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ABSTRACT 

 

A RETINAL CONTRIBUTION TO CHRONIC OPIOID-INDUCED SLEEP/WAKE 

DYSFUNCTION 

 

Light is among the most important environmental factors that regulate mammalian 

sleep/circadian behaviors. Melanopsin-expressing intrinsically photosensitive retinal ganglion 

cells (ipRGCs) transmit environmental light information to key sleep/circadian centers in the brain 

through a process known as photoentrainment. Interestingly, past studies have revealed that 

ipRGCs express µ-opioid receptors (MORs), the primary molecular target for opioid analgesics. 

Furthermore, MOR agonists can directly inhibit ipRGC firing. Therefore, we hypothesize that 

opioid drugs acting on MORs expressed by ipRGCs could disrupt ipRGC-mediated regulation 

sleep/wake rhythms in response to environmental light/dark cycles. To test this idea, we need to 

confirm that morphine reaches the mouse retina following systemic delivery. To accomplish this, 

tissue (retina, brain and serum) was collected from mice following intraperitoneal morphine 

administration. Importantly, results from this study show that systemically administered morphine 

selectively accumulates in the mouse retina, but not the serum or the brain. To test the role that 

MORs expressed by ipRGCs play in opioid-induced dysregulation of sleep/circadian behaviors, 

we used mini-telemetry devices to assess how chronic morphine alters their sleep/wake behavior 

in mice. Importantly, we performed these experiments in wildtype mice along with mice lacking 

MORs exclusively in ipRGCs (McKO). Results from these studies reveal that McKO animals 

exhibit decreased morphine-induced locomotion compared to controls, which implicates MORs 

expressed by ipRGCs as a mediator of opioid-induced sleep-wake alterations. Finally, we tested 
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whether ipRGCs developed cellular tolerance to MOR agonists following chronic exposure to 

morphine. The lack of cellular tolerance development at the level of solitary ipRGCs provides a 

potential cellular correlate for the persistent sleep/wake dysfunction commonly attributed to 

chronic opioid exposure. Taken together, these findings support the idea that opioid accumulation 

in the eye persistently activate MORs on ipRGCs, continuously altering the ability of ipRGCs to 

transmit light information to the brain’s sleep/wake circuitry. This alteration in photic input to the 

brain could underlie some of the sleep/wake problems associated with long-term opioid use. 
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Chapter 1 – Introduction1  
 
 
 
1.1 Overview of opioid-induced sleep/wake dysfunction 

Chronic opioid use has been shown to disrupt healthy sleep/wake behavior, which often 

manifests as insomnia and daytime fatigue (Hartwell et al., 2014; Hallinan et al., 2019; Rosen et 

al., 2019; Huhn and Finan, 2021). The sleep problems associated with chronic opioid use are a 

significant risk factor for drug abuse, relapse and depression (Garnaat et al., 2017; Tripathi et al., 

2020). Chronic pain patients are especially susceptible to the negative consequences associated 

with opioid-induced sleep problems, as sleep loss can exacerbate existing pain symptoms 

(Roehrs et al., 2006). Despite the breadth of literature documenting the negative effects of opioid 

drugs on sleep, the mechanism by which opioids disrupt sleep remains poorly understood. 

Sleep’s essential role in the successful treatment of both pain and opioid use disorders highlights 

the importance of developing a mechanistic understanding of how opioid drugs disrupt healthy 

sleep/wake behaviors.  

Opioid drugs such as morphine exert much of their clinically relevant actions via activation 

of the µ-opioid receptor (MOR), with lesser contributions from interactions with the κ- (KOR) 

and δ-opioid receptors (DOR) (Andersen et al., 2003). These are G-protein coupled receptors 

that associate with inhibitory G-proteins to inhibit neuronal firing and adenylate cyclase-

mediated signaling (Contet et al., 2008; Kieffer and Evans, 2009; Pasternak and Pan, 2013; 

Williams et al., 2013). While the MOR is credited with mediating the analgesic and hedonic  

 

__________________________ 

1 Bergum N, Berezin CT, Vigh J. A retinal contribution to opioid-induced sleep disorders? Front 

Neurosci, 16, 981939. doi: 10.3389/fnins. 
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properties of opioids, the KOR is implicated in the dysphoria sometimes associated with opioid 

well as their anxiolytic properties (Kieffer and Evans, 2009). While it is important to consider 

use (Kieffer and Evans, 2009). DORs have also been linked to the hedonic value of opioids as 

the potential contributions of all opioid receptor classes when dissecting the mechanisms that 

underlie chronic opioid-related sleep/wake problems, the effects of opioid drugs are primarily 

mediated by acting at the MOR.  

Many of the sleep centers in the brain express opioid receptors and thus have the potential to 

contribute to opioid-induced sleep/wake changes (Eacret et al., 2020). Homeostatic as well as 

circadian components underlie an organism’s sleep drive (Deboer, 2018). The homeostatic drive 

for sleep builds the longer that the organism is awake, while circadian sleep regulation is often 

entrained to external factors, perhaps most notably environmental light (LeGates et al., 2014). 

Importantly, light has been shown to directly influence sleep onset as well as sleep homeostasis 

(LeGates et al., 2014).  

Given the importance of light in regulating sleep/wake behavior, this review assesses how 

opioid drugs alter the light-mediated regulation of sleep/wake behavior. Specifically, we 

examine the evidence that light-sensitive sleep/circadian centers within the central nervous 

system (CNS) contribute to the development of opioid-related sleep disturbances. In mammals, 

the retina is responsible for conveying environmental light into neuronal signals that can be 

interpreted by the brain for both image forming and non-image forming visual functions. Non-

image forming visual functions, such as the light-mediated regulation of sleep/wake behavior, 

are dependent on intrinsically photosensitive retinal ganglion cells (ipRGCs) (Tsai et al., 2009; 

Schmidt et al., 2011; LeGates et al., 2014). Six subtypes of ipRGCs exist in mice (M1-M6), with 

each subtype exhibiting specific morphological and physiological properties as well as 
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behavioral roles (Schmidt et al., 2011; Hu et al., 2013; LeGates et al., 2014; Li and Schmidt, 

2018; Aranda and Schmidt, 2021). Similarly, five ipRGC subtypes (M1-M5) have been 

identified in rat and evidence suggests that M1-M4 subtypes exist in the human retina (Aranda 

and Schmidt, 2021). Critically, mouse studies have demonstrated that ipRGCs project to a 

number of brain regions that are involved in both the circadian and homeostatic regulation of 

sleep/wake cycles (Hattar et al., 2006; Chen et al., 2011; Schmidt et al., 2011; LeGates et al., 

2014). For the purposes of this review, we will focus on M1 ipRGCs and their projection areas 

(Figure 1.1) given their functional role in the light-mediated regulation of sleep/wake behavior 

(Hattar et al., 2006; Schmidt et al., 2011; LeGates et al., 2014; Li and Schmidt, 2018; Aranda and 

Schmidt, 2021). 

Many clinical studies have noted the negative impact that chronic opioid use can have on 

sleep/wake behavior (Huhn and Finan, 2021). Opioid receptors have been shown to be highly 

expressed in many regions of the brain that are involved in sleep/wake including circadian and 

sleep centers in the hypothalamus, as well as the locus coeruleus and the dorsal raphae nucleus 

(Eacret et al., 2020). Due to widespread opioid receptor expression within the brain’s complex 

sleep/wake circuitry, it is daunting to try and elucidate a comprehensive mechanism by which 

opioids disrupt sleep/wake. However, many animal studies point to opioid-induced alterations in 

an animal’s ability to synchronize their sleep/wake behaviors to the environmental light cycles 

(ie. photoentrainment) (Cutler et al., 1999; Mistlberger and Holmes, 1999; Byku and Gannon, 

2000; Meijer et al., 2000; Tierno et al., 2002; Vansteensel et al., 2003, 2005; Pačesová et al., 

2015, 2016). Specifically, opioid drugs have been shown to shift the onset of circadian behavior 

(phase-shift), desynchronizing an animal’s sleep/wake activity with respect the environmental 

light cycle (Meijer et al., 2000; Vansteensel et al., 2005; Pačesová et al., 2015). While several 
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studies attribute the opioid-induced phase-shifts to drug effects on sleep and circadian centers 

within the hypothalamus (Meijer et al., 2000; Vansteensel et al., 2005; Pačesová et al., 2015), the 

exact mechanism by which opioids can alter photoentrainment remains unclear.  

In this review, we assess the evidence that opioids could alter sleep/wake behavior by acting 

directly on M1 ipRGCs and their projection regions involved in the light-mediated regulation of 

sleep/wake cycles. These projection regions can be distinguished based on their function within 

the context on sleep/wake regulation through parallel pathways (Zhang et al., 2021). ipRGCs 

photoentrain circadian centers such as the suprachiasmatic nucleus (SCN) of the hypothalamus to 

synchronize sleep/wake cycles to environmental light conditions (Schmidt et al., 2011; LeGates 

et al., 2014; Rupp et al., 2019; Aranda and Schmidt, 2021). Additionally, the acute light-induced 

regulation of sleep depends on ipRGC inputs to the preoptic area (POA) of the hypothalamus 

(Schmidt et al., 2011; LeGates et al., 2014; Rupp et al., 2019; Aranda and Schmidt, 2021; Zhang 

et al., 2021). 

1.2 Intrinsically photosensitive retinal ganglion cells (ipRGCs) 

While there is no clinical evidence that opioids alter image forming visual functions, Grace et 

al., 2010 showed that pupillary light reflex (PLR) was altered in buprenorphine-treated patients.  

Since PLR has been shown to be ipRGC-dependent (Lucas et al., 2001, 2003; Güler et al., 2008), 

this suggests that opioids could alter ipRGC activity in humans. In support of this idea, M1-M3 

ipRGCs have been shown to express MORs in rodents (Cleymaet et al., 2019) and MOR-

selective agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) reduced ipRGC-mediated 

PLR in mice (Cleymaet et al., 2021). Moreover, MOR-selective antagonist D-Phe-Cys-Tyr-D-

Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) as well as selective ablation of MORs from ipRGCs 

enhanced dim light-evoked PLR (Cleymaet et al., 2021). Thus, both clinical and preclinical  
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Figure 1.1 Schematic depicting intrinsically photosensitive retinal ganglion cell (ipRGC) 
projection regions implicated in light-induced regulation of sleep/wake behavior. ipRGCs (red) 
send light information via the retinohypothalamic tract to sleep/circadian centers in the 
hypothalamus (POA: Preoptic area, SCN: suprachiasmatic nucleus, LH: lateral hypothalamus) as 
well as to specific thalamic targets (IGL: inner geniculate leaflet, vLGN: ventrolateral geniculate 
nucleus). Many of these regions express opioid receptors that could underlie the opioid-induced 
alterations in photoentrainment. Blue: circadian photoentrainment centers; green: regions 
involved in light-induced sleep. 
 
studies point to a potential opioid-mediated effect on ipRGC function. Importantly, functional 

studies revealed that light-evoked ipRGC firing activity is suppressed by application of the 

MOR-selective agonist DAMGO via modulation of voltage-gated potassium and calcium 

currents (Cleymaet et al., 2019). This would suggest that opioid drugs can, in fact, modulate 

ipRGC activity via direct interactions with MORs expressed by ipRGCs. Significantly, 

behavioral studies also suggest that MORs expressed by ipRGCs play a role in regulating 

sleep/wake homeostasis via their interactions with the circadian oscillations in retinal β-

endorphin expression (Berezin et al., 2022). These findings point to the idea that opioid-induced 

alteration of ipRGC activity impacts an organism’s ability to transmit environmental light 

information to the brain’s sleep/circadian centers. 
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1.3 Circadian photoentrainment 

1.3.1 Suprachiasmatic nucleus of the hypothalamus 

Perhaps the region that has been most heavily implicated with the phase-shifting activity 

of opioid drugs is the SCN, however its exact role remains controversial (Meijer et al., 2000; 

Vansteensel et al., 2005; Pačesová et al., 2015, 2016). Fentanyl (a potent MOR agonist) has been 

shown shift the circadian phase of wheel-running activity (Meijer et al., 2000), presumably by 

altering light input, firing rate and circadian gene expression of hamster SCN neurons 

(Vansteensel et al., 2005). Interestingly, acute but not chronic morphine exposure resulted in a 

shift in Per1 gene expression within the rat SCN (Pačesová et al., 2015, 2016). 

Other studies have found that DOR agonists, not MOR or KOR agonists, induced a non-

photic phase shift in hamsters (Byku and Gannon, 2000; Byku et al., 2000; Tierno et al., 2002). 

Byku et al., 2000 showed punctate DOR-labeling surrounding cells in the hamster SCN, 

indicative of DOR expression within presynaptic axon terminals. These studies suggest that 

DOR-preferring enkephalins released from the IGL onto the SCN underlie the ability of DOR-

selective agonists to advance the circadian phase in hamsters (Byku and Gannon, 2000; Tierno et 

al., 2002).  

Contrastingly, (Cutler et al., 1999) reported that hamster SCN neurons were mostly 

unresponsive to MOR agonist morphine and enkephalins (which are known agonists of both 

MORs and DORs). Some studies assessing opioid receptor expression within the CNS 

corroborate this finding, as MORs and DORs were shown to be undetectable or lowly expressed 

within the mouse and rat SCN (with some evidence of KOR expression with the ventral SCN) 

(Mansour et al., 1994a, 1994b; Erbs et al., 2015). While these studies offer different explanations 

for the SCN’s role in mediating opioid-related changes in sleep/wake rhythms, this structure is 
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likely involved either directly or indirectly. Based on the evidence discussed here, opioids appear 

to alter gene expression and neuronal activity within the SCN. However, the SCN’s involvement 

in opioid-induced sleep/wake disturbances may not be as significant as contributions from other 

hypothalamic sleep centers that more robustly express opioid receptors. 

1.3.2 Inner geniculate leaflet of the thalamus 

The IGL contains enkephalinergic interneurons as well as neuropeptide Y (NPY)-

producing neurons that synapse on the SCN (Palus et al., 2017). In rat, enkephalins inhibited 

synaptic transmission in the IGL and robustly hyperpolarized IGL neurons (Palus et al., 2017).  

Critically, this opioid-induced inhibition was blocked by both MOR- and DOR-selective 

antagonists (Palus et al., 2017). This suggests that both enkephalinergic and NPY-ergic rat IGL 

neurons express functional MORs and DORs, which makes them susceptible to opioid-induced 

alterations in neuronal activity (Palus et al., 2017). There is also evidence of MORs in the IGL of 

mice and DORs in the hamster IGL (Byku et al., 2000; Erbs et al., 2015). Taken together, it is 

probable that the IGL at least partially mediates the phase-advances associated with systemic 

opioid administration. 

1.3.3 Ventral lateral geniculate nucleus of the thalamus 

M1 ipRGCs have also been shown to the vLGN of the thalamus, another region implicated in 

circadian photoentrainment (Li and Schmidt, 2018; Aranda and Schmidt, 2021). While there is 

not much functional work regarding opioid receptor activity within this region, there is evidence 

suggesting the expression of MORs, but not DORs within the vLGN of the thalamus (Mansour et 

al., 1994b; Erbs et al., 2015). Thus, this region could also play a role in the opioid-driven 

alterations in sleep/wake. 
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1.4 Acute light-induced sleep 

Acute light-induced regulation of sleep in mice has been shown to be mediated by ipRGC 

inputs to the hypothalamus, specifically the preoptic area (POA) and the lateral hypothalamus 

(LH)  (Hattar et al., 2006; Lupi et al., 2008; Muindi et al., 2014; Li and Schmidt, 2018). 

1.4.1 Preoptic area (POA) of the hypothalamus 

The preoptic area, specifically the ventrolateral preoptic area (VLPO), has been studied 

extensively in regard to its role in sleep (Saper et al., 2010). In rodents, the POA contains 

neurons that robustly express MOR and KOR, as well as DOR to a lesser degree (Mansour et al., 

1994a, 1994b; Erbs et al., 2015). In rats, MOR and KOR mRNA is expressed in many (>85%) of 

the sleep-promoting neurons in the VLPO (Greco et al., 2008). Indeed, behavioral experiments 

corroborate this finding, as an infusion of a MOR- and KOR-selective agonists into the VLPO 

increased wakefulness in rats (Greco et al., 2008). In line with this, another group found that 

morphine microinjections into the VLPO increased wakefulness and suppressed sleep in rats 

(Wang et al., 2013). This study also characterized the electrophysiological properties of VLPO 

neurons, specifically showing that sleep-promoting VLPO neurons were sensitive to morphine-

induced inhibition of action potential firing (Wang et al., 2013). The application of MOR- and 

KOR-selective antagonists confirmed the contributions of both receptor subtypes in the 

morphine-mediated suppression of firing activity (Wang et al., 2013). These findings provide 

strong evidence suggesting opioid-induced inhibition of VLPO neurons may underlie the wake-

promoting effects of opioid drugs in rats. 

Notably, this region contains two separate populations of Gamma Aminobutyric Acid 

(GABA)-ergic neurons that are thought to be important mediators of sleep. Galanin-expressing 

GABAergic neurons in the POA are thought to be involved in the homeostatic regulation of 
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sleep (Ma et al., 2019), however these neurons do not receive photic input from ipRGCs (Zhang 

et al., 2021). The GABAergic neurons in the POA that have been shown to be light responsive 

are mostly corticotropin-releasing hormone-expressing cells (Zhang et al., 2021). Thus, further 

research must be done to dissect how opioids affect the light-responsive and/or homeostatic 

sleep-active neurons within this brain region to improve our understanding of how (chronic) 

opioids alter photoentrainment circuitry. 

1.4.2 Lateral hypothalamus (LH) 

The lateral hypothalamus (LH) has been heavily implicated in both sleep and opioid use 

disorders (Harris et al., 2005; Tsujino and Sakurai, 2013), making it a logical therapeutic target 

for substance use disorders (Matzeu and Martin-Fardon, 2020). Orexin-producing neurons in the 

LH project both to the ventral tegmental area (VTA) and the paraventricular nucleus of the 

thalamus (PVT), which are involved in reward/addiction and sleep/wake, respectively (Harris et 

al., 2007; Eacret et al., 2020). Moreover, many of these orexin-expressing LH neurons have been 

shown to express MORs in rodents (Mansour et al., 1994a, 1994b; Georgescu et al., 2003; 

Peckham and Traynor, 2006; Erbs et al., 2015). Interestingly, chronic morphine exposure 

decreased MOR mRNA expression in the LH, while precipitated withdrawal increased MOR 

mRNA expression (Zhou et al., 2006)(Zhou et al., 2006). Notably, moderate levels of KOR 

mRNA, but only low levels of DOR mRNA were detected in the LH (Mansour et al., 1994a).  

Both endogenous opioid peptides and opioid drugs can suppress excitatory inputs to LH 

neurons as well as directly inhibit the firing of LH orexin/hypocretin neurons (Li and van den 

Pol, 2008). Interestingly, chronic opioid exposure also increased the number of orexin-producing 

neurons in mouse, rat, as well as human subjects (Thannickal et al., 2018; James et al., 2019). 

Importantly, chronic morphine reduced the opioid-mediated suppression of spike frequency in 
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LH neurons, suggesting that chronic exposure leads to cellular tolerance (Li and van den Pol, 

2008). This reduction in the effects of morphine on LH neurons suggests that it is unlikely LH 

neurons underlie the persistent sleep disturbances associated with chronic opioid use. 

Additionally, LH neurons receive input from light responsive GABAergic neurons in the POA 

(Sherin et al., 1998; Zhang et al., 2021). As cells in both of these regions robustly express opioid 

receptors, characterization of opioid receptor expression within light-responsive POA projections 

to the LH would further clarify the roles of these regions in the context of opioid-induced 

alterations in sleep/wake behavior.   

1.5 Discussion 

For opioid drugs to able to suppress ipRGC activity, they must deposit in the retina following 

systemic exposure. Previous studies have also shown that opioids deposit in the mammalian 

retina/VH following systemic administration (Husain et al., 2012; Gottås et al., 2016; Maskell et 

al., 2016; Bergum et al., 2022a). Recently, our group found that morphine similarly deposits in 

 

Figure 1.2 Graphical representation of the pharmacokinetic evidence for a retinal contribution to 
chronic opioid-induced sleep/wake disturbances (as presented in Bergum et al., 2022a). 
Morphine levels in the retina appear to accumulate following chronic systemic exposure, while 
levels in both the serum and hypothalamus remain the same. 
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the mouse retina following systemic injection (Bergum et al., 2022a). Surprisingly, our detailed 

study showed that retinal morphine levels greatly exceeded the concentrations detected in the 

hypothalamus (Figure 1.2). In addition to this, we observed sustained increases in morphine 

levels in the retina compared to the hypothalamus following systemic administration (Bergum et 

al., 2022a). Retinal morphine levels remained elevated up to 11 hours following systemic 

exposure, while levels in the hypothalamus dropped to near undetectable levels just 3 hours after 

administration (Bergum et al., 2022a). This evidence suggests that morphine can persistently 

activate retinal targets, while morphine’s effect on hypothalamic sleep/circadian centers is 

restricted to just a few hours following systemic administration. Morphine’s influence on retinal 

MOR-expressing cells is further enhanced when we consider that chronic systemic morphine led 

to morphine accumulation in the mouse retina, but not the hypothalamus (Bergum et al., 2022a).  

Notably, similar morphine accumulation was not detected in the hypothalamus, indicating that 

even chronic morphine only alters the activity of opioid receptor-expressing cells within 

hypothalamic sleep/circadian centers transiently following each systemic exposure (Figure 1.2). 

Forensic toxicological studies have shown the postmortem vitreous humor samples taken from 

overdose victims suggest that opioids and their metabolites enter the posterior compartment of 

the eye (including the retina) following systemic exposure (Wyman and Bultman, 2004). Taken 

together, these findings provide a strong pharmacokinetic basis for the significant contribution of 

MOR-expressing ipRGCs in terms of the dysregulation of photoentrainment that is associated 

with chronic opioid use.  

This introduces a novel retinal route by which opioids could persistently alter sleep/wake 

behavior. This is especially exciting because retinal neurons are far more accessible for targeted 

interventions compared to sleep/wake centers in the brain. Targeting sleep centers in the brain to 
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treat opioid-related sleep problems is exceedingly difficult due to the number of brain regions 

involved in both sleep/wake as well as other opioid-mediated effects on the body. However, the 

retina represents a unique CNS structure that lies outside the cranial vault, making it far more 

accessible for targeted therapeutic interventions. 
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Chapter 2 - Morphine Accumulates in the Retina Following Chronic Systemic Administration2 

 
 
 
2.1 Introduction 

Opioids are some of the most effective analgesics and are therefore commonly used to 

treat both acute and chronic pain (Williams et al., 2013). Despite their analgesic efficacy, opioid 

use has a plethora of negative, on-target side effects, including respiratory depression and 

gastrointestinal problems, as well as a high abuse liability (McQuay, 1999; Benyamin, 2008; 

Williams et al., 2013). Therefore, developing a better understanding of how opioids deposit in 

different tissues could elucidate the mechanisms underlying the sometimes-disparate effects of 

opioid drugs. Understanding drug pharmacokinetics is essential for optimizing treatment options 

and minimizing risk for patients (Struys et al., 2011).  

Morphine is the prototypical opioid against which other opioid drugs are compared 

(McQuay, 1999; Gharavi et al., 2015; Sheth et al., 2018). It can be administered via several 

different routes (oral, intravenous, intrathecal, etc.) for perioperative and postoperative pain 

management (Sheth et al., 2018). Morphine exerts its analgesic effects primarily via interactions 

with the µ-opioid receptor, with lesser contributions from its binding to the κ- and δ-opioid 

receptors (Andersen et al., 2003). Moreover, morphine is a major pharmacologically active 

metabolite of other opioids such as heroin and codeine (Lötsch, 2005; Andersen et al., 2009; 

Karinen et al., 2009; Maskell et al., 2016, 2019). Thus, studying the pharmacokinetics of 

morphine in different tissues provides information about the drug’s metabolism at different sites 

of action. 

__________________________ 

2 Bergum N, Berezin CT, Dooley G, Vigh J. Morphine Accumulates in the Retina Following Chronic 
Systemic Administration. Pharmaceuticals, 15(5), 527. doi: 10.3390/ph15050527. 
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For morphine to exhibit its antinociceptive effect, it must access opioid receptors located  

in the central nervous system (CNS) by crossing the tightly regulated blood brain barrier (BBB) 

(Chaves et al., 2017; Schaefer et al., 2017). As a polar molecule, morphine trafficking across 

selective barriers such as the BBB is relatively poor. Thus, only a fraction of the morphine 

present in serum reaches the brain to affect the CNS neurons that mediate opioid-induced 

antinociception, locomotor activity, and respiratory depression (Oldendorf, 1977; Groenendaal et 

al., 2007; Boström et al., 2008; Viscusi and Viscusi, 2020). Therefore, it is important to 

determine the amount of morphine that reaches the target neurons in the CNS to determine 

appropriate dosages. 

Morphine’s uptake into the CNS is lower than other opioids due to its low lipid solubility 

(Oldendorf, 1977). Due to morphine’s hydrophilicity, it is thought that morphine transport across 

the BBB is primarily mediated by ATP-binding cassette (ABC) transporters and solute carrier 

(SLC) transporters (Gharavi et al., 2015; Yang et al., 2018). Of these transporters, P-glycoprotein 

(P-gp) is the best studied in regard to its role in mediating morphine efflux from the CNS 

(Gharavi et al., 2015; Chaves et al., 2017; Yang et al., 2018). Indeed, genetic and 

pharmacological manipulations of P-gp expression/function show an inverse relationship 

between P-gp expression/function and the deposition of morphine in the brain (Letrent et al., 

1999; Dagenais et al., 2004; Hamabe et al., 2007; L. Mercer and Coop, 2011; Yang et al., 2018). 

The inner blood–retinal barrier (iBRB), the retinal analog of the BBB, expresses the same 

transporters found at the BBB, which are similarly thought to regulate drug transport between the 

retina and systemic circulation (Bévalot et al., 2016; Díaz-Coránguez et al., 2017; Liu and Liu, 

2019). Interestingly, the relative expression of P-gp has been shown to be lower in the iBRB 
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compared to the BBB (Li et al., 2021). However, whether reduced P-gp expression in the retina 

has functional consequences with regard to retinal morphine deposition remains unknown. 

In forensic toxicology, the vitreous humor (VH) of the eye is often used to determine if an opioid 

overdose contributed to fatality (Scott and Oliver, 1999; Wyman and Bultman, 2004; Sanches et 

al., 2012; Rees et al., 2013; Bévalot et al., 2016; Gottås et al., 2016). Opioid drugs/metabolites in 

the VH are protected from postmortem degradation and redistribution in the eye, making it an 

ideal sample for postmortem toxicological investigations (Scott and Oliver, 1999; Wyman and 

Bultman, 2004; Sanches et al., 2012; Bévalot et al., 2016). Since these VH samples are mostly 

collected postmortem from victims of opioid-related deaths, the pharmacokinetics of opioid 

drugs within the VH are relatively poorly understood compared to other tissues such as the brain 

and blood (Dahlström and Paalzow, 1975; Scott and Oliver, 1999; Kalvass et al., 2007; Rees et 

al., 2013; Gottås et al., 2016; Maskell et al., 2016, 2019). Thus, the mechanism that underlies the 

persistence of opioid drugs (and their metabolites) in the VH is unclear (Hosoya and Tachikawa, 

2009; Bévalot et al., 2016). 

The present study examines the pharmacokinetics of morphine in the brain 

(hypothalamus) and retina/VH following systemic administration. Mice have been used 

extensively to study the analgesic and psychomotor effects of morphine (and other opioid drugs), 

as well as to examine the pharmacokinetics of opioids in the serum and brain (Handal et al., 

2002; Andersen et al., 2009; Koek et al., 2012; Koek, 2014). Thus, we measured the morphine 

content of mouse retina/VH samples following intraperitoneal (i.p.) morphine injection(s) using 

liquid chromatography–tandem mass spectrometry (LC-MS/MS). Using this method, we were 

able to establish a pharmacokinetic profile for morphine in mouse retina/VH. Moreover, we 

measured the morphine content of the serum and hypothalamus samples from these same mice to 
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directly compare the pharmacokinetics of morphine in the blood, brain, and retina/VH. 

Consistent with forensic toxicological findings, these experiments show that morphine persists in 

the retina/VH for up to 11 h following a systemic injection. Additionally, morphine can 

accumulate in the retina/VH upon repeat systemic exposure. Significantly, morphine levels in the 

retina/VH exceed the concentrations found in the brain at all time points. Indeed, the retina 

shows reduced expression of the morphine extruder P-gp compared to the hypothalamus, which 

could explain the persistent high morphine levels in the retina following systemic exposure. 

Given the evidence that some retinal neurons express opioid receptors (Husain et al., 2009; 

Cleymaet et al., 2019), the accumulation of morphine in the retina could result in changes in 

image-forming, as well as non-image-forming, visual functions. Thus far, no visual deficits have 

been reported that would directly implicate opioid-induced interference with image-forming 

visual circuitry. However, pupillary light reflex (PLR) is altered in opioid-tolerant patients 

(Grace et al., 2010). Similarly, mice intraocularly injected with the MOR-selective agonist [D-

Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) exhibit deficits in PLR (Cleymaet et al., 2021). 

These observations support the idea that morphine accumulation in the retina could have 

functional consequences within the eye. 

2.2 Results 

2.2.1 Morphine Deposits in Mouse Retina Following Systemic Exposure 

To examine the pharmacokinetics of morphine in mouse retina, we injected mice with 20 

mg/kg morphine i.p. at light onset (Zeitgeber Time (ZT) 0). Whole retina and serum samples 

were then collected from mice sacrificed at 0.5 (n = 8), 1 (n = 14), 2 (n = 11), 3 (n = 14), 5 (n = 

10), 7 (n = 8), 9 (n = 16), and 11 (n = 13) hours following the i.p. injection. The morphine 

content of these samples was measured using LC-MS/MS. Serum morphine peaked around  
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Figure 2.1 Morphine deposits in the retina following systemic exposure. (A) Serum morphine 
concentrations and (B) natural logarithmic (ln) transformation of serum morphine concentrations 
collected from mice sacrificed at specified time points following a 20 mg/kg i.p. morphine 
injection at light onset (ZT 0). One-way ANOVA with a Tukey post hoc adjustment was performed 
on an ln scale to compare serum concentrations from animals sacrificed at different time points (* 
= p < 0.05, **** = p < 0.0001). (C) Retinal morphine concentration and (D) ln transformation of 
retinal morphine collected from the same mice (as in A and B) sacrificed at specified time points 
following a 20 mg/kg i.p. morphine injection at light onset (ZT 0). One-way ANOVA with a Tukey 
post hoc adjustment was performed on an ln scale (* = p < 0.05). (E) Serum and retinal morphine 
concentrations and (F) ln transform of serum and retinal morphine concentrations collected from 
mice sacrificed at specified time points following a 20 mg/kg i.p. morphine injection at light onset 
(ZT 0). Retina and serum samples were collected from the same mice (as in A–D) within each 
time point. (F) Significant differences exist within each plotted time point between the retinal and 
serum concentrations (p < 0.001). Two-way ANOVA with a tissue x ZT interaction and a Tukey 
post hoc adjustment was performed on an ln scale. Data are presented as the mean ± SEM, with 
8–16 mice per group. 
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0.5–1 h post-injection, before dropping to low levels (< 50 ng/mL) after just 3 h (Figure 2.1A,B). 

These findings are consistent with past studies that examined the serum pharmacokinetics of 

morphine in mice (Handal et al., 2002; Andersen et al., 2009; Koek et al., 2012). Importantly, 

while morphine levels peaked at 0.5–1 h post-injection, serum morphine levels were lowest (3.3 

ng/mL) 11 h following the injection (Figure 2.1B).  

From these same mice, we collected whole retina/VH samples and measured their 

morphine content using LC-MS/MS. Given the proximity of the VH to the retina, as well as the 

small volume of the mouse VH, we were unable to reliably separate the VH from the retina. 

Thus, the retina samples tested contained both retina and VH. Henceforth, when referring to 

retina, this represents samples that contain both retina and VH. Interestingly, we detected 

morphine in the retina of these mice 0.5–11 h following the 20 mg/kg i.p. injection at ZT 0 

(Figure 2.1C,D). In contrast to the serum morphine levels from these animals, the retinal 

morphine levels were highest between 0.5–2 h following the injection before slowly dropping 

and stabilizing around 70 ng/mL (Figure 2.1C,D). When comparing the serum and retina 

morphine pharmacokinetics (from samples collected from the same animals), we observed that 

the serum morphine exceeded the retinal morphine concentration 0.5–1 h following the injection. 

However, the serum morphine levels soon dropped and remained lower than the morphine 

concentration in the retina for the remainder of the detection period (Figure 2.1E). There were 

statistically significant differences (p < 0.001) between the serum and retinal morphine 

concentrations at each time point (Figure 2.1F). Perhaps the most striking finding is that 

morphine persists in the retina at around 70 ng/mL long after it has dropped to < 10 ng/mL in the 

serum (Figure 2.1E,F). 
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2.2.2 Morphine accumulates in Mouse Retina Following Repeated Systemic Exposure 

 After establishing the pharmacokinetics of morphine in the retina relative to serum 

following a single systemic injection, we wanted to assess the pharmacokinetics of morphine in 

these tissues following a subsequent, as well as after chronic, i.p. morphine injections. To assess 

this, we first collected serum and whole retina samples at various time points (ZT 13: n = 9, ZT 

14: n = 8, ZT 15: n = 8, and ZT 23: n = 8) from mice treated with 20 mg/kg morphine i.p. at both 

light onset (ZT 0) and light offset (ZT 12). Like the single injection data, the serum morphine 

levels exceeded the retinal morphine concentrations an hour (ZT 13) after the second i.p. 

injection (Figure 2.2A–C). Additionally, the serum morphine dropped significantly below the 

retinal morphine concentrations 2 h (ZT 14) after the second injection (Figure 2.2C) and 

remained below the retina morphine levels for the remainder of the detection period (Figure 

2.2A–C). Interestingly, when comparing retinal morphine levels both 1 (ZT 13) and 11 (ZT 23) 

hours after the second morphine injection, we saw an increase (p < 0.05) compared to the retinal 

morphine levels from samples collected 1 (ZT 11) and 11 (ZT 23) hours after just a single i.p. 

morphine injection (Figure 2.2D). Contrastingly, there were no significant differences (1 h: p = 

0.8238, 11 h: p = 0.547) detected in the serum morphine levels at these same time points when 

comparing one versus two morphine injections (Figure 2.2D). Next, we wanted to assess how 

chronic morphine treatment would affect the deposition of morphine in the retina. The chronic 

morphine paradigm consisted of twice daily 20 mg/kg i.p. morphine injections (at ZT 0 and ZT 

12) for 5 or 12 days (McLane et al., 2017). On day 6 or day 13, retina and serum samples were 

collected from these mice at the specified time points after a final 20 mg/kg i.p. injection at ZT 0. 

Morphine measurements from these mice revealed increases in retinal morphine concentrations 

(at all comparable time points) between the mice treated with just a single morphine injection  
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Figure 2.2 Morphine accumulates in the retina following repeated systemic exposure. (A) 
Morphine pharmacokinetics in retina and serum following 20 mg/kg i.p. morphine injections at 
ZT 0 and ZT 12 (indicated by arrows). (B) Morphine concentrations in retina and serum following 
systemic injections at ZT 0 and ZT 12 (indicated by arrows) on the natural logarithmic (ln) scale. 
Significant differences exist between the retina and serum within each measured time point (p < 
0.01). Two-way ANOVA was used with a Tukey post hoc adjustment for the ln scale. (C) 
Morphine concentration in the serum is higher than in the retina 1 h (ZT 1 and ZT 13) after 20 
mg/kg i.p. morphine injections at ZT 0 and ZT 12 (at the selected time points from the data shown 
in B). However, the retinal morphine levels exceed the serum levels at 11 h after systemic exposure 
(ZT 11 and ZT 23). Two-way ANOVA with a tissue x ZT interaction and a Tukey post hoc 
adjustment was performed on the ln scale. (D) Serum morphine pharmacokinetics remain the same 
at 1 and 11 h after one and two 20 mg/kg i.p. morphine injections, while the retinal morphine levels 
increased following the second injection at those same time points. Three-way ANOVA with a 
tissue x hours post-injection x injection number interaction and a Tukey post hoc adjustment was 
performed on the ln scale. (E,F) Morphine appears to accumulate in the retina following 6 or 13 
days of chronic systemic morphine treatment, while the serum pharmacokinetics remain similar 
for ZT 1 and ZT 11. Three-way ANOVA with a tissue x ZT x day interaction using a Tukey post 
hoc adjustment was performed on the ln scale. (# = p < 0.05, **= p < 0.001, *** = p < 0.0001). 
Data are presented as the mean ± SEM. 
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(day 1) and mice chronically treated with morphine (day 6 and day 13) (Figures 2.2F and S1B). 

Moreover, the difference in retinal morphine between 1–2 h (Figure 2.2F: Day 6 ZT 1: n = 8, 

Day 13 ZT 1: n = 4 ; Figure S1B: Day 13 ZT 2: n = 4) and 9–11 h (Figure 2.2F: Day 6 ZT 11: n 

= 7, Day 13 ZT 11: n = 4; Figure S1B: Day 13 ZT 9: n = 4) disappeared after 13 days of chronic 

morphine exposure, while the serum pharmacokinetics remained similar (Figures 2.2E and S1B). 

Intriguingly, the chronic-morphine-treated animals (day 6 & day 13) showed a modest, yet 

significant decrease (p < 0.05) in serum morphine concentration both 9 (ZT 9) and 11 (ZT 11) 

hours after the final morphine injection (when compared to day 1 levels) (Figures 2.2F and S1B). 

 

Figure 2.3 Morphine deposits more in the retina than in the hypothalamus following systemic 
administration. (A) Retinal morphine concentrations exceed hypothalamic morphine 
concentrations at all measured time points following a single i.p. morphine injection. (B) Morphine 
concentrations between the hypothalamus, retina, and serum were all significantly different at each 
measured time point following a single i.p. morphine injection (p < 0.001), except for comparison 
shown in the box at ZT 2 (n.s. = not significantly different). Two-way ANOVA with a Tukey post 
hoc adjustment was performed on a natural logarithmic (ln) scale (C,D). Morphine concentration 
in the retina exceeds that detected in the hypothalamus when normalized against tissue weight at 
each measured time point following a single i.p. morphine injection (p < 0.0001). (D) Two-way 
ANOVA with a Tukey post hoc adjustment was performed on an ln scale. Data are presented as 
the mean ± SEM, with 6–10 mice per group 
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2.2.3 Morphine Concentration in Mouse Retina Exceeds the Hypothalamic Morphine 

Concentration Following Systemic Exposure 

Since retinal morphine levels seem to increase upon repeated systemic exposure, we 

wanted to compare the deposition of morphine in the retina to the brain. We chose to compare 

the retina to the hypothalamus, as the hypothalamus has been shown to have the highest 

concentration of morphine following systemic exposure (when compared to other brain regions) 

(Bhargava et al., 1992). Using solid phase extraction followed by LC-MS/MS, we were able to 

reliably measure the morphine content of brain tissue, including the hypothalamus and cortex. 

Despite the hypothalamus’ proximity to the median eminence, we did not detect any differences 

in morphine deposition between the hypothalamus and the cortex (Figure S2). Interestingly, the 

hypothalamic morphine concentration was lower than both the retinal and serum morphine levels 

at 0.5 (n = 8), 1 (n = 17), 2 (n = 10), 3 (n = 7), 5 (n = 10), 7 (n = 8), 9 (n = 8), and 11 (n = 6) 

hours after a single i.p morphine injection at ZT 0 (Figure 2.3A,B). When the morphine 

concentrations of the retina and hypothalamus were normalized to their weights, the retinal 

morphine concentrations still vastly exceeded the morphine levels detected in the hypothalamus 

(Figure 2.3C,D). Additionally, the retinal morphine concentration per tissue weight remained 

much higher (p < 0.0001) than the hypo-thalamic morphine concentration in samples collected 1, 

2, and 3 h after a second i.p. morphine injection at ZT 12 (Figure S3). 

2.2.4 Morphine Accumulates in Mouse Retina but not in the Hypothalamus 

After observing the significant difference in morphine penetrance within two CNS tissues 

(retina and brain) after a single systemic injection, we measured the levels of morphine in the 

retina and hypothalamus after 6 days of chronic morphine treatment. The retinal morphine 

content exceeded the morphine concentrations in the hypothalamus; furthermore, chronic  
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Figure 2.4 Morphine accumulates in the retina, but not the hypothalamus. (A) Retinal morphine 
concentrations exceed hypothalamic morphine concentrations at 1 (ZT 1) and 11 (ZT 11) hours 
following chronic morphine exposure (6 days of morphine treatment). (B) Morphine accumulates 
in the retina, but not the hypothalamus following chronic morphine exposure. Two-way ANOVA 
with a Tukey post hoc adjustment was performed on a natural logarithmic (ln) scale. Data are 
presented as the mean ± SEM with 5-17 mice per group (* = p < 0.01, *** = p < 0.0001). 

 

 

 

 

Figure 2.5 Reduced P-gp expression in the retina may underlie retinal morphine accumulation. P-
pg mRNA expression (A) and natural logarithm (ln) (B) of 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 depositions 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). 
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morphine exposure appeared to exacerbate the differences in morphine concentrations between 

these tissues (Figure 2.4A). These analyses revealed that chronic morphine administration 

preserved the differences in morphine concentrations between the retina and hypothalamus at 

both 1 (Day 6 ZT 1: n = 8) and 11 (Day 6 ZT 11: n = 8) h after the ZT 0 systemic injection. 

Intriguingly, morphine seems to accumulate in the retina following chronic systemic exposure, 

while morphine levels in hypothalamus ap-pear to remain the same (Figure 2.4B). Figure S4B 

even shows that at ZT9 following chronic morphine exposure, hypothalamic morphine levels 

drop following 13 days of chronic morphine, while the retinal morphine concentration is 

significantly larger (p < 0.01) than the single injection levels following chronic administration. 

2.2.5 Reduced P-gp Expression in the Retina May Underlie Retinal Morphine Accumulation 

P-gp’s role in transporting morphine from the brain into systemic circulation is well 

established (Letrent et al., 1999; Dagenais et al., 2004; Hamabe et al., 2007; L. Mercer and Coop, 

2011; Yang et al., 2018). Significantly, this important transporter is also expressed in the iBRB, 

albeit at lower levels than in the brain (Chapy et al., 2016; Li et al., 2021). Thus, we wanted to 

assess the role of P-gp within the context of differential morphine deposition in the retina versus 

the hypothalamus following systemic exposure. To investigate the role of P-gp in morphine 

transport within these different CNS tissues, we injected mice with 20 mg/kg morphine (n = 7) or 

sa-line (n = 9) i.p. at ZT 0 and ZT 12 for 6 days. Retina and hypothalamus samples were 

collected from these mice and total RNA from these tissues was extracted for quantitative 

reverse-transcription PCR (qRT-PCR) analysis. The expression of Abcb1a (gene transcript 

coding for P-gp) mRNA, relative to the reference genes B-actin and Tbp, was calculated using 

the saline retina samples as the control. Relative gene expression analyses revealed that 

Abcb1a/P-gp mRNA expression in the retina was lower than the expression in the hypothalamus 
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(Figure 2.5A,B). Importantly, chronic morphine exposure did not alter the expression of 

Abcb1a/P-gp mRNA in the brain (hypothalamus) or retina (Figure 2.5C). 

2.3 Discussion 

 The data presented provide an in depth look at morphine pharmacokinetics in the retina, 

as well as in the serum and hypothalamus, for longer durations than previously reported. 

Consistent with past findings, these data suggest that morphine levels in the serum peak within 

the first hour after i.p. administration, and then drop rapidly to low levels within 1–2 h following 

the injection (Pacifici et al., 2000; Handal et al., 2002; Koek et al., 2012). While the serum 

pharmacokinetics of past studies focused on the serum morphine levels within the first 3 h after 

injection, this study measured serum morphine up to 11 h following injection. Analysis of this 

data showed consistent decreases in serum morphine content up to 11 h after the initial injection. 

As previously mentioned, opioid metabolites are routinely detected from postmortem 

human VH samples; however, these samples are often collected from overdose victims following 

the administration of a fatal opioid dose (Scott and Oliver, 1999; Wyman and Bultman, 2004; 

Sanches et al., 2012; Rees et al., 2013; Bévalot et al., 2016; Gottås et al., 2016). While it is 

unclear whether sub-lethal opioid doses similarly accumulate in human VH/retina, animal studies 

suggest that sub-lethal doses of opioids accumulate in the mammalian VH/retina following 

systemic exposure (Husain et al., 2012; Gottås et al., 2016; Maskell et al., 2016). While the 

current study differs in species, treatment, and methodology, it builds on this past work by 

providing an examination of morphine pharmacokinetics within mouse retina following both 

acute and repeated systemic morphine administration. 

To our knowledge, no study has measured retinal morphine levels in mice following 

systemic exposure. Therefore, we developed and validated a method for detecting morphine 
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levels within the retina/VH samples of systemically morphine-treated mice. The data from these 

experiments indicate that morphine indeed deposits in the retina following systemic exposure 

and even persists at elevated levels relative to the serum and hypothalamus. These findings are 

consistent with the idea that opioid metabolites in the VH are resistant to postmortem 

redistribution, and thus have an extended detection window within the VH/retina compared to 

other tissues (Bévalot et al., 2016; Maskell et al., 2016). In humans, morphine is metabolized 

into morphine-3 glucuronide (M3G) and morphine-6 glucuronide (M6G) via UDP-glucuronyl-

transferase (UGT) (Sawe et al., 1985; Andersen et al., 2003; Rook et al., 2006). Of these 

metabolites, M3G does not contribute to morphine’s analgesic effect (Gong et al., 1992; Penson, 

2000; Rook et al., 2006) or to morphine-induced behavioral activation (Handal et al., 2002), 

while M6G does (van Dorp et al., 2006). However, mice produce little to no M6G following 

morphine administration (Zuccaro et al., 1997; Handal et al., 2002; Andersen et al., 2009). 

Importantly, following a second systemic injection, the morphine levels in the retina 

seem to accumulate, while the pharmacokinetics of serum morphine in the same animals remain 

relatively constant when compared 1 and 11 h after one or two injection(s). This retinal 

accumulation following repeated systemic exposure is further evidenced when comparing retina 

samples collected at ZT 1 and ZT 11 after a single injection to samples collected at ZT 1 and ZT 

11 from animals following chronic systemic morphine exposure. Interestingly, the levels of 

morphine in the serum after 11 h (ZT 11) appear to be even lower in animals chronically treated 

with morphine than after a single i.p. morphine injection. While few other studies have examined 

the long-term serum pharmacokinetics of morphine, we suspect that this may be due metabolic 

adaptations (i.e., increased UGT2B activity) that mice undergo in response to a chronic morphine 

paradigm (Andersen et al., 2003; Ochiai et al., 2016). 



 

27 
 

Morphine deposition and transport into the brain has been extensively studied as it is 

necessary for the analgesic efficacy of morphine (Chaves et al., 2017; Schaefer et al., 2017). 

Since mice are used extensively as a mammalian model for opioid-related biomedical research, 

the pharmacokinetics of morphine and other opioids in the mouse brain has been well 

characterized (Zong and Pollack, 2000; Guillot et al., 2007; Andersen et al., 2009; Koek et al., 

2012; Boix et al., 2013; Ollikainen et al., 2019). Although we initially suspected that the 

hypothalamus might have increased morphine penetrance due to its proximity the median 

eminence (Chapy et al., 2016; Haddad-Tóvolli et al., 2017), we found no difference in morphine 

concentrations compared to cortices harvested from the same animals (Figure S1). With that 

being said, the data we obtained regarding the pharmacokinetics of morphine in the brain were 

consistent with past findings, with peak concentrations of hypothalamic morphine levels detected 

around 30 min to 1 h following the time of injection (Andersen et al., 2009; Koek et al., 2012). 

Nonetheless, this study offers a more in depth look at the brain pharmacokinetics of morphine up 

to 11 h following systemic administration. In many ways, the pharmacokinetics of morphine in 

the hypothalamus mirror that of the serum, as both serum and brain morphine concentrations 

peak about an hour after systemic exposure and continuously drop over time. Contrastingly, the 

retinal morphine concentration remains high compared to the serum and hypothalamus. Perhaps 

most significantly, our data suggest that while the morphine appears to be accumulating in the 

retina/VH following chronic systemic exposure, the concentrations in the brain do not. Both 

CNS tissues have structurally similar barriers (the iBRB and BBB) that selectively regulate the 

transport of xenobiotics. Past experiments have shown that the genetic and pharmacological 

manipulation of P-gp alter morphine concentration within the brain (Letrent et al., 1999; 

Dagenais et al., 2004; Hamabe et al., 2007; L. Mercer and Coop, 2011; Yang et al., 2018). In 
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fact, experimental evidence suggests that P-gp expression and brain morphine levels have an 

inverse relationship, as increased P-gp expression results in lower levels of morphine within the 

brains of mice (Hamabe et al., 2007). Our data are consistent with this idea, as the relative P-gp 

mRNA (Abcb1a) expression within the retina is significantly lower than expression levels in the 

hypothalamus. 

Initially, it was believed that chronic morphine exposure could alter the expression of P-

gp mRNA at the BBB (Aquilante et al., 2000; Yousif et al., 2008). However, it was later 

observed that the cessation of chronic morphine treatment, rather than the chronic morphine 

treatment itself, likely resulted an increase in P-gp mRNA (Chaves et al., 2016). Our data 

support the latter of the two findings, as our chronic morphine treatment did not alter the P-gp 

mRNA in with either tissue. Future studies shall investigate the role of other BBB transporters 

(such as Breast Cancer Resistance Protein and Multidrug Resistance Protein 2) to assess their 

potential roles in the pharmacokinetics of morphine within both the brain and the retina. 

Because the analgesic and psychomotor effects of morphine are heavily dependent on the 

concentration within the brain and spinal cord, the opioid pharmacokinetics within these regions 

have been extensively studied (Handal et al., 2002; Koek et al., 2012; Chaves et al., 2017; 

Schaefer et al., 2017). Contrastingly, the retina/VH has been less studied in regard to opioid 

pharmacokinetics as it has been primarily employed as a sample for postmortem toxicological 

investigations. This study presents an in-depth pharmacokinetic characterization of morphine in 

the retina relative to serum and hypothalamus, highlighting that morphine persists and 

accumulates in the retina following chronic systemic exposure. Since no visual phenotype has 

been reported following chronic opioid exposure, it was previously assumed that systemic opioid 

exposure did not affect structures in the eye. However, chronic morphine exposure was shown to 
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promote neovascularization in the retina, which could contribute to retinopathy in patients with 

sickle cell disease (Gupta et al., 2019). Although opioids often have profound deleterious effects, 

the administration of chronic systemic morphine protected against hypertension-mediated retinal 

ganglion cell death in rats (Husain et al., 2012). Additionally, rabbit studies have indicated that 

retinal morphine might reduce ischemia-induced retinal ganglion cell death following systemic 

exposure (Riazi-Esfahani et al., 2008, 2009). As these previous studies suggest, opioids may 

affect retinal ganglion cells through opioid receptors expressed on these cells (Husain et al., 

2009). Interestingly, our group has identified a subset of intrinsically photosensitive retinal 

ganglion cells (ipRGCs) that express the µ-opioid receptors (MOR), which are the main 

molecular targets for opioid drugs such as morphine (Cleymaet et al., 2019). Moreover, these 

studies have shown that the MOR-selective agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin 

(DAMGO) not only directly affects ipRGC firing activity via the modulation of specific ionic 

currents, but also that MOR activation attenuates the ipRGC-dependent PLR in mice (Cleymaet 

et al., 2019, 2021). 

Perhaps most importantly, ipRGCs are crucial for the synchronization of sleep/circadian 

behavior to environmental light–dark cycles through a process known as photoentrainment 

(LeGates et al., 2014). These ipRGCs send environmental light information to key sleep and 

circadian centers located in the hypothalamus such as the suprachiasmatic nucleus (SCN) and the 

ventrolateral preoptic area (VLPO) (LeGates et al., 2014). Moreover, the opioid fentanyl has 

been shown to alter photoentrainment in hamsters, presumably though alteration of electrical 

activity and clock gene expression within the SCN (Byku and Gannon, 2000; Meijer et al., 2000; 

Vansteensel et al., 2005). Additionally, opioid-induced modulation of the VLPO increases 

wakefulness in rodents via MORs within this region (Greco et al., 2008; Wang et al., 2013). 
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Given this evidence, it is believed that chronic opioid-related sleep/wake disturbances are 

due to opioid-induced alterations to key sleep centers within the brain (Eacret et al., 2020; Fathi 

et al., 2020), while the retinal contributions to opioid-mediated sleep disruption are seldom 

considered. However, retinal morphine levels appear to exceed the EC50 for the inhibition of 

calcium current (an established effector of ipRGC MORs) after repeated systemic morphine 

exposure (Connor et al., 1999). This suggests that chronic systemic morphine exposure within 

these mice might activate MORs present on the ipRGCs, thus affecting their ability to transmit 

important environmental light information to brain’s sleep/wake centers. Taken together, the 

present data point to an intriguing possibility that retinal morphine accumulation might 

contribute to chronic opioid-induced sleep/wake disturbances. 

2.4 Materials and Methods 

2.4.1 Animals  

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. The animals were housed under a 12:12 light/dark (LD) cycle, with lights on at 

7:00 AM (ZT 0) and lights off at 7:00 PM (ZT 12). Food and water were made available ad 

libitum. 

2.4.2 Morphine Treatment 

Mice were weighed and injected with a single i.p. dose of 20 mg/kg morphine (Morphine 

sulfate salt pentahydrate, Sigma-Aldrich Saint Louis, MO  , USA; Prod-uct Number: M8777, 

dissolved in sterile saline) at light onset (ZT 0). The dosage of 20 mg/kg i.p. morphine is 

commonly used to assess analgesic tolerance in mice (Peart and Gross, 2004). Mice that received 
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two injections received a second 20 mg/kg i.p. morphine injection at light offset (ZT 12). The 

chronic morphine treatment paradigm consisted of 5 or 12 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 or 13 of the treatment paradigm (McLane et al., 2017). 

2.4.3 Tissue Sample Collection: Retina, Hypothalamus, and Serum  

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 

hypothalamus 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. Notably, the retina samples tested contained both retinal tissue and VH. 

2.4.4 Morphine Analysis by LC-MS/MS 

2.4.4.1 Retina Batch Preparation 

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. Here, matrix-matched standards were 

whole-retinal samples collected from untreated mice spiked with a morphine standard (Morphine 

solution, Sigma-Aldrich Saint Louis, MO, USA; Product Number: M-005). 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® (Emerson 

Electric Co. Saint Louis, MO, USA) 5800 Ultra-sonic bath (with bath water at room 

temperature). 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 
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transferred to autosampler vials fitted with 400 μL glass inserts. The limit of detection was 20 

ng/mL morphine. 

2.4.4.2 Hypothalamus Batch Preparation 

To prepare hypothalamus samples for analysis, 10 µL of 1 µg/mL D6-morphine in-ternal 

standard solution was added to hypothalamus samples and matrix-matched standards. Here, 

matrix-matched standards were hypothalamus samples collected from untreated mice spiked with 

a morphine standard. Hypothalamus samples/standards were then homogenized for 10 s using a 

BeadBug™ (Benchmark Scientific, Inc. Sayreville, NJ, USA) 3 Position Bead Microtube 

homogenizer 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. 

2.4.4.3 Serum Batch Preparation 

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. Here, matrix-matched 

standards were serum samples collected from untreated mice spiked with a morphine standard. 

Serum samples/standards were prepared for solid phase ex-traction by adding 20 µL zinc sulfate 

(5% weight/volume), followed by the addition of 300 µL ice-cold acetonitrile to each tube. 
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Samples were then centrifuged 14,000 rpm for 5 min and supernatant was added to Phenomenex 

Strata-X-Drug B solid phase columns. Col-=umns 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 0.5 ng/mL morphine. 

2.4.4.4 Data Acquisition and Analysis 

Samples were analyzed with an Agilent 1290 UHPLC coupled to an Agilent 6460 triple 

quadruple 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 
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regression using seven-point calibration curves from 0.5 ng/mL to 500 ng/mL (for hypothalamus 

and serum) or six-point calibration curves from 5 ng/mL to 1 µg/mL (for retina). These 

calibration curves were made from matrix (hypothalamus, serum, or retina tissue derived from 

untreated animals) spiked with morphine standards (morphine solution, Sigma-Aldrich Saint 

Louis, MO, USA; Product Number: M-005). 

2.4.4.5 Method Validation 

Prior to assessing the morphine concentrations of tissues derived from the mor-phine-

treated animals, LC-MS/MS methods were validated for all three matrices (retina, serum, and 

hypothalamus). Matrices were validated using the following parameters: accuracy, precision, 

calibration model, carryover, interference, limit of quantitation (LOQ), and sample stability (see 

Tables S2 and S3 for validation results and acceptance criteria). 

2.4.5 qRT-PCR 

2.4.5.1 RNA Preparation 

Male WT mice received morphine or saline as described above. One hour after the 

injection (ZT 1), the mice were anesthetized with isoflurane and sacrificed by decapitation. 

Hypothalamic tissue was dissected from the brain and immediately homogenized for RNA 

extraction, 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 after hypothalamic RNA 

was extracted. Total RNA was extracted from both tissues using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. Briefly, the tissues were lysed in 

Buffer RLT with DTT (GoldBio, St. Louis, MO, USA) by disruption with a micropipette, 

followed by homogenization of the solution by passing it through a 20-gauge needle five times. 

The lysate was centrifuged, and the supernatant was combined with 70% ethanol before being 



 

35 
 

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). Genomic DNA (gDNA) was digested using DNase I and RNase-free 

(ThermoFisher) according to the manufacturer’s instructions. After DNase treatment, the 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. 

2.4.5.2 Reverse Transcription 

Reverse transcription of RNA was performed using the GoScript™ Reverse Tran-

scription System (ProMega, Madison, WI, USA) according to the manufacturer’s instructions. In 

each rotation, 200 ng RNA was used and a no-reverse-transcription (NRT) control was 

performed alongside each sample. cDNA was stored at −20 °C until it was used for qPCR 

amplification. 

2.4.5.3 qRT-PCR Primer Design 

Previously published primers against Abcb1a (the rodent gene for p-glycoprotein [p-gp]) 

in rats [58] were adapted for use for the mice. The probe sequence for Abcb1a, 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). 

For each target, 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 



 

36 
 

higher than the primers, have a GC content of between 45–75%, and be no more than 30 

nucleotides long. Amplicons were required to be shorter than 150 nucleotides. All other 

parameters were left as defaults. 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. The primer and probe sequences can be found in Table S1. 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 deter-mine the optimal annealing temperature. 

2.4.5.4 qRT-PCR Protocol 

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. 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 of the NRT 

or NTC controls. Assay plates were prepared in-lab, then run on a CFX96 Touch Real-Time 

PCR Detection System (BioRad, Hercules, CA, USA). 

2.4.5.5 Data Analysis 
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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 (Livak and Schmittgen, 2001; Hellemans et al., 2007). 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). 

2.4.6 Data Collection and Statistical Analysis 

Data are presented as mean ± standard error of the mean (SEM) or mean ± standard 

deviation (SD), as specified in figure captions. The data were analyzed using One-way, two-way, 

or three-way ANOVA on a natural logarithmic scale to satisfy ANOVA assumptions. Data 

visualizations and analyses were performed using RStudio (version 4.0.0) with Tukey’s post hoc 

adjustments for all pairwise comparisons, and p < 0.05 was considered significant. 

2.5 Conclusions 

In this study, we measured morphine concentrations in mouse retina. The data reveal that 

morphine deposits and accumulates in mouse retina following both acute and chronic systemic 

exposure. Importantly, morphine concentrations in the retina accumulate following chronic 

systemic administration and vastly exceed brain morphine concentrations across all sampled time 

points. Future studies will explore the physiological implications of retinal morphine 
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accumulation and how it might contribute to opioid-induced alterations in both visual functions 

and circadian regulation of sleep/wake behaviors. 
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Chapter 3 - µ-Opioid Receptors Expressed by Intrinsically Photosensitive Retinal Ganglion Cells 

Contribute to Morphine-Induced Behavioral Sensitization3 

 
 
3.1 Introduction 

Opioids remain some of the most powerful analgesics and are thus extensively used 

clinically for treating pain (Volkow et al., 2019). Therefore, it is important to carefully consider 

the dangerous side effects associated with their therapeutic use. While opioids are infamous for 

their addictive nature, their propensity to perturb sleep is often underappreciated. Both acute and 

chronic opioid administration have been shown to disrupt sleep/wake behaviors in patients 

(Dimsdale et al., 2007; Serdarevic et al., 2017; Chrobok et al., 2020). Moreover, chronic opioid 

use has been associated with insomnia as well as daytime drowsiness (Kay, 1975; Serdarevic et 

al., 2017; Chrobok et al., 2020; Fathi et al., 2020). These opioid-related sleep/wake problems 

often persist throughout chronic opioid treatment, which can exacerbate (existing) pain 

symptoms as well as the increase the risk for developing affective disorders (Kay, 1975; 

Hartwell et al., 2014; Cheatle and Webster, 2015; Latif et al., 2019). Additionally, sleep 

disturbances have been cited as a primary contributor to opioid relapse and have been linked to 

increased suicidality (Simmons et al., 2020; Huhn and Finan, 2021). Preclinical animal 

experiments have also shown that opioid administration disrupts healthy sleep/wake behaviors 

(Meijer et al., 2000; Vansteensel et al., 2005; Gillman et al., 2009; Glaser et al., 2012; Eacret et 

al., 2020). Opioid receptors are robustly expressed throughout the central nervous system (CNS),  

including regions of the brain implicated in sleep/wake regulation (Eacret et al., 2020). For 

__________________________ 

3 Bergum N, Berezin CT, King CM, Vigh J. µ-Opioid Receptors Expressed by Intrinsically Photosensitive 
Retinal Ganglion Cells Contribute to Morphine-Induced Behavioral Sensitization. Int J Mol Sci, 23(24), 
15870. doi: 10.3390/ijms232415870. 



 

40 
 

instance, opioid receptors expressed by sleep-active neurons within the ventrolateral preoptic 

area (VLPO) of the hypothalamus (Greco et al., 2008), commonly referred to as the sleep switch 

(Saper et al., 2010), have been shown to mediate opioid-induced sleep/wake changes in rats 

(Wang et al., 2013). Fentanyl has been shown to shift circadian rhythms in hamsters, presumably 

by modulating circadian pacemaker neuron signaling within the suprachiasmatic nucleus (SCN) 

of the hypothalamus (Meijer et al., 2000; Vansteensel et al., 2005; Gillman et al., 2009). 

Importantly, neurons within both the SCN and VLPO receive photic input from the retina (Lupi 

et al., 2008).  

Recent findings from our lab have demonstrated that a subset of ganglion cells in the 

mouse retina, the intrinsically photosensitive retina ganglion cells (ipRGCs), express μ-opioid 

receptors (MORs), the main molecular target for opioid drugs (Cleymaet et al., 2019). Indeed, 

MOR-selective agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) can effectively 

suppress light-evoked ipRGC firing (Cleymaet et al., 2019). These ipRGCs provide direct light 

information to the brain’s sleep/wake centers (e.g., SCN and VLPO), which synchronizes 

mammalian sleep/wake rhythms to environmental light conditions (i.e., photoentrainment) 

(LeGates et al., 2014). We have previously shown that endogenous opioid signaling in the retina 

modulates native sleep/wake behavior in mice via MORs expressed by ipRGCs (Berezin et al., 

2022). Importantly, similar to opioid deposition in the human eye (Wyman and Bultman, 2004), 

morphine deposits in the mouse retina following systemic administration (Bergum et al., 2022a). 

Thus, we wanted to test if MORs expressed by ipRGCs contribute to opioid-related sleep/wake 

disturbances in mice by telemetrically recording locomotor activity and body temperature upon 

acute and chronic intraperitoneal (i.p.) injections of morphine in freely moving mice. 
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Results revealed that acute and chronic morphine exposure differentially altered 

locomotor activity and body temperature of mice lacking MORs entirely (MKO, (Matthes et al., 

1996)) compared with those lacking MORs only in ipRGCs (McKO) and controls (mouse line 

containing a floxed version of the Oprm1 gene, Mufl, (Weibel et al., 2013; Severino et al., 

2020)). Acute morphine triggered transient hypothermia in control mice during both the 

subjective day and night that faded upon chronic administration. In McKO animals, transient 

hypothermia was observed upon both acute and chronic morphine administration in the 

subjective night, whereas in MKO mice, morphine had little effect on the body temperature. 

Both control and McKO mice exhibited increased locomotor movement following repeated i.p. 

morphine injections regardless of the injection time (i.e., behavioral sensitization (Kalivas and 

Duffy, 1987)). Moreover, their behavioral activity became increasingly entrained to the 

morphine injections rather than the light schedule. Consistent with past findings, the MKO mice 

failed to acquire morphine-induced behavioral sensitization (Tian et al., 1997; Sora and Li, 2001; 

Yoo et al., 2003). Nonetheless, while control and McKO mice both acquired morphine-induced 

behavioral sensitization, McKO mice exhibited reduced morphine-induced increases in 

locomotor activity compared with control littermates. Taken together, our data point to a 

previously unexplored retinal contribution to chronic opioid-induced disruption of 

photoentrainment as well as morphine-induced hypothermia. 

3.2 Results 

3.2.1 Prolonged morphine exposure has differential effects on locomotor activity in control, 

McKO and MKO 

Single-housed mice were implanted with mini-telemetry transmitters to record horizontal 

locomotor movement and body temperature within their respective cages every minute for the 
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duration of the experiment. After recovery from transmitter surgeries, these mice were injected 

with saline twice daily at light onset (ZT 0) and light offset (ZT 12) for 6–7 days. Following the 

final saline injections on day 7, mice were injected with 20 mg/kg of morphine twice daily for 12 

days (McLane et al., 2017; Bergum et al., 2022a). To assess the effect of acute and prolonged 

morphine exposure on diurnal locomotor activity, we analyzed data from the final day of 

vehicle/saline treatment (Saline) as well as the data from the first day of morphine treatment 

(Morphine Day 1), the sixth day of morphine treatment (Morphine Day 6) and the tenth day of 

morphine treatment (Morphine Day 10). Notably, we chose to use day 10 as the last analysis day 

due to substantial data loss and attrition that occurred during days 11 and 12 of the morphine 

treatment paradigm. Additionally, we provided a range of animals for control and McKO groups, 

as subject attrition and data loss led to a decrease in usable data toward the end of the study. 

Analysis of these data revealed that each genotype responded differently to the chronic morphine 

treatment paradigm. Control (n = 15) and McKO (n = 10) littermates exhibited increased 

locomotor activity in the dark compared with aged-matched MKO (n = 7) mice during vehicle 

(Saline; Control vs. MKO: t(220) = 2.821, p = 0.0157; McKO vs. MKO: t(211) = 2.634, p = 

0.0182) and acute morphine (Morphine Day 1; Control vs. MKO: t(220) = 2.580, p = 0.0316; 

McKO vs. MKO: t(211) = 2.433, p = 0.0316) treatment (Figure 3.1A,B). Interestingly, after 

subchronic morphine exposure (Morphine Day 6), there were no significant differences in dark 

phase horizontal activity across all genotypes (Figure 3.1A,B). Intriguingly, control mice (n = 

14) showed increased locomotor activity in the dark compared with McKO littermates (n = 9) 

after chronic morphine exposure (Morphine Day 10; Control vs. McKO: t(214) = 2.927, p = 

0.0114; Figure 3.1A,B). While there were no differences between different genotypes in light 

phase activity during saline and acute morphine treatment, subchronic (Morphine Day 6; Control  
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Figure 3.1 Prolonged but not acute morphine exposure differentially altered locomotor activity in 
Control, McKO, and MKO mice across light and dark phases. (A) Average behavioral activity 
plotted for Control (n = 14–15), McKO (n = 9–10), and MKO (n = 7) by hour (Zeitgeber Time) 
for different experimental days. Arrows indicate time of i.p. injection with either saline (white 
arrows) or 20 mg/kg of morphine (orange arrows). (B) Control and McKO animals exhibited 
increased horizontal activity compared with MKO animals. After prolonged morphine exposure, 
control mice exhibited increased locomotor activity compared with McKO littermates. Analysis 
performed using a three-way ANOVA (phase x genotype x experimental day) with a Holm–
Bonferroni post hoc adjustment performed on all pairwise comparisons. (# p < 0.05, * p < 0.01, 
*** p<0.0001). Data presented as mean ± SEM. 
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vs. McKO: t(214) = 2.428, p = 0.0321; Control vs. MKO: t(219) = 4.426, p < 0.0001) and 

chronic morphine (Morphine Day 10; Control vs. McKO: t(214) = 3.206, p = 0.0031; Control vs. 

MKO: t(219) = 4.938, p < 0.0001) exposure increased control activity compared with McKO 

littermates and aged-matched MKO (n = 7) animals (Figure 3.1A,B). Additionally, McKO mice 

exhibited overall increases in dark phase locomotor activity following prolonged morphine 

administration (Morphine Day 6; McKO vs. MKO: t(210) = 2.276, p = 0.0321; Morphine Day 

10; McKO vs. MKO: t(210) = 2.102, p = 0.0368; Figure 3.1A,B).  

Interestingly, chronic morphine (Saline vs. Morphine Day 10: t(206) = −3.099, p = 

0.0133; Morphine Day 1 vs. Morphine Day 10: t(206) = −2.912, p = 0.0200) treatment, but not 

acute or subchronic morphine exposure, increased light phase activity in control mice compared 

with saline treatment; there was no impact on dark phase locomotor behavior across all 

experimental days (Figure S5A). Conversely, McKO mice exhibited decreased dark phase 

locomotor activity across the morphine treatment paradigm (Saline vs. Morphine Day 10: t(206) 

= 3.276, p = 0.0074; Morphine Day 1 vs. Morphine Day 10: t(206) = 3.076, p = 0.0119), while 

their light phase locomotor activity remained unchanged (Figure S5A). As a result, diurnal 

differences in horizontal activity ([Activity]dark phase—[Activity]light phase) for control and 

McKO mice were significantly decreased following subchronic (Saline vs. Morphine Day 6; 

Control: t(93.5) = 4.082, p = 0.0006; McKO: t(94) = 2.923, p = 0.0174) and chronic morphine 

(Saline vs. Morphine Day 10; Control: t(93.5) = 3.911, p = 0.0009; McKO: t(94) = 4.203, p = 

0.0004) treatment when compared with vehicle-treated activity measures (Figure S5A). 

Meanwhile, morphine exposure did not seem to impact locomotor activity in MKO mice, 

regardless of treatment day (Figure S5A,B). 
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Upon subchronic and chronic morphine exposure, no significant differences were 

observed between McKO and MKO animals. However, McKO mice did appear to gradually 

decrease their dark phase activity throughout the treatment paradigm, while MKO mice did not 

exhibit any changes in average locomotor activity in either phase (Figures 3.1 and S5). 

Furthermore, diurnal differences in overall horizonal activity decreased in McKO mice, but not 

MKO mice, following 6 and 10 days of morphine exposure (Figure S5). This suggests that these 

chronic morphine-induced decreases in activity across the paradigm were dependent on MOR-

expressing cells outside of the retina (not ipRGCs). Perhaps more intriguingly, following 

subchronic and chronic morphine exposure, control mice exhibited increased activity relative to 

McKO littermates (Figures 3.1 and S5). While both control and McKO mice showed reduced 

diurnal differences in horizontal locomotor activity, these differences resulted from progressive 

increases in control daytime activity throughout the morphine treatment regimen (Figure S5). 

These findings are consistent with past work showing that morphine-pellet-implanted rats 

exhibited a decrease in their diurnal activity amplitudes relative to those of controls [14]. 

Interestingly, while overall differences in light vs. dark activity decreased throughout protracted 

morphine treatment, the dark phase activity remained higher than that in the light phase across all 

experimental conditions (p < 0.01, Figure S6). This indicates that while morphine’s ability to 

alter mouse locomotor activity is robust, it is not enough to completely eliminate light’s ability to 

entrain the circadian rhythms of locomotor activity. 

3.2.2 McKO mice display diminished morphine-induced behavioral sensitization compared to 

control littermates 

` The increase in control and McKO horizontal activity following morphine injections on 

day 6 and 10 was evident (Figure 5). This stereotyped increase in locomotor activity following 
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repeated morphine exposure has been previously termed behavioral sensitization (Kalivas and 

Duffy, 1987; Smith et al., 2009). This behavioral phenomenon has been well established within 

the field, as rodents tend to increase their locomotor response over the course of chronic opioid 

paradigms (Kalivas and Duffy, 1987; Yoo et al., 2003; Smith et al., 2009). To quantify 

morphine-induced increases in horizontal activity, we assessed horizontal locomotor activity 

during ZT 1, ZT 2, ZT 13, and ZT 14 (2–3 h) following a 20 mg/kg i.p. morphine injection at ZT 

0 and ZT 12 (Figure 5A). Horizontal activity data were transformed (square root) to meet the 

normality and homogenous variance ANOVA assumptions. Notably, we excluded the first hour 

post-injection from our analysis, as locomotor depression has been observed in mice within the 

first ~30 min following systemic morphine administration, resulting in little total change in 

horizontal activity within the first hour (Hecht and Schiorring, 1979; Szkeley et al., 1980; Itoh et 

al., 1987). When we compared differences in injection-induced horizontal locomotor activity 

across genotype, no significant differences were detected following saline and acute morphine 

treatment at ZT 0 and ZT 12 (Figure 3.2A,B). However, after six days of morphine exposure, 

control animals exhibited increased morphine-induced behavioral activity compared with both 

McKO littermates and MKO mice during the light phase (Control vs. McKO: t(221) = 2.341, p = 

0.0403; Control vs. MKO: t(224) = 3.309, p = 0.0033; Figure 3.2C). This effect was amplified 

following 10 days of morphine treatment, as control animals retained their increased morphine-

related locomotor activity compared with McKO and MKO mice in the light (Control vs. McKO: 

t(221) = 3.216, p = 0.0030; Control vs. MKO: t(224) = 5.527, p < 0.0001; Figure 3.2D). Control 

mice also showed increased behavioral activity compared with MKO mice in the dark following 

chronic morphine exposure (t(224) = 4.110, p = 0.0002; Figure 3.2D). Additionally, during 

Morphine Day 10, McKO mice exhibited increased post-injection horizontal activity compared 
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Figure 3.2 McKO mice exhibited reduced morphine-induced locomotor activation compared with 
control littermates following protracted morphine exposure. (A) Quantification of locomotor 
activity 1–2 h following saline injections at ZT0 and ZT12 for Control (n = 15), McKO (n = 10), 
and MKO (n = 7) mice. (B) Quantification of horizontal activity 1–2 h following initial 20 mg/kg 
i.p. morphine injections at ZT0 and ZT12 for Control (n = 15), McKO (n = 10), and MKO (n = 7) 
mice. (C) Quantification of horizontal activity 1–2 h following 20 mg/kg i.p. morphine injections 
at ZT0 and ZT12 for Control (n = 14), McKO (n = 9), and MKO (n = 7) mice on day 6 of the 
morphine treatment paradigm. (D) Quantification of horizontal activity 1–2 h following 20 mg/kg 
i.p. morphine injections at ZT0 and ZT12 for Control (n = 14), McKO (n = 9), and MKO (n = 7) 
mice on day 10 of the morphine treatment paradigm. Three-way ANOVA with a Holm–
Bonferonni post hoc adjustment was performed on all pairwise comparisons (# p < 0.05, * p < 
0.01, ** p < 0.001, *** p < 0.0001). Data presented as mean ± SEM. 

with MKO animals in both the light (t(215) = 2.563, p = 0.0111) and the dark (t(215) = 2.446, p 

= 0.0305; Figure 3.2D). 

Interestingly, when we compared horizontal activity across experimental days within 

mice of the same genotype, only control animals acquired morphine-induced behavioral 
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sensitization compared with vehicle injection days in both dark (Saline vs. Morphine Day 10: 

t(206) = −3.427, p = 0.0044) and light phases (Saline vs. Morphine Day 6: t(206) = −4.645, p < 

0.0001; Saline vs. Morphine Day 10: t(206) = −6.108, p < 0.0001; Figure S7A,B). Meanwhile, 

McKO and MKO mice did not exhibit significant increases in post-injection locomotor activity 

over the course of the experiment (Figure S7C–F). While the role of MORs in the acquisition of 

behavioral sensitization is well-established (Tian et al., 1997; Sora and Li, 2001; Yoo et al., 

2003), these data point to a potential contribution of MORs expressed by ipRGCs in morphine-

induced locomotor sensitization. 

3.2.3 Morphine has disparate effects on body temperature across the chronic treatment paradigm 

in mice differentially expressing the MOR 

Body temperature data were also obtained from implanted transmitters during the chronic 

morphine administration protocol described above. During the last day of vehicle treatment, 

control mice had higher average body temperature than McKO littermates in the light phase 

(Control vs. McKO: t(219) = 3.823, p = 0.0005); additionally, control animals showed increased 

body temperature compared with MKO animals in the dark phase following treatment with 

saline (Control vs. MKO: t(223) = 2.960, p = 0.0102; Figure 3.3A,B). Interestingly, no 

significant body temperature differences between the genotypes were detected upon acute 

morphine exposure (Morphine Day 1) (Figure 3A,B). However, differences between the 

genotypes returned following 6 and 10 days of morphine treatment, as control mice again had 

higher average body temperature than McKO littermates during both light (Morphine Day 6: 

t(217) = 3.659, p = 0.0010; Morphine Day 10: t(217) = 3.069, p = 0.0073) and dark (Morphine 

Day 6: t(217) = 3.338, p = 0.0028; Morphine Day 10: t(217) = 3.250, p = 0.0040) phases (Figure 

3.3A,B). Additionally, control mice had higher body temperature compared with MKO mice in  
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Figure 3.3 Morphine had differential effects on body temperature in control, McKO, and MKO 
mice across the morphine treatment paradigm. (A) Average body temperature plotted for control 
(n = 14–15), McKO (n = 9–10), and MKO (n = 7) mice by hour (Zeitgeber Time) for different 
experimental days. Arrows indicate time of i.p. injection with either saline (white arrows) or 20 
mg/kg of morphine (orange arrows). (B) McKO mice had a lower mean body temperature than 
control littermates on all experimental days except for the first day of morphine treatment. Three-
way ANOVA (phase x genotype x experimental day) with a Tukey post hoc adjustment was 
performed on all pairwise comparisons. (# p < 0.05, * p < 0.01, ** p < 0.001). Data presented as 
mean ± SEM. 
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the light phase alone (t(223) = 2.768, p = 0.0122; Figure 3A,B), and McKO mice had decreased 

dark phase body temperature compared with MKO mice on Morphine Day 6 (t(212) = −2.494, p 

= 0.0268; Figure 3.3A,B). 

When we dissected the changes in body temperature across experimental days, it 

appeared that chronic morphine tended to decrease overall body temperature during both light 

and dark phases (except in the dark phase for MKO mice) (Figure S8A). In control mice, 

significant reductions in body temperature existed between Saline and Morphine Day 6 (light: 

t(206) = 2.543, p = 0.0499; dark: t(206) = 3.448, p = 0.0034) as well as Saline and Morphine Day 

10 (light: t(206) = 3.780, p = 0.0012; dark: t(206) = 4.247, p = 0.0002) during both phases 

(Figure S8A). Similarly, McKO mice had reductions in dark phase body temperature between 

Saline and Morphine Days 6 (t(206) = 4.108, p = 0.0003) and 10 (t(206) = 4.664, p < 0.0001). 

Additionally, McKO mice exhibited significant differences between Morphine Day 1 and 

Morphine Day 10 in both the light (t(206) = 2.932, p= 0.0225) and dark phases (t(206) = 2.857, p 

= 0.0189; Figure S8A). MKO mice exhibited body temperature decreases when Saline was 

compared with Morphine Day 10 (t(205) = 3.285, p = 0.0072) and when Morphine Day 1 was 

compared with Day 10 (t(205) = 2.615, p = 0.0479) during the light phase, while MKO mice 

showed no such changes across experimental days in the dark phase (Figure S8A). Finally, it is 

important to note that nocturnal increases in overall body temperature were maintained for all 

experimental days across each genotype (p < 0.01; Figure S9). 

3.2.4 Control mice, but not McKO or MKO mice, appear to develop tolerance to the 

hypothermic effects of morphine during chronic administration 

Similar to the locomotor effects of morphine, the hypothermic response to high morphine 

doses has been shown to be biphasic, with a brief increase in body temperature followed by a 
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longer-lasting period of hypothermia upon systemic administration (Rawls and Benamar, 2011). 

Thus, to capture the peak of the acute morphine effect on body temperature, we looked at the 

window of time described above (2–3 h after i.p. morphine injections): ZT 1, ZT 2, ZT 13, and 

ZT 14. Analyses of this portion of the data revealed that control mice exhibited decreased body 

temperature in both light (Saline vs. Morphine Day 1: t(205) = 2.757, p = 0.0381) and dark 

(Saline vs. Morphine Day 1: t(205) = 2.944, p = 0.0217) phases following acute morphine 

exposure (Figure 4.4A,B). In the light phase, control mice showed a significant increase in body 

temperature between Morphine Day 1 and 10 (t(206) = −2.728, p = 0.0381); the body 

temperature was also increased (near saline baseline measurements) in the dark phase following 

prolonged morphine exposure (Saline vs. Morphine Day 10: t(206) = 1.405, p = 0.5629; Figure 

4.4A,B). In the dark phase, McKO mice exhibited a similar reduction in body temperature 

compared to saline (t(205) = 3.667, p= 0.0019); however, this reduction persisted throughout the 

morphine treatment paradigm (Saline vs. Morphine Day 6: t(206) = 2.959, p = 0.0173; Saline vs. 

Morphine Day 10: t(206) = 2.955, p = 0.0173; Figure 4.4C,D). Importantly, no changes were 

detected in body temperature during the light phase (ZT 1 & ZT 2) in McKO animals (Figure 

4.4C,D). Finally, MKO animals showed no significant changes in post-injection body 

temperature throughout the course of the treatment paradigm (Figure 4.4E,F).  

When we assessed differences across the three genotypes, we found that during the final 

saline day, control mice had higher body temperature than McKO littermates during the light 

phase (t(221) = 2.505, p = 0.0389; Figure S10A,B). Interestingly, on the first day of morphine 

administration, control mice had higher body temperature compared with McKO mice during the 

dark phase (t(221) = 2.926, p = 0.0114; Figure S10A,B). After six days of systemic morphine  
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Figure 4.4 Control mice, but not McKO or MKO mice, developed tolerance to the hypothermic 
effects of morphine. (A,B) Control mice (n = 14–15) treated with chronic morphine exhibited 
morphine-induced hypothermia following acute but not chronic morphine exposure. Body 
temperature was measured 2–3 h following a 20 mg/kg i.p. morphine injection at ZT0 and ZT12. 
(C,D) McKO mice (n = 9–10) treated with morphine-induced hypothermia in the dark but not in 
the light. Body temperature was measured 2–3 h following a 20 mg/kg i.p. morphine injection at 
ZT0 and ZT12. (E,F) MKO mice (n = 7) exhibited minimal body temperature changes following 
both acute and chronic morphine administration. Body temperature was measured 2–3 h following 
a 20 mg/kg i.p. morphine injection at ZT0 and ZT12. Three-way ANOVA (phase x genotype x 
experimental day) with a Holm–Bonferroni post hoc adjustment was performed on all pairwise 
comparisons (# p < 0.05, * p < 0.01). Timing of injections indicated by the white arrows. Data 
presented as mean ± SEM. 
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exposure, control mice retained their high body temperature compared with McKO littermates in 

the light phase (t(218) = 3.326, p = 0.0031) while also exhibiting increased core temperature in 

the dark phase (t(218) = 3.002, p = 0.0090; Figure S10A,B). Lastly, on Morphine Day 10, 

control mice exhibited higher body temperatures than both McKO and MKO mice after 

morphine injection at both light (Control vs. McKO: t(218) = 3.170, p = 0.0052; Control vs. 

MKO: t(224) = 2.990, p = 0.0062) and dark (Control vs. McKO: t(218) = 3.429, p = 0.0022; 

Control vs. MKO: t(224) = 2.822, p = 0.0104) phases. These data suggest not only that MORs 

are required for the hypothermic effects of high doses of morphine but also that MORs 

specifically expressed by ipRGCs play a modulatory role in tolerance development to morphine-

induced hypothermia. 

3.2.5 Morphine-Induced Behavioral Alterations in McKO Animals Likely Arise from MOR 

Expression Changes within the Retina 

In order to determine whether the reported behavioral effects observed in McKO mice 

were due to alterations in MOR expression within the retina, we needed to validate that Opn4 

drove Cre recombinase (Cre) expression in ipRGCs and not in key regions 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 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 S11A–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 = 



 

54 
 

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+ non-ipRGCs (Figure S11B,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 S11D–F). This was in strong contrast to the pattern of Cre 

immunostaining found in the McKO brain (Figure S12). 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 S12), 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 

S8A–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 S12D–F); and in the PVT, 3.8% of cells were Cre+ (15/398; Figure S12G–

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 paper are likely small if not insignificant.  
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3.3 Discussion 

Synchronizing circadian activity rhythms to environmental light/dark cycles is essential 

for an organism’s ability to survive (LeGates et al., 2014). Mounting evidence points to 

synchronization of activity during specific light/dark phases to be crucial to optimal health of 

humans and rodents alike (LeGates et al., 2014). Results from the present study confirmed that 

chronic morphine exposure can drastically alter both circadian locomotor activity as well as body 

temperature rhythms (Moreton et al., 1976; Gillman et al., 2009; Glaser et al., 2012). Morphine 

primarily exerts its effect via MORs that are widely expressed throughout both the CNS as well 

as other body systems (Andersen et al., 2003). Thus, the observation that twice daily morphine 

exposure alters circadian behavioral/body temperature rhythms is not particularly surprising 

(Figures 3.1 and S5). Indeed, this effect has been extensively demonstrated in both humans and 

rodents (Moreton et al., 1976; Byku and Gannon, 2000; Vansteensel et al., 2005; Gillman et al., 

2009; Glaser et al., 2012; Serdarevic et al., 2017; Eacret et al., 2020; Simmons et al., 2020; Huhn 

and Finan, 2021). However, to our knowledge, no studies have examined the role of MORs 

expressed by retinal neurons in the context of opioid-related circadian dysregulation (Figure S9). 

3.3.1 Systemic Morphine Affects Behavioral Activity via MORs Expressed by ipRGCs 

Saline-injected mice lacking MORs (MKO) exhibited decreased horizontal activity 

compared with control/McKO aged-matched mice (Figure 3.1B). This finding is interesting, as it 

is consistent with the idea that increased levels of MOR-preferring β-endorphin at night 

potentially contribute to regulating behavioral activity (Kerdelhue et al., 1983; Berezin et al., 

2022). On the other hand, it differs from previous findings from our lab that showed decreased 

dark phase activity in McKO mice compared with wildtype (C57BL6/J) animals (Berezin et al., 

2022). This discrepancy in findings can be potentially attributed to two factors: (1) the use of 
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littermate control animals (in this study) instead of wildtype mice as controls and (2) the stress of 

repeated injections utilized in the present study. Stress has been shown to alter circadian rhythms 

in both humans and rodents (Koch et al., 2017). Thus, it is possible that the stress of repeated 

injections in the present study was enough to mask the decreases in nocturnal activity between 

McKO and control animals during the saline injection period. Interestingly, a pattern of 

decreased nocturnal behavior persisted after acute morphine exposure, which is consistent with 

the idea that the locomotor activation associated with morphine is acquired rather than innate 

(Kalivas and Duffy, 1987).  

Examining the activity traces across experimental days, we noticed that as mice 

proceeded through the chronic morphine paradigm, mouse activity became increasingly 

entrained to each morphine injection (Figures 3.1 and S7). Not only was the activity entrained to 

these injections, but their horizontal locomotor activity appeared to increase over the course of 

the chronic morphine paradigm (Figures 3.1 and S7). A similar effect has been reported in rats, 

wherein fentanyl-treated rats’ locomotion remained entrained to the drug infusion even after 

cessation of drug treatment (Gillman et al., 2009). Drug-induced hyperlocomotion (often referred 

to as behavioral activation) is a well-established phenomenon associated with rewarding 

properties of opioids and other drugs of abuse (Kalivas and Duffy, 1987; Robinson and Berridge, 

1993). While this phenomenon was first described 50 years ago (Babbini and Davis, 1972), our 

data are the first to suggest that ipRGCs contribute to this acquired drug-related behavior.  

To concentrate on the peak effect of morphine on horizontal activity, we specifically 

analyzed ZT 1, ZT 2, ZT 13, and ZT 14 (2–3 h) after daily injections at ZT 0 and ZT 12. 

Analysis of ZT 1, ZT 2, ZT 13, and ZT 14 revealed no differences between genotypes or 

experimental days during the light (ZT 1 & ZT 2) or dark (ZT 13 & ZT 14) phases post injection 
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with vehicle and acute morphine (Figures 3.2 and S7). However, after subchronic and chronic 

morphine exposure, differences began to emerge. Consistent with past findings (Tian et al., 

1997; Sora and Li, 2001; Contarino et al., 2002; Yoo et al., 2003), MKO mice did not acquire 

morphine-induced behavioral sensitization following chronic exposure and thus exhibited 

reduced post-injection locomotor activity compared with age-matched McKO and control 

animals (Figures 3.2 and S7). This corroborates past experiments that have demonstrated the 

necessity of MORs for the acquisition of morphine-induced locomotor activation (Tian et al., 

1997; Sora and Li, 2001; Contarino et al., 2002; Yoo et al., 2003). Surprisingly, MKO mice 

increased their locomotor activity between ZT 18 and ZT 23 following prolonged, but not acute, 

morphine treatment. This is even more interesting when we consider that after 6–12 h post 

injection, the morphine would have been systemically degraded (Bergum et al., 2022a). This 

effect could result from a circadian activity shift mediated by morphine’s weak activity at the δ-

opioid receptor (as δ-opioid receptor agonism has been shown to induce circadian phase shifts in 

rodents) (Byku and Gannon, 2000; Andersen et al., 2003). Intriguingly, only control mice 

appeared to acquire morphine-induced behavioral sensitization (compared with saline baselines), 

while McKO littermates did not (Figure S7). Moreover, control animals showed increased post-

injection horizontal activity following 6 and 10 days of chronic morphine treatment in the light 

phase but not the dark phase (Figure 3.2). This suggests that MORs expressed by ipRGCs might 

only play a role in morphine-induced behavioral activation during the light phase. Light has been 

shown to suppress locomotor activity in an ipRGC-dependent manner via both clock-dependent 

and clock-independent pathways (Lupi et al., 2008; LeGates et al., 2014; Rupp et al., 2019). 

Crucially, the MOR agonist DAMGO reduced light-evoked ipRGC firing via specific ionic 

currents (Cleymaet et al., 2019), and morphine has been shown to accumulate in the mouse retina 
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following chronic systemic injection (Bergum et al., 2022a). Thus, morphine that accumulates in 

the retina could suppress the light-evoked ipRGC firing. MOR-mediated suppression of ipRGC 

activity could thus decrease light-mediated activation of sleep-promoting neurons in the brain’s 

sleep and circadian centers to increase activity in nocturnal animals (Lupi et al., 2008; Rupp et 

al., 2019). While morphine certainly acts on other circadian, arousal, and reward centers within 

the brain to elicit behavioral sensitization/activation (Eacret et al., 2020), to our knowledge, this 

study provides the first behavioral evidence that MORs expressed by ipRGCs are involved in 

morphine-related behavioral sensitization. 

3.3.2 Systemic Morphine Affects Thermoregulation via MORs Expressed by ipRGCs 

Thermoregulation is an important physiological process that allows the body to properly 

function (Morrison and Nakamura, 2011). Circadian changes in body temperature in rodents are 

thought to correlate tightly with those of locomotor activity (Refinetti, 1999). Morphine has been 

shown to differentially alter body temperature depending on the dose (Rawls and Benamar, 

2011; Koek, 2014). Importantly, activation of specific ipRGC subtypes has been linked to acute 

and circadian light-induced reductions in body temperature (Rupp et al., 2019). While circadian 

body temperature changes can sometimes precede circadian locomotor activity changes, 

typically, body temperature rhythms closely resemble circadian activity rhythms (Weinert and 

Waterhouse, 1998; Refinetti, 1999). In mammals, both body temperature and locomotor activity 

are higher during the active phase and lower during the inactive phase (Weinert and Waterhouse, 

1998). While the two are not necessarily linked (Refinetti, 1999), locomotor activity can increase 

body temperature and thus mask the circadian body temperature rhythmicity (Weinert and 

Waterhouse, 1998). Thus, it is important to consider that morphine-induced changes in body 

temperature could be affected by its locomotor effects. Diurnal variations in body temperature 
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were conserved across all genotypes and experimental days (Figure S9). Specifically, control, 

McKO, and MKO mice all exhibited decreased average body temperature in the light phase 

across the morphine treatment regimen (Figure S8). Consistent with the activity data, extended 

morphine exposure reduced diurnal temperature amplitude in control and McKO mice but not 

MKO mice (Figure S8). Importantly, control and McKO mice only exhibited body temperature 

reductions in the dark phase following chronic morphine exposure (Figure S8). Notably, control 

mice had increased body temperature relative to McKO animals during subchronic and chronic 

morphine exposure (Figure 3.3). These data suggest that MORs expressed by ipRGCs play a role 

in the morphine-related body temperature changes in the dark phase but not the light phase. 

While these data are difficult to interpret, they indicate that MORs expressed by ipRGCs might 

play a role in morphine-induced alterations in body temperature regulation. 

High doses of systemic morphine are known to induce robust body temperature decreases 

upon acute exposure (Baker and Meert, 2003; Rawls and Benamar, 2011). Although many 

studies have examined morphine-induced hypothermia, the exact mechanism underlying this 

phenomenon remains unresolved (Rawls and Benamar, 2011). Some rodent studies have 

suggested that the hypothermic effects of high-dose morphine are mediated by the κ-opioid 

receptor (Chen et al., 1996), which could explain the slight decrease in body temperature we 

observed on Morphine Day 10 (relative to saline) in the dark phase (Figure 3.4). However, the 

observation that the post-injection body temperature of MKO mice remained largely unaffected 

by vehicle/morphine treatment strongly implicates MORs in morphine-induced hypothermia.  

In the dark phase, control mice and McKO littermates exhibited significant reductions in 

post-injection body temperatures following acute morphine exposure (relative to saline controls) 

(Figure 3.4A,B). Interestingly, McKO littermates showed little change in post-injection body 
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temperature throughout chronic morphine treatment (Figure 3.4B). Meanwhile, control mice 

exhibited reductions in morphine’s hypothermic effect over the course of chronic treatment (in 

both phases) (Figure 3.4A). Based on these data, Control animals appeared to develop tolerance 

to the hypothermic effects of morphine. While past studies have reported tolerance to the 

hypothermic effects of morphine (Zarrindast et al., 2001), the mechanism by which this occurs 

remains largely unexplored. It is possible that chronic exposure reduces the hypothermic effect 

of morphine via MOR desensitization within the thermoregulatory pathway. However, upon 

concurrent examination of morphine’s effect on body temperature and locomotor behavior across 

the chronic treatment paradigm, it appears to us that morphine-induced increases in behavioral 

activity across the paradigm might be driving a gradual body temperature increase. In other 

words, the return of post-injection body temperature (near saline levels) could be due to the heat 

that is produced by morphine-induced behavioral activation. In support of this idea, both the 

hypothermic effects and the locomotor-stimulating effects of morphine have been linked to the 

mesolimbic dopamine pathway (Kalivas and Duffy, 1987; Zarrindast and Zarghi, 1992; Becker 

et al., 2001; Baker and Meert, 2002; Le Marec et al., 2011; Koek et al., 2012). Moreover, opioid 

receptors in the preoptic area of the hypothalamus (POA) have been associated with both the 

wake-promoting and thermoregulatory properties of opioid drugs (Chen et al., 1996; Greco et al., 

2008; Wang et al., 2013). Taken together, these findings suggest that a convergent mechanism 

underlies both morphine-induced behavioral sensitization and the progressive reductions in 

morphine-induced hypothermia. 

3.3.3 Strengths and Limitations 

To gain a clearer understanding of morphine’s effect on circadian behavioral rhythms, we 

employed mini-telemetry devices to measure their horizontal locomotor activity and body 



 

61 
 

temperature 24 h/day for the duration of each trial. While this method does require surgery, it 

provides a more complete picture of the animal’s locomotor behavior throughout the day when 

compared with traditional wheel-running experiments. First, wheel running is not able to record 

locomotor activity when mice are away from the wheel. Additionally, the inherent rewarding 

nature of wheel running (Novak et al., 2012) complicates the interpretation of the data when 

studying drugs of abuse such as morphine. To distill the morphine-specific effect on horizontal 

locomotor activity, we first treated the mice with saline for 5–6 days prior to morphine exposure. 

This helped the animals habituate to handling while also providing us with a behavioral baseline 

to compare to the drug treatment. Specifically, by comparing vehicle-injected animals to 

morphine-injected animals we controlled for any potential locomotor responses that the stress of 

handling and/or the i.p. injection itself might elicit.  

While the current study uncovered a potentially novel contributor to morphine-induced 

behavioral sensitization, this study was not without limitations. First, the use of the 

Control/McKO line yielded mice with at least a 75% C57BL/6J background, while the MKO 

mice were completely backcrossed to the C57BL/6J background. Importantly, the control line 

has been shown to exhibit normal morphine-induced antinociception and develop antinociceptive 

tolerance (Weibel et al., 2013). Moreover, this mouse line acquires opioid-induced behavioral 

activation/sensitization and self-administers opioids (Severino et al., 2020). For the purposes of 

this study, the control/Mufl line functions normally with regard to opioid-related behavioral 

responses, and we thus felt it was acceptable to compare Control/McKO animals to age-matched 

MKO animals (despite minor differences in genetic background) (Weibel et al., 2013).  

Another potential limitation of our study was using the Cre-lox breeding strategy to generate 

McKOs where only ipRGCs are expected to lack MORs. Specifically, many Opn4-cre mouse 
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lines have been shown to express Cre in retinal ganglion cells other than ipRGCs (Ecker et al., 

2010; Maloney et al., 2022). Consequently, other retinal neurons might lose functional MOR 

expression as a result of the cross between Opn4-cre mice and mice with a floxed version of the 

MOR. While Opn4-cre mice have been shown to label non-photosensitive retinal ganglion cells 

(Maloney et al., 2022), it is unlikely that potentially removing MORs from these retinal ganglion 

cells would have any significant effect on light-mediated regulation of behavior. For example, in 

aging rats, loss of ipRGCs and no other retinal ganglion cells correlates well with circadian 

rhythm impairments (Lax et al., 2016). Additionally, in a number of retinal diseases affected a 

variety of cell types, at the stages where alterations in circadian rhythms are detected, the 

misalignments have been positivity correlated with ipRGC loss (Lax et al., 2019). This further 

substantiates the role of ipRGCs in mediating circadian photoentrainment over other types of 

retinal neurons that might express Cre and/or MORs.  

Interestingly, there is some evidence of Opn4 expression outside of the mammalian 

retina. In humans, Opn4 expression was detected in areas of the brain that express MORs. The 

most significant areas are the caudate, putamen, and nucleus accumbens (Moraes et al., 2021). 

Additionally, studies performed in C3H/HeNHsd rd/rd mice have indicated Opn4 expression in 

the hypothalamus and cerebellum (Flyktman et al., 2017). Thus, Opn4-driven Cre expression 

could reduce functional MOR in specific brain regions involved in morphine-induced changes in 

locomotor activity and temperature regulation. However, we have previously shown that McKO 

animals do not exhibit significant differences in MOR expression compared to control (Berezin 

et al., 2022). Additionally, mouse studies in C57BL6 mice have shown that MOR-expressing 

cells in these regions (specifically the caudate, putamen, nucleus accumbens, and cerebellum) do 

not also express Opn4 and vice versa (Saunders et al., 2018). This suggests that brain regions 
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that are important for mediating morphine-induced locomotor activation would not have Cre-

dependent decreases in MOR expression. Furthermore, our own validation of the McKO mouse 

line indicated that Cre expression was primarily restricted to cells in the retina (with minimal 

expression in the brain) (Figures S11 and S12). While experimental evidence points to the idea 

that Cre-dependent elimination of functional MOR expression occurs mostly within the retina, 

we acknowledge that the Opn4-cre mouse line could be functionally modulating MOR 

expression in a small subset of brain neurons that could affect morphine-driven behaviors.  

Animal handling complications limited this study to assessing the effect of morphine on 

body temperature and locomotor activity in freely moving animals (see Materials and Methods). 

While we were not able to directly assess sleep/wake activity using EEG/EMG, telemetric 

locomotor activity monitoring has been shown to provide a reliable behavioral readout that 

correlates well with EEG/EMG-derived sleep/wake analysis in rodents (Storch et al., 2004). 

Lastly, the present experiments were performed using exclusively male mice to avoid any 

behavioral complications associated with the estrus cycle. Future studies should examine the 

contribution of MORs expressed by ipRGCs to potential sex-dependent differences in the effect 

of opioids on circadian behaviors. These studies in female animals are crucial given mounting 

evidence of sex-related differences in the responsiveness to opioid drugs in rodents and humans 

(Mogil et al., 2000; Zubieta et al., 2002; Craft et al., 2006). 

3.4 Materials and Methods 

3.4.1 Animals 

Oprm1fl/fl (Mufl) breeders (Jackson Labs strain #030074) were generously provided by 

Dr. Brigitte Kieffer (Douglas Research Center, McGill University). Mufl mice have exons two 

and three of the MOR (Oprm1) gene flanked by a loxP site and were maintained on a 50% 
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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 (Cleymaet et al., 2021; Berezin et al., 

2022). In brief, Mufl 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% Mufl/control: 50% McKO littermates. Notably, this Mufl/McKO line was maintained on a 

background containing at least 75% C57BL/6J and 25% 129Sv. In all experiments, Mufl 

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.  

For the validation of this McKO mouse line, 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). To examine Cre expression within the brain, we used mice that 

had Cre recombinase under control of the 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).  
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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. 

3.4.2 Morphine Treatment 

Mice were weighed and injected with doses of sterile saline or 20 mg/kg of morphine i.p. 

(Morphine sulfate salt pentahydrate, Sigma-Aldrich, Saint Louis, MO, USA; Product Number: 

M8777, dissolved in sterile saline). The dosage of 20 mg/kg i.p. morphine is commonly used to 

assess analgesic tolerance in mice (Peart and Gross, 2004). Mice received two injections daily: 

one at light onset (ZT 0) and a second at light offset (ZT 12). Prior to morphine administration, 

mice were injected with sterile saline twice daily for 6–7 days (the corresponding figures show 

the last day). The chronic morphine treatment paradigm consisted of 12 days of twice daily 20 

mg/kg of morphine (administered at ZT 0 and ZT 12), which was always proceeded by at least 5 

days of twice daily saline injections on the same schedule (Bergum et al., 2022a). Mice were 

weighed prior to surgery (preceding the injections) to ensure accurate dosages. 

3.4.3 Surgery and Telemetry Recordings 

Adult male Mufl/control, McKO, and MKO mice were surgically implanted with mini-

telemetry transmitters (HD-X02 or TA-F10, DSI) as previously described (Zhang et al., 2021; 

Berezin et al., 2022). 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 
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abdomen. For HD-X02transmitters, electromyograph (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 left of midline; 2.0 mm posterior to bregma, 1.0 mm right of 

midline) and held in place with dental acrylic. 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 min for the first 30 min post-surgery. Mice 

continued to be monitored for three days in separate cages under a standard 12-h light:12-h dark 

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

(DSI), which relayed the telemetry signals to a computer for recording. It is important to note 

that handling the mice during our twice daily i.p. injection schedule resulted in loosening and/or 

breaking the EMG/EEG leads; therefore, our analysis was reduced to activity and body 

temperature measurements provided by both types of transmitters. The implanted transmitters 

recorded the horizontal movement/locomotor activity and body temperature of Mufl/control, 

McKO, and MKO mice in their home cages (Berezin et al., 2022). Activity, measured in 

arbitrary units (a.u.), was recorded each minute. Mice were considered inactive when no 

horizontal movement was recorded during that minute. Similarly, body temperature 

measurements, measured in °C, were recorded each minute of the experimental trial for each 

animal. 

3.4.4 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 
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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). 

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). 
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3.4.5 Data and Statistical Analysis 

Data are presented as mean ± standard error of the mean (SEM), as specified in figure 

captions. The data were analyzed using two-way (genotype x experimental day) or three-way 

(phase x genotype x experimental day) ANOVA. Some data were transformed to the square root 

scale to satisfy ANOVA assumptions. Data wrangling, visualizations, and analyses were 

performed using RStudio (version 4.0.0) with Holm–Bonferroni post hoc adjustments for all 

pairwise comparisons, and p < 0.05 was considered significant. 

3.5 Conclusions 

The results of this experiment established a potential link between MORs expressed by 

ipRGCs and opioid-induced locomotor sensitization. This finding is particularly surprising 

because most studies assessing the underlying mechanisms of morphine-induced behavioral 

activation/sensitization have focused on MOR expression within the mesolimbic dopamine 

reward circuit and not the photoentrainment pathway (Kalivas and Duffy, 1987; Becker et al., 

2001; Zubieta et al., 2002; Cook, 2003; Smith et al., 2009; Le Marec et al., 2011; Severino et al., 

2020). Behavioral sensitization and the positive-reinforcing effects of opioids have long been 

linked due to their concurrent temporal progression and overlapping neuroanatomical correlates 

(Wise and Bozarth, 1987; Tzschentke, 2001; Smith et al., 2009). Moreover, behavioral 

sensitization is considered to be a strong behavioral marker for addiction-associated behaviors 

(Robinson and Berridge, 1993; Le Marec et al., 2011). Thus, the findings presented here, in 

conjunction with past work from our lab, not only suggest a retinal contribution to opioid-

induced circadian disruptions but also point to ipRGC’s involvement in the mixed etiology of 

drug-related behaviors (Cleymaet et al., 2019; Berezin et al., 2022; Bergum et al., 2022a). While 

we are not suggesting that ipRGCs are a primary mediator of these opioid-induced effects, this 
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study presents ipRGCs a potentially novel target to ameliorate the effects of opioid-related 

sleep/wake disturbances. 
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Chapter 4 - µ-Opioid Receptors May Not Develop Cellular Tolerance at the Level of Solitary 

Intrinsically Photosensitive Retinal Ganglion Cells 

 
 
4.1 Introduction 

Opioids remain among the most effective analgesics for treating both moderate and 

severe pain (Rosenblum et al., 2008).  Unfortunately, long-term opioid use is often associated 

with analgesic tolerance, drug dependence and sleep/wake problems (Contet et al., 2004; 

Williams et al., 2013; Huhn and Finan, 2021). While the mechanism underlying opioid tolerance 

and addiction have been extensively studied, no clear picture has emerged regarding the cellular 

mechanisms underlying these processes.  

Tolerance is broadly defined as a reduction in drug efficacy following prolonged 

exposure (Williams et al., 2013). Analgesic tolerance has been linked to the development of 

cellular tolerance in cells within the pain pathway such as the periaqueductal grey (Bagley et al., 

2005; Adhikary and Williams, 2022). Classically, cellular tolerance is tested by measuring 

reductions in MOR agonist-mediated effects on cells derived from opioid-treated animals 

compared to opioid-naïve animals (Christie et al., 1987; Connor et al., 1999; Bagley et al., 2005; 

Levitt and Williams, 2012; Adhikary and Williams, 2022). Most of these experiments use G 

protein-mediated activation of G protein-coupled inwardly-rectifying potassium channel (GIRK) 

currents (Christie et al., 1987; Levitt and Williams, 2012; Fox and Hentges, 2017; Adhikary and 

Williams, 2022) and/or inhibition of voltage-gated calcium currents as a cellular readout for 

MOR activation (Connor and Christie, 1998; Connor et al., 1999; Bagley et al., 2005; Johnson et 

al., 2006).  Interestingly, there is no evidence of GIRK channel expression in ipRGCs (Figure 

4.1), but it has been previously shown that DAMGO inhibits ipRGC activity via inhibition of 
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voltage-gated calcium channels (Cleymaet et al., 2019). Therefore, we decided to test tolerance 

at the cellular level by using MOR-mediated voltage-gated calcium channel inhibition as a 

measure of MOR activation.  Results from this investigation revealed that no change in 

responsiveness to MOR agonists between cells derived morphine-treated and morphine-naïve 

mice. This suggests that ipRGCs may not develop tolerance to opioid drugs following chronic 

systemic exposure.  

4.2 Results 

4.2.1 Mouse ipRGCs Do Not Express Functional GIRK Channels 

GIRKs are perhaps the best-established MOR effector and mediate the inhibitory effects 

of opioids in various parts of the brain (Christie et al., 1987; Bagley et al., 2005; Levitt and 

Williams, 2012; Fox and Hentges, 2017; Adhikary and Williams, 2022). Unfortunately, when we 

immunolabelled for GIRK2 in the retina of mice that express Enhanced Green Fluorescent 

Protein (EGFP) exclusively in M1-M3 subtypes (Opn4::EGFP, (Schmidt et al., 2008)) we could 

not detect GIRK2 protein (Figure 4.1B), while GIRK2 was robustly expressed in the ventral 

tegmental area (Figure 4.1A). Additionally, application of the GIRK-specific activator 

(VU0529331) did not induce characteristic whole-cell GIRK current in solitary ipRGCs during a 

voltage-ramp protocol (Figure 4.1C) (Kozek et al., 2019). Moreover, ipRGCs do not exhibit a 

strong hyperpolarization upon MOR agonist application (data not shown); further indicating that 

ipRGCs do not express functional GIRK channels (Cleymaet et al., 2019). 

4.2.2 Solitary ipRGCs May Not Develop Tolerance at the Level of Voltage-gated Calcium 

Channels 

To dissect how MOR agonists affect somatic whole cell voltage-gated calcium currents in 

ipRGCs, we cultured retinal neurons from adult Opn4::EGFP+ melanopsin reporter mice.  
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Figure 6.1 Opn4::EGFP+ ipRGCs do not express GIRK. (A) Single optical section shows robust 
GIRK2 expression (green) in the mouse ventral tegmental area. (B) Single optical section shows 
no GIRK2 expression (red) in Opn4::EGFP+ ipRGCs (green). (C) Application of maximal 
concentration of GIRK agonist (VU0529331) did not induce characteristic GIRK currents 
induced by a voltage-ramp in solitary ipRGCs.  
 
Notably, Opn4::EGFP+ mice allowed us to target ipRGCs in a mixed acute retina culture. We 

then employed a cesium-based pipette solution along with an extracellular solution containing 

tetrodotoxin (TTX) to block potassium and sodium currents, respectively. Solitary ipRGCs were 

subjected to a depolarizing voltage-ramp protocol to measure whole-cell voltage-gated calcium 

currents. Using this protocol, we measured voltage-ramp evoked baseline whole-cell calcium 

currents in ipRGCs. We then introduced by 1 µM MOR selective agonist DAMGO into the 

extracellular bath solution and ran the same depolarizing voltage-ramp protocol. To verify the 

DAMGO-mediated inhibition of the whole-cell calcium current was not due to current rundown, 

we perfused 1 µM of the opioid antagonist naloxone to the extracellular bath solution and 

recorded a final ramp-evoked calcium current. 
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To determine if chronic morphine exposure reduces the ability of MOR agonists to 

inhibit voltage-gated calcium currents via inhibitory G proteins, these experiments were 

performed in enzymatically dissociated solitary ipRGCs derived from morphine-naïve and 

morphine-treated animals. Morphine treated mice were administered 20 mg/kg morphine twice  

 

Figure 4.2 Solitary ipRGCs may not develop cellular tolerance following chronic morphine 
exposure at the level of whole cell Ca2+ currents. (A) Representative trace of ramp-evoked Ca2+ 
currents in a morphine-naïve enzymatically dissociated Opn4::EGFP+ ipRGC in control (black), 
1 µM DAMGO (red) and 1 µM Naloxone treatment. (B) Cumulative data showing Ca2+ current 
amplitude plotted for morphine-naïve ipRGCs (n=9) in control, 1 µM DAMGO and 1 µM 
Naloxone. One-way ANOVA performed with a Tukey post hoc adjustment. (C) Cumulative data 
showing Ca2+ current amplitude plotted for morphine-treated ipRGCs (n=7) in control, 1 µM 
DAMGO and 1 µM Naloxone. One-way ANOVA performed with a Tukey post hoc adjustment 
(D) Comparison of DAMGO-mediated inhibition of peak Ca2+ current does not differ between 
ipRGCs derived from morphine-naïve vs. morphine treated mice. Independent samples t-test 
performed. Data presented as mean ± SEM, *=p<0.01. 
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daily for 6 days and retinas were dissected/dissociated one hour following the injection (Bergum 

et al., 2022b, 2022a). Importantly, solitary ipRGCs derived from morphine-treated animals were 

recorded up to 6 hours following the injection as tolerance is thought to persist for at least 6 

hours following cessation of morphine exposure (Christie et al., 1987; Levitt and Williams, 

2012; Adhikary and Williams, 2022). 

Results show that the peak ramp-evoked calcium current was significantly reduced 

following 1 µM DAMGO treatment compared to control and antagonist treatment (1 µM 

naloxone), with no significant differences between ramp-evoked currents in control and naloxone 

treatment (Figure 4.2A). These findings confirm previous work from our lab that suggested 

DAMGO reversibly inhibited voltage-gated calcium currents in ipRGCs derived from morphine-

naïve (n=9) mice (Figure 4.2B) (Cleymaet et al., 2019).  Building on these findings, we 

performed similar whole-cell voltage clamp experiments on ipRGCs derived from mice that were 

chronically treated with morphine (n=7). These experiments yielded similar results to cells from 

animals with no exposure to morphine; with decreased ramp-evoked calcium currents following 

treatment with MOR agonist DAMGO (compared to control and naloxone treatment) (Figure 

4.2C). Amazingly, when we compared the percent of DAMGO-mediated inhibition of the peak 

calcium current, no significant differences existed between cells derived from morphine naïve 

versus morphine-treated animals (Figure 4.2D, p= 0.6934). These results indicate that MOR-

mediated inhibition of voltage gated calcium channels in solitary ipRGCs does not develop 

tolerance following chronic morphine administration. Results from these experiments suggest 

that solitary ipRGCs may not develop cellular tolerance following repeated morphine exposure.  
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4.3 Discussion 

While the efficacy of opioid drugs in producing analgesic tolerance reduced following 

protracted use, opioid-related sleep/wake disturbances persist and even worsen throughout the 

course of opioid treatment (Kay, 1975; Hsu et al., 2012; Fathi et al., 2020; Huhn and Finan, 

2021). Thus, it appears that chronic opioid users do not develop tolerance to the effect of opioids 

on sleep/wake behaviors. Previous studies from our lab pointed to a potential role for MOR 

expressing ipRGCs in opioid-related sleep/wake disruption (Cleymaet et al., 2019; Bergum et al., 

2022c, 2022b), however the cellular and molecular correlates for this persistent drug-induced 

circadian disturbance have yet to be thoroughly investigated. The findings of these experiments 

point to the idea that either MORs expressed by ipRGCs do not develop opioid tolerance or the 

MOR-effector coupling in ipRGCs is different. Thus, MOR expressing ipRGC may be a 

potential mediator of the persistent sleep/wake problems that are characteristic of long-term 

opioid use. 

4.3.1 The Effect of Chronic Morphine on MORs Expressed by ipRGCs 

 Experiments have attempted to link the development of cellular tolerance to analgesic 

tolerance for decades (Christie et al., 1987; Williams et al., 2013; Adhikary and Williams, 2022). 

Typically, GIRK currents have been used as a reliable cellular readout for MOR activation 

(Christie et al., 1987; Levitt and Williams, 2012; Fox and Hentges, 2017; Adhikary and 

Williams, 2022). However, the lack of GIRK expression in ipRGCs (Figure 6.1) meant that we 

were forced to use an alternative MOR effector as an electrophysiological readout for MOR 

activation. Researchers investigating cellular tolerance development in the periaqueductal gray 

(PAG) ran into a similar problem with functional GIRK expression in only a subset of neurons 

(and small currents in the neurons that did functionally express the GIRK channel) (Bagley et al., 
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2005; Connor et al., 2015). These researchers used MOR-mediated inhibition of voltage-gated 

calcium channels as an alternative, yet reliable readout for MOR function (Connor and Christie, 

1998; Bagley et al., 2005; Connor et al., 2015). Indeed, inhibition of whole cell calcium currents 

is mediated by the 𝛽𝛾 subunits of inhibitory G proteins and thus provides a relatively direct 

measure of MOR-effector coupling (Williams et al., 2001; Connor et al., 2015). As previous 

work from our lab revealed that DAMGO inhibited whole cell calcium currents (Cleymaet et al., 

2019), we employed MOR-inhibition of voltage-dependent calcium channels as a functional 

readout for MOR activation (Figure 6.2).  

 Past experiments examining cellular tolerance via MOR-induced inhibition of voltage-

gated calcium channels included whole cell electrophysiology performed in expression systems 

as well as in dissociated neuronal cultures and brain slice preparations (Kennedy and Henderson, 

1991; Connor et al., 1999, 2015; Bagley et al., 2005). Indeed, morphine-treated cells in culture as 

well as those derived from morphine-treated animals appeared to develop tolerance at the level 

of voltage-dependent calcium channels (Kennedy and Henderson, 1991; Connor et al., 1999, 

2015, 2015; Bagley et al., 2005; Johnson et al., 2006). Notably, these studies recorded from both 

dissociated neurons and slice preparations from the PAG, locus coeruleus as well as the 

trigeminal ganglion; all of which are regions associated with pain and/or pain modulation. 

Amazingly, MORs expressed by ipRGCs do not appear to develop tolerance following chronic 

exposure to morphine (in terms of the MOR-mediated inhibition of the voltage-dependent 

calcium current). This is especially significant when we consider that voltage-gated calcium 

channels not only play a role in the opioid-mediated effect on intracellular signaling, but are also 

an important component of the melanopsin signaling cascade (Hartwick et al., 2007). In fact, it is 

thought that voltage-gated calcium channel activity is responsible for sustained ipRGC firing in 
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response to light (Cleymaet et al., 2019). Thus, the approximately 20% reduction we see in 

whole cell calcium current in response to 1 μM DAMGO could significantly impact the ability of 

ipRGCs to fire spikes in response to environmental light stimuli in vivo. Importantly, morphine 

not only persists, but accumulates in the mouse retina following chronic systemic exposure 

(Bergum et al., 2022a). Given that MOR-mediated inhibition of calcium influx remains 

unaffected by chronic morphine, it follows that chronic MOR activation from opioid drugs 

accumulating in the retina would persistently inhibit ipRGC firing (especially in response to 

light). Thus, we believe that persistent opioid-mediated inhibition of ipRGC might contribute to 

the sleep/wake dysregulation commonly associated with chronic opioid use.  

4.3.2 Strengths and Limitations 

This study was carefully designed so that we could reliably assay MOR activation in 

ipRGCs using a well-established and physiologically relevant effector as a readout. Furthermore, 

the MOR-mediated inhibition was reversible by naloxone, confirming that the effect was indeed 

due to MOR activation (rather than current rundown over the course of each recording). While 

these experiments provided some compelling data, it is important to note some of the more 

significant limitations and pitfalls associated with this study. 

While it is tempting to label MORs expressed by ipRGCs as resistant to opioid tolerance, 

there are still a number of factors that must be considered. Firstly, the use of MOR-mediated 

inhibition of voltage-gated calcium channels only provides a readout of MOR activation by 

looking at one effector. While we were unable to record GIRK currents from solitary ipRGCs 

(even following intravitreal injection of a Cre-dependent virus containing the GIRK channel, as 

in Marcott et al., 2014), it has been shown that MOR activation shifts the activation threshold of 

voltage-gated potassium currents (Cleymaet et al., 2019). Unfortunately, we were unable to 
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reliably reproduce this data in solitary ipRGCs derived from untreated mice and thus could not 

test if this MOR-mediated effect was altered following chronic systemic exposure to morphine 

(data not shown). Many of the previously published recordings that examined the MOR-induced 

shift in voltage-gated potassium current activation supplemented the culture media (by including 

ciliary growth factor, brain derived neurotrophic factor and forskolin) which may be crucial for 

the intracellular signaling cascade that is thought to mediate the MOR effect on the whole cell 

potassium current (Cleymaet et al., 2019). Additionally, the MOR-mediated shift in voltage-

gated potassium current activation is highly variable and less robust than the MOR-induced 

inhibition of voltage-gated calcium channels. Future experiments could focus on how MORs 

affect cyclic adenosine monophosphate (cAMP) signaling in ipRGCs as the enzymatic activity of 

adenylate cyclase is inhibited by the α subunit of Go/i proteins (Williams et al., 2001). 

While examining voltage-gated currents to assess MOR activation is common and well 

accepted, the most compelling experiments would assess how MOR activation alters the firing 

activity of ipRGCs. We have previously shown that DAMGO can suppress light-evoked firing in 

ipRGCs using multielectrode array and loose-patch recording methods (Cleymaet et al., 2019). 

However, the blue light used to visualize the GFP+ ipRGCs would instantaneously light-adapt 

the retina (Schmidt et al., 2008), thus, we were unable to perform similar experiments that 

examined ipRGC light response. Despite this, we attempted to record ipRGC activity in both 

cell-attached and current clamp modes, to examine the effect of MOR activation on baseline and 

current-evoked ipRGC firing. In cell attached mode, we reliably recorded extracellular spikes 

from acutely dissociated ipRGCs, however, the shifting baseline throughout each recording made 

it difficult to determine a drug effect (data not shown). Similarly, in current clamp mode, the 

declining health of the cells prevented us from reproducibly recording a DAMGO effect on 
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current-evoked action potential firing (data not shown). Due to the invasive nature of the whole 

cell patch clamp technique, using multielectrode array to perform these experiments might 

produce more reliable results.  

Finally, it is important to note that these findings were performed on enzymatically 

dissociated ipRGCs. These dissociated neurons are often devoid of any processes which makes 

them fundamentally different from patching on ipRGCs in retinal slice and/or whole mount 

preparations. Acutely dissociated ipRGCs lack synaptic inputs from neighboring cells which is 

advantageous when attempting to ascertain a direct somatic effect of a drug on whole cell ipRGC 

currents without the use of an expensive synaptic blocking cocktail. With that said, 

enzymatically and physically isolating these neurons provides only a limited picture of how 

opioids will affect these neurons in vivo. Indeed, the MOR-mediated inhibition of calcium 

currents might differ in the processes compared to the soma. Low efficiency agonists such as 

morphine failed to activate GIRK currents in dissociated locus coeruleus neurons, while 

increasing potassium conductance in brain slice preparations (Ingram et al., 1997). Thus, moving 

forward it is important to perform similar experiments from MOR-expressing ipRGCs in whole 

mount retinal preparations.  

4.4 Materials and Methods 

4.4.1 Animals 

The mice used in this study were of the transgenic Tg(Opn4-EGFP)ND100Gsat/Mmucd 

strain, generated by the GENSAT project. This strain carries a bacterial artificial chromosome 

(BAC) in which the melanopsin (Opn4) promoter drives expression of enhanced green 

fluorescent protein (EGFP); these mice are referred to as Opn4::EGFP (Schmidt et al., 2008; 

Cleymaet et al., 2019). This study employed adult male and female animals for the experiments. 
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Opn4::EGFP mice anesthetized with isoflurane and euthanized via cervical dislocation. Adult 

male and female animals (8+ 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. 

4.4.2 Morphine Treatment 

Mice were weighed and injected with 20 mg/kg doses of morphine i.p. (Morphine sulfate 

salt pentahydrate, Sigma-Aldrich, Saint Louis, MO, USA; Product Number: M8777, dissolved in 

sterile saline) as previously described (Bergum et al., 2022b, 2022a). Specifically, 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 (McLane et 

al., 2017). 

4.4.3 Patch-clamp Recording Solutions 

For isolation of IK+ in whole-cell voltage-clamp (Figure 4.1C), a K-gluconate based 

internal solution was used. This solution contained (in mM) the following: 110 K-gluconate, 7 

phosphocreatine-di(tris) salt, 10 L-ascorbic acid, 2 EGTA, 3 Mg-ATP, 0.5 Na-GTP, 20 KCl, 10 

HEPES, 2 QX 314, pH 7.2 (adjusted with KOH) and osmolarity of 290 ± 5 mOsmol. For ICa2+ 

recordings, a Cs-gluconate based internal solution was used that contained (in mM) the 

following: 100 Cs-gluconate, 10 phosphocreatine-di(tris) salt, 10 L-ascorbic acid, 2 EGTA, 3 

Mg-ATP, 0.5 Na-GTP, 10 tetraethylammonium chloride, 0.1 CaCl2, 10 NaCl, pH 7.2 (adjusted 

with CsOH) and osmolarity of 295 ± 5 mOsmol, and the extracellular solution was supplemented 
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with 5 mM CaCl2 (Hu et al., 2013; Cleymaet et al., 2019). The standard extracellular solution 

was Ames’ medium (US Biological), with osmolarity of 300 ± 10 mOsmol constantly gassed 

with 95% O2 / 5% CO2. [D-Ala2, MePhe4, Gly-ol5]-enkephalin (DAMGO), Naloxone 

hydrochloride and QX 314 were obtained from Tocris Bioscience (Bristol, UK). Tetrodotoxin 

(TTX) obtained from Alomone Labs (Jerusalem, Israel). Other salts or chemicals were purchased 

from Sigma (St. Louis, MO). 

4.4.4. Dissociated ipRGC preparation for whole cell recording 

Solitary ipRGCs were enzymatically dissociated from Opn4::EGFP mouse retina as  

previously described (Meyer-Franke et al., 1995; Van Hook and Berson, 2010; Cleymaet et al., 

2019). In brief, eyes were enucleated and hemisected posterior to the limbus; the lens and 

vitreous humor were removed. Retinas were detached in dark from the retinal pigmented 

epithelium and incubated for 15 min at 37°C in a papain solution (10 U/ml, Worthington; 

Lakewood, NJ). After rinsing in a papain free solution, manual trituration was performed with a 

large-bore Pasteur pipette and dissociated cells were plated on poly-d-lysine/laminin coated 

coverslips (Corning™BioCoat™; Bedford, MA) followed by >2 hours incubation in MACS® 

NeuroMedium without L-Glutamine (Miltenyi Biotech; Auburn, CA). The medium was 

supplemented with MACS® NeuroBrew-21, antibiotics (100 u/ml penicillin and 100 μg/ml 

streptomycin) and Gibco™ GlutaMAX™ Supplement (ThermoFischer, Waltham, MA, USA). 

Coverslips were transferred to a perfusion chamber mounted on an upright microscope 

(Akioskop 2 FS plus, Zeiss) and superfused at 2–5 ml/min with 300 ± 10 mOsmol bicarbonate 

buffered Ames’ medium (US Biological; Swampscott, MA) constantly gassed with 95% O2 / 5% 

CO2. Coverslips were viewed through a 40x water immersion objective, infrared differential 

contrast, and an infrared CCD camera with 2.5 pre-magnification (XC-75; Sony, Japan) 
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connected to a Camera Controller C2741–62 (Hamamatsu; Japan), which directed output to a 

19” monitor (Westinghouse; Santa Fe Springs, CA). Dissociation yielded a mixture of retinal 

neurons from which M1 ipRGCs were identified based on their large size (~10 μm) and bright 

green fluorescence. Cells derived from morphine-treated animals were recorded <6 hours 

following euthanasia; as tolerance persists up to 6 hours following cessation of morphine 

exposure (Christie et al., 1987; Levitt and Williams, 2012; Adhikary and Williams, 2022). 

4.4.5 Whole cell voltage-clamp recordings from dissociated, solitary ipRGCs 

A horizontal puller (model p-97, Sutter; Novato, CA) was used to pull patch pipettes of 

5–15 MΩ from 1.5-mm-diameter, thick-walled borosilicate glass (World Precision Instruments; 

Sarasota, FL). The pipettes were subsequently coated with dental wax (Cavex; Netherlands) to 

minimize stray pipette capacitance. Whole-cell voltage-clamp recordings were made from 

dissociated ipRGC somas using an EPC-10 USB patch-clamp amplifier and Patchmaster 

software (version 2.3; HEKA) at room temperature during daytime. Membrane current and 

voltage data were filtered at 3 kHz. Recordings with leak >50 pA at −70 mV holding potential 

and/or series resistance (Rs) >50 MΩ at any time during the recording were terminated and 

excluded from analysis. Similarly, if the Rs changed more than 10% during the recording, data 

was not considered for further analysis. The holding current to set the holding potential at −70 

mV at break in was determined in voltage-clamp mode. Voltage-gated potassium current (IK+) 

and voltage-gated calcium current (ICa2+) was evoked by a voltage-clamp ramp protocol that 

lasted 2 seconds and extended from −100 to 50 mV (sampled at 5 kHz).  

4.4.6 Data and Statistical Analysis 

Data were analyzed off-line using IgorPro software (version 5.03; Wavemetrics) as 

previously described in (Tooker et al., 2013). Voltage-clamp ramp were leak-subtracted and 
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normalized to the peak to analyze the Ca2+ or K+ current. The leak subtraction procedure 

consisted of extrapolating the slope of the line between −100 mV and −60 mV. The estimated 

leak current was subtracted from the raw value providing the “pure” ICa2+ or IK+. Normalized, 

leak-subtracted ramp-evoked ICa2+ I-V curves were fit using the following Boltzmann equation: I 

= 1 / { 1 + exp[ ( V -V1/2) / S ]}, where V1/2 is the half-activation potential and S is the slope of 

the voltage dependency.  

Data are presented as mean ± standard error of the mean (SEM) as specified in figure 

captions. The data were analyzed using a one-way ANOVA or unpaired t-test; performed using 

RStudio (version 4.0.0) with Tukey’s post hoc adjustments for all pairwise comparisons, and p < 

0.05 was considered significant. 

4.5 Conclusions 

The findings from the above investigation provides interesting data suggesting the MORs 

expressed by ipRGCs could be resistant to tolerance development at a cellular level. These 

results in consort with past work from our lab support the idea that retinal MORs could 

contribute to opioid-related sleep/wake problems (Cleymaet et al., 2019; Bergum et al., 2022b, 

2022a). Indeed, morphine has been shown to accumulate in the retina following systemic 

exposure (Bergum et al., 2022a), which can have implications on non-image forming visual 

functions including PLR and regulation of sleep/wake behaviors (LeGates et al., 2014; Cleymaet 

et al., 2021; Bergum et al., 2022b). This study suggests that MOR function following chronic 

opioid exposure may not desensitize in ipRGCs. Therefore, it appears that ipRGC firing is 

persistently altered by retinal opioid accumulation could have a significant impact on ipRGC 

signaling that is crucial for regulating sleep/wake activity.  Given that persistent sleep/wake 

dysfunction is a hallmark of long-term opioid use (Kay, 1975; Hsu et al., 2012; Huhn and Finan, 
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2021), the present study offers MORs expressed by ipRGCs a potential molecular correlate for 

chronic opioid-induced sleep/wake disturbances. 
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Chapter 5 – Discussion 
 
 
 

Despite evidence that chronic opioid use results in persistent sleep/wake disturbances, the 

exact mechanism by which this occurs remains poorly understood. Due to the lack of a 

significant opioid-related visual phenotype, the retina has not been the focus of investigations 

into the mechanism of opioid-induced sleep and circadian dysfunction. Although opioids have 

been reported to alter pupil size and PLR in humans and rodents (Pickworth et al., 1990, 1991; 

Grace et al., 2010; Cleymaet et al., 2021), only recently have people turned to ipRGCs as a 

potential source of opioid-related sleep/wake disturbances. Indeed, ipRGCs are crucial regulators 

of non-image forming visual functions including PLR and circadian photoentrainment (LeGates 

et al., 2014). While past research has provided a great framework on which to build a case for a 

retinal contribution to opioid-induced sleep/wake problems (Mistlberger and Holmes, 1999; 

Byku and Gannon, 2000; Meijer et al., 2000; Vansteensel et al., 2005; Eacret et al., 2020; Huhn 

and Finan, 2021), this investigation provides strong evidence that support the idea that ipRGCs 

contribute to opioid-related sleep/wake dysfunction. Here, we will review the results of the 

present investigation and contextualize these results in the context of opioids and sleep/wake 

regulation.  

5.1 The Role of Endogenous Retinal Opioid Signaling in Sleep/Wake Regulation 

To better understand how exogenous opioid compounds like morphine might dysregulate 

retinal opioid signaling, it is first important to examine the endogenous role of opioid signaling 

in terms of sleep/wake regulation. Early work done in the retina revealed an opposing role for 

local dopaminergic and opioidergic signaling in the tuning of retinal processing to light/dark 

adapted conditions (Dubocovich and Weiner, 1983; Boelen et al., 1994). Our studies performed 
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in the mouse retina corroborate this idea as increases in β-endorphin as well as POMC mRNA 

(the β-endorphin precursor) expression in the retina were evident during the dark phase (Berezin 

et al., 2022). Importantly, our group has shown that choline acetyltransferase (ChAT)+ 

cholinergic amacrine cells express POMC and are likely the main source of retinal β-endorphin 

(Gallagher et al., 2010). In a follow-up study, we found that β-endorphin+ ChaT+ amacrine cells 

were increased in the dark which suggests that β-endorphin release is enhanced in the dark 

phase. Additionally, alterations in retinal opioid signaling have been linked to alterations in sleep 

and circadian behavior in mice. In line with the immunohistochemical evidence, mini telemetry 

data showed that McKO mice (lacking the MOR exclusively in ipRGCs) exhibited reduced 

locomotor activity and decreased wakefulness/increased sleep in the dark phase compared to 

wild type animals (Berezin et al., 2022). Importantly, McKO mice did not exhibit any significant 

changes in circadian photoentrainment (ie. remained nocturnal). When we consider that ipRGC 

spiking is interpreted by the mammalian brain as environmental light (Do, 2019), it appears that 

endogenous β-endorphin release in the dark phase functions to suppress ipRGC firing via the 

MOR. Indeed, ipRGCs have been shown to fire spontaneous spikes in the dark (Zhao et al., 

2014; Do, 2019) and the resting membrane potential of ipRGCs is depolarized (about -40 mV for 

the M1 subtype) which means opioid-induced suppression of ipRGC activity could have a 

significant impact on the amount of ipRGC-dependent signal that reaches the brain’s sleep/wake 

centers (Lucas and Schmidt, 2019). In this way, it appears that MOR signaling in ipRGCs plays a 

functional role in sleep/wake homeostasis rather than sleep induction. These findings are 

consistent with the idea that retinal opioid signaling is involved in tuning ipRGC firing to 

regulate proper sleep/wake behavior in mice.  
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Mice are nocturnal animals with light acting as s very strong signal for sleep induction 

and homeostasis (Altimus et al., 2008; Güler et al., 2008; Lupi et al., 2008; Tsai et al., 2009). 

The role of retinal opioid signaling in regulating dark-phase wakefulness behavior in mice has 

been outlined, however it is important to consider the neuromodulator that is often associated 

with light in the retina: dopamine. Dopamine has been shown to directly modulate ipRGC 

activity as well as to be dependent on light for its release (Van Hook et al., 2012; Vuong et al., 

2015; Munteanu et al., 2018). Past research has shown that dopaminergic amacrine cells (DACs) 

appear to release dopamine upon illumination (Doyle et al., 2002; Witkovsky, 2004) to enhance 

ipRGC activity via the D1 dopamine receptor (D1R) (Van Hook et al., 2012). Enhanced ipRGC 

activity is in turn interpreted by the mouse brain as a robust signal for sleep. In the retina, 

dopamine appears to be an opposing modulatory force to opioids in terms of the regulation of 

ipRGC activity.  

 To dive into the reciprocal neuromodulatory effects of dopamine and opioid signaling in 

the retina, we must also examine how these neurotransmitters regulate each other’s release. 

While there is some evidence of dopamine inhibiting the release of the endogenous opioid 

peptide enkephalin in the chicken retina, these studies have not been replicated in mammalian 

models (Boelen et al., 1994). However, enkephalin was shown to negatively regulate dopamine 

release in the rabbit retina (Dubocovich and Weiner, 1983). These findings informed work from 

our group which sought to examine the role of opioid signaling in the mouse inner retina. To 

follow up on this study, our group identified that DACs express both MORs and DORs 

(Gallagher et al., 2012). As MORs and DORs bind preferentially to endogenous β-endorphin and 

enkephalin (Kieffer, 1995), it follows that this interaction within DAC synaptic terminals 

underlies the opioid-dependent suppression of dopamine release (Dubocovich and Weiner, 
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1983). Importantly, this suggests that in the dark β-endorphin can effectively blunt dopamine 

mediated excitation via D1Rs on ipRGCs, providing an indirect signal for the suppression of  

ipRGC activity. When we consider that β-endorphin also directly suppresses ipRGC activity via 

MORs in the dark, the importance of endogenous opioid signaling within the inner retina 

  

Figure 5.1 Dopamine and opioid signaling within the inner retina tunes photosensitive retinal 
ganglion cell activity to modulate sleep/wake behavior. Cholinergic amacrine cells (ChACs) 
release β-endorphin onto retinal µ-opioid receptors (MORs) to suppress intrinsically 
photosensitive retinal ganglion cell (ipRGC) activity during the dark phase. Contrastingly, DACs 
release dopamine which binds to D1 dopamine receptors (D1R) on ipRGCs to promote ipRGC 
firing during the light period. Abbreviations: Ganglion cell layer (GCL); Inner nuclear layer 
(INL) Inner plexiform layer (IPL).  
 
becomes even more evident (Berezin et al., 2022). Taken together, β-endorphin, through both 

pre- and postsynaptic means, can suppress ipRGC activity to enhance the strength of the dark 

signal that is transmitted to the sleep/circadian centers in the brain. In turn, the brain will 

interpret low ipRGC firing activity (in the dark) as a strong signal to promote wakefulness and 
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behavioral activity. The proposed roles of dopamine and opioid signaling within the inner retina 

are detailed in Figure 5.1. 

 
5.2 Exogenous Opioid-mediated Disruption of the Non-image Forming Visual Circuit in the 

Inner Retina 

  Now that we have established the role of neuromodulation within the inner retina in the 

context of sleep/wake regulation, we can examine how chronic morphine might alter both opioid 

and dopamine signaling within ipRGCs. Based on recent findings from our lab, morphine 

appears to accumulate in the retina following repeated systemic exposure (Bergum et al., 2022a). 

While the morphine content of the retina samples in this manuscript might include vitreous 

humor (VH), given the proximity of the VH to the ipRGCs in the ganglion cell layer of the retina 

it is almost certain that morphine will be able to act on MORs expressed by ipRGCs. Morphine 

mediated activation of MORs on the cell surface of ipRGCs can signal to downstream effectors 

to the suppress ipRGC activity via inhibition of voltage-gated calcium channels and shifting the 

activation of voltage-dependent potassium (as well as by inhibiting adenylate cyclase activity) 

(Williams et al., 2013; Cleymaet et al., 2019). Moreover, morphine in the inner retina will likely 

inhibit the release of dopamine from DACs presynaptic to ipRGCs. In this way, morphine can 

act both pre- and postsynaptically to reduce ipRGC activity independent of the endogenous 

opioid peptides in the retina. While morphine does accumulate following chronic systemic 

exposure, it also appears to have a longer half-life in the retina compared to the brain (Bergum et 

al., 2022a). This means that chronic morphine exposure might lead to sustained activation of 

MORs within this retinal microcircuit. In fact, sustained and/or repeated activation of MORs 

often leads to rapid receptor desensitization and/or tolerance (Williams et al., 2013). Indeed, 

multiple MOR effectors ( including, but not limited to GIRKs, adenylate cyclase and voltage-
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gated calcium channels) exhibit adaptations that are associated with chronic opioid exposure 

(Williams et al., 2001, 2013; Adhikary and Williams, 2022). In our hands, we failed to see any 

functional changes in MOR-mediated inhibition of voltage-gated calcium currents following 

chronic morphine exposure. While future work should focus on how chronic MOR activation 

affects adenylate cyclase/cAMP signaling within ipRGCs, data from this investigation does 

suggest that MORs expressed by ipRGCs might be resistant to developing tolerance (at the 

cellular level). This finding differs from similar experiments performed in brain neurons (PAG, 

locus coeruleus and trigeminal ganglion) that showed reduced MOR-mediated inhibition of 

whole cell calcium currents following chronic morphine exposure (Connor et al., 1999, 2015; 

Johnson et al., 2006). The implications of the lack of cellular tolerance development are 

interesting to consider as it suggests that ipRGCs do not employ cellular adaptations to suppress 

overactive MOR signaling. Physiologically, this suggests that morphine-treated animals have 

ipRGCs that are tonically inhibited by persistent morphine deposited in the retina. While this is 

an interesting observation, the current study lacks the depth needed to form a meaningful 

mechanistic explanation for an apparent lack of cellular tolerance development in ipRGCs. 

Given that ipRGCs are not the only cell type in the inner retina that express MORs, we 

can surmise that morphine accumulation would also effect MOR-expressing DACs that release 

dopamine onto ipRGCs. Based on our model, morphine could persistently inhibit dopamine 

release into the inner retina; suppressing a light-related neuromodulatory signal associated with 

ipRGC activation. However, MORs are also somatic and no visual deficits have been reported as 

the result of opioid use. Morphine-mediated suppression of DAC-ipRGC dopamine signaling 

could thus magnify the inhibitory effect that morphine has on ipRGCs via a presynaptic 

mechanism. Given that presynaptic MORs tend not to desensitize following prolonged activation 
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(Pennock et al., 2012), it is tempting to speculate that MORs expressed on the axon terminals of 

DACs may also not reduce their signaling efficiency following chronic exposure to morphine. 

Future work will have to confirm this speculation about MORs expressed by DACs, however 

further investigation into MORs expressed by ipRGC might provide valuable information 

regarding their seeming lack of functional adaptations following continuous activation. Taken 

together, retinal morphine can both directly (via MORs expressed by ipRGCs) and indirectly (via 

inhibition of DAC) reduce ipRGC activity, effectively diluting the light information that is 

transmitted to the brain via ipRGCs. In this way, the morphine that persists in the retina 

following chronic treatment can obscure the brain’s ability to entrain to the environmental 

light/dark cycle, which could underlie some of the sleep/wake problems that are associated with 

long-term opioid use.  

5.3 The Role of Retinal MORs in Opioid-induced Sleep/Wake Problems 

When looking at the behavioral data in Chapter 3, it is still unclear the exact role that 

MORs expressed by ipRGCs play in opioid-related sleep/wake problems. While we did perform 

an extensive behavioral study to try and disentangle ipRGC involvement with regard to opioid-

related circadian changes, this investigation revealed a surprising behavioral sensitization 

phenotype without providing a clear mechanistic understanding of exactly how opioids perturb 

sleep (via ipRGCs). Similar to past rodent studies (Kosobud et al., 2007; Gillman et al., 2009), 

we saw that mice shifted their entrainment from light to the drug injection over the course of the 

morphine treatment paradigm. This is consistent with reports that individuals with substance use 

disorders tend to have circadian disruptions that are associated with habitual drug taking (Hasler 

et al., 2012; Tamura et al., 2021). The psychomotor stimulant theory of addiction links drug-

induced behavioral sensitization to central reward circuitry (Kalivas and Duffy, 1987; Wise and 
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Bozarth, 1987). Given this link, results from Chapter 3 suggest that MORs expressed by ipRGC 

might be involved in both circadian regulation as well as addiction-related behaviors (Bergum et 

al., 2022b). While this is an intriguing finding, it still leaves many questions as to the functional 

contribution of MOR expressing ipRGCs to opioid-related sleep/wake dysfunction.  

Both rodent and human studies have shown that substance use can lead to circadian 

disruption, indeed, individuals with substance use disorders experience significant delays in 

sleep/wake phase which often manifests as insomnia and daytime sleepiness (Meijer et al., 2000; 

Vansteensel et al., 2005; Roehrs and Roth, 2015; Chakravorty et al., 2018; Rhon, 2019; 

Baldassarri et al., 2020). Based on past research that highlighted the importance of ipRGCs on 

circadian entrainment to environmental light cues (especially in the context of hormonal, mood 

and cognitive regulation) (LeGates et al., 2014), one would expect that opioids within the retina 

would alter photoentrainment. Indeed, light-mediated circadian phase shifts were blocked in 

rodents that have been administered opioid drugs (Meijer et al., 2000; Vansteensel et al., 2005). 

Specifically, we anticipated that persistent opioid-mediated inhibition of ipRGC function might 

cause animals to drift into free running; mimicking the circadian phenotype observed in 

enucleated mice (Foster et al., 1991) as well as in animals wherein ipRGC have been selectively 

ablated (Güler et al., 2008). While retinal opioid accumulation may not be sufficient to 

completely block ipRGC-dependent light input to hypothalamic sleep/circadian centers, it is 

likely that the reported opioid-induced circadian disturbances seen in rodents are at least partially 

mediated by MORs expressed by ipRGCs. Our schedule of morphine administration entrained 

mouse behavioral activity to morphine injections, which masked regular circadian behavior 

entrained by light (for nocturnal mice). Importantly, MORs expressed by ipRGCs exerted a more 

significant effect in this “re-entrainment” process during the light phase, which is consistent with 
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light-induced activity of ipRGCs. Future experiments utilizing osmotic pumps and/or morphine 

pellets may provide valuable information regarding the role of retinal MOR signaling and its 

contribution to opioid-induced circadian changes. 

5.4 Conclusions 

 The findings from the current investigation provide strong pharmacokinetic and 

pharmacodynamic evidence for the contribution of MOR-expressing ipRGCs to chronic opioid-

induced sleep/wake dysfunction. The selective accumulation of morphine in the mouse retina in 

conjunction with evidence suggesting that MORs expressed by ipRGCs might be resistant to 

tolerance development indicate that MORs expressed by ipRGCs are continuously signaling 

throughout chronic morphine treatment. Given the significant role that ipRGCs play in circadian 

sleep/wake regulation, it follows that persistent opioid-mediated suppression of ipRGC would 

alter sleep and circadian behaviors in mammals. Behavioral studies in rodents corroborate this 

idea, as opioid drugs have been shown to shift the photic regulation of circadian phase. Indeed, 

MOR agonists can serve as a light-independent signal for circadian entrainment. While there are 

a plethora of sleep/circadian centers in the brain that express the MOR and likely contribute to 

opioid-mediated alterations in sleep/wake behaviors, this investigation supports the idea that 

retinal MORs also play a role. 

Recently, the link between opioid use and sleep/wake dysfunction has gained interest 

from researchers and clinicians (Eacret et al., 2020; Huhn and Finan, 2021). In fact, disrupted 

sleep/wake cycles have recently been appreciated as not just a hallmark of opioid use disorders, 

but also as a therapeutic target to improve clinical outcomes in patients undergoing long-term 

opioid treatment (Chakravorty et al., 2018; Huhn and Finan, 2021). The evidence from this 

investigation positions MORs expressed by ipRGCs as a promising therapeutic target for treating 
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opioid-related sleep/wake dysfunction. Indeed, the retina represents a unique CNS structure that 

is far more accessible for targeted therapeutics than sleep/circadian centers in the brain. 

Moreover, focal application of drugs into the retina could be administered concurrently with 

opioids; hopefully improving sleep/wake function in patients without interfering with the 

therapeutic benefits of the opioid drugs.  
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Figure S1. Morphine accumulates in the retina following chronic systemic exposure. (A & B) 
Morphine appears accumulate in the retina following 13 days of chronic morphine treatment, 
while the serum pharmacokinetics remain similar for samples collected at ZT 2 and ZT 9. 
Three-Way ANOVA with a Tukey post-hoc adjustment natural logarithmic (ln) scale. (#: 
p<0.05, *p<0.001, **p<0.001, ***=p<0.0001). Data presented as the mean ± SEM. 
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Figure S2. Morphine deposits similarly in different brain regions. Hypothalamus and 
cerebral cortex samples collected from the same mice show no difference in morphine 
deposition an hour (ZT 1) after a single 20 mg/kg i.p. morphine injection. Data presented as 
the mean ± SEM and assessed using a paired samples t-test (n=8). 

Table S1. Primer and probe sequences for qRT-PCR experiments. 
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Figure S4. Morphine accumulates in the retina, but not the hypothalamus at ZT 2 and ZT 9. 
(A) Morphine concentrations exceed hypothalamic morphine concentrations at ZT 2 and ZT 
9 following chronic morphine exposure (13 days morphine). (B) Morphine accumulates in 
the retina, but not the hypothalamus following chronic morphine exposure. Two-Way 
ANOVA with a Tukey post-hoc adjustment performed on natural logarithmic (ln) scale. Data 
presented as the mean ± SEM (#p<0.05, *p<0.01, **p<0.001, ***=p<0.0001).  
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Matrix Accuracy Precision 

Range Calibration  

Carryover 
Interference 

LOQ 

Stability 

ng/ml Model ng/ml 

Retina 94-98 % 4.6-6.2% 20-5000 Linear None None 20 72h 

Serum 87-105% 0.84-5.9% 0.5-1000 Linear None None 0.5 72h 

Hypothalamus 94.2-108% 2.9-13.9% 0.2-50 Linear None None 0.2 72h 

 

 

 

 

Parameter Acceptance Criteria 

Accuracy Must not exceed +/- 20% at 3 concentrations 

Precision % CV must not exceed 20% at 3 concentrations 

Calibration Model 

Linear Range with R2 greater than 0.99 (linear mode with 

1/x weighting if appropriate fit) 

Carryover 

Carryover from highest calibrator to subsequent blank 

samples does not exceed 20% of signal of lowest calibrator 

Interference Studies 

No interfering signal form matrix, internal standards, 

standard, or other common drugs of abuse, OTC drugs, and 

prescription medications 

Limit of Quantitation (LOQ) 

Lowest concentration that meets accuracy and precision 

acceptance criteria 

Processed Sample Stability 

Length of time that analyte in extracted sample can be 

stored at room temperature on autosampler rack and meet 

accuracy and precision criteria 

 

 

 

Table S2. Matrix validation results for morphine LC-MS/MS. 

Table S3. Parameters and acceptance criteria for morphine LC-MS/MS matrix validation. 



 

114 
 

 

 

 

 

 

Figure S5. Prolonged, but not acute morphine decreases diurnal variations in circadian 
behavioral activity. (A) Control (n=14-15) mice increase their locomotor activity in the light 
phase, while McKO (n=9-10) littermates decrease their locomotor activity in the light phase 
following repeated morphine exposure (with no change in the MKO regardless of phase or 
experimental day) . Three-way ANOVA with a Holm-Bonferroni post-hoc adjustment 
performed on all pairwise comparisons. (B) Control  and McKO mice exhibit a decrease in 
diurnal variations in circadian activity, whereas MKO (n=7) animals do not. Two-way 
ANOVA with a Holm-Bonferroni post-hoc adjustment performed on all pairwise comparisons 
(#p<0.05, *p<0.01, **p<0.001, ***=p<0.0001). Data presented as mean ± SEM. 
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Figure S6. All genotypes retain normal behavioral activity patterns throughout the course of 
the morphine treatment paradigm. Three-way ANOVA by phase x genotype x experimental 
day (#p<0.05, *p<0.01, **p<0.001, ***=p<0.0001). Data presented as mean ± SEM.  
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Figure S7. Protracted morphine exposure causes morphine-induced behavioral sensitization 
in Control, but not McKO or MKO mice. (A) & (B) Control mice (n=14-15) treated with 
chronic morphine exhibit morphine-induced behavioral activation 2-3 hours following a 20 
mg/kg i.p. morphine injection at ZT0 and ZT12. (C) & (D) McKO mice (n=9-10) treated with 
morphine exhibit no change in morphine-induced behavioral activation 2-3 hours following a 
20 mg/kg i.p. morphine injection at ZT0 and ZT12. (E) & (F) MKO mice (n=7) treated with 
morphine exhibit no morphine-induced behavioral activation 2-3 hours following a 20 mg/kg 
i.p. morphine injection at ZT0 and ZT12. Three-way ANOVA (phase x genotype x 
experimental day) with a Holm-Bonferroni post-hoc adjustment performed on all pairwise 
comparisons. (**p<0.001, ***=p<0.0001). Timing of injections indicated by the white 
arrows. Data presented as mean ± SEM. 
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Figure S8. Prolonged, but not acute morphine decreases body temperature in control, McKO 
and MKO mice. (A) Mice treated with morphine for an extended period of time have 
decreases in average body temperature, except for MKO mice during the dark phase. Three-
way ANOVA with a Holm-Bonferroni post-hoc adjustment performed on all pairwise 
comparisons. (B) Control (n=14-15) and McKO (n=9-10) mice exhibit a decrease in diurnal 
variations in body temperature following chronic morphine exposure, whereas KO (n=7) 
animals do not. Two-way ANOVA with a Holm-Bonferroni post-hoc adjustment performed 
on all pairwise comparisons (#p<0.05, *p<0.01, **p<0.001, ***=p<0.0001). Data presented 
as mean ± SEM. 
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Figure S9. All genotypes retain normal body temperature patterns throughout the course of 
the morphine treatment paradigm. Three-way ANOVA by phase x genotype x experimental 
day (#p<0.05, *p<0.01, **p<0.001, ***=p<0.0001). Data presented as mean ± SEM.  
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Figure S10. Mice that differentially express the MOR show body temperature changes in 
response to injections at different stages of a chronic morphine paradigm. (A) Following 
chronic morphine exposure, control (n=14-15) mice have a post-injection body temperature 
compared to McKO (n=9-10) littermates and age-matched MKO mice (n=7) following a 20 
mg/kg i.p. morphine injection at ZT 0 and ZT 12. Arrows indicate time of i.p. injection with 
either saline (white arrows) or 20 mg/kg morphine (orange arrows). (B) Quantification of 
locomotor activity 2-3 hours following injections at ZT0 and ZT12. Three-way ANOVA with 
a Holm-Bonferroni post-hoc adjustment performed on all pairwise comparisons (#p<0.05, 
*p<0.01, **p<0.001, ***=p<0.0001). Data presented as mean ± SEM. 
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Figure S11. 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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Figure S12. 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 Cre immunoreactivity primarily 
on the surface of (i.e. surrounding) cells. Scale bars = 10 μm 


