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Abstract

Rates of opioid-related deaths and overdoses in the United States are at record-high levels.

Thus, novel neurobiological targets for the treatment of OUD are greatly needed. Given the

close interaction between the endogenous opioid system and the endocannabinoid system (ECS),
targeting the ECS may have therapeutic potential in OUD. The various components of the

ECS, including cannabinoid receptors, their lipid-derived endogenous ligands (endocannabinoids
[eCBs]), and the related enzymes, present potential targets for developing new medications in
OUD treatment. The purpose of this paper is to review the clinical and preclinical literature on the
dysregulation of the ECS after exposure to opioids. We review the evidence of ECS dysregulation
across various study types, exposure protocols, and measurement protocols and summarize the
evidence for dysregulation of ECS components at specific brain regions. Preclinical research has
shown that opioids disrupt various ECS components that are region-specific. However, the results
in the literature are highly heterogenous and sometimes contradictory, possibly due to variety of
different methods used. Further research is needed before a confident conclusion could be made on
how exposure to opioids can affect ECS components in various brain regions.
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Introduction

Over the last decades, the prevalence of opioid use disorder (OUD) has risen, and opioid-
related deaths and overdoses are at previously unseen levels. Currently, at least three million
individuals in the United States (US), either currently meet the criteria for OUD, or have

a lifetime history of the disorder (Azadfard et al., 2021). Opioid-related overdose deaths
have also climbed by approximately 10-fold in recent years (Volkow and Blanco, 2021).
Between April 2020-April 2021, the US National Center for Health Statistics reported
overdose-related deaths increased to a new peak of over 100,000 annual deaths; with

root cause analysis estimating that upwards of 75% of these deaths were opioid-related
overdoses (Ahmad et al., 2021; Volkow and Blanco, 2021). The three FDA-approved
medications for opioid use disorder (OUD) all act primarily on opioid receptors (Kampman
and Jarvis, 2015). These medications currently have an essential role in the management of
OUD, as up to 80% of individuals with OUD relapse within 1-2 years after detoxification
without treatment (Calabria et al., 2010; Vaillant, 1973). However, even with these available
treatments there remain high rates of treatment discontinuation and relapse (Hser et al.,
2014; Lo et al., 2018; Nosyk et al., 2010; Smyth et al., 2010). In addition, many patients

do not completely abstain from illicit opioids even when on maintenance treatments. Some
studies report up to two-thirds of patients receiving treatment also continue illicit opioid use,
which places them at continued risk of overdose and other undesired consequences (Strain et
al., 2021). Thus, alternate treatment options that function in conjunction with, in parallel to,
or separate from the opioid receptor systems are greatly needed (Lee et al., 2022; Strain et
al., 2021).

There is growing evidence that the endocannabinoid system (ECS) may present as a possible
target in the treatment of OUD (Chye et al., 2019; Sloan et al., 2017; Wiese and Wilson-
Poe, 2018). The ECS is closely linked to the endogenous opioid system and dopaminergic/
reward systems. Cannabinoid receptor type 1 (CB1R) and mu-opioid receptor (MOR) are
both Gi/o-coupled receptors, which are colocalized in several brain areas (Rodriguez et

al., 2001; Scavone et al., 2010). There is bidirectional modulation of the rewarding and
reinforcing properties of opioids and cannabinoids in different brain areas(Ahmad et al.,
2013). Moreover, ECS functions as a major stress regulatory system (Katzman et al., 2016;
Micale and Drago, 2018), and may have an important role in the stress-induced relapse

in OUD (Parsons and Hurd, 2015), which is one of the main risk factors of treatment
discontinuation (Moitra et al., 2013; Panlilio et al., 2019; Sinha, 2008).

To date, the potential ECS system alterations in OUD have not been extensively investigated
in humans. However, increasing evidence from preclinical research suggests that different
components of ECS are dysregulated in animal models of opioid exposure. Here we provide
an updated review of the evidence of ECS dysregulation in animal models and human
studies of OUD with specific attention to the amount of opioid exposure and the studied
brain regions. This research provides the foundation for targeting the ECS in the treatment of
OUD by developing novel ECS modulators.
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2. The endocannabinoid system (ECS)

The ECS functions as one of the body’s key stress regulatory systems (Figure 1). It

is comprised of (1) cannabinoid receptor type 1 (CB1R) and type 2 (CB2R), (2) their
lipid-derived endogenous ligands (eCBs): N-arachidonoylethanolamine or anandamide
(AEA) and 2-Arachidonoylglycerol (2-AG), (3) the main enzymes responsible for the

eCB synthesis: N-acyl-phosphatidylethanolamine-specific phospholipase D (NAPE-PLD)
for AEA and diacyl glycerol lipase (DAGL) a or p for 2-AG, and (4) the main eCB
catabolic enzymes: fatty acid amide hydrolase (FAAH) for AEA and monoacylglycerol
lipase (MAGL), a/p-hydrolase domain-containing 6 (ABHD®), and a./p-hydrolase domain-
containing 12 (ABHD12) for 2-AG (Bassir Nia et al., 2019; Cao et al., 2019; Lu and
Mackie, 2021; Piomelli and Mabou Tagne, 2022).

2.1 Cannabinoid receptors

There are two main cannabinoid receptors: CB1R and CB2R. Both CB1R and CB2R

are Gi/o protein-coupled receptors (GPCR) (Atwood and Mackie, 2010; Manzanares et

al., 2018). However, their distribution differs. While CB1R is thought to be primarily
expressed in the brain, CB2Rs seem to be predominantly located on immune cells, spleen,
and macrophage-derived cells. Studies of CB1R emphasize a preference for clustering on
GABAergic synaptic terminals (Manzanares et al., 2018). Less CB1R has been identified
on glutamatergic synaptic terminals, and even fewer on astrocytes. Interestingly, CB1R
also has been identified in the mitochondria and lysosomes of neurons and astrocytes

(Lu and Mackie, 2016). The intracellular CB1Rs are a distinct subgroup of CB1Rs from
surface receptors and have different mechanisms of action. While surface CB1R inhibits
cyclic adenosine monophosphate (cCAMP) production and consequently influx of calcium
ions into the cytoplasm after activation by extracellular ligands, the intracellular ligand
activates the lysosomal CB1Rs which results in the internal release of calcium ions from
internal organelles and elevated intracellular calcium level. Upon activation by intracellular
agonists, the mitochondrial CB1Rs result in decreased CAMP concentration in mitochondria
and decreased mitochondrial respiration (Zou and Kumar, 2018). Although primarily it
was believed that CB2R is absent in the CNS, recent findings provide strong evidence for
the presence of CB2R in the CNS neurons, however, in considerably lower concentrations
compared to CB1R. In contrast to CB1Rs, the CB2Rs are located in the postsynaptic

cells in various brain regions, where their activation results in reduced excitability of the
postsynaptic neurons. Additionally, the CB2R is expressed in CNS glial cells where its
activation plays a role in CNS immunologic and inflammatory processes. (Chen et al., 2017)

2.2 Endocannabinoids and their metabolism

Cannabinoid receptors are activated by the eCBs 2-AG and AEA. Despite their shared
functionality and origin, they differ significantly in their affinity for cannabinoid receptors.
While AEA binds with a high affinity to CB1R as a partial agonist, it has a low affinity to
CB2R. Unlike AEA, 2-AG has agonistic qualities for both CB1R and CB2R, with moderate
to low affinity for both receptors (Zou and Kumar, 2018). Of note, although AEA has a
higher affinity for CB1R, its efficacy is lower than 2-AG, due to AEA’s partial agonist
activity compared to the full-agonist activity of 2-AG.(Savinainen et al., 2001)
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AEA and 2-AG are synthesized on demand. AEA is mainly synthesized from
N-arachidonoyl phosphatidyl ethanol (NAPE) (Maccarrone, 2017), and 2-AG is
synthesized from 2-arachidonoyl-containing phospholipids, primarily phosphatidy! inositol
bis-phosphate (PIP2) (Baggelaar et al., 2018). Once inside neurons, eCBs are rapidly
degraded. AEA is predominantly metabolized by FAAH (Maccarrone, 2017). Likewise,
MAGL, ABHD®6, and ABHD 12 hydrolyze most of 2-AG (Cao et al., 2019; Lu and Mackie,
2021; Piomelli and Mabou Tagne, 2022).

2.3 The ECS and the opioid system

The ECS, endogenous opioid system, and dopamine-related reward pathways appear to
have significant crosstalk at various levels, and thus gaining a better understanding of this
relationship provides opportunities for interventions to modulate stress, pain, and addiction-
related behaviors (Scavone et al., 2013; Vigano et al., 2005). The agonistic activation of
CB1R and mu-opioid receptors (MOR), results in similar behavioral outcomes such as
sedation, analgesia, and perception of reward, which suggests a closely linked relationship
between these sets of regulatory systems (Lopez-Moreno et al., 2010; Wenzel and Cheer,
2018).

At the level of receptors, CB1R and MOR share several anatomical and functional
similarities. Both receptors are GPCRs and both colocalize within brain regions implicated
in drug-seeking behaviors such as the Ventral Tegmental area (VTA), Nucleus Accumbens
(NAc), and basal ganglia (Maldonado and Rodriguez de Fonseca, 2002; Molaei et al.,

2016; Rodriguez et al., 2001; Scavone et al., 2010; Valverde et al., 2001). The MOR

and CB1R both interact with the Gj;, protein and some evidence suggests that they

can form heterodimers and start the intracellular signaling pathway together, leading to
synergistic effects such as inhibition of GABAergic neurons in the NAc (Hojo et al.,

2008; Schoffelmeer et al., 2006). Both receptors exert their function through similar
intracellular signaling pathway, which includes the inhibition of cAMP production and
voltage-gated calcium channels, and activation of potassium channels and the signaling
pathway of mitogen-activated protein kinase (Wenzel and Cheer, 2018). Chronic exposure to
cannabinoids and opioids will result in cross-tolerance (Newman et al., 1974). Moreover, the
intraperitoneal administration of CB1R agonists was found to increase endogenous opioid
release in NAc of rodents (Valverde et al., 2001), and MOR density was observed to be
increased in various brain regions such as NAc, Caudate-Putamen, amygdala, pre-frontal
cortex, and hippocampus in rodents after a cannabinoid self-administration experiment
(Fattore et al., 2007). Conversely, exposure to exogenous opioids leads to alterations in

the ECS. The alterations in ECS following exposure to exogenous opioids will be reviewed
in this paper in detail.

The bi-directional relationship between the endogenous opioid and ECS suggests there may
be therapeutic potential in modulating the ECS in the treatment of OUD (Scavone et al.,
2013; Strain et al., 2021).
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2.4 Common laboratory methods for studying the endocannabinoid system after opioid

exposure

2.4.1 Opioid exposure—Different methodologies were used in the preclinical studies
of the effects of opioids on the ECS. In non-cue-conditioned approaches, the animals receive
opioids without any contextual stimuli and conditioning (Smith, 2020). Cue-conditioned
strategies involve a significant process of memory formation. Conditioned-place preference
(CPP) model uses classical conditioning process, in which rodents receive opioids while
confined in one cage and receive saline injections while confined in another cage with
different colors and structures (contextual stimuli). (Kuhn et al., 2019) In some CPP studies,
investigators also include a “morphine-unpaired” group in which the rodents receive opioids,
but without pairing the injection with contextual stimuli (Huston et al., 2013). The other cue-
conditioned models are contingent models, in which the delivery of the drug is contingent
upon specific behaviors (Kuhn et al., 2019). Self-administration (SA) models utilize an
operant conditioning process, in which the rodents are provided with two levers, interaction
by one lever will result in an opioid injection, and interaction with the other will result in a
saline injection. The rodents that show significantly more interactions with the opioid-paired
lever, will be considered as those who successfully developed SA behavior and will be
compared to other groups (Lynch et al., 2010). In both cue-conditioned models, the daily
opioid injection or the amount of opioid injected per lever interaction could be either
constant or escalating along the experiment (Kuhn et al., 2019).

2.4.2 Assessment of the ECS—Moreover, several methodologies have been used to
examine the different components of the ECS. CB1R receptor density is typically measured
using autoradiography with CB1R radioligands such as CP-55,940 and WIN 55,212-2a on
both tissue sections and homogenates (Dean et al., 2001; McPartland et al., 2007). However,
the density of a receptor does not always reflect its function. In another autoradiographic
technique aimed to measure the GPCRs’ functionality in coupling and activating G-proteins,
the tissue of interest is treated with a specific GPCR agonist and a nonhydrolyzable,
radio-labeled analog of GTP, the [35S]-GTPyS. The level of the Ga.-[35S]-GTP+yS couples
after the process can provide an estimation of the number of G-proteins coupled with and
activated by the GPCR of interest (Harrison and Traynor, 2003). The [35S]-GTP+yS assay,
assesses the GPCR activation proximal to receptor activation, which makes the assay less
amenable to change by other intracellular pathways or amplification in the intracellular
signaling cascade. However, the filtering step needed to wash out the unbound GTPvyS limits
the overall throughput and the essay usually has a low signal-to-background ratio (DeLapp
etal., 2012; Thomsen et al., 2005).

The level of expression of ECS proteins can be evaluated at the mRNA level by in-situ
hybridization techniques or real-time reverse polymerase changing reactions (RT-PCR)
(Ransick, 2004). RT-PCR is a quantitative measure with a high sensitivity and specificity
that can be used even if the genetic material is available in low concentrations, in-situ
hybridization on the other hand, is semi-quantitative and more time-consuming, but allows
the detection of multiple mMRNASs in one sample (B6hm-Hofstétter et al., 2010). At the
protein level, the expression is evaluated by the Western blot technique or proteomic analysis
(Dutt and Lee, 2000; Taylor and Posch, 2014). Western blot is a semi-quantitative, targeted
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method that can only detect the proteins that their targeting antibodies are used. Also, the
specificity and sensitivity of western blot is dependent on the antibodies used. Proteomic
analysis using mass-spectrometry offers the identification of many proteins simultaneously
with high sensitivity and specificity and can provide a holistic picture of changes in proteins
(Mann, 2008). The endocannabinoids concentrations can be measured both in vitro and

in vivo. In the in vitro techniques, the cellular extract of the sacrificed rodents’ brains

is examined by mass spectrometry, usually at least a couple of hours after the last drug
administration session (Zoerner et al., 2011). On the other hand, in the microdialysis
technique, investigators implant a cannula in different parts of a alive rodent and can

take real-time CSF samples during a drug administration session (Torregrossa and Kalivas,
2008). However, microdialysis has a limited time resolution, and temporal resolution is
limited by the diameter of the catheter. Moreover, catheter placement is a relatively invasive
procedure that might alter the baseline biochemical and anatomical structure of the studied
region and can limit the animal’s movement to some degree (Chefer et al., 2009).

A recently developed promising technique to study real-time eCB dynamics is using a
genetically coded fluorescent GPCR activation-based (GRAB) eCB sensor. GRAB.cg2.0

is a sensor that was developed recently by combining the CB1R genetic code with a
circular-permutated fluorescent protein. The resultant protein is a CB1R which produces
fluorescent light when attached to an agoinst. The sensor genetic code can be transferred to
cultured neurons, acute brain slices, and living animals’ brains. Using standard fluorescent
microscopy, endocannabinoid system dynamics can be detected with high spatiotemporal
resolution after different exposures.(Dong et al., 2022; Dudok and Soltesz, 2022) To the best
of our knowledge, this method has not been used to investigate the effect of opioid exposure
on the eCB system.

3. Alterations of ECS Following a Single Opioid Exposure

We did not find any clinical study investigating the effects of a single dose of opioids on
ECS in humans. However, there were a couple of animal studies that were summarized
below.

3.1 Cannabinoid receptor 1

The acute effects of opioids on CB1R have been investigated in a few studies. A single dose
of 5 mg/kg morphine did not change CB1R density or its G protein coupling capacity in

any of the studied brain regions in an autoradiographic study (Vigano et al., 2003). However,
a single dose of 10 mg/kg morphine injection, in another study in which animals were
sacrificed 24 hours after the injection, resulted in an increase in the CB1R mRNA expression
in the cortex and a decrease of the same mRNA expression in the cerebellum. The only
detected change at the protein level was an increase in the expression of CB1R protein in the
hippocampus (Jin et al., 2014).

3.2 Endocannabinoids and their metabolic enzymes

While a single dose of 5 mg/kg morphine did not alter AEA and 2-AG levels in the whole-
brain samples (Vigano et al., 2003), it increased AEA levels in the Nucleus accumbens
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(NAC), caudate-putamen (CP), and the hippocampus, and decreased 2-AG levels in the NAc
and hippocampus (Vigano et al., 2004). Consistent with increased AEA levels, there was

a decline in FAAH activity observed in the CP and hippocampus (Vigano et al., 2004). A
microdialysis study reported no changes in the AEA or 2-AG levels in the VTA aftera 5
mg/kg morphine injection (Zhang et al., 2021).

4. Alterations of The ECS in Response to Repeated Opioid Exposure

The only available human study is a postmortem study that found no difference in the CB1R
protein expression in the PFC of people who used heroin and/or methadone for six to 24
months before their death compared to those who did not use opioids (Alvaro-Bartolome
and Garcia-Sevilla, 2013).

We will now appraise preclinical studies on the ECS alterations after exposure to multiple
doses of opioids and across various components of the ECS.

4.1 Cannabinoid receptor 1

Several studies suggest that opioid-induced alterations of the CB1R are “region-specific”
within the CNS. Thus, here we summarize the findings for these brain regions as they
pertain to CB1R changes.

4.1.1 Cortex—Five studies used autoradiographic techniques to investigate the CB1R
in the whole-cortex samples. Four studies found that the non-cue-conditioned regimens

of morphine did not change cortical CB1R density. Two of these studies used the [35S]-
GTP-yS assays and reported the same unchanged pattern in the G protein coupling capacity
(Gonzalez et al., 2002; Romero et al., 1998; Rubino et al., 1997; Vigano et al., 2003).
However, a non-cue-conditioned escalating dose of morphine for six days resulted in a
decreased CB1R density and an increased G protein coupling capacity in the whole-cortex
sample (Gonzalez et al., 2003). Furthermore, non-cue-conditioned escalating doses of
morphine for six days induced no changes in CB1R mRNA expression and protein-level
expression in the whole cortex (Alvaro-Bartolome and Garcia-Sevilla, 2013; Gonzalez et al.,
2002). However, another mRNA and protein expression study using a twice-daily non-cue-
conditioned regimen of 10 mg/kg of morphine for 12 days found a significant increase in
both mRNA and protein expressions of CB1R in the cortex of male rats (Jin et al., 2014).

Two studies used the opioids SA model to evaluate the CB1R attributes in the cortex,
with one reporting unchanged density of CB1R in the Pre-frontal cortex (PFC), but an
increased G protein coupling capacity (Fattore et al., 2007), and the other reporting no
significant change in the CB1R G protein coupling capacity in the PFC and Cingulate
cortex. (Sim-Selley et al., 2000).

4.1.2 Hippocampus—Of the five autoradiographic studies that investigated the effect of
different regimens of non-cue-conditioned morphine injections for four to six days in male
rats” hippocampus, three reported no changes in the density of CB1R (two that included
[35S]-GTP-yS assay also reported unchanged G protein coupling capacity), one reported a
lower density only in the dentate gyrus (but unchanged in the cornu ammonis 1 [CA1],
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CA2 and CA3) and one reported a lower density across all hippocampus, but with no
accompanied change in the G protein coupling capacity (Gonzalez et al., 2002; Gonzalez et
al., 2003; Romero et al., 1998; Rubino et al., 1997; Vigano et al., 2003). Another study that
investigated expression, concluded that treating male rats with a twice-daily regimen of 10
mg/kg morphine for 12 days, results in an increased expression of CB1R in both mRNA and
protein levels in the hippocampus (Jin et al., 2014). Expression studies have provided some
evidence that a six-day escalating regimen of morphine in rats will result in an increased
MRNA expression of CB1R only in CA2 but unchanged levels in CA1, CAS3, or the dentate
gyrus (Gonzalez et al., 2002).

Two studies investigated the effect of morphine administration in CPP models in rats on
the expression of CB1R on a protein level. Both studies reported an increased expression
of CB1R protein in the hippocampus of morphine-paired rats (Zhang et al., 2016a; Zhao

et al., 2017). One study continued the investigation further and found that the expression
level changes back to the previous levels after the extinction period and will increase again
with a reinstatement dose (Zhao et al., 2017). Another study that investigated the mRNA
level expression using the same model, reported a decrease in the CB1R mRNA level in
the dorsal hippocampus after the conditioning period that returns to the baseline after the
extinction training and increases after a single reinstatement injection (Li et al., 2017). Two
other studies used autoradiographic methods to investigate the heroin self-administration
model. While one reported an unchanged density and increased G protein coupling capacity
of CB1R in the hippocampus (Fattore et al., 2007), the other reported no change in the G
protein coupling of CB1R in the hippocampus (Sim-Selley et al., 2000).

4.1.3 Amygdala—Three studies reported results of non-cue-conditioned administration
of morphine in rats on the density or expression of the CB1R in the amygdala, with most
reporting no significant difference. One study investigated the effect of a stable 5 mg/kg
daily morphine dose on the density and G protein coupling capacity of CB1R in the anterior
amygdala with no significant change (Vigano et al., 2003). Another investigated the effect
of a 5-day escalating dose of morphine on the density and G protein coupling capacity in
the amygdaloid nucleus of rats and reported no significant change (Romero et al., 1998).
The third studied the density and mRNA expression level after an escalating morphine
regimen in the basolateral amygdala and reported decreased density but unchanged mRNA
expression (Gonzalez et al., 2002). Two studies that investigated the contingent opioid use
effect on the amygdala, found contradictory results in heroin SA models. While one showed
a significant increase in both density and G protein coupling capacity of the CB1R in the
amygdala (Fattore et al., 2007), the other one found no difference in the G protein coupling
capacity of CBRs in the amygdala (Sim-Selley et al., 2000).

4.1.4 Nucleus accumbens (NAc)—Three studies investigated the effects of non-cue-
conditioned chronic morphine administration on the CB1R in the NAc. While 4.5 days

of a 5 mg/kg stable dose of morphine resulted in no significant change in CB1R density
and decreased G protein coupling capacity (Vigano et al., 2003), five days of escalating
morphine doses resulted in insignificant changes both in the density of CB1R and the

G protein coupling capacity (Romero et al., 1998). In another study, a 6-day escalating
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twice-daily dose of 10-100 mg/kg was associated with a significant increase in the density
of CB1R (Gonzalez et al., 2002). Similarly, unchanged density, but increased G protein
coupling capacity of CB1R in NAc were reported in a heroin self-administration model in
mice (Fattore et al., 2007). Two other studies investigated CB1R protein expression in rats
after the conditioning phase in a CPP model, and both reported an increased expression
(Yuan et al., 2013; Zhang et al., 2016a). One of the studies had also a non-morphine

paired comparison, which could not find the same change in this non-cue-conditioned group
(Zhang et al., 2016a).

4.1.5 Other parts of the limbic system—In two autoradiographic studies, authors
concluded that non-cue-conditioned stable or escalating regimens of morphine, have no
significant effect on the CB1R density and its G protein coupling capacity in the septum
nucleus (Romero et al., 1998; Vigano et al., 2003). On the contrary, a six-day non-cue-
conditioned escalating twice-daily regimen of morphine started at 10 mg/kg and ended at
100 mg/kg resulted in an increase of both CB1R density and its mRNA expression in septum
nucleus (Gonzalez et al., 2002), though no significant changes in the CB1R density and its G
protein coupling capacity in whole-limbic-forebrain samples were reported in a subsequent
study using the same methodology (Gonzalez et al., 2003).

4.1.6 Basal ganglia—A study with a stable 5 mg/kg regimen of non-cue-conditioned
morphine for 4.5 days found no significant change in the CB1R density and G protein
coupling capacity in the CP and globus pallidus (GP) (Vigano et al., 2003). Another
autoradiographic study used a non-cue-conditioned escalating dose of morphine for 5 days
and found no difference in the density and G protein coupling capacity of CB1R in medial
and lateral CP, and entopeduncular nucleus (EPN), regarding the GP, an increased CB1R
density and an unchanged G protein coupling capacity was reported (Romero et al., 1998).
A third study with a non-cue-conditioned escalating dose of twice daily morphine from 10
mg/kg to 100 mg/kg found no significant changes in the density and G protein coupling
capacity of CB1R in a sample of whole-striatum in rats.(Gonzalez et al., 2003) However, in
another study by the same group that used the same escalating dosing schedule, when they
collected more specific samples of medial CP, lateral CP, and GP, they found that the same
regimen resulted in an increased CB1R density in the medial CP; but unchanged in lateral
CP, GP, and EPN; and a decrease in CB1R mRNA expression in both medial and lateral CP
(Gonzalez et al., 2002). On the contrary, another study that used non-cue-conditioned opioid
administration found an increase in both density and CB1R mRNA expression in the CP
after five days (Rubino et al., 1997).

Three studies also investigated the effect of cue-conditioned models of opioid use on basal
ganglia. In a heroin SA model, an increase in the CB1R G protein coupling capacity in CP
was reported, however, the CB1R density was not changed (Fattore et al., 2007). In another
study investigating the CB1R G protein coupling capacity, no significant change in the CP
was observed (Sim-Selley et al., 2000). Similarly, CPP training with 10 mg/kg morphine was
reported to have no effect on the CB1R protein expression in the rats’ striatum (Yuan et al.,
2013).
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4.1.7 Diencephalon—Among four studies that used different regimens of stable and
escalating non-cue-conditioned morphine, and contingent heroin SA models to study

the effects of opioids on diencephalon CB1R properties, none reported any significant
difference. Their outcomes included the CB1R density, CB1R G protein coupling capacity,
and CB1R mRNA expression in the rodents” whole-diencephalon sample or more specific
samples of the diencephalon subregions (Fattore et al., 2007; Gonzalez et al., 2002;
Gonzalez et al., 2003; Vigano et al., 2003).

4.1.8 Midbrain—Five studies investigated the effects of non-cue-conditioned regimens of
opioids on CB1R properties in midbrain samples. Three studies using stable or escalating
doses of morphine reported unchanged CB1R density in substantia nigra (SN), with two also
finding unchanged G protein coupling capacity (Gonzalez et al., 2002; Romero et al., 1998;
Vigano et al., 2003). However, another autoradiographic study with an escalating dose of
non-cue-conditioned morphine for five days found a decreased density of CB1R receptors

in a whole-midbrain sample, though the G protein coupling capacity remained unchanged
(Gonzalez et al., 2003). In another study, the mMRNA and protein-level expressions of CB1R
were found to be unchanged in VTA after a stable dose of 5 mg/kg morphine in a non-cue-
conditioned model (Zhang et al., 2021). Only one study utilized an SA model to look into
changes in CB1R in the VTA and found that after obtaining the SA behavior, the rats
showed an increased density of the CB1R in the VTA, however, the G protein coupling
capacity remained unchanged (Fattore et al., 2007).

4.1.9 Hindbrain—An escalating twice-daily of non-cue-conditioned morphine regimen
from 10 mg/kg to 100 mg/kg did not change the density of CB1R in either the brainstem
or the cerebellum. Also, the G protein coupling capacity of the cerebellum remained
unchanged, however, a decrease in the G protein coupling capacity of CB1R was observed
in the brainstem (Gonzalez et al., 2002; Gonzalez et al., 2003). In another study, a dose

of 5 mg/kg daily regimen of morphine for 4.5 days resulted in a decline in the CB1R
density in the cerebellum, however, its G protein coupling capacity remained unchanged
(Vigano et al., 2003). Moreover, the CB1R mRNA expression in the cerebellum decreased
after an escalating dose of non-cue-conditioned morphine for five days (Gonzalez et al.,
2002). However, in another study, CB1R mRNA and protein expressions increased in the
cerebellum after a 10 mg/kg morphine twice-daily regimen for 12 days (Jin et al., 2014).

4.2 Cannabinoid receptor 2

Though the research on the presence of CB2Rs in the brain is limited, two studies explored
the effects of non-cue-conditioned opioid exposure in rodents’ CNS CB2R expression. One
found that chronic exposure to 10 mg/kg of morphine does not change the CB2R mRNA
expression in the mice whole-brain samples (Onaivi et al., 2008), while the other reported
that a twice-daily stable dose of 5mg/kg of morphine decreased CB2R mRNA expression in
the VTA of rats (Zhang et al., 2021).

Regarding CPP models, increased CB2R mRNA expression in the cortex, decreased CB2R
MRNA expression in the brainstem, and decreased CB2R protein expression in both sites
are reported after a 4-day CPP training with 10 mg/kg morphine (Zhang et al., 2012), and
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increased CB2R mRNA expression was reported in the dorsal hippocampus after a 4-day
successful CPP training with escalating doses of morphine, which returned to the baseline
after the extinction period and did not increase again by reinstatement (Li et al., 2017).

4.3 Endocannabinoids and their metabolic enzymes

All identified studies that measured the levels of endocannabinoids after chronic exposure
to opioids, regardless of their dose or method, consistently reported unchanged levels of
AEA compared to the control rodents in different regions of the brain, at least two hours
after the last injection, i.e., not in the acute intoxication phase (Caille et al., 2007; Gonzalez
et al., 2003; Vigano et al., 2003; Vigano et al., 2004; Zhang et al., 2021). Moreover, a
non-cue-conditioned twice-daily dose of 5 mg/kg morphine in rats for 5 days resulted in

no significant changes in the protein-level expression of FAAH and NAPE-PLD in VTA
(Zhang et al., 2021). However, escalating non-cue-conditioned morphine administration was
reported to result in a decreased FAAH activity in the CP and hippocampus, and escalating
dose in a CPP model study resulted in increased FAAH mRNA expression, but not NAPE-
PLD expression, in the dorsal hippocampus at the end of the conditioning phase (Li et al.,
2017; Vigano et al., 2004).

A decreased 2-AG level was reported in the striatum, cortex, hippocampus, limbic area, and
hypothalamus after a stable twice-daily dose of 5 mg/kg morphine for 4.5 days (Vigano et
al., 2003). Moreover, a decreased 2-AG level was reported in NAc, but not in PFC, CP, and
hippocampus, in an escalating twice-daily dosage of morphine for 3 days (10 to 40 mg/kg)
(Vigano et al., 2004). However, these changes were not found in another study using a
non-cue-conditioned model in VTA after a twice-daily 5 mg/kg dose of morphine for 5 days
(Zhang et al., 2021). Similarly, a heroin SA study found no significant change in the levels
of 2-AG in NAc shell (Caille et al., 2007). Consistently, in a study on non-cue-conditioned
morphine dosage for 5 days, no change in the protein-level expression of MAGL and
DAGL, was observed in VTA (Zhang et al., 2021). However, a CPP model study reported
that after their conditioning phase, the mRNA expression of MAGL was increased in the
dorsal hippocampus, but there was no change in the level of DAGL g (Li et al., 2017).

Two studies measured the endocannabinoid levels in opioid-treated rats, during a session of
active opioid use, using the microdialysis technique. One study reported that after five days
of a non-cue-conditioned twice-daily regimen of morphine, a 5 mg/kg morphine injection
resulted in no change of AEA and 2-AG levels in VTA (Li et al., 2017). However, another
study that used an SA method found a dose-dependent increase in AEA and a decrease in
2-AG levels during a self-administration session, in their NAc shell (Caille et al., 2007).

We were able to find only one study that followed the endocannabinoid levels in different
parts of the brain after a drug-free period and then following a challenge dose. The
investigators exposed male rats to three days of escalating twice-daily SQ morphine,

and then following a two-week drug-free period, they exposed the animals to another

single morphine dose. The study reported some interesting, counter-intuitive results. The
investigators found increased AEA levels in NAc, CP, PFC, and hippocampus, and decreased
2-AG levels in NAc, CP, and hippocampus were reported after the two-week abstinence
period. Interestingly, a significant decrease in the AEA levels in the CP and hippocampus
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(but not NAc and PFC) and a significant increase in the 2-AG levels in the hippocampus (but
not CP, NAc, and PFC) were reported after the administration of the reinstatement dose of
morphine, changes that are in the reverse direction compared to the effects of morphine on
morphine-naive rodents (Vigano et al., 2004).

5. Discussion

Throughout this review, we aimed to provide a summary of preclinical and clinical studies
that investigated the alterations in the ECS following single or multiple doses of exogenous
opioids; in order to provide a translational model to guide future clinical studies and
pharmacological interventions for the treatment of OUD. However, our most important
finding is the highly heterogeneous methodologies and contradictory findings, which makes
it complicated to build a clear translational model based on available evidence. Many of
the included studies were designed to address more basic neuroscience questions and did
not aim to model OUD as it occurs in humans or to provide generalizable results for
translational purposes. Hence, most of the included studies utilized non-cue-conditioned
models of opioid exposure, with many having a fixed-dosing schedule. Currently, many
preclinical investigators argue that the non-cue-conditioned models of substance use,
especially with a fixed-dosing schedule, would not have high face validity for translational
purposes (Kuhn et al., 2019; Smith, 2020). The complex transition of humans from
recreational drug use into compulsive addictive behaviors incorporates processes other
than the direct effect of a drug on the brain, such as memory formation, incentive

salience, and changes in motivation (Koob and Volkow, 2016; Volkow et al., 2019); To
date, preclinical researchers have a notable list of contingent drug use animal models

with various drug delivery schedules to investigate different processes involved in OUD,
such as models utilizing long access and intermittent access schedules in a context that
animals have a choice between the drugs and other rewarding activities (Kuhn et al., 2019).
Incorporating assessment of real-time ECS dynamics using more recent techniques such as
the GRAB¢cR2 o sensor in future studies on rodents using the more translationally valid
animal substance use disorder models can pave the way for the utilization of animal model
investigation results in clinical settings.

Another missing piece of the puzzle to reach a clear translational explanation is the

lack of studies on non-human primates and the paucity of human studies. Compared to
rodents, non-human primates share more similarities with humans in terms of CNS, and
their longer life and more complex behavioral repertoire make them better candidates for
studies that aim to generalize their findings to humans (Banks et al., 2017). Moreover, we
are currently equipped with some sophisticated non-invasive techniques to conduct in-vivo
human studies to investigate ECS, such as studying the density of cannabinoid receptors
using radiolabeled ligand of cannabinoid receptors in Positron Emission Tomography (PET)
imaging studies, and using peripheral endocannabinoid levels to obtain some information
about the endocannabinoid levels in CNS.(Centonze et al., 2008; Sloan et al., 2019) Using
these techniques to investigate the ECS condition in the context of opioid exposure and
OUD in non-human primates and humans can help bridge the preclinical findings to clinical
settings.
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We categorized the animal models into three groups: non-cue-conditioned models,
conditioned place preference (CPP) models, and self-administration (SA) models (Figures 2
and 3). As mentioned previously, compared to non-contingent models, SA has higher face
validity for translational purposes, followed by CPP (Kuhn et al., 2019). It is also important
to note that the ECS alterations are region-specific in the brain. We also need to pay specific
attention to different components of the ECS. For example, though AEA and 2AG are both
ECS ligands and bind to the same receptors, they seem to have different functions and need
to be assessed separately.

Considering the few studies that addressed the effect of a single dose of opioids, we observe
a pattern of increased AEA levels and decreased 2-AG levels in the NAc, hippocampus, and
CP (Figure 2). Consistent with the increased levels of AEA, FAAH activity is decreased in
the hippocampus and CP (Figure 2). These findings could be explained in light of the brain
reward neurocircuitry. The MOR and CB1R are co-located in the presynaptic GABAergic
neurons innervating the mesolimbic dopamine pathway, and upon activation, they will result
in a surge of dopamine by suppressing the inhibitory effect of presynaptic GABAergic
neurons on the mesolimbic pathway (Cheer et al., 2007; Volkow et al., 2019). In this context
of a similar function of CB1R and MOR, the decrease in the 2-AG levels can be viewed

as negative feedback, trying to counterbalance the effects of excessive exogenous opioid
agonists. Since the 2-AG is about 1000 times more available in the brain and is considered
the main endocannabinoid involved in synaptic neurotransmission, a decrease in the 2-AG
levels following exogenous opioid exposure is expected (Zou and Kumar, 2018). AEA on
the other hand is present in less concentration in the brain, but there has been a suggested
role for AEA as a negative feedback agent to control 2-AG levels, explaining the increase in
its levels (Maccarrone et al., 2008). However, the evidence about AEA's role in controlling
2-AG levels is specific to the stratum and has not been replicated since. Hence, the increase
in AEA could be interpreted in other ways. This model can also explain the synergism of
cannabinoids and opioids in producing euphoria (Schoffelmeer et al., 2006). However, these
findings are mostly relevant to acute rewarding effects of drugs which is not considered as

a criterion for diagnosing substance use disorders based on the Diagnostic and Statistical
Manual of Mental Disorders (DSM)-5.

Similarly, acute exposure of rats acquired SA behavior to morphine -i.e., intoxication phase-
in an SA model seems to result in an increase in AEA levels and a decrease in 2-AG

levels in the NAc, which both normalize after the termination of opioid exposure (Caille

et al., 2007). Considering that the other studies that sacrificed rodents after two hours of
the last morphine exposure did not detect endocannabinoid change (Vigano et al., 2004),
this return to normal levels may occur during the first two hours after exposure, which
suggests the development of a counterregulatory mechanism to maintain the level of the
endocannabinoid in presence of exogenous opioids. However, the only study that studied
the level of endocannabinoids after a two-week period of abstinence, reported an increased
level of AEA and decreased level of 2-AG -as opposed to the intuitive expectation that the
change will be in the reverse direction while the counterregulatory mechanism works in
the absence of the exogenous opioid. The authors also observed that the re-introduction of
the opioid after the abstinence period can increase the 2-AG level in the hippocampus and
decrease the AEA in the hippocampus and CP and explained these findings suggesting that
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the effect of the opioids might change from inhibitory to excitatory after repeated exposure
and sensitization (Vigano et al., 2004). This suggestion can also explain the findings that
FAAH inhibitor and AEA transporter inhibitor were successful in the attenuation of opioid
withdrawal symptoms in rats (Del Arco et al., 2002; Ramesh et al., 2011). These findings
are of special interest since withdrawal is one of the DSM-5 criteria for substance use
disorders. The replication of this phenomenon in the more generalizable animal models
and understanding its exact chronology is imperative for guiding clinical interventions.
While some manipulations of ECS might provide therapeutic effects at early abstinence or
withdrawal periods, the same manipulation can have no effect or hazardous effects in late
abstinence phases, when the brain is returned to its baseline homeostasis.

The results pertaining to CB1R density and function following repeated opioid exposure

are highly inconsistent. These inconsistencies are most probably due to the variety of
models and drug schedules used and the differences between levels of expression, density,
and the function of the CB1R. However, as the models incorporated more translationally
valid approaches, some changes were observed. For example, while the non-cue-conditioned
models mostly failed to detect any changes in CB1R density and function in NAc and
hippocampus, when the CPP models were used they showed an increase in the expression of
the CB1R in the NAc and hippocampus. Similarly, although non-cue-conditioned strategies
failed to induce any change in CB1R in the cortex, amygdala, and basal ganglia regions,
some contingent models suggest an increase in the density or function of CB1R in these
regions, although contradictory results for both regions exist. Observation of changes only
with the cue-conditioned models, suggests that the observed changes are not due to direct
drug effect, but to a kind of learning process that might result in changes in incentive
salience. These changes could roughly be interpreted as DSM criteria like using a substance
in the presence of negative consequences, which show an alteration in the priority of
incentives of the individual.

It appears that the strongest level of evidence suggests that CB1R protein expression
increases in the hippocampus and NAc of cue-conditioned, morphine-dependent rodents.
Also, the result of few available studies using an SA model, suggest that either CB1R
density or its G protein coupling capacity increases in different parts of the limbic system
(hippocampus, NAc, and amygdala), basal ganglia (caudate-putamen) and the VTA (Figure
3). This increase in CB1R protein expression, density, or G protein coupling capacity can
be a counter-regulatory response to the decreased levels of 2-AG in these regions. These
ECS alterations may explain the successful attenuation of the opioids rewarding effects
and tolerance development by CB1R antagonists in animal studies and support their role

as promising pharmacological targets for OUD treatment (Altun et al., 2015; Caille and
Parsons, 2003; De Vries et al., 2003; Le Foll and Goldberg, 2005). However, the first
CB1R antagonist on the market (Rimonabant) resulted in elevated anxiety, depression,

and suicidality (Christensen et al., 2007). Some investigators speculate that the negative
psychiatric side effects of Rimonabant are due to its inverse agonism effects and have
pursued a neutral antagonist formulation with some preclinical success in decreasing self-
administration of opioids and opioid withdrawal (He et al., 2019; Wills et al., 2014).
Nevertheless, investigation of any CB1R antagonist component in the clinical setting should
proceed with caution given the side effects of Rimonabant.
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Studies documenting opioids’ influence on CB2R (versus CB1R) are scarce and there are
inconsistencies within the limited number of reports that do exist. However, preclinical data
suggest a role for CB2R agonists in attenuating opioid rewards (Grenald et al., 2017; lyer

et al., 2020; Zhang et al., 2021), delaying the development tolerance (Li et al., 2019; Zhang
etal., 2018; Zhang et al., 2016b), and reducing naloxone-induced opioid withdrawal (lyer et
al., 2020; Li et al., 2019; Zhang et al., 2018). Taken together, pursuing CB2R agonists as a
candidate for OUD treatment seems a plausible line of research.

Notably, we must proceed with caution in eliciting translational conclusions based on
current findings. Most of our data is based on non-cue-conditioned models, some are

based on CPP models, and a few on contingent self-administration models with simple

drug delivery schedules. Hence, the available data does not offer a high face validity for
translational purposes (Kuhn et al., 2019; Smith, 2020). The transition from recreational
drug use to a compulsive addictive disorder in humans happens in a complex environment
and is not only due to the euphorigenic results of the drug, and some changes happen

after a long time of repeated exposure to the drug. When drugs are delivered in a context

of environmental stimuli, and contingent upon certain behaviors from the organism, the
previously neutral stimuli transform into drug cues via conditional memory formation. These
drug cues can stimulate the ventral striatum dopaminergic pathways independently and
motivate the organism for drug-seeking behavior (Pecifia and Berridge, 2013; Uhl et al.,
2019). As the drug-seeking behaviors result in pleasurable outcomes repeatedly, the memory
will become more consolidated in the dorsal striatum and the behavior will change from

a goal-directed deliberate behavior to an automated habitual behavior (Koob and Volkow,
2016; Singer et al., 2018). As these repetitions weaken some connections between PFC

and the dorsal striatum, the control over these habits attenuates and the compulsions will
become less controllable (Tang et al., 2015; Volkow et al., 2019; Winstanley et al., 2010).
Animal studies that use more sophisticated contingent modeling, while the drug availability
is intermittent, a choice for alternative rewards is present, or the organism is exposed to cues
that make them susceptible to relapse after abstinence, promise more validity in producing
more generalizable results. Given the wide presence of ECS in different brain regions and its
responsibility in higher functions such as emotion regulation, memory, learning, and reward
sensation, it is plausible to assume a role for ECS in these processes (Zou and Kumar, 2018).
However, these methods are underutilized in the study of ECS changes in opioid use models.
It is plausible to assume as we move toward studying these mechanisms, the observed
changes might not be attributable to a specific drug class, but rather to the transdiagnostic
changes that underlie any addictive disorder. However, this does not undermine the clinical
implication of such findings.

Conclusion and Future Perspectives

Numerous studies have investigated ECS dysregulation following a single or repeated
exposure to opioids and there is a wide range of publications on the levels of
endocannabinoids as well as the density, functionality, and expression of key receptors
and metabolic enzymes. But the similarities between these experiments seem to end
there. The opioid used, dosing protocols, mode of administration, measuring techniques,
and even indicators of dependence or addiction used in their experiments vary widely.
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Most importantly, the majority of the data come from studies that were not designed for
translational purposes which limits their utility in reaching conclusions that are generalizable
to clinical settings. These factors contribute to the difficulty associated with identifying clear
patterns of ECS dysregulation within the existing literature.

All the results we presented in this study should be interpreted with caution. There is a
need for investigations with more translationally valid animal models and studies on human
subjects with OUD to better understand the alterations in the ECS in different stages of

the OUD. Meanwhile, given the available evidence -mainly from using exogenous ECS
modulators in OUD animal models- some ECS modulator molecules seem to be promising
pharmaceutical agents for the treatment of OUD. AEA enhancer molecules, such as FAAH
inhibitors are candidates for suppression of opioid withdrawal symptoms and are currently
being tested in human trials for anxiety disorders (Schmidt et al., 2021; Sloan et al., 2017).
MAGL inhibitors are another candidate that has been shown to reduce opioid withdrawal
symptoms in animal models. (Ramesh et al., 2011; Sloan et al., 2017). We are aware of

at least one MAGL inhibitor that reached clinical trail stage, however for other indications
than substance use disorders (Muller-Vahl et al., 2022). Neutral CB1R antagonists, that
lack the inverse agonistic properties of Rimonabant, have shown promising results in
decreasing the self-administration of drugs in animal models without the adverse effect

of Rimonabant (Gueye et al., 2016). Finally, CB2R agonists have also shown efficacy in
decreasing self-administration of drugs in animal studies (Gueye et al., 2016; Zhang et al.,
2015). Although CB2R agonists reached clinical trial stages for other indications, to the best
of our knowledge, they have not been studied for substance use disorders in humans until
today (Ostenfeld et al., 2011; Sloan et al., 2017).
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Highlights
. Endogenous cannabinoid and opioid systems have multi-level cross-talks.
. Exposure to exogenous opioids dysregulates the endocannabinoid system.
. Alterations of the endocannabinoid system are region-specific in the brain.
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Figure 1: The ECS components
CBI1R receptors are located predominantly in the presynaptic neurons. Upon activation of

the postsynaptic neuron, the endocannabinoid 2-AG is made on demand by the DAGL
enzyme in the postsynaptic neuron. Given its lipophilic properties, 2-AG crosses the neuron
postsynaptic neuron membrane and binds to presynaptic CB 1R. The 2-AG is degraded

by the MAGL enzyme in the presynaptic neuron. The AEA is synthesized mostly by the
NAPE-PLD enzyme which is located predominantly in the presynaptic neuron and degrades
by the FAHH enzyme in the postsynaptic neuron.

Abbreviations: 2-AG, 2-Arachidonoylglycerol; AEA, Anandamide; CB1R, Cannabinoid
Receptor type 1; DAG, Diacylglycerol; DAGL, Diacylglycerol Lipase; FAAH,

Fatty Acid Amide Hydrolase; MAGL, Monoacylglycerol Lipase; NAPE, N-
acyl-phosphatidylethanolamine; NAPE-PLD, N-acyl-phosphatidylethanolamine-specific
Phospholipase D.
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Figure 2: The alterations of ECS Following a Single Day of Opioid Exposure
Abbreviations: Amg, Amygdala; CBM, Cerebellum; CP, Caudate-Putamen; GP, Globus

pallidus; HPC, Hippocampus; NAc, Nucleus Accumbens; PFC, PreFrontal Cortex; VTA,
Ventral Tegmental Area.
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Figure 3: The alterations in the endocannabinoid system components after repeated opioid
exposures.

1 between exposures, 2 during an exposure

Abbreviations: Amg, Amygdala; CBM, Cerebellum; CP, Caudate-Putamen; GP, Globus
pallidus; HPC, Hippocampus; NAc, Nucleus Accumbens; PFC, PreFrontal Cortex; VTA,
Ventral Tegmental Area.
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The alterations of endocannabinoid system components after acute opioid exposure
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Opioid
Source Species Compound
(Route)
Vigano :
etal, 2003 Male gg)ph'"e
[54]
;/I'g%%:t Male Morphine
[56] Rats (SQ)
Jinetal, Male Morphine (1P
2014 [55] Rats or SC?)

Zhang et.al. Male

2021[57]  Rats Morphine (IP)

Addiction Model/Exposure
Details

Non-cue-conditioned model.
Single 5 mg/kg injection.

Animals were sacrificed two hours
after the injection.

Non-cue-conditioned model.
Single 5 mg/kg injection.
Animals were sacrificed 30
minutes after the injection.

Non-cue-conditioned model.
Single 10 mg/kg injection.
Animals were sacrificed 24 hours
after the last injection

Non-cue-conditioned model.
Injection of 5 mg/kg and then
obtaining in vivo microdialysis
samples from VTA. In vivo, micro-
dialysis samples were obtained
every 30 minutes until 6 hours
after the injection.

Endocannabinoid
outcome measures
and method

CBI1R Density ([3H]-CP-55,940
binding)

CB1R G protein coupling capacity
(CP-55,940-induced [35S]-GTPyS
binding)

AEA and 2-AG levels (GC/MS)

AEA and 2-AG levels (LC/MS)
FAAH activity (in vitro
arachidonoyl-[14C]Jethanolamide
metabolism)

CB1R mRNA expression (RT-
PCR)

CBI1R Protein expression (Western
blot)

AEA and 2-AG levels (MS)

Results

CBI1R Density

— CP, Cortex,
NAc, Septum
nucleus, anterior
amygdala,
Hypothalamus, SN,
GP, Hippocampus,
Cerebellum

CB1R G protein
coupling capacity

— CP, Cortex,
NAc, Septum
nucleus, anterior
amygdala,
Hypothalamus, SN,
GP, Hippocampus,
Cerebellum

AEA level
—Whole brain
2-AG level
—Whole brain
AEA level

T NAc, CP,
Hippocampus

— PFC

2-AG level

INAC,
Hippocampus
— PFC, CP

FAAH activity

I CP,
Hippocampus

CB1R mRNA
expression

T Cortex

| Cerebellum
—> Brain stem,
Hippocampus

CBI1R Protein
expression

1 Hippocampus
—> Cerebellum,
Cortex

AEA level
— VTA
2-AG level

— VTA

Abbreviations: AEA: Anandamide; CB1R: Cannabinoid receptor 1; CP: Caudate-putamen; FAAH: Fatty acid amide hydrolase; GC/MS: Gas
chromatography/ Mass spectrometry; GP: Globus palidus; IP: Intra-peritoneal; LC/MS: Liquid chromatography/ Mass spectrometry; NAc: Nucleus
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accumbens; PFC: Pre-frontal cortex; SN: Substantia nigra; SQ: Subcutaneous; RT-PCR: Reverse transcriptase polymerase chain reaction; 2-AG:
2-Arachidonoylglycerol.

Definitions: : Increased significantly; |: Decreased significantly; —: Not changed/insignificant change.
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Table 2:

CBI1R alterations after chronic opioid exposure

Page 30

Source

Rubino et.al.,
1997 [61]

Romero et al.,
1998 [60]

Sim-Selley et
al., 2000 [64]

Gonzalez et
al., 2002 [59]

Species

Male Rats

Male Mice

Male Rats

Male Rats

Opioid
Compound
(Route)

Morphine
(SQ pellets)

Morphine
(SQ)

Heroin (1V)

Morphine
(1P)

Addiction Model/Exposure
Details

Non-cue-conditioned model.

One SQ pellet of 75 mg morphine
each day for 5 days. Tolerance to

the analgesic effects of morphine was
proven by the tail-flick test.

Animals were sacrificed one day after
the insertion of the last pellet.

Non-cue-conditioned model. Twice-
daily escalating dose of 5 mg/kg to 45
mg/kg for 5 days.

The existence of opioid dependence
was assessed by the naloxone-induced
jumping behavior test.

Animals were sacrificed two hours after
the last injection.

SA model.

The animals were engaged in daily 4-
hour self-administration sessions on a
fixed-ratio 10 schedule of reinforcement
for 29-39 days

Each lever interaction resulted in
escalating heroin injection, from 0.06
mg/kg at the beginning to 6 mg/kg per
infusion at the end of training. At the
end of the training, the maximum daily
heroin intake reached 366 mg/kg.

Non-cue-conditioned model.
Escalating dose every day for 6 days.
Day 1: 10 and 10 mg/kg weight; day
2: 20 and 20 mg/kg; day 3: 40 and 40
mg/kg; day 4: 60 and 60 mg/kg; day 5:

80 and 80 mg/kg; and day 6: 100 mg/kg.

Animals sacrificed two hours after the
last injection

CBI1R outcome
measures and
method

mMRNA expression
(Insitu
hybridization)
Density ([3H]-
CP-55,940 binding)

Density ([3H]-
CP-55,940 binding)
G protein

coupling capacity
(WIN 55,212-21-
induced [35S]-
GTP+yS binding)

G protein
coupling capacity
(WIN 55,212-22-
induced [35S]-
GTP+yS binding)

mRNA expression
(In situ
hybridization)
Density ([3H]-
CP-55,940 binding)

Psychiatry Res. Author manuscript; available in PMC 2024 December 01.

Results

mMRNA expression
T CP
Density

T CP
— Cortex,
Hippocampus

Density

TGP

— Medial CP,

lateral CP, SN, EPN,
CA, Dentate gyrus,
NAc, Septum nucleus,
Amygdaloid nucleus,
Superficial and deep
layers of the cortex,
Central gray substance

G protein coupling
capacity 2

— GP, Medial CP,
lateral CP, SN, EPN,
CA, Dentate gyrus,
NAc, Septum nucleus,
Amygdaloid nucleus,
Superficial and deep
layers of the cortex,
Central gray substance

G protein coupling
capacity

— PFC, Cingulate
cortex, CP, Amygdala,
Hippocampus

MRNA expression

1in CA2, Septum
nucleus

1 in Medial and lateral
CP, Cerebellum

— in Superficial and
deep layers of the
cortex, ventromedial
hypothalamic nucleus,
CAI1, CA3, dentate
gyrus, basolateral
amygdala

Density

1 in medial CP, NAc,
septum nucleus

| in the dentate
gyrus and basolateral
amygdala

— in superficial and
deep layers of the
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Opioid L CB1R outcome
Source Species Compound Addiction Ig/(leggtla;/Exposure measures and Results
(Route) method
cortex, lateral CP, GP,
EPN, SN, Cerebellum,
CAl, CA2, CA3
Density
| Cerebral cortex,
Midbrain
— Striatum,
Limbic forebrain,
it Hippocampus
Non-cue-conditioned model. . Ippocampus,
Escalating dose every day for 6 days. Density ([3H]- Diencephalon,
Day 1: 10 and 10 mg/kg weight; day gP-55y940 binding)  Cerebellum, Brainstem
. : ’ rotein
Gonzalez et Morphine 2: 20 and 20 mg/kg; day 3: 40 and 40 prot . ; ;
al,2003[62] MaleRats (SQ) mglkg; day 4: 60 and 60 mg/kg; day 5: ‘Eg‘;,’“gg%jgpﬁgf]{ o ¢ P“’;;,;gg;;;p"“g
80 and 80 mg/kg; and day 6: 100 mg/kg. [358]—éTP S
Animals were sacrificed two hours after binding) v 1 Cerebral cortex
the last injection | Brainstem
— Striatum,
Limbic forebrain,
Hippocampus,
Midbrain,
Diencephalon,
Cerebellum
Density
| Hippocampus,
Cerebellum
— CP, Cortex,
(I3H] NAc, Septum nucleus,
. Density ([3H]- anterior amygdala,
Non-cue-conditioned model. H '
Stable 5mg/kg dose, twice daily for 4.5 gpéfoiégiﬁo binding)  Hypothalamus, SN, GP
;/(;%gn[oSii.al., Male Rats (l\ger)phme days. coupling capacity G protein coupling
Animals were sacrificed two hours after Eggs-]S_sés_ar?-lsnduced capacity
the last injection bindi R4 | NAC
inding) op
Cortex, Hippocampus,
Septum nucleus,
anterior amygdala,
Hypothalamus, SN, GP,
Cerebellum
Density
el T Amygdala, VTA
SA model. : — PFC, NAc,
Each lever depression resulted in a 8;?;23/9‘(1[()3;2]6&“9) CP, Hippocampus,
| 0.0g Img/kg hefroin igjﬁction, arl]fter G protéin Hypothalamus
Fattore et al., - stabilization of SA behavior the training p -
2007 [63] Male rats Heroin (IV) continued for another week. coupling capacity G Protein coupling
(CP-55,940-induced capacity
. . 355]-GTPYS P
Animals were sacrificed one week after l[)indin ) N
acquiring SA behavior 9 PFC, NAC,
CP, Hippocampus,
Amygdala
—Hypothalamus, VTA
Male and . : i Protein expression
Alvaro- Female aHnedrloolp -r;a(l)(r:?t?sthese opioids for the last 6-24 Protein expression
Bartolomé Humans Methadone All died due to opioid overdose (Western Blot) — PFC
and Garcia- (postmortem)
Sevilla, 2013 i ; ;
1 . Non-cue-conditioned model. : . Protein expression
[58] Male Rats l\{l;rphme 10-100 mg/kg three times a day for 6 P\;\v})tetm exglretsswn
(1P) days. (Western Blot) — Cerebral Cortex
CPP model. Protein expression
. 10mg/kg daily injections for 5 days . .
Yuan et al., Morphine . P Protein expression * NAc
2013 [68] Male Rats (SQ) accompanied by place conditioning. (Western blot) —> Striatum

Then the morphine injections stopped.
No morphine unpaired control group.
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Opioid L CB1R outcome
Source Species Compound Addiction Ig/(leggtla;/Exposure measures and Results
(Route) method
changes were observed
Animals were sacrificed on days 2, 4, g}rglljlptshxsh\/\gghdrawal
and 22 after the last injection. significant difference
between them.
MRNA expression
1 in Cortex,
Hippocampus,
Non-cue-conditioned model. MRNA expression Cerebellum
Jinetal.,, Male Rats Morphine 10 mg/kg twice a day for 12 days (RT-PCR) —> Brain stem
2014 [55] (IP or SC?) Animals were sacrificed 24 hours after Protein expression . .
the last injection (Western blot) Protein expression
1 in Cortex,
Hippocampus,
Cerebellum
Protein expression
CPP model. .
10 mg/kg daily injections, every other "' NAc, Hippocampus
: day for 8 days with (morphine CPP) . . \ ciqnifi
Zhang et al., : Morphine p : N Protein expression Note: significant
2016 [65] Male Mice (IP) or without (morphine no-CPP) place (Western blot) changes were observed
conditioning procedure. H ;
imal ificed 24 h i only in the morphine
Ahnllma s were sacrificed 24 hours after CPP group but not in
the last injection the morphine no-CPP
group.
Protein expression

1duosnuen Joyiny

CPP model.

Conditioning phase: Escalating daily
dose for 4 days (5, 8, 10, and

15 mg/kg) with (morphine-paired

1 Dorsal hippocampus
after conditioning and
reinstatement phases.
— Dorsal

hippocampus after

: group) and without (morphine-unpaired
Morphine extinction phase.

(SQ) group) place conditioning procedure.
Extinction phase: five days without

Protein expression
(Western blot)

Zhao et al.,

2017 [66] Male Rats

1duosnuey Joyiny

morphine. Reinstatement phase: Single
5 mg/Kg morphine injection.

Animals were sacrificed 24 hours after
each phase.

CPP model.

Conditioning phase: Escalating daily
dose for 4 days (5, 8, 10, and

15 mg/kg) with (morphine-paired
group) and without (morphine-unpaired
group) place conditioning procedure.
Extinction phase: five days without
morphine. Reinstatement phase: Single
5 mg/Kg morphine injection. The
control group received saline injections
throughout the investigation except for
the reinstatement phase, in which they
also received the morphine injection.
Animals were sacrificed 24 hours after
each phase.

Non-cue-conditioned model.

mRNA expression
(RT-PCR)

mMRNA expression

Note: significant
changes were observed
only in the morphine-
paired group but not in
the morphine-unpaired
group.

mRNA expression

1 Dorsal hippocampus
after reinstatement
phase vs. saline
pretreated controls that
received one morphine
injection.

| Dorsal hippocampus
after conditioning
phase vs. saline-treated
controls.

— Dorsal
hippocampus after
extinction phase vs.
saline-treated controls.

Note: significant
changes were observed
only in the morphine-
paired group but not in
the morphine-unpaired
group.

MRNA expression

1duosnuep Joyiny

Stable dose of 5 mg/kg, twice daily for
5 days.

Animals were sacrificed one hour after
the last injection.

(RT-PCR)

Protein expression
(Western blot &
proteomic analysis)

Zhang et.al. Morphine
202157] Male Rats (IP)

— VTA

Protein expression
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Opioid L CB1R outcome
Source Species Compound Addiction Ig/(leggtla;/Exposure measures and Results
(Route) method

— VTA

Abbreviations: CA1-2-3: Cornu Ammonis 1-2-3; CP: Caudate-putamen; CPP: Conditioned place preference; EPN: Entopeduncular nucleus, GP:
Globus palidus; 1V: Intra-venous; IP: Intra-peritoneal; NAc: Nucleus accumbens; PFC: Pre-frontal cortex; SA: Self-administration; SN: Substantia
Nigra; SQ: Subcutaneous; VTA: Ventral tegmental area; RT-PCR: Real-time polymerase chain reactions.

Definitions: 1: Increased significantly; |: Decreased significantly; —: Not changed/insignificant change.

JWIN 55,212-2 is a non-specific CB1R and CB2R agonist, hence in these studies, the G protein coupling capacity results are not specific to CB1R.
However, because CB1R is considerably more abundant in the CNS compared to CB2R, we considered these results as pertaining to CB1R.

The source paper calculated the significance of the G protein coupling differences of before vs. after agonist stimulation in the morphine and

saline-treated mice. We presented the significance of the difference in agonist-induced activation of saline vs. morphine-treated mice using the
crude results presented in Table 3 of the report.
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Table 3:

CB2R alterations following chronic opioid exposure.
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Opioid i CB2R outcome
Source Species Compound AddlctlonSA?q?I/Exposure measures and Results
(Route) etarls method
Onaivi et Male and Non-cue-conditioned model. . mMRNA expression
al., 2008 Female Heroin (NR) Chronic exposure to 10 mg/kg heroin, (daily ?glq\‘)A expression (RT- )
[69] Mice frequency and duration: NR) — Whole brain
mMRNA expression mMRNA expression
(RT-PCR) Protein
gpp model. . expression (Western 1 Cortex
onditioning phase: 4 days of stable 10 blot) | Brain stem
Zhang et ; mg/kg daily morphine injections alongside . —> Cerebellum
al., 2012 '\R/Iailse (l\ger)phme place conditioning procedure. mgttei'stgeen‘]l\il?sﬁzr:ﬁ fied
[70] No morphine-unpaired group. and it is not glear ' Protein expression
Animals were sacrificed the day after the
injection Whether the changes are | o grain stem
statistically significant '
or not. — Cerebellum
mMRNA expression
1 Dorsal
hippocampus after
conditioning phase
vs. saline-treated
CPP model. controls.
Conditioning phase: Escalating daily —> Dorsal
dose for 4 days (5, 8, 10, and 15 hippocampus after
mg/kg) with (morphine-paired group) and extinction vs. saline-
without (morphine-unpaired group) place treated controls and
conditioning procedure. Extinction phase: in reinstatement
Li et.al, Male Morphine five days without morphine. Reinstatement mRNA expression (RT-  phases compared
2017 [67] Rats (SQ) phase: Single 5 mg/Kg morphine injection. PCR) to saline-pretreated
The control group received saline injections controls that had
throughout the investigation except for the a single morphine
reinstatement phase, in which they also injection.
received the morphine injection.
Animals were sacrificed 24 hours after each
phase Note: significant
changes were
observed only in
the morphine-paired
group but not in the
morphine-unpaired
group.
Zhang et.al ) Non-cue-conditioned model. ) MRNA expression
2021 Male Morphine Stable dose of 5 mg/kg, twice daily for 5days  mRNA expression (RT-
[57] Rats (IP) Animals were sacrificed one hour after the PCR) I VTA

last injection.

Abbreviation: CPP: Conditioned place preference IP: Intra-peritoneal; RT-PCR: Reverse transcriptase polymerase chain reactions; SQ:

Subcutaneous; VTA: Ventral tegmental area.
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Table 4:

Page 35

Alterations in the level of endocannabinoids and their metabolic enzymes following opioid chronic exposure.

Source

Gonzalez et
al., 2003
[59]

Vigano et.al,
2003 [54]

Vigano
etal., 2004
[56]

Species

Male
Rats

Male
Rats

Male
Rats

Opioid
Compound
(Route)

Morphine
(SQ)

Morphine
(SQ)

Morphine
(SQ)

Addiction Model/Exposure
Details

Non-cue-conditioned model.

Escalating dose every day for 6 days

Day 1: 10 and 10 mg/kg weight; day 2: 20
and 20 mg/kg; day 3: 40 and 40 mg/kg;
day 4: 60 and 60 mg/kg; day 5: 80 and 80
mg/kg; and day 6: 100 mg/kg.

Animals were sacrificed two hours after
the last injection

Non-cue-conditioned model.

Stable 5mg/kg dose, twice daily for 4.5
days

Animals were sacrificed two hours after
the last injection

Non-cue-conditioned model.

Chronic morphine phase: escalating dose
for 3 days (10, 20, 40 mg/kg) twice daily,
Withdrawal phase: 2 weeks without drug,
Expression phase: a single dose of 5mg/kg
morphine after withdrawal

Animals were sacrificed 30 minutes after
the last injection or after the withdrawal
phase

Endocannabinoid
outcome measures
and method

AEA level (GC/MS)

AEA and 2-AG levels
(GC/MS)

AEA and 2-AG levels
(LC-APCI-MS) FAAH
activity (in vitro

arachidonoyl-[14C]ethan

olamide metabolism)

Psychiatry Res. Author manuscript; available in PMC 2024 December 01.

Results

AEA level

— Cerebral
Cortex, Striatum,
Limbic forebrain,
Hippocampus,
Midbrain,
Diencephalon,
Cerebellum, Brain
stem

AEA level

— Striatum, Cortex,
Hippocampus, Limbic
areaZ, Hypothalamus,
Cerebellum,
Mesencephalon.

2-AG level

| Striatum, Cortex,
Hippocampus, Limbic
areal, Hypothalamus.
— Cerebellum,
Mesencephalon.

AEA level

T In NAc, PFC, CP,
and Hippocampus at
the end of withdrawal
and reinstatement
phases

— In NAc, PFC, CP,
and Hippocampus at
the end of the chronic
morphine phase

2-AG level

L in NAc at the end of
the chronic morphine
phase. In NAc, CP
and hippocampus at
the end of withdrawal
and expression phases
— in CP and
hippocampus after
chronic phase. In
PFC after chronic
morphine, withdrawal,
and reinstatement
phases.

FAAH activity

L in CP and
hippocampus at

the end of the
chronic phase and
reinstatement phases.

Note: The above-
mentioned significant
changes at the end

of the reinstatement
phase were compared
to saline control
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Source

Caille”
et.al., 2007
[71]

Li et.al,
2017 [67]

Species

Male
Rats

Male
Rats

Opioid
Compound
(Route)

Heroin (1V)

Morphine
SQ)

Endocannabinoid
outcome measures
and method

Addiction Model/Exposure
Details

SA model.

After the rats acquired a stable SA
behavior, a 2-hour session in the SA
chamber alongside

In vivo micro-dialysis sampling was
started.

AEA and 2-AG levels
(LC/MS)

Mean self-administered heroin during the
2-hour sampling session administration:
443 + 61 ug/kg

CPP model.

Conditioning phase: Escalating daily
dose for 4 days (5, 8, 10, and 15

mg/kg) with (morphine-paired group)
and without (morphine-unpaired group)
place conditioning procedure. Extinction
phase: five days without morphine.
Reinstatement phase: Single 5 mg/Kg
morphine injection. The control group
received saline injections throughout the
investigation except for the reinstatement
phase, in which they also received the
morphine injection.

Animals were sacrificed 24 hours after
each phase

NAPE-PLD, DAGL o,
FAAH, and MAGL
mRNA expression (RT-
PCR)

Psychiatry Res. Author manuscript; available in PMC 2024 December 01.

Results

rats. However,

there are some
significant changes in
the morphine-treated
animal at the end of
the withdrawal phase
and after receiving the
expression dose.

| AEA level in CP and
Hippocampus

— AEA level in NAc
and PFC

1 2-AG inthe
Hippocampus

— 2-AG in the CP,
NAc and PFC

AEA level

T in NAc shell
(directly correlated
with heroin dose)
during the self-
administration session
vs. before the session.
— in NAc

shell before self-
administration session
vs. controls

2-AG level

L in NAc shell
(Inversely correlated
with heroin dose)
during the self-
administration session
vs. before the session.
— in NAc

shell before self-
administration session
vs. controls

NAPE-PLD
expression

— in the

dorsal hippocampus
after conditioning,
extinction, and
reinstatement phases.

DAGL g eXxpression

— in the

dorsal hippocampus
after conditioning,
extinction, and
reinstatement phases.

FAAH expression

1 in dorsal
hippocampus after
conditioning phase.
— in the dorsal
hippocampus after
extinction and
reinstatement phases.

MAGL expression

1 in dorsal
hippocampus after
conditioning phase.
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Source

Zhang et al.,
2021 [57]

Species

Male
Rats

Opioid
Compound
(Route)

Morphine
(1P)

Addiction Model/Exposure
Details

Non-cue-conditioned model.

Stable dose of 5 mg/kg, twice daily for 5
days.

Animals were sacrificed one hour after the
last injection.

Non-cue-conditioned model.

Stable dose of 5 mg/kg, twice daily

for 5 days, then an additional 5 mg/kg

on the next day (challenge injection)

and measuring endocannabinoid trends. In
vivo, micro-dialysis samples were obtained
every 30 minutes until 6 hours after the
challenge injection.

Endocannabinoid
outcome measures
and method

FAAH and NAPE-
PLD Protein expression
(proteome analysis)
MAGL and DAGL,
protein expression
(proteome analysis and
Western blot)

AEA and 2-AG levels
(Mass spectrometry)

Results

| in the dorsal
hippocampus after the
reinstatement phase.
— in the dorsal
hippocampus after the
extinction phase.

Note: significant
changes were observed
only in the morphine-
paired group but

not in the morphine-
unpaired group. The
comparisons in the
conditioning and
extinction phases

are between morphine-
treated and saline-
treated rats. However,
in the reinstatement
phase, the comparison
is between morphine-
pretreated and saline-
pretreated rats that
both received a
morphine injection.

FAAH expression
— VTA

NAPE-PLD
expression

— VTA
MAGL expression
— VTA
DAGL expression
— VTA
AEA level

— In VTA before
challenge injection vs.
saline-treated control
group. In VTA before
vs. after challenge
injection.

2-AG level

— In VTA before
challenge injection vs.
saline-treated control
group. In VTA before
vs. after challenge
injection

Abbreviations: AEA: Anandamide; DAGL : diacylglycerol lipase a; CP: Caudate-putamen; FAAH: Fatty acid amide hydrolase; GC/MS:

Gas chromatography, mass spectrometry; IP: Intra-peritoneal; 1V: Intra-venous; MAGL: Monoacylglycerol lipase; NAc: Nucleus accumbens;
NAPE-PLD: N-Acyl-Phosphatidylethanolamine-Hydrolyzing Phospholipase D; RT-PCR: Reverse transcriptase polymerase chain reaction; SA:
Self-administration; PFC: Pre-frontal cortex; VTA: Ventral tegmental area; 2-AG: 2-Arachidonoylglycerol. Definitions: 1: Increased significantly;
|: Decreased significantly; —: Not changed/insignificant change.

Authors specimen of the limbic area contained nucleus accumbens, septum nuclei, and parts of the anterior amygdaloid nuclei.

Psychiatry Res. Author manuscript; available in PMC 2024 December 01.



	Abstract
	Introduction
	The endocannabinoid system ECS
	Cannabinoid receptors
	Endocannabinoids and their metabolism
	The ECS and the opioid system
	Common laboratory methods for studying the endocannabinoid system after opioid exposure
	Opioid exposure
	Assessment of the ECS


	Alterations of ECS Following a Single Opioid Exposure
	Cannabinoid receptor 1
	Endocannabinoids and their metabolic enzymes

	Alterations of The ECS in Response to Repeated Opioid Exposure
	Cannabinoid receptor 1
	Cortex
	Hippocampus
	Amygdala
	Nucleus accumbens NAc
	Other parts of the limbic system
	Basal ganglia
	Diencephalon
	Midbrain
	Hindbrain

	Cannabinoid receptor 2
	Endocannabinoids and their metabolic enzymes

	Discussion
	Conclusion and Future Perspectives
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

