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Opiate use continues to rise worldwide, leading to a record number of opiate-

dependent individuals seeking detoxification treatment. Opiate withdrawal produces a 

syndrome of physiological and psychological disturbances, poorly managed by currently 

available treatment options. Preclinical research suggests that the endocannabinoid 

system, and related fatty acids, play an essential role in the regulation of opiate 

withdrawal-related behavioural and neurobiological responses in rodents. N-Oleoyl 

glycine (OlGly) is a N-acyl amino acid that interacts with the cannabinoid-1 receptor 

(CB1) and peroxisome proliferator-activated receptor alpha (PPARD) to attenuate 

somatic and affective behavioural responses produced by acute naloxone-precipitated 

morphine withdrawal (NPMWD) in rats. However, several fatty acids, including OlGly, 

are short-lived in the body due to rapid enzymatic degradation, thus, limiting their 

therapeutic potential. Consequently, a methylated version of OlGly, N-Oleoly alanine 

(OlAla), was synthesized because methylation of fatty acids can provide compound 

stability.   
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In Chapter 2, using multiple behavioural paradigms in male rats, intraperitoneal 

OlAla reduced acute NPMWD affective and somatic responses through CB1 and 

PPARD mechanisms, consistent with previous findings using the structurally similar 

OlGly compound. OlAla produced longer-lasting attenuation of opiate withdrawal 

behaviour than OlGly, consistent with the use of methylation to increase the stability of 

the fatty acid stability in-vivo.  

The experiments in Chapter 3 evaluated the potential of OlGly and OlAla to 

attenuate withdrawal following chronic opiate exposure. In each experiment, OlAla 

reduced somatic withdrawal-induced behaviours, while OlGly was without effect. Also, 

OlAla pretreatment reversed molecular changes in the gut and brain induced by chronic 

opiate administration followed by withdrawal.  

In Chapter 4, to provide enhanced translational appeal of this work to clinical 

populations, orally administered OlAla was tested on opiate withdrawal behaviour. Oral 

OlAla maintained its ability to reduce withdrawal following acute and chronic opiate 

exposure, signifying that multiple routes of administration are compatible with our 

observed effects.  

The results are discussed within the context of opiate withdrawal neurobiology 

and the use of OlAla for the treatment of opiate withdrawal in clinical populations. 

Overall, these data support the continued investigation of fatty acid compounds as 

potential treatment options for opiate withdrawal. 
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CHAPTER 1 
 
1 General Introduction 
 
 Opiate withdrawal produces a syndrome of somatic and affective symptoms that 

are poorly managed by current treatment options (Burma et al., 2017; Kleber, 2007). 

Arguably, proper treatment of opiate withdrawal symptoms will reduce withdrawal-

associated discomfort, which is thought to contribute to further drug-taking and 

increased probability of lethal relapses (Davoli et al., 2007; Koob, 2020). Using 

preclinical models, research explores the neurobiology of opiate withdrawal to identify 

novel therapeutic targets for treatment in clinical populations.   

 Several lines of research point to an important role of the endocannabinoid 

system and related fatty acid signaling molecules, in the neurobiology of opiate 

withdrawal, particularly through activity at the cannabinoid-1 (CB1) receptor (Petrie et 

al., 2019; Rock et al., 2020; Wills & Parker, 2016). The endogenous N-acyl amino acid 

N-Oleoyl glycine (OlGly) was recently demonstrated to reduce a wide range of morphine 

withdrawal responses in rats acutely treated with morphine by a CB1 receptor-

dependent mechanism. This is consistent with the ability of OlGly to inhibit fatty acid 

amide hydrolase (FAAH) (Donvito et al., 2019), an enzyme that regulates several fatty 

acids in the body, including N-arachidonoylethanolamine (AEA), the CB1 receptor partial 

agonist. However, FAAH also hydrolyses N-palmitoylthanolamide (PEA) and N-

oleoylethanolamide (OEA), two agonists of the nuclear peroxisome-proliferator-

activated receptor alpha (PPARD). Additionally, OlGly has been shown to bind to 

PPARD invitro (Donvito et al., 2019) and attenuate the somatic responses produced by 

acute opiate withdrawal in rats through this neural mechanism (Rock et el., 2020). This 
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finding highlighted the important role of the PPARD system in opiate withdrawal for the 

first time, providing an interesting avenue for continued research.   

 In addition to providing several benefits in preclinical models of opiate 

withdrawal, OlGly is devoid of the locomotor deficits and hypothermic responses 

produced by direct CB1 receptor agonists (Petrie et al., 2019; Rock et al., 2021), making 

it an ideal candidate for a novel medication to treat withdrawal in humans. However, 

OlGly is susceptible to rapid degradation by FAAH (Bradshaw et al., 2009), which will 

limit its therapeutic potential to a short interval of time. Therefore, to stabilize OlGly, 

researchers in Dr. Raphael Mechoulam’s lab at the Hebrew University developed 

methylated OlGly compounds to test against preclinical models of opiate withdrawal. 

Indeed, methylation of other fatty acid compounds has been shown to increase their 

resistance to FAAH and prolong their actions in the body (Abadji et al., 1994). 

Taken together, it is important to consider whether the methylated versions of 

OlGly also interfere with acute opiate withdrawal behaviours in rats, their mechanism of 

action and whether they have the potential to produce sustained behavioural effects 

when compared to OlGly. Also, it is important to determine whether OlGly and 

methylated versions, interfere with withdrawal following chronic opiate administration. 

Since most individuals are treated for opiate withdrawal following chronic drug use, the 

ability of these compounds to reduce withdrawal following chronic opiates is important 

for the development of these compounds into medications for clinical trials. Finally, 

while the preclinical work described above has used an intraperitoneal injection of OlGly 

to reduce withdrawal, assessing these compounds through oral route administration is 

also necessary to assess the drug’s potential for clinical populations.   
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Below, this chapter summarizes the existing scientific literature investigating the 

role of fatty acids in withdrawal from drugs of abuse.  

1.1 Opioid Abuse 

Despite a well-recognized opioid crisis in North America, opioid-related deaths in 

Canada and the United States continue to rise annually (Belzak & Halverson, 2018; 

Gomes et al., 2018; Gomes et al., 2021; Rudd et al., 2016). The high occurrence of 

opioid abuse is partially attributable to the inability of abusers to maintain abstinence 

following drug detoxification programs. Of concern, several reports indicate relapse 

following treatment can occur rapidly, with most patients returning to opioid use within 

days to weeks of release (Bailey et al., 2013; Broers et al., 2000; Smyth et al., 2010). A 

significant contributor to relapse vulnerability is drug withdrawal, which can promote 

drug-seeking behaviour through a process of negative reinforcement (Koob, 2013). 

Indeed, a survey of 653 prescription use opioid-dependents stated that pain relief was 

their primary initial reason for opioid use, whereas avoidance of withdrawal symptoms is 

the primary reason for their current use (Weiss et al., 2014). This research suggests 

proper opioid withdrawal management can lessen the prevalence of opioid dependence 

and the occurrence of opioid-related mortalities in North America.  

1.2 Opioid Withdrawal in Humans 
 

1.2.1 Symptoms  
 

Opioid dependence can be ascertained by monitoring the presence of withdrawal 

symptoms following a period of elapsed time from opioid use or immediately following 

administration of an opioid antagonist such as naloxone (Kleber, 2007). In humans, 

withdrawal from opioids is well-characterized by adverse shifts in somatic, affective, 
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motivational and cognitive states (Koob et al., 1992; Rapeli et al., 2006; Wesson & Ling, 

2003). Clinically developed opioid withdrawal scales rely on measuring a combination of 

physiological processes, objective behaviours, and self-reported ratings to define and 

monitor the patient’s withdrawal severity throughout the detoxification period (Bradley et 

al., 1987; Wesson & Ling, 2003; Tompkins et al., 2009; Wesson & Ling, 2003). 

Following the acute withdrawal period, which can persist for several weeks, somatic 

markers of opioid withdrawal dissipate, and the protracted withdrawal period begins in 

which affective symptoms dominate (Jasinski, 1981).  

Dependent on the type of opioid consumed, the somatic signs of withdrawal 

begin to appear hours following cessation of drug use and include symptoms such as 

abdominal pain, nausea, body tremors, rhinorrhea, piloerection, thermodysregulation, 

diarrhea, and body weight loss (Farrell, 1994; World Health Organization, 2009). This 

physical aspect of withdrawal from opioids is akin to an ‘intense flu’, and can take 

several days or weeks to resolve depending on the degree of physical dependence.  

In contrast to the somatic symptoms, the affective and motivational signs of 

withdrawal are present in acute and protracted withdrawal stages and include drug 

craving, irritability, anxiety, depression, and anhedonia (Huhn et al., 2016; Krupitsky et 

al., 2002; Powell & Taylor, 1992; Shi et al., 2009). Indeed, detoxified heroin users report 

drug craving and mood disturbances at six months of abstinence (Krupitsky et al., 2002; 

Shi et al., 2008) and display altered dopaminergic function in brain regions associated 

with motivation and reward (i.e. striatum and nucleus accumbens) for several months 

following the last drug exposure (Shi et al., 2008; Zijlstra, et al., 2008). Anhedonia, the 

inability to feel pleasure, is a hallmark symptom of depression and opioid withdrawal 
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(Huhn et al., 2016; Zijlstra et al., 2009), emphasizing the evident relationship between 

withdrawal from drugs of abuse and subsequent changes to affective and motivational 

processes. The persistence of affective and motivational deficits in former opioid users 

is mediated by the dysregulation of multiple neurobiological processes and is presumed 

to be a major contributor to relapse in individuals struggling to maintain abstinence 

(Koob, 2020). Using neuroimaging, the anterior cingulate cortex, nucleus accumbens 

(NAc), amygdala (AMY), and prefrontal cortex (PFC) have been identified as major 

neural substrates involved in anhedonic responding in humans (Heshmati & Russo, 

2015; Huhn et al., 2016; Keedwell et al., 2005). 

As with affective disturbances, cognitive deficits, such as impairments in learning 

and memory, attentional control, and executive functions, have also been reported in 

patients in acute (Agibalova & Poplevchenkov, 2012; Rapeli et al., 2006) and protracted 

(Fu et al., 2008) opioid withdrawal stages. Some of these cognitive impairments have 

been shown to recover within weeks to months of abstinence (Darke et al., 2012; 

McDonald et al., 2013; Rapeli et al., 2006; Verdejo et al., 2005) however, longer-term 

deficits in cognitive performance have been reported for executive functions, such as 

response inhibition (Fu et al., 2008; Li et al., 2013). In a study conducted by Fu et al. 

(2008), the impaired response inhibition seen in heroin dependents at two months of 

abstinence was correlated with hypoactivation of frontal cortical areas including, the 

PFC and limbic structures such as the hippocampus. Interestingly, deficits in response 

inhibition and blunted activation of the associated brain regions have been shown to 

predict poor rehabilitation outcomes and increased relapse vulnerability in human opioid 

dependents (Zilverstand et al., 2018). 
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1.2.2  Current treatment options 
 

As discussed above, opioid withdrawal treatment is important to address the rise 

of opioid dependence and opioid-related mortalities in North America. In general, the 

current standard of opioid withdrawal treatment in North America includes a 

polypharmacy approach (Kleber, 2007). However, while some medications administered 

to treat opioid withdrawal attenuate some short-term withdrawal symptoms (i.e. 

diarrhea), other short-term symptoms, and several long-term withdrawal symptoms (i.e. 

affective deficits), are not managed well by currently available treatment options. 

Individuals with moderate to severe cases of opioid dependence are 

recommended opioid maintenance therapy, which involves the substitution of alternate 

opioids (ex. methadone, buprenorphine) to the patient, which can be subsequently 

tapered down in a controlled manner (Noble & Marie, 2019). Thus, the objective of this 

treatment is to avoid withdrawal symptoms until they become less pronounced as the 

dose is decreased and the patient becomes less physically dependent. However, 

several issues remain with this approach including, low retention rates (O’Connor et al., 

2020; Soyka et al., 2008a) and cognitive deficits associated with the sustained use of 

opioids (Darke et al., 2012; Rapeli et al., 2007; Soyka et al., 2008b; Verdejo et al., 

2005).  

Once the severity of opioid dependence is determined to be minor, either initially 

or following tapered opioid maintenance, patients are recommended to be detoxified 

from opioids. Currently, no medications can reduce all aspects of the opioid withdrawal 

syndrome; therefore, practitioners must administer multiple medications to manage 

individual withdrawal symptoms. For example, patients can be administered α2-
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adrenergic receptor agonists, such as clonidine or lofexidine, to help reduce autonomic 

hyperactivity during withdrawal, including elevated blood pressure and heart rate (Walsh 

et al., 2003); however, these compounds do not alleviate subjective indices of pain and 

discomfort for the patient (Jasinski et al., 1985; Walsh et al., 2003). Similarly, anti-

emetic compounds like metoclopramide, and antidiarrheal medication like loperamide, 

can alleviate withdrawal-induced nausea and vomiting, and diarrhea, respectively to 

lower the patients’ risk of dehydration (Kleber, 2007; Kreek et al., 2019). Tricyclic 

antidepressants or selective serotonin reuptake inhibitors can also be prescribed to 

patients to alleviate affective deficits; however, these medications require several weeks 

to produce their desired effects, and have shown mixed results in their efficacy (Nunes 

et al., 2004). In knowing the contribution of a negative affective state to the risk of 

relapse, it is important to target these symptoms as early as possible.  

Ultimately, the symptom-specific treatment of opioid withdrawal disregards our 

understanding of withdrawal from opioids as a multi-faceted physical and affective 

disorder. Advancements in the treatment of opioid withdrawal include the development 

of more suitable treatment options to address the wide range of symptoms associated 

with the withdrawal syndrome.  

1.3  Animal models of drug withdrawal  
 

Preclinical animal models provide researchers with the opportunity to explore the 

neurobiological mechanisms involved in opioid withdrawal and provide a means to 

develop and test therapeutic treatment options to attenuate these symptoms. Like 

humans, rats experiencing opioid withdrawal exhibit somatic and affective/motivational 

withdrawal behaviours that can be distinguished at behavioural and neurobiological 
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levels (Frenois et al., 2002; Higgins & Sellers, 1994; Stinus et al., 1990). Withdrawal can 

be observed in rodents following the abrupt cessation of an opioid (i.e. spontaneous 

withdrawal) or following the administration of a pharmacological agent that can rapidly 

precipitate the withdrawal syndrome. In rats, the spontaneous withdrawal period is 

observable 16 – 72 hours following the last opioid administration, depending on the 

specific opioid administered. For example, shorter-acting opioids, such as fentanyl, can 

produce observable withdrawal signs 9-16 hours post-opioid administration (Bruijnzeel 

et al., 2007; Uddin et al., 2021), whereas longer-acting opioids, such as morphine, 

produce peak observable withdrawal signs 24 – 72 hours following last drug dosing 

(Bobzean et al., 2019). Alternatively, an opioid receptor antagonist, such as naloxone, 

can be administered following opioid exposure to instantly precipitate the withdrawal 

syndrome in rodents (Espejo et al., 2001; Parker & Joshi, 1998). A significant 

advantage of precipitated withdrawal in animal research is the ability to indicate the 

precise timing of withdrawal onset. Additionally, naloxone can precipitate noticeable 

somatic and affective opioid withdrawal responses in rats following a single opioid 

exposure (Parker & Joshi, 1998; Wills & Parker, 2016). Therefore, naloxone-precipitated 

opioid withdrawal allows for the unique opportunity to advance our knowledge of the 

neurobiology of acute opioid dependence.  

1.3.1 Somatic opioid withdrawal 
 

Somatic withdrawal is measured in rats by placing an opioid-dependent animal in 

an observation chamber and scoring the presence, frequency, and duration of several 

physical signs either immediately following precipitated withdrawal (Espejo et al., 1995; 

Harris & Aston-Jones, 1993) or following a spontaneous withdrawal period (Cobuzzi & 
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Riley, 2011; Gipson et al., 2020). As in humans, rats display abdominal discomfort 

during opioid withdrawal, as indicated by diarrhea, bodyweight loss, writhing, stretching, 

lying flattened on the belly, and abdominal contractions.  

Nausea, another indicator of opioid withdrawal-induced malaise, can be 

observed in rats by measuring conditioned gaping in the taste reactivity procedure 

(McDonald et al., 1997; Parker, 2014; Rock et al., 2020). To do this, a rat is conditioned 

to associate the taste of sucrose or saccharin with naloxone precipitated opiate 

withdrawal to create an aversive flavour-drug association. In a subsequent drug-free 

test, rats re-exposed to the sweet solution produce conditioned gaping reactions as 

indicated by a wide triangular opening of the mouth. These gaping reactions are similar 

to those produced by rats when conditioned with other nausea-inducing agents, such as 

lithium chloride (Grill & Norgren, 1978; Parker 2014). Mastication is another meaningful 

orofacial response associated with opioid withdrawal and is proposed to be one of the 

most accurate indicators of opioid withdrawal in the rat (Espejo et al., 1995). 

Other opioid withdrawal behaviours in rats include wet dog shakes, grooming 

(genital/body), ptosis, and reduced locomotion. Escape behaviours may also be 

indicative of opioid withdrawal in rats. For example, during naloxone-precipitated opioid 

withdrawal, rats have been shown to display escape jumping, digging and rearing in the 

observation chamber (Espejo et al., 1995; Espejo et al., 2001; Gipson et al., 2020); 

however, several studies report no opioid withdrawal-induced escape behaviours in rats 

(Harris & Aston-Jones, 1993; Hellemans et al., 2002; Rock et al., 2020; Uddin et al., 

2021). In fact, jumping may only be a reliable indicator of opioid withdrawal in mice, 

although this behaviour varies across inbred strains (Kest et al., 2002).  
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The Gellert-Holtzman scale (1978) attempts to overcome some of the variability 

in the reported literature by assigning each animal a global withdrawal score calculated 

using a weighted scale arrangement of graded and checked physical signs. On this 

scale, abdominal contraction frequencies are given a larger weight than less indicative 

withdrawal behaviours, such as the number of escape attempts made. Similarly, Espejo 

et al. (1995) developed a simpler “etho-score” which only relies on mastication and 

bodyweight loss to determine somatic withdrawal severity in rats. Comparative analyses 

revealed a high degree of correlation between measures taken from the etho-score and 

the Gellert-Holtzman scale, suggesting mastication and body weight may be highly 

predictive of somatic opioid withdrawal behaviour in rats (Espejo et al., 1995).  

While the above methods can be reliably used to investigate the somatic 

component of opioid withdrawal, they do not model the affective deficits induced by 

opioid withdrawal.   

1.3.2 Affective/Motivational opioid withdrawal 
 

A common approach to assess the affective and motivational properties of a drug 

is to measure the animal’s approach or avoidance behaviour toward an environment 

that has been previously paired with that drug (Carlezon, 2003; Tzschentke, 2007). This 

is accomplished by place conditioning procedures, which use classical conditioning 

principles to form an association between environmental cues (the conditioned stimuli) 

and the drug’s effects (the unconditioned stimuli). Animals are exposed to a drug in a 

contextually distinct environment and receive a vehicle (VEH) in an alternate context. 

During a drug-free test, animals are exposed to the drug and VEH contexts 

simultaneously and the duration of time spent in each is recorded to determine a 
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preference or an aversion to the drug-paired context. For example, rewarding drugs, like 

opioids, produce a conditioned place preference (CPP) to the drug-paired context 

(Simpson & Riley, 2005; Kobrin et al., 2016), whereas drugs that precipitate opioid 

withdrawal, such as naloxone in opioid-dependent animals, produce a conditioned place 

aversion (CPA) to the drug-paired context (Parker & Joshi, 1998; Petrie et al., 2019; 

Stinus et al., 2000). Indeed, rats show a strong naloxone-precipitated morphine 

withdrawal (NPMWD)-induced CPA to an environment paired with naloxone 24 h 

following administration of high dose (20 mg/kg) morphine (Parker and Joshi, 1998; 

Wills et al., 2014). Therefore, the neurobiology underlying the establishment of an opioid 

withdrawal induced-CPA can be examined by administering pharmacological agents 

prior to naloxone conditioning and determining whether this attenuates the presence of 

a NPMWD-induced CPA upon test.  

Another method used in animals to assess the affective and motivational 

properties of a drug is the operant self-administration (SA) model (O’Connor et al., 

2011). In operant SA, animals are conditioned to elicit an operant response, such as a 

lever-press, to earn drug administration under different schedules of reinforcement. 

Under continuous schedules of reinforcement, the animal can earn a drug infusion each 

time the operant response is performed, whereas progressive-ratio schedules of 

reinforcement demand increased response requirements after each successive drug 

delivery. Therefore, the schedule of reinforcement can be varied during operant SA to 

measure the amount of effort an animal is willing to exert to obtain drug. Generally, rats 

reliably self-administer drugs with high abuse potential, such as heroin or cocaine 

(Ahmed et al., 2000; Ettenberg et al., 1982), while drugs with low abuse potential, such 



 
 

12 
 

as cannabinoids, produce low levels of intake and responding in operant SA models 

(Takahashi & Singer, 1979; Wakeford et al., 2017). In rats trained to self-administer 

opioids, a naloxone challenge drastically increases heroin SA behaviour (Carrera et al., 

1999; Koob et al., 1984) and provides researchers with the opportunity to explore the 

neurobiology underlying withdrawal-induced increases of heroin SA behaviour. 

Interestingly, naloxone-precipitated withdrawal increases responding for drug reward 

but decreases responding for non-drug rewards (i.e food).   

As previously mentioned, anhedonia, or the lack of motivation to seek 

pleasurable stimuli, becomes markedly pronounced during human opioid withdrawal 

(Huhn et al., 2016). Similarly, exposure to opioid withdrawal decreases an animal’s 

likelihood to interact with pleasurable or reinforcing stimuli in animal models of 

anhedonia. For example, in the intracranial self-stimulation (ICSS) model, animals are 

trained to produce an operant response for highly reinforcing electrical stimulation of 

brain reward circuits (Carlezon & Chartoff, 2007).  Naloxone-precipitated opioid 

withdrawal results in rats requiring a higher stimulation threshold to maintain ICSS 

behaviour (Holtz et al., 2015; Swain et al., 2020). Thus, withdrawal from opioids has 

reward attenuating effects and diminishes the motivation to seek reinforcing brain self-

stimulation in rats.  

Similarly, opioid withdrawal also reduces a rat’s innate preference for sweet 

solutions, such as sucrose or saccharin (Alizadeh et al., 2018; Lieblich et al., 1991). 

Preference for a sweet solution can be assessed using a standard two-bottle choice 

paradigm (Scheggi et al., 2018). In this simple task, rats are presented with water in one 

bottle and a sweet solution in another, and the amount of both liquids consumed is 
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measured to calculate a sweet preference score. These animal models of anhedonia 

allow for the neurobiological study of withdrawal-induced affective deficits and provide 

researchers with the tools to test treatment options for the human disorder.   

1.4 The endocannabinoid system and related fatty acid amides in opioid 

withdrawal  

The endocannabinoid (eCB) system consists of the CB1 and cannabinoid-2 (CB2) 

receptors and the endogenous ligands, AEA and 2-arachidonoylglycerol (2-AG), that 

bind to these receptors (Mechoulam & Parker, 2013). Both AEA and 2-AG are fatty acid 

signalling molecules that are created on-demand and are rapidly degraded by the 

enzymes fatty acid amide hydrolase FAAH and monoacylglycerol (MAGL), respectively. 

Research using the previously mentioned behavioural methods in animals has 

strongly implicated the eCB system in somatic and affective opioid withdrawal 

behaviours, particularly through modulation of the CB1 receptor (Wills & Parker, 2016). 

For example, CB1 receptor knockout mice show decreased morphine withdrawal-

induced somatic withdrawal behaviours, as indicated by jumping, wet-dog shakes, 

mastication, body tremors, diarrhea, bodyweight loss, and a global withdrawal score 

(Ledent et al., 1999). Additionally, acute agonism of the CB1 receptor prior to withdrawal 

onset attenuates somatic withdrawal behaviours in mice (Gamage et al., 2015; Ramesh 

et al., 2011; Bhargava, 1976) and rats (Hine et al., 1975; Chesher & Jackson, 1985; 

Zaluzny et al., 1979). However, CB1 receptor agonists also produce adverse side 

effects associated with cannabimimetic activity, such as hypomobility or hypothermia 

(Little et al., 1988) and anxiogenic responding (Moreira et al., 2009). Indirectly 

modulating CB1 receptor activity through inhibition of the enzymes that degrade AEA 
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and 2-AG is an alternative therapeutic approach that can target the CB1 receptor, 

thereby avoiding exogenous cannabinoid administration and associated side-effects 

(Ahn et al., 2009). 

Similar to acute CB1 receptor agonism, acute enhancement of endogenous 

cannabinoid levels through FAAH or MAGL inhibition also reduces somatic opiate 

withdrawal behaviours in rodents (Gamage et al., 2015; Ramesh et al., 2013; Ramesh 

et al., 2011; Shahidi & Hassanein, 2011). In mice, pretreatment with the MAGL inhibitor, 

JZL184, or the FAAH inhibitor, PF-3845, reduces NPMWD-induced somatic behaviours, 

including jumping and paw tremors (Ramesh et al., 2011; Gamage et al., 2015). 

Similarly, mutant FAAH knockout mice exhibit reduced NPMWD-induced jumping, 

tremors, and body weight loss compared to their wildtype littermates. The mechanism 

by which FAAH inhibition reduces somatic opioid withdrawal in mice was elucidated by 

Ramesh et al. (2011), which demonstrated that rimonabant, an antagonist of the CB1 

receptor, reversed the ability of PF-3845 to reduce NPMWD-induced withdrawal 

jumping. Therefore, FAAH inhibition likely alters CB1 receptor activity to alleviate 

somatic opioid withdrawal behaviours in mice. While little research has focused on the 

effects of FAAH/MAGL inhibition in rats, Shahidi and Hassanein (2011) have shown that 

the FAAH inhibitor, URB597, reduces mastication, wet dog shakes, and body weight in 

morphine-dependent rats during precipitated opioid withdrawal. Thus, in rodents, FAAH 

inhibition is a promising therapeutic target for somatic opioid withdrawal behaviours. 

It must be considered that FAAH is also a key enzyme in the degradation of other 

fatty acids, including OEA and PEA (Bisogno et al., 2002; Cravatt et al., 1996), two 

agonists of PPARD (Fu et al., 2003; Guzman et al., 2004; Karwad et al., 2017; LoVerme 
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et al., 2006). Therefore, FAAH inhibition could reduce somatic opioid withdrawal 

behaviours in rodents through a PPARD- mediated mechanism. PPARD is a nuclear 

receptor highly expressed in rodent adipose tissue, as well as the digestive tract 

(Escher et al., 2001), that is known to increase peroxisomes in the presence of rodent 

liver carcinogens (Issemann & Green, 1990) and play a role in processes such as 

carcinogenesis and tumour progression (Peters et al., 1997), energy metabolism 

(Lefebvre et al., 2006), and inflammation (Youssef & Badr, 2004). PPARD is also 

expressed throughout the human and rodent brain (Escher et al., 2001; Warden et al., 

2016), with the highest densities in regions that make up the neural circuitry involved in 

reward, motivation and emotion, including the PFC, NAc, and AMY (Warden et al., 

2016). Consequently, PPARD is currently being examined for its role in addiction 

(Matheson & Le Foll, 2020), neurodegenerative disease (Wójtowicz et al., 2020), as well 

as cognition and emotion (Nisbett & Pinna, 2018).  

Both FAAH and MAGL inhibition have also been assessed against affective 

opioid withdrawal behaviours in rodents. In rats, the MAGL inhibitor MJN110 reliably 

reduces NPMWD-induced CPA when administered systemically or into the basolateral 

amygdala (BLA) or the interoceptive insular cortex (IIC; Wills et al., 2016). The effect of 

systemic and intra-IIC MJN110, but not intra-BLA, on affective withdrawal was mediated 

by the CB1 receptor, as pretreatment of the CB1 receptor antagonist, AM251, prior to 

MAGL inhibition reversed these effects. Interestingly, FAAH inhibition has been shown 

to have no effect on NPMWD-induced CPA in mice (Gamage et al., 2015) or rats (Wills 

et al., 2014); however, only a limited number of studies have been conducted, and there 

remain other compounds that inhibit FAAH that have not been tested.  
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Taken together, a review of the literature implicates the eCB system and related 

fatty acid amides in opioid withdrawal. FAAH and MAGL inhibitors remain promising 

therapeutic targets to treat multiple affective and somatic opioid withdrawal behaviours 

in preclinical models of opioid withdrawal.  

1.5 Oleoyl Glycine: an endogenous fatty acid amide with anti-withdrawal 

properties 

The endogenous fatty acid signalling molecule OlGly shares a similar chemical 

structure with other N-acylethanolamines (NAEs), which include the endocannabinoid 

AEA, as well as PPARD agonists OEA and PEA. In vivo, OlGly binds to PPARD and 

inhibits FAAH (Donvito et al., 2019), which is supported by its ability to alter behaviour 

through PPARD (Donvito et al., 2019; Rock et al., 2020) and the CB1 receptor (Petrie et 

al., 2019; Rock et al., 2020). Recently, OlGly has received ample attention for its ability 

to attenuate drug reward and withdrawal in rodent models (Donvito et al., 2019; Petrie 

et al., 2019; Rock et al., 2020). 

1.5.1 OlGly in nicotine reward and withdrawal 

The first study to highlight the role of OlGly in drug withdrawal was conducted by 

Donvito et al. (2019). In this study, researchers set out to identify neurochemicals 

released into the insular cortex following experimentally-induced traumatic brain injury 

(TBI) in a mouse model, because in humans, damage to this region ceases nicotine 

craving and cigarette smoking in addicted individuals (Naqvi et al., 2007). Their 

rationale for this approach was to identify neurochemicals that may combat processes 

associated with nicotine addiction. Mice who received TBI showed a large increase of 

OlGly in the insular cortex but not in the control regions of the hippocampus or 
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hypothalamus (Donvito et al., 2019). Given the regional specificity, they examined 

whether the administration of several doses of exogenous OlGly (1 – 60 mg/kg) 

interfered with nicotine reward or nicotine withdrawal responding in dependent-mice. 

Their results showed 0.5 mg/kg nicotine produced a CPP; however, pretreatment with 

OlGly (1 mg/kg, 10 mg/kg, 30 mg/kg; ip) prior to nicotine during conditioning dose-

dependently decreased the preference for the nicotine-paired compartment during test 

in mice. This effect was shown to be mediated by PPARD as the ability for OlGly to 

interfere with the establishment of nicotine CPP was reversed by administration of the 

PPARD antagonist GW6471 (Donvito et al., 2019). Interestingly, OlGly did not alter the 

ability for an opioid (morphine) to condition a place preference in a different group of 

mice, suggesting that the interference of OlGly on reward responding may be selective 

for nicotine.  

At the highest doses tested (60 mg/kg) OlGly also reduced mecamylamine-

precipitated somatic withdrawal behaviours (i.e. body tremors, jumping) in nicotine-

dependent mice, as well as withdrawal-induced enhancements of anxiety-like 

responding, as measured by the elevated plus-maze. The mechanism of both effects 

was not explored.  

It should be considered that Donvito et al. (2019) did not evaluate a cannabinoid 

receptor-dependent mechanism on any behavioural effects, although they discovered 

OlGly reduced nicotine reward through PPARD. Therefore, it is not certain whether 

OlGly exerted its effects on nicotine reward or withdrawal through the elevation of fatty 

acid amids acting at cannabinoid receptors. Nonetheless, based on their study’s 
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neurochemical and behavioural findings, it was concluded that OlGly might be a novel 

therapeutic target for nicotine addiction.  

1.5.2  OlGly in opioid reward and withdrawal 
 

The ability for OlGly to modulate reward and withdrawal associated with opioids 

was investigated in a study published later in 2019 by Petrie et al. In agreement with 

findings in mice (Donvito et al., 2019), they found that OlGly did not alter morphine CPP 

nor reinstatement of previously extinguished CPP when tested in rats. Despite the null 

effect on opioid reward, OlGly interfered with the aversive effects of acute opioid 

withdrawal. Specifically, OlGly pretreatment at lower doses (1 mg/kg and 5 mg/kg; ip) 

blocked the establishment of acute NPMWD-induced CPA when administered prior to 

naloxone during conditioning; however, a higher 30 mg/kg dose had no effect. This high 

dose also reduced locomotion during the conditioning trials, which supports previous 

reports of the dose-dependent effects of OlGly on locomotor impairments in rats 

(Chaturvedi et al., 2006). The effect of OlGly on acute NPMWD-induced CPA was 

reversed by pretreatment with the CB1 receptor antagonist AM251, but not the PPARD 

antagonist, MK886.  

Although Donvito et al. (2019) did not evaluate the mechanism of the interference 

of OlGly on nicotine withdrawal, they found that OlGly reduced nicotine reward through 

PPARD. Therefore, OlGly may exerts its effects on nicotine addiction through activity at 

PPARD, while it interacts with the CB1 receptor to reduce acute opioid withdrawal. This 

hypothesis is supported by previous reports of PPARD activity involvement in rodent 

nicotine reward (Mascia et al., 2011), and with the extensive literature indicating a high 

degree of interaction between the CB1 receptor and the endogenous opioid system on 
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which opioids act (Jardinaud et al., 2006; Schoffelmeer et al., 2006; Zarrindast et al., 

2008). 

Further support for the role of OlGly in acute opioid withdrawal was published by 

Rock et al. (2020), who used the NPMWD protocol in rats to show that OlGly interferes 

with somatic behaviours following exposure to acute opioid withdrawal. To do this, 

animals were pretreated with OlGly or its VEH prior to administering naloxone 24 hr 

following a high dose of morphine. This cycle was repeated twice, then following the 

second naloxone injection, rats were placed into observation chambers, and the ventral 

surface of the rat was video recorded. These video-tapes are later scored to assess 

typical somatic opioid withdrawal behaviours in rats, including enhanced abdominal 

contractions and mouthing movements, decreased locomotor activity (active 

locomotion, rearing) and bodyweight, as well as the presence of diarrhea. As expected, 

the acute NPMWD protocol produced intense somatic withdrawal behaviours that 

included increased mouthing movements and abdominal contractions, as well as 

decreased in body weight, and the presence of diahhrea (Rock et al., 2020). 

Pretreatment with OlGly effectively reduced each of these withdrawal behaviours (Rock 

et al., 2020) at the same dose (5 mg/kg; ip) that was effective in blocking affective 

NPMWD behaviours (Petrie et al., 2019). The mechanism of action for the interference 

of OlGly on somatic NPMWD behaviour was also tested, and apart from the presence of 

diarrhea, all somatic effects were reversed by the administration of either a CB1 receptor 

antagonist (AM251) or a PPARD antagonist (MK886) prior to OlGly. This finding is 

consistent with the in vitro action of OlGly as a FAAH inhibitor (Donvito et al., 2019) and 

as a PPARD agonist (Donvito et al., 2019; Takao et al., 2015). Given the efficacy of 
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OlGly to reduce acute somatic NPMWD behaviours, Rock et al. (2020) also assessed 

whether OlGly would interfere with NPMWD-induced conditioned gaping in rats, an 

indication of nausea (see Parker 2014 for review). They found that OlGly reduced 

NPMWD-induced conditioned gaping through CB1 receptor and PPARD dependent 

mechanisms. Moreover, OlGly was also found to reduce lithium-chloride induced 

vomiting in house musk shrews (Rock et al., 2020). Therefore, the authors of this study 

concluded that the attenuation of acute somatic opioid withdrawal responses by OlGly 

might be a consequence of OlGly’s ability to reduce nausea.   

In summary, TBI and precipitated withdrawal elevated OlGly in brain regions 

associated with drug addiction in rodents. In mice, Donvito et al. (2019) showed 

experimental TBI increased OlGly levels in the insula, an area implicated in nicotine 

addiction (Naqvi et al., 2007). In rats, Petrie et al. (2019) showed OlGly is elevated in 

the NAc following acute precipitated morphine withdrawal, a brain region implicated in 

the negative affective state during opioid withdrawal (Koob et al., 1989; Stinus et al., 

1990). Furthermore, exogenous OlGly reduced nicotine reward and withdrawal 

responses in mice (Donvito et al., 2019) and acute opioid withdrawal behaviours in rats 

(Petrie et al., 2019; Rock et al., 2020). When taken together, this suggests OlGly may 

be an endogenous compound that is released into the brain following insult (i.e. TBI or 

precipitated drug withdrawal) in a neuroprotective manner, and serves as an effective 

therapeutic to diminish behaviours associated with or brain trauma (Piscitelli et al., 

2020) or drug addiction.  

1.5.3 OlGly stability and its behavioural effects 
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The therapeutic potential of OlGly may be reduced because of its instability in the 

body. When Bradshaw et al. (2009) first isolated OlGly from rodent brain tissue, they 

also demonstrated that levels of OlGly in the striatum were significantly increased 

following a systemic dose of the FAAH inhibitor URB597. This suggested, that like AEA 

and other NAEs, OlGly was susceptible to rapid enzymatic degradation in the body. In 

attempts to stabilize AEA from hydrolysis, Abadji et al. (1994) synthesized a compound 

called methanandamide, in which a methyl group was attached to the carbon atom next 

to the nitrogen atom of AEA. Incredibly, methanandamide was more stable against 

degradation from enzymes than AEA, and demonstrated a higher affinity for the CB1 

receptor than AEA (Abadji et al., 1994). Likewise, researchers from the Hebrew 

University worked to synthesize a methylated derivative of OlGly, namely 

monomethylated OlGly (oleoyl alanine; HU595) and dimethylated OlGly (HU596), in 

which one or two methyl groups, respectively, were added to the compound. 

Interestingly, oleoyl alanine (OlAla) is another endogenous compound that belongs to 

the family of N-acyl amides and has been detected in rodent tissue and in the fruit fly 

(Tortoriello et al., 2013; Leishman et al., 2016).  

1.6 Present experiments  

The preclinical literature reviewed above suggests that OlGly is a compound with 

therapeutic potential for treating several behaviours induced by acute NPMWD in male 

rats. For one, acute NPMWD increases endogenous OlGly in the NAc (Petrie et al., 

2019), a brain region implicated in the adverse effects of opioid withdrawal in humans 

and animals. Additionally, exogenous OlGly pretreatment reduces acute NPMWD-

induced affective (Petrie et al., 2019) and somatic (Rock et al., 2020) behaviours in rats. 
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However, OlGly is rapidly degraded by FAAH in vivo (Bradshaw et al., 2009); therefore, 

its window of behavioural effects is likely short-lived, and its therapeutic potential in 

clinical populations may be limited. The current thesis aimed to determine the potential 

of a more stable analog of OlGly, OlAla, to reduce opioid withdrawal behaviours in male 

Sprague Dawley rats, and compare its effectiveness with that of OlGly. 

Previous research has indicated that methylation of N-acyl amides can enhance 

stability to degradation in vivo (Abadji et al., 1994). Therefore, Dr. Raphael Mechoulam 

and Dr. Reem Smoum synthesized a monomethylated OlGly (OlAla; HU595) and a 

dimethylated OlGly (HU596) in order to create a more stable compound to test against 

opioid withdrawal. Therefore, in Chapter 2, a series of experiments were conducted to 

assess whether OlAla or HU596 would be more effective than OlGly to interfere with 

acute NPMWD-induced somatic and affective behaviours in rats. Measures of acute 

NPMWD-induced affective behaviours included place conditioning and saccharin 

preference testing. Acute NPMWD-induced somatic behaviours were measured by 

observing rats during the withdrawal period and by testing conditioned gaping (a 

measure of nausea in rats). There were two hypotheses for this series of experiments: 

1) given their structural similarity to OlGly, we predicted that HU595 and HU596 would 

attenuate acute NPMWD-induced affective and somatic behaviours in rats. 2) given the 

enhanced methylation of HU595 and HU596 compared to OlGly, we hypothesized that 

these compounds would show enhanced behavioural stability compared to OlGly, and 

may therefore produce longer-lasting attenuation of acute NPMWD-induced behaviours 

in rats. In experiment 1, we evaluated the ability of HU595 (5 mg/kg; i.p.) to interfere 

with acute NPMWD-induced somatic withdrawal behaviours at the same dose that 
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OlGly was found to be effective in earlier reports (Rock et al., 2020). In experiment 2, 

we evaluated the ability of HU595 to interfere with the establishment of an acute 

NPMWD-induced CPA at the same dose that OlGly was found to be effective in earlier 

reports (Petrie et al., 2019). Since OlAla attenuated NPMWD-induced CPA, we sought 

to determine if OlAla could produce longer-lasting behavioural attenuation of this effect 

when compared to OlGly. In experiment 3, we tested whether OlAla produces 

behavioural effects when administered alone during place conditioning. In experiment 4, 

we evaluated the ability of HU596 to interfere with the establishment of an acute 

NPMWD-induced CPA. Given our previous results demonstrated that HU595, but not 

HU596, altered acute NPMWD in rats, in experiment 5, we evaluated the mechanism 

through which HU595 interferes with acute NPMWD-induced CPA. In experiment 6, we 

evaluated the ability of HU595 to rescue acute NPMWD-induced decrements in 

saccharin preference. Finally, in Experiment 7 our collaborators at the University of 

Laval determined the effect of HU595 and HU596 on rat serine hydrolase proteome to 

assess if these compounds inhibit FAAH, as well as their effects on a luciferase assay 

for PPARD to determine whether these compounds bind to this receptor.  

Since Chapter 2 summarized evidence suggesting OlGly and HU595, but not 

HU596, reduces acute NPMWD in rats, Chapter 3 aimed to determine whether OlGly 

and OlAla reduce opioid withdrawal following chronic exposure to opiates. In 

Experiment 1, rats were administered chronic escalating doses of morphine (s.c.) for 14 

days, then 24 hours following the last injection, rats were placed in somatic observation 

chambers for 30 min to assess spontaneous somatic withdrawal. Immediately following 

observation, rats were sacrificed, and brain tissue was taken from the NAc, PFC, IIC, 
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and the AMY, and gut tissues taken from the colon. These samples were sent to our 

collaborator Dr. Vincenzo DiMarzo to determine fatty acid levels in the brain and colon 

using liquid chromatography-mass spectrometry (LC-MS), and to assess gut bacteria 

genes using polymerase-chain reaction (PCR). In separate groups of rats, we compared 

the ability of OlGly or OlAla to reduce spontaneous and naloxone-precipitated somatic 

withdrawal behaviours following exposure to chronic escalating doses of morphine. In 

Experiment 3 and 4, rats were implanted with osmotic minipumps containing heroin 

(because of solubility limits for appropriate doses of morphine via minipump) to provide 

chronic steady-state opioid administration for 12 days. In experiment 3, minipumps were 

removed on day 12 and rats were treated with VEH, OlGly (5 or 20 mg/kg, ip) or OlAla 

(5 or 20 mg/kg, ip) 2 hr, 4 hr and 24 hr following removal, then placed in somatic 

withdrawal observation chambers to assess spontaneous withdrawal. Results of 

experiment 3 suggested that only OlAla was effective against chronic somatic opioid 

withdrawal behaviours. Therefore, in experiment 4 the effect of OlAla on naloxone-

precipitated heroin withdrawal as well as brain and gut changes in eCB biochemistry 

were evaluated on Day 12 in rats with intact osmotic minipumps containing saline or 

heroin (Exp. 4). Finally, Experiment 5 evaluated the potential of OlAla to interfere with 

heroin self-administration on a fixed ratio-1 (FR1) schedule and naloxone-precipitated 

elevations of heroin self-administration behaviour.   

Since Chapter 3 summarized evidence to suggest OlAla, but not OlGly, reduced 

chronic opioid withdrawal responses in rats, Chapter 4 aimed to determine whether oral-

route of administration of OlAla was also effective against opioid withdrawal, to increase 

the translational appeal of our findings to the human condition. First, in experiment 1, 
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oral OlAla was tested for its ability to reduce acute NPMWD-induced CPA. Since oral 

OlAla reduced acute NPMWD- induced CPA in experiment 1, we tested its ability to 

alter somatic withdrawal behaviours following chronic heroin exposure.   

In sum, these experiments determined that OlAla may be a more effective 

treatment than OlGly for opiate withdrawal, but neither fatty acid amide modifies opiate 

reward or reinstatement of responding. Our results have implications for the 

neurobiology of opiate withdrawal, as well as the use of fatty acids in the treatment of 

opiate withdrawal.  
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2.1 Abstract 
 

Rationale: Oleoyl glycine, a little studied fatty acid amide similar in structure to 

anandamide, interferes with nicotine addiction in mice and acute naloxone-precipitated 

morphine withdrawal (MWD) in rats. Because endogenous oleoyl glycine is subject to 

rapid enzymatic deactivation, we evaluated the potential of more stable analogs to 

interfere with opiate withdrawal.  

Objectives: The potential of monomethylated oleoyl glycine (oleoyl alanine, HU595) to 

interfere with somatic and aversive effects of acute naloxone-precipitated MWD, its 

duration, and mechanism of action was assessed in male Sprague Dawley rats. The 

potential of dimethylated oleoyl glycine (HU596) to interfere with the aversive effects of 

naloxone-precipitated MWD was also investigated.  

Results: Oleoyl alanine (HU595) interfered with somatic and aversive effects produced 

by naloxone-precipitated MWD at equivalent doses (1 and 5 mg/kg, i.p.) as we have 

reported for oleoyl glycine; however, oleoyl alanine produced a longer lasting (60 min) 

interference, yet did not produce rewarding or aversive effects on its own and did not 

modify locomotor activity. HU596 was not effective. The interference with aversive 

effects of naloxone-precipitated MWD by oleoyl alanine was prevented by both a 

PPARD antagonist and a CB1 receptor antagonist. Accordingly, the compound was 

found to inhibit FAAH and activate PPARD in vitro. Finally, oleoyl alanine also reduced 

acute naloxone-precipitated MWD anhedonia, as measured by decreased saccharin 

preference.  

Conclusions: Oleoyl alanine (also an endogenous fatty acid) may be a more stable and 

effective treatment for opiate withdrawal than oleoyl glycine. 
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2.2 Introduction  

Oleoyl glycine has recently been identified as an endogenous fatty acid amide 

released in the insular cortex of mice exposed to traumatic brain injury (Donvito et al., 

2019). The insular cortex is a region implicated in nicotine addiction in humans (Naqvi et 

al., 2007) and rats (Abdolahi et al., 2010). When systemically administered, oleoyl 

glycine altered withdrawal responses in nicotine-dependent mice as well as the 

rewarding effects of nicotine, as assessed in the conditioned place preference (CPP) 

paradigm (Donvito et al., 2019). The insular cortex is also essential for the sensation of 

nausea in humans (Penfield & Faulk 1955; Napadow et al., 2013; Sclocco et al., 2016) 

and rats (Contreras et al., 2007; Limebeer et al., 2018; Tuerke et al., 2012), as well as 

morphine withdrawal (MWD) in rats (Li et al., 2009; Li et al., 2013; Wills et al., 2016). 

Petrie et al. (2019) recently reported that systemic oleoyl glycine prevented acute 

naloxone-precipitated MWD-induced conditioned place aversion (CPA). Rock et al. 

(2020) extended this finding by demonstrating that oleoyl glycine also interfered with 

somatic effects of naloxone-precipitated MWD, including the reaction of conditioned 

gaping which is a measure of nausea in rats (Grill & Norgren 1978; Parker, 2014; 

McDonald et al., 1997).  

Oleoyl glycine is a fatty acid amide closely related to anandamide. Anandamide is 

hydrolyzed rapidly by amidases in the body. In order to stabilize anandamide, Abadji et 

al. (1994) synthesized methanandamide, in which a methyl group was attached to the 

carbon atom next to the nitrogen atom of anandamide. Methanandamide possesses a 

remarkable stability to fatty acid amide hydrolase (FAAH) and has a higher affinity for 

the cannabinoid 1 (CB1) receptor than anandamide. In order to stabilize oleoyl glycine, 
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the Jerusalem group synthesized the same type of derivative, namely monomethylated 

oleoyl glycine (oleoyl alanine; HU595) as well as dimethylated oleoyl glycine (HU596), 

in which one or two methyl groups, respectively, were attached to the carbon atom next 

to the nitrogen atom. Like oleoyl glycine, oleoyl alanine is found, together with other N-

acyl alanines and N-acyl amino acids, in both invertebrate and mammalian tissues, 

including the mouse brain (Tortoriello et al., 2013; Leishman et al., 2016). 

We have previously demonstrated that oleoyl glycine prevents the somatic 

withdrawal responses elicited by acute naloxone-precipitated MWD which include 

abdominal contractions, lying flattened on belly, diarrhea, mouthing movements, and the 

nausea-like conditioned gaping reactions in the taste reactivity (TR) test by a 

peroxisome proliferator-activated receptor alpha (PPARD) and a CB1 receptor 

mechanism of action (Rock et al., 2020). This finding is consistent with the in vitro action 

of oleoyl glycine as a PPARD agonist and a fatty acid amide hydrolase (FAAH) inhibitor 

(Donvito et al., 2019). Furthermore, oleoyl glycine (1 and 5 mg/kg, i.p.) prevented the 

aversive effects of naloxone-precipitated MWD in a CPA test (Petrie et al., 2019). Here, 

we compared the effectiveness of HU595 (monomethylated oleoyl glycine; oleoyl 

alanine) and HU596 (dimethylated oleoyl glycine) with that of oleoyl glycine in interfering 

with somatic and affective effects of acute naloxone-precipitated MWD in rats. In 

experiment 1, we evaluated the potential of oleoyl alanine (HU595; 5 mg/kg, i.p.) to 

interfere with somatic withdrawal symptoms at the same dose that oleoyl glycine was 

effective (Rock et al., 2020). Experiment 2 compared the duration of action (10 and 60 

min) of oleoyl alanine (5 mg/kg, i.p.) with that of oleoyl glycine (5 mg/kg, i.p.) in 

preventing naloxone-induced MWD CPA; it also assessed the potential of a lower dose 
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of oleoyl alanine (1 mg/kg i.p.) and a longer duration of action (120 min) to suppress 

CPA. Experiment 3 ensured that oleoyl alanine (HU595) did not produce CPA or CPP 

on its own. Experiment 4 evaluated the potential of dimethylated oleoyl glycine (HU596) 

to interfere with naloxone-precipitated MWD CPA. Having determined that HU595 

(oleoyl alanine), but not HU596, interfered with MWD CPA, experiment 5 evaluated the 

mechanism of action (CB1 receptor and PPARD) of the effect. Experiment 6 evaluated 

the potential of oleoyl alanine to interfere with decreased saccharin preference following 

exposure to acute naloxone-precipitated MWD, a commonly used measure of 

anhedonia in rodents (Scheggi et al., 2018). Finally, experiment 7 employed the in vitro 

techniques of competitive activity-based protein profiling (ABPP) to determine if HU595 

and HU596 bind with FAAH and luciferase assay to determine if HU595 and HU596 

bind with PPARD. 

2.3 Methods  

2.3.1 Animals 

The 209 subjects were male Sprague Dawley rats (200 to 250 g on arrival in the 

laboratory) purchased from Charles River Labs, St. Constant, Quebec. Animals were 

pair-housed in an opaque Plexiglas cage while receiving food and water ad libitum, 

except in experiment 6 in which animals were single housed with food and water ad 

libitum. They were exposed to a 12/12 h reverse light/dark cycle where the lights turn on 

at 7 p.m. All experiments were conducted during the rats’ dark cycle. The colony room 

housing all of the rats was kept at 21 °C. All animal procedures were approved by the 

Animal Care Committee of the University of Guelph and adhere to the guidelines of the 

Canadian Council of Animal Care.  
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2.3.2 Drugs 

Morphine and naloxone (Ontario Veterinary College (OVC) pharmacy) were 

prepared with saline at a concentration of 20 and 1 mg/ml, respectively, before injecting 

subcutaneously (s.c.) at a volume of 1 ml/kg. Oleoyl glycine (prepared by the Jerusalem 

group as previously described (Donvito et al., 2019), HU595 (oleoyl alanine; 

monomethylated oleoyl glycine), and HU596 (dimethylated oleoyl glycine) were 

dissolved in a vehicle (VEH) mixture of ethanol, Tween 80, and physiological saline in a 

1:1:18 ratio. When oleoyl glycine, oleoyl alanine (HU595), and HU596 were first 

dissolved in ethanol, Tween 80 was then added to the solution, and the ethanol was 

evaporated off with a nitrogen stream; after which, the saline was added. The final VEH 

consisted of 1:9 (Tween/ saline). Oleoyl glycine was prepared as a 5 mg/ml solution; 

oleoyl alanine (HU595) and HU596 (see Fig. 1 for molecular structure of each) were 

prepared as 1 mg/ml and 5 mg/ml solutions; all drugs were administered i.p. at a 

volume of 1 ml/kg.  

Oxalyl chloride (2.0 M solution in methylene chloride, 3.5 ml, 7 mmol) was added 

dropwise under nitrogen atmosphere to a solution of oleic acid (1 g, 3.54 mmol) and 

N,N-dimethylformamide (266 μl, 3.64 mmol) in dry methylene chloride (10 ml). The 

reaction mixture was stirred for 1 h and then the solvent was evaporated under a 

nitrogen flow. The crude material in methylene chloride (10 ml) was added to a solution 

of alanine (945 mg, 10.62 mmol) and 2 N potassium hydroxide in an ice bath. Then, the 

reaction mixture was stirred for 1 h, water (10 ml) was added, and the mixture was 

acidified to pH 3 with 1 N HCl. The product was extracted with ether (3 × 50 ml) and 

dried (MgSO4), and solvent was evaporated under reduced pressure. The crude 
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material was chromatographed on silica gel (eluting with chloroform:methanol) to yield 

white powder. Melting point 42 °C; NMR (CDCl3, ppm) 6.11–6.01 (d, 1H), 5.35–5.32 (m, 

2H), 4.62–4.51 (m, 1H), 2.43 (bs, 1H), 2.25–2.20 (t, 2H), 2.01–1.97 (m, 4H), 1.66–1.60 

(m, 2H), 1.46–1.44 (d, 3H), 1.30– 1.26 (m, 20H), 0.89–0.85 (t, 3H(; LC-MS (-H) 352 m/z.  

Oxalyl chloride (2.0 M solution in methylene chloride, 3.5 ml, 7 mmol) was added 

dropwise under nitrogen atmosphere to a solution of oleic acid (1 g, 3.54 mmol) and, 

Ndimethylformamide (266 μl, 3.64 mmol) in dry methylene chloride (10 ml). The reaction 

mixture was stirred for 1 h and then the solvent was evaporated under a nitrogen flow. 

The crude material in methylene chloride (10 ml) was added to a solution of 2-

aminoisobutyric acid (1.1 g, 10.62 mmol) and 2 N potassium hydroxide in an ice bath. 

Then, the reaction mixture was stirred for 1 h, water (10 ml) was added, and the mixture 

was acidified to pH 3 with 1 N HCl. The product was extracted with ether (3 × 50 ml) 

and dried (MgSO4), and solvent was evaporated under reduced pressure. The crude 

material was chromatographed on silica gel (eluting with chloroform:methanol) to yield a 

yellowish powder. NMR (CDCl3, ppm) 5.42 (m, 2H), 2.18–2.13 (m, 6H), 1.56 (s, 6H), 

1.53 (m, 2H), 1.31–1.29 (m, 20H), 0.88 (t, 3H(; LCMS (-H) 366 m/z.». 

2.3.3 Apparatus 

In experiment 1, for investigation of the acute naloxone-precipitated MWD 

somatic reactions, the observation chambers consisted of 4 black Plexiglas boxes (22.5 

× 26 × 20 cm) with an opaque lid, sitting on top of a clear glass-topped table. A closed-

circuit Panasonic WV-CP484 video camera was placed below each of the chambers to 

video record somatic withdrawal behaviors that were FireWired to a computer for later 

scoring using “The Observer” event recording software (Noldus Information Technology 
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Inc., Leesburg, VA). An infusion pump (Model KDS100, KD Scientific, Holliston, MA, 

USA) was used for fluid delivery. The TR chamber was in a dark room next to a 25-W 

light source. The TR chambers used were made of clear Plexiglas (22.5 × 26 × 20 cm) 

and placed on a table with a clear glass top. A mirror beneath the chamber at a 45° 

angle facilitated viewing of the ventral surface of the rat to observe orofacial responses. 

A Sony video camera (Handycam, Henry’s Camera; Waterloo, ON) with a FireWire 

connection to a computer was focused on the mirror and used to record the rats from 

the mirror beneath the chamber. The videos were later scored using The Observer. For 

experiments 2–5, a place conditioning apparatus with removable floors was used as 

described by Wills et al. (2016). The conditioning apparatus was a rectangular box (60 × 

25 × 25 cm) made of black Plexiglas and a wire mesh lid. During conditioning, 

removable metal floors characterized by either a hole surface (1 cm in diameter spaced 

1 cm apart from each other) or a grid surface (1/2 cm horizontal bars spaced 1 cm 

apart) were placed upon a black rubber mat on top of the black Plexiglas surface. The 

different floors serve as contextual cues that differentiate the treatment floor from the 

VEH floor. During the test and pretest trials, black metal floors split into two equal 

halves (half hole and half grid surface) were placed into the conditioning boxes. The 

tactile stimulus properties of the two floor halves were identical to their matching floor 

counterparts used in conditioning. EthoVision software (Noldus, Inc., Netherlands) was 

used to automatically capture the movement of the rat among the floors, which was 

collected by a video camera attached to the ceiling. For experiment 6, assessment of 

saccharin preference was conducted in the home cage in the colony room. Bottles with 
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sipper tubes were inserted into the home cage with the saccharin-containing bottle 

placed on the right side of the cage across all rats. 

2.3.4 Surgery 

In experiment 1, all 16 rats, under isoflurane anesthesia, were surgically 

implanted with an intraoral cannula according to the procedure described by Limebeer 

et al. (2010). 

2.3.5 Procedures 

2.3.5.1 Experiment 1: Potential of oleoyl alanine (HU595) to prevent acute 

naloxone-precipitated MWD somatic effects in rats 

Following 3 days of recovery from intraoral surgery, the rats received an 

adaptation trial in which they were placed in the TR chamber with their cannula attached 

to an infusion pump (Model KDS100, KD Scientific, Holliston, MA, USA) for fluid 

delivery. Water was infused into their intraoral cannula for 2 min at the rate of 1 ml/min. 

The conditioning procedure began 2 h following the adaptation trial. Each rat received 

two conditioning trial cycles separated by 48 h during which saccharin was paired with 

acute naloxone-precipitated MWD and somatic reactions were monitored. On the first 

trial of each cycle, all rats were injected with morphine (20 mg/kg, s.c.) and were placed 

in an empty Plexiglas cage in the colony room. They were monitored for signs of 

respiratory distress and returned to their home cage once fully ambulatory. On the 

second day of each cycle, 24 h after the morphine injection, the rats were injected i.p. (1 

ml/kg) with VEH (n = 8) or HU595 (5 mg/kg; n = 8) and 20 min later (see Rock et al., 

2020) were placed in the TR chamber and intraorally infused with 0.1% saccharin 

solution for 2 min at the rate of 1 ml/min. Immediately after the saccharin infusion, the 
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rats were injected with naloxone (1 mg/kg, s.c.) and were then placed in the somatic 

withdrawal observation chamber for 30 min. On the second naloxone-precipitated MWD 

trial, the rats were videotaped for somatic reactions (mouthing movements, abdominal 

contractions, lying flattened on belly) and instances of diarrhea were recorded (yes or 

no). Body weight was measured 2 h post naloxone to determine percentage body 

weight loss. Seventy-two hours following the final MWD trial, the rats were given a 2-

min drug-free TR test during which they were intraorally infused with saccharin at the 

rate of 1 ml/ min and their orofacial reactions were recorded. 

2.3.5.2 Experiment 2: Potential of oleoyl glycine and oleoyl alanine HU595 to 

prevent acute naloxone-precipitated MWD-induced CPA at 10 min and 60 

min prior to naloxone 

The rats (n = 96) were placed in the CPA testing apparatus for a 10-min drug-

free pretest trial to measure baseline floor preferences. EthoVision software tracked the 

movement of rats from a video camera in the ceiling throughout the trial to determine 

how much time was spent on each floor. There were no significant differences in time 

spent on the hole or the grid floor in any experiment. Floors and conditioning boxes 

were washed between each trial.  

One day following the pretest, the rats received two 3-day conditioning trial 

cycles in order to produce naloxone precipitated MWD-induced CPA (as described by 

Petrie et al., 2019). On day 1 of each cycle, the floor opposite to the assigned drug floor 

was paired with s.c. saline injection. The rats were injected i.p. with the VEH and 10 min 

later were injected i.p. with saline. Ten minutes after a saline injection, the rats were 

placed into the conditioning box with the assigned saline-paired floor for 20 min. On day 
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2 of each cycle, the rats received a high dose of morphine (20 mg/kg, s.c.), 24 h after 

the saline conditioning trial the previous day. After the injection, rats were placed in an 

empty Plexiglas cage and monitored for signs of respiratory distress and stimulated 

when necessary until they recovered and were returned to the home cage. On day 3 of 

the cycle, 24 h post morphine injections, the rats were injected i.p. with VEH, 5 mg/kg 

oleoyl glycine, or 5 mg/kg HU595 (oleoyl alanine), 10 or 60 min prior to receiving an 

injection of naloxone (1 mg/kg, s.c.). Ten minutes later, they were placed into the 

conditioning box with the assigned naloxone-paired floor for 20 min. Four days later, all 

rats underwent a second 3-day conditioning cycle. Five days following the last naloxone 

trial, a 10-min drug-free test trial was given. The test trial consisted of the same 

procedures as the pretest trial, but the rats were given s.c. saline injection 10 min prior 

to the test. During the test trial, EthoVision tracked the amount of time the rats spent on 

each floor surface. The groups (n = 12/group) were VEH–10 min, VEH–60 min, oleoyl 

glycine–10 min, oleoyl glycine–60 min, HU595–10 min, and HU595–60 min.  

To further investigate the duration of effectiveness of oleoyl alanine, an additional 

group was administered 5 mg/kg i.p., HU595 (n = 12), 120 min prior to receiving 

naloxone over each of the two conditioning trials. Finally, because oleoyl glycine 

interfered with MWD-induced CPA at a lower dose of 1 mg/kg, i.p. (Petrie et al., 2019), 

an additional group (n = 12) was administered a dose of 1 mg/kg, i.p., of HU595 10 min 

prior to naloxone on both conditioning trials. 
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2.3.5.3 Experiment 3: Potential of oleoyl alanine (HU595) to produce CPA or CPP 

on its own 

In order to determine if oleoyl alanine produced CPP or CPA on its own, rats (n = 

12) received two conditioning trial cycles (as in experiments 2 and 3) with HU595 and 

VEH beginning the day following a 10-min pretest. On each conditioning trial cycle, they 

received 1 ml/kg i.p. injections of HU595 (5 mg/kg) or VEH (24 h apart; with VEH and 

HU595 trials in counterbalanced order) 20 min (Petrie et al., 2019) prior to placement in 

the conditioning box lined with the grid or hole floor (counterbalanced) for 20 min, while 

their locomotion was tracked by EthoVision. Three days after the final conditioning day, 

the rats received a 10-min drug-free as described previously. 

2.3.5.4 Experiment 4: Potential of dimethyloleoyl glycine (HU596) to interfere with 

MWD CPA 

The rats (n = 32) were treated as in experiment 2, except that they were 

pretreated with VEH (n = 12), 1 mg/kg HU596 (n = 8), or 5 mg/kg HU596 (n = 12) 10 

min prior to naloxone. 

2.3.5.5 Experiment 5: Mechanism of action of oleoyl alanine (HU595) interference 

with acute naloxone-precipitated MWD-induced CPA 

The 33 rats were treated as in experiment 2 (with only the 10 min pretreatment 

time) except that, on the naloxone trials, they also received an injection of VEH, MK886 

(1 mg/kg, i.p.; PPARD antagonist), or AM251 (1 mg/kg, i.p.; CB1 receptor antagonist) 20 

min prior to an injection of HU595 (5 mg/kg, i.p.). Ten minutes following pretreatment 

with HU595, the rats were injected with naloxone (1 mg/kg, s.c.) and 10 min later were 

placed in the MWD chamber. The groups were VEH-HU595 (n = 10), MK886-HU595 (n 
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= 11), and AM251-HU595 (n = 12). Petrie et al. (2019) previously demonstrated that at 

the doses employed here neither AM251 nor MK886 modified the strength of CPA 

produced by acute naloxone-precipitated MWD. 

2.3.5.6 Experiment 6: Effect of oleoyl alanine (HU595) on saccharin preference 

following acute naloxone-precipitated MWD 

In order to familiarize the rats with saccharin, the rats (n = 80) were pre-exposed 

to two bottles (saccharin (0.1%) and reverse osmosis water) in their home cage and 

consumption of both liquids was measured at 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h. The 

cumulative amount of saccharin and water consumed at each of the six intervals was 

converted into a cumulative saccharin preference ratio (PR) (cumulative saccharin 

consumed/(cumulative saccharin + cumulative water consumed)). Using pretest PR 

scores, rats were assigned to one of 4 groups (N = 20/ group): saline–saline, saline–

naloxone, morphine–saline, or morphine–naloxone. Seventy-two hours following the 

pretest, the rats received two cycles of acute naloxone-precipitated MWD. On day 1, 

rats were injected s.c. with saline or 20 mg/kg morphine and were monitored in empty 

cages for signs of respiratory distress. Twenty-four hours later, the rats in each group 

were pretreated with an i.p. injection of VEH (n = 10) or 5 mg/kg HU595 (n = 10) 10 min 

prior to receiving a s.c. injection of saline or naloxone. Over the next 48 h, this cycle 

was repeated once more, except 10 min following the the final saline or naloxone 

injection where all rats received two bottles (saccharin (0.1%) and reverse osmosis 

water) in their home cage and consumption of both liquids was measured at the same 

intervals used during pretest. As in the pretest, the amounts consumed were converted 

to saccharin PRs. 
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2.3.5.7 Experiment 7: Effect of oleoyl alanine (HU595) and HU596 on rat serine 

hydrolase proteome for FAAH activity and on luciferase assay for PPARD 

activity   

Competitive activity-based protein profiling (ABPP) assay of activity at FAAH  

For preparation of proteomes, rat brains were dounced homogenized in an 

isotonic buffer consisting of 20 mM HEPES, 2 mM DTT, 0.25 M sucrose, and 1 mM 

MgCl2, pH 7.2. Lysed proteomes were then subjected to a low-speed spin (1400×g, 5 

min) to remove debris, and ultracentrifugation (100,000×g, 45 min) to separate 

membrane and cytosolic fractions. The supernatant was removed and saved as the 

soluble proteome, while the pellet was washed and resuspended in isotonic 

resuspension solution (20 mM HEPES, 2 mM DTT) by pipetting and saved as the 

membrane proteome. Rat brain membranes were diluted to 1 mg/ml prior to use 

(Chang, et al., 2012). Proteomes (50 μl) were preincubated with either DMSO or 10–30 

μM concentrations of oleoyl glycine (OG), HU595, and HU596 at 37 °C. After 20 min, 

FP-Rh (1.0 μl, 50 μM in DMSO, a kind gift from Ben Cravatt) was added and the mixture 

was incubated for another 30 min at 37 °C. Reactions were quenched with SDS loading 

buffer (12.5 μl, 5×) and run on SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 

electrophoresis; Chang et al., 2013). Following gel imaging, serine hydrolase activity 

was determined by measuring fluorescent intensity of gel band corresponding to FAAH 

using ImageJ 1.43u software. 

Luciferase assay of PPARD activity Cell culture, reagents, and transfections. 

Fibroblast-like (COS-7) cells were propagated in Dulbecco’s modified Eagle 

medium (DMEM; Cat. no. 11965092, Life Technology, Milan, Italy) supplemented with 
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10% FBS, and 1% penicillin and streptomycin (Cat. no. 15070063, Life Technology, 

Milan, Italy) in a humidified atmosphere of 95% air/5% CO2 at 37 °C. For cell 

transfection, cells were seeded onto 24-well plastic plates at 2 × 103 cells/cm2 density. 

After plating, the cells were transfected on the next day with (a) pM1-hPPARα-Gal4, (b) 

TK-MH100x4-Luc containing the UAS enhancer elements, and (c) Renilla luciferase 

(pRL, cat. E2231; Promega, Milan, Italy). The combination of plasmids was transfected 

into the cells by use of Lipofectamine LTX (Life Technology, Milan, Italy) following the 

manufacturer’s instruction. After 24 h, the cells were treated with vehicle (DMSO 

0.003%) and HU595 and HU596 (up to 50 μM). 

After 18 h of treatment, the cells were harvested and processed for the luciferase 

and Renilla luciferase (Promega) using the Dual-Luciferase Reporter Assay System 

(Promega, cat. E1910) and detected using the GloMax Luminometer (Promega). 

2.3.6 Data Analysis 

For experiment 1, somatic opioid withdrawal behaviors demonstrated by VEH 

and oleoyl alanine groups were each entered into separate independent sample t tests. 

For experiment 2, separate 2 × 2 mixed-factors ANOVAs were performed for each 

pretreatment group (VEH, OlGly, HU595) at each time (10 or 60 min) as a between-

subjects factor and floor (grid or hole) as a within subjects factor. Also, the data for each 

of the two additional groups were entered into a paired t test for each floor to determine 

if oleoyl alanine prevented the MWD-induced CPA at a dose of 1 mg/kg and at a delay 

of 120 min. For experiment 3, the amount of time spent on the VEH- and HU595-paired 

floors was entered into a paired sample t test during the test of place preference. The 

distance traveled on the VEH and oleoyl alanine (HU595) conditioning trials was 
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entered into a 2 × 2 repeated measures ANOVA with drug (HU595 or VEH) and 

conditioning trials (1 and 2) as within-subjects factors. For experiment 4, a 3 × 2 mixed-

factors ANOVA was performed with the between subjects factor of pretreatment (VEH 1 

mg/kg or 5 mg/kg HU596) and the within-subjects factor of floor (grid or hole). For 

experiment 5, time spent on each floor was entered into a 3 × 2 mixed-factors ANOVA 

with pretreatment (VEH, 1 mg/kg MK886, 1 mg/kg AM251) as a between-subjects factor 

and floor (grid or hole) as a within-subjects factor. For experiment 6, the PR scores 

during the test were entered into a 2 (pretreatment, VEH or HU595) × 4 (group SS, SN, 

MS, MN) × 6 (time 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h) mixed-factors ANOVA. In 

experiment 7, the differences among treatments for the luciferase assay were evaluated 

by t tests. 

2.4 Results  

2.4.1 Experiment 1: Potential of oleoyl alanine (HU959) to interfere with somatic 

effects of MWD and conditioned gaping in rats 

Oleoyl alanine (HU595) interfered with the naloxone-precipitated somatic MWD 

effects of abdominal contractions, lying on belly, and mouthing movements, but not 

diarrhea or body weight loss. Also, oleoyl alanine, like oleoyl glycine, interfered with 

MWD-induced conditioned gaping reactions in rats, reflective of conditioned nausea. 

Table 1 presents the mean (± SEM) somatic MWD reactions and conditioned gaping in 

the TR test for the groups pretreated with VEH or HU595 prior to naloxone. Independent 

t tests revealed that the group pretreated with oleoyl alanine displayed significantly 

fewer MWD-elicited mouthing movements, abdominal contractions, and bouts of lying 

on belly following the second naloxone injection and displayed significantly fewer 
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conditioned gaping reactions during the drug-free TR test than did the group pretreated 

with VEH (ps < 0.01). However, the groups did not significantly differ in the instances of 

diarrhea or in percentage body weight loss. 

2.4.2 Experiment 2: Potential of oleoyl glycine and oleoyl alanine (HU595) to 

prevent acute naloxone-precipitated MWD at 10 min and 60 min prior to naloxone 

At a dose of 5 mg/kg, i.p., HU595 (oleoyl alanine) produced longer lasting 

prevention of acute naloxone-precipitated MWD than did oleoyl glycine. Figure 2 

presents the mean seconds spent on the saline-paired floor and on the MWD-paired 

floor for each of the pretreatment groups. Among the vehicle-pretreated groups (upper 

section of Fig. 2), the analysis revealed only significant effects of time (F(1,22) = 5.3; p 

< 0.031), and floor (F(1,22) = 13.9; p < 0.001), with the rats at both times demonstrating 

an aversion to the MWD-paired floor. Among the oleoyl glycine pretreated groups 

(middle section of Fig. 2), the analysis revealed a significant time effect (F(1,22) = 18.1; 

p < 0.001), a floor effect (F(1,22) = 17.4; p < 0.001), and a time × floor interaction 

(F(1,22) = 7.0; p = 0.015); subsequent paired t tests revealed that oleoyl glycine 

prevented the MWD-induced CPA when given 10 min before naloxone, but not when 

given 60 min before naloxone. Among the HU595 (oleoyl alanine) pretreated groups 

(bottom section of Fig. 2), the analysis revealed no significant effects; that is, the rats 

did not display an aversion to the MWD-paired floor when administered HU595 at either 

10 min or 60 min before naloxone. However, when administered 120 min prior to 

naloxone (data not displayed), oleoyl alanine no longer interfered with the MWD CPA; 

the rats spent significantly (t (11) 2.6; p = 0.026) less time on the MWD-paired floor (Μ = 

193.5 ± 29.6 s) than on the saline-paired floor (M = 355.5 ± 34.1). As was evident with 
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oleoyl glycine (Petrie et al., 2019) at a dose of 1 mg/kg, oleoyl alanine interfered with 

the MWD (data not displayed); the time spent on the MWD-paired floor (M = 264.3 ± 

18.3 s) did not significantly differ from the time spent on the saline-paired floor (M = 

305.2 ± 20.2 s; t (11) = 1.1). 

2.4.3 Experiment 3: Potential of oleoyl alanine to produce CPA or CPP 

Oleoyl alanine produced neither CPA nor CPP following two pairings with a 

distinctive floor (data not shown). A paired t test revealed that the rats did not 

significantly differ in their preference for the oleoyl alanine-paired floor (mean = 278 ± 

38.0 s) and the VEH-paired floor (mean = 281 ± 41.8 s). Oleoyl alanine did not modify 

the activity level during the conditioning trials; the analysis of the distance traveled on 

the oleoyl alanine conditioning trials and the vehicle conditioning trials revealed no 

significant effects. 

2.4.4 Experiment 4: Potential of dimethyl oleoyl glycine (HU596) to interfere with 

an acute naloxone-precipitated MWD CPA 

Dimethylated oleoyl glycine (HU596) was ineffective at doses of 1 or 5 mg/kg in 

preventing MWD CPA. Figure 3 presents the mean (± SEM) seconds spent on the 

saline floor and the MWD floor in experiment 4. The analysis revealed only a statistically 

significant effect of floor (F(1,29) = 36.9; p < 0.001). All groups displayed MWD-induced 

CPA. 

2.4.5 Experiment 5: Mechanism of action of oleoyl alanine (HU595) interference 

with acute naloxone-induced MWD CPA 

Oleoyl alanine interfered with the MWD CPA, but pretreatment with either MK886 

or AM251 prevented this interference as seen in Fig. 4. The analysis revealed a 



 
 

45 
 

significant effect of floor (F(1,30) = 52.2; p < 0.001), and a significant interaction of 

pretreatment group by floor (F(2,30) = 4.6; p = 0.018). Subsequent paired t tests 

revealed that groups MK886-HU595 and AM251-HU595 spent less time on the MWD-

paired floor than on the saline-paired floor (ps < 0.01), but group VEH-HU595 did not 

show significant CPA. 

2.4.6 Experiment 6: Effect of oleoyl alanine (HU595) on saccharin preference 

following acute naloxone-precipitated MWD 

Acute naloxone-precipitated morphine withdrawal suppressed saccharin 

preference for the first 4 h of the test among VEH pretreated rats, but not among HU595 

pretreated rats. Figure 5 presents the mean cumulative saccharin PR across the 24 h of 

testing for rats pretreated with VEH or HU595. The 2 × 4 × 6 mixed-factors ANOVA 

revealed significant effects of time (F(5,360) = 44.44; p < 0.001), pretreatment × time 

(F(5,360) = 18.46; p < 0.001), group × time (F(15,360) = 11.98; p < 0.001), and 

pretreatment × group × time (F(15,360) = 5.07; p < 0.001). To evaluate the triple 

interaction, separate single-factor ANOVAs for the group factor were conducted for 

each pretreatment condition at each interval. These revealed a significant effect at 2 h 

(F(3,36) = 13.0; p < 0.001), 4 h (F(3,36) = 8.9; p < 0.001), and 6 h (F(3,36) = 3.3; p = 

0.03) among the VEH pretreated groups, but not among the HU595 pretreated groups. 

Subsequent Bonferroni post hoc comparison tests revealed that among the VEH 

pretreated groups, group MN displayed significantly suppressed saccharin PRs than all 

other groups after 2 and 4 h of drinking (ps < 0.01). 
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2.4.7 Experiment 7: Effect of oleoyl alanine (HU595) and HU596 on the rat serine 

hydrolase proteome for FAAH and on luciferase assay for PPARα 

The top section of Fig. 6 a and b shows the effect of two concentrations of oleoyl 

alanine and HU596 on a rat brain serine hydrolase proteome, including fatty acid amide 

hydrolase, in comparison with OlGly. Of the three compounds, only oleoyl glycine, in 

agreement with our previous report (Donvito et al., 2019), and oleoyl alanine inhibited 

the binding of the serine hydrolase probe to FAAH (by about 40% at 10 μM), without 

affecting the binding to the other serine hydrolases that can be identified with this 

method. As shown in Fig. 6 b, the effect of oleoyl alanine at 10 μM was comparable with 

that of oleoyl glycine, whereas HU596 did not show significant inhibition at either 

concentration tested. The bottom section of Fig. 6 c and d shows the effect of three 

concentrations of oleoyl alanine and HU596 on PPARα activity in a luciferase assay, in 

comparison with the standard PPARD agonist, fenofibrate. Both compounds revealed 

PPARD activity at a 50 uM concentration, but HU596 was more potent and efficacious 

than oleoyl alanine, with a significant effect being observed at a 30 μM concentration. 

2.5 Discussion 

Oleoyl glycine is a brain lipid capable of reducing nicotine self-administration and 

morphine withdrawal signs acting via distinct molecular targets (Donvito et al., 2019; 

Petrie et al., 2019; Rock et al., 2020). Like other N-acyl-glycines, this endogenous 

molecule is subject to inactivation by enzymatic hydrolysis (Huang et al., 2001; Donvito 

et al., 2019). We have investigated here the capability of two methylated, and hence 

potentially more stable to hydrolysis, analogs of oleoyl glycine on the effects of 

morphine withdrawal. Oleoyl alanine (HU595) interfered with acute naloxone-
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precipitated opiate withdrawal when assessed by the somatic and affective effects of 

MWD (experiments 1, 2, and 6) in male Sprague rats. As previously reported with OlGly 

(Donvito et al., 2019; Petrie et al., 2019), HU595 had no aversive or rewarding effects of 

its own using place conditioning (experiment 3).  

As was demonstrated by oleoyl glycine (Rock et al., 2020), oleoyl alanine reduced 

somatic MWD symptoms and also reduced the display of conditioned gaping produced 

by MWD. Oleoyl glycine and oleoyl alanine were equally effective in reducing the 

aversive effects of acute naloxone-precipitated MWD at doses of 1 and 5 mg/kg, i.p., 

when administered 10 min prior to naloxone. However, oleoyl alanine retained its 

activity for a longer period (60 min, but not 120 min) than oleoyl glycine, in agreement 

with its potentially higher stability toward FAAH than oleoyl glycine. Hence, we 

synthesized an additional molecule, the dimethylated oleoyl glycine (HU596), which, we 

assumed, would cause a larger steric hindrance. However, this chemical change 

ultimately eliminated activity, possibly for reasons discussed below. Finally, rats 

experiencing acute naloxone-precipitated MWD also showed the anhedonic reaction of 

suppressed saccharin PRs, but pretreatment with oleoyl alanine prevented this 

anhedonic reaction.  

Interference of acute naloxone-precipitated MWD by oleoyl alanine was reversed 

by pretreatment with either a PPARD antagonist or by a CB1 receptor antagonist, as 

previously shown with oleoyl glycine (Rock et al., 2020). These results are consistent 

with the report that oleoyl glycine acts in vitro as a PPARD agonist and a weak FAAH 

inhibitor. Petrie et al. (2019), however, reported that the protective effect of oleoyl 

glycine on acute naloxone-precipitated MWD-induced CPA was reversed by 
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pretreatment with a CB1 antagonist only, suggesting that the mechanism of action of 

oleoyl glycine on the aversive effects of MWD may be secondary to inhibition of FAAH 

elevating anandamide and indirectly activating CB1. Here, we found that while oleoyl 

alanine, like oleoyl glycine, was capable of both inhibiting FAAH and directly activating 

PPARD at intermediate micromolar concentrations in vitro, HU596 could only exert the 

latter of these effects at the same concentrations. These findings suggest that, at least 

in the case of these two compounds, indirect activation of CB1 (via FAAH inhibition and 

elevation of anandamide levels) is both necessary and sufficient, whereas activation of 

PPARD is necessary but not sufficient to exert the interference with naloxone-

precipitated MWD. This hypothesis would also explain why HU596 is inactive at 

producing this effect despite its potentially enhanced stability to hydrolysis, whereas it 

does not contradict our hypothesis that oleoyl alanine has a more prolonged duration of 

action compared with oleoyl glycine due to its higher stability to hydrolysis. In fact, it is 

likely that oleoyl alanine still binds effectively to FAAH but, unlike oleoyl glycine, is not 

hydrolyzed by the enzyme. Alternatively, PPARD may interfere with naloxone-

precipitated MWD only at a later stage, following FAAH inhibition, which would explain 

why the less enzymatically stable oleoyl glycine is capable of altering acute MWD in a 

fashion not mediated by the PPARD receptor.  

The interference with the aversive effects of MWD by oleoyl alanine by AM251 or 

MK886 was not the result of an effect of the pretreatment agent itself, as Petrie et al. 

(2019) showed that at the same doses and under the identical experimental conditions, 

neither pretreatment drug modified the strength of the acute naloxone-precipitated 
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MWD CPA on their own. Instead, they blocked either the direct (at PPARD) or indirect 

(FAAH inhibition) effects of oleoyl alanine.  

The results suggest oleoyl alanine (HU595) may be a more stable agent to combat 

the aversive effects of acute naloxone-precipitated MWD than oleoyl glycine. At doses 

of 1 or 5 mg/kg, both compounds prevent the aversive effects of MWD in a CPA 

paradigm (Petrie et al., 2019), but the preventative effect of oleoyl alanine (HU595) 

persists over 60 min, unlike that of oleoyl glycine. 
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MWD behavior 

 
VEH pretreatment 

 
HU595 
pretreatment 

 
Statistical 
significance 

Mouthing 
Movements (f) 

 
57.2 (+ 6.6) 

 
30.8 (+7.4) 

 
t (14) = 2.6; p 
=0.025 

Abdominal 
Contractions (f) 

 
13.1 (+ 2.4) 

 
5.0 (+ 0.8) 

 
t (14) = 3.2; p 
=0.006 

 
Lying on Belly (s) 

 
722.3 (+ 120.4) 

 
102.0 (+ 57.9) 

 
t (14) = 4.6; p< 
0.001 

 
Diarrhea (yes/no) 

 
0.5 (+0.2) 

 
0.8 (+ 0.2) 

 
t (14)= 1.0; ns 

 
% Body Weight 
Loss 

 
2.7 (+0.5) 

 
2.4 (+.0.4) 

 
t (14) = 0.5; ns 

Conditioned 
Gaping in TR test 
(f) 

 
7.8 (+ 2.9) 

 
3.5 (+ 0.9) 

 
t (14) =3.2; p=0.007 

 

Table 1. Acute naloxone-precipitated MWD behaviors in Experiment 1 (from Rock et al., 

2020).  Data presented = mean (+SEM); f = frequency; s = seconds. 



 
 

51 
 

 

 

 

Figure 1. Structure of Oleoyl glycine, monomethyl oleoyl glycine (oleoyl alanine, HU595) 

and dimethyl oleoyl glycine (HU596). 
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Figure 2.  Mean (+SEM) seconds spent on the saline-paired floor and the MWD-paired 

floor for each pretreatment group (VEH, Oleoyl Glycine and HU595 [oleoyl alanine]) at 

each pretreatment time in Experiment 2. ***p< 0.001, *p<0.05 difference between floor 

preference. 
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Figure 3.  Mean (+SEM) seconds spent on the saline-paired floor and the MWD-paired 

floor in Experiment 2.  Dimethylated oleoyl glycine (HU596) did not modify the strength 

of the CPA. **p <0.01. 
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Figure 4.  Mean (+SEM) seconds spent on the saline-paired floor and the MWD-paired 

floor in Experiment 5 in which rats were pretreated with MK886 (1 mg/kg, i.p.) or AM251 

(1 mg/kg, i.p.) prior to treatment with HU595 (5 mg/kg, i.p.). Asterisks indicate 

significance, with ** p < 0.01; ** p < 0.001. 
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Figure 5. Mean (+SEM) cumulative saccharin preference ratios by group across the 

two-bottle saccharin preference testing period for both VEH and HU595 pretreated 

animals. Symbol ** indicates a significant difference of between groups (p <0.01). 
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Figure 6. A and B (top section). In vitro competitive affinity based proteome profiling 

(ABPP) of oleoyl glycine, oleoyl alanine (HU595) and HU596 using the serine 

hydrolase-directed probe FP-Rh in the membrane fraction of the rat brain proteome. (A) 

The selectivity profiles of oleoyl glycine, HU596 and HU595 (10-30 μM), as judged by 

competitive ABPP analysis in the rat brain membrane proteome. (B) Quantification of % 

of FAAH inhibition determined by measuring fluorescent intensity of gel band using the 

ImageJ 1.43u software. Data represent the mean ± SD of n=2 separate experiments.  C 

and D (bottom section). Luciferase assays in PPARα-transfected COS-7 cells. Bar 

graphs show the concentration-dependent effect of Oleoyl alanine (HU595) (C) and 

HU596 (D) in comparison to fenofibrate, in COS-7 cells transiently transfected with 

human PPARD-Gal 4 plasmid. Cells were co-transfected with equimolar amount of 

plasmid encoding for TK-MH100x4-Luc containing the UAS enhancer elements and 
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Renilla Luciferase as transfection efficiency control and normalize the signal intensity of 

luciferase. HU595 and HU596 were dissolved in DMSO (vehicle, 0,003%). Data are 

expressed as the mean ± SEM of four independent determinations. *P ≤ 0.05 vs control 

group, determined by Student’s t test. 
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3.1 Abstract 

Rationale: The endocannabinoidome mediators, N-Oleoylglycine (OlGly) and N-

Oleoylalanine (OlAla), have been shown to reduce acute naloxone-precipitated 

morphine withdrawal affective and somatic responses. 

Objectives: To determine the role and mechanism of action of OlGly and OlAla in 

withdrawal responses from chronic exposure to opiates in male Sprague-Dawley rats. 

Methods: Opiate withdrawal was produced: 1) spontaneously 24 hr following chronic 

exposure to escalating doses of morphine over 14 days (Experiments 1 and 2) and 

steady-state exposure to heroin by minipumps for 12 days (Experiment 3), 2) by 

naloxone injection during steady-state heroin exposure (Experiment 4), 3) by naloxone 

injection during operant heroin self-administration (Experiment 5).   

Results: In Experiment 1, spontaneous morphine withdrawal produced somatic 

withdrawal reactions. The behavioral withdrawal reactions were accompanied by 

suppressed endogenous levels of OlGly in the nucleus accumbens, amygdala and 

prefrontal cortex, N-Arachidonylglycerol and OlAla in the amygdala, 2-

arachidonoylglycerol in the nucleus accumbens, amygdala and interoceptive insular 

cortex, and by changes in colonic microbiota composition. In Experiment 2, treatment 

with OlAla, but not OlGly, reduced spontaneous morphine withdrawal responses.  In 

Experiment 3, OlAla attenuated spontaneous steady-state heroin withdrawal responses 

at both 5 and 20 mg/kg; OlGly only reduced withdrawal responses at the higher dose of 

20 mg/kg. Experiment 4 demonstrated that naloxone-precipitated heroin withdrawal 

from steady-state exposure to heroin (7 mg/kg/day for 12 days) is accompanied by 

tissue-specific changes in brain or gut endocannabinoidome mediator, including OlGly 
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and OlAla, levels and colonic microbiota composition, and that OlAla (5 mg/kg) 

attenuated behavioural withdrawal reactions, while also reversing some of the changes 

in brain and gut endocannabinoidome and gut microbiota induced by naloxone. 

Experiment 5 demonstrated that although OlAla (5 mg/kg) did not interfere with operant 

heroin self-administration on its own, it blocked naloxone-precipitated elevation of 

heroin self-administration behavior. 

Conclusions: These results suggest that OlAla and OlGly are two endogenous 

mediators whose brain concentrations respond to chronic opiate treatment and 

withdrawal concomitantly with changes in colon microbiota composition, and that OlAla 

may be more effective than OlGly in suppressing chronic opiate withdrawal responses. 

Keywords: Oleoyl alanine, Naloxone-precipitated morphine withdrawal, Conditioned 

place aversion, Saccharin preference, Anhedonia, Somatic withdrawal, Nausea, Oleoyl 

glycine, Rat, PPARD, CB1 
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3.2 Introduction 

A new member of the increasing family of endocannabinoid (eCB)-like mediators, 

which, together with their receptors and metabolic enzymes, constitute the 

endocannabinoidome (eCBome) (Di Marzo, 2018), N-Oleoylglycine (OlGly) is an 

endogenous lipoaminoacid produced in the brain following mild trauma and has been 

shown to reduce the behavioral consequences of this condition (Piscitelli et al., 2020) as 

well as the abuse-related effects of nicotine addiction in mouse models (Donvito al., 

2019). OlGly also reduced responses produced by acute naloxone-precipitated 

morphine withdrawal (MWD) in rats as assessed by conditioned place aversion (CPA; 

Petrie et al., 2019) and somatic withdrawal behaviors (Rock et al., 2020). In vitro 

evidence indicates that OlGly acts as a peroxisome proliferator-activated receptor alpha 

(PPARD) agonist and interacts with the eCB system through its weak inhibition of the 

eCB-degrading enzyme, fatty acid amide hydrolase (FAAH) (Donvito et al., 2019), but 

without directly activating the two major eCB receptors, CB1 and CB2. While the 

potential of OlGly to block nicotine conditioned place preference (CPP) in mice was 

prevented by pretreatment with a PPARD antagonist (Donvito et al., 2019), the 

attenuation by OlGly with MWD-induced place aversion was prevented by a CB1 

antagonist, but not by a PPARD antagonist (Petrie et al., 2019). However, OlGly 

attenuation of somatic MWD behaviors was prevented by both a CB1 antagonist and a 

PPARD  antagonist (Rock et al., 2019). Thus, in rats, OlGly reduces acute naloxone-

precipitated MWD somatic responses by PPARD- and CB1 receptor-dependent 

mechanisms, whereas its effect on affective responses during withdrawal are mediated 
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exclusively by the CB1 receptor, probably via its indirect activation due to FAAH 

inhibition leading to increased levels of endogenous CB1 agonists.  

As an endogenous amide, OlGly is susceptible to rapid degradation by amidases 

which may limit its effectiveness as a therapeutic drug for opiate withdrawal. N-

Arachidonoylethanolamide (anandamide [AEA]), which is a fatty-acid amide eCB with 

structural similarities to OlGly, was stabilized by Abadji et al. (1994) via the addition of a 

methyl group near the amide linkage to form methanandamide. This compound was 

more stable against FAAH and possessed greater potency as a ligand for the CB1 

receptor. Based on this result, we hypothesized that OlGly could be stabilized against 

amidase degradation in the body by the addition of a methyl group to the glycine’s alpha 

carbon, sterically hindering enzymatic cleavage at the amide bond. This newly 

synthesized lipoaminoacid, N-Oleoylalanine (OlAla), was indeed shown to block the 

establishment of affective symptoms of naloxone-precipitated MWD for a longer 

duration than OlGly, and to mediate its effects via CB1 and PPARD receptors. 

Additionally, OlAla was as effective as OlGly in reducing somatic MWD symptoms, 

including conditioned gaping (a measure of nausea) to a flavor paired with MWD. 

Consistently, OlAla was found to inhibit FAAH and activate PPARD in vitro (Ayoub et al., 

2020). Interestingly, evidence exists for the presence of endogenous OlAla in the brain 

and its lack of significant activity at TRPV1 channels, another target of some eCBome 

mediators (Raboune et al., 2014). 

Recent studies in both rodents and humans have suggested that gut microbiota 

might be modulated by chronic opiate use and intervene in tolerance to and 

dependence from opiates (Banerjee et al., 2016; Kang et al., 2017; Wang et al., 2018; 
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Acharya et al., 2017; Gicquelais et al., 2020; see Meckel and Kiraly 2019 for a review). 

Indeed, the gut microbiota is increasingly being suggested to play a role in behavior and 

its disturbances induced by psychotropics (see Cussotto et al., 2019 for a review) and to 

interact with eCBome signaling in both the brain and gut (Manca et al., 2020a; Manca et 

al., 2020b; see Iannotti & Di Marzo, 2021 for review). Nevertheless, whether or not the 

gut microbiota is also involved in the behavioral symptoms of opiate withdrawal, and the 

effects thereupon of eCBome mediators, such as OlGly and OlAla, is not known yet. A 

recent paper that appeared during the revision process of this manuscript (Thomaz et 

al., 2021) showed that fecal microbiota transplantation from morphine-treated mice and 

antibiotic treatment both attenuate naloxone-precipitated opioid withdrawal, as 

assessed by measuring the number of jumps induced by naloxone in morphine-

dependent mice, thus strongly suggesting that the gut microbiota impacts the 

development of physical dependence induced by chronic use of opiates. 

The current study aims to expand on the previous findings on the role of OlGly 

and OlAla in opiate withdrawal by using male Sprague Dawley rats undergoing 

spontaneous and naloxone-precipitated opiate withdrawal. We evaluated if OlGly and 

OlAla: 1) are present in specific brain areas involved in addiction and withdrawal 

symptoms; 2) reduce behavioral withdrawal responses and do so in a manner mediated 

by activation of the CB1 receptor and PPARD and correlated with changes in brain 

eCBome signaling and gut (colon) microbiota composition. In Experiment 1, rats were 

injected with escalating doses of morphine or saline every 12 hours for 14 days. 

Twenty-four hr after the final injection, spontaneous somatic symptoms were measured.  

Immediately following testing, animals were sacrificed, and brain tissues were taken 
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from the nucleus accumbens (NAc), prefrontal cortex (PFC), interoceptive insular cortex 

(IIC) and the amygdala. Within these brain regions, levels of the eCBome mediators, 

AEA and 2-arachidonoylglycerol (2-AG) (two eCBs acting at CB1 and CB2 receptors), 

oleoylethanolamide (OEA), palmitoylethanolamide (PEA) and other N-

acylethanolamines, OlGly, N-arachidonoylglycine (AraGly), and OlAla, among others, 

were quantified by LC-MS-MS. Colonic samples were also taken at the end of the 

experiment to look at the possible concomitant changes in gut microbiota composition. 

Experiment 2 was conducted as Experiment 1, except that the rats were pretreated with 

Vehicle, OlGly or OlAla 10 min prior to spontaneous or naloxone-precipitated 

withdrawal. In Experiment 3, rats were implanted with osmotic minipumps containing 

heroin (because of solubility limits for appropriate doses of morphine via minipumps) for 

12 days. On day 12, rats were treated with Vehicle, OlGly (5 or 20 mg/kg, i.p.) or OlAla 

(5 or 20 mg/kg, i.p.) 2 hr, 4 hr and 24 hr following removal of the pumps prior to 

spontaneous somatic withdrawal testing.  In Experiment 4, the effect of OlAla on 

naloxone-precipitated heroin withdrawal was evaluated on Day 12 in rats with intact 

osmotic minipumps containing saline or heroin (Exp. 4), with brain and gut samples 

again evaluated for eCBome mediator levels and microbiota composition, in this case 

allowing to distinguish between the effects on these endpoints of both chronic treatment 

with, and withdrawal from, chronic opiate administration. Finally Experiment 5 evaluated 

the potential of OlAla to interfere with operant heroin self-administration on a Fixed 

Ratio 1 (FR1) schedule and naloxone-precipitated elevation of heroin self-

administration.   
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3.3 Methods 

3.3.1 Subjects 

A total of 243 male Sprague Dawley rats were acquired at 200-225 grams from 

Charles River Laboratories (Saint-Constant, QC) and began experimental testing at an 

average weight of 300-325 g (average age of 60-70 days). The rats were pair-housed in 

Plexiglas chambers and located in a colony room maintained on a 12-hour reversed 

light/dark cycle (7:00/19:00) with lights on at 19:00 hr, and a temperature of 21 C. 

Standard rat chow (Teklad Global Diets, 14% protein rodent diet) and water were 

provided ad-libitum. Following their arrival, rats were given one week of acclimation to 

the testing facility prior to any experimental procedures. All experimental testing began 

2 hr into the rat’s dark cycle and were approved by The University of Guelph Animal 

Care Committee and adhere to the guidelines of the Canadian Council on Animal Care.  

3.3.2 Drugs 

Oleoylglycine (OlGly) and Oleoylalanine (OlAla) were provided by the 

Mechoulam laboratory, and administered intraperitoneal (i.p.) at a dose of 5 and 20 

mg/kg in a volume of 1 ml/kg. Both compounds were dissolved in a glass graduated 

cylinder in ethanol with Tween 80 added to the solution, the ethanol was then 

evaporated off with a nitrogen stream, after which saline was added (final Tween80: 

saline ratio = 1:9). Vehicle (1 ml/kg) for cannabinoid compounds consisted of a 1:9 

mixture of Tween80 to saline. Naloxone (1 mg/ml) was prepared with physiological 

saline and administered subcutaneously at a dose of 1 mg/kg.   
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In Experiment 1 and 2, morphine (5, 10, 15, 20, 25, 30, 35, 40 mg/ml) was 

prepared with physiological saline and administered subcutaneously (s.c) at a volume of 

2 ml/kg to result in the respective doses: 10, 20, 30, 40, 50, 60, 70, 80 mg/kg.  

In Experiments 3 and 4, the osmotic minipumps (Alzet Model 2002) used express 

0.5 ul/hour for a period of 14 days (total volume = 238 ul). Because animals weighed an 

average of 300 grams over the course of the experiment pumps were filled with a heroin 

solution (following the Alzet pump instructions) at a concentration of 175 mg/ml to result 

in a 7 mg/kg dose of heroin daily.  

In Experiment 5, Heroin (OVC pharmacy) was prepared in a saline vehicle at a 

concentration of 4 mg/ml. This stock was diluted in the liquid infusion pumps according 

to daily weights to ensure rats received doses of 0.05 mg/kg/infusion during self-

administration. 

3.3.3 Surgery 

All surgical manipulations occurred following acclimatization to the colony room.  

In Experiments 3 and 4 rats were surgically implanted with osmotic minipumps under 

isoflurane anesthesia. Briefly, a small incision (approximately 3 cm) was made on the 

skin beginning approximately 2 cm caudal to the scapulae of the animal. Using a 

hemostat to spread apart the subcutaneous layer a pocket was formed in a caudal 

direction.  The pump was then inserted into the pocket with the flow moderator pointing 

caudally and the incision was closed with a wound clip (BD Autoclip Wound Closing 

System, Fisher Scientific, Toronto, ON, Canada).  The animal was closely monitored 

following surgery until they displayed normal respiration, posture and locomotor activity. 
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In Experiment 5, rats were surgically implanted with intravenous catheters under 

isoflurane anesthesia according to the procedure described by Minhas and Leri (2014). 

Following catheter implantation rats were monitored for 1 week prior to the first day of 

operant self-administration. 

3.3.4 Extraction and quantification of OlGly, AraGly, OlAla, 2-AG, AEA and other 

N-acyl-ethanolamines, and N-acyl-serotonin 

Brain and intestinal tissues were frozen in liquid nitrogen immediately after 

dissection, which took place within 5 min from sacrifice. Tissues were dounce-

homogenized and extracted with chloroform/methanol/Tris-HCl 50 mM pH 7.5 (2:1:1, 

v/v) containing internal deuterated standards for AEA, 2-AG, PEA, OEA, AraGly, OlGly, 

and OlAla and N-acylserotonin quantification by isotope dilution (5 pmol for [2H]8AEA; 

50 pmol for [2H]52-AG, [2H]4 PEA, [2H]2 OEA; 10 pmol for [2H]4 DHEA and [2H]4 

EPEA; 50 pmol for [2H]8AraGly and [2H]2OlGly; 100 pmol for [2H]8OlAla; 50 pmol for 

[2H]8 AA5HT). Then, the lipid extract was dissolved in 100 ul of CH3OH and analyzed 

by either LC-APCI-MS for AEA, 2-AG, PEA, OEA, DHEA and EPEA quantification, 

which were calculated based on their area ratio with the internal deuterated standard 

signal areas (Bisogno et al., 1997, Piscitelli et al., 2020), and by LC-MS-IT-TOF 

(Shimadzu Corporation, Kyoto, Japan) for N-acylglycine, N-oleoylalanine and N-

acylserotonin identification and quantification, using multiple reaction monitoring (MRM). 

The chromatograms of the high-resolution [M - H]- values were extracted and used for 

calibration and quantification. LC analysis was performed in the isocratic mode using a 

Phenomenex Kintex Polar C18 column (50  × 3 mm, 2.6 μm) and CH3OH/water/formic 

acid (85:15:0.1 by vol.) as the mobile phase with a flow rate of 0.15 mL/min. 
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Identification of N-acylglycines, N-acylserotonins and N-oleoylalanine was carried out 

using ESI ionization in the negative mode with nebulizing gas flow of 1.5 mL/min and 

curved desolvation line temperature of 250 °C. OA5HT was quantified using the peak of 

deuterated AA5HT as internal standard. The quantification was performed by isotope 

dilution by using m/z values of 340.2836 and 338.2672 corresponding to the molecular 

ion [M-H]- for deuterated and undeuterated OlGly, respectively; m/z values of 368.3027 

and 360.2830 corresponding to the molecular ion [M-H]- for deuterated and 

undeuterated AraGly, respectively; m/z values of 356.3159 and 352.2835 corresponding 

to the molecular ion [M-H]- for deuterated and undeuterated OlAla, respectively; 

469.3310 and 461.3319 corresponding to the molecular ion [M-H]- for deuterated and 

undeuterated AA5HT, respectively; or m/z value of 439.2873 corresponding to the 

molecular ion [M-H]- of undeuterated OA-5-HT. The most dominant product ion for each 

lipid class (m/z 74 corresponding to glycine loss, [M-H]- m/z 88 corresponding to alanine 

loss, [M-H]- , or 161 corresponding to serotonin loss, [M-H]-) was selected for MRM.  

At least 10 mediators were measured for each of the analysed six tissues 

belonging to either 2 or 8 experimental groups, for Experiment 1 and 4, respectively, 

thus generating at least between 120 and 480 measures, and a huge amount of 

comparisons to discuss. For this reason, we decided not to show mediator data for 

which we found no statistically significant differences among groups, nor the 

corresponding P values, which were all higher than 0.05.  

3.3.5 Analysis of gut microbiota composition 

DNA was extracted from intestinal contents using the QIAmp PowerFecal DNA 

kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The DNA 
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concentrations of the extracts were measured fluorometrically with the Quant-iT 

PicoGreen dsDNA Kit (Thermo Fisher Scientific, MA, USA) and the DNAs were stored 

at −20°C until 16S rDNA library preparation. Briefly, 1ng of DNA was used as template 

and the V3-V4 region of the 16S rRNA gene was amplified by polymerase chain 

reaction (PCR) using the QIAseq 16S Region Panel protocol in conjunction with the 

QIAseq 16S/ITS 384-Index I (Sets A, B, C, D) kit (Qiagen, Hilden, Germany). The 16S 

metagenomic libraries were eluted in 30µl of nuclease-free water and 1µl was qualified 

with a Bioanalyser DNA 1000 Chip (Agilent, CA, USA) to verify the amplicon size 

(expected size ~600 bp) and quantified with a Qubit (Thermo Fisher Scientific, MA, 

USA). Libraries were then normalized and pooled to 2nM, denatured and diluted to a 

final concentration of 6pM. Sequencing (2 × 300 bp paired-end) was performed using 

the MiSeq Reagent Kit V3 (600 cycles) on an Illumina MiSeq System. Sequencing 

reads were generated in less than 65 h. Image analysis and base calling were carried 

out directly on the MiSeq. Data was processed using the DADA2 pipeline (Callahan et 

al., 2016) and assignation to bacterial taxa was obtained using the Silva v132 reference 

database. Sequences present in fewer than 10 samples were filtered out and bacterial 

abundances were normalized using Cumulative Sum Scaling (CSS, MetagenomeSeq R 

package) (Paulson et al., 2013). Microbiota composition assessed by calculating alpha 

and comparison of Bray-Curtis beta-diversity indexes using PERMANOVA were 

computed using phyloseq and vegan R packages. 

Hundreds of bacterial taxa were measured for each of the analysed 2 intestinal 

tissues, belonging to 2 or 8 experimental groups, for Experiment 1 and 4, respectively, 

thus generating hunderds of measures, and an incredible amount of comparisons to 
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discuss. For this reason, we decided not to show taxa for which we found no statistically 

significant differences among groups, nor the corresponding P values, which were all 

higher than 0.05.  

3.3.6 Apparatus 

Somatic withdrawal behaviors were recorded in an observation chamber (22.5 

cm x 26.0 cm x 20.0 cm) constructed with four black opaque Plexiglas walls and a lid. 

This chamber sat on top of a clear glass table with a video camera (Panasonic WV-

CP484) placed below to record the ventral surface of the rat. Videos were sent to a 

computer containing The Observer Software (Noldus Information Technology Inc. 

Leesburg, VA) which was used to score somatic behaviors.  

In Experiment 5, Plexiglas operant conditioning chambers (model ENV-008CT, 

Med Associates, Georgia, VT) were used for self-administration procedures. Each 

chamber was located within a larger sound-attenuating partition, with a built-in fan to 

mask noise and provide ventilation. An overhead house light (28 V) was situated on the 

back wall of each chamber. The front wall contained a retractable lever (8 cm above 

floor level) which was situated directly below a cue-light (28 V; 11 cm above floor level) 

as well as a stationary lever (8-cm above floor level). The retractable, ‘active’, lever was 

linked to a liquid infusion pump (Razel Scientific Instruments, Stanford, Connecticut) 

that was set to deliver a 150 µl/kg heroin infusion over a 5 sec interval following a lever-

press. The stationary lever served as the ‘inactive lever’ and produced no consequence 

when manipulated. Stainless steel bars (30.5 cm x 24.1 cm x 21.0 cm) provided the 

foundation of the conditioning chambers. A MED-PC interface controlled all conditioning 
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chambers and recorded the number of infusions received, and responses emitted on 

the active and inactive lever.  

3.3.7 Behavioural procedures 

3.3.7.1 Experiment 1: Somatic and neurochemical spontaneous withdrawal 

responses following chronic escalating morphine  

A total of 9 rats were assigned to receive chronic s.c. exposure to escalating doses 

(10, 20, 30, 40, 50, 60, 70, 80 mg/kg) of morphine (n=5) or saline (n=4) for 14 days. On 

the first day of chronic injections, rats were given 10 mg/kg morphine (AM/PM). The 

dose was then progressively increased every two days (i.e. 20 mg/kg on Day 2 and 3, 

30 mg/kg on Day 4 and 5, etc.) until receiving one final AM 80 mg/kg dose on Day 14.  

Twenty-four hr following the final chronic injection on Day 15, all rats were 

injected with saline and 10 min later were placed in the somatic withdrawal observation 

chamber for 30 min to evaluate the behavioral and neurochemical effects of 

spontaneous withdrawal from chronic morphine.  The withdrawal behaviors assessed 

were abdominal contractions, diarrhea, wet dog shakes, mouth movements, and 

suppressed locomotor activity (Defined in Table 1). 

 Immediately following the somatic withdrawal assessment, the rats were 

euthanized by decapitation and brain (NAc, amygdala, PFC and IIC) and gut tissues 

(colon) were removed, flash frozen and stored at -80 °C for subsequent eCBome 

analysis by LC-MS-MS.  
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3.3.7.2 Experiment 2: Effect of OlGly and OlAla (HU595) on spontaneous somatic 

withdrawal responses following chronic escalating morphine 

A total of 96 rats evaluated the potential of OlGly (5 mg/kg, i.p.) and OlAla (5 

mg/kg, i.p.) to reverse withdrawal reactions 24 hr following chronic morphine or saline 

exposure. Half of the rats were tested following an injection of saline and half were 

tested following an injection of naloxone (s.c.). Twenty-four hr following the final chronic 

saline or morphine injection on Day 15, the rats were injected with VEH, 5 mg/kg OlGly 

or 5 mg/kg OlAla 10 min prior to an injection of saline or naloxone and 10 min later were 

placed in the somatic withdrawal chamber for 30 min during which the rats were 

videotaped and later scored for withdrawal behaviors. The groups (n=8/group) were: 

Chronic Saline -VEH-Saline, Chronic Saline-OlGly Saline, Chronic Saline-OlAla-Saline, 

Chronic Saline VEH-Naloxone, Chronic Saline OlGly-Naloxone, Chronic Saline OlAla-

Naloxone, Chronic Morphine -VEH-Saline, Chronic Morphine OlGly Saline, Chronic 

Morphine-OlAla-Saline, Chronic Morphine VEH-Naloxone, Chronic Morphine OlGly-

Naloxone, and Chronic Morphine OlAla-Naloxone.  

3.3.7.3 Experiment 3: Effect of OlGly and OlAla on spontaneous withdrawal from 

chronic (12 days) steady-state heroin 

A total of 46 rats were in this experiment, 38 of which were implanted with 

minipumps containing heroin and 8 rats were implanted with minipumps containing 

saline.  The pumps remained intact for 12 days.  Twenty-four hr following removal of the 

pumps, the rats were placed in somatic withdrawal observation chambers (for 30 min) 

following a pretreatment injection of VEH, OlAla (5 mg/kg or 20 mg/kg, i.p.) or OlGly (5 

mg/kg or 20 mg/kg, i.p.). The groups (n=7-8/group) are designated by the pretreatment 
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injection at the time of withdrawal testing and the chronic treatment by minipumps 

(Saline or Heroin): Group VEH-Saline (n=8), Group VEH-Heroin (n=8), Group 5 OlGly-

Heroin (n=7), Group 5 OlAla-Heroin (n=8), Group 20 OlGly-Heroin (n=8) and Group 20 

OlAla-Heroin (n=7). Rats received the pretreatment injection (VEH, OlGly or OlAla, i.p.) 

as well 2 hr and 4 hr after removal of the pumps to enhance the clinical relevance by 

increasing the likelihood of exposure to the treatment with onset of withdrawal. 

3.3.7.4 Experiment 4: Effect of OlAla on naloxone-precipitated somatic and 

biochemical responses in brain and gut from chronic (12 days) steady-

state heroin 

A total of 56 rats were implanted with osmotic minipumps filled with saline (n=28) 

or heroin (n=28).  On Day 12, with the pumps intact, the rats were injected with VEH or 

OlAla (5 mg/kg) 10 min prior to an injection of the withdrawal treatment drug, saline or 

naloxone. Ten min after the final injection the rats were placed in the somatic withdrawal 

observation chambers for 30 min. Immediately after removal from the somatic 

withdrawal chambers, the brain and gut tissue was collected and stored at -80 °C as in 

Experiment 1. The groups (n=7) were: Chronic saline-VEH-saline, Chronic saline-OlAla-

saline, Chronic heroin-VEH-saline, Chronic heroin-OlAla-saline, Chronic saline-VEH-

naloxone, Chronic saline-OlAla-naloxone, Chronic heroin-VEH-naloxone and Chronic 

heroin-OlAla-naloxone.  

To determine the mechanism of action of the effect of OlAla on naloxone-

precipitated heroin withdrawal, an additional two groups (n=8/group) were implanted 

with heroin minipumps and on Day 12, were given the CB1 antagonist, AM251 (1 mg/kg, 

i.p.), or PPARD antagonist, MK886 (1 mg/kg, i.p.), 20 min prior to OlAla (5 mg/kg, i.p.) 
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10 min prior to naloxone. The doses of these compounds used have been previously 

demonstrated to have no effect on their own on naloxone induced opiate somatic 

withdrawal responses (Rock et al., 2019). The rats were then immediately placed in the 

observation chamber for 30 min and videotaped. 

3.3.7.5 Experiment 5: Effect of OlAla on heroin self-administration and naloxone 

potentiation of heroin self-administration. 

Acquisition of heroin self-administration 

A total of 20 rats completed the experiment. All self-administration sessions ran 

daily for 180 min and began 2 hr into the rat’s dark cycle. Intravenous catheters were 

flushed with saline prior to each session to ensure there were no obstructions in the 

drug delivery line. Once placed in conditioning chambers rats were habituated for 5 min 

prior to each test session. Illumination of the house light signaled the beginning of a 

session, with the active lever extending out after a 10 sec delay. A continuous schedule 

was used to reinforce responding on the active lever in which rats received a 150 µl/kg 

intravenous infusion of heroin (0.05 mg/kg/infusion) and the presentation of a cue-light 

for 5 sec. During this time, additional responses on the active lever were recorded but 

did not lead to additional reinforcement. Responding on the inactive lever had no 

programmed consequences and served as a baseline measure of non-reinforced 

operant responding. The acquisition phase of self-administration lasted for 10 sessions. 

For the first three days, animals were primed (up to 6 primes per session) if no active 

lever response was emitted within a 15 min period. During sessions 7-10, rats were 

adapted to the injection procedure with the i.p. administration of 1 ml/kg of VEH 10 min 

prior to 1 ml/kg s.c saline 5 min prior to being placed in the conditioning chambers. Rats 
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in both groups were maintained on this injection schedule throughout the experiment 

except during test sessions when the drug group received the appropriate treatment. 

Following acquisition, rats were assigned to VEH (n=9) or OlAla (n=11) matched for 

infusions earned and responses (active and inactive) made on the last day of 

acquisition (session 10). Two baseline sessions were interspersed between each test 

session to allow self-administration behavior to stabilize following treatment. 

Effect of OlAla on heroin self-administration 

On Session 11 all rats in the drug group (n=11) received OlAla (5 mg/kg, i.p.) and 

rats in in the VEH group (n=9) received VEH 10 min prior to s.c. saline, 5 min prior to 

being placed in the conditioning chambers to test whether OlAla itself modified heroin 

self-administration. 

Effect of OlAla on naloxone-precipitated withdrawal induced elevation of heroin self-

administration 

On sessions 14 and 17, rats in the drug group received VEH-naloxone and OlAla-

naloxone in a counterbalanced order. They were injected with VEH or OlAla (5 mg/kg, 

i.p.) 10 min prior to naloxone (1 mg/kg, s.c.) 5 min prior to placement in the conditioning 

chambers. 

3.3.8 Data analysis 

In Experiment 1, the somatic withdrawal behaviors and the ex vivo levels of 

OlGly, AraGly, AEA, 2-AG, OEA and PEA were analyzed by independent t tests for the 

chronic saline and chronic morphine group. In Experiment 2, the effect of the 

pretreatment on the withdrawal behavioral responses were analyzed a 2 (chronic 

treatment) x 3 (pretreatment) x 2 (test treatment) between groups analysis of variance 
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(ANOVA). In Experiment 3, each of the somatic withdrawal behaviors scored was 

entered into a one-way ANOVA for groups with subsequent comparisons by Bonferroni 

post hoc tests.  In Experiment 4, the number or duration of each of the behavioral 

measures were entered into a 2 x 2 x 2 factorial design, with the between group factors 

of chronic treatment (saline or heroin), withdrawal treatment (saline or naloxone) and 

pretreatment (VEH or OlAla). To determine the mechanism of action of the interference 

with naloxone-precipitated heroin withdrawal, the relevant behavioral withdrawal 

measures for each of the additional two groups (MK886-OlAla and AM251-OlAla) was 

compared with group heroin-naloxone-OlAla in a single factor ANOVA.    Variations in 

brain biochemicals and fecal microbiota compositions were evaluated using one-way 

analysis of variance (ANOVA) and Tukey HSD post-hoc tests to assess treatment 

effects (VEH vs drug groups). For Experiment 5, the self-administration acquisition 

period, sessions 1 – 10, the number of infusions received were entered into a repeated 

measures ANOVA. The number of responses made on the active lever and the inactive 

lever were entered into a 2 x 10 repeated measures ANOVA with lever (active or 

inactive) and session (sessions 1 – 10) as within subject factors. To evaluate the effect 

of OlAla alone on heroin self-administration on Day 11, an independent t-test was 

conducted between the VEH and drug group for each self-administration behavior. The 

VEH-Naloxone and OlAla-Naloxone data for each measure on Days 14 and 17 were 

pooled, because the order of testing did not differ for any measure as assessed by 

paired t-tests. The self-administration behaviors for Group VEH, were each entered into 

a paired t-test across the two test days (Days 14, 17), which revealed no significant 

differences; therefore, the data for this group was pooled across these days for 



 
 

77 
 

comparison with the drug group on each test.  For the drug group each test measure 

was then entered into a paired t-test (VEH-Naloxone, OlAla -Naloxone). Finally, each 

measure for the VEH group was compared with the drug group on all tests. Statistical 

significance was defined as p < 0.05. Box plots borders represent the first and third 

quarter while the intersecting line represents the median of data. Whiskers representing 

1.5x the interquartile range. Samples falling beyond this range are drawn as dots.   

3.4 Results 

3.4.1 Experiment 1: Spontaneous somatic withdrawal behaviors and 

neurochemical changes in the NAc, amygdala, PFC and IIC following 

chronic escalating morphine. 

Rats displayed somatic withdrawal responses 24 hr following chronic escalating 

doses of morphine. These behaviors were accompanied by a suppression of 

endogenous OlGly in the NAc, amygdala and PFC, as well as suppressed AraGly in the 

amygdala and suppressed 2-AG in the NAc, amygdala and IIC.  

Figure 1 presents the somatic behaviors displayed by rats 24 hours following 

chronic escalating doses of morphine or saline in Experiment 1. Rats in the morphine 

group displayed enhanced abdominal contractions, t(7) = 2.6; p = 0.034, enhanced wet 

dog shakes, t(7) = 3.1; p = 0.016, elevated mouthing movements, t(7) = 2.4; p < 0.05, 

and suppressed active locomotion, t(7) = 2.4; p = 0.046, relative to rats in the chronic 

saline group. The groups did not differ in instances of diarrhea. 

Figure 2 presents the effects of the administration of escalating doses of 

morphine followed by a 24 h withdrawal period on endogenous OlGly, AraGly and 2-AG 

levels in the NAc, amygdala, PFC and IIC.  Animals that received chronic morphine had 
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significantly reduced levels of OlGly in the NAc, t(7) = 2.8; p = 0.028, amygdala, t(7) = 

3.0; p = 0.02, and PFC, t(7) = 3.9; p = 0.006, but not in the IIC. Morphine treated rats 

also showed significantly reduced AraGly in the amygdala, t(7) = 2.6; p = 0.037 and 

reduced 2-AG in the NAc, t(7) = 2.4; p = 0.048, amygdala, t(7) = 2.9; p = 0.0379, and 

the IIC, t(7) = 29.0; p < 0.001. Chronic morphine followed by a 24 h withdrawal period 

did not modify levels of AEA, OEA or PEA in any region. 

We also measured the levels of endogenous brain OlAla, which was detected 

only in the amygdala. Interestingly, OlAla was significantly suppressed in this brain area 

(Group saline mean 150 pmol/g tissue [+27.1], Group morphine mean 16.0 pmol/g 

tissue [+3.7]) of rats undergoing chronic morphine administration followed by a 24 h 

withdrawal period, t(7) = 5.6; p < 0.001).  

We then went on to determine if the rats had significant changes within gut 

microbiota of their colons by 16S sequencing.  Principal Coordinate Analysis followed 

by PERMANOVA revealed that the morphine treatment resulted in a distinct bacterial 

community from the control and could also be observed when the relative abundances 

of bacterial families were assessed (Fig. 3A).  While no differences were observed 

within the Shannon alpha diversity index, morphine significantly decreased the 

Firmicutes:Bacteroides ratio (Fig. 3B).  The differences in bacterial communities 

appears to be driven by a decreased abundance of the Anaeroplasmataceae, 

Clostridiaceae_1 and Lactobacillaceae families and an increase in Ruminococcaceae, 

Prevotellaceae and Tannerellaceae (Fig. 3C).  We were only able to detect significant 

morphine effects on the abundance of genera within the later families that showed 

increased abundance (Fig. 3D). Within Prevotellaceae and Tannerellaceae, only 
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Prevotellaceae_UCG-001 and Parabacteroides, respectively, were found to be 

increased suggesting that these genera drive the changes observed in their respective 

families. However, within the increasing Ruminococcaceae family, in morphine-treated 

rats, the most prevalent genus Ruminococcaceae_UCG-005 as well as UBA1819 were 

increased, while the Anaerotruncus, Harryflintia and Ruminiclostridium genera were 

decreased. 

3.4.2 Experiment 2: Effect of OlGly and OlAla on spontaneous somatic 

withdrawal responses following chronic escalating morphine 

OlAla, but not OlGly, blocked mouthing movements, and attenuated the locomotor 

deficits produced by withdrawal from chronic morphine, when pooled across naloxone 

and saline test groups. The behaviors of diahrrea and abdominal contractions did not 

reveal significant effects of pretreatment. Figure 4 shows the mean number of mouthing 

movements and seconds of active locomotion displayed by the various groups pooled 

across naloxone and saline test treatment groups in Experiment 2.  The 2 x 3 x 2 

factorial ANOVA for mouth movements revealed a significant effect of chronic exposure, 

F (1, 84) =19.7; p, 0.001 and chronic exposure x pretreatment, F(2, 84) = 3.8; p =0.027. 

There was no effect of test treatment.  Overall, rats displayed more mouthing 

movements in the chronic morphine groups than the chronic saline groups.  Pooled 

across the saline and naloxone tests, rats chronically treated with saline did not 

significantly differ by pretreatment, but rats chronically treated with morphine displayed 

a significant pretreatment effect, F (2, 47) = 6.5; p =0.003.  Rats treated with OlAla 

displayed fewer mouth movements than rats treated with VEH (p <0.01) and OlGly 

(p=0.04) by Bonferroni tests.  
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For active locomotion, the 2 x 3 x 2 factorial ANOVA revealed a significant effect 

of chronic exposure, F(1, 84)=99.9; p <0.001, test treatment, F(1, 84)=23.3; p < 0.001, 

chronic exposure x pretreatment, F(2, 84) =3.5; p = 0.036 and chronic exposure by 

post-treatment, F(2, 84) = 7.2; p = 0.009.  Chronic morphine produced suppressed 

locomotion relative to chronic saline and rats tested with naloxone produced 

suppressed locomotion relative to saline. Among the chronic saline groups, the 

pretreatment effect was not significant, but among the chronic morphine groups the 

pretreatment effect was significant, F(2, 45) =9.1; p < 0.001.  Pooled across test drugs, 

following withdrawal from chronic morphine, rats treated with OlAla were significantly 

more active than those treated with VEH (p< 0.01) or OlGly (p < 0.01) by Bonferroni 

tests. The 2 x 3 x 2 ANOVAs for the additional behaviors (not depicted) also revealed 

significant effects of chronic treatment for abdominal contractions, F(1, 84)= 40.1; P < 

0.001) and diarrhea, F (1, 78.7) = 0.001, but neither behavior interacted with the 

pretreatment variable. 

3.4.3 Experiment 3: Effect of OlGly and OlAla on spontaneous somatic 

withdrawal from chronic (12 days) steady-state heroin 

The only withdrawal behaviors that revealed significant group differences were 

those of mouthing movements and abdominal contractions. The withdrawal responses 

of abdominal contractions were suppressed in Groups 5 OlAla-heroin, 20 OlAla-heroin 

and 20 OlGly-heroin. The withdrawal response of mouthing movements was only 

suppressed in Group 5 OlAla-heroin.  

Figure 5 presents the mean number or duration of each of these behaviors for 

each group.  The one way ANOVAs revealed a significant group effect for mouthing 
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movements, F(5, 40)=3.1 ; p =0.05 and abdominal contractions, F(5.40)=9.2; p <0.001.  

Subsequent Bonferroni post hoc comparison tests revealed that Group V-heroin 

displayed significantly more mouthing movements (p < 0.01), abdominal contractions (p 

< 0.001) than Group V-saline.  As well, Group 5 OlAla-heroin, Group 20 OlAla-heroin 

displayed fewer (p’s < 0.01) abdominal contractions than Group V-heroin.  Group 5 

OlAla-heroin also displayed fewer mouthing movements (p < 0.05) than Group V-heroin. 

There was no difference among the groups in duration of active locomotion F(5, 40)= 

0.86; p= 0.52. 

3.4.4 Experiment 4: Effect of OlAla on naloxone-precipitated withdrawal from 

chronic (12 days) steady-state heroin and concomitant colonic microbiota 

and brain eCBome mediator levels 

OlAla (5 mg/kg) reduced the naloxone-precipitated withdrawal responses of 

abdominal contractions and mouth movements, as can be seen in Figure 6.  The 2 x 2 x 

2 factorial ANOVA for the number of abdominal contractions revealed significant effects 

of chronic treatment, F(1, 48) =10.5; p =0.002, withdrawal treatment, F(1, 48) = 80.9; p 

< 0.001, a chronic treatment by withdrawal treatment interaction, F(1, 48)=22.4; p < 

0.001, and a chronic treatment by withdrawal treatment by pretreatment interaction, F(1, 

48) 11.9; P < 0.001. Subsequent analysis of the withdrawal treatment groups separately 

revealed no significant effects among the saline treated groups, but among the 

naloxone treated groups there were significant effects of chronic treatment, F(1, 

24)=19.1; p < 0.001, and a withdrawal treatment by chronic treatment interaction, F(1, 

24) =9.7; p=0.005. Among the naloxone treated groups, only in the chronic heroin 
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treated rats pretreated with VEH displayed elevated abdominal contractions, OlAla 

interfered with elevated abdominal contractions (p < 0.025). 

 The 2 x 2 x 2 factorial ANOVA for the response of mouth movements revealed 

significant effects of chronic treatment, F(1, 48) = 43.4; p < 0.001, withdrawal treatment, 

F(1, 48), 49.3; p < 0.001, pretreatment, F(1, 48) =10.3; p =0.003, a chronic treatment by 

withdrawal treatment interaction, F(1, 48) = 45.6; p < 0.001, a chronic treatment by 

pretreatment interaction, F(1, 48) = 7.9; p=0.007, a withdrawal treatment by 

pretreatment interaction, F(1, 48) = 4.1; p =0.048, and a chronic treatment x withdrawal 

treatment by pretreatment interaction, F(1, 48) = 4.5 ; p =.031.  Subsequent analysis of 

the withdrawal treatment groups separately revealed no significant effects among the 

saline treated groups, but among the naloxone treated group there were significant 

effects of chronic treatment, F(1, 24) = 54.37; p < 0.001, pretreatment, F(1, 24) = 8.2; 

p=0.008, and a chronic treatment by pretreatment interaction, F(1, 24) = 7.4; p =0.012. 

Among the naloxone treated groups, those chronically treated with heroin showed more 

mouth movement when pretreated with VEH than when pretreated with OlAla (p < 

0.025).  

The 2 x 2 x 2 factorial ANOVA for the duration of active locomotion revealed only 

a significant effect of withdrawal treatment, F(1, 48) = 16.3; p < 0.001 and a chronic 

treatment by withdrawal treatment interaction, F(1, 48)=9.45; p =0.003. Rats chronically 

treated with heroin displayed suppressed locomotion relative to those chronically 

treated with saline despite pretreatment conditions; OlAla did not modify this naloxone-

precipitated withdrawal reaction. There were no other naloxone precipitated withdrawal 

effects observed with any of the remaining behavioral measures.   
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 Both AM251 and MK886 prevented the interference with naloxone-induced 

heroin withdrawal abdominal contractions and mouth movements by OlAla (data not 

graphically depicted). A one way ANOVA among OlAla pretreatment groups (OlAla 

alone, AM251-OlAla and MK886 OlAla) that were treated with naloxone following 

chronic heroin revealed a significant effect for both abdominal contractions, F(2, 19) = 

5.0; p =0.018, and mouth movements, F(2, 19) = 13.4; p < 0.001); subsequent 

Bonferroni comparison tests revealed that the group pretreated with OlAla alone 

displayed fewer abdominal contractions (7.2 +1.3) and mouth movements (41.6 +4.2) 

than the groups pretreated with either AM251 (abdominal contractions [12.6+1.4]; 

mouth movements [90.1+6.8}) or MK886 (abdominal contractions[14.1+2.0]; mouth 

movements [98.4 +12.0]).  We have previously shown that neither antagonist modifies 

these withdrawal -induced behaviors on their own at these doses (Rock et al., 2020).   

The effect of chronic heroin and naloxone-precipitated withdrawal therefrom, in 

the presence or absence of OlAla, on several eCBome mediators (including OlAla, thus 

providing also an idea of its tissue penetration in OlAla-treated rats) in various brain 

areas and intestinal sections are shown in Fig. 7 and Supplementary Figure 10. 

Particularly, in the amygdala, 2-AG levels decreased significantly with chronic 

administration of heroin in comparison to saline, and naloxone with or without 

concomitant OlAla tended to counteract this effect (Figure 7A, P<0.05). In the PFC, 

under conditions of naloxone-precipitated heroin withdrawal, 2-AG levels instead 

increased, and this effect was not observed following administration of OlAla (Figure 7B, 

P<0.05, Her/Veh/Sal vs Her/Veh/Nal). Other changes in this area did not appear to be 

strictly related to heroin treatment or naloxone-induced withdrawal per se, as heroin 
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reduced AEA levels only in the presence of naloxone, without (P<0.05, Sal/Veh/Nal vs 

Her/Veh/Nal), or with (P<0.01, Sal/ OlAla/Nal vs Her/ OlAla/Nal) concomitant OlAla 

administration (Suppl. Fig. 1A). Likewise, in the insular cortex, AEA levels increased in 

the Her/ OlAla/Nal group in comparison to Sal/ OlAla/Nal, whereas EPEA levels 

decreased (Suppl. Fig. 10B,C , P<0.001). No significant alterations were observed in 

the NAc for any of the mediators (data not shown). Perhaps, the most interesting 

changes were observed in the gut. Particularly, in the jejunum, chronic heroin infusion 

reduced N-arachidonoylserotonin levels (P<0.05) with no subsequent effect of naloxone 

with or without OlAla (Fig. 7C), whereas naloxone-induced precipitated withdrawal was 

accompanied by reduction in AraGly levels (P<0.05), which was not observed in the 

presence of OlAla (Fig. 7D). The colon was, among the tissues analyzed, the one with 

most alterations in eCBome mediators. First of all, this was the only tissue where we 

could observe elevated OlAla levels in rats treated with this compound (Fig. 7E). Like in 

the amygdala, heroin reduced 2-AG levels, but, unlike the amygdala, naloxone 

counteracted this effect only in the presence of OlAla administration, which was 

effective also in the absence of naloxone (Fig. 7F). AA5HT and OA5HT levels tended to 

decrease in the colon of heroin-treated rats, and naloxone significantly reversed this 

effect in a manner not modified by exogenous OlAla (Fig. 7G, 7H). Finally, attenuation 

of naloxone-precipitated withdrawal signs by OlAla was accompanied by significant (P < 

0.05) elevation of both AEA and EPEA to levels similar to those observed in rats only 

treated with OlAla (Suppl. Fig. 1D, 1E), indicating that this effect may not be related to 

withdrawal but merely to a possible effect of this latter compound on some N-

acylethanolamines (possibly via FAAH inhibition).  
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Neither acute naloxone nor OlAla (either alone or in combination) had any effect 

on the colonic microbiota in the absence of heroin administration (data not shown). 

Heroin appeared to significantly modify the gut microbiota of rats as determined by 

PCoA analysis followed by PERMANOVA (Saline group P = 0.009; Fig. 8A, top, 

naloxone group P = 0.002; Fig. 8A, bottom), however, post-hoc analysis revealed that 

only within the naloxone group did heroin modify the microbiota significantly as 

compared to the relevant control (VEH-saline vs. VEH-heroin; P = 0.03, VEH-saline vs. 

OlAla-heroin; P = 0.03, OlAla-VEH vs. OlAla-heroin; P = 0.02).  Despite these observed 

differences, as with morphine, there were no difference in the Shannon alpha diversity 

indexes between the groups (data not shown), while the Firmicutes:Bacteroides ratio 

was only increased by heroin within the naloxone group (Kruskal-Wallis, P = 0.0041), 

which contrasts with the effect observed above with morphine (data not shown).  

Bacterial family relative abundance changes in response to chronic heroin were 

different between saline and naloxone test groups (Fig. 8B). Chronic treatment with 

heroin alone (Saline Test) resulted in an increase in the Prevotellaceae and a decrease 

in Clostridiales_vadinBB60 families (Fig. 8C).  While OlAla alone did not affect bacterial 

family abundance, it partially reverted heroin effects on Clostridiales_vadinBB60 

(rendering the decrease statistically insignificant) without affecting Prevotellaceae. Our 

analysis identified no changes in the abundance of genera belonging to 

Clostridiales_vadinBB60, but the genera Prevotellaceae_UCG-001 and 

Prevotellaceae_Ga6A1 were both increased by heroin (VEH-saline vs. VEH-heroin; P = 

0.05 for both; data not shown), with OlAla rendering the increase insignificant compared 

to the control only for the latter.  
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Surprisingly, the abundance of more bacterial families were altered in rats in the 

naloxone test group. Heroin alone decreased the abundance of Muribaculaceace and 

Corynebacteriaceae, with OlAla treatment rendering the heroin effect insignificant for 

the later (Fig. 8D). While OlAla alone again did not alter the abundance of any family, in 

conjunction with heroin it decreased the abundance of Rikenallaceae, Eggerthellaceae, 

and Peptococcaceae as compared to saline controls (Fig. 8E).  In contrast, OlAla 

treatment after chronic heroin appeared to have increased abundances of 

Erysipelotrichaceae and Peptostreptococcaceae families without affecting their 

abundance in saline controls (Fig. 8E). Thus, specifically under conditions of naloxone-

precipitated heroin withdrawal, acute OlAla treatment induced changes of the 

abundances of a specific set of families.  This was similarly found at the genus level, 

with heroin alone significantly decreasing the abundance of Corynebacterium as well as 

suspected genera with no known match in the taxonomic database while increasing the 

abundance of Eisenbergiella and Lachnospiraceae_FCS020 (Fig. 8F).  OlAla 

administration subsequently negated the significant effects on Corynebacterium and 

Eisenbergiella, while having no apparent effect on the other two genera.  Interestingly 

the abundance of a number of genera were only modified in heroin-treated rats that 

were subsequently given OlAla, with Ruminococcaceae_UCG-013, Parabacteroides, 

Adlercreutzia and Alistipes, all being decreased as compared to negative controls, while 

Ruminiclostridium was increased (Fig. 8G). Of potentially the greatest relevance to 

OlAla’s ability to alleviate naloxone-mediated heroin withdrawal symptoms, we found a 

group of genera whose abundances were altered by OlAla as compared to heroin-

treated controls, with Alistipes, Ruminococcaceae_UCG-013, Ruminococcaceae_UCG-
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005 (which was increased in rats undergoing morphine withdrawal; see above) and 

Ruminococcaceae_NK4A214 being decreased and Romboutsia being increased (Fig. 

8G, H). 

3.4.5 Experiment 5: Effect of oleoyl alanine on naloxone potentiated heroin self-

administration. 

Acquisition of heroin self-administration 

The number of infusions received and active lever responses emitted increased 

across sessions, while the number of inactive lever responses remained consistently 

low during self-administration acquisition.  The analysis revealed a significant effect of 

Day on infusion received, F(1,19) = 16.9, p < 0.001, and subsequent pairwise 

comparisons determined the number of infusions earned on sessions 5 – 10 was 

significantly elevated when compared to session 1 (p < 0.01). The analysis of the 

number of responses made on the active and inactive lever revealed a main effect of 

session F(9, 171) = 8.6, p < 0.001, lever F(1,19) = 52.2, p < 0.001 and a significant 

session x lever interaction F(1,19) = 10.7, p < 0.001, with the rats demonstrating an 

increase in active lever, but not inactive lever responses across sessions (data not 

depicted). 

Effect of OlAla alone on heroin self-administration  

Oleoyl alanine alone did not interfere with self-administration of heroin assessed 

by any measure.  Table 2 presents the mean (+SEM) for each measure and there were 

no significant differences between vehicle and OlAla on Day 11. 
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Effect of OlAla on naloxone precipitated withdrawal induced elevation of heroin self 

administration. 

Naloxone elevated both the number of infusions and active responses for heroin, 

effects that were suppressed by pretreatment with OlAla in the pooled tests on Days 14 

and 17. Figure 9 presents the mean (+SEM) number of infusions (total and first 30 min), 

active responses (total and first 30 min) and inactive responses (total and first 30 min) in 

the pooled VEH-Naloxone and OlAla-Naloxone tests.  The mean score (+SEM) of the 

pooled VEH group is depicted by a dotted line for each measure. Paired t-tests revealed 

that on the VEH-Naloxone test, rats displayed more total infusions (p<0.01), first 30 min 

infusions (p<0.01), total active responses (p<0.025) and first 30 min active responses 

(p<0.025) than on the OlAla-Naloxone test; however, they did not significantly differ in 

total inactive responses or first 30 min inactive responses. As well, on the VEH-

Naloxone test, but not on the OlAla-Naloxone test, naloxone enhanced total infusions 

(p<0.01), first 30 min infusions (p< 0.01), total active responses (p < 0.025) and first 30 

min active responses (p <0.025) relative to group VEH.   

3.5 Discussion 

We have provided here data suggesting for the first time that OlGly and/or OlAla, 

two endogenous lipid mediators belonging to the family of lipoaminoacids of the 

expanded endocannabinoid system, or eCBome (Di Marzo, 2018): 1) are present in 

brain areas involved in opiate addiction, and their concentrations, like those of other 

eCBome mediators, are altered following morphine administration and spontaneous 

withdrawal, or chronic heroin infusion and naloxone-precipitated heroin withdrawal; and 

2) when exogenously administered, counteract some somatic signs of withdrawal from 
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chronic opiate exposure, with OlAla being more effective than OlGly, and inducing 

effects that were dependent on activation of CB1 and  PPARD receptors and 

accompanied by changes in gut or brain eCBome mediators and gut microbiota 

composition. These findings implicate endogenous eCBome mediators and the gut 

microbiota in the behavioral and neurochemical responses produced by exposure to 

chronic opiates and withdrawal therefrom, and suggest that administration of OlAla and 

OlGly in vivo attenuates the adverse somatic reactions of opiate withdrawal in rat 

models. 

 In Experiment 1, spontaneous withdrawal from chronic escalating morphine 

injections produced classical somatic behaviors reported in rats following withdrawal 

from opiates, including reduced locomotion and increased frequency of abdominal 

contractions, wet dog shakes, and mouthing movements (Rock et al., 2020; Ayoub et 

al., 2020; Gellert & Holtzman, 1978). These behavioral changes were accompanied by 

a suppression of: 1) OlGly concentrations in the amygdala, NAc and PFC, 2) AraGly 

and OlAla concentrations in the amygdala; and 3) 2-AG concentrations in the amygdala, 

NAc and IIC. However, we cannot conclude that such changes in eCBome mediators, 

including OlGly and OlAla, were due to administration of escalating doses of morphine 

or withdrawal from it or both. Clearly, the behavioral measures indicate that the rats 

experienced MWD immediately prior to tissue collection; however, it is not known if the 

changes in the eCBome mediators are the result of the withdrawal from opiates or an 

exposure to opiates over a number of days. There were no changes in any of the 

measured N-acylethanolamines, another eCBome family of mediators. In Experiment 2, 

pretreatment with 5 mg/kg OlAla, but not 5 mg/kg OlGly, reduced spontaneous somatic 
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withdrawal behaviors (mouthing movements, reduced locomotion) produced by chronic 

escalating doses of morphine. Taken together, results from Experiments 1 and 2 

demonstrate that OlAla is an endogenous compound that can be measured in the 

amygdala of rats, where its concentrations can be decreased by exposure to morphine 

and/or withdrawal therefrom, and that systemic administration of this compound 

attenuates spontaneous withdrawal signs in morphine-dependent rats. The amygdala is 

a neural substrate involved in opiate addiction (Koob, 2020), and Wills et al. (2016) 

have previously demonstrated that 2-AG regulation in this brain region modifies acute 

naloxone precipitated MWD induced CPA (affective responses) in rats. Thus, the 

amygdala could be a target region of OlAla effects on somatic opiate withdrawal 

behaviours, and, therefore, OlAla should be tested by intracranial experiments in future 

studies. 

The potential of OlAla and OlGly to attenuate withdrawal from chronic opiates 

was then extended to steady-state heroin via minipumps. In Experiment 3, rats 

displayed increased abdominal contractions and mouthing movements 24 hr following 

the removal of osmotic minipumps that delivered heroin. Pretreatment with high dose 

OlAla and OlGly (20 mg/kg) reduced abdominal contractions, but only low dose OlAla (5 

mg/kg) reduced the abdominal contractions and mouthing movements induced by 

withdrawal. These dose-dependent effects of OlAla are consistent with the known 

biphasic effects of eCBome mediators on behaviour (Sulcova et al.,1998; Katsidoni et 

al., 2013). In Experiment 4, OlAla (5 mg/kg) reduced abdominal contractions and 

mouthing movements produced by a naloxone challenge in heroin dependent rats, but 

had no effect on suppressed locomotion. As we have shown with acute naloxone 
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precipitated MWD (Ayoub et al., 2020), the effect of OlAla on naloxone-precipitated 

withdrawal from chronic heroin was reversed by pretreatment with either the CB1 

antagonist, AM251, or the PPARD antagonist, MK886, at doses shown not to affect 

opiate withdrawal behaviors per se (Rock et al., 2019).  Chronic heroin administration 

caused a significant decrease in 2-AG concentrations in the amygdala and colon, which 

were not observed any longer following naloxone administration only in the presence of 

OlAla.  Conversely, naloxone-precipitated withdrawal was accompanied by elevation of 

2-AG levels in the PFC, and reduction in AraGly levels in the jejunum, and these effects 

were counteracted by OlAla. Interestingly, we could not detect OlAla in the brain, even 

following its administration, whereas this compound was easily detected in the colon, 

and in amounts significantly higher following exogenous administration. Lastly, in 

Experiment 5, OlAla (5 mg/kg) did not alter heroin self-administration on its own, 

consistent with its failure to modify acute morphine conditioned place preference (Ayoub 

et al., 2020), but eliminated naloxone-induced increases of heroin self-administration 

behavior. Together these experiments demonstrate that the aversive effects of opiate 

withdrawal can be reduced by treatment with systemic OlGly and/or OlAla, which could 

also prevent some of the naloxone-precipitated heroin withdrawal-associated effects on 

eCBome mediators (and gut microbiota composition [see below]). 

The suppression of endogenous OlGly following spontaneous withdrawal from 

chronic morphine is noteworthy given its previously described neuroprotective 

properties. In fact, OlGly is elevated in the insular cortex in mice following traumatic 

brain injury (TBI; Donvito et al., 2019) and systemic administration of this compound 

reduces the behavioral impairments produced by TBI (i.e motor, anxiety) (Piscitelli et al., 
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2020) and nicotine withdrawal (Donvito et al., 2019). We (Petrie et al., 2019) have 

previously reported that ex vivo analysis of tissue from rats experiencing acute 

naloxone-precipitated MWD revealed that OlGly is elevated in the NAc (but not in the 

amygdala, PFC and IIC), whereas levels of the endocannabinoids, 2-AG and AEA, and 

the other endogenous PPARD ligands, OEA and PEA, were not affected in any of the 

brain regions evaluated.  Therefore, the changes in endogenous levels of OlGly in the 

NAc following acute administration of morphine and naloxone-precipitated withdrawal 

therefrom are opposite to those occurring following chronically administered morphine 

and spontaneous withdrawal therefrom.  On the other hand, OlGly suppressed 

withdrawal responses from acute morphine exposure (Petrie et al., 2019; Rock et al., 

2019), but not chronic morphine exposure.  It is thus conceivable that the suppression 

of endogenous OlGly in rats experiencing chronic exposure to morphine, and 

withdrawal therefrom, may reflect the lack of effectiveness of OlGly to protect against 

opiate withdrawal in chronically dependent animals. Instead, OlAla, which was not 

detected in the NAc of rats given morphine under any condition, maintained its 

effectiveness in reducing opiate withdrawal responses in rats experiencing both acute 

opiate withdrawal (Ayoub et al., 2020) and chronic opiate withdrawal reported here.  

The NAc, amygdala and PFC work collectively to respond to emotionally relevant 

stimuli (Gruber & McDonald, 2012) and are known to be disturbed during opiate 

withdrawal (Koob et al., 1992; Lyvers & Yakimoff, 2003). The reduction of some 

eCBome mediators in these brain regions could underlie some other aversive effects of 

opiate withdrawal. It would therefore be interesting to test whether intracranial 



 
 

93 
 

administration of OlGly or OlAla in our brain regions of interest would reduce acute or 

chronic opiate withdrawal behaviors in rats.  

The endocannabinoid 2-AG was also suppressed in the NAc and amygdala, and 

found to be drastically reduced in the IIC. Wills et al. (2016) showed that 

monoacylglycerol lipase (MGL) inhibition, which increases endogenous 2-AG levels, 

reduced the establishment of an acute naloxone precipitated MWD-induced CPA, 

whether administered systemically or directly infused into the IIC and the basolateral 

amygdala. The IIC monitors internal states and perceptions of well-being (Contreras et 

al., 2007; Naqvi & Bechara, 2010) and 2-AG in this region has been shown to regulate 

nausea as measured by conditioned gaping in rats (Sticht et al., 2015; 2016; Limebeer 

et al., 2018). Since acute opiate withdrawal produces conditioned gaping reactions in 

the rat in a manner accompanied by reduced levels of eCBome mediators like OlGly or 

OlAla, whose systemic administration reduces such reactions (Rock et al., 2019; Ayoub 

et al., 2020), the reduction of 2-AG in the IIC may also contribute to the nauseous 

effects of opiate withdrawal that are commonly reported in human addicts. It would be 

interesting in future studies to investigate if this reduction of 2-AG levels following 

withdrawal from chronic morphine in rats is due to up-regulation of MGL, and whether 

the pro-nausea effect of such withdrawal can be counteracted by MGL inhibition.  

In the experiments reported here, OlAla was more effective than OlGly in 

reducing somatic withdrawal responses from chronic exposure to morphine (Ayoub et 

al., 2020).  In Experiment 2, OlAla, but not OlGly, at a dose of 5 mg/kg, i.p., reduced 

spontaneous withdrawal reactions from chronic exposure to escalating doses of 

morphine.  Likewise, in Experiment 3, OlAla was more effective than OlGly in reducing 
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spontaneous withdrawal reactions from chronic steady-state exposure to heroin by 

osmotic minipump.  As previously mentioned, OlGly belongs to the same lipid family as 

N-arachidonoyl-glycine, which is rapidly degraded by FAAH (Huang et al., 2001). Other 

N-acylated amino acids appear to have lesser affinity as FAAH substrates, although 

they can still efficaciously inhibit this enzyme (Grazia-Cascio et al., 2004). It is likely that 

the increased effectiveness of OlAla to reduce opiate withdrawal-related responses is 

related to its enhanced stability in the body when compared to that of OlGly. Indeed, 

OlAla produces longer-lasting attenuation of behavioural withdrawal responses then that 

of OlGly when the two compounds are tested at the same doses, despite the fact that 

they activate PPARD and inhibit FAAH in vitro with similar efficacy when tested at 

similar concentrations (Ayoub et al., 2020). This suggests that drug stability, rather than 

potency, contributes to the differences in the behavioral effects produced by OlAla and 

OlGly in our experiments. Based on this knowledge, and the null effect of OlGly in 

Experiments 2 and 3, we decided to assess only the effect of OlAla on naloxone-

precipitated withdrawal from chronic heroin. In addition to blocking the somatic effects of 

chronic heroin withdrawal, in a manner antagonized by PPARD and CB1 antagonists [in 

agreement with its previously reported agonist activity at PPARD and inhibition of 

endocannabinoid inactivation by fatty acid amide hydrolase (FAAH) (Ayoub et al., 

2020)], OlAla also reduced naloxone-induced increases of heroin self-administration 

behavior. It is important to note that OlAla had no effect on heroin self-administration 

when given on its own, and only altered behaviour following naloxone precipitation. 

These results complement previous findings that showed that OlGly and OlAla alter 

opiate withdrawal behaviors while keeping opiate reward processes intact (Petrie et al., 
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2019; Ayoub et al., 2020). The reduction of operant responding by OlAla during 

naloxone precipitation can be interpreted in two ways. It is possible that naloxone, as a 

mu-opioid receptor antagonist, blocked the reinforcing efficacy of self-administered 

heroin, thereby increasing the rate of responding in rats to achieve reinforcement. 

Alternatively, it is possible that naloxone-precipitated withdrawal merely increased the 

rate of responding in rats to alleviate this adverse state. Given that previous literature 

highlights the inability of OlGly and OlAla to alter morphine reward (Donvito et al., 2019; 

Petrie et al., 2019; Ayoub et al., 2020), we lean towards the interpretation that the effect 

of OlAla on naloxone-induced elevations of heroin self-administration may be a 

withdrawal-related behaviour. Future work will be needed to address this limitation in 

our findings.  

Additionally, we found that OlAla reversed some of, but not all, the effects of 

naloxone-precipitated withdrawal from heroin administration on eCBome mediators in 

both the brain and gut, i.e. it prevented the increase in 2-AG in the PFC and the 

decrease of AraGly in the jejunum, but not the increase in N-acyl-serotonins in the gut. 

In view of the activity of: 1) 2-AG as an endogenous agonist of PFC CB1 receptors 

potentially involved in anxiogenic responses (Rubio et al., 2008; Llorente-Berzal et al., 

2015), 2) AraGly as a FAAH inhibitor and analgesic mediator (Burstein, 2018), and 3) N-

acyl-serotonins as dual blockers of FAAH and TRPV1 (Maione et al., 2007), two targets 

of anti-emetic and anxiolytic drugs (Sharkey et al., 2007; Micale et al., 2009), we 

speculate that OlAla might restore only those withdrawal-associated eCBome-mediated 

adaptive changes that may help counteracting withdrawal-induced aversive effects.  

Indeed, chronic heroin administration also decreased 2-AG concentrations in the 
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amygdala and colon, where this endocannabinoid reduces aversive memories and 

produces anti-inflammatory actions, respectively (Marsicano et al., 2002; Alhouayek et 

al., 2011), and this effect was still observed following naloxone administration unless 

OlAla was co-administered. Therefore, also this action of this lipoaminoacid may have 

contributed to its beneficial action against naloxone-precipitated heroin withdrawal.   

Interestingly, the reduction of N-acyl-serotonin levels in intestinal tissues 

following chronic heroin administration is similar to that observed in mice following one 

week treatment with a cocktail of antibiotics (Guida et al., 2018), and hence is again 

potentially indicative of the occurrence of opiate-induced intestinal dysbiosis. Indeed, 

chronic treatment with, and development of tolerance to and addiction from, opiates is 

now well established to be accompanied by changes in the gut microbiota composition 

(Banerjee et al., 2016; Wang et al., 2018; Gicquelais et al., 2020; see Salavrakos et al., 

2021 for review). Opiates do not need to be administered orally in order for such 

changes to be observed, and it has been suggested that an altered gut microbiota 

composition may participate in morphine addiction (Wang et al., 2018). Conversely, 

morphine tolerance is reversed by probiotics and attenuated in germ-free or antibiotic-

treated mice (Zhang et al., 2019), which also exhibit altered endocannabinoid and 

eCBome signaling in both the gut and brain (Manca et al., 2020a; 2020b). However, 

except for the very recent paper by Thomaz et al. (2021), which appeared during the 

revision process of the our manuscript, the role of commensal microorganisms in opiate 

withdrawal signs had not yet been fully investigated before the present study, and 

therefore it is not known whether the gut microbiome plays a role in the beneficial 

effects of eCBome modulating agents, such as OlAla and OlGly, in this context. Here 
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we showed that chronic treatment with, and spontaneous withdrawal from, morphine is 

accompanied by significant general changes in the colonic microbiome, as shown by: 1) 

PCoA analysis of the whole dataset, 2) at the phylum ratio, by the 

Firmicutes/Bacteriodetes ratio, which was decreased (Fig. 3A), and 3) by the several 

changes observed at the genus level (Fig. 3D), most notably an increase in the relative 

abundance of Ruminococcaceae-UCG 005. Interestingly, the Firmicutes/Bacteriodetes 

ratio is increased in mice undergoing chronic morphine administration through an 

implanted pellet (Banerjee et al., 2016), whereas the relative abundance of 

Ruminococcaceae is decreased in active opiate users (Acharya et al., 2017). Thus, our 

findings suggest that morphine withdrawal may result in the reversal of some of the gut 

microbiota alterations induced by chronic morphine use, and hence that such reversal 

participates in the signs of withdrawal itself. However, it must be stressed that we did 

not assess the gut microbiota composition immediately after interruption of morphine 

administration, but only 24 hs after, i.e. during withdrawal. Thus, the alterations we 

observed might be the mere result of chronic morphine administration and not of the 

spontaneous withdrawal. Nevertheless, the aforementioned very recent study by 

Thomaz et al. (2021) seems to support our hypothesis that the alterations observed 

were due to withdrawal since the authors showed that also in mice with naloxone-

precipitated withdrawal the relative abundance of Firmicutes is decreased, similar to our 

rats during spontaneous withdrawal. Additionally, we reported here that in heroin-

treated rats with naloxone-precipitated withdrawal the relative abundance of 

Ruminococcaceae-UCG 005 in the colon was reduced by OlAla concomitantly with an 

amelioration of somatic withdrawal signs (Fig. 9), thus suggesting that this genus may 
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be implicated in the behavioral manifestations of heroin, and opiate in general, 

withdrawal. The family Ruminococcaceae has been reported to be instead increased 

during alcohol dependence (Fan et al., 2018), while fecal microbiota transfer from a 

donor enriched in this family ameliorated alcohol craving and consumption (Bajaj et al., 

2021), thus indicating that members of this family may play different roles in 

dependence from different substances of abuse. Perhaps more interestingly, inhibition 

of endocannabinoid signaling has been shown to be accompanied by increased 

Ruminococcaceae abundance in the context of obesity (Chen et al., 2020), possibly in 

agreement with our present finding that OlAla, a mediator possibly acting in part by 

elevating endocannabinoid levels via FAAH inhibition, instead produces the opposite 

effect on Ruminococcaceae-UCG 005. On the other hand, the morphine-induced 

microbiome changes reported by Wang et al. (2018) do not mirror those reported here. 

Notably, that study found that expansion of Enterococcus faecalis to be a defining 

characteristic of morphine induced dysbiosis, and the fact that we were unable to detect 

any members of the Enterococcus genus suggests the existence of baseline differences 

within the guts of their mice and our rats. Indeed, it is not unusual that different studies, 

using different species and treatment protocols, lead to the detection, or lack thereof, of 

certain gut microbiota families, genera or species. In the case of our study and that of 

Wang et al. (2018) not only species and treatment protocols, but, more importantly, also 

the sources of the microbiota was different, as we used colon and ileal samples and 

Wang et al used fecal samples, where it is not surprising to find a higher abundance of 

Enterococcus faecalis. Accordingly, Thomaz et al. (2021), who used samples from the 

mouse cecum, also did not detect any Enterococcus taxa. 
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3.6 Conclusions 

In conclusion, we have reported here the results of a multi-disciplinary, multi-

experiment study aimed at assessing whether chronic morphine or heroin withdrawal 

behaviors in rats are: 1) accompanied by changes in endocannabinoids and eCBome 

mediators (belonging to the N-acylethanolamine, N-acyl-glycine, N-acyl-alanine and N-

acyl-serotonin classes of lipids) in either the brain or intestine or both; 2) accompanied 

by changes in intestinal microbiota composition; and 3) counteracted by exogenous 

administration of the two most abundant endogenous members of the  N-acyl-glycine 

and N-acyl-alanine lipoaminoacid families in the brain, i.e. OlGly and OlAla. Our findings 

suggest that OlGly and, more efficaciously, OlAla are capable of reducing somatic signs 

of opiate withdrawal, that OlAla also counteracts naloxone-precipitated enhancement of 

heroin self-administration, and that chronic opiate administration and withdrawal 

therefrom are accompanied by changes in brain and gut eCBome mediator, and gut 

microbiota, profiles that, in the case of heroin, are also partly reversed by OlAla. 

Therefore, our study confirms the hypothesis that OlGly and OlAla are endogenous 

modulators of pathological alterations induced by substances of abuse, and opiates in 

particular, potentially exploitable as pharmacological treatments for opiate withdrawal 

syndrome, and capable of exerting their effects by modulating eCBome signaling at 

either PPARD or CB1 receptors, or both, possibly also via the increasingly emerging 

interactions between the eCBome and gut microbiome (Iannotti & Di Marzo, 2021). 

These findings support previous research that demonstrates the protective role of the 

CB1 receptor in opiate withdrawal (Wills & Parker, 2016), while also highlighting the 

emerging role of PPARD in this process for the first time. Future research should assess 
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the role of other eCBome mediators in the behavioral and neurobiological processes 

involved in opiate withdrawal to advance the neurobiological understanding of opiate 

withdrawal and to provide new treatment options for human patients. 

 

 

  



 
 

101 
 

Table 1: Morphine withdrawal reactions assessed 

 

Behaviour Type Definition 

Abdominal 

Contractions 

Frequency The abdomen constricting inwards 

Wet Dog Shakes Frequency Shaking of fur from head to toe 

Diarrhea Yes/No Watery, non-solid feces 

Mouthing Movements 

(reflecting chewing) 

Frequency Increased moving mouth from side to side  

Locomotor Activity  Duration Suppressed movement of two paws along 

horizontal axis of the floor 
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Table 2. Mean (± SEM) frequency of self-administration behaviours for group Vehicle 

and Drug. The groups did not significantly differ on any measure. 

 

 

 

 

 

 

 

 

 

 

 

 Total 30 min 

 VEH (n=9) OlAla (n=11) VEH (n=9) OlAla  (n=11) 

Infusions 

 

30.3 (±5.6) 21.7 (±3.1) 4.9 (±1.1) 4.7 (±0.7) 

 

Active  

Responses 

52.7 (±10.3) 35.5 (±5.4) 14.1 (±5.3) 12.6 (±3.6) 

Inactive 

Responses 

3.6 (±2.1) 1.1 (±0.6) 2.2 (±1.7) 0.6 (±0.4) 
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Figure 1. Experiment 1. Mean (+SEM) incidence of diarrhea, number of abdominal 

contractions, wet dog shakes, mouth movements, and duration of active locomotion 

displayed by rats 24 hr following 14 days of chronic exposure (sc) to saline (n=4) or 

morphine (n=5). * p < 0.05; ** p < 0.01. 
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Figure 2. Experiment 1. Quantification of the levels of the eCBome lipid mediators OlGly 

(top), AraGly (middle) and 2-AG (bottom) in the nucleus accumbens, amygdala, 

prefrontal cortex and interoceptive insular cortex of rats 24 hr following 14 days of 

chronic exposure (sc) to saline (n=4) or morphine (n=5). * p < 0.05; ** p < 0.01; *** p < 

0.001. Data is expressed as mean +SEM. 
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Figure 3. Experiment 1. Microbiome analysis in rats 24 hr following 14 days of chronic 

exposure (sc) to saline (n= 4) or morphine (n=4). (A) Principal coordinate analysis of 

bacterial 16S rDNA sequencing results (left) and relative abundance of bacterial families 

(right) from saline and morphine treated rats. (B) Shannon alpha-diversity index (left) 

evaluating gut microbiota richness and evenness and Firmicutes to Bacteroidetes phyla 

ratio (right). (C, D) cumulative sum scaled abundances (CSS) of bacterial families (C) 

and genera (D)found to be found to be modified by morphine. Box plot data is 
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expressed as the median (line) and upper and lower quartiles (boxes) with whiskers 

indicating samples within 1.5x the interquartile range. Samples falling beyond this range 

are denoted as dots.  * p < 0.05. P values above 0.05 are indicated. 
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Figure 4. Experiment 2. Mean (+SEM) number of mouthing movements and duration of 

active locomotion displayed by rats 24 hr following chronic exposure (sc) to saline or 

morphine. Rats were treated (ip) with VEH (n=16), OlAla (5 mg/kg; n=16) or OlGly (5 

mg/kg; n=16) 10 min prior to a saline or naloxone (data is pooled across saline and 

naloxone tests). ** p < 0.01 from Vehicle group.  
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Figure 5. Experiment 3.  Mean (+SEM) number of mouthing movements and abdominal 

contractions displayed by rats 24 hr following 12 days exposure to saline or heroin by 

minipumps across treatment groups (n=7-8/group). Rats were treated with VEH, OlAla 

(5mg/kg; 20 mg/kg) or OlGly (5 mg/kg; 20 mg/kg) 2 h, 4 h and 24 h following the 

removal of minipumps.   ***p <0.001, ** p <0.01. 
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Figure 6. Experiment 4. Mean (+SEM) number of abdominal contractions and mouth 

movements and duration of active locomotion displayed by rats on Day 12 of chronic 

exposure to saline or heroin by minipumps across treatment groups (n=8/group). On 

Day 12 rats were pretreated with VEH or OlAla (5 mg/kg) 10 min prior to saline or 

naloxone. *p < 0.05, ** p < 0.01. 
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Figure 7. Experiment 4. Quantification of the levels of the eCBome lipid mediators within 

various tissues of rats following chronic saline or heroin exposure without or with OlAla 

and/or naloxone precipitated withdrawal.  (A-B) Levels of 2-arachidonoyl glycerol (2-

AG) withn the amygdala (A) and prefrontal cortex (B). (C, D) Levels of N-arachidonoyl-

serotonin (AA5HT) (C) and N-arachidonoylglycine (AraGly) (D) within the jejunum.  (E-
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H) Levels of N-oleoylalanine (OlAla) (E), 2-AG (F), AA5HT (G) and N-oleoyl-serotonin 

(OA5HT) (H) within the colon. Symbols mark statistical significance (P < 0.05): *; 

Sal/Veh/Sal vs Her/Veh/Sal; # , Sal/Veh/Sal vs Sal/OlAla/Sal; § , Sal/Veh/Sal vs 

Sal/OlAla/Nal; + , Her/Veh/Sal vs Her/OlAla/Sal; & , Her/Veh/Sal vs Her/OlAla/Nal; ^ , 

Her/Veh/Nal vs Her/OlAla/Nal; @ Her/Veh/Sal vs Her/Veh/Nal.  Data is expressed as 

mean +SEM. N= 7. 
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Figure 8. Experiment 4. Microbiome analysis in rats exposed to chronic saline or heroin 

followed by Saline or Naloxone (Saline or Naloxone tests).  (A) Principal coordinate 

analysis of bacterial 16S rDNA sequencing results from Saline (top) or Naloxone 

(bottom) tested rats. (B) Relative abundance of bacterial families from Saline (left) and 
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Naloxone (right) tested rats. (C-G) Cumulative sum scaled abundances (CSS) of: 

bacterial families whose abundance was modified by heroin (Veh/heroin vs. Veh/saline) 

in rats from the Saline test group (C), or naloxone test group  (D); bacteria families 

whose abundance was modified by the combination of heroin and OlAla (OlAla/heroin 

vs. Veh/saline) in rats from the naloxone test group (E); genera whose  abundance was 

modified by heroin (Veh/heroin vs. Veh/saline) (F), or by the  combination of heroin and 

OlAla (OlAla/heroin vs. Veh/saline) uniquely (G) in rats from the naloxone test group; 

and genera whose abundance was modified by  OlAla  in heroin treated mice 

(OlAla/heroin vs. Veh/heroin) within the naloxone test group  (H). * p < 0.05 vs . 

Veh/saline,  & p < 0.05 vs . Veh/heroin. P values above 0.05 are indicated. N= 6-7 per 

group. 
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Figure 9. Experiment 5. Mean (+SEM) number of total and first 30 min infusions, active 

lever responses and inactive lever responses made during a naloxone challenge in rats 

intravenously administering heroin across test trials (n=9-11/group). Rats were injected 

with VEH or OlAla (5 mg/kg) counterbalanced order on Days 14 and 17 of heroin self-

administration, 10 min prior to naloxone, 5 min prior to placement in the conditioning 

chambers. Dotted line represents treatment naïve rats. *p < 0.05, ** p < 0.01 difference 

between groups. # p < 0.05, ## p < 0.01 difference between controls (treatment naïve 

rats).  
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4.1 Abstract 
Rationale: The endogenous N-acyl amino acid N-Oleoyl alanine (OlAla) reduces 

affective and somatic behaviours produced by withdrawal from opiates in preclinical rat 

models when delivered by intraperitoneal injection.  

Objectives: To increase the translational appeal of using OlAla in clinical drug 

applications, the current experiments aimed to test whether oral route OlAla 

pretreatment could also alter the behavioural effects of opiate withdrawal in rats.   

Methods: In Experiment 1, place conditioning was used to determine if orally 

administered OlAla (5 mg/kg and 20 mg/kg) or its vehicle would reduce the 

establishment of an acute naloxone precipitated morphine withdrawal induce 

conditioned place aversion. In Experiment 2, somatic withdrawal observations were 

conducted following chronic steady state heroin exposure (via minipumps) in rats 

pretreated with oral OlAla (5 mg/kg – 80 mg/kg). 

Results: In Experiment 1, pretreatment with oral 20 mg/kg OlAla, but not 5 mg/kg OlAla, 

reduced the establishment of a morphine withdrawal-induced conditioned place 

aversion. In Experiment 2, pretreatment with oral 5 mg/kg OlAla, but not other doses 

tested, reduced heroin withdrawal induced-abdominal contractions and diarrhea. 

Conclusions: This study demonstrated a dose-dependent reduction of withdrawal 

responses from chronic and acutely administered opiates by orally-administered OlAla, 

and suggests that it could be effective in reducing opiate withdrawal in clinical 

populations.   

Keywords: Oleoyl alanine, opiate withdrawal, rat, oral gavage, morphine, heroin 
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4.2 Introduction  

N-acyl amino acids (NAAAs) are a class of endogenous lipid-based 

neuromodulatory compounds that regulate a wide range of behavioural and 

neurobiological processes including inflammation (Burstein et al., 2011), energy 

metabolism (Long et al., 2016; Wang et al., 2015), pain perception (Huang et al., 2001; 

Mostyn et al., 2019; Vuong et al., 2008), and cognition (Donvito et al., 2019; Lin et al., 

2010; Petrie et al., 2019). The ability for NAAAs to modulate both physiological and 

psychological processes marks this family of lipids as promising treatment targets for 

disorders with somatic and affective symptoms, such as withdrawal from drugs of 

abuse. Recently, N-Oleoyl glycine (OlGly) and N-Oleoyl alanine (OlAla), two members 

of the NAAAs family, have been highlighted for their role in the behavioural and 

neurochemical responses produced by withdrawal from opiates in preclinical animal 

models (Ayoub et al., 2021; Ayoub et al., 2020; Petrie et al., 2019; Rock et al., 2020). 

Importantly, these compounds reverse both the affective (Ayoub et al. 2020; Petrie et al. 

2019) and somatic responses (Ayoub et al. 2021; Ayoub et al., 2020; Rock et al. 2020) 

produced by opiate withdrawal in these models.   

Petrie & colleagues (2019) demonstrated that OlGly concentrations in the 

nucleus accumbens of male Sprague Dawley rats were elevated during exposure to 

acute naloxone-precipitated morphine withdrawal (MWD). Interestingly, pretreatment by 

intraperitoneal injection with synthetic OlGly prior to withdrawal attenuates the affective 

(Ayoub et al., 2020; Petrie et al., 2019) and somatic (Rock et al., 2020) behavioural 

responses produced by acute naloxone-precipitated MWD. Taken together, this 

suggests that OlGly may be a naturally occurring neuroprotective molecule that is 
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released into the brain to counteract the aversive consequences of acute opiate 

withdrawal. In vitro OlGly acts as a peroxisome proliferator-activated receptor alpha 

(PPARD) agonist, and as an inhibitor of the lipid-degrading enzyme, fatty acid amide 

hydrolase (FAAH; Donvito et al., 2019). Consequently, the ability of OlGly to attenuate 

acute opiate withdrawal behaviours can be reversed by blocking activity at PPARD and 

the cannabinoid-1 (CB1) receptor. However, OlGly may be a poor candidate to develop 

for human clinical trials because it is rapidly inactivated in the body by degrading 

enzymes. Indeed, systemic administration of URB597, a selective and potent inhibitor of 

FAAH, leads to a threefold increase of OlGly in the striatum of rats 30 min following its 

administration (Bradshaw et al., 2009).  

Other bioactive lipid-based compounds that are rapidly inactivated in the body 

have been stabilized against degradation via the addition of a methyl group near the 

amide linkage of the compound. For example, Abadji et al. (1994) created a methylated 

version of anandamide, forming methanandamide, which is more stable against FAAH 

and acted as a more potent ligand for the CB1 receptor than anandamide itself. 

Therefore, Ayoub et al. (2020) tested the role of OlAla, a methylated version OlGly, in 

the adverse effects of acute naloxone precipitated MWD in male rats. Like OlGly, 

intraperitoneal OlAla reduces acute naloxone precipitated MWD-induced CPA and 

somatic responses in rats through PPARD and CB1 receptor dependent mechanisms. 

However, OlAla pretreatment, but not OlGly pretreatment, reduces MWD-induced CPA 

in rats over a longer duration, consistent with the hypothesis that OlAla is a more stable 

compound. Further research from this group demonstrated that OlAla reduced several 

signs of somatic withdrawal behaviours following treatment with chronic opiates, 
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however OlGly was without effect (Ayoub et al., 2021). Taken together these studies 

suggest OlAla is a more effective than OlGly at reducing the acute and chronic 

responses caused by opiate withdrawal in rats.  

The current experiments aimed to test whether oral route delivery of OlAla could 

reduce the affective and somatic effects of opiate withdrawal to increase the 

translational appeal of previous animal research to applications for the treatment of 

opiate withdrawal in clinical populations. In experiment 1, male rats were administered 

oral OlAla (5 mg/kg and 20 mg/kg) by gavage 60 min prior to testing of acute naloxone-

precipitated MWD-induced CPA. In experiment 2, male rats receiving chronic heroin 

administration (by osmotic minipump) were administered oral OlAla (5 mg/kg - 80 

mg/kg) by gavage 60 min prior to a naloxone challenge on day 12, then somatic 

responses were measured. To address pharmacokinetic differences produced by the 

two routes of administration, the oral administration occurred 60 min prior to naloxone 

treatment in contrast to the previously reported ip administration which was typically 

given 10 min prior to naloxone treatment. Given that intraperitoneal injection of OlAla 

reduces opiate-withdrawal induced affective and somatic responses, we predicted oral 

OlAla would also reduce these responses in male rats. 

4.3 Methods  

4.3.1 Animals 

A total of 84 male Sprague Dawley rats were acquired at 200-225 grams from 

Charles River Laboratories (Saint-Constant, QC). Animals were pair-housed in Plexiglas 

chambers and located in a colony room maintained on a 12-hour reversed light/dark 

cycle (7:00/19:00) with lights on at 19:00 hr, and a temperature of 21 C. Standard rat 
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chow (Teklad Global Diets, 14% protein rodent diet) and water were provided ad-

libitum. Experimental procedures began 2 hr into the rat’s dark cycle and were approved 

by The University of Guelph Animal Care Committee and adhere to the guidelines of the 

Canadian Council on Animal Care.  

4.3.2 Drugs 

In Experiment 1, morphine was prepared with saline at the concentration of 20 

mg/ml and administered subcutaneously (s.c.) at a volume of 1 ml/kg. In experiment 2, 

osmotic minipumps (Alzet) were filled with a heroin prepared with saline, following the 

Alzet pump instructions, at a concentration of 175 mg/ml to result in a 7 mg/kg dose of 

heroin daily. 

For Experiment 1 and 2, Oleoylalanine (OlAla) was provided by PlantExt, and 

administered intragastrically by gavage at a volume of 1 ml/kg (5 and 20 mg/ml). To 

prepare OlAla it was dissolved in a vehicle (VEH) mixture of ethanol, Tween 80, and 

physiological saline (1:1:19 ratio). OlAla was first dissolved in ethanol, then Tween 80 

was added and the ethanol was evaporated off with a nitrogen stream; after which, 

saline was added. The final VEH consisted of 1:9 (Tween/Saline).   

To precipitate withdrawal in Experiment 1 and 2, naloxone was prepared with 

physiological saline and administered subcutaneously at a dose of 1 mg/kg. 

4.3.3 Apparatus 

In experiment 1, the conditioning boxes were rectangular (60 x 25 x 25 cm3) and 

made of black Plexiglas with a wire mesh lid as described by Ayoub et al (2020). During 

conditioning, single black metal floors made of grid or hole pattern were used as 

contextual cues.  During the pretest and test, split black metal floors equally divided into 
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a half grid/half hole pattern were used. A camera mounted (1.5 m) directly over the top 

of the boxes and fire-wired to a computer recorded movement. EthoVision (Noldus, Inc) 

software was used to define box perimeters and assign a neutral floor zone for pretest 

and test.  All movement was tracked by EthoVsion software. 

In experiment 2, somatic withdrawal behaviors were recorded in an observation 

chamber (22.5 cm x 26.0 cm x 20.0 cm) constructed with four black opaque Plexiglas 

walls and a lid. This chamber sat on top of a clear glass table with a video camera 

(Panasonic WV-CP484) placed below to record the ventral surface of the rat. Videos 

were sent to a computer containing The Observer Software (Noldus Information 

Technology Inc. Leesburg, VA) which was used to score somatic behaviors.  

4.3.4 Surgery 

In experiment 2 rats were surgically implanted with osmotic minipumps under 

isoflurane anesthesia. Briefly, a small incision was made near the scapulae and pumps 

were inserted into the subcutaneous space. Incisions were closed using staples and 

monitored for several days following surgery. Rats were treated with carprofen (0.1 

mg/kg) prior to surgery, and 24 h following surgery, to treat pain and inflammation.  

4.3.5 Procedures 

4.3.5.1 Experiment 1: Effect of oral OlAla on acute affective opiate withdrawal 

As previously described (Ayoub et al., 2020), following one week of habituation to 

the colony room, rats received a 10 min pretest using the split grid/hole floor to detect 

any floor biases. EthoVision software tracked their movement and measured the time 

spent on each floor for the duration of the pretest. Rats were then assigned to a 
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pretreatment drug group and drug floor (grid, hole; being the floor which would be 

paired with MWD) matched on the basis of initial pretest preferences. 

A 3 day conditioning cycle was used to obtain the acute naloxone-precipitated 

MWD-induced CPA. On day 1 of the cycle, the rats were gavaged intragastrically with 

VEH 60 min before receiving an s.c. injection of saline. Ten min later, rats were placed 

on the floor opposite to the assigned MWD floor for 20 min. On day 2, 24 hr post-saline 

gavage, all rats received a high dose of morphine (20 mg/kg, s.c.) and were placed in 

an empty shoebox cage. The rats were monitored for signs of respiratory distress and 

returned to their home cage once fully ambulatory. On day 3, 24 hr post-morphine, the 

rats were gavaged intragastrically with the appropriate pretreatment (n=12/group: VEH, 

5 mg/kg OlAla or 20 mg/kg OlAla) 60 min prior to receiving an s.c. injection of naloxone. 

Ten min later they were placed in the assigned MWD paired chamber for 20 min.  

The CPA test occurred 4 days after the naloxone conditioning trial. The rats 

received an s.c. injection of saline 10 min prior to placement in the test box with the split 

grid/hole floor for 10 min. Ethovision software tracked movement and measured the 

time spent on each floor for the duration of the test. 

4.3.5.2 Experiment 2: Effect of oral OlAla on chronic somatic opiate withdrawal  

A total of 48 rats were implanted with osmotic minipumps filled with saline (n=8) 

or heroin (n=40). On Day 12, with the pumps intact, the rats were injected with VEH or 

OlAla (5, 20, 40, 80 mg/kg; i.p.) 10 min prior to an injection of naloxone (1 mg/kg; s.c.). 

Ten min after the final injection the rats were placed in the somatic withdrawal 

observation chambers for 30 min and videotaped. The groups (n=8) were: chronic 

saline-VEH-naloxone, chronic heroin-VEH-naloxone, chronic heroin-5 mg/kg OlAla-
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naloxone, chronic heroin-20 mg/kg OlAla-naloxone, chronic heroin-40 mgKg OlAla-

naloxone and chronic heroin-80 mg/kg OlAla-naloxone.  

4.3.6 Data Analysis 

In Experiment 1, the mean sec spent on the saline paired floor and the withdrawal 

paired floor for each rat was entered into a 3 x 2 mixed factors ANOVA with the 

between group factor of pretreatment (VEH, 5, mg/kg OlAla, 20 mg/kg IG OlAla) and the 

within group factor of floor (Saline, MWD). In Experiment 2, The mean duration or 

frequency of somatic withdrawal behaviours was entered into a one-way ANOVA for 

each group with subsequent comparisons by Least Significant Difference (LSD) tests, 

given the apriori predicted effects.  

4.4 Results  

4.4.1 Experiment 1:  

Oral pretreatment with 20 mg/kg, but not 5 mg/kg, OlAla reduced naloxone-

precipitated MWD-induced CPA. Figure 1 presents mean sec spent on each floor during 

test across pretreatment conditions. The ANOVA revealed significant effects of floor, 

F(1, 33) = 3.4; p =0.016 and pretreatment x floor, F(2, 33) = 8.5; p < 0.001. Separate 

paired t-tests revealed that Group VEH (p < 0.025) and Group 5 mg/kg IG OlAla (p < 

0.01) spent less time on the MWD paired floor than on the saline paired floor, but Group 

20 mg/kg IG OlAla did not show a difference in floor preference. 

4.4.2 Experiment 2:  

Naloxone administration in rats chronically exposed to heroin, but not saline, 

produced somatic withdrawal behaviours. Figure 2 presents somatic behaviours 

displayed by rats in each group. The ANOVAs revealed a significant group effect for 
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mouth movements, F(5, 42) = 12.2; p < 0.001, abdominal contractions, F(5, 42) = 9.3; p 

<0.001, active locomotion, F(5, 42)= 17.9; p <0.001, diarrhea F(5, 42) = 19.3 p < 0.001. 

Post hoc LSD analyses indicated that rats exposed to chronic heroin followed by 

naloxone displayed enhanced mouth movements, more instances of diarrhea, 

decreased active locomotion, and increased abdominal contractions, relative to rats 

exposed to saline followed by naloxone (p’s < 0.001). At a dose of 5 mg/kg, but no other 

dose, OlAla significantly reduced naloxone-precipitated heroin withdrawal induced 

diahrrea (p < 0.001) and abdominal contractions (p < 0.01). This suggests a dose-

dependent reduction of withdrawal from chronic heroin by oral OlAla. 

4.5 Discussion 

Orally administered OlAla (20 mg/kg) prevented the establishment of an acute 

naloxone precipitated MWD-induced conditioned place aversion (CPA) in rats. As well, 

orally administered OlAla gavaged at the dose of 5 mg/kg, but not at higher doses 

tested (20 mg/kg - 80 mg/kg), attenuated somatic withdrawal effects of abdominal 

contractions and diarrhea produced by naloxone-precipitated withdrawal following 

chronic heroin exposure by mini-pumps. Both experiments suggest that oral OlAla 

produces dose-dependent effects on opiate withdrawal-related responses in rats. 

Our group has already determined that intraperitoneally administered OlAla 

reduces acute naloxone-precipitated withdrawal through the cannabinoid-1 (CB1) 

receptor and through the peroxisome proliferator-activated receptor alpha (PPARD; 

Ayoub et al., 2020), consistent with the compound’s ability to inhibit FAAH and activate 

PPARD in-vitro (Donvito et al., 2019). Intraperitoneal injection of OlAla at the doses of 1 

and 5 mg/kg, blocked the establishment of acute naloxone-precipitated MWD-induced-
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CPA in rats (Ayoub et al., 2020). Here we show that a higher dose of 20 mg/kg is 

needed to block MWD-induced CPA when OlAla is orally administered (Figure 1).  

The oral gavage itself did not interfere with learning in the CPA task, since controls 

that received VEH gavage prior to naloxone demonstrated avoidance of the MWD-

paired floor. The increased dose requirement necessary for OlAla to be effective at 

reducing naloxone-precipitated MWD-induced CPA in rats is likely the result of 

differences in pharmacokinetics between the two routes of administration, however the 

pharmacokinetics of OlAla have not yet been evaluated in rats. In general, when 

compared to injectable routes, lipids administered orally take longer to be absorbed into 

the bloodstream (Huestis, 2009). To account for this, we tested oral OlAla 60 min 

following pretreatment time, rather than the 10 min pretreatment time used with 

intraperitoneal injections in previous studies (Ayoub et al., 2021; Ayoub et al., 2020). 

Additionally, first-pass metabolism is higher in orally administered lipids compared to 

intraperitoneal injection (Huestis, 2009), therefore a higher dose may have been 

required for OlAla to reach its appropriate site of action to reduce affective withdrawal 

behaviours in our study. Interestingly, 5 mg/kg, but not higher doses of OlAla attenuated 

chronic somatic heroin withdrawal responses. It appears that the doses necessary to 

modify opiate withdrawal by OlAla may fall within a narrow window. Future experiments 

are necessary to determine the reason for these differences. One speculative possibility 

is that lower doses may act on peripheral gut withdrawal reactions of abdominal 

contractions and diahrrea than are necessary for affective withdrawal reactions which 

may require central activity, however such a distinction has not yet been determined.  
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The establishment of acute naloxone-precipitated CPA is modulated at the level of 

the nucleus accumbens and extended amygdala. Therefore, if OlAla in the brain is 

necessary for our observed effects, it is plausible that the low oral dose (5 mg/kg) used 

in our experiment was insufficient to produce effects on CPA-behaviour. Future studies 

using intracranial OlAla delivery should attempt to determine the specific site of OlAla’s 

action on acute-naloxone precipitated MWD-induced CPA. More importantly, the 

pharmacokinetics differences between intraperitoneal and oral administration of OlAla 

should be determined to better understand our behavioural data.      

Previous findings from our lab and work with collaborators has determined that 

naloxone-precipitated and spontaneous withdrawal from chronic opiates disturbs gut 

microbiota (Ayoub et al., 2021). Additionally, a high level of PPARD and CB1 receptor 

expression is found in gut tissue (Izzo & Sharkey, 2010). Taken together, it is possible 

that OlAla may regulate somatic withdrawal behaviours at the level of the gut. This 

would explain the tendency for i.p OlAla (Ayoub et al., 2020) and oral OlAla to be 

effective at similar doses on somatic withdrawal behaviour. That is, because the loci of 

neural mechanisms that may underlie OlAla’s effects on somatic withdrawal behaviours 

may be within the gut, orally administered OlAla could exert its effects on withdrawal 

behaviour without the need for full absorption into the bloodstream.  

Overall these findings expand on previous research demonstrating the efficacy of 

intraperitoneal OlAla injections in reducing opiate withdrawal-related responses in rats 

(Ayoub et al., 2021; Ayoub et al., 2020), by showing that orally administered OlAla is 

also capable of reducing the affective and somatic components of opiate withdrawal. 

The effectiveness of OlAla to reduce opiate withdrawal-related responses in rats using 
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multiple routes of administration enhances the translational appeal of this research for 

the development of opiate withdrawal medication in human populations. 
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Figure 1.  Mean (+SEM) seconds spent on the saline-paired floor and the MWD-paired 

floor for each pretreatment group (VEH, 5 mg/kg OlAla, 20 mg/kg OlAla). **p< 0.01, 

*p<0.05 difference between floor preference. 
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Figure 2.  Mean (+SEM) number, duration or instances of somatic withdrawal signs for 

each group (chronic saline-VEH-naloxone [SVN], chronic heroin-VEH-naloxone [HVN], 

chronic heroin-5 mg/kg OlAla-naloxone [H-OlAla 5mg/kg-N], chronic heroin-20 mg/kg 

OlAla-naloxone [H-OlAla 20mg/kg-N], chronic heroin-40 mgKg OlAla-naloxone [H-OlAla 

40mg/kg-N], and chronic heroin-80 mg/kg OlAla-naloxone [H-OlAla 80mg/kg-N]). 

Asterisks (*) represent significant differences from group SVN and hashes (#) represent 

significant difference from H-OlAla 5mg/kg-N.  

  



 
 

130 
 

5 General Discussion 
 

This dissertation elucidates the ability of the endogenous N-acyl amino acids 

(NAAA), N-Oleoyl Alanine (OlAla) and N-Oleoyl Glycine (OlGly), to attenuate opiate 

withdrawal-induced behavioural responses and their underlying neural mechanisms in 

male Sprague Dawley rats. In humans, withdrawal from opiates produces a syndrome 

characterized by somatic and affective symptoms that are not well managed by 

currently available treatment options (Burma et al., 2017; Kleber, 2007). The 

endogenous NAAA, OlGly, is elevated in the brain of rats during acute naloxone-

precipitated morphine withdrawal (NPMWD), and pretreatment with OlGly prior to 

withdrawal attenuates both the somatic and affective responses produced by NPMWD 

through activity at the cannabinoid-1 (CB1) receptor and the peroxisome proliferator-

activated receptor alpha (PPARD; Petrie et al., 2019; Rock et al., 2020. This is 

consistent with the compound’s ability to inhibit FAAH and activate PPARD invitro 

(Donvito et al., 2019). Together these findings inspired further assessment of OlGly as a 

potential treatment option for opiate withdrawal, particularly in the context of withdrawal 

from chronic opiates. However, OlGly is rapidly degraded by enzymes (amidases) in the 

body (Bradshaw et al., 2009), suggesting the behavioural effects of this compound are 

likely short-lived. Methylation of fatty acid amides has been shown to stabilize these 

lipid molecules (Abadji et al.,1994); therefore, Dr. Raphael Mechoulam synthesized 

OlAla, a mono-methylated version of OlGly, as well as HU596, a dimethylated OlGly 

compound. The primary aim of this thesis was to investigate the potential of OlGly, and 

its methylated versions, OlAla and HU596, to attenuate withdrawal from acute and 

chronic exposure to opiates in rats. We hypothesized that the methylated compounds 
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would interfere with the behavioural effects of opiate withdrawal in rats through CB1 and 

PPARD, as previously demonstrated for OlGly. Additionally, we hypothesized that the 

methylated versions of OlGly would produce sustained behavioural effects when 

compared to OlGly.  

Chapter 2 demonstrated that equipotent doses of OlGly and OlAla (5 mg/kg) 

reduced acute NPMWD-induced affective and somatic behaviours in rats through 

activity at the CB1 receptor and PPARD (Ayoub et al., 2020). Accordingly, our 

collaborators found that OlAla, like OlGly, activates PPARD and inhibits FAAH to a 

similar degree in vitro. These data suggest that equipotent doses of OlAla and OlGly are 

equally effective at reducing acute NPMWD responses in rats and do so through similar 

neural activity. However, Chapter 2 demonstrated that OlGly which is only reduces 

MWD-induced conditioned place aversion (CPA) when delivered just prior (10 min) to 

naloxone, OlAla remained effective when delivered 60 min prior to the induction of 

withdrawal. This finding provides evidence to support the increased stability in the 

behavioural effects of OlAla, when compared to OlGly. Given this background, we 

hypothesized that the same dose of OlAla (5 mg/kg) may also modulate acute NPMWD-

induced anhedonia. Indeed, OlAla blocked acute NPMWD-induced reductions of 

saccharin consumption in the two-bottle choice procedure/test.  

Chapter 3 assessed withdrawal from chronic administration of multiple opiates 

(i.e. morphine, heroin), delivered by daily injections or steady-state exposure, 

respectively, on withdrawal behaviour, levels of fatty acids in the brain and gut, and gut 

dysbiosis. Additionally, we tested whether exogenous administration of OlGly or OlAla 

could prevent any withdrawal-induced somatic behaviours responding. Chronic opiate 
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exposure followed by 24 h of abstinence produced the characteristic withdrawal 

syndrome in rats, and the administration of OlAla, but not OlGly, blocked somatic 

symptoms produced spontaneously or by naloxone injection. Since OlAla reduced 

chronic opiate somatic responses, we hypothesized it may also alter the motivational 

aspects of chronic opiates. We demonstrated that acute OlAla did not modify heroin 

self-administration in rats (Ayoub et al., 2021), consistent with previous reports (Donvito 

et al., 2019; Petrie et al., 2019), and that of our own (Ayoub et al., 2020), that neither 

OlAla nor OlGly alters opiate reward. However, OlAla did block naloxone-precipitated 

elevations of heroin intake and self-administration in rats. Thus, OlAla appears to 

modulate several behavioural responses in rats during chronic opiate exposure followed 

by naloxone, or 24 hr abstinence. Finally, chronic opiate exposure followed by 

spontaneous or naloxone-precipitated withdrawal decreased several fatty acids in brain 

regions associated with opiate addiction, altered their levels in intestinal tissues, and 

disrupted gut microbiota. Together these chronic studies suggest that blunted fatty acid 

levels in the body and gut dysbiosis may contribute to withdrawal responses and that 

OlAla pretreatment reduces these responses in rats, suggesting it has therapeutic 

potential. 

 The final chapter in this dissertation demonstrated that orally administered OlAla 

is also effective at blocking acute NPMWD-induced CPA, and some somatic signs 

produced by naloxone-precipitate withdrawal from steady-state heroin in a dose-

dependent manner. These experiments highlighted that OlAla remains effective against 

withdrawal from acute and chronic opiates independently of its route of administration. 

This study provides additional support for the therapeutic role of OlAla in opiate 
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withdrawal behaviours and increases the translational appeal of this research to clinical 

populations.  

 The remainder of this discussion will detail how the effects observed in our 

experiments contribute to and update previous literature in the field.  

5.1 OlGly as a neuroprotective compound  

The acute NPMWD protocol used throughout this dissertation was shown to 

elevate levels of OlGly in the nucleus accumbens of rats (Petrie et al., 2019), and 

exogenous administration of OlGly prior to withdrawal onset diminishes affective and 

somatic responses produced by acute NPMWD (Ayoub et al., 2020; Petrie et al., Rock 

et al., 2020). Similarly, acute traumatic brain injury (TBI) elevated OlGly in the insular 

cortex of mice (Donvito et al., 2019), and its exogenous administration reduced the 

behavioural consequences of acute TBI in mice (Piscitelli et al., 2020). This suggests 

that OlGly may be a compensatory neuroprotective molecule released into the brain 

during acute exposure to neurological insults to protect against associated behavioural 

deficits.  

In contrast, Chapter 3 showed that chronic exposure to morphine followed by 

abstinence depleted levels of OlGly in the nucleus accumbens (NAc), amygdala (AMY) 

and prefrontal cortex (PFC), and exogenous administration of OlGly did not alter chronic 

opiate withdrawal behaviours. The differences between our results and that of previous 

research with acute NPMWD (Petrie et al., 2019) cannot be attributed to naloxone 

treatment because unpublished data collected showed that naloxone treatment at 24 h 

after chronic escalating morphine produced identical decreases of OlGly in the NAc, 

AMY and PFC, although naloxone itself reduced NAc OlGly levels in saline-treated rats. 
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Therefore, we have demonstrated that OlGly concentrations in the brain during 

withdrawal from chronic morphine are the opposite of what is observed during acute 

NPMWD in rats (Ayoub et al., 2021; Petrie et al., 2019), and this could explain why 

OlGly is ineffective against withdrawal responses following chronic opiates.  

Since somatic and affective withdrawal from chronic morphine can be measured 

in rats at 12 h or less of abstinence (Bobzean et al., 2019; Harris et al., 2004), it is 

possible that the regime of morphine reatments (twice daily; 12 h apart) produced 

withdrawal during injection intervals. Therefore, multiple withdrawal periods could have 

also impacted brain OlGly levels and the ability of the compound to alter withdrawal 

behaviour following repeated exposure. Conceivably, the neuroprotective role of OlGly 

in opiate withdrawal may be compromised by repeated insults. Interestingly, OlGly 

reduced nicotine withdrawal in mice receiving chronic steady-state subcutaneous 

nicotine via minipumps (Donvito et al., 2019). It would also be of interest to test whether 

OlGly reduces withdrawal from chronic daily injections of nicotine to understand better 

whether multiple withdrawal periods contribute to OlGly’s ability to alter withdrawal-

induced behaviours. Indeed, multiple withdrawal cycles have been shown to exacerbate 

the behavioural responses induced by withdrawal in rats (Azar et al., 2003; Breese et 

al., 2005; Harris et al., 2004). Based on our findings of a dissociation between the ability 

of OlGly to alter behaviour and its brain concentrations between acute and chronic 

morphine withdrawal, it would be interesting to test whether repeated insults reduce the 

neuroprotective effects of OlGly. Acute TBI has been shown to elevate OlGly in the 

insular cortex, and behaviours stimulated by TBI are attenuated by OlGly pretreatment. 

It would be interesting to see if the same neurochemical and behavioural divergence 



 
 

135 
 

occurs between acute and chronic TBI. That is, to determine whether chronic TBI 

exposures decrease OlGly in the brain, and lack effects on TBI-induced behavioural 

alterations, in opposition to its effects on acute TBI (Donvito et al., 2019).  

The role of endogenous brain OlAla during acute NPMWD has not been 

investigated previously. However, our findings in Chapter 3 revealed that chronic 

morphine exposure followed by abstinence decreased OlGly and OlAla in the amygdala 

of rats, suggesting that withdrawal from chronic morphine alters both these endogenous 

NAAAs similarly. Given their comparable pharmacology and behavioural effects, it is 

likely that OlAla, like OlGly (Petrie et al., 2019), is also enhanced in the brain during 

acute NPMWD and should be tested by future research.  

Like OlGly, other endogenous fatty acids have demonstrated neuroprotective 

effects through CB1 and PPARD dependent mechanisms. For example, the 

endocannabinoid 2-AG Is significantly elevated in the brains of mice following TBI, and 

2-AG administration attenuates brain edema, infarct volume, and cell death caused by 

TBI through a CB1 receptor-dependent mechanism (Panikashvill et al., 2001). Similarly, 

in a mouse model of brain ischemia, brain PPARD mRNA is heightened, and 

pretreatment of OEA attenuates neurological dysfunction and infarct volume through the 

PPARD receptor (Zhou et al., 2012). Additionally, agonism of the CB1 receptor reduces 

markers of neuronal damage in animal models of excitotoxicity (van der Stelt et al., 

2002; Marsicano et al., 2003; Aguado et al., 2007; Zoppi et al., 2011; Veldhuis et al., 

2001), which is compromised in CB1 receptor knockout mice (Aguado et al., 2007; 

Marscicano et al., 2003). The neuroprotective effects of the CB1 and PPARD receptors 

have been attributed to their ability to reduce neuroinflammation (Chen et al., 2007; 
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Currais et al., 2016; Scuderi et al., 2012; Zoppi et al., 2011) and protect the integrity of 

the blood-brain barrier (Hind et al., 2015; Karwad et al., 2017; Kasatkina et al., 2021; 

Vendel & Lange, 2014). Thus, our findings that endogenous OlGly and OlAla levels are 

altered by opiate withdrawal (Ayoub et al., 2021) and their acute administration alters 

the behavioural and neurochemical responses produced by opiate withdrawal in rats 

through CB1 and PPARD dependent mechanisms (Ayoub et al., 2020; Ayoub et al., 

2021), further supports the role of endogenous fatty acids and their receptors in 

neuroprotective processes.   

5.2 OlGly and OlAla as treatment options for opiate withdrawal.  

Previous work has only assessed OlGly in preclinical models of opiate withdrawal 

using a single pretreatment time (Petrie et al., 2019; Rock et al., 2020). Here, we tested 

the OlGly and OlAla compounds at multiple pretreatment times to assess their duration 

of action invivo at the behavioural level because this would indicate increased stability 

and therapeutic potential. We found that like OlGly (5mg/kg), an equipotent dose of 

OlAla reduced acute NPMWD-induced CPA and somatic behaviours when administered 

by intraperitoneal injection 10 min prior to naloxone. When pretreatment was extended 

to 60 min prior to naloxone, only OlAla blocked the acute NPMWD-induced CPA (Ayoub 

et al., 2020). Thus, there is a limit to OlGly’s action in the body, which is consistent with 

previous literature showing the compounds’ fast degradation by FAAH (Bradshaw et al., 

2009). In fact, OlAla appears to have a limited duration of action in the body as well, as 

evidenced by the finding that OlAla no longer altered NPMWD-CPA when administered 

120 min prior to naloxone. Despite this, we found OlAla altered NPMWD behaviour for a 
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duration two-fold greater than OlGly, thereby highlighting this compound’s enhanced 

behavioural effects and therapeutic potential.  

Previous reports of the effects of OlGly during opiate withdrawal have only 

assessed withdrawal from acutely administered opiates and not following chronic 

administration. This is important to consider given that acute and chronic administration 

of opiates has been shown to produce different neural (Guitart et al., 1992; Yamamoto 

et al., 1978) and behavioural (Kest et al., 2001; Ruegg et al., 1997) responses. 

Additionally, concerning the development of OlGly and related compounds into clinical 

treatments, many individuals that receive medically assisted withdrawal management 

are chronic opiate users. Here, we showed that OlAla, but not OlGly, reduced somatic 

behaviours following chronic administration of morphine or heroin. OlAla attenuated 

somatic behaviours following chronic withdrawal through the CB1 and PPARD receptors, 

consistent with its ability to reduce acute NPMWD responding through identical 

mechanisms. While not tested with OlGly, we also found that OlAla alters naloxone-

induced elevation of heroin self-administration, but not the self-administration of heroin 

itself. 

It is likely that the observed difference between the two compounds is not 

attributable to potency since comparative analyses were based on equipotent doses of 

OlGly and OlAla that were shown to activate PPARD and inhibit FAAH similarly (Ayoub 

et al., 2020; Petrie et al., 2019). Since both compounds activate PPARD and inhibit 

FAAH to similar degrees, the behavioural differences are also likely not attributable to 

differences at the receptor level. Instead, our observed effects are likely attributable to 

differences in drug stability. Indeed, OlGly levels are drastically increased in the striatum 
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of rats by systemic administration of the FAAH inhibitor URB597 (Bradshaw et al., 

2009), demonstrating its rapid degradation. Moreover, the Hebrew University 

synthesized the HU595 compound (OlAla) as a methylated version of OlGly because 

previous work has shown that rapidly degraded lipid molecules can be stabilized 

through methylation. For example, Abadji et al. (1994) synthesized a compound called 

methanandamide, in which a methyl group was attached to the carbon atom next to the 

nitrogen atom of AEA. When tested methanandamide was more stable against 

degradation from FAAH than AEA and demonstrated a higher affinity for the CB1 

receptor than AEA (Abadji et al., 1994). Thus, OlAla could be less resistant to 

degradation in the body given its methylation and could explain why OlAla, but not 

OlGly, was effective at reducing NPMWD-induced CPA when delivered at the 60 min 

pretreatment time. However, it has yet to be tested whether OlAla is less reisistant to 

degradation or whether OlAla is degraded by FAAH at all. If OlAla is not degraded by 

FAAH, or shown to be degraded at a much lower rate, then the same hypothesis could 

explain the behavioural differences observed in Chapter 3 during withdrawal from 

chronic opiates. Since levels of FAAH are elevated during stress exposure (Gunduz-

Cinar et al., 2013; Hill et al., 2009; Rademacher et al., 2008), perhaps FAAH is similarly 

elevated during withdrawal from chronically administered opiates. If true, elevated 

FAAH would rapidly degrade OlGly, but not OlAla, and contribute to their potential to 

modulate behaviour. Ultimately subsequent experiments should test if OlAla is indeed 

less resistant to FAAH degradation when compared to OlGly. 

In Chapter 4, oral route delivery of OlAla by gavage also reduced affective and 

somatic responses in opiate-dependent rats during naloxone precipitated withdrawal. 
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These findings signify that multiple routes of administration allow for the therapeutic 

effects of OlAla on opiate withdrawal behaviour in rats. Additionally, this increases the 

translational appeal of previous work on OlAla to applications for the treatment of opiate 

withdrawal in clinical populations, where medication is preferentially delivered by oral 

route. Importantly, if patients are unable to receive medication by oral route, perhaps 

due to excessive vomiting, our results from Chapters 2 and 3 highlight that OlAla 

delivery by injection is also an effective method for opiate withdrawal treatment (Ayoub 

et al., 2020; Ayoub et al., 2021). 

In addition to treating the pathological condition, an effective pharmacotherapy 

requires that the compound demonstrate a lack of adverse side effects. Previous 

research highlights a biphasic effect of OlGly on locomotor activity and body 

temperature, with high doses (≤ 30mg/kg) showing reductions and low doses producing 

no effect (Chaturvedi et al., 2006, Petrie et al., 2019). The doses of OlGly that 

attenuated opiate withdrawal behaviours in our experiments (≥ 5 mg/kg) and in those of 

previous studies (Petrie et al., 2019; Rock et al., 2020) are below the doses that have 

been shown to produce locomotor deficits. Consistently, we found that OlGly and OlAla 

had no effect on locomotor activity in any of our experiments. Although we never tested 

body temperature, a recent report by Rock et al. (2021) showed 5 mg/kg OlAla and 

OlGly did not alter temperature, locomotor activity, nor analgesia (fail-flick). The 

selective effects of these compounds are also supported by tests of reward behaviour. 

Petrie et al. (2019) measured by place conditioning OlGly alters opiate withdrawal 

behaviour while leaving the rewarding properties of opiates intact (Petrie et al., 2019). 

Chapters 2 and 3 demonstrated that OlAla also produces this selective modification of 
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opiate withdrawal, but not reward, related behaviours. For instance, OlAla produced no 

effects on the establishment of a morphine conditioned place preference or animals’ 

innate preference for a sweet saccharin solution (Ayoub et al., 2020). Additionally, in 

rats trained to self-administer heroin, OlAla failed to alter heroin intake or operant 

responding on a continuous schedule of reinforcement (Ayoub et al., 2021). Finally, 

previous research (Petrie et al., 2019; Rock et al., 2020) and work from this thesis 

(Ayoub et al., 2020) suggests that OlGly and OlAla do not impair associative learning 

mechanisms in rats, as demonstrated by their inability to alter place conditioning and 

conditioned taste avoidance learning when administered alone.  

Taken together, both compounds are effective at attenuating acute affective and 

somatic withdrawal responses in rats and likely produce no adverse side-effects 

associated with their administration at the effective doses. However, we demonstrated 

that OlGly does not alter behaviour produced by withdrawal from chronic opiates as 

does OlAla, and its ability to alter acute withdrawal is limited in duration when compared 

to OlAla. Based on these findings, OlAla might be a more suitable prospective treatment 

option for the treatment of opiate withdrawal-related behaviours.   

5.3 The Neurobiology of Opiate Withdrawal 

To understand how OlGly and OlAla contribute to the neurobiology of opiate 

withdrawal, the underlying neural mechanisms involved in opiate agonism are 

necessary to describe briefly. There are three classical subtypes of opioid receptors: 

mu, delta, and kappa (Dhawan et al., 1996; Ueda et al., 1991). While there are known 

pharmacological differences between these receptors, the activation of all subtypes 

leads to the reduction of neuronal signalling through mechanisms, including altered 
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potassium and calcium signalling, and the inhibition of adenylyl cyclase (Al-Hasani & 

Bruchas, 2011). However, rapid tolerance to the inhibitory effects of opioid receptor 

activation is readily demonstrated at the neuronal and behavioural levels, contributing to 

the manifestation of opiate withdrawal responses during abrupt withdrawal (Kosten & 

George, 2002; Valentino & Wehby, 1989). For example, Valentino & Wehby (1989) 

demonstrated that the spontaneous firing of locus coeruleus (LC) neurons was 

attenuated by an acute morphine challenge, an effect no longer observed following 

extended (10 day) exposure, suggesting rapid tolerance. Furthermore, a naloxone 

injection on day 10 of chronic morphine, but not saline, exposure drastically elevated 

the spontaneous and sensory-evoked firing of LC neurons. Thus, much of opiate 

withdrawal neurobiology can be explained by the sudden and abrupt loss of neuronal 

inhibition by opiate exposure.  

In Chapter 2, we demonstrated that OlAla attenuates several acute NPMWD-

induced behaviours through the CB1 receptor and PPARD, consistent with previous 

reports that show the contribution of these receptors to the reduction of NPMWD 

behaviours by OlGly (Petrie et al., 2019; Rock et al., 2020). Therefore, our results 

suggest that similar neural mechanisms are recruited by the OlAla and OlGly compound 

to produce their observed effects. In Chapter 3, we extended this finding to withdrawal 

from chronic opiates by demonstrating that the CB1 receptor and PPARD mediate the 

reduction of abdominal contractions and mouth movements by OlAla in rats during 

naloxone-induced heroin withdrawal. Taken together, acute and chronic opiate 

withdrawal can be reduced by activity at the CB1 receptor and PPARD. 
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A key function of CB1 receptor activation is the inhibition of neurotransmitter 

release from the presynaptic cell terminal through the inhibition of adenylate cyclase 

and reduction of calcium influx (Howlett et al., 2002). Its wide distribution throughout the 

brain, with high localization in basal ganglia, hippocampus, and cerebellum (Herkenham 

et al., 1990; Tsou et al., 1997), would therefore reduce withdrawal-induced neuronal 

hyperexcitability and attenuate the associated behavioural responses. It would be 

interesting to test whether OlAla or OlGly reduce opiate withdrawal behaviours by 

reducing neuronal excitability by the activation of the CB1 receptor.  

The specific neurobiology underlying somatic and affective responses to opiate 

withdrawal in preclinical models can be differentiated using behavioural pharmacology, 

but also by observing changes in the brain of dependent animals exposed to small or 

large doses of naloxone. Indeed, opiate-dependent rats display enhanced naloxone-

precipitated CPA when administered low doses of naloxone (≥ 0.02) that do not produce 

any overt somatic behaviours (Frenois et al., 2002).  

5.3.1 Affective opiate withdrawal neurobiology 

The major neural substrates underlying negative affect during opiate withdrawal 

are the nucleus accumbens and extended amygdala network. For example, the nucleus 

accumbens, followed by the amygdala, are the regions most sensitive to low-dose 

intracerebral injections of the opioid antagonist methylnaloxonium on CPA behaviours in 

morphine-dependent rats (Stinus et al., 1990). Similarly, the NAc and extended 

amygdala are the regions most sensitive to intracranial delivery of methylnaloxonium on 

withdrawal-induced disruptions of operant responding for food in morphine-dependent 

rats (Criner et al., 2007; Koob et al., 1989). Finally, upregulation of Fos and c-fos 
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mRNA, indicative of recent neuronal activity (Dragunow & Faull, 1989), occurs 

selectively in regions of the nucleus accumbens (particularly the shell) and amygdala 

following low-dose naloxone in dependent rats treated with chronic morphine (Frenois et 

al., 2002; Gracy et al., 2001). Interestingly, c-fos expression is also increased in the 

amygdala, particularly the central amygdala, during low-dose naloxone precipitated 

withdrawal from a single morphine exposure (Ishida et al., 2008) suggesting that the 

length of opiate exposure does not modify the recruitment of the amygdala during 

withdrawal from morphine.  

In Chapter 3, OlGly concentrations were depleted by chronic morphine followed 

by withdrawal in both the NAc and amygdala, as were OlAla concentrations in the 

amygdala (Ayoub et al., 2021). Given the role of these regions in affective responding 

during opiate withdrawal, our results suggest blunted NAAAs in the NAc and amygdala 

may contribute to withdrawal-induced affective deficits. Additionally, we found that 

chronic morphine followed by spontaneous withdrawal decreased 2-AG in the amygdala 

(Ayoub et al., 2021), a region where 2-AG regulation has been shown to modify acute 

NPMWD-induced CPA (Wills et al., 2016). Consistently, chronic exposure to steady-

state heroin followed by naloxone-precipitated withdrawal also reduced levels of 2-AG in 

the amygdala. Thus, the NAc and amygdala could be the locus of many of our observed 

effects using the OlAla and OlGly compound on affective withdrawal responding and 

should be explored further using intracranial studies followed by mechanistic 

assessments with PPARD and CB1 receptor antagonists if any effects are observed.  

Interactions with the dopamine (DA) system may contribute to the negative affect 

experienced during withdrawal from opiates. Indeed, DA release in opiate-dependent 



 
 

144 
 

individuals positively correlates with measures of anhedonia and craving during drug-

cue exposure (Zijlstra et al., 2008). In rodents, spontaneous and precipitated opiate 

withdrawal produces a robust reduction of NAc DA levels (Acquas et al., 1991; Pothos 

et al., 1991; Rossetti et al., 1992), and DA agonists delivered systemically (Chartoff et 

al., 2006) or directly into the NAc (Chartoff et al., 2009; Radke & Gewirtz, 2012) reduce 

morphine withdrawal-induced affective behaviours including place avoidance and 

acoustic startle. In fact, avoidance behaviour can be produced by optogenetic silencing 

of VTA-DA neurons, and concomitant reductions of NAc DA levels (Danjo et al., 2014). 

Since the CB1 receptor mediates DA neurotransmission (Garcia et al., 2016; van der 

Stelt & Di Marzo, 2003), our finding that CB1 receptor activation by OlAla attenuates 

affective opiate withdrawal, together with the role of DA in affective opiate withdrawal, 

suggests that OlAla may reduce opiate withdrawal behaviours by increasing DA within 

the mesolimbic DA system.  

5.3.2 Somatic opiate withdrawal neurobiology 

On the other hand, other regions play a prominent role in somatic withdrawal 

behaviours following antagonist-induced opiate withdrawal (Frenois et al., 2002; 

Maldonado, 1997; Maldonado & Koob, 1993; Stinus et al., 1990). Indeed, the LC and 

periaqueductal gray (PAG) are the most sensitive brain regions to intracranial 

methylnaloxonium on somatic withdrawal behaviour in morphine-dependent rats, with 

intra-NAc and intra-amygdala administrations producing very weak somatic withdrawal. 

Therefore, it would be of interest to assess how fatty acids are altered in these regions 

during opiate withdrawal and whether intra-LC or intra-PAG treatment with our 
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compounds would reverse the attenuation of the somatic withdrawal behaviours found 

in our studies. 

There are forebrain regions that may also contribute to opiate withdrawal-induced 

somatic withdrawal behaviours. For example, the insular cortex is associated with 

nausea and vomiting in humans (Penfield & Faulk, 1955), and conditioned gaping 

responses in rats (Contreras et al., 2007; Tuerke et al., 2012). In the interoceptive 

insular cortex (IIC) upregulation of 2-AG by MAGL inhibition has been shown to mediate 

lithium chloride (LiCl)-induced conditioned gaping through the CB1 receptor (Sticht et al., 

2016). Therefore, the IIC may be the site where other fatty acids alter conditioned 

gaping responses in rats through the CB1 receptor. In Chapter 2 of this thesis OlAla 

blocked NPMWD-induced conditioned gaping in rats by CB1 and PPARD receptors, 

complementing previous working showing that OlGly produces identical effects by 

activating these receptors (Rock et al., 2020). While IIC-PPARD interactions have not 

been explored, systemic FAAH inhibition by PF3845 reduces LiCl-induced conditioned 

gaping through a PPARD-dependent mechanism (Rock et al., 2015). Future work 

should identify if the IIC is the site where OlAla or OlGly reduce acute NPMWD-induced 

conditioned gaping, likely through CB1 and PPARD activity.  

5.4 Gut fatty acids and microbiome in opiate withdrawal 

Collectively referred to as the gut microbiome, trillions of highly diverse 

microorganisms exist within the gut that are known to participate in several important 

processes, including energy metabolism (Xiao & Kang, 2020), immune responding 

(Kim, 2018), and digestion (Oliphant & Allen-Vercoe, 2019). These microbiota share 

bidirectional communication with the nervous system through neural, endocrine, and 
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immune signalling in the brain-gut axis (Martin et al., 2018), which appears disrupted in 

groups with neuropsychiatric disorders like Parkinson’s disease (PD), bipolar and major 

depression, and schizophrenia (Cheung et al., 2019; Gallop et al., 2021; Painold et al., 

2019; Shen et al., 2018). Interestingly, fecal transplant from PD patients, but not healthy 

controls, impairs locomotor function in mice, suggesting that gut dysbiosis may 

contribute to disease-related symptoms (Sampson et al., 2016). Thus, peripheral 

influences from the gut may significantly impact the development and progression of 

neurological disorders. Furthermore, the gut microbiome interacts with fatty acids in the 

gut (DiPatrizio, 2016; Ianonotti & Di Marzo, 2021), which are known to contribute to 

feeding behaviour (Argueta et al., 2019; DiPatrizio et al., 2011), metabolism (Ianonotti & 

Di Marzo, 2021), inflammation (Mehrpouya-Bahrami et al., 2017), and immune system 

functions (Parada Venegas et al., 2019), among other essential bodily processes. 

Because of the known role of gut dysregulation in other conditions comprised of 

negative affect and somatic symptoms, intestinal tissues and contents of rats chronically 

treated with chronic opiates were collected and sent to our collaborator, Dr. Vincenzo Di 

Marzo, for analysis of fatty acids using mass-spectrometrey, and gut microbiota 

composition using polymerase chain reaction (PCR).  

Results reported in Chapter 3 demonstrated that naloxone precipitated 

withdrawal from chronic steady-state heroin administration altered levels of fatty acids in 

the gut.  Some of these changes were not observed in rats pretreated with OlAla, 

although these results are preliminary. For example, levels of jejunum N-

arachidonlyglycine (AraGly) and colon 2-AG were reduced by naloxone precipitated 

withdrawal from chronic heroin, and OlAla pretreatment reversed these effects. Other 
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fatty acids, including N-arachidonylserotonin (AA-5HT) and N-oleoylserotonin (OA-5HT), 

were also decreased in the gut during heroin withdrawal in rats; however, OlAla did not 

interfere with these changes. The reduction of gut 2-AG is of particular interest because 

systemic administration of monoglycerol lipase inhibitors, which increases 

concentrations of 2-AG, counteract the aversive responses produced by opiate 

withdrawal, including somatic behaviours (Gamage et al., 2015; Ramesh et al., 2011; 

Ramesh et al., 2013) and naloxone-precipitated MWD-induced CPA (Wills et al., 2016), 

presumably through the elevation of 2-AG. Thus, the restoration of depleted gut 2-AG in 

our rats by OlAla pretreatment may have contributed to the attenuation of somatic 

withdrawal responses during withdrawal from chronic opiates. Although affective deficits 

following chronic opiate exposure were not assessed in our experiments, it would also 

be interesting to test whether gut influences may contribute to these behaviours in rats. 

Changes to gut microbiota composition were also present in rats chronically treated 

with opiates followed by withdrawal. Firmicutes and bacteriodes are two major phyla of 

microbiota within the gut microbiome (Rinninella et al., 2019). In Chapter 3, 

spontaneous withdrawal from morphine reduced the gut Firmicutes:Bacteriodes ratio 

relative to controls and increased the abdundance of the Ruminococcaceae family of 

Firmucutes. Similarly, Firmicutes concentrations are reduced in mice during naloxone-

precipitated opiate withdrawal (Thomaz et al., 2021). Interestingly, gut microbiota is not 

only affected by opiate withdrawal. For example, the Firmicutes:Bacteriodes ratio is 

increased by chronic morphine exposure in mice (Banerjee et al., 2016), and 

Ruminococcaceae levels are reduced in active human opiate users (Acharya et al., 
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2017). Therefore, our results suggest that withdrawal from chronic opiates may reverse 

some of the gut dysbiosis induced by chronic morphine administration.  

The ratio of Firmicutes:Bacteriodes is also implicated in weight homeostasis and 

obesity. For example, increased Firmicutes:Bacteriodes ratios are found in obese 

populations (Koliada et al., 2017; Ley et al., 2006; Magne et al., 2020), and a decrease 

in this ratio is observed during weight loss (Ley et al., 2006). Thus, the decreased 

Firmicutes:Bacteriodes ratio found in rats during spontaneous morphine withdrawal 

could contribute to the concurrent weight loss typically experienced during opiate 

withdrawal. Unfortunately, the present experiments did not record weight loss since 

animals were sacrificed for tissue collection immediately following testing. It would be of 

interest for future research to test whether Firmicutes:Bacteriodes ratios correlate with 

specific withdrawal-induced responses, such as weight-loss, to better define how gut 

microbiota are related to withdrawal-induced behaviour.  

It is important to note that chronic morphine and chronic heroin exposure produced 

different alterations in microbiota compared to their appropriate controls. For example, 

the altered Firmicutes:Bacteriodes ratio following spontaneous withdrawal from 

morphine was not observed in rats during naloxone-precipitated withdrawal from 

steady-state heroin. In fact, naloxone-precipitated withdrawal from chronic heroin 

increased the Firmicutes:Bacteriodes ratio, in opposition to our results from chronic 

morphine. While several differences between experiments could contribute to these 

disparities, including drug (morphine vs. heroin), withdrawal procedure (spontaneous 

withdrawal vs naloxone-precipitated withdrawal), drug administration (escalating 

injections vs. steady-state), and environmental influences (injection exposure vs. 
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surgery exposure), these findings highlight the preliminary nature of our results. 

Nonetheless, several findings remain noteworthy.  

First, exposure to chronic exposure followed by spontaneous or naloxone-

precipitated opiate withdrawal altered gut microbiota composition and produced 

observable somatic withdrawal behaviours. This suggests that an altered gut 

microbiome may contribute to opiate withdrawal-induced somatic behaviours. This data 

complements previous research showing the role of gut dysbiosis in disordered 

responding in individuals diagnosed with neuropsychiatric disorders that cause somatic 

symptoms (i.e PD), and extends these findings to altered somatic responding by opiate 

withdrawal.  

Second, in addition to attenuating the aversive effects of opiate withdrawal, OlAla 

prevented some of the changes found in gut microbiota composition in rats exposed to 

chronic opiates. Indeed, Ruminococcaceae levels in the colon, particularly the genus 

Ruminococcaceae_UCG-005, were elevated during spontaneous withdrawal from 

morphine and naloxone-precipitated withdrawal during heroin exposure. Although not 

tested against morphine withdrawal, OlAla pretreatment reversed the abundance of 

Ruminococcaceae_UCG-005 in the colon during heroin withdrawal at a dose (5 mg/kg) 

that also attenuated somatic withdrawal behaviours. Thus, the reduction of 

Ruminococcaceae-UCG 005 by OlAla may be one mechanism that contributes to 

OlAla’s effects on opiate withdrawal behaviour. This hypothesis is strengthened by the 

finding that the colon was the only tissue in which OlAla levels were detected at a higher 

concentration following its administration. Conversely, exposure to chronic morphine 

and chronic heroin increased the family of Prevotellaceae bacteria in colonic samples, 
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but OlAla did not alter their levels. Thus, our data suggest that OlAla alters specific 

families of gut microbiota during opiate withdrawal, while leaving others intact.  

 Our results suggest that opiate withdrawal produces distinct changes to fatty acid 

levels and microbiota in the gut, which may contribute to withdrawal-induced aversive 

responses such as somatic behaviours. Since OlAla pretreatment reversed some of 

these fatty acid and bacterial changes, while also attenuating somatic withdrawal 

behaviour, this suggests that the gut may be one location that mediates the effects 

produced by OlAla on opiate withdrawal behaviour. These findings add to the existing 

literature on the importance of gut-brain communication in aversive behaviour and 

highlight the need to consider the contribution of the gut to disordered behaviour during 

opiate withdrawal to expand possible targets for treating them.  

5.5 Limitations & Future Directions 

A major limitation of this dissertation is its exclusive exploration of OlGly and 

OlAla in opiate withdrawal responses in male rats. In humans, drug-dependent females 

tend to report higher levels of negative affect than their male counterparts during drug 

withdrawal (Becker et al., 2017; Schlienz et al., 2017). For example, nicotine-dependent 

females report increased clinical measures of anxiety, depression, and anger, during 

abstinence from nicotine (12 - 16 h), (Faulkner et al., 2018; Leventhal et al., 2007; Pang 

et al., 2019; Pang & Leventhal, 2013; Xu et al., 2008), and displayed enhanced fear 

potentiated startle during nicotine withdrawal (Hogle & Curtin, 2006), when compared to 

men, although some studies find no sex-dependent differences (Perkins & Karelitz, 

2015; Wetter & Young, 1994). Women also report greater negative affect during 

withdrawal from opiates (Back et al., 2011), cannabis (Herrmann et al., 2015; Sherman 
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et al., 2017), and ketamine (Chen et al., 2014), and, the presentation of drug-related 

cues to abstinent cocaine-, nicotine- or heroin-dependent individuals elicits greater 

craving for drug in females than males (Back et al., 2011; Robbins et al., 1999; Yu et al., 

2007; Saladin et al., 2012;). It should be noted that many studies report no sex-

differences in drug withdrawal-induced negative affect (Deshmukh et al., 2003; Fox et 

al., 2006; Franklin et al., 2004). However, when sex-dependent effects are found, as 

reviewed above, they support the notion that females may experience greater negative 

affect during withdrawal from a variety of drugs abuse, when compared to males.  

Very few studies report sex-dependent differences in the physical reactions to 

drug withdrawal in humans, and the findings are inconsistent with one another. Two 

studies report greater physical withdrawal symptoms in alcohol dependent-men, 

compared to women, during abstinence (Deshmukh et al., 2003; Devaud et al., 2003), 

whereas another found women to be more susceptible to alcohol-withdrawal induced 

physical symptoms (Gudjonsson et al., 2010). Gastrointestinal disturbances are higher 

in women than men during withdrawal from cannabis, which correlate with greater mood 

disturbances (Herrmann et al., 2015). A very recent report found that greater physical 

opiate withdrawal severity was associated with the female gender, although the study 

was not adequetly powered to assess sex differences and should be considered 

preliminary (Dunn et al., 2020).  

There is also a limited number of preclinical studies that address sex differences 

in withdrawal somatic and affective behaviours. Using place conditioning, O’Dell and 

Torres (2014) showed that female rats avoided mecamylamine-precipitated nicotine 

withdrawal paired contexts more than male rats, however, using incracranial self-
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administration Tan et al. (2019) found males to be more sensitive to naloxone-induced 

increases of thresholds necessary to maintain ICSS behaviour. Additionally, a study in 

rats assessing NPMWD CPA determined no sex differences in avoidance behaviour 

(Garcia-Carmona et al., 2015). During NPMWD, female rats display enhanced 

burrowing behaviour, often viewed as anxiogenic-like responding (el-Kadi & Sharif, 

1994), although, no sex differences have been reported in stress- or cue- induced 

reinstatement for oxycodone (Fulenwider et al., 2020; Phillips et al., 2020). Regarding 

somatic behaviours, male rodents tend to produce more pronounced responses during 

opiate withdrawal (Bobzean et al., 2019; Craft et al., 1999), although somatic symptoms 

have been shown to persist for a long duration in females (Papaleo et al., 2006; 

Bobzean et al., 2019). Looking at individual behaviours, male rats lose more weight 

(Cicero et al., 2002; Sadeghi et al., 2009) and produce more wet dog shakes (Bobzean 

et al., 2019; Craft et al., 1999) than female during morphine withdrawal. However, 

several studies show no differences in jumping behaviour during opiate withdrawal in 

mice (Blum et al., 1976; el-Kadi & Sharif, 1994; Kest et al., 2001; Sadeghi et al., 2009). 

This limited amount of data suggests that sex-dependent differences in withdrawal 

behaviours in preclinical models may depend on the behavioural task used.  

Based on previous studies highlighting sex-differences in opiate withdrawal, our 

data would be likely altered by the introduction of sex as a variable. Since females tend 

to exhibit more pronounced negative affect during withdrawal, perhaps female rats do 

not respond to our compounds, or require much higher doses to attenuate the affective 

components of withdrawal. Since some preclinical evidence suggests males exhibit 

more pronounced measures of somatic opiate withdrawal, it is likely that the doses used 



 
 

153 
 

in the current experiments would also reduce somatic symptoms in female rats. Future 

work with the OlAla and OlGly compound should determine whether these compounds 

differentially alter opiate withdrawal behaviour in male and female rats. 

Among the methods used to measure affective withdrawal in this dissertation, no 

tests directly assessed opiate-withdrawal induced anxiogenic responding. Given that 

opiate withdrawal consistently elevates reports of irritability, restlessness and anxiety, 

testing OlGly and OlAla against anxiogenic responding in animals should be done to 

provide more evidence for the therapeutic ability of these compounds. Animals models 

that more closely assess the anxiety-related phenotype during opiate withdrawal include 

potentiation of the acoustic startle reflex (Cabral et al., 2009; Harris & Gewirtz, 2004; 

Radke et al., 2015) and decreased open-arm entries in the elevated plus-maze 

(Buckman et al., 2009; Hodgson et al., 2008; Wen et al., 2017). Similarly, our 

experiments did not explore withdrawal-induced impulsivity and craving, two major 

responses that are thought to contribute to relapse and continued drug use following 

withdrawal from drugs. Exploring a more comprehensive array of preclinical behavioural 

tasks will help elucidate more precisely the potential of compounds like OlGly and OlAla 

have in the treatment of opiate withdrawal-induced behavioural alterations. 

There are neural mechanisms that could contribute to our compounds’ effect on 

withdrawal behaviour that were not explored, including activity at the cannabinoid-2 

(CB2) receptor and the transient receptor potential vanilloid-1 (TRPV-1) ion channel. 

Although OlGly and OlAla do not bind to cannabinoid receptors (Ayoub et al., 2020; 

Donvito et al., 2019), and OlAla has shown a lack of significant activity at TRPV-1 

channels (Raboune et al., 2014), these compounds inhibit FAAH, which may indirectly 
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activate these receptors by elevating their endogenous ligands (i.e. AEA, OEA, and 

PEA). In contrast to CB1 receptor knockout mice (Ledent et al., 1999), mice lacking the 

CB2 receptor show exacerbated naloxone-precipitated MWD signs, including greater 

weight loss and a higher frequency of jumping behaviour (Iyer et al., 2020). Additionally, 

chronic, but not acute, CB2 receptor agonist pretreatment during opiate exposure 

attenuates naloxone-precipitated morphine withdrawal jumping in dependent-mice (Iyer 

et al., 2020; Li et al., 2019; Lin et al., 2018; Zhang et al., 2018). Like co-administration of 

a CB2 receptor agonist with morphine, TRPV-1 receptor antagonism during morphine 

exposure reduces the development of naloxone-precipitated somatic withdrawal 

responses (Fatemi et al., 2019). Interestingly, acute intra-LC TRPV-1 agonism prior to 

naloxone also reduces some somatic signs of morphine withdrawal in mice, including 

jumping, diahrrea and wet-dog shakes (Fatemi et al., 2019). While limited data exist on 

the role of these receptors in opiate withdrawal, literature that implicates fatty acids in 

the neurobiology of opiate withdrawal support the probable role of interactions at CB2 

and TRPV-1 receptors. Therefore, continued research on the OlGly and OlAla 

compounds should aim to identify whether the neuronal activity at CB2 and TRPV-1 

receptors contribute to their ability to alter opiate withdrawal responses.  

Future directions based on this work should focus on addressing limitation 

concerns and other directions eluded to within this general discussion. Together this 

work will continue to identify how fatty acids interact with the body to alter opiate 

withdrawal responding and identify novel fatty acid targets to develop into potential 

treatments for opiate withdrawal and opiate use disorders.   
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5.6 Conclusions and implications 

This dissertation highlights the role of the NAAAs OlAla and OlGly in the 

behavioural and neurobiological responses produced by withdrawal from opiates. In 

summary, we have demonstrated that both compounds alter opiate withdrawal 

responses in male rats when administered by intraperitoneal injection; however, OlAla 

provides sustained behavioural alterations of these effects and can reduce somatic 

withdrawal symptoms following chronic opiate exposure. Furthermore, oral OlAla 

maintained its ability to reduce withdrawal following acute and chronic opiate exposure, 

signifying that multiple routes of administration are compatible with our observed 

effects. Alongside our collaborators, we also demonstrated that the endogenous levels 

of OlGly and OlAla are altered in the gut and brain following chronic opiate 

administration and that OlAla pretreatment reverses some of these effects. Additionally, 

chronic opiate exposure followed by withdrawal altered gut microbiota, suggesting gut 

dysbiosis in opiate withdrawal. Together, these data strongly support the continued 

investigation of OlAla in opiate withdrawal behaviour and neurobiology to possibly 

advance this compound into clinical testing in humans. Finally, these data also provide 

more evidence for the role of endogenous fatty acids in the neurobiology and possible 

treatment of opiate withdrawal in preclinical models.  
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