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Abstract

Methamphetamine (METH) use disorder (MUD) is often accompanied by psychotic symptoms, 

cognitive deficits, and pathological changes in the brains of users. Animals that experimenters 

injected with drugs also show neurodegenerative changes in their brains. Recently, we have been 

investigating METH-induced molecular and biochemical consequences in animals that had infused 

themselves with METH using the drug self-administration (SA) paradigm. In that model, 

footshocks administered contingently help to separate rats that had already escalated their METH 

intake into resilient-to-drug (shock-sensitive, SS) or compulsive (shock-resistant, SR) METH 

takers. Herein, we used that model to test the idea that compulsive METH takers might show 

evidence of drug-induced autophagic changes in their brains. There were significant increases in 

mRNA levels of autophagy-related genes including Atg2a, Atg5, Atg14, and Atg16L1 in the rat 

dorsal striatum. Levels of two autophagy biomarkers, autophagy activating kinase (ULK1) and 

phospho-Beclin1, were also increased. In addition, we found increased p53 but decreased Bcl-2 

protein levels. Moreover, the expression of cleaved initiator caspase-9 and effector caspase-6 was 

higher in compulsive METH takers in comparison to shock-sensitive rats. When taken together, 

these results suggest that the striata of rats that had escalated and continue to take METH 

compulsively the presence of adverse consequences exhibit some pathological changes similar to 

those reported in post-mortem human striatal tissues. These results provide supporting evidence 

that compulsive METH taking is neurotoxic. Our observations also support the notion of 

developing neuro-regenerative agents to add to the therapeutic armamentarium against METH 

addiction.
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Introduction

Methamphetamine (METH) is the third most commonly abused illicit substance in the world 

(UNODC 2018). Repeated use of METH can result in METH use disorder (MUD) 

(Courtney and Ray 2014) that is accompanied by various psychiatric and neurological signs 

and symptoms (Cadet and Bisagno 2015; DSM5 2013). The manifestations of MUD depend 

on interactions of brain regions that subsume reward, memory, and habit formation (Balleine 

and O’Doherty 2010; Knowlton and Patterson 2018). Among these brain areas, the dorsal 

striatum is involved in habit forming (Cadet et al. 2015; Everitt and Robbins 2016; Hu et al. 

2019) and appears to regulate some of the behavioral manifestations of incubation of METH 

seeking after long intervals of forced drug withdrawal (Caprioli et al. 2017; Rubio et al. 

2015; Torres et al. 2017).

In addition to causing addiction, the use of METH is associated with neurodegenerative 

consequences in animals (Krasnova and Cadet 2009) and humans (Cadet et al. 2014). In fact, 

rats that are given moderate to large doses of METH suffer from striatal dopamine (DA) 

depletion and loss of DA transporters (DAT) and serotonin (5-HT) transporters (SERT) 

(Armstrong and Noguchi 2004; Bittner et al. 1981; Cappon et al. 2000; Fukumura et al. 

1998; Guilarte et al. 2003). SERT (Sekine et al. 2006) and DAT (Volkow et al. 2001) deficits 

are also observed in the brains of human METH users. Similarly, self-administration of 

METH for 15 hours per day is also associated with depletion of striatal DA, DAT, 5HT, and 

tyrosine hydroxylase (TH) (Krasnova et al. 2010). Together, these observations support the 

view that METH is neurotoxic (Cadet et al. 2007).

In addition to the toxic effects of monoaminergic terminals, moderate to large doses of 

METH can also cause cell death (Cadet et al. 2003) by activating apoptotic pathways in the 

mammalian brain (Jayanthi et al. 2001; Jayanthi et al. 2004). There is also some evidence 

that METH might cause autophagic changes in the brain (Pasquali et al. 2008; Roohbakhsh 

et al. 2016; Xu et al. 2018; Yang et al. 2019). The observations that METH can cause 

apoptotic and autophagic consequences are consistent with the fact that there exist 

substantial cross talks between these two processes that are regulated by some common 

factors (Levine et al. 2005; Maiuri et al. 2007). Autophagy is a conserved and highly 

regulated process that cells use to degrade cytoplasmic contents (Levine and Kroemer 2008). 

Impaired regulation of autophagy is associated with protein aggregations observed in 

neurodegenerative disorders (Nixon and Yang 2011).

METH-induced autophagic changes were first reported by Larsen et al. (2002) who 

demonstrated that exposure to METH was accompanied by the formation of autophagic 

granules. Later, Castino et al. (2008) reported that low doses of METH also cause 

autophagosomes in a cell culture system. Interestingly, pharmacological and genetic 

inhibition of autophagy in rat dopaminergic cells led to METH-induced apoptosis via 

caspase-3 activation (Lin et al. 2012), suggesting that autophagic responses might hinder 
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METH-induced apoptosis in their system. This conclusion is consistent, in part, with the 

demonstration that overexpression of LC3-II (microtubule-associated light chain 3), an 

autophagy regulatory protein, could protect against METH-induced cell death (Lin et al. 

2012). However, there are also reports that inhibition of autophagy via mTOR (negative-

regulator of autophagy) might actually reduce METH-induced cell death (Kongsuphol et al. 

2009; Li et al. 2012). The latter inferences were supported by a paper that reported that 

autophagy was an early response in the steps that lead to METH-induced apoptosis (Xu et 

al. 2018). Because the data on METH-induced autophagic changes were obtained mostly in 

cell culture systems, this left unanswered the question of whether similar occurrences might 

be evident in animal models that better mimic human METH use disorder.

Therefore, to further test the possibility that METH can also cause activation of autophagic 

markers in vivo, we used a model of METH self-administration and measured the expression 

of autophagy-related genes (Atg), two autophagy protein markers-Beclin and ULK1, and 

some markers of neuronal damage in the dorsal striatum of rats that had been taking METH 

compulsively. Herein we report that METH does indeed induce activation of several markers 

of autophagy. Our results support the notion of using neuroprotective agents as parts of the 

therapeutic armamentarium against METH addiction in humans (Mohammad Ahmadi 

Soleimani et al. 2016).

Materials and Methods

Animals and drug treatment

We used male Sprague-Dawley rats (Charles River Labs, Raleigh, NC, USA), weighing 

350–400 g that were housed in a humidity and temperature-controlled (22.2± 0.2 °C) room 

with free access to food and water. Our procedures followed the Guide for the Care and Use 

of Laboratory Animals (ISBN 0–309–05377–3) and were approved by the National Institute 

of Drug Abuse Animal Care and Use Committee.

Intravenous surgery

We anesthetized rats with ketamine and xylazine (50 and 5mg/kg, i.p., respectively) and 

inserted silastic catheters into the jugular veins as described previously (Cadet et al. 2017). 

We injected buprenorphine (0.1mg/kg, s.c.) one time after surgery to relieve pain and 

allowed the rats to recover for 5–10 days before METH self-administration training. During 

the recovery period, the rats were monitored for health, handled daily, and the catheters were 

flushed every 24–48h with gentamicin (Butler Schein; 5mg/ml) and sterile saline.

Training and punishment phases

We performed the training procedure for METH self-administration as previously described 

(Cadet et al. 2017; Krasnova et al. 2014). Briefly, we brought rats to the self-administration 

room on the first day of testing and chronically housed them in self-administration 

chambers. Animals had free access to food and water that were available in water bottles and 

feeders hanging on the walls of all self-administration chambers. We trained rats to self-

administer dl-METH HCl (0.1 mg/kg/infusion over 3.5 s; 0.1ml/infusion). during three 3-h 

sessions/day (the sessions were separated by 30min off intervals) for 21 days using a fixed-
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ratio-1 schedule with 20-s timeouts. At the end of each 3-h session, the house light was 

turned off and the active lever was retracted. Active lever presses were accompanied by a 5-s 

compound tone-light cue. Presses on inactive (stationary) lever had no programmed 

consequences. We connected the catheters of rats to a modified cannula (Plastics One, 

Minneapolis, MN) attached to a liquid swivel (Instech Laboratories, Inc., Plymouth Meeting, 

PA, USA) via polyethylene-50 tubing that was protected by a metal spring. We trained rats 

in sets of 5 days of METH self-administration with 2 days off in order to minimize weight 

loss. During off days, rats remained housed in self-administration chambers but were 

disconnected from intravenous self-administration lines. Control rats self-administered 

saline under the same conditions.

During the punishment phase, rats continued METH self-administration under identical 

conditions describe above. In addition, 50% of the reinforced lever-presses for METH 

resulted in the concurrent delivery of a 0.5-s footshock through the grid floor. We set the 

footshock current at 0.18mA for punishment Day 1, 0.24mA for Day 2, 0.30mA for Day 3 to 

Day 5, and 0.36 mA for Day 6 to Day 8. The application of this range of shock intensity has 

previously helped to separate rats into shock-resistant and shock-sensitive animals (Cadet et 

al. 2017; Torres et al. 2017). Importantly, some animals that self-administered saline 

received a non-contingent footshock each time the paired animals in the METH SA group 

received a contingent shock. These animals served as controls for the effects of only shocks 

on molecular and biochemical markers in the dorsal striatum. Thus, by the end of the 

behavioral experiments, there were separate groups of rats that were yoked to the 

corresponding shock-sensitive and -resistant rats, namely yoked SS (YSS) and yoked SR 

(YSR), respectively. YSR rats received different number of shocks than YSS rats by the end 

of the shock phase of the experiment.

RNA preparation

Two hours after the last day of self-administration and footshocks, we euthanized the rats by 

decapitation with guillotine and isolated dorsal striatum samples from the brains. Total RNA 

was extracted from individual dorsal striatum samples using Qiagen RNeasy Mini kit 

(Qiagen, Valencia, CA, USA). We assessed RNA integrity using an Agilent 2100 

Bioanalyzer (Agilent, Palo Alto, CA, USA); RNA samples showed no degradation.

Quantitative RT-PCR analysis of mRNA levels

We reversed-transcribed individual total RNA from Control group (n=10), SR group (n=8), 

SS group (n=7), YSR group (n=8), and YSS (n=7) into cDNA using Advantage RT-for-PCR 

kit (Clontech, Mountain View, CA, USA). We generated PCR primers using LightCycler 

probe design software v. 2.0 (Roche Biosystems, Indianapolis, IN, USA) and purchased 

gene-specific primers from the Synthesis and Sequencing Facility of Johns Hopkins 

University (Baltimore, MD, USA). Five hundred nanograms (500 ng) of RNA were reverse-

transcribed with oligo dT primers using Advantage RT-for-PCR kit (Clontech). RT-qPCR 

was performed with Roche LightCycler 480 II using iQ SYBR Green Supermix (Bio-Rad). 

We normalized the relative amounts of mRNA in each sample to means of OAZ1 and Beta-2 

microglobulin (B2M) mRNA. The list of primers used are given in Table S1.
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Western Blot

Tissues were homogenized using 10mM Tris HCl, 150 mM NaCl, pH 7.5 in the presence of 

1% Nonidet P-40 (NP-40) protein, and phosphatase inhibitor cocktails (Sigma, St. Louis, 

MO). Total protein concentrations were quantified using BCA assay (Thermofisher 

Scientific, Waltham, MA). Twenty μg of soluble protein lysate were prepared in solutions 

that contained Laemmli buffer and 5% β-Mercaptoethanol. Samples were then boiled and 

resolved using NuPage 10% Bis-Tris Protein Gels (ThermoFisher Scientific, Waltham, MA). 

Protein were electrophoretically transferred onto PVDF membranes (Bio-Rad, Hercules, 

CA). Membranes were blocked with 5% BSA in TBST and incubated overnight with 

primary antibodies at dilutions described by the manufacturer. Primary rabbit polyclonal 

antibodies including anti-Bcl2 (1:1000; # 2876); anti-ULK1 (1:10000; # 8054); anti-Beclin1 

(1:1000; # 3495); anti-phosphoBeclin1 (1:1000; # 14717); anti-cleaved caspase 9 (1:1000; # 

9507); anti-cleaved caspase 6 (1:1000; # 9762) and anti-cleaved caspase 3 (1:1000; # 9661) 

were purchased from Cell Signaling Technologies. Anti-p53 (1:1000; # AHO0132) was 

purchased from Biosource International. α-Tubulin mouse monoclonal antibody was 

purchased from Sigma-Aldrich (1:10000, T6074). The antibodies revealed bands at the 

expected molecular weights for all proteins. Anti-rabbit HRP (1:5000 #7074) and anti-

mouse HRP (1:5000 #7076) secondary antibodies were purchased from Cell Signaling 

Technologies. Anti-Goat HRP (1:5000 sc-2020) was purchased from Santa-Cruz. After 

secondary antibody incubation, ECL Clarity (Bio-Rad, Hercules, CA) was used to detect 

bands on ChemiDoc Touch Imaging System (Bio-Rad. Hercules, CA), and intensities were 

measured with Image Lab 6.0 version (Bio-Rad, Hercules, CA) software.

Statistical Analysis

We analyzed the behavioral data with the statistical program GraphPad Prism and followed 

significant effects (p< 0.05) with post-hoc contrasts with the repeated measures ANOVA. 

For the training and shock phases, the dependent variables were the number of METH or 

saline infusions during 21 training days and 8 foot-shock days. Student’s t-test were used to 

examine the total METH intake between the two groups compared. We analyzed RT-PCR 

data and western blot intensities by one-way ANOVA followed by Fischer’s protected least-

significant difference test (PLSD) using StatView (version 4.02, SAS Institute, Cary, NC, 

USA). The null hypothesis was rejected at p<0.05.

Results

Footshock punishment dichotomizes METH self-administering rats into two distinct 
phenotypes

Fig. 1a illustrates the timeline of the present study. Fig. 1b shows the number of METH 

infusions taken by the rats that self-administered METH (0.1 mg/kg/infusion) for 21 days. 

Animals in the control (CT, n = 10) and yoked (n = 15) groups self-administered saline. As 

we previously reported (Cadet et al. 2017; Torres et al. 2017), METH SA rats (n = 15) 

escalated their METH intake during the training phase (Fig. 1b). Two-way repeated 

measures ANOVA comparing METH rats to control rats showed significant effects of groups 

[F (1, 36) = 311.2, p<0.0001], training days [ F (20, 720) = 31.39, p<0.0001], and group x 

training days interactions [F (20, 720) = 60.54, p<0.0001]. During the 8 days of footshocks 
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or punishment phase, some rats significantly decreased their METH intake (resilient or 

shock-sensitive, SS) whereas others continued to compulsively press the active lever for 

METH (compulsive or shock-resistant, SR). Animals that fell post facto into SR (n = 8) and 

SS (n = 7) groups showed no significant differences in METH intake during the 21 days of 

METH SA training before footshocks [F (1, 13) = 1. 173, p = 0.08] as per our previous 

results (Cadet et al., 2017) (Fig. 1c). Fig. 1d illustrates that SR and SS rats took most of the 

METH infusions within the first hour of each 3-hr interval during SA sessions, thus 

suggesting that all rats took METH in a binge pattern. These observations are similar to 

reports that humans self-administer METH in binges (Cheng et al. 2010; Cho and Melega 

2002). Fig. 1e illustrates the fact that SR rats took significant more METH than the SS group 

[F (1, 13) = 6.821, p < 0.0001] during the shock phase. The total METH intake after shock 

was 85.41 ± 5.38 mg for the SR group and was 36.51 ± 4.54 mg for the SS group. Two-way 

repeated measures for METH earned included the between-subject factors (treatment 

groups, SR vs SS) and within-subject factor (shock days), and their interactions. We found 

significant effects of treatment groups [F(1,13) = 46.53, p<0.0001], shock days [F(7,91) = 

6.654, p<0.0001], and the interaction of the two [F(7,91) = 9.348, p<0.0001].

SR and YSR rats received more footshocks (61.64±1.17 shocks) than SS and YSS 

(25.54±4.92 shocks) rats. It was important to attempt to identify molecular and biochemical 

consequences of footshocks because footshocks have been shown to influence the striatal 

expression of some genes including FMO2 (flavin-containing monooxygenase) and PDK4 

(pyruvate dehydrogenase kinase 4) (Krasnova et al. 2017). We therefore conducted all the 

biochemical studies in all the 5 groups that included control (CT), YSR, YSS, SR, and SS 

rats.

Autophagy-related gene (Atg) mRNA expression and autophagy protein biomarkers are 
altered in compulsive METH-taking rats

As discussed above, several groups had reported that METH can impact autophagic 

processes in either cell cultures or animals that experimenters injected with METH (Larsen 

et al. 2002; Li et al. 2017; Pasquali et al. 2008; Roohbakhsh et al. 2016; Xu et al. 2018; Yang 

et al. 2019). In our study, we used, for the first time, a self-administration model that is more 

akin to human conditions because rats self-administer the drug. In addition, we compared 

compulsive METH takers (SR) to rats that had decreased their METH intake in response to 

adverse consequences (SS rats). We used the model to measure the expression of several Atg 

mRNAs in the dorsal striatum because METH negatively impacts that brain region in both 

rodents and humans (Krasnova and Cadet 2009; Volkow et al. 2001). One-way ANOVA 

showed that exposure to METH SA was associated with significant changes in Atg2a 
[F(4,27) = 6.971, P = 0.0005; Fig. 2a] and Atg5 [F(4,33) = 3.072, P = 0.0295; Fig. 2b] 

mRNA levels, with SR rats showing increased expression in comparison to SS and CT rats. 

There were also significant changes in Atg12 mRNA [F(4,32) = 2.794, P = 0.0426; Fig. 2c]. 

These changes were due to increased expression in the SR group in comparison to the SS 

and CT groups. Atg14 [F(4,28) = 4.633, P = 0.0054; Fig. 2g] and Atg16L1 [F(4,28), P = 

0.0488; Fig. 2h]] mRNA levels were also significantly altered. Interestingly, rats that were 

yoked to the SR group (YSR) showed significant increases in Atg12, Atg13, and Atg14 
mRNA levels (Figs. 2e-g), suggesting that large number of footshocks might have activated 
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the expression of these genes. It is also to be noted that YSR rats showed a trend but no 

significant increases in Atg2a (P = 0.07) and Atg5 (P = 0.17) mRNA levels in comparison to 

controls (Figs. 2a-b). The fact that Atg2a and Atg5 mRNA levels showed an increasing trend 

in the YSR rats suggests that footshocks might have contributed to the significant increases 

in their expression observed in SR rats. No significant changes were observed in the 

expression of Atg7 and Atg10 transcripts in any group (see Figs. 2c and 2d).

To test if proteins known to interact with ATGs were also affected, we performed Western 

blot analyses using antibodies specific for Beclin1 (BECN1), phospho-Beclin1 (pBECN1), 

and its upstream protein regulator, unc51-like autophagy activating kinase1 (ULK1). 

Significant increases in ULK1 protein levels [F(4,18) =3.133, P = 0.0388; Fig. 3a] were 

observed in SR animals. There were, however, no significant changes in total BECN1 

protein expression [F(4,20) =1.165, P = 0.3558; Fig. 3b]. Importantly, the abundance of 

phosphorylated BECN1 (pBECN1) in SR rats was increased [F (4,20) =2.866, P = 0.05; Fig. 

3c] compared to control rats. These two markers were not significantly impacted in any 

other group.

Upregulation of p53 and downregulation of Bcl2 in the striatum of compulsive METH-
taking rats

Previous studies have reported that exposure to METH can result in autophagic and 

apoptotic changes (Cadet et al. 2003; Pasquali et al. 2008). Studies from this lab and others 

have also reported that METH injections can cause increases in p53 but decreases in Bcl2 

protein levels in rodents (Imam et al. 2001; Jayanthi et al. 2001). Interestingly, p53-DNA 

binding activity in the brain is also increased after METH exposure (Asanuma et al. 2002), 

suggesting increased p53-dependent transcriptional activity. Moreover, the levels of BECN1 

and BCL2 have also been reported to be key determinants of whether cells undergo 

apoptosis or autophagy (Marquez and Xu 2012) and there is convincing evidence that p53 

can regulate autophagic processes (Cordani et al. 2017; White 2016). We thus decided to 

measure p53 and Bcl2 expression in the METH SA rats. As shown in Fig. 4a, there were 

significant increases [F(4,17) = 0.8040, P = 0.008] in p53 protein levels in the SR and SS 

groups in comparison to the control group (Fig. 4a). The p53 levels in SR were also 

significantly higher than those in the METH SS group (p <0.01; Fig. 4A), indicating that 

larger amounts of METH caused greater increases in striatal p53 protein expression. In 

contrast, BCL2 protein levels were significantly decreased [F(4,20) = 8.363, P = 0.0004] 

only in the SR group (Fig. 4b). Neither p53 nor Bcl2 protein levels were affected in the 

yoked animals that received only footshocks (Fig. 4).

Regulation of caspase proteins in METH SA rats

Progression to apoptosis or autophagy involves interactions of proteins that include ATG 

proteins and caspases (Booth et al. 2019; Shalini et al. 2015; Wu et al. 2014). We have 

shown previously that METH neurotoxicity is associated with increased activation of 

caspase-9, −6 and −3 (Cadet et al. 2005; Deng et al. 2002; Jayanthi et al. 2005; Jayanthi et 

al. 2004). We thus opted to test the idea that METH SA might also be associated with 

activation of these caspases (Fig. 5). One-way ANOVA revealed significant effects [F(4,19) 

= 5.157, P = 0.0055] on the cleavage of the initiator caspase 9 (Fig. 5a), with there being 
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lower levels of cleaved caspase-9 in the SS group in comparison to the SR group. We also 

measured cleaved caspase 6, an effector caspase, and found significant [F(4,19) = 3.074, P = 

0.0413] differences between the SS and SR (Fig. 5b). Unexpectedly, METH SA had not 

effects on caspase-3 cleavage (Fig. 5c).

Discussion

The present study documents, for the first time, significant changes in some markers that are 

involved in both autophagic and apoptotic processes in animals that self-administered larger 

quantities of METH in comparison to others that become abstinent after footshocks. Thus, 

the dorsal striata of compulsive METH takers showed (i) increased Atg2a, Atg5 and Atg12 
mRNA levels; (ii) increased ULK1 and pBECN1 abundance; and (iii) increased p53 but 

decreased Bcl-2 protein expression. These data are discussed in term of their demonstration 

that METH, taken by self-administration, can also activate pathways that might lead to 

autophagy and/or neuronal apoptosis.

Our findings are consistent with previous studies that had reported the presence of 

autophagic changes after exposure to METH (Larsen et al. 2002; Pasquali et al. 2008). At 

low concentrations, METH may act as a pro-survival factor in dopaminergic neuron by 

impacting autophagic processes (Ma et al. 2014). Pitaksalee et al. (2015) reported, however, 

that inhibition of autophagy by caffeine exacerbated METH-induced cell death. Importantly, 

high doses of METH can cell death by activating multiple death pathways that lead to 

neuronal apoptosis (Deng et al. 2002; Deng et al. 1999; Hirata and Cadet 1997; Jayanthi et 

al. 2001; Jayanthi et al. 2004). These pathways include increased expression of p53, 

decreased expression of Bcl2, and caspase activation, among others (Hirata and Cadet 1997; 

Jayanthi et al. 2001; Jayanthi et al. 2004). Activation of these pathways is secondary to 

METH-induced oxidative stress (Cadet and Brannock 1998; Cadet et al. 2003; Cadet et al. 

2005)

In the present study, we have found increased ULK1 protein levels in rats that continued to 

take METH compulsively for 29 days. We thus propose that METH-induced increased 

ULK1 might have served to promote autophagic changes in the striatum of these rats 

because activation of the ULK1 complex is involved in the early stages of autophagy 

(Petherick et al. 2015). This idea is consistent with our observation that these rats exhibit 

increased phosphorylation of Beclin1 and increased expression of some of its binding 

partners that include several ATGs (Cao et al. 2017; Matsushita et al. 2007; Otomo et al. 

2013). Beclin1 phosphorylation by phosphoglycerate kinase-1 has indeed been shown to 

play an integral part of the autophagic process (Qian et al. 2017). We also detected increased 

levels of Atg2a, Atg5, Atg12 and Atg16L mRNAs in the SR group in comparison to both 

control and SS groups. ATG2a transports lipids from the ER to the growing phagophore at 

mitochondrial-ER contact sites (Gomez-Sanchez et al. 2018; Osawa et al. 2019). Moreover, 

the ATG12 conjugation system (ATG12-ATG5-ATG16L complex) is important in 

autophagosome formation, phagophore elongation, and cargo recognition (Walczak and 

Martens 2013; Wesselborg and Stork 2015). Thus, when taken together, our novel findings 

promise to open a new line of inquiry that will help to decipher not only the molecular 
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neurobiology of the neurological and psychiatric deficits but also that of neuropathological 

abnormalities reported in humans who suffer from METH use disorders (Cadet et al. 2014).

A growing body of evidence suggests that binding of Beclin1 to Bcl2 negatively regulates 

autophagosome formation by promoting the dissociation between Beclin1 and its binding 

proteins (Liang et al. 1998; Pattingre et al. 2008). Evidence suggests that the relative 

amounts of Beclin1 and Bcl-2 family proteins may govern the threshold for transition from 

cell survival to cell death (Pattingre et al. 2005; Xu et al. 2013). In the present study, we 

found significant decreases in BCL-2 protein levels in compulsive METH taking rats. Taken 

together with our observations that p53 protein levels are also increased in these rats, these 

data suggest that METH SA may induce processes that lead to both autophagic and neuronal 

apoptosis in the dorsal striatum. This conclusion is consistent with previous data on the 

neurotoxic effects of METH (Cadet et al., 2003; 2005). Our proposal also agrees with those 

of Xu et al. (2013) who reported that inhibition of Bcl2 during nutrient deprivation-induced 

autophagic activity is accompanied by the promotion of cell death.

In summary, we have shown, for the first time, that rats that took large quantities of METH 

during implementation of a drug self-administration paradigm for several days show 

significant alterations in markers of autophagy and neuronal apoptosis in their dorsal 

striatum. These data are summarized in the schema in figure 6 that suggests that METH SA 

can activate these pathways in the dorsal striatum as a result of METH-induced oxidative 

stress (Cadet and Brannock 1998). Our observations point to the need to further investigate 

autophagy- and/or apoptosis-mediated events in various organ systems of humans who abuse 

METH. Elucidation of these pathways might be of therapeutic benefits.
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BCL-2 B-cell lymphoma 2

BECN1 Beclin-1

CT control group

DA dopamine

DAT dopamine transporter
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LC3-II microtubule-associated light chain 3

METH methamphetamine

mTOR mammalian target of rapamycin

MUD methamphetamine use disorder

NP-40 Nonidet P-40

OAZ1 ornithine decarboxylase antizyme

p53 Tumor protein p53

SA self-administration

SERT serotonin transporter

SS shock-sensitive group

SR shock-resistant group

TH Tyrosine hydroxylase

ULK1 unc51-like autophagy activating kinase 1

5-HT serotonin
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Figure 1. Behavioral effects of extended access to METH SA training and contingent footshock 
punishment.
(A) Experimental timeline for METH SA included a training phase of 21 days and a shock 

phase for 8 days. (B) Rats with long access to METH escalate drug intake and increased 

their METH intake steeply during the first 10 days. METH intake plateaued thereafter. (C) 
Total METH intake of the shock-resistant (SR, n = 8, denoted in black circles) was similar to 

that of shock-sensitive (SS, n = 7, denoted in white circles) rats during the 21-day training 

phase. (D) The patterns of METH infusions during the 3-hr sessions revealed that rats in 

both SR and SS phenotypes took more METH during the first hour of each session. (E) 
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During the punishment phase, total METH intake of the SR was significantly greater (p< 

0.0001) than that of SS rats.
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Figure 2. Differential changes in striatal mRNA expression of autophagy-related genes after 
METH SA and footshocks.
METH SA and footshocks are associated with increased Atg2a (A), Atg5 (B) and Atg12 (E) 

mRNA levels in the dorsal striatum of SR rats in comparison to control and SS rats. (C and 
D) Striatal Atg7 and Atg10 mRNA levels show no significant changes in any of the group. 

(F) Striatal Atg13 mRNA expression was increased only in YSR rats. (G) Striatal Atg14 
mRNA expression showed increases in both YSR and SR rats. (H) Atg16L mRNA levels 

were increased only in SR rats. The values in bar graphs represent means ± SEM (n = 7–10 
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animals per group). Key to statistics: *, **, *** = p < 0.05, 0.01, 0.001, respectively, in 

comparison to control rats; #, ##p < 0.05, 0.01, respectively, in comparison to SR rats; $, $ $ 

p < 0.05, 0.01, respectively, in comparison to YSR.
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Figure 3. Compulsive METH takers exhibit increased expression of autophagy activating kinase 
(ULK1) and abundance of phosphorylated Beclin1 (pBECN1) protein levels in the rat dorsal 
striatum.
(A, B, C) Quantitative measures and representative images show respective results of 

western blot analyses for ULK1, BECN1, and pBECN1 proteins in the rat dorsal striatum. 

Compulsive METH taking rats (SR) show increased ULK1 (A) and pBECN1 (C) protein 

abundance. (B) There were no significant changes in BECN1 protein levels in any group. 

For quantification, Western blotting for ULK1, BECN1, and pBECN1 proteins were 

normalized to α-tubulin and then analyzed. The values represent means ± SEM (n=4 −6 rats 
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per group). Key to statistics: *, **, *** = p < 0.05, 0.01, 0.001, respectively, in comparison 

to control rats; #, ##p < 0.05, 0.01, respectively, in comparison to SR rats; $, $ $ p < 0.05, 

0.01, respectively, in comparison to YSR.
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Figure 4. Compulsive METH takers exhibit increased p53 but decreased Bcl2 protein levels in 
the dorsal striatum.
(A) Differential expression of p53 protein levels in the SR and SS groups. (B) Bcl2 protein 

levels are decreased only in compulsive METH takers. α-tubulin was used for 

normalization. Key to statistics: *** P<0.001 vs. CT; $ $ P<0.01 vs. YSR; # P<0.05 vs. SR.
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Figure 5. Effects of METH self-administration on cleavage of caspases-9 and −6 in the dorsal 
striatum.
Representative western blot bands and corresponding quantitative analysis of the initiator 

caspase, cleaved caspase-9 (A) and effector, caspase-6 (B). SS rats showed significant 

decreases in cleaved caspase −9 (p < 0.001) and caspase-6 (p < 0.01) in comparison to SR 

rats. (C) There were no changes in caspase-3 cleavage in any of the group. α-tubulin was 

used for normalization. Key to statistics: ** p<0.01 vs. CT; $, $ $ p<0.05, p<0.01 vs. YSR, 

respectively; ##, ### p<0.01, p<0.001 vs. SR, respectively; ^ p<0.05 vs. YSS.
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Figure 6. METH-taking activates a p53-Bcl2-ULK1-dependent autophagic cascade in the dorsal 
striatum.
Schematic representation of activation of autophagic events and eventual neuronal damage 

in the dorsal striatum of compulsive METH seeking rats. Autophagic events include- 

initiation of phagophore formation (increased protein expression of ULK1), elongation and 

completion of autophagosome (upregulation of Atg5-Atg12-Atg16L and activation of 

pBECN1). Compulsive METH SA by generating oxidative stress may lead to mitochondrial 

dysfunctions, increased p53 expression, and consequent decreased Bcl2 protein levels. 

Together these biochemical changes may act to regulate autophagic and apoptotic changes in 

the dorsal striatum of rats exposed to large amounts of METH.
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