

been shown to produce distinct patterns of behavior in subsets of rats13,14. Additionally, we incorporated key 
components of the DSM diagnostic criteria for Opioid Use Disorder, including difficulty stopping or limiting drug 

intake, high motivation to obtain and consume drug, sustained drug craving during periods of abstinence, and 

relapse following abstinence into our severity classification model 15. We then combined this model with dual-
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viral mediated gene transfer techniques for selective expression of Gi/o- and Gq-DREADDs in NAc dMSNs 
and iMSNs to determine how transient, bidirectional changes in the activity of these cell populations16,17 alters 

the motivation to take heroin and cue-induced reinstatement of heroin-seeking in rats expressing low and high 
levels of addiction-like behavior following heroin use. 

 
METHODS 

Subjects  
Outbred male Sprague-Dawley rats (n = 133; Envigo) weighing 250-274 g upon arrival were pair-housed 

throughout testing in a temperature- and humidity-controlled vivarium on a 12 h light/dark cycle (lights off at 

19:00). Rats were acclimated to the vivarium for ³5 days and handled for ³3 days prior to any experimentation. 

Rats were mildly food-restricted (~95-100% of initial body weight) 2 days prior to behavioral testing and were 

maintained on food restriction throughout testing to offset excessive weight gain. Behavioral testing occurred at 
the beginning of the dark cycle, and all experimental procedures were performed according to National 

Institutes of Health (NIH) guidelines and were approved by Seattle Children’s Research Institute’s Institutional 
Animal Care and Use Committee (IACUC). 

 
Drugs 

Diamorphine HCl (heroin) was obtained through the Drug Supply Program of the National Institute on Drug 
Abuse (NIDA) and was dissolved in sterile saline (0.9% NaCl) to a stock concentration of 5 mg/ml. For self-

administration experiments, individual heroin syringes were prepared based on body weight for administration 

of 0.075 mg/kg heroin per infusion (50 µl/infusion delivered over 2.8 s). D-amphetamine (Millipore-Sigma; 
A5880) was dissolved in sterile saline at a concentration of 2 mg/ml and administered at a dose of 1 ml/kg. 

Clozapine-N-oxide (CNO) was obtained through the Rapid Access to Investigate Drug Program of the National 
Institute of Neurological Disorders and Stroke (NINDS) of the NIH and was dissolved in dimethyl sulfoxide 

(DMSO; Sigma Aldrich, D650) in a hot water bath, then further diluted in sterile water to a final concentration of 
6% DMSO. CNO was prepared fresh daily at a concentration of 5 mg/ml and administered ip at a dose of 1 

ml/kg. Vehicle (VEH) injections consisted of DMSO dissolved in sterile water to a final concentration of 6% 
DMSO and were administered ip at a volume of 1 ml/kg. 

 

Viral vectors 
Adeno-associated viruses containing Cre-dependent Gi-coupled (pAAV-hSyn-DIO-hM4D(Gi)-mCherry) and 

Gq-coupled (pAAV-hSyn-DIO-hM3D(Gq)-mCherry) DREADDs were acquired from Addgene (viral prep 
#44362-AAV8 and #44361-AAV8, respectively) and had titers of ≥4x1012 viral genomes/ml. Adeno-associated 

virus containing Cre-dependent eGFP (rAAV5-hSyn-DIO-eGFP) was acquired from the UNC Vector Core (lot 
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AV4497c) and had a titer of 4.1x1021 viral molecules/ml. Canine adenovirus containing retrogradely-
transported Cre (CAV2-Cre) had a titer of ~2.5x109 viral genomes/µl and was prepared as previously 

described18. 
 

Surgical procedures 
Rats were anesthetized with isoflurane (4-5% induction, 1-2% maintenance; Patterson Veterinary) for all 

surgical procedures. Rats received an injection of meloxicam (1 mg/ml, 1 ml/kg subcutaneously; Patterson 
Veterinary) prior to surgery for analgesia and an injection of sterile saline (1 ml/kg) when surgeries lasted ≥1 h 

to assist recovery. Post-operative recovery was monitored for a minimum of 3 days, and additional meloxicam 
and saline were administered as needed.  

 

Catheter surgeries  
Jugular catheterization surgeries were done as previously described19. Briefly, the right jugular vein was 

isolated and a custom-made silastic tubing catheter (ID = 0.51 mm, OD = 0.94 mm, length = 100 mm) was 
implanted, tied in place with non-absorbable silk sutures, and attached subcutaneously to a back-mounted 

port. Following surgery, catheters were flushed daily with a mixture of gentamicin (5 mg/ml) and heparin (3 
U/ml) in sterile saline (0.2 ml/day, iv) to maintain patency. Catheter patency was checked prior to the first day 

of self-administration and following the final progressive ratio test with an infusion of brevital sodium (10 mg/ml 
in sterile saline, 0.05 – 0.2 ml/infusion, iv; Methohexital sodium, Patterson Veterinary); rats that became ataxic 

within 5 seconds of infusion were considered to have maintained patency. Rats that lost patency (n = 19) or 
whose catheters were damaged (n = 6) prior to the beginning of extinction training were excluded from all 

analyses. 

 
Stereotaxic surgeries 

Stereotaxic surgeries were done using standard surgical procedures19. Following head-fixation in a rat 
stereotax (Kopf Instruments), the skull was exposed and craniotomies were drilled above target regions of 

interest relative to bregma20. Viral vectors were delivered via 33-gauge needles attached to 10 µl gas-tight 
syringes (Hamilton Company) with PE20 tubing back-filled with sterile water. Viruses were infused at a volume 

of 500 nl/virus and a rate of 100 nl/min, unless otherwise specified. Coordinates for target brain regions (in 

mm, relative to bregma) were as follows: NAc [A/P +1.6, M/L ±1.5, D/V -7.3], VTA [A/P -5.0, M/L ±0.9, D/V -

8.5], VP [A/P -0.1, M/L ±2.0, D/V -8.0]. For Fos experiments, CAV2-Cre was bilaterally infused into the VTA or 

VP, DIO-hM4Di or DIO-hM3Dq was unilaterally infused into the left NAc, and DIO-eGFP was unilaterally 
infused into the right NAc. For chemogenetic experiments targeting the direct pathway, CAV2-Cre was 

bilaterally infused into the VTA and DIO-hM4Di or DIO-hM3Dq was bilaterally infused into the NAc. For 
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chemogenetic experiments targeting the indirect pathway, CAV2-Cre was bilaterally infused into the VP and 
DIO-hM4Di or DIO-hM3Dq was bilaterally infused into the NAc. Injection needles were left in place for an 

additional 5 min following infusion to facilitate diffusion throughout the target nuclei, and needles were slowly 
retracted (~1 min) to prevent disruption of virus localization via capillary action.  

 
Self-administration and severity classification 

Self-administration apparatus 
Behavioral testing was conducted in standard self-administration chambers equipped with two retractable 

levers, two white cue lights located above each lever, a house light, and a grid floor (MedAssociates). White 
cue lights were located on the front wall of the chamber above the levers for localized illumination, while the 

house light was located near the top of the back wall to illuminate the entire chamber. A syringe pump located 

outside each chamber was connected to a swivel within each chamber to permit iv drug infusions. Self-
administration chambers were cleaned daily after each session with 70% ethanol. 

 
Self-administration procedure 

Following recovery from surgery, rats were trained to self-administer heroin using an intermittent access (IntA) 
procedure that produces spikes in brain drug concentration and results in individual variability of addiction 

severity in rodents13. Each self-administration (SA) session (6 h/day, 10 days) consisted of 12 repeating drug 
available (DA; 5 min) and drug unavailable (DU; 25 min) blocks; the length of each DU block ensured that brain 

concentrations for heroin and its two active metabolites (morphine and 6-monoacetylmorphine) were on the 
descending limb of their pharmacokinetic curves at the beginning of each DA block21. Daily IntA SA sessions 

were signaled by extinction of house lights and extension of two levers into the chamber: lever presses on the 

active lever resulted in drug delivery (FR1, 0.075 mg/kg/infusion over 2.8 s) and illumination of the cue light (3 
s) over the drug lever, while lever presses on the inactive lever had no consequences. At the end of each DA 

block, house lights re-illuminated to signal the beginning of the DU block and levers remained extended to 
monitor drug-seeking during cued-unavailability, though lever presses resulted in neither drug delivery nor cue 

presentation. Following IntA self-administration, rats underwent a progressive ratio (PR) test in which the 
number of lever presses required for an infusion increased with each successive infusion (5, 10, 20, 45, 65, 85, 

115, 145, 165, 185, 215, 245) until either 30 min passed without an infusion or 6 h total had elapsed19. Next, 
rats underwent daily extinction sessions (60 min/day, 9 days) during which lever presses no longer resulted in 

cue presentation or drug delivery; this was sufficient to reduce the responding of all rats to <20% of their final 
day of self-administration. Following extinction training, rats underwent a cue-induced reinstatement test (60 

min), during which the drug-paired cue light was presented at the beginning of the session and active lever 

presses resulted in further cue presentations but no drug delivery. 
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Addiction severity classification 

Six behavioral measures were collected and used to classify individual rats according to their overall addiction 
severity: (1) Intake, calculated as the total number of heroin infusions taken during IntA SA; (2) Consistency, 

calculated as the cumulative percentage of DA blocks across all IntA sessions in which at least one infusion 
was self-administered; (3) Seeking, calculated as the cumulative number of active presses during DU blocks 

across all IntA sessions; (4) Motivation, calculated as the breakpoint during PR testing; (5) Extinction, 
calculated as the total number of active lever presses during extinction training; and (6) Relapse, calculated as 

the total number of active lever presses during cue-induced reinstatement. The raw values for each behavior 
were converted to z-scores by subtracting the group mean from the individual values and dividing by the 

standard deviation of the group22. Individual z-scores for each animal were then combined to give a cumulative 

addiction severity score (SS), which was used to classify rats into low-risk (SS < -1), moderate-risk (-1 £ SS £ 
1), and high-risk (SS > 1). The goal of the present study was to examine neurobiological differences between 

addiction-vulnerable (high-risk) and addiction-resilient (low-risk) rats, so those classified as moderate-risk were 
excluded from grouped analyses.  

 
Anatomical tracing 

To validate that the dual viral-mediated gene transfer of DREADDs strategy was capable of selectively 
targeting dMSNs, cholera toxin subunit B (CTB) conjugated to AlexaFluor (AF) 647 (CTB-647; C-34778, 

ThermoFisher) was mixed 1:1 with CAV2-Cre and infused into the VTA (700 nl total, 70 nl/min), CTB 

conjugated to AF488 (CTB-488; C-34775, ThermoFisher) was infused into the VP (350 nl, 70 nl/min), and DIO-
hM4Di-mCherry was infused into the NAc. To validate that the viral strategy was capable of selectively 

targeting iMSNs, CTB-647 was mixed 1:1 with CAV2-Cre and co-infused into the VP (700 nl total, 70 nl/min), 
CTB-488 was infused into the VTA (350 nl total, 70 nl/min), and DIO-hM4Di-mCherry was infused into the NAc. 

Viruses were allowed to express for twenty-one days to allow sufficient DREADD expression and limit CTB-
associated neurotoxicity. Following expression, rats were deeply anesthetized with Beuthanasia-D (2 ml/kg ip; 

3.9 mg/ml pentobarbital sodium and 0.5 mg/ml phenytoin sodium; Patterson Veterinary) and transcardially 
perfused with phosphate-buffered saline (PBS; pH = 7.4) followed by paraformaldehyde (PFA; 4% in PBS). 

Brains were extracted, fixed overnight in 4% PFA, post-fixed for >48 h in sucrose (30% in PBS), and sectioned 

(50 µm) with a vibrating microtome. Z-stacks along the rostral/caudal axis of the NAc (A/P +2.5 through A/P 
+0.7) were collected with confocal microscopy (20x; Zeiss LSM 710), and neuronal localization of CTB-488, 

CTB-647, and hM4Di-mCherry was quantified using ImageJ (V1.49; NIH) and Adobe Illustrator (CC 2019).   
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Chemogenetic modulation of amphetamine stimulated Fos 
To confirm that activation of Gi/o- and Gq-coupled DREADDs can modulate activity of NAc dMSNs and iMSNs, 

Fos levels in the NAc were measured following DREADD activation in an amphetamine plus novelty task that 
has previously been shown to induce Fos in both dMSNs and iMSNs23. Rats were injected with CNO (5 mg/kg, 

ip) and returned to their home cages for 30 min. Next, rats were moved to operant boxes in a new room, 
injected with d-amphetamine (2 mg/kg, ip), and allowed to freely explore. Fifty-five min later, rats were deeply 

anesthetized and perfused, and brain sections were collected as described above. To visualize Fos levels, 
floating sections were washed (PBS; 3 x 10 min), blocked (0.25% Triton-X, 5% normal goat serum, PBS; 120 

min), and incubated with a primary antibody (1:800 rabbit anti-c-Fos, 0.25% Triton-X, 2.5% normal goat serum, 
PBS; 24 h; Cell Signaling #2250S, RRID: AB_2247211). Sections were then washed (PBS; 3 x 10 min) and 

incubated with a secondary antibody conjugated to AF-647 (1:500 goat-anti-rabbit, 0.25% Triton-X, 2.5% 

normal goat serum, PBS; 120 min; Life Technologies #A32733, RRID: AB_2633282). Finally, sections were 
washed (PBS; 3 x 10min), mounted on slides, and coverslipped with Vectashield mounting medium with DAPI 

(Vector Labs). Tri-color z-stacks (20x magnification) along the rostral/caudal axis of the NAc (A/P +2.7 through 
A/P +0.5) were collected via confocal microscopy and Fos+ cells were manually counted by three separate 

researchers who were blinded to experimental conditions. 
 

Chemogenetic modulation of addiction-like behaviors 
To assess the role of the NAc in driving motivation and relapse in low- and high-risk rats, dMSNs and iMSNs 

were selectively targeted with excitatory (Gq-coupled; hM3Dq) or inhibitory (Gi/o-coupled; hM4Di) DREADDs 
that were transiently activated with CNO prior to PR and cue-induced reinstatement tests. Unlike Gs-coupled 

DREADDs, which initiate Gs-coupled GPCR signaling cascades to broadly alter neuronal activity (via changes 

in gene transcription, protein trafficking etc.), Gq-coupled DREADDs directly increase neuronal firing via 
activation of Gq-coupled calcium channels16. This direct enhancement of neuronal firing aligned more closely 

with our experimental goals than a broad/general enhancement of activity. Moreover, Gs-coupled DREADDs 
have been shown to have a degree of constitutive activity24,25, an effect that would have confounded our long-

term behavioral study. CNO and VEH injections were administered 30 min prior to test sessions in a pseudo-
randomized, within-subject design. Additional days of self-administration (3) and extinction (6) were interleaved 

between PR and cue-induced reinstatement tests, respectively, to re-baseline behavior. Unpaired t-tests (VEH 
first vs VEH second) revealed no significant effect of session order on progressive ratio (t (75) = 1.56, p = 0.12) 

or cue-induced reinstatement of drug-seeking (t (75) = 1.61, p = 0.11). Following completion of behavioral 
testing, rats were deeply anesthetized and perfused, and brain slices were collected as described above. To 

confirm DREADD expression, floating sections were washed (PBS; 3 x 10 min), blocked (0.25% Triton-X, 5% 

normal goat serum, PBS; 120 min), and incubated with a primary antibody (1:400 rabbit anti-DsRed, 0.25% 
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Triton-X, 2.5% normal goat serum, PBS; 24 h; Clontech #632496, RRID: AB_2737298). Sections were then 
washed (PBS; 3 x 10 min) and incubated with a secondary antibody conjugated to AF-568 (1:500 goat-anti-

rabbit, 0.25% Triton-X, 2.5% normal goat serum; PBS, 120 min; Life Technologies #A11036, RRID: 
AB_10563566). Finally, sections were washed (PBS; 3 x 10min), mounted on slides, and coverslipped with 

Vectashield mounting medium with DAPI. Z-stacks along the rostral/caudal axis of the NAc (A/P +2.7 through 
A/P +0.5) were collected via confocal microscopy to confirm viral expression, quantified as the percent of rats 

with expression in a particular subregion of the NAc and pseudo-colored to correspond with each 
chemogenetic experiment. Rats with no detectable DREADD expression in NAc or other areas in examined 

brain slices (e.g., dorsal striatum, prefrontal cortex) were analyzed as a viral “miss” control group to assess the 
effects of CNO in rats not expressing DREADDs19. 

 

Statistical analysis 
Behavioral data was collected using automated procedures (MedAssociates), processed using custom-written 

Python scripts, and analyzed using Python (V3.6) and GraphPad Prism (V8.0). Addiction severity measures 
were compared between low- and high-risk rats using unpaired two-tailed t-tests. The relative severity 

distribution was compared between groups using a frequency distribution (range: -10 to +17, bin size = 1) fit 
with a nonlinear regression (Gaussian), and the overlap coefficient was calculated between distributions using 

R (V3.5). The relative contribution of each severity metric to overall severity classification was analyzed using 
principal component analysis (PCA) in Python: raw behavioral data were normalized, the corresponding 

covariance matrix and eigens were calculated, and data was re-plotted on the resulting two-dimensional space. 
Principal components with an eigenvalue >1 were considered significant contributors to overall variance 

(Tables 2.1, 2.2). Fos+ cell counts along the rostral-caudal axis of the NAc were averaged into a single value 

per rat, and Fos+ cells were analyzed using paired two-tailed t-tests (eGFP vs DREADD). Lever presses 
during IntA SA and extinction training (severity x session) and lever presses during PR and cue-induced 

reinstatement tests (severity x treatment) were independently analyzed for each chemogenetic experiment 
using two-way repeated-measures analysis of variance (RM-ANOVA) followed by Sidak post-hoc tests. The 

relationship between severity metrics and the effect size of each chemogenetic manipulation on motivation and 
relapse were independently analyzed using multiple linear regressions. Statistical significance for all analyses 

was set at p < 0.05, and data are shown throughout as individual subjects, mean ± SEM, or best-fit line with 

95% confidence intervals. 
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RESULTS  
High-risk rats exhibit an addictive phenotype following heroin self-administration 

Rats were implanted with indwelling jugular catheters and trained to self-administer heroin. IntA SA sessions 
consisted of twelve 5-min DA blocks on an FR1 schedule separated by 25-min DU blocks. Following IntA SA 

training, rats underwent a PR test, extinction training, and a cue-induced reinstatement test. Six behavioral 
metrics were extracted and used to classify individual addiction severity: (1) intake, (2) consistency, (3) 

Figure 2.1 | Heroin self-administration procedure and addiction severity classification. (a) Timeline of self-
administration procedure and behavioral metrics used to classify addiction severity. Dark grey: periods of drug availability 
(DA), light gray: periods of drug unavailability. (1) Intake: Total heroin intake; (2) Consistency: Percent (%) of DA blocks 
with ≥1 infusion; (3) Seeking: Total active presses during DU blocks; (4) Motivation: Breakpoint during PR; (5) Extinction: 
Total active presses during extinction; (6) Relapse: Total active presses during cue-induced reinstatement. (b) Severity 
classification: (i) raw behavioral data were converted to z-scores, (ii) z-scores were combined to give a cumulative 
severity score (SS), and (iii) individual rats were classified as low-risk (gray) or high-risk (green). (c-h) Compared to low-
risk rats, high-risk rats (c) self-administered more heroin during IntA SA, (d) had a higher number of DA blocks where they 
engaged in drug-taking, (e) pressed the drug-paired lever more during DU blocks, (f) had higher breakpoints during a PR 
test, (g) pressed the drug-paired lever more during extinction sessions, and (h) during the cue-induced reinstatement test. 
(i) Classification produces largely non-overlapping severity distributions between groups. (j) High-risk rats scored positive 
on more severity metrics than low-risk rats. (k) Individual severity metrics are all significantly correlated (all p < .05), 
though the relationship between pairs of metrics are highly variable. (l) Principal component analysis of severity metrics, 
with individual rats and the original severity metrics (length = eigenvalue, angle = eigenvector) replotted on the resulting 
two-dimensional space. DA: drug available; DU: drug unavailable; IntA: intermittent-access PC: principal component; PR: 
progressive ratio; SA: self-administration; ****p < .0001 (low vs high).  
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seeking, (4) motivation, (5) extinction, and (6) relapse (Figure 2.1a). Severity metrics were normalized to z-
scores and combined to give an overall addiction severity score (SS) that was used to classify addiction-

resilient (i.e., low-risk; n = 43) and addiction-vulnerable (i.e., high-risk; n = 36) rats (Figure 2.1b). A small 
number of rats that did not express a strong severity phenotype (n = 11) were considered to represent a mixed 

group and were therefore excluded from analyses.  

 

We identified two populations of rats with significantly different phenotypes that developed over the course of 

the experiment. Compared to low-risk rats, high-risk rats self-administered more heroin during IntA training 

(unpaired t-test: t(77) = 10.70, p < .0001), engaged in more bouts of drug-taking during DA blocks (unpaired t-
test: t(77) = 9.00, p < .0001), had higher levels of drug-seeking during cued DU blocks (unpaired t-test: t(77) = 

7.28, p < .0001), showed higher motivation to self-administer heroin despite a rising cost for each infusion 
during PR testing (unpaired t-test: t(77) = 8.24, p < .0001), exhibited higher levels of responding throughout 

extinction training (unpaired t-test: t(77) = 7.03, p < .0001), and had greater rates of heroin-seeking during cue-
induced reinstatement (unpaired t-test: t(77) = 5.90, p < 0.0001; Figure 2.1c-2.1h). These behavioral differences 

resulted in largely non-overlapping addiction severity distributions between low-risk and high-risk rats (8.9% 
overlap; 95% CI: low [-4.1 to -3.2], high [3.4 to 4.0]). Nonetheless, there was variability within each subgroup 

for which severity metrics contributed to their classification and the number of positive severity metrics (low: 0.6 

± 0.1; high 4.7 ± 0.2; t (77) = 18.92, p < .0001; Figure 2.1i-2.1j). While the six metrics used for severity 

classification were all highly correlated, the relationship between each metric was highly variable, indicating 

that the metrics were capturing distinct features of addiction-like behavior (Figure 2.1k). Dimensional reduction 
was performed on the severity metrics to identify the vectors accounting for the majority of the variance within 

the dataset. Distribution along the first principal component (PC1) corresponded with classification into low-risk 
(PC1 < 0) or high-risk (PC1 > 0) for all rats (Figure 2.1l). PC1 accounted for 61% of the cumulative variance 

and was positively correlated with all severity metrics, while PC2 accounted for 19% of all variance and was 
negatively correlated with intake and consistency but positively correlated with all other metrics.  

 

Anatomical tracing of NAc direct and indirect pathways 
Recent reports have indicated that the segregation of MSN output pathways may not be as complete as 

originally described – at least in mice – with one study finding that >90% of dMSNs send collaterals to the VP 
prior to synapsing in the VTA26. Thus, we first sought to determine whether DREADDs could be targeted 

selectively to MSNs projecting exclusively to the VTA (i.e., dMSNs) or the VP (i.e., iMSNs) in outbred Sprague 
Dawley rats. To verify DREADD expression in dMSNs, CTB-488 was infused into the VP, CTB-647 was co-

infused into the VTA with CAV2-Cre, and Cre-dependent hM4Di-mCherry was infused into the NAc (Figure 
2.2a, 2.2c). Using this method, 49.1% and 45.7% of neurons were labeled as putative dMSNs (CTB-647+) and 
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iMSNs (CTB-488+), respectively, while 5.1% of neurons were co-labeled with both fluorophores. Importantly, 
27.7% of dMSNs were positive for DREADDs, in contrast to 0% of iMSNs (Figure 2.2b). In contrast to what 

has been reported with mice24, we did not detect any DREADD+ terminals within the VP, suggesting that 
DREADD-transfected dMSNs were not sending collaterals to the VP in the rats26. A similar strategy was used 

to verify DREADD expression in iMSNs, with infusion of CTB-488 into the VTA, co-infusion of CTB-647 and 
CAV2-Cre into the VP, and infusion of hM4Di-mCherry into the NAc (Figure 2.2d, 2.2f). Comparable to 

labeling of the direct pathway, 40.3% and 50.6% of neurons were labeled as putative iMSNs (CTB-647+) and 
dMSNs (CTB-488+), respectively, with 9.1% of neurons co-labeled with both fluorophores. DREADD 

transfection in iMSNs was similar to dMSNs (28.5%), though a small number of dMSNs (< 1%) were found to 

be positive for DREADD expression (Figure 2.2e). Given the relatively high transfection rate within iMSNs, 
however, transfection in this small number of dMSNs is unlikely to contribute significantly to alterations in 

circuit function or behavior. 
 

DREADDs bidirectionally regulate activity of NAc dMSNs and iMSNs 
To validate that Gi/o- and Gq-DREADDs in NAc dMSNs and iMSNs can modulate neuronal activity, dual viral-

mediated gene transfer was used to unilaterally express DREADDs (left NAc) and eGFP (right NAc) in each 
pathway. Rats received a home cage injection of CNO (5 mg/kg) 30 min prior to an injection of amphetamine 

Figure 2.2 | Anatomical tracing of NAc direct and indirect pathways. (a) Viral strategy for anatomical tracing of NAc 
dMSNs. (b) Quantification of neuronal labeling. ~30% of putative dMSNs (green) and 0% of putative iMSNs (rerd) co-
expressed DREADDs (purple). (c) Representative images of neuronal labeling and viral expression. (d) Viral strategy for 
anatomical tracing of NAc iMSNs. (e) Quantification of neuronal labeling. ~30% of putative iMSNs (red) and <1% of 
putative dMSNs (green) co-expressed DREADDs (purple). (f) Representative images of neuronal labeling and viral 
expression.  Yellow arrow: DREADD expressed in cell type of interest; n = 4 rats, scale bar = 100 µm. 
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(2 mg/kg) in a novel environment, and 55 min later 
they were perfused for Fos analysis (Figure 2.3a). 

Inactivation of dMSNs via hM4Di significantly 
reduced the number of Fos+ cells in the NAc (paired 

t-test: t (3) = 5.00, p = .0154), while activation of 
dMSNs via hM3Dq significantly enhanced the 

number of Fos+ cells (paired t-test: t (3) = 5.11, p = 
.0145; Figure 2.3b-2.3c). Similarly, inactivation of 

iMSNs via hM4Di significantly reduced Fos+ cells 

(paired t-test: t (3) = 3.26, p = .0473), while activation 
of iMSNs via hM3Dq significantly enhanced the 

number of Fos+ cells (paired t-test: t (3) = 7.58, p = 
.0048; Figure 2.3d-2.3e). Together with our tracing 

data, these findings demonstrate the ability to 
selectively target and modify the activity of dMSNs or 

iMSNs with excitatory or inhibitory DREADDs. 
 

dMSN inactivation suppresses reinstatement but 
not motivation in high-risk rats 

To test the hypothesis that an imbalance of signaling 

between NAc dMSNs and iMSNs drives motivation 
for heroin self-administration under a PR schedule of 

reinforcement and reinstatement of heroin-seeking, 
dual viral-mediated gene transfer was used to 

selectively express Gi/o- or Gq-DREADDs in each 
pathway. Chemogenetic manipulations were 

performed in a counterbalanced, within-subject 

Figure 2.3 | DREADDs bidirectionally alter amphetamine 
stimulated Fos in MSNs. (a) Timeline for chemogenetic 
modulation of amphetamine stimulated Fos activation. (b-e) 
Viral strategy and representative histology for unilateral 
expression of GFP (left) and DREADDs (right) in (b-c) 
dMSNs and (d-e) iMSNs. (f) dMSN-hM4Di decreases, 
dMSN-hM3Dq increases, iMSN-hM3Dq decreases, and 
iMSN-hM4Di increases Fos activation, relative to GFP.  
n = 4/group; scale bar = 50 µm; *p < .05, **p < .01.  
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design, wherein rats received an injection of either VEH or CNO (5 mg/kg) 30 min prior to two PR tests and two 
reinstatement tests, with additional days of IntA self-administration and extinction, respectively, between tests 

to re-baseline behavior (Figure 2.4a, 2.5a). Given prior work in our lab showing a role for dMSNs in cue-
induced reinstatement of cocaine-seeking but not motivation to take cocaine19, we first sought to determine if 

transient chemogenetic inhibition of dMSNs had similar effects following heroin self-administration (Figure 
2.4b). As with the combined group data (Figure 2.1), high-risk rats (n = 9) exhibited a greater addiction 

severity profile compared to low-risk rats (n = 9), as they self-administered more heroin (severity x session 
interaction: F(12, 180) = 2.43, p = .0059), showed greater motivation for heroin during PR testing (main effect of 

severity: active presses, F(1, 16) = 4.97, p = .0405; breakpoint, F(1, 16) = 4.18, p = .0576), and had higher levels of 
active lever pressing during extinction training (severity x session interaction: F (14, 210) = 2.80, p = .0007) and 

during cue-induced reinstatement (main effect of severity: F (1, 16) = 12.92, p = .0024; Figure 2.4c-2.4f). 

Importantly, both low- and high-risk rats discriminated between active and inactive levers during IntA SA and 
extinction training (Figure S2.1). Notably, increasing Gi/o signaling in NAc dMSNs had no effect on the 

motivation to self-administer heroin regardless of addiction severity (main effect of treatment: active presses, F 

(1, 16) = 0.28, p = .60; breakpoint, F (1, 16) = 0.14, p = .71; linear regression: r2 = 0.00, p = .98; Figure 2.4d) but 

selectively attenuated reinstatement in high-risk rats (severity x treatment interaction: F(1, 15) = 9.86, p = .0067), 
with the magnitude of attenuation significantly correlated with an individual’s severity score (linear regression: 

r2 = 0.22, p = .0372; Figure 2.4f).  
 

dMSN activation exacerbates reinstatement but not motivation in high-risk rats 
Given that increasing Gi/o-signaling in dMSNs was sufficient to attenuate reinstatement in high-risk rats, we 

next tested whether transient disruption of the balance between dMSNs and iMSNs by chemogenetic 

activation of dMSNs could drive reinstatement in low-risk rats (Figure 2.4g). As with the other experiments, 
compared to low-risk rats (n = 11), high-risk rats (n = 6) self-administered more heroin (severity x session 

interaction: F (12, 180) = 5.23, p < .0001), had greater motivation for heroin during PR testing (main effect of 
severity: active presses, F (1, 15) = 38.73, p < .0001; breakpoint, F (1, 15) = 23.18, p = .0002), and had higher 

responding during extinction sessions (severity x session interaction: F (14, 210) = 3.96, p < .0001) and during 
cue-induced reinstatement of drug-seeking (main effect of severity: F (1, 15) = 9.20, p = .0084; Figure 2.4h-

2.4k). Consistent with the inhibition experiment, chemogenetic activation of NAc dMSNs had no effect on the 
motivation to self-administer heroin regardless of addiction severity (main effect of treatment: active presses, F 

(1, 15) = 1.50, p = .24; breakpoint, F (1, 15) = 0.21, p = .65; linear regression: r2 = 0.0649, p = .28; Figure 2.4i), but 
selectively enhanced reinstatement in high-risk rats (severity x treatment interaction: F (1, 15) = 5.41, p = .0344), 

exacerbating reinstatement proportionally to individual severity scores (linear regression: r2 = 0.2122, p = 

.0410; Figure 2.4k).  
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Figure 2.4 | Transient modulation of dMSNs bidirectionally alters reinstatement but not motivation in high-risk 
rats. (a) Timeline for chemogenetic modulation of motivation under a PR schedule of reinforcement and cue-induced 
reinstatement of drug-seeking. (b) Viral strategy, representative histology, and quantification of expression for dMSN 
inactivation. (c-f) Self-administration, progressive ratio, extinction, and reinstatement data for dMSN-hM4Di rats. (d) 
dMSN inactivation has no effect on motivation. (e) dMSN inactivation selectively reduces reinstatement in high-risk rats. 
(f) Viral strategy, representative histology, and quantification of expression for dMSN activation. (h-k) Self-administration, 
progressive ratio, extinction, and reinstatement data for dMSN-hM3Dq rats. (i) dMSN activation has no effect on 
motivation. (k) dMSN activation selectively enhances reinstatement in high-risk rats. Scale bar = 500 µm; ac = anterior 
commissure, LV = lateral ventricle; n = 6-11; #p < .05, ##p < .01 
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iMSN activation attenuates reinstatement but not motivation in high-risk rats 
Given the well-established role for oppositional control of behavioral output by NAc dMSNs and iMSNs, we 

next sought to determine whether chemogenetic activation of iMSNs would have similar effects following IntA 
heroin SA to inactivation of dMSNs (Figure 2.5b). Much like what we found with whole group analysis, high-

risk rats (n = 8) developed a more addictive phenotype than low-risk rats (n = 6) (self-administration, severity x 
session interaction: F (12, 144) = 1.97, p = .0313; PR active presses, main effect of severity: F (1, 12) = 10.98, p = 

.0062; PR breakpoint, main effect of severity: F (1, 12) = 11.67, p = .0051; extinction, severity x session 
interaction: F (14, 168) = 3.02, p = .0004; cue-induced reinstatement, main effect of severity: F (1, 12) = 23.81, p = 

.0004; Figure 2.5c-2.5f). Similar to our findings with inhibition of dMSNs, activation of NAc iMSNs had no 
effect on the motivation to self-administer heroin in high- or low-risk rats (main effect of treatment: active 

presses, F (1, 12) = 0.43, p = .52; breakpoint, F (1, 12) = 0.54, p = 0.48) (linear regression: r2 = 0.0027, p = .84; 

Figure 2.5d); however, the manipulation selectively reduced reinstatement in high-risk rats (severity x 
treatment interaction: F (1, 12) = 20.15, p = .0007), with the degree of reduction significantly correlating with 

addiction risk (linear regression: r2 = 0.2671, p = .0404; Figure 2.5f). Together, these findings imply a critical 
role for NAc dMSNs and iMSNs in encoding drug/cue relationships that drive reinstatement of drug-seeking in 

high-risk individuals.  
 

iMSN inactivation exacerbates reinstatement but not motivation in high-risk rats 
To complement these findings, we examined the effect of transient chemogenetic inhibition of iMSNs following 

heroin self-administration (Figure 2.5g). Consistent with our severity classification group data, high-risk rats (n 
= 8) developed a greater addiction-like behavioral profile compared to low-risk rats (n = 9) (self-administration, 

severity x session interaction: F (12, 180) = 2.06, p = .0214; PR active presses, main effect of severity: F (1, 15) = 

26.57, p = .0001; PR breakpoint, main effect of severity: F (1, 15) = 39.86, p < .0001; extinction, severity x 
session interaction: F (14, 210) = 3.83, p < .0001; cue-induced reinstatement, main effect of severity: F (1, 15) = 

15.48, p = .0013; Figure 2.5h-2.5k). While increasing Gi/o-signaling in iMSNs had no effect on the motivation 
to self-administer heroin in either high- or low-risk rats (main effect of treatment: active presses, F (1, 15) = 0.07, 

p = .80; breakpoint, F (1, 15) = 0.12, p = .74; linear regression: r2 = 0.0979, p = .19; Figure 2.5i), it did selectively 
enhance reinstatement in high-risk rats (severity x treatment interaction: F (1, 15) = 7.62, p = .0146), with the 

effect size significantly correlating with individual severity scores (linear regression: r2 = 0.383, p = .0047; 
Figure 2.5k). Together, these findings suggest that while an imbalance of signaling between dMSNs and 

iMSNs is likely to contribute to reinstatement of drug-seeking in vulnerable individuals, artificially driving an 
imbalance is incapable of pushing resilient individuals to reinstate drug-seeking. 
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Figure 2.5 | Transient modulation of iMSNs bidirectionally alters reinstatement but not motivation in high-risk 
rats. (a) Timeline for chemogenetic modulation of motivation under a PR schedule of reinforcement and cue-induced 
reinstatement of drug-seeking. (b) Viral strategy, representative histology, and quantification of expression for iMSN 
activation. (c-f) Self-administration, progressive ratio, extinction, and reinstatement data for iMSN-hM3Dq rats. (d) iMSN 
activation has no effect on motivation. (e) iMSN activation selectively reduces reinstatement in high-risk rats. (f) Viral 
strategy, representative histology, and quantification of expression for iMSN inactivation. (h-k) Self-administration, 
progressive ratio, extinction, and reinstatement data for iMSN-hM4Di rats. (i) iMSN inactivation has no effect on 
motivation. (k) iMSN inactivation selectively enhances reinstatement in high-risk rats. Scale bar = 500 µm; ac = anterior 
commissure, LV = lateral ventricle; n = 6-9; #p < .05, ###p < .001 
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CNO administration has no effects in rats lacking 

DREADD expression 
Recent reports have found that CNO activation of 

DREADDs occurs indirectly, via retroconversion to 
clozapine 27. To ensure that our results were not due 

to off-target effects of retroconverted clozapine, we 
examined the effects of CNO administration on 

motivation and cue-induced reinstatement in rats 
that had no detectable DREADD expression (viral 

“miss” rats). This was a heterogeneous group, with 

similar numbers of direct pathway (n = 6) and 
indirect pathway (n = 7) misses (Figure 2.6a). 

Consistent with other groups, high-risk rats (n = 5) 
developed a greater addiction-like behavioral profile 

compared to low-risk rats (n = 8) (self-administration, 
severity x session interaction: F (12, 132) = 3.11, p = 

0.0007; PR active presses, main effect of severity: F 

(1, 11) = 20.67, p = 0.0008; PR breakpoint, main effect 

of severity: F (1, 11) = 28.15, p = 0.0003; extinction, 
severity x session interaction: F (14, 154) = 8.95, p < 

0.0001; cue-induced reinstatement, main effect of 

severity: F (1, 11) = 10.34, p = 0.0082; Figure 2.6b-
2.6e). Importantly, CNO administration had no effect 

on motivation (main effect of treatment: active 
presses, F (1, 11) = 0.31, p = 0.59; breakpoint, F (1, 11) = 

0.65, p = 0.44; linear regression: r2 = 0.001, p = 0.90) 
or cue-induced reinstatement of heroin-seeking 

(main effect of treatment: F (1, 11) = 0.85, p = 0.38; 
linear regression: r2 = 0.01, p = 0.73) in high- or low-risk rats (Figure 2.6c, 2.6e). Thus, these results indicate 

that the observed behavioral effects in the other groups were likely due to the direct actions of CNO on 
DREADD receptors. 

  

 

Figure 2.6 | CNO administration has no effect in animals 
lacking DREADDs. (a) Schematic illustrating viral “misses” 
from DREADD experiments, with representative lack of 
expression. Six rats were “misses” from direct pathway 
experiments (Figure 2.4), and seven rats were “misses”  
from indirect pathway experiments (Figure 2.5).  
(b-e) Self-administration, progressive ratio, extinction, and 
reinstatement data for viral “miss” rats. (c) CNO has no effect 
on motivation, regardless of addiction severity. (e) CNO  
has no effect on cue-induced reinstatement regardless of 
addiction severity. Scale bar = 500 µm; ac = anterior 
commissure. 
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DISCUSSION 
Using a dual viral-mediated gene transfer strategy to selectively target Gi/o- and Gq-DREADDs to direct and 

indirect pathway neurons, we show that dMSNs and iMSNs of the NAc have opposing roles in driving heroin-
seeking in high-risk rats. These findings lend further support to the hypothesis that an imbalance in signaling 

between these two cell types underlies the development and persistence of addictive behaviors. Additionally, 
we demonstrate that although transient alterations in signaling activity in either pathway are sufficient to both 

attenuate and exacerbate cue-induced reinstatement of heroin-seeking in high-risk rats, reinstatement 
behavior was surprisingly unmodifiable in low-risk rats. Of note, chemogenetic modulation of dMSNs and 

iMSNs had no effect on the motivation to self-administer heroin across phenotype, indicating a divergence in 
the neural circuits responsible for encoding drug-seeking and drug-taking behaviors.  

 

NAc MSNs regulate cue-induced reinstatement of heroin-seeking 
The NAc plays a critical role in regulating cue-induced reinstatement of seeking across many types of rewards, 

including heroin28, cocaine29–32, methamphetamine33, alcohol34, and food32,35. Moreover, dMSNs and iMSNs 
have been shown to play oppositional roles in the rewarding and sensitizing effects of cocaine and 

amphetamine22,36,37. There has been no work, however, examining the role of NAc dMSNs and iMSNs in the 
context of opioid addiction. Our results show that altering the activity of either cell population is sufficient to 

modulate cue-induced reinstatement of heroin-seeking, complementing and expanding previous work showing 
a similar role for dorsal striatal dMSNs in cued-reinstatement of cocaine-seeking19. More surprisingly, though, 

these results were selective for high-risk rats, suggesting that their role in the encoding of drug cues is specific 
to conditions that promote the development of addiction-like behaviors. These findings are consistent with 

previous work demonstrating that synaptic strengthening of NAc iMSNs is enhanced in addiction-resilient mice 

following cocaine self-administration22, and suggest a common role for iMSNs in encoding vulnerability to cue-
induced reinstatement of drug-seeking. Notably, however, that same study found that chemogenetic inhibition 

of NAc iMSNs increased the motivation to self-administer cocaine22, following previous work showing a role for 
iMSNs in cocaine-taking38–40. Additionally, a recent study from our lab using a polydrug procedure and 

behavioral economics found that rats had greater motivation for cocaine than heroin41. This suggests that 
psychostimulants and opioids differentially engage motivational circuits, likely due to their unique 

pharmacological properties (e.g., cocaine increases while morphine decreases Fos activation in iMSNs42,43). 
Thus, while dMSNs and iMSNs appear to play a common role in the encoding of drug-seeking, there appears 

to be divergence in the encoding of drug-taking across different classes of drugs.  
 

The NAc receives strong glutamatergic input from the prelimbic (PrL) and infralimbic (IL) regions of the medial 

prefrontal cortex (mPFC), and previous work has found that mPFC, as well as its projections to the NAc, play a 
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critical role in the encoding of cue value and cue-induced reinstatement of drug-seeking. For example, 
reinstatement of heroin- or cocaine-seeking induces c-Fos expression in the PrL44, and pharmacological 

inactivation of the PrL attenuates reinstatement of psychostimulant-seeking33. In addition, extracellular 
glutamate in the NAc increases following presentation of heroin cues during reinstatement4, and chemogenetic 

inactivation of projections from the PrL or the IL to the NAc attenuates reinstatement of psychostimulant-
seeking33,45,46.  Thus, given that modulating activity of subpopulations of NAc MSNs had no effect on 

reinstatement of drug-seeking in low-risk rats, it is possible that the cue associations formed in mPFC to NAc 
projections of these rats were insufficiently strengthened during heroin self-administration.  

 
The PrL and IL also differ in their projection patterns to the NAc, with the PrL preferentially innervating the 

central NAc core and the IL preferentially innervating the surrounding NAc shell. These divergent signaling 

pathways are generally thought to encode different types of drug-seeking, with the core encoding cue-
induced4,28,47,48 and the shell encoding context-induced8,28,49 reinstatement. However, cue-induced 

reinstatement of cocaine50,51 or ethanol52,53 induces Fos activation in both the core and shell, and inactivation of 
either core or shell attenuates cue-induced reinstatement of sucrose-seeking54. Additionally, blockade of AMPA 

receptors in the IL55 or inhibition of CaMKII activity in the shell56 blocks cue-induced reinstatement of heroin- or 
morphine-seeking, respectively, indicating a role for the shell in reinstatement of opioid-seeking. Of note, there 

is extensive local connectivity between MSNs in the NAc9, so manipulations of either core or shell are likely to 
alter overall signaling within the NAc. Consistent with these studies, we found no differences between rats with 

DREADD expression in both subregions compared to those with expression limited to the core or shell, though 
additional work specifically investigating the role of these subregions in cue-induced reinstatement of heroin-

seeking will add clarity to our understanding of how the C-BG circuit encodes heroin cues. 

 
Experimental caveats and limitations 

The phenotyping approach was designed to capture baseline (i.e., genetic) differences in vulnerability, 
although with any procedure in outbred animals it is difficult to rule out interactions between genetic and 

environment factors. In addition, with any self-administration schedule, there is always an initial acquisition 
period, and this would be the case even if we started training on a continuous access schedule (as the rats 

would still have to learn a new set of contingencies when switched to IntA). Notably, there were no significant 
differences between high- and low-risk rats in active lever presses during early IntA SA, and there were no 

significant differences in inactive presses between groups at any point in IntA or extinction (Figure S2.1). 
Thus, this data suggests that the differences between low- and high-risk rats are likely due to differences in 

preference for the amount and/or pattern of heroin that is consumed, rather than differences in learning rates. 

However, we do acknowledge the possibility that the effects of our DREADD manipulations may have been 
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selective for rats with high levels of habitual responding (due to 
more stimulus-response pairings as a result of higher heroin 

intake), with the possibility that all rats would exhibit a DREADD-
modifiable high-risk phenotype following enough drug-cue 

pairings.  
 

 

 

 

It is worth noting that recent reports have shown that CNO 
activates DREADDs in vivo via retro-conversion to clozapine, an 

atypical antipsychotic with diverse pharmacology27. Importantly, 
while high doses of CNO are capable of having off-target behavioral effects27,57, the dose of CNO used in these 

studies was chosen based on previous work in our lab and others showing no behavioral effects in control 

rats19,36,58–67. Moreover, in the present study, the behavioral effects of CNO were both severity- (high-risk but 
not low-risk) and behavior- (relapse but not motivation) dependent, and CNO treatment had no effect on 

inactive lever pressing in PR or reinstatement tests (Figure S2.2). Finally, CNO treatment had no effect on the 

Figure S2.1 | Lever 
discrimination. Active 
and inactive lever 
presses during self-
administration (left)  
and extinction (right).  
(a) dMSN-hM4Di 
(b) dMSN-hM3Dq 
(c) iMSN-hM3Dq, 
(d) iMSN-hM4Di 

Figure S2.2 | DREADD 
activation has no 
effect on inactive 
lever pressing. 
Administration of  
CNO has no effect on 
inactive lever pressing 
during progressive ratio 
(left) or cue-induced 
reinstatement (right). 
(a) dMSN-hM4Di 
(b) dMSN-hM3Dq 
(c) iMSN-hM3Dq, 
(d) iMSN-hM4Di 
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motivation to self-administer heroin or cue-induced reinstatement of heroin-seeking in high- or low-risk rats that 
were run in parallel to experimental rats but lacked DREADD expression (viral “miss” groups; Figure 2.6). 

Although the sample size of these viral “miss” groups is relatively small, the difference between low- and high-
risk rats in behaviors contributing to the severity score was comparable to that from the groups expressing 

DREADDs (Figures 2.4, 2.5). Thus, it is unlikely that our observed effects on reinstatement in high-risk rats 
are due to non-DREADD mediated effects. 

 
CONCLUSIONS 

In summary, these data support a critical – and opposing – role for the direct and indirect pathways of the NAc 
in driving cue-induced reinstatement of heroin-seeking in high-risk rats. Interestingly, altering NAc output was 

unable to change reinstatement in low-risk rats, suggesting that NAc regulation of drug-seeking may be 

dependent on the strength of the associations that are formed between drugs and cues. Future work will 
investigate the role of discrete projections to the NAc (e.g., PrL, IL) in vulnerability to drug-seeking, since these 

projections are thought to regulate the consolidation of cue/drug relationships during initial drug use45,47,68.  
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ABSTRACT 

Opioid addiction remains a public health crisis in the United States. Early drug use drives the development of 

conditioned reinforcement, in which the reinforcing properties of a drug becomes attributed to drug-associated 
stimuli, such as cues and contexts. Although only a subset of individuals who use opioids transition to 

addiction, whether this is due to innate differences in conditioned reinforcement is unknown. A central role for 
the nucleus accumbens (NAc) in encoding individual vulnerability to addiction has begun to emerge. In 

particular, direct and indirect pathway medium spiny neurons (dMSNs and iMSNs) of the NAc have been 
shown to bidirectionally regulate behavior, including motivation and drug-seeking, in animals expressing 

addiction-like phenotypes. However, whether intrinsic differences in the strength of dMSNs and iMSNs confers 
vulnerability to addiction remains unknown, and how the activity of dMSNs and iMSNs guides conditioned 

reinforcement is not clear. Moreover, despite a prominent role for dopamine in modulating NAc activity, its role 
in opioid reinforcement remains uncertain. Here, we integrate fiber photometry for in vivo monitoring of 

dopamine, dMSNs, and iMSNs with a heroin conditioned place preference (CPP) procedure that produces 

variability in conditioned reinforcement for heroin. We demonstrate a ramp in dopamine activity, activation of 
dMSNs, and inactivation in iMSNs in rats that develop a CPP to heroin, and a ramp in iMSN activity in rats that 

do not develop a heroin CPP. Moreover, we reveal innate differences in the relative strength of dMSNs and 
iMSNs between heroin CPP-sensitive and heroin CPP-resistant rats, with stronger dMSN and iMSN tone at 

baseline, respectively. Lastly, we show a central role for dopamine in the development and expression of a 
heroin CPP. Together, these data support the hypothesis that an imbalance in activity between dMSNs and 

iMSNs drives the development and expression of addictive behaviors. 
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INTRODUCTION 

The U.S. Opioid Epidemic remains a major public health crisis, with relapse rates and overdose-related 
fatalities continuing to rise1. One critical mechanism underlying persistent drug-craving is conditioned drug 

reinforcement, which is the attribution of the reinforcing properties of a drug to a previously neutral stimulus 
(conditioned stimulus (CS); e.g., cues, contexts)2. Re-exposure to drug CS can reinstate drug-seeking 

following action/outcome devaluation3 or prolonged abstinence4. The nucleus accumbens (NAc) integrates 
cortical and subcortical inputs to guide behavioral processes associated with addiction, including associative 

learning, decision making, and motivation5–7. The NAc is heterogeneous, and predominantly comprised of two 
interspersed populations of medium spiny neurons (MSNs): direct pathway MSNs (dMSNs) project to the 

ventral tegmental area (VTA) and primarily express the dopamine (DA) D1 receptor; and indirect pathway 
MSNs (iMSNs) project to the ventral pallidum (VP) and primarily express the DA D2 receptor. These cell 

populations can have opposing control over behavioral output, with dMSNs serving as a “go” signal to facilitate 

behavioral actions and iMSNs serving as a “stop” signal to suppress or terminate unwanted actions8–11. 
Emerging evidence has demonstrated a role for NAc dMSNs and iMSNs in encoding variability to the addictive 

effects of illicit drugs12–16, yet whether intrinsic differences in MSN activity confer vulnerability to addiction is 
unknown. 

 
Midbrain DA release into the NAc is central to the rewarding effects of illicit drugs17, and phasic DA release into 

the NAc promotes drug-seeking18. In addition to slower modulation of dMSNs and iMSNs via activation of G-
protein coupled D1 and D2 receptors, DA can rapidly modulate these neuronal populations via opening of IP3 

receptors and release of intracellular calcium (Ca2+)19, a process that is integral for the propagation of Ca2+ 
waves and heterosynaptic plasticity in the NAc20,21. In vivo imaging of dMSN and iMSN Ca2+ activity has 

revealed a rapid increase in dMSN activity and a progressive decrease in iMSN activity after acute cocaine 

exposure22, as well as a persistent attenuation of iMSN activity after chronic cocaine treatment23; all of which 
lead to a long-lasting predominance of dMSN over iMSN signaling. Moreover, a ramping of dMSN activity 

along with a concomitant decrease in iMSN activity has been observed in mice preceding entry into a context 
associated with cocaine treatment24.  

 
Targeted manipulations of dMSNs and iMSNs have demonstrated oppositional control over addictive 

behaviors3,10,11; however, it remains to be determined how dMSNs and iMSNs encode the acquisition of 
behaviors related to opioid addiction. Additionally, whether innate differences in relative dMSN and iMSN 

signaling strength confer vulnerability to addiction has not been studied. Thus, we combined fiber photometry 
for in vivo monitoring of dMSN and iMSN Ca2+ signaling, as well as NAc DA signaling, with a heroin 

conditioned place preference (CPP) procedure that produces variability in the reinforcing effects of heroin. 

Individual rats were classified based on their sensitivity to heroin conditioning, and basal and drug-evoked NAc 
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activity was examined in groups showing a preference or aversion to the heroin-paired chamber. Finally, we 

examined how temporally precise DA signaling and activity of dMSNs and iMSNs marks a preference or 
aversion to a context associated with heroin. 

 
METHODS 

Subjects 
Outbred female and male Sprague-Dawley rats (n = 44; Envigo) were pair-housed in a humidity- and 

temperature-controlled vivarium, with ad libitum access to food and water throughout the experiments. Rats 
were acclimated to the vivarium for at least five days and handled for at least three days prior to any 

procedures. All procedures were done in accordance with the National Institutes of Health’s Office of 
Laboratory Animal Welfare and were approved by the Seattle Children’s Research Institute’s Institutional 

Animal Care and Use Committee. 

 
Drugs 

Diamorphine HCl (heroin) was obtained through the Drug Supply Program of the National Institute on Drug 
Abuse (NIDA) and was dissolved in sterile saline (0.9%) to a concentration of 3 mg/ml and administered at a 

dose of 1 ml/kg. Buprenorphine was also obtained through the Drug Supply Program of NIDA and was 
dissolved in sterile saline (0.9%) to a concentration of 0.2 mg/ml and administered at a dose of 1 ml/kg. 

 
Viral vectors 

Adeno-associated viruses containing Flp recombinase (AAVrg-EF1a-flpo; #55637-AAVrg), Flp-dependent 
GCaMP6s (AAV8-EF1a-fDIO-GCaMP6s; #105714-AAV8), and Cre-dependent RCaMP1b (AAV1-Syn-FLEX-

NES-jRCaMP1b-WPRE-SV40; #100850-AAV1) were acquired from Addgene and had titers of ≥1x1013 viral 

genomes/ml. dLight1.3b plasmid (AAV1-Syn-dLight1.3b) was acquired from Addgene (#135762) and prepared 
by the NAPE Molecular Genetics Resource Core. Canine adenovirus containing Cre recombinase (CAV2-Cre) 

had a titer of ~2.5x109 viral genomes/µl and was prepared as previously described25. 
 

Stereotaxic surgery 
Rats were anesthetized with isoflurane (3% induction, 1-2% maintenance; Patterson Veterinary) and given an 

injection of meloxicam (1 mg/ml, 1 ml/kg sc; Patterson Veterinary) for analgesia. Following head-fixation in a 
digital stereotax (Kopf Instruments), the skull was exposed and scored, and craniotomies were drilled above 

target nuclei. Viral vectors were loaded into 10 µl gas-tight syringes (Hamilton Company) and infused 
unilaterally into target nuclei (500 nl per virus, 100 nl/min). Coordinates (in mm, relative to Bregma26) were as 

follows: NAc [A/P +1.5, M/L +1.0, D/V -7.5], VP [A/P +0.2, M/L +2.0, D/V -8.0], VTA [A/P -5.3, M/L +0.8 D/V -

8.3]. Syringes were left in place for an additional 5 min following infusion and slowly retracted to allow proper 
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diffusion of virus into target nuclei. Following viral infusion, fiber optic cannula (MFC_400/430-

0.37_8mm_ZF2.5_FLT; >85% transmittance; Doric Lenses) were implanted in the NAc [D/V -7.4] and secured 
with skull screws, metabond (Patterson Dental), and dental cement.  

 
Fiber photometry 

Three-four weeks after surgery, fiber photometry recordings were performed using a multiplex photometry 
system (FP3001; Neurophotometrics). Three days prior to experimental recordings, rats were acclimated to 

branching fiberoptic patch cords (BFP4_400/440/LWMJ-0.37_3m_SMA*-4xFC; Doric Lenses) and biosensor 
expression was confirmed via brief (~5 min) home cage recordings. LEDs were heated at 100% power for 

>5min prior to recording to minimize heat-induced LED decay during recordings, then reduced to <50 µW for 
the duration of recordings (415 nm and 470 nm: ~12.5 µW; 560 nm: ~25 µW). Photometry recordings with a 

single biosensor (dLight imaging) used 2-phase cycling of 415 nm and 470 nm LEDs, and recordings with two 

biosensors (dual GCaMP/RCaMP imaging) used 3-phase cycling of 415 nm, 470 nm, and 560 nm LEDs. 
Fluorescent signals were bandpass filtered, collimated, reflected by a dichroic mirror, and focused by a 20x 

objective (0.40 NA) on the sensor of a CMOS camera. Signals were imaged at ~40 Hz, collected via custom-
written workflows in Bonsai, and exported for off-line analysis via custom-written Python scripts.  

 
Conditioned place preference 

CPP apparatus 
Behavioral sessions were conducted in custom-built acrylic chambers (TAP Plastics) with two equally sized but 

visually distinct chambers (15” wide x 15” long x 12” tall) and a smaller center chamber (6” wide x 15” long x 
12” tall), separated from the outer chambers via removable guillotine doors (3” wide x 12” tall). The walls of the 

two outer chambers were covered with visually distinct wallpapers (honeycomb and zebra, both grayscale), 

and the floor of the entire apparatus was matte black to facilitate behavioral tracking. USB cameras (2.1mm, 
wide-angle; ELP) were positioned above CPP chambers and interfaced with Bonsai for motion tracking. Video 

streams were greyscaled and thresholded, and binary region analysis was used to detect animal position 
within the CPP chambers. Chambers were cleaned between sessions with 70% ethanol (w/v). 

 
CPP procedure 

Behavioral testing included an initial preference test (15 min), eight conditioning sessions (40 min each), and a 
final preference test (15 min). During the preference tests, the guillotine doors were removed, and subjects 

were placed in the center of the neutral chamber and allowed to freely explore the full apparatus. Conditioning 
sessions were run twice daily, beginning at 09:00 (saline) and 13:00 (heroin). During conditioning sessions, 

subjects received ip injections of saline or heroin and were immediately confined to one of the outer chambers. 

Pretreatment injections were given 10 min prior to injections of saline or heroin, when appropriate. Heroin 
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conditioning was always paired with the initially less-preferred chamber to maximize the potential for a change 

in preference. All behavioral testing was done during the light cycle, due to the use of visual cues for 
conditioning. 

 
Immunohistochemistry 

After behavioral testing, rats were deeply anesthetized with Euthasol (2 ml/kg ip; 3.9 mg/ml pentobarbital 
sodium and 0.5 mg/ml phenytoin sodium; Patterson Veterinary) and transcardially perfused with phosphate-

buffered saline (PBS; pH = 7.4) followed by paraformaldehyde (PFA; 4% in PBS). Brains were extracted, fixed 
overnight in 4% PFA, post-fixed for >48 h in sucrose (30% in PBS), and sectioned (50 µm) with a vibrating 

microtome. Floating sections were washed (PBS; 3x10 min), blocked (0.25% Triton-X, 5% normal goat serum, 
PBS; 120 min), and incubated with primary antibodies (0.25% Triton-X, 2.5% normal goat serum, PBS; 24h) 

against Fos (1:800 rabbit anti-cFos, Cell Signaling #2250; RRID:AB_2247211). Sections were then washed 

(PBS; 3x10 min) and incubated with secondary antibodies (0.25% Triton-X, 2.5% normal goat serum, PBS; 
120 min) conjugated to AF-568 (1:500 goat-anti-rabbit; Life Technologies #A11011, RRID: AB_143157). 

Finally, sections were washed (PBS; 3x10min), mounted on slides, and cover-slipped with mounting medium 
with DAPI (Vectashield). Z-stacks along the rostral/caudal axis of the NAc (A/P +2.5 through A/P +0.7) were 

collected with confocal microscopy (20x; Zeiss LSM 710), and Fos+ cells were quantified using ImageJ (V1.49; 
NIH) and Adobe Illustrator (CC 2020). Subjects with weak viral expression (n = 6) or incorrect fiber placement 

(n = 2) were excluded from all analyses. 
 

Statistical analysis 
All data was collected using custom-written workflows (Bonsai V3.5.2), processed using custom-written Python 

scripts (V3.7.7), and analyzed using Python and GraphPad Prism (V9.0). Transitions between chambers and 

cumulative time spent in each chamber were scored via Bonsai, and preference was calculated as the amount 
of time spent in either conditioning chamber divided by the total time spent in both conditioning chambers (i.e., 

heroin preference = (time in heroin-paired) / (time in heroin-paired + time in saline-paired) *100). Change in 
preference for each chamber and final preference were analyzed using unpaired t-tests or two-way repeated-

measures (RM) ANOVA (group x test). Sex differences in final preference were analyzed using Chi-square and 
Fisher’s exact test (sex x group). Fos+ cell counts along the rostral-caudal axis of the NAc were averaged into 

a single value per rat and analyzed using two-way ANOVA (region x group). Photometry signals were de-
interleaved and corrected for photobleaching by fitting the isosbestic signal (415 nm) with a first-order 

exponential decay curve that was scaled and subtracted from experimental traces27,28. Linearized photometry 
traces were then converted to z-scores (Fn – Fmean / FSD) using a rolling window of 10 s centered around Fn, 

and events were identified where z > 2 (p < .05) with a minimum inter-event interval of 1.5 s. Processed signals 

were aligned to transitions between chambers, and the window centered around each transition (-3 to +3) was 
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extracted for analysis. Transition windows were analyzed using two-way ANOVA (group x time or chamber x 

time), and peak activity prior to transition was analyzed using unpaired t-tests, two-way ANOVA (chamber x 
test) or linear regressions (peak signal x preference). Photometry signals during conditioning sessions were 

analyzed with RM ANOVA (group x treatment). Statistical significance for all analyses was set at p < 0.05, all 
ANOVAs were followed by Sidak post-hoc tests, and data are shown throughout as individual subjects and/or 

mean ± SEM. 
 

RESULTS 

Only a subset of rats prefer the chamber associated with heroin following conditioning  
Male and female rats underwent a CPP procedure that included an initial preference test, four days of 

conditioning (saline each morning on one side, heroin each afternoon on the other side), and a final preference 
test (Figure 3.1a). We identified notable heterogeneity in preference during the final preference test (range = 

21% to 68% for the heroin-paired chamber), so all subsequent analyses categorized rats based on their final 
preference. Two-way RM ANOVA revealed significant group x time interactions for time spent in the heroin-

paired chamber (F(1,15) = 10.57, p = .0054) and saline-paired chamber (F(1,15) = 4.87, p = .043), with heroin-
preferring (HP; n = 9) and saline-preferring (SP; n = 8) rats significantly increasing time spent in their preferred 

chambers during the post-test (p < .0001 and p = .003, respectively; Figure 3.1b-3.1c). In addition, HP rats 
spent significantly more time in the heroin-paired chamber during the final preference test than SP rats 

(unpaired t-test: t(15) = 5.16, p = .0001; Figure 3.1d). No sex differences were identified in the probability of 

classification into either preference phenotype (c2(1, 17) = 0.05, p > .99), so all subsequent analyses combined 
both sexes. To assess the role of NAc signaling in the acquisition and expression of a heroin CPP, a separate 

group of rats received a pretreatment of buprenorphine (0.2 mg/kg) or vehicle prior to each conditioning 
session (Figure 3.1e). Two-way RM ANOVA revealed a significant pretreatment x time interaction for time 

spent in the heroin-paired chamber (F(1,14) = 5.10, p = .040) but not the saline-paired chamber (F(1,14) = 0.46, p 
= .51), with only vehicle-pretreated rats developing a significant preference for the heroin-paired chamber (p = 

.0031; Figure 3.1f-3.1g). In addition, rats pretreated with vehicle and buprenorphine significantly differed in 

their final preference for the heroin-paired chamber (unpaired t-test: t(14) = 3.84, p = .0018; Figure 3.1h), with 
buprenorphine pretreatment preventing the development of heroin preference. After the final preference test, 

rats were perfused and activation of the NAc was assessed via Fos immunohistochemistry (Figure 3.1i-3.1j). 
Pretreatment with buprenorphine significantly attenuated the amount of neuronal activation in both the NAc 

shell and the NAc core (two-way ANOVA, main effect of group: F(1,28) = 52.25, p < .0001) during the final 
preference test (Figure 3.1k), and activation of both subregions significantly correlated with final preference for 

the heroin-paired chamber (linear regressions: shell, r2 = .50, p = .0023; core, r2 = .38, p = .011; Figure 3.1l-
3.1m).  
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In vivo imaging of DA activity and MSN calcium activity in the NAc 

In order to better understand the roles of DA and Ca2+ activity in the NAc in the development and expression of 

a heroin CPP, we next sought to monitor real-time activity dynamics over the course of the CPP procedure. To 
image DA activity, rats received an infusion of the dopamine sensor dLight1.3b into the NAc29. dLight1.3b was 

robustly expressed throughout the NAc, but imaging was restricted to the tip of the fiber optic in the NAc medial 
shell (Figure 3.2a-3.2c). To simultaneously image activity of dMSNs and iMSNs, a combinatorial viral 

approach was used to selectively target each population12. Rats received an infusion of different retrogradely 
transported recombinases into the VTA (AAVrg-flpo to target dMSNs) and VP (CAV2-Cre to target iMSNs) 

Figure 3.1 | Heroin CPP produces variable heroin preference that is blocked by buprenorphine. (a) Timeline of CPP 
procedure. Testing included an initial preference test (15 min), four days of conditioning (40 min each, 2x/day), and a final 
preference test (15 min). Rats were classified as saline-preferring (SP) or heroin-preferring (HP) based on final 
preference. (b-c) HP and SP rats significantly increased time spent in their preferred chambers during the post-test. (d) 
HP rats spent significantly more time in the heroin-paired chamber during the post-test than SP rats. (e) Timeline of 
buprenorphine experiment. Rats received ip injections of either vehicle (VEH; saline) or buprenorphine (BUP; 0.2 mg/kg) 
10 min prior to each conditioning session and were perfused for Fos immunohistochemistry (IHC) after the final 
preference test. (f-g) VEH-treated rats spent significantly more time in the heroin-paired chamber during the post-test, 
while BUP-treated rats had no change in time spent in either chamber. (h) VEH-treated rats spent significantly more time 
in the heroin-paired chamber than BUP-treated rats. (i-j) Representative images of Fos staining in the NAc shell and NAc 
core. (k) BUP-pretreated rats had significantly weaker activation of the NAc shell and core than VEH-pretreated rats. (l-m) 
NAc shell and NAc core activation significantly correlated with final heroin preference. n = 8-9/group; scale bar = 0.1 mm; 
**p < .01, ***p < .001, ****p < .0001 
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along with an infusion into the NAc of a mixture of a green-shifted Ca2+ indicator (AAV8-fDIO-GCaMP6s) and a 

red-shifted Ca2+ indicator (AAV1-DIO-RCaMP1b). During periods of heightened neuronal activity, Ca2+ ions 
flow into dendritic spines and trigger intracellular signaling cascades, and the use of genetically-encoded Ca2+ 

indicators can be used as a proxy for neuronal signaling30,31. Both GCaMP6s and RcaMP1b were robustly 
expressed throughout the NAc, but imaging was restricted to the tip of the fiber in the NAc medial shell (Figure 

3.2d-3.2f). Notably, GCaMP6s and RcaMP1b events occasionally occurred in tandem, similar to synchronous 
firing of dorsal striatal MSNs11, but more often occurred in opposition (i.e., concomitant activation of one sensor 

and inactivation of the other).  

  
Figure 3.2 | Targeting, expression, and signal processing of DA and calcium biosensors. (a) Viral strategy for 
dLight1.3b expression in the NAc. (b) Representative dLight1.3b expression in the NAc. (c) dLight1.3b signal processing. 
Top: raw dLight1.3b (470 nm) and isosbestic (415 nm) signals; Center: normalized dLight1.3b signal; Bottom: dLight1.3b 
event detection. (d) Viral strategy for dMSN-GCaMP6s and iMSN-RCaMP1b expression. (e) Representative viral 
expression in the NAc. Green: dMSNs, red: iMSNs. (f) GCaMP6s and RCaMP1b signal processing. Top: raw GCaMP6s 
(470 nm), RCaMP1b (560 nm), and isosbestic (415 nm) signals; Center: normalized GCaMP6s and RCaMP1b signals; 
Bottom: GCaMP6s and RCaMP1b event detection.  
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Susceptibility to a heroin CPP is associated with intrinsic differences in the balance of activity between 

dMSNs and iMSNs during heroin treatment 
On the first day of conditioning, there were no differences in DA activity following saline versus heroin in either 

group (two-way RM ANOVA, no main effect of treatment: F(1,5) = 2.50, p = .30) nor were there differences 
between HP and SP rats (two-way RM ANOVA, no main effect of group: frequency, F(1,5) = 0.007, p = .93; 

Figure 3.3a). However, there was a significant treatment x group interaction on the peak amplitude of DA 
events (two-way RM ANOVA: F(1,5) = 13.06, p = .015), with a greater heroin-evoked than saline-evoked DA 

signal in HP rats (p = .034) and a greater heroin-evoked signal in HP rats than SP rats (p = .013; Figure 3.3b). 
Unlike DA activity, there was a significant main effect of group on dMSN Ca2+ activity (two-way RM ANOVA: 

F(1,8) = 14.32, p = .005), whereby HP rats had greater levels of dMSN activity both at baseline (p = .013) and 
after heroin (p = .007) compared to SP rats (Figure 3.3c). Nonetheless, there were no differences in dMSN 

Ca2+ activity following saline versus heroin in either group (two-way RM ANOVA, no main effect of treatment: 

F(1,8) = 4.55, p = .066). However, there was a significant group x drug interaction on peak dMSN Ca2+ activity 
(two-way RM ANOVA: F(1,8) = 19.43, p = .002), with a greater peak dMSN signal after heroin compared to 

saline in HP rats but not SP rats (p = .0052) as well as a greater peak dMSN signal after heroin in HP rats 
compared to SP rats (p = .0013; Figure 3.3d). Conversely, there was a significant main effect of group on 

iMSN Ca2+ activity (two-way RM ANOVA: F(1,8) = 20.53, p = .002), whereby SP rats had greater levels of iMSN 
activity both at baseline (p = .013) and after heroin (p = .002) compared to HP rats (Figure 3.3e). Nonetheless, 

there were no differences in iMSN Ca2+ activity following saline versus heroin in either group (two-way RM 
ANOVA, no main effect of treatment: F(1,8) = 1.09, p = .033). There was also a significant group x drug 

interaction on peak iMSN Ca2+ activity (two-way RM ANOVA: F(1,8) = 5.95, p = .041), with a greater peak iMSN 
signal following heroin versus saline in SP but not HP rats (p = .026) as well as a greater peak iMSN signal 

after heroin in SP rats compared to HP rats (p = .015; Figure 3.3f). Notably, there were no significant 

differences between HP and SP rats in the mean event amplitude for any signal (two-way RM ANOVAs, no 
main effect of group: DA, F(1,5) = 0.04, p = .85; dMSNs, F(1,8) = 0.25, p = .63; iMSNs, F(1,8) = 0.64, p = .45), nor 

were there any differences following saline versus heroin in either group (two-way RM ANOVAs, no main effect 
of treatment: DA, F(1,5) = 1.85, p = .23; dMSNs, F(1,8) = 0.69, p = .43; iMSNs, F(1,8) = 2.05, p = .19). 

 
On the fourth day of conditioning, there was a significant group x treatment interaction on the frequency of DA 

events (two-way RM ANOVA: F(1,5) = 10.77, p = .022), whereby heroin increased levels of DA activity 
compared to saline in HP but not SP rats (p = .019). In addition, the frequency of heroin-induced DA events 

was significantly greater in HP rats compared to SP rats (p = .003; Figure 3.3g). However, there were no 
differences in the peak amplitude of DA signals following heroin versus saline (two-way RM ANOVA, no main 

effect of treatment: F(1,5) = 0.05, p = .83), nor were there differences in the peak amplitude of DA signals 

between HP and SP rats (two-way RM ANOVA, no main effect of group: F(1,5) = 0.09, p = .77; Figure 3.3h). 
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Similar to the first day of conditioning, there was a significant main effect of group on dMSN Ca2+ activity (two-

way RM ANOVA: F(1,8) = 16.81, p = .003), with greater levels of dMSN activity in HP rats after saline (p = .019) 
and heroin (p = .045) compared to SP rats (Figure 3.3i). Nonetheless, there were no differences in dMSN Ca2+ 

activity following saline versus heroin in either group (two-way RM ANOVA, no main effect of treatment: F(1,8) = 
2.69, p = .14). In addition, there was no significant difference in the peak amplitude of dMSN events between 

HP and SP rats (two-way RM ANOVA, no main effect of group: F(1,8) = 0.06, p = .81) nor were there differences 
in the peak amplitude of dMSN events following saline versus heroin in either group (two-way RM ANOVA, no 

main effect of treatment: F(1,8) = 0.33, p = .58; Figure 3.3j). In contrast to the changes in dMSN activity, there 
was a significant main effect of group on iMSN Ca2+ activity (two-way RM ANOVA: F(1,8) = 13.21, p = .007), with 

greater levels of iMSN activity in SP rats after saline (p = .019) and heroin (p = .003) compared to HP rats 
(Figure 3.3k). However, there were no differences in iMSN Ca2+ activity following saline versus heroin in either 

group (two-way RM ANOVA, no main effect of treatment: F(1,8) = 0.08, p = .79). In addition, there were no 

significant differences in the peak amplitude of iMSN events between HP and SP rats (two-way RM ANOVA, 
no main effect of group: F(1,8) = 2.36, p = .16), and there were no differences in the peak amplitude of iMSN 

events following saline versus heroin in either group (two-way RM ANOVA, no main effect of treatment: F(1,8) = 

Figure 3.3 | HP rats and SP rats have basal and heroin-evoked differences in NAc activity. (a-f) Frequency and 
peak amplitude of NAc signals on the first day of conditioning. (a-b) The frequency of DA signals was similar for SP and 
HP rats, but heroin evoked a significantly greater peak DA signal in HP rats. (c-d) The frequency of dMSN signals was 
significantly greater for HP rats than SP rats after saline and heroin, and heroin evoked a significantly greater peak dMSN 
signal in HP rats. (e-f) The frequency of iMSN signals was significantly greater for SP rats than HP rats after saline and 
heroin, and heroin evoked a significantly greater peak iMSN signal in SP rats. (g-l) Frequency and peak amplitude of NAc 
signals on the fourth day of conditioning. (g-h) The frequency of DA signals was significantly greater for HP rats after 
heroin, but the peak DA signal was similar after both treatments. (i-j) The frequency of dMSN signals was significantly 
greater for HP rats than SP rats after saline and heroin, but the peak dMSN signal was similar after both treatments. (k-l) 
The frequency of iMSN signals was significantly greater for SP rats than HP rats after saline and heroin, but the peak 
iMSN signal was similar after both treatments. *p < .05 (SP vs HP), **p < .01(SP vs HP), #p < .05 (saline vs heroin) 
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0.66, p = .44; Figure 3.3l). Similar to the first day of conditioning, there were no significant differences between 

HP and SP rats in the mean event amplitude for any signal (two-way RM ANOVAs, no main effect of group: 
DA, F(1,5) = 0.05, p = .84; dMSN, F(1,8) = 0.05, p = .83; iMSN, F(1,8) = 0.19, p = .67), nor were there any 

differences following saline versus heroin in either group (two-way RM ANOVAs, no main effect of treatment: 
DA, F(1,5) = .17, p = .70; dMSN, F(1,8) = 0.85, p = .38; iMSN, F(1,8) = 0.02, p = .90).   

 
Amplified DA and dMSN activity and decreased iMSN activity accompany a heroin CPP  

Prior to any conditioning, there were no differences in DA activity, dMSN activity, or iMSN activity between HP 
and SP rats when initially exploring the CPP apparatus (unpaired t-tests: t < 0.75, p > .49; Figure S3.1). During 

the final preference test, however, HP rats developed a strong motivational signal that preceded entry into the 
heroin-paired chamber. A two-way RM ANOVA revealed a significant test x chamber interaction on peak DA 

signaling for HP rats (F(1,3) = 15.38, p = .03), with an increase in peak DA signaling when entering the heroin-

paired chamber (p = .045; Figure 3.4a). Conversely, there was no difference in peak DA signaling for SP rats 
(two-way RM ANOVA, no main effect of test: F(1,2) = 0.16, p = .72; Figure 3.4b). Unlike DA activity, however, 

two-way RM ANOVAs found significant test x chamber interactions on peak dMSN Ca2+ activity for both HP 
rats (F(1,4) = 20.82, p = .01) and SP rats (F(1,4) = 7.96, p = .047), with a significant increase in peak dMSN 

signaling for HP rats entering the heroin-paired chamber (p = .040; Figure 3.4c) and a near-significant 
increase for SP rats entering the saline-paired chamber (p = .052; Figure 3.4d). Interestingly, there was a 

significant main effect of test on peak iMSN Ca2+ activity for HP rats (two-way RM ANOVA: F(1,4) = 85.64, p = 
.0008), with significantly weaker iMSN signaling when entering the heroin-paired chamber (p = .046; Figure 

3.4e). Additionally, there was a significant test x chamber interaction on peak iMSN Ca2+ activity for SP rats 
(two-way RM ANOVA: F(1,4) = 15.35, p = .017), with significantly greater iMSN signaling when entering the 

heroin-paired chamber (p = .019; Figure 3.4f).  
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Figure S3.1 | HP and SP rats have similar patterns of NAc activity prior to conditioning. DA, dMSN, and iMSN 
signals during transitions from (a-c) the neutral chamber to the saline-paired chamber, (d-f) the saline-paired chamber 
back to the neutral chamber, (g-i) the neutral chamber to the heroin-paired chamber, and (j-l) the heroin-paired chamber 
back to the neutral chamber. Insets: peak signals during transitions. DA signals, dMSN signals, and iMSN signals were 
similar for HP and SP rats during all transitions prior to any conditioning. 
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Heroin conditioning enhances DA and dMSN activity in HP rats, but enhances iMSN activity in SP rats 

Given the differential activity patterns for HP and SP rats entering their preferred side during the final 
preference test, we next sought to examine differences between groups during transitions into the same 

chamber. When entering the heroin-paired chamber, the peak pre- to post-test DA signal was significantly 
greater in HP rats compared to SP rats (unpaired t-test: t(5) = 3.14, p = .026), and the peak DA signal preceding 

entry was significantly and positively correlated with final heroin preference (linear regression: r 2 = .73, p = 
.014; Figure 3.5a). Similarly, HP rats had a significantly greater increase in peak pre- to post-test dMSN Ca2+ 

activity during entry than SP rats (unpaired t-test: t(8) = 2.45, p = .040), and peak dMSN activity was 

significantly and positively correlated with final heroin preference (linear regression: r 2 = .48, p = .027; Figure 
3.5b). Conversely, SP rats had a significantly greater increase in peak pre- to post-test iMSN Ca2+ activity 

Figure 3.4 | Enhanced DA and dMSN signals and weakened iMSN signals accompany a heroin CPP. (a) HP rats 
had a significant increase in peak DA when entering the heroin-paired chamber in the final preference test. (b) Peak DA 
signals were unchanged for SP rats for both chambers during the final preference test. (c) HP rats had a significant 
increase in peak dMSN activity when entering the heroin-paired chamber during the final preference test. (d) SP rats had 
a near-significant increase in peak dMSN activity when entering the saline-paired chamber during the final preference 
test. (e) HP rats had a non-significant reduction in peak iMSN activity when entering the heroin-paired chamber during the 
final preference test. (f) SP rats had a significant increase in peak iMSN signal when entering the heroin-paired chamber 
during the final preference test. n = 3-5/group; *p < .05 
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during entry than HP rats (unpaired t-test: t(8) = 2.96, p = .018), and peak iMSN activity preceding entry 

significantly and negatively correlated with final heroin preference (linear regression: r 2 = .45, p = .034; Figure 
3.5c). When exiting the heroin-paired chamber, the peak pre- to post-test DA signal was significantly greater in 

SP rats than HP rats (unpaired t-test: t(5) = 3.19, p = .024), and peak DA activity preceding exit significantly and 
negatively correlated with final heroin preference (linear regression: r 2 = .91, p = .0008; Figure 3.5d). Similarly, 

the peak pre- to post-test dMSN Ca2+ signal preceding exit was significantly greater for SP rats than HP rats 
(unpaired t-test: t(8) = 2.64, p = .029), and peak dMSN activity preceding exit significantly and negatively 

correlated with final heroin preference (linear regression: r 2 = .48, p = .027; Figure 3.5e). Interestingly, the 
peak pre- to post-test iMSN Ca2+ signal preceding exit was significantly greater for SP rats than HP rats 

(unpaired t-test: t(8) = 2.78, p = .024), although peak iMSN activity preceding exit was not significantly 
correlated with final heroin preference (linear regression: r 2 = .12, p = .32; Figure 3.5f). When entering the 

saline-paired chamber, there was no significant difference in the peak pre- to post-test DA signal between SP 

and HP rats (unpaired t-test: t(5) = 0.85, p = .43), and DA activity preceding entry was not correlated with final 
saline preference (linear regression: r 2 = .05, p = .64; Figure 3.5g). However, the peak pre- to post-test dMSN 

Ca2+ signal preceding entry was significantly greater for SP rats than HP rats (unpaired t-test: t(8) = 3.56, p = 
.007), and peak dMSN activity preceding entry significantly and positively correlated with final saline 

preference (linear regression: r 2 = .48, p = .026; Figure 3.5h). Moreover, the peak pre- to post-test iMSN Ca2+ 
signal preceding entry was significantly weaker for SP rats than HP rats (unpaired t-test: t(8) = 3.07, p = .015), 

though there was no significant correlation between peak iMSN activity preceding entry and final saline 
preference (linear regression: r 2 = .16, p = .26; Figure 3.5i). Finally, when exiting the saline-paired chamber 

there were no significant pre- to post-test differences for HP or SP rats (unpaired t-tests: DA, t(5) = 0.09, p = 
.93; dMSN, t(8) = 0.47, p = .65; iMSN, t(8) = 0.48, p = .65), and there was no relationship between final saline 

preference and peak signaling (linear regressions: DA, r2 = .11, p = .48; dMSN, r 2 = .07, p = .44; iMSN, r2 = 

.09, p = .39) preceding entry (Figure 3.5j-3.5l). 
 
Figure 3.5 | Entry to a preferred heroin context is accompanied by enhanced DA and dMSN signaling and 
weakened iMSN signaling. (a-c) Entry to the heroin-paired chamber in the final preference test. (a) HP rats had a 
significantly greater increase in DA signaling than SP rats that was positively correlated with heroin preference. (b) HP 
rats had a significantly greater increase in dMSN signaling than SP rats that was positively correlated with heroin 
preference. (c) SP rats had a significantly greater increase in iMSN signaling than HP rats that was inversely correlated 
with heroin preference. (d-f) Exit from the heroin-paired chamber in the final preference test. (d) SP rats had a 
significantly greater increase in DA signaling than HP rats that was inversely correlated with heroin preference. (e) SP rats 
had a significantly greater increase in dMSN signaling than HP rats that was inversely correlated with heroin preference. 
(f) SP rats had a significantly greater increase in iMSN signaling than HP rats that was uncorrelated with heroin 
preference. (g-i) Entry to the saline-paired chamber in the final preference test. (g) HP and SP rats had peak DA signaling 
that was comparable to the initial preference test and uncorrelated with saline preference. (h) SP rats had a significantly 
greater increase in dMSN signaling than HP rats that was positively correlated with saline preference. (i) SP rats had a 
significantly greater decrease in iMSN signaling than HP rats that was uncorrelated with saline. (j-m) Exit from to the 
saline-paired chamber in the final preference test. (j) DA signals, (k) dMSN signals, and (l) iMSN signals were comparable 
for both HP and SP rats, relative to the initial preference test. n = 3-5/group; *p < .05, **p < .01 (SP vs HP) 
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Figure 3.5 | Entry to a preferred heroin context is accompanied by enhanced DA and dMSN signaling and 
weakened iMSN signaling. See previous page for complete legend. 
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DISCUSSION 

Using fiber photometry coupled with a heroin CPP procedure, we demonstrate that expression of a CPP for 
heroin is signaled in the NAc by an increase in both DA and dMSN signaling, and a decrease in iMSN 

signaling. These findings are in accordance with the hypothesis that an imbalance in signaling between the 
accumbal direct and indirect pathways drives addictive behaviors12. We also identified stark differences in the 

balance of activity between the direct and indirect pathways of heroin-preferring (HP) and saline-preferring 
(SP) rats prior to any drug exposure, with stronger direct pathway tone in HP rats, and stronger indirect 

pathway tone in SP rats. Together, these data reveal a central role for the NAc in the acquisition and 
expression of the reinforcing effects of heroin. 

 
Dopaminergic modulation in the NAc contributes to heroin conditioning 

While the contribution of DA to the rewarding effects of most potentially addictive drugs (e.g., 

psychostimulants, nicotine) is well-established17, the role of DA in opioid reward is more complicated32. Opioids 
increase phasic DA release, and both D1 receptor blockade and D2 receptor deletion blocks morphine 

reward33–36. However, bilateral 6-OHDA lesions of the NAc can block or have no effect on morphine reward34,36, 
and chronic blockade of both D1 and D2 receptors potentiates the rewarding effects of low doses of heroin37. 

In our experiments, we found that pretreatment with buprenorphine blocked the development of a heroin CPP 
and associated Fos activity in the NAc. Although buprenorphine weakly activates mu opioid receptors to mildly 

elevate DA release, it also prevents heroin from binding to the same receptors and driving larger phasic DA 
release38. Thus, buprenorphine administration prior to each conditioning session would produce comparably 

low levels of DA release in both chambers, preventing the acquisition of a strong conditioned response to 
heroin. We also observed two striking effects during conditioning that only occurred in rats that developed a 

strong preference for the heroin-paired chamber: a significant increase in peak DA signaling during the first day 

of conditioning, and a significant increase in the frequency of DA signals on the final day of conditioning. 
Further, we found a significant increase in DA signaling preceding entry into the heroin-paired chamber during 

the final preference test, but only in rats that preferred the heroin-paired chamber. On the other hand, DA 
signaling was relatively unchanged by heroin in rats that did not develop a heroin preference, and DA signaling 

during the final preference test for those rats was unchanged relative to the initial preference test. Thus, these 
data support the idea that DA signaling in the NAc is important for the development of conditioned 

reinforcement to opioids.  
 

An imbalance in accumbal activity influences sensitivity to heroin conditioning 
Importantly, the ability of DA to alter overall accumbal activity is dependent not only on dopaminergic 

modulation of individual MSNs but also on the network implications of such modulation. Although dMSNs and 

iMSNs can be differentiated according to their downstream targets (VTA and VP, respectively), both subtypes 
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of MSNs are heavily interconnected in a local microcircuit of lateral inhibition within the NAc39. Indeed, although 

dMSNs are more likely to collateralize with other dMSNs than iMSNs40, D2 receptor-mediated disinhibition of 
iMSN lateral inhibition onto dMSNs is necessary for the locomotor sensitizing effects of cocaine41. An 

imbalance between dMSNs and iMSNs can thereby shape the ability of DA to modulate accumbal activity, with 
the overall balance in signaling guiding vulnerability to the reinforcing effects of drugs. 

 
Perhaps the strongest evidence in support of a role for a balance of activity in the NAc in encoding vulnerability 

to behaviors related to heroin addiction was our finding of basal differences in dMSN and iMSN signaling 
strength between rats that were sensitive or resistant to developing a CPP to heroin following drug treatment. 

Prior to any heroin exposure, HP rats had slightly stronger dMSN activity than SP rats, but SP rats had >2x 
stronger iMSN activity than HP rats. Surprisingly, this pattern was observed throughout conditioning and was 

unchanged by heroin exposure. In fact, initial heroin exposure seemed to exacerbate the signaling imbalance, 

increasing peak dMSN signaling in HP rats and increasing iMSN signaling in SP rats. These differences in the 
relative balance of MSN activity between groups was also evident during the final preference test. Specifically, 

when entering the heroin-paired side, HP rats had strong activation of dMSNs and inactivation of iMSNs, 
whereas SP rats had strong activation of iMSNs but not dMSNs. Notably, these results are in-line with previous 

reports of strengthened excitatory inputs onto iMSNs of addiction-resistant mice16, and provide evidence that 
iMSNs suppress drug-associated behaviors. Moreover, these findings are in agreement with previous reports 

showing enhanced dMSN activity preceding entry into a cocaine-paired context24, supporting a role for dMSNs 
in driving drug reinforcement across drug classes.  

 
Conclusions 

Together, these data highlight a central role for dMSNs and iMSNs, along with NAc DA activity, in encoding 

individual vulnerability to the reinforcing effects of heroin. Importantly, we reveal innate differences in the 
relative strength of dMSNs and iMSNs between individuals sensitive to versus resistant to the conditioned 

reinforcement produced by heroin. Future work will further examine the role of dMSNs and iMSNs in encoding 
individual vulnerability to other facets of opioid addiction, with a particular focus on differences in excitability 

from prominent glutamatergic nuclei, such as the medial prefrontal cortex. 
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ABSTRACT 
The opioid crisis in the US is a public health emergency, and overdose-related deaths have continued to rise, 

driven largely by heroin-related overdoses in women. Clinical studies have consistently found women to be 

more vulnerable to opioid addiction than men, yet the vast majority of preclinical research into opioid addiction 
has focused almost exclusively on males. Gaining insight into the neurobiological mechanisms underlying 

differences in addiction vulnerability between sexes is imperative and will require renewed focus on sex 
differences in preclinical models of addiction. Thus, we sought to characterize differences between female and 

male rats in two behavioral models: locomotor sensitization, to assess differences in the sensitizing effects of 
heroin; and intermittent-access self-administration, to assess differences in heroin intake, heroin seeking, the 

motivation to take heroin, and cue-induced relapse to heroin seeking. We demonstrate that despite greater 
basal locomotor activity in females, both female and male rats sensitize to the effects of repeated heroin. 

However, the locomotor response sensitizes above basal activity levels in a greater proportion of males than 
females. Further, although subsets of female and male rats develop low or high-risk addiction phenotypes, the 

development of a high-risk phenotype occurs in a greater proportion of females than males. Moreover, high-

risk females exhibit significantly greater heroin seeking than males, both during acute periods of drug-
unavailability and during extinction training. Together, these findings reveal that male rats may be more 

sensitive to the sensitizing effects of heroin, while female rats may be more sensitive to the development of an 
addiction-like phenotype after self-administration.  
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INTRODUCTION 
Opioid addiction is a chronic, relapsing disorder, characterized by periods of drug intake, withdrawal, and drug 

craving1. The ongoing opioid epidemic in the United States has resulted in nearly half a million deaths since 
1999, and overdose-related deaths during the early months of the COVID-19 pandemic were more than 40% 

greater than the same time in 20192,3. Although men have historically been more likely to die of a fatal opioid 
overdose, the death rate has been rising faster in women than men, driven largely by increased heroin use4. 

Indeed, sex is a critical biological variable and is known to influence vulnerability to a range of psychiatric 
disorders, including anxiety5, depression6, and addiction7. Women are more likely to be prescribed and misuse 

prescription opioids than men, contributing to an increased likelihood of an opioid use disorder diagnosis8–12. 
Additionally, women initiate drug use at a lower age, escalate drug intake at a faster rate, maintain intake at a 

higher dose, experience shorter periods of abstinence, and are more susceptible to relapse than men13–16. 

Despite this robust clinical literature, there is a profound male bias in preclinical research, particularly in 
neuroscience where single-sex studies of males outnumber those of females 5.5 to 1, even as meta-analyses 

demonstrate comparable variability between females and males across neuroscience research17,18.  
 

Funding agencies have attempted to reconcile this bias by mandating the inclusion of both sexes in all 
preclinical research19, yet significant disparities remain in preclinical studies of addiction. Moreover, there are 

notable discrepancies in reports of sex differences, particularly in studies of opioid addiction. Some studies 
suggest faster acquisition of opioid self-administration and greater motivation for opioids in females than 

males20,21, while others report no differences22,23. Similarly, some studies report greater heroin self-
administration by female rats24, while others report no sex differences in heroin, fentanyl, or oxycodone self-

administration23,25–28. Lastly, while females and males do not differ in forced (i.e., food choice-based) 

abstinence after heroin self-administration25, females have greater perseverative responding during extinction 
training than males after intermittent-access fentanyl self-administration24. Importantly, however, no differences 

between females and males have been observed in the somatic symptoms of opioid withdrawal or in opioid-
induced analgesia.29 Thus, it appears that sex differences may be more related to the appetitive and 

motivational properties of opioids.  
 

Given clinical reports of greater vulnerability to opioid addiction among women8–12 and the ongoing opioid 
crisis, it is imperative to understand the neurobiological mechanisms underlying sex differences in the addictive 

effects of opioids. Thus, in the present study we first investigated sex differences in sensitivity to the locomotor 
sensitizing effects of heroin, used as a proxy for neurobiological adaptations arising from repeated drug 

exposure30, Next, we investigated sex differences in heroin seeking and heroin taking behaviors using an 

intermittent-access self-administration procedure. Intermittent-access self-administration produces individual 
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variability in the expression of addiction behaviors31,32, allowing both general comparisons between sexes as 
well as comparisons within each severity phenotype. 

 
METHODS 

Subjects 
Outbred female and male Sprague-Dawley rats (Envigo) were pair-housed in a humidity- and temperature-

controlled vivarium, with ad libitum access to food and water throughout testing. Rats were acclimated to the 
vivarium for at least five days and handled for at least three days prior to any procedures. Behavioral testing 

was done at the beginning of the dark cycle (lights off at 19:00). All procedures were done in accordance with 
the National Institutes of Health’s Office of Laboratory Animal Welfare and were approved by Seattle Children’s 

Research Institute’s Institutional Animal Care and Use Committee. 

 
Drugs 

Diamorphine HCl (heroin) was obtained through the Drug Supply Program of the National Institute on Drug 
Abuse (NIDA) and was dissolved in sterile saline (0.9% NaCl). For sensitization experiments, heroin was 

prepared at a dose of 2 mg/ml and administered ip at a volume of 1 ml/kg. For self-administration experiments, 
individual heroin syringes were prepared based on body weight for administration of 0.075 mg/kg heroin per 

infusion (50 µl/infusion delivered over 2.8 s).  
 

Heroin psychomotor sensitization 

Sensitization apparatus 
Behavioral testing was done in locomotor activity boxes (San Diego Instruments) equipped with infrared beam 

breaks for monitoring locomotion, recorded by consecutive beam breaks and collected in 15s bins (PAS; San 
Diego Instruments). The floors of locomotor chambers were filled with ~1 cup of fresh bedding prior to each 

session, and chambers were cleaned daily with 70% ethanol. 
 

Sensitization procedure 
Psychomotor sensitization was done as previously described33, with minor changes. Testing included an initial 

habituation phase (3 days, 30 min/day) followed by a sensitization phase (9 days, 30 min/day). During 

habituation, all subjects received an injection of saline and were immediately placed in locomotor chambers for 
activity monitoring. During sensitization, subjects received an injection of saline or heroin and were 

immediately placed in locomotor chambers for activity monitoring.  
 

Heroin self-administration 
Catheter surgeries  
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Jugular catheterization surgeries were done as previously described31,34. Rats were anesthetized with 
isoflurane (4-5% induction, 1-2% maintenance; Patterson Veterinary) and received an injection of meloxicam 

(1 mg/ml, 1 ml/kg sc; Patterson Veterinary) prior to surgery for analgesia. The right jugular vein was isolated, 
and a custom-made silastic tubing catheter (ID = 0.51 mm, OD = 0.94 mm, length = 100 mm) was implanted, 

tied in place with non-absorbable silk sutures, and attached subcutaneously to a back-mounted port. Following 
surgery, catheters were flushed daily with a mixture of gentamicin (5 mg/ml) and heparin (3 U/ml) in sterile 

saline (0.2 ml/day, iv) to maintain patency. Catheter patency was checked prior to the first day of self-
administration and following the final progressive ratio test with an infusion of brevital sodium (10 mg/ml in 

sterile saline, 0.05 – 0.2 ml/infusion, iv; Methohexital sodium, Patterson Veterinary); rats that became ataxic 
within 5 seconds of infusion were considered to have maintained patency. Rats that lost patency or whose 

catheters were damaged (n = 14) prior to the beginning of extinction training were excluded from all analyses. 

 
Self-administration apparatus 

Behavioral testing was conducted in standard self-administration chambers equipped with two retractable 
levers, two white cue lights located above each lever, a house light, and a grid floor (MedAssociates). White 

cue lights were located on the front wall of the chamber above the levers for localized illumination, while the 
house light was located near the top of the back wall to illuminate the entire chamber. A syringe pump located 

outside each chamber was connected to a swivel within each chamber to permit iv drug infusions. Self-
administration chambers were cleaned daily after each session with 70% ethanol. 

 
Self-administration procedure 

Intermittent-access (IntA) heroin self-administration employed a procedure that results in individual variability of 

addiction severity, as previously described31. Each self-administration (SA) session (6 h/day, 10 days) 
consisted of 12 repeating drug-available (DA; 5 min) and drug-unavailable (DU; 25 min) blocks. Daily IntA SA 

sessions were signaled by extinction of house lights and extension of two levers into the chamber: lever 
presses on the active lever resulted in drug delivery (FR1, 0.075 mg/kg/infusion over 2.8 s) and illumination of 

the cue light (3 s) over the drug lever, while lever presses on the inactive lever had no consequences. At the 
end of each DA block, house lights re-illuminated to signal the beginning of the DU block and levers remained 

extended to monitor drug-seeking. Following IntA SA, rats underwent a progressive ratio (PR) test in which the 
number of lever presses required for an infusion increased with each successive infusion (5, 10, 20, 45, 65, 85, 

115, 145, 165, 185, 215, 245) until either 30 min passed without an infusion or 6 h total had elapsed34. Next, 
rats underwent daily extinction sessions (60 min/day, 9 days) during which lever presses no longer resulted in 

cue presentation or drug delivery. Finally, rats underwent a cue-induced reinstatement test (60 min), during 

which the drug-paired cue light was presented at the beginning of the session and active lever presses 
resulted in further cue presentations but no drug delivery. 
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Addiction severity classification 

Six behavioral measures were collected and used to classify individual rats according to their overall addiction 
severity: (1) Intake, calculated as the total number of heroin infusions taken during IntA SA; (2) Consistency, 

calculated as the cumulative percentage of DA blocks across all IntA sessions in which at least one infusion 
was self-administered; (3) Seeking, calculated as the cumulative number of active presses during DU blocks 

across all IntA sessions; (4) Motivation, calculated as the breakpoint during PR testing; (5) Extinction, 
calculated as the total number of active lever presses during extinction training; and (6) Relapse, calculated as 

the total number of active lever presses during cue-induced reinstatement. The raw values for each behavior 
were converted to z-scores by subtracting the group mean from the individual values and dividing by the 

standard deviation of the group35. Individual z-scores for each animal were then combined to give a cumulative 

addiction severity score (SS), which was used to classify rats into low-risk (SS < -1), moderate-risk (-1 £ SS £ 
1), and high-risk (SS > 1).  

 
Statistical analysis 

Behavioral data was collected using automated procedures (San Diego Instruments and MedAssociates) and 
analyzed using GraphPad Prism (V9.0). Locomotor activity was compared via unpaired two-tailed t-tests 

(female vs male) or two-way repeated-measures ANOVAs (time x sex or time x drug). Addiction severity 
metrics were compared using two-way repeated-measures ANOVAs (time x severity) or two-way ANOVAs 

(severity x sex). All ANOVAs were followed by Sidak’s post-hoc tests, and statistical significance was set at p < 

.05 for all comparisons. Data are shown throughout as individual subjects and/or mean ± SEM.  
 

RESULTS 
Female and male rats are sensitive to the locomotor sensitizing effects of heroin 

To assess differences in the sensitizing effects of heroin, female and male rats underwent a heroin 
sensitization procedure that has previously been shown to induce locomotor sensitization in male rats33. 

Testing included three days of habituation, in which all rats received an injection of saline and were placed in 

locomotor boxes for 30 min, followed by nine days of sensitization, in which rats received daily injections of 
either saline or heroin and were placed in locomotor boxes for 30 min (Figure 4.1a). A two-way ANOVA 

revealed a significant sex x time interaction on locomotor activity on the last day of habituation (Day 0: F(29, 870) 
= 1.93, p = .0025; Figure 4.1b), with significantly greater basal locomotion in females versus males (unpaired 

t-test: t(30) = 5.45, p < .0001; Figure 4.1c), consistent with previous reports36. On the first day of sensitization, 
heroin significantly reduced locomotion in both female rats (two-way ANOVA, main effect of drug: F(1,14) = 

12.59, p = .0032; Figure 4.1d) and male rats (two-way ANOVA, main effect of drug: F(1,14) = 20.92, p = .0004; 
Figure 4.1e). On the ninth day of sensitization, however, whereas heroin-treated females had comparable 
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levels of locomotion to saline-treated females (two-way RM ANOVA, no main effect of drug: F(1,14) = 0.56, p = 
.47; Figure 4.1f), heroin-treated males had significantly greater locomotion than saline-treated males (two-way 

RM ANOVA, drug x time interaction: F(29,406) = 1.76, p = .0096; Figure 4.1g), suggesting sex differences in the 
sensitizing effects of heroin. To characterize the sensitizing effects of heroin in both sexes, locomotor activity 

was compared on the ninth day of sensitization with the first day of sensitization for saline- and heroin-treated 
rats. Two-way ANOVAs revealed a significant drug x time interaction for both females (F(1,14) = 9.51, p = .0081; 

Figure 4.1h) and males (F(1,14) = 12.03, p = .0038; Figure 4.1i), with significantly greater locomotion for heroin-
treated females (p < .0001) and males (p < .0001) after repeated heroin exposure compared to initial heroin 

Figure 4.1 | Female and male rats sensitize to the locomotor effects of heroin. (a) Timeline of sensitization 
procedure. Testing included a baseline phase (30 min/day) following injections of saline and a sensitization phase (30 
min/day) following injections of either saline or heroin (2 mg/kg, ip). (b-c) Baseline sex differences in locomotor activity. 
Female rats had significantly greater locomotor activity during the baseline phase than male rats. (d-g) Time course of the 
locomotor effects of heroin on (d-e) the first day of sensitization and (f-g) the ninth day of sensitization. (h-i) Development 
of heroin sensitization. Heroin-treated females and males significantly increased their locomotor response to heroin 
following completion of the sensitization phase. (j) Persistent sex differences in saline-treated rats. Saline-treated females 
had significantly greater locomotor activity than saline-treated males throughout testing. (k) Acute sex differences in 
heroin-treated rats. Female rats had significantly greater locomotor activity during baseline, but heroin-treated female and 
male rats had similar locomotor activity throughout sensitization. n = 8/group; *p < .05, ***p < .001, ****p < .0001  
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exposure. Moreover, whereas saline-treated females had greater locomotion than males throughout testing 
(two-way ANOVA, main effect of sex: F(1,14) = 9.79, p = .007; Figure 4.1j), heroin-treated females had 

significantly greater activity only during habituation (two-way ANOVA, sex x time interaction: F(2,28) = 7.42, p = 
.002; Figure 4.1k). Thus, despite basal differences in locomotor activity, both female and male rats appear 

sensitive to the locomotor sensitizing effects of heroin. 
 

Subsets of female and male rats develop an addiction-like phenotype after heroin self-administration 
To further examine sex differences in the behavioral effects of heroin, female and male rats underwent an 

intermittent-access (IntA) heroin self-administration procedure that produces subsets of addiction-sensitive 
(“high-risk”) and addiction-resistant (“low-risk”) rats31. IntA sessions included twelve 5-min drug available (DA) 

blocks on an FR1 schedule separated by 25-min drug unavailable (DU) blocks. Following IntA training, rats 

underwent a PR test, extinction training, and a cue-induced reinstatement test (Figure 4.2a). Six behavioral 
metrics were collected throughout testing and used to classify individual rats as high- or low-risk for the 

expression of addictive behaviors. During IntA self-administration, two-way ANOVAs of daily heroin intake 
revealed significant severity x day interactions for both females (F(12,201) = 2.21, p = .012; Figure 4.2b) and 

males (F12,183) = 1.89, p  = .038; Figure 4.2c), with high-risk rats escalating their intake significantly more than 
low-risk rats. Accordingly, there was a significant main effect of severity on cumulative heroin intake (F(1,34) = 

31.01, p < .0001; Figure 4.2d), though females and males within each severity group had comparable intake 
(no severity x sex interaction: F(1,34) = 1.57, p = .22). However, a two-way ANOVA of intake consistency (i.e., 

percent of DA blocks with drug intake) revealed a significant severity x sex interaction (F(1,34) = 4.11, p = .041), 
with low-risk males taking heroin significantly more often than low-risk females (p = .002; Figure 4.2e). During 

IntA self-administration, two-way ANOVAs of daily heroin seeking (i.e., presses during DU blocks) revealed 

significant severity x day interactions for both females (F(12,200) = 2.51, p = .004; Figure 4.2f) and males (F(12,201) 
= 2.08, p = .019; Figure 4.2g), with high-risk rats escalating heroin seeking significantly more than low-risk 

rats. Interestingly, there was a significant severity x sex interaction on total heroin seeking during IntA sessions 
(F(1,37) = 7.99, p = .008), with high-risk females actively seeking heroin during cued unavailability significantly 

more than high-risk males (p = .0006; Figure 4.2h). During progressive ratio testing, high-risk rats had 
significantly greater motivation to work for heroin than low-risk rats (two-way ANOVA, main effect of severity: 

F(1,34) = 29.02, p < .0001; Figure 4.2i), though females and males within each severity group had comparable 
motivation (no severity x sex interaction: F(1,34) = 0.18, p = .68). During extinction training, two-way ANOVAs of 

perseverative drug seeking revealed significant severity x day interactions for both females (F(8,96) = 5.36, p < 
.0001; Figure 4.2j) and males (F(8,96) = 2.31, p = .026; Figure 4.2k), with high risk rats continuing to respond 

on the active lever despite the action/outcome devaluation during extinction. Similar to heroin seeking during 

IntA sessions, there was a significant severity x sex interaction on total heroin seeking during extinction training 
(F(1,24) = 6.26, p = .019), with high-risk females continuing to seek heroin significantly more than high-risk males 
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(p = .022; Figure 4.2l). Lastly, during cue-induced reinstatement testing, high-risk rats had significantly greater 
responding on the previously drug-paired lever in response to cue presentation than low-risk rats (two-way 

Figure 4.2 | Female and male rats develop addiction-like behaviors after heroin self-administration. (a) Timeline of 
self-administration procedure and severity classification. Left: dark grey: periods of drug availability (DA); light gray: 
periods of drug unavailability (DU). Right: (i) raw behavioral data were converted to z-scores, (ii) z-scores were combined 
to give a cumulative severity score (SS), and (iii) individual rats were classified as low-risk (SS < -1; light orange/blue) or 
high-risk (SS > +1; dark orange/blue). (b-d) High-risk rats self-administered significantly more heroin than low-risk rats, 
but there were no sex differences within each severity phenotype. (e) Low-risk males self-administered heroin during 
significantly more DA blocks than low-risk females. (f-g) High-risk rats pressed the drug-paired lever during DU blocks 
significantly more than low-risk rats, and (h) high-risk females had greater cumulative heroin seeking during DU blocks 
than high-risk males. (i) High-risk rats had greater motivation for heroin than low-risk rats during PR testing, but there 
were no sex differences within each severity group. (j-k) High-risk rats pressed the drug-paired lever during extinction 
sessions significantly more than low-risk rats, and (l) high-risk females had greater cumulative heroin seeking during 
extinction than high-risk males. (m) High-risk rats had greater cue-induced reinstatement of heroin seeking than low-risk 
rats, but there were no sex differences within each severity group. n = 3-12/group; *p < .05, ***p < .001  
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ANOVA, main effect of severity: F(1,8) = 6.26, p = .037; Figure 4.2m), though females and males within each 
group did not differ (no severity x sex interaction: F(1,8) = 0.13, p = .73).  

 
DISCUSSION 

Using locomotor sensitization and self-administration procedures, we sought to characterize sex differences in 
the behavioral effects of heroin in female and male rats. In assessing the locomotor sensitizing effects of 

heroin, we demonstrate that although female rats have 
greater baseline locomotor activity than male rats, both 

sexes significantly increase their locomotor response to 
heroin after repeated exposure. However, the locomotor 

response sensitized beyond baseline levels more often 

in males than females (Figure 4.3a). Similarly, we 
demonstrate that intermittent-access heroin self-

administration produces subsets of female and male 
rats that are either low-risk or high-risk for the 

development of addiction-like behaviors. Surprisingly, 
we found that within the high-risk phenotype, females 

exhibit significantly greater heroin seeking than male, 
while within the low-risk phenotype, males self-

administer heroin at a greater frequency than females. 
Moreover, the majority of female rats expressed a high-

risk phenotype, whereas the majority of male rats 

expressed a low-risk phenotype (Figure 4.3b). 
Together, these data demonstrate subtle, though 

notable, differences in heroin addiction between female 
and male rats. 

 
Repeated exposure to drugs of abuse leads to an increase in the locomotor-stimulating effects of the drug, 

which is believed to reflect drug-induced neuroplastic changes in neural circuitry30,37. In our study, we found 
that males were more sensitive to the effects of repeated heroin administration that females. However, females 

have previously been shown to be more sensitive to the sensitizing effects of cocaine and amphetamine than 
males38–41, a difference that is blocked by female ovariectomy41–43 and enhanced by estradiol treatment44,45. 

Psychostimulants directly enhance striatal dopamine signaling via disruption of dopamine transport46, and 

robust sex differences have been established in the regulatory mechanisms controlling dopamine signaling47. 
Importantly, while opioids and psychostimulants both enhance midbrain dopamine release into the nucleus 

Figure 4.3 | Summary of sex differences in heroin 
sensitization and self-administration. (a) Proportion of 
female and male rats that sensitized to the effects of 
heroin (i.e., had greater locomotor activity after the ninth 
day of heroin relative to habituation). Male rats were 
more likely to sensitize to the effects of heroin than 
female rats. (b) Proportion of female and male rats that 
developed an addiction-like phenotype. Female rats 
were more likely to develop a high-risk phenotype after 
heroin self-administration than male rats.  
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accumbens, they do so via distinct mechanisms, with opioids disinhibiting midbrain dopamine neurons via 
inhibition of local and distal inhibitory projections46. Thus, it is possible that differences in the regulation of 

dopamine synthesis, release, and reuptake attributes increased sensitivity to the sensitizing effects of 
psychostimulants but not opioids in females.  

 
Past studies on sex differences in opioid self-administration have yielded conflicting results20–23. Notably, these 

studies used classic short- or long-access self-administration procedures, focusing on differences between but 
not within sexes. In our study, we report the development of an addiction-like phenotype following intermittent-

access self-administration in a greater proportion of females than males, with significantly greater heroin 
seeking in high-risk females than high-risk males. However, we did not identify any differences in heroin intake, 

the escalation of intake, or the motivation to take heroin between females and males in either severity group. 

This is again in contrast with psychostimulant studies that have reported greater total intake, increased 
escalation, and higher motivation in females compared to males14, an effect that is blocked by ovariectomy and 

restored by estradiol treatment48. Conversely, estradiol has no effect on the acquisition or maintenance of 
heroin self-administration in females23,49, and estradiol treatment has no effect on cue-induced reinstatement of 

heroin seeking50. Together, these data indicate a role for hormonal regulation of behaviors associated with 
psychostimulants but not opioids. Unfortunately, estrous cycle was not monitored for the experiments 

described here, so the influence of ovarian hormone levels on sex differences in heroin seeking cannot be 
determined. 

 
CONCLUSIONS 

We report subtle though notable sex differences in the behavioral effects of heroin in female and male rats. 

Both female and male rats significantly increase their behavioral response to repeated heroin exposure, but a 
greater proportion of males sensitizes beyond their basal activity levels than females. Conversely, subsets of 

both female and male rats develop an addiction-like phenotype after intermittent-access heroin self-
administration, but a greater proportion of females develop a high-risk phenotype, and high-risk females 

engage in significantly more heroin seeking than high-risk males.  
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SUMMARY OF MAIN FINDINGS 
The goal of this thesis was to combine modern techniques for cell type-specific monitoring and manipulation of 

neuronal activity with classical behavioral models to gain an understanding of the role of NAc dMSNs and 

iMSNs in encoding individual vulnerability to heroin addiction. In Chapter 2, I described an intermittent-access 
heroin self-administration procedure that produces individual variability in the development of addiction-like 

behaviors, allowing for classification of individual subjects into either high- or low-risk for addiction. By 
combining this model with dual viral-mediated gene transfer of excitatory or inhibitory DREADDs, I 

demonstrated a selective role for dMSNs and iMSNs in driving and suppressing, respectively, cue-induced 
reinstatement of heroin-seeking in high-risk rats. In Chapter 3, I described a heroin conditioned place 

preference procedure that produces individual variability in conditioned reinforcement for heroin, allowing for 
classification of individual subjects into either heroin-sensitive or heroin-resistant. By combining this model with 

targeted expression of biosensors for in vivo monitoring of dopamine activity, dMSN activity, and iMSN activity, 
I demonstrated a robust rise in dopamine and dMSN activity and a fall in iMSN activity for heroin-sensitive rats, 

as well as a ramp in iMSN activity in heroin-resistant rats during exposure to a heroin-paired CS. Moreover, I 

identified innate differences in the relative strength of dMSN and iMSN activity prior to drug exposure in heroin-
sensitive and heroin-resistant rats, with a stronger dMSN tone in heroin-sensitive rats and a stronger iMSN 

tone in heroin-resistant rats. In Chapter 4, I described an investigation into sex differences in sensitivity to the 
behavioral effects of heroin using heroin locomotor sensitization and intermittent-access heroin self-

administration procedures. In these experiments, I identified an increased sensitivity to the sensitizing effects 
of heroin in male rats, along with an increased sensitivity to the development of a high-risk addiction phenotype 

in female rats, driven largely by greater levels of heroin seeking.  
 

Regulation of heroin taking and heroin seeking by accumbens dMSNs and iMSNs 
In Chapter 2, I sought to establish the role of NAc dMSNs and iMSNs in mediating heroin seeking and heroin 

taking, with a particular focus of the role of these two neuronal populations in regulating these behaviors in rats 

expressing an addictive-like phenotype. This was accomplished via the use of an intermittent-access heroin 



CHAPTER 5 | CONCLUSIONS & FUTURE DIRECTIONS 
 

 100 

self-administration procedure, developed to highlight individual differences in addiction severity. Unlike 

traditional short- and long-access self-administration procedures that allow continuous access to drug (with the 
exception of brief time-out periods between infusions), intermittent-access self-administration procedures 

alternate short periods of drug availability with longer periods of drug unavailability. The difference in how 
these sessions are structured produces notably different pharmacokinetic profiles. Short- and long-access 

sessions are characterized by an initial loading phase, with subjects taking multiple infusions to reach their 
desired level of “high”, followed by a maintenance phase, with subjects taking occasional infusions to maintain 

that level1. Intermittent-access sessions are characterized by spikes in brain drug concentration separated by 
long periods in which brain drug concentration returns to baseline2,3. As a result, the motivation to take drug 

has been shown to be greater after intermittent-access than after short- or long-access self-administration3–5, 

and intermittent- but not long-access self-administration results in substantial individual variability in the 
development of addiction-like behaviors6,7. Researchers have taken advantage of this variability by modeling 

the DSM criteria for addiction in rats, with subsets of rats expressing an addiction-resilient phenotype or an 
addiction-like phenotype, with increased motivation to take drug, greater drug intake, more persistent drug 

seeking, and a higher propensity towards cue-induced reinstatement of drug seeking6–9. Moreover, following 
intermittent-access self-administration, subjects exhibit stronger incubation of craving9,10, a phenomenon where 

drug craving progressively increases over the course of abstinence11–13.  
 

Using an intermittent-access procedure for heroin self-administration in concert with additional behavioral tests 
for assessing the motivation for heroin (via progressive ratio testing) and the ability of a heroin-associated 

stimulus to reinstate heroin seeking after action/outcome devaluation (via cue-induced reinstatement testing), 

the role of NAc dMSNs and iMSNs in controlling these behaviors in low- and high-risk rats was examined using 
bidirectional DREADD manipulations. This included the separate use of inhibitory Gi/o-coupled DREADDs 

(hM4Di) and excitatory Gq/11-coupled DREADDs (hM3Dq) in each cell type, to gain insight into the effect of 
inactivation and activation of each cell type, respectively. Despite ample evidence demonstrating DREADD-

induced modulation of neuronal activity14,15, I validated the utility of these tools in dMSNs and iMSNs by 
altering novelty-evoked Fos activation in the NAc16, with an increase in Fos after dMSN activation or iMSN 

inactivation and a decrease in Fos after dMSN inactivation of iMSN activation. This Fos data provided support 
for the overarching hypothesis of my thesis: that the balance in signaling between dMSNs and iMSNs is a 

major predictor for the initiation of goal-directed actions. To test this in the context of addiction, four groups of 
rats (dMSN-hM4Di, dMSN-hM3Dq, iMSN-hM4Di, iMSN-hM3Dq) underwent the intermittent-access procedure 

outlined above, with each subject receiving two progressive ratio tests and two cue-induced reinstatement 

tests: one following injection of clozapine-N-oxide (CNO) to activate DREADDs, and one following injection of 
vehicle as a control. While these manipulations failed to alter the motivation to self-administer heroin 
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(discussed below), there was a selective bidirectional modulation of cue-induced relapse of heroin seeking in 

high-risk rats: altering the balance in favor of the indirect pathway (dMSN-hM4Di or iMSN-hM3Dq) reduced 
heroin seeking, whereas altering the balance in favor of the direct pathway (dMSN-hM3Dq or iMSN-hM4Di) 

enhanced heroin seeking. The finding that heroin seeking could be bidirectionally modulated in high-risk rats is 
consistent with a role for activation of glutamatergic projections from the prefrontal cortex to the NAc17–19 and 

enhanced glutamate release in the NAc during presentation of heroin-associated cues in promoting 
reinstatement of drug seeking20,21. Moreover, the finding that heroin seeking could not be promoted in low-risk 

rats suggests the emergence of neuroplastic adaptations attributing resilience to the presentation of heroin-
associated cues. Abstinence from drug taking (via either extinction training or incubation of craving) has been 

shown to both alter protein translation and upregulate Ca2+ permeable AMPA receptors in the NAc22,23 and 

potentiate excitatory inputs to the NAc24, contributing to enhanced excitability of the NAc. However, whereas 
abstinence from cocaine taking potentiates excitatory inputs to dMSNs of all mice, these inputs are selectively 

potentiated onto iMSNs of mice expressing an addiction-resilient phenotype25. Moreover, the AMPA to NMDA 
ratio (a proxy for neuronal excitability) is upregulated in dMSNs of mice that continue cocaine seeking during 

extinction, but upregulated in iMSNs of mice that refrain from cocaine seeking during extinction26. This 
suggests a direct role for neuroadaptations of dMSNs in the persistence of drug seeking, but a role for 

neuroadaptations of iMSNs in promoting resilience to drug seeking during abstinence.  
 

Surprisingly, chemogenetic modulation of dMSNs and iMSNs had no effect on the motivation to self-administer 
heroin, regardless of addiction phenotype. Both dMSNs and iMSNs are activated by presentation of food-

associated cues at the start of a progressive ratio test27, activation of either dMSNs or iMSNs increases the 

motivation for food pellets28,29, and inhibition of either population during cue presentation decreases the 
motivation for food pellets27. While this suggests a cooperative role for dMSNs and iMSNs in facilitating 

motivation, other research indicates a more nuanced, reward-specific role for MSNs in motivation. Activation of 
iMSNs reduces cocaine self-administration, whereas inactivation of iMSNs enhances the motivation to self-

administer cocaine in mice25. Moreover, inactivation of dMSNs in the dorsal striatum has no effect on the 
motivation to self-administer cocaine in rats8. The progressive ratio procedure used in my intermittent-access 

experiments was adapted from this latter study, with a greater cost for both initial and subsequent infusions (5, 
10, 20, 30, 45… as opposed to 1, 2, 4, 6, 9….)30. While useful for identifying differences in motivation between 

rats expressing an addiction-like versus addiction-resilient phenotype, it is possible that the use of this 
exaggerated schedule of reinforcement prevented subtle changes in motivation caused by our DREADD 

manipulations. However, a recent study using iMSN-D2 receptor knock-out mice demonstrated selective 

deficits in action initiation and the willingness to work for food rewards under high contingencies31. This study 
involved the genetic deletion of D2 receptors from all iMSNs (i.e., those in the NAc and dorsal striatum)31, so it 
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is possible that repeating our manipulation in the dorsal striatum would have an effect on the motivation to self-

administer heroin under our progressive ratio contingency. Notably, rats trained to sequentially self-administer 
heroin and cocaine have significantly greater motivation for cocaine than heroin32, and cocaine and morphine 

have opposite effects on iMSNs, with cocaine increasing and morphine decreasing Fos activation33,34. Thus, 
while the circuitry of drug seeking is relatively conserved across drug classes35,36, regulation of drug taking 

appears to be dependent on multiple factors, including the type of drug and the reinforcement contingency. 
 

Regulation of conditioned heroin reinforcement by accumbens dMSNs and iMSNs 
In Chapter 3, I sought to expand on the findings that dMSNs and iMSNs selectively regulated heroin seeking in 

high-risk rats by investigating the role of these neuronal populations in conditioned heroin reinforcement, with a 

particular focus on how dMSN and iMSN signaling differed at baseline and after heroin conditioning in heroin-
preferring and heroin-resistant rats. This was accomplished by designing a heroin conditioned place 

preference (CPP) procedure that was optimized for the development of a heroin preference37 and incorporating 
in vivo recordings of neuronal activity via fiber photometry throughout testing. Unlike self-administration 

procedures, CPP involves researcher-administered (i.e., non-contingent) drug delivery. Although this method 
precludes analysis of individual differences based on volitional drug taking and drug seeking, it holds the 

amount of drug exposure constant across all subjects. Thus, individual differences in responsiveness to the 
same amount of heroin could be compared between animals that developed a preference for versus an 

aversion to heroin. Moreover, the inclusion of fiber photometry recordings prior to any heroin exposure allowed 
investigation into intrinsic differences in dMSN and iMSN signaling in rats that would later prefer or be resistant 

to the effects of heroin. Studies using targeted manipulation of dMSNs and iMSNs have emphasized their 

oppositional control over behavioral output38–41, and others have shown divergent neuroplastic adaptations in 
dMSNs and iMSNs in addiction-like and addiction-resistant subjects25,26,42.  Yet an outstanding question 

remains whether the signaling balance between dMSNs and iMSNs in drug-naïve individuals contribute to 
future addiction vulnerability. Consistent with a previous report showing greater iMSN activity than dMSN 

activity in drug-naïve mice43, the activity of iMSNs was generally greater than the activity of dMSNs in our drug-
naïve rats. However, after retrospective categorization of individual rats based on sensitivity to heroin 

reinforcement, some dramatic differences were identified between heroin-sensitive and heroin-resistant rats. 
Prior to any drug exposure, heroin-sensitive rats had roughly equal signaling between dMSNs and iMSNs, but 

heroin-resistant rats had ~2x greater iMSN signaling than dMSN signaling, indicating a pre-existing signaling 
imbalance that predicts future addiction vulnerability. Indeed, this imbalance not only persisted throughout 

testing, but was acutely magnified by heroin exposure: heroin significantly increased peak dMSN signaling in 

heroin-sensitive rats, but significantly increased peak iMSN signaling in heroin-resistant rats. Moreover, when 
entering the heroin-paired chamber after heroin conditioning, heroin-sensitive and heroin-resistant rats had a 
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significant rise in dMSN and iMSN activity, respectively, indicating activation of the “go” and “stop” pathway in 

rats that were sensitive to and resistant to the reinforcing effects of heroin, respectively.  
 

In addition to basal differences in the strength of dMSNs and iMSNs in heroin-sensitive and heroin-resistant 
rats, we also differences in the dopaminergic response to heroin between these groups. Heroin-sensitive rats 

had a stronger peak DA response during the first day of heroin conditioning than heroin-resistant rats, and the 
frequency of DA events was significantly greater after the fourth day of heroin conditioning in heroin-sensitive 

but not heroin-resistant rats. Additionally, only heroin-sensitive rats had a robust rise in DA signaling preceding 
entry into the heroin-paired chamber following heroin conditioning, though heroin-resistant rats had a similar 

rise in DA preceding exit from the heroin-paired chamber, suggesting an aversion rather than an indifference to 

heroin in heroin-resistant rats. Notably, although opioids activate VTA DA neurons and increase DA release 
into the NAc36, whether DA is necessary for opioid reward has remained an outstanding question35. D1 

receptor blockade or D2 receptor deletion block morphine reward44–46, but bilateral 6-OHDA lesions of the NAc 
can either block or have no effect on morphine reward44,46, and chronic blockade of both D1 and D2 receptors 

can potentiate the rewarding effects of heroin47. Nevertheless, our data demonstrates selective, robust DA 
signaling during conditioned heroin reinforcement in heroin-sensitive but not heroin-resistant rats, supporting a 

role for DA in opioid reward. Moreover, pretreatment with buprenorphine prior to each conditioning session 
prevented the acquisition of a heroin CPP and activation of the NAc during exploration of the CPP apparatus 

post-conditioning. Buprenorphine, a partial mu opioid receptor agonist, weakly activates mu opioid receptors in 
the VTA to mildly elevate DA release, but also prevents heroin from binding to drive larger phasic DA release48. 

Together, these data support a role for DA signaling in the development of heroin preference, but only in 

heroin-sensitive individuals.  
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Conclusions 

In summary, the experiments presented in this thesis 
describe a role for dMSNs and iMSNs in encoding and 

signaling individual vulnerability to heroin seeking and 
heroin reinforcement in rats (Figure 5.1). These 

results build on a rich existing literature describing 
bidirectional regulation of motivated behaviors by 

these two neuronal populations and offer some insight 
into how these neuronal populations respond to 

opioids differently than other rewards. Moreover, we 

provide evidence of intrinsic differences in the 
signaling strength of dMSNs and iMSNs between 

individuals sensitive to versus resistant to heroin 
reinforcement, suggesting individual vulnerability to 

addiction is at least partially due to basal differences in 
NAc signaling.  

 
FUTURE DIRECTIONS 

Using machine learning to predict individual 
vulnerability to heroin addiction 

The vast majority of preclinical addiction research 

approaches addiction through a lens of homogeneity, 
with all drug-exposed rats being grouped together and 

treated as a monolith. While useful for answering 
specific questions, this becomes problematic when 

attempting to translate findings into a broader 
understanding of addiction. In Chapter 2, we described 

a model for classifying addiction severity in rats 
following intermittent-access heroin self-administration. 

Using that model, we showed that chemogenetic 
modulation of dMSNs or iMSNs is sufficient to 

modulate cue-induced heroin seeking in high-risk but 

not low-risk rats. The inability to modulate heroin 
seeking in low-risk rats suggests that neuroplasticity 

Figure 5.1 | Proposed model of addiction severity 
encoding in the NAc. (a) Heroin-resistant individuals have 
prominent iMSN signaling, weaker dMSN signaling, and 
weak DA signaling in response to drug-associated stimuli, 
and drug exposure increases excitability of iMSNs to 
suppress the development of addictive behaviors. (b) 
Heroin-sensitive individuals have prominent dMSN 
signaling, weaker iMSN signaling, and strong DA signaling 
in response to drug-associated stimuli, and drug exposure 
increases excitability of dMSNs to facilitate the development 
of addictive behaviors. 
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within the NAc is necessary during early self-administration sessions to produce a high-risk phenotype. To 

investigate this, we developed a model for predicting future addiction severity after the initial days of self-
administration, before differences in low- and high-risk rats begin to emerge. 

 
Self-administration data from male and female Sprague-Dawley rats (n = 118) was used to train and validate a 

machine learning model. Six metrics were extracted from the first five days of intermittent-access self-
administration and used for modeling: (1) Loading infusions, calculated as the number of infusions taken during 

the first block of drug availability each day; (2) Total infusions, calculated as the total number of infusions taken 
each day; (3) Consistency, calculated as the cumulative percentage of drug available blocks with drug intake; 

(4) Seeking, calculated as the cumulative presses on the drug-paired lever during cued drug unavailability; (5) 

Latency, calculated as the latency to the first infusion each day; and (6) Inter-infusion interval, calculated as the 
average delay between successive infusions during each drug available block. Data from 85% of subjects was 

used for training the model, while the other 15% was set aside for validation. The performance of six models 
was compared: logistic regression, random forest, 

linear support vector, k-nearest neighbors, gradient 
boosting, and adaptive boosting. All six models 

performed reasonably well, but logistic regression 
was found to have the greatest sensitivity, 

precision, and accuracy. Moreover, this model 
successfully predicted the severity of >80% of 

subjects in the validation dataset (Figure 5.2). 

Moving forward, we hope to implement this model in 
concert with targeted optogenetic stimulation of 

excitatory inputs to the NAc (e.g., PFC, amygdala, 
thalamus) coincident with drug delivery/CS 

presentation to either enhance (future low-risk) or 
suppress (future high-risk) drug CS encoding and 

alter the future severity of individual subjects.  
 

Using sensitivity to respiratory depression as a biomarker for heroin addiction 
Over the past two decades, there has been a marked change in opioid use patterns in the US. The early 2000s 

saw a dramatic rise in overall opioid use, driven by abuse of prescription opioids (e.g., oxycontin). By 2010, 

opioid use began to plateau, but overdose-related mortality continued to escalate. This has been attributed to 
changes in supply of prescription opioids that led opioid-dependent individuals to transition to cheaper, highly 

Figure 5.2 | Machine learning model for predicting 
addiction severity. Training dataset was used to define 
predictive logistic regression model using cross-validation  
(k = 10). (a) AUC-ROC curves. ROC curves show model 
performance across all classification thresholds, while AUC 
shows probability of correct severity prediction. (b) Confusion 
matrices for training dataset (left; n = 101 rats) and validation 
dataset (right; n = 16 rats). Top-left: true negative (TN);  
Top-right: false positive (FP); Bottom-left: false negative (FN); 
Bottom-right: true positive (TP). Sensitivity = TP/(TP+FN); 
Specificity = TN/(TN+FP); Accuracy = (TP+TN)/(total). 
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potent opioids such as heroin and fentanyl. Overdose deaths are now at historic levels, and viable options for 

long-term treatment of opioid addiction remain limited. Understanding the mechanisms that mediate individual 
vulnerability to opioid addiction will be critical to gaining control of the ongoing opioid epidemic. Recent 

research identified a bimodal distribution in acute morphine-induced respiratory depression in drug-naïve 
mice49, suggesting innate differences in opioid sensitivity in a subset of individuals. Here, we sought to 

examine whether initial heroin-induced respiratory depression in drug-naïve rats would predict future addiction 
severity. 

 
Basal respiratory frequency and opioid-induced respiratory depression were assessed using in vivo whole-

body plethysmography in custom-built chambers (diameter: 15 cm; height: 22 cm) under normoxic conditions 

(5.8 psi, ~1.5 LPM oxygen). After baseline recordings (10 min), male Sprague-Dawley rats (n = 8) were given 
ip injections of saline or heroin (2 mg/kg) and returned to chambers for an additional 45 min. Plethysmography 

chambers were calibrated using 1 ml syringes, and signals were collected using pClamp (v10.4; Molecular 
Devices, Sunnyvale, CA) as differential pressure changes relative to equally pressurized chambers. Signals 

were analyzed using ClampFit (v10; Molecular Devices), and rapid high amplitude events (>5 Hz), indicative of 
grooming, were excluded from analysis. Rats then underwent intermittent-access heroin self-administration as 

described previously, though all sessions were run during the light cycle to accommodate parallel experiments. 
As a result, this cohort of rats had a more homogenous severity distribution than rats allowed to self-administer 

in the dark cycle: 7/8 rats were classified as low-risk and only 1/8 was classified as high-risk, limiting analyses 
between the two severity phenotypes. Additional plethysmography sessions were conducted the day after 

progressive ratio and cued-reinstatement testing, to investigate the effects of heroin self-administration and 

abstinence, respectively, on respiratory rate. Retrospective analysis of initial heroin-induced respiratory 
depression revealed that the rat who would develop the most high-risk behaviors during self-administration had 

negligible respiratory depression, relative to a representative low-risk rat (Figure 5.3). Moreover, basal 
respiratory rate for all rats was significantly lower following heroin self-administration, but it rebounded after a 

period of abstinence. However, acute heroin exposure caused similar respiratory changes in drug-naïve rats, 
after self-administration, and after abstinence, indicating a lack of tolerance in the systems controlling 

respiration. Future research will draw from these preliminary findings to fully characterize the effects of heroin 
on respiratory rate in addiction-sensitive vs addiction-resistant rats, potentially offering insight into a respiratory 

biomarker for predicting future addiction risk. 
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Using a synaptic tag to examine heroin-induced disruptions in synaptic architecture 

Exposure to drugs of abuse profoundly alters synaptic plasticity of both dMSNs and iMSNs, and specific 
changes in neuronal excitability are believed to contribute to the transition to addiction. In particular, changes in 

accumbal glutamate levels and expression of proteins linked to excitatory signaling (e.g., ionotropic and 
metabotropic glutamate receptors, cation channels) have been reported following repeated exposure to drugs 

of abuse. However, due to technical limitations, a full understanding of how drugs of abuse alter plasticity of 
dMSNs and iMSNs has remained unknown. Here, we worked to validate a recombinant synaptic TAG protein 

developed by Dr. Steve Smith in rats by targeting it selectively to dMSNs or iMSNs. The TAG construct 
contains three domains: (1) an extracellular, membrane-spanning truncated human CD4 protein, (2) a green 

fluorescent protein, and (3) a PSD95 mutant lacking the PZD 1 and 2 domains. mRNA for this construct gets 
transported to dendrites prior to translation, and the TAG protein expresses perisynaptically to prevent 

disruption of synaptic transmission. Sprague-Dawley rats underwent stereotaxic surgery for viral delivery of 

AAV8-DIO-TAG-GFP (500 nl) into the NAc along with CAV2-Cre (500 nl) into the VTA or VP to target dMSNs 
or iMSNs, respectively. Surgeries were done as previously described, and >3 weeks passed to allow sufficient 

levels of viral transfection. Subjects were then deeply anesthetized with Euthasol (2 ml/kg ip; Patterson 
Veterinary) and transcardially perfused with ice-cold phosphate-buffered saline (PBS; pH = 7.4). Brains were 

rapidly extracted, and the NAc was dissected and submerged in HEPES buffer (4 mM with 0.32 M sucrose and 
protease inhibitors). Next, P2 synaptosomes were prepared from isolated NAc tissue and isolated via flow 

cytometry using anti-CD4 metallic beads. Purified synaptosomes were then imaged via electron microscopy or 

Figure 5.3 | Heroin-induced 
respiratory depression. (a) 
Timeline for plethysmography 
(Pleth) recordings during 
intermittent-access heroin self-
administration (IntA SA). (b) 
Pleth setup and representative 
recordings on day 1. (c) Pleth 
recordings following initial heroin 
exposure (day 1) in rats that 
develop addiction-like (high-risk) 
and addiction-resistant (low-risk) 
phenotypes. (d) Distribution of 
severity scores following light 
cycle vs dark cycle IntA SA. (e) 
Respiratory frequency prior to 
IntA SA (day 1), following PR 
testing (day 18), and following 
reinstatement (day 29).  
*p < .05, **p < .01 



CHAPTER 5 | CONCLUSIONS & FUTURE DIRECTIONS 
 

 108 

processed for mass spectroscopy analysis. A subset of subjects was perfused with 4% PFA after PBS, and 

brains were processed for immunohistochemistry using antibodies targeted to CD4.  
 

Confocal imaging revealed substantial overlap between the anti-CD4 antibody and GFP tag for rats selectively 
expressing the TAG in dMSNs, and the subcellular localization of the TAG was in accordance with preliminary 

data in cultured neurons (Figure 5.4). Moreover, purified synaptosomes were enriched in synaptic material 
(e.g., synaptosomes, post-synaptic density) and depleted of waste material (e.g., mitochondria). Following 

these pilot experiments, a full cohort of rats (n = 32) was injected with TAG targeting dMSNs or iMSNs, and 
subsequently underwent heroin sensitization prior to synaptosome isolation. Additional experiments are 

underway to further validate the selectivity of the TAG virus and to analyze proteomic data from rats that 

underwent heroin sensitization.  

Figure 5.4 | A recombinant TAG for synaptosome analysis. (a) Schematic of TAG construct. (b) Viral strategy for 
recombinant TAG expression in dMSNs (left) and iMSNs (right). (c) Protocol for isolation of purified synaptosomes. (d) 
Immunohistochemical detection of the TAG’s GFP and CD4 sequences in a dMSN. (e) Electron micrographs of an iMSN 
synaptosome prep prior to and following purification. 
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