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Abstract

Addictions to licit and illicit drugs are chronic relapsing brain disorders that affect circuits that
regulate reward, motivation, memory, and decision-making. Drug-induced pathological changes in
these brain regions are associated with characteristic enduring behaviors that continue despite
adverse biopsychosocial consequences. Repeated exposure to these substances leads to egocentric
behaviors that focus on obtaining the drug by any means and on taking the drug under adverse
psychosocial and medical conditions. Addiction also includes craving for the substances and, in
some cases, involvement in risky behaviors that can cause death. These patterns of behaviors are
associated with specific cognitive disturbances and neuroimaging evidence for brain dysfunctions
in a diverse population of drug addicts. Postmortem studies have also revealed significant
biochemical and/or structural abnormalities in some addicted individuals. The present review
provides a summary of the evidence that has accumulated over the past few years to implicate
brain dysfunctions in the varied manifestations of drug addiction. We thus review data on
cerebrovascular alterations, brain structural abnormalities, and postmortem studies of patients who
abuse cannabis, cocaine, amphetamines, heroin, and “bath salts”. We also discuss potential
molecular, biochemical, and cellular bases for the varied clinical presentations of these patients.
Elucidation of the biological bases of addiction will help to develop better therapeutic approaches
to these patient populations.
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Introduction

Addictions are brain disorders that affect neural pathways that subsume reward, motivation,
and memory. Because drugs such as amphetamines, cannabis, cocaine, and certain opiates
are illegal, it is difficult to know the exact prevalence of drug use. An estimated 149-271
million people have been reported to use an illicit drug worldwide in 2009. These numbers
represented 125-203 million cannabis users and 15-39 million users of opioids,
amphetamines, or cocaine [47]. The levels and patterns of drug addiction vary with the
pharmacological agents being used. For example, cocaine, marijuana, and methamphetamine
can create various degrees of psychological dependence that is related, in part, to drug-
induced euphoria and an obsessive desire to repeat the initial experience of “getting high”.
The repeated use of opiates induces physical dependence in addition to psychological
dependence. Nevertheless, addiction to any of these substances is associated with adverse
consequences that impact biological, psychological, and social spheres. Addiction also
causes severe financial burdens on health-care systems throughout the world. The enduring
clinical manifestations of drug addiction are dependent on plastic changes that occur in
various brain regions involved in learning and reward processes (Fig. 1). The psychological
consequences are manifested by an inability to abstain from drug seeking and taking,
unbearable craving, and other characteristic behavioral impairments [198]. The social costs
of addiction also include interactions with the legal system because of behaviors focusing on
procuring illicit drugs, substantial loss of productivity at work, and multiple incarcerations
secondary to criminal behaviors. The National Institute on Drug Abuse has estimated the
cost of drug and alcohol abuse/addiction at around $600 billion annually [141]. The
psychosocial problems associated with addictions might be related to the various biological
effects of these drugs on the central nervous system (CNS). Indeed, these agents can impact
both brain structure and function [198]. Drug-induced CNS functions have been documented
in clinical settings using cognitive tests and neuroimaging studies [39]. Moreover, a number
of investigators have reported significant biochemical and structural changes in brains of
humans addicted to illicit substances. The present review documents some of the evidence to
support the notion that the commonly used illicit substances do cause pathological changes
in the brain. We also propose some potential biological mechanisms for these abnormalities.

Marijuana use disorder

Cannabis remains the most widely produced and consumed illicit substance globally, ahead
of amphetamines, opioids, and cocaine [143]. In 2009, between 2.8 and 4.5 % of the world
population aged 15-64 years had used cannabis at least once. Cannabis use has increased
globally, particularly in Asia, since 2009 [143]. Cannabis sativais a plant that grows wild in
many temperate and tropical climates throughout the world. The cannabis plant contains 489
known compounds representing almost all classes of chemicals, including 70 cannabinoids,
of which delta-9-tetrahydrocannabinol (THC) is the most psychoactive [51]. Smoking is the
preferred route of delivery, but the drug can also be taken orally. The acute
psychopharmacological effects associated with cannabis use include euphoria, increased
self-confidence, relaxation, and a general sense of well-being [75]. Acute psychiatric and
behavioral abnormalities, such as anxiety, panic, and attentional abnormalities, have also
been reported [75]. Negative side effects including psychological and physical dependence
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have also been described in chronic cannabis users [75]. Risks of psychotic disorders or
symptoms are higher in regular cannabis users [137].

The pharmacological effects of cannabis occur through stimulation of cannabinoid receptors
by A9-tetrahydrocannabinol (THC) [51]. These are the CB1 and CB2 receptors that are
abundant in brain’s reward circuitries implicated in addiction [112]. CB1 is found on
presynaptic terminals and modulates neurotransmission through inhibition of adenylyl
cyclase activation and cAMP production, decrease of Ca2+ influx, and increase of K+
conductance [120]. CB1 receptors are distributed heterogeneously throughout the human
brain and are widespread in the neocortex, with particularly high concentrations in frontal
regions and areas of associational function [66]. Thalamic nuclei known to be involved in
behavioral and cognitive function (anterior, mediodorsal, midline, and intralaminar) have
higher receptor density, as do other limbic regions, including the hippocampus, amygdalar
complex, and entorhinal cortex [66]. Within the basal ganglia receptor, distribution is highest
in the globus pallidus and ventral pallidum [66]. Hindbrain localization is found primarily in
the cerebellar cortex, whereas the brainstem and spinal cord are almost deprived of any CB1
receptors [66]. CB1 receptors are also found in human peripheral tissue, but in much lower
concentrations. On the other hand, the second type of cannabinoid receptor, CB2 [139], is
present mainly in immune tissues and cells [61, 139], with more recent evidence showing
that it is also present in the CNS [207].

The accumulated evidence supports a role of the endocannabinoid system in various aspects
of drug addiction including influencing rewarding properties of drugs, drug-seeking
behavior, and craving/relapse [112]. Cannabis users suffer from deficits in broad cognitive
domains that include memory, attention, decision-making, and psychomotor speed [8].
Additionally, poorer cognitive performance in areas of risk taking, decision-making, and
episodic memory may influence the degree to which cannabis users engage in risky
behaviors with negative health consequences [173].

Cerebrovascular effects

Marijuana use also impacts the cardiovascular system [179]. Marijuana use increases blood
pressure through sympathetic stimulation and reduced parasympathetic tone [63]. Marijuana
use is associated with cardiac ischemia in susceptible individuals, presumably by causing
catecholamine release that, in turn, increases resting heart rate, ischemia, and arrhythmias
[179]. Coronary vasospasm precipitated by marijuana smoking has also been proposed as a
mechanism for precipitation of acute myocardial infarction in individuals with either normal
or minimally diseased coronary arteries [28]. Myocardial infarction in adults [135] and
children [134] has also been reported with marijuana use. A recent study reported higher
mortality rates associated with marijuana use among patients with high cardiovascular risks
[59]. Interestingly, smoking marijuana decreases vascular resistance, causes orthostatic
hypotension, and limits oxygen uptake by increasing levels of carboxyhemoglobin [179].
Some of the vascular effects of the drug might be related to the significant increases in
serum apoC-111 levels found in heavy marijuana users [83] since there is a positive
relationship between apoC-I111 levels and risk of vascular disturbances.
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In addition, marijuana smoking may also be related to the precipitation of acute coronary
syndrome (ACS) [181]. Although the mechanism by which marijuana use might precipitate
ACS is not yet clear, marijuana smoking may lead to the disruption of plaques due to
hemodynamic stresses and the formation of occlusive thrombi [135]. Further evidence for
increased vascular risk factors in marijuana users was provided in a paper that documented
high pulsatility index, a measure of cerebrovascular resistance, and increased systolic
velocity in marijuana users [78]. These vascular changes might be secondary to marijuana-
induced changes in receptor expression in the vasculature, since the drug causes increased
receptor expression after its chronic use [79]. In addition to high consumption of cannabis
[125, 211], potential triggering factors of stroke in these patients include concomitant
alcohol consumption [125, 204]. These observations support the notion that cerebrovascular
consequences of marijuana abuse may be underestimated [203].

Biochemical and structural abnormalities

Several groups of scientists have investigated the possibility that the drug might cause
alterations in tissue volume, morphology, and composition in the brain [36, 118, 128, 182,
210]. These investigators have found marijuana-induced changes in the hippocampus [210]
and cerebellum [36]. These structural changes might be related, in part, to THC-induced
decreases in the number of neurons and synapses in animal models [98]. Marijuana abusers
also show lower gray matter density in the right parahippocampal gyrus and greater density
bilaterally near the precentral gyrus and the right thalamus as well as lower gray matter
volume in the right anterior hippocampus [17]. This patient population also suffers from
lower white matter density in the left parietal lobe and higher density around the
parahippocampal and fusiform gyri on the left side compared to non-users [118]. Within the
group of heavy cannabis users, reduced gray matter volume strongly correlated with
individual differences in cannabis use and dependence. Specifically, current weekly cannabis
use was associated with reduced hippocampal volume, and the level of cannabis dependence
was associated with reduced amygdala volume [36]. Other investigators have reported that
cannabis users showed gender-dependent changes in the volume of the prefrontal cortex
[128].

The discovery of cannabinoid receptors in oligodendroglial cells [136] motivated a new line
of investigation on white matter status in marijuana users. For example, cannabinoid
receptors have been detected in white matter structures of the fetal and post-natal rat brain,
including the corpus callosum, anterior commissure, fornix, stria terminalis, and stria
medullaris [166]. In adults, the density of cannabinoid receptors is reduced in these
structures [66, 166]. These observations suggest the existence of a developmental period
during which white matter structures might be particularly sensitive to the enduring effects
of exogenous cannabis exposure. Down-regulation of the endogenous cannabinoid system
due to long-term cannabis exposure during this developmental period [40] may result in
apoptosis of oligodendrocyte progenitors [136] and, thereby, alter white matter development
[6, 96, 183]. The age during which regular cannabis use begins might be a key factor
determining the severity of any white matter alteration in marijuana users [212]. In their
study, radial and axial diffusivity correlated positively with the age at which regular use
commenced [212]. Axonal connectivity was found to be impaired in the right fimbria of the
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hippocampus (fornix), splenium of the corpus callosum, and commissural fibers extending
to the precuneus. These observations are consistent with the high levels of cannabinoid
receptors in the fornix and corpus callosum of the developing rat brain [136, 166]. All users
in the Zalesky et al. study [212] had started regular use of the drug during adolescence or
early adulthood, times of continuing white matter development [6].

In summary, the wealth of information gathered from neuroimaging studies has indicated
that marijuana abuse disorder is accompanied with both functional and structural changes in
various regions of the brain. There is still an almost complete lack of information generated
from postmortem studies. The one study that we located reported an increase in the density
of cannabinoid-1 receptors in the caudate and putamen of subjects who had recently ingested
cannabis [46], indicating that the drug can indeed impact the neurochemistry of the
cannabinoid system. To better understand the potential clinical impact of this drug, more
neuropathological studies that use modern neurobiological techniques are necessary to
elucidate the long-term impact of this substance on the brain.

Cocaine use disorder

Cocaine is a highly addictive drug due to its short biologic half-life and strong reinforcing
properties that can lead to compulsive usage. The United Nations Office on Drugs and
Crime (UNODC) estimates the annual prevalence of cocaine use to be between 0.3 and 0.5
% of the world population aged 15-64, or about 14.2-20.5 million people in that age range
[142].

The acute effects of the drug include intense euphoria, increased energy, and alertness that
are linked to cocaine’s inhibition of dopamine (DA) transporter function and consequent
increased DA levels in the synaptic cleft [163] (Fig. 2). In contrast, cocaine overdose is
associated with seizures, status epilepticus, headaches, and strokes [145]. The long-term
effects of the drug that include anxiety, depression, drug craving, and hypersomnolence
[199] might involve disturbances in various neurotransmitter systems including
neuropeptidergic stress systems [91]. Cocaine use is also accompanied by adverse
consequences on the cardiovascular, thermoregulatory, and respiratory systems in addition to
its neuropsychiatric sequelae [145]. These neuropsychiatric manifestations include
decrements in several cognitive domains including executive function, decision-making,
impulsivity, visuoperception, psychomotor speed, manual dexterity, verbal learning, and
memory [145]. These cognitive deficits are probably related to functional dysfunctions in the
prefrontal lobe [16, 68], since neurological patients who suffer damage in this brain region
manifest similar cognitive problem [12].

Other neurological manifestations of cocaine abuse include movement disorders that are
probably due to disturbances in nigrostriatal dopaminergic transmission [31]. Tourette-like
symptoms, dystonic reactions, prolonged dyskinetic movements, and choreic movements
have all been reported with heavy use of the drug [15]. Some patients also suffer from
cocaine-induced excited delirium [194], a syndrome similar to neuroleptic-induced
neuroleptic malignant syndrome which is characterized by hyperthermia, extrapyramidal
signs, altered consciousness, and autonomic dysfunction [92, 194].
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Cerebrovascular effects

Chronic cocaine abuse is known to be associated with destructive nasal, and midfacial bones
and soft tissue destruction [110]. These necrotic changes are secondary to the combined
effects of cocaine-induced vasoconstriction and damage to endothelial cells. The hard palate,
lateral nasal wall, and nasal septum are the most commonly affected sites [110]. Myocardial
infarction, life-threatening ventricular arrhythmias, and cerebral infarction are associated
with cocaine [145, 195]. Cocaine-induced seizures are usually single, tonic-clonic, and may
resolve without intervention [154, 199]. Neurological patients with known seizure disorders
are twice as likely to suffer from cocaine-induced seizures [54]. However, these events can
also be pre-terminal and the risk of patients dying increases with multiple seizures,
hyperthermia, acidosis, cardiac dysrhythmia, and cardiac arrest [199]. The abuse of large
doses of cocaine by young patients [99] can also cause hemorrhagic strokes when the drug is
taken either intravenously or smoked [156]. The cause of these strokes might be related to
drug-induced hypertension [67]. Ischemic strokes have also been reported [90], with
vasospasm, cerebral vacuities, and arterial thrombosis having been suggested as causative
agents [16].

In addition, cocaine use might cause stroke by dislodging thromboemboli [171]. Importantly,
Nolte et al. [146] have reported that 59 % of cases of fatal intracranial hemorrhages followed
over a period of 1 year were associated with cocaine abuse [146]. This prospective study
found no specific pathologic lesions to support either inflammatory or vasculotoxic
etiologies. The authors suggested that cocaine-mediated pharmacodynamic changes such as
vasospasm and hypertension as possible mechanisms that would not have left any
pathological traces [146]. Other important mechanisms for cocaine-induced strokes include
impaired cerebral auto-regulation of blood flow with cerebral artery dilatation or reperfusion
injury [15]. Others have reported the presence of underlying aneurysms or arteriovascular
malformations as causative factors for cocaine-associated intracerebral and subarachnoid
hemorrhages [24]. For example, there are reported cases of cocaine-associated aneurysm
rupture [105], with these occurring at an earlier age than expected in comparison to non-
drug-using patients [151]. Interestingly, Fessler et al. [56] reported that the average size of
the berry aneurysm observed in 12 cocaine users was 4.9 mm, compared to 11 mm in non-
drug-using patients. Also, this study suggested that chronic cocaine use appears to
predispose patients who harbor incidental neurovascular anomalies to present with ruptures
of aneurysm at an earlier point in the natural history of the disorder [56]. Nevertheless, much
remains to be done to better understand the pathobiological bases of the cardiovascular and
cerebrovascular effects of this drug.

Biochemical and structural abnormalities

A number of abnormalities in gene and protein expression patterns have been found in
postmortem brains of cocaine addicts. Specifically, DAT levels and DA uptake are increased
in the ventral striatum of cocaine abusers [116]. Cocaine addicts who died because of
cocaine-induced delirium did not show similar increases in DAT expression, suggesting that
this patient population might represent an important subgroup of patients with differential
responses to the abuse of the drug [115]. Although cocaine exerts its biochemical effects in
the brain by increasing DA levels in dopaminergic synaptic areas, there is no evidence that
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the expression of either D1 or D2 receptor gene is affected in the nucleus accumbens,
caudate, putamen, or substantia nigra of cocaine addicts [127]. There is, however, increased
D3 receptor mMRNA expression in the nucleus accumbens in victims of cocaine overdoses
[176]. Serotonin transporter (SERT) densities are also increased in the nucleus accumbens
and striatum in victims of cocaine overdose [117]. Moreover, decreased levels of enkephalin
mRNA, mu opioid receptor binding, and dopamine uptake sites have been reported [88,
194]. In contrast, the levels of dynorphin mRNA and kappa opioid receptor binding are
increased [82, 185]. Other neuropeptides of interest include cocaine- and amphetamine-
regulated transcript (CART) that is increased in the nucleus accumbens of cocaine abusers
[1]. Of interest to the discussion of white matter abnormalities described above are the
observations that a number of myelin-related genes, including myelin basic protein (MBP),
proteolipid protein (PLP), and myelin-associated oligodendrocyte basic protein (MOBP) are
decreased in the brains of cocaine abusers [95]. These decreases occur in the ventral and
dorsal regions of the caudate and putamen, suggesting that widespread changes to the
myelin structure could be associated with neuroadaptive changes in the brain of chronic
cocaine abusers.

Additionally, a study of brain biomarkers showed that fatal cases classified as excited
delirium exhibited elevated levels of heat shock protein 70 (HSP70). These changes in
HSP70 in conjunction with dopamine transporter levels were stated to be a reliable marker
of excited delirium [115]. A recent study also reported that HSPAL1A and HSPA1B gene
expression, the HSP70-encoding genes, was increased in cocaine-related deaths in
comparison with drug-free controls [86]. Because elevated HSP70 expression was related to
a prolonged survival period, HSP70 might not be a reliable brain biomarker of excited
delirium [86].

Cocaine addicts suffer from cognitive dysfunctions that are probably secondary to abnormal
functions in the prefrontal cortex (PFC) [74]. Structural abnormalities in the PFC have
indeed been found in cocaine addicts [55, 119, 180]. Specifically, Fein et al. [55] reported
that dependence on crack cocaine (with or without concomitant alcohol dependence) was
associated with reduced prefrontal cortical volume (dependence on both substances was not
associated with greater prefrontal volume reductions). Reduced prefrontal cortical volume
was associated with cognitive impairments in frontal cortex-mediated abilities (executive
function). These observations suggest that reduced cerebral volume might have functional
consequences. Matochick et al. [119] also found lower gray matter tissue density in the
frontal cortex of cocaine addicts. Reduced frontal gray volume was also observed in cocaine
addicts. There was also reduced gray volume in the temporal cortex and cerebellum of these
patients [180]. Cocaine abusers showed reduced total cortical volume and reduced thickness,
including paralimbic cortices such as the insula and dorsal prefrontal cortex [111]. Recently,
another study documented lower gray matter volumes in the orbitofrontal cortex, right
Inferior frontal gyrus, right insula, left amygdala and parahippocampal gyrus, temporal
gyrus, and bilateral caudate in cocaine-dependent individuals [138]. Also, volume reduction
in the striatum and the right supramarginal gyrus has been found in this patient population

[71.
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Cocaine dependence is also associated with impaired integrity of the white matter in the
frontal lobe and corpus callosum [100, 101]. Xu et al. [208] described reduced integrity of
the white matter, measured by diffusion tensor imaging, in the frontal, parietal, temporal,
and occipital lobes of cocaine abusers. Diffusion tensor imaging (DTI) is a quantitative MRI
technique that involves measuring the fractional anisotropy of the random motion of water
molecules in the brain. Since anisotropy is modulated by the presence of myelin, diffusion
indices have been used to measure changes in white matter integrity in many diseases that
involve myelin degeneration [58]. Although multiple indexes of tissue abnormalities have
been described using DTI, these changes will need to be linked to histological alterations to
validate the relationship of DTI to tissue changes on a microscopic level.

Recently, Bell et al. [13] provided more evidence for significant structural changes in the
white matter of abstinent cocaine addicts. These abnormalities were observed in the left
anterior callosal fibers, left genu of the corpus callosum, right superior longitudinal
fasciculus, right callosal fibers, and the superior corona radiata bilaterally. The reason for
these abnormalities includes cocaine-induced repeated vasoconstriction and hypoperfusion
of the brain as suggested by Lim et al. [101]. This idea is supported by findings that chronic
cerebral hypoperfusion causes white matter abnormalities in an animal model [97]. Other
potential mechanisms include toxic effects of prolonged use of the drug through mechanisms
that include increased cellular calcium [98] and/or endoplasmic reticulum stress [27]. This
argument is consistent with the report of decreased dopamine cell numbers (=16 %) in the
anterior midbrain of human cocaine users [103]. The presence of reactive gliosis in this
brain region area suggests that the decreased number of dopamine cells found in cocaine
users might be a relatively recent event [103]. More studies are necessary to document the
potential neurodegenerative effects of this drug on the brain.

Amphetamine analog use disorders

Use of amphetamines remains widespread globally and appears to be increasing [143].
Amphetamines are psychoactive substances with stimulant, euphoric, anorectic, and, in
some cases, empathogenic, entactogenic, and hallucinogenic properties [32]. These
compounds enter the brain very easily and cause significant changes in monoaminergic
neurotransmission [32]. Amphetamines act as competitive substrates at the membrane
transporters of noradrenaline (NAT), dopamine (DAT), and serotonin (5-HTT; SERT),
reducing the reuptake of endogenous neurotransmitters while inducing the reverse transport
of endogenous neurotransmitters [50]. Amphetamines also promote the release of DA, 5-HT,
and NE from storage vesicles and cause increases in their cytoplasmic concentrations,
rendering them readily available for reverse transport [93], (Fig. 3). This phenomenon
occurs because the amphetamines can disrupt the pH gradient required for vesicular DA
sequestration, with a secondary release of DA into the cytoplasmic compartment [186, 187].
Of these amphetamines, methamphetamine is taken by oral, intravenous, nasal, or smoking
routes [93], whereas 3,4-methylenedioxymethamphetamine (MDMA) is usually ingested
orally [32].
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Methamphetamine use disorder

Abuse of methamphetamine has become an international public health problem [143].
Annual prevalence estimates for amphetamine-like substances ranged between 0.3 and 1.3 %
in 2009, or about 14-57 million people aged 15-64 years [143]. Amphetamine abuse is
highly prevalent in Africa, the Americas, and Asia. The inexpensive production of
methamphetamine, its low cost, and long duration of action are factors that contribute to its
abuse profile [93]. Methamphetamine users experience a sense of euphoria, increased
productivity, hypersexuality, decreased anxiety, and increased energy after acute intake [81].
These effects can last for several hours, because the elimination half-life of
methamphetamine ranges from 10 to 12 h [171]. Long-term negative consequences of
methamphetamine abuse range from anxiety and insomnia to convulsions, paranoia, and
brain damage [93]. Consistent with abnormalities in brain structure and function, cognitive
impairments have also been observed in methamphetamine abusers [45]. A meta-analysis
study by Scott et al. [175] identified significant deficits of a medium magnitude in several
different cognitive processes that are dependent on the functions of frontostriatal and limbic
circuits. These include episodic memory, executive functions, complex information
processing speed, and psychomotor functions [175]. Methamphetamine dependence is
associated with complaints of cognitive dysfunctions including memory problems and self-
reported deficits in everyday functioning [160].

Cerebrovascular effects

Methamphetamine is a potent sympathomimetic that causes DA and NE release in the
vascular system, with resulting increases in pulse rate and blood pressure [93]. In a
retrospective study, Ho et al. [80] studied cases from patients who used methamphetamine,
documented by history or urine toxicology screening. They found an association of
methamphetamine usage with ischemic strokes, intracerebral hemorrhages, and
subarachnoid hemorrhages. Other investigators have reported similar findings [76, 150, 155,
201]. There was a predominance of vascular pathology in the anterior circulation and these
included vascular stenoses, atherosclerosis, and aneurysms. Intracerebral hemorrhage is also
associated with the use of amphetamines and other related sympathomimetic drugs [76].
Methamphetamine-induced transient elevated blood pressure might be a causative factor for
the presentation of intracerebral hemorrhage [20], a mechanism similar to the known
consequences of idiopathic hypertension [102]. This idea is consistent with the report that
methamphetamine-induced strokes occur in regional distributions typical for hypertensive
hemorrhages (e.g., basal ganglia, thalamus, pons, and subcortical white matter). In several
reports, patients who used illicit drugs (including methamphetamine) were reported to have
irregular beading of vessels and small artery occlusive changes [126, 168]. More work is
needed before firm conclusions can be drawn on this issue because other studies [209] have
failed to confirm these findings.

Biochemical and structural brain findings

As mentioned above, methamphetamine causes massive DA release in the synaptic cleft in
brain regions that receive dopaminergic projections from the midbrain [93, 186].
Postmortem studies have documented reduced levels of DA, TH, and DAT in the caudate of
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chronic methamphetamine users [202]. Consistent with these observations, neuroimaging
studies also found significantly lower DAT binding in the brains of methamphetamine users
[124, 196]. Lower VMAT-2 binding was also reported in some methamphetamine addicts
[85]. DAT binding levels improved significantly in the caudate nucleus after a period or
protracted abstinence from methamphetamine use [85, 196]. Methamphetamine abusers also
show significant alterations in brain metabolism in several brain regions [174, 189]. These
abnormalities include hypometabolism in the frontal cortex [88] and the anterior cingulate
cortex (ACC) [104]. Higher parietal metabolic activity has been reported in
methamphetamine abusers [14, 197]. Methamphetamine addicts also show structural
abnormalities that include volume loss of cortical gray in the temporal and the insular
cortices that are age dependent [140]. Methamphetamine users also suffer from smaller
intracranial [174] and hippocampal volume [189]. Changes in white matter tissue integrity
and/or organization (prefrontal white matter, corona radiata, genu of the corpus callosum,
and perforant path were also reported in these patients [190].

The idea that methamphetamine abuse might increase the risk of developing Parkinson’s
disease (PD) was stimulated by studies in animals that had documented methamphetamine-
induced neurotoxic effects in nigrostriatal dopaminergic terminal areas [93], (Fig. 3).
Interestingly, a recent epidemiological study found that the risk of developing PD was 75 %
higher among methamphetamine abusers than in a group of control subjects [29]. The risk of
PD was also higher in the methamphetamine group compared with a group of cocaine
abusers [31]. One of the consequences of methamphetamine toxicity is reactive astrocytosis
[19] and microglial activation in various brain regions [158, 177]. The presence of increased
microgliosis in the brains of methamphetamine addicts [177] and in PD patients [49]
together with the significant loss of dopaminergic markers in both groups [69] might provide
a partial explanation for the epidemiological data cited [29]. It is also possible that
methamphetamine-induced astrocytosis might account for larger volume of the basal ganglia
reported in some methamphetamine addicts [33, 84].

MDMA use disorder

MDMA is a popular illicit drug in North America, Europe, and Oceania [143]. However,
MDMA use has been declining in some parts of the world [143]. MDMA is associated with
experience of euphoria, increased self-confidence, increased sensory perceptions,
tachycardia, and hyperthermia [64]. These effects wear off after 24-48 h, with patients
experiencing muscle aches, depression, fatigue, and decreased concentration [64]. Long-
term use of the drug is reported to be associated with serotonergic dysfunctions that impact
cognitive domains [70, 153]. Cognitive deficits include verbal fluency, verbal memory,
working memory, executive function, and short and long-term prospective memory [153].
Heavy MDMA users scored higher than controls in a number of psychiatric symptoms that
include paranoid ideation, somatization, obsessionality, phobic anxiety, altered appetite, and
restless sleep [152].
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Cerebrovascular effects

In human studies, acute MDMA administration can cause arrhythmias, hypertension,
increased myocardial oxygen consumption, cardiac ischemia, and heart failure [70, 114].
Intracranial hemorrhages have been reported as a result of pre-existing congenital
abnormalities [93]. Damage to vessel walls is also a possible cause of strokes concurrent
with MDMA use [87]. Additionally, several deaths in MDMA users have been reported
related to hyponatremia that can cause severe cerebral edema [131]. Patients usually present
with confusion, convulsions, delirium or both that can rapidly progress to coma and death
[74]. Some of these clinical observations are probably secondary to MDMA-induced
sustained high levels of circulating biogenic amines [192]. Interestingly, MDMA can also
stimulate catecholamine release from cardiovascular cells in vitro [57]. Alterations of
calcium homeostasis might also contribute to the acute and chronic cardiovascular changes
associated with MDMA use [192].

Biochemical and structural abnormalities

MDMA is a substrate of the serotonin transporter (SERT) which enters the neurons and
releases serotonin (5-hydroxytryptophan) from storage vesicles [32, 76]. MDMA also
inhibits the activity of tryptophan hydroxylase (TPH), the rate-limiting enzyme for serotonin
synthesis, and inhibits serotonin degradation by monoamine oxidase B [30]. MDMA is also
a serotonin2A (5-HT2A) receptor agonist [9]. Some of the biochemical actions of MDMA
might be relevant to the clinical observations that MDMA users show reduced SERT ligand
binding across multiple brain regions in PET studies [121-123]. Another study also reported
that MDMA-preferring users showed significant decreases in SERT binding in the
neocortex, striatum, and amygdala [52]. SERT binding was negatively correlated with the
number of lifetime MDMA exposures [52]. The clinical data are consistent with postmortem
evidence that MDMA users do exhibit decreased SERT protein levels in the striatum, and
occipital, frontal, and temporal cortices [89]. Active MDMA users also showed decreased 5-
HT2A receptor levels in their brains [161]. MDMA-treated rats have consistently been
shown to have abnormalities in their serotonergic system [107]. These include decreased
levels of 5-HT and of its major metabolite, 5-HIAA, decreased number of 5-HT transporters,
and decreased activity of the rate-limiting enzyme of 5-HT synthesis, TPH [34]. These
abnormalities are reported to last for months or even years after drug administration [107].
Consistent with these findings, lower 5-HIAA levels were measured in the cerebral spinal
fluid (CSF) of active recreational MDMA users [121].

MDMA abuse is also associated with long-lasting effects on glucose metabolism in the
human brain [22]. Reduced glucose metabolic uptake has been reported in the amygdala,
hippocampus, and Brodmann area 11 [147]. There was reduced glucose uptake within the
striatum and cingulate cortex in MDMA users, effects that were more severe with a history
of very early abuse [147]. MDMA users also suffer from gray matter reduction in several
brain regions and these abnormalities might be relevant to reported cognitive impairments in
these patients [37]. Cowan et al. [38] compared MDMA users to non-MDMA users and
found that there was decreased gray matter in the Brodmann area, the cerebellum, and the
brainstem. Daumann et al. [43] also reported that experienced MDMA users showed several
regions of lower gray matter volume in the medial orbitofrontal cortex and the medial dorsal
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anterior cingulate cortex in comparison to individuals with low levels of MDMA exposure.
The thalamus was also affected in MDMA users [44]. The clinical findings are consistent
with the animal literature. DA-induced oxidative stress in 5-HT terminals, and 5-HT2A and
dopamine D1 receptor-mediated hyperthermia are potential causative factors for MDMA
neurotoxicity [44, 186]. There was no specific toxic or fatal concentration of MDMA,
though higher concentrations were observed in cases of MDMA toxicity, when compared
with polydrug use and trauma cases [130]. In determining the cause of death, the
postmortem concentration of MDMA cannot be taken to provide the cause of death without
consideration of the history and the other autopsy findings [129]. In a MDMA-related
autopsy, histological necrosis of the globus pallidus was reported, with intimal proliferation
in large blood vessels [184].

New drugs and new challenges: the emergence of “bath salts”—Drug culture
varies between different geographical locations and changes with time as different drugs
emerge and with their availability on the drug scene. This may be related to availability or
synthesis of new drugs of abuse. One evolving phenomenon is the use of synthetic
cathinones, commonly referred to as “bath salts” [10, 133]. They are often snorted and this
may result in foreign material in the alveoli of the lungs and can be seen on microscopy at
autopsy. These p-ketoamphetamines are structurally related to methamphetamine and
MDMA. They are psychostimulants and the effects of these drugs in humans have been
increasingly reported in the last few years [42, 206]. They have been shown to have powerful
cocaine-like actions in experimental models [11]. Commonly encountered drugs include
mephedrone, methylone and 3,4-methylenedioxypyrovalerone (MDPV). Use of these drugs
in humans is associated, among other things, with dizziness, euphoria, anxiety, and
depression [42].These drugs can cause hot flushes and feelings of hyperthermia, known as
mephedrone sweats. Deaths have been associated with hyperthermia, but so far reported
organ pathology in humans has been non-specific [130].

Animal models have shown central nervous system effects with locomotor effects [113],
affecting long-term cognitive function [48]. A study of mice given a binge-like regimen of
mephedrone caused hyperthermia and locomotor stimulation, but did not show decreased
levels of dopamine, tyrosine hydroxylase, or dopamine transporter [3]. There was no
microglial activation in the striatum and no increase was seen in glial fibrillary acidic protein
levels [3]. The same group found that, while mephedrone did not induce toxicity to
dopamine nerve endings in the striatum, it did potentiate the effects of other neurotoxic
drugs of abuse [4]. This could be very significant in view of the known polydrug use of users
of stimulant drugs and that tablets may contain both mephedrone and MDMA [65].

Heroin use disorder

Use of opiates (heroin and opium) has been stable around the world (16.5 million people, or
0.4 % of the population aged 15-64 years), although a higher prevalence for opiate is found
in southwest and central Asia, eastern and southeastern Europe, and North America [143].
Heroin is the most commonly abused drug within opiates [25]. Heroin is a semi-synthetic
drug derived from opium. The drug is taken orally, via inhalation, and/or by intravenous
injections [23]. Opiates have their biochemical and physiological effects via stimulation of
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three types of opiate receptors that are the y, x, and 6 opioid receptors [191]. When
administered via the oral route under medical supervision, opioids do not appear to produce
major adverse events; the risk of developing dependence was reported to be rather small
[25]. Dependence develops most rapidly after intravenous use [144]. Acute and chronic
effects of heroin include neurovascular disorders, leukoencephalopathy, and atrophy [23].
Heroin users show several cognitive deficits in neuropsychological tests. These deficits
include visual memory, working memory, processing speed, and executive function [71].

Cerebrovascular effects

In up to 90 % of all cases, the brain of patients dying of heroin overdose shows cerebral
edema with increased brain weight at autopsy [148, 162]. Bilateral, symmetric ischemic
lesions/necrosis of the globus pallidus was found in 5-10 % of heroin addicts after
intravenous or intranasal abuse [162, 193]. These pathological findings are thought to be due
to recurrent heroin-induced episodes of hypoxia [2, 162]. Single-photon emission computed
tomography (SPECT) studies in opiate-dependent subjects have also consistently reported
decreased regional cerebral blood flow (rCBF), especially in the frontal and temporal cortex
[41, 167].

Heroin use is associated with reports of ischemic strokes [73]. These strokes are probably
due to cardio-embolic phenomena in the setting of infective endocarditis [106]. Another
source for embolic phenomena in the heroin abuser is dislodgment of foreign bodies added
to heroin mixtures. These foreign bodies include starch, sugar, quinine, caffeine, and talcum
powder that may enter the circulation and become lodged in the lungs [106]. Granulomatous
reactions from these substances can lead to pulmonary hypertension [106]. Arteritis and
vasculitis have also been implicated as causes of heroin-related strokes [21]. Other potential
causes of stroke include hypotension and hypoxemia induced by opiate overdose that can
result in global hypoxic-ischemic injury [2]. “Beading” on angiography has been reported,
but strong pathological evidence is lacking [21]. In addition to acute ischemia, white matter
changes from microvascular disease have been reported in chronic heroin abusers [25].
Diffuse, symmetric, and bilateral T2 hyperintensities have been observed in the subcortical
or periventricular white matter, in a manner consistent with the diagnosis of vascular
leukoencephalopathy [159].

Biochemical and structural abnormalities

Postmortem studies have reported that heroin addicts also show decrease of alpha
adrenergic-2 in the frontal cortex, hypothalamus, and caudate nucleus [60]. Astrocytes of the
frontal cortex of heroin addicts showed decreased density of 12-imidazoline receptors and
decreased immunoreactivity of the related imidazoline receptor protein [170]. Heroin addicts
also showed alterations in the cortical density of G-protein subunits [53, 77]. Specifically,
there was a significant increase in the G subunit immunoreactivity in the temporal cortex
[77] and increased density of Ga subunits in the frontal cortex of heroin addicts [53, 77].
These results appear to be consistent with the known coupling of opiate receptors to
guanosine triphosphate (GTP) binding (G) proteins [53]. Other findings of interest include
decreased NF-L protein levels in the frontal cortex of heroin addicts [62] that suggest that
opiate drugs might cause axonal damage after their chronic abuse.
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Heroin addiction is also associated with profound alterations in brain structure and
composition [25, 54]. Heroin addicts show alterations in gray and white matter morphometry
[149, 169] and functions [109] in the brain. Preclinical studies of opioid-induced effects on
neural systems support the idea that clinical changes in brain function and structure (e.g.,
altered dendritic spine density and neuronal apoptosis) are consequences of chronic heroin
exposure [165]. There are enlarged ventricular spaces [41] and loss of frontal volume loss in
heroin addicts [157]. Opiate-dependent subjects on methadone maintenance therapy showed
decreased gray matter density in the prefrontal, insular, temporal, and fusiform cortex [108].
Thalamic volume is also reduced in heroin-dependent patients [159].

A distinct entity, spongiform leukoencephalopathy, has been described after inhalation of
pre-heated heroin [94]. Other modes of heroin intake do not seem to be associated with the
disease. Although it has been suggested that the disorder was related to a contaminant
(poisoned heroin vapors, paralysis)-induced lipophilic toxin-mediated process that was
enhanced by cerebral hypoxia, the exact etiology for these abnormalities has remained an
enigma [172, 205]. The neurological deficits associated with this entity are irreversible with
progression to death in some patients, and there is no effective therapy [200]. Scans of these
patients usually show symmetrical non-enhancing hypodense areas in the cerebral and
cerebellar white matter [178, 188, 200]. Selective involvement of the corticospinal tract, the
solitary tract, and the lemniscus medialis have also been reported in heroin abusers [188].
MRI scans revealed areas of decreased signal intensity (hypointense) on T1-weighted
images and increased signal intensity (hyperintense) on T2-weighted images [178, 188,
200]. The neuroradiological findings are usually not correlated with the extent of the
neurological deficits [205]. On neuropathological examination, spongiform degeneration of
the white matter is characterized by vacuoles surrounded by a network of thin myelinated
fibers, reduced number of oligodendrocytes, and reduction of axons [164, 178]. The absence
of typical hypoxic lesions and the presence of spongiosis with massive astrogliosis
distinguish these cases from those with delayed leukoencephalopathy following severe
hypoxia [164]. Increased prevalence of white matter hyperintensity lesions was reported in
the frontal lobes of opiate-dependent patients compared with control subjects [108].
Recently, Bora et al. [18] also reported that long-term opiate abusers had significant
decreases in axial diffusivity in superior longitudinal fascicule and right frontal white matter,
suggesting that prolonged use is associated with axonal injury in these regions. Changes in
the expression of myelin-related genes and their products, drug-induced oxidative stress/
mitochondrial dysfunction, and/or apoptosis are potential mechanisms for the appearance of
white matter lesions in heroin addicts [18]. Additional neuropathological evidence indicates
that heroin addiction might cause deposition of hyperphosphorylated tau and
neuroinflammation in the brain [5, 26].

Approach to autopsy in drug-related deaths

A pathologist conducting an autopsy on a potentially drug-related death or a
neuropathologist requested to examine a brain from a drug-related case needs to be aware of
the value and limitations of any examination. Also in assessing drug-related findings,
consideration of the effects of polydrug use needs to be determined. Polydrug use is now
common and the findings of organ damage may be related to more than one drug. One of the
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questions that have to be dealt with is whether organ retention is justified or legally allowed
[72]. Drug-related deaths are typically performed as medico-legal autopsies, which may
limit the ability to retain whole organs or tissue for future research [35] that is sorely needed
in this area.

The approach to the investigation of a drug-related death requires knowledge of the history,
scene, and toxicological findings. The neuropathologist needs to be cognizant of potential
pathological findings in such cases [132]. In many deaths where cannabis, stimulant, or
opiate drugs have been used, there will be no specific findings when routine
neuropathological techniques are used. However, pathology related to drug use will be
encountered in cases as detailed above, and anticipation of the needs for neuropathology and
specific tissue retention and examination may yield better outcomes. This issue is important
for both clinical and research purposes in view of a lack of enough strong supporting
evidence that certain drugs do cause incontrovertible neuropathological changes that form
the substrates for the clinical presentations associated with drug addiction.

Conclusions

Substance dependence is characterized by abnormal goal-directed behaviors that are the
manifestations of pathological changes in the cortico-striatal-limbic circuitries that subsume
reward-related behaviors. However, acute and chronic effects of illegal drugs appear to reach
beyond the boundaries of these circuits. The data reviewed here indicate that the abuse of
illicit drug is accompanied by moderate to severe neuropsychological impairments that
appear to be secondary to functional and structural changes in various brain regions,
including both cortical and subcortical regions of the human brain. These abnormalities are
secondary, in part, to drug-induced vascular abnormalities, oxidative stress, and the
induction of other biochemical cascades that have been identified as causative factors in
other classical neurologic disorders such as PD or strokes. Because drug dependence
develops over many months, it is highly likely that drug-related changes of behaviors are
mediated in part by these pathological phenomena in such a way that these alterations might
significantly impact the clinical course of addiction. Thus, impaired learning of verbal
instruction due to specific brain dysfunctions might negatively impact a patient’s ability to
follow instruction, with subsequent increase in recidivism. This argument suggests that the
addictions might need to be classified as neurological disorders, with emphasis on an
approach that includes thorough neuropsychological and neuroimaging assessments patients
who present for treatment of these severe disorders. Additionally, more efforts are needed to
encourage postmortem evaluations of the brains of these patients. This approach has recently
been successfully applied in the cases of affective and schizophrenic disorders and has
stimulated important potential new leads toward the elucidation of the molecular pathology
of these disorders.
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Fig. 1.

A model of the brain reward system. The nucleus accumbens (ventral striatum) is the major
target of the mesolimbic dopaminergic system. It contains GABAergic medium spiny
neurons (MSNSs) that project to the ventral pallidum (\VP). Natural rewards and addictive
drugs increase the release of dopamine from the terminals of dopaminergic projections
emanating from the ventral tegmental area (VTA). Nigrostriatal dopaminergic pathways
(substantia nigra pars compacta to dorsal striatum) also participate in reward-related
processes. DA dopamine, GABA g-aminobutyric acid, g/u glutamate
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Fig. 2.

Cgcaine potentiates the action of dopamine on ventral and dorsal striatal neurons. Cocaine
blocks dopamine transporters (DAT) and increases DA content in the synaptic cleft. Cocaine
also disrupts calcium homeostasis and increases endoplasmic reticulum (ER) stress in
GABAergic cells within the striatum. Medium-size GABA-containing spiny neurons that
represent the main (95 %) striatal neuronal population participate in the modulation of
output signals from the basal ganglia. These neurons interact with parvalbumin-containing
GABA-releasing interneurons, NADPH diaphorase-, and somatostatin-positive interneurons.
They also interact with large cholinergic aspiny interneurons. D1 receptors are found
predominantly in striatonigral neurons of the “‘direct pathway’, whereas D2 receptors are
mainly expressed by the striatopallidal neurons of the ‘indirect pathway’. Corticostriatal
neurons project onto GABA-releasing striatal output neurons where they exert glutamate-
mediated excitation. AC adenylyl cyclase, Achacetylcholine, GP globus pallidus, NO nitric
oxide, PKG protein kinase G, sGC soluble guanylyl cyclase

Acta Neuropathol. Author manuscript; available in PMC 2020 August 28.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cadet et al. Page 28

cocaine
methylphenidate Neuronal
o :/ e °, Adenilate apoptosis
HERpptake of g o @ cyclase
Clorgyline 2 * o ° o @l activated
5. SCH23390..‘
L
J. < : c: ,DAT L . D1 receptors Oxidative stress
MAO *o e o 0,", H,0,,NO, ONOO"
DOPAC o L
+H,0, .. __.'\. = & Activation of transcription factors
X Mitocondrial stress
‘ . 6\“‘0 ® S e
VMAT-2 © g‘a ° (o ER stress
Q G\ee . CatbeelheaeSandd
Reserpine L ‘E
6’ - HQ b )'..I
QO?P‘ e (o] oW H,“ e ° PARP cleavage /
i.:.a\""c"p!‘|I no . . Cc 3
5 de Dopamine Adenilate ?Spase- f
1‘}‘05“‘:353 Ho. > % ) _cy(l:lése cleavage
wd‘% < CH'COO H,0,, 0, HO ?Z' - elnhlblted
A : \ % = D2
Ho@ Ny . ”'meth L-DOPA f g_ ° receptors
oo ey, o A |
o3 Sing o ® 4 ®—> DA-quinone 3 Eticlopride /
Tyrosine ‘.::.. NN e a e o
d ° /
. ..-,3 m—— . . ./f
— M vMAT-z ‘ .:0" Hzo? ¢ i gl
g _ ﬂ Mitochondria ° . =
DAT | : o °
 ad Oxidative stress
/ .- Degeneration of
monoar[llnerglc
METH YV, terminals

Fig. 3.

Sc%ematic representation of cellular and molecular events involved in METH-induced DA
neurotoxicity within the striatum. METH enters dopaminergic neurons via DAT and passive
diffusion. Within these neurons, METH enters synaptic vesicles through VMAT-2 and
causes DA release into the cytoplasm by disturbing pH balance. In the cytoplasm, DA auto-
oxidizes to form toxic DA quinones followed by generation of superoxide radicals and
hydrogen peroxides. Subsequent formation of hydroxyl radicals through interactions of
superoxides and hydrogen peroxide with transition metals leads to oxidative stress,
mitochondrial dysfunctions, and peroxidative damage to pre-synaptic membranes. The
involvement of endogenous DA in METH toxicity is supported by findings that the TH
inhibitor, a-methyl-p-tyrosine, which blocks DA synthesis, affords protection against
METH toxicity. Also, the role of DA is supported by observations that use of the MAO
inhibitor, clorgyline, and of the irreversible inhibitor of vesicular transport, reserpine, which
results in increases in cytoplasmic DA levels can exacerbate METH-induced toxicity. These
events are thought to be partly responsible for the loss of DA terminals. Toxic effects of
released DA appear to depend on activation of DA receptors, because DA receptor
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antagonists block degeneration of DA terminals. Interactions of DA with D1 receptors on
post-synaptic membrane cause activation of various transcription factors and subsequent up-
regulation of death cascades in post-synaptic neurons. Modified from Krasnova and Cadet
[93]
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