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Abstract
Rationale and objectives Addiction to psychostimulant meth-
amphetamine (METH) remains a major public health problem
in the world. Animal models that use METH self-
administration incorporate many features of human drug-
taking behavior and are very helpful in elucidating mecha-
nisms underlying METH addiction. These models are also
helping to decipher the neurobiological substrates of associat-
ed neuropsychiatric complications. This review summarizes
our work on the influence of METH self-administration on
dopamine systems, transcription and immune responses in
the brain.
Methods We used the rat model of METH self-administration
with extended access (15 h/day for eight consecutive days) to
investigate the effects of voluntary METH intake on the
markers of dopamine system integrity and changes in gene
expression observed in the brain at 2 h–1 month after cessa-
tion of drug exposure.
Results Extended access to METH self-administration caused
changes in the rat brain that are consistent with clinical find-
ings reported in neuroimaging and postmortem studies of hu-
man METH addicts. In addition, gene expression studies

using striatal tissues from METH self-administering rats re-
vealed increased expression of genes involved in cAMP re-
sponse element binding protein (CREB) signaling pathway
and in the activation of neuroinflammatory response in the brain.
Conclusion These data show an association of METH expo-
sure with activation of neuroplastic and neuroinflammatory
cascades in the brain. The neuroplastic changes may be in-
volved in promoting METH addiction. Neuroinflammatory
processes in the striatum may underlie cognitive deficits, de-
pression, and parkinsonism reported in METH addicts.
Therapeutic approaches that include suppression of neuroin-
flammation may be beneficial to addicted patients.
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Introduction

Methamphetamine (METH) is a highly addictive
psychostimulant that is abused throughout the world. METH
abuse is a serious public health problem because of its asso-
ciation with adverse neuropsychiatric consequences that in-
clude addiction, psychosis, and cognitive impairments in
humans (Cadet and Bisagno 2013; Dean et al. 2013; Henry
et al. 2010; Huckans et al. 2015; Panenka et al. 2013;
Rusyniak 2013; Sadek et al. 2007; van Holst and Schilt
2011). Some of the cognitive abnormalities are thought to be
related to potential METH-induced neurodegenerative chang-
es (Cadet et al. 2014a; London et al. 2015; Scott et al. 2007).
However, much more work is needed before firm conclusions
can be made regarding cognitive deficits in METH-addicted
individuals because some studies failed to confirm cognitive
deficits in METH users (see Hart et al. 2012 for an extensive
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discussion). Nevertheless, findings from imaging and post-
mortem studies describing decreases in the density of striatal
dopamine transporters (DAT), reductions in tyrosine hydrox-
ylase (TH) levels, as well as decreases in the concentrations of
dopamine (DA) in the brains of chronic METH abusers
(Sekine et al. 2003; Volkow et al. 2001b, c; Wilson et al.
1996) are consistent with drug-induced pathologies in the
brains of these patients (Cadet et al. 2014a). In fact, clinical
abnormalities in some patients might reflect damage to DA
neurons and may be responsible for the appearance of parkin-
sonism in a subset of METH abusers (Callaghan et al. 2010,
2012; Curtin et al. 2015). Differences in cognitive findings
may also reflect different levels of individual vulnerability,
quantity of METH use, and patterns of drug administration.
This conclusion is supported by recent studies showing that
patterns of METH injections can lead to different impact on
monoaminergic systems in the rodent brain (Cadet et al.
2009a, b; Danaceau et al. 2007; Graham et al. 2008).

In the present paper, we will review some data on the ef-
fects of METH self-administration on dopaminergic systems
in the brain. We will also describe transcriptional changes
induced by METH self-administration that may be involved
in the development of METH addiction. In addition, we will
discuss how some of these transcriptional changes that impact
neuroinflammatory processes may be involved in the bio-
chemical cascades that produce secondary clinical syndromes
including parkinsonism in human patients. The review will be
based on data published by our laboratory and by other re-
search groups that used brain tissues obtained from rats that
self-administered METH under extended-access regimen. We
chose to focus attention on the dorsal striatum because it is the
area that is the most affected by METH toxic and/or plastic
changes in the brain and because it is an integral part of the
circuitry that regulates reward and habit forming, core ele-
ments of addiction (Belin et al. 2013; Everitt and Robbins
2013; Volkow and Morales 2015; Wise and Koob 2014).

The majority of studies that have reported on the effects of
METH on brain monoaminergic systems have used non-
contingent (experimenter-administered) drug treatment
(Carvalho et al. 2012; Fleckenstein et al. 2007; Halpin et al.
2014; Krasnova and Cadet 2009; Moratalla et al. 2015). Non-
contingent preclinical models are popular options to study
mechanisms underlying METH effects in the brain because
they reliably reproduce the changes in the markers of DA
system integrity found in the brains of human METH addicts.
Moreover, these models are methodologically easier, more
affordable, and can be achieved faster than METH self-
administration models. However, several factors limit the rel-
evance of non-contingent models to compulsive and chronic
METH use in humans. First, non-contingent METH models
do not take into account primary reinforcing effects ofMETH,
do not reproduce drug-taking behaviors, and do not allow
studies of an animal’s dynamic changes in drug intake over

time. Second, these models are also problematic because
METH-induced deficits in the markers of DA systems are
usually bigger than those reported in human imaging
(Sekine et al. 2003; Volkow et al. 2001b, c) and postmortem
(Wilson et al. 1996) studies. Third, because non-contingent
preclinical models do not contain any behavioral parameters,
they do not allow investigators to test if METH-induced toxic
and/or neuroplastic changes might correlate with vulnerability
to relapse to METH self-administration. In contrast, intrave-
nous METH self-administration provides greater face validity
with respect to patterns of humanMETH abuse by allowing to
model drug-taking behaviors in humans and to evaluate pri-
mary rewarding effects ofMETH. Thus, several recent studies
have examined the long-term effects of METH self-
administration on dopaminergic, noradrenergic, serotoniner-
gic, and glutamatergic systems (Galinato et al. 2015;
Krasnova et al. 2010, 2013; McFadden et al. 2012, 2014,
2015; Schwendt et al . 2009, 2012). METH self-
administration has been reported to compromise cognitive
functions (Recinto et al. 2012; Reichel et al. 2012; Rogers
et al. 2008) and cortical electrophysiology (Parsegian et al.
2011). Withdrawal from METH self-administration is also
associated with poor survival of hippocampal progenitor cells
(Recinto et al. 2012). However, there is limited information on
the role of transcriptional changes caused by METH self-
administration in the development and/or maintenance of
METH addiction. There is also limited information about the
effects of drug withdrawal on various biochemical and molec-
ular parameters in the brain. In what follows, we summarized
studies that focused on the effects of METH self-
administration on brain DA systems, transcriptional changes,
and immune responses in the brain.

METH intake and changes in body weight

In the experiments reviewed here, we used an extended access
to METH self-administration to investigate the effects of vol-
untary METH intake on dopaminergic systems in the brain
(Krasnova et al. 2010, 2013). Rats were allowed to self-
administer METH (0.1 mg/kg/infusion, i.v.) during daily
15-h sessions for eight consecutive days. Animals in a yoked
control group received infusions of saline whenever rats in the
test group self-administered METH. The rats were euthanized
at 2 h, 24 h, 7 days, 14 days, and 1 month after cessation of
drug exposure. More details of the extended-access self-ad-
ministration model can be found in two papers on the subject
(Krasnova et al. 2010, 2013). Detailed experimental protocols
for tissue collection, monoamine and protein extraction,
HPLC analysis, and Western blot can also be found in our
publications on this subject (Cadet et al. 2009a; Krasnova
et al. 2007, 2010, 2013).

As reported by Krasnova et al. (2010), the average METH
intake in rats during 15-h daily sessions gradually increased
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throughout the course of self-administration starting by the
third session (Fig. 1a). This increase in comparison to the first
and second sessions continued throughout the eighth session.
Rats further escalated their drug intake during sixth session
when compared with the third session. Rats maintained
METH self-administration at this level during seventh and
eighth sessions (Fig. 1a). The average daily drug intake
reached 16.2 ± 1.1 mg/kg/day, and the total cumulative
METH intake over eight sessions was 89.8±7.4 mg/kg. The
escalation of METH intake obtained in our study is consistent
with other reports showing increase in drug intake by rats
exposed to extended self-administration sessions (Astarita
et al. 2015; Galinato et al. 2015; Kitamura et al. 2006; Li
et al. 2015; Schwendt et al. 2009). The escalation of METH
intake by rats over the course of self-administration is similar
to increase of drug consumption over time in human abusers
and resembles a transition from controlled (limited) to uncon-
trolled (binge and run) METH use that is typical of human
addicts during the development of METH dependence (Cho
andMelega 2002; Kramer et al. 1967; Simon et al. 2002). The
effect of METH self-administration on body weight in rats is
shown in Fig. 1b. There were significant decreases in body
weights in the group of METH self-administering rats, with
the animals losing about 16 % of their weights by the eighth
self-administration session. The yoked saline group main-
tained stable weights throughout the experiment. The differ-
ences in body weights between the two groups were signifi-
cant starting at the fourth session. The observed weight loss in
the METH self-administration group is consistent with reports
of marked anorexia and substantial weight loss in human
METH abusers (Albertson et al. 1999; Kramer et al. 1967;
Neale et al. 2009).

METH-induced changes in the markers of dopamine
system integrity in the rat brain

Postmortem analyses of brain tissues obtained from METH
addicts revealed significant decreases in DA concentrations in
the caudate-putamen (Wilson et al. 1996). To investigate
whether METH self-administration causes similar changes in
dopaminergic terminals in our rat model, we measured the
levels of DA and its metabolites in the striatum. Indeed,
METH caused significant decreases in DA levels in the stria-
tum of animals euthanized at 2 h, 24 h, 7 days, 14 days, and
1 month after cessation of drug self-administration (Fig. 2a).
3,4-Dihydroxyindoleacetic acid (DOPAC) levels were also
significantly reduced byMETH at 2 h, 24 h, and 7 days, while
homovanillic acid (HVA) levels were significantly decreased
only at the 7-day time point (Fig. 2a). In addition to postmor-
tem evidence of decreased DA levels, neuroimaging studies
have also found significant reduction in the levels of DAT in
the striatum of human METH users (Sekine et al. 2003;
Volkow et al. 2001b, c). Postmortem studies also showed

decreases in DATand TH protein levels in the brains of chron-
ic METH abusers (Wilson et al. 1996). Therefore, we mea-
sured the expression of these proteins in the striatum and
found that METH caused significant decreases in TH and
DAT levels in animals euthanized at 14 days after cessation
of drug self-administration (Fig. 2b, c). Because METH ad-
diction is also associated with reductions in D2 DA receptors
in the human caudate (Volkow et al. 2001a; Wang et al. 2012),
we examined the possibility that similar changes might occur
in the dorsal striatum of rats exposed to extended access to
METH self-administration. As shown in Fig. 2d, e, we found
transient increases in D1 DA receptor protein levels at 2 h that
returned to control 24 h after cessation of drug exposure. In
contrast, D2 DA receptor protein levels were decreased after
1 month of withdrawal from METH self-administration
(Fig. 2d, e), similar to observations in human brains
(Volkow et al. 2001a;Wang et al. 2012). Clinical fMRI studies
have also reported potential reactive astrogliosis in the brains
of METH abusers (Bae et al. 2006; Thompson et al. 2004).
Because preclinical studies using non-contingent METH ad-
ministration detected increased astrogliosis in the brain
(Krasnova and Cadet 2009), we also measured the levels of
glial fibrillary acidic protein (GFAP), a marker of reactive
astrogliosis, in the striatum of animals euthanized at 7 days
after cessation of METH self-administration. In agreement
with clinical and previous preclinical findings, rats exposed
to METH self-administration also showed increased GFAP
levels in the striatum (Fig. 2f, g).

Because METH is also known to influence markers of
cortical monoaminergic systems (Johnson-Davis et al. 2003;
Krasnova et al. 2009; Son et al. 2013), we examined the ef-
fects of METH self-administration in the cortex. In contrast to
the acute effects of METH in the striatum, METH self-
administration caused more gradual decreases in DA levels
in the rat frontal cortex that reached significance after 14 days
withdrawal (Fig. 3a). DOPAC and HVA concentrations were
not affected (Fig. 3a). Next, we measured TH and DAT pro-
tein levels in the cortices of animals euthanized 14 days after
cessation of METH exposure. Similar to the striatum, METH
self-administration caused significant decreases in cortical TH
and DAT protein levels (Fig. 3b, c).We also found thatMETH
induced significant increases in GFAP levels in the cortex
7 days after cessation of drug exposure (Fig. 3d, e). The main
findings of our study and other reports showing effects of
extended access to METH self-administration on the markers
of DA system integrity in the brain are summarized in Table 1.

Taken together, the behavioral and biochemical effects ob-
tained in our rat METH self-administration model with ex-
tended access to the drug are reminiscent of observations in
some human METH addicts. We have reasoned that the de-
velopment of drug addiction might be related to structural and
functional changes in the brain caused by epigenetically in-
duced changes in gene expression. Therefore, we sought to

Psychopharmacology (2016) 233:1945–1962 1947



determine if METH self-administering rats show changes in
the expression of genes known to be implicated in synaptic
plasticity and cognitive functions.

Transcriptional changes in the striatum caused by METH
self-administration

The transition from occasional use of psychostimulants to
psychostimulant dependence may involve a shift of control
over drug intake from the ventral to dorsal striatum when the
use of drugs becomes habitual and compulsive (Everitt and
Robbins 2013). This transition to addictive behaviors appears
to depend on transcriptional and neuroplastic changes in the
brain (Nestler 2013; Volkow and Morales 2015). Similarly,
several studies have reported that METH can significantly
influence the expression of many genes in the dorsal striatum
after both acute and chronic administration of the drug (Cadet
et al. 2009b; Kodama et al. 1998; Krasnova et al. 2011;
McCoy et al. 2011; Wang et al. 1995). Although these studies
have shown that administration of METHmight be associated
with transcriptional changes, much remains to be done to im-
prove our knowledge about the molecular mechanisms under-
lying METH addiction. We and others have proposed that
METH-induced transcriptional and neuroplastic changes
might underlie altered cellular and synaptic functions and be-
havioral responses to the drug (Aguilar-Valles et al. 2014;
Jayanthi et al. 2014; Krasnova et al. 2013). Together, these
changes in gene expression and associated changes in protein
levels might cause cognitive deficits found in some METH
addicts (Cadet and Bisagno 2013); see Fig. 4 for a hypothet-
ical scheme).

Many previous studies of transcriptional changes caused
by with METH exposure have focused on the effects of non-
contingent METH treatment on gene expression in various
brain regions (Cadet et al. 2009b, 2014b; Jayanthi et al.

2014; Kodama et al. 1998; Krasnova et al. 2011; McCoy
et al. 2011; Thomas et al. 2004a; Wang et al. 1995).
However, very few studies have been conducted on transcrip-
tional effects of METH self-administration (Bosch et al. 2015;
Krasnova et al. 2013; Li et al. 2015). In the experiments
reviewed here, we studied global gene expression in striatal
tissues using Illumina 22K Rat microarrays. Experimental
protocols for tissue collection, RNA extraction, and perfor-
mance of microarray analyses can be found in our previous
publications on this subject (Krasnova et al. 2008, 2013) and
will not be described here. As reported by Krasnova et al.
(2013), we found that 543 and 266 transcripts were differen-
tially expressed in the striatum 2 and 24 h after cessation of
METH exposure (1.7-fold change versus control, p<0.05).
Using similar criteria, our laboratory was able to replicate
microarray expression data from dorsal striatum with RT-
PCR (Cadet et al. 2009b; Krasnova et al. 2008). The findings
that the drug causes changes in the expression of a large num-
ber of transcripts are consistent with various clinical manifes-
tations of METH-addicted patients (Dean et al. 2013;
Rusyniak 2013; van Holst and Schilt 2011). These clinical
symptoms include deficits in executive and memory func-
tions, depression, and psychosis (Rusyniak 2013; van Holst
and Schilt 2011). In addition, clinical studies have shown that
METH addicts are at higher risk to develop parkinsonism later
in life (Callaghan et al. 2010, 2012; Curtin et al. 2015).

For the microarray data described here, Krasnova et al.
(2013) used RT-PCR to validate METH-induced changes in
the expression of several transcription factors, neuropeptides,
and plasticity-related genes (Table 2 and Fig. 5). We analyzed
the genes differently expressed in the striatum at 2 and 24 h
after the cessation of METH self-administration for networks
and molecular functions using Ingenuity Pathways Analysis
(Ingenuity Systems). We found that METH can regulate many
biological processes in the dorsal striatum. Specifically,
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METH caused upregulation of transcripts that play roles in
cell-to-cell signaling and interaction (Fig. 6). It is of interest
that several genes, which participate in cell-to-cell signaling
and in cAMP response element binding (CREB) signaling,
including GABA B receptor 2 (GABBR2), G protein-
coupled inward rectifying potassium channel subunit 2
(GIRK2) gene, KCNJ6, and hypocretin receptor 1
(HCRTR1) were upregulated by the drug (Fig. 6).
Accumulated evidence suggests that acquisition of addictive

behaviors involves persistent changes in synaptic strength
within reward circuits and changes in DA neuron signaling
(Nestler 2013; Volkow and Morales 2015). Therefore, early
drug-induced neuroadaptations play critical role in remodel-
ing of the reward circuits in the brain and facilitate the devel-
opment of addiction. GABBR2 and GIRK2, in particular, may
participate in mechanisms underlying drug-induced synaptic
plasticity, because activation of GABBR2 and GIRKs medi-
ates DA neuronal excitability (Cruz et al. 2004; Labouebe
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eMETH self-administration caused increases in D1 DA receptor protein
levels at 2 h post-drug; D2 DA receptor protein levels were decreased
after 1 month withdrawal. f A representative immunoblot demonstrating
GFAP levels in rat striatum 7 days following cessation of METH self-
administration. g Quantitative analyses of the Western blots show
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Figure adapted from Krasnova et al. (2010, 2013)
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et al. 2007). Exposure to psychostimulants leads to increased
DA neuron excitability (Henry et al. 1989; White and Wang
1984), implicating GABBR and GIRK2 channels in the re-
sponse to addictive drugs (Luscher and Slesinger 2010).
Indeed, chronic AMPH exposure enhances GABBR transmis-
sion in the brain during early withdrawal (Giorgetti et al.
2002). Moreover, GIRK channels may also play role in
drug-taking behavior, because mice lacking GIRK channels
self-administer less cocaine (Morgan et al. 2003) and show
reduced withdrawal symptoms after chronic exposure to mor-
phine (Cruz et al. 2008). Moreover, GIRK2 mRNA levels are
increased in the cortex of human cocaine addicts (Lehrmann
et al. 2003).

In addition to DA and GABBR-GIRK signaling, other neu-
rotransmitters may play role in theMETH-induced neuroplastic
and behavioral effects. Specifically, hypocretin and hypocretin
receptor, HCRTR1 that is also upregulated by METH self-
administration in the striatum (Fig. 6) maymediate the response
to METH. Hypocretin-1 and hypocretin-2 are hypothalamic
neuropeptides discovered in the late 1990s (de Lecea et al.
1998; Sakurai et al. 1998). Hypocretin receptors, HCRTR1

and HCRTR2, are located in numerous brain areas implicated
in drug reinforcement circuits outside of the hypothalamus
(Nambu et al. 1999; Peyron et al. 1998). Hypocretin transmis-
sion appears to be a key signaling mechanism involved in re-
lapse to drug seeking after periods of abstinence (Aston-Jones
et al. 2009; Borgland et al. 2010; Harris et al. 2005). HCRTR1,
in particular, may play an important role in behavioral aspects
of addiction because HCRTR1 antagonist has been shown to
decrease cocaine self-administration in rats (Hollander et al.
2012; Prince et al. 2015) and to attenuate reinstatement of
cocaine-seeking behavior (Bentzley and Aston-Jones 2015;
Boutrel et al. 2005; Mahler et al. 2013). Importantly,
HCRTR1 knockout mice self-administer less cocaine than
wild-type animals (Hollander et al. 2012). Therefore, the up-
regulation of HCRTR1 expression in our METH self-
administration model suggests that this receptor may also play
role in METH-taking behavior and relapse to METH seeking.
HCRTRs, in particular, may trigger CREB signaling pathway,
because activation of these receptors causes protein kinase C
(PKC)-mediated phosphorylation of ERK and CREB (Guo and
Feng 2012) (Fig. 6). ERK is a kinase that plays a key role in the
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regulating neural and behavioral processes mediated by DA
and glutamate pathways (Shiflett and Balleine 2011). Once
activated, ERK causes CREB phosphorylation and enhances
expression of c-Fos (Thomas and Huganir 2004; Valjent et al.
2005). The involvement of CREB signaling in METH addic-
tion is supported by our finding of METH-induced increased
CREB phosphorylation in the rat striatum (Krasnova et al.
2013). CREB is a transcription factor phosphorylated by differ-
ent kinases including PKA and PKC) (Johannessen andMoens
2007). CREB phosphorylation also promotes the recruitment of
co-activators, such as CREB-binding protein (CBP)/p300, to
the basal transcriptional machinery, a process that is followed
by increased expression of CREB target genes such as Arc, c-
fos, Egr1, Fosb, and BDNF (Barco et al. 2005; Beaumont et al.
2012). In agreement with these observations, we found that
METH self-administration caused increases in c-fos and
BDNF expression in the striatum after 2 h of withdrawal from
the drug (Table 2 and Fig. 5). These data are consistent with the
report showing increases in c-Fos protein expression in the
dorsal striatum and cortex after 3 weeks of METH self-
administration at 2-h daily sessions (Cornish et al. 2012). This
model is different from that used in our study in which rats had
access to the drug for 15 h/day, eight consecutive days
(Krasnova et al. 2013). However, in both models, METH likely
caused these effects via stimulation of striatal DA receptors,
followed by activation of different kinases, phosphorylation
of CREB, and consequent CREB-mediated transcription
(Cadet et al. 2010; Carlezon et al. 2005). This idea is supported
by our findings that METH self-administration was accompa-
nied by increased recruitment of phosphorylated CREB on the

promoters of c-fos, fosB, and BDNF (Krasnova et al. 2013). In
addition, these data show that c-fos, fosB, and BDNF genes
might be co-regulated at both epigenetic and transcriptional
levels and may work together to maintain neuroplastic changes
that form substrates for METH addiction. The METH-induced
increases in BDNF mRNA expression are accompanied by
elevated BDNF protein levels at 2 h post-drug (Krasnova
et al. 2013). Our findings of increased BDNF expression are
in agreement with data of McFadden et al. (2014) who also
reported that METH self-administration caused elevated
BDNF expression in the rat hippocampus. It is interesting that
increases in C-fos and Bdnf mRNA levels appear to persist in c-
Fos-positive striatal neurons and may be associated with drug
relapse after long periods of withdrawal from METH self-
administration (Li et al. 2015). Thus, METH self-
administration might influence the expression of certain genes
in various brain regions including the cortex, striatum, and
hippocampus (Cornish et al. 2012; Krasnova et al. 2013; Li
et al. 2015; McFadden et al. 2014). These results are also con-
sistent with studies that reported increases in BDNF levels in
the plasma of chronic METH users (Kim et al. 2005).
Moreover, BDNF signaling may play an important role in pro-
ducing plastic changes that lead to addiction (Russo et al. 2009)
via mechanism that involves changes in the expression of
synapsin and synaptophysin, which play roles in synaptic func-
tions (Bykhovskaia 2011; Kwon and Chapman 2011). Our
findings that METH does increase the expression of syntaxin
1A (Table 2 and Fig. 5), synaptophysin, and synapsins
(Krasnova et al. 2013) provide further evidence that altered
synaptic plasticity forms the core of METH addiction.

Table 1 Long-term effects of METH self-administration on the markers of DA systems in the brain

METH exposure regimen METH intake Time points studied Brain area Main findings Reference

15 h/day, 8 days Up to 14.5 mg/kg/day 24 h Striatum ↓DA, ↓DOPAC levels Krasnova et al. (2010)
7 days Striatum ↓DA, ↓DOPAC, ↓HVA levels

↑GFAP protein levels

Cortex ↑GFAP protein levels

14 days Striatum ↓DA levels

↓TH, ↓DAT protein levels

Cortex ↓DA levels

↓TH, ↓DAT protein levels

15 h/day, 8 days Up to 14.0 mg/kg/day 2 h Striatum ↓DA, ↓DOPAC levels Krasnova et al. (2013)
↑D1 DAR protein levels

24 h Striatum ↓DA, ↓DOPAC levels

1 month Striatum ↓DA levels

↓D2 DAR protein levels

8 h/day, 7 days Up to 10 mg/kg/day 8 days Striatum ↓DAT uptake McFadden et al. (2012)
↓DAT immunoreactivity

30 days Striatum ↓DAT uptake

1 h/day, 7–10 days
+ 6 h/day, 12–14 days

Up to 7 mg/kg/day 14 days Striatum ↓DAT protein levels Schwendt et al. (2009)
Prefrontal cortex ↓DAT protein levels
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Synapsins are a family of phosphoproteins that are located in
presynaptic terminals (Greengard et al. 1993). They promote
synaptogenesis and regulate vesicle dynamics and neurotrans-
mitter release (Hilfiker et al. 1999; Kao et al. 2002) that depend
on phosphorylation/dephosphorylation events (Hosaka et al.
1999; Menegon et al. 2006). Thus, our findings of METH-
induced changes in the expression of these synaptic proteins
might be relevant to the report that repeated METH exposure
causes changes in the density of dendritic spines on medium
spiny neurons (Jedynak et al. 2007) that depend on activation of
the BDNF-tyrosine kinase receptor, type 2 (TrkB) signaling
pathway (Rauskolb et al. 2010). The data obtained in the stud-
ies of transcriptional changes caused by METH self-
administration in the striatum are summarized in Table 3.

METH-induced inflammatory response the brain

Another network upregulated byMETH self-administration in
the striatum includes genes that participate in inflammatory
response, inflammatory disease, and neurological disease
(Fig. 7). Inflammatory response in the CNS is primarily reg-
ulated by microglia—resident immune cells that protect the
brain against injury and damage (Graeber and Streit 2010;
Streit et al. 2005). However, overactivation of microglial cells
can result in release a variety of cytokines, reactive oxygen,
and nitrogen species that are known to cause neuronal damage
(Beardsley and Hauser 2014). In particular, exposure to
psychostimulants causes inflammatory response that may play
a role in METH-induced neuronal injury (Beardsley and
Hauser 2014). In our study, METH self-administration was
associated with activation of nuclear factor of activated T-
cells (NFAT)-mediated immune response (Fig. 7). NFATs are
transcription factors that regulate inflammatory responses in
microglia by undergoing nuclear translocation in response to
inflammatory stimulus (Nagamoto-Combs and Combs 2010).

Methamphetamine Toxicity

Fig. 4 Transcriptional and epigenetic mechanisms are involved in
METH addiction and toxicity. Biochemical and behavioral effects of
METH include activation of dopaminergic and glutamatergic pathways
together with other neurotransmitter systems that might participate in the
development of addiction and toxicity. Activation of these
neurotransmitter systems is followed by activation or inhibition of
transcriptional and epigenetic events that underlie compulsive abuse of
the drug. These behaviors might be secondary to subcortical
hyperconnection syndrome caused by cortical disinhibition and specific
cognitive changes in human METH addicts

Table 2 Partial list of transcripts
changed after METH self-
administration in the striatum

Transcript name Symbol Expression ratio METH/saline

2 h 24 h

Brain derived neurotrophic factor Bdnf 3.28 1.33

cAMP responsive element modulator Crem 1.72 1.02

FBJ murine osteosarcoma viral oncogene homolog C-fos 1.87 1.29

FBJ osteosarcoma oncogene B Fosb 1.72 1.27

Follistatin Fst 2.20 1.24

Jun oncogene C-jun 1.84 1.06

Nerve growth factor, gamma Ngfg −2.31 2.22

Neuropeptide Y Npy 1.74 1.31

Neurotensin Nts 3.08 1.05

Prodynorphin Pdyn 1.79 1.26

Syntaxin 1A Stx1a 2.30 −1.02
Synapsin II Syn2 2.12 −1.11
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Previous study from our laboratory has shown that METH
treatment caused shuttling of NFATs from cytosol to the nu-
cleus followed by increases in the expression of Fas ligand
(Jayanthi et al. 2005). Therefore, METH may also cause neu-
rotoxic effects via activating NFAT/Fas ligand death cascade
in the striatum (Jayanthi et al. 2005). Because NFATs are also
known to be involved in the regulation of cytokine expression
(Rao et al. 1997), they may contribute to METH-induced neu-
ronal damage by mediating increased cytokine expression in
microglia. Indeed, in addition to NFAT, METH also caused
activation interleukin-6 (IL-6) signaling in the striatum
(Fig. 7). Another recent study in rats (Astarita et al. 2015) that

used extended access to METH self-administration linked the
inflammatory changes with increased production of
sphingolipid messenger ceramide in the dorsal striatum and
peripheral tissues (e.g., skeletal muscle). In this study, inhibi-
tors of ceramide formation prevented METH-induced accel-
eration of genetic programs that are engaged during chronic
inflammation and cellular senesce that contribute to the rapid
health decline in METH users.

Numerous studies have shown thatMETH exposure results
in activation of microglia in the brain areas that show neuronal
degeneration, including the dorsal striatum (Asanuma et al.
2004; Escubedo et al. 1998; Thomas et al. 2004b; Thomas
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Fig. 5 Validation of METH-induced expression of genes identified by
microarray experiments using RT-PCR. Values represent means ± SEM in
comparison to saline group. Consistent with microarray data, METH self-
administration induced increases in the expression of C-jun and Crem
transcription factors, Fst, Nts, and Pdyn neuropeptides and Stx1A

involved in the synaptic functions at 2 h, which were normalized at
24 h after cessation of drug exposure. N = 6 per group. *p < 0.05 in
comparison to saline group (Student’s t test). Figure adapted from
Krasnova et al. (2013)
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and Kuhn 2005b). Microgliosis has been linked to neurode-
generation via pro-inflammatory mechanisms (Ehrlich et al.
1998; Gadient and Otten 1997; McGuire et al. 2001).
Evidence has shown that microglia may play role in METH-
induced neurotoxicity, including reductions of striatal DA
levels and damage to striatal DA terminals (Thomas and
Kuhn 2005a). In addition, reserpine and clorgyline that exac-
erbate METH toxicity also cause further increases in METH-
induced microglial activation in the striatum (Thomas et al.
2008). In contrast, attenuation of METH toxicity by NMDA
receptor antagonist MK-801 and dextromethorphan is accom-
panied by reduction in microglial activation (Thomas and
Kuhn 2005b). In addition, the anti-inflammatory drugs
ketoprofen and indomethacin as well as the antibiotic,
minocycline, can also protect against METH-induced
microgliosis and neurotoxicity (Asanuma et al. 2004; Zhang
et al. 2006). Furthermore, minocycline was protective against
the deleterious effects of METH on DAT levels in monkeys
(Hashimoto et al. 2007). Microglial cells might potentiate
METH-related damage by releasing pro-inflammatory

cytokines such as IL-1β (Loftis et al. 2011; Numachi et al.
2007), tumor necrosis factor α (TNF-α), and IL-6 (Goncalves
et al. 2008, 2010) (Fig. 7). Consistent with these ideas, METH
neurotoxicity and an increase in a marker of microglial acti-
vation PK11195 were attenuated in IL-6 knockout mice
(Ladenheim et al. 2000).

It is important to note that METH-induced microgliosis has
been shown to precede the development of pathological
changes in striatal DA neurons (LaVoie et al. 2004), suggest-
ing that microglial activation is involved in the development
of METH-induced neurological changes and is not simply a
reaction to neurodegeneration. In a human imaging study, a
marker for activated microglia, PK1195 binding, was in-
creased in abstinent METH users and correlated inversely
with the duration of METH abstinence (Sekine et al. 2008).
This microgliosis persisted in the brains of METH addicts
even after 2 years of abstinence (Sekine et al. 2008), suggest-
ing that microgliosis may participate in long-term neurologi-
cal effects of the drug (Cadet and Bisagno 2014), including
parkinsonism (Callaghan et al. 2012) that involves

Cell-to-cell signaling and interac�on

Fig. 6 METH self-administration causes differential expression of genes
involved in cell-to-cell signaling and interaction at 2 h after cessation of
drug exposure. This network includes genes involved in G protein-

coupled receptor signaling, dopamine-DARPP32 signaling, axonal
guidance signaling, synaptic long-term depression, and CREB signaling.
Figure adapted from Krasnova et al. (2013).
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neuroinflammatory processes (Long-Smith et al. 2009).
Further evidence for the participation of glial cells in the path-
ological substrate of METH addiction was provided by a re-
cent imaging study showing that METH-dependent women
exhibited severe reductions in glial tricarboxylic acid cycle
rate (Sailasuta et al. 2010).

Several studies have also shown that, in addition to microg-
lia, astrocytes can also display hypertrophy and proliferation
in the brain after METH treatment (Granado et al. 2011;
Raineri et al. 2012; Robson et al. 2014). Moreover, extended
access to METH self-administration in our model caused re-
active astrogliosis in the dorsal striatum and cortex, as shown
by increased GFAP protein levels (Figs. 2f, g and 3d, e, also
see Krasnova et al. 2010). Reactive astrocytes can secrete
cytokines and chemokines (Ramesh et al. 2013) that partici-
pate in METH-induced neuroinflammatory responses
(Borgmann and Ghorpade 2015). The data showing evidence
of METH-induced inflammatory response in the brain are
summarized in Table 4.

Emerging research has suggested that neuroinflammatory
effects may play roles in the rewarding properties of addictive
drugs, including METH, and potentially contribute to devel-
opment of METH addiction (Cadet and Bisagno 2014). In
particular, Narita et al. (2006) have shown that injection of
astrocyte-conditioned medium, which contained monocyte
chemoattractant protein-5 and TNF receptor 1, into the nucle-
us accumbens or cingulate cortex increased METH-induced
conditioned place preference inmice. In contrast, pretreatment
with the suppressor of immune responses, propentofylline,

attenuated rewarding effects of METH (Narita et al. 2006).
In addition to cytokines and chemokines, astrocytes may also
secrete several growth factors, including glial cell-derived
neurotrophic factor (GDNF), that play neuroprotective roles
in the brain (Rocha et al. 2012). Specifically, astrocyte-derived
GDNF has been shown to provide trophic support for DA
neurons and to inhibit microglial activation, thus reducing
microglial phagocytic activity and the production of reactive
oxygen species in the brain (Rocha et al. 2012). GDNF ap-
pears to also modulate the rewarding effects of METH be-
cause partial reduction of GDNF expression in GDNF hetero-
zygous knockout mice was shown to potentiate METH self-
administration and to increase vulnerability to drug- and cue-
induced reinstatement of METH-seeking behavior (Yan et al.
2007). In contrast, overexpression of GDNF in the stri-
atum reduced METH self-administration as well as cue-
and drug-primed METH-seeking behavior in mice (Yan
et al. 2013). Together, these data raise the possibility
that astrocytes may contribute to the synaptic plasticity
underlying METH-induced rewarding effects and main-
tenance of METH addiction.

In a different set of studies, ibudilast, a pharmacological
agent that reduces glial activation, was shown to decrease
METH-induced locomotor activity and sensitization (Snider
et al. 2012), to reduceMETH self-administration (Snider et al.
2013), and to attenuate prime- and stress-induced reinstate-
ment of METH seeking in rats (Beardsley et al. 2010).
These behavioral effects of ibudilast against various compo-
nents of METH addiction might be mediated via suppression

Table 3 Effects of METH self-administration and withdrawal on transcriptional regulation in the rat striatum

METH exposure
regimen

METH intake Time points studied Data obtained Reference

2 h/day for 3 weeks 4 ± 0.9 mg/kg/day immediately after cessation
of self-administration

↑c-Fos immunoreactivity Cornish et al. (2012)
↑FosB/ΔFosB immunoreactivity

15 h/day, 8 days up to 14.0 mg/kg/day 2 h ↑C-jun, ↑C-fos, ↑Fosb mRNA Krasnova et al. (2013)
↑Creb, ↑Crem mRNA

↑Stx1a, ↑Syn2, ↑Syp mRNA

↑Bdnf, ↓Ngfg mRNA

↑GABBR2, ↑KCNJ6, ↑HCRTR1 mRNA

↑ΔFosB, ↑pCREB protein levels

24 h ↑Ngfg mRNA, ↑NFAT-mediated signaling

↑IL-6 signaling, ↑IL-10 signaling

↑ΔFosB, ↑pCREB protein levels

1 month ↓cFos, ↓ΔFosB protein levels

↓CREB protein, ↓pCREB protein

9 h/day, 10 days Up to 7 mg/kg/day 1 month ↑Fos, ↑Egr1, ↑Arc mRNA Li et al. (2015)
↑Gria1, ↑Gria3, ↑Grin2a, ↑Grm1 mRNA

↑Bdnf, ↑Trkb mRNA

↑Hdac3, ↑Hdac4, ↑Hdac5, ↑Dnmt3a mRNA

↓Gria2 mRNA in Fos-positive striatal neurons
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of neuroinflammatory responses because ibudilast can reduce
the production of pro-inflammatory cytokines including IL-
1β, IL-6, and TNF-α as well as increase the levels of the anti-
inflammatory cytokine, IL-10, in activated microglia
(Kawanokuchi et al. 2004; Mizuno et al. 2004). Additional
preclinical studies showed that the antibiotic, minocycline,
blocked METH-induced condition place preference in mice,
suggesting that the drug may reduce rewarding METH effects
in these animals (Fujita et al. 2012). Moreover, minocycline
also attenuated METH self-administration in rats (Snider et al.
2013), an effect that might be mediated, in part, by its anti-
inflammatory properties. These studies demonstrate that
ibudilast and minocycline might be effective in producing
cessation of METH intake and achieving abstinence in human
METH users. These drugs might also reduce relapse during
clinical treatment for METH dependence. Both drugs have
been used safely as medications for other conditions for de-
cades, and initial findings of their positive effects against var-
ious aspects of METH use disorder are very encouraging.

In addition to playing roles in rewarding effects of METH,
changes in immune function may also contribute to the devel-
opment and persistence of cognitive deficits found in chronic
human METH abusers. Indeed, increased plasma levels of

pro-inflammatory cytokines IL-1β, IL-2, IL-6, and TNF-α
and chemokines MCP-1, MIP-1α, and MIP-1β were signifi-
cantly associated with greater neurocognitive dysfunction in
human METH users (Loftis et al. 2011). The neuropsychiatric
impairments found in human METH addicts that include cog-
nitive deficits, depression, and anxiety and last following ab-
stinence are associated with poor treatment outcomes, includ-
ing increased relapse rates, lower treatment retention rates,
and reduced daily functioning (Sadek et al. 2007; Zorick
et al. 2010). Together, these results suggest that medications
that counteract METH-induced neuroinflammation and
microglial activation may help to reduce METH-induced neu-
rological complications, thereby improving treatment out-
comes in METH dependence.

Summary

Neurocognitive deficits associated with METH abuse in
humans may result from some neuropathological changes ob-
served in the brains of these patients (Cadet et al. 2014a;
London et al. 2015). These pathological abnormalities include

Immune Response

Inflammatory disease, inflammatory response and neurological disease

Fig. 7 Twenty-four-hour withdrawal from METH self-administration
causes upregulated expression of genes involved in inflammatory
response, inflammatory disease, and neurological disease. This network

includes genes involved in interleukin-6 signaling, interleukin-10
signaling, and NFAT-regulated immune response. Figure adapted from
Krasnova et al. (2013).
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Table 4 METH-induced inflammatory response in the brain

Species, METH dose Time points
studied

Brain area Data obtained Reference

BALB/c mice, 4 mg/kg ×
4 times, every 2 h

3 days Striatum Microgliosis shown by
↑CD11b immunoreactivity

Asanuma et al.
(2004)

Sprague-Dawley rats, 10 mg/kg ×
4 times, every 2 h

72 h Striatum, hippocampus,
cerebellum

Microgliosis shown by
↑peripheral benzodiazepine
receptor (PBR) density

Escubedo et al.
(1998)

C57BL/6J mice, 30 mg/kg,
single i.p. injection

30 min Striatum ↑IL-6 mRNA Goncalves et al.
(2008)Hippocampus ↑TNF-α mRNA

Frontal cortex ↑IL-6, TNF-α mRNA

1 h Striatum, ↑IL-6 mRNA

Hippocampus ↑IL-6 mRNA

Frontal cortex ↑IL-6, TNF-α mRNA

2 h Frontal cortex ↑IL-6 mRNA

C57BL/6J mice, 30 mg/kg,
single i.p. injection

1, 24 h Hippocampus Astrogliosis shown by
↑GFAP immunoreactivity,
↑GFAP protein levels

Goncalves et al.
(2010)

Microgliosis shown by
↑CD11b immunoreactivity,
↑TNFR1 protein levels

7 days Hippocampus Microgliosis shown by
↑CD11b immunoreactivity,
↑TNF-α protein levels

Wild-type mice, 5 mg/kg ×
3 times every 3 h

1 day Striatum Astrogliosis shown by
↑GFAP immunoreactivity

Granado et al. (2011)

Microgliosis shown by
↑Mac-1 and ↑Iba-1
immunoreactivity,

↑GFAP, ↑Iba-1, ↑TNF-α mRNA,
↑IL-15 immunoreactivity

Sprague-Dawley rats, METH
exposure for 15 h/day, 8 days,
METH intake up to 14.5 mg/kg/day

7 days Striatum, cortex Astrogliosis shown by ↑GFAP
protein levels

Krasnova et al.
(2010)

C57BL/6J mice, 10 mg/kg ×
4 times, every 2 h

3, 14 days Striatum Microgliosis shown by
↑PBR density

Ladenheim et al.
(2000)

Sprague-Dawley rats, 15 mg/kg ×
4 times, every 2 h

1–6 days Striatum, parietal cortex,
piriform cortex

Microgliosis shown by
↑OX42 immunoreactivity

LaVoie et al. (2004)

C57BL/6J mice, 1 mg/kg, i.p. for 7 days 72 h Striatum ↑IL-2 mRNA Loftis et al. (2011)
Hippocampus ↑IL-1β, ↑IL-2, ↑IL-6 mRNA

Frontal cortex ↓IL-1β mRNA

3 weeks Hippocampus ↑IL-1β, ↑IL-10 mRNA

C57BL/6J × 129Sv/J mice,
45 mg/kg, i.p single injection

1 h Hypothalamus ↑IL-1β mRNA Numachi et al.
(2007)

C57BL/6 mice, 5 mg/kg ×
4 times every 2 h

48 h Striatum Astrogliosis shown by
↑GFAP immunoreactivity

Raineri et al. (2012)

Microgliosis shown by
↑ILB-4 immunoreactivity

6 days Striatum Astrogliosis shown by
↑GFAP immunoreactivity

Swiss Webster mice, 5 mg/kg × 4 times
every 2 h

12, 24 h Striatum ↑GFAP mRNA Robson et al. (2014)
72 h Striatum Astrogliosis shown by

↑GFAP immunoreactivity

C57BL/6J mice, 40 mg/kg single i.p. in-
jection

12 h Striatum ↑IL-1α mRNA Thomas et al.
(2004a)24 h ↑GFAP mRNA

48–72 h Astrogliosis shown by ↑GFAP protein
levels

C57BL/6J mice, 10 mg/kg ×
4 times, every 2 h

24–72 h Striatum Microgliosis shown by
↑ILB4 immunoreactivity

Thomas et al.
(2004b)
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dysfunctions of DA terminals, astrogliosis, and microgliosis
in the brains of METH addicts (Sekine et al. 2008; Thompson
et al. 2004; Volkow et al. 2001b, c; Wilson et al. 1996; see
Cadet et al. 2014a for an extensive review). Neuroimaging
studies provide suggestive evidence that these abnormalities
and related deficits in cognitive control and decision-making
may play role in promoting compulsive drug use and present a
critical barrier to success in the treatment of METH addiction
(London et al. 2015). It is important to note that this
argument does imply that all METH users suffer from
cognitive deficits since individual resilient factors might
work to protect the brains of some METH addicts from
the potential negative effects of this drug. However, the
argument supports the idea that these patients deserve
thorough neurological evaluations that may help to de-
termine which METH dependent individuals may need
cognitive enhancement during therapeutic interventions.

Cytokines and chemokines released by activated microglia
appear to also play important roles in METH-induced neuro-
nal injury and neuropsychiatric impairments, which include
cognitive deficits, depression, and anxiety (Downey and
Loftis 2014). These deficits may persist even after prolonged
abstinence and may serve as triggers for repeated relapses
(Sadek et al. 2007; Zorick et al. 2010). Immunotherapeutic
strategies that target specific neuroinflammatory pathways
may not only reduce neurotoxic effects of the drug by promot-
ing neuronal repair but may also improve neurocognitive
functions in these patients. Therefore, the present review sug-
gests the need for more research to further investigate the role
that neuroinflammatory processes might play during the tran-
sition from occasional drug taking to pathological habitual
drug use. The role that these substances might play in promot-
ing stress- and cue-induced relapse also remains to be inves-
tigated. A better understanding of these processes may help us
to develop better therapeutic approaches that are beneficial to
METH-addicted individuals.
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