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Abstract 

 Opioid-induced respiratory depression (ORID) is the hallmark of opioid overdose and a 

major risk factor for death due to fentanyl. While repeat opioid use (ROU) elevates the risk of 

death, understanding its influence over breathing and its control has been poorly resolved. We 

developed a mouse model of ROU involving daily fentanyl use (5 days). We examined how 

ROU impacted breathing and activity from the preBötzinger complex (preBötC), a brainstem 

network critical to inspiratory rhythmogenesis. Acute fentanyl use caused a profound metabolic 

crisis during ORID involving a mismatch between ventilation and oxygen consumption. Our 

findings also revealed a crucial distinction in respiratory responses to ROU. Most mice (77%) 

had an adaptive ventilatory response, indicative of the development of tolerance to OIRD 

following ROU, and the relationship between ventilation and oxygen consumption improved 

during OIRD. However, in 23% of mice, the adaptive response failed to emerge, underscoring 

the heterogeneity in ventilatory and metabolic outcomes. Following ROU, rhythmogenesis in the 

preBötzinger complex was less sensitive to µ-opioid receptor agonism, indicating that adaptation 

to ROU involves centrally-mediated changes in the inspiratory medullary network. These 

findings reveal a series of physiological changes following ROU, typically resulting in improved 

ventilation and oxygenation during ORID. Such changes—or lack thereof—may contribute to 

the unpredictable nature of overdose susceptibility among opioid users. 

 It has been well documented in the literature that one factor that can alter opioid overdose 

susceptibility in repeat users is the context of drug administration. Despite ROU increasing 

tolerance to opioid effects, taking opioids in an environmental context where they have not 

previously been administered the drug results in a loss of tolerance and an increase in opioid 

overdose susceptibility. While Context-Dependent Tolerance to overdose susceptibility and



analgesia has been well described in the literature, Context-Dependent Tolerance to OIRD, and 

the neural mechanisms that support it have not been investigated. The Locus Coeruleus (LC) is a 

principal source of noradrenergic neuromodulation that can influence breathing responses to 

blood gas deviations. It is also involved with cue-reward associative relationships, Opioid Use 

Disorder, and opioid withdrawal. Using fiber photometry and simultaneous whole-body 

plethysmography in a mouse model of repeat fentanyl administration, we tested the hypothesis 

that ROU leads to context-based tolerance to OIRD supported by LC activity. The development 

of tolerance to OIRD coincided with enhanced LC activity coupled with transient increases in 

breathing. Changing the context of fentanyl use to a context not previously associated with the 

drug altered LC activity and its correlation with transient increases in breathing and reduced the 

tolerance to OIRD that developed with ROU. Optogenetic activation of the LC minimized OIRD 

magnitude in fentanyl-naïve subjects. These findings underscore the importance of the LC in 

facilitating OIRD tolerance from learned associations during ROU. Failure to establish such 

associations and the corresponding LC activity may increase susceptibility to overdose and death 

among chronic opioid users. 
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Introduction 

An overview of breathing 

Breathing is perhaps one of the most important behaviors that any animal will do in their 

lifetime. It is a complex, motor behavior that emerges from central processes, which receive 

input from peripheral and sensory modalities, as well as other areas of the brain1,2. The 

respiratory network is comprised of several different neuronal populations distributed throughout 

the brainstem1,3–5.  Activity between these different neuronal networks is critical to shaping 

spontaneous breathing and must be continuously coordinated with other areas in the brain to 

optimize breathing with other physiological processes and behaviors, such as cardiovascular 

activity6,7, vocalization8 and swallowing9. Breathing is also intrinsically linked to emotional, 

cognitive, and physiological state2.  Imagine being on a plane experiencing extreme turbulence. 

You’re seated, but your breathing has quickened as panic and fear start to arise. As the 

turbulence subsides and the pilot declares that everyone is out of harm’s way, the fear subsides, 

and with it, so does your rapid, panicked breathing. While breathing is an automatic behavior 

that can respond to our emotional state, it can also be consciously controlled. For example, 

consciously slowing breathing down will promote relaxation, bolster mood, and reduce stress. 

With that being said before you proceed with reading this thesis document, please take three 

deep breaths.  

 

Breathing is a physiological process  

 Breathing is an essential behavior. It allows for gas exchange in our lungs. Cellular 

respiration uses glucose and O2 to form adenosine triphosphate (ATP) through the electron 

transport chain, which provides energy for cellular functions. A byproduct of this reaction is the 
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production of Carbon Dioxide (CO2)10. To maintain proper function, the body needs to 

consistently maintain blood gas homeostasis and exchange CO2 for Oxygen (O2) (Partial 

Pressure, O2: 75-100 mmHg, CO2: 35-45 mmHg). Our breathing must consistently keep up with 

the metabolic demands of changing behaviors. When we inhale, we breathe O2-rich air into our 

lungs, which diffuses down its concentration gradient into the capillaries of the alveoli, the site 

of gas exchange where arterial blood is oxygenated2. During expiration, venous blood arriving to 

the lungs is low in O2 and high in CO2.  During inspiration, gas exchange occurs in the 

pulmonary respiratory zone, where both O2 and CO2 diffuse down their respective concentration 

gradients—O2 enters the blood while CO2 exits. During exhalation, CO2 is expelled from the 

body11. This process of ventilation and gas exchange is critical for maintaining blood gas 

homeostasis. The amount of gas exchange occurring in the lungs is measured by Minute 

Ventilation (Ve). Ve is the product of Respiratory Rate (RR, how many breaths are taken per unit 

time), and Tidal Volume (VT, the volume of each breath). When blood gas homeostasis deviates 

from normal conditions, breathing compensates.  A decrease in arterial O2 results in the hypoxic 

ventilatory response, while an increase in arterial CO2 results in the hypercapnic ventilatory 

response. Both ventilatory reflexes aim to correct any imbalance in blood gases and result in 

increased ventilation. The hypoxic ventilatory response pattern consists of an initial increase in 

Ve that is primarily driven by an increase in RR. The hypercapnic ventilatory response increases 

Ve by increasing VT12. 

 

Autonomic control of breathing 

Breathing represents the integration of three distinct neurobiological aspects: rhythm and 

pattern generation, sensory input, and motor output. Integration of these modalities allows for the 
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autonomic control of breathing and occurs in a highly interconnected system of neural networks 

located largely across the pons and medulla in the brainstem1. Various brainstem sites contribute 

to the proper functioning of the respiratory network and the central control of breathing.  

 

Rhythm and Pattern Generation 

The ventral respiratory column in the medulla is comprised of multiple areas that are 

responsible for respiratory rhythm generation. Perhaps one of the most important areas within the 

ventral respiratory column is the PreBötzinger Complex (preBötC), the site of inspiratory 

rhythmogenesis. The preBötC can be isolated in a slice preparation and maintain synchronous, 

spontaneous inspiratory activity and has been used as a model for studying the neural basis for 

inspiratory rhyhmogenesis13. Thus, much is known about how activity in this network is 

assembled. PreBötC activity and rhythm generation rely on glutamatergic signaling and α-

amino-3-hydroxy-5-methyl-4-isoxazole-propionate receptor (AMPAr) agonism13,14,15. Neurons 

of the preBötC exhibit three distinct firing patterns that are active relative to the inspiratory burst. 

Together, they drive the generation of a spontaneous inspiratory rhythm. These are inspiratory 

neurons that burst during inspiration, post-inspiratory neurons that burst immediately after the 

inspiratory phase, and expiratory neurons that are tonically active and are inhibited during the 

entire duration of the inspiratory and post-inspiratory phases13. Some inspiratory neurons, also 

referred to as pacemaker neurons, have an intrinsic bursting ability and will continue this activity 

pattern when synaptically isolated from other excitatory input13,16,17. These so-called pacemakers 

possess a voltage-gated persistent sodium current (INaP) and a Ca2+ gated cation current (ICAN)  to 

enable their intrinsic bursting properties and typically lead the inspiratory network in the 

inspiratory cycle13,16,18. Blockage of these currents leads to the abolishment of intrinsic bursting 
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in pacemaker neurons16. Inhibition is equally as important in maintaining a stable inspiratory 

rhythm19. PreBötC neurons have a refractory period due to after-hyperpolarization in which 

excitation will not elicit a subsequent burst but will rather prolong the time to the next burst. 

Furthermore, increasing inhibition during the inspiratory phase will increase the frequency of 

bursting19.  

The Kolliker-Fuse nucleus (KF) is another area critical for maintaining the normal pattern 

of breathing. It is important for expiration and upper airway control and lesions in the KF lead to 

apneustic breathing, or sustained inspiration, and a square breath waveform5,20,21,22. The KF has 

glutamatergic projections throughout the respiratory network, which modulates the rate and 

pattern of breathing5,20. Glutamatergic input to the KF is crucial to its function and modulation. 

Agonism of the N-methyl-D-aspartate receptor (NMDAr) in KF will stimulate respiratory rate, 

while antagonizing  KF NMDAr results in decreased respiratory rate and cessation of the post-

inspiratory phase of breathing20. Reciprocal glutamatergic connections exist between the KF and 

preBötC, further demonstrating the importance of feedback between this pattern-generating 

network and the inspiratory network for maintaining synchronized and stable breathing20.  

 

Sensory Input 

Sensory inputs to areas of rhythm generation are essential to modulate activity to adapt to 

changing behavioral and metabolic demands. Different modalities of sensation that the 

respiratory network responds to are mechano-, thermo-, and chemosensation5. The vagus nerve 

relays information to respiratory brainstem sites from thermoreceptors in the lungs and larynx 

and mechanoreceptors that monitor pressure in the larynx and stretch in the lungs5,23. 

Chemoreception is the sensing of changes in O2 and CO2 in the blood. Maintaining homeostasis 
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of blood gases is a necessary responsibility of breathing, and homeostatic deviations are sensed 

by the respiratory network, which modulates activity accordingly5,24.  

The canonical area of chemosensation in the respiratory network is the retrotrapezoid 

nucleus (RTN), which is critical for sensing increases in CO2, which will increase its activity in 

response to CO25,25,26. The RTN modulates activity in the respiratory network with glutamatergic 

projections in response to changes in blood gases27. The RTN reciprocally connects to the 

nucleus of the solitary tract (NTS). In addition to being glutamatergic, the NTS releases 

norepinephrine (NE)28 and receives afferent projections of the carotid bodies, which are the 

primary O2 sensors in the body29. The NTS is also important for the hypercapnic ventilatory 

response, or an increase in breathing in response to an increase in CO230. The NTS has 

widespread projections and input throughout the respiratory network that are involved with 

various roles in the central control of breathing, including modulatory, motor, premotor, 

chemosensory, and pattern generators, and acts as a relay center of sensory information. Both the 

KF and preBötC receive input from and project to the NTS, which again supports the importance 

of the integration of sensory information with rhythmogenic activity5.  

Neuromodulatory brainstem areas alter their activity in response to deviations in blood 

gases. Both the raphe nuclei, which is the primary source of serotonergic modulation in the 

brainstem respiratory network, and the Locus Coeruleus (LC), the primary source of adrenergic 

drive, are chemosensitive5. Enhanced LC activity during hypercapnia is primarily mediated 

through gap junction signaling, and ablating the LC significantly attenuates the Hypercapnic 

Ventilatory Response31,32. Without peripheral chemosensory input, inhibiting LC decreases both 

inspiratory and active expiratory activity that occurs during hypercapnia. LC firing rates will 

increase in response to hypoxia and contribute to hypoxia-induced sighs33. Distinct areas of 
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chemosensation play different roles in the central control of breathing with diverse connections 

throughout the respiratory network and brain to aid in widespread modulation of breathing to 

maintain blood gas homeostasis.  

 

Motor Output 

Finally, integrating motor output with inspiratory drive and sensory information is critical 

to the physical behavior of breathing. The ventral respiratory group contains premotor neurons 

that project to the phrenic nerve, which controls the contraction of the diaphragm muscle34. The 

NTS has direct projection to the phrenic nerve, aiding in the direct modulation of breathing based 

on chemosensory input5,34.  Increasing CO2 will result in increased peak phrenic activity and 

corresponding increased respiratory rate35. Another important motor output of the respiratory 

network is the coordination of the hypoglossal (XII) cranial nerve, which innervates the tongue 

muscles. Phasic XII activation results in movement of the tongue to open the upper airways, 

allowing for proper inhalation of air during inspiration36. XII activity directly precedes phrenic 

activity, suggesting the initiation of tongue movement needs to occur before inhalation and lung 

expansion35. PreBötC projects to a premotor area, which then projects directly to XII, 

demonstrating the importance of coordination between motor output and inspiratory 

rhythmogenesis37. Obstructive Sleep Apnea occurs when there is a loss of upper airway muscle 

tone, which is controlled by the XII38,39.  
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Coordination of breathing with other behaviors and physiological processes 

Cardiorespiratory Coupling  

Breathing is a neurobiological process that requires coordination between these 

respiratory modalities and other brain centers to modulate breathing for behaviors and 

physiological processes. To increase efficiency in the maintenance of blood gas homeostasis, 

respiratory activity should be coordinated with cardiovascular activity to optimize blood flow so 

that gas exchange during inspiration occurs with deoxygenated blood, which supplies a 

concentration gradient for O2 to diffuse down so that oxygenated blood can then flow throughout 

the rest of the body. Respiratory and cardiovascular areas are anatomically close to one another 

in the medulla, aiding in their functional coupling7. Respiratory sinus arrhythmia is a normal 

change in heart rate that coordinates with breathing phase. During inhalation, heart rate is 

increased, and during exhalation, heart rate is decreased5,7. Coordination between the two 

systems is in part driven by preBötC activity. Inhibiting preBötC activity will lead to apneas. 

These apneas are accompanied by inhibition of thoracic sympathetic nerve activity and a 

decrease in heart rate7. Furthermore, inhibition of preBötC results in a loss of coupling seen 

between inspiration and heart rate in respiratory sinus arrhythmia. The muscarinic receptor 

antagonist atropine, which blocks parasympathetic activity, will stop respiratory sinus arrhythmia 

and lead to an increase in heart rate. These results suggest an effect of preBötC activity on 

parasympathetic and sympathetic drive7. Disease states, such as Rett Syndrome, demonstrate the 

importance of cardiorespiratory coupling. Patient’s with Rett Syndrome exhibit a characteristic 

breath-hold at the peak of an inspiration. Normally breath-holds correspond to decreases in heart 

rate; however in Rett Syndrome, there is an initial, short decrease in heart rate, followed by an 
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increase, which then results in a mismatch between breathing and heart rate and a termination of 

respiratory sinus arrhythmia6. 

Changes in blood gases further exhibit the coordination between breathing and the 

cardiovascular system. The hypoxic ventilatory response, an increase in breathing that is 

stimulated by a decrease in circulating O2, results in an initial increase in both breathing and 

heart rate, which is then followed by a subsequent decrease in both. Hypotheses suggest that the 

initial increase is driven by a sympathetic drive, while the subsequent decrease is driven by a 

parasympathetic drive6. 

 

Coordination of breathing and swallowing 

Another critical behavior that needs to be coordinated with breathing is swallowing. 

Swallowing is a complicated bilateral motor behavior, and failure in its synchronization with 

breathing can lead to aspiration while eating. People with neurodegenerative diseases often 

develop a swallowing disorder from a lack of coordination with breathing and swallowing, and 

aspiration pneumonia is a leading cause of death for this population40. Swallowing is an oral 

behavior that occurs during post-inspiration, a phase of breathing where other oral behaviors, 

such as vocalization and cough, also occur. The phase of breathing is controlled by an area in the 

respiratory network called the Postinspiratory complex (PiCo)41,42. Neurons in PiCo co-express 

glutamate and acetylcholine and project to the preBötC. Optogenetic stimulation of 

glutamatergic/cholinergic PiCo neurons during the post-inspiratory phase of respiration resulted 

in swallow behavior. PiCo induced swallowing led to inhibition of inspiration during swallow. 

Furthermore, the respiratory cycle was reset depending on where in the respiratory cycle (e.g. 

how far from inspiration) the swallow was elicited41. This study further emphasizes the central 
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mechanisms behind the coordination of breathing with other oral behaviors and how activation 

of those behaviors can modulate the respiratory rhythm.  

 

Dynamic network states 

PreBötC reconfiguration generates distinct network states 

Network state is also a determinant of the pattern of breathing. The preBötC can generate 

three distinct forms of fictive breathing: eupnea (normal breathing), sigh, and gasp. Sighs and 

gasps are attempts at autoresuscitation and to increase ventilation, however, gasps typically occur 

as a final attempt to breathe, while sighs can be more emotional based43. Both sighs and eupnea 

occur in normoxia43,44.  Sighs occur in rhythm with inspiratory preBötC activity, are biphasic, 

and are cadmium-sensitive, indicating their dependence on ICAN. In hypoxic and anoxic 

conditions, gasps occur. Gasps have shorter rise times and durations as compared to eupneic 

burst waveforms43. Unlike sighs, gasping is dependent on INaP as opposed to ICAN, and overall 

inhibition on inspiratory drive is decreased as compared to eupnea. The switch to INaP during 

hypoxia-induced gasping indicates that bursting becomes dependent on the intrinsic properties of 

the neuron as opposed to synaptic45. Thus, the network state of preBötC shifts by the amount of 

O2 available in the air. Furthermore, while eupnea depends on both ICAN and INaP, there are shifts 

in network state during sighs and gasps that reconfigure the network to be dependent on a 

distinct pacemaker current.  

 

Neuromodulation influences the state of the respiratory network  

Neuromodulation is an important component that allows the respiratory network to be 

plastic and adapt rapidly based on metabolic and behavioral demands. These modulatory 
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chemicals interact with chemosensory, rhythm generation, and motor aspects of the network to 

appropriately configure network output. This can lead to changes in the frequency and amplitude 

of breathing and have fluctuating effects depending on the network state. There are multiple 

sources of neuromodulation originating in the brainstem. The raphe nucleus and LC are the 

primary sources of serotonin and norepinephrine (NE) in the brain, respectively46. Both project 

to the inspiratory rhythm generator, the preBötC4. Substance P is another prolific 

neuromodulator in the respiratory network that facilitates the inspiratory rhythm through 

neurokinin-1 receptor (NK1r) activation44. It is released in the preBötC from raphe and NTS. 

Both of these centers also release endogenous opioids onto preBötC44. Anatomical studies 

demonstrate that the preBötC and the ventral respiratory column receive input from many other 

brainstem sources that release additional neuromodulators suggesting the importance of 

neuromodulation on the inspiratory rhythm generator44.  

Viemari & Ramirez investigated how NE changes the network configuration of the 

preBötC. Application of NE onto the isolated preBötC network in slice results in an increase in 

population-level inspiratory activity in the frequency of the inspiratory rhythm as well as the 

duration and area of bursts. This effect was blocked by the ⍺1 receptor antagonist prazosin, 

suggesting that the stimulation of inspiratory activity by NE is ⍺1 mediated. Rhythmic 

population-level activity is killed by synapitcally isolating the slice. Despite the loss of the loss 

of the population activity, pacemaker neurons in the preBötC remain rhythmic, while non-

pacemaker neurons lose their rhythmicity but still fire action potentials. Application of NE to 

synaptically isolated non-pacemaker neurons converts them into pacemaker neurons, suggesting 

that NE leads to the generation of a more robust inspiratory rhythm by converting non-

pacemakers into pacemakers. There are cadmium-sensitive pacemaker neurons (dependent on 
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ICAN, the Ca2+ activated cation current) and cadmium-insensitive pacemaker neurons (dependent 

on INaP, the persistent Na+ current). Converted non-pacemaker neurons became cadmium-

sensitive pacemakers17. This increase in the number of inspiratory neurons contributing 

intrinsically to the generation of spontaneous population-level activity in the preBötC would lead 

to stronger excitatory output to other respiratory areas and increased resilience from 

perturbations to the inspiratory network. However, in the slice prep, this modulation by NE on 

preBötC activity induces irregularities during exposure to acute intermittent hypoxia by 

increasing inhibition on inspiratory cells, due to ⍺2 agonism47. This indicates the delicate nature 

of neuromodulation on rhythm generation and how adaptive processes can become maladaptive 

when combined with a perturbation, such as a diseased state.  

While this study investigates how NE on its own affects preBötC activity, many 

neuromodulatory inputs release co-localized neuromodulators44. Thus, the interaction of multiple 

neuromodulators on inspiratory rhythmogenesis is important to understand. Doi & Ramirez 

investigated the extent of neuromodulatory effect dependent on network state (e.g. network 

leaning towards facilitation or inhibition). Blocking facilitating ⍺1 NE and serotonergic 5-

hydroxytryptamine receptor 2 (5-HT2) followed by blocking Substance P facilitating NK1r 

signaling results in a greater depression of frequency of respiratory activity (measured at the 

intercostal muscle, the muscles between our ribs that contract during inhalation), as compared to 

blocking NK1r alone. However, inhibiting NK1r and subsequently stimulating either the LC or 

raphe to increase the release of NE and serotonin, respectively, in the respiratory network 

resulted in a rebound of respiratory frequency above control levels46. These experiments show 

that a respiratory network tilted toward inhibition is more susceptible to further inhibition in a 

non-linear manner. Furthermore, it demonstrates that the inhibition of the NK1 system can still 
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result in an excitatory network state when there is excitatory neuromodulatory input from other 

brainstem areas (LC and raphe).   

 

The effect of opioids on the central control of breathing  

 While some neuromodulators facilitate inspiratory rhythmogenesis, others inhibit it. 

Enkephalins and endorphins are endogenous opioids that bind to opioid receptors in the body 

(mu (µ), delta (δ), and kappa (κ))48. The µ-opioid receptor (µ-OR) is prolifically expressed 

throughout the respiratory network and agonism of the µ-OR by opioids is primarily responsible 

for Opioid-Induced Respiratory Depression (OIRD), which is the primary cause of opioid 

overdose49,50. Canonical µ-OR signaling decreases both intrinsic and synaptic excitability of the 

cell by activating G-protein-gated inwardly rectifying K+ currents (GIRK) and inhibiting 

voltage-gated Ca2+ currents, respectively (Fig 1)3, 51.  Stable breathing relies on rhythm 

generation, modulatory mechanisms, sensory feedback and motor output. Opioids suppress all 

four of these systems, leading to OIRD3,52,53. One area critical to the central control of breathing 

that contain µ-ORs is the PreBotzinger Complex (preBötC). Suppression of preBötC by opioids 

is critical for OIRD54. However, the suppression of preBötC by µ-OR agonists and its subsequent 

effects on respiratory activity and breathing can be highly variable and state-dependent46,55,56,57,. 

Hypotheses behind this variability include compensatory interactions between neuromodulator 

and neurotransmitter systems to maintain stable breathing46,55. These studies suggest that the 

degree of OIRD is dependent on the neuromodulatory state of the respiratory network at the time 

of drug intake.  
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Figure 1. Schematic of canonical µ-Opioid Receptors  
This figure is adapted from reference 49. Gβγ subunit activates GIRK channels and K+ currents, 
while inhibiting voltage-gated Ca2+ currents to decrease intrinsic and synaptic excitability, 
respectively. 

  

The KF is another brainstem area critical for the regulation of breathing that contains µ-ORs. 

While preBötC generates an inspiratory rhythm, the KF is critical for modulation of preBötC and 

other respiratory areas to contribute to breathing regularity and pattern58. At clinically relevant 

doses of morphine (10-20 mg/kg), deletion of µ-OR from either the preBötC or KF, as well as 

deletion of µ-OR from both areas, results in a reduction in OIRD50,59. However, at higher doses 

of morphine (30 & 100 mg/kg), deletion of µ-OR from the preBötC results in more OIRD as 

compared to deletion from the KF59. Thus, in addition to neuromodulatory state contributing to 

the degree of OIRD, there is a differential dose-dependent response to opioids in the suppression 

of KF and preBötC that contributes to the degree of OIRD and overall instability of the 

respiratory network. Injection of the opioid fentanyl directly into KF results in apneustic 

breathing patterns (longer duration of exhalation). Simultaneous injection of fentanyl and 
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antagonism of µ-ORs in the KF increases the rate of respiratory activity but does not reverse the 

apneustic pattern of breathing60. This result in conjunction with the successful reduction in OIRD 

with conditional deletion of µ-OR from KF indicates that there are network interactions 

throughout these respiratory centers that contribute to OIRD and allow for its reversal.   

 While µ-ORs are expressed throughout the respiratory network, inhibition by opioids of 

the preBötC and the KF have been shown to be essential for OIRD to occur. Deleting the µ-OR 

from either or both areas attenuates the degree of OIRD after low and high doses of opioids50,59. 

These two areas are critical for rhythm generation and inspiratory drive. Thus, the majority of 

research has focused on how µ-OR activation in these areas leads to OIRD. This research has 

primarily focused on how acute doses of opioids affect the KF and preBötC to lead to OIRD. 

However, how repeated OIRD, which results in hypoxia and hypercapnia, changes the state of 

the respiratory network and how this may lead to variability in opioid-induced responses is not 

well understood. 

 

The Opioid Epidemic 

History of The Epidemic 

 The United States is in the midst of an Opioid Epidemic. Since the end of the 20th 

century, there has been a continued surge in the number of overdose deaths due to opioids61,62. In 

2021, 220 people died every day from an opioid overdose, and while the number of deaths 

leveled off from 2021 to 2022, it still remains at an all-time high62. Increased dependence and 

usage of opioid drugs began in the 1990’s as the management of pain symptoms became 

increasingly important to physicians63. During this time, Purdue Pharma released the narcotic 

oxycodone, a partial derivative of the opium plant under the trade name OxyContin64,65. This 
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new pain medication exploded without patients fully realizing the high abuse potential that came 

with taking the drug. This surge in opioid usage led to the first phase of the opioid epidemic, 

which primarily involved the use and abuse of prescription opioids (Fig 2)62,66. Increased 

dependency and addiction to prescription opioids then led to the second phase of the epidemic, 

which involved patients becoming addicted and dependent on opioids and switching their use to 

Heroin, a Schedule I drug (Fig 2)62. A sharp uptick in overdose deaths after 2013, the beginning 

of phase three, is due to the introduction and proliferation of the use of synthetic opioids such as 

fentanyl (Fig 2)62,67. The use of fentanyl and synthetic opioids is particularly dangerous because 

of the increased potency of the drug, leading to a rapid onset of effects 68,69. Furthermore, 

because fentanyl is so potent, only a small amount is needed to feel the effects. As a result, it is 

being mixed into other illicit substances such as cocaine, heroin, and counterfeit prescription 

pills, resulting in accidental exposure to fentanyl and users unknowingly taking large quantities 

of the drug62,70. 

 

Figure 2. The Opioid Epidemic is made up of three distinct phases  

This figure is adapted from reference 62.  
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Opioid Overdose 

Respiratory depression is a hallmark of opioid overdose, and it occurs as a result of 

opioids binding to the µ-OR49,71. Our lab has proposed a model of the progression of opioid 

overdose, from the initiation step of respiratory depression, through death (Fig 3). Respiratory 

depression leads to elevated CO2 levels (hypercapnia) and subsequent decreases in O2 levels 

(hypoxia). Severe hypoxia leads to metabolic dysfunction, which is followed by cardio-

respiratory collapse. However, there are common complications that arise after resuscitation 

from cardio-respiratory collapse, such as pulmonary edema and neuronal cell death that could 

result in eventual death. As patients progress through these stages, we propose that the likelihood 

of survival also decreases. The first step of OIRD is crucial in the cascade to overdose. Knocking 

out the µ-OR in the preBötC and KF results in the ablation of morphine-induced respiratory 

depression and protection from subsequent hypoxia50, demonstrating how focusing on this first 

step of OIRD is crucial in understanding how to prevent opioid overdose and death. 

The goal standard of care to reverse opioid overdose is the administration of the µ-OR 

antagonist naloxone72. Naloxone is not as effective at reversing fentanyl-induced respiratory 

depression as compared to morphine-induced respiratory depression for two primary reasons69. 

First, the potency and resulting rapid onset of depression from fentanyl allows for less 

intervention time with naloxone prior to cardio-respiratory collapse69,71. After arrest, chest 

compressions are necessary to maintain circulation to the brain to enable naloxone to act on 

respiratory centers contributing to overdose71. The rate of onset for respiratory depression is 

much faster after fentanyl administration as compared to heroin or morphine (Fig 4), which 

correlates with fentanyl having the greatest lipophilicity of the three opioids.69 Because fentanyl 

is more potent, a lower dose is needed to elicit the same effects as less potent opioids69.  In Hill 
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et al., mice were administered fentanyl (0.112 mg/kg), heroin (7.5 mg/kg), or morphine (7.5 

mg/kg) in doses that resulted in equivalent depression of Minute Ventilation (Ve). The second 

reason naloxone is not as effective in reversing fentanyl-induced overdose is that, unlike 

morphine and other naturally derived opioids, fentanyl, which is currently driving overdose 

deaths, binds to receptors outside of the µ-OR, including ⍺1A and ⍺1B adrenergic receptors and 

cholinergic receptor subtypes73,52. In addition to respiratory depression, fentanyl inhibits 

breathing through respiratory muscle rigidity and wooden chest syndrome. Fentanyl interactions 

with the adrenergic receptors are hypothesized to be involved in these fentanyl-specific 

symptoms. Fentanyl has similar binding affinities as norepinephrine (NE) at ⍺1A and ⍺1B receptor 

subtypes, but not ⍺1D. Less competition of NE binding at ⍺1D receptors could be involved in 

muscle rigidity and wooden chest syndrome52. Antagonizing the ⍺1 receptor in the LC with 

prazosin prior to fentanyl administration reduces muscle rigidity, indicating LC and ⍺1 in this 

fentanyl-specific phenomenon53. Thus, the high potency and rapid onset time of fentanyl, plus its 

action on ⍺1 receptors contribute to naloxone’s lack of effectiveness in reversing overdose due to 

fentanyl.  
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Figure 3. Proposed model describing the stages of opioid overdose beyond respiratory 
complications 
OIRD rapidly causes systemic hypoxia. Hypoxia leads to metabolic dysfunction, followed by 
cardiorespiratory collapse (CRC), where resuscitation is attempted with naloxone. Vital organ 
pathophysiology (e.g. pulmonary edema) during CRC and upon resuscitation is a common 
complication that decreases survival following fentanyl overdose.  

 

Figure 4. Rate of onset for maximum respiratory depression with fentanyl, morphine, and 
heroin 
This figure is adapted from reference 69. Fentanyl (0.112 mg/kg), heroin (7.5 mg/kg), or 
morphine (7.5 mg/kg) were administered to mice. These doses eventually reach an equivalent 
depression in Minute Ventilation; however, fentanyl has the fastest onset of the three opioids.  

Minute Ventilation 



 19 

Opioid Use Disorder 

 The Diagnostic and Statistical Manual of Mental Disorders Fifth Edition (DSM-5) from 

the American Psychiatric Association defines mild, moderate, and severe Opioid Use Disorder 

(OUD) with the Diagnostic Criteria in Figure 574. These DSM-5 criteria incorporate 

qualifications of the dependency-forming aspect of the drug, such as tolerance and withdrawal, 

as well as criteria that focus on drug abuse and how it interferes with one’s life, such as inability 

to fulfill obligations at home or work. The National Institute of Drug Abuse estimates that in 

2021, 2.5 million U.S. adults suffered from OUD in 202175. OUD is chronic and habitual in its 

nature, with the majority of users participating in repeat drug use66. Overdose deaths are driven 

by those who use the drug in a chronic and repeated fashion, not early users76. Opioids are highly 

dependency-forming, and developing OUD following the use of opioids is higher as compared 

with other drugs66. Relapse rates can be as high as 60% during the initial 3 months after first 

attempt of drug cessation77. Early use is reinforced by activation of reward-circuitry in the 

Ventral Tegmental Area (VTA) and Nucleus Accumbens (NAc) (Fig 6); however, with repeated 

use, withdrawal symptoms and negative effects become the driving force behind using, switching 

from positive reinforcement of drug use to avoidance behavior of adverse effects66,78,79. Acute 

opioid administration leads to plasticity changes in VTA Dopaminergic (DA) neurons that result 

in enhanced postsynaptic excitatory responses to presynaptic input, and while explored less, 

chronic exposure has been shown to increase VTADA activity, leading to increased excitability of 

this neuronal population80.   
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Figure 5. Diagnostic Criteria for Opioid Use Disorder (OUD) 
This figure is adapted from reference 74. OUD can range from mild (2-3 symptoms), to 
moderate (4-5 symptoms), to severe (6 or more) disease.  
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Figure 6. Opioid receptor expression in the reward pathway 
This figure was adapted from reference 66. Opioids inhibit VTA GABAergic interneurons 
primarily through µ-OR, resulting in the disinhibition of Dopaminergic VTA neurons and 
increased dopamine release from the VTA to bind to post-synaptic NAc binding sites. 

 

Tolerance to Opioids 

Canonical mechanisms of opioid tolerance 

 Drugs of abuse lead to disturbances in homeostasis, and mechanisms of tolerance develop 

to combat these drug-induced perturbations and return the system to a baseline state81. Tolerance 

is defined as a “diminished response to a substance that occurs with frequent use61”, which 

requires escalating dosages to achieve the desired effect77. This is demonstrated by a shift of the 

dose-response curve to the right (Fig 7) and is a result of compensatory responses to combat the 

drug effects 82. Known compensatory responses are both pharmacodynamic and 

pharmacokinetic. Pharmacokinetics describes what the body does to the drug in four basic 

stages: absorption, distribution, metabolism, and excretion83. Pharmacodynamics describes what 

the drug does to the body, and can involve tolerance at the receptor, cellular, system, and 

synaptic levels77. Receptor level tolerance due to receptor desensitization (uncoupling from G-
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protein signaling) and internalization contribute to opioid tolerance from acute and repeat use84. 

Cellular mechanisms, such as enhanced cAMP rebound activity after opioid inhibition, 

contribute to withdrawal77. System adaptations from repeat opioid use on opioid-sensitive 

neurons leads to indirect changes in excitability elsewhere77. Finally, repeat opioid use will lead 

to synaptic plasticity at synapses altered by opioid signaling77. These findings indicate that repeat 

opioid use can lead to a tolerance that alters the drug’s effectiveness and to the remodeling of 

neural connections.  

 

Figure 7. Analgesic dose-response curves to morphine 
This figure is adapted from reference 81. After acute morphine administration (left), 16 mg/kg 
for 20 days (middle), and 32 mg/kg for 20 days (right). Hot plate assay for analgesia was used. 
Latency for the animal to lick or remove their paws was measured.  

 

 While these ubiquitous mechanisms of tolerance exist, the extent and speed of its 

development are not equal for all effects of opioids81,85. The primary effects of opioids are 

analgesia, euphoria, constipation, and respiratory depression, and while literature supports the 

development of tolerance to the euphoric and analgesic effects86,87, the degree and linearity in 

which tolerance develops to the respiratory depressive effects is less understood and even 

thought to not develop81,85,88,89,90,91. The KF, critical for eupnea and the central control of 

breathing, does not display significant cellular and receptor (desensitization) level tolerance to 

morphine88, perhaps contributing to the belief that tolerance to opioid-induced respiratory 
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depression does not develop or develops so slowly in comparison to the other effects (analgesia 

and euphoria) that it is not relevant. However, a recent small study in humans showed that 

chronic opioid patients needed larger doses of fentanyl to cause a 50% reduction in breathing as 

compared to opioid naïve patients92, indicating that tolerance to OIRD does develop with repeat 

use and that the neural circuitry behind this adaptation should be further investigated. 

 

Context-Dependent Tolerance 

 Rewards are inherent to the learning process. The relationship between rewards and the 

cues associated with them has been thoroughly investigated, and the neural mechanisms behind 

this relationship are well-established93–95. Both classical and operant conditioning are forms of 

learning that link a cue to a subsequent reward. In drug abuse, the rewarding aspects of the drug 

become coupled with drug-associated cues, and this learning is strengthened with repeat drug 

use. Rewarding stimuli cause increased Dopamine (DA) release from the VTA to the NAc66,96. If 

the reward is continuously paired with a preceding cue, then DA release will occur at cue 

presentation, prior to any reward receipt95. This relationship between cues and rewards can 

induce drug-seeking behavior and craving66. In drug abuse, users typically administer the drug in 

the same locations. Thus, a common cue paired with drug reward is the environmental context of 

drug administration.  

In addition to perpetuating the cycle of addiction, drug-associated cues have been 

implicated in the development of tolerance82,86,97–100. Because a commonly associated drug cue is 

the environmental context of drug administration, this phenomenon was termed Context-

Dependent Tolerance. It demonstrates that the development of tolerance to the effects of a drug 

is a conditioned process and can result in variable levels of tolerance that are dependent upon 
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exteroceptive stimuli. Simply moving the location of drug administration can alter the 

effectiveness of the drug. Context-dependent tolerance has been observed in opioids, nicotine, 

and alcohol100–102. The development of context-dependent tolerance to the analgesic effects of 

opioids has been well studied. Investigations have found that the degree of tolerance to drug-

induced mortality and the analgesic effects to opioids is dependent on the location of drug 

administration100,103,104, but that this form of tolerance can be extinguished through paradigms 

that decouple the reward from the contextual cue97,98. Studies also indicate that context-

dependent tolerance can be diminished by inhibiting learning, further demonstrating how 

learning is essential in the production of tolerance with repeated drug use82.  

 Shepard Siegel, a forefather in the research surrounding Context-Dependent Tolerance, 

likened the development of this tolerance to Pavlovian conditioning. Siegel hypothesized that the 

administration of opioids leads to drug effects (euphoria, analgesia, respiratory depression, 

mortality, etc.), which serve as an unconditioned stimulus, which in turn elicits an unconditioned 

response that mediates acute tolerance to the drug effects. Repeatedly pairing opioid 

administration and its subsequent effects with distinctive environmental cues results in those 

environmental cues becoming a conditioned stimulus. Thus, the environmental cues on their own 

should elicit a conditioned response, that will also mediate tolerance. Siegel referred to this 

conditioned response as a compensatory conditioned responses (CCR), because it opposes and 

attenuates the drug effects82. Furthermore, being in the previously drug-paired environmental 

context without subsequent opioid administration should still elicit CCRs to combat the drug 

effects, resulting in withdrawal symptoms82. This hypothesis agrees with the observation that 

drug-paired cues often send users into drug-seeking behavior.  
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 Siegel used this Pavlovian-based hypothesis of Context-Dependent Tolerance to 

investigate increased opioid overdose deaths that were occurring among chronic users. The term 

“overdose” is commonly a misnomer for the reasoning behind why there is a death associated 

with opioid use76,105.  Rather, a common theme of opioid-induced deaths is that they often occur 

when the user takes the drug in an unknown place106,107. Thus, the cause of opioid-associated 

death is rarely due to an increased dosage of the drug76,105,108 but could be the result of a loss of 

context-dependent tolerance109. Siegel was able to replicate the context-dependent risk of opioid-

induced mortality experimentally in rats. He showed that simply changing the environmental 

context of drug administration from one that had previously been associated with the drug to one 

that had no previous drug association resulted in 50% more deaths105. This demonstrated that 

opioid overdose risk is in part based on the location of drug administration.  

 While context-dependent tolerance has been thoroughly investigated in terms of the 

analgesic and lethality aspects of opioids, how context-dependent tolerance develops to Opioid-

Induced Respiratory Depression (OIRD) and the central mechanisms behind tolerance to OIRD 

remain unknown. Central mechanisms of opioid-induced CCRs have been discussed in the 

literature110. Cholecystokinin (CCK), a peptide hormone made in neurons111 has been implicated 

in context-dependent tolerance to the analgesic effects of opioids110. By interacting with the µ-

OR in the dorsal-root ganglion, it decreases µ-OR activity, resulting in subdued analgesic effects 

of opioids112. However, there has been a paucity of studies continuing this investigation as it 

pertains to OIRD and its contribution to context-dependent induced mortality to opioids. 

 

 

 



 26 

The function of the Locus Coeruleus 

Functional organization 

 The Locus Coeruleus (LC) is the primary source of noradrenergic drive in the brain. The 

LC has many functions, but one overarching hypothesis about its role in brain function is that it 

broadcasts salient information throughout the brain and promotes reconfiguration of functional 

networks, behavioral flexibility, and adaptation, depending on an animal’s needs at any given 

moment113. Vigilance, arousal, stress response, orientation of attention to novel or salient stimuli, 

cue-reward relationships, memory, and stimulation of autonomic processes like breathing and 

heart rate all involve the LC93,113,93,113–116. The involvement of the LC in such a diverse and 

distinct set of behaviors and functions can be attributed to the widespread projections of LC 

neurons throughout the brain117. The organization of LC inputs is not as well studied as outputs 

but multiple theories of organization have been hypothesized that similarly to LC outputs, LC 

receives inputs from a wide variety of areas from the brainstem and forebrain114. Recent 

anatomical and electrophysiological studies suggest that LC neurons could be a part of distinct 

functional modules118 and that LC functional organization is made up of 1) distinct inputs that 

send specific projections to modify specific behaviors, and 2) broad inputs that have broad or 

discrete outputs119. The LC had previously been thought to consist of a homogeneous population 

of noradrenergic (NE) neurons. Recent studies have shown that the LC is a heterogeneous 

population of cells with distinct co-transmitter expression114,120. These distinct populations of cell 

types also have differing electrophysiological properties associated with them114. Furthermore, 

the firing patterns of LC neurons have been associated with distinct functional outputs. Phasic 

firing (10 Hz) is associated with the facilitation of learning and positive valence, while tonic 

activation at 25 Hz was associated with a fear response. While not fully understood, it is 
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hypothesized that distinct firing patterns preferentially activate certain ensembles within the LC, 

leading to different behavioral responses121,122. For example, LC activity will change from tonic 

to phasic bursting with the presentation of threatening, unexpected, or other salient stimuli to 

initiate reorientation of attention 113,123,124. Thus, within the rather small nucleus of the LC, the 

literature supports the idea that there are distinct ensembles of neurons that contribute to the wide 

variety of behaviors known to involve the LC114.  

 

Arousal 

LC activity and ensembles involved varies based on the desired behavioral output. 

Perhaps the behavior that the LC is most well-known to contribute to is arousal123. NE activity is 

associated with sympathetic drive, and the release of NE in the cortex has been shown to 

promote arousal124,125. Arousal state, such as sleep and wake, correlate with different types of LC 

activity117.  Lower frequency activity is loosely associated with lower levels of arousal (such as 

slow-wave sleep), and there is a cessation of activity during REM sleep125. Manipulating LC 

activity by either inhibition or excitation reduces wakefulness and promotes wakefulness, 

respectively123. The cortex, which has reciprocal connections to the LC, exhibits slow 

oscillations during slow-wave sleep and anesthesia. During these unaroused states, LC activity 

becomes synchronous and burst-like118.  

 

Breathing 

Arousal mechanisms and LC activity are linked to breathing126. Yackel et al. found a 

specific subset of neurons in the preBötC that project to the Locus Coeruleus and promote 

arousal behaviors. When ablated, mice no longer exhibit behaviors indicative of an increased 
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arousal state, such as sniffing, and increased behaviors indicative of a decreased arousal state, 

such as sitting and grooming127. The LC is chemosensitive and will increase its activity to 

stimulate breathing in response to hypercapnia32,32,128,129. Hypercapnia occurs with Opioid-

Induced Respiratory Depression (OIRD). However, acute opioid administration suppresses this 

ventilatory response130,131. Unlike the canonical opioid-sensitive respiratory center, the KF, the 

LC is known to develop cellular and receptor level tolerance with repeat morphine 

administration84. This suggests that with continued opioid use, LC develops tolerance to µ-OR 

agonism and suppression of activity by opioids, allowing for the LC to stimulate breathing in 

response to hypercapnia due to OIRD. Immunohistochemistry studies show that µ-OR trafficking 

and internalization in the LC after precipitated withdrawal with the µ-OR antagonist naloxone is 

distinct in rats chronically treated with morphine as compared to those given an acute dose132. 

Furthermore, co-treatment of fentanyl with the ⍺1 antagonist yohimbine, which blocks inhibition 

of LC neurons by NE, results in less respiratory depression. NE application to the preBötC, 

which is suppressed by opioids, increases rhythmic activity in preBötC and breathing output, 

indicating the ability of NE neuromodulation to reconfigure the inspiratory network17,46. These 

findings suggest a possible role of LC activity and NE in maintaining breathing during OIRD.  

 

Opioid Use and Withdrawal 

 The LC and NE have been previously implicated in the development of drug abuse and 

opioid withdrawal. While the literature has primarily focused on the role of DA in drug abuse, 

there are studies that implicate the role of NE in the self-administration of opioids, opioid-

induced locomotion, and the development of opioid-conditioned place preference, further 

suggesting its role in the development of Opioid Use Disorder133. LC activity, similarly to 
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VTADA signaling, will initially increase with a reward, but with repeated pairing of a reward with 

a cue, activity shifts and increases with the presentation of the cue and preceding the behavioral 

response to obtain the reward93. Protocols to extinguish the coupling between cue and reward 

result in a cessation of increased LC activity with the cue. Subsequent pairing of the cue with the 

reward again shifts the LC response to the presentation of the cue, signaling the adaptability of 

the LC response in dynamic cue-reward relationships93. A circuit involving both LC and VTA to 

piriform cortex has been implicated in learning the valence of sensory cues121. LC activity is 

increased during opioid withdrawal134, and enhancement of sympathetic activation leading to 

sympathetic syndrome is common after naloxone-precipitated withdrawal135. These findings 

suggest the importance of the LCNE system in opioid reward processing and drug withdrawal.  

 

Salient information processing and memory consolidation 

The complex and dynamic world we live in requires continued learning, sensory 

processing, and tuning of attention toward important and new stimuli and the LC plays a critical 

role in these processes115,116,114. Survival necessitates quick behavioral adaptation to a changing 

environment. It is hypothesized that global LCNE projections position it to act as a broadcaster of 

salient, unexpected, rewarding, or otherwise relevant information to the rest of the brain. The 

brain then responds by reconfiguring functional networks, allowing for adaptable behavioral 

responses to an ever-changing world113. For example, novel or unexpected stimuli result in 

phasic burst-like firing within the LC that quickly habituates with repeated exposure136. 

Likewise, the initiation of task-related behaviors is associated with phasic LC activation93,137.  

The LC is also important in encoding this information into memory. LCNE input to 

hippocampal CA3 facilitates novel context memory encoding138,139 and silencing LC inputs to 
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the hippocampus inhibits the hippocampus from forming a contextual map of a novel 

environment140. The LC is involved with emotional memory encoding, which depends on 

amygdala activation of LC141. Furthermore, the LCNE system is involved in long-term 

potentiation (LTP). A new hypothesis proposes a positive feedback loop between glutamate and 

NE release to enhance synaptic plasticity at glutamatergic synapses. LCNE is released and 

interacts with glutamatergic transmission on postsynaptic glutamate neurons that contain 

adrenergic receptors. It is hypothesized that this co-release occurs with phasic activation of LC 

neurons121. In turn, ionotropic and metabotropic glutamatergic receptors that are located on NE 

terminals increase NE release. This reciprocal mechanism supports the dynamic potentiation of 

salient information processing and encoding114.  

 

Summary of Thesis Work 

The increased amount of deaths due to opioid overdose combined with the gold standard of 

overdose reversal, naloxone, not being as effective in the treatment of fentanyl-induced overdose 

has resulted in The Opioid Epidemic remaining a continued health crisis, despite numerous 

efforts to combat it. These overdose deaths are driven by people who repeatedly use opioids, 

however, despite this repeat use, their susceptibility to opioid overdose changes between drug-

using experiences.  To better understand why opioid overdose occurs, the field of respiratory 

neurophysiology has focused its efforts on studying how acute opioid administration affects the 

respiratory network to lead to Opioid-Induced Respiratory Depression (OIRD), a hallmark of 

opioid overdose. It is well understood that suppression of activity in the preBötC and KF by 

opioids is critical for OIRD to occur. However, the field has largely overlooked how repeat 

opioid use alters the central control of breathing and the respiratory network’s susceptibility to 
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opioid neuromodulation. This was due to a belief that Repeat Opioid Use (ROU) does not alter 

susceptibility or increase tolerance to OIRD, however, Shepard Siegel’s work identifies that 

ROU does have effects on opioid overdose susceptibility, a hallmark of which is OIRD, and that 

tolerance developed with ROU is learned and can be lost depending on the conditions of the 

user’s drug taking, e.g. the context of drug administration. The goal of this thesis work aims to 

fill this knowledge gap by answering three main questions:  

1) How does ROU affect the central control of breathing (e.g. does tolerance to OIRD 

develop with ROU)? 

2) What central mechanisms support the development of tolerance? 

3) How are these mechanisms altered based on the location of drug administration to change 

the degree of OIRD and subsequent opioid overdose susceptibility? 

 

This work will allow us to begin to understand how the state-dependent nature of the 

respiratory network modulates the degree of OIRD and how this s altered with ROU, which 

contributes to labile susceptibility of opioid overdose. We hypothesize that ROU results in areas 

of the respiratory network critical to eupnea developing tolerance to opioid neuromodulation. 

One aspect of this central tolerance is due to a shift in network state due to enhanced LCNE drive, 

leading to decreased OIRD after fentanyl administration. Furthermore, we hypothesize that this 

tolerance is conditional on exteroceptive factors, such as the location of drug administration.  
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Chapter 1 

Introduction 

 Opioid-induced respiratory depression (OIRD) is a hallmark trait of opioid overdose 1-3. When 

left unmitigated, opioid-overdose typically follows a pattern of hypoventilation, subsequent cessation of 

breathing, cardiorespiratory arrest and ultimately death.  Opioids act acutely via µ-opioid receptor (µ-OR) 

signaling in the brainstem to suppress the ability to generate and maintain inspiratory activity4,5. Despite 

the advancements being made toward understanding the cellular basis of OIRD, the effects of repeated 

opioid use (ROU) on breathing remain poorly understood. As OIRD remains a leading cause of overdose-

related death in the context of the ongoing opioid epidemic6,7, understanding the occurrence or absence of 

physiological adaptations in response to ROU is critical.  This study explores how ROU leads to changes 

in ventilation and its control that either minimize or exacerbate OIRD and the risk of respiratory failure.   

While persistent opioid use, such as that observed with opioid use disorder, can engender 

tolerance to both analgesia and euphoria 8-10, the effects of repeat opioid use reach well beyond these 

phenomena to also impact how one breathes.  Sleep apnea, a clinical condition associated with 

remodeling of the control of breathing11, is common among chronic opioid users12,13. Furthermore, in both 

humans and animals, chronic opioid use has also been shown to lead to tolerance to OIRD14-16. Yet, the 

lack of understanding into the impact of ROU on breathing significantly impedes the ability to fully 

address the morbidities and mortalities linked to ORID and overdose.   

Here, we investigated how ROU impacts breathing in vivo and the impact of ROU on the 

inspiratory rhythm generator, the preBötC, using the rhythmic medullary brainstem slice preparation. We 

hypothesized that ROU leads to adaptations in breathing that diminish the action of opioids on breathing 

and inspiratory rhythmogenesis. Following ROU, two types of respiratory responses emerge. These 

responses are differentially characterized by the presence or absence of ventilatory adaptation to OIRD 

following of repeated fentanyl administration. The adaptive ventilatory response is associated with an 

improvement in for metabolic demand to be met during OIRD. Additionally, inspiratory rhythmogenesis 
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from the preBötC is less sensitive to opioid neuromodulation following ROU. These data indicate that 

ROU leads to changes in breathing indicative of opioid tolerance as evidenced by the diminished 

magnitude of OIRD and the reduced efficacy in µ-OR mediated modulation at level of the inspiratory 

network. 

 

Methods 

Study Approval 

All animal protocols were approved by the Institutional of Animal Care and Use 

Committee at The University of Chicago, in accordance with National Institute of Health 

guidelines.  

 

Animals 

Mice used in this study were housed in AAALAC-approved facilities following a 12/12 h 

light/dark cycle and were given ad libitum access to food and water. All experiments were 

performed in the light cycle.  Adult mice of both sexes (Postnatal Day: 74 ± 4days, Body mass: 

23.78 ± 5.31 g) on a C57BL/6 background were used for plethysmograph studies. Neonatal mice 

of both sexes (Postnatal Day 10 ± 1day) on a CD1 background were used for 

electrophysiological studies. Neonatal mice were housed with their dam, allowing ad libitum 

access to nutrition.  

 

Repeat Opioid Use (ROU) and fentanyl administration 

Two protocols were used for the ROU. Protocol 1: Adult ROU: All subjects were 

acclimatized to handling, being placed into a sham-plethysmography chamber and given i.p. 

injection of saline (0.2-0.3 mL) for five days prior to enrollment into the ROU protocol. The 
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protocol consisted of five days of fentanyl administration via i.p. injection (0.7mg/kg) where 

breathing was measured via whole-body plethysmography. In a subset of animals, the protocol 

was extended to six days. Protocol 2: Neonatal ROU. A single daily injection of fentanyl (0.70 

mg/kg) or saline was delivered i.p. for five consecutive days (starting P4 to P6). After 

approximately 15 minutes following injection, pups were returned to their dam. Approximately 

twenty-four hours following the end of the protocol, tissue harvest was performed to isolate brain 

slices for electrophysiology.     

 

Whole Body Plethysmography and Oxygen Measurements 

Respiration was measured daily during the ROU protocol using unrestrained flow-

through whole-body plethysmography in a custom-constructed chamber (500mL) connected to a 

strain gauge pressure transducer (DSI, St. Paul MN). Transducer signals were amplified by a 

Max II amplifier (DSI, St. Paul MN) and recorded using Axoscope (Molecular Devices, San Jose 

CA) software. Room air (19-21% O2, balanced N2) continuously flowed through the system at 

0.6 liters per minute. In a subset of subjects, oxygen consumption was measured concurrent with 

plethysmography.  An oxygen sensor (LOX-O2-F: UV Flux 25% Oxygen Flow Through Sensor) 

(CO2Meter, Ormond Beach, FL) was connected to the outflow and continuously monitored and 

recorded using GasLab software (GasLab: https://gaslab.com/pages/software-downloads).   

Body mass and body temperature for each subject were recorded daily during the study prior 

to and following fentanyl administration (Table 1). Room temperature, chamber temperature and 

body temperature were recorded each day of the ROU protocol. Barometric pressure was 

assessed across experimental sessions by using a website that provided the average barometric 

pressure (timeanddate.com) for the Hyde Park, IL for each experimental day. Baseline breathing 
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(10 min duration) was recorded after weight and body temperature measurements. At the end of 

the control period, the mouse was removed from the chamber and administered fentanyl before 

being promptly returned to record drug-affected breathing (15 min duration). In a subset of 

experiments, the ventilatory response to a change in blood gas homeostasis was assessed 

approximately two to three hours following fentanyl administration on Day 1 and Day 5 of ROU. 

Baseline breathing was initially measured in room air (5 min, FiO2 = 21%, FiCO2 = 0%, 

balanced N2; 5min duration) and then switched to either a hypoxic (i.e., hypoxia, FiO2 = 10% O2,  

FiCO2 = 0%, balanced N2; 7 min duration) or a hypercapnic gas mixture (i.e., hypercapnia, FiO2 

= 21%, FiCO2 = 5% CO2, balanced N2; 7 min duration). 

 
 Table 1. Animal subject information used in this study 

 

 Post hoc analysis of the plethysmography data was performed using Clampfit 11 

(Molecular Devices, San Jose, CA).   Respiratory rate (RR, breath•min-1) was calculated by 

multiplying the average instantaneous frequency by 60 seconds. Tidal volume (VT, µL•breath-1) 

was calculated as previously described. 17. Minute ventilation (Ve = mL•min-1•kg-1) was 

calculated as the product of tidal volume (VT, µL*breath-1) and respiratory rate (RR, breaths•min-

1) normalized to weight. For experiments involving fentanyl and chemoreflex measurements, 

breathing was sampled from 10 sec window of quiet breathing (i.e., no movement was evident in 

the breathing signal) for each minute bin of the experiment. Apneas were assessed in a 300 sec 

contiguous window of quiet air breathing prior to receipt of fentanyl.  An apneic event was 

# of Animals 
(N) Weight (g) Age (days) 

Body Temp 
prior to 

Fentanyl (C) 

Body Temp 
after 

Fentanyl (C) Gender 
27 23.786 ± 

5.319 
74 ± 4.526 36.1 ± 0.2 36.9 ± 0.5 M = 17 

F = 10 
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defined as the cessation in breathing that was equal to or greater than twice the mean period of 

breathing at room air.   

 In experiments assessing respiratory depression, breathing for the two minutes prior to 

fentanyl use was used as the reference for baseline ventilation. The lowest Ve measured 

following fentanyl administration was defined as peak OIRD. Mean inspiratory flow (MIF) was 

calculated by dividing VT, by the respective time-to-peak for a given breath. Oxygen 

consumption (VO2, mL•min-1) was calculated as previously described.18 

 

Brain Slice Electrophysiology 

 Isolated rhythmic brainstem slices were prepared as described.19 Briefly, mice were 

anesthetized with inhaled isoflurane and pups were subsequently euthanized by rapid 

decapitation. Brainstems were dissected, isolated and placed into artificial cerebrospinal fluid 

(aCSF) (composition in mM: 118 NaCl, 25 NaHCO3, 1 NaH2PO4, 1 MgCl2, 3 KCl, 30 Glucose, 

1.5 CaCl2, pH = 7.4) equilibrated with 95% O2, 5% CO2 at ~4oC. The brainstem was glued to an 

agar block (dorsal face to agar) with the rostral face upward and submerged in aCSF equilibrated 

with carbogen. Serial cuts were made through the brainstem until anatomical landmarks such as 

the narrowing of the fourth ventricle and the hypoglossal axons appeared. The preBötC was 

isolated in a single transverse brainstem slice (thickness: 650 µm). The slice was transferred into 

the recording chamber (~6 mL volume), where it was continuously perfused with recirculating 

aCSF (flow rate: 12–15 mL/min, ~30-34oC). Prior to recording, extracellular KCl was raised to 8 

mM, and the spontaneous rhythm was allowed to stabilize before the start of every recording.   

Extracellular population activity from the preBötC was recorded with glass suction pipettes 

filled with aCSF. The recorded signal was sampled at 5 kHz, amplified 10,000 X, with a lowpass 
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filter of 10 kHz using an A-M instruments (A-M Systems, Sequim, WA) extracellular amplifier. 

The signal was then rectified and integrated.  Recordings of preBötC activity were made under 

baseline conditions (95% O2 5% CO2, 600 sec) followed the addition of the OR agonist, [D-

Ala2, NMe-Phe4, Gly-ol5]-enkephalin (DAMGO) and in response to at least two escalating 

concentrations of DAMGO (25, 300, and 1000 nM; 600 sec per concentration tested).   

Recordings were stored on a computer for posthoc analysis. Burst detection and waveform 

analysis of the integrated signal from the preBötC was performed using Clampfit 11 (Molecular 

Devices, San Jose, CA).  The mean for all metrics was taken under steady state conditions from 

the last 120 sec of each experimental condition.  Integrated burst amplitude was expressed as a 

value normalized to baseline burst amplitude.  The fictive inspiratory drive of a given integrated 

burst was determined by dividing burst amplitude by the respective time to peak.    

 

Statistical Analysis 

 All statistical analyses were performed using Origin (OriginLab Corporation, 

Northampton, MA). Supplementary Table 1 provides all statistical tests performed. Statistical 

significance was defined as p <; 0.05. Unless otherwise stated, values are reported as a mean ± 

SEM. 

Figure # of 
Animals (N) 

Normality of 
data set? 

Statistical Test p-value 

1a. 27 Yes 
Linear regression; 
r2= 0.7219; m = 

2.65 ± 0.32 
< 0.0001 

1c. 27 Yes 
Two-way ANOVA 

with means 
compareision (Day 

1 v Day 5) 
< 0.0001 

1d. 27 No Wilcoxon Signed 
Ranks 0.0018 

 
Supplemental Table 1. Summary of statistical analyses in this study 
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2b. 21 Yes 
Two-way ANOVA 

with means 
compareision (Day 

1 v Day 5) 
<0.0001 

2c. 6 No 
Two-way ANOVA 

with means 
compareision (Day 

1 v Day 5) 
0.6338 

2d-f 
(adaptive). 21 Yes Pair sample t-test 

(all) 
Ve: <0.0001 
RR: 0.035 
VT: 0.001 

2d-f (non-
adaptive). 6 Yes Pair sample t-test 

(all) 
Ve: 0.062 
RR: 0.042 
VT: 0.570 

3a. 7 Yes 

One-way repeated 
ANOVA; Dunnett’s 

pairwise 
comparison, 

Control = Day 1 

Ve: 0.015 
RR: 0.453 
VT: 0.011 
MIF: 0.001 
Ve: Day 2:1 = 1.00; Day 3:1 = 0.505; Day 
4:1 = 0.896; Day 5:1 = 0.004*; Day 6:1 = 
0.003* 
 
RR: Day 2:1 = 0.990; Day 3:1 = 0.895; 
Day 4:1 = 0.989; Day 5:1 = 0.545; Day 6:1 
= 0.998 
 
VT: Day 2:1 = 0.984; Day 3:1 = 0.382; Day 
4:1 = 0.193; Day 5:1 = 0.001*; Day 6:1 ≤ 
0.001* 
 
MIF: Day 2:1 = 1.00; Day 3:1 = 0.878; Day 
4:1 = 0.508; Day 5:1 ≤ 0.001*; Day 6:1 ≤ 
0.001* 
 
 

3b. 4 Yes 

One-way repeated 
ANOVA; Dunnett’s 

pairwise 
comparison, 

Control = Day 1 

Ve: 1.00 
RR: 0.653 
VT: 0.625 
MIF:0.632 
Ve: Day 2:1 = 0.978; Day 3:1 = 0.997; Day 
4:1 = 0.999; Day 5:1 = 0.984; Day 6:1 = 
0.999 
 
RR: Day 2:1 = 0.963; Day 3:1 = 0.984; 
Day 4:1 = 0.998; Day 5:1 = 0.478; Day 6:1 
= 0.718 
 
VT: Day 2:1 = 0.994; Day 3:1 = 1.00; Day 
4:1 = 0.999; Day 5:1 = 0.997; Day 6:1 = 
982 
 
MIF: Day 2:1 = 1.00; Day 3:1 = 0.912; Day 
4:1 = 0.991; Day 5:1 = 0.747; Day 6:1 = 
0.924 
 
 

 
Supplemental Table 1. Summary of statistical analyses in this study 
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4a. 
(adaptive) 21 Yes Pair sample t-test 0.12 

4a. (non-
adaptive) 6 Yes Pair sample t-test 0.021 

5a. 16 No Wilcoxon Signed 
Ranks 0.0016 

5b. 16 No 

Linear regression;  
Baseline Day 1: R2 
= 0.371;  
m = 12.692 ± 4.421 
Baseline Day 5: R2 
= 0.267;  
m = 8.011 ± 3.544; 

Analysis of 
covariance (slopes) 

0.625 

5c. 16 No 

Linear regression; 
OIRD Day 1: R2 = 
0.002;  
m = -0.371 ± 2.09 
OIRD Day 5: R2 = 
0.202;  
m = 4.161 ± 2.211 
Analysis of 
covariance (slopes) 

0.140 

5d. 13 No 

Linear regression;  
OIRD Day 1: R2 = 
0.215;  
m = -2.381 ± 1.373 
OIRD Day 5: R2 = 
0.112;  
m = 4.418 ± 3.754; 
Analysis of 
covariance (slopes) 

0.045* 

5e. 3 No 

Linear regression;  
OIRD Day 1: R2 = 
0.721;  
m = 10.270 ± 6.387 
OIRD Day 5: R2 = 
0.995;  
m = 3.585 ± 0.246; 
Analysis of 
covariance (slopes) 

0.317 

6b. 17 Yes Two-way ANOVA 
with interactions 

ROU v. Control: 0.027* 
[DAMGO]: < 0.001* 
Interaction between ROU v. Control and 
Doses: 0.842 

6c. 17 Yes Two-way ANOVA 
with interactions 

ROU v. Control: < 0.001* 
[DAMGO]: 0.003*   
Interaction between ROU v. Control and 
Doses: <0.001* 
 

6d. 17 Yes Two-way ANOVA 
with interactions 

ROU v. Control: 0.018* 
[DAMGO]: < 0.001* 
Interaction between ROU v. Control and 
Doses: 0.447  

 
Supplemental Table 1. Summary of statistical analyses in this study 
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6e. 17 Yes Two-way ANOVA 
with interactions 

ROU v. Control: < 0.001* 
[DAMGO]: 0.042* 
Interaction between ROU v. Control and 
Doses: 0.001* 

6f. 17 Yes Two-way ANOVA 
with interactions 

ROU v. Control: < 0.001* 
[DAMGO]: 0.014* 
Interaction between ROU v. Control and 
Doses: 0.007* 

 

Supplemental Table 1. Summary of statistical analyses in this study 
 

Results 

Effects of repeat opioid use (ROU) on breathing prior to fentanyl use and during Opioid-Induced 

Respiratory Depression (OIRD) 

 To determine the impact of repeat fentanyl use on breathing, we assessed quiet breathing 

prior to (i.e., baseline) and following fentanyl administration in 27 mice on Day 1 and Day 5 of 

the ROU protocol. No differences were evident in comparisons of baseline tidal volume (VT) 

respiratory rate (RR), or minute ventilation (Ve) (Table 2).  As chronic opioid use has been 

linked to Biot’s breathing and the occurrence of sleep-disordered breathing, we sought to 

determine whether apneic events during quiet breathing increased despite similarities in 

ventilatory metrics on Day 1 and Day 5 of the ROU protocol. Regression of the apnea index on 

Day 5 of ROU versus that on Day 1 suggests that ROU promoted an increase in apneas during 

air breathing (Fig 8A) and that persistent fentanyl use increases the occurrence of apneas.  We 

next sought to examine how ROU impacts opioid-induced respiratory depression (OIRD).  Mice 

naive to fentanyl (i.e., Day 1) exhibited a profound OIRD (Fig 8B, red) that was lessened by 

Day 5 (Fig 8B, blue).   On Day 1, OIRD occurred rapidly as Ve rapid decreased in the first two 

minutes following fentanyl administration (Fig 8C, red); whereas, the drop in Ve was 

progressively dropped and plateaued by Day 5 of ROU (Fig 8C, blue).  Moreover, a comparison 

of Ve during peak OIRD on Day 1 and Day 5 (Fig 8D) inspection of each subject’s change in 
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OIRD by Day 5 of ROU revealed that the impact of ROU on respiratory depression could be 

broadly categorized into distinct responses (Fig 9A). 77% (N=21/27) of mice tested showed an 

adaptive ventilatory response to ROU (AVR) that was characterized by a positive change in Ve 

during OIRD on Day 5 relative to Day 1 (Fig 9A, purple); whereas, the remaining 23% 

(N=6/27) of mice showed a non-adaptive ventilatory response to ROU (NVR) characterized by 

either no change in Ve at Day 5 of fentanyl exposure or an even greater respiratory depression 

compared to Day 1 (Fig 9A, yellow). By Day 5 of ROU, the magnitude of Ve during ORID was 

greater than that on Day 1 in mice showing the adaptive breathing response following ROU (Fig 

9B); whereas the magnitude of Ve during OIRD was similar between Day 5 and Day 1 in mice 

exhibiting the non-adaptive breathing response (Fig 9C). Additionally, comparisons of minute 

ventilation during peak ORID also reveal that Ve (Fig 9D), respiratory rate (RR) (Fig 9E), and 

tidal volume (VT) (Fig 9E) markedly improved by Day 5 in AVR mice, yet such improvements 

were not evident in NVR mice. Furthermore, AVR mice had a greater mean inspiratory flow 

(MIF) during OIRD when comparing Day 5 to Day 1 of ROU (Day 1: 28.10  ± 6.39 

µL•msec-1•g-1 vs. Day 5: 44.95 ± 6.39 µL•msec-1•g-1 vs. Day 1 P=0.0317) while MIF in  NVR 

mice were similar during OIRD on Day 1 and Day 5 (Day 1: 39.11 ± 8.25 µL•sec-1•g-1 vs  Day 5: 

28.75 ± 3.67 µL•sec-1•g-1; P=0.22).  

 

Table 2. Ventilation during room air breathing 
 

 
Day 

Ve (mL/min • 
g) 

RR 
(breath/min) 

VT( µL/breath • 
g) MIF (µL/sec • g) 

Day 1 2.101 ± 0.404 349.1 ± 17.3 4.121 ± 0.282 157.9 ± 24.4 
Day 5 1.512 ± 0.185 344.3 ± 17.7 4.631 ± 0.424 111.3 ± 11.4 

p-
value 0.523 0.783 0.359 0.452 
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Figure 8. Breathing in response to repeated opioid use 
A) (Left) Representative breathing trace showing the occurrence of apneas on Day 1 and Day 5 

prior to fentanyl administration (i.e., baseline air-breathing). Apneas (highlighted by pink 
boxes) are increased on Day 5.  (Right) Linear regression of apnea index on Day 5 versus Day 
1 (red line, m=2.65±0.32. Unity line (m = 1, dashed grey line) shown for comparison. Scale 
bars: 0.5 sec x 2 µL. 

B) Representative breathing trace before fentanyl administration (Baseline, Day 1 and Day 5, 
grey) and during OIRD (Day 1 red, Day 5 blue). Scale bars: 0.5 sec x 2 µL.  

C) Time course of Ve over time during OIRD Day 1 (red) and Day 5 (blue); (n=27). 
D) Comparison of Ve during OIRD on Day 1 (red) and Day 5 (blue). (n=27). 
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Figure 9. Examining individual Ve reveals divergent responses to ROU 
A) The individual percentage change in Ve on Day 5 relative to Day 1 (N=27).  Two breathing 

responses are evident: (1) the adaptive response (purple, N=21/27) where the change in Ve 
between Day 1 and Day 5 of ROU is greater than 0%; and (2) the non-adaptive response 
(yellow, N=6/27) where is Ve less than 0%.  Dashed vertical lines indicate the mean adaptive 
(mean=95.1%; purple) and mean non-adaptive (mean=-26.3%; yellow) change in Ve relative 
to Day 1. For reference, grey box represents the standard deviation (±2.75%) for the change in 
Ve of saline control animals (N=10) measured on Day 5 relative to Day 1 of saline injections 
(mean  ± S.E.M.: 0.772 ± 0.87) B.  Time course of mean Ve during OIRD for adaptive 
(purple) and non-adaptive response (yellow) on Day 1.  
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C) Time course of mean Ve during OIRD for adaptive (purple) and non-adaptive response 
(yellow) on Day 5.  

D) Comparison of mean Ve during ORID on Day 1 (red) and Day 5 (blue) in adaptive (left) and 
non-adaptive (right) individuals.  

E) Comparison of mean RR during ORID on Day 1 and Day 5 in adaptive (left) and non-
adaptive (right) individuals.   

F) Comparison of mean VT during ORID on Day 1 and Day 5 in adaptive (left) and non-adaptive 
(right) individuals. N.S.: Not significant (P>0.05).  
 

Longitudinal effects of ROU during respiratory depression  

 In a subset of individuals (N=11), we extended the ROU protocol from five to six days.  

In these subjects, breathing on each day of the ROU protocol was measured to characterize how 

it changes daily, before and during OIRD. Mice with the adaptive ventilatory response to ROU 

(N=7/11) show improvement in Ve (Fig 10A), RR (Fig 10B), VT (Fig 10C) and MIF (Fig 10D) 

during OIRD through Day 6 of the protocol. In contrast, mice with the non-adaptive response to 

ROU (N=4/11) do not show consistent improvement in Ve (Fig 10E), RR (Fig 10F), VT (Fig 

10G), or MIF (Fig 10H) during OIRD over the course of ROU.  
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Figure 10. Longitudinal tracking ventilatory metrics during ORID in adaptive and non-
adaptive subjects 
A) Ve, RR, VT, and MIF during OIRD over the course of six days of fentanyl administration in 

mice showing the adaptive response to ROU by Day 5 (N=7/11).  
B) Ve, RR, VT, and MIF during OIRD over the course of six days of fentanyl administration in 

mice showing the adaptive response to ROU by Day 5 (N=4/11).  Values are reported as 
mean ± S.E.M. 

 

The increased occurrence of apneas is observed in mice with a Non-Adaptive Ventilatory 

Response 

 The dichotomy in breathing patterns by Day 5 of ROU did not appear limited to OIRD.  

While the apnea index during quiet breathing on Day 1 to Day 5 of ROU was not different 

among the mice with the adaptive breathing response to ROU, the apnea index was larger on 

Day 5 of ROU in the mice with the non-adaptive breathing response (Fig 11A). The apnea index 

also did not increase over the course of ROU among mice showing the adaptive breathing 
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response to ROU (Fig 11B).   However, among mice showing the non-adaptive response to 

ROU, the apnea index progressively increased over the course of ROU (Fig 11C). 

 

 

Figure 11. Development of apneas following ROU 
A) (Left) Representative traces during room-air breathing on Day 1 and Day 5 in an individual 

from the adaptive response group (purple) and the non-adaptive response group (yellow). 
Apneas are highlighted by pink boxes. Scale bars: 0.5 sec x 2 µL.  (Right)  Mean apnea index 
of adaptive animals (N = 21/27; purple) and non-adaptive animals (N= 6/27; yellow) on Day 
1 and Day 5.  

B) Longitudinal tracking of apnea index during air breathing over the course of ROU in subjects 
showing the adaptive breathing response (subjects from Figure 3A; N = 7/11).  Individual 
responses in grey, and mean response in purple.  

C) Longitudinal tracking of apnea index during air breathing over the course of ROU in subjects 
showing the non-adaptive breathing response (subjects from Figure 3B; N = 4/11).  Individual 
responses in grey, and mean response in yellow. 

 

The relationship between breathing and O2 consumption during respiratory depression  

 Emerging evidence suggest that the state of oxygenation during OIRD influences survival 

outcomes during fentanyl overdose. 20,21 Therefore, we next set out to determine how ROU 
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impacts VO2 and its relationship to breathing.  VO2 was simultaneously assessed with breathing 

on Day 1 and Day 5 of ROU (N=16). Prior to fentanyl administration, VO2 was similar on both 

Day 1 and Day 5 (Day 1: 0.14 vs. Day 5: 0.14, P=0.61). However, ROU led to improved O2 

metabolism during ORID as the change in VO2 in response to fentanyl was greater on Day 1 

relative to Day 5 (Fig 12A).  

 Consistent with previous observations Ve and O2 metabolism (Ve:VO2),22 positive 

correlations between Ve and VO2 on were evident Day 1 (r2 =0.371, m=12.692) and Day 5 (r2 

=0.2670, m=8.011) before fentanyl administration (Fig 12B).  However, during OIRD on Day 1, 

the Ve:VO2 relationship was negative (Fig 12C red; r2 =0.0022, m=-0.3711) indicating an 

inability for ventilation to adequately support metabolic demand when under the influence of 

fentanyl.  While the relationship between ventilation and O2 metabolism was still markedly 

depressed during OIRD on Day 5, the suppressive action of fentanyl on the relationship of 

Ve:VO2 appeared to diminish with ROU as the relationship returned to a positive slope (Fig 12C 

blue; r2=0.2019, m=4.161). The majority of subjects (N=13/16) where VO2 and breathing were 

measured showed the adaptive breathing response. The Ve:VO2 relationship among this group 

was similar to that observed across the entire population, where the relationship on Day 1 was 

initially negative during OIRD (Fig 12D red; r2 =0.2146, m=-2.381) and later, on Day 5, 

appeared to normalize toward a positive correlation during OIRD (Fig 12D blue, r2 =0.1118, 

m=4.418). In contrast, in non-adaptive subjects, the Ve:VO2 relationship during OIRD was 

positive on Day 1 (Fig 12E red; r2 =0.7209, m=10.27) and while still positive on Day 5 (Fig 12E 

blue; r2 =0.9953, m=3.585) the slope of the correlation appeared to flatten toward a zero.  
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Figure 12. O2 consumption (VO2) and its relationship to breathing changes following ROU 
A) VO2 during OIRD on Day 1 and Day 5 expressed as a percentage of baseline (N=16).  While 

baseline absolute VO2 was similar between Day 1 and Day 5 (P=0.61, data not shown), 
absolute VO2 during OIRD was greater on Day 5 (P=0.046, data not shown).  

B) Comparison of the baseline Ve to VO2 relationship on Day 1 (grey; Day 1:  r2 = 0.371; m = 
12.692 ± 4.421) and Day 5 (black; Day 5:  r2 = 0.267; m = 8.011 ± 3.544) of ROU.  

C) Comparison of the Ve to VO2 relationship during OIRD on Day 1 (red; Day 1:  r2 = 0.002; m 
= -0.371 ± 2.090) and Day 5 (blue; Day 5:  r2 = 0.202; m = ±) of ROU.  

D) Comparison of the baseline Ve to VO2 relationship during OIRD on Day 1 (red; Day 1:  r2 = 
0.215; m = -2.381 ± 1.373) and Day 5 (blue; Day 5:  r2 = 0.112; m = 4.418 ± 3.754) in 
subjects showing the adaptive response to ROU (N = 13).  

E) Comparison of the baseline Ve to VO2 relationship during OIRD on Day 1 (red; Day 1:  r2 = 
0.721; m = 10.270 ± 6.387) and Day 5 (blue; Day 5: r2 = 0.995; m = 3.585 ± 0.246) in subjects 
showing the non-adaptive response to ROU (N=3). 

 

Ventilatory reflexes to hypercapnia and hypoxia are unchanged by ROU 

 Given the changes in Ve:VO2 relationship, we next sought to determine how ROU 

impacts ventilatory responses to hypoxia or hypercapnia on the last day of habituation and on 

Day 1 and Day 5 of ROU. When compared to the respective measurements made during 
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habituation, neither the hypoxic ventilatory response (Table 3) nor hypercapnic ventilatory 

response (Table 4) were changed following ROU.  

 
Table 3. Respiratory metrics during hypoxic ventilatory response before and after ROU 
1Comparison of Day 1 vs Day 5 in baseline breathing; 2Comparison of Day 1 vs Day 5 in HVR. 

 
Table 4. Hypercapnic ventilatory response before and after ROU 
1Comparison of Day 1 vs Day 5 in baseline breathing; 2Comparison of Day 1 vs Day 5 in HCVR. 

 

# of 
Animals 

(N) 

Minute 
Ventilation 
(mL/min/g) 

Respiratory 
Rate 

(Breaths/min) 

Tidal 
Volume 

(µL/breath/g) 

Mean 
Inspiratory 

Flow 
(µL/sec/g) 

Day 1 

Baseline 
10 1.535 ± 0.053 388.34 ± 21.36 3.481 ± 0.376 174.22 ± 30.85 

Day 5 
Baseline 

10 1.554 ± 0.117 393.23 ± 15.24 3.586 ± 0.146 173.21 ± 20.17 

p-value1 

 
__ 0.901 0.718 1.00 0.980 

Day 1 
HVR 

10 1.529 ± 0.081 438.99 ± 36.42 3.411 ± 0.351 164.68 ± 22.44 

Day 5 
HVR 

10 1.613 + 0.065 427.81 ± 22.64 3.924 ± 0.172 184.74 ± 19.34 

p-value2 

 
__ 0.457 0.830 0.109 0.549 

 

# of 
Animals 

(N) 

Minute 
Ventilation 
(mL/min/g) 

Respiratory 
Rate 

(Breaths/min) 

Tidal 
Volume 

(µL/breath/g) 

Mean 
Inspiratory 

Flow 
(µL/sec/g) 

Day 1 
Baseline 

12 1.372 ± 0.099 191.96 ± 11.88 4.369 ± 0.363 150.72 ± 17.05 

Day 5 
Baseline 

12 1.225 ± 0.127 173.39 ± 12.33 4.025 ± 0.289 146.82 ± 15.62 

p-value1 
 

__ 0.387 0.203 0.370 0.388 

Day 1 
HCVR 

12 1.271 ± 0.069 195.65 ± 13.34 4.899 ± 0.712 168.25 ± 12.36 

Day 5 
HCVR 

12 0.956 + 0.078 190.65 ± 13.90 4.291 ± 0.325 163.75 ± 17.99 

p-value2 

 
__ 0.146 0.821 0.403 0.774 



 57 

ROU desensitizes inspiratory rhythmogenesis to - µ-opioid receptor-dependent neuromodulation  

 We next sought to determine whether changes in response to ROU could involve 

alterations from within the preBötzinger Complex (preBötC) inspiratory neural network. To 

assess this, a series of electrophysiological recordings were performed from the rhythmic 

preBötC network isolated in brain slices from mice naive to fentanyl use (i.e., control) and mice 

that underwent repeat fentanyl use (i.e., ROU-treated). Rhythmogenesis from the preBötC of 

control (N=10) and ROU-treated slices (N=8) were similar (Fig 13A) as evidenced by 

similarities in frequency (control: 0.20 ± 0.03 Hz vs. ROU: 0.26 ± 0.05 Hz; P=0.33), irregularity 

score of period (control: 0.46 ± 0.08 Hz vs. ROU: 0.55 ±  0.15 Hz; P=0.89) and irregularity score 

of amplitude (control: 0.20 ±  0.03 Hz vs. ROU: 0.20 ±  0.03; P=0.69).  We next compared the 

dose-response of preBötC activity to µ-OR agonism, using DAMGO (25 to 1000nM, Fig 6A). 

While increasing the concentration of DAMGO in control (Fig 13B, grey) and ROU-treated (Fig 

13A, red) networks suppressed the preBötC activity, a rightward shift in the dose-response curve 

of the network burst instantaneous frequency was evident in networks that experienced ROU 

(Fig 13D).  Additionally, in slices from control mice, both preBötC burst amplitude (Fig 13E, 

grey) and fictive inspiratory drive (Fig 13F, grey) diminished with increasing concentrations of 

DAMGO. However, in the preBötC from ROU treated mice, network burst amplitude (Fig 13F, 

red) and fictive inspiratory drive (Fig 13F, grey) were largely insensitive to increasing 

concentrations of DAMGO.  
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Figure 13. The efficacy of opioid neuromodulation in the in vitro preBötC is reduced 
following ROU 
A) Representative integrated traces from preBötC recordings in response to increasing levels of 

DAMGO (0 to 1000 uM) in rhythmic slices from control mice (left, black) and mice that 
underwent ROU (right, red).  

B) Comparison of instantaneous frequency of rhythmogenesis in the preBötC between control 
and ROU.  

C) Comparison of fictive inspiratory drive in the preBötC between control and ROU.  Fictive 
inspiratory drive was defined at the normalized Burst amplitude of the preBötC (nBA) divided 
by time to peak (in msec).   

D) Comparison of control and ROU dose response curves of instantaneous frequency.  
E) Comparison of control and ROU dose response curves of burst amplitude.  
F)  Comparison of control and ROU dose response curves of fictive inspiratory drive. Values 

used in D to E were normalized to baseline values of each respective metric (i.e., 0 nM 
DAMGO). 

 

Discussion 

 Repeated fentanyl administration, linked with opioid use disorder, is a recognized risk 

factor driving fatal opioid overdose.6,23,24  In this mouse model of ROU, we demonstrate that 

fentanyl induced respiratory coincides with profound metabolic distress when naïve to fentanyl 
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use.  Following repeated fentanyl use, breathing and its relationship to metabolism during 

respiratory depression was improved.  These changes following ROU coincided with increased 

inspiratory drive during respiratory depression, and at the level of the preBötC, the sensitivity to 

opioid neuromodulation was reduced following ROU.  Importantly, the adaptive ventilatory 

response during OIRD was not evident in all subjects—emphasizing the complexity of 

developing opioid tolerance and its variable impact on respiratory function.  These divergent 

outcomes challenge the notion of uniform outcomes with repeat opioid use.  Moreover, our study 

results also emphasize the importance of repeated opioid use as a factor influencing breathing 

outcomes and its relationship to metabolism in response to fentanyl exposure.  Understanding 

such underlying factors that cause differences in OIRD following could lead to more effective 

interventions in opioid use disorder and its treatment.   

While fentanyl suppressed breathing both when mice were naïve to fentanyl 

administration (i.e., Day 1 of ROU) and were experienced with fentanyl administration (i.e., by 

Day 5 of ROU), the magnitude of respiratory depression was smaller on by Day 5 of when 

compared to Day 1.   The improved ventilation during OIRD after ROU aligns with the 

definition of respiratory tolerance to opioids previously documented in juvenile and adult rats 

following repeat fentanyl administration.25 Our findings also corroborate clinical observations 

indicating that tolerance to fentanyl-induced respiratory occurs with chronic opioid use26 while 

also demonstrating that OIRD tolerance manifests as an integrated response to include changes 

in metabolism and neuronal activity.  

Systemic hypoxia is an expected outcome of opioid overdose and a well-documented 

phenomenon.20,27-32  Across species, hypoxic challenges (FiO2=10%) cause a leftward shift  the 

normally positive relationship between breathing to oxygen metabolism, that is attributed to a 
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combination of hyperventilation and a reduction of metabolic rate.33 Our results indicate that 

fentanyl suppresses the VO2 to breathing relationship independent of familiarity of use, which 

emphasizes the potent nature of this opioid to produce conditions where physiological changes in 

response to repeat use cannot prevent the metabolic distress produced during fentanyl-induced 

respiratory depression. However, the conversion from a negative to positive Ve to VO2 

relationship following ROU suggests the trajectory of metabolic crisis is altered with experience 

to repeat fentanyl exposure.  As the interaction between fentanyl and hypoxia appears to 

uniquely affect the susceptibility to opioid-dependent mortality when compared to morphine20,  

the improved Ve to VO2 relationship appears to be an important physiological adaptation that 

emerges with repeated fentanyl exposure to increase the latency of fentanyl-mediated 

cardiorespiratory collapse subsequent to respiratory depression.     

At the level of the individual, differences between the VO2 to Ve relationship were 

evident among mice showing the adaptive and non-adaptive responses. Mice showing the non-

adaptive response do not exhibit improved oxygen metabolism during OIRD. Interestingly, 

among mice with AVR in response to ROU, improved minute ventilation is not necessary for an 

improved VO2 to breathing relationship during OIRD among all individuals suggesting that 

repeat fentanyl exposure drives a constellation of changes in the body beyond breathing. At the 

systems level, fentanyl-induced muscle rigidity, such as that observed with wooden chest 

syndrome, has been proposed to produce a hypermetabolic state that promotes the metabolic 

distress experienced during fentanyl-induced respiratory depression 27 28. Furthermore, in other 

cell types of the body, fentanyl has been to shown suppress mitochondrial activity.34 35 36 37  

These opposing actions of fentanyl on metabolism in different systems of the body likely work 

synergistically to augment the metabolic distress experienced during OIRD when naïve to 
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fentanyl. Furthermore, compensation to one or both phenomena could occur with ROU and may 

contribute to the emergence of the adaptive response; whereas failed compensation could 

contribute to non-adaptive response.  These possibilities remain to be investigated and resolved.   

With respect to improved breathing, the adaptive response following ROU exhibited an 

enhancement in inspiratory flow during OIRD.  This was not observed among individuals 

showing the non-adaptive response. Importantly, prior to fentanyl administration (i.e., baseline), 

no differences in inspiratory flow were detected when comparing adaptive and non-adaptive 

responders.  Furthermore, both the ventilatory hypercapnic chemoreflex and ventilatory hypoxic 

chemoreflex appeared to be unchanged by ROU.  Thus, improved inspiratory flow during OIRD 

appeared to be a unique response to fentanyl-mediated modulation of breathing rather than 

related to either a generalized enhancement of inspiratory flow or augmented ventilatory 

chemoreflexes by ROU.  

 Analgesic and euphoric tolerance is known to occur with opioid use emerges and stems 

from genetic, biochemical and neurophysiological changes throughout the brain38.  Our in vitro 

brain slice experiments in the preBötC also supports the view that tolerance to opioid-dependent 

modulation of breathing involves changes in central inspiratory drive.   While baseline rhythms 

from the preBötC were similar between control slices and slices from mice that experienced 

ROU, the preBötC rhythm was less sensitive to µ-OR based neuromodulation in slices from mice 

that experienced ROU when compared to control. Reduced sensitivity to µ-OR agonism was 

prominent in the dose-response of the preBötC network burst amplitude, fictive inspiratory drive 

and to a lesser degree, instantaneous frequency of the network rhythm.  Independent of ROU, the 

synaptic and intrinsic properties of the preBötC have been shown to be important determinants 

dictating dynamics and stability in response to µ-OR agonism within the network.39,40  
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Furthermore, genetic elimination of µ-ORs in the preBötC can minimize OIRD41,42, and our in 

vitro observations support the concept that changes in the preBötC contribute to enhancing 

inspiratory drive during OIRD after ROU.  

While we show that ROU leads to changes in rhythmogenesis from within the preBötC 

that are consistent with the emergence of respiratory tolerance to OIRD and the adaptive 

response to ROU, other respiratory networks known to contribute to inspiratory drive and 

OIRD43 may also contribute to these phenomena. For example, chronic morphine administration 

can lead to desensitization in potassium currents activated by µ-OR agonism within neurons of 

the Kölliker Fuse nucleus44. It will be important to further resolve how ROU impacts the 

properties of the inspiratory network and determine the impact of ROU-mediated changes 

throughout the respiratory network.  

The assessment of the impact of ROU on breathing using whole-body plethysmography 

was not without its recognized limitations.  Notably, the barometric approach to determine VT 

and metrics derived from VT can be confounded in conditions characterized by high flow 

resistance, resulting in an overestimation of tidal volume17  45. As fentanyl can increase airway 

resistance27, our calculations of Ve and inspiratory flow could be overestimated during increased 

airway rigidity. To more effectively assess VT would require independent measurement of the 

cycle timing by measuring diaphragmatic activity and or breathing mechanics. Such 

measurements would require invasive instrumentation and the use of anesthesia. In rats naive to 

fentanyl use, sedation has been shown to prevent the spontaneous recovery of inspiratory activity 

during fentanyl-dependent respiratory depression27.  We sought to avoid potential confounds 

such as that related to anesthetic use, given the paucity of understanding related to repeat 

fentanyl use on breathing.  Additionally, both our measurements of VO2 and our 
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electrophysiological experiments support that ventilation and inspiratory drive are improved with 

ROU.  

In conclusion, our study determined that prolonged, repeated exposure to fentanyl drives 

a respiratory adaptation that minimizes OIRD. This is, however, subject-dependent as a majority 

of animals exhibited a respiratory adaptation, while a minority of them did not. Complicating this 

is the respiration-O2 metabolism relationship in non-adaptive animals where improvements in Ve 

and/or VT are minimal, but O2 metabolism as a function of Ve is preserved. In adaptive animals, 

the effect of ROU on improved breathing during OIRD may be attributed to the effect of ROU 

on inspiratory drive in the whole-animal and at the level of the preBötC. This study offers crucial 

insights into the varied respiratory adaptations resulting from ROU, with significant 

implications.  Identifying both adaptive and non-adaptive responses not only deepens our 

foundational understanding into ORID but also opens new avenues for targeted strategies to 

minimize or mitigate opioid related overdose. Future studies will be essential for exploring how 

our results may be further advanced and leveraged to reduced mortalities associated with chronic 

opioid use. 
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Chapter 2 

Introduction 

Our findings in Chapter 1 reveal that contrary to previously believed, Repeat Opioid Use 

(ROU) does alter susceptibility to Opioid-Induced Respiratory Depression (OIRD). In the 

majority of subjects, we found that five days of repeat fentanyl administration resulted in a 

progressive decline in the effect of fentanyl to suppress breathing. This suggests that with five 

days of ROU, subjects develop tolerance to OIRD. We demonstrate that the development of 

tolerance to OIRD is due in part to reduced opioid neuromodulation at the level of the preBötC. 

The decreased effectiveness of the selective µ-opioid receptor agonist [D-Ala2, NMe-Phe4, Gly-

ol5]-enkephalin (DAMGO) to suppress rhythmic activity in the preBötC of mice exposed to 

ROU suggests that this is likely due to changes in µ-opioid receptor expression or sensitivity. 

While these findings phenotype the development of tolerance to OIRD and begin to elucidate the 

central mechanisms that support it, they do not answer how susceptibility to OIRD and opioid 

overdose changes despite ROU, as Shepard Siegel demonstrated with The Heroin Overdose 

Mystery.  

In The Heroin Overdose Mystery, Shepard Siegel demonstrated that opioid overdose 

susceptibility was altered depending on the environmental context of drug administration. This 

indicates that there are mechanisms of tolerance that develop with ROU that involve higher-

order circuit-level adaptations to combat opioid overdose susceptibility. Chapter 2 will 

investigate the role of the Locus Coeruleus (LC) in the development of tolerance to OIRD. 

Furthermore, it will investigate how tolerance to OIRD changes depending on the environmental 

context of drug administration, and the involvement of the LC in this conditional and learned 

tolerance.  
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Methods 

Animals  

All animal protocols followed National Institution of Health guidelines for the 

appropriate care and use of animals and were approved by the Institutional of Animal Care and 

Use Committee at The University of Chicago. Experiments were performed in the light cycle.  

For fiber photometry studies, we used a transgenic mouse line where Cre-recombinase 

expression is driven by the norepinephrine (NE) transporter promoter and has high selectivity for 

NE cells in the Locus Coeruleus (LC) with low ectopic expression (slc6a2, mouse line: Net-

Cre1). We used an additional transgenic mouse line for Cre-dependent expression of 

channelrhodopsin ChR2-tdTomato (strain number: 012567, The Jackson laboratory, mouse line: 

Ai27D2). For optogenetic experiments, Net-cre mice were crossed with Ai27D to selectively 

express ChR2 in the noradrenergic cells of the LC (LCNE). Adult mice of both sexes (>9 weeks, 

22-41g) on a Net-Cre background were used for simultaneous plethysmography and fiber 

photometry studies. Adult mice of both sexes (>9 weeks, 25-38g) on a Net-Cre/Ai27D 

background were used for simultaneous plethysmography and optogenetic studies. WT mice on a 

C57BL6 background were used as sham controls for optogenetic experiments and for 

plethysmography-only experiments (>9 weeks, 20-40g). Mice were bred at the University of 

Chicago animal facilities. Mice used in this study were group housed with the same sex in 

AAALAC-approved facilities following a 12/12 h light/dark cycle and were given ad libitum 

access to food and water. All behavioral experiments occurred during their light cycle.  
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Surgery 

Stereotaxic Surgical Procedures 

All viral injections were done with a stereotaxic surgical device (Kopf Instruments) to 

position injections and implants correctly and sterile tools were used throughout to maintain a 

sterile surgical environment. Isoflurane (2-3% induction, 1-1.5% maintenance) was used to 

anesthetize the mice. Head hair was shaved using a trimmer, and the mice were head-fixed in the 

stereotaxic system. Sterile drapes were placed over a heating pad to maintain homeostatic body 

temperature, and ophthalmic lubricant was placed over the eyes. Betadine was applied on the 

scalp prior to any incision or injection. Bupivacaine (1 mg/kg, s.c.) was then injected into the 

scalp. Sterile tools were used to make an incision at the midline of the scalp. A micromotor drill 

attached to the stereotaxic apparatus was used to drill two small holes into opposite sides of the 

skull where two small screws were implanted. Cannula implantation for optogenetic 

experiments, and cannula implantations and viral injections for fiber photometry experiments 

followed (see below for details). At the end of the surgery, mice were injected with Meloxicam 

(5 mg/kg, s.c.) and saline (5 mL, s.c.) and returned to their cage. The cage was then placed on a 

heating tray until the mice recovered and regained normal mobility (about 1-3 days). 

 

Viral injections and cannula implants for fiber photometry 

A Hamilton syringe was attached to the stereotaxic apparatus for viral injections and 

slowly lowered to the Locus Coeruleus. A syringe pump was used to control the viral injection 

volume to 400 nL and flow rate to 100 nL/min. The needle was held in place for a total of 10 

minutes to allow for sufficient viral infusion and was then slowly removed. 
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To selectively monitor the activity of the noradrenergic cells in LC (LCNE), we injected a 

Cre-dependent genetically encoded Ca2+ indicator (GCaMP) virus (pGP-AAC-CAG-FLEX-

jGCaMP8s-WPRE, Addgene: 162380) into the LC. Net-Cre transgenic mice were used for 

selective expression of GCaMP in LCNE neurons. Fiber optic cannulas (MFC_400/430-

0.66_6mm_MF1.25_FL, Doric) were implanted using a cannula holder attached to the 

stereotaxic system. Dental cement was attached to the screws, skull, and cannula to create a head 

cap to hold and protect the fiber optic cannula. Experimenters waited at least 3 weeks for the 

virus to fully express before checking the fluorescent signal.  

LC coordinates relative to Bregman for cannula placement were AP: -5.4, ML: 0.85, DV: 

-3.75. Two DV viral injections were done dorsal and ventral to the coordinate at -3.9 and -3.6. 

DV cannula placement was at -3.75 (verified using Paxinos and Franklin’s Mouse Brain Atlas, 

2001).  

 

Cannula implants for optogenetics 

 Fiber optic cannulas (MFC_200/250-0.66_6mm_MF1.25_FL, Doric) were implanted 

using a cannula holder attached to the stereotaxic system. Net-cre/Ai27D transgenic mice were 

used for selective expression of Channelrhodopsin2 (ChR2) in LCNE. Dental cement was 

attached to the screws, skull, and cannula to create a head cap to hold and protect the cannula. 

Experimenters waited at least 2 weeks before beginning habituation and experimental protocols. 

LC coordinates relative to Bregma for cannula placement were AP: -5.4, ML: 0.85, DV: -3.75 

(Paxinos and Franklin, 2001). 
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Behavioral Protocols 

Repeat Opioid Use Protocol with Context-Pairing 

Both breathing with plethysmography and LCNE activity with fiber photometry were 

measured during this protocol. The duration of the Repeat Opioid Use protocol was seven days 

and consisted of two phases. Phase One consisted of context-pairing with either fentanyl or 

saline for five consecutive days. Adult mice expressing GCaMP in LCNE were administered 

fentanyl (0.7 mg/kg, i.p.) daily in a distinctive environmental context (Fentanyl-Paired context). 

The same mice were also administered saline (0.2-0.3 mL, depending on mouse weight, i.p.) 

daily in another distinctive environmental context (Saline-Paired context). To make the 

environments distinctive, each had visual, tactile, audio, and olfactory cues associated with them. 

Because mice needed to remain in the plethysmography chamber to gather breathing data, the 

chamber became part of the environmental context. See-through chambers were placed into an 

opaque box to prevent mice from seeing experimenters. The box had visual cues on the walls and 

around the chamber, and an audio that was played outside of the chamber. Scents for olfactory 

cues were mixed with the Room Air and flowed directly into the chamber, floor bottoms of the 

chamber were textured and acted as the tactile cue. Context one: green box with triangle taped on 

one side, four 3-D blue or purple shapes, floor bottom with small circular holes in it, white noise 

audio, and vanilla scent. Context two: white box with square and circle taped on two walls, four 

3-D orange shapes, floor bottom made of mesh wiring, 80 BPM metronome audio, and almond 

scent. Which context was Fentanyl Paired and which was Saline Paired was counterbalanced 

across all of the subjects. Previous experiments demonstrated that there was no difference in the 

degree of respiratory depression depending on time of day of administration (e.g. morning or 

afternoon). To avoid any lingering effects of fentanyl carrying over into saline sessions, mice 
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were injected with saline and placed in their Saline-Paired context each morning, and injected 

with fentanyl and placed in their Fentanyl-Paired context each afternoon. There was an average 

of 3-4 hours between the morning and afternoon sessions. Sessions consisted of a 15-minute 

baseline recording prior to any injection, and then a 15-minute recording after the injection of 

either fentanyl or saline. Phase Two consisted of a two-day protocol directly following Phase 

One. During Phase Two, there was only one session a day and mice only received fentanyl 

injections. Sessions again consisted of a 15-minute baseline recording prior to injection, and a 

15-minute post-fentanyl injection recording. On one day of the protocol, mice again received 

fentanyl in the Fentanyl Paired context, on the other day they received fentanyl in the Saline 

Paired context. Which context came first during Phase two was counterbalanced across the 

subjects.  

 

Hypercapnic Ventilatory Response after Repeat Opioid Use with Context-Pairing 

In an additional set of subjects (n=4), we slightly modified the Repeat Opioid Use with 

Context-Pairing protocol and only measured breathing. During this protocol, there was an initial 

day prior to the beginning of Day 1 where we measured subjects’ Hypercapnic Ventilatory 

Response (HVCR) in a plethysmography chamber without any contextual cues associated with 

it. Mice then went through Phase One of the protocol. Phase Two again consisted of two days 

but instead of fentanyl administration, the HCVR was tested in the Fentanyl Paired and Saline 

Paired contexts. The HCVR protocol consisted of the following: Baseline breathing was initially 

measured in room air for 10 minutes (5 min, FiO2 = 21%, FiCO2 = 0%, balanced N2; 5min 

duration) and then switched to a hypercapnic gas mixture (i.e., hypercapnia, FiO2 = 21%, FiCO2 

= 5% CO2, balanced N2; 7 min duration). 



 73 

Acute Opioid Use Protocol 

 Only breathing was measured during this protocol, and optogenetic manipulation of LCNE 

or sham stimulation was conducted.  The Acute Opioid Use protocol consisted of one day and 

was only one session. Mice were placed in a plethysmography chamber inside of a silver box to 

prevent them from seeing the experimenters during the protocol. There were no cues or salient 

features about the box or plethysmography chamber. Mice were placed in the chamber and 

baseline breathing was recorded for 5 minutes. The light was turned on (for specifics see 

optogenetics section) and breathing prior to fentanyl injection with optogenetic stimulation was 

recorded for 5 minutes. The mouse was then injected with fentanyl and 15-minutes of breathing 

post-fentanyl injection with optogenetic stimulation was recorded. Importantly, this was the first 

time any subject had received fentanyl.  

 

Simultaneous Whole Body Plethysmography and Fiber Photometry 

Whole Body Plethysmography 

Respiration was measured daily during the ROU protocol using unrestrained whole-body 

plethysmography in a custom-constructed chamber (500mL) connected to a strain gauge pressure 

transducer. To conduct simultaneous fiber photometry recordings, the fiber optic patchcord was 

fed through a hole in the top of the chamber and attached to the mouse’s fiber optic cannula. An 

air-tight environment inside of the chamber was maintained by sealing the hole with modeling 

clay. Transducer signals were amplified via a Max II amplifier (BUXCO, CITY) and recorded 

using Synapse (TDT) software. Room air (19-21% O2, balanced N2) continuously flowed 

through the system at 0.6 liters per minute.  
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Chamber temperature (22-27 °C) was recorded each day of the ROU with context 

protocol prior to mouse placement in the plethysmography chamber. Barometric pressure was 

assessed across experimental sessions by using a website that provided the average barometric 

pressure (timeanddate.com) for the Hyde Park, IL for each experimental day.  Body weight and 

temperature (35.7-37.3 °C) were recorded for VT calculation, and mice were placed in the 

chamber and tethered to the fiber optic cable to record baseline breathing and LCNE activity (15 

minutes). At the end of the control period, calibrations for baseline VT were taken, the mouse 

was removed from the chamber and administered fentanyl (0.7 mg/kg, i.p.) or saline (0.2-0.3 

mL, depending on animal weight) before being promptly returned to the chamber and retethered 

to the fiber optic cable to record drug-affected breathing and LCNE activity (15 minutes). Post-

injection calibration measurements for VT calculations were done prior to the removal of the 

mouse from the chamber at the end of the 15-minute fentanyl or saline recording. Once the 

animal was removed, body temperature measurements were again recorded (36.1-37.8 °C). Prior 

to the experimental protocol, mice were habituated to tethering, handling, i.p. injections (saline, 

0.2-0.3 mL, depending on mouse weight) and a plethysmography chamber of a slightly different 

shape that would not be used in the protocol for 5 consecutive days. 

 

Fiber Photometry 

Fiber photometry was conducted using the TDT RZ10X system with a lock-in amplifier 

for signal demodulation, in conjunction with a Doric 6-port fluorescent mini cube 

(FMC6_IE(400-410)_E1(460-490)_F1(500-540)_E2(555-570)_F2(580-680)_S, Doric). The 

mini cube was equipped with 415 nm (isosbestic control) and 465 nm (GCaMP) excitation and 

525 nm emission filters suitable for our fluorophores of interest. 465 nm (GCaMP) was 



 75 

modulated at 330 Hz and 415 nm (isosbestic control) was modulated at 210 Hz. The signal was 

sampled at 1017.3 Hz. Output power levels were matched between isosbestic and GCaMP 

signals and were kept consistent throughout the 7 days of the protocol. A Doric Mono Fiberoptic 

Patchcord (MFP_400/430/1100-0.57_2m_FCM-MF1.25_LAF) was tethered to the fiber optic 

cannula on the animal’s head through a hole in the top of the plethysmography chamber. Mice 

were habituated to tethering during the 5-day habituation prior to any experimentation. TDT 

Synapse software was utilized to record and process fluorescent signals, track power levels, and 

simultaneously capture breathing signals. Photometry sessions lasted 30 minutes on average, 

including both baseline and fentanyl/saline sessions.  

 

Post hoc Analysis of Simultaneous Whole-Body Plethysmography and Fiber Photometry 

Fiber photometry and breathing data collected through the TDT system were analyzed in 

MATLAB using the TDTbin2mat function. LCNE activity and breathing was analyzed using a 

combination of MATLAB and custom scripts. The last 5 minutes of baseline were analyzed. The 

15 minutes of fentanyl data were analyzed in 5-minute bins (minutes 0-5, 5-10, 10-15), to ensure 

proper fitting of 415 nm to 465 nm. Raw GCaMP data was corrected for motion artifact and 

baseline fluctuations by fitting the 415 isosbestic signal to the 465 GCaMP signal with the polyfit 

function. We then subtracted the 415 fit from the 465 signal and divided the difference by the 

415 fit (ΔF/F (=[F465-Ffit415]/ Ffit415)). A Z-score of ΔF/F was used to compare across mice and 

across days. For both baseline and fentanyl/saline sessions, we used the mean and standard 

deviation from the baseline session of that day to calculate the Z-score. The findpeaks function 

was used to locate LCNE fiber photometry events. The threshold for an event to be counted was 

set at a Z-score of 2 for all days, sessions, and animals. This is to ensure with 95% confidence 
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that the events being counted were significantly different from the mean fluorescent signal. 

Various metrics were obtained about each LCNE event (amplitude, width, area under the curve) 

and the breathing during that LCNE event (widths, amplitude, instantaneous frequency, 

acceleration).  

The findpeaks function was used to identify breaths. Respiratory rate (RR, breath*min-1) 

was calculated by multiplying the average instantaneous frequency by 60 seconds. Tidal volume 

(VT, µL*breath-1*g-1) was calculated using the amplitude of breaths as described in Lim R et al. 

(2014)3 and was normalized to weight. Baseline periods used baseline calibrations and body 

temperature recordings for VT measurements, and post-injection (fentanyl or saline) periods used 

post-injection calibrations and body temperature recordings for VT measurements. Minute 

ventilation (Ve = mL*min-1*kg-1) was calculated as the product of tidal volume (VT, µL*breath-

1*g-1) and respiratory rate (RR, breath*min-1). Breathing during the last five minutes of the 15-

minute baseline period was analyzed and used as a baseline reference.  Breathing was analyzed 

for the duration of the 15-minute post-injection period.  

Definition of Tolerance with Repeat Opioid Use: Two comparisons of Ve during OIRD 

were made between: (1) Day 1 and Day 5 in the Fentanyl Paired context; and, (2) in the Fentanyl 

Paired and Saline Paired contexts following ROU. Tolerance is defined as a “diminished 

response to a substance that occurs with frequent use” 4. Thus, we defined the development of 

tolerance to Opioid-Induced Respiratory depression with Repeat Opioid Use as a smaller 

decrease in Ve after fentanyl administration compared to Ve prior to fentanyl administration.  

Tolerance between days was assessed by comparing Ve during the first five minutes after 

fentanyl injection normalized to baseline Ve, (averaged over the last five minutes of the baseline 

period). Comparisons between Day 1 and Day 5 included all 9 animals. Only animals who 
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developed tolerance during the protocol were included for comparisons between Fentanyl Paired 

and Saline Paired (n=7/9). Mice were considered to not develop tolerance and excluded from the 

Fentanyl Paired/Saline Paired analysis if: 1) Day 1 normalized Ve during the first five minutes 

after fentanyl administration was greater than 2 of the 3 final days of the protocol (Day 5, 

Fentanyl Paired, Saline Paired), and 2) Day 1 normalized Ve throughout the 15-minute fentanyl 

recording was greater than 2 of the 3 final days of the protocol (Day 5, Fentanyl Paired, Saline 

Paired).  

The findpeaks function was used to find periods of high-frequency breathing, designated 

High Frequency Respiratory Transients (HFRT), that occurred both prior to fentanyl and after 

fentanyl administration. Prior to fentanyl, HFRT was defined as a breathing frequency > 8 Hz5. 

During fentanyl breathing, HFRTs were defined as 1) an instantaneous breathing frequency 20% 

higher than the mean instantaneous frequency during respiratory depression and 2) one standard 

deviation above the instantaneous frequency of the previous breath. To identify where HFRTs 

occurred in the breathing signal after fentanyl administration, a vector containing consecutive 

instantaneous frequencies of breaths during each 5-minute bin of analysis was generated. Time 

stamps of the HFRTs were used to average the LCNE signal dynamics during the HFRT. The 

Matlab code used for this analysis is available upon request.   

 

Simultaneous Whole Body Plethysmography and Optogenetics 

Whole Body Plethysmography 

Respiration was measured daily during the Acute Opioid Use protocol using unrestrained 

whole-body plethysmography in a custom-constructed chamber (500mL) connected to a strain 

gauge pressure transducer that allowed for simultaneous measurements of breathing and 
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optogenetic manipulation. The fiber optic cable was fed through a hole in the top of the chamber 

and attached to the mouse’s fiber optic cannula. An air-tight environment inside of the chamber 

was maintained by sealing the hole with modeling clay. Transducer signals were amplified via a 

Max II amplifier (BUXCO, CITY) and recorded using Axoscope (Molecular Devices) software. 

Room air (19-21% O2, balanced N2) continuously flowed through the system at 0.6 liters per 

minute. 

Chamber temperature (21- 24 °C) was recorded prior to the Acute Repeat Opioid Use 

Protocol and mouse placement in the plethysmography chamber. Barometric pressure was 

assessed across experimental sessions by using a website that provided the average barometric 

pressure (timeanddate.com) for the Hyde Park, IL for each experimental day.  Body weight and 

temperature (35.8-36.6 °C) were recorded for VT calculation, and mice were placed in the 

chamber and tethered to a ThorLabs Mono Fiberoptic Patchcord (RJPFL4, ThorLabs). Breathing 

was recorded for 5 minutes, then, optogenetic stimulation was initiated and remained on for the 

next 5 minutes while breathing continued to be recorded. At the end of this initial 10-minute 

period, calibrations for baseline VT were taken, the mouse was removed from the chamber and 

administered fentanyl (0.7 mg/kg, i.p.) before being promptly returned to record drug-affected 

breathing. Optogenetic stimulation was again turned on when the subject was placed back in the 

chamber and remained on for the next 15 minutes. Post-injection calibration measurements for 

VT calculations were done prior to the removal of the mouse from the chamber at the end of the 

15-minute fentanyl recording. Once the animal was removed, body temperature measurements 

were again recorded (34.9-36.3 °C). Prior to the experimental protocol, mice were habituated to 

tethering, handling, i.p. injections (saline, 0.2-0.3 mL, depending on mouse weight), and a 

plethysmography chamber. 
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Optogenetics 

 Pulses of blue light (473 nm) were used to activate ChR2 using a DPSS laser system 

generated by a Master-9 Pulse Stimulator. Brief pulses of light at a frequency of 20 Hz (10 ms 

duration during 50 ms intervals) were used as the stimulation pattern to try to induce phasic LC 

activity. 20 Hz firing pattern was chosen to broadly simulate LC activity during periods of high 

arousal and physiological LC responses to salient stimuli6,7. A power meter was used to measure 

and confirm light power of ~5 mW prior to tethering the animal. Mice were at least 2 -3 weeks 

post-op prior to experimentation and were habituated to the plethysmography chamber, tethering, 

handling, and i.p. injections for 5 days prior to any experimentation.  

Post hoc Analysis of Simultaneous Whole-Body Plethysmography and Optogenetics 

Breathing data was analyzed with Clampfit 11 (Molecular Devices). (RR, breath*min-1) 

was calculated by multiplying the average instantaneous frequency by 60 seconds. Tidal volume 

(VT, µL*breath-1*g-1) was calculated using the amplitude of breaths as described in Lim R et al. 

(2014)3 and was normalized to weight. Baseline periods used baseline calibrations and body 

temperature recordings for VT measurements, and post-fentanyl injection periods used post-

injection calibrations and body temperature recordings for VT measurements. Minute ventilation 

(Ve = mL*min-1*kg-1) was calculated as the product of tidal volume (VT, mL*breath-1*g-1) and 

respiratory rate (RR, breath*min-1). Breathing during the first five-minute period of baseline (no 

optogenetic stimulation) was used as a baseline reference. Breathing was sampled from 10-

second window bins of quiescent breathing (no movement artifact) for each minute bin of the 

protocol.  
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Post hoc Analysis for Hypercapnic Ventilatory Response Protocol 

Breathing data was analyzed with Clampfit 11 (Molecular Devices). (RR, breath*min-1) 

was calculated by multiplying the average instantaneous frequency by 60 seconds. Tidal volume 

(VT, µL*breath-1*g-1) was calculated using the amplitude of breaths as described in Lim R et al. 

(2014)3 and was normalized to weight. Minute ventilation (Ve = mL*min-1*kg-1) was calculated 

as the product of tidal volume (VT, µL *breath-1*g-1) and respiratory rate (RR, breath*min-1). 

Breathing was sampled from 10-second window bins of quiescent breathing (no movement 

artifact) for each minute bin of the protocol.  

 

Statistical Analysis and Figures 

 Receiver Operating Characteristic (ROC) analyses were performed using custom code in 

R (available upon request). All other statistical analyses were performed using Origin (OriginLab 

Corporation, Northampton, MA). Statistical significance was defined as p < 0.05. Unless 

otherwise stated, values are reported as a mean ± SEM. Biorender was used to make 

experimental protocol and method schematics. 

 

Histology 

Immunohistochemistry and viral placement 

 Mice were anesthetized with isoflurane. Standard protocols were used for perfusion 

procedures. Mice were perfused with 20 mL chilled PBS, followed by 20 mL chilled 4% 

paraformaldehyde in PBS. Brains were removed and placed in falcon tubes filled with PFA for 

~24 hours. Brains were removed and placed in a falcon tube filled with a 30% sucrose solution. 

Once brain sunk to the bottom of the tube (~1-3 days), they were frozen in OCT blocks. Slicing 
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was done on a Leica Cryostat and 40 µm bilateral coronal slices were taken of the LC and direct 

rostral and caudal areas. Slices were kept in cryoprotectant solution after slicing until ready to 

immunohistochemical processing.  

 Immunofluorescent staining was performed on all sections from a single series, at room 

temperature and with agitation, unless otherwise noted. Tissue was rinsed in 1X phosphate 

buffered saline (PBS, pH 7.4) 3 times for 10 minutes each to remove cryoprotectant. Tissue was 

then washed in PBS supplemented with 0.5% Tween-20 (PBS-T) twice for 5 minutes each, and 

placed in a blocking buffer for 30 minutes (50mM glycine, 0.1% (v/v) TritonX-100, 0.1% (w/v) 

Bovine Serum Albumin, 0.05% (v/v) Tween20, and 2% (v/v) Normal Donkey Serum, in PBS). 

The primary antibodies rabbit anti-tyrosine hydroxylase (EMD Millipore #AB152) and chicken 

anti-GFP (Invitrogen #A10262) were diluted 1:500 and 1:200, respectively, in antibody buffer 

(PBS supplemented with 0.1% TritonX-100, 0.05% Tween2, 0.1% (v/v) hydrogen peroxide, and 

10mM glycine), which was applied to the tissue overnight at 4°C. The next day, tissue was 

washed 3 times for 5 minutes each in 0.5% PBS-T, then incubated for 2 hours with secondary 

antibody solution, containing 1:1000 each donkey anti-chicken IgY (H+L) Alexa Fluor 488 

(Invitrogen #A78948) and donkey anti-rabbit IgG (H+L) Alexa Fluor PLUS 647 (Invitrogen 

#A32795) in 0.1% PBS-T. Afterwards, tissue was washed three times for 5 minutes each in PBS, 

mounted on glass slices, and cover slipped with Prolong Gold with DAPI (Invitrogen #P36935).   

Images were captured on a Zeiss Axio Imager.M2 upright epi-fluorescence microscope 

using a 10x N-Achroplan 0.25 numerical aperture (NA) objective. All sections were imaged with 

identical collection parameters. Image files were first captured as z-stacks with a step-size of 

1 µm, and then flattened using the two-dimensional maximum intensity projection algorithm in 

ImageJ (NIH) before quantification. Total cell counts within LC were made by hand for TH-
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positive or GFP-positive cells from the individual fluorescent channel images. Dual-labeled cells 

were quantified by using the Image Calculator function in ImageJ to create a co-localization 

mask based on fluorescent intensity overlap, and the output was similarly counted by hand. 

Solely single-labeled cell counts (e.g., TH-positive but GFP-negative) were calculated by 

subtracting the colocalized cell count from the total cell count within each section. All 

measurements were done first within single sections per subject, then averaged for all sections 

within a subject before further plotting and statistical analyses. 

 

Results 

Repeat Opioid Use leads to changes in Locus Coeruleus activity that coincides with changes in 

breathing. 

I. Fentanyl has differential effects on aggregate Locus Coeruleus activity following 

Repeat Opioid Use  

 To determine the underlying neural mechanisms that contribute to the development of 

tolerance to Opioid-Induced Respiratory Depression (OIRD) with Repeat Opioid Use (ROU), we 

used whole-body plethysmography and fiber photometry in freely behaving Net-Cre mice 

expressing GCaMP8s in the noradrenergic cells of the Locus Coeruleus (LCNE) (Fig 14A). On 

average across subjects, GCaMP8s was expressed in 38% of Tyrosine Hydroxylase+ (TH+) cells 

in the LC (Supp Fig 1). This allowed for simultaneous measurements of breathing and 

intracellular Ca2+ activity in LCNE. Mice underwent a repeat opioid use (ROU) protocol that 

consisted of five consecutive days of fentanyl administration in a distinct context (i.e., the 

Fentanyl Paired context) and saline administration in a different distinct context (i.e., the Saline 

Paired context) (Fig 14B). No differences in the number of LC events were observed prior to 
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injection in either the Fentanyl Paired context or the Saline Paired context when comparing Day 

1 (i.e., when mice are naïve to fentanyl exposure) to Day 5 (i.e., when mice have been exposed to 

repeated fentanyl exposure) of the ROU protocol (Supp Fig 2).  While aggregate LCNE activity 

increased in response to fentanyl administration on Day 1 (Fig 14C), changes in aggregate LCNE 

activity were not evident after fentanyl administration on Day 5 (Fig 14D). Moreover, aggregate 

LCNE activity was unaffected by saline injection on either day of ROU (Supp Fig 3).  As these 

analyses suggested that ROU leads to changes in the LCNE response to fentanyl administration, 

we next assessed how ROU alters breathing in response to fentanyl.  

 

Supplemental Figure 1. Verification of GCaMP expression in LCNE neurons 
A) Example image showing expression of GCaMP in TH+ cells. 
B) Quantification of GCaMP expression within the TH+ cells.  
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Figure 14. Fentanyl has differential effects on aggregate LCNE activity following Repeat 
Opioid Use 
A) Schematic showing simultaneous fiber photometry and plethysmography experimental set up 

with viral GCaMP8s and cannula placement in the LC in Net-Cre mice.  
B) Schematic of the 5-day experimental ROU protocol. Top: Daily fentanyl injection in the 

Fentanyl Paired context. Bottom: Daily saline injection in the Saline Paired context. 
C) Day 1 of ROU protocol: Top: Example traces of fluorescent LCNE signals prior to fentanyl 

and after fentanyl injection. Scale bars: 2.5 sec x 1 z-score. Bottom: Mean Number of LC 
Events prior to, and 0-5, 5-10, and 10-15 minutes after fentanyl administration. RM One-
Way ANOVA p<0.0001, Post hoc: Dunnett’s pairwise comparison, control=prior to 
fentanyl, n=9. Red dotted line indicates group mean.  

D) Day 5 of ROU protocol: Top: Example traces of fluorescent LCNE signals prior to fentanyl 
and after fentanyl injection. Scale bars: 2.5 sec x 1 z-score. Bottom: Mean Number of LC 
Events prior to, and 0-5, 5-10, and 10-15 minutes after fentanyl administration. RM One-
Way ANOVA p=0.14, Post hoc: Dunnett’s pairwise comparison, control=prior to fentanyl, 
n=9. Red dotted line indicates group mean. 
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Supplemental Figure 2. Repeat Opioid Use does not alter LCNE activity prior to Fentanyl 
and Saline injection in the Fentanyl Paired or Saline Paired contexts, respectively 
A) Mean Number of LC Events prior to fentanyl injection on Day 1 and Day 5 in the Fentanyl 

Paired context. Paired t-test (p=0.14). Red dotted line indicates group mean. 
B) Mean Number of LC Events prior to saline injection on Day 1 and Day 5 in the Saline Paired 

context. Paired t-test (p=0.21). Red dotted line indicates group mean. 
 

 

Supplemental Figure 3. LCNE activity is not altered by Saline injection 
A) Day 1 of ROU protocol: Mean Number of LC Events prior to, and 0-5, 5-10, and 10-15 

minutes after saline administration. RM One-Way ANOVA p=0.7, Post hoc: Dunnett’s 
pairwise comparison, control=prior to fentanyl, n=9. Red dotted line indicates group mean. 

B) Day 5 of ROU protocol: Mean Number of LC Events prior to, and 0-5, 5-10, and 10-15 
minutes after saline administration. Friedman ANOVA p=0.27, Post hoc: Dunn’s pairwise 
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comparison, n=9. Red dotted line indicates group mean. Yellow dotted line indicates group 
median. 
 

II. Repeat Opioid Use results in a distinct pattern of Opioid-Induced Respiratory 

Depression after fentanyl administration  

Respiratory rate (RR, i.e. the number of breaths per minute), tidal volume (VT, i.e. the 

volume of air breathed in per breath), and minute ventilation (Ve, i.e. the amount of air breathed 

within a minute) were measured prior and following injections on Day 1 and Day 5 of ROU in 

the Fentanyl Paired and Saline Paired contexts. Breathing in the Fentanyl Paired context prior to 

fentanyl administration was similar on Day 1 and Day 5, as no differences in RR, VT, or Ve were 

evident between days. Ve in the Saline Paired context prior to saline injection was decreased on 

Day 5 as compared to Day 1, driven by a decrease in RR, as there was no change in VT (Supp 

Table 2). While breathing was unaffected by saline injection on Days 1 and 5 of the ROU 

protocol (Table 5), fentanyl administration caused respiratory depression when subjects were 

naïve to fentanyl (Day 1) as well as after the ROU protocol (Day 5) (Fig 15A). During the initial 

5 minutes after fentanyl injection, breathing decreased in RR, VT, and Ve on Day 1 following 

fentanyl administration. On Day 5, RR and Ve were decreased after fentanyl, but not VT (Table 

6). While respiratory depression occurred on both Day 1 and Day 5, differences were observed 

between the two days (Fig 15B). Fitting a model to the data sets from each day revealed distinct 

patterns of respiratory depression on Day 5 compared to Day 1 in RR, VT, and Ve with subjects 

experiencing overall less respiratory depression by Day 5 (Fig 15C). Importantly, while the 

majority of subjects developed tolerance (n=7/9, 77%) throughout the ROU protocol, n=2/9 

(23%) did not (see methods for tolerance definition). 
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Context Metric Day 1 Day 5 P-
value 

Test 

Fentanyl 
Paired 

 
Mean  Median Mean Median 

  

 
RR (bpm) 257.42 

± 
19.43 

 
222.96 
± 
17.12 

 
0.19 Paired t-

test 

 
TV 
(µL/*breath/g) 

3.14 ± 
0.22 

 
2.78 ± 
0.38 

 
0.35 Paired t-

test 
 

MV 
(mL/min/g) 

0.85 ± 
0.11 

0.81 0.7 ± 
0.14 

0.48 0.3 Wilcoxon 
Signed 
Ranks 

Saline 
Paired 

 
Mean Median Mean Median 

  

 
RR (bpm) 290.92 

± 
13.24 

 
211.62 
± 
20.73 

 
0.008 Paired t-

test 

 
TV 
(µL/*breath/g) 

3.24 ± 
0.57 

2.61 2.64 ± 
0.26 

2.27 0.43 Wilcoxon 
Signed 
Ranks 

 
MV 
(mL/min/g) 

1 ± 
0.19 

0.86 0.6 ± 
0.09 

0.54 0.02 Wilcoxon 
Signed 
Ranks 

 

Supplemental Table 2. Respiratory metrics prior to fentanyl administration on Day 1 and 
Day 5 
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Day Metric Baseline Saline P-
value 

Test 

Day 1 
 

Mean Median Mean Median 
  

 
RR (bpm) 290.92 

±  
13.24 

 
270.61 
± 10.52 

 
0.09 Paired t-

test 

 
TV 
(µL/*breath/g) 

3.24 ± 
0.57   

2.61 3.06 ±  
0.4 

2.43 0.73 Wilcoxon 
Signed 
Ranks 

 
MV 
(mL/min/g) 

1 ± 0.2 0.86 0.9 ± 
0.14 

0.71 0.55 Wilcoxon 
Signed 
Ranks 

Day 5 
 

Mean Median Mean Median 
  

 
RR (bpm) 211.72 

± 20.73 

 
225.73 
± 16.79 

 
0.14 Paired t-

test 
 

TV (µL 
/*breath/g) 

2.64 ± 
0.26 

 
2.76 ± 
0.22 

 
0.55 Paired t-

test 
 

MV 
(mL/min/g) 

0.59 ± 
0.09 

 
0.65 ± -
.05 

 
0.32 Paired t-

test 

 

Table 5. Respiratory metrics after saline administration on Day 1 and Day 5 
 

 

 

 

 

 



 89 

Day Metric Baseline Fentanyl P-
value 

Test 

Day 1 
 

Mean Median Mean Median 
  

 
RR (bpm) 257.4 ± 

19.4 

 
157.1 ±  
10.9 

 
0.002 Paired t-

test 
 

TV 
µL/*breath/g) 

3.14  ±  
0.22 

 
2.44 ±  
0.13 

 
0.014 Paired t-

test 
 

MV 
(mL/min/g) 

0.85 ± 
0.11 

0.81 0.4 ±  
0.04 

0.36 0.004 Wilcoxon 
Signed 
Ranks 

Day 5 
 

Mean Median Mean Median 
  

 
RR (bpm) 223.96 

± 17.12 

 
162.8 ± 
10.02 

 
0.004 Paired t-

test 
 

TV 
(µL/*breath/g) 

2.78 ± 
0.38  

 
2.48 ±  
0.21 

 
0.35 Paired t-

test 
 

MV 
(mL/min/g) 

0.7 ± 
0.14  

0.48 0.41 ±  
0.03 

0.43 0.012 Wilcoxon 
Signed 
Ranks 

 

Table 6. Respiratory metrics after fentanyl administration on Day 1 and Day 5 
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Figure 15. Repeat Opioid Use results in a distinct pattern of breathing after fentanyl 
administration and less overall respiratory depression 
A) Representative breathing traces on Day 1 (yellow) and Day 5 (gray), prior to fentanyl (top), 

and after fentanyl administration (bottom). Scale Bars: 1 sec x 3 µL.  
B) Time course of mean RR top), VT (middle), and Ve (bottom) during OIRD on Day 1 (yellow) 

and Day 5 (gray) during OIRD. The shaded region represents the SEM (n=9). 
C) Polynomial fits of Ve during OIRD breathing in the Day (yellow) and Day 5 (gray) data sets. 

RR (data not shown) (F-test, p<0.0001, D1: R2=0.23, D5: R2=0.06), VT (data not shown) (F-
test, p<0.0001, D1: R2=0.07, D5: R2=0.007), and Ve (F-test, p<0.0001, D1: R2=0.26, D5: 
R2=0.05) fit comparisons were also different from Day 1 to Day 5. Raw data points for each 
animal (n=9) are plotted behind the Ve fits.  
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III. Coupling between Locus Coeruleus activity and breathing is increased during 

respiratory depression after ROU  

Because of these changes to both LCNE activity and the degree of Opioid-Induced 

Respiratory Depression (OIRD) following ROU, we next sought to determine how ROU 

impacted the relationship between LCNE activity and breathing after fentanyl administration. On 

both Day 1 and Day 5 of ROU, we observed that LC events coincided with bouts of High-

Frequency Respiratory Transients (HFRTs) both prior to (Fig 16A) and during exposure to 

fentanyl (Fig 16B). These were apparent by increases in VT as well as RR. Prior to fentanyl 

administration, the percentage of LCNE events that corresponded with HFRTs (RR ranged from 8 

to 16 Hz during HFRT) did not change from Day 1 (20% ± 7.2 ) to Day 5 (21% ± 7.2 ). After 

fentanyl administration, HFRTs were defined as an increase in RR by 20% greater than the mean 

RR during respiratory depression. The percentage of LCNE events that corresponded with HFRTs 

(HFRT-LCNE events) during the initial five minutes post fentanyl injection increased from 60% ± 

3.9 on Day 1 to 78% ± 6 on Day 5 (Fig 16C). Furthermore, the increase in breathing during 

HFRT-LCNE events is greater on Day 5 as compared to Day 1 and is evident throughout the 15-

minute protocol in RR, VT, and Ve (Fig 16D). We next sought to determine if there were any 

differences in the waveform of HFRT-LCNE that coincided with the breathing changes we saw by 

Day 5 of ROU. To look at the average waveform of HFRT-LCNE events, we aligned LCNE 

activity based on the start time of corresponding HFRTs, similar to an event-triggered average 

analysis. This indicated that following fentanyl administration, the initiation of LCNE activity 

preceded the start of the HFRT on both Day 1 and Day 5, suggesting LCNE is upstream of the 

motor output of respiratory activity (Fig 16E). However, ROC AUC analysis revealed chance 

ability (54%) of model predictions to distinguish between the distributions of HFRT-LCNE event 
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amplitudes on Day 1 and Day 5 indicated by no departure from the unity line (Supp Fig 4). This 

demonstrates no change in LCNE event amplitude between Day 1 and Day 5.  

 

 

Figure 16. Repeat Opioid Use leads to a stronger coupling between LCNE activity and 
breathing during respiratory depression 
A) Representative traces of simultaneous fluorescent LC activity and breathing prior to fentanyl 

injection on Day 1 (left) and Day 5 (right). LC activity with corresponding HFRTs (HFRT-
LCNE) are highlighted in yellow. Scale bars: top: 2 z-score x 5 sec, bottom: 2 µL x 5 sec. 

B) Representative traces of simultaneous fluorescent LC activity and breathing after fentanyl 
injection on Day 1 (left) and Day 5 (right). HFRT-LCNE events are highlighted in yellow. 
Scale bars: top: 1 z-score, 1 sec, bottom: 2 µL x 1 sec.  
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C) Mean Proportion of HFRT coupled LC events out of the total Number of LC events on Day 1 
(yellow) and Day 5 (gray) during OIRD. Paired t-test (p=0.013), (n=9). Red dotted line 
indicates group mean.  

D) Mean RR (top), VT (middle), and Ve (bottom) during HFRT-LCNE events during minutes 0-5, 
5-10, and 10-15 after fentanyl administration on Day 1 (yellow) and Day 5 (gray). RR, VT, 
Ve: RM Two-Way ANOVA p<0.001. Post hoc: Tukey pairwise comparison (n=9). 
Significant interactions of Day 1 and Day 5 within time bins (min 0-5, 5-10, 10-15) are 
indicated.  

E) Mean LC activity during HFRTs on Day 1 (yellow, left) and Day 5 (gray, right). The start of 
the HFRTs were aligned to the red dotted line at time 0. LC activity for 3 seconds prior and 2 
seconds after the start of the HFRT was averaged across all events and all animals (n=9).   
 

 

Supplemental Figure 4. Repeat Opioid Use does not alter HFRT-LCNE event amplitude 
after fentanyl injection 
A) Overlap of the frequency distribution of HFRT-LCNE event amplitude on Day 1 (yellow) and 

Day 5 (gray). 
B) ROC analysis of A. AUC of 54% reveals chance levels of model predictions distinguishing 

Day 1 from Day 5 distributions.    
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Adaptations in Locus Coeruleus activity that develops alongside tolerance to Opioid-Induced 

Respiratory Depression from Repeat Opioid Use is conditional 

I. The context of fentanyl administration results in differences in tolerance to Opioid-

Induced Respiratory Depression during the initial period after fentanyl 

administration 

 It is well established that tolerance to opioid overdose susceptibility and the analgesic 

effects of opioids are dependent on the environmental context of drug administration8–18, a 

phenomenon called context-dependent tolerance. To test if tolerance to the respiratory depressive 

effects of opioids is also dependent on context, two additional days were added to the ROU 

protocol, where mice received fentanyl in the Fentanyl Paired context on one day, and fentanyl 

in the Saline Paired context on the other day. Only mice who developed tolerance during the first 

five days of the ROU protocol were included in this analysis (n=7/9). Breathing was compared 

between the two contexts. Prior to fentanyl administration, there were no differences in breathing 

when subjects were in the Fentanyl Paired and Saline Paired contexts, as demonstrated by similar 

RR, VT, and Ve (Supp Table 3). During the initial five minutes after fentanyl injection, there was 

no decrease in breathing when subjects were in the Fentanyl Paired context, as evidenced by no 

change in RR, VT, and Ve from prior to fentanyl. In the Saline Paired context, there was an initial 

decrease in Ve, which was driven by a decreased RR, as there was no change in VT during the 

initial five minutes after fentanyl injection (Table 7). However, subjects do eventually reach 

equivalent steady state respiratory depression in both the Fentanyl Paired and Saline Paired 

contexts after this initial period (Fig 17D). This suggests a difference in the onset of depression 

between contexts. Fitting a model to the data sets from each day revealed distinct patterns of 
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respiratory depression in the Fentanyl Paired context compared to the Saline Paired context in 

RR, VT ,  and Ve (Fig 17D,E).  

 

Metric Fentanyl Paired Saline Paired P-value Test 

 
Mean Median Mean Median 

  

RR (bpm) 227 ± 
23 

 
242.1 ±  
18.6 

 
0.5 Paired t-test 

TV 
(µL/*breath/g) 

2.57 ±  
0.28 

2.3 2.78 ±  
0.17 

2.84 0.56 Wilcoxon 
Signed 
Ranks 

MV 
(mL/min/g) 

0.62 ± 
0.1 

 
0.73 ± 
0.08 

 
0.32 Paired t-test 

 

Supplemental Table 3. Respiratory metrics prior to fentanyl administration in the Fentanyl 
Paired and Saline Paired contexts after ROU 
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Context Metric Baseline Fentanyl P-
value 

Test 

Fentanyl 
Paired 

 
Mean Median Mean Median 

  

 
RR (bpm) 227 ± 

23 

 
199.77 
± 17.34 

 
0.06 Paired t-

test 
 

TV 
(µL/*breath/g) 

2.57 ± 
0.28 

2.3 2.66 ± 
0.24 

2.58 0.47 Wilcoxon 
Signed 
Ranks 

 
MV 
(mL/min/g) 

0.62 ± 
0.1 

 
0.53 ± 
0.06 

 
0.15 Paired t-

test 

Saline 
Paired 

 
Mean Median Mean Median 

  

 
RR (bpm) 242.11 

± 18.62 

 
170.35 
± 14.5 

 
0.0017 Paired t-

test 
 

TV 
(µL/*breath/g) 

2.78 ± 
0.17 

 
2.51 ± 
0.14 

 
0.16 Paired t-

test 
 

MV 
(mL/min/g) 

0.73 ± 
0.08 

 
0.45 ± 
0.06 

 
0.008 Paired t-

test 
 

Table 7. Respiratory metrics after fentanyl administration in the Fentanyl Paired and 
Saline Paired contexts after ROU 
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Figure 17. The context of fentanyl administration results in differences in the degree of 
Opioid-Induced Respiratory Depression during the initial period after fentanyl 
administration 
A) Schematic showing simultaneous fiber photometry and plethysmography experimental setup 

with viral GCaMp8s and cannula placement in the LC in Net-Cre mice.  
B) Schematic of days 6 and 7, after the 5-day ROU protocol. Mice receive fentanyl injection in 

the Fentanyl Paired context on one day and fentanyl in the Saline Paired context on the other 
C) Representative breathing traces when in the Fentanyl Paired (blue) and Saline Paired (red), 

prior to fentanyl (top), and after fentanyl administration (bottom). Scale Bars: 1 sec x 3 µL.  
D) Time course of mean RR (top), VT (middle), and Ve (bottom) during OIRD in the Fentanyl 

Paired (blue) and Saline Paired (red) during OIRD. The shaded region represents the SEM 
(n=7). 
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E) Polynomial fits of Ve during OIRD breathing in the Fentanyl Paired (blue) and Saline Paired 
(red) data sets. RR (data not shown) (F-test, p=0.01, FP: R2=0.17, SP: R2=0.12), VT (data not 
shown) (F-test, p=0.007, FP: R2=0.22, SP: R2=0.03), and Ve (F-test, p=0.002, FP: R2=0.26, 
SP: R2=0.11 ) fit comparisons were also different between Fentanyl Paired and Saline Paired. 
Raw data points for each animal (n=7) are plotted behind the Ve fits. 
 

II. Coupling of Locus Coeruleus activity and breathing are attenuated when the location 

of fentanyl administration is altered 

Because of the initial difference in respiratory depression between the Fentanyl Paired 

and Saline Paired contexts, we next sought to determine how the relationship between HFRTs 

and LCNE activity changed during this initial period of depression depending on the context of 

fentanyl administration. We again see HFRT-LCNE events prior to fentanyl, as well as during 

respiratory depression (Fig 18A). However, there are no differences in the percentage of HFRT-

LCNE events prior to fentanyl and after fentanyl administration between the two contexts. In the 

Fentanyl Paired context, there was no change in the percentage of HFRT-LCNE events prior to 

fentanyl compared to after fentanyl injection (53% ± 13.2 and 71% ± 8.2, respectively). 

However, in the Saline-Paired context, the percentage of HFRT-LCNE events increased from 

25% ± 5.9% prior to fentanyl injection to 83% ± 5.2 after fentanyl injection (Fig 18B). 

Furthermore, during this initial period of depression, the degree of the increase in breathing 

during HFRT-LCNE events was greater in the Fentanyl Paired context as compared to Day 1 of 

the ROU protocol (similar to results comparing Day 1 and Day 5). This was evident in Ve and 

driven by RR, as there was no change in VT. This increase was not evident when the subjects 

were in the Saline-Paired context (Fig 18C). Direct comparison of the frequency distributions of 

Ve during HFRT-LCNE events in the Fentanyl Paired and Saline Paired contexts reveals a 

rightward shift in the distribution curve, demonstrating that breathing during HFRT-LCNE events 

is greater in the Fentanyl Paired context as compared to the Saline Paired. ROC AUC analysis 
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revealed greater than chance ability (68%) of model predictions to distinguish between the 

distributions of Ve during HFRT-LCNE events in Fentanyl Paired vs. Saline Paired contexts (Fig 

18D). This difference in the distributions suggests that OIRD Ve during HFRT-LCNE is distinct 

based on the context of drug administration, and greater in the Fentanyl Paired context. Event-

triggered average analysis again indicated that following fentanyl administration, the initiation of 

LCNE activity preceded the start of the HFRT, again supporting LCNE modulation being upstream 

of the motor output of respiratory activity (Fig 18E). ROC AUC analysis revealed chance ability 

(52%) of model predictions to distinguish between the distributions of HFRT-LCNE event 

amplitudes between Fentanyl-Paired and Saline-Paired contexts indicated by no departure from 

the unity line (Supp Fig 5). This demonstrates no change in LCNE event amplitude between 

Fentanyl Paired and Saline Paired contexts. 
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Figure 18. HFRT-LCNE coupling is lost when the context of fentanyl administration is 
changed from the Fentanyl Paired to Saline Paired context 
A) Top: Representative traces of simultaneous fluorescent LC activity and breathing prior to 

fentanyl injection in the Fentanyl Paired (left) and Saline Paired (right). LC activity with 
corresponding HFRTs (HFRT-LCNE) are highlighted in yellow. Scale bars: top: 3 sec x 2 z-
score, bottom: 3 sec x 2 µL. Bottom: Representative traces of simultaneous fluorescent LC 
activity and breathing after fentanyl injection in the Fentanyl Paired (left) and Saline Paired 
(right) contexts. HFRT-LCNE events are highlighted in yellow. Scale bars: 1 sec x 1 z-score, 
bottom: 1 sec x 2 µL.  
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B) Mean Proportion of HFRT coupled LC events out of the total Number of LC events in the 
Fentanyl Paired (blue) and Saline Paired (red) contexts, both prior to fentanyl and during 
OIRD (minutes 0-5). RM Two-Way ANOVA p<0.0001. Post hoc: Tukey’s pairwise 
comparison, n=7. Red dotted line indicates group mean.  

C) Mean RR (top), VT (middle), and Ve (bottom) during HFRT-LCNE events during OIRD 
(minutes 0-5) on Day 1 (yellow), in Fentanyl Paired (blue), and Saline Paired (red). RR and 
VT: RM One-Way ANOVA p<0.0001. Post hoc: Dunnett’s pairwise comparison, 
control=Day 1. Ve: Friedman ANOVA p<0.049, Post hoc: Dunn’s pairwise comparison. n=7. 
Red dotted line indicates group mean. Yellow dotted line indicates group median.  

D) Frequency distribution of Ve during HFRT-LCNE Events in the Fentanyl Paired (blue) and 
Saline Paired (red) contexts. Inset: ROC analysis of the frequency distribution. AUC of 68% 
reveals the model predictions distinguishing between the two distributions. 

E) Mean LC activity during HFRTs in Fentanyl Paired (blue, left) and Saline Paired (red, right) 
contexts. The start of the HFRTs were aligned to the black dotted line at time 0. LC activity 
for 3 seconds prior and 2 seconds after the start of the HFRT was averaged across all events 
and all animals (n=7).   
 

 

Supplemental Figure 5. The context of drug administration does not alter HFRT-LCNE 
event amplitude after fentanyl injection 
A) Overlap of the frequency distribution of HFRT-LCNE event amplitude in Fentanyl Paired 

(blue) and Saline Paired (red). 
B) ROC analysis of A. AUC of 52% reveals chance levels of model predictions distinguishing 

Fentanyl Paired and Saline Paired distributions.    
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III. The Hypercapnic Ventilatory Response is conserved in the Fentanyl Paired but not 

the Saline Paired context 

OIRD leads to elevated CO2 and decreased O2. These changes in blood gases will initiate 

chemoreflex responses to stimulate breathing and return blood gases to normal levels. To 

determine potential mechanisms behind the context-dependent difference in OIRD and HFRT-

LCNE activity that was observed in the initial phase after fentanyl administration, we next sought 

to determine if context altered the Hypercapnic Ventilatory Response (HCVR), the chemoreflex 

resulting from elevated CO2. An additional group of C57BL6 mice underwent the five-day ROU 

protocol with context pairing. Whole-body plethysmography was used to measure their breathing 

throughout the protocol. On the two final days of the protocol, mice did not receive fentanyl but 

instead underwent an HCVR challenge in the Fentanyl Paired and Saline Paired contexts, and 

their breathing in response was measured (Fig 19B). This was compared to an initial HCVR 

response measured prior to the ROU protocol (Habituation). There was no difference in the 

HCVR response in the Fentanyl Paired context as compared to Habituation, evidenced by no 

change in Ve. This was due to an enhanced RR during HCVR in the Fentanyl Paired context. 

However, there was a decrease in the HCVR when subjects were in the Saline Paired context as 

compared to Habituation, demonstrated by a decrease in Ve. This reveals that a conserved HCVR 

only occurs when in the Fentanyl Paired context and corresponds to increased tolerance to OIRD 

(Fig 19D).  
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Figure 19. The Hypercapnic Ventilatory Response is conserved in the Fentanyl Paired, but 
not Saline Paired context 
A) Schematic showing plethysmography only experimental setup in C57BL6 mice.  
B) Schematic of the 8-day experimental ROU protocol with hypercapnia testing. Top: prior to 

the ROU protocol, baseline HCVR is measured (Day 0, Habituation). Middle: Days 1-5, ROU 
protocol, e.g. daily fentanyl injection in the Fentanyl Paired context and daily saline injection 
in the Saline Paired context. Bottom: Days 6-7, HCVR is measured in the Fentanyl Paired and 
Saline Paired contexts.  

C) Representative breathing traces during Room Air (left) and Hypercapnic (right) conditions on 
Habituation Day (top), in the Fentanyl Paired context (middle) and in the Saline Paired 
context (bottom). Scale bars: 1 sec x 3 µL.  

D)  Mean RR (top), VT (middle), and Ve (bottom) on Habituation (gray), in Fentanyl Paired 
(blue) and Saline Paired (red) contexts. RR: RM One-Way ANOVA p<0.002, VT: RM One-
Way ANOVA p<0.0002, Ve: RM One-Way ANOVA p<0.002, Post hoc: Dunnett’s pairwise 
comparison, control=Habituation, n=4. Red dotted line indicates group mean. 
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Enhanced Locus Coeruleus activity is sufficient for improving Opioid-Induced Respiratory 

Depression  

I. Optogenetic stimulation of the Noradrenergic cells of the Locus Coeruleus results in 

less respiratory depression during acute fentanyl administration 

Trials in the ROU protocol where subjects spontaneously overdosed revealed that overdose 

consisted of a cessation of HFRT- LCNE events, suggesting their role in combating severe 

respiratory depression and subsequent overdose (Supp Fig 6). Because we observed increased 

HFRT-LCNE events as well as enhanced breathing during these events with the development of 

tolerance to OIRD after ROU, we next sought to determine whether increasing LCNE activity 

reduced respiratory depression after acute fentanyl administration. We used Net-Cre/Ai27D mice 

for selective expression of ChR2 in LCNE neurons (ChR2+/+) and C57BL6 as sham controls 

(ChR2fl/fl). Simultaneous plethysmography and optogenetics were used to measure breathing 

while stimulating LCNE. While both groups experienced respiratory depression, stimulation of 

LCNE resulted in less respiratory depression after acute fentanyl administration. This difference 

was seen in RR and Ve, but not VT (Fig 20C,D). These results suggest that adaptations in VT with 

ROU are due to other pharmacodynamic mechanisms outside of enhanced LCNE activity. 
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Supplemental Figure 6. HFRT-LCNE activity ceases during fentanyl-induced overdose 
A)  Representative traces of simultaneous LCNE activity and breathing before and during 

fentanyl-induced overdose. Scale Bars: (top) 25 sec x 2 z-score, (bottom) 25 sec x 3 µL. 
B) Zoomed in representative trace prior to overdose showing simultaneous LCNE activity and 

breathing consisting of HFRT-LCNE events (highlighted in yellow). Scale Bars: (top) 5 sec x 2 
z-score, (bottom) 5 sec x 3 µL.  

C) Zoomed in representative trace after overdose showing cessation of both LCNE activity and 
HFRT breathing. Scale Bars: (top) 5 sec x 2 z-score, (bottom) 5 sec x 3 µL. 
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Figure 20. Optogenetic stimulation of LCNE results in less respiratory depression during 
acute fentanyl administration 

A) Schematic showing simultaneous optogenetics and plethysmography experimental set up 
with cannula placement in the LC in Net-Cre/Ai27D mice.  

B) Representative breathing traces in the ChR2+/+ (experimental, light blue) mice and in 
ChR2fl/fl (sham, green) mice. Scale bars: 1 sec x 2 µL.  

C) Time course of mean RR (top), VT (middle), and Ve (bottom) with 20 Hz stimulation 
(minutes -5 to 0), and during OIRD after fentanyl administration at time 0, with 
concurrent 20 Hz stimulation (minutes 0-15) in ChR2+/+ (light blue n=5) and ChR2fl/fl 
(green, n=5). 

D) Polynomial fits of Ve during OIRD breathing in ChR2+/+ (light blue) and ChR2fl/fl (green) 
data sets. RR (data not shown) (F-test, p<0.0001, ChR2+/+: R2=0.35, ChR2fl/fl: R2=0.56) 
and Ve (F-test, p=0.001, ChR2+/+: R2=0.42, ChR2fl/fl: R2=0.57) fit comparisons were 
different between ChR2+/+ and ChR2fl/fl groups. VT (data not shown) (F-test, p=0., 
ChR2+/+: R2=0.16, ChR2fl/fl: R2=0.25) was not different. Raw data points for each animal 
(n=5 per group) are plotted behind the Ve fits.  



 107 

Discussion 

Summary of Major Findings 

Despite the development of tolerance to the effects of opioids with Repeat Opioid Use 

(ROU), repeat users are driving the opioid epidemic and overdose deaths19. Respiratory 

depression is a hallmark of opioid overdose, yet the neural mechanisms of how tolerance to 

respiratory depression develops with ROU are not well understood. In Chapter 1, we find that 

five days of ROU results in tolerance to Opioid-Induced Respiratory Depression (OIRD) (i.e. 

progressively less respiratory depression after fentanyl administration throughout the 5 days) in 

the majority of animals. We demonstrated a neural correlate of this tolerance by showing that 

ROU resulted in less suppression of the preBötC by opioid neuromodulation. However, it still 

remained unanswered how susceptibility to OIRD and opioid overdose changes despite ROU. In 

this study, we demonstrate a novel neural mechanism of tolerance to OIRD with ROU. 

In this study, we find that tolerance to OIRD following ROU is associated with an 

enhancement of LCNE activity that is coordinated with High-Frequency Respiratory Transients 

(HFRT-LCNE). Furthermore, this coordinated LCNE activity correlates with a greater stimulation 

of breathing after ROU. Importantly, we determine that enhanced HFRT-LCNE activity is 

conditional and dependent upon the environmental context of drug administration. Despite 

having repeatedly received fentanyl and developed a tolerance to OIRD, the administration of 

fentanyl in the Saline Paired context (i.e. a context not previously associated with the drug) 

attenuates tolerance to OIRD and the degree to which breathing is increased during HFRT-LCNE 

activity. The difference in the degree of depression is most prominent in the initial period after 

fentanyl administration. Furthermore, the Hypercapnic Ventilatory Response (HCVR) is 

conserved when subjects are in the Fentanyl Paired context, but not the Saline Paired, suggesting 
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that chemosensory responses of the respiratory network are not solely reflexive, but can be 

influenced by higher-order brain areas. Finally, we show that excitation of LCNE neurons is 

sufficient to attenuate the degree of respiratory depression after acute fentanyl administration. 

Not only do these results implicate LCNE in a novel mechanism of tolerance to OIRD, but they 

highlight the labile nature of drug tolerance and how susceptibility to OIRD and subsequent 

overdose is dynamic and dependent upon exteroceptive stimuli. Together these results suggest 

that failure to establish associations of drug effects and drug cues or removing drug cues prior to 

drug taking increases OIRD and overdose susceptibility.  

 

Acute Opioid Administration effects on LCNE activity and LCNE adaptations following Repeat 

Opioid Use 

This is the first study to investigate the effects of acute fentanyl administration on LCNE 

activity in awake, freely behaving mice. Both in vivo and in vitro work have previously shown 

that application of opioids to the LC results in decreased neurotransmitter release, 

hyperpolarization, and decreases in spontaneous firing rate from opioid-mediated mechanisms of 

increase GIRK channel conductance and voltage-gated Ca2+ channel inhibition20,21. Contrary to 

these findings, we find that in intact, awake mice, acute fentanyl administration results in an 

overall increase in LCNE activity as compared to LCNE activity prior to fentanyl administration. 

The disagreement between our results and previous findings could stem from our use of a 

systemic injection of fentanyl as compared to the direct application of an opioid onto the LC. µ-

opioid receptors (µ-OR) are expressed throughout the brain, and the increased activity in the LC 

that we observe could be the result of enhanced activity in brain areas, such as the Ventral 

Tegmental Area (VTA), that the LC receives input from. Additionally, it could be due to 
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increased activity in peripheral oxygen sensing areas, such as the Carotid Bodies, which sense 

fentanyl-induced hypoxia and relay this information to the central nervous via the Nucleus 

Tractus Solitarius (NTS), which projects to the LC. Furthermore, previous in vivo studies were 

performed under anesthesia, which induces a decreased arousal state, that corresponds to 

deceased tonic LC activity, potentially confounding the effect of opioids on LC22,23.  

We do not find that the increase in LC activity in response to fentanyl is sustained with 

ROU. Our data shows that as tolerance to OIRD develops with repeat use, the fentanyl-induced 

increase in LC activity during respiratory depression ceases. The increase in overall LCNE 

activity during initial fentanyl administration could be in response to severe respiratory 

depression, which causes deviations in blood gases (i.e. increases in CO2 and decreases in O2). 

Increased CO2 will stimulate the LC activity to improve breathing and resolve blood gas 

deviations24–26. LC stimulation can enhance inspiratory network activity when the network is in a 

lower excitatory state27, further supporting increased LC activity during acute opioid 

administration as a mitigation effort to combat respiratory depression. Our results show that on 

Day 1 of the ROU protocol, LCNE activity precedes HFRT initiation, suggesting that LCNE 

mechanisms could be involved with stimulating breathing in response to respiratory depression. 

This finding is consistently seen throughout the final three days of the ROU protocol (Day 5, 

Fentanyl Paired and Saline Paired), but we find that HFRT-LCNE activity is enhanced after ROU 

as compared to Day 1. In Chapter 1, we found acute fentanyl administration inhibited the 

normally positive relationship between minute ventilation (Ve) and oxygen consumption (VO2). 

After ROU, fentanyl no longer inhibits this positive relationship. The increased overall LC 

activity on Day 1 paired with the mismatch between Ve and VO2 suggests that the recovery of 

this positive relationship by Day 5 may be a function of decreased metabolic demand from a lack 
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of fentanyl-induced increases of uncoordinated LCNE activity. The adaptation of decreased 

metabolic demand is particularly important during hypoxic conditions, such as OIRD. 

A challenge in treating fentanyl-induced overdose is wooden chest syndrome, which is 

defined by increased rigidity in the diaphragm, chest wall, and upper airways28. Enhanced 

muscle rigidity on Day 1 could contribute to the mismatch observed between Ve and VO2. 

Wooden chest syndrome is fentanyl- or fentanyl-analog-induced respiratory depression and does 

not occur with morphine, heroin, and other naturally derived opioids28. Lesion of the LC or 

blocking ⍺1 adrenergic receptors will attenuate fentanyl-induced muscle rigidity, suggesting a 

role of noradrenergic release from the LC in the generation of wooden chest syndrome (Liu 

1989). Importantly, naloxone does not reverse it. Integrating enhanced LC activity and the 

mismatch between Ve and VO2 with what is known about wooden chest syndrome could suggest 

that the enhanced overall LCNE activity on Day 1 results in a greater degree of wooden chest 

syndrome as compared to Day 5. We postulate that HFRTs represent a cyclical pattern of 

breaking wooden chest syndrome. Results from Chapter 1 show that tolerance to opioid 

inhibition develops with ROU at the level of the preBötC, suggesting enhanced inspiratory drive 

during respiratory depression after ROU. A conservation of the HCVR was demonstrated in the 

Fentanyl-Paired context, as well as the difference in the initial degree of respiratory depression. 

We hypothesize that ROU increases inspiratory drive and primes the respiratory network to 

respond to increased CO2, resulting in the start of the HFRT. As breathing increases during the 

HFRT, CO2 decreases, and respiratory drive decreases with it, resulting in wooden chest 

syndrome overcoming respiratory drive again. The functional organization of LCNE neurons is 

proposed to be composed of neuronal ensembles that have distinct inputs and outputs and 

promote different behavioral outputs and functions. This raises the potential that coordinated 
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HFRTT-LCNE events may be a part of a distinct functional ensemble that provides inspiratory 

drive, while LCNE activity that is not correlated with changes in breathing could contribute to 

wooden chest syndrome. A future direction to validate these hypotheses is to measure muscle 

activity in conjunction with breathing and LCNE activity to confirm when wooden chest 

syndrome is present. 

 

Repeat Opioid Use impacts breathing and tolerance to Opioid-Induced Respiratory Depression 

Our results demonstrate that after ROU and the development of tolerance to OIRD, 

fentanyl no longer significantly decreases Tidal Volume (VT). We find that this maintenance of 

VT after fentanyl administration occurs whether the subject is in the Fentanyl Paired or Saline 

Paired context. This tolerance to fentanyl reflected in the VT of breathing is also demonstrated at 

the level of the preBötC. In Chapter 1, our investigations revealed that ROU increases the 

tolerance of preBötC suppression by opioids in both the frequency and amplitude of the 

inspiratory burst, but that while increasing dosages of the µOR agonist DAMGO will cause a 

decrease in frequency, the amplitude is not affected, even at high dosages. While some neuronal 

subpopulations of preBötC neurons are involved in both rhythm (frequency) and pattern 

(amplitude) generation, other subpopulations only impact either rhythm or pattern generation29. 

Future investigations are needed to resolve the development of pharmacodynamic tolerance in 

the subpopulations of preBötC neurons responsible for rhythm versus pattern generation of 

inspiratory rhythmogenesis. We find that the degree of depression in Respiratory Rate (RR) is 

differentially affected by the context of drug administration, while VT is not. This suggests an 

additional mechanism of tolerance outside of increased inspiratory drive from the preBötC that 

leads to greater RR after fentanyl administration. Furthermore, our optogenetic experiments 
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support the hypothesis of enhanced LCNE activity having a greater effect on maintaining RR after 

fentanyl administration than VT. We find that stimulating LCNE prior to and during fentanyl 

administration improves RR during OIRD, but does not change VT. These data suggest the 

importance of enhanced LCNE activity as a mechanism to increase RR during respiratory 

depression, while mechanisms that support VT enhancement appear at the level of the preBötC.  

 

Locus Coeruleus activity coupled with breathing minimizes Opioid-Induced Respiratory 

Depression 

Despite the generalized reduction in LCNE activity in response to fentanyl administration 

after five days of ROU, the proportion of LCNE activity that correlates with HFRTs increases by 

Day 5 as compared to Day 1. The increase of this coordinated HFRT-LCNE activity occurs with 

the development of tolerance to OIRD, suggesting an adaptive role of LCNE and its coupling with 

breathing in mitigating respiratory depression. It is well known that acute opioid use causes 

suppression of activity in areas of the brainstem that are important for breathing, such as the 

PreBötzinger Complex (preBötC) and Kolliker Fuse Nucleus (KF)30,31. Repeat opioid use does 

not lead to tolerance at the level of the KF32 and the correlation between its activity and 

breathing that exists under room air ceases during OIRD33. While the KF does not develop 

tolerance, our data from Chapter 1 demonstrates that network activity in the preBötC does 

develop tolerance to opioid neuromodulation with ROU.  

The LC has been shown to develop cellular tolerance to opioid neuromodulation20. We 

show that LCNE activity correlates with breathing during respiratory depression on first fentanyl 

exposure as well as after repeat use. Additionally, we observed that when subjects overdosed, 

there was a complete cessation of LCNE activity as well as corresponding HFRTs. This example 
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further elucidates the importance of LCNE in maintaining breathing during OIRD. In Chapter 1 

we used the µ-OR specific agonist DAMGO to show that µ-OR specific tolerance develops with 

ROU at the level of the preBötC. Switching the context of drug administration to the Saline 

Paired context results in less tolerance to OIRD. This suggests that the development of tolerance 

at the level of the preBötC is not sufficient to prevent respiratory depression, and that there are 

additional mechanisms of tolerance that involve enhanced coordinated LC activity and breathing. 

There are known projections from LC to preBötC33. Future studies should explore if these direct 

projections are active during the HFRT-LCNE activity we observed and if this alters inspiratory 

drive through a NE-dependent mechanism or if it is through another neurotransmitter, such as 

glutamate.  

 

Locus Coeruleus activity and Noradrenergic tone stimulate breathing 

The LC is not a canonical central respiratory control center but it is well-documented that 

LC activity can stimulate breathing and will increase its activity in response to elevated CO2 to 

stimulate breathing and return blood gases to homeostatic levels24–26. The LC is the primary 

source of adrenergic drive in the brain and projects to the preBötC and throughout the respiratory 

network34,35. It has been well-established that NE impacts intrinsic bursting properties of 

preBötC neurons to enhance both the amplitude and frequency of inspiratory rhythmogenesis by 

recruiting more cells as pacemaker neurons, leading to a reconfiguration of the network towards 

facilitation into a state more difficult to perturb27. Blocking ⍺1 receptors in the isolated preBötC 

slice will remove NE-mediated inspiratory facilitation. Unpublished data from our lab suggests 

that NE enhances synaptic properties by increasing inspiratory drive potential via a NMDAr 

mediated mechanism. These data demonstrate the possibility of the enhancement of HFRT-LCNE 
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activity to be the result of direct NE projections from LC to the preBötC to enhance inspiratory 

drive and in turn, reduce susceptibility to opioid inhibition. Future studies should examine the 

release of NE in preBötC and other areas of the respiratory network, such as the KF, or RTN, 

after fentanyl administration and assess whether this NE release correlates with the HFRT-LCNE 

activity observed. Using retrograde GCaMP viral techniques to selectively monitor activity in 

LC projections to preBötC, KF, or RTN would also further elucidate the circuit mechanism 

behind these findings. 

 

Network state and the order of neuromodulation matters to maintain stable breathing during 

Opioid-Induced Respiratory depression 

The LC is involved with other behavioral states relevant to repeat drug use, such as cue-

reward processing 36. Similarly to dopaminergic activity in the VTA, repeated association of a 

cue with a subsequent reward results in an increase of LCNE activity with the presentation of the 

cue and the initiation of movement towards the reward, but prior to the receipt of the reward36,37. 

Our results show that with the development of tolerance to OIRD, there is enhanced HFRT-LCNE 

activity. If this is a result of enhanced noradrenergic drive in the respiratory network directly 

from LC, we hypothesize that it begins to occur prior to fentanyl administration if the subjects 

are in the Fentanyl-Paired context, but does not if they are in the Saline Paired context. This is 

interpreted from acute fentanyl administration leading to an increase in LC activity after fentanyl 

administration, as well as the increase in the proportion of HFRT-LCNE events in the Saline 

Paired context after fentanyl injection but no increase in the Fentanyl Paired context. Our results 

display a shift towards a network state where LCNE activity is more tightly coupled to autonomic 

control, as evidenced by the greater stimulation of breathing during HFRT-LCNE events when 
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subjects are in the Fentanyl-Paired context. Burgraff et al. previously showed that increased 

synchronization in the preBötC minimizes opioid-induced depression of the network38. Because 

NE stimulates rhythmogenesis27, increased NE tone prior to opioid modulation could mimic an 

increased synchronized state in preBötC that results in decreased susceptibility to inhibition by 

opioids. Indeed, unpublished data from the lab shows when adrenergic tone precedes the addition 

of DAMGO to the isolated preBötC slice, opioid neuromodulation has less of a destabilizing 

effect on rhythmogenesis. This idea is supported in vivo with our optogenetic studies that 

stimulate LCNE activity both prior to and during fentanyl to mitigate OIRD in subjects. 

Additional studies should combine optogenetic and fiber photometry approaches to generate the 

same pattern of LC activity observed in our fiber photometry experiments to more specifically 

test whether this pattern of activity is sufficient to mitigate respiratory depression and whether 

this specific pattern is necessary before fentanyl administration and subsequent respiratory 

depression occurs.  

 

The importance of context-pairing in the maintenance of tolerance to Opioid-Induced 

Respiratory Depression 

 Previous work has identified exteroceptive cues, such as the context of drug 

administration, as an important factor in the maintenance of tolerance to the effects of opioids. 

While these previous studies have focused on analgesic effects and overdose susceptibility, this 

study demonstrates how tolerance to OIRD is likewise contingent upon the context of drug 

administration. Unlike our comparisons of Day 1 and Day 5 of the ROU protocol where we see 

differences in OIRD that extend throughout the 15-minute fentanyl protocol, when comparing 

OIRD between Fentanyl-Paired and Saline-Paired contexts, the difference observed is the degree 
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of OIRD during the initial five minutes after fentanyl administration. The increase in the 

proportion of HFRT-LCNE events in the Saline-Paired context after fentanyl administration could 

be interpreted as the loss of a pre-emptive, compensatory role of LCNE activity that occurs prior 

to fentanyl administration to combat subsequent OIRD. This is not observed in the Fentanyl 

Paired context. The LC is chemosensitive and will increase its activity to stimulate breathing in 

response to elevated CO2. We find that subjects have a conserved Hypercapnic Ventilatory 

Response (HCVR) after the ROU protocol when they are in the Fentanyl Paired context, but an 

attenuated HCVR when in the Saline Paired context. One could extrapolate these results to 

suggest that when in the Fentanyl Paired context, there is heightened LCNE activity prior to drug 

administration, facilitating a stronger HCVR in response to fentanyl-inducing respiratory 

depression and elevated blood gas levels of CO2. This enhanced HCVR could reflect the 

hypothesized shift in the state of the respiratory network by LCNE, which increases the 

stabilization and synchronization of the respiratory network in preparation for fentanyl 

perturbation. Again, using retrograde GCaMP viral techniques to measure activity in LC to RTN 

projections will help answer the mechanism behind the conserved HCVR in the Fentanyl Paired 

context.  

 We do not see any direct differences in breathing prior to fentanyl administration 

between the Fentanyl Paired and Saline Paired contexts on Day 6 and Day 7 of the protocol. We 

also see no differences in breathing prior to fentanyl on Day 1 and Day 5 when mice are in the 

Fentanyl Paired context. However, we see that Ve is decreased in the Saline Paired context on 

Day 5 as compared to Day 1, driven by a decrease in RR as VT is unchanged. Day 1 is the first 

time mice are in both the Fentanyl Paired and Saline Paired contexts. As a result of each context 

being novel on this first day, we would expect enhanced arousal and increased breathing. Similar 
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breathing between Day 1 and Day 5 in the Fentanyl Paired context could indicate that by Day 5, 

the Fentanyl Paired context remains a salient stimulus, not because it is novel as it is on Day 1, 

but because it predicts the subsequent receipt of fentanyl reward. This conserved enhancement in 

breathing could suggest a conditioned compensatory response to combat OIRD that occurs when 

mice are in the Fentanyl Paired context. Thus, the decrease in RR and Ve seen in the Saline 

Paired context on Day 5 could reflect habituation to the Saline Paired context because it is no 

longer a salient novel stimulus, nor does not predict a drug reward. 

While the difference in the pattern of OIRD between the Fentanyl Paired and Saline 

Paired contexts is only evident in the initial five-minute period after fentanyl administration, this 

period of depression is clinically relevant in reducing overdose risk. Fentanyl induces a much 

more rapid decline in ventilation than morphine or heroin39,40, shortening the naloxone 

intervention window in fentanyl-induced overdose. However, our data suggests the ability 

context of drug administration to increase tolerance during the initial period of respiratory 

depression, potentially extending the window of intervention or preventing the initial rapid 

decline in ventilation until fentanyl has begun to metabolize into its inactive form40. 

 

The role of HFRT-LCNE activity 

 The LC is not a homogeneous population of neurons as was once thought. Recent work 

has suggested that LC neurons form functional ensembles depending on their projection sites and 

the distinct behaviors they mediate41,42. Gap junction-mediated rhythmic, synchronous 

oscillations of activity have been reported in the LC41. The results from this study reflect both of 

these hypotheses. We see at least two distinct types of LCNE activity, 1) those that are correlated 

with HFRTs (HFRT-LCNE) and 2) those that are not. HFRT-LCNE activity appears to be in a 
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rhythmic oscillation. With the development of tolerance to fentanyl from ROU, we see the 

proportion of the HFRT-LCNE events increase and a stronger degree of increased breathing 

during those LCNE events. While we do not have proof of causation, these results suggest that 

there is a subpopulation of LCNE neurons that could be a part of the circuitry mediating the 

HFRTs during fentanyl to maintain breathing and that the synaptic strength in this connection is 

increased with ROU. This could happen by 1) a reconfiguration of the LCNE network that 

increases the number of neurons responsible for stimulating breathing, 2) by increasing the 

number of action potentials from this population of LCNE neurons, and 3) LCNE-mediated 

synaptic plasticity occurring at post-synaptic sites, such as the preBötC. However, we see no 

difference in the amplitude of HFRT-LCNE events on the first day of fentanyl administration 

(Day 1) or after ROU (Day 5). We also see no difference in the amplitude depending on the 

context of drug administration (Fentanyl-Paired, Saline-Paired). This indicates that this 

strengthening seen between breathing and HFRT-LCNE events with ROU does not occur based 

on presynaptic changes in the LC. We hypothesize the possibility of a direct pathway from LC to 

preBötC and that the rhythmic activity of HFRT-LCNE is phasic bursting, leading to the co-

release of NE and glutamate in the preBötC. ROU and continued co-release potentiate the 

synaptic connections between LCNE and glutamatergic inspiratory neurons in the preBötC. Thus, 

neurotransmitter release from the LC in preBötC increases inspiratory drive to a greater degree 

after ROU, leading to the larger increases in breathing during HFRT-LCNE events that we see by 

Day 5. Future studies should aim to investigate if these HFRT-LCNE events lead to the release of 

NE in the preBötC and how undergoing the ROU protocol alters the postsynaptic response of 

inspiratory neurons to NE.   
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The Locus Coeruleus may be driving microarousals to combat opioid overdose 

The LC is also important for arousal, another important brain state relevant to opioid 

use43.  Breathing is enhanced during behavioral states of vigilance, arousal, and drug-seeking 

behaviors44,45. One possible explanation for HFRT-LCNE activity is that these are microarousals 

that, for a short period of time, lead to a stimulation of breathing, which in turn results in enough 

ventilation in the lungs to prevent further respiratory depression and overdose. Arousal during 

altered states of consciousness, such as sleep, occurs in response to changes in blood gases46 and 

may also occur during overdose.  There is a subset of neurons in the preBötC that are not 

required for inspiratory rhythmogenesis but project to and increase activity in the LC and 

contribute to arousal behaviors44. These preBötC to LC projections communicate the state of the 

respiratory network, which the LC then relays throughout the brain, including to cortical areas 

that support arousal. Future studies should investigate the potential of microarousals during 

fentanyl by measuring norepinephrine release or EEG activity in brain areas of vigilance, such as 

the Prefrontal Cortex (PFC), and their correlation to LCNE rhythmic activity seen during 

respiratory depression. Retrograde viral techniques could again be employed to specifically 

investigate the activity LC projections to PFC during OIRD and its relationship to HFRTs.  

 

Circuit Hypotheses for Context-Dependent Tolerance to Opioid-Induced Respiratory Depression  

While Chapter 1 uncovers one mechanism of pharmacodynamic tolerance with ROU, the 

present study demonstrates that there are circuit-based central mechanisms that support tolerance 

to OIRD with ROU. The development of context-dependent tolerance to fentanyl involves 

changes in LC activity and its relationship with breathing, but other areas of the brain are 

certainly involved in this phenomenon.  
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 Fentanyl is a rewarding stimulus and will lead to an increase in VTA activity. Context-

dependent tolerance is a learned mechanism of tolerance and will involve activation of the 

hippocampus. It has been shown that simultaneous activation of VTA terminals in the 

hippocampus and glutamatergic Schaffer collaterals resulted in LTP, and aided in contextual 

learning47. Both the VTA and the LC project to the hippocampus and increased LC activity from 

acute fentanyl administration could facilitate LTP in the hippocampus and subsequent 

associative learning of the environmental context with the opioid drug reward. This may lead to 

increased VTA and hippocampal activity when the animals are in the Fentanyl Paired context 

that then relays this contextual information to the LC, which in turn projects to respiratory 

circuitry and results in context-dependent tolerance to OIRD. Based on our findings from this 

study, we present two potential circuits that contribute to the phenomenon of context-dependent 

tolerance to OIRD.  

The first is a descending pathway that projects directly from LC to areas in the 

respiratory network that are responsible for pattern and rhythm generation, such as the preBötC, 

and sensory input, such as the RTN. As mentioned, it is well described in the literature that LC is 

the primary source of NE to the preBötC33,34 and that NE in the preBötC increases the robustness 

of the inspiratory rhythm27. Suppression by opioids of preBötC is critical to inducing respiratory 

depression30, thus increasing adrenergic drive in preBötC could attenuate OIRD. We observe a 

conserved HCVR in the Fentanyl Paired context, therefore the descending pathway could 

involve areas in the respiratory network that are responsible for the HCVR, such as the RTN. 

Enhanced RTN activity prior to fentanyl administration would increase the HCVR that occurs 

when fentanyl induces respiratory depression and subsequent deviations in blood gases, leading 

to a greater excitatory drive from RTN to preBötC and other inspiratory areas.  



 121 

 

Figure 21. Schematic of the proposed descending pathway 
HPC: Hippocampus, LC: Locus Coeruleus, VTA: Ventral Tegmental Area, preBötC: 
PreBötzinger Complex, RTN: Retrotrapezoid Nucleus 

 

A second circuit mechanism could involve an ascending pathway that provides top-down 

control of respiratory circuitry. This study demonstrates that the autonomic control of breathing 

can be influenced by environment and is a behavior based on experiential learning, which 

suggests higher-order areas could be involved. LC is known to project to the PFC, which in turn 

could modulate activity in the respiratory network. Projections from PFC to respiratory centers 

exist48 and top-down control of breathing is well-established49. The PFC contains µ-ORs and 

acute fentanyl administration will suppress cortical excitability. If tolerance to opioid 

neuromodulation develops at the level of the PFC with ROU, then HFRT-LCNE activity could 

lead to enhanced excitatory drive from the PFC to respiratory nuclei. This circuit could support 

the hypothesis of HFRTs being microarousals that temporarily increase breathing.   
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Figure 22. Schematic of the proposed ascending pathway 
HPC: Hippocampus, LC: Locus Coeruleus, VTA: Ventral Tegmental Area, preBötC: 
PreBötzinger Complex, PFC: Prefrontal Cortex, RTN: Retrotrapezoid Nucleus. 

 

While these circuit proposals are merely speculative, future studies should investigate 

their feasibility with retrograde viral approaches to selectively stimulate LC projections in 

different regions and observe whether this improves OIRD. Simultaneously monitoring 

neurotransmitter release would elucidate whether this is an NE-dependent mechanism or if fast 

synaptic transmission from glutamate release is also involved. 

 

Translational potential of this study 

 This work has both translational as well as interventional potential. This study 

demonstrates that the degree of respiratory depression is affected by the context of drug 

administration. Extrapolating this data with Siegel’s work on context-dependent overdose 

susceptibility indicates that respiratory depression, the initial stage in the progression towards 

opioid overdose, can be mitigated by drug administration occurring in an environmental context 

where the user has received the drug before. Educating users on this easy way to protect against 

harmful respiratory effects could reduce the risk of opioid overdose for this population. This 
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could be of particular importance if the user increased the risk of their behavior, for example, if 

they received drugs from a new source.  

 This work also demonstrated the role of LCNE in the development of tolerance to OIRD, 

as well as the ability of LCNE excitation to mitigate OIRD. Fentanyl-induced overdose leads to 

cardiorespiratory arrest faster than heroin or morphine-induced overdose, and Naloxone is unable 

to reverse overdose after cardiorespiratory collapse. Because epinephrine is typically used to 

reverse cardiorespiratory collapse, a future direction of investigation is the use of epinephrine in 

combination with naloxone to reverse fentanyl overdose.  

 

Study Limitations  

While our evidence supports these theories, our study is not without its limitations. 

Outside of the optogenetic experiments, the data in this study is correlational. While we use Net-

cre mice and a cre-dependent GCaMP virus to selectively monitor LCNE cells, our methods do 

not confirm whether it is enhanced noradrenergic tone that leads to tolerance to OIRD. All 

neurons in the core of LC are noradrenergic, but they also release other neurotransmitters and 

neuromodulators41, including glutamate, which drives synchronization and stability within the 

respiratory network. Thus, one limitation of this study is that it lacks a direct measurement of NE 

release from the LC to decipher whether it is enhanced adrenergic drive during HFRT-LCNE 

events that leads to changes in breathing. Injection of the fluorescent NE sensor (GRAB NE) into 

LC projection areas we hypothesize are involved in OIRD tolerance (preBötC, KF, RTN, PFC) 

would help resolve whether it is specifically enhancement of adrenergic drive that is facilitating a 

stabilized respiratory network state. Following this up with selective adrenergic receptor blockers 

will help elucidate which adrenergic receptors are involved.   
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Another study limitation is that we did not monitor muscle activity during respiratory 

depression. Skeletal muscle and upper airway rigidity, also known as wooden chest syndrome, 

occur with fentanyl administration and, in addition to the suppression of the respiratory network, 

is a major contributor to the inability of users to breathe. While we suspect that there are changes 

in the degree of wooden chest syndrome with ROU, it is essential to monitor muscle activity in 

order to conclude this. Furthermore, because LC activity and ⍺1 activation by fentanyl have been 

implicated in the development of wooden chest syndrome, it is important to ensure that the 

enhanced HFRT-LCNE activity observed with ROU and the development of tolerance to OIRD is 

not LC activity that is associated with muscle rigidity.  

 Finally, while whole-body plethysmography is an accepted method to measure 

respiratory rate, tidal volume, and calculate minute ventilation, tidal volume measurements may 

be overestimated as a result of the fentanyl exposure, which increases airway rigidity. Other 

methods that directly measure the movement of the diaphragm, or using a head-in 

plethysmogrphy would estimate tidal volume better. However, these techniques severely limit 

the mobility of the animal, interrupt its ability to interact with the environment and make an 

association between the context and cue. 

 

Concluding Remarks 

This study provides mechanistic insight into central changes that occur with ROU that 

correlate with the development of tolerance to OIRD. The practical application of this work is 

that it informs what influences the conditional nature of OIRD and overdose susceptibility in 

ROU. The demonstrated adaptability of the respiratory network to protect against opioid 

perturbations, and ways in which this protective mechanism is lost, are crucial in understanding 
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the driving force behind overdose deaths and improving overdose outcomes. Moreover, this 

study exemplifies how the autonomic behavior of breathing can become a learned response 

through experience. These results suggest that breathing is in part a learned behavior and that it 

is possible to train people to breathe better in states of dysregulated breathing to improve 

respiratory outcomes. Whether useful for diseased states or during instances where respiratory 

physiology is challenged, such as mountain climbing or extreme exercise, the results of this 

study suggest that a conditioned cue could engage learned mechanisms of respiratory control that 

alter aspects of the autonomic control of breathing to protect against network perturbations. 

Breathing is a neurobiological behavior shaped by many different brain regions, both a part of 

and distinct from the respiratory network. Identifying the ability of these areas to alter breathing 

with higher-order processes may help us to uncover novel solutions to treat abnormal breathing. 

In this study, we identified the correlative role of the LC in a learned mechanism of tolerance to 

OIRD, resulting in improved respiratory outcomes after fentanyl administration. These results 

are pivotal in furthering our understanding of how one might alter breathing beyond the 

canonical respiratory network.  
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