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ABSTRACT 
 
 
 

OPIOID BIOAVAILABILITY IN THE RETINA MODULATES SLEEP/WAKE BEHAVIOR 
 
 
 

 Opioids, such as the prototypical opioid morphine, primarily exert their analgesic and 

rewarding effects through μ-opioid receptors (MORs), and it has been shown that acute 

morphine treatment negatively impacts sleep/wake behavior through MORs. Continued opioid 

administration exacerbates sleep/wake disturbances, such that approximately 80% of chronic 

users report persistent sleep disturbances, including insomnia and daytime sleepiness. These 

opioid-induced sleep disturbances (OISD) are associated with negative outcomes such as 

increased drug craving, relapse and negative affect (i.e. anxiety/depression), as well as 

hyperalgesia in chronic pain patients. Therefore, therapeutic interventions for OISD are expected 

to improve the outcomes of long-term opioid use in general. However, the neuronal 

population(s) and cellular mechanism(s) mediating sleep/wake changes in response to chronic 

opioid treatment are not currently known. 

Although many neuronal populations in the brain contribute to sleep/wake behavior, the 

photoentrainment of sleep/wake cycles to environmental light/dark cycles is uniquely regulated 

by intrinsically photosensitive retinal ganglion cells (ipRGCs). Importantly, light-evoked firing 

by ipRGCs is modulated by activation of their MORs, and endogenous MOR activation has been 

shown to modulate an ipRGC-driven behavior, the pupillary light reflex. Additionally, opioids 

(e.g. morphine) are routinely detected in the human eye to diagnose overdose-related deaths, and 

morphine accumulates in the mouse retina upon chronic systemic administration. Therefore, the 

central hypothesis addressed in the current work is that the bioavailability of opioids (i.e. 
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endogenous opioid peptides and/or opioid drugs) in the retina contributes to the modulation of 

sleep/wake behavior. 

In Chapter 2, we show that endogenous opioid peptides in the retina contribute to healthy 

sleep/wake behavior. Using a mouse model with a cell-specific knockout of MORs expressed by 

ipRGCs (McKO), we show that endogenous activation of these MORs is important for 

maintaining activity and suppressing slow-wave sleep during the mouse's active period. 

Concurrent work showed that the MORs expressed by ipRGCs also contribute to morphine-

driven changes in sleep/wake behavior during a chronic treatment paradigm. Thus, both 

endogenous opioid peptides and opioid drugs modulate sleep/wake behavior via the activation of 

the MORs expressed by ipRGCs. 

Systemically applied opioid drugs penetrate the blood-retina barrier and accumulate in 

the retina. Thus, ipRGCs may be liable to opioid modulation throughout chronic opioid 

treatment, contributing to the development and persistence of OISD. In Chapter 3, we investigate 

the relationship between opioid transporter expression at the blood-retina barrier and morphine 

deposition in the retina. We show that low expression of the opioid extruder permeability 

glycoprotein (P-gp) may allow morphine to persist in the retina, compared to the brain where P-

gp expression is high and morphine is more quickly cleared from the tissue. In Chapter 4, we 

discuss how upregulation of P-gp at the blood-retina barrier via the non-steroidal anti-

inflammatory drug diclofenac may reduce opioid bioavailability in the retina, thereby alleviating 

OISD. This work demonstrates a previously unknown contribution of ipRGC signaling to opioid-

modulated sleep/wake changes, and identifies a potential therapeutic target for OISD. 
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CHAPTER 1: Introduction 
 
 
 

1.1 The opioid-sleep connection 

The opium poppy, Papaver somniferum (“sleep-bringing” in Latin), was first 

domesticated seven thousand years ago, and by 500 B.C.E. the medicinal properties of opium 

were well-known (Brownstein, 1993; Hamilton and Baskett, 2000; Mahr, 2017; Nencini, 2022). 

Opium and its derivatives are sometimes referred to as narcotics (from Greek narkoun “to 

benumb, make unconscious” (Harper, n.d.)) and their efficacy as analgesics remains unmatched 

(Benyamin et al., 2008; Volkow et al., 2019). The active ingredient of opium, morphine, was 

first purified in the early nineteenth century and was named after Morpheus, the Greek god of 

dreams (Brownstein, 1993; Krishnamurti and Rao, 2016; Sertürner, 1817). While the 

etymological connection between opioids and sleep is clear, the effects of opioids on sleep/wake 

behavior and the underlying molecular mechanisms are complex and not yet fully understood. 

Acute opioid treatment improves sleep quality in individuals experiencing chronic pain 

due to the analgesic and sedative effects of opioids (Cutrufello et al., 2020; Rosenthal et al., 

2007; Webster et al., 2015). However, in healthy individuals, acute opioid treatment disturbs 

sleep architecture, particularly by reducing deep sleep (Dimsdale, 2022; Lewis et al., 1970; Shaw 

et al., 2005). Morphine’s wake-inducing and sleep-reducing effects have been recapitulated in 

rodent and cat models (Eacret et al., 2023; Fratta et al., 1987; King et al., 1981; Locklear, 2020; 

Wang et al., 2013). The inhibition of sleep-promoting neurons in the ventrolateral preoptic area 

(VLPO), a brain region often referred to as the “sleep switch,” have been implicated in these 

effects (Saper et al., 2001; Wang et al., 2013). Few studies have explicitly studied the effects of 

chronic opioids on sleep, however, recurrent opioid administration leads to exacerbated 
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sleep/wake disruptions, independent of treatment impetus (Coffey et al., 2016; Cutrufello et al., 

2020; Eacret et al., 2023, 2020; Onen et al., 2005; Robertson et al., 2016). The vast majority of 

chronic opioid users (~80%) report persistent sleep disturbances such as insomnia and daytime 

sleepiness, and these are associated with negative outcomes including increased risk of use 

(Figure 1-1) (Burke et al., 2008; Hartwell et al., 2014; Huhn and Finan, 2021; Lydon-Staley et 

al., 2017; O’Brien et al., 2021; Stein et al., 2004; Tripathi et al., 2020; Zgierska et al., 2007). 

Especially concerning is the fact that chronic pain patients may experience hyperalgesia (i.e. an  

 

 

  

Figure 1-1. The bidirectional relationship between opioid-induced sleep disturbances and 

negative outcomes. 

Sleep disturbances are reported by most chronic opioid users, including those on medication-assisted 
therapy (e.g. methadone). Sleep quality continues to be impaired throughout withdrawal and 
detoxification, and is therefore a major risk factor for relapse. Poor sleep quality, negative affect (e.g. 
anxiety, depression) and drug-craving interact with and reinforce one another. Sleep disturbances are 
especially worrisome for chronic pain patients, who can experience hyperalgesia in response to both 
poor sleep and continued opioid use.  
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increased sensitivity to feeling pain or an extreme response to pain) in response to both long- 

term opioid treatment and sleep disturbances (Chu et al., 2008; Roehrs et al., 2006; Roehrs and 

Roth, 2005; Turk et al., 2011). Furthermore, impaired sleep quality can persist even after 

detoxification and is a risk factor for relapse (Asaad et al., 2011; Tripathi et al., 2020). Despite 

opioid-induced sleep disturbances (OISD) being well-documented, the ability to develop 

therapeutics for OISD requires a greater mechanistic understanding of how chronic opioid 

treatment affects sleep (Huhn and Finan, 2021; Tripathi et al., 2020). 

 

1.2 The endogenous opioid system 

The effects of opioids can be difficult to characterize because they leverage the body’s 

complex endogenous opioid system (Brownstein, 1993; Holden et al., 2005; Papini, 2018). The 

three classical opioid receptors (μ, δ, and ĸ receptors: MOR s, DORs and KORs, respectively) 

were discovered in the 1970s, and are inhibitory G-protein coupled receptors (GPCRs) 

(Pasternak and Pan, 2013; Pert et al., 1973; Simon et al., 1973; Terenius, 1973). Upon activation 

by a ligand, canonical Gαi/o signaling leads to the inhibition of adenylyl cyclase (and therefore, 

reduction of cellular cAMP) by the Gα subunit, and the opening of G protein-gated inwardly 

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

Gβγ subunit (Al-Hasani and Bruchas, 2011; Gomes et al., 2020; Lešnik et al., 2021; Pineyro and 

Nagi, 2021; Ramirez et al., 2021). The resulting effects of opioids on physiological functions 

might vary based on the duration of treatment (i.e. acute versus chronic), the ligand-receptor 

combination, the effectors of receptor signaling and the neuronal populations involved (Gomes et 

al., 2020; Pineyro and Nagi, 2021). In recent years, zeta and nociception/orphanin FQ receptors, 

as well as receptor subtypes and splice variants have been identified (Dhaliwal and Gupta, 2022; 
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Pasternak and Pan, 2013). However, it has been shown that morphine and its related compounds 

(e.g. heroin, codeine, oxycodone) primarily exert their effects through MORs (Inturrisi, 2002; 

Pasternak and Pan, 2013; Schaefer et al., 2017; Williams et al., 2013). The endogenous opioid 

system is innately analgesic, and MOR agonists produce the most potent analgesia compared to 

agonists at other opioid receptors and non-opioid analgesics (Fields, 2011; Holden et al., 2005; 

Pathan and Williams, 2012; Trescot et al., 2008; Valentino and Volkow, 2018; Volkow et al., 

2019).  

There are three main families of endogenous opioid peptides, which are derived from 

larger precursor polypeptides: (1) endorphins (“endogenous” + “morphine”), primarily β- 

endorphin from proopiomelanocortin (POMC; Figure 1-2); (2) enkephalins (e.g. Met-enkephalin, 

Leu-enkephalin) from proenkephalin; and (3) dynorphins from prodynorphin (Cox, 1982; 

Goldstein et al., 1979; Hughes et al., 1975; Li et al., 1976; Loh et al., 1984). All endogenous 

opioid peptides share the characteristic amino acid sequence: Tyr-Gly-Gly-Phe-Leu/Met  

 

1

 

 
1 Figure reprinted from Medical Biochemistry, Blanco, A. & Blanco, G., Chapter 26 - Biochemical Bases of 
Endocrinology (II) Hormones and Other Chemical Intermediates, Pages 573-644, Copyright 2017, with permission 
from Elsevier (license #5484361186007, see Appendix B). https://doi.org/10.1016/B978-0-12-803550-4.00026-4  

Figure 1-2. Schematic of POMC processing into β-endorphin. 

Proopiomelanocortin (POMC) is cleaved to produce several peptides; the last 31 amino acids 
corresponding to β-endorphin yield the only opioidergic products. β-endorphin may be further 
cleaved (e.g. into α-endorphin). The first 5 amino acids are equivalent to Met-enkephalin and 
contain the characteristic opioid peptide sequence: Tyr-Gly-Gly-Phe-Leu/Met.  

https://doi.org/10.1016/B978-0-12-803550-4.00026-4
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(Abrimian et al., 2021; Cox, 1982) (Figure 1-2). It is often said that DORs are preferentially 

bound by enkephalins, KORs by dynorphins, and MORs by endorphins. However, all opioid 

peptides will bind to any of the three classical receptors if the peptide concentration is high 

enough and depending on receptor availability (Corbett et al., 1993; Gomes et al., 2020; Hughes 

et al., 1975; Kieffer, 1995; Paterson et al., 1984; Raynor et al., 1993; Winters et al., 2017). 

Importantly, the actions of endogenously produced and exogenously applied peptides may differ 

(Winters et al., 2017). For example, Met-enkephalin has similar affinity to the MOR and DOR, 

yet in the amygdala, endogenous Met-enkephalin is thought to only act on DORs, while 

exogenous Met-enkephalin binds both receptor types (Winters et al., 2017). Furthermore, the 

activation of different opioid receptors by the same ligand may lead to different behavioral 

outcomes: exogenous activation of DORs in the amygdala by Met-enkephalin is anxiolytic while 

MOR activation is anxiogenic (Winters et al., 2017). Thus, when assessing the roles of 

endogenous opioid peptides on physiological behavior, it is important to the consider the 

receptor(s) they are binding to. 

 

1.3 The role of endogenous opioids in sleep 

There is evidence that all three families of endogenous opioid peptides influence 

sleep/wake behavior through their classically-associated receptors. Acute β-endorphin treatment 

has been shown to increase arousal and latency to sleep in rodents and cats (Fratta et al., 1987; 

King et al., 1981; Riou et al., 1982). β-endorphin levels are also elevated in rats exposed to sleep 

deprivation and in children with sleep apnea (Fratta et al., 1987; Myer et al., 1990; Przewlocka et 

al., 1986). Importantly, opioid receptor antagonists are effective reversal agents and treatments 

for these phenomena (Fratta et al., 1987; King et al., 1981; Myer et al., 1990). While the 
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mechanism by which β-endorphin modulates sleep remains unknown (Pilozzi et al., 2021), it is 

plausible that β-endorphin exerts its effects on sleep by acting on MORs. Acute infusion of the 

endogenous MOR agonist endomorphin 1 into the VLPO increases wakefulness in rats, while 

MOR-selective antagonist CTAP increases sleep (Greco et al., 2008; Saper et al., 2001). These 

data suggest that MOR activation, possibly by β-endorphin, contributes to the stereotypical 

effects of opioids on sleep/wake behavior. 

Conversely, dynorphins appear to be sleep-promoting through their activation of KORs. 

Both application of dynorphin into the VLPO and optogenetic activation of prodynorphin-

expressing neurons in the preoptic area increase non-rapid eye movement (NREM) sleep in 

rodents (Chung et al., 2017; Greco et al., 2008). Application of the KOR antagonist nor-

binaltorphimine to the VLPO slightly increases wakefulness (Greco et al., 2008). The role of 

enkephalins in sleep is less clear. On one hand, Met-enkephalin administration can reduce 

hibernation bout duration (hibernation may be considered an extension of NREM sleep), 

associating the peptide with wakefulness (Beckman et al., 1992). On the other hand, delta-sleep-

inducing peptide stimulates Met-enkephalin release in many brain regions, associating the 

peptide with sleep (Nakamura et al., 1991, 1989). Furthermore, DOR (but not MOR or KOR) 

agonists inhibit light-induced circadian phase advances (Tierno et al., 2002). These data could 

suggest that each of the three classical opioid receptors have different contributions to the 

homeostatic and circadian components of sleep (i.e. homeostatic sleep drive builds over the 

course of the day while circadian sleep/wake rhythms are entrained to external factors) (Bergum 

et al., 2022c; Deboer, 2018; LeGates et al., 2014).  
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1.3 Opioid action in the retina 

While there are many brain regions orchestrating homeostatic sleep/wake behavior, the 

photoentrainment (i.e. synchronization) of circadian sleep/wake cycles to environmental 

light/dark cycles is uniquely regulated by retinal neurons (i.e. melanopsin-expressing 

intrinsically photosensitive retinal ganglion cells, or ipRGCs) (Altimus et al., 2008; Berson, 

2003; Eacret et al., 2020; Güler et al., 2008; Richter et al., 2014; Scammell et al., 2017). Light 

perceived by the eye is the most pervasive environmental factor affecting sleep (Johnson et al., 

2018; Turner et al., 2010). Furthermore, eye health has been shown to be inversely associated 

with sleep disturbances (Altimus et al., 2008; Kessel et al., 2011; Waller et al., 2008). In 

addition, there is evidence that endogenous opioid peptides and opioid drugs affect retinal 

signaling (Cleymaet et al., 2019; Dubocovich and Weiner, 1983). Therefore, the retina presents 

an interesting, and to our knowledge, previously unexplored site of action for opioids to 

modulate sleep/wake behavior. 

The presence of endogenous opioid peptides and opioid receptors in retinal homogenates 

was shown in many early works (Borbe et al., 1982; Howells et al., 1980; Medzihradsky, 1976; 

Slaughter et al., 1985; Wamsley et al., 1981). Enkephalins are expressed by retinal amacrine 

cells, and enkephalins and morphine both inhibit dopamine release in the retina (Brecha, 2004; 

Dubocovich and Weiner, 1983; Stell et al., 1980). More recent work has confirmed the 

expression of β-endorphin by cholinergic amacrine cells (Gallagher et al., 2010), as well as the 

expression of MORs and DORs by dopaminergic amacrine cells (Gallagher et al., 2012) and 

MORs by ipRGCs (Cleymaet et al., 2019). Interestingly, endogenous β-endorphin in the retina 

has been implicated in modulating the pupillary light reflex (PLR) through MOR activation 

(Cleymaet et al., 2021). 
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PLR is a non-image forming visual function mediated by ipRGCs (Güler et al., 2008). 

Intravitreal application of MOR-selective antagonist CTAP enhanced PLR in dark-adapted but 

not in light-adapted retinas (Cleymaet et al., 2021). Therefore endogenous opioids in the retina 

might be more highly expressed in the dark and play an inhibitory role in PLR, possibly 

improving vision at night (Cleymaet et al., 2021). This would be consistent with previous reports 

of circadian regulation of β-endorphin in the brain, with peak expression at night (Jamali and 

Tramu, 1999; Kerdelhue et al., 1983; Labrecque and Vanier, 1995). Importantly, MOR  

activation inhibits the firing of ipRGCs, and indeed intravitreal administration of MOR-selective 

agonist DAMGO inhibited PLR (Cleymaet et al., 2021, 2019). This was consistent with the long-

described pupillary effects of opioids (Larson, 2008; Martin, 1967; Murray et al., 1983; 

Pickworth and Sharpe, 1985). However, PLR was unaffected by DAMGO in mice lacking 

MORs expressed by ipRGCs (Cleymaet et al., 2021). Together these data suggest that 

endogenous opioid peptides in the retina modulate PLR by activating the MORs expressed by 

ipRGCs (Cleymaet et al., 2021, 2019). 

Neuromodulatory processes affecting ipRGC activity (i.e. MOR activation) are expected 

to alter other ipRGC-driven behaviors, such as photoentrainment. In response to light, ipRGCs 

fire action potentials (Berson, 2003) and release neurotransmitters (glutamate and pituitary 

adenylate cyclase-activating peptide) through the retinohypothalamic tract onto neurons in the 

central circadian pacemaker, the suprachiasmatic nucleus of the hypothalamus (SCN) (Hastings 

et al., 2018). As such, light-evoked firing by ipRGCs increases the firing rate of SCN neurons 

and promotes sleep in the nocturnal mouse and wakefulness in humans (Altimus et al., 2008; 

Hastings et al., 2018; Lupi et al., 2008). ipRGCs also modulate sleep/wake behavior in response 

to acute light/dark exposure via their monosynaptic projections to areas such as the VLPO and 
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other preoptic areas (Altimus et al., 2008; Hattar et al., 2006; LeGates et al., 2014; Lupi et al., 

2008; Zhang et al., 2021). However, no studies have assessed the role of ipRGCs in the 

modulation of sleep by opioids, nor whether chronic morphine treatment alters circadian 

sleep/wake cycles via modulation of ipRGCs and/or their projection areas (e.g. SCN, VLPO). 

 

1.4 Opioid transport at blood-retina barrier 

Beyond the ability of intravitreally injected MOR agonists to modulate ipRGC-driven 

behaviors (Cleymaet et al., 2021), evidence suggests systemically applied opioid drugs can 

penetrate the blood-retina barrier (BRB). Morphine and other opioids are routinely detected in 

human vitreous humor samples to diagnose overdose-related deaths (Fernández et al., 2013; 

Wyman and Bultman, 2004). In addition, our recent work showed that after an intraperitoneal 

injection of morphine, the drug is detected in the mouse retina as quickly as 30 minutes later 

(Bergum et al., 2022a). The drug persists at detectable levels for at least twelve hours, and 

critically, continues to accumulate to higher levels with repeated morphine administration 

(Bergum et al., 2022a). Importantly, MOR-expressing ipRGCs are situated in the ganglion cell 

layer in contact with the vitreous humor, making them liable to opioid modulation throughout a 

chronic treatment paradigm. This is consistent with opioids modulating PLR via ipRGCs, as 

described above (Cleymaet et al., 2021; Larson, 2008; Martin, 1967; Murray et al., 1983; 

Pickworth and Sharpe, 1985). However, our understanding of opioid pharmacokinetics and 

transport at the BRB is limited.  

Movement across the blood-brain barrier (BBB) and/or BRB is regulated by specialized 

endothelial cells that line blood vessels, as well as the tight junction proteins (e.g. occludin, 

claudins) between them (Benyamin et al., 2008; Bergum et al., 2022a; Morcos et al., 2001; 
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Obermeier et al., 2013; Schaefer et al., 2017; Yang et al., 2018). Thus, many large and 

hydrophobic substrates are actively transported across blood-CNS barriers (Liu and Liu, 2019; 

Yang et al., 2018). The mechanisms of opioid influx across blood-CNS barriers are still 

unknown: it is possible they are small enough to passively cross these barriers and/or their influx 

is facilitated by transporters expressed on the basolateral face of endothelial cells (Liu and Liu, 

2019; Yang et al., 2018). 

The mechanisms of opioid efflux from CNS tissues back into systemic circulation are 

much better understood, especially at the BBB. Opioid efflux is primarily mediated by ATP-

binding cassette (ABC) transporter proteins (Liu and Liu, 2019; Yang et al., 2018). The ABC 

superfamily of transmembrane proteins, composed of nearly 50 genes in humans, collectively 

transports a wide range of molecules (e.g. ions, sugars, peptides) (Dean and Dean, 2002). Of 

these, ABCB1 (Abcb1a/Abcb1b in mice), commonly known as permeability glycoprotein (P-gp), 

is often considered the most important opioid transporter at the BBB (Dean and Dean, 2002; 

Gharavi et al., 2015; Liu and Liu, 2019; Yang et al., 2018). It is also the best-studied in terms of 

morphine transport (Chaves et al., 2017; Dagenais et al., 2001; Inturrisi, 2002; Loscher and 

Potschka, 2005; Schaefer et al., 2017; Seleman et al., 2014; Xie et al., 1999). P-gp transports 

morphine and β-endorphin, as well as the morphine metabolites M3G and M6G; the synthetic 

opioid fentanyl, methadone (used in medication-assisted treatment for opioid use disorder); and 

MOR-selective agonist DAMGO; but not all classes of opioids (e.g. Leu- and Met-enkephalin, 

codeine and oxycodone) (Yang et al., 2018). P-gp expression has been shown to be negatively 

correlated with the efficacy of morphine-induced analgesia, as it limits the penetration of the 

drug into the brain through its efflux activity (Hamabe et al., 2007; Sanchez-Covarrubias et al., 

2014). 



11 
 

Compared to the BBB, we know relatively little about the transport of opioids across the 

BRB (Chapy et al., 2016; Liu and Liu, 2019; Yang et al., 2018). Several studies have found 

reduced P-gp function at the BRB compared to the BBB in both rodents (Chapy et al., 2016; 

Fujii et al., 2014) and humans (Bauer et al., 2017), however these studies have only assessed the 

non-opioid P-gp substrates quinidine and verapamil. Importantly, ABC transporter expression 

and function is substrate-, species- and tissue-dependent (Bebawy and Chetty, 2009; Dalla et al., 

2022; Robison et al., 2019; Tanaka et al., 2005). Despite evidence that P-gp transports opioids 

across the BBB and is functional at the BRB, the contributions of ABC transporters at the BRB 

to opioid pharmacokinetics in the retina are relatively unknown (Bergum et al., 2022a). Since 

morphine persistence in the eye could modulate ipRGC activity and ipRGC-driven behaviors 

throughout chronic opioid treatment, it is critical to characterize the mechanisms of morphine 

transport at the BRB. 

The central hypothesis of the current work is that the bioavailability of opioids (i.e. 

endogenous opioid peptides and/or opioid drugs) in the retina contributes to the modulation of 

sleep/wake behavior. In Chapter 2, we characterize the role of endogenous opioid signaling 

through the MORs expressed by ipRGCs in sleep/wake behavior. Concurrent work that assessed 

the contribution of MORs expressed by ipRGCs to morphine-induced sleep/wake changes 

(Bergum et al., 2022b) is discussed in Chapter 4. In Chapter 3, we interrogate ABC transporters 

expressed at the BRB that may underlie morphine persistence in the retina. These data support a 

potential therapeutic intervention for opioid-induced sleep disturbances via the modulation of 

opioid transporter (i.e. P-gp) expression, which is discussed in Chapter 4. 
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CHAPTER 2: Endogenous opioid signaling in the retina modulates sleep/wake activity in mice2 
 
 
 

2.1 Summary 

Circadian sleep/wake rhythms are synchronized to environmental light/dark cycles in a 

process known as photoentrainment. We have previously shown that activation of β-endorphin-

preferring μ-opioid receptors (MORs) inhibits the light-evoked firing of intrinsically 

photosensitive retinal ganglion cells (ipRGCs), the sole conduits of photoentrainment. Although 

we have shown that β-endorphin is expressed in the adult mouse retina, the conditions under 

which β-endorphin is expressed are unknown. Moreover, it is unclear whether endogenous 

activation of the MORs expressed by ipRGCs modulates the photoentrainment of sleep/wake 

cycles. To elucidate this, we first measured the mRNA expression of β-endorphin’s precursor, 

proopiomelanocortin (POMC), at various times of day by quantitative reverse-transcription PCR. 

POMC mRNA appears to have cyclic expression in the mouse retina. We then studied β-

endorphin expression with immunohistochemistry and found that retinal β-endorphin is more 

highly expressed in the dark/at night. Finally, we used telemetry to measure activity, EEG and 

EMG in freely moving animals to compare sleep/wake cycles in wild-type and transgenic mice 

in which only ipRGCs lack functional MORs. Results from these experiments suggest that the 

MORs expressed by ipRGCs contribute to the induction and maintenance of activity in the dark 

phase in nocturnal mice, via the promotion of wakefulness and inhibition of slow-wave sleep. 

Together, these data suggest that endogenous β-endorphin activates MORs expressed by ipRGCs 

to modulate sleep/wake activity via the photoentrainment pathway. 

 
2 Berezin et al. (2022). Endogenous opioid signaling in the retina modulates sleep/wake activity in mice. Neurobiol. 

Sleep Circ. Rhyt., 13, 100078. https://doi.org/10.1016/j.nbscr.2022.100078. Reproduced with minor modifications 
for clarity pursuant to the open access CC-BY-NC-ND license and Elsevier’s Author Rights (Appendix C). 

https://doi.org/10.1016/j.nbscr.2022.100078
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2.2 Introduction 

Sleep is an essential behavior across the animal kingdom, but the regulation of sleep 

states is complex and therefore not fully understood (Richter et al., 2014; Scammell et al., 2017). 

Across multiple brain regions, there are several neurotransmitter systems and neuropeptides, 

such as galanin (Richter et al., 2014) and endogenous opioids (Fratta et al., 1987; Myer et al., 

1990), that play a role in the central regulation of sleep processes (Richter et al., 2014; Scammell 

et al., 2017). In addition, sleep is regulated by numerous physiological and environmental 

factors. Light is the most pervasive environmental factor influencing sleep cycles: circadian 

sleep/wake rhythms are synchronized to environmental light/dark cycles (i.e. photoentrainment) 

(LeGates et al., 2014). A classic experiment showed that the photoreceptors driving 

photoentrainment are in the eye, but they are neither rods nor cones (Freedman et al., 1999), 

consistent with the fact that non-light perceptive individuals can remain entrained to the 24-hour 

day (Czeisler et al., 1995). 

Indeed, a series of studies proved that melanopsin-expressing intrinsically photosensitive 

retinal ganglion cells (ipRGCs) are the sole conduit of photoentrainment (Berson, 2003; Güler et 

al., 2008). In addition to transmitting light information to the suprachiasmatic nucleus (SCN) 

(Fernandez et al., 2016), ipRGCs send monosynaptic projections to sleep-promoting centers, 

such as the preoptic area (Beier et al., 2021; Hattar et al., 2006), to mediate the acute effects of 

light on sleep (Altimus et al., 2008; Lupi et al., 2008; Zhang et al., 2021). Neuromodulatory 

processes inhibiting ipRGCs are expected to alter light-evoked behaviors mediated by ipRGCs, 

such as photoentrainment and/or pupillary light reflex (PLR) (Güler et al., 2008). Our recent 

work has shown that ipRGCs express μ-opioid receptors (MORs) and that the MOR-selective 

agonist [D-Ala2, MePhe4, Gly-ol5]-enkephalin (DAMGO) inhibits light-evoked firing by ipRGCs 
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(Cleymaet et al., 2019). Intraocular injection of DAMGO eliminated PLR triggered by light 

intensities activating rods and cones, and slowed PLR evoked by bright light sufficient to 

activate the melanopsin in ipRGCs (Cleymaet et al., 2021). Interestingly, PLR was not inhibited 

by DAMGO in mice which lacked MORs globally (MKO) or specifically from ipRGCs 

(McKO), suggesting MORs expressed by ipRGCs are important for mediating the effect of 

opioids on PLR (Cleymaet et al., 2021). Furthermore, the MOR-selective antagonist D-Phe-Cys-

Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) enhanced rod/cone-driven PLR in dark-adapted 

retinas, suggesting that endogenous activation of MORs expressed by ipRGCs in the dark 

inhibits PLR (Cleymaet et al., 2021). 

Opioid receptors in the retina have been shown by numerous studies (Borbe et al., 1982; 

Cleymaet et al., 2019; Gallagher et al., 2012; Medzihradsky, 1976; Slaughter et al., 1985; 

Wamsley et al., 1981), and of the endogenous opioid peptides, enkephalins have been detected in 

amacrine cells of guinea pig (Altschuler et al., 1982) and β-endorphin in a subset of cholinergic 

amacrine cells of mice (Gallagher et al., 2010). Endogenous opioid peptides are cleaved from 

larger precursor proteins (Russo, 2017), for example, proopiomelanocortin (POMC) can give rise 

to β-endorphin as well as non-opioidergic products, such as adrenocorticotropic hormone 

(ACTH) and α-melanocyte stimulating hormone (α-MSH) (Burbach, 2010; Cawley et al., 2016). 

However, in the inner retina only β-endorphin, not ACTH nor α-MSH (Gallagher et al., 2010), 

was detected, consistent with the notion that POMC processing is both cell- and tissue-specific 

(Bicknell, 2008). 

Taken together, there is strong evidence for expression of the endogenous opioid β-

endorphin in the adult mammalian retina (Gallagher et al., 2010) and for the activation of β-

endorphin-preferring MORs in modulating ipRGC function (Cleymaet et al., 2021). However, it 
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is not known under what conditions retinal β-endorphin is expressed, nor have the 

neuromodulatory effects of endogenous β-endorphin in the mammalian retina been studied. 

Accordingly, the aim of the current investigation was two-fold: (1) determine if light exposure 

and/or circadian timing influences β-endorphin expression in the adult mouse retina, and (2) 

examine if endogenous β-endorphin signaling in the retina contributes to the photoentrainment of 

sleep/wake behavior in the nocturnal mouse via MORs expressed by ipRGCs.   

 

2.3 Materials and Methods 

2.3A Animals 

 Wild-type (WT) C57BL/6J mice were purchased from Jackson Laboratories, Bar Harbor, 

ME (strain #000664). Mice with Cre recombinase expressed upstream of the melanopsin (Opn4) 

promoter [Tg(Opn4-cre)SA9Gsat/Mmucd, #036544-UCD; Opn4-cre] were purchased from the 

Mutant Mouse Resource and Research Center (MMRRC) at the University of California at 

Davis. These Opn4-cre mice were backcrossed into a 100% C57BL/6J background prior to 

purchase and maintained as hemizygotes (Opn4-cre +/-). McKO mice, in which only ipRGCs 

lack functional MORs, were generated as described previously (Cleymaet et al., 2021; Weibel et 

al., 2013). In brief, Oprm1fl/fl breeders (Jackson Labs strain #030074) were generously provided 

by Dr. Brigitte Kieffer (Douglas Research Center, McGill University). Oprm1fl/fl mice have 

exons 2 and 3 of the MOR (Oprm1) gene flanked by a loxP site and were maintained on a 50% 

C57BL/6J-50% 129Sv background for 5 generations before receipt (Weibel et al., 2013). To 

establish a 100% C57BL/6J background, Oprm1fl/fl mice were backcrossed to WT C57BL/6J 

mice for ≥10 generations. Finally, Oprm1fl/fl and Opn4-cre mice were crossed to obtain McKO 

mice with the floxed Oprm1 gene on both alleles and Opn4-cre on one allele. Mice lacking 
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functional MORs globally (B6.129S2-Oprm1tm1Kff/J; MKO) were purchased from Jackson Labs 

(strain #007559). MKO mice were backcrossed to C57BL/6J mice for at least 12 generations 

prior to purchase. Adult male and female animals (8-23 weeks) were kept on a 12-hour light:12-

hour dark cycle with lights on at 6:00 AM (Zeitgeber time ZT 0), fed standard chow and water 

ad libitum. Animals were handled in compliance with the Colorado State University Institutional 

Animal Care and Use Committee and all procedures met the guidelines outlined by the National 

Research Council's Guide for the Care and Use of Laboratory Animals. 

 

2.3B Reverse Transcription Quantitative PCR (qRT-PCR) 

RNA Preparation 

Adult male and female mice were anesthetized with Fluriso (isoflurane, VetOne) and 

euthanized by cervical dislocation or decapitation. Under RNase-free conditions, retinas were 

microdissected in 0.1 M phosphate buffered saline (PBS; pH 7.4) then placed in RNAlater 

solution (Sigma-Aldrich) at 4°C until all samples were collected. Total RNA was extracted using 

the RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. Briefly, RNAlater 

solution was washed off by placing the tissue into 0.1 M PBS, then the tissue lysed in Buffer 

RLT with DTT (GoldBio) by disruption with a micropipette followed by homogenization of the 

solution by passing it through a 20-gauge needle 5 times. Hypothalami were dissected from the 

mouse brain and immediately homogenized in Buffer RLT with DTT (GoldBio) by passing it 

through 20-gauge and 27-gauge needles 5 times each. The lysate was centrifuged, and the 

supernatant combined with 70% ethanol before being put on the column. After RNA was eluted 

from the column, the concentration and quality (A260/A280) of each sample was assessed using a 

Nanodrop (ThermoFisher NanoDrop2000 or ThermoFisher NanoDrop Lite). Genomic DNA 
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(gDNA) was digested using DNase I, RNase-free (ThermoFisher) according to manufacturer’s 

instructions. RNA concentration was again measured using a Nanodrop, and RNA integrity and 

successful DNase treatment was assessed on a 1% agarose gel. All samples displayed strong 28S 

and 18S rRNA bands, no gDNA contamination, and no degradation. 

 

Reverse Transcription 

Reverse transcription of RNA was performed using the GoScript™ Reverse 

Transcription System (ProMega) according to manufacturer’s instructions. 200 ng RNA was 

used in each reaction and a no-reverse transcription (NRT) control was performed alongside each 

sample. cDNA was stored at -20°C until used for qRT-PCR amplification. 

 

qRT-PCR Primer Design 

Primers and probes were designed using Integrated DNA Technologies’ PrimerQuest™ 

Tool. For each target, primers were designed to span an exon-exon junction, have melting 

temperatures between 60°C and 65°C, have GC content between 45-65%, and be no more than 

30 nucleotides long. Probes were designed to have melting temperatures at least 5°C higher than 

the primers, have GC content between 45-75%, and be no more than 30 nucleotides. Amplicons 

were required to be shorter than 150 nucleotides. All other parameters were left to the default. 

The multiplexed primers (500 nM) and probe (250 nM) were resuspended in IDTE buffer (10 

mM Tris, 0.1 mM EDTA in H2O) upon receipt then stored at -20°C. 

For each primer set, a temperature gradient was used to determine the optimal annealing 

temperature. Reaction parameters were first determined in singleplex reactions before 

multiplexing. PCR products from each primer set were run on a 2% agarose gel to assess the 



18 
 

specificity of the primers. For all genes, one clear band was seen with no gDNA contamination 

or additional products.  

In the mouse retina, β-actin is a commonly used reference gene (Sawant et al., 2017) and 

Tbp has been shown to be an appropriate reference gene (Adachi et al., 2015). Both genes were 

stably expressed in all samples. For the Oprm1 (MOR) experiments, both Tbp and β-actin were 

used as reference genes. For the POMC experiments, only Tbp was used as a reference gene 

because the cycling requirements for β-actin were not compatible with the requirements for 

POMC. Primer and probe sequences can be found in Table 2-1. 

 

qRT-PCR Protocol 

Reactions were set up using GoTaq® Probe qPCR Master Mix (ProMega) according to 

manufacturer’s instructions, however because our primers and probes arrived multiplexed, only 1 

 

Table 2-1. Primer and probe sequences for qRT-PCR experiments. 

Target Forward 

Primer (5’-3’) 
Reverse 

Primer (5’-3’) 
Probe Sequence 

(5’-3’) 
Notes 

Proopiomelanocortin 
(Pomc), 
NM_001278581.1, 
transcript variant 1 

GATGCAAGC
CAGCAGGT 

GATTCTGCT
ACAGTCGCT
CAG 

/6-
FAM/ATAGATGT
G/ZEN/ 
TGGAGCTGGTG
CCTG/IABkFQ/ 

This is the longest 
transcript of 5 transcripts 
that produce the same 
protein and only differ in 
their 5’ UTR. 

Opioid receptor, mu 
1 (Oprm1), 
NM_001304955.1, 
transcript variant 
MOR-1U 

ACGTGAGGG
TGCAATCTA
TG 

GCAACTGGA
TCCTCTCTTC
TG 

/6-
FAM/CTGCCCGT
A/ZEN/ 
ATGTTCATGGC
AACC/IABkFQ/ 

This is the longest 
transcript. 

β-actin (Actb), 
NM_007393.5 

GTCATCCAT
GGCGAACTG
G 

ACTGTCGAG
TCGCGTCC 

/HEX/CGTTGCCG
G/ZEN/ 
TCCACACCCGC
CA/IABkFQ/ 

This is the only 
transcript. 

TATA box binding 
protein (Tbp), 
NM_013684.3 

CCATGAAAT
AGTGATGCT
GGGC 

GGGTATCTG
CTGGCGGTT
T 

/HEX/TGCGGTCG
C/ZEN/ 
GTCATTTTCTCC
GCAGT/IABkFQ/ 

This is the only 
transcript. 
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μL was used and an additional 2 μL of nuclease-free water was added in the total 20 μL reaction 

mix. 

The cycling conditions for POMC were as follows: 2 min, 95°C, GoTaq® DNA 

polymerase activation, then 35 cycles of denaturation (95°C, 15 s) and annealing/extension 

(63.2°C, 30 s). The cycling conditions for Oprm1 were as follows: 2 min, 95°C, GoTaq® DNA 

polymerase activation, then 35 cycles of denaturation (95°C, 15 s) and annealing/extension 

(57.2°C, 30 s). 

Each plate contained a standard curve, run in triplicate, which included three 10-fold 

dilutions. Every experimental sample was run in triplicate using 2 μL of cDNA. A NRT control 

and no-template control (H2O instead of cDNA or RNA; NTC) was included in each run. No 

amplification was seen in any NRT or NTC controls. Assay plates were prepared in-lab then run 

on a CFX96 Touch Real-Time PCR Detection System (BioRad). 

 

Data Analysis 

The CFX Manager™ Software, version 3.1 (BioRad) was used to set the threshold for 

each reaction (highest R2 just above the background) and to assess the efficiency of the reaction 

based on the standard curve (90-110%). It was also used to normalize data between plates when 

samples needed to be re-run or run on multiple plates. In these cases, at least one identical 

sample was run on each plate and used as an inter-run calibrator. The quantification cycle (Cq) 

values for each experiment were downloaded as an Excel spreadsheet and the ΔΔCt method was 

used for analysis (Hellemans et al., 2007; Livak and Schmittgen, 2001). For each gene, the Cq 

values for all samples in the control group were averaged and used as the reference to calculate 

relative gene expression (RGE) in each sample. Where multiple reference genes were used, the 
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geometric mean of those genes’ relative quantities was used to calculate RGE (Vandesompele et 

al., 2002). 

 

2.3C Immunohistochemistry 

Both adult male and female mice were adapted to the light condition (i.e. light or dark) 

for at least 2 hours before anesthetization with Fluriso (isoflurane, VetOne) and sacrificed by 

cervical dislocation. For daytime β-endorphin measurements, mice were sacrificed between ZT 4 

and ZT 8. For nighttime β-endorphin measurements, mice were sacrificed between ZT 19 and ZT 

20, as indicated by previously reported β-endorphin peak levels in the brain (Jamali and Tramu, 

1999; Kerdelhue et al., 1983; Labrecque and Vanier, 1995). In dark-adapted conditions, mice 

were sacrificed and retinas microdissected under infrared illumination with the aid of OWL 

Night Vision Scopes (BE Meyers) mounted on Olympus SZ51 stereoscopes to maintain the 

retina in a fully dark-adapted state. Mice were enucleated and the eyes placed in 0.1 M PBS, then 

a small incision was made at the ora serrata and the whole eye fixed in freshly prepared 4% 

paraformaldehyde (PFA) in PBS for 20 min at room temperature (RT). Retinas were then 

dissected out in PBS and placed in the same fixative solution for an additional 5 min. Retinas 

were washed 3 × 20 min in 0.1 M PBS at RT, then incubated in a blocking solution (5% serum 

and 0.5% Triton X-100 in PBS) for 3 hours on a shaker table at RT. Retinas were incubated in 

primary antibodies diluted in the blocking solution for at least 30 hours on a shaker table at RT 

(goat anti-choline acetyltransferase 1:200, Millipore; rabbit anti-β-endorphin 1:5000, NHPP-

NIDDK). Retinas were then washed (3 × 20 min) in PBS and incubated, either at RT for 4 hours 

or overnight at 4°C, in the appropriate secondary antibodies. After a final 3 × 20 min wash in 
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PBS, retinas were mounted on Superfrost Plus microscope slides (Fisher Scientific) in 

Vectashield Plus Antifade Mounting Medium (Vector Laboratories, Burlingame, CA). 

 

2.3D RNAscope in situ hybridization 

Adult male and female mice were anesthetized with Fluriso (isoflurane, VetOne) and 

euthanized by cervical dislocation. Under RNase-free conditions, eyecups were dissected in 0.1 

M PBS, fixed in cold 4% PFA for 25 minutes, and immersed in 30% sucrose at 4°C for several 

days prior to being embedded in Optimal Cutting Temperature (O.C.T.) Compound (Tissue-

Tek). The tissue was sectioned at 20 μm on a ThermoFisher CryoStar NX50 cryostat, directly 

applied to SuperFrost Plus slides (Fisher Scientific), and stored at -20°C until use. The 

RNAscope Multiplex Fluorescent Assay v2 was performed according to the manufacturer’s 

protocol for fixed-frozen tissue (Advanced Cell Diagnostics, Newark, CA). In brief, after 

washing off the OCT with PBS, slides were baked at 60°C in the HybEZ Oven (ACDbio) for 30 

minutes. Slides were post-fixed in 4% PFA for 15 minutes, then dehydrated in a series of ethanol 

gradients at room temperature for 5 minutes each (50%, 70%, 100% x2). During pretreatment, 

slides were boiled in the supplied Target Retrieval reagents for 15 minutes. The probes used 

were specific to sequences in the Oprm1 (Mus musculus opioid receptor mu 1 #544731) and 

Opn4 (Mus musculus opsin 4 [melanopsin] #438061-C2) genes. Probes were labelled with Opal 

dyes 520 and 570 (Akoya Biosciences), respectively. Opal dyes were used at a 1:1500 dilution 

initially then adjusted according to signal intensity (i.e. increased to 1:1000 for Oprm1). 
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2.3E Confocal Laser Microscopy 

All images were obtained on a Zeiss LSM 900 confocal microscope (Carl Zeiss, 

Oberkochen, Germany). For all acquisitions, sequential scans at the different wavelengths were 

performed. For immunohistochemical experiments performed in whole-mount retinas, tiling was 

used to capture 1 mm2 images including the center and periphery regions of the retina. Where 

high-quality images of this size could not be taken in the remaining periphery regions, additional 

images were at least 300 μm2. All images were taken at 0.5 or 1 μm increments through the 

ganglion cell layer (GCL) and inner nuclear layer (INL) with a 20x air objective. Somas 

immunopositive for ChAT and β-endorphin in the same optical section were counted manually 

and totaled using the Cell Counter plugin (De Vos, University of Sheffield) in Fiji (Schindelin et 

al., 2012). For RNAscope in situ hybridization experiments, Z-stack images were taken at 0.5 to 

1 μm increments through the full thickness of the sections with a 40x oil-immersion objective. 

Quantitative analysis was performed on projections of all Z-stacks using Fiji (Schindelin et al., 

2012). 

 

2.3F Surgery & Telemetry Recordings 

Adult male WT and McKO mice were surgically implanted with mini-telemetry 

transmitters (HD-X02, DSI) as previously described (Locklear, 2020; Zhang et al., 2021). In 

brief, mice were deeply anesthetized with isoflurane (5%) and fitted with a nose cone for 

continuous isoflurane delivery (1-5%). Core body temperature and respiratory rate were 

monitored throughout surgery. Transmitters were subcutaneously inserted in the dorsal abdomen, 

electromyogram (EMG) leads were inserted into the cheek muscles, and electroencephalogram 

(EEG) leads were placed into holes drilled into the skull (1.0 mm posterior to bregma, 1.0 mm 
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left of midline; 2.0 mm posterior to bregma, 1.0 mm right of midline). A screw was drilled into 

the skull (2.5 mm posterior to bregma, 1.0 mm left of midline), and dental acrylic was used to 

adhere the leads to the skull and the screw. After the incisions were sutured, mice received an 

injection of the non-steroidal anti-inflammatory drug (NSAID) OstiLox (3 mg/kg meloxicam, 

VetOne) and their status was recorded every 5 minutes for the first 30 minutes post-surgery. 

Mice continued to be monitored for 3 days in separate cages under a standard 12-hour light:12-

hour dark cycle with lights on at 7:00 AM (ZT 0). After recovery, each cage was placed on a 

receiver (DSI), which relayed the telemetry signals to a computer for recording. 

 

Activity Measurements 

The implanted transmitters recorded the x-y movement of WT and McKO mice in their 

cages for at least 4 days continuously. Activity, measured in arbitrary units, was recorded each 

minute. Mice were considered inactive when no x-y movement was recorded during that minute. 

Data analysis was performed using the Rethomics set of R packages, a framework for high-

throughput behavioral analysis (Geissmann et al., 2019). 

 

Sleep/Wake Measurements 

 The implanted transmitters recorded activity, EEG and EMG data from WT and McKO 

mice for at least 3 days continuously. Artifacts in recording were minimized in Neuroscore 

software (DSI) using Nan Substitution of the previously recorded value. Wake, slow-wave sleep 

(SWS), or paradoxical (REM) sleep were scored automatically by the software in 10-second 

epochs. In brief, wake is characterized by low-amplitude EEG and high-amplitude EMG/activity, 
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SWS by high-amplitude EEG and low-amplitude EMG/activity, and REM sleep by low-

amplitude EEG and low-amplitude EMG/activity (Borniger et al., 2013; McDowell et al., 2014). 

 

2.3G Statistical Analysis 

Statistical tests were performed in either R (version 4.1.2) or SigmaPlot (version 11.2). 

For all tests, p<0.05 was considered significant. The qRT-PCR data was analyzed by t-test 

(McKO validation in retina) or ANOVA (POMC measurements, McKO validation in 

retina/hypothalamus), immunohistochemical data analyzed by multivariate ANOVA, and 

RNAscope data analyzed by t-test. The behavioral data were analyzed by ANOVA in most cases, 

except for the whole-day sleep/wake recordings which were analyzed by the non-parametric 

Wilcoxon rank-sum test due to non-normality and non-homogenous variance of the data. 

ANOVAs were followed by Tukey-adjusted post-hoc pairwise comparisons. Where multiple 

measurements were made from the same mouse (e.g. qRT-PCR in the retina and hypothalamus; 

behavioral experiments) a linear mixed effects model was fit to the data. 

 

2.4 Results 

2.4A POMC mRNA expression in the retina appears to have cyclic variation across the day 

 Some evidence suggests that POMC mRNA is more highly expressed at night in the 

rodent hypothalamus, particularly in the arcuate nucleus (Agapito et al., 2014; Chen et al., 2004; 

Orozco-Solís et al., 2011; Steiner et al., 1994). POMC expression is known to be region- and 

tissue-specific (Bicknell, 2008), and to our knowledge, no studies have assessed changes in 

POMC mRNA throughout the day in the mammalian retina. Thus, we used quantitative reverse-

transcription PCR (qRT-PCR) to quantify POMC mRNA in the retina and hypothalamus of male 
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WT mice sacrificed at the midpoint of the light phase [Zeitgeber time (ZT) 6, n=5] or the dark 

phase (ZT 18, n=5). At ZT 18, mice were sacrificed and the retinas dissected under infrared 

illumination to maintain the animals in a dark-adapted state. The expression of POMC in each 

sample, relative to the reference gene Tbp, was calculated using the retina samples at ZT 6 as the 

control group. Relative gene expression values were log-transformed to satisfy the assumptions 

of ANOVA. We found that there was a significant interaction of light condition and tissue type 

(F1,8=11.17, p=0.0102, ANOVA). In the retina, there was significantly less POMC mRNA at ZT 

6 compared to ZT 18 (t(15.7)= -3.025, p=0.0082; Figure 2-1a). At ZT 6, POMC expression in 

the hypothalamus was about 60-fold higher than in the retina (4-fold on the log scale, 

t(8)=18.609, p<0.0001; Figure 2-1b, Figure 2-2). At ZT 18, POMC expression in the 

hypothalamus was about 40-fold higher than in the retina (3-fold on the log scale, t(8)=13.883, 

p<0.0001; Figure 2-1b, Figure 2-2). Interestingly, we did not find that POMC mRNA in the 

hypothalamus was different between ZT 6 and 18 (t(15.7)=1.362, p=0.1924; Figure 2-1b).  

We wanted to elicit further information on potential cyclic variations in POMC mRNA 

expression in the mouse retina, so we sacrificed male WT mice every 8 hours [ZT 2 (n=6), ZT 10 

(n=6), and ZT 18 (n=5)] (Figure 2-1c). Sample collections at ZT 18 were again performed under 

infrared illumination in accordance with the light-dark cycle. In this experiment, we found that 

the time-of-day was not a significant predictor of retinal POMC mRNA expression (F2,14=0.047, 

p=0.95, ANOVA). Thus, there were no significant differences in the average relative expression 

of POMC between samples obtained at ZT 2 (1.01 ± 0.43), ZT 10 (1.06 ± 0.38), nor at ZT 18 

(1.09 ± 0.52) (Figure 2-1c). This data suggests that POMC mRNA in the retina could have an 



26 
 

ultradian (i.e. less than 24-hour cycle) rhythm, possibly consisting of 8-hour cycles of expression 

with peaks at ZT 2, 10 and 18 (Figure 2-1d).  

 

Figure 2-1. POMC mRNA in the retina appears to have cyclic variation across the day. 

(a, b) Male WT mice were sacrificed in the middle of the light phase (Zeitgeber Time ZT 6, n=5) or 
dark phase (ZT 18, n=5). POMC mRNA in the retina and hypothalamus (relative to the reference gene 
Tbp) was measured by quantitative reverse-transcription PCR (qRT-PCR) with ZT 6 retinas as the 
control group. Relative gene expression values (left) were log transformed (right) to satisfy the 
assumptions of ANOVA. (a) POMC mRNA is significantly higher in the retinas of mice sacrificed at 
ZT 18 than ZT 6 (* p=0.0082). (b) There was not a significant difference in hypothalamic POMC 

mRNA between ZT 6 and 18 (p=0.1924). (c) POMC mRNA was quantified in WT retinas collected 
every 8 hours (ZT 2 n=6, ZT 10 n=6, ZT 18 n=5). The time of sacrifice was not a significant predictor 
of POMC expression (p=0.95, ANOVA), and there were no significant differences in relative POMC 
expression in any of the three groups. All bars represent mean ± s.d. Yellow bars indicate light 
adaptation, while grey bars indicate dark adaptation. (d) Summary of results, where arrows indicate 
the relative expression of POMC mRNA at each timepoint. 
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2.4B β-endorphin protein expression is regulated by circadian and light-driven mechanisms 

In our original study of POMC and β-endorphin expression in the retina (Gallagher et al., 

2010), we found that more cells expressed POMC-DsRed signal than β-endorphin. This could be 

explained by the POMC-DsRed signal being maintained even when β-endorphin is broken down 

and undetectable by immunohistochemistry, or by β-endorphin expression being rhythmic as it is 

in other rodent brain regions (Jamali and Tramu, 1999; Kerdelhue et al., 1983; Labrecque and 

Vanier, 1995). In this study, we tested the hypothesis that β-endorphin expression is dependent 

on light condition and/or circadian time-of-day using immunohistochemical experiments. In the 

mouse retina, β-endorphin is expressed by a subset of cholinergic amacrine cells (Gallagher et 

al., 2010), which can be reliably labeled by their expression of choline acetyltransferase (ChAT), 

the rate-limiting enzyme for acetylcholine synthesis. ChAT+ cholinergic amacrine cells can be 

Figure 2-2. POMC mRNA expression in the mouse retina is significantly lower than in the 

hypothalamus. 

(a) At ZT 6 (noon), relative POMC mRNA expression, quantified by qRT-PCR, is about 60-fold 
higher in the hypothalamus compared to the retina (* p<0.0001). (b) At ZT 18 (midnight), POMC 

expression in the hypothalamus is about 40-fold higher than in the retina (* p<0.0001). (a, b) Relative 
gene expression values (left) were log-transformed (right) to satisfy the assumptions of ANOVA. Bars 
represent mean ± s.d. Yellow bars indicate light adaptation, while grey bars indicate dark adaptation.  
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found in the inner nuclear layer (INL) and ganglion cell layer (GCL) of the rodent retina (Voigt, 

1986), with greater cell numbers in the INL (Whitney et al., 2008).  

To assess whether β-endorphin expression in the retina is under circadian and/or light-

driven regulation, we quantified the colocalization of β-endorphin immunolabeling with that of 

ChAT+ somas in four conditions: light-adapted during the subjective day, dark-adapted during 

the subjective day, dark-adapted during the subjective night, and light-adapted during the 

subjective night (n=3 mouse retinas/group; Figure 2-3a, c). Representative images of β-

endorphin and ChAT immunolabeling are shown in Figure 2-4. We first confirmed that the 

average numbers of ChAT-immunopositive cells per mm2 across the center and periphery 

regions of the INL and GCL (980 ± 206 and 842 ± 219, respectively) were comparable to 

previously published cholinergic amacrine cell densities in C57BL/6J mice (Gallagher et al., 

2010; Whitney et al., 2008; Zhang et al., 2005) and not significantly different between groups 

(Tables 2-2, 2-3). Furthermore, the number of β-endorphin-immunopositive ChAT+ cells per 

mm2 in the INL and GCL of retinas that were light-adapted during the subjective day (67 ± 11 

and 41 ± 13, respectively) were comparable to our original study on β-endorphin expression 

(Gallagher et al., 2010). The average percentage of ChAT+ cells that expressed β-endorphin 

appeared to be lowest in mice that were light-adapted during the subjective day (ZT 4-8) in both 

the INL (7% versus 18-24%) and GCL (5% versus 7-12%). The average number of β-endorphin-

immunopositive cells per mm2 was higher in the INL (170 ± 101) than in the GCL (72 ± 35). We 

have included a representative Video3 showing each optical section through the GCL, inner 

plexiform layer (IPL) and INL to demonstrate the quality of the whole-mount preparation and 

ChAT/β-endorphin labeling in each layer. The expression of β-endorphin in each group was 

 
3 The video can be viewed in the digital version of Berezin et al. (2022) https://doi.org/10.1016/j.nbscr.2022.100078 

https://doi.org/10.1016/j.nbscr.2022.100078
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compared using a multivariate ANOVA (MANOVA) with the number of β-endorphin+ ChAT+ 

cells per mm2 of retina in the INL and GCL as two dependent variables, and time-of-day and 

light condition as independent variables. In this multivariate analysis, light condition and time- 

 

 

Figure 2-3. β-endorphin expression in the mouse retina depends on both light condition and 

circadian time-of-day. 

(a, c) Points represent the number of β-endorphin-immunopositive ChAT+ cells per square millimeter 
of the (a) ganglion cell layer (GCL) and (c) inner nuclear layer (INL) of each mouse retina (n=3 per 
group). There were no significant differences in the number of ChAT+ cells in the INL or GCL across 
all the groups (980 ± 206 and 842 ± 219, respectively). β-endorphin expression is most significantly 
increased when mice are dark-adapted for 2 hours during the subjective day, but expression levels are 
generally higher in any samples that are dark-adapted and/or obtained in the subjective night. Bars 
represent mean ± s.d. *  = p<0.05 (b, d) The interaction of light and time influences β-endorphin 
expression in both the GCL (p=0.013, b) and INL (p=0.059, d). Dark-adaptation is associated with 
more β-endorphin+ cells in the INL and GCL during the subjective day, but light-adaptation is 
associated with more β-endorphin+ cells in the subjective night. 
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of-day were not significant predictors individually (F2,7=0.75, p=0.51 and F2,7=0.83, p=0.48, 

respectively), but the interaction of light condition and time-of-day was a significant predictor of 

the number of β-endorphin+ ChAT+ cells per mm2 of retina (F2,7=4.85, p=0.048). Thus, the 

number of β-endorphin+ ChAT+ cells per mm2 is generally elevated in retinas that are dark-

Figure 2-4. Representative immunolabeling of choline acetyltransferase (ChAT) and β-

endorphin in light- and dark-adapted retinas. 

Each image is a maximum projection of all z-stacks containing the cells in the imaged region. (a) 
ChAT expression in the inner nuclear layer (INL) of a light-adapted retina obtained in the daytime. (b) 
β-endorphin expression in the same retina as (a). (c) Merged composite of (a) and (b). (d) ChAT 
expression in the inner nuclear layer (INL) of a dark-adapted retina obtained in the daytime. (e) β-
endorphin expression in the same retina as (d). (f) Merged composite of (d) and (e). Colocalization of 
magenta and green results in white; arrows indicate β-endorphin+/ChAT+ cells. 
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adapted and/or obtained during the subjective night (Figure 2-3, Tables 2-2, 2-3). We followed 

up our MANOVA analysis with individual univariate analyses for the INL and GCL. In the 

GCL, the interaction of light condition and time-of-day (F1,8=10.05, p=0.013) was again a 

significant predictor, while light condition (F1,8=0.93, p=0.36) and time-of-day (F1,8=0.02, 

p=0.9) were not. The interaction plot for β-endorphin expression in the GCL shows that while 

dark-adaptation is associated with more β-endorphin+ ChAT+ cells during the subjective day, 

light-adaptation is associated with more β-endorphin+ ChAT+ cells during the subjective night 

(Figure 2-3b). Tukey-adjusted post-hoc comparisons revealed a significant increase in the 

average number of β-endorphin+ ChAT+ cells per mm2 in the GCL (Table 2-2) in dark-adapted 

(105 ± 20) versus light-adapted retinas during the subjective day (41 ± 13; t(8)= -2.92, p=0.0192) 

(Figure 2-3a). Furthermore, β-endorphin expression was higher in dark-adapted retinas during 

the subjective day than during the subjective night (54 ± 6; t(8)=2.33, p=0.0482) (Figure 2-3a). 

Lastly, the difference in the number of β-endorphin+ cells between light-adapted retinas during  

 

Table 2-2. Summary of ChAT and β-endorphin immunolabeling in the GCL. 

Light 

Condition 

Time of 

Day 
n 

Total ChAT+ 

cells 

Total β-endorphin+ 

ChAT+ cells 

Average ChAT+ 

cells/mm2 

Average β-endorphin+ 

ChAT+ cells/mm2 

light day 3 8795 413 779 ± 92 41 ± 13 

light night 3 12345 1191 909 ± 453 88 ± 48 

dark day 3 13001 1504 901 ± 121 105 ± 20 

dark night 3 11936 830 781 ± 109 54 ± 6 

 

Table 2-3. Summary of ChAT and β-endorphin immunolabeling in the INL. 

Light 

Condition 

Time of 

Day 
n 

Total ChAT+ 

cells 

Total β-endorphin+ 

ChAT+ cells 

Average ChAT+ 

cells/mm2 

Average β-endorphin+ 

ChAT+ cells/mm2 

light day 3 10834 767 954 ± 123 67 ± 11 

light night 3 14180 2782 1029 ± 438 207 ± 133 

dark day 3 14630 3416 1008 ± 61 242 ± 105 

dark night 3 14103 2573 929 ± 116 161 ± 38 
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the subjective night (88 ± 48) and the subjective day was slightly increased (t(8)= -2.15, p=0.06) 

(Figure 2-3a). 

Interestingly, in the INL, neither light condition (F1,8=1.64, p=0.24, ANOVA), time-of-

day (F1,8=0.35, p=0.57), nor the interaction of light condition and time-of-day (F1,8=4.84, 

p=0.059) were statistically significant predictors of β-endorphin expression. However, we found 

that dark-adaptation is associated with increased β-endorphin expression during the subjective 

day in INL just as it is in the GCL (Figure 2-3d). Moreover, light-adaptation during the 

subjective night, compared to dark-adaptation, is not as strongly associated with an increase in 

the number of β-endorphin+ ChAT+ cells in the INL as it is in the GCL, thus the expression of 

β-endorphin in the INL is relatively similar in both light conditions in the subjective night 

(Figure 2-3d). Tukey-adjusted post-hoc comparisons revealed a significant increase in β-

endorphin expression in dark-adapted (242 ± 105) versus light-adapted retinas during the 

subjective day (67 ± 11; t(8)=2.46, p=0.0392) (Table 2-3, Figure 2-3c). Furthermore, there was a 

slight increase in the expression in light-adapted retinas during the subjective night (207 ± 133) 

compared to subjective day (t(8)= -1.98, p=0.0835) (Figure 2-3c). 

In both the INL and GCL, the light-adapted samples obtained during the subjective day 

had the lowest average expression of β-endorphin. Changes to the light condition (i.e. dark-

adaptation) and/or time-of-day (i.e. sacrificing mice at night) led to increases in the average 

number of ChAT+ cells that express β-endorphin (Figure 2-3). Notably, dark-adaptation during 

the subjective day resulted in the largest increase in β-endorphin expression. The expression of 

β-endorphin in samples obtained in the subjective night, regardless of light condition, tended to 

be higher than samples light-adapted during the subjective day, despite this difference not being 

statistically significant. The fact that the expression in dark-adapted samples obtained during the 
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subjective night is not higher than in the subjective day is consistent with the circadian effect not 

being statistically significant. Overall, increased β-endorphin expression appears to be associated 

with acute dark adaptation during the subjective day, or sacrifice during the circadian night 

phase, periods when nocturnal mice should be active and awake. 

 

2.4C Validation of the McKO mouse line4 

To test whether endogenous β-endorphin signaling via MORs expressed by ipRGCs 

influences the photoentrainment of circadian activity in nocturnal mice, we generated a mouse 

line wherein only ipRGCs lack functional MORs due to the Cre-dependent deletion of exons 2 

and 3 (McKO) (Cleymaet et al., 2021; Weibel et al., 2013). In order to validate this McKO 

mouse line, we used both qRT-PCR and RNAscope in situ hybridization. In our qRT-PCR 

experiments, we quantified Oprm1 (MOR) mRNA expression in male and female WT (n=6) and 

McKO (n=5) mice using primers that targeted the deleted region. MOR expression relative to the 

reference genes Tbp and β-actin was calculated using the average Cq values in the WT group as 

the control. Retinas from McKO animals had significantly lower MOR mRNA expression (0.33 

± 0.2) than retinas from WT mice (1.02 ± 0.2)  (t(8.604)=5.88, p<0.001, T-test; Figure 2-5a). 

This is consistent with the observation that, in the mouse retina, although MOR expression is not 

extensive, several cell types are labeled with the anti-MOR antibody, including Brn-3a positive 

putative ganglion cells, a few GAD67-expressing putative amacrine cells, and dopaminergic 

amacrine cells (Gallagher et al., 2012). Nonetheless, the present data indicates that MORs 

expressed by ipRGCs represent a major fraction of retinal MOR expression. Importantly, mice 

lacking functional MORs globally (MKO) were also generated by the deletion of exons 2 and 3 

 
4 Additional information regarding the validation of the McKO mouse line can be found in Appendix A. 
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(Matthes et al., 1996), therefore they served as a negative control. Indeed, when we used the 

same Oprm1 primers in these MKO mice (n=5), we confirmed that there was no measurable 

amplification of MOR mRNA (data not shown). Furthermore, we quantified MOR mRNA in the 

hypothalamus and retina of WT and McKO mice and found no decrease in MOR expression in 

the hypothalamus of McKO mice (Figure 2-6). Interestingly, MOR expression was 

approximately 15-fold higher in the hypothalamus than the retina (t(7)= -44.412, p<0.0001; 

Figure 2-6). 

 

Figure 2-5. Retinal μ-opioid receptor (MOR) mRNA expression is decreased in McKO mice 

compared to WT mice. 

McKO mice lack functional MORs only on intrinsically photosensitive retinal ganglion cells (ipRGCs) 
but retain functional MOR expression in other retinal cells. (a) MOR mRNA was measured in total 
retina extracts from WT (n=6) and McKO (n=5) mice by quantitative reverse transcription PCR (qRT-
PCR). Expression was significantly lower in McKO mice (* p<0.001). (b1) Representative images of 
RNAscope in situ hybridization used to fluorescently label melanopsin (Opn4) mRNA expressed by 
ipRGCs and MOR (Oprm1) mRNA. Images are average intensity projections of all z-stacks including 
these cells. Opn4 mRNA was labeled with Opal 570 (orange), Oprm1 mRNA with Opal 520 (green), 
and cell nuclei with DAPI (blue). (b2) Quantification of RNAscope in situ hybridization. Fewer 
ipRGCs express MOR mRNA in McKO mice (n=4) compared to WT mice (n=4) (* p<0.001). Bars 
represent mean ± s.d. 
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Using RNAscope in situ hybridization, we visualized melanopsin (Opn4) and MOR 

(Oprm1) mRNA (Figure 2-5b1) in male and female WT (n=4) and McKO (n=4) mice with 

probes that targeted exons 2 and 3 of Oprm1, the region deleted in the McKO mouse line and the 

same region targeted by our qRT-PCR primers. We found a statistically significant decrease in 

the percentage of Opn4+ cells (ipRGCs) that expressed MOR mRNA in McKO mice (16% ± 

14%) compared to WT mice (94% ± 9%) (t(5.024)= -9.22, p=0.00025, T-test; Figure 2-5b2). In 

Figure 2-6. MOR mRNA is not decreased in the hypothalamus of McKO mice. 

MOR mRNA from the hypothalamus and retina of WT and McKO mice was quantified by qRT-PCR. 
Relative gene expression values (top) were log-transformed (bottom) to satisfy the assumptions of 
ANOVA. MOR mRNA is significantly decreased in the retina (* = p<0.0001), but not hypothalamus, 
of McKO mice. Note that MOR expression is about 15-fold higher in the hypothalamus than retina 
(p<0.0001). Bars represent mean ± s.d. 
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WT mice, the percentage of Opn4+ cells which expressed MOR mRNA ranged from 81.25% to 

100%, while the percentage of Opn4+ cells which expressed MOR mRNA in McKO mice ranged 

from 0% to 33.3% (Figure 2-5b2). Our observation that not all Opn4+ cells in WT mice express 

MOR mRNA is in line with our previous work on MOR immunoreactivity in ipRGCs. We 

showed MOR expression in M1-M3 ipRGC subtypes (Cleymaet et al., 2019), but whether M4-

M6 subtypes express MORs is unknown (Quattrochi et al., 2019; Schmidt et al., 2011). 

Furthermore, an incomplete decrease in MOR mRNA has previously been shown in the exon 2 

and 3-deletion model (Severino et al., 2020; Weibel et al., 2013), and while MOR mRNA 

transcripts lacking exons 2 and 3 may still be transcribed, the coding sequence for the protein is 

disrupted and the receptor is therefore non-functional (Matthes et al., 1996). 

 

2.4D Endogenous activation of MORs expressed by ipRGCs modulates activity in the dark 

In order to determine the contribution of MORs expressed by ipRGCs on the 

photoentrainment of activity cycles, the x-y movement of male WT (n=9) and McKO (n=7) mice 

was measured by surgically implanted mini-telemetry transmitters (DSI). Each minute, 

movement (activity) was measured in arbitrary units (a.u.), and the activity measurements from 

each mouse were then averaged over at least 4 consecutive days (Figure 2-7). Mice were 

considered inactive if no x-y movement was recorded for the entire minute. Bouts of inactivity 

(i.e. no x-y movement) lasting longer than 40 seconds are an excellent approximation of sleep, as 

they show high agreement with estimates of sleep obtained by EEG and EMG recordings (Fisher 

et al., 2012; Pack et al., 2007). Using longer bouts of inactivity (e.g. 1 minute as here) may 

underestimate sleep amounts (Pack et al., 2007). 
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The activity data was analyzed using a linear mixed model with activity or inactivity as 

the response variable, and genotype and phase as predictor variables grouped by the mouse ID. 

As expected for nocturnal animals, WT mice displayed more activity in the dark phase (0.18 ± 

0.04) than in the light phase (0.06 ± 0.02; t(14)= -7.837, p<0.0001, Tukey-adjusted comparisons) 

(Figures 2-7a, b). Conversely, they spent more time inactive in the light phase (64% ± 6%) than 

 

Figure 2-7. McKO mice are less active in the dark phase than WT mice but retain nocturnal 

circadian behavior. 

(a) Average activity (x-y movement) of all WT (n=9) and McKO (n=7) mice over 24 hours, averaged 
from recordings across at least 4 days. (b) Quantification of the average activity of each individual 
mouse in the light and dark phases. (c) Average fraction of time all WT and McKO mice spent 
inactive (i.e. no x-y movement for 1 minute) over 24 hours, averaged from recordings across at least 4 
days. (d) Quantification of the average fraction of time each individual mouse spent inactive in the 
light and dark phases. Bars represent mean ± s.e. * = p<0.01, ** = p<0.001, *** = p<0.0001 
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in the dark phase (34% ± 7%; t(14)=8.081, p<0.0001) (Figures 2-7c, d). We found that McKO 

mice retained nocturnal circadian behavior, with higher activity in the dark phase (0.12 ± 0.05) 

compared to the light phase (0. 05 ± 0.03; t(14)= -3.892, p=0.0016) (Figure 2-7a, b). 

Accordingly, they spent more time inactive in the light phase (65% ± 8%) than in the dark phase 

(46% ± 11%; t(14)=4.618, p=0.0004) (Figure 2-7c, d). Furthermore, the overall pattern of 

activity/inactivity was similar in both WT and McKO mice, as the onset of activity occurred 

approximately 30 minutes before the dark phase began in both groups (Figures 2-7a, c).  

Despite the preservation of nocturnal circadian behavior, McKO mice were significantly 

less active (0.12 ± 0.05) than WT mice (0.18 ± 0.04) in the dark phase (t(27.2)= -3.459, 

p=0.0018; Figure 2-7b). Accordingly, McKO mice displayed higher levels of inactivity (46% ± 

11%) than WT mice (34% ± 7%) in the dark phase (t(28)= 2.871, p=0.0077). Interestingly, in the 

light phase, there were no significant differences in activity (t(27.2)= -0.55, p=0.5868) nor 

inactivity (t(28)=0.222, p=0.8347; Figure 2-7d), suggesting MORs expressed by ipRGCs might 

play a more important role in modulating nocturnal activity in the dark.  

 

2.4E Endogenous activation of MORs expressed by ipRGCs modulates healthy sleep/wake 

Although inactivity lasting longer than 40 seconds can approximate sleep (Fisher et al., 

2012; Pack et al., 2007), we wanted to perform a more detailed analysis of sleep architecture to 

determine the contribution of MORs expressed by ipRGCs on the photoentrainment of 

sleep/wake activity. Male WT (n=10) and McKO (n=9) mice were implanted with telemetry 

transmitters (DSI) that recorded EEG and EMG as well as x-y movement activity for at least 3 

consecutive days. These data were used to classify behavior into 10-second periods of wake, 

slow-wave sleep (SWS) or paradoxical (REM) sleep. The amount of time in each stage was 
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totaled and averaged across all recorded days. The amount of artifact was less than 1% of the 

recorded time for all mice. 

The sleep data was analyzed using a linear mixed model with the amount of wake, SWS, 

or REM sleep as the response variable, and genotype and phase as predictor variables grouped by 

the mouse ID. As in our activity analysis, our sleep/wake analysis showed that McKO mice 

retain nocturnal circadian sleep/wake behavior. McKO mice display more wakefulness in the 

dark phase (54.6% ± 7%) compared to the light phase (22.4% ± 3.5%; t(435)=15.043, p<.0001, 

Tukey-adjusted comparisons), just as WT mice do (56% ± 4.1% and 26.8% ± 3.6%; 

t(435)=14.387, p<.0001) (Figure 2-8a). Furthermore, McKO mice display more SWS during the 

light phase (70.4% ± 5.8%) than the dark phase (41.4% ± 7%; t(435)= -14.571, p<0.0001), as do 

WT mice (65.5% ± 7% and 39.2% ± 5.6%; t(435)= -13.93, p<0.0001). The same pattern is found 

in REM sleep, wherein levels in McKO mice are higher in the light phase (7.2% ± 3.5%) 

compared to the dark phase (3.8% ± 1.8%; t(435)= -9.535, p<0.0001), just as they are in the WT 

mice (7.4% ± 4% and 4.4% ± 2%; t(435)= -9.375, p<0.0001). 

Across the 24-hour day, we found no significant differences between McKO and WT 

mice in the median amount of wake (37.2% and 40.1%, respectively; Z=0.38, p=0.2427), REM 

sleep (5.9% and 4.3%, respectively; Z=0.24, p=0.4598), nor SWS (57.9% and 53.4%, 

respectively; Z=0.47, p=0.1447) using the non-parametric Wilcoxon rank-sum test. However, 

when analyzing the average amount of wakefulness in each phase by ANOVA, we found that 

McKO mice spent less time awake (22.4% ± 3.5%) than WT mice (26.8% ± 3.6%) in the light 

phase (t(56.7)= -2.038, p=0.0463, Tukey-adjusted comparisons), but not in the dark phase 

(54.6% ± 7% and 56% ± 4.1%, respectively; t(56.7)=-0.67, p=0.51; Figure 2-8a). Accordingly, 

there was a slight increase in the amount of SWS in the light phase in McKO (70.4% ± 5.8%) 
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compared to WT mice (65.5% ± 7%; t(29.1)=1.733, p=0.0937), but not in the dark phase (42.4% 

± 7% and 39.2% ± 5.6%, respectively; t(29.1)=0.774, p=0.4451; Figure 2-8b). Despite no 

significant differences across the entire dark phase, we found differences in wakefulness and 

SWS at the level of individual ZTs (Figures 2-8a, 2-8b). Most strikingly, in the dark phase, WT 

mice experienced a peak in wakefulness of about 81% (ZT 14), while the peak of wakefulness in 

McKO mice only reached 68% (ZT 12; Figure 2-8a). Furthermore, the lowest amount of SWS in 

one ZT hour was much lower in WT mice (15% at ZT 14) than in McKO mice (29% at ZT 12; 

Figure 2-8b). Interestingly, we did not detect any differences in REM sleep between genotypes in 

either phase or at any ZT (Figure 2-8c).  

Figure 2-8. McKO mice have reduced wakefulness and increased slow-wave sleep (SWS) 

compared to WT mice. 

Sleep/wake architecture based on activity, EEG and EMG recordings from WT (n=10) and McKO 
mice (n=9) averaged over at least 3 consecutive days. Average percent of time mice spent (a) awake, 
in (b) SWS, and (c) REM sleep. Grey box indicates the dark phase. Error bars represent mean ± s.e.    
*  = p<0.05, ** = p<0.01 
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A detailed analysis of the number and average length of sleep/wake bouts per day in each 

phase revealed no significant differences between McKO and WT mice (Figure 2-9). Together, 

these data suggest that McKO mice retain relatively normal nocturnal sleep/wake architecture  

but do exhibit lower levels of wakefulness compared to WT mice in the light phase and at 

several time points in the dark phase, which may be related to increased levels of SWS, but not 

REM sleep.  

 

Figure 2-9. No significant differences exist between McKO and WT mice in terms of (a) average 

bout length and (b) number of bouts of slow-wave sleep (SWS), paradoxical/rapid eye movement 

(REM) sleep, and wakefulness. 

Values based on at least 3 consecutive days of activity, electroencephalographic (EEG) and 
electromyographic (EMG) recordings of WT (n=10) and McKO mice (n=9). There was a slight 
increase in the average bout length of SWS in the light phase in McKO mice compared to WT mice 
(p=0.07). 
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2.5 Discussion 

2.5A Regulation of POMC and β-endorphin Expression in the Mouse Retina 

Studies have suggested that POMC mRNA is more highly expressed in the rodent brain 

at night, with most work focusing on the arcuate nucleus (Agapito et al., 2014; Chen et al., 2004; 

Steiner et al., 1994). Other studies, especially those which measured POMC in the whole rodent 

hypothalamus, including ours, have failed to uncover such cyclic variation (Lu et al., 2002; Stütz 

et al., 2007; Xu et al., 1999). This may be consistent with the notion that POMC expression is 

region-specific (Bicknell, 2008), and thus cyclic variation in particular hypothalamic regions 

could be masked when using the whole tissue. Furthermore, our data suggests that POMC 

mRNA in the mouse retina might have an ultradian rhythm that peaks in expression every 8 

hours. Ultradian gene expression, especially with periods of ~8 h, may be more common than 

previously thought, but documenting ultradian rhythms is complicated by the need for frequent 

sampling and the fact that genes can have both circadian and ultradian expression patterns (Ono 

et al., 2015; van der Veen and Gerkema, 2017). 

While cyclic variation in POMC mRNA may be sufficient to drive circadian β-endorphin 

expression, post-transcriptional regulation is also thought to be critical to the production of 

circadian proteins and several mechanisms have been proposed, particularly the activity of RNA-

binding proteins and microRNAs (Chiang et al., 2014; Kojima et al., 2011; Reddy et al., 2006). 

The mechanisms underlying rhythmic POMC processing and light-driven β-endorphin 

expression in the retina may also involve changes in the expression and/or activity of the 

enzymes that cleave POMC into β-endorphin, including prohormone convertase 1/3 (PC1/3), 

PC2, and Yapsin A (Cawley et al., 2016). Expression of PC1/3 and PC2 in the human retina has 

been demonstrated (Fuller et al., 2009), but we are not aware of any reports confirming Yapsin A 
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expression in the retina. Future studies will examine the circadian expression of these enzymes in 

the mammalian retina. 

 

2.5B Role of β-endorphin in sleep 

The findings presented in this study implicate retinal β-endorphin in modulating 

sleep/wake behavior via activation of MORs expressed by ipRGCs in the dark. Most β-

endorphin+ cells in the retina are ChAT+ (~80%) and since the identities of the other β-

endorphin-expressing in the mouse retina have not been elucidated (Gallagher et al., 2010), they 

were not quantified here. Future studies should characterize all β-endorphin-expressing cell types 

in the mouse retina and determine whether circadian timing and/or light condition also affects β-

endorphin expression in these populations. Furthermore, while we cannot exclude that retinal β-

endorphin also exerts neuromodulatory effects on other MOR-expressing cells in the retina, the 

behavioral data from our McKO mouse line implicates the activation of MORs expressed by 

ipRGCs in contributing to the modulation of sleep/wake cycles in mice. We propose this may 

occur via altered signaling in the photoentrainment pathway (i.e. ipRGCs projecting to the SCN 

and sleep/wake centers such as the preoptic area). 

Increased retinal β-endorphin expression during the active (i.e. dark) phase of nocturnal 

mice appears to coincide with the existing body of literature regarding β-endorphin’s role in 

sleep/wake behavior (Pilozzi et al., 2021). Early studies showed intraventricular injection of β-

endorphin led to increased arousal in cats (King et al., 1981) and rats (Riou et al., 1982). In rats, 

sleep deprivation is associated with increased plasma β-endorphin levels (Przewlocka et al., 

1986), and administration of β-endorphin increases the latency to sleep while MOR-selective 

antagonist naloxone reduces sleep latency (Fratta et al., 1987). In humans, β-endorphin levels are 
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elevated in the cerebral spinal fluid of children with sleep apnea, and the opioid receptor 

antagonist naltrexone is an effective treatment (Myer et al., 1990). 

Despite evidence that β-endorphin acting on MORs is associated with changes in 

sleep/wake activity in model organisms as well as humans, how endogenous β-endorphin may 

modulate sleep/wake behavior is not currently well understood. The data presented in this study 

implicate β-endorphin in modulating natural sleep/wake processes via the activation of MORs 

expressed by ipRGCs. We propose that increased β-endorphin expression in the dark may inhibit 

the spontaneous firing activity of ipRGCs (Zhao et al., 2014) through increased endogenous 

activation of MORs (Cleymaet et al., 2019) in order to promote wakefulness in the nocturnal 

mouse.  

 

2.5C Activity vs. Sleep/Wake Measurements 

Our activity and sleep/wake analyses provided similar, though not identical, results. In 

general, we found that McKO mice exhibited less activity/wakefulness and more inactivity/SWS 

compared to WT mice. In our activity analysis, we found that McKO mice were less active than 

WT mice in the dark phase. Although we did not detect any differences in average wakefulness 

across the dark phase in our sleep/wake analysis, we found a significant decrease in the peak in 

wakefulness at the beginning of the dark phase in McKO mice compared to WT mice, which is 

consistent with our activity data. 

Scoring activity based on x-y movement is limited due to its inability to measure 

movements such as scratching, grooming, and sniffing, where the mouse is awake but not 

moving around the cage. Additionally, while bouts of inactivity longer than 40s are a good 

approximation of sleep in mice, bouts of 60 seconds as used here may underestimate sleep 
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(Fisher et al., 2012; Pack et al., 2007). Conversely, scoring wakefulness not only based on 

activity but also EEG and EMG recordings provides a nuanced and precise determination of 

sleep/wake state (e.g. SWS or REM) as well as precise calculations of bout length. Thus, while 

our activity analysis only uncovered a difference between McKO and WT mice in the dark 

phase, our sleep/wake analysis uncovered differences in both the light and dark phases. 

Importantly, this analysis revealed that changes in McKO sleep/wake behavior may stem from 

changes in SWS, but not REM sleep. It is worth noting that our sleep analysis, like our activity 

analysis, is limited in its ability to quantify stationary behavior. Thus, while increased SWS 

contributes to the decreased activity in McKO mice, changes to stationary or anxiety behavior 

may also play a role. 

 

2.5D Proposed mechanism of MORs expressed by ipRGCs modulating sleep/wake behavior 

Light-evoked ipRGC firing activity (Berson, 2003) is known to induce sleep in nocturnal 

mice, while exposure to darkness induces wakefulness in an ipRGC-dependent manner (Altimus 

et al., 2008). It has been theorized that ipRGCs continuously signal the presence of light to the 

brain in the absence of a repression of signaling (Altimus et al., 2008; Schmidt et al., 2011). This 

could be supported by evidence that ipRGCs exhibit spontaneous activity in the dark (Zhao et al., 

2014) and their membrane potential in the dark is near their spike threshold (i.e. the small 

depolarization caused by the adsorption of a single photon can increase their spiking rate several-

fold) (Do et al., 2009). Thus, endogenous activation of the MORs expressed by ipRGCs in the 

dark, when mice should be awake, may serve to inhibit spontaneous ipRGC firing. In doing so, it 

might prevent ipRGC spiking activity which would otherwise be interpreted by the brain as a 

signal for light and therefore prevent the induction and maintenance of sleep. 
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The firing activity of ipRGCs is directly communicated to the suprachiasmatic nucleus 

(SCN), the master regulator of circadian rhythms, via the retinohypothalamic tract (RHT). Light 

stimulates neurotransmitter release through the RHT to the SCN and increases the firing rate of 

SCN neurons in both nocturnal and diurnal organisms, although the behavioral responses to SCN 

activation (i.e. sleep or wake) differ (Hastings et al., 2018). Photoentrainment, the alignment of 

circadian sleep/wake cycles to environmental light/dark cycles, requires ipRGC innervation to 

the SCN (Güler et al., 2008). Circadian rhythms in the SCN are thought to be maintained by cells 

in the eye - presumably ipRGCs due to their direct projections to the SCN (Fernandez et al., 

2016) - even in the absence of light (Lee et al., 2003). This supports our assertion that, in the 

dark, inhibition of ipRGC firing via activation of their MORs could contribute to circadian 

rhythms of sleep/wake activity.  

Furthermore, modulation of ipRGC activity by β-endorphin activating MORs expressed 

by ipRGCs may also influence sleep/wake activity through projections to the preoptic area 

(POA), including the ventrolateral preoptic nucleus (VLPO). Although the ipRGC-SCN circuit is 

necessary for circadian regulation of sleep/wake, it is not sufficient to induce sleep in response to 

acute light (Rupp et al., 2019). Recent work showed that ipRGCs, specifically the M1 subtype 

that comprises most of the input to the SCN (Baver et al., 2008), innervate the POA to a greater 

extent than previously thought (Zhang et al., 2021). Chemogenetic activation of this ipRGC-

POA circuit led to an increase in acute light-induced non-rapid eye movement (NREM) sleep, 

but interestingly, did not affect REM sleep (Zhang et al., 2021). Conversely, inhibition of the 

ipRGC-POA circuit inhibits NREM, not but REM, sleep (Zhang et al., 2021). Accordingly, the 

light-responsive POA neurons necessary for light-induced NREM sleep project to brain regions 

known to be involved in wakefulness, such as the lateral hypothalamus, but not to regions that 
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promote or suppress REM sleep, such as the pedunculopontine nucleus or locus coeruleus, 

respectively (Scammell et al., 2017; Zhang et al., 2021).  

Moreover, the VLPO receives input from both ipRGCs and the SCN (LeGates et al., 

2014), and VLPO neurons are sometimes referred to as a sleep switch, wherein activation of 

sleep-promoting VLPO neurons (Sherin et al., 1996) leads to sleep while inhibition of VLPO 

neurons by wake-active orexin neurons leads to wakefulness (Fuller et al., 2006; Saper et al., 

2001). Then, it is tempting to speculate that McKO mice lacking MORs expressed by ipRGCs 

have less inhibition of ipRGC activity (and therefore less inhibition of VLPO neurons), which 

may explain the decreased wakefulness we see in these mice. Together, this body of literature 

suggests that inhibition of ipRGC activity in the dark, by β-endorphin activating MORs 

expressed by ipRGCs, may be important for inhibiting SCN neurons and sleep-promoting VLPO 

to lead to wakefulness. Since ipRGCs project to brain regions involved in the regulation of both 

circadian (e.g. SCN) and acute light-induced (e.g. VLPO) sleep to coordinate photoentrainment, 

the alterations to sleep/wake behavior in McKO mice might be underscored by changes in 

multiple ipRGC projection areas. 

 

2.5E The effect of opioid drugs on sleep/wake 

Both acute and chronic opioid use produce sleep disturbances, which are associated with 

negative outcomes like depression and increased risk of relapse and dependence (Huhn and 

Finan, 2021; Tripathi et al., 2020). Sleep disturbances have recently emerged as an important, yet 

understudied, therapeutic target for improving outcomes for individuals on long-term opioid 

therapy and medications for opioid use disorder (e.g. methadone) (Huhn and Finan, 2021). 

Although opioids like morphine have been used for millennia (Brownstein, 1993), the 
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mechanism by which sleep disturbances occur is not well understood (Tripathi et al., 2020). It is 

possible that a single opioid dose may have distinct effects from chronic dosing, as is the case 

with pupillary light reflex (Grace et al., 2010). Acute morphine treatment is thought to promote 

wakefulness in rats by inhibiting the sleep-promoting neurons of the VLPO (Wang et al., 2013). 

This mechanism, however, may not explain the persistent and progressive sleep disturbances 

associated with long-term opioid use. 

Long-term opioid users sleep and wake at inappropriate times of day (i.e. insomnia and 

daytime sleepiness) (Zgierska et al., 2007), which suggests alterations to photoentrainment. 

Photoentrainment is exclusively mediated by ipRGCs (Güler et al., 2008), which reside in the 

ganglion cell layer of the retina in contact with the vitreous humor. It is known that opioid 

metabolites deposit in the vitreous humor of the human eye post-mortem (Fernández et al., 2013; 

Wyman and Bultman, 2004), and that most opioid drugs exert their effects through MORs 

(Raynor et al., 1993). As such, the ability of β-endorphin to modulate the photoentrainment of 

sleep/wake rhythms by activating the MORs expressed by ipRGCs might be disrupted by the 

deposition of opioid metabolites in the vitreous humor. Moreover, morphine administration in 

mice abolishes the circadian rhythm of β-endorphin release into the plasma that occurs in 

response to pain (Rasmussen and Farr, 2003). Therefore, morphine might be able to abolish the 

rhythmicity of retinal β-endorphin release, thus altering the natural rhythm of sleep/wake cycle 

modulation by ipRGCs. It is tempting to speculate that if the novel endogenous opioid pathway 

discussed here is present in human retinas, then one or another of these mechanisms could 

contribute to opioid-induced sleep disturbances.  

 

 



49 
 

2.6 Conclusions 

The major conclusions of this study are as follows: in the mouse retina, (1) mRNA 

expression of β-endorphin’s precursor POMC appears to have a cyclic rhythm, (2) β-endorphin 

expression is regulated by light-driven and circadian mechanisms such that expression increases 

in the dark and/or in the subjective night when mice are active, and (3) endogenous opioid 

signaling through μ-opioid receptors on ipRGCs, perhaps driven by β-endorphin, plays a 

modulatory role in establishing healthy sleep/wake cycles. This final point was determined using 

mice with a cell-specific knockout of functional MORs expressed by ipRGCs (McKO). A 

detailed analysis of sleep architecture showed that McKO mice were awake for less time in both 

the light and dark phases, and this was associated with an increase in the amount of slow-wave 

sleep but not paradoxical/rapid eye movement (REM) sleep. 
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CHAPTER 3: Morphine pharmacokinetics and opioid transporter expression at the blood-retina 
barrier of male and female mice5 

 
 
 
3.1 Summary 

Opioids are effective analgesics for treating moderate to severe pain, however, their use 

must be weighed against their dangerous side effects. Investigations into opioid 

pharmacokinetics provide crucial information regarding both on- and off-target drug effects. Our 

recent work showed that morphine deposits and accumulates in the mouse retina at higher 

concentrations than in the brain upon chronic systemic exposure. We also found reduced retinal 

expression of P-glycoprotein (P-gp), a major opioid extruder at the blood-brain barrier (BBB). 

Here, we systematically interrogated the expression of three putative opioid transporters at the 

blood-retina barrier (BRB): P-gp, breast cancer resistance protein (Bcrp) and multidrug 

resistance protein 2 (Mrp2). Using immunohistochemistry, we found robust expression of P-gp 

and Bcrp, but not Mrp2, at the inner BRB of the mouse retina. Previous studies have suggested 

that P-gp expression may be regulated by sex hormones. However, upon acute morphine 

treatment we found no sex differences in morphine deposition levels in the retina or brain, nor on 

transporter expression in the retinas of males and females with a high or low 

estrogen:progesterone ratio. Importantly, we found that P-gp, but not Bcrp, expression 

significantly correlated with morphine concentration in the retina, suggesting P-gp is the 

predominant opioid transporter at the BRB. In addition, fluorescence extravasation studies 

revealed that chronic morphine treatment did not alter the permeability of either the BBB or 

 
5 Berezin et al. (2023). Morphine pharmacokinetics and opioid transporter expression at the blood-retina barrier of 
male and female mice. Frontiers in Pharmacology, Drug Metabolism and Transport, 14. doi: 
10.3389/fphar.2023.1206104. Reproduced with minor modifications for clarity pursuant to the open access CC-BY-
NC-ND license (Appendix C). 
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BRB. Together, these data suggest that reduced P-gp expression mediates retinal morphine 

accumulation upon systemic delivery, and in turn, potential effects on circadian 

photoentrainment. 

 

3.2 Introduction 

Opioid drugs have been used as effective analgesics for acute and chronic pain for 

thousands of years (Benyamin et al., 2008; Brownstein, 1993; Williams et al., 2013). However, 

their use can trigger adverse effects including addiction, sleep/wake disturbances and overdose-

related death (Benyamin et al., 2008; Huhn and Finan, 2021; Tripathi et al., 2020). To safely use 

opioid drugs for pain management, it is crucial to elucidate the pharmacokinetics of opioid drugs 

in their target tissues (Nafziger and Barkin, 2018). 

Opioids exert both their desired (i.e. analgesic) and undesired on-target effects through μ-

opioid receptors expressed in the central nervous system (CNS) (Benyamin et al., 2008; 

Pasternak and Pan, 2013; Schaefer et al., 2017; Bergum et al., 2022c). The movement of opioids 

from the systemic circulation into their CNS targets is restricted by the blood-brain barrier 

(BBB) and blood-retina barrier (BRB) (Yang et al., 2018; Liu and Liu, 2019). The integrity of 

these barriers and the transporters contributing to the movement of opioids across them are 

therefore critical determinants of opioid pharmacokinetics. ATP-binding cassette (ABC) 

transporters, expressed by the specialized endothelial cells that constitute blood-CNS barriers, 

are involved in the efflux of a wide range of metabolites, peptides, and drugs, and are key 

mediators of opioid drug transport (Yang et al., 2018; Liu and Liu, 2019). Importantly, the 

efficacy of opioid extrusion by different ABC transporters depends on the specific opioid 

substrates (Miller, 2015; Yang et al., 2018). Permeability glycoprotein (P-gp) is the best-studied 
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ABC transporter with respect to the prototypical opioid, morphine, and has been considered the 

most critical for opioid transport in the brain(Xie et al., 1999; Dagenais et al., 2001; Inturrisi, 

2002; Loscher and Potschka, 2005; Seleman et al., 2014; Chaves et al., 2017; Schaefer et al., 

2017). Nonetheless, others such as breast cancer resistance protein (Bcrp) and multidrug 

resistance proteins (e.g. Mrp2, Mrp4) may also contribute (Gharavi et al., 2015; Chapy et al., 

2016; Yang et al., 2018). Indeed, morphine has been shown to be a substrate for P-gp and Mrps 

at the BBB, and may also alter the transport activity of P-gp, Mrps, and Bcrp at this barrier 

(Yang et al., 2018). Furthermore, P-gp and Mrps appear to be involved in the transport of the 

endogenous opioid peptide, β-endorphin (King et al., 2001; Su, 2002; Su and Pasternak, 2013; 

Yang et al., 2018). 

We recently observed that morphine deposits and accumulates in the mouse retina at 

higher concentrations than the brain following systemic administration (Bergum et al., 2022a). 

Using quantitative reverse transcription PCR (qRT-PCR) we also found that P-gp mRNA 

expression is significantly lower in the retina than the brain (Bergum et al., 2022a). These 

findings are consistent with reports of reduced P-gp function at the BRB compared to the BBB in 

both rodents (Fujii et al., 2014; Chapy et al., 2016; Liu and Liu, 2019) and humans (Bauer et al., 

2017). Despite evidence that P-gp transports opioids across the BBB and is functional at the 

BRB, the contributions of ABC transporters at the BRB to opioid pharmacokinetics in the retina 

are relatively unknown (Bergum et al., 2022a). 

Furthermore, basic and preclinical research studies have only recently begun to examine 

the role of sex (i.e. biological sex, estrus/menstrual cycle, and sex hormones) on drug 

pharmacokinetics and pharmacodynamics. These studies are essential as women experience 

chronic pain with greater frequency and duration compared to men (Bartley and Fillingim, 
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2013). In rodents, males are more responsive to opioid-induced analgesia compared to female 

mice (Candido et al., 1992; Gabel et al., 2021). While this effect has been primarily attributed to 

sex-dependent differences in opioid receptor expression (Loyd et al., 2008; Guajardo et al., 

2017), the role of sex/sex hormones on opioid metabolism and pharmacokinetics warrants further 

research (Gabel et al., 2021). Several studies have suggested that ABC transporter (i.e. P-gp and 

Bcrp) expression is higher in females than males, particularly in the liver (Piquette-Miller et al., 

1998; Tanaka et al., 2005; Suzuki et al., 2006; Shchul’kin et al., 2017). However, efforts to 

determine how sex differences in transporter expression affect the behavioral outcomes of 

opioids are complicated by tissue-, substrate- and species-dependent expression and function 

(Tanaka et al., 2005; Bebawy and Chetty, 2009; Robison et al., 2019; Dalla et al., 2022).  

Here, we aimed to characterize which putative opioid transporters (P-gp, Bcrp, and 

Mrp2) expressed at the inner BRB (iBRB) of male and female mice, and to elucidate their 

contributions to morphine pharmacokinetics in the mouse retina. We quantified transporter 

expression and morphine deposition in the retina and brain by qRT-PCR and liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), respectively, 1 hour after systemic 

morphine administration. Although the expression of P-gp and Bcrp was higher in female brains 

than male brains, we found no differences in transporter expression or morphine deposition in 

the retina between male mice, females with a high estrogen/progesterone ratio (High E/P; 

proestrus and estrus) and females with a low estrogen/progesterone ratio (Low E/P; metestrus 

and diestrus). Our results suggest that P-gp and Bcrp, but not Mrp2, are positioned to play a 

significant role in the transport of morphine at the BRB. In addition, we show that P-gp, but not 

Bcrp, expression significantly correlates with morphine content in the retina. Furthermore, we 

found that chronic morphine exposure does not affect BBB or BRB permeability. Thus, the 
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findings presented here highlight P-gp as a significant regulator of morphine pharmacokinetics, 

not only at the BBB, but at the BRB of both male and female mice. 

 

3.3 Materials and Methods 

3.3A Animals 

Adult male and female mice (8-26 weeks) were kept on a 12-hour light:12-hour dark cycle 

with lights on at 7:00 AM (Zeitgeber time ZT 0), fed standard chow and water ad libitum. All 

animal protocols were approved by the Colorado State University Institutional Animal Care and 

Use Committee in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 

Mice with Cre recombinase expressed upstream of the melanopsin (Opn4) promoter 

[Tg(Opn4-cre)SA9Gsat/Mmucd, #036544-UCD; Opn4-cre] were purchased from the Mutant 

Mouse Resource and Research Center (MMRRC) at the University of California at Davis. Opn4-

cre mice were backcrossed into a 100% C57BL/6J background prior to purchase and maintained 

as hemizygotes (Opn4-cre +/−).  

McKO mice, in which only ipRGCs lack functional MORs, were generated as described 

previously (Weibel et al., 2013; Cleymaet et al., 2021; Berezin et al., 2022; Bergum et al., 

2022b). Oprm1fl/fl breeders (Jackson Labs strain #030074) were generously provided by Dr. 

Brigitte Kieffer (Douglas Research Center, McGill University). Oprm1fl/fl mice have exons 2 and 

3 of the μ-opioid receptor (Oprm1) gene flanked by loxP sites and were maintained on a 50% 

C57BL/6J-50% 129Sv background for 5 generations before receipt (Weibel et al., 2013). 

Oprm1fl/fl and Opn4-cre mice were crossed to produce 50% Oprm1fl/fl mice and 50% McKO mice 

with the floxed Oprm1 gene on both alleles and Opn4-cre on one allele. This Mufl/McKO line 

was maintained on a background containing at least 75% C57BL/6J and 25% 129Sv. Male and 
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female McKO mice, and their littermate controls, were used for the mass spectrometry and qRT-

PCR experiments in the context of morphine treatment. Mice of this mixed background have 

been used in previously published studies on retinal morphine pharmacokinetics, and the 

pharmacokinetics of morphine in the retina and the brain were not found to be significantly 

different between McKO mice and their wild-type (C57BL/6J) counterparts (Bergum et al., 

2022b, 2022b). 

Mice carrying a bacterial artificial chromosome (BAC) in which the melanopsin (Opn4) 

promoter drives expression of enhanced green fluorescent protein (EGFP) [Tg(Opn4-

EGFP)ND100Gsat/Mmucd] were obtained from the Gene Expression Nervous System Atlas 

(GENSAT) project. These mice are hereafter referred to as Opn4::EGFP mice and were 

maintained on a C57BL/6J background. Untreated male and female Opn4::EGFP and Opn4-cre 

mice, and their littermate controls, were used for immunohistochemical and quantitative reverse 

transcription PCR (qRT-PCR) experiments, as both strains are on the commonly used C57BL/6J 

background.  

Opn4-cre mice were crossed to Ai14 (Jackson Labs strain #007914) mice to express 

tdTomato following Opn4-driven Cre-dependent recombination (Opn4-cre-tdTomato). Opn4-

cre-tdTomato mice were on a 100% C57BL/6J background. Male Opn4-cre-tdTomato mice, and 

their littermate controls, were used in the fluorescence extravasation studies. Positive Opn4-cre-

tdTomato expression in the ganglion cell layer was used to guide the imaging of distinct retinal 

vasculature layers and did not affect FITC extravasation.  
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Estrous staging and grouping 

Vaginal lavage was performed on group-housed female mice each morning for at least 

one estrus cycle (5+ d). The stage of estrus was determined by cytological evaluation as 

previously described (McLean et al., 2012). We aimed to group female mice into two groups 

based on their hormone profiles: females in proestrus and estrus, in which the ratio of estrogen to 

progesterone is relatively high (High E/P); and females in metestrus and diestrus, in which the 

estrogen to progesterone ratio is lower (Low E/P). As mice were regularly cycling, the day of 

sacrifice was determined by the predicted stage(s) needed to secure a large enough sample size in 

the Low E/P and High E/P groups. Based on our previous qRT-PCR experiments measuring P-

gp expression, our target sample size was 5 to achieve 0.95 power to detect a 1.5-fold change 

with a standard deviation of 0.5. 

 

Morphine treatment 

Mice were weighed to ensure proper dosing. For acute treatment, mice were injected with 

a single i.p. dose of 20 mg/kg morphine (Morphine sulfate salt pentahydrate, Sigma-Aldrich 

Saint Louis, MO, USA; Product Number: M8777, dissolved in sterile saline) at light onset (ZT 0) 

as previously described (Bergum et al., 2022a). The chronic morphine treatment paradigm 

consisted of 5 days of twice daily 20 mg/kg morphine (administered at ZT 0 and ZT 12), 

followed by a final 20 mg/kg i.p. injection at ZT 0 on day 6 of the treatment paradigm (Bergum 

et al., 2022a). 
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3.3B Morphine analysis by Liquid Chromatography tandem-Mass Spectrometry 

Tissue sample collection: retina, brain, and plasma 

Mice were deeply anesthetized with isoflurane, decapitated, and trunk blood was 

collected into EDTA-coated tubes (BD Vacutainer K2 EDTA 7.2 mg tube 4.0 mL). Then, the 

cortex was removed, weighed, and placed in tubes containing 100 µL 0.1 M PBS. Whole retinas 

were then microdissected from the eyes of each animal and placed in tubes containing 100 µL 

0.1 M PBS. Blood was centrifuged and the plasma, brain and retina were stored at –20°C. 

 

Retina batch preparation 

We prepared retina samples from analysis as previously described (Bergum et al., 2022a). 

In short, to prepare retina samples for analysis, 10 µL of 10 µg/mL D6-morphine internal 

standard solution (Morphine-D6 solution, Cerilliant, Round Rock, TX, USA) was added to 

whole-retina samples and matrix-matched standards. Subsequently, 200 µL ice-cold acetonitrile 

was added to the retina samples/standards and the samples/standards were sonicated at maximum 

power (40 kHz) for 30 min using a Branson Bransonic® 5800 Ultrasonic bath (Emerson Electric 

Co. Saint Louis, MO, USA). Retina samples were then spun down at 14,000 rpm for 5 min, and 

100 µL supernatant was added to sample vials containing 200 µL 0.1% formic acid in water and 

then transferred to autosampler vials fitted with 400 μL glass inserts. The limit of detection was 

20 ng/mL morphine. 

 

Brain batch preparation 

We prepared brain samples from analysis as previously described (Bergum et al., 2022a). 

To prepare brain samples for analysis, 10 µL of 1 µg/mL D6-morphine internal standard solution 
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was added to brain samples and matrix-matched standards. Next, brain samples/standards were 

then homogenized for 10 s using a BeadBug™ 3 Position Bead Microtube homogenizer 

(Benchmark Scientific, Inc. Sayreville, NJ, USA) in 400 µL ice-cold acetonitrile. Samples were 

then centrifuged 14,000 rpm for 5 min and supernatant was added to Phenomenex Strata-X-Drug 

B solid phase columns. Columns were washed with 2 mL 0.1% formic acid in water and 2 mL 

methanol. Columns were then dried for 10 min prior to elution. Two successive aliquots of a 

solution containing 50% acetonitrile, 42% methanol, and 8% 7N ammonium in methanol were 

used to elute samples from the columns. Eluents were collected into a clean glass test tube and 

dried under nitrogen at 40°C. Dried eluents were reconstituted with 200 µL 95:5% 

water:acetonitrile and transferred to autosampler vials fitted with 400 μL glass inserts. The limit 

of detection was 0.2 ng/mL morphine. 

 

Plasma batch preparation 

We prepared plasma samples from analysis as previously described (Bergum et al., 

2022a). To prepare serum samples for analysis, 10 µL of 1 µg/mL D6-morphine internal 

standard solution was added to serum samples and matrix-matched standards. Serum 

samples/standards were prepared for solid phase extraction by adding 20 µL zinc sulfate (5% 

weight/volume), followed by the addition of 300 µL ice-cold acetonitrile to each tube. Samples 

were then centrifuged 14,000 rpm for 5 min and supernatant was added to Phenomenex Strata-X-

Drug B solid phase columns. Columns were washed with 2 mL 0.1% formic acid in water and 2 

mL methanol. Columns were then dried for 10 min prior to elution. Two successive aliquots of a 

solution containing 50% acetonitrile, 42% methanol, and 8% 7N ammonium in methanol were 

used to elute samples from the columns. Eluents were collected into a clean glass test tube and 
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dried under nitrogen at 40°C. Dried eluents were reconstituted with 200 µL 95:5% water: 

acetonitrile and transferred to autosampler vials fitted with 400 μL glass inserts. The limit of 

detection was 0.5 ng/mL morphine. 

 

Data Acquisition and Analysis 

Samples were analyzed with an Agilent 1290 UHPLC coupled to an Agilent 6460 triple 

quadrupole mass spectrometer equipped with an Agilent Jet Stream electrospray ionization. 

Morphine was chromagraphically separated on a Restek Raptor biphenyl column (3.0 × 50 mm, 

2.7 μm) held at 40°C. A sample volume of 10 μL was injected into a mobile phase mixture of 

95% water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). The flow rate 

of 0.4 mL/min was kept consistent throughout the run time. The mobile phase composition was 

held at 3% B for 1.5 min, increased to 40% B at 3 min, and finished at 100% B at 4 min. The 

ionization source conditions used were as follows: positive polarity and nebulizer 40 psi; gas 

flow of 10 L/min at 320°C; sheath gas flow of 12 L/min at 380°C; capillary voltage of 3750 V; 

and nozzle voltage of 500 V. The ion transitions monitored were 286.2- > 152 and 128 m/z for 

morphine and 292.2- > 152 and 128 m/z for D6-morphine. Analytes were confirmed by retention 

time and the product ion ratio correlation between the sample peaks and corresponding standards 

(± 20%). The data collection and processing were performed by using Agilent (Santa Clara, CA, 

USA) Mass Hunter Quantitative software (v.B.08.01). Quantitation was performed with linear 

regression using seven-point calibration curves from 0.5 ng/mL to 500 ng/mL (for brain and 

serum) or six-point calibration curves from 5 ng/mL to 1 µg/mL (for retina). These calibration 

curves were made from matrix (brain, serum, or retina tissue derived from untreated animals) 
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spiked with morphine standards (Morphine solution, Sigma-Aldrich Saint Louis, MO, USA; 

Product Number: M-005). 

 

3.3C Immunohistochemistry 

Procedures were as previously described (Berezin et al., 2022). Mice were anesthetized 

with Fluriso (isoflurane, VetOne) and sacrificed by cervical dislocation. After enucleation, the 

eyes were dissected in 0.1 M phosphate buffered saline (PBS; pH 7.4) and fixed in freshly 

prepared 4% paraformaldehyde (PFA) in PBS. For cryosectioning, eyecups were immersed in 

30% sucrose at 4°C for several days prior to being embedded in Optimal Cutting Temperature 

(O.C.T.) Compound (Tissue-Tek). The tissue was sectioned at 20 μm on a ThermoFisher 

CryoStar NX50 cryostat, directly mounted on SuperFrost Plus slides (Fisher Scientific), and 

stored at −20°C until use. For whole-mount preparations, immunohistochemistry was performed 

immediately following fixation. Both tissue types were subject to antigen retrieval. As previously 

described (Gallagher et al., 2012), the tissue was incubated in boiling 10 mM sodium citrate in 

PBS for 15 min followed by incubation in 5% sodium borohydride in PBS for 45 min. The tissue 

was then incubated in a blocking solution (5% serum and 0.5% Triton X-100 in PBS) for 3 hours 

on a shaker table at RT. Retinas were incubated in primary antibodies diluted in the blocking 

solution for 24-36 hours on a shaker table at RT (rabbit anti-P-glycoprotein 1:200, Abcam 

[EPR10364-57] #ab170904; rat anti-Bcrp 1:50, Enzo [BXP-53] #ALX-801-036; rabbit anti-

Mrp2 1:100, Bioss #bs-1092R; mouse anti-occludin 1:250, Invitrogen [OC-3F10] #33-1500). 

Sections were then washed in PBS and incubated, either at RT for 2 hours or overnight at 4°C, in 

the appropriate secondary antibodies. After the final washes in PBS, retinas were stained with 
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DAPI (Advanced Cell Diagnostics, Newark, CA) and mounted in Vectashield Plus Antifade 

Mounting Medium (Vector Laboratories, Burlingame, CA).  

 

3.3D Image Analysis 

All images were obtained on a Zeiss LSM 900 confocal microscope (Carl Zeiss, 

Oberkochen, Germany). For all acquisitions, sequential scans at the different wavelengths were 

performed. For immunohistochemical experiments performed in whole-mount retinas, four to 

five ~320 μm2 areas of the peripheral retina were imaged. Z-stack images were taken at 1 μm 

increments, starting with the ganglion cell layer through the apparent end of the retinal 

vasculature (≥20 μm) with a 20x air objective. For immunohistochemical experiments performed 

on cryosectioned retinas, five to six Z-stack images were taken per mouse at 1 μm increments 

throughout the thickness of sections (~20 μm) with a 20x air objective (image size ~320 μm2) or 

40x oil-immersion objective (image size ~160 μm2). Images were denoised using the Despeckle 

and Remove Outlier (6 pixel radius, threshold=3) functions in Fiji (Schindelin et al., 2012). 

Colocalization of P-glycoprotein and occludin was determined using Manders’ coefficients 

(Manders et al., 1993) as well as Costes’ automatic threshold and randomization procedures 

(Costes et al., 2004) using the Coloc2 plugin in Fiji (Schindelin et al., 2012). True colocalization 

was found when Costes’ P-value was greater than 95% (Costes et al., 2004). 

 

3.3E Quantitative Reverse Transcription PCR (qRT-PCR) 

Procedures were performed as previously described (Berezin et al., 2022), with minor 

modifications described below. 
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cDNA Preparation 

Mice received morphine or saline as described in Chapter 3.3A. One hour after the (last) 

injection (ZT 1), the mice were anesthetized with isoflurane and sacrificed by decapitation. 

Hypothalamic tissue was dissected from the brain and immediately processed, while retinas were 

microdissected in 0.1 M phosphate buffered saline (PBS; pH 7.4) and placed in RNAlater 

solution (Sigma-Aldrich R0901) at 4°C until all samples were obtained. Total RNA was 

extracted from both tissues using the Extracta Plus RNA Kit (Quantabio, Beverly, MA), which 

contains a genomic DNA removal column, according to the manufacturer’s instructions. Briefly, 

the tissues were lysed in Buffer EPRL supplemented with DTT (GoldBio, St. Louis, MO, USA). 

Hypothalamic tissue was homogenized by passing it through a 20 g needle 5 times, followed by 

a 27 g needle 5 times, then frozen at -80°C until all samples were obtained. Retinal tissue was 

disrupted with a micropestle and homogenized by passing it through a 20 g needle 5 times. The 

lysates were centrifuged, and the supernatants combined with 70% ethanol before being put on 

the column. After RNA was eluted from the column, the concentration and quality (A260/A280) 

of each sample was assessed using a Nanodrop (ThermoFisher NanoDrop Lite, Waltham, MA, 

USA). RNA integrity was assessed on a 1% agarose gel. All samples displayed strong 28S and 

18S rRNA bands, no gDNA contamination, and no degradation. From each sample, 200 ng RNA 

was reverse-transcribed into cDNA using qScript cDNA SuperMix (Quantabio, Beverly, MA) 

according to the manufacturer’s instructions. The cDNA was then stored at -20°C until it was 

used for qPCR amplification. 
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Primer Design 

Primer sequences against rat Abcb1a (P-gp) were previously adapted for use in mouse 

(Bergum et al., 2022a; Yousif et al., 2008). Primers against Abcg2 (Bcrp) were adapted from 

previously published primers used in rat (Yousif et al., 2012). Primers against Abcc2 (Mrp2) 

were obtained from previously published sequences (Liu et al., 2018). The probe sequences for 

P-gp, Bcrp and Mrp2, as well as primer and probe sequences for the reference genes β-actin and 

Tbp, were designed using Integrated DNA Technologies’ PrimerQuest™ Tool. β-actin is a 

commonly used reference gene that has been used successfully in mouse retina (Sawant et al., 

2017), and Tbp has been shown to be an appropriate reference gene for adult mouse retina 

(Adachi et al., 2015). The primer and probe sequences can be found in Table 3-1. 

For primer design using the Integrated DNA Technologies’ PrimerQuest™ Tool, primers 

were designed to span an exon–exon junction, have melting temperatures of between 60°C and 

65°C, have a GC content of between 45–65%, and be no more than 30 nucleotides long. Probes 

were designed to have melting temperatures at least 5°C higher than the primers, have a GC 

content of between 45–75%, and be no more than 30 nucleotides long. Amplicons were required  

Table 3-1. Primer and probe sequences used for qRT-PCR. 

Target Forward Primer 

Sequence (5’-3’) 
Reverse Primer 

Sequence (5’-3’) 
Probe Sequence (5’-3’) 

P-gp (Abcb1a), 
NM_011076.3 

CAGCCAGCATTCT
CCGTAATA 

CCCAAGGATCA
GAAACAACA 

/56-
FAM/CAGCGGCAG/ZEN/AA 
CAGCAACTTGTTT/3IABkFQ/ 

Bcrp (Abcg2), 
NM_001381927.1 

CAGCAGGTTACC
ACTGTGAG 

CATCACAGCAG
AAGAATCTCCA 

/56-
FAM/CCCTACAAC/ZEN/AA 
CCCTGCGGATTT/3IABkFQ/ 

Mrp2 (Abcc2), 
NM_013806.2 

GGATAATGAGGC
GCCGTGGGT 

CCGGCCGATAC
CGCACTTGA 

/56-FAM/CCGACAAGA/ZEN/A 
GCCTCCGGCAGATT/3IABkF
Q/ 

β-actin (Actb), 
NM_007393.5 

GTCATCCATGGCG
AACTGG 

ACTGTCGAGTC
GCGTCC 

/5HEX/CGTTGCCGG/ZEN/TCC
ACACCCGCCA/3IABkFQ/ 

TATA box binding 
protein (Tbp), 
NM_013684.3 

CCATGAAATAGT
GATGCTGGGC 

GGGTATCTGCT
GGCGGTTT 

/5HEX/TGCGGTCGC/ZEN/GTC
ATTTTCTCCGCAGT/3IABkFQ
/ 
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to be shorter than 150 nucleotides. All other parameters were left as defaults. 

Upon receipt, the multiplexed primers (500 nM) and probe (250 nM) were resuspended in 

an IDTE buffer (10 mM Tris, 0.1 mM EDTA in H2O) upon receipt, then stored at -20°C. PCR 

products from each primer set were run on a 2% agarose gel to assess the specificity of the 

primers. For all genes, one clear band was seen with no gDNA contamination or additional 

products. The reaction parameters were first determined in singleplex reactions before 

multiplexing. For each primer set, a temperature gradient was used to determine the optimal 

annealing temperature. 

 

qRT-PCR Protocol and Analysis 

Reactions were set up using GoTaq® Probe qPCR Master Mix (ProMega) according to 

the manufacturer’s instructions; however, because our primers and probes arrived multiplexed, 

only 1 µL total was used, and an additional 2 µL of nuclease-free water was added to the total 20 

µL reaction mix. The cycling conditions were as follows: 2 min, 95°C, GoTaq® DNA 

polymerase activation, and then 35 cycles of denaturation (95°C, 15 s) and annealing/extension 

(63°C, 30 s). 

Each plate contained a standard curve run in triplicate, which included three 10-fold 

dilutions. Every experimental sample was run in triplicate using 2 µL of cDNA. Both reference 

genes were stably expressed in all samples. In each run, a “no reverse-transcription” control 

(RNA that was not reverse-transcribed) and no-template control (H2O instead of cDNA or RNA) 

was included in each run. No amplification was seen in any negative controls. Assay plates were 

run on a CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, CA, USA). 
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The CFX Manager™ Software Version 3.1 (BioRad, Hercules, CA, USA) was used to 

set the threshold for each reaction (the highest R2 just above the background) and to assess the 

efficiency of the reaction based on the standard curve (90-110%). It was also used to normalize 

the data between plates when samples needed to be re-run or run on multiple plates. In these 

cases, at least one identical sample was run on each plate and used as an inter-run calibrator. The 

Cq values for each experiment were downloaded as an Excel spreadsheet and the ΔΔCt method 

was used for analysis (Hellemans et al., 2007; Livak and Schmittgen, 2001). For each gene, the 

Cq values for all samples in the control group were averaged and used as the reference to 

calculate the relative gene expression (RGE) in each sample. Because multiple reference genes 

were used, the geometric mean of those genes’ relative quantities was used to calculate the RGE 

(Vandesompele et al., 2002). 

 

3.3F Fluorescence Extravasation Assays 

Male mice received i.p. injections of chronic morphine or vehicle (saline) as described in 

Section 4.2.1. One hour following the last injection, mice were deeply anesthetized with Fluriso 

(isoflurane, VetOne) and kept anesthetized by continuous isoflurane delivery via a nose-cone. 

Mice were transcardially perfused with 10 ml of FITC (fluorescein isothiocyanate, 1 mg/ml, 

ThermoScientific #46424) or FITC-Dextran (fluorescein isothiocyanate dextran 10 kDa, 0.5 

mg/ml Fisher Scientific #F0918100MG) dissolved in PBS (0.1 mg/ml) at a rate of 4 ml/min 

using a syringe pump (New Era Pump Systems NE-300). Mice were then perfused with 15 ml of 

4% PFA in PBS. The eyes were enucleated and post-fixed in 4% PFA at RT for 25 min (20 min 

puncture-fix, retinas dissected, 5 min fixation). Retinas were washed in PBS and then mounted in 

Vectashield Plus Antifade Mounting Medium (Vector Laboratories, Burlingame, CA). Whole 
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brains were removed and post-fixed in 4% PFA at 4°C for at least 24 h and then cut into 100 μm 

coronal sections on a Leica vibratome (VT1200S).  

To evaluate the permeability of the blood-brain barrier, we assessed the densely 

vascularized paraventricular nucleus of the hypothalamus (PVN). Z-stacks of PVN vasculature 

(≥20 μm) were taken in 1 μm increments on either side of the third ventricle. To evaluate the 

permeability of the blood-retina barrier, we obtained one to two representative Z-stack images of 

the central arterioles and venules and one to two representative Z-stack images of the capillary 

vasculature of the peripheral retina (all in 1 μm increments). Retinal capillaries were imaged 

from the superficial plexus in the ganglion cell layer through the apparent end of the retinal 

vasculature (≥20 μm). All images were ~320 μm2 and obtained with a 20x air objective on a 

Zeiss LSM 900 confocal microscope (Carl Zeiss, Oberkochen, Germany).  

Images were denoised using rolling ball background subtraction (25 pixels) followed by 

the Despeckle and Remove Outlier (3 pixel radius, threshold=10) functions in Fiji (Schindelin et 

al., 2012). Maximum intensity Z-stack projections were created from each image (retinal 

capillary images were split into two stacks: one from the superficial plexus to the intermediate 

plexus, and the second from the intermediate plexus to the deep plexus terminating in the outer 

plexiform layer). Each maximum projection image is composed of 5-10 single optical sections 

taken at 1 μm increments, and thus represents approximately 5-10 μm of tissue vasculature. 

Images were thresholded using the Li method in Fiji and converted to binary masks. A composite 

image of each mask and the denoised image were visually inspected to ensure accurate 

representation of the imaged vasculature. Barrier leakage was quantified as previously described 

(Frahm and Tobet, 2015). The mask containing vessel “objects” was redirected to the denoised 

image and the average intensity within each vessel was measured. Each vessel “object” was 



67 
 

expanded by 2 μm and the region outside each vessel was saved; the average intensity in each 

outside region was measured. Leakage index was defined as the average intensity outside the 

vessel divided by the average intensity inside the vessel. The final reported leakage index is the 

average across all vessels in all images of the PVN or retina of each mouse. 

In order to determine whether FITC type should be included as a factor in our statistical 

model, we compared two mixed models of the data by ANOVA: (1) with tissue and treatment as 

dependent variables, and (2) with tissue, treatment, and FITC type as dependent variables. Both 

models had leakage index as the independent variable and had samples identified by mouse ID 

number. We found that the more complex model (2) was not significantly better than model (1) 

without FITC type (p=0.223): the simpler model (1) had a lower Akaike Information Criterion 

(AIC; -65.8 compared to -62.1) and Bayes Information Criterion (BIC; -57.1 compared to-46.8). 

 

3.3G Statistical Analysis 

All data processing, visualizations and statistical tests were performed using R (v4.2.1; R 

Core Team, 2022) in RStudio (v2022.7.2.576; RStudio Team, 2022). Data visualizations were 

made using the ggplot2 package in R (Wickham, 2016). For all tests, p<0.05 was considered 

significant. T-tests and ANOVAs with post-hoc Tukey adjustments were used when data were 

normally distributed and (if applicable) had homogeneous variance across groups. Whether the 

data was transformed (e.g. log2 or ln) to satisfy these assumptions is noted in the text. Linear 

mixed-effects models were fit using the lme4 package in R (Bates et al., 2015), and pairwise 

comparisons were calculated using the emmeans package in R (Lenth, 2022).  
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3.4 Results 

3.4A P-gp and Bcrp, but not Mrp2, may transport morphine at the BRB 

We characterized the expression of three ABC transporters in the retina: P-gp 

(Mdr1a/Abcb1a), Bcrp (Abcg2), and Mrp2 (Abcc2). We previously reported that P-gp mRNA is 

expressed in the retinas of mice that received chronic morphine (20 mg/kg for 6 d, twice daily) or 

vehicle (saline) intraperitoneal (i.p.) injections (Bergum et al., 2022a). Using the RNA extracted 

from those same saline-treated retinas (n=5), we performed qRT-PCR to measure Bcrp and Mrp2 

expression relative to the reference genes β-actin and Tbp (Figure 3-1). We confirmed that Bcrp 

(relative gene expression [RGE]: 1.01 ± 0.12) and Mrp2 (1.02 ± 0.2) mRNA are detectable in the 

whole mouse retina at similar levels (t(4) = -0.11, p=0.92; Figure 3-1). 

We then performed immunohistochemistry (IHC) with fluorescence confocal microscopy 

to evaluate P-gp, Bcrp and Mrp2 expression at the iBRB of male and female mice (Figure 3-2). 

The iBRB was labeled using an antibody against occludin, a marker for the tight junctions of the 

endothelial cells which make up the iBRB (Morcos et al., 2001). The iBRB extends from the 

inner capillary bed in the ganglion cell layer (GCL), through the inner plexiform layer (IPL) and 

inner nuclear layer (INL), to the outer capillary bed in the outer plexiform layer (OPL) (Figure 3-

2). The literature suggests that both endogenous opioid peptides and their receptors are 

predominantly expressed in the inner retina (Wamsley et al., 1981; Altschuler et al., 1982; 

Gallagher et al., 2010; Cleymaet et al., 2019; Berezin et al., 2022). Previous work has also 

suggested that P-gp and Bcrp are not expressed at the outer BRB (Chapy et al., 2016). Therefore, 

the outer BRB, which is established by the retinal pigment epithelium, was not analyzed in this 

study. 
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Immunolabeling of occludin and P-gp was performed in both retinal cryosections (n=4, 

Figure 3-2 A-D) and whole-mount preparations (n=6, Figure 3-3 A-C) from male and female 

mice. In cryosections, we found extensive P-gp staining exclusively in the iBRB (Figure 3-2 A-

D). However, in the whole-mount retinas, we commonly observed regions of the occludin-

positive vasculature with strong and some with weaker P-gp co-labeling (Figure 3-3 A-C). 

Across all the images obtained from both preparations (4-6/mouse, n=51), the average Pearson’s 

correlation coefficient (r) was 0.32 ± 0.16 (mean ± s.d.). Using Costes’ automatic threshold and 

randomization procedures, we found this to represent true colocalization in all cases (P=100%) 

(Costes et al., 2004). Colocalization parameters (r, Mander’s coefficients M1 and M2) were then 

averaged across all images obtained from a single mouse. Consistent with the observed staining 

patterns, the average r was significantly lower in whole-mount retinas (0.24 ± 0.12) than 

Figure 3-1. Bcrp and Mrp2 have similar mRNA expression levels in the mouse retina. 

Bcrp and Mrp2 mRNA expression quantified by qRT-PCR, relative to the reference genes Tbp and β-

actin. Lines connect samples from the same animal. Data presented as mean ± SD. Paired t-test, t(4)= -
0.11, p=0.92. 
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cryosections (0.42 ± 0.16) (p=0.04, t-test, t(6.4)=2.57; Figure 3-3 D). There was no significant 

difference in the Mander’s colocalization coefficient M1 (indicating the extent of occludin-

labeled area overlapping with P-gp) (Manders et al., 1993) between whole-mounts (0.20 ± 0.29) 

compared to the cryosections (0.41 ± 0.31) (p=0.1, t-test, t(7.4)=1.9; Figure 3-3 E). Similarly,  

Figure 3-2. P-gp and Bcrp, but not Mrp2, are primarily expressed at the iBRB. 

Immunohistochemistry in retinal cryosections reveals robust expression of (A-D) P-gp and (E-H) 
Bcrp, but not Mrp2 (I-L), at the inner blood-retina barrier (iBRB). DAPI (blue) labels nuclei within 
the retina (A, E, I), occludin (magenta, pseudocolored) labels tight junctions between endothelial cells 
that make up the iBRB (B, F, J). All images are maximum projections of all Z-stack images 
containing the tissue. The average Pearson’s correlation coefficient (r) of colocalization of the 
transporter with occludin was (A-D) 0.42 ± 0.16 for P-gp; (E-H) 0.46 ± 0.1 for Bcrp; and (I-L) 0.10 ± 
0.07 in regions of positive colocalization of Mrp2 and occludin, and -0.006 ± 0.03 in regions of 
negative colocalization of Mrp2 and occludin. Scale bars = 10 μm. GCL = ganglion cell layer, IPL = 
inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, PR = photoreceptor 
layer 
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there was no significant difference in the M2 coefficient (indicating the extent to which P-gp 

overlaps with occludin) between whole-mount (0.16 ± 0.21) and cryosection preparations (0.30 ± 

0.31) (p=0.196, t-test, t(5.6)=1.5; Figure 3-3 F). These results are consistent with the qualitative 

differences in P-gp immunostaining described above, and support the idea that while the level of 

P-gp expression may vary throughout the vasculature, P-gp expression in the mouse retina is 

confined to blood vessels. Importantly, we found no significant qualitative or quantitative (r, M1,  

Figure 3-3. P-gp expression is restricted to the iBRB in a whole mount retina. 

(A-C) Immunohistochemistry in male (triangles) and female (circles) whole-mount retinas reveals P-
gp (B, green) labeling is restricted to the occludin-labeled iBRB (A, magenta [pseudocolored]), 
however the robustness of P-gp immunolabeling varies throughout the vasculature. P-gp positively 
colocalized with occludin in all images (Costes’ methods, P=100%; n=27 [4-5/mouse, 6 mice]). Image 
is a single optical section, scale bar = 5 μm. (D-F) Pearson’s correlation coefficient (r) and Mander’s 
M1 and M2 coefficients (indicating the extent of occludin-labeled area overlapping with P-gp, and vice 
versa); each point represents the average across all images obtained from a single mouse. Data 
presented as mean ± SEM. * p<0.05 
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or M2) differences between male and female mice (n=7 and 3, respectively) (p>0.05, t-test; 

Figure 3-4 A-C). 

Figure 3-4. Immunolabeling for P-gp, Bcrp and Mrp2 are not quantitatively different between 

male and female mice. 

Colocalization parameters for P-gp (A-C, purple), Bcrp (D-F, orange), and Mrp2 (G-I, green) in male 
(triangles) and female (circles) mice; each point represents the average across all images obtained 
from a single mouse. We found no statistically significant differences between males and females in 
(A, D, G) Pearson’s correlation coefficient (r), (B, E, H) Mander’s M1 coefficient (indicating the 
extent of occludin-labeled area overlapping with the transporter) or (C, F, I) Mander’s M2 coefficient 
(indicating the extent of transporter-labeled area overlapping with occludin). Data presented as mean ± 
SEM. T-tests, p<0.05 is significant. 
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Bcrp immunolabeling in retinal cryosections from male and female mice (n=7) also 

revealed robust expression of Bcrp in occludin-labeled iBRB blood vessels (Figure 3-2 E- H). ). 

However, Bcrp labelling was not restricted to iBRB, but found in other structures in the inner 

retina and photoreceptor layer as well. Outside blood vessels, the anti-Bcrp antibody appeared to 

label neuronal projections, as well as a diffuse pattern in the OPL and GCL (Figure 3-2 E-H). 

Across all images (6/mouse, n=42), the average r was 0.46 ± 0.1. We found true colocalization in 

all images (P=100%) (Costes et al., 2004). Colocalization parameters (r, Mander’s coefficients 

M1 and M2) were then averaged across all images obtained from a single mouse. Consistent with 

diffuse Bcrp staining in the inner retina, the average M1 coefficient (indicating the extent of 

occludin-labeled area overlapping with Bcrp) was high (0.74 ± 0.13) compared to our results for 

P-gp. Conversely, the average M2 coefficient (indicating the extent to which Bcrp overlaps with 

occludin) was more similar to the results for P-gp at 0.27 ± 0.09. As with P-gp, we found no 

significant qualitative or quantitative (r, M1, or M2) differences between male and female mice 

(n=4 and 3, respectively) (p>0.05, t-test; Figure 3-4 D-F). Despite the presence of Bcrp in some 

retinal cells outside the iBRB, its robust expression throughout the vasculature suggests it could 

be a significant transporter at the mouse iBRB.  

Mrp2 immunostaining in retinal cryosections (n=8) from male and female mice did not 

result in robust colocalization with occludin-labeled blood vessels (Figure 3-2 I-L). Rather, it 

primarily labeled structures at the proximal INL, OPL and GCL, in addition to diffuse labeling of 

the IPL (Figure 3-2 I-L). There were some imaged regions where Mrp2 appeared to overlap with 

occludin-labeled blood vessels, which we isolated for colocalization analysis (13-22/mouse, 

n=145) (Figure 3-5 A-H). We found true colocalization (P>95%) in about a third of the 145 

regions analyzed (Costes et al., 2004). Colocalization parameters (r, Mander’s coefficients M1 
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and M2) were then averaged across all negatively or positively colocalizing regions obtained 

from a single mouse. After accounting for paired samples (i.e. one mouse has both positive and 

negative regions), the average r in regions with negative colocalization (n=90, -0.006 ± 0.03, 

Figure 3-5 E-H) was significantly lower than in images with positive colocalization (n=55, 0.10 

± 0.07, Figure 3-5 A-D) (p=0.0012, paired t-test, t(7)=-5.25; Figure 3-5 I). Accordingly, the M1 

coefficient (indicating the amount of occludin overlapping Mrp2) was significantly lower in 

 

Figure 3-5. Mrp2 expression in the retina is not exclusive to the iBRB. 

(A-D) Representative image of positive colocalization (P>95%, Costes’ methods) of occludin 
(magenta [pseudocolored]), A) and Mrp2 (green, B) in a single optical section. Merged signals in (C) 
a single optical section and (D) in a maximum projection image through the thickness of the section. 
Image reveals Mrp2 expression overlapping an occludin-labeled retinal blood vessel. (E-H) 
Representative image of negative colocalization of occludin and Mrp2 immunolabeling (P<95%, 
Costes’ methods), presented as in (A-D). Image shows that Mrp2 immunolabeling is often near, but 
not overlapping, occludin-labeled retinal blood vessels. Scale bars = 5 μm. (I-K) Colocalization 
parameters for instances of positive and negative colocalization in male (triangles) and female (circles) 
mice. Each point represents the average value across all positively/negatively colocalizing regions 
obtained from a single mouse; lines connect values from the same mouse (n=55 positive and 90 
negative regions across 8 mice, 13-22 regions/mouse). (I) Pearson’s correlation coefficient (r) and (J) 
Mander’s M1 coefficient (indicating the extent of occludin-labeled area overlapping with Mrp2) were 
significantly higher in positively colocalizing regions. We found no difference in (K) Mander’s M2 
coefficient (indicating the extent of Mrp2-labeled area overlapping with occludin). Data presented as 
mean ± SEM. Paired t-tests * p<0.05 ** p<0.01 
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regions with no colocalization (0.04 ± 0.07) than in positive regions (0.23 ± 0.16) (p=0.04, 

paired t-test, t(7)=-2.52; Figure 3-5 J). The M2 coefficient (indicating the amount of Mrp2 

overlapping occludin) was also not significantly different between images without colocalization 

(0.187 ± 0.166) than with colocalization (0.24 ± 0.14) (p=0.18, paired t-test, t(7)=-1.5; Figure 3-5 

K), likely due to diffuse Mrp2 staining. As with P-gp and Bcrp, we found no significant 

qualitative or quantitative (r, M1, or M2) differences in positively colocalizing regions between 

male and female mice (n=5 and 3, respectively) (p>0.05, t-test; Figure 3-4 G-I). Despite Mrp2’s 

occasional presence at the iBRB, its expression primarily by other cell types suggests that its 

principal function in the retina is not the extrusion of substrates from vascular endothelial cells. 

Thus, we chose to focus only on P-gp and Bcrp in our subsequent analyses. 

 

3.4B Morphine deposits similarly in the brain and retina of male and female mice 

We previously investigated the pharmacokinetics of morphine in the plasma, brain and 

retina of male mice in the 11 h after systemic morphine administration (20 mg/kg, i.p.) (Bergum 

et al., 2022a). Morphine content peaked in the plasma, brain and retina 1 h following injection 

(Bergum et al., 2022a). Here, we investigated whether morphine deposition at this time point 

differs between the sexes and/or between females in different estrous stages. Male mice (n=9), as 

well as Low E/P (estrogen:progesterone) females (n=8) and High E/P females (n=20) received a 

single injection of morphine (20 mg/kg, i.p.) and were sacrificed 1 h later. The mean weight in 

the male group was 26.9 ± 1.82 g, 21.4 ± 1.17 g in the High E/P female group, and 20.8 ± 0.81 g 

in the Low E/P female group. Raw morphine content (ng/ml) in the plasma, brain and retina was 

quantified by LC-MS/MS. The raw concentrations detected in the male mice in this study were 

comparable to our previously published data (Bergum et al., 2022a), with an average 



76 
 

concentration in the brain of 47.7 ± 19.3 ng/ml (mean ± SD), 96.6 ± 12.7 ng/ml in the retina, and 

346 ± 63.2 ng/ml in the plasma detected here. The data were loge (ln) transformed to satisfy the 

assumptions of ANOVA. We found that tissue type, but not sex/estrus group (F=0.68, p=0.51), 

was a significant predictor of morphine content (F=378, p<2e-16). Raw morphine content was 

significantly higher in the plasma than retina in all groups: males (t(68)=8.8, p<0.0001), Low 

E/P females (t(68)=8.2, p<0.0001) and High E/P females (t(68)=13.5. p<0.0001) (Figure 3-6). 

Furthermore, raw morphine content was significantly higher in the retina than in the brain in all  

 

 

Figure 3-6. Morphine concentrations in the plasma, retina and brain are unaffected by 

differences in sex/sex hormones. 

(A) Plasma, retina and brain morphine concentrations and (B) natural logarithmic (ln) transformed 
morphine concentrations collected from mice sacrificed 1 h following a 20 mg/kg i.p. morphine 
injection at light onset (ZT 0). (C & D) No significant differences exist in morphine deposition in any 
tissue between male and female mice. Data presented as mean ± SEM. Two-way ANOVA with Tukey 
post-hoc adjustments was performed on the ln scale. ns=not significant (p>0.05), *** = p<0.0001 



77 
 

groups: males (t(68)=5.3, p<0.0001), Low E/P females (t(68)=5.2, p<0.0001) and High E/P 

females (t(68)=9.6, p<0.0001) (Figure 3-6). We found no significant sex or estrous stage 

differences (p>0.05) in morphine deposition in the plasma, retina, or brain (Figure 3-6). 

To account for differences in the tissue weight of each harvested brain/retina sample, we 

normalized morphine content in the retina and brain to the tissue weight (average of 4.76 ± 0.74 

mg and 17.4 ± 8.77 mg, respectively). The data were again ln transformed for statistical analysis.  

 

Figure 3-7. Normalized morphine concentrations in the retina and brain are the same across 

male and female mice. 

(A) Morphine concentrations normalized to the weight of the tissue and (B) natural logarithmic (ln) 
transformed normalized morphine concentrations collected from mice sacrificed 1 h following a 20 
mg/kg i.p. morphine injection at light onset (ZT 0) show retinal morphine levels exceed brain levels. 
(C & D) No significant differences exist in normalized morphine concentrations in the retina and brain 
between male and female mice. Data presented as mean ± SEM. Data were ln transformed to satisfy 
the assumptions for two-way ANOVA with Tukey post-hoc adjustments. ns=not significant (p>0.05), 
*** = p<0.0001 
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As before, only tissue type was a significant factor (F=1421, p<2e-16, ANOVA). Morphine 

content in the retina was again significantly higher than in the brain in male mice (t(34)=19.657, 

p<0.0001), Low E/P females (t(34)=19.218, p<0.0001), and High E/P females (t(34)=30.495, 

p<0.0001) (Figure 3-7). No significant sex differences were found in morphine content in the 

retina or the brain (p>0.05) (Figure 3-7). 

 

3.4C Chronic morphine treatment does not affect opioid transporter expression at the iBRB 

We previously reported that P-gp expression in the retina and brain was not significantly 

different between male mice that received chronic morphine or vehicle (saline) (Figure 3-8) 

(Bergum et al., 2022a), consistent with reports that elevated P-gp expression after morphine 

exposure can be attributed to a withdrawal response rather than the morphine treatment itself 

(Chaves et al., 2016; Yousif et al., 2012). Here, we tested whether Bcrp expression is influenced 

by chronic morphine exposure (20 mg/kg for 6 days, twice daily) (n=7) compared to vehicle 

(saline, n=9). All animals were sacrificed 1 hour following the last injection. Expression of Bcrp, 

relative to the reference genes β-actin and Tbp, was calculated using the saline-treated retinas as 

the control group. The data were log2 transformed to meet the assumptions of ANOVA (Figure 

3-9). Tissue type, but not treatment, was a significant predictor of Bcrp expression (F=96, 

p=1.18e-7). 

Similar to P-gp (Bergum et al., 2022a), Bcrp expression was lower in the retina than brain 

in both the saline-treated (t(14)= -6.24, p<0.0001) and morphine-treated groups (t(14)= -7.58, 

p<0.0001) (Figure 3-9). Moreover, we found no significant differences between morphine- and 

saline-treated mice in terms of Bcrp expression in the retina (t(24.3)= -0.1, p=0.92) and brain 
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(t(24.3)= -1.8, p=0.08) (Figure 3-9). Thus, neither P-gp nor Bcrp expression is expected to be 

altered by morphine administration. 

 

 

 

6

 

 
6 Figure reprinted from Bergum, N., Berezin, C.-T., Dooley, G., & Vigh, J. (2022). Morphine Accumulates in the 
Retina Following Chronic Systemic Administration. Pharmaceuticals, 15(5) https://doi.org/10.3390/ph15050527 
pursuant to the open access Creative Commons CC BY license and the MDPI Open Access Policy (Appendix D).  

Figure 3-8. Reduced P-gp expression in the retina may underlie retinal morphine 

accumulation. 

(A) P-gp mRNA expression and (B) natural logarithm (ln)-transformed P-gp mRNA expression is 
lower in the retina than in the hypothalamus at one hour (ZT 1) after an i.p. morphine injection at ZT 
0. (C) Chronic morphine exposure does not affect P-gp mRNA expression in either tissue at ZT 1. 
Two-way ANOVA with a Tukey post-hoc adjustment was performed on an ln scale. Data are 
presented as the mean ± SD. * p<0.01, *** p<0.0001 

https://doi.org/10.3390/ph15050527
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3.4D Opioid transporter expression at the iBRB is not dependent on sex/hormonal differences 

We next investigated whether P-gp and Bcrp expression differs between the sexes and/or 

between female estrous stages in the context of acute morphine treatment (1 h after injection). 

Expression of P-gp and Bcrp, relative to the reference genes β-actin and Tbp, in the brains and 

retinas of acute morphine-treated males (n=8), High E/P females (n=11), and Low E/P females 

(n=5) was quantified by qRT-PCR using the male retinas as the control group. The relative gene 

expression (RGE) values were transformed on the log2 scale to satisfy the assumptions of  

 

 

Figure 3-9. Chronic morphine treatment does not affect Bcrp expression in the retina or brain. 

(A) Bcrp relative gene expression (RGE) and (B) log2 transformed RGE values are lower in the retina 
than in the brain 1 h after the last injection of a chronic morphine paradigm (20 mg/kg i.p., twice daily 
for 6 d). Bcrp mRNA was quantified by qRT-PCR, relative to the reference genes Tbp and β-actin. (C 

& D) Chronic treatment with morphine does not alter Bcrp expression in the retina or brain relative to 
vehicle (saline) treatment. Data are presented as the mean ± SEM. Data were log2 transformed to 
satisfy the assumptions for two-way ANOVA with Tukey post-hoc adjustments. ns=not significant 
(p>0.05), *** = p<0.0001 
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ANOVA. We found that Gene (F=253, p<2e-16),Tissue (F=509, p<2e-16) and Group (F=4.3, 

p=0.027) were all significant predictors of RGE values, as were the interactions of Gene and 

Tissue (F=170, p<2e-16) and of Tissue and Group (F=4.8, p=0.011). 

As we showed in chronically treated male mice (Bergum et al., 2022a), P-gp expression 

was significantly lower in the retina than the brain in all groups: males (t(63)= -14.219,  

 

Figure 3-10. P-gp and Bcrp expression are lower in the retina than brain in male and female 

mice. 

(A) P-gp and Bcrp relative gene expression (RGE) and (B) log2 transformed RGE values are lower in 
the retina than in the brain 1 h following a morphine injection (20 mg/kg i.p.). P-gp and Bcrp mRNA 
were quantified by qRT-PCR, relative to the reference genes Tbp and β-actin. Data are presented as 
the mean ± SEM. Data were log2 transformed to satisfy the assumptions for two-way ANOVA with 
Tukey post-hoc adjustments. * p<0.05 ** p<0.01 *** p<0.0001 
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p<0.0001), Low E/P females (t(63)= -12.66, p<0.0001), and High E/P females (t(63)= -18.422, 

p<0.0001) (Figure 3-10). Similarly, Bcrp expression was significantly lower in the retina than the 

brain in all groups: males (t(63)= -2.287), p=0.0255), Low E/P females (t(63)= -2.714, 

p=0.0086), and High E/P females (t(63)= -7.695, p<0.0001) (Figure 3-10). 

In the brain, P-gp expression was significantly lower in males than both Low E/P females 

(t(83)=-2.633, p=0.027) and High E/P females (t(83)=-2.909, p=0.0128) (Figure 3-11). The two 

female groups were not significantly different from one another (t(83)=0.28, p=0.9585) (Figure 

3-11). As for Bcrp in the brain, we found that expression in males was significantly lower than 

High E/P females (t(83)=-2.63, p=0.0272), but not significantly different than Low E/P females 

(t(83) = -1.5, p=0.2830) (Figure 3-11). The two female groups were not significantly different 

from one another (t(83) = -0.65, p=0.7926) (Figure 3-11). Together, these results are consistent 

with female sex hormones influencing opioid transporter expression in some tissues, such as the 

brain (Tanaka et al., 2005; Suzuki et al., 2006; Bebawy and Chetty, 2009; Shchul’kin et al., 

2017; Dalla et al., 2022). 

Conversely, there was no effect of sex or estrous stage on retinal P-gp expression, as 

expression in males was not significantly different than Low E/P females (t(83)= -1.11, p=.51) or 

High E/P females (t(83)= -1.36, p=0.37), nor were Low E/P and High E/P females significantly 

different from one another (t(83)=0.005, p=1.0) (Figure 3-11). Furthermore, we found no effect 

of sex or estrous stage on retinal Bcrp expression; expression in males was not significantly 

different than Low E/P females (t(83)= -0.56, p=0.84) or High E/P females (t(83)=1.82, p=0.17), 

nor were Low E/P and High E/P females significantly different from one another (t(83)=2.155, 

p=0.085) (Figure 3-11). Thus, circulating sex hormones do not appear to significantly impact 

opioid transporter expression at the iBRB. 
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3.4E P-gp is a significant predictor of morphine deposition in the retina 

Our experimental design allowed for a statistical comparison of P-gp and Bcrp expression 

in the retina and the brain. In the brain, we found a staggering three-fold difference in P-gp 

expression compared to Bcrp expression in all groups: males (t(63)=11.9, p<0.0001, ANOVA), 

Figure 3-11. P-gp and Bcrp expression in the retina show no effect of sex or estrous stage. 

(A) P-gp and Bcrp relative gene expression (RGE) and (B) log2 transformed RGE values show no 
differences between male and female animals (regardless of estrus stage) 1 h following a morphine 
injection (20 mg/kg i.p.). Relative Gene Expression (RGE) of P-gp and Bcrp mRNA was quantified by 
qRT-PCR, relative to the reference genes Tbp and B-actin. Data are presented as the mean ± SEM. 
Data were log2 transformed to satisfy the assumptions for two-way ANOVA with Tukey post-hoc 
adjustments. ns=not significant (p>0.05), * p<0.05 
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Low E/P females (t(63)=10.46, p<0.0001) and High E/P females (t(63)=14.306, p<0.0001) 

(Figure 3-12). Interestingly, in the retina, the expression of the two transporters was more 

similar. While P-gp expression was greater than Bcrp expression in High E/P females  

 

Figure 3-12. P-gp mRNA expression is higher than Bcrp in the brain, but not the retina, in male 

and female mice.  

(A) P-gp and Bcrp relative gene expression (RGE) and (B) log2 transformed RGE values show 
increased P-gp expression compared to Bcrp in the brains of male and female mice 1 h following a 
morphine injection (20 mg/kg i.p.). Contrastingly, there is no difference in P-gp and Bcrp mRNA 
expression in the retina of male and Low E/P female mice. P-gp and Bcrp mRNA expression was 
quantified by qRT-PCR, relative to the reference genes Tbp and β-actin. Data are presented as the 
mean ± SEM. Data were log2 transformed to satisfy the assumptions for two-way ANOVA with Tukey 
post-hoc adjustments. ns=not significant (p>0.05), ** p<0.001, *** p<0.0001 
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(t(63)=3.58, p=0.0007), we found no such significant differences in males (t(63)=0, p=1.0) or 

Low E/P females (t(63)=.516, p=0.61) (Figure 3-12). 

We then examined the relationship between transporter expression in the retina or brain 

and the level of morphine deposition in that tissue, combining our male and female groups 

(n=24) given the lack of sex/estrous effects on either parameter in the retina. Relative gene 

expression values and normalized morphine content (ng/mg) were left untransformed, and 

Spearman’s non-parametric rank correlation rho (ρ) was calculated for each gene in each tissue. 

In the brain, we found a weak correlation between transporter expression and morphine 

deposition. The correlation coefficient, ρ, between P-gp and morphine content was -0.0026 

(p=0.99), while for Bcrp it was -0.19 (p=0.37). Conversely, we found stronger correlations 

 

 

Figure 3-13. P-gp expression at the iBRB is significantly correlated to morphine deposition in 

the retina. 

Spearman’s rank correlation (rho, ρ) was calculated for the relationship between normalized morphine 
concentration and relative (A) P-gp or (B) Bcrp mRNA expression in the retina and brain of male and 
female mice.  
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between transporter expression and morphine content in the retina. For Bcrp, ρ was 0.29 

(p=0.17), while for P-gp we found a statistically significant correlation between expression and 

morphine deposition (ρ=0.43, p=0.036) (Figure 3-13). 

 

3.4E Chronic morphine treatment does not affect BBB or BRB permeability 

There is some evidence that chronic morphine exposure may impair the integrity of the 

BBB, which could affect morphine pharmacokinetics in the CNS (Leibrand et al., 2019). If our 

morphine treatment paradigm affects the integrity of blood-CNS barriers, it may increase the 

permeability of the barriers to xenobiotics such as morphine. To test this, we used fluorescence 

imaging of fluorescein isothiocyanate (FITC) extravasation to assess the integrity/permeability of  

 

Figure 3-14. Chronic morphine treatment does not impact BBB or BRB permeability. 

Fluorescence imaging of FITC extravasation revealed no differences in barrier leakage between mice 
that received chronic morphine treatment (20 mg/kg, twice daily, 6 d; n=4; B, D) and vehicle-treated 
mice (saline, twice daily, 6 d; n=4; A, C). Leakage was quantified in the densely vascularized PVN 
(A, B) and in retinal capillaries (C, D) of the same mice. (E) Leakage index is defined as the average 
intensity outside of vessels divided by the average intensity inside vessels. Data are presented as the 
mean ± SEM. Two-way ANOVA with Tukey post-hoc adjustments found no significant differences 
(p<0.05). 
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Figure 3-15. FITC and FITC-dextran extravasation is similar at the BBB and BRB, independent 

of treatment. 

Fluorescence imaging of FITC (A, E) and FITC-dextran extravasation (B-D, F-H) resulted in similar 
leakage indices in all assessed groups (I). Leakage index was calculated in the densely vascularized 
PVN (A-D) and in retinal capillaries (E-H), and is defined as the average intensity outside of vessels 
divided by the average intensity inside vessels. We found no differences in leakage index between 
mice that received chronic morphine treatment (20 mg/kg, twice daily, 6 d; n=4; D, H), vehicle-treated 
mice (saline, twice daily, 6 d; n=4; C, G) and untreated mice (n=3; A-B, E-F). Scale bars = 5 μm. 
Data are presented as the mean ± SEM. Two-way ANOVA with Tukey post-hoc adjustments found no 
significant differences (p<0.05). 
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the BBB and BRB (Figure 3-14). Six male mice were perfused with FITC, and an additional five 

male mice were perfused with FITC conjugated to 10 kDa dextran (FITC-dextran) (Figure 3-15). 

In each group, mice received either chronic morphine treatment, vehicle (saline) or were left  

untreated. Treated mice were sacrificed 1 hour after the last injection when morphine 

concentrations in the brain and retina are at their peak. Barrier leakage was assessed in the retina 

and the paraventricular nucleus of the hypothalamus (PVN) of each mouse. Notably, the PVN 

was chosen due to the dense vascularization found in this hypothalamic nucleus (Frahm and 

Tobet, 2015). Retinal arterioles in the superficial vascular layer, as well as capillaries in the 

superficial, intermediate, and deep layers of the retinal vasculature were imaged (Kornfield and 

Newman, 2014). Leakage indices were similar across these layers, thus capillaries in the 

intermediate layer were chosen as representative images (Figures 3-14, 3-15). Images of FITC 

extravasation of the retinal arterioles can be found in Figure 3-16. 

We obtained similar leakage indices (as defined in the Methods) in mice perfused with 

FITC and those perfused with FITC-dextran (Figure 3-15). The average leakage index in each 

tissue and treatment combination was compared by ANOVA. We found that neither tissue 

(F(16)=0.24, p=0.63), treatment (F(16)=0.14, p=0.87), nor the interaction of tissue and treatment 

(F(16)=0.95, p=0.41) were significant predictors of the leakage index. Accordingly, there were 

no significant pairwise differences in the PVN or retina of saline- and morphine-treated mice 

(Figure 3-14), nor were these different from untreated mice (Figure 3-15). There were also no 

significant differences between leakage indices in the PVN and retina of mice in the saline-

treated group (t(8)=0.16, p=0.88), the morphine-treated group (t(8)=0.47, p=0.65), nor in the 

untreated group (t(8)=-1.3, p=0.22). Thus, neither chronic morphine nor vehicle treatment 

significantly altered the permeability of the BBB or BRB. 
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3.5 Discussion 

Previous work from our group showed that, in male mice, morphine deposition in the 

retina is higher than in the brain, and furthermore, that morphine persists in the retina while it is 

cleared from both the systemic circulation and the brain (Bergum et al., 2022a). Thus, in this 

study we aimed to develop a mechanistic understanding of increased morphine penetrance and 

persistence in the retina compared to the brain, as well as to assess the role of sex/sex hormones 

in retinal morphine pharmacokinetics. 

Here, we evaluated three ABC transporters (P-gp, Bcrp and Mrp2) as putative opioid 

transporters at the iBRB. We first validated the presence of these transporters within the retinal 

vasculature of the iBRB by immunohistochemistry. We found extensive P-gp and Bcrp labeling 

Figure 3-16. Fluorescence extravasation in retinal arterioles is unchanged by morphine 

treatment. Fluorescence imaging of FITC (A-C) and FITC-dextran extravasation (D-F) in first-order 
retinal arterioles in the superficial vascular layer in untreated (A, D), saline/vehicle-treated (B, E), and 
morphine-treated mice (C, F). Scale bars = 20 μm. 
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at the iBRB of both male and female mice, which is consistent with previous findings in male 

mice (Tagami et al., 2009; Chapy et al., 2016). Our analyses revealed that P-gp was exclusively 

expressed within occludin-labeled blood vessels. Interestingly, P-gp labeling was more robust in 

cryosectioned retinas than in whole-mount preparations (Figures 3-2, 3-3), however, we found 

true colocalization using Costes' methods in all cases. This phenomenon may represent a 

decreased ability of the antibody to penetrate and bind P-gp in the whole-mount retina and/or a 

biologically significant clustering of P-gp at particular regions of iBRB vasculature that is more 

obvious in a whole-mount preparation. Bcrp immunolabeling was also primarily found in retinal 

blood vessels, however, some other retinal structures were labeled, which has not been 

previously reported (Tagami et al., 2009; Chapy et al., 2016). The robust expression of P-gp and 

Bcrp at the iBRB suggests that these transporters could contribute to morphine transport across 

the BRB in both males and females, as we did not uncover any differences between sexes in the 

immunolabeling for either transporter (Figure 3-4). Conversely, we found that Mrp2 is not 

robustly expressed within blood vessels at the iBRB, which is consistent with previous reports 

that assessed other Mrp transporters (Tagami et al., 2009; Chapy et al., 2016). Its expression was 

more prevalent in cells near blood vessels, which may be neurons or cells that support the iBRB 

(e.g. pericytes, Müller glia). Although future studies could interrogate the identities of Mrp2-

expressing cells in the retina, our results suggest that Mrp2 is not a prominent opioid transporter 

at the iBRB; it may instead play a supporting role in the regulation of drug transport between the 

systemic circulation and the retina. Furthermore, occludin expression is specific to the tight 

junctions between the endothelial cells of mammalian retinal vessels, but it is present in all the 

blood vessels of both the iBRB and outer BRB (Morcos et al., 2001). Thus, colocalization 

studies of P-gp and Bcrp using markers that are specific to the iBRB in adult mice (i.e. claudin-
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5) (Kojima et al., 2002; Greene et al., 2019) and/or that label, not just tight junctions, but the 

entirety of blood vessels (i.e. collagen IV) (Ramos et al., 2013) may provide additional insight 

into the expression and function of these transporters at the BRB. 

After establishing that Bcrp and P-gp are robustly expressed at the iBRB, we wanted to 

determine the relative contribution of each protein to retinal morphine transport. Previous studies 

from our lab showed that P-gp expression is inversely correlated with morphine deposition when 

comparing the brain and retina (Bergum et al., 2022a); however, these studies were only 

performed in male mice. To establish a connection between morphine transporters at the iBRB 

and the potential role of sex/sex hormones in morphine pharmacokinetics, we performed 

experiments in male and female mice. Importantly, littermate female mice were divided into two 

different groups based on their estrus stage on the day of sacrifice. The first group of females 

was either in diestrus or metestrus (Low Estrogen/Progesterone ratio), with hormone profiles 

more similar to male mice. The second group of females was sacrificed during estrogen-

dominant stages (High E/P), proestrus or estrus (Broestl et al., 2018). High E/P female mice have 

been shown to have lower sensitivity to tactile abdominal stimulation than low E/P females and 

male mice (Gonzalez and Carrasquillo, 2019; Tramullas et al., 2021). While assaying females in 

all four estrus stages would be ideal, these groupings were sufficient to elucidate the main effects 

of sex hormones. Furthermore, this would necessitate the use of at least twice as many female 

animals to reach the same end. Indeed, the lack of differences found in our study suggests further 

separation may not have provided more information. This work represents, to our knowledge, the 

first characterization of P-gp and Bcrp mRNA and protein expression in the male and female 

retina in the context of morphine treatment. Importantly, there is evidence of circadian 

oscillations in P-gp-mediated transport (Kervezee et al., 2014; Zhang et al., 2021), which may 
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alter morphine pharmacokinetics over the course of the day. Since this study examined morphine 

pharmacokinetics and transporter expression at ZT 1, future experiments are needed to assess 

how circadian oscillations in transporter expression/function might alter morphine uptake and 

clearance from the CNS. Furthermore, future studies should also assess how circadian 

oscillations in opioid receptor expression (Naber et al., 1981; Mitchell et al., 1998; Jabourian et 

al., 2005; Yoshida et al., 2005; Takada et al., 2013) contribute to the behavioral effects of 

morphine and its deposition in the brain and retina. 

We recapitulated findings that sex hormones influence P-gp and Bcrp expression in the 

brain, with expression being higher in High E/P females than in males. This is consistent with 

previous reports of testosterone inhibiting P-gp expression and efflux activity in tissues like the 

liver, kidney, and cornea (Dey et al., 2004; Suzuki et al., 2006; Shchul’kin et al., 2017), as well 

as reports that Bcrp is more highly expressed in the female rat brain than in males (Tanaka et al., 

2005). Conversely, we did not find an effect of sex or estrus stage on the expression of either P-

gp or Bcrp mRNA in the retina (Figure 3-11), consistent with the P-gp and Bcrp 

immunohistochemical labeling (Figure 3-4). While we anticipated that circulating levels of sex 

hormones could influence opioid transporter expression, our work is consistent with their effect 

varying by tissue type and species (Dalla et al., 2022). Furthermore, we found no significant 

differences in morphine deposition in the brain or retina of males and females. This finding is 

consistent with past literature that examined morphine pharmacokinetics in the brain (Cicero et 

al., 1997) and plasma (Sarton et al., 2000), as well as a previous report that the effect of P-gp on 

morphine content in the brain is not different between female and male mice (Dagenais et al., 

2001). In addition, these findings imply that the metabolism of the intraperitoneal morphine 

injections are not significantly impacted by sex hormones. While we cannot exclude the 
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possibility that the pharmacokinetics of morphine shows sex-dependent differences at later time-

points, our overall results suggest morphine would also accumulate in female retinas upon 

chronic administration, as previously shown for males (Bergum et al., 2022a). Intraperitoneal 

injections undergo rapid first-pass metabolism in the liver before reaching the systemic 

circulation (Handal et al., 2002; Turner et al., 2011), thus future studies using intravenous drug 

infusions might provide a clearer picture of the role that steroid hormones play in the regulation 

of opioid transport at the BBB and BRB. 

After performing an extensive analysis of the expression patterns of P-gp and Bcrp in the 

CNS (brain/retina) of male and female mice, we wanted to weigh the relative contribution of 

each transporter to morphine deposition in the retina relative to the brain. We found that P-gp 

mRNA expression in the brain was nearly three-fold higher than Bcrp mRNA expression, which 

aligns with a report of higher expression of P-gp than Bcrp at the BBB measured by mass 

spectrometry (Kamiie et al., 2008). These data support the existing notion that P-gp is the 

primary opioid transporter at the BBB (Yang et al., 2018). Contrastingly, P-gp and Bcrp in the 

retina were similarly expressed in both males and females, with Bcrp expression being only 

slightly higher than P-gp in High E/P females. Despite their similar expression levels in the 

retina, two pieces of data suggest that P-gp is a more significant opioid transporter at the iBRB 

than Bcrp. First is P-gp’s exclusive presence in the iBRB compared to the expression of Bcrp by 

some other retinal structures. Second, only P-gp expression significantly correlated with 

morphine deposition in the retina, whereas the relationship between retinal Bcrp and morphine 

content was not statistically significant. Interestingly, the expression levels of both transporters 

appeared to be relatively poor predictors of brain morphine deposition, suggesting that neither P-

gp nor Bcrp expression directly affect morphine concentration in the brain. Although our data 
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indicates that P-gp is the main transporter involved in regulating morphine deposition in the 

retina, there is evidence that suggests P-gp and Bcrp work cooperatively to efflux common 

substrates at the BBB (Agarwal and Elmquist, 2012; Yang et al., 2018). At the iBRB, it has been 

shown that P-gp transport of verapamil is greater than that by Bcrp (Chapy et al., 2016), 

however, transporter function is known to be substrate dependent (Yang et al., 2018). Thus, 

functional studies of opioid (e.g. morphine) transport by P-gp and Bcrp at the iBRB are needed 

to elucidate the contributions and potential cooperative effect of these transporters. Such 

investigations should include studies that test the role of these ABC transporters in the retinal 

deposition of morphine, as well as other commonly administered opioids that are known P-gp 

substrates, such as methadone, buprenorphine, and fentanyl (Yang et al., 2018). 

At first glance, the finding that P-gp expression in the retina, but not the brain, correlates 

positively with CNS morphine concentrations appears to be at odds with previous findings that 

P-gp negatively correlates with morphine deposition (Hamabe et al., 2007). Indeed our previous 

paper reported an inverse relationship between P-gp expression and morphine deposition when 

comparing the brain and retina (Bergum et al., 2022a). However, we do not believe that these 

findings are necessarily inconsistent with previous studies examining P-gp’s role in morphine 

transport across blood-CNS barriers. The positive relationship between P-gp expression at the 

iBRB and morphine deposition in the retina may be due to the relatively low abundance of this 

transporter at this barrier. In other words, P-gp expression in the brain is much more robust; 

therefore, small reductions in P-gp expression will not significantly alter the morphine transport 

across the BBB. On the other hand, with relatively low P-gp expression in the retina, every P-gp 

transporter at the iBRB has a larger effect on the overall morphine transport. The interpretation 

of this data is particularly difficult when we consider that P-gp could be expressed at both the 
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basal and laminar sides of the endothelial cells that make up the iBRB and BBB (Yang et al., 

2018). While ABC transporters are typically believed to be located on the luminal membrane of 

capillary endothelial cells to facilitate morphine efflux (Viscusi and Viscusi, 2020), localization 

to the sublaminar/basolateral membrane could also facilitate morphine transport into the CNS 

(Yang et al., 2018). High resolution imaging along with functional transport studies may provide 

a more detailed understanding of the role of P-gp in the influx/efflux of drugs like morphine 

across blood-CNS barriers. 

Opioid pharmacokinetics in the CNS may not only depend on the activity of transporter 

proteins but on the integrity of blood-CNS barriers. Fluorescence imaging of FITC or FITC-

dextran extravasation is a common assay for measuring BBB or BRB permeability (Li et al., 

2011; Miyata and Morita, 2011; Liang et al., 2012; Frahm and Tobet, 2015; Natarajan et al., 

2017; Xu et al., 2019). There have been reports of morphine exposure impairing barrier integrity 

in vitro through a reduction of tight junction protein ZO-1 (Wen et al., 2011) as well as reports 

that chronic morphine exposure (via time-released pelleted implants) increases BBB 

permeability to fluorescently-labeled dextrans in mice (Leibrand et al., 2019). However, it has 

also been suggested that, rather than chronic morphine exposure itself affecting BBB 

permeability, withdrawal from the drug increases BBB permeability (Sharma and Ali, 2006). 

This is similar to the previous uncertainty regarding whether chronic morphine exposure caused 

an upregulation of P-gp expression, which is now thought to be a withdrawal effect (Yousif et 

al., 2008, 2012; Bergum et al., 2022a). Given that morphine clears from the brain within just 3 

hours post-injection (Bergum et al., 2022a), it is critical to harvest brain tissue soon after the 

drug administration to differentiate the effects of morphine exposure from withdrawal effects. As 

such, we performed these assays approximately 1 hour after the injection to ensure peak 
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concentrations of morphine were present in the brain and retina. We found no effect of chronic 

morphine treatment on barrier permeability, suggesting that BRB integrity does not contribute to 

the selective accumulation of morphine in the retina. Although there is evidence that sex 

hormones (as well as age and disease) can influence blood-CNS barrier integrity (Bake and 

Sohrabji, 2004; Wilson et al., 2008; Cipolla et al., 2009; Atallah et al., 2017; Dion-Albert et al., 

2022), the permeability of the BBB was reported to be similar in male and female healthy adult 

mice (Schaffenrath et al., 2021). In conjunction with the lack of sex differences in morphine 

pharmacokinetics and transporter expression in the retina presented here, these data suggest that 

barrier integrity does not influence morphine pharmacokinetics and is therefore not a likely 

source of the sex-dependent differences in morphine efficacy. 

The current study establishes the role of ABC transporters in morphine’s selective 

persistence and accumulation in the eye: a phenomenon that has been shown not just in mice 

(Bergum et al., 2022a) but in humans as well (Wyman and Bultman, 2004; Bévalot et al., 2016). 

We found that morphine deposition in the CNS (retina/brain) is not dependent on sex/sex 

hormones. While this is consistent with previous reports, questions remain as to the molecular 

origins of sex differences in the efficacy of and outcomes associated with opioid drugs. The role 

of sex on opioid-mediated antinociception is complex, ranging from the physiological (i.e. sex 

hormones, neuroanatomical differences) to the psychosocial (Nasser and Afify, 2019). As with 

opioid-mediated antinociception, the relationship between opioids, sleep/wake disturbances and 

sex is still being unraveled (Tripathi et al., 2020; Huhn and Finan, 2021). Some evidence 

suggests women are more likely to experience opioid-induced sleep disturbances (OISD) (Finan 

et al., 2020; Ellis et al., 2022). Importantly, OISD are emerging as a promising therapeutic target 

for opioid use disorder (Huhn and Finan, 2021). While the mechanisms underlying OISD are still 
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not known, our recent work suggests that opioids modulate sleep/wake behavior through the μ-

opioid receptors (MORs) expressed by intrinsically photosensitive retinal ganglion cells 

(ipRGCs) (Tripathi et al., 2020; Huhn and Finan, 2021; Bergum et al., 2022c). Indeed, 

endogenous opioid peptides activate the MORs expressed by ipRGCs to modulate healthy 

sleep/wake (Berezin et al., 2022). Furthermore, the MORs expressed by ipRGCs mediate 

morphine-induced sleep/wake changes (i.e. behavioral sensitization) (Bergum et al., 2022b). 

Thus, the persistence of morphine in the retina may allow for prolonged activation of the MORs 

expressed by ipRGCs, which could disrupt endogenous opioid signaling and lead to OISD 

(Berezin et al., 2022; Bergum et al., 2022b, 2022c). The results presented here position P-

glycoprotein expression as an important determinant of retinal morphine pharmacokinetics in the 

inner retina. Continued characterization of opioid pharmacokinetics in the brain and retina will 

facilitate the development of potential therapeutics for OISD and opioid use disorder. 
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 CHAPTER 4: Discussion 
 
 
 
4.1 Overview 

 The central hypothesis investigated in the current work is that the bioavailability of 

opioids (i.e. endogenous opioid peptides and/or opioids drugs) in the retina modulates 

sleep/wake behavior. In Chapter 2, we presented evidence that endogenous opioid peptides 

contribute to healthy sleep/wake behavior through the MORs expressed by ipRGCs. As will be 

discussed below, concurrent work showed that chronic morphine treatment interferes with 

sleep/wake behavior in mice via this endogenous opioid system in the retina. In conjunction with 

our recent work showing that morphine accumulates in the mouse retina upon chronic treatment, 

these data present a novel pathway by which opioid-induced sleep disturbances (OISD) may 

develop. Thus, in Chapter 3, we assessed the molecular machinery that may regulate opioid 

transport in the retina and found that low expression of the transporter P-glycoprotein (P-gp) may 

allow morphine to persist in the retina. In this Chapter, the potential for P-gp to be leveraged into 

a molecular target for modulating opioid bioavailability in the eye and alleviating OISD is 

discussed. 

 

4.2 Modulation of sleep/wake behavior by retinal opioids 

Our lab recently developed a mouse line with a cell-specific knockout of MORs from 

ipRGCs (McKO) by crossing Opn4-Cre mice with μflx mice, which have exons 2 and 3 of the 

Oprm1 (MOR) gene flanked by loxP sites (Berezin et al., 2022; Cleymaet et al., 2021). Cre-

dependent MOR knockout mice have been used to dissect the neuronal populations that mediate 

the effects of opioids (Boulos et al., 2020; Severino et al., 2020; Weibel et al., 2013). Like those 

groups before us, we primarily relied on mRNA quantification to validate our McKO line 
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(Chapter 2.4C, Appendix A), as there are no commercially available antibodies that can 

accurately differentiate the full-length and truncated MOR sequences (Table A-1). Nevertheless, 

we found a robust decrease in MOR mRNA expression by both qRT-PCR and digital droplet 

PCR (ddPCR), which was specific to the retina and not found in any region of the brain.  

By measuring sleep/wake activity via wireless telemetry transmitters, we found that 

McKO mice had altered sleep/wake behavior compared to control mice (Berezin et al., 2022). 

Specifically, McKO mice had decreased wakefulness, and accordingly, increased slow-wave 

sleep, in the dark. This suggests that endogenous activation of the MORs expressed by ipRGCs 

is needed in the dark phase to promote wakefulness in the nocturnal mouse. Since light-evoked 

firing by ipRGCs is known to promote sleep in mice (Lupi et al., 2008), ipRGCs must be 

relatively inactive in the dark to inhibit sleep. However, ipRGCs have been shown to 

spontaneously spike in the dark and are sensitive to even small amounts of light (Do et al., 2009; 

Zhao et al., 2014). It has been postulated that the firing of ipRGCs must be inhibited to prevent 

them from continuously signaling the presence of “light” to the brain (Altimus et al., 2008; 

Schmidt et al., 2011). Our results suggest that this inhibition of light-evoked and/or spontaneous 

firing by ipRGCs could be achieved by increased activation of their MORs in the dark. Indeed, 

photoreceptors maintain circadian rhythms in the SCN, even in the dark (Lee et al., 2003). Our 

results confirm the notion that without MOR-mediated inhibition of ipRGCs in McKO mice, 

these cells communicate spontaneous “light” signals to the brain which disrupt normal 

sleep/wake cycles.  

Given the cyclic expression of POMC and the light-dependent expression changes in β-

endorphin we showed in Chapter 2, β-endorphin is well-positioned to activate the MORs 

expressed by ipRGCs in the dark. However, we cannot exclude that other opioid peptides (e.g. 
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shorter forms of β-endorphin and/or enkephalins) don’t contribute (Gomes et al., 2020). The anti-

β-endorphin antibody used in Chapter 2 recognizes the entire 31-amino acid sequence of β-

endorphin, including the Tyr-Gly-Gly-Phe-Leu/Met motif, so it may also label shorter β-

endorphin peptides (e.g. γ-endorphin, β-endorphin-26, β-endorphin-27) and enkephalins (esp. 

Met-enkephalin due to higher sequence similarity). While it was previously thought that shorter 

β-endorphin peptides were not MOR agonists, but rather antagonists or inactive peptides, it was 

recently shown that they do exhibit MOR agonist activity (Gomes et al., 2020). Thus, while we 

may overestimate the importance of full-length β-endorphin, we can conservatively say 

endogenous opioid peptides activate MORs expressed by ipRGCs to modulate sleep/wake 

activity, in addition to the pupillary light reflex (Berezin et al., 2022; Cleymaet et al., 2021). 

In a concurrent study by our group (Bergum et al., 2022b), we showed that MORs 

expressed by ipRGCs also contribute to opioid-induced behavioral sensitization, which is the 

well-documented increase in activity rodents display after morphine exposure (Kalivas and 

Duffy, 1987). In this study, the activity of control (μflx), McKO and global MOR knockout 

(MKO) mice were compared over a 10-day, twice-daily chronic morphine paradigm. Control 

mice quickly developed morphine-induced behavioral sensitization and with continuing 

treatment, their sleep/wake cycles became more entrained to the daily injections than to the 

light/dark cycle. On the other hand, the activity of MKO mice was unaffected by morphine 

exposure, consistent with previous reports (Sora and Li, 2001; Tian et al., 1997; Yoo et al., 

2003). In between these extremes were the McKO mice, which showed more behavioral 

sensitization than MKO mice but less than control mice. These differences suggest that although 

MORs expressed by other parts of the CNS also play a role, the MORs expressed by ipRGCs are 

important contributors to opioid-induced behavioral sensitization. Therefore, the action of both 
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endogenous opioid peptides and opioid drugs on the MORs expressed by ipRGCs plays a 

previously unrecognized role in (dys)regulating mammalian sleep/wake behavior. This presents 

an exciting new pathway by which OISD may develop and/or persist, however the ability to 

leverage this knowledge into a therapeutic requires a better understanding of the 

pharmacokinetics of opioids in the retina. 

 

4.3 Opioid pharmacokinetics and transport in the retina 

Systemically applied opioids pass the blood-retina barrier and can be detected in the 

vitreous humor/retina of both humans and mice (Bergum et al., 2022a; Fernández et al., 2013; 

Wyman and Bultman, 2004). Interestingly, the concentration of morphine that can be detected in 

the retina is consistently higher than in the brain, with or without normalizing for differences in 

the weight of each tissue (Chapter 3; Bergum et al., 2022a). This is especially intriguing given 

that most research on primary opioid effects (in general and on sleep/wake) has focused on the 

brain. In addition, morphine persists for at least twelve hours in the retina after an intraperitoneal 

injection, and continues to accumulate to ever higher levels upon chronic administration 

(Bergum et al., 2022a). Conversely, the pharmacokinetics of morphine in the blood and brain 

tissue don’t change with repeated exposure (Bergum et al., 2022a). The persistence and 

accumulation of morphine in the retina suggests that opioids in the eye could constitutively 

activate the MORs expressed by ipRGCs to dysregulate their activity, leading to sleep disruption. 

We hypothesized that the unique pharmacokinetics of morphine in the retina compared to 

the brain could be related to the expression and/or function of opioid transporter proteins at the 

blood-retina barrier (BRB) and blood-brain barrier (BBB), respectively. ATP-binding cassette 

(ABC) transporters, especially P-glycoprotein (P-gp) and to a lesser degree, breast cancer 
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resistance protein (Bcrp), are considered the premier opioid efflux transporters at the BBB (Liu 

and Liu, 2019; Yang et al., 2018). It has been shown that the function of both Bcrp and P-gp are 

lower at the BRB than BBB (Bauer et al., 2017; Chapy et al., 2016; Fujii et al., 2014; Liu and 

Liu, 2019), however little attention has been paid to the role of ABC transporters at the BRB in 

opioid transport. Thus, in Chapter 3, we characterized ABC transporters at the BRB and BBB in 

the context of morphine treatment. 

First, we found that P-gp and Bcrp expression is unchanged by chronic morphine 

treatment (twice daily, 6 d, 20 mg/kg i.p.) in both the retina and brain, consistent with reports 

that upregulation of P-gp is a response to morphine withdrawal, rather than drug exposure itself 

(Bergum et al., 2022a; Chaves et al., 2016; Yousif et al., 2012). In the context of acute morphine 

treatment, we found that P-gp is highly expressed in the brain compared to the retina, similar to a 

previous proteomics report (Zhang et al., 2017). In addition, P-gp was much more highly 

expressed than Bcrp in the brain. These data are consistent with P-gp’s position as the primary 

morphine extruder at the BBB. Conversely, although the relative expression of P-gp and Bcrp 

were similar in the retina, overall transporter expression was lower than in the brain. We found a 

significant correlation between P-gp expression and morphine deposition in the retina, but no 

significant correlation between retinal Bcrp expression and morphine content, suggesting P-gp is 

the more important morphine transporter at the BRB. Low ABC transporter (i.e. P-gp and Bcrp) 

expression might explain the persistence and accumulation of morphine in the retina, compared 

to the brain where transporter expression is high and morphine is more quickly cleared from the 

tissue.  

Notably, the experiments in Chapter 3 were performed in male mice, as well as two 

groups of female mice separated by hormone profile: mice in estrus/proestrus with relatively 
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high estrogen:progesterone ratios (High E/P females) and mice in diestrus/metestrus with 

relatively low estrogen:progesterone ratios (Low E/P females). Somewhat surprisingly, we found 

no sex/estrous effects on transporter expression in the retina. Although transporter expression 

seems to be sex-dependent in some cases, it is well-known that it is also tissue- and species-

dependent (Bebawy and Chetty, 2009; Dalla et al., 2022; Piquette-Miller et al., 1998; Robison et 

al., 2019; Shchul’kin et al., 2017; Suzuki et al., 2006; Tanaka et al., 2005). In addition, our 

results show that morphine deposition in the retinas of male and female mice are not 

significantly different 1 hour after injection. This suggests that morphine would accumulate in 

female retinas upon chronic administration as we’ve shown with males (Bergum et al., 2022a). 

Nonetheless, we cannot exclude that morphine pharmacokinetics in the retina differ between 

males and females at other time points or in ways that we did not measure. For example, it has 

been shown that differential morphine metabolism between males and females can underlie sex-

specific differences in opioid effect (e.g. analgesia) (Gabel et al., 2021). Specifically, the half-life 

of morphine in the blood and brain is shorter in female mice than males, and levels of 

morphine’s primary metabolite, morphine-3-glucuronide (M3G), are higher, suggesting 

differences in the rate of morphine metabolism between the sexes (Gabel et al., 2021). Notably, 

morphine is metabolized into M3G and morphine-6-glucuronide (M6G) in humans, but mice 

lack the enzyme needed to produce M6G (Gabel et al., 2021). 

In addition, while we focused our efforts on two opioid extruders that were well-

characterized at the BBB, the influx and efflux of opioids could be affected by other ABC 

transporters, such as the multidrug resistance proteins (besides Mrp2, given the results presented 

in Chapter 3), and/or other classes of transporters, such as organic anion transporting 

polypeptides (OATPs) or organic cation transporters (OCTs) (Dalla et al., 2022). Furthermore, 
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the permeability and integrity of blood-CNS barriers seem to be regulated by circulating sex 

hormones (Dion-Albert et al., 2022). For example, ovariectomy and castration both increase 

BBB permeability in rodents, which can be reversed by estrogen and testosterone treatment, 

respectively (Atallah et al., 2017; Bake and Sohrabji, 2004; Cipolla et al., 2009; Dion-Albert et 

al., 2022; Wilson et al., 2008). However, in older, reproductively senescent rats, estrogen 

treatment further increases BBB permeability in some regions, suggesting an interaction between 

sex hormones and age (Bake and Sohrabji, 2004). Despite the potential effects of sex hormones 

on blood-CNS barrier integrity, we found no differences in morphine deposition or transporter 

expression in the retina between males and females. Morphine itself has been thought to affect 

blood-CNS barriers, though our results are consistent with this being a withdrawal effect, at least 

in male mice (Leibrand et al., 2019; Sharma and Ali, 2006). Future studies should explicitly 

assess BRB permeability in male and female mice both during and after morphine treatment 

using fluorescent extravasation studies to visualize barrier “leakage” (Frahm and Tobet, 2015). 

 

4.4 P-glycoprotein as a therapeutic target for opioid-induced sleep disturbances (OISD) 

 The data presented in Chapter 3 positions P-gp as a notable opioid transporter at the BRB 

and BBB of male and female mice. Given its known role as an opioid extruder, low P-gp 

expression in the retina (compared to the brain) may be insufficient to clear morphine in a timely 

manner. This could allow for constitutive aberrant activation of the MORs expressed by ipRGCs, 

thus leading to OISD. Ongoing work seeks to ameliorate this disparity by upregulating P-gp 

expression at the BRB. Intraperitoneal injection of the non-steroidal anti-inflammatory drug 

(NSAID), diclofenac, upregulates P-gp expression and function at the BBB (Sanchez-

Covarrubias et al., 2014). When given 3 hours before morphine, morphine uptake into the brain 
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and morphine-induced analgesia are diminished (Sanchez-Covarrubias et al., 2014). In addition, 

acetaminophen, another NSAID, also upregulates P-gp expression at the BBB and results in 

lower morphine deposition and decreased analgesia (Slosky et al., 2013). Our preliminary data 

suggests systemically applied diclofenac indeed upregulates P-gp function at the BRB. However, 

the penetrance of systemically administered drugs across the blood-retina barrier may be limited 

(Gulilat et al., 2020) and this mode of administration will likely affect P-gp expression 

throughout the body. Thus, focal delivery of diclofenac may be the preferred route. While topical 

diclofenac eye drops exist (Abbas Khan, 2011; Bai et al., 2022; Iwamoto et al., 2017; Lekhanont 

et al., 2007; Ylinen et al., 2018), intravitreal injection is more likely to efficiently penetrate to the 

posterior segment of the eye (i.e. the retina) (Durairaj et al., 2009; Soheilian et al., 2010). 

 

4.4 Translational considerations 

 Although they are nocturnal, mice present a great model for studying sleep/wake 

behavior because they are genetically tractable, allowing us to produce transgenic knockout 

mice, and because the molecular processes by which ipRGCs fire and communicate with the 

brain are thought to be similar in humans (Hastings et al., 2018). Yet there are differences and 

uncertainties between mice and humans that should be noted. In terms of gross eye anatomy, the 

volume of vitreous humor in the mouse is much smaller than in humans, not just because of the 

overall size of the eye, but because the mouse lens takes up a much larger proportion of the eye 

(Skeie et al., 2011). So although opioids can be detected in the vitreous humor of both species 

(Bergum et al., 2022a; Fernández et al., 2013; Wyman and Bultman, 2004), the dynamics of 

opioids in the vitreous humor may differ between mice and humans. In addition, while 6 ipRGC 

subtypes have been described in mice (M1, M2, ..., M6), humans also have giant M1 (GM1) 
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ipRGCs and it is yet unknown if humans have M5 and M6 ipRGC subtypes (Mure, 2021). 

However, these subtypes were only recently discovered in rodents (Quattrochi et al., 2019; 

Stabio et al., 2018), so in time, this uncertainty should be resolved. Furthermore, we cannot use 

fluorescent tracers to assess ipRGC projections in humans, but retinal neurons do project to 

hypothalamic nuclei in primates; it is still unclear whether these are ipRGC projections and 

whether these include hypothalamic sleep/wake centers, such as the SCN and VLPO (Abizaid et 

al., 2004; Costa et al., 1999; Mure, 2021). Lastly, it is not clear whether human ipRGCs express 

MORs, but some transcriptomics studies have detected Oprm1 expression in human retina 

samples (Liang et al., 2019; Lukowski et al., 2019; Urrutia-Cabrera and Wong, 2020). 

 We found no sex differences in terms of ABC transporter expression and morphine 

deposition in the murine retina. However, some evidence suggests women are more likely to 

experience OISD than men (Coffey, 2018; Ellis et al., 2022; Finan et al., 2020), though larger 

studies and those using model organisms are needed (Huhn and Finan, 2021; Tripathi et al., 

2020). It would therefore be important to repeat the sleep/wake experiments presented in Chapter 

2 as well as the behavioral sensitization experiments discussed above in female mice. This would 

confirm that the MORs expressed by ipRGCs play a role in the (dys)regulation of sleep/wake 

behavior, and allow potential sex differences to be detected. Nevertheless, the results presented 

here suggest that ipRGCs present a novel pathway by which opioids modulate sleep behavior and 

position the upregulation of P-gp at the BRB as a potential therapeutic target for alleviating 

OISD through increased morphine clearance from the eye.
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APPENDIX A: Validation of a Conditional μ-Opioid Receptor Knockout (McKO) Mouse Line 
 
 
 

A.1 Introduction 

 Critical to this work was the development and use of a conditional cell-specific knockout 

of μ-opioid receptors (MORs) from intrinsically photosensitive retinal ganglion cells (ipRGCs). 

Mouse models with global MOR knockout have been indispensable for showing that MORs are 

necessary for morphine-induced analgesia and reward effect (Matthes et al., 1996). However, 

understanding how individual cell types and pathways mediate the effects of opioids requires a 

more nuanced approach. The development of the Cre-lox system has allowed for cell-specific 

gene deletion in mouse models, via (1) the expression of a Cre recombinase upstream of a cell 

type-specific promoter and (2) the insertion of loxP sites flanking the to-be-deleted gene 

sequence (“floxed” sequence) (Sauer and Henderson, 1988; Tsien, 2016). Generating a mouse 

with the desired deletion requires breeding a Cre mouse (typically +/-, as homozygous (+/+) Cre 

expression can have deleterious effects on the gene or cause off-target Cre expression) with a 

floxed mouse (typically +/+ to ensure complete gene editing when crossed with Cre mice) (Luo 

et al., 2020; Song and Palmiter, 2018; Tsien, 2016). The Cre recombinase will then excise the 

floxed sequence, resulting in gene deletion. 

 The global MOR knockout mouse mentioned above was developed by deleting exons 2 

and 3 from the MOR gene sequence, which disrupts the coding sequence for the protein and 

results in a non-functional receptor (Matthes et al., 1996). The same sequence was later floxed 

(μflx), allowing for Cre-dependent cell-specific MOR knockout (Weibel et al., 2013). This 

conditional MOR knockout results in a robust, yet incomplete, decrease in MOR mRNA, 

regardless of the Cre-associated gene (Boulos et al., 2020; Severino et al., 2020; Weibel et al., 
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2013). Validation of specific and efficient MOR knockdown is critical for using these mice to 

understand the behavioral effects of opioids. 

 In this work, we developed a cell-specific knockout of MORs from intrinsically 

photosensitive retinal ganglion cells (ipRGCs), which are identified based on the expression of 

the melanopsin gene, Opn4. Homozygous floxed MOR mice (μflx), described above, were 

crossed with heterozygous Opn4-Cre mice, wherein Cre is expressed upstream of the melanopsin 

promoter, to produce 50% McKO mice with MOR knockout only in ipRGCs, and 50% μflx 

littermate controls. This Appendix describes the experiments performed to validate cell-specific 

MOR knockout in this McKO mouse line. 

 Ideally, lack of MOR expression in Opn4-Cre+ cells would be validated by 

immunohistochemistry (IHC) using an antibody specific to the MOR protein sequence, 

producing positive labeling in control (μflx) mice but not McKO mice. Antibodies against G-

protein coupled receptors (GPCRs), such as the MOR, are notoriously difficult to produce, 

primarily due to issues purifying GPCRs in their native folded state outside of a cell membrane. 

This often prevents access to epitopes aside from the extracellular N-terminus of the protein, or 

results in decreased specificity due to the incomplete elimination of other cellular components 

(Hutchings et al., 2010; Kim et al., 2023; Zhao and Wu, 2012). Several commercial antibodies 

against the MOR were tested (Table A-1). Unfortunately, the one antibody specific to the deleted 

region (exons 2-3, Bioss), failed to produce specific immunolabeling in control retinas. 

Furthermore, the one commercial antibody which produced a reliable immunological signal 

(Alomone) also labeled MORs in McKO mice, likely because it targets the N-terminus of the 

protein, which may still be translated from the truncated MOR mRNA transcript (Table A-1). 
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Table A-1. List of available commercial antibodies against MOR. 

Commercial MOR Antibody Immunogen/epitope 

Bioss #bs-3623R Proprietary; immunogen range corresponds to amino acid residues 
165-270/400 for the human µ-Opioid receptor (UniProt accession 
#P35372). 

Alomone #AOR-011 CSPAPGSWLNLSHVDGN, corresponding to amino acid 
residues 22-38 of the rat µ-Opioid receptor (UniProt accession 
#P33535). Extracellular, N-terminus. 

RayBiotech #114-10101 NHQLENLEAETAPLP, corresponding to amino acid residues 
386-400 of the human µ-Opioid receptor (UniProt accession 
#P35372). Intracellular, C-terminus. 

As such, previous groups have relied on mRNA quantification to validate their 

conditional MOR knockout lines (Boulos et al., 2020; Severino et al., 2020; Weibel et al., 2013). 

In Chapter 2, our qRT-PCR experiments revealed that MOR mRNA expression was significantly 

(~60%) lower in the retinas of McKO mice compared to control (μflx) mice (Figure 2-5a). In 

addition, we found that decreased MOR mRNA expression was specific to the retina, as there 

was no significant decrease in MOR expression in the hypothalamus of McKO mice compared to 

control (Figure 2-6). 

Although qRT-PCR has been the premier method for nucleic acid quantification for over 

thirty years, it is not without limitations (Adams, 2020; Freeman et al., 1999; VanGuilder et al., 

2008; Wang et al., 1989). Foremost, qRT-PCR can only provide relative gene quantification (if 

the starting copy number is unknown, as is the case with tissue extractions), which is dependent 

on the stable expression of reference genes in the same sample as well as high PCR efficiency 

(Hellemans et al., 2007; Livak and Schmittgen, 2001; Taylor et al., 2017; Wang et al., 1989). As 

such, a standard curve of cDNA dilutions must be included in every run to establish that PCR 

efficiency is within an acceptable range, and this efficiency is assumed to be the same across all 

samples in the plate. In addition, qRT-PCR is best at detecting large (>2) fold-changes in 

expression between groups, and the statistical conclusions drawn from the data are strongest with 

high abundance (>100 copies) targets (Taylor et al., 2017). 
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Among the many developments in PCR technology over the past three decades, perhaps 

the most exciting is the development of digital droplet PCR (ddPCR) (Hindson et al., 2011). In 

ddPCR, absolute quantification of nucleic acid copy number is possible without a standard curve. 

This is because fluorescence is quantified at the end-point of the reaction, rather than in the 

exponential phase of growth as in qRT-PCR, which allows reactions to have different 

efficiencies without compromising the ability to accurately quantify copy number. Furthermore, 

PCR reactions are partitioned into individual droplets, which are later read as either positive or 

negative for the target (based on fluorescence amplitude) and analyzed by Poisson statistics, 

improving precise quantification, especially with low abundance targets (Hindson et al., 2011; 

Taylor et al., 2017). 

Given the ability of ddPCR to detect smaller fold-changes than qRT-PCR and produce 

higher quality data with low abundance targets, additional validation experiments are presented 

in this Appendix. MOR mRNA expression in the retina and several brain regions, including the 

hypothalamus, of McKO and control mice was quantified by ddPCR. Absolute MOR copy 

number was determined in each sample; the results confirm that MOR knockout is specific to the 

retinas of McKO mice. Furthermore, we present data from immunohistochemical experiments 

assessing Cre protein expression in the retinas and brains of McKO and μflx mice, as a proxy for 

measuring changes in MOR protein expression.7 This Appendix ends with a comprehensive 

discussion regarding the validity of the McKO mouse line. 

 

 
7 The portions of this Appendix regarding the Cre IHC experiments are partially reproduced from Bergum, N., 
Berezin, C.-T., King, C. M., & Vigh, J. (2022). μ-Opioid Receptors Expressed by Intrinsically Photosensitive 
Retinal Ganglion Cells Contribute to Morphine-Induced Behavioral Sensitization. Int. Jour. of Mol. Sci., 23(24), 
https://doi.org/10.3390/ijms232415870, with minor modifications for clarity, pursuant to the open access Creative 
Commons CC BY license and the MDPI Open Access Policy (Appendix D). 

https://doi.org/10.3390/ijms232415870
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A.2 Materials and Methods 

A.2i Animals 

Oprm1fl/fl (μflx) breeders (Jackson Labs strain #030074) were generously provided by Dr. 

Brigitte Kieffer (Douglas Research Center, McGill University). μflx mice have exons two and 

three of the MOR (Oprm1) gene flanked by a loxP site and were maintained on a 50% 

C57BL/6J-50% 129Sv background for five generations before receipt (Weibel et al., 2013). Mice 

with Cre recombinase expressed upstream of the melanopsin (Opn4) promoter [Tg(Opn4-cre) 

SA9Gsat/Mmucd, #036544-UCD; Opn4-cre] were purchased from the Mutant Mouse Resource 

and Research Center (MMRRC) at the University of California, Davis. These Opn4-cre mice 

were backcrossed into a 100% C57BL/6J background prior to purchase and were maintained as 

hemizygotes (Opn4-cre +/−). MOR-conditional knockout (McKO) mice, in which ipRGCs lack 

functional MORs, were generated as described previously (Berezin et al., 2022; Cleymaet et al., 

2021). In brief, μflx and Opn4-cre mice were crossed to obtain McKO mice with the floxed 

Oprm1 gene on both alleles and Opn4-cre on one allele. Thus, the result of this cross produced 

50% μflx/control: 50% McKO littermates. Notably, this μflx/McKO line was maintained on a 

background containing at least 75% C57BL/6J and 25% 129Sv. In all experiments, μflx 

littermates of McKO mice were used as controls. Mice lacking functional MORs globally 

(B6.129S2-Oprm1tm1Kff/J; MKO) were purchased from Jackson Labs (strain #007559) 

(Matthes et al., 1996). MKO mice were backcrossed to C57BL/6J mice for at least 12 

generations prior to purchase. 

To assess Cre expression in Opn4-cre mice by immunohistochemistry, we crossed McKO 

mice to Opn4-EGFP BAC-carrying mice (Tg(Opn4-EGFP)ND100Gsat/Mmucd strain, generated 

by the GENSAT project) (Cleymaet et al., 2019). For a positive control in the brain, we used 
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mice that had Cre recombinase under control of the galanin (GAL) promoter (B6J.FVB(Cg)-

Tg(Gal-cre)KI87Gsat/Mmucd; Gal-cre). These Gal-cre animals were crossed to Ai14 (Jackson 

Labs strain #007914) mice to express tdTomato following GAL-driven Cre-dependent 

recombination (Gal-cre-tdTomato). 

Adult male animals (8–26 weeks) were housed under a 12-h light:12-h dark cycle (LD) 

cycle, with lights on at 7:00 a.m. (ZT 0) and lights off at 7:00 p.m. (ZT 12). They were fed 

standard chow and water ad libitum. All animals used in these studies were handled in 

compliance with the Institutional Animal Care and Use Committees of Colorado State University 

(Protocol 18-8395A, 28 January 2019) and in accordance with the ARVO Statement for the Use 

of Animals in Ophthalmic and Vision Research. 

 

A.2ii Digital Droplet PCR (ddPCR) 

Sample Preparation 

Male μflx (n=5) and McKO (n=5) mice were anesthetized with isoflurane (Fluriso, 

VetOne) and immediately decapitated. The eyes were enucleated and the retinas microdissected 

in 0.1 M PBS and stored in RNAlater (Sigma #R0901) at 4°C until all samples were collected. 

The brains were removed and immediately cut into 300 μm coronal sections on a Leica VT1200S 

vibratome. Four sections were collected for each target area (caudate putamen [CP], 

hypothalamus [HT], and thalamus [TH]), and the region was microdissected from each section in 

0.1 M PBS (Figure A-1). Microdissected brain tissue for each region was pooled per animal, then 

immediately homogenized in 300 μL Buffer EPRL (QuantaBio) supplemented with DTT 

(GoldBio) by passing it through a 20-g needle five times and a 27-g needle five times. Brain 

lysates were stored at -80°C until all samples were collected. 
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 Total RNA was extracted from each tissue sample using the Extracta Plus kit (Quantabio 

#95214), according to the manufacturer's instructions. In brief, retinas were transferred to 600 μL 

Buffer EPRL supplemented with DTT, disrupted using a micropestle then homogenized by 

passing the sample through a 20-g needle five times. Brain lysates (thawed at 37°C for 2 min) 

and retina lysates (immediately processed) were centrifuged at max speed (14,000 rpm, ~16,000 

g) for 3 min. The supernatants were put through the DNA removal columns, then the samples put 

on the RNA-binding columns, washed, and finally eluted in 30 μL RNase-free H2O. The 

 

  

Figure A-1. Representative images of microdissected regions for ddPCR. 

Mouse brains were sliced into 300 μm coronal sections on a Leica vibratome. Each target area (A, 
caudate putamen; B, hypothalamus; C, thalamus) was microdissected from four sections (left) using 
anatomical annotations (right) from the Allen Mouse Brain Atlas as a reference (atlas.brain-map.org). 
Asterisks indicate the tissue that was removed for each sample. Microdissected tissue was immediately 
homogenized in lysis buffer for RNA extraction. 
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concentration and quality of eluted RNA was determined on a ThermoFisher NanoDrop Lite (all 

A260/A280 measurements were above 2.0). RNA was then treated with DNase I, RNase-free 

(Thermo Scientific #EN0521, lot #00791903): the maximum amount of RNA possible (up to 

1000 ng) was used in each 20 μL reaction (70 ng was used for the sample with the lowest 

concentration). RNA quality was then assessed using a 1% agarose gel; no gDNA contamination 

or RNA degradation was seen in any sample. DNase-free RNA was stored in RNase-free H2O at 

-20°C until all samples were obtained. 

  RNA was then reverse transcribed into cDNA using qScript XLT cDNA SuperMix 

(Quantabio #95161), according to the manufacturer’s instructions. Briefly, 50, 75, or 100 ng of 

RNA was reverse transcribed in each 20 μL reaction, depending on the sample concentration. 

Reactions were prepared on ice, and then incubated at 27°C for 5 min, 42°C for 30 min, 85°C for 

5 mins. All cDNA was then diluted to 1 ng/μL in RNase-free water to obtain an equal 

concentration of cDNA in all samples, as well as to dilute any potential PCR inhibitors. cDNA 

was stored at -20°C until ddPCR reactions were performed.  

 

PCR and Droplet Generation 

 The design of and sequences for primers (500 nM) and probes (900 nM) against MOR 

can be found in Chapter 2.3B. Before use in ddPCR, the primers were tested on 10-fold dilutions 

of cDNA to (1) ensure the primer/probe concentrations resulted in high quality data (Figure A-2) 

and (2) determine the necessary cDNA input for ddPCR. A lack of amplification was confirmed 

in negative controls, which were either no-template H2O controls or no-reverse transcription 

RNA controls (Figure A-3). 
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 20 μL PCR reactions were prepared using ddPCR Supermix for Probes (No dUTP) 

(BioRad #1863023, batch #64505749), according to the manufacturer’s instructions. All 

reactions contained 10 μL 2X SuperMix, 2 ng cDNA (2 μL), 1 μL multiplexed primers, 1 μL 

probe, and 6 μL H2O. The entirety of each 20 μL reaction was pipetted into the sample wells of 

droplet cartridges (BioRad, #1864008). Then, 70 μL (in excess) of droplet generator oil (BioRad, 

#1863005) was pipetted into the oil wells of the droplet cartridges. Each droplet cartridge was 

covered with a gasket (BioRad, #1863009) and droplets were generated with the QX200 Droplet 

Generator (BioRad, #1864002). The QX200 machine is expected to generate nanoliter-sized 

droplets. Once droplets were generated, 40 μL of droplets was slowly pipetted into each plate 

well (Eppendorf, twin.tec semi-skirted 96-well plate #951020362). The PCR plate was kept out 

of the light while all droplets were generated to protect the fluorescent probes. Distinct 

separation of emulsion (droplet) and excess oil layers were confirmed in all samples prior to 

PCR. PCR plates were sealed with foil (BioRad #1814040) using the PX1 PCR Plate Sealer 

(BioRad, #1814000). Reactions were run on a C1000 Touch thermal cycler (BioRad, #1851197), 

and the protocol was as follows: enzyme activation at 95°C for 10 min, 40 cycles of denaturation 

at 94°C for 30 s and annealing/extension at 60°C for 1 min, enzyme deactivation at 98°C for 10 

min, then hold at 4°C.  

 

Droplet Reading and Analysis 

 Immediately after PCR completion, droplets were read using the QX200 Droplet Reader 

(BioRad #1864003). Automatic thresholding across samples was done in QuantaSoft (BioRad, 

v1.7.4.0917), then manually adjusted to be approximately one-third of the way between negative 

and positive droplet bands (Figure A-2). Each sample was required to have >10,000 accepted  
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Figure A-2. Representative 1-D plots of ddPCR reactions. 

MOR expression in the retina (A, C) and thalamus (B, D) of μflx (A, B) and McKO (C, D) mice was 
quantified by probe-based (FAM) ddPCR. Each reaction had at least 10,000 droplets (each droplet is 
one event on the X-axis), with negative droplets having minimal fluorescence (grey dots) and positive 
droplets (blue dots) having fluorescence above the threshold (pink line). 
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droplets, else was excluded and rerun; the average number of droplets per sample was 16,365 ± 

1,761. Since each sample contained 2 ng input, the copy number per droplet was normalized to 

copy number per ng RNA. Select samples were re-run on a separate day and showed high inter-

experiment reproducibility. 

All statistical analysis was performed using R (v4.2.2; R Core Team, 2022) in RStudio 

(v2022.7.2.576; RStudio Team, 2022). Differences in MOR copy number per ng cDNA between 

tissue types and/or genotypes was analyzed by a mixed ANOVA, with genotype as a between-

subjects factor, tissue as a within-subjects factor, and mouse number as the ID variable. The data 

were square root-transformed to satisfy the assumptions of ANOVA. No outliers were detected 

Figure A-3. Representative 1-D plot of MOR expression in a negative control. 

All negative controls (either no-reverse transcription RNA controls [NRT], or no-template H2O 
controls [NTC]) had no MOR positive droplets above baseline fluorescence. Shown plot is an NTC 
from an McKO retina, using more than 2.5x the normal amount of cDNA (5 ng, versus 2 ng). 
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in the dataset using the identify_outliers or rosnerTest functions. Normality of the dataset (whole 

dataset, or within genotype/tissue combinations) was assessed by the shapiro.test function and by 

inspecting Q-Q plots. Homogeneous variance for the within-subjects factor (tissue) was 

determined with the levene_test function. Homogeneity of covariances for the between-subject 

factor was checked using the box_m function. The assumption of sphericity is checked and, if 

necessary, corrected for within the aov_car (ANOVA) function. Indeed, the Greenhouse-Geisser 

and Huynh-Feldt corrections for departure from sphericity were applied. Pairwise comparisons 

with Bonferroni corrections were performed using the emmeans function (Lenth, 2022). 

 

A.2ii Immunohistochemistry 

Adult male mice were deeply anesthetized with pentobarbital sodium (Fatal-Plus) and 

then perfused with 10% sucrose in 0.1 M phosphate-buffered saline (PBS) followed by 4% PFA 

in PBS. The eyes were enucleated and post-fixed in 4% PFA at RT for 25 min (eyes were 

puncture-fixed for 20 min before the retinas were dissected out in PBS and returned to the 

fixative for an additional 5 min). Whole brains were removed and post-fixed in 4% PFA at 4 °C 

for at least 24 h and then cut into 100 μm sections on a Leica vibratome. Brain slices and whole-

mount retinas were washed with PBS then placed in blocking solution (5% serum, 0.5% Triton-

X-100 in 0.1 M PBS). Tissues were incubated in the rabbit anti-Cre antibody (1:500 Cell 

Signaling #15036) for approximately 24 h followed by the appropriate secondary antibody (Goat 

anti-Rabbit Alexa Fluor 647, ThermoFisher, Waltham, MA, USA). The tissues were stained with 

DAPI (GeneTex, Irvine, CA, USA) then mounted on Superfrost Plus microscope slides (Fisher 

Scientific, Hampton, NH, USA) in Vectashield Plus Antifade Mounting Medium (Vector 

Laboratories, Burlingame, CA, USA). 
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Tissues were imaged in 1 μm Z-stack increments on a LSM 900 confocal microscope 

(Carl Zeiss, Oberkochen, Germany) with a 40x oil-immersion objective. For all images, 

sequential scans at each wavelength were performed, and 4x averaging was performed to 

improve the signal-to-noise ratio. Automated image analysis was performed using Fiji (v1.53, 

(Schindelin et al., 2012)). In brief, after initial pre-processing (i.e., adjusting brightness and 

denoising), a median blur filter was applied to each channel, and the images were thresholded 

and converted to binary masks. The 3D Objects Counter plugin (Bolte and Cordelières, 2006) 

was used to count DAPI+, GFP+, and/or Cre+ objects in each mask. The accuracy of GFP+ cell 

counting was manually verified, and most large (>700 µm2) DAPI+ cell clusters were manually 

watershed segmented using the 3D ROI Manager (Ollion et al., 2013). The “Measure” and 

“Colocalization” features of the 3D ROI Manager were used to calculate all objects’ numbers, 

volumes, and percent colocalization (Ollion et al., 2013). 

 

A.3 Results 

A.3i ddPCR shows lower MOR copy number only in McKO retinas compared to μflx 

There was a similar pattern of MOR expression in McKO (n=5) and μflx (n=5) mice 

across the four tissue types surveyed: the number of MOR copies (per ng RNA) was lowest in 

the retina (6.38 ± 3.9), followed by the CP (32.87 ± 31.4), the HT (68.36 ± 77.1), and finally, the 

highest number of MOR copies was found in the TH (176.13 ± 160) (Figure A-4). Accordingly, 

tissue emerged as a significant factor (p=3.317e-5, F(24) =12.84) in our mixed ANOVA 

(genotype * tissue; between- and within-subjects factors, respectively). After square root-

transformation, we found statistically lower MOR copy numbers in every tissue (retina: p=0.013, 
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t(8)=-4.44; CP: p=0.036, t(8)=-3.71; and HT: p=0.031, t(8)=-3.82; Bonferroni-adjusted) 

compared to the TH (Figure A-4).  

 Differences in MOR copy number between McKO and μflx mice within each of the four 

tissues were then explored (Figure A-5). After square root-transformation, there was no 

significant difference between μflx and McKO mice in any of the three brain regions: the CP 

(p=0.893, t(8)=0.138), the HT (p=0.452, t(8)=0.791), nor the TH (p=0.984, t(8)=0.021) (Figure 

A-5). However, there were significantly more MOR copies (per ng RNA) in μflx retinas (9.06 ± 

3.5) compared to McKO retinas (3.7 ± 2.1; p=0.021, t(8)=2.854) ) (Figure A-5). 

 

 

Figure A-4. MOR expression across the retina and brain is similar in McKO and μflx mice. 

(A) MOR copy number per ng RNA in the retina (R), caudate putamen (CP), hypothalamus (HT) and 
thalamus (TH) in McKO (n=5, red) and μflx (n=5, blue) mice was quantified by ddPCR. Expression 
patterns are similar in the two genotypes, with the lowest expression in the retina and the highest in the 
TH. (B) Data were square root-transformed to meet the assumptions of ANOVA. * p>0.05 
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A.3i Robust Cre immunolabeling in the McKO retina 

We aimed to validate that, in McKO mice, Opn4 drove Cre recombinase (Cre) expression 

in ipRGCs and not in key ipRGC projections areas within the brain. To accomplish this, we 

immunolabeled Cre in the hypothalamus (SCN and VLPO), striatum (caudate/putamen [CP]), 

and the paraventricular nucleus of the thalamus (PVT). We first labeled Cre in the retina of 

Figure A-5. MOR copy number is only decreased in the retinas of McKO mice. 

(A) MOR copy number per ng RNA in the retina (R), caudate putamen (CP), hypothalamus (HT) and 
thalamus (TH) in McKO (n=5, red) and μflx (n=5, blue) mice was quantified by ddPCR. (B) Data 
were square root-transformed to meet the assumptions of ANOVA. MOR copy number is only 
significantly different between McKO and μflx retinas, with no significant differences in any surveyed 
brain region. Note the different scale in each panel (enlarged to show more detail). * p<0.05 ns=non-
significant p>0.05 
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McKO mice crossed with Opn4-EGFP BAC-carrying mice (in which M1-M3 ipRGCs have 

green somas (Cleymaet et al., 2019)). As shown in Figure A-6 A–C, we found strong somatic 

immunolabeling of Cre in McKO ipRGCs (26 cells from 2 animals, average cell volume = 213 

μm2). Notably, we considered a cell a “true positive” if 5% of the cell’s volume was Cre+ and 

found that nearly 70% of ipRGCs were Cre+ (18/26 cells). Within cells that passed our 5% 

cutoff, the average Cre+ volume percentage in positive ipRGCs was 28.5% (maximum = 87.3%). 

Due to variable Opn4 expression between ipRGC subtypes, only M1-M3 ipRGC subtypes can be 

identified in the Opn4-EGFP mouse (Cleymaet et al., 2019). Because we did not quantify Cre+  

 

 

Figure A-6. Positive controls show somatic Cre immunolabeling. 

A-C) Whole-mount retina from a McKO x Opn4-EGFP mouse. A) Native GFP signal, B) Cre 
antibody labeling (psuedocolored), and C) composite image of the maximum projection of all z-stacks 
containing the cells of interest. D-F) Gal-cre-tdTomato brain slice containing the preoptic area of the 
hypothalamus. D) Native tdTomato signal (pseudocolored), E) Cre antibody labeling (psuedocolored), 
and F) composite image of the maximum projection of all z-stacks containing the cells of interest. 
Scale bars = 10 μm. 
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non-ipRGCs (Figure A-6 B,C), we likely underestimated the number of ipRGCs (especially in 

M4-M6 ipRGC subtypes) that were Cre+ in the McKO retina. To examine Cre expression in the 

brain, we first had to confirm that the antibody labeled Cre in the brain. To accomplish this, we 

sectioned the preoptic area of the hypothalamus from mice in which tdTomato was present in 

Cre-expressing galaninergic neurons (Gal-cre-tdTomato). As the preoptic area contains a high 

number of galanin-expressing cells (Wu et al., 2014), Cre immunolabeling in the Gal-cre-

tdTomato brain also resulted in somatic labeling, albeit less robust than in the retina (Figure A-6 

D–F). This was in strong contrast to the pattern of Cre immunostaining found in the McKO brain 

(Figure A-7). In single optical sections from all analyzed brain regions, Cre appeared to be 

primarily localized to the outer surfaces of (i.e., surrounding) DAPI-labeled cells (Figure A-7), 

suggesting that Cre immunoreactivity in the McKO brain primarily originated from Opn4+ 

ipRGC processes and not from neurons in the brain themselves. Nevertheless, as in the retina, we 

considered a cell a true positive if 5% of the cell’s volume was Cre+. We found that in the 

VLPO, 1.4% of cells were Cre+ (12/869; Figure A-7 A–C); in the SCN, 0.89% of cells were 

Cre+ (4/445); in the CP, 1.7% of cells were Cre+ (15/848 cells; Figure S8D–F); and in the PVT, 

3.8% of cells were Cre+ (15/398; Figure A-7 G–I). Although we manually segmented most 

DAPI cell clusters (resulting in an average cell volume of 361 μm2; median = 341 μm2), the 

maximum cell volume (1480 μm2) indicates that some cell clusters remain, which may have led 

to artificially higher percentages of Cre+ cells. Given the low proportion of neurons that express 

Cre in the brains of McKO animals, their contributions to the behaviors described in this work 

are likely small if not insignificant. 
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Figure A-7. Cre immunolabeling in the McKO brain may originate from EGFP+ ipRGCs. 

Sections containing the ventrolateral preoptic area of the hypothalamus (A-C), caudate putamen (D-

F), and paraventricular nucleus of the thalamus (G-I). Single optical sections showing DAPI nuclear 
stain (pseudocolored) (A, D, G) and Cre antibody labeling (B, E, H). Composite images of single 
optical sections (C, F, I) reveal sporadic Cre immunoreactivity primarily on the surface of (i.e. 
surrounding) cells, which may not be specific to the neurons in these brain regions. Scale bars = 10 
μm. 
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A.4 Discussion 

 In order to draw conclusions about the role of MORs expressed by ipRGCs in modulating 

sleep/wake behavior, it was critical to validate that McKO mice have decreased MOR 

expression, specifically in ipRGCs, compared to μflx mice. Unfortunately, there is a lack of 

commercial anti-MOR antibodies that can accurately distinguish the full-length MOR protein 

from the truncated MOR protein. Although mRNA and protein levels are not always directly 

correlated (Greenbaum et al., 2003; Liu et al., 2016; Maier et al., 2009), it appears that all groups 

using Cre-dependent MOR knockout mouse models rely on mRNA quantification to validate 

their conditional knockout lines. In a conditional knockout of MORs from voltage-gated sodium 

channel 1.8 (Nav1.8)-expressing cells, a 60% decrease in MOR mRNA was found by qRT-PCR 

(Weibel et al., 2013). In dopamine receptor 1 (D1)-expressing cells, conditional MOR knockout 

results in a 60% decrease in MOR mRNA, while in D2-expressing cells, MOR mRNA is only 

decreased by 40% (measured by qRT-PCR) (Severino et al., 2020). Lastly, in neurons expressing 

the B4 nicotinic receptor subunit, conditional MOR knockout results in a 30% reduction in MOR 

mRNA expression, as measured by qRT-PCR (Boulos et al., 2020). Thus, the ~60% decrease in 

MOR mRNA we found by qRT-PCR in McKO retinas appears consistent with the results of 

other Cre-dependent knockout mouse lines. 

 As discussed above, qRT-PCR is best suited for detecting large fold-changes in 

expression and the conclusions drawn from the data are strongest in high abundance targets, 

defined as having over 100 copies (Taylor et al., 2017). In our ddPCR experiments, there were 

approximately 6 MOR copies in each ng of retinal RNA. Thus in our qRT-PCR experiments, 

where 10 ng of RNA was used in each reaction, there were fewer than 100 MOR copies in each 

sample. Therefore, the results from ddPCR experiments are likely more accurate and reliable. In 
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addition, the samples used for ddPCR were also more precisely gathered, since we 

microdissected multiple regions out from brain slices, compared to in qRT-PCR where the entire 

hypothalamus was cut out from the intact brain and other tissues may have been included. 

 One limitation of both qRT-PCR and ddPCR is that we used the entire retina as our 

starting material. Although the robust decrease in MOR expression we see in McKO mice 

suggests ipRGCs are the primary MOR-expressing cells in the retina, there was residual MOR 

expression, likely from dopaminergic amacrine cells and other ganglion cells (Gallagher et al., 

2012). ipRGCs represent a small class of ganglion cells (about 5% of the ~60,000 ganglion cells 

per mouse retina) (Hattar et al., 2002; LeGates et al., 2014; Provencio et al., 2000; Schmidt et al., 

2011). Attempts were made to magnetically separate ganglion cells from dissociated retinal 

preparations, however these were complicated by low RNA yields and remaining MOR 

expression. The yield could be improved by pooling retinas from many (>3) mice, however the 

issue of residual MOR could not be solved as there are no simple methods of isolating ipRGCs 

from the retina. Nevertheless, we did confirm that MOR knockout in McKO mice is specific to 

the retina by both qRT-PCR and ddPCR. 

The issue of isolating ipRGCs may be avoided by using alternate techniques, such as 

RNAscope in situ hybridization to visualize mRNA expression. While we did find a significant 

difference in MOR expression in the ipRGCs of McKO and μflx mice (Chapter 2), we were 

unable to reliably label MOR in conjunction with the ipRGC-specific cell marker, Opn4, and a 

marker for MOR-expressing dopaminergic amacrine cells, tyrosine hydroxylase, in the same 

retinal section. Such an image would have provided clear evidence that MOR knockout is 

specific to ipRGCs. Attempts to develop a co-detection method integrating RNAscope with 

immunohistochemistry were also largely unsuccessful, likely because our standard antigen 
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retrieval protocol for immunohistochemistry is not compatible with RNAscope. Nevertheless, 

RNAscope allowed us to probe the distribution of MOR expression in McKO and μflx retinas 

and the results were consistent with the qRT-PCR and ddPCR data. 

Our immunohistochemical results showed that somatic Cre expression was restricted to 

ipRGCs in Opn4-cre mice, consistent with a specific and robust MOR knockout in McKO mice. 

Although Cre expression is not equivalent to MOR expression, it is a good proxy to verify our 

McKO mouse line at the protein level. In general, there was a stark difference between Cre 

expression in the Opn4-cre retina compared to the Opn4-cre brain, as the retina had robust 

somatic labeling and a larger proportion of labeled cells. Robust somatic Cre immunostaining 

was also seen in the brains of Gal-cre mice, which acted as a positive control for 

immunolabeling in the brain. While there was some Cre immunolabeling in the Opn4-cre brain, 

it had a different spatial distribution: Cre expression was primarily seen around and/or on the 

surface of neurons. While this could represent ectopic Cre expression, it is also plausible that this 

Cre expression originates from Opn4-Cre+ ipRGC projections. Recent work showed that local 

translation occurs in ipRGC axons: ribosome-associated mRNA transcripts in Opn4-Cre+ 

neurons can be purified from the brain using the RiboTag system (Gupta et al., 2022; Sanz et al., 

2019). Interestingly, there is differential gene expression between ipRGC cell bodies in the retina 

and their axons in the brain: while the retina is enriched in genes with functions like visual and 

light perception, the axons are enriched for genes relating to, e.g., the regulation of GPCR 

signaling pathways (Gupta et al., 2022). This work is still in progress, but tentatively suggests 

that Cre expression in Opn4+ ipRGC projections could be detected in the brain. 

While all the results discussed here are consistent with the McKO mouse line carrying the 

expected knockout, there are limitations to the Cre-lox system that should be noted. The Cre-lox 
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system requires Cre expression to be driven by a cell-type specific promoter: gene editing is 

incomplete if the marker is not expressed across the entire population, and undesired gene 

editing occurs if the marker is expressed outside of the population. In the case of Opn4-Cre mice, 

melanopsin (the photopigment produced by Opn4) has long been considered an ipRGC-specific 

marker. However, recent work indicates that all currently available ipRGC reporter mouse lines 

are plagued by either underrepresentation of ipRGCs (e.g. Opn4-EGFP mice) or ectopic labeling 

(e.g. Opn4-cre mice) (Maloney et al., 2022). Specifically, some Opn4-Cre mouse lines drive Cre 

expression in conventional (non-ipRGC) retinal ganglion cells (Ecker et al., 2010; Maloney et 

al., 2022). However, ipRGCs and conventional retinal ganglion cells, in general, project to 

different areas; the SCN in particular receives nearly exclusive input from ipRGCs and the few 

projections from conventional retinal ganglion cells likely do not play a major functional role 

(Beier et al., 2021). Therefore, the McKO sleep/wake phenotypes seen in this work can most 

likely be attributed to ipRGCs rather than conventional retinal ganglion cells. In addition, there is 

evidence that Opn4 may be expressed in the brain, including in the caudate putamen and 

hypothalamus (Flyktman et al., 2017; Moraes et al., 2021). However, these Opn4-expressing 

cells may not be the same population as MOR-expressing cells in the same region (Saunders et 

al., 2018). Thus, although it is possible that Opn4 expression could drive MOR knockout in the 

brain, the results presented here suggest that if this does occur, it is at low or undetectable levels 

such that behavioral phenotypes in the McKO mouse can be primarily attributed to MORs 

expressed by ipRGCs.  
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