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ABSTRACT

The extant literature confirms that an array of polymorphic genes related to- neurotransmitters and second
messengers govern the net release of dopamine in the Nucleus Accumbens (NAc) in the mesolimbic region of the
brain. They are linked predominantly to motivation, anti-stress, incentive salience (wanting), and wellbeing.
Notably, in 2000 the Nobel Prize was awarded to Carlsson, Greengard, and Kandel for their work on the mo-
lecular and cellular function of dopaminergic activity at neurons. This historical psychopharmacological work
involved neurotransmission of serotonin, endorphins, glutamate, and dopamine, and the seminal work of Blum,
Gold, Volkow, Nestler, and others related to neurotransmitter function and related behaviors. Currently,
Americans are facing their second and worst opioid epidemic, prescribed opioids, and easy access drive this
epidemic of overdoses, and opioid use disorders (OUDs). Presently the clinical consensus is to treat OUD, as if it
were an opioid deficiency syndrome, with long-term to life-long opioid substitution therapy. Opioid agonist
administration is seen as necessary to replace missing opioids, treat OUD, and prevent overdoses, like insulin is
used to treat diabetes. Treatment of OUD and addiction, in general, is similar to the endocrinopathy con-
ceptualization in that it views opioid agonist MATs as an essential core to therapy. Is this approach logical? Other
than as harm reduction, is using opioids to treat OUD therapeutic or harmful in the long term? This historical
Trieste provides a molecular framework to understand the current underpinnings of endorphinergic/dopami-
nergic mechanisms related to opioid deficiency syndrome and generalized reward processing depletion.
WC 249.

1. Introduction

and across many brain regions. These regions are involved in motiva-
tion, cognition (memory), pleasure, stress reduction, drug reinstate-

There are several neurotransmitters involved in the standard pro-
cessing of reward and punishment. They include pathways involving at
least six major neurotransmitters, and many second messengers. These
neurotransmitter networks function within mesolimbic and Pre-Frontal
Cortex (PFC), where they regulate the final net pathway of “wanting,”
causing neuronal dopamine release [1]. In this article, the authors de-
scribe the seminal historical findings related to neuro-biological cor-
relates and neurotransmitters associated with addiction. Notably, how
various theorems or hypotheses explained these findings that lead to
the modern known correlates of neurotransmitter interactions within
the brain reward circuitry, see Fig. 1.

The cascading interaction of these neurotransmitters and second
messengers results in the correct release of dopamine within the NAc
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ment, decision-making, recall, wellbeing, and especially cravings [2].
The result is to provide homo sapiens with a usual happiness set —point
(Fig. 2) identified as resting-state functional connectivity (rsFC).

Over the last 60 years starting in 1968, there has been a remarkable
change in understanding the science behind how psychoactive drugs
influence behavior through very complex actions on neuronal path-
ways, especially in the mesolimbic system and the prefrontal cortex
—cingulate gyrus of the brain [3]. Ideas about recovery, incorporating
the 12-step program and fellowship, and introducing the new “addic-
tion” definition from the American Society of Addiction Medicine
(ASAM), had a tremendous impact on our younger generation. The
general acceptance of the now well-established phenomena elaborating
on the undeniable fact that addiction is indeed, a brain disorder is
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Fig. 1. The brain reward cascade.

Fig. 1 illustrates the interaction of at least seven major neurotransmitter-pathways involved in the Brain Reward Cascade (BRC). In the hypothalamus environmental
stimulation results in the release of serotonin, which in turn via, for example, SHT-2a receptors activate (green equal sign) the subsequent release of opioid peptides
from opioid peptide neurons, also in the hypothalamus. Then, in turn, the opioid peptides have two distinct effects, possibly via two different opioid receptors. One
that inhibits (red hash sign) through the mu-opioid receptor (possibly via enkephalin) and projects to the Substania Nigra to GABAA neurons. Another stimulates
(green equal sign) cannabinoid neurons (the Anandamide and 2-archydonoglcerol, for example) through Beta —Endorphin linked delta receptors, which in turn
inhibit GABAA neurons at the substania nigra. Also, when activated, cannabinoids primarily 2-archydonoglcerol, can indirectly disinhibit (red hash sign) GABAA
neurons through activation of G1/0 coupled to CB1 receptors in the Substania Nigra. In the Dorsal Raphe Nuclei (DRN), glutamate neurons can then indirectly
disinhibit GABAA neurons in the Substania Nigra through activation of GLU M3 receptors (red hash sign). GABAA neurons, when stimulated, will, in turn, powerfully
(red hash signs) inhibit VTA glutaminergic drive via GABAB 3 neurons. It is also possible that stimulation of ACH neurons that at the Nucleus Accumbens ACH can
stimulate both muscarinic (red hash) or Nicotinic (green hash). Finally, Glutamate neurons in the VTA will project to dopamine neurons through NMDA receptors
(green equal sign)to preferentially release dopamine at the Nucleus Accumbens (NAc) shown as a bullseye indicates a euphoria, or “wanting” response. The result is
that when dopamine release is low (endorphin deficiency), unhappiness is felt while general (healthy) happiness depends on the dopamine homeostatic tonic set
point (see Fig. 2).

Happiness setpoint

SURFEIT

group look for evidence in rodents of enhanced darkness-induced
ethanol drinking. The first experiment showed that rats placed in a dark
closet drank more alcohol than those housed in the light [S]. The hy-
pothesis was that an increase in pineal melatonin caused increased
drinking. Subsequently, injections of melatonin in rats exposed under
“normal” (nine hours of darkness during a 24-h day) photoperiods re-
vealed this to be accurate since they also displayed augmented ethanol
intake; consequently, several experiments validated these results [6-8].
Experiments that found conversion to melatonin via adenylate cyclase
stimulation of N- acetyltransferase increased three-fold at night un-
derstanding of these theories improved [9-12]. Another theory con-
cerning the neurochemical mechanism(s) of ethanol consumption sug-
gested the role of dopamine condensation products, known as
isoquinolines.

In 1970, Davis and Walsh [13] proposed that a product of alcohol,
tetrahydropapaverine, a benzyltetrahydroisoquinoline alkaloid deriva-
tive of the biogenic amine, dopamine, and acetaldehyde, condenses and
can induce ethanol intake in rodents. Simultaneously, others reported a

Dopamine Homeostasis

Hypodopaminergia

DEFICIT

Fig. 2. A simple schematic of tonic happiness —set-point based on dopamine
release, as explained in Fig. 1.

changing the face of addiction medicine [4].

Early work from several Neuropharmacologists centered on ser-
otonin and brain reward circuitry, revealing that depletion of brain
serotonin augments stress-like reactions in electrical brain self-stimu-
lating rodents. They used p-chlorophenyl alanine (PCA), a tryptophan
hydroxylase inhibitor that selectively depletes brain serotonin content
[5]. This experiment suggested that PCA promotes anxiety, and ser-
otonin is an anti-anxiety brain substance. Along similar lines following
the work of Myers and Cicero [3], and knowing at the time that during
dark-phase, levels of serotonin in the pineal gland are low, led Geller's

role in alcoholism for biogenic amines (for example, norepinephrine)
and later indoleamine (serotonin) aldehyde condensation products
salsolinol and carbochol, respectively [14,15]. This work suggested that
alcohol and opiate addiction might have common neurochemical me-
chanisms. Indeed at the time controversy stimulated research by neu-
roscientists that provided evidence that: ethanol intake augmented the
salsolinol metabolite in the rat brain [16,17]; salsolinol induced an
increase in ethanol intake [15]; salsolinol acts like an opiate agonist
[18-20]; and salsolinol induced alcohol withdrawal tremors blocked by
narcotic antagonism [21].

Following these early findings, the 70s promised the world a new
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Table 1
Neurotransmitter deficiency theorem.
Reference Topic Comment
[27] Ethanol-induced sleep -time with narcotic antagonism The first experiment showing Naloxone blocking ethanol action
[28] D-Phenylalanine an inhibitor of enkephalinase in the brain of Enhanced brain endorphins with reduced ethanol intake
genetically prone rodents
[29] Synergistic brain effects of dopamine and ethanol Dopamine potentiated the soporific action of ethanol
[30] Synergistic brain effects of serotonin and ethanol Serotonin potentiated the soporific action of ethanol
[31] Enkephalins and drinking behavior Low enkephalin genetically high drinking
[32] Enkephalinase inhibition of alcohol intake Inhibition of enkephalinase and precursor amino —acids results in an increase in brain
enkephalins and a decrease in alcohol intake
[33] Naloxone blockade of ethanol dependence Demonstrates common mechanism between alcohol and opiates
[34] Chronic alcohol intake blocks the neuronal synthesis of enkephalins The first study to show that long-term drinking alcohol disrupts endogenous opioid
peptides
[35] Morphine induced attenuation of ethanol withdrawal symptoms Further support for a common mechanism between alcohol and opiates
[36] Ethanol preference as a function of genotypic levels of whole brain Enkephalin levels in genetically bred mice differ.
enkephalin in mice was studied
[37]1 Methylated enkephalin reduces alcohol intake in genetically bred Enkephlamide I.C. Brain injections reduced alcohol intake in C57BLK/6 J mice
alcohol loving mice
[38] Association of the dopamine D2 receptor Al allele with severe The first association of the dopamine D2 receptor Al allele with severe alcoholism start of
alcoholism Psychiatric Genetics
[39] Binding studies of DRD2 receptor polymorphisms in non-alcoholics 30-40% reduction of the number of D2 receptors s a function of the D2 polymorphism Taq
A1l allele.
[40] The dopamine receptor gene (DRD2) as a determinant of Reward Coined RDS now featured in SAGE Encyclopedia for Clinical & Abnormal Psychology
Deficiency Syndrome (RDS)
Table 2
The reward deficiency syndrome theorem.
Reference Topic Comment
[43] Neurogenetic evidence for Genetic Addiction Risk Score (GARS) Developed Genetic Addiction Risk Score(GARS) to identify risk for RDS
[44] Developed DNA directed gene guided therapy with pro-dopamine Provided first evidence for nutrigenomic coupled precision personalized treatment for
regulation obesity
[45] Enhanced resting-state functional connectivity in naive animal models The first study to show activation of mesolimbic dopaminergic activation across brain
with enkephalinase inhibition reward circuitry with Pro-dopamine regulation
[46] Enkephalinase opioid substitution therapy during withdrawal from Bup/ Pro-dopamine agonist therapy blocks opioid withdrawal and maintains opioid-free
Nal urines for 432 days
[47] Enkephalinase inhibition attenuation of opioid detoxification Pro-dopamine regulation as a frontline technology to induce detoxification reducing
withdrawal symptoms in opioid dependence
[48] Opioid/dopamine deficiency genotype theorem Early theory proposing that genetic or epigenetic insult onto endogenous opioid peptides
and dopamine will induce drug-seeking
[49] Enkephalinase inhibition attenuation of alcohol binge in drinking in Significant reduction of binge drinking in an animal model of binging in genetically
rodents prone animals with Pro-dopamine regulation
[50] Development of DNA directed precision addiction management Proposed coupling of GARS and KB220 matched algorithmic polymorphic nutrigenomic
anti-RDS
[42] rsfMRI effects of KB220Z™ on neural pathways in the reward circuitry of ~ Enhanced functional connectivity and neuronal dopaminergic recruitment in abstinent

abstinent genotyped heroin addicts

heroin addicts

era of Sex, Drugs, and Rock N Roll [22]. Then in the 80s, following
comments regarding the recreational use of cocaine, Gold's group was
the first to propose the “dopamine depletion hypothesis and suggested
the use of bromocriptine to reduce cocaine cravings [23]. Finally, in the
90s, researchers began to see attempts to understand the neurogenetic
and neurobiological mechanisms related to substance abuse through
neuroimaging techniques [24,25].

2. Theorems relevant to opioid peptides and reward processing
deficiency

“Theorem” is defined as a proposition that can be deduced from the
premises or assumptions of a system. The following information por-
trays the historical work related to neurotransmitters, their receptors,
agonism, and antagonism, and their respective roles in brain reward
circuitry. It demonstrates how this body of work and the theorems that
evolved from it, now support the modern view of addictive behaviors.
The “comments” in Tables 1-5 are explanations of the relevance of each
study to understanding the premises of “Theorems” or medical hy-
potheses deduced by an exploration of research topics and serves as the
foundational neurobiological basis of addiction in these modern times.
It is noteworthy that the neurophysiology of the dopamine depletion

theorem is synonymous with hypodopaminergia.

2.1. Blum's neurotransmitter deficiency theorem

understanding of the common neurochemical mechanisms involved
in seemingly diverse chemical agents' alcohol and opiates, followed an
array of experimental evidence and provided the material for a book
dedicated to this concept, “Alcohol and Opiates: Common
Neurochemical Correlates [26]. Along these lines, research from Blum's
group focused on the involvement of neurotransmitters in the proces-
sing of reward and the neurological underpinnings of addictive beha-
viors drug and non-drug.

In brief, the following represents studies that dovetail on en-
dorphinergic /dopaminergic mechanisms related to generalized
Substance Use Disorder (SUD) with emphasis on AUD and OUD, see
Table 1.

2.2. Reward deficiency syndrome

In 1996 following the association of the Al allele of the DRD2 gene
with severe alcoholism [38], Blum et al., found that a host of addictive,
impulsive and compulsive behaviors had also associated with this same
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Table 3
Dopamine depletion hypothesis and similar studies suggesting endorphin deficiency.

Reference Topic Comment

[55] A rationale for opiate withdrawal symptomatology Withdrawal of opiates removes this “tonic” inhibition of the locus coeruleus (LC) and could
readily result in a piperoxane-like release from inhibition.

[56] Endorphin locus coeruleus connection mediates opiate action and This hypothesis suggests that chronic opiate administration inhibits LC activity and that opiate

withdrawal abstinence after addiction results in a release from inhibition with resultant LC hyperactivity.

[57] Endorphins, lithium, and Naloxone: their relationship to Opioid peptides play a role in drug-induced manic —euphoric stares

pathological and drug-induced manic-euphoric states
[58] Decreased serum prolactin in opiate withdrawal and dopaminergic Dopaminergic hyperactivity is present in opiate withdrawal but may not be related to the signs
hyperactivity is investigated and symptoms of withdrawal; the culprit is norepinephrine; however, dopamine reduces
symptoms.
[59] New concepts in cocaine addiction: the dopamine depletion Cocaine addiction was a dopamine derangement depletion disease. DA depletion is
hypothesis due to hypodopaminergia hypothesized to result from the overstimulation of these neurons and excessive synaptic
metabolism of the neurotransmitter. Cocaine was addicting on this basis, and cocaine
withdrawal looks like retarded-psychomotor depression.

[60] Bromocriptine treatment for cocaine abuse: the dopamine (DA) Bromocriptine, a DA/antagonist, appears to have efficacy with acute and maintenance trials and

depletion hypothesis may represent a test of the cocaine-dopamine hypothesis and new adjunctive treatment for
cocaine abuse.

[61] Anti-endorphin effects of methadone. Depression is common and may be induced by methadone. Post-detoxification depression and
other affective symptoms may be due to hypodopaminergia and contribute to relapse.

[62] A possible opioid receptor dysfunction in some depressive In some depressive symptoms, the etiology may reside in the dysfunction of the opioid peptide

disorders system

[63] Clonidine used in detoxification from opiates Clonidine hydrochloride in detoxification from opiates has demonstrated that a non-opioid
medication can rapidly suppress the symptoms associated with opiate withdrawal. The alpha-2
adrenergic and endorphinergic systems are parallel inhibitors of the nucleus locus coeruleus.

[64] Identification of a subregion within rat neostriatum for the Dopaminergic transmission in Ventral Anterior Striatum (VAS), alone among the striatal sites

dopaminergic modulation of lateral hypothalamic self-stimulation tested, is facilitatory on hypothalamic self-stimulation.

[65] Platelet serotonin transporter in cocaine patients Chronic cocaine inhibits serotonin transporter increasing synaptic serotonin. This increase has
been documented through optogenetics to inhibit GABAergic firing increasing DA signaling

[66] Naltrexone augments the effects of nicotine replacement therapy Naltrexone, causes extinction blocks D2 receptors, and combined with NRT and psychosocial

(NRT) in female smokers therapy, appears to have a positive cessation effect for women and is a potential new treatment
for recidivist female nicotine smokers.

[67] Diagnosis of alcohol dependence and family history prevalence in ~ The study finds a high prevalence of alcohol (68% and 89%) and cannabis dependence (53%

cocaine dependence and 46%) in patients with cocaine dependence. These various dependencies support the RDS
concept.

[68] Dopaminergic activation in the reward circuitry regulates food and ~ The dopaminergic, enkephalinergic, and fos gene expressions are important regulatory genetic

drug craving behavior pathways for both food and drug craving behaviors as proposed in RDS

[69] Dysfunctional connectivity patterns in chronic heroin users: an This dysfunctional brain connectivity may contribute to decreasing self-control, impaired

fMRI study inhibitory function as well as deficits in stress regulation in chronic heroin users.

[70] Gray matter deficits and resting-state abnormalities in abstinent Chronic heroin dependence impairs the right Dorsolateral Prefrontal Cortex (DLPFC) in heroin-

heroin-dependent individuals was studied dependent individuals, including structural deficits and resting-state functional impairments.

[71] Buprenorphine effect on fentanyl withdrawal in rats Buprenorphine prevents affective and somatic fentanyl withdrawal signs. Moreover,
buprenorphine is rewarding in rats previously exposed to fentanyl, but not in opioid-naive rats.

[72] The Salted Food Addiction Hypothesis may explain the overeating  Salt may increase reinforcement produced by fat-rich and other foods. This combination may be

and obesity epidemic an addictive substance that can stimulate opiate and dopamine receptors in the brain's reward
and pleasure center. This effect may explain the salted food preference, urge, craving, and
hunger manifestations of opiate withdrawal.

[73] Distinct resting-state brain activities in heroin-dependent BOLD activation pattern differences of heroin-dependent and healthy subjects included the

individuals orbitofrontal cortex (OFC), cingulate gyrus, frontal and paralimbic regions, anterior cingulate
cortex (ACC), hippocampal/parahippocampal region, amygdala, caudate, putamen, & posterior
insula and thalamus

[74] Body mass index and alcohol use Obese patients have lower alcohol use rates than found in the general population of women. As
BMI increases, rates of alcohol consumption are lower. Overeating may compete with alcohol
for brain reward sites, making alcohol ingestion less reinforcing.

[75] Mice with a deficiency of the G protein Go have multiple The G protein Go is highly expressed in neurons and mediates effects of a group of rhodopsin-

neurological abnormalities like receptors that includes the opioid, alpha2-adrenergic, M2 muscarinic, and somatostatin
receptors. Go plays a central role in motor control, motor behavior, pain perception and is
involved in Ca2+ channel regulation

[76] Neuro-chemical activation of brain reward mesolimbic circuitry is ~ Proposing a paradigm shift in residential, non-residential, and aftercare involving the

associated with relapse prevention and drug hunger: a hypothesis incorporation of genetic testing to identify risk alleles coupled with D2 receptor stimulation
using neuroadaptogen amino acid precursor enkephalinase—catecholamine-methyltransferase
(COMT) inhibition therapy. A natural but therapeutic nutraceutical formulation potentially
induces DA release and cause the induction of D2-directed mRNA and proliferation of D2
receptors in the human.

[771 The relationship between obesity and drug use Obesity may inhibit drug reinforcement. Neurotransmitter release in the nucleus accumbens is
linked to self-administration and learning following drug use. Food intake or sex activates this
endogenous reward system. Therefore, hyperphagia following abstinence may be a rebound
mechanism to replenish neurotransmitter release in this reward system, which leads to weight
gain and a rise in body BMI during recovery from substance abuse.

[78] Na(+) channel blockers for the treatment of pain: context is Voltage-gated Na + channels (VGSCs) remain viable targets for the development of novel

everything, almost analgesics

[79]1 Addiction conceptualized from an Osteopathic Perspective: The basis of much of osteopathic philosophy is the idea of total body allostasis and homeostasis.

Dopamine Homeostasis

The achievement of dopamine homeostasis as part of a comprehensive biopsychosocial
treatment strategy in the effective management of addiction is discussed in this article.

(continued on next page)
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Reference Topic Comment

[80] The Food and Drug Addiction Epidemic: Targeting Dopamine Strategies indicated by this understanding of nutriepigenomics and neurogenetics in the
Homeostasis. treatment and prevention of metabolic syndrome and obesity include the moderation of mRNA

expression by DNA methylation and inhibition of histone deacetylation.

[81] Microglial activation in the brains of human users of Midbrain, striatum, thalamus, orbitofrontal and insular cortices binding levels correlated
Methamphetamine was investigated. inversely with the methamphetamine abstinence duration (p < 0.05). These results suggest

that reactive microgliosis can result from chronic self-administration of methamphetamine, but
the level of activation appears to subside over longer periods of abstinence.

[82] Methamphetamine (METH)- and trauma-induced brain injuries Functional changes in the brain from METH use disorder (MUD) result in changes similar to
(TBI): comparative cellular and molecular neurobiological those in TBI. A greater benefit to those with MUD might result from rehabilitation and
substrates treatment with neuroprotective pharmacological agents such as calpain and caspase inhibitors,

used to treat TBI.
[83] Depression in Opiate Addicts The authors note that methadone programs have a high prevalence of depression and
concurrent treatment for depression. They gave the dexamethasone suppression test (DST) to 42
opiate addicts two weeks after detoxification. The DST provided a sensitivity of 80%, and a
specificity of 93% for Major Depression diagnosed according to the Research Diagnostic
Criteria.

[84] Methadone-induced endorphin dysfunction in MUD. Similar to alcohol as reported by Blum et al. methadone induces an apparent endorphin

dysfunction in polydrug abusers

DRD?2 allele that caused reduced numbers of DRD2 receptors and hy-
podopaminergia [39]. He called these behaviors collectively “Reward
Deficiency Syndrome” [40] now included in the SAGE Encyclopedia for
Clinical and Abnormal Psychology [41]. Based on the reward circuitry,
genetic polymorphisms that also contributed to this deficiency, were
identified from the available and continually expanding field of genetic
research (see Table 2), and were foundational in the development of pro
dopamine regulation [42] and the Genetic Addiction Risk Score (GARS)
test [43].

2.3. Gold's dopamine depletion hypothesis

Cocaine escalation for many years was considered to occur when
dopamine increased in the reward circuitry of the brain. Indeed, the
basis for all psychoactive substance abuse was the induction of neu-
ronal dopamine release [51]. The conceptual framework behind the
current list of FDA approved drugs for both SUD has been the idea of
blocking increased dopaminergic function in the brain [52].

However, we must consider the comparison of dopamine surfeit to
dopamine deficit theories. We have argued in favor of a dopamine
deficit for the known escalation of, for example, cocaine [53]. Neu-
roimaging work favors dopamine agonist modalities rather than dopa-
mine antagonist therapy for all RDS behaviors, including alcohol,
opioids, and psychostimulants. The surfeit theory of stress also reduces
dopamine in the reward circuitry [54].

In brief, the following studies by Gold's group reflect upon the
neurological correlates of clinical aspects of drug-seeking, drug re-
instatement, withdrawal symptomatology, relapse; psychostimulant
dopaminergic agonist therapy; and prophylaxis, see Table 3.

2.4. Volkow's hypodopaminergia receptor theorem

Hypodopaminergia or dopamine depletion is a complicated but es-
sential aspect of the genetic predisposition to reward-seeking behavior
induced by chronic ethanol abuse [85]. Thousands of reports in the
literature looked for SNPs of reward genes based on low-dopamine
function. There are many notable examples of progress in the under-
standing of the neurochemical mechanisms involved in the addiction
process, including withdrawal symptomatology [86]. Also under-
standing the physiological basis of neurotransmission [87]; the neuro-
chemical mechanisms for synaptic function [88]; the role of long-term
potentiation in drug self- administration and sensitization [89]; the
mechanisms of pre and postsynaptic neurobiological storage, release,
and catabolism of neurotransmitters [90]; the role of the” Brain Reward
Cascade” in craving behavior and relapse [91]; and the role of neuro-
genetics and epigenetics in all aspects of drug-seeking and process

addictions [92]. One study, in particular, shows that childhood mal-
treatment alters brain gray matter, which may induce relapse to psy-
choactive drugs later in life [93].

In brief, the following studies represent the work of Volkow's group
primarily related to the utilization of positron emission tomography
(PET) to map neurotransmitter receptors and investigate the neuro-
mechanisms related to both drugs of abuse, obesity and reward cir-
cuitry, see Table 4.

Recently, through the work of a select few neuroscientists notably,
Eric Nestler and his team, the newer understanding of how the en-
vironment may change phenotypic expression without actually altering
DNA over two or more generations have been characterized.

2.5. Nestler's epigenetic theorem

Epigenetics is the study of heritable phenotypical changes that do
not involve alterations in the DNA sequence [119]. The epigenetics
features of RNA are situated above and in addition to the traditional
genetic basis for inheritance DNA [120]. Epigenetics changes that effect
gene activity and expression. These effects on physiological cellular
phenotypic traits may result from external or environmental factors and
be part of healthy development. Importantly, the standard definition of
epigenetics requires that these alterations be heritable [121] either in
the progeny of cells or organisms.

In brief, the following studies represent the work of Nestler's group,
especially as it relates to the development of epigenetics linked to brain
reward and addiction, see Table 5.

The “comments” in Tables 1-5 are explanations of the relevance of
each study to understanding the premises of “Theorems” or medical
hypotheses deduced by an exploration of research topics and serves as
the foundational neurobiological basis of addiction in these modern
times.

3. Understanding endorphin deficiency syndrome and opioid
deficiency syndrome

Induction of an Opioid Peptide Deficiency Syndrome may involve
both genetic and epigenetic insults to the brain reward circuitry specific
to opioid peptides (i.e., endorphins, enkephalins, and dynorphins).
Genetic deficits may include polymorphisms in the Membrane metal-
endopeptidase (MME), a carboxypeptidase enzyme, responsible for the
inactivation of endogenous opioid peptides. Comings et al. [154]
identified a dinucleotide polymorphism in the 5’ region of the MME
gene that provides a high activity of this enzyme and subsequently
reduced endogenous opioid peptides by substantial inactivation. The
resultant general “hypo-opioidergia” or a specific “hypo-
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Table 4
Hypodopaminergia receptor theorem.

Reference Topic Comment

[94] Biological correlates of mental activity studied with positron emission Findings obtained with PET illustrate the highly interactive organization of the brain
tomography (PET). and can be used to identify the number of dopaminergic and other neurotransmitter

receptors

[95] Amphetamine induced decreases in (18F)-N-methylspiroperidol binding in The uptake and retention, in the rat striatum, were five-fold higher for [18F]-N-
the baboon brain using positron emission tomography (PET) methylspiroperidol than for [18F]spiroperidol. These results suggest that [18F]-N-

methylspiroperidol is an ideal choice for studies of the dopamine receptor in humans

[96] The metabolism in cocaine dependence and withdrawal changed brain Selectivity in changes in glucose metabolism of the basal ganglia and the orbitofrontal
glucose metabolism cortex suggest that regional metabolic changes during detoxification from CUD are

related to changes in brain dopamine activity.

[971 Age-associated decrements in dopamine D2 receptors in the thalamus and The decrease in DA D2 receptor availability was 6.6% per decade in caudate, 8.2% in
temporal insula of human subjects the putamen, 7.6% in the thalamus, and 13% in the temporal insula. This study

indicates that D2 losses with age are not limited to the striatum and also involve
thalamic as well as temporal cortical regions. This depletion results in well- known
increases in substance seeking in older adults.

[98] Cerebral blood flow changes following acute alcohol intoxication were Reduced blood flow to the cerebellum was observed with high and low alcohol doses.
measured with PET The decrease in cerebellum blood flow could account for the muscular incoordination

induced by alcohol. While acutely increased alcohol intake causes increased dopamine
release, chronic alcohol intake results in reduced dopamine availability.

[99] Blunted response to alcohol intoxication was observed in limbic brain Decreased sensitivity in reward circuits of people with CUD could be responsible for
regions of people with CUD. the blunted limbic and cortical response to alcohol with associated depleted dopamine.

[100] Increases in brain dopamine and D(2) receptor occupancy is associated with ~ This study is the initial clear demonstration that stimulant-induced high, a mood
the reinforcing effects of psychostimulants in humans descriptor that reflects reinforcing effects of drugs in humans, associates with increases

in brain dopamine. It also demonstrates a quantitative relationship between the
intensity of the high and levels of D(2) receptor occupancy by dopamine.

[101] The serotonergic modulation of dopamine was measured with [11C] A decrease in [11C] raclopride binding is consistent with an observed increase in
raclopride and PET in healthy human subjects. dopamine concentrations and the ability of serotonins' ability to neurobiologically

stimulate dopamine activity.

[102] Brain dopamine and obesity Dopamine modulates motivation and reward. In obese individuals, the availability of
dopamine D2 receptors decreased proportionally to BMI. In these individuals,
dopamine deficiency may perpetuate compensatory pathological eating to increase
dopamine activation.

[103] Dopamine receptor-mediated regulation of striatal cholinergic activity: This study suggests that under normal physiological conditions, the predominant
positron emission tomography studies with norchloro[18F] influence of endogenous dopamine on striatal ACH output is receptor-mediated
fluoroepibatidine dopamine D2, not D1.

[104] Initial PET Studies used [18F]R041-0960 to map catechol-O- R041-0960 is a potent, fluorine-containing COMT inhibitor that reported to cross the
methyltransferase in vivo blood-brain barrier and to inhibit COMT in the brain. This was the first example of a

positron emitter labeled radiotracer for COMT and provide initial encouraging
evidence that [18F]R041-0960 may be used to examine COMT in peripheral organs in
vivo. COMT catabolizes synaptic dopamine and serotonin, carriers of the Val variant
catabolize excessive amounts at about 4 X the standard Met variant

[105] Human striatal dopamine release during aerobic exercise was studied using ~ The subjects exercised vigorously for 30 min; however, no significant changes in
PET synaptic DA concentration were detected.

[106] “Nonheroic” food motivation in humans involves dopamine in the dorsal The initial evidence that dopamine in the dorsal striatum is involved in food
striatum and methylphenidate amplifies this effect. motivation in humans distinct from the role of dopamine in regulating reward through

the NAc. This study also demonstrated the ability of methylphenidate to amplify weak
dopamine signals.

[107] Naloxone acts as an inverse opiate agonist having mechanistic implications According to this model, dependence is the overexpression of the active receptors, and
for drug dependence and withdrawal withdrawal is a sudden change from the active to the inactive state.

[108] Dopamine D2 receptor availability was measured in opiate-dependent Although no significant changes in striatal DA concentration are documented in this
subjects before and after naloxone-precipitated withdrawal. study during acute withdrawal, decreases in D2 receptors in opiate-dependent subjects

are documented.

[109] Bariatric surgery reduced resting connectivity of brain regions involved with ~ Obese individuals exhibit brain alterations of resting-state functional connectivity
self-referential processing in obese patients (RSFCQ) integrity of resting-state networks (RSNs) related to food intake. Bariatric

surgery significantly decreased FCD in regions involved in self-referential processing
ventromedial prefrontal cortex (VMPFC), dorsomedial prefrontal cortex (DMPFC),
Dorsal anterior cingulate cortex (dACC), precuneus, and interoception (insula), and
changes in VMPFC/precuneus were associated with a reduction in BMI suggesting a
role in improving control of eating behaviors following surgery.

[110] GABAergic attenuation of cocaine-induced dopamine release and locomotor ~ Gamma-vinyl GABA (GVG) significantly and dose-dependently attenuated cocaine-
activity induced dopamine release in the corpus striatum of freely moving animals.

[111] The dopamine system is effected by Delta (9)-tetrahydrocannabinol. Acute THC administration causes increased dopamine release and neuron activity,
whereas long-term use is associated with blunting of the dopamine system. Future
research must examine the long-term and developmental dopaminergic effects of THC.

[112] Misconceptions and mitigation strategies for OUD in chronic pain patients Review article discussing possible hyperalgesia and other risks

[113] Medication-assisted therapies—tackling the opioid-overdose epidemic The rates of emergency department visits and substance-abuse treatment admissions
related to prescription opioids increased markedly. Insurers paid an estimated $72.5
billion for prescription-opioid abuse in 2007, a substantial increase over previous years

[114] Untangling the complexity of opioid receptor function Studies reveal multiple layers of complexity of opioid receptor function, including a

spatiotemporal specificity in opioid receptor-induced cellular signaling, ligand-
directed biased signaling, allosteric modulation of ligand interactions,
heterodimerization of different opioid receptors, and the existence of splice variants
with different ligand specificity.

(continued on next page)
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[115] Association of genetic ancestry with striatal dopamine D2/D3 receptor

availability

[116] NOW vs. LATER brain circuits: implications for obesity and addiction.

[117] Effect of combined naltrexone and bupropion therapy on the brain's

functional connectivity

[118] Impaired periamygdaloid-cortex prodynorphin (PDYN) is characteristic of

opiate addiction and depression.

Variation in dopaminergic candidate genes did not drive the effects of ethnicity on
D2R. Instead, candidate gene associations with striatal D2R diminished when
correcting for ancestry.

DA enables shifting from NOW to LATER, while its modulation of the insula, which
processes interoceptive information, influences the probability of selecting NOW vs.
LATER actions based on an individual's physiological state.

NB32 (sustained-release Buprenorphine) treatment decreased local and global FCD in
superior parietal cortex and increased its connectivity with ACC (involved with
saliency attribution), insula (interoception), and decreased local FCD in the medial
prefrontal cortex (craving), which might underlie NB32 improved control over eating
behaviors.

Found reduced PDYN mRNA expression in the postmortem human amygdala nucleus
of the periamygdaloid cortex (PAC) in both heroin abusers and MDD subjects, which
was confirmed by animal experimentation.

endorphinergia” function at both the delta or mu receptors and a ‘hypo-
dynophinergia” at kappa receptors (not shown in Fig. 3). Also, at birth,
an individual may carry the of the rs260997 C allele of Proenkephalin
(PENK), which causes, for example, a significantly reduced enkephalin
synthesis across the BRC [155]. Moreover, Niikura et al. [156] reported
that there are epigenetic insults that reduce mRNA expression involving
downregulation of mu receptor numbers or availability by chronic use/
misuse of opiate analgesics like heroin or potent synthetic opioids like
methadone, buprenorphine. Furthermore, Nylander et al. [157] showed
a reduced leu-enkephalin in the VTA of Sprague Dawley rats with
chronic morphine treatment.

Various human activities trigger the production of endorphins or
enkephalins. Laughter is known to increased resistance to pain, stimu-
late endorphin production [158], and vigorous aerobic exercise releases
B-endorphin [159,160]. Endorphins are released by pleasurable beha-
viors like eating chocolate, which contains TIQs, sex, orgasm, eating
food, yoga, meditation, and listening to music [161,162].

Enkephalins are in high concentrations in the brain, especially in the
hippocampus and prefrontal cortex. Stressors impact neuropeptides and
their action in metabotropic enkephalin G-protein-coupled receptors,
including delta-opioid and mu receptors [163,164]. Other endogenous
opioid ligands such as dynorphins bind to kappa receptors, while en-
dorphins per se bind to mu receptors [165,166].

Within the mesolimbic reward process, enkephalins inhibit the re-
lease of the neurotransmitter GABA when they bind to the p-receptor to
increase the production and release of dopamine [167]. Endorphin or
opioid deficiency will result in a lowered inhibitory control over GA-
BAergic inhibition, and thus through raphe nucleus interaction at the
substania nigra —VTA junction reduces dopamine release at the NAc.
The resultant hypodopaminergia will set people up for addiction lia-
bility.

It is well known now that the interaction of at least seven neuro-
transmitter systems (serotonin, opioid peptides, cannabinoids, GABA,
Glutamate, acetylcholine, and dopamine) and associated second mes-
sengers play a role in reward processing in the brain of Homo sapiens.
The Brain Reward Cascade (BRC) provides dopamine release illustrated
in Fig. 1 is the basis of pleasures from everyday natural rewards. The
suggestion is that balanced neurotransmission will animate feelings of
wellbeing and reduced stress, while impairments in the BRC can result
in a hypodopaminergia. For example, if an individual carries a poly-
morphism in the OPM1 (rs1799971 - A118G) and as such reduced
function of this mu-opioid receptor. This functional reduction will re-
sult in an over-expression of GABAergic signaling. In turn, this excess
GABA signaling will significantly reduce the net preferential-neuronal
release of Dopamine at the NAc. Also, there could be epigenetically
induced methylation that can cause a reduced mRNA expression for at
least two generations [168]. Having an antecedent opioid/endorphin
deficiency configures the individual with the potential to have un-
controlled dependence once exposed to a powerful opioid like

Oxycontin. This risk reflected the challenges the entire scientific com-
munity has in the face of the worst opioid epidemic ever seen in
America.

4. Summary

Medical health professionals have learned that opioid exposure as
part of a pain treatment regimen for a wisdom tooth or a fracture can
lead to a lifelong opioid use disorder. Genetic researchers wonder
whether some people might have genetically fragile opioid systems that
may implode when exposed to exogenous opioids. The genetic addic-
tion risk score (GARS) is a predictor of vulnerability to opioid depen-
dence [169]. These theorems argue that Endorphinergic Deficiency
Syndrome, a subset of RDS [170], rather than generalized opioid defi-
ciency syndrome, is the process underlying the opioid epidemic. Gold's
work on concurrent inhibition of the nucleus locus coeruleus by the
alpha-2 adrenergic systems provides for novel pharmacological thera-
pies like clonidine and lofexidine [171], rapid and slow nonopioid
detoxification and possible new treatments for craving and anxiety.

The current emphasis on opioid replacement in opioid use disorders
(OUD) is a treatment based on a disease model that has not been
proven. Oddly, the most efficacious treatments for OUDs are the
treatments that stimulate compliance [172], are so closely related to
opioid drugs of abuse, that the patient becomes addicted to the treat-
ment, so discontinuation becomes unlikely [173]. The brain has not
carved out an opiate (like codeine) or opioids (like buprenorphine)
deficiency as a phenotypic target per se. However, methadone and
buprenorphine treatments are the first options for most, if not all, pa-
tients with OUDs [174]. Like in the early days of methadone main-
tenance, opioid replacement is seen as insulin, might be, for a diabetic
but provided in dose equivalents that are not related to endogenous
opioids but rather saturation or blocking exogenous opioid reinforce-
ment doses [175]. Dose escalation of the exogenous opioids provided as
treatments for OUDs may further compromise the patients' ability to
ever recover from an underlying Endorphinergic Deficiency Syndrome.
Relatively opioid naive OUD patients may acquire an iatrogenic en-
dorphin deficiency. Exogenous opioids produce Dopamine Deficiency
Syndrome (DDS), also a subset of RDS, depression, and anhedonia and
may also be a cause of exogenous opioid seeking and abuse [176,177].
Most guidelines around the world recommend psychosocially assisted
agonist maintenance therapy, and not medication alone as a treatment
for OUD. This assistance has been difficult or impossible for many pa-
tients during the COVID 19 crisis. Many have dropped out of treatment,
and others have tried telemedicine and technologically assisting beha-
vioral therapies while continuing their MATs.

While escalating the dosing of prescribed opioids reduces further
opioid seeking behavior in general, the fact of the matter is that sub-
sequent urine analysis, even in a controlled environment, for example,
residential and out-patient treatment centers reveal the opposite [173].
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Reference Topic Comment

[122] Dual mechanisms of opiate dependence in the locus coeruleus Together, data from VTA and LC illustrate the complex and important changes in
synaptic, cellular, and structural plasticity that mediate the lasting effects of opiate drugs
on the brain's catecholamine neurons and other neuronal types in these regions, which in
turn influence drug reward and dependence.

[123] The common intracellular actions of chronic morphine and cocaine in Lesions in the VTA disrupt self-administration of cocaine and opioids due to impairment

dopaminergic brain reward regions of dopaminergic signaling

[124] neurotrophic factors influence morphine- and cocaine-induced Increase in tyrosine hydroxylase in the VTA following chronic morphine and chronic

biochemical changes in the mesolimbic dopamine system cocaine treatments has been shown in previous research. Chronic morphine treatment
also increases levels of glial fibrillary acidic protein in this brain region. Brain-derived
neurotrophic factor, which by itself tended to decrease tyrosine hydroxylase levels in the
VTA, prevented the characteristic increase in tyrosine hydroxylase following morphine
and cocaine exposure and reversed the increase in rats pretreated with morphine.

[125] Chronic ingestion of ethanol up-regulates NMDAR1 receptor subunit Increased NMDAR1 subunit levels in the hippocampus after chronic ethanol exposure

immunoreactivity in rat hippocampus. may represent an important neurochemical substrate for some of the features associated
with ethanol dependence and withdrawal.

[126] A persistent decrease in adenylate cyclase is a novel action of morphine in A persistent decrease in adenylate cyclase occurred in a dose-dependent manner

the rat locus coeruleus mediated through the actions of morphine at opiate receptors. Naltrexone, a long-acting
opiate receptor antagonist was administered in vivo concomitantly and prevented the
inhibition.

[127] Chronic buprenorphine treatment attenuates cocaine conditioned place Buprenorphine (BUP), a mixed opioid agonist-antagonist, was shown to suppresses

preference. cocaine self-administration in monkeys and reduce cocaine use in humans. This study
found that BUP reduces the ability of cocaine to condition a place preference in rats.

[128] The expression of GABAA receptor alpha 1 and alpha 5 subunits in the Based on these data the effects of chronic ethanol administration on the GABAA receptor

VTA and hippocampus are regulated by chronic ethanol administration subunit expression in the hippocampus and VTA may play a role in craving and other
detrimental cognitive effects of alcohol.

[129] Chronic cocaine effects regulation of immediate early gene expression and  Levels of Fos-like c-fos and c-jun mRNA immunoreactivity, which are increased in the

AP-1 binding in the rat nucleus accumbens NAc by acute cocaine, were reduced to control levels. Meanwhile in animals treated
chronically with cocaine, AP-1 binding activity in the NAc remained elevated 18 h after
the last chronic injection.

[130] Protein phosphorylation and second messenger mechanisms possibly Found that chronic opiates increase levels of the G-protein subunits Gi alpha and Go

underly genetic vulnerability to alcoholism alpha, adenylate cyclase, cyclic AMP-dependent protein kinase, and some
phosphoproteins (including tyrosine hydroxylase) in this brain region

[131] Induction of chronic Fos-related antigens in rat brain by chronic morphine = Prolonged withdrawal periods induced Fos-related antigens (chronic Fras) in several

administration brain regions, but not chronic morphine alone.

[132] In the rat mesolimbic dopamine system axoplasmic transport is impaired ~ Chronic morphine decreased axonal transport from the VTA to the NAc by 50%.

by chronic morphine However, consistent with its lack of effect on neurofilaments (NFs) in this brain region
chronic morphine did not alter axonal transport from the locus coeruleus to several of its
projection areas.

[133] Behavioral, electrophysiological, and biochemical correlates of opiate Increased LC neuronal activity is associated with temporally increased levels of G-

withdrawal in the locus coeruleus (LC) of the rat proteins and an up-regulated cAMP system. These may contribute to the early-
withdrawal activation of these neurons in behavioral morphine withdrawal syndrome

[134] Morphine-reward and feeding are regulated by CREB, in the lateral The study revealed that opioids and stress induce increased transcription of CREB in the

hypothalamus. lateral hypothalamus which can effect both drug and food reward

[135] Adenylyl cyclase-5 activity in the NAc regulates anxiety-related behavior =~ Administration of norbinaltorphimine (a kappa-opioid receptor antagonist) or CCK-8s (a
CCK receptor agonist) reversed the anxiolytic-like behavior exhibited by AC5—/—
mutants. These results suggest an essential role of 5 adenylyl cyclase (AC5) in the NAc
for maintaining healthy levels of anxiety.

[136] LC behavioral adaptations to chronic emotional stimuli are controlled Exposure to chronic but not acute cocaine or stress decreases HDAC5 function in the NAc

epigenetically by Histone deacetylase 5 in the brain reward region, which allows for increased histone acetylation and
transcription of HDACS5 target genes

[137] The induction of Delta FosB in reward-related brain structures after Chronic restraint-stress induced DeltaFosB expression in several discrete regions of the

chronic stress was studied. brain, predominantly in the Frontal Cortex (fCTX), NAc, and basolateral amygdala, with
lower levels of induction seen elsewhere. These findings establish that chronic stress
induced DeltaFosB induction could contribute to the long-term effects of stress on the
brain.

[138] Hertrl and 2 signaling differentially regulate depression-like behaviors. Significantly reduced behavioral despair in the forced swim test and tail suspension test
was displayed by Hertrl null mice. Also, Wild-type mice treated with the hertrl
antagonist SB-334867 displayed a similar reduction in behavioral despair. These studies
suggest the balance of orexin action at the hertrl or the hertr2 receptor produces an anti-
depressant or pro-depressant like effect, depending on the receptor subtype activated.

[139] Essential role for RGS9 in opiate action A family of G protein signaling (RGS) regulators are known to accelerate effector
stimulation termination after G protein receptor activation. A brain-specific splice
variant of the RGS9 gene, RGS9-2, is highly enriched in the striatum and expressed at
much lower levels in the periaqueductal gray and spinal cord structures known to
mediate various actions of morphine and other opiates. Mice lacking RGS9 show
enhanced behavioral responses to acute and chronic morphine, including a dramatic
increase in morphine reward, increased morphine analgesia with delayed tolerance, and
exacerbated morphine physical dependence and withdrawal.

[140] Inhibition of cAMP response element-binding protein or dynorphin in the ~ Together, the results demonstrate that the nucleus accumbens CREB-dynorphin

nucleus accumbens produces an antidepressant-like effect. influence behavior in the learned helplessness model and suggest that this signaling
cascade may contribute to symptoms of depression.

[141] Epigenetic Basis of Mental Illness Exposure to environmental insults induces stable changes in gene expression, neural

circuit function, and ultimately behavior, and these maladaptations appear distinct
between developmental versus adult exposures. Increasing evidence indicates that

(continued on next page)
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[142] The epigenetic mechanisms of chronic pain.

[143] Epigenetic mechanisms of drug addiction

[144] Susceptibility to Social Defeat Stress is controlled by cell-type-specific

epigenetic editing at the FosB gene

[145] The mesolimbic dopamine reward circuit in depression

[146] The role of DNA methylation within the nucleus accumbens in the
incubation of cocaine craving
Inhibition of Class I, HDAC blocks cocaine-induced plasticity by targeted

changes in histone methylation

[147]

[148] The expression of the RhoA network in the NAc to control synaptic
structure is augmented by withdrawal from chronic morphine

administration

[149] Histone arginine methylation was observed in cocaine action in the NAc

[150] Histone acetylation in drug addiction

[151] The striatal balancing act in drug addiction: distinct roles of direct and

indirect pathway medium spiny neurons

[152] The epigenetic basis of opiate suppression of Bdnf gene expression in the

ventral tegmental area was delineated

[153] Proenkephalin (Penk) mediates the enduring effects of adolescent

cannabis exposure associated with adult opiate vulnerability

epigenetic modifications maintain these sustained abnormalities in specific brain
regions. Indeed, the transcriptional dysregulation and the aberrant epigenetic regulation
that underlies this dysregulation is a unifying theme in psychiatric disorders

There is evidence that injury-induced changes in chromatin structure drive persistent
cellular and molecular adaptations in gene expression and neural function, which may
contribute to the development of several symptoms of chronic pain, including allodynia,
hyperalgesia, anxiety, and depression.

Three major modes of epigenetic regulation-histone modifications such as acetylation
and methylation, DNA methylation, and non-coding RNAs are changes induced within
the brain's reward regions by repeated exposure to drugs of abuse

This demonstrates the first cell- and gene-specific targeted histone modifications, which
model naturally occurring transcriptional phenomena that control social defeat stress
behavior. This epigenetic-editing approach, which recapitulates physiological changes in
gene expression, reveals clear differences in the social defeat phenotype induced by FosB
gene manipulation in medium spiny neuron) MSN subtypes.

This study focused on the NAc ventral striatum, its dopaminergic input from the VTA and
the potential role of the mesolimbic dopamine system in depression. The mesolimbic
dopamine system is most often associated with the rewarding effects of food, sex, and
drugs of abuse.

Withdrawal periods, and cue-induced cocaine seeking, were associated in this study with
broad, time-dependent enhanced DNA methylation alterations in the NAc.

This study demonstrates that specific and prolonged blockade of HDAC1 in NAc of mice
increased global levels of histone acetylation, induced repressive histone methylation
and antagonized cocaine-induced changes in behavior. This effect was mediated in-part
through a chromatin-mediated suppression of GABAA receptor subunit expression and
inhibitory tone on NAc neurons.

The nucleus NAc is a critical reward region of the brain that mediates the effects of
psychoactive substances including morphine and other opiates. An important role for
hippocampal RhoA in morphine-facilitated reward behavior. Recent work revealed an
important role for RhoA signaling cascades in mediating the effects of long-term
morphine withdrawal on NAc MSN dendritic spine elimination.

Src kinase (Srcinl), signaling inhibitor also referred to as (p140Cap) is a key gene target
for reduced H3R2me2a binding. These findings suggest that PRMT6 and H3R2me2a
down-regulation suppression of Src signaling in NAc D2-MSNs, via, functions is a
homeostatic brake to restrain cocaine action. This finding may provide novel candidates
for the development of treatments for cocaine addiction-like Pro-dopamine regulator
(KB220).

Regulation of chromatin structure through post-translational modifications of histones
(e.g., acetylation) has emerged as an important mechanism to translate a variety of
environmental stimuli, including drugs of abuse, into specific changes in gene
expression.

The striatum plays a crucial role in mediating the acute and chronic effects of addictive
drugs, with drugs of abuse causing long-lasting molecular and cellular alterations in both
dorsal striatum and nucleus accumbens (ventral striatum). We now know there are two
MSN subtypes (direct & indirect) in the long-term actions of drugs of abuse.

Found that morphine suppressed binding of phospho-CREB (cAMP response element-
binding protein) to Bdnf promoters in VTA, which resulted from the enrichment of
trimethylated H3K27 at the promoters, and that decreased NURR1 (nuclear receptor
related-1) expression also contributed to Bdnf repression and associated behavioral
plasticity to morphine.

Following adolescent A(9)-tetrahydrocannabinol (THC) exposure, enhanced heroin self-
administration (SA) and dysregulation of the endogenous opioid system in the NAc shell
(sh) of adults has been demonstrated in animal studies. A direct association between
heroin self-administration and THC-induced NAcsh Penk upregulation indicate that
epigenetic dysregulation of Penk underlies the long-term effects of THC were established
by this data.

Two independent studies from our group have shown that urine drug
testing revealed very high illicit drug abuse up to 49% even during
treatment with maintenance drugs like methadone [178] and bupre-
norphine/naloxone [173]. Although MATSs are safe and effective, early
dropouts and discontinuations are common [172].

Opioid antagonist treatment currently is the least popular of the
FDA approved treatments for OUD treatment. However, patients
treated with naltrexone and long-acting injectable naltrexone may have
advantages over those treated with agonists [179]. Long-term outcomes
include evaluation of a full return to pre-OUD social, psychological, and
intellectual function. Physician addicts [180], but not others with OUD,
are preferentially treated with antagonists. Physicians with OUDs have

the best five-year outcomes reported, including a return to the de-
manding work of physician practice without agonist MATs [181].
Business executives, union members, and others with active case
management or employee assistance program may also have physician-
like outcomes with antagonist treatment [182]. Treatment of OUDs
with opioid agonists used for pain, cause complaints of attentional,
cognitive, memory and affective impairments and are increasingly used
with caution in these and other populations, except those with OUDs.
Cognitive changes and performance are highlighted by Polles and her
colleagues from the State of Florida's impaired physician program in
this special volume. Transitioning from agonist to antagonist has been
an obstacle for some but can be managed [183]. Physicians with OUD
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Genetic and Epigenetic: Induction of Endorphin Deficiency
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Fig. 3. Schematic of genetic and epigenetic induction of Opioid Peptide Deficiency Syndrome.

Induction of an Opioid Peptide Deficiency Syndrome (OPDS) may involve both genetic and epigenetic insults to the brain reward circuitry specific to opioid peptides
(i.e., endorphins, enkephalins, and dynorphins). Genetic deficits may include polymorphisms in the Membrane metal- endopeptidase (MME), a carboxypeptidase
enzyme, responsible for the inactivation of endogenous opioid peptides. Comings et al. identified a dinucleotide polymorphism in the 5’ region of the MME gene that
provides a high activity of this enzyme and subsequent reduced endogenous opioid peptides by strong inactivation. Consequently, a general “hypoopioidergia” or a
specific “hypoendorphinergia” function at both the delta or mu receptors and a ‘hypodynophinergia” at kappa receptors (not shown in Fig. 3) [red hatch sign]. Also,
at birth, an individual may carry the of the rs260997 C allele of Proenkephalin (PENK) which causes, significantly reduced enkephalin synthesis across the BRC [red
hatch sign]. Moreover, Niikura et al. reported that there are epigenetic insults that reduce mRNA expression involving downregulation of mu receptor numbers or
availability by chronic use/misuse of opiate analgesics, like heroin, or powerful synthetic opioids like methadone, buprenorphine, [red hatch sign]. Furthermore,
Nylander et al. showed a reduced leu-enkephalin in the VTA of Sprague Dawley rats with chronic morphine treatment [red hatch sign] The dark green arrows

represent the normal flow.

can achieve abstinence, long-term sobriety, return to pre-morbid
function, life, work and retain free will to discontinue treatment.
Craving and provoked craving may also be preferentially treated with
antagonists. Also, Hill et al. showed in long-term SUBX patients a sig-
nificantly flat affect (p < 0.01), and they had less self-awareness of
being happy, sad, and anxious compared to both the GP and AA groups
[184]. Depression is a central problem whether patients are chronically
treated with high dose opioids for pain or OUDs.

We believe while opioid agonists are safe, effective, significantly
reduce overdose, and are positive for harm reduction for many, the
negatives are ignored because we have few alternatives and no non-
addicting substitutes to help with both tertiary treatment and or pro-
phylaxis [79].

The emerging evidence concerning the utility of the best practice to
potentially prevent, treat, and reduce relapse involves the concept of
precision addiction/behavioral management and concomitant induc-
tion of “dopamine homeostasis” [185]. The importance of opioid-free
abstinence and return to pre-morbid function as outcomes are being
debated by clinicians treating OUDs. Meanwhile, future access to per-
sonalized medicine, genetic testing and real-time imaging may help us
understand for whom opioid exposure may produce a life-long opioid
dysfunction—the relative benefits of agonist vs. antagonist OUD
therapy for the particular neurobiology of the patient. The importance
of understanding parallel systems in the neurobiology of signs and
symptoms [55] as well as management of opioid-induced withdrawal
and interventions as espoused by Gold and associates
[23,71,171,186-188] provided the present “standard of care” in the
addiction medicine space. The seminal work of Volkow's group utilizing
brain PET scanning to provide a mirror to the actual function of

10

neurotransmitters and associated receptors, especially in humans, has
advanced our understanding of the underpinnings of addictive beha-
viors [94]. Finally, Nestler's group persuasively demonstrated how the
environment through epigenetics impacts the genetic expression of
many reward-based genes and acts over at least two generations to
influence homeostatic mechanisms [149].

In terms of future research, we are encouraged that scientists will
continue to discover more than one OUD, subtypes based on genetics
and neurobiological system function. We will continue to explore these
historical and timely concepts. This translational research will provide
a novel pathway whereby each individual will be able to enjoy the
inborn legacy of reward and pleasure without needing addictive sub-
stances or behaviors, without having to pay the cruel price of addiction
and pain [189].

This historical review and framework emphasized the similarities in
the theories that resulted from the work of four independent major
scientific research groups carried out from the ‘70s until the present
day. These researches having used various and many basic and clinical
measures, remarkably support essentially the same view; that psy-
choactive substances misuse and non-substance addictive behaviors
have a common mechanism, a deficiency in healthy neurotransmission
of reward, dopamine depletion, mapped neurotransmission depletions,
and dysfunction that have been identified as both genetic and epige-
netic hypodopaminergia.
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