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1. ABSTRACT/ ΠΕΡΙΛΗΨΗ 

 

ABSTRACT 

Chronic pain remains one of the most challenging conditions to treat, primarily because the 

opioid class of drugs, while effective in relieving pain, also activate reward circuitry and are 

highly reinforcing. Recent studies in human and nonhuman subjects have highlighted the 

ability of cannabis or cannabinoids (CBs), which also have analgesic effects, to enhance 

some antinociceptive effects of prescription opioids without similarly enhancing their adverse 

effects. However, this line of research has not yet yielded a clinically successful candidate. 

While research to date highlights pharmacological, behavioral, and physiological overlap 

between the cannabinoid and opioid systems, the neurochemical mechanisms through which 

cannabinoids modulate the behavioral effects of opioids remains uncertain. The present 

research begins to address this research gap by evaluating how pharmacological agents 

targeting the cannabinoid system may influence the neurochemical and behavioral effects of 

opioids in laboratory animals. By utilizing in vivo microdialysis techniques coupled with LC-

MS/MS, extracellular drug levels and neurochemical changes in brain regions that are known 

to be involved in pain/reward were evaluated. Results from these studies show that: a) 

extracellular concentrations of oxycodone increased in a dose- and time-dependent manner in 

dialysates samples collected from nAcc shell; b) increases in extracellular dopamine (DA) 

followed oxycodone’s pattern of increase in dialysates from nAcc shell of female but not 

male subjects; c) in male subjects, only HVA increased after a cumulative dose of 3 mg/kg 

(i.p.) was administered; d) the cannabinoid CB1 agonist, AM11245 was detected in brain 

dialysates from prefrontal cortex 140min after a single dose of 1.0 mg/kg, i.p., and WIN55-

212.2 was detected in dialysates from cerebellum 40 min after 3 mg/kg, while 60 min after 30 

mg/kg was present in dialysates from prefrontal cortex; no extracellular drug was found in 
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nAcc core. Data from behavioral studies show that: a) locomotor activity increased in a dose- 

and time-dependent manner after cumulatively administration of fentanyl, while the CB1 

agonist, AM2201 produced a profound decrease in motor activity; and b) oxycodone 

produced a dose-dependent increase in tail withdrawal latencies with maximum 

antinociceptive effects occurring following administration of a cumulative dose of 32 mg/kg. 

Similarly, cumulative administration of the CB1 agonist AM8936 also produced a dose-

dependent increase in tail withdrawal latencies. Maximum antinociceptive effects were 

observed after a cumulative dose of 0.32 mg/kg of AM8936. Together, these neurochemical 

and behavioral data provide a strong foundation for future studies that will examine how the 

cannabinoid system influences the neurochemical and behavioral effects of opioids.  
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Κανναβινοειδική ρύθμιση νευροχημικών και συμπεριφορικών επιδράσεων των οπιοειδών 

 

 

ΠΕΡΙΛΗΨΗ 

Η αντιμετώπιση του χρόνιου πόνου παραμένει μία από τις μεγαλύτερες προκλήσεις της 

εποχής, κυρίως διότι η χρήση των οπιοειδών ως αναλγητικά ενεργοποιεί και το σύστημα 

ανταμοιβής του εγκεφάλου, εντείνοντας τον κίνδυνο εθισμού. Πρόσφατες κλινικές και 

προκλινικές μελέτες έχουν υπογραμμίσει την ικανότητα της κάνναβης και των 

φαρμακευτικών της παραγώγων, τα οποία έχουν επίσης αναλγητική δράση, να ενισχύει τις 

παυσίπονες ιδιότητες των οπιοειδών χωρίς όμως να επιβαρύνει τα αρνητικά τους. Όμως αυτή 

η σειρά ερευνών δεν έχει αναδειξεί κάποια κλινικώς ιδανική φαρμακευτική προσέγγιση, 

ακόμη. Καθώς η έρευνα γύρω από την αλληλεπίδραση του συστήματος των κανναβινοειδών 

με αυτό των οπιοειδών έχει δείξει φαρμακολογικούς, συμπεριφορικούς και φυσιολογικούς 

συνδέσμους, οι νευροχημικοί μηχανισμοί που διέπουν αυτή τη σχέση δεν έχουν μελετηθεί 

μέχρι τώρα. Η παρούσα ερευνητική εργασία αποτελεί μια προσπάθεια γεφύρωσης του κενού 

αυτού, και στοχεύει στη διερεύνηση του πώς φάρμακα που στοχεύουν το σύστημα των 

κανναβινοειδών επηρεάζουν τις νευροχημικές και συμπεριφορικές αλλαγές που επάγονται 

απο τη χορήγηση οπιοειδών. Με τη χρήση iν vivo μικροδιάλυσης συζευγμενης με αναλύση 

μέσω υγρής χωματογραφίας-φασματοσκοπίας μάζας (LC-MS/MS) είναι εφικτή η μέτρηση 

εξωκυττάριων επιπέδων φαρμάκων και νευροχημικών αλλαγών στις περιοχές του εγκεφάλου 

που σχετίζονται με τον πόνο και τον εθισμό. Τα αποτελέσματα αυτής της έρευνας έδειξαν 

ότι: α) η εξωκυττάρια συγκέντρωση οξυκωδώνης αλλάζει με τρόπο χρόνο- και δόσο- 

εξαρτώμενο στον επικλινή πυρήνα (nAcc shell) του εγκεφάλου ενήλικων επιμυών β) η 

αύξηση της εξωκυττάριας συγκέντρωσης ντοπαμίνης ακολουθεί το μοτίβο αλλαγών της 

οξυκωδώνης στα θηλυκά υποκείμενα γ) στα αρσενικά πειραματόζωα τα επίπεδα του 
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ομοβανιλλικού οξέος αυξάνονται μετά τη χορήγηση συσσωρευτικής δόσης 3 mg/kg 

οξυκωδώνης δ) ο αγωνιστής του CB1 υποδοχέα των κανναβινοειδών, ΑΜ11245 ανιχνεύεται 

στον προμετωπιαίο φλοιό 140 λεπτά μετά τη χορήγηση 1 mg/lg του φαρμάκου ενώ το 

συνθετικό κανναβινοειδές WΙΝ55-212.2 εντοπίζεται στην παρεγκεφαλλίδα 40 λεπτά μετά τη 

χορήγηση της δόσης 3 mg/kg, 60 λεπτά μετά τη χορήγηση της δόσης 30 mg/kg βρίσκεται 

στον προμετωπιαίο φλοιό ενώ δεν βρέθηκαν ίχνη του φαρμάκου στον επικλινή πυρήνα. Tα 

δεδομένα από τις συμπεριφορικές μελέτες έδειξαν ότι: α) η κινητική δραστηριότητα επιμυών 

αυξάνεται με δόσο-και χρόνο- εξαρτώμενο τρόπο μετά από χορήγηση φαιντανύλης, ενώ η 

χορήγηση του κανναβινοειδούς ΑΜ2201 προκαλεί μείωση β) η οξυκωδώνη αυξάνει με 

δόσο- εξαρτώμενο τρόπο την καθυστέρηση απομάκρυνσης της ουράς επιμυών από ζεστό 

νερό, με το φαινόμενο να μεγιστοποιείται στη δόση των 32 mg/kg. Παρόμοιως το ΑΜ8936 

παράγει δόσο-εξαρτώμενη αύξηση στο παραπάνω αναλγητικό τεστ. Συνοψίζοντας τα 

δεδομένα αυτά θέτουν τη βάση για μελλοντικές μελέτες που θα προσδιορίζουν λεπτομερώς 

τον τρόπο με τον οποίο το σύστημα των κανναβινοειδών επηρεάζει τις επαγόμενες από τα 

οπιοειδή αλλαγές στη συμπεριφορά και στη νευροχημεία του εγκεφάλου. 
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2. INTRODUCTION 

Chronic pain remains one of the most challenging conditions to treat, primarily 

because the opioid class of drugs, while effective in relieving pain, also activate reward 

circuitry and are highly reinforcing. The relief of pain itself is rewarding and pleasurable, and 

primary rewards, or reward-predictive cues, associated with both opioids and pain relief are 

encoded in brain reward/motivational circuits. Considerable advances have been made in our 

understanding the reward circuits of positive reinforcement, but less is known about those 

underlying pain relief. There is considerable overlap in these circuits and, so, in order to 

develop medications that provide adequate pain relief without resulting in abuse, a 

fundamentally new strategy is needed. 

A growing body of evidence suggests the existence of a functional interaction 

between the endogenous cannabinoid and opioid systems (Tanda et al., 1997; Manzanares et 

al., 1999) For example, an overlap in cannabinoid and opioid receptors has been reported 

with regard to neuroanatomical distribution (Navarro et al., 1998; Mason et al., 1999), 

neurochemical mechanisms (Matsuda et al., 1990; Hutcheson et al., 1998), neurobiological 

properties (Gardner and Vorel, 1998; Manzanares et al., 1999), and pharmacological actions 

(Manzanares et al., 1999; Martin et al., 2000; Navarro et al., 2001). Such functional 

interactions between the cannabinoid and opioid systems raise the possibility that targeting 

cannabinoid CB1 receptors might be a useful approach for developing new medications for 

pain management and/or opioid addiction.  

A widely acknowledged alternative to the use of opioids alone for pain relief is the 

combination of non-opioid and opioid analgesics. In this opioid-sparing approach, the 

combination augments the pain relief provided by the same doses of either drug alone and 

decreases the need for higher doses (Abrams et al., 2011; Gilron et al., 2013; Nielsen et al., 

2017). In turn, the ability to use lower doses for analgesia is expected to reduce or limit 
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undesired opioid effects—e.g., respiratory depression or abuse liability—and blunt the 

development of opioid tolerance and dependence. Indeed, recent studies in human and 

nonhuman subjects have highlighted the ability of cannabis or cannabinoids (CBs), which 

also have analgesic effects, to enhance some antinociceptive effects of prescription opioids 

without similarly enhancing their adverse effects (Tham et al., 2005, Gerak and France, 2016; 

Li et al., 2012; Maguire et al., 2013; but see Melville, 2019). However, this line of research 

(Abrams et al., 2011; Roberts et al., 2006; Welch et al., 1995) has not yet yielded a clinically 

successful candidate. This failure may be attributed in part to undesirable pharmacokinetic 

features of available CBs. For example, the FDA-approved CBs dronabinol (Δ9-THC) and 

nabilone have well-documented disadvantages that complicate their clinical utility (Rubin et 

al., 1977; Lemberger et al., 1982; Agurell et al., 1986; McGilveray, 2005; Grotenhermen, 

2003; Grotenhermen, 2004). Their long durations of action—a result of high lipophilicity and 

the production of active metabolites—are of particular concern because repeated use of long-

acting CBs can lead to rapid tolerance that may reduce their clinical utility and increase their 

dependence liability. Consequently, there is an urgent need for novel CBs with shorter 

durations of action that may be more suitable for combination with prescription opioids.  

Other preclinical studies in rodents have demonstrated that rimonabant (SR), the first 

selective CB1 receptor antagonist, can attenuate the abuse-related behavioral effects of 

opioids suggesting that antagonists at CB1 receptors might also have some beneficial effects 

in countering some of the abuse-related effects of opioids (Navarro et al., 2001). However, in 

clinical studies of obesity and smoking cessation, SR was found to produce unwanted effects 

(i.e., nausea, unacceptable pro-depressant, or anhedonia), which limited the drugs clinical 

utility. Such data have led to the hypothesis that the adverse effects of SR may be related to 

its CB1 inverse agonist activity (measured by activation of adenylate cyclase) and, that CB1 

neutral antagonists that block CB1 receptors with SR-like potency will be devoid of these 
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unwanted side-effects and, in turn, may have greater utility in countering opioids effects. 

While the above research highlights pharmacological, behavioral, and physiological overlap 

between the cannabinoid and opioid systems, the neurochemical mechanisms through which 

cannabinoids modulate the behavioral effects of opioids remains unexplored. The present 

research begins to address this knowledge gap by evaluating how pharmacological agents 

targeting the cannabinoid system may influence the neurochemical and behavioral effects of 

opioids in laboratory animals. Such data will provide highly valuable information that may 

facilitate the development of novel CB ligands to enhance the antinociceptive effects of 

opioids without exacerbating adverse opioid effects and/or prevent opioid addiction. 
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Figure 1: An overview of study objectives. 
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Key Research Questions:

1) Will cannabinoids be useful as aids to opioids for pain management by lowering the dose of opioid needed to produce

analgesia?

2) Will cannabinoids be useful for treating addiction-related neurochemical and behavioral effects of opioids?
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Pain/Reward brain 

regions: Prefrontal 

cortex, VTA, &  NAc

Drug levels

&

Neurotransmitters

Cannabinoid modulation of 

opioids antinociceptive effects

3. THESIS OBJECTIVES  

The overarching goal of this research is to: a) utilize established in vivo microdialysis 

techniques to investigate how drugs targeting the cannabinoid system modulate the 

neurochemical actions of opioids; and b) explore whether opioid-induced changes in brain 

neurochemistry is accompanied with alterations in antinociceptive and other behavioral 

effects of opioids. The specific aim of this thesis is to characterize the neurochemical and 

behavioral effects of cannabinoids and opioids alone and in combination (see also Figure 

1). In particular, using in vivo microdialysis coupled with LC-MS analysis determine how 

increases in extracellular levels of drugs in dialysate samples impact brain neurochemistry 

and behavior  in pain and/or reward-related brain regions. 
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4. THESIS OVERVIEW 

The next section provides background information on the opioid system, the 

cannabinoid system, and describes current understanding of the interplay between these 

systems in pain management and addiction. Next, the real-time monitoring of drug-induced 

changes in extracellular neurotransmitters and detection of extracellular drug levels using in 

vivo microdialysis coupled with liquid chromatography-mass spectrometry (LC-MS) is 

described. This is followed by the methods section which describes the experimental set-up 

and methods that were used in this research to evaluate the neurochemical and behavioral 

effects of opioids and cannabinoids. Thereafter, the results section presents data that have 

been collected thus far on the neurochemical and behavioral effects of opioids and 

cannabinoids that will provide a strong foundation for assessing the interactive 

neurochemical and behavioral effects of  opioid-cannabinoid systems in pain/reward-related 

brain regions. Finally, the discussion and conclusions section provides a summary of the 

findings in this thesis and the future direction section proposes relevant future studies that 

will allow me to considerably expand on the work initiated here and eventually obtain a 

doctoral degree. The multidimensional approach used in this research will advance our 

understanding of the neurochemical and behavioral interplay between the cannabinoid and 

opioid systems. This information will enable a better understanding of outstanding questions 

in neuroscience of pain/reward. 
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5. BACKGROUND 

PAIN AND REWARD 

America is facing two major inter-related public health crises: (1) inadequate management of 

chronic pain and (2) opioid abuse and dependence. According to the comprehensive report 

published by the Institute of Medicine, more than 100 million Americans live with chronic 

pain--more than those with cancer, diabetes and heart disease combined (Institute of 

Medicine; 2011). At the same time, the prescription of opioids for pain management has 

contributed significantly to rising addiction rates and unintended opioid-related overdose 

deaths. Furthermore, the retention of patients in opiate treatment programs is better when 

medications are actually made available and used (Timko et al., 2016). The federal 

government approach to the opioid crisis has been primarily on the supply side by reducing 

the number of opioid prescriptions, especially primary care providers. The concern over the 

opiate crisis has led to Congress authorizing a total of $500 M to National Institutes of Health 

to be used to address it. It is important that research be directed in such a manner that will 

have significant clinical implications, impact on the public health crisis and ensure positive 

outcomes. Even with proper opioid management, the issue of managing chronic pain is 

daunting. It is well known that continued use of opioids leads to “neuroadaptive” changes in 

the brain that directly contribute to drug-seeking and increasing the amount of drug required 

for analgesic efficacy. In addition, this issue is complicated because the endogenous opioid 

system is also adaptively changed by chronic pain in a manner that may very well contribute 

to the difficulty of treating chronic pain with opioids. Unfortunately, the absence of effective 

alternative analgesics suggests that the use of conventional prescription opioids to treat pain 

will continue and their undesirable effects, including addiction and dependence liability, will 

remain a serious public health issue for the foreseeable future. Thompson et al., 2018, 

demonstrated that painful neuropathy altered the endogenous opioid system; 
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immunohistochemistry has been used to show a reduced expression of the μ-opioid receptor, 

MOR1, in caudate-putamen and insula. These findings provide new evidence that the altered 

supraspinal opioid receptor availability observed in human chronic pain patients may be a 

direct result of chronic pain. This is evidence that in order to combat the opioid crisis, a 

completely new strategy to uncover novel mechanisms needs to be developed. Despite the 

obvious relationship between the presence of pain and the abuse of pain-relieving opioids, 

there is surprisingly little mechanistic information for a better understanding of this vitally 

important connectivity (neural circuitries) of pain and addiction in the brain. Improving our 

fundamental understanding of the complex interactions between pain and brain reward 

systems may lead to solutions for both chronic pain and opioid abuse.  

In general, the response to pain is modulated by endogenous opioid peptides and 

many opioid analgesics act directly at or affect the endogenous μ-opioid receptor to uncouple 

the awareness of painful stimulation from the affectual response to such stimuli. For instance, 

high concentrations of μ-opioid receptors in the human brain are found in thalamus, peri-

aqueductal gray, insula, and anterior cingulate (regions involved with pain perception), in the 

ventral tegmental area and nucleus accumbens (nAcc; regions involved with reward), and in 

the amygdala (a region involved with emotional response). Figure 2 depicts overlapping 

anatomical maps of neurotransmitter circuits, each involving DA, that play a role in pain 

modulation and reward/affect in 3 species. This model demonstrates how the opioid system 

influences motivation indirectly by modulating subjective (affective in the animal models) 

feelings of pain and reward that are the result of DA activity in specific brain regions. Brain 

structures that are shared between the pain and reward networks are highlighted in yellow. 

These circuits emphasize the importance of considering both the physiological processes 

involved in the neurotransmission of painful stimuli as well as the subjective awareness and 

affective responses to pain.  
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Figure 2: Comparative circuitries of the reward and pain systems in human (top) and the 

corresponding pathways that exist in rat and monkey--conducting the integrated studies in 

all three species is critical to this project. 

Figure 2 also depicts two anatomically overlapping neurotransmitter circuitries, each 

involving dopamine (DA), that play roles in pain modulation and reward/affect, and that are 

very similar among rodents, nonhuman primates and humans. This model shows how the 

opioid system influences motivation indirectly by modulating subjective feelings of pain and 

reward that are the result of dopaminergic activity in these different brain regions. One brain 

region that is particularly well situated to mediate interactions between pain and reward is the 

nucleus accumbens (nAcc). It receives direct and indirect reward-related signals from DA 

neurons in the midbrain and is thought to signal reward-prediction error (discrepancy 

between the expected and the received reward). Interestingly, both painful and pleasant 

events are associated with the release of endogenous μ-opioids in the nAcc. Other brain 

regions that may play an important role in the expectation of pain relief are the anterior 

cingulate cortex (ACC) and medial prefrontal cortex (MPFC). The ACC neurons express 

high levels of endogenous opioid neuropeptides and play an important role in the descending 
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pain modulation system. It is this connectivity between the two regions that is important in 

treating chronic pain (Kong et al., 2018). 

Drugs of abuse exert their initial reinforcing effects by triggering supraphysiologic 

surges of DA in the nAcc that activate the direct striatal pathway via D1 receptors 

(mesolimbic pathway, which connect the VTA to the nAcc) for reward perception and inhibit 

the indirect striato-cortical pathway via D2 receptors (mesocortical pathways which connects 

the VTA to the PFC) for reward motivated behavior. Repeated drug administration triggers 

neuro-plastic changes in the brain that enhancing the brain’s reactivity to drug cues, reducing 

the sensitivity to non-drug rewards, weakening self-regulation, and increasing the sensitivity 

to stressful stimuli and dysphoria (Volkow et al., 2017). These findings confirm that DA 

plays a key role because it mediates both reward perception and reward motivated behavior 

(Everitt and Robbins, 2005). Drug-induced impairments in DA function can be long lasting 

and so interventions designed to mitigate or restore the balance of D1 and D2 receptor-

mediated activity would be a rational approach for the treatment of substance abuse and 

dependence. 

The role of DA in neural circuits that control motor responses and natural rewards is 

tied to millions of years of human evolution. There is increasing evidence in animal models 

and humans that long-term exposure to drugs of abuse impair DA neurons and DA signaling 

in the nAcc. The VTA of the midbrain sends dopaminergic projections to the nAcc and 

medial prefrontal cortex (mPFC). The nAcc (as well as the lateral habenula, LHb) send 

GABAergic projections to the VTA, while the mPFC sends glutamatergic projections to the 

VTA. The mPFC and nAcc have reciprocal glutamatergic projections. Activity changes in the 

nAcc results in reward seeking or incentive behaviors (Everitt and Robbins, 2005). 

Neurobiological studies of reward have revealed that DA neurons in the ventral tegmental 

area (VTA) and their projections into the nAcc along with the striato-nigro-striatal circuit 
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Figure 3: Summary of opioid receptor signaling. 

Figure depicts opioid receptor signal transduction and 

trafficking. In general, all four opioid receptor subtypes 

share these common pathways.  Selective ligands at 

each opioid receptor can direct opioid receptors to favor 

one or more of these signaling events (biased agonism 

or ligand-directed signaling). Arrows refer to activation 

steps; T lines refer to blockade or inhibition of 

function. (βγ = G protein β-γ subunit; cAMP = cyclic 

adenosine monophosphate; ERK = extracellular signal-

regulated kinase; JNK = c-jun N-terminal kinase; 

MAPK = mitogen-activated protein kinases; P = 

phosphorylation.) (Hasani et al 2011) 

linking the nAcc shell to the dorsal striatum, constitute the critical element of brain reward 

and reinforcement circuitry (Elman et al., 2006), and that dampening natural reward causes 

dysphoria syndrome in the absence of drugs. This effect is mediated in part by actual physical 

shrinkage of VTA DA neurons and dramatically decreasing reward signals (Mazei-Robison 

et al., 2011). Current evidence supports the notion that the reduction of the size of VTA DA 

neurons is caused by depriving the neurons of a crucial nerve growth factor, BDNF (brain-

derived neurotrophic factor). Supporting this idea, evidence also shows that chronic drug 

exposure decreases BDNF signaling in the VTA and impairs reward behavior. Restoration of 

BDNF signaling prevents the ability of drug exposure to decrease the size of VTA neurons. 

Also, the effect of chronic 

morphine is blocked by BDNF 

Infusion into the VTA in 

morphine addicted rat—an 

effect also is seen in humans.  

THE OPIOID SYSTEM 

Opium extracted from 

poppy seeds (Papaver 

somniferum) has been used for 

centuries for its powerful pain-

relieving and euphoric 

properties (Volkow et al 2005). 

Consequently, significant 

research effort to better 

understand such effects of 

opium has not only led to identification of the mu, delta, and kappa opioid receptors but also 
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Figure 4: Sites of action of opioid analgesics. The gray 

pathway shows the sites of action on the pain 

transmission pathway from periphery to central nervous 

system. The red pathway shows the actions on pain-

modulating neurons in the midbrain and medulla. 

GABA = γ-aminobutyric acid; MOR = μ opioid 

receptor. (Hasani et al, 2011) 

the endogenous ligands for these receptors, including the pentapeptides, Met- and Leu-

enkephalin and other peptides – 

the opioid system (Akil et al 

1998). These opioid receptors 

are broadly expressed throughout 

the peripheral and central 

nervous system and, 

consequently activation of these 

receptors have been  reported to 

play a central role in pain and 

addiction (Gerrits et al 2013).  

Opioid receptors are 7-

TM spanning proteins coupled 

with inhibitory G proteins (see 

Figure 3). Activation of these 

receptors by either an 

endogenous or an exogenous 

ligand like morphine, fentanyl or oxycodone triggers the Ga-Gβγ subunits to dissociate and 

act on different downstream intracellular pathways. Pharmacology studies have shown that 

guanosine triphosphate (GTP) can regulate opioid agonist binding and a GTPase activity has 

been further described. In addition, opioid receptor activation seems to inhibit cyclic 

adenosine monophosphate (cAMP) production in a similar manner to other types of G 

protein-coupled receptors (GPCR). The most significant aspect of opioid receptor stimulation 

is the signal transduction process via calcium and potassium ion channels. Briefly, after 

dissociation of Gai and Gβγ, the Gα subunit directly interacts with the G-protein gated 
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inwardly rectifying potassium channel, Kir3. Upon hydrolysis of GTP to guanosine 

diphosphate, the Gβγ protein subunit dissociates from the channel provoking channel 

deactivation. The outcome of this process is cellular hyperpolarization and tonic neural 

inhibition. Of interest, depending on the bound ligand either G-protein dependent signaling or 

β-arrestin recruitment can be engaged (reviewed by Hasani et al 2011). Recently it has been 

suggested that morphine-induced analgesia is associated with Gi-dependent signaling, 

whereas the unwanted adverse effects of respiratory depression and constipation on are 

mediated by β arrestin signal (Figure 4) (Mathews et al 2008; Bohn et al 2000).  As stated 

above, opioid receptors are mostly expressed in pain-modulating descending pathways, such 

as the medulla, locus coeruleus, and periaqueductal gray area as well as in limbic, midbrain, 

and cortical structures (see Figures 2 and 4). Their activation directly inhibits neurons, which 

in turn inhibit spinal cord pain transmission. While this disinhibition is generally associated 

with analgesia, research is still ongoing in this area with investigators continually trying to 

unravel novel modulatory mechanisms in these opioid circuits. 

 

THE CANNABINOID SYSTEM 

The endocannabinoid system consists of two cannabinoid receptors CB1 and CB2, 

which provide binding sites for exogenous ligands, such as chemicals from cannabis plant or 

synthetic analogs. They are both Gi,o coupled but their anatomical distribution differs, as CB1 

is primarily expressed in CNS while CB2 in PNS. Moreover, CB1 is mostly located in 

presynaptic terminals of glutamate and GABA neurons, and its activation leads to decreased 

neurotransmitters release. CB2 on the other hand is found in postsynaptic terminals and 

ligand activation causes membrane hyperpolarization. Briefly, upon ligand binding, CBs 

initiate cell activation and Ca2+ influx, through Gq/ii-coupled signaling. Then endogenous 

cannabinoids, such as AEA and 2-AG are being synthesized on demand and diffuse in the 
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post-synaptic membrane where they interact with CBs from presynaptic nearby cells. 

Following their release, they transmit a negative feedback and signaling terminates through 

cellular reuptake and hydrolysis by the enzymes FAAH, and MGL (reviewed by Parsons et al 

2015). 

It is well established that the endocannabinoid system is implicated in reward and 

reinforcing behaviors (Sidhpura et al 2011). Evidence suggests that exogenous cannabinoid 

drugs produce hedonia and maintain self-administration in animal models and humans 

(Panagis et al 2014). The eCB system possibly facilitates these effects via triggering the 

activation of DA neurons in VTA, and subsequent DA release in terminal regions like the 

nAcc (Glass et al 1997). As shown from recording studies, THC administration leads to 

increase extracellular DA in VTA and in nAcc, however these studies need to be confirmed 

by in vivo experiments. A hypothesis exists that proposes activation of CB1 receptors on 

GABA terminals in nAcc, elevates DA release in nAcc locally (Figure 5) (Wenzel et al 

2018).  

 

CANNABINOID-OPIOID INTERACTIONS  

Cannabinoids exert analgesic properties and are commonly used for medicinal 

purposes such as chronic pain management. The mechanism of their actions generally 

includes inhibition of neurotransmitters and neuropeptides release from presynaptic nerve 

terminals, postsynaptic neuron excitability, activation of descending inhibitory pain pathways 

and neural inflammation decrease. Like the cannabinoid system, the opioid system seems to 

disinhibit DA by inhibiting GABA release in VTA. MORs are expressed in pre- and post-

synaptic terminals at VTA and nAcc, and when they are activated by endogenous or 

exogenous ligands, they cause membrane hyperpolarization and declined neurotransmitters’ 

release (reviewed by Wenzel et al 2018). In fact, these two systems share a lot of similarities.  
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Figure 5: Schematic of proposed eCB and opioid interaction with the mesolimbic dopamine 

system in the ventral tegmental area and the nucleus accumbens. (a) Glutamatergic and 

GABAergic terminals of the ventral tegmental area (VTA) express mu opioid receptors 

(MOPR) and cannabinoid type-1 receptors (CB1). Glutamatergic activation of VTA dopamine 

(DA) neurons likely promotes synthesis and ‘on demand’ release of eCBs, which diffuse out 

of the post-synaptic cell and bind to CB1 to further disinhibit DA release via presynaptic 

GABA inhibition. Likewise, MOPR agonists (exogenous or endogenous opioid peptides) 

disinhibit VTA DA cells through inhibition of GABA neurons, which synapse on VTA DA 

cells or glutamate projections neurons. (b) nAcc DA release can occur independently of VTA 

DA cell body excitation. The VTA sends GABAergic projections to the nAcc, which synapse 

of cholinergic interneurons, inhibiting excitatory cholinergic (ACh) input onto DA terminals. 

CB1 or MOPR-mediated inhibition of these GABA cells may disinhibit ACh release, resulting 

in DA terminal stimulation. However, ACh interneurons express MOPR and CB1, suggesting 

that direct opioid or eCB inhibition of these cells may decrease DA concentration in the nAcc. 

Glutamatergic and GABAergic terminals in the nAcc may also directly modulate DA activity. 

nAcc Glutamate and GABA cells express MOR and/or CB1. Thus, CB1 or MOR agonism of 

GABA inputs to nAcc DA terminals could enhance DA release, while CB1 or MOR-induced 

inhibition of glutamatergic inputs may dampen nAcc DA release. (Wenzel et al 2018) 

For instance, CB1 and MOR are both Gi/o coupled receptors and ligand binding causes 

cAMP and Ca2+ inhibition and potassium channels and MAPK signaling activation. Also,  

agonism stimulation of the receptors has similar behavioral outcomes such as analgesia, 

sedation and reward/reinforcement (Childers, 1991; Howlett, 1995). Moreover, functional 
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interactions between these receptors have been demonstrated given that they are similarly 

distributed throughout the brain and specifically the reward system (Pickel et al, 2004). 

Evidence also suggests colocalization of the receptors in VTA and nAcc, in that a CB1-MOR 

heterodimer is formed causing a synergistic inhibition of GABA release which likely 

mediates reward (Schoffelmeer et al, 2006). Furthermore, CB1 rewarding behavior is blocked 

by MOR antagonism (Ghozland et al, 2002).  Considerable overlap in the pharmacological 

and physiological effects of CB and opioid agonists has led to the suggestion that, depending 

on endpoint, their combination may produce additive or even synergistic effects (Cichewicz, 

2004; Welch, 2009; Cichewicz et al., 1999; Welch and Eades, 1999; Babalonis et al., 2019). 

In this regard, most studies in laboratory animals and man support the idea that CBs, in 

addition to alleviating some types of pain in their own right, can significantly augment the 

antinociceptive effects of prescription opioids (Abrams et al., 2011; Gilron et al., 2013; 

Nielsen et al., 2017; Tham et al., 2005; Gerak and France,, 2016; Li et al., 2012; Maguire et 

al., 2013; Melville, 2019; Roberts et al., 2006; Welch et al., 1995; Chen et al., 2019; Welch et 

al., 2009; Cichewicz et al., 1999; Welch and Eades, 1999; Pertwee, 2000; Lynch and Clark, 

2003; Ware et al., 2003; Maguire and France, 2014; Cooper et al., 2018). Thus, data indicate 

that effective doses of each type of drug can be lower in combination than when administered 

alone, reducing side-effect liabilities of both types of drug. In some studies, the magnitude of 

the CB effect appears to depend on both the efficacy of the opioid analgesic [e.g., fentanyl 

(high efficacy) > nalbuphine (low efficacy)] and the efficacy of the adjunct cannabinoid at 

CB1 receptors [e.g., CP 55,940 (high efficacy) > Δ9-THC (moderate efficacy)] (Maguire and 

France, 2014). However, the role of efficacy in the behavioral effects of CBs is less well 

understood than for opioids. Thus, while differences in efficacy may play a role, the 

magnitude of CB effect also may vary depending on the experimental endpoint or the 
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particular CB and opioid agonists that are combined (Maguire et al., 2013; Maguire and 

France, 2018). 

  

IN VIVO MICRODIALYSIS AND LC-MS ANALYSIS  

The use of in vivo microdialysis techniques to measure real-time changes in 

endogenous neurochemicals in extracellular space of targeted brain regions has contributed 

greatly to our understanding of how alterations in brain neurochemistry influence behavior, 

contribute to central nervous system (CNS) disease states, and impact CNS-related 

neurobiological effects of drugs (Darvesh et al., 2011).  

Figure 6 shows a typical in vivo microdialysis experimental set-up. Using stereotaxic 

apparatus, under anesthesia, laboratory animals (e.g., rats) are first surgically implanted in the 

brain region of interest with a microdialysis probe that consists of inlet and outlet capillaries 

incased in a semipermeable membrane (see Figure 1). Following a recovery period after 

probe implantation (e.g., 24-48 hr in rats), microdialysis experiments can be conducted in 

freely moving animals. Using a microdialysis infusion pump, artificial cerebrospinal fluid or 

ringer solution which is analogous in ionic composition to the surrounding extracellular tissue 

environment is delivered at a constant flow rate (e.g., 1-2 μl/min) through the microdialysis 

probe with an active semipermeable dialyzing membrane of about 1-2 mm in size. This 

dialyzing membrane permits neurochemicals up to a certain molecular weight to diffuse from 

higher to lower concentration regions to be collected in the dialysate sample but prevents the 

passage of larger molecules such as enzymes and proteins. The exclusion of larger molecules 

in dialysate samples reduces the complexity of the dialysate sample and decreases the rate of 

enzyme degradation of neurochemicals. Depending on the experiment, extracellular dialysate 

samples are typically collected and analyzed over time thereby permitting assessment of 
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Figure 6: In vivo microdialysis experimental set-up in rats coupled with LC-MS. 

Benzoyl Chloride
Derivatization

LC-MS analysis

Conventional detection method electrochemical detection (ECD) or HPLC
1) Only electroactive or UV compounds can be detected 
2) Need separation (Time consuming) 
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1) No separation needed
2) Far more sensitive
3) Many analytes can be detected
4) Highthrouput

In Vivo Microdialysis experimental 
set-up in rats & LC-MS

Electrochemical detection

temporal information which can be related to neurobehavioral consequences, alterations in 

CNS-related disease states, and CNS-related drug effects 

 At present, several different methods are employed for analyzing neurochemicals in 

brain dialysate samples. Among these, liquid chromatography (LC) coupled with 

electrochemical or fluorescence detection are the most commonly utilized approaches for 

quantifying multiple analytes including neurotransmitters and metabolites. In particular, LC 

with electrochemical detection has been used to detect electroactive compounds such as 

dopamine, norepinephrine, serotonin, acetylcholine, and their metabolites (Darvesh et al., 

2011), whereas LC with fluorescence detection has been employed to detect amino acid 

neurotransmitters in brain dialysate samples. Both of these analytical methods have provided 

valuable information on the interplay between different neurochemical systems in the brain 

and their role in neurobiological, neurobehavioral and neurophysiological function. While the 
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use of these analytical techniques has led to significant advances in neuroscience research 

over the last four decades, several technical challenges also have impeded our ability to 

measure multiple neurochemical classes and their metabolites in a single analytical assay. For 

example, LC with electrochemical detection typically requires the use of specific assay 

conditions for each individual neurotransmitter or metabolite, e.g., type of mobile phase, pH, 

and column. Thus, separate assays and or/instrumentation is required for quantifying each 

analyte. Moreover, some neurotransmitters like acetylcholine (ACh) are not electroactive but 

may be monitored indirectly via the formation of electrochemically detectable hydrogen 

peroxide from a reaction with acetylcholinesterase and choline oxidase. With regard to 

detection of amino acid neurotransmitters in dialysate samples, pre-column derivatization 

with ortho-phthaladehyde (OPA), naphthalene-2,3- dicarboxyaldehyde (NDA), or fluorescein 

isothiocyanate (FITC) and a thiol such as β-mercaptoethanol or tert-butyl thiol (t-BuSH) is 

generally necessary for detection using LC with fluorescence or electrochemical detection. 

Such issues have further complicated our ability to develop a single analytical method for 

quantifying multiple analytes. Although other techniques (e.g., capillary electrophoresis-laser 

induced fluorescence) have also been utilized to measure multiple neurotransmitters such as 

dopamine, norepinephrine, and glutamate, unfortunately due to the complexity of dialysate 

samples conditions using these approaches have only been optimized for a limited number of 

neurotransmitters/metabolites in a single assay. Consequently, the measurement of a wide 

range of neurochemicals in dialysate using the above analytical methods are inefficient as it 

requires performance of multiple assays, which involves splitting samples, adding time and 

research effort, and/or use of many animals.                  

 To overcome the above highlighted issues, Kennedy and co-workers have recently 

developed and utilized LC-mass spectrometry (MS) for quantifying multiple neurochemical 

classes and their metabolites in dialysate samples (Song et al., 2011; Wong et al., 2016).  
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They have developed a benzoyl chloride derivatization method for quantification of 

neurotransmitters in brain dialysates using LC-MS. The major advantages of this method are 

that derivatized neurotransmitters show much enhanced ionization compared to non-

derivatized forms thus significantly improving LC-MS detection limits. Moreover, improved 

hydrophobicity of derivatized neurotransmitters permits better retention on reverse phase 

columns, rendering separation of neurotransmitters much more efficient compared to early 

eluting interfering matrix or any matrix effect thereof.  In the future applying BzCL2 

derivatization also to xenobiotics will significantly improve our ability to detect drugs and its 

metabolites (especially brain permeable, poorly ionizable, polar molecules with low 

molecular weights) containing primary, secondary amine, or phenolic or ribosyl hydroxyl 

groups.  

 

BEHAVIORAL PHARMACOLOGY OF CANNABINOID-OPIOID INTERACTIONS 

Antinociception 

Tail withdrawal procedures constitute a widely used preclinical measure of the 

antinociceptive effects of opioids (Dykstra and Woods, 1986; Walker et al., 1993). In the 

warm-water tail withdrawal assay in laboratory animals, the distal portion of the tail is dipped 

into heated water, and the latency to remove the tail from the water is recorded. μ-opioid 

receptor agonists dose-dependently increase the time in which the tail remains in heated 

water, providing a measure of antinociception (Walker et al., 1993). An important feature of 

this assay is that differences in antinociceptive efficacy (i.e., maximum possible tail-

withdrawal latency) among various opioids can be revealed by varying the water temperature 

(Maguire and France, 2014; Dykstra and Woods, 1986; Walker et al., 1993). Moreover, the 

antagonism of such effects, like antinociception, by selective antagonists (e.g. μ-opioid 

receptor by naloxone or naltrexone) can be used to confirm mechanism of action (Pitts et al., 
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1996) and the efficacy of novel treatments (e.g., cannabinoids) designed to counter 

pharmacological actions of opioids. Importantly, the latency of the reflex is dependent upon 

four variables:  

➢ time for activation of cutaneous nociceptors by the thermal stimulus.  

➢ time for afferent conduction of the impulse to the spinal cord dorsal horn neurons. 

➢ conduction within the central nervous system, or central delay. 

➢ time for conduction of the impulse from the ventral horn to, and activation of tail 

muscles.  

The tail flick reflex is modulated by supraspinal structures, which have excitatory or 

inhibitory effects on the activity of dorsal horn interneurons. This kind of nociception task 

measures a simple spinal reflex to a sudden, painful thermal stimulus. The tail is being 

immersed into warm water (52o C) and the latency to flick the tail is measured 

(NAVEILHAN et al. 2001). The experimental cut off is set at 8sec after the immersion to 

avoid tissue damage. It is important to take into consideration the fact that tail-flick is prone 

to habituation, a reduction in the response with repetitive stimulation (Groves and Thompson, 

1970). This habituation increases with a shortening of the interstimulus interval and with the 

intensity of stimulation (Carstens and Wilson, 1993). 

 

Locomotion  

It is noteworthy, that the traditional tail-withdrawal assay described above does not provide 

any indication of other, perhaps adverse, effects that may accompany antinociception. In this 

regard, opioids and other psychoactive drugs can produce dose-dependent disruptions in 

operant behavior that can serve as an indicator of side-effect liability (Picker and Yarbough, 

1991; Pitts et al., 1996). Moreover, the antagonism of such effects, like antinociception, by 

selective antagonists (e.g. MOR by naltrexone) can be used to confirm mechanism of action 
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(Pitts et al., 1996). To take advantage of this measure of side-effects in studying opioid 

antinociception, studies can be designed to measure nociception and general activity in 

rodents. In this manner, the antinociceptive and behaviorally disruptive effects of MOR 

agonists and cannabinoids alone and in combination with opioids can be concurrently 

measured in individual subjects. In this regard, locomotion is a complex behavior affected by 

many different brain systems, including the telencephalic dopaminergic system and the 

cerebellum, as well as by peripheral abnormalities (i.e. muscle weakness). Because locomotor 

activity is required for many complex behavioral tasks, increases or decreases in locomotor 

activity nonspecifically affect performance in many behavioral tests and is usually measured 

before any other behavioral characterization is performed. This behavioral assay is not only a 

sensitive control for more complex behavioral tasks, but also a useful tool to study cerebellar 

or dopaminergic functions as a response to drug treatments.  
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6. METHODS 

Animals. 

Male CD-1 mice (Charles River Laboratories, Wilmington, MA) weighing 25–35g were 

used. Mice were housed four/cage in a climate-controlled vivarium with food and water 

available ad libitum. All microdialysis and behavioral experiments were conducted 5 

days/week during the light cycle between 08:00 AM and 20:00 PM; behavioral experiments 

were conducted at approximately the same time each day. Subjects had unlimited access to 

food and water, except during testing. All research protocols and procedures were approved 

by the Northeastern University Institutional Animal Care Use Committee. Mice were 

maintained in accordance with the guidelines provided by the Committee on Care and Use of 

Laboratory Animals of the Institute of Laboratory Animal Resources, National Institutes of 

Health (2011). 

Drugs.  

Oxycodone hydrochloride and fentanyl hydrochloride were provided by the National Institute 

on Drug Abuse Drug Supply Program (NIDA/NIH). WIN55-212.2 was obtained from Sigma-

Aldrich (St. Louis, MO) AM11245, AM2201 and AM8936 were synthesized by the 

Chemistry Department of Center for Drug Discovery, Northeastern University. Oxycodone 

and fentanyl were dissolved in 0.9% sterile saline. WIN55-212.2 and AM11245, AM 2201, 

AM8936 were dissolved in a mixture of 20% Ethanol, 20% Tween80, 60% distilled water or 

saline. Doses of all drugs were calculated on the basis of free base weight and expressed as 

milligrams per kilogram. All drugs were administered by intraperitoneal injections. 

In Vivo Microdialysis. 

Surgery. Briefly, under an anesthetic mixture of ketamine and xylazine (60 and 12 

mg/kg i.p., respectively), CD-1 mice were implanted with concentric dialysis probes, aimed 

at the nAcc shell ( anterior = +1.5 mm, lateral ± 0.6 mm, and vertical = -5.1 mm), nAcc core 
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(A= +1.3 mm, L= ±1.3 mm, V= -4.9 mm), mPFC (A= +2.2 mm, L= ±0.4 mm, V= -3.4 mm) 

or VTA (A= −3.20 mm, L= − 0.70 mm V= −3.50 mm) as described previously (Desai et al., 

2010; Pulh et al., 2017; Fisher et al., 2018) and according to the mouse brain atlas by Paxinos 

and Watson (2001) (uncorrected coordinates; anterior and lateral coordinates were measured 

from bregma, and vertical coordinate was measured from the dura). For cerebellum, anterior 

and lateral coordinates were measured from lambda, and vertical from the dura (A= -1.8mm, 

L= ±1.1 mm, V= -3.5 mm). To achieve a precise microdialysis probe placement, mice were 

positioned in a mouse stereotaxic apparatus. Next, an incision was made in the scalp to 

expose the skull and a small hole approximately 2 mm in diameter was drilled exposing the 

dura. Mice were then implanted randomly in the right or left side of the brain with a 

concentric dialysis probe (see below). During surgical implantation, the dialysis probe was 

secured in a CMA/10 clip (CMA/Microdialysis AB, Solna, Sweden) that was mounted on a 

stereotaxic holder; the probe was continuously perfused with saline at a flow rate of 2.5 

μl/min. Finally, the implanted probe was secured to the skull with dental cement 

(GlasIonomer Cement CX-Plus, Henry Schein, Melville, NY). After surgery, mice were 

placed into hemispherical CMA-120 cages (CMA/Microdialysis AB) and allowed to recover 

overnight. The CMA-120 cages were equipped with overhead fluid swivels (Instech 

Laboratories Inc., Plymouth, PA) for connection to the dialysis probes. 

Microdialysis Probe. Concentric dialysis probes were assembled with AN69 dialyzing 

membranes (Hospal Dasco, Lyon, France) as described previously (Desai et al., 2010; Pulh et 

al., 2017; Fisher et al., 2018). Briefly, two 4-cm pieces of silica-fused capillary tubes (serving 

as an inlet and outlet tubing of the probe) were inserted into a 22-gauge stainless steel needle 

and fixed into place with Epoxy mix of glue. The inlet and outlet tubing were, respectively, 

set at 6 and 5 mm from the tip of the needle and inserted into a 5-mm capillary (0.25- mm 

external diameter) AN69 dialyzing membrane that was enclosed with a drop of glue; the inlet 
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tubing was set at approximately 0.1 mm from the closed end of the dialyzing fiber. Next, the 

dialyzing membrane was fixed to the inlet and outlet tubing with glue that limited the 

exposed dialyzing surface of membrane to the lower 1-mm of probe, i.e. the space between 

the inlet and outlet not covered by glue. 

Experimental Procedure. Approximately 20-24 h after implantation of probes, 

microdialysis studies were conducted on freely moving mice. Ringer’s solution (147.0 mM 

NaCl, 2.2 mM CaCl2, and 4.0 mM KCl) was delivered at a constant flow rate of 2.5 µL/min 

for Oxycodone and WIN55-212.2  through the dialysis probes using a 2.5-mL syringe 

(Hamilton Co., Reno, NV) attached to a CMA/102 Microdialysis Pump (CMA Microdialysis 

AB). The first dialysate sample (50 µL) was taken approximately 40-60 min after the pump 

was started, and thereafter samples were taken every 20 min. All samples were immediately 

frozen, then stored at -80ºC until analysis (see below). Saline was administered i.p. one hour 

following collection of the first sample. Oxycodone (0.32, 1, 3.2 mg/kg) or WIN55-212.2 

(1.0, 3.0, 10.0, 30.0 mg/kg) were administered cumulatively, with 40 minutes between 

injections, starting one hour after saline administration. Sampling continued for 2 hours 

following administration of the highest cumulative doses of oxycodone or WIN 55-212.2. 

Each subject was used only once. 

The above described experimental procedures were adapted according to Parsons et 

al. (2007) to determine effects of the CB1 agonist AM11245. Briefly, a modified Ringer’s 

solution with 149.0 mM NaCl, 1.2 mM CaCl2, 2.8 mM KCl, 1.2 mM MgCL2, 0.25 ascorbic 

acid, 5.4D-glycose and with 30% (w/v) hydroxypropyl-γ-cyclodextrin (HP-γ-CD)) was 

delivered at a constant flow rate of 1.0 µL/min through the dialysis probes using a 2.5-mL 

syringe (Hamilton Co., Reno, NV) attached to a CMA/102 Microdialysis Pump (CMA 

Microdialysis AB). The first dialysate sample (20 µL) was taken approximately 40-60 min 

after the pump was started, and thereafter samples were taken every 20 min. All samples 



31 
 

were immediately frozen, then stored at -80ºC until analysis (see below). The effects of a 

single dose of AM11245 (1 mg/kg) were determined approximately 1 hour after starting the 

pump. Dialysate samples were collected every 20 min, for 6 hours following drug 

administration. Liquid Chromatography Mass Spectrometry (LC-MS/MS) analytical 

procedure described below was used to detect the rise and fall of this compound from mPFC.  

Analytical Procedure. LC-MS grade acetonitrile (ACN), formic acid (FA) and HPLC 

grade water were purchased from Thermo Fisher scientific (NJ, USA). Benzoyl chloride and 

13C6-benzoyl chloride was purchased from Sigma Aldrich (St. Louis, MO). All analytes and 

neurotransmitters were purchased from Sigma Aldrich unless indicated otherwise. Stock 

solutions of drugs, dopamine (DA), gama amino butyric acid (GABA), glutamate (Glu), D-

serine (ser), homovanilic acid (HVA), Glycine (Gly) (Cayman Chemicals, Ann Arbor, MI), 

were made in HPLC grade water and kept at −80 °C. A standard mixture (50 μM) was diluted 

from stocks with HPLC grade water, aliquoted, evaporated and stored at −80 °C until 

analysis. Single aliquots of calibration standard solution (50 μM) were reconstituted in 

ringer’s solution, (147.0 mM NaCl, 2.2 mM CaCl2, and 4.0 mM KCl) adjusted to pH 7.4 

with sodium hydroxide (NaOH). Derivatized internal standard stocks were frozen at −80 °C 

and reconstituted in ringer solution to prepare 50 μM working stock, then diluted 50-fold in 

20% (v/v) acetonitrile: 79 % water containing 1% (v/v) sulfuric acid and used as final quench 

solution in derivatization reaction. Benzoyl chloride solutions were made fresh for each 

analysis.  

Preparation of calibration standards and internal standards is described below. Figure 

7 shows the chemical structures of targeted neurotransmitters or neuromodulators including 

dopamine (DA), glutamate (GLU), γ-aminobutyric acid (GABA), and D-serine (Ser), Glycine 

and metabolites such as HVA were detected as a singly benzoylated derivatives in the 

dialysate samples. Protonated benzoylation ions (M+1) were observed by positive 
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electrospray ionization (ESI). Underivatized drug levels were quantified in dialysate samples. 

The quantified levels are presented in results section and are reported in Table 1 below in 

nanomolar (nM) concentrations. Analyte standards were prepared in ringer solution following 

same derivatized procedure described above and processed alongside dialysate samples. 

Concentrations of analytes prepared in standard curve were 2 nM-20,000 nM for Glu and D-

Ser and 0.5 nM-5 μM for oxycodone, DA, GABA, HVA, and glycine. Assay sensitivity for 

quantitation was approximately: DA (1 nM); Glu (50 nM); GABA (5 nM); HVA (5 nM); 

Glycine (40 nM) and D-Ser (250 nM). Limits of detection, calibration range, and mass spec 

MRM transitions used for all the detected analytes are presented in Table 1.   

Figure 7: Chemical structures of Drugs and Neurotransmitters. 
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Table 1: LC-MS/MS analysis and quantitation parameters for benzoylated neutrotransmitters 

and oxycodone in dialysate samples from the nAcc shell of rats. Note, oxycodone levels were 

detected as derivatives in the dialysis samples from the nAcc shell of rats. The levels were 

quantified and are reported in the results section as percent of basal analyte output. 

 

No. NT/analyte 
Retention  

Time 

(min) 

LOD 
(nM) 

Linearity 

Range  
(nM) 

Mass spec 

transition  
(Q1/Q3) 

1. Oxycodone 6.05 0.5 0.5-500 316.162/298.167 

2. DA 10.7 1.0 1-5000 466.3/105.2 

3. Glu  6.4 250.0 250-

20000 252.2/105.3 

4. HVA 9.3 1.0 1-5000 287.3/105.3 

5. GABA 6.9 2.5 1-5000 208.2/105.1 

6. Glycine 6.28 40 40-2000 180/105 

7. D-Ser 5.2 100.0 100-

20000 210.2/105.2 

 

Major neurotransmitters were quantified in mouse dialysate samples by LC-MS/MS 

following benzoyl chloride derivatization procedure as described previously by Kennedy and 

co-workers (Song et al., 2011; Wong et al., 2016). Immediately prior to analysis, samples 

were thawed at room temperature. 40 μL of sodium tetraborate buffer (pH 9.5) and 20 μL of 

benzoyl chloride (2% solution in acetonitrile) were added sequentially to 20 μL of thawed 

dialysate sample. The benzoylation reaction was allowed to proceed for 10 min at room 

temperature with intermittent vortexing. Finally, the derivatization reaction was quenched 

with 20 μL of internal standard solution, prepared as described below. Following vortexing, 

the derivatized solution was transferred to sample vials and subjected to LC-MS/MS analysis.  

The internal standard solution was prepared by the same derivatization procedure as 

described above, using 13C labelled benzoyl chloride (2 % solution in acetonitrile) at 100 µM 

analyte concentration. Derivatized internal standard mixture was further diluted 100 times in 

20% acetonitrile containing 1% H2SO4 before addition as a quenching solution to sample 

reactions. All samples were analyzed on AB Sciex API-4000 Q-Trap mass spectrometer with 
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a Thermo Accela HPLC at the front end. The derivatized neurotransmitters were first 

separated on Phenomenex C18 Kinetex F5 column (150 X 4.6mm, 2.6 µm) and then analyzed 

by mass spectrometer operated in ESI-positive multiple reaction monitoring mode. 

Histology. Following completion of the experiment, mice were euthanized, brains 

were removed and fixed in 4% formaldehyde solution. Fixed brains were then sliced by 

vibrating microtome (Microm HM 650 V; Microm International, Thermo Scientific) into 30 

μm serial coronal sections, oriented according to the mouse atlas by Paxinos and Watson 

(1987). Probe location was identified via microscopic examination of coronal sections.  

Behavioral Effects of Cannabinoids and Opioids 

Locomotor Activity. 

Experimentally naïve male CD-1 mice were tested alone in clear acrylic experimental 

chambers [16” (W) x16” (D) x15” (H)] consisting of 16 by 16 photobeam configuration to 

track the subjects’ path (San Diego Instruments, San Diego, CA). Each interruption of a 

single photobeam registered by the detectors resulted in the tabulation of one horizontal 

activity count. All mice were habituated to the test chamber for at least three to five days 

prior to testing any drug. On test day, mice were placed in the test chamber for one hour 

before injections of saline followed by cumulative doses of the cannabinoid AM2201 (0.1 – 

3.2 mg/kg) and fentanyl (0.32 – 10 mg/kg, i.p.). Total activity count data were collected 

every 10 min. Mice were used only once, and each cumulative dose of the drug was studied 

in eight mice. 

Antinociception. 

Antinociception studies were conducted in naïve male CD-1 mice. An established assay of 

antinociception (tail withdrawal latency from water warmed to 520C water, baseline latencies 

of ~ 2 sec, cut-off set at 8 sec) was used for all studies to assess the antinociceptive effects of 
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oxycodone or AM8936. Briefly, mice were restraint and the distal part of their tail was 

immersed in a waterbath containing water at 52°C. Tail-withdrawal latencies were manually 

timed by a handheld stopwatch, and the maximal withdrawal latency is set at 8 sec to prevent 

damage to the tail. Drugs were typically administered i.p. using cumulative dosing 

procedures to study a range of i.p. doses (≥ 1.5 log units). Each successive injection increased 

the total cumulative dose by 0.25 or 0.5 log units given at 30 min intervals, starting 

approximately 15 min after control tail-withdrawal latency determinations. This procedure 

will be repeated until the tail-withdrawal latency reaches the cut-off or is no longer increased 

with subsequent increases in drug dose. Subsequent withdrawal latencies are determined 30 

min after each drug injection. A minimum drug-free period of one-week will precede each 

type of test to allow tolerance that may have developed to dissipate. 

Statistical Analysis.  

A within-subject design will be used whenever possible, in which each subject serves as its 

own control and will receive all relevant test and control conditions. This will permit 

scientifically meaningful results to be obtained with fewer animals than would be required 

using other designs. In vivo microdialysis. Data from in vivo microdialysis experiments are 

expressed as a percentage of basal levels and concentration in nM. Basal levels were 

calculated as the mean of values from two to three consecutive samples that were taken 

immediately before the vehicle injection. All results are presented as group means (± 

S.E.M.); overall changes from basal levels were subjected to Tukey post hoc analyses. 

Locomotor Activity. Data are shown as horizontal locomotor activity counts per minute over a 

300-minute period following vehicle injection. All results are presented as group means 

(6S.E.M.). Antinociception. Data are expressed as latency to remove tail from the water 

stimuli. For all comparisons of potency in antinociception and behavioral studies, ED50 

values (95% confidence limits) and relative potencies will be determined from data using the 
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linear portions of the dose-effect curves and standard parallel-line bioassay techniques 

(Snedecor and Ochran, 1967; Finney, 1964). All data will be examined at individual and 

group levels of analysis using GraphPad Prism 5.02 (GraphPad Software). When ANOVA is 

used, post hoc tests for specific comparisons also will be conducted with significance set at 

p<0.05. 
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7. RESULTS 

Opioids Oxycodone in Reward system, Drug levels, Neurotransmitters 

All analytes of interest were benzoylated, separated by reversed phase HPLC, and 

quantified in MRM mode. Benzoylation reactions can take place at amino groups (primary 

and secondary) or at hydroxy groups (Phenolic or ribosyl). Thus, Glu, D-Ser were detected as 

singly benzoylated analytes, while monoamines, other neurotransmitters, and their phenolic 

group containing metabolites, i.e. DA, GABA, DOPAC, HVA, and Glycine, were detected as 

doubly or triply labeled benzoylated derivatives. Limits of detection, calibration range, and 

mass spec MRM transitions used for all the detected analytes are presented in Table 1 above.  

 

Detection of oxycodone in dialysate samples from the nAcc shell.  

As shown in Figure 8, cumulative doses of oxycodone (0.3–3.0 mg/kg, i.p.) produced 

a significant and dose-related increase in concentrations of extracellular oxycodone in 

dialysate samples from the nAcc shell of both males and females. Prior to drug 

administration, i.e., basal and after an injection of saline, no oxycodone was detected in 

dialysate samples collected from the nAcc shell of rats. During the 300 min sampling period, 

cumulative injections of oxycodone (0.3–3 mg/kg, i.p.) produced sequential phases of 

increasing, peak, and declining extracellular drug levels in the nAcc shell. Thus, the lowest 

dose of oxycodone (0.3 mg/kg) produced a small but non-significant increase in 

concentrations of oxycodone whereas higher doses of cumulatively administered drug (1.0–

3.0 mg/kg, i.p.) produced rapid and dose-related increases in concentrations of oxycodone 

after each injection in dialysate samples from the nAcc shell. The maximal concentration of 

oxycodone was evident within 40 min after the highest cumulative dose of 3.0 mg/kg. 

Thereafter, levels of oxycodone rapidly declined from 20-40 min after administration of 3.0 
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Figure 8: Oxycodone levels in the nAcc shell in male and 

female subjects. 

mg/kg but remained significantly above baseline or vehicle values, until 60 min and on after 

the last injection where they reached baseline level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of oxycodone on neurochemical activity in the nAcc shell.  

An injection of saline prior to administration of oxycodone did not significantly change nAcc 

shell DA, GABA or HVA levels above baseline (figure 9). Despite comparable levels of 

oxycodone detected in the nAcc shell of rats, some neurochemical (e.g., DA, HVA) 

differences between males and females were observed. More specifically, cumulative doses 

of oxycodone (0.3–3.0 mg/kg, i.p.) produced a significant and dose-related increase in 

extracellular levels of DA and HVA but not of GABA, glutamate, D-serine or glycine, above 

basal and vehicle values in nAcc shell dialysate samples in female subjects. In contrast, 

cumulative doses of oxycodone (0.3–3.0 mg/kg, i.p.) produced a significant and dose-related 

increase in extracellular levels of HVA but did not alter any other neurochemicals in male 

subjects. Similar to the increases in levels of oxycodone in the nAcc shell during the 300 min 

sampling period, sequential phases of increasing, peak, and declining extracellular levels of 

DA in the nAcc shell were observed following cumulative injections of oxycodone (0.3–3.0 
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Figure 9: Effects of cumulative doses of oxycodone on extracellular levels 

of neurochemicals in the nAcc shell of male and female subjects. 

mg/kg, i.p.). However, some marked differences were observed in each of these phases of 

drug effects between the two sexes. Thus, administration of the lowest cumulative doses of 

oxycodone (0.3–1.0 mg/kg) did not significantly alter extracellular concentrations of DA 

relative to basal values in nAcc female dialysate samples. The highest dose of oxycodone (3.0 

mg/kg, i.p.) produced rapid increases in concentrations of DA in dialysate samples from the 

nAcc shell in female subjects only. The concentrations of DA significantly increased above 

basal values 20 min after administration of the cumulative dose of 3.0 mg/kg only in females, 

whereas significant increases in the concentration of HVA above basal values occurred later, 

i.e., 80 min after administration of 3.0 mg/kg oxycodone only in males. The maximal 

extracellular concentration for DA in dialysate samples from the nAcc shell of females was 
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evident within 40 min after administration of the highest cumulative dose of 3.0 mg/kg. Peak 

levels of oxycodone in the nAcc shell appear to correspond with increases in DA efflux in 

females, while changes in DA levels were not observed in males.  

 

Detection of cannabinoid CB1 agonists WIN55-212.2 and AM11245 in the prefrontal cortex, 

cerebellum or nAcc core.  

As shown in Figure 10 cumulative doses of WIN55-212.2 (3.0–30.0 mg/kg, i.p.) produced a 

significant and dose-dependent increase in concentrations of extracellular WIN55-212.2 in 

dialysate samples in the prefrontal cortex and cerebellum but not the nAcc core. Interestingly, 

differences in the concentration of WIN55-212.2 were observed over time among the three 

brain regions studied. For example, prior to drug administration, i.e., basal and after an 

injection of saline, no WIN55-212.2 was detected in dialysate samples collected from all 

three brain regions. Initially, WIN55-212.2 was detected in the cerebellum, with peak (3 nM) 

levels of the drug detected at 40 min after administration of 3 mg/kg. Administration of the 

next two higher cumulative doses of 10 and 30 mg/kg WIN55-212.2 led to a gradual decline 

in drug concentration in the cerebellum that reached near baseline levels approximately 20 

min after the highest cumulative dose. In contrast, there was a dose- and time-dependent 

increase in extracellular levels of WIN55-212.2 in the prefrontal cortex after cumulative 

doses of WIN55-212.2. Peak levels of WIN55-212.2 were observed approximately 1 hour 

after injecting of the highest cumulative dose of 30.0mg/kg with a maximum concentration of 

1nM. During the next 80 minutes of sampling, the extracellular concentration of WIN55-

212.2 declined and reached baseline levels, in prefrontal cortex. In the nAcc core, no 

significant change in WIN55-212.2 levels in dialysates was observed during the 300 min 

sampling period.  
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Figure 11: Extracellular levels of 1.0 mg/kg i.p. 

AM11242 in dialysate samples collected from 

the PFC 
 

. 

 

 

 

 

 

 

 

Figure 10: Extracellular levels of cumulative doses of WIN55-212.2 in dialysates samples 

collected from nAcc core, cerebellum, and PFC. 

 

Figure 11 shows the rise, peak, and fall of extracellular concentration in dialysate 

samples from the prefrontal cortex of 

the full CB1 agonist AM11245 (1 

mg/kg, i.p.). A rapid increase in 

AM11245 was observed immediately 

after drug injection with concentrations 

of the drug reaching peak levels 

approximately 40 min after injection 

and remaining at that level until about 

140 min. Thereafter, AM11245 levels 

gradually declined over time reaching 

baseline levels approximately 6 hours after injection.  
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Figure 12: Antinociceptive effects of 

oxycodone.  

 

Figure 13: Antinociceptive effects of 

AM8936. 

Antinociceptive and locomotor effects of opioids and cannabinoids.  

The antinociceptive effects of oxycodone are shown in figure 12. Baseline tail withdrawal 

latencies prior to an injection of vehicle or 

drug ranged from 0.87 – 2.31 seconds. After 

vehicle injection, the average tail withdrawal 

latency for the group of mice was 1.9 

seconds (range: 1.39 to 3.14 seconds). 

Cumulative dose of 0.1–32 mg/kg 

oxycodone produced a dose-dependent 

increase in tail-flick latencies measurements. 

Oxycodone produced maximum 

antinociceptive effects following 

administration of a cumulative dose of  

32mg/kg.  

 Figure 13 shows the effects of a CB1 

full agonist, AM8936 on warm water tail 

withdrawal latency. Baseline tail withdrawal 

latencies prior to an injection of vehicle or 

drug ranged from 1.3 – 4.4 seconds. 

Administration of vehicle did not alter the 

average tail withdrawal latency for the group 

of mice compared to vehicle values (2.16; range = 1.18 to 3.12 seconds). Cumulative doses of 

AM8936 (0.032–0.32 mg/kg; i.p.) produced a dose-dependent increase on warm water tail 

withdrawal latency. Maximum antinociceptive effect of AM8936 was observed after a 

cumulative dose of 0.32mg/kg.  
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Figure 14: Effects of cumulatively administered fentanyl on locomotor activity. 

Locomotor activity 

An injection of saline prior to administration of μ-opioid agonist fentanyl did not 

significantly changed ambulatory activity above baseline and vehicle values (Figure 14). 

Cumulative doses of fentanyl (0.3–10 mg/kg, i.p.) produced a significant and dose-dependent 

increase in ambulation above baseline and vehicle values. During the 300 min recording 

period, cumulative injections of fentanyl (0.3–10mg/kg, i.p.) produced sequential phases of 

rapidly increasing, peak, and rapid declining levels of ambulatory activity. Thus, the lowest 

dose of fentanyl (0.3 mg/kg) produced a rapid increase in locomotor activity after 

administration. The maximal increase in ambulatory activity of was evident 20 min after a 

cumulative injection of a higher dose of 1.0 mg/kg. Thereafter, ambulation rapidly started 

declining with activity values returning to baseline and vehicle values after administration of 

the highest doses 3.0 and 10.0 mg/kg fentanyl. Figure 14 also shows that cumulative 

injections of fentanyl produced dose-related and significant effects on locomotor activity with 

an inverted U-shaped dose-response curve.  
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Figure 15: Effects of cumulatively administered AM2201 on locomotor activity. 

 Cumulative doses of the CB1 full agonist AM2201 (0.1–3.0 mg/kg, i.p.) produced a 

significant decrease in ambulation compared to baseline and vehicle values (Figure 15). 

During the 300 min recording period, cumulative injections of AM2201 (0.1–3.0 mg/kg, i.p.) 

produced rapid declining levels of ambulatory activity. Figure 15 also shows that all 

cumulative injections of AM2201 produced significant decreases in locomotor activity 

compared to vehicle values. 

 

. 
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8. DISCUSSION AND CONCLUSIONS  

The overarching objective of the present research is to evaluate how the cannabinoid 

system modulates the neurochemical and behavioral effects of opioids. In this effort, in vivo 

microdialysis techniques coupled with LC-MS/MS and several behavioral assays were used. 

Results from microdialysis studies suggest an important role for the DA system in the 

neurochemical effects of opioids. Other neurotransmitter systems were not altered following 

administration of the μ-opioid receptor agonist oxycodone suggesting that these 

neurotransmitter systems play a minor role in the abuse-related neurochemical effects of 

opioids. Results thus far also show some important sex differences in neurochemical profiles 

of opioids between male and female subjects, in that, oxycodone produced a significant and 

dose-related increases in extracellular levels of DA and HVA but not of GABA, glutamate, 

D-serine or glycine, above basal and vehicle values in nAcc shell dialysate samples in female 

subjects. In contrast, it produced a significant and dose-related increase in extracellular levels 

of HVA but not on the other neurochemicals tested, in male subjects. Peak levels of 

oxycodone in the nAcc shell appear to correspond with increases in DA efflux in females, 

while changes in DA levels were not observed in males despite similar levels of extracellular 

oxycodone in this brain region. Overall, these results suggest an important role for the DA 

system but no other neurotransmitter systems in abuse-related neurochemical effects of 

opioids. However, they show some sex differences in neurochemical profiles of opioids, 

which may provide important insights into varied addiction vulnerability observed between 

males and females. Notwithstanding these observations, the precise reasons for the 

differences noted between males and females remain uncertain. 

Given that we have now developed a new approach to detect in vivo drug levels 

within targeted brain regions, studies with cannabinoids were conducted to first establish 

whether levels of cannabinoid ligands could also be detected in brain dialysate samples from 
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distinct brain regions that are known to exhibit high density of CB1 receptors and are 

considered to be involved in their behavioral effects. Thus far, data from these studies show 

that extracellular levels of WIN 55-212.2, a CB1 and CB2 agonist, differed among different 

brain regions over time. For example, initially the drug appears in cerebellum–a region rich in 

CBs receptors–40 min after a cumulative dose of 3 mg/kg, whereas an increase in the levels 

of WIN55-212.2 was observed in the prefrontal cortex approximately 60 min after a 30 

mg/kg cumulative dose. In contrast, no significant increase in the extracellular concentration 

of the WIN55-212.2 was detected in the nAcc. Next, the effects of a highly lipophilic, CB1 

full agonist AM11245 in brain dialysates from prefrontal cortex were examined. Results from 

this experiment show that using our approach extracellular levels of AM11245 can be 

detected in this brain region. Indeed, both the rise and fall of AM11245 were observed and 

the peak concentration was detected approximately 140 min after on single dose of AM11245 

(1 mg/kg; i.p.).  

Results from behavioral studies showed a typical dose- and time- dependent increase 

in the ambulatory activity of mice after fentanyl administration, and a sustained decrease 

following administration of the CB1 agonist AM2201. In the warm water tail withdrawal 

assay, both oxycodone and a full CB1 agonist AM8936 produced a full dose-dependent 

increase in antinociceptive effects with maximum effects occurring after administration of the 

highest cumulative doses of the drug. 

Taken together, the above results demonstrate our ability to detect in vivo 

extracellular levels of drug, corresponding neurochemical changes in targeted brain regions 

that can be associated with behavioral effects of opioids/cannabinoids.   
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Figure 16: An overview of current and future experiments. 

9. FUTURE DIRECTIONS 

The data presented in this thesis demonstrate our ability to relate drug levels to 

neurochemical changes and associated behavioral consequences. Identifying these 

relationships will provide a solid foundation for not only characterizing the interactions 

between the cannabinoid and opioid systems, but will also facilitate the development of novel 

cannabinoid-based treatment strategies for pain and/or opioid addiction. 

Overall, the preliminary data presented in this thesis sets a strong basis for studying 

interactions between the opioid and cannabinoid systems from a neurochemical and 

behavioral perspective. Some future studies may include evaluation of the neurochemical 

(e.g., different brain regions involved in pain/reward) and behavioral (e.g., pain: mechanical, 

cold, chemical, neuropathic pain; behavior: CPP, self-administration, drug discrimination) 

effects of opioids (fentanyl, oxycodone, morphine, nalbuphine etc) alone that vary in potency 

and efficacy at the μ-opioid receptors and in combination with cannabinoids (see Figure 16). 

Such studies will allow us to generate a neurochemical map of brain regions that are 

responsible for pain and/or reward-related behavioral effects of opioids and cannabinoids 
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alone and in combination. The interaction studies of cannabinoids and opioids will allow us 

to determine whether: a) cannabinoids lower the opioid doses needed to produce analgesia 

and/or b) to treat abuse-related neurochemical and behavioral effects of opioids. Finally, 

using microdialysis techniques, we plan to determine how endocannabinoids may be 

modified by opioids and cannabinoids alone and in combination. Such information will 

provide useful insights into the role of the endocannabinoid system in pain perception and 

reward.  
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