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Abstract

Central nervous system (CNS) damage associated with psychostimulant dependence may be an
ongoing, degenerative process with adverse effects on neuropsychiatric function. However, the
molecular mechanisms regarding how altered energy regulation affects immune response in the
context of substance use disorders are not fully understood. This review summarizes the current
evidence regarding the effects of psychostimulant [particularly 3,4-methylenedioxy-N-
methylamphetamine (MDMA) and methamphetamine] exposure on brain energy regulation,
immune response, and neuropsychiatric function. Importantly, the neuropsychiatric impairments
(e.g., cognitive deficits, depression, and anxiety) that persist following abstinence are associated
with poorer treatment outcomes — increased relapse rates, lower treatment retention rates, and
reduced daily functioning. Qualifying the molecular changes within the CNS according to the
exposure and use patterns of specifically abused substances should inform the development of new
therapeutic approaches for addiction treatment.
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1. Introduction

Increasingly, in addition to neurotoxic effects on neurotransmitter systems (e.g., dopamine,
serotonin, and glutamate), changes in cellular bioenergetics, redox (reduction—oxidation)
balance, and immune function are thought to contribute to the development and persistence
of central nervous system (CNS) impairments associated with exposure to psychostimulants,
including amphetamine derivatives [e.g., 3,4-methylenedioxy-N-methylamphetamine
(MDMA), methamphetamine] and other drugs of abuse (e.g., cocaine). Methamphetamine
and MDMA abuse, in particular, are associated with long-term damage to regions of the
brain that control cognitive and psychiatric function, which can persist for months or years
following abstinence. The neuropsychiatric impairments that last following abstinence are
associated with poorer treatment outcomes, including increased relapse rates, lower
treatment retention rates, and reduced daily functioning.

2. Brain energy regulation and psychostimulant exposure

Acute and, in particular, chronic exposure to abused substances can lead to changes in brain
metabolism and energy requirements, which are complex and often brain-region specific.
For example, MDMA increases extracellular glucose in multiple brain regions
(Pachmerhiwala et al., 2010), especially within striatum (Darvesh et al., 2002; Gramsbergen
and Cumming, 2007). MDMA also reduces the brain concentration of glycogen, one of the
main energy reserves in brain (Darvesh and Gudelsky, 2004; Darvesh et al., 2002).
Consistent with these preclinical observations, human studies using positron emission
tomography (PET) with 2-[18F]-fluoro-2-deoxy-o-glucose (FDG) show that FDG uptake
rates are globally reduced in “ecstasy” (MDMA) users (most notably in the striatum) and
tend to be negatively correlated with cumulative “ecstasy” doses (Buchert et al., 2001,
Obrocki et al., 2002; Volkow et al., 2003). In an earlier report the analog of “ecstasy,” 3,4-
methylenedioxyethamphetamine (MDE) and methamphetamine were shown to induce
cortical hypometabolism and cerebellar hypermetabolism (Gouzoulis-Mayfrank et al.,
1999). More recently, Sailasuta and colleagues measured glial metabolic flux rate in frontal
brain structures and observed a 50% reduction in the oxidative rate in recovering brain (at
least seven days abstinent) following methamphetamine abuse (Sailasuta et al., 2010).
Methamphetamine exposure also significantly inhibits glucose uptake by neurons and
astrocytes, and neurons appear to be more sensitive to methamphetamine's effects on
glucose uptake than astrocytes. Evidence suggests that the ability of astrocytes to use fatty
acid oxidation as an alternative source of energy may contribute to this differential
sensitivity (Abdul Muneer et al., 2011a).

Psychostimulant-induced alterations in energy regulation are accompanied by oxidative and
nitrosative stress as well as by reductions in antioxidant defense mechanisms (Capela et al.,
2009; Quinton and Yamamoto, 2006; Song et al., 2010). Methamphetamine increases
reactive oxygen species production and oxidative stress, mainly in brain regions containing
dopamine neurons (Cubells et al., 1994) — putatively due to the release of dopamine
following methamphetamine exposure (Graham, 1978). Reactive oxygen species are
produced following methamphetamine exposure in a dose-dependent manner in rat striatal
synaptosomes (Pubill et al., 2005) for example, and MDMA and other psychostimulants (e.
0., cocaine) also increase free radical generation (e.g., superoxide), lipid peroxidation (a
measure of damaged cellular membranes from reactive oxygen species), and nitric oxide-
dependent protein nitration [a common effect associated with oxidative stress, particularly at
sites of inflammation (Galinanes and Matata, 2002)]. Human in vitro studies and animal
models show increase in the expression of neuronal and inducible nitric oxide synthase,
increased nitric oxide synthase activity, and increased nitric oxide production following
exposure to psychostimulants (Friend et al., 2013; Loftis and Janowsky, 2000;
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Permpoonputtana and Govitrapong, 2013). It was recently shown that the combination of
MDMA and cocaine augments oxidative/nitrosative stress in mouse striatum, leading to an
increase in protein nitration and lipid peroxidation but does not potentiate dopaminergic
neurotoxicity (Peraile et al., 2013). Interestingly, although it was originally hypothesized
that exposure to MDMA and cocaine (e.g., polysubstance use) would produce further redox
imbalance and potentiate brain damage, exposure to cocaine increased glutathione
peroxidase activity, a cellular antioxidant defense mechanism, and may have provided some
neuroprotection for dopaminergic neurons (Peraile et al., 2013). Thus, it is apparent that
multiple mechanisms underlie the cellular adaptations — neurotoxic as well as potentially
neuroprotective — associated with psychostimulants and other substances of abuse.

3. Brain energetics, immune response, and neuropsychiatric symptoms

accompanying psychostimulant exposure

Drug induced alterations in energy utilization, oxidative/nitrosative stress and immune
response are associated with significant cognitive impairments and mood disturbances
(Loftis and Huckans, 2013; Parrott, 2006). PET studies report altered brain glucose
metabolism that correlates with severity of psychiatric symptoms in the limbic and
orbitofrontal regions of adults who used methamphetamine (Chang et al., 2007). Kim and
colleagues found that methamphetamine dependent adults have dose-dependent frontal
hypometabolism that is associated with frontal executive dysfunction (Kim et al., 2009).
Methamphetamine users have also been observed to display white matter hypertrophy and
reduced hippocampal volume in comparison to human controls (Thompson et al., 2004).
Verbal learning and recall deficits of recreational MDMA users are similarly correlated with
glucose hypometabolism in prefrontal and parietal cortices (Bosch et al., 2013). Mild to
marked loss of serotonin transporter binding in cerebral cortex/hippocampus has also been
observed in chronic MDMA users (Kish et al., 2010), with these reductions in serotonin
transporter binding being previously associated with the memory deficits common in
humans with a history of recreational MDMA use (McCann et al., 2008). Comparable
findings are reported using animal models of substance abuse.

A recent preclinical study found that mice treated with MDMA displayed higher oxidative
damage than ethanol-treated mice 72 h after drug exposure, and this increase in oxidative
injury was accompanied by impaired long-term memory, as evidenced on both object
recognition and radial arm maze tests (Ros-Simo et al., 2013). Correspondingly,
developmental studies show that maternal methamphetamine and MDMA exposure can
induce cognitive impairments in offspring that are associated with damage to the
hippocampus and other brain regions (Siegel et al., 2011; Zuloaga et al., 2013; Skelton et al.,
2008; Schaefer et al., 2013). Consistent with and bridging these findings are studies showing
that psychostimulants induce alterations in neurotrophic factors which may also play a role
in cognitive dysfunction (Hemmerle et al., 2012; Chen et al., 2012). For example, MDMA
significantly suppresses neurite outgrowth of PC12 cells (a catecholaminergic cell line often
used in neurotoxicological studies) induced by nerve growth factor (Kaizaki et al., 2010).
Thus, in combination with altered brain energetics and immune function, changes in
neurotrophic factor signaling may additionally contribute to the adverse CNS and
neuropsychiatric effects associated with abuse of MDMA and/or methamphetamine.

Protracted abstinence can reverse some drug induced alterations in brain neurochemical
systems (VVolkow et al., 2001b), but other mechanisms, such as impaired bioenergetics and
immune response may contribute to and perpetuate the mood and cognitive impairments that
persist following stimulant exposure. Indeed, cognitive deficits ostensibly caused by ‘heavy’
usage or the dependence on or abuse of psychostimulant drugs are not reversed by six
months of abstinence (Potter et al., 2013). Studies show that adults with a history of
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methamphetamine abuse have significantly higher metabolism than control subjects in the
parietal cortex and significantly lower metabolism in the thalamus, caudate, and putamen
(Berman et al., 2008; Volkow et al., 2001a). These metabolic differences are present even in
former methamphetamine abusers that have been abstinent for at least 11 months (Volkow et
al., 2001a). Further, methamphetamine-induced alterations in parietal cortex metabolism
correlate with performance on the Grooved Pegboard task, indicating that hyperactivity of
the parietal cortex may have functional significance. Volkow and associates hypothesize that
higher parietal activity in adults with a history of methamphetamine abuse could reflect
reactive gliosis (Berman et al., 2008; Volkow et al., 2001a). In line with these observations,
a global pattern of microglial activation and microgliosis persists in the brains of
methamphetamine addicted adults for at least two years into abstinence (Sekine et al., 2008).

There is a critical balance between the metabolic systems regulating energy and the
protective mechanisms regulating immunity. Exposure to drugs of abuse, such as MDMA
and methamphetamine can adversely affect this balance, and this imbalance has been
implicated in potentiating brain damage in various neurological conditions (e.g., Matarese et
al., 2008). Among the questions yet to be answered is how altered energy regulation affects
immune response in the context of substance use disorders. Based on the evidence available
to date, there are at least three mechanisms by which impaired bioenergetics may affect
immune function and inflammatory processes and contribute to persistent neuropsychiatric
impairments.

3.1. Redox imbalance

The redox environment can have significant impact on CNS function, as it modulates cell
proliferation, apoptosis, cell adhesion molecules [e.g., intercellular adhesion molecule 1
(ICAM-1) and monocyte chemotactic protein-1 (MCP-1)], and pro-inflammatory cytokines.
In the brain, methamphetamine and MDMA cause neurodegeneration, in part, through nitric
oxide and the generation of peroxynitrite (superoxide can react with nitric oxide, giving rise
to peroxynitrite) and peroxynitrite is released predominantly by inflammatory cells
(Halliwell, 2006; Matata and Galinanes, 2002). Further, reactive oxygen species are
generated in response to cytokine signaling as well as during mitochondrial oxidative
metabolism, and methamphetamine exposure results in mitochondrial oxidative damage and
T-cell dysfunction (Potula et al., 2010). We have previously reported increased ICAM-1
[also known as Cluster of Differentiation 54 (CD54)] and MCP-1 [also known as chemokine
(C—C moitif) ligand 2 (CCL2)] in plasma of both humans and mice following
methamphetamine exposure (Loftis et al., 2011). In human participants, methamphetamine-
induced changes in cytokine and chemokine expression were accompanied by increased
cognitive impairments across multiple domains, including attention, memory, and learning —
suggesting that chronic immune dysregulation may be related to neuropsychiatric deficits in
methamphetamine users (Loftis et al., 2011).

3.2. Protein glycation

Protein glycation (i.e., glucose chemically attaching to proteins and nucleic acids without the
aid of enzymes) can lead to increased immunogenicity of endogenous proteins (Brownlee et
al., 1984). Consequently, proteins glycated by methamphetamine (or other drugs of abuse)
may evoke an abnormal immune response via the generation of advanced glycation
endproducts (AGEs) (Dickerson et al., 2004) — potentially leading to autoimmunity, an
abundance of non-specifically activated T-cells, or systemic inflammation. In a currently
underway trial, we have observed a significant correlation between increased T-cell
proliferation and poorer working memory within patients in remission from
methamphetamine dependence (Huckans et al., 2012).
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3.3. Altered energy utilization at the blood brain barrier (BBB)

Many drugs of abuse, including psychostimulants, are proinflammatory which leads to BBB
disruption. In both preclinical and clinical studies, methamphetamine, MDMA, cocaine, and
nicotine, produce BBB dysfunction through alterations in tight junction protein expression
and conformation, increased glial activation, increased enzyme activation related to BBB
cytoskeleton remodeling, and induction of neuroinflammatory pathways (Carvalho et al.,
2012). Indeed, methamphetamine-induced interference of glucose uptake and transport at
the endothelium can disrupt the energy requirement of the BBB function and integrity, and
impairment of glucose transporter protein-1 at the brain endothelium by methamphetamine
may contribute to energy-associated disruption of BBB integrity (Abdul Muneer et al.,
2011b). In other studies, BBB permeability has been assessed using immunoglobulin G
(IgG) immunostaining, as 1gG leakage from serum into the brain is a marker of vasculature
damage (Torres et al., 2011; Urrutia et al., 2013). Torres and colleagues report increased 1gG
immunostaining in rat hypothalamus following MDMA exposure (Torres et al., 2011).
Similarly, mice treated with methamphetamine show increased 1gG striatal
immunoreactivity, which colocalizes with areas of greater activity of matrix
metalloproteinase-9, an enzyme that can degrade junction proteins and change the
permeability of the BBB (Urrutia et al., 2013). Oxidative stress and hyperthermia can also
increase BBB dysfunction which in turn, can exacerbate neuroinflammation after
methamphetamine or MDMA exposure (Yamamoto and Bankson, 2005; Yamamoto and
Raudensky, 2008). Thus, alterations in BBB integrity resulting from altered energy
utilization and inflammation produces a cascade resulting in further BBB disruption and
increased penetration of immune cells into the CNS (Kousik et al., 2012) — putatively
contributing to neuropsychiatric symptoms during and following substance abuse.

4. Future implications

It is apparent that multiple mechanisms underlie the cellular adaptations — neurotoxic as well
as potentially neuroprotective — associated with psychostimulants and other substances of
abuse; however, the extent to which mono- or polysubstance abuse impacts regulation of
brain energy utilization remains poorly understood. Furthermore, there is limited
information regarding how the effects of exercise, diet, chronic viral infection(s) (e.g.,
hepatitis C, human immunodeficiency virus), other co-morbid clinical conditions, or
environmental factors impact brain energy utilization and immune response in the context of
chronic exposure to, or withdrawal from, abused substances. It is likely that such factors
may synergize with the effects of substances of abuse to impact brain energy utilization and
inflammatory processes, and these reviewed factors are presented graphically in Fig. 1 to
illustrate how MDMA or methamphetamine exposure can adversely affect the balance
between metabolic and immune systems and produce CNS damage and precipitate
neuropsychiatric impairments. Given the probable synergistic or additive effects of poly
substance abuse on CNS functioning and psychiatric sequelae, more research is needed to
evaluate “the interplay between molecular regulation of brain energy utilization and brain
and/or behavioral changes resulting from chronic exposure to abused substances” (National
Institutes of Health, 2013).

5. Summary

Taken together, studies suggest that CNS damage associated with psychostimulant
dependence may be an ongoing, degenerative process with adverse effects on
neuropsychiatric function. Peraile and colleagues aptly note that oxidative and nitrosative
stress play a key role in the pathogenesis of neurodegenerative diseases such as Alzheimer's
disease, amyotrophic lateral sclerosis, Huntington's disease, Parkinson's disease, and brain
ischemia/ reperfusion injury — as well as substance use disorders (Peraile et al., 2013). In
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addition, a growing literature demonstrates that exposure to psychostimulants and other
drugs of abuse alters peripheral and central immune functions (In et al., 2004, 2005; Liang et
al., 2008; Martinez et al., 2009; Ye et al., 2008) and that immune factors such as cytokines,
chemokines, and adhesion molecules likely play a role in the development of substance-
induced neuronal injury and neuropsychiatric impairment (Loftis et al., 2011). Importantly,
the neuropsychiatric impairments that persist following abstinence are associated with
poorer treatment outcomes, including increased relapse rates, lower treatment retention
rates, and reduced daily functioning (Aharonovich et al., 2003; Bowden et al., 2001; Sadek
et al., 2007). Qualifying the molecular changes within the CNS according to the exposure
and use patterns of specifically abused substances should inform the development of new
therapeutic approaches for addiction treatment.
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Fig. 1.
MDMA or methamphetamine (MA) exposure can adversely affect the balance between
metabolic and immune systems and contribute to CNS damage and neuropsychiatric
impairments (e.g., cognitive deficits, depression, and anxiety) (e.g., Parrott, 2006). The
question mark in the figure indicates that there are questions yet to be answered regarding
how drug-induced changes in energy regulation affect immune function (and vice versa).
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