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Abstract

Different methamphetamine use patterns in human subjects may contribute to inconsistent findings 

regarding the effects of methamphetamine abuse on brain and behavior. The present study 

investigated whether human derived chronic and binge methamphetamine use patterns have 

differential effects on reward and neurochemistry in mice. Brain reward function in mice was 

evaluated during acute/prolonged withdrawal, and in response to methamphetamine challenge 

using the intracranial self-stimulation procedure. Brain dopaminergic, serotonergic and 

glutamatergic neurochemistry was determined with high-performance liquid chromatography. 

Chronic and binge regimens induced withdrawal-related decreases in reward function that were 

more severe during the binge regimen during cycles 1–2. Despite large differences in 

methamphetamine dose, both regimens induced similar reward deficits during cycles 3–4. Neither 

methamphetamine regimen led to persistent alterations in the sensitivity to the reward-enhancing 

effects of acute methamphetamine challenge. The binge regimen severely depleted striatal 

dopamine levels and increased brain glutamine levels. The chronic regimen had milder effects on 

striatal dopamine levels, and altered cortical dopamine and serotonin levels. This work highlights 

that the magnitude of acute/prolonged withdrawal may not reflect amount or frequency of 

methamphetamine intake. In contrast, the array of underlying neurochemical alterations was 

methamphetamine regimen-dependent. Thus, stratifying methamphetamine-dependent individuals 

based on use pattern may help to cater therapeutic interventions more appropriately by targeting 

use pattern-specific neurotransmitter systems.
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INTRODUCTION

Methamphetamine dependence remains a world-wide public health problem (UNODC, 

2013). Prior methamphetamine use is associated with prolonged withdrawal symptoms 

including anhedonia (reward deficits) and cognitive impairment (Leventhal et al., 2008; 

Sofuoglu et al., 2016). However, research findings are inconsistent across studies (Hart et al., 

2012), which may be attributed to different methamphetamine use patterns in humans. The 

extent of reward and cognitive impairments associated with different methamphetamine use 

patterns remains largely unknown because of unreliable self-reports and study-to-study 

variability in which methamphetamine use factors are reported (Scott et al., 2007). 

Understanding how brain reward function and neurochemistry are altered by distinct use 

patterns will assist in identifying neurotransmitter specific targets to treat methamphetamine 

dependence in subgroups of individuals with different patterns of methamphetamine use. 

Establishing efficacious treatment strategies may help to prevent relapse and improve 

clinical outcomes (Sofuoglu et al., 2016).

A paucity of studies report methamphetamine use patterns in humans. Two distinct patterns 

of methamphetamine use have been described. Binge use features a rapid dose-escalation to 

high-doses over 4 days/week of use on average, followed by a period of abstinence (Cheng 

et al., 2010; Cho and Melega, 2002; Semple et al., 2003; Simon et al., 2002; Sommers et al., 

2006). Chronic use features sustained, 6 days/week on average, use of low/moderate doses 

(Brecht et al., 2004; Cheng et al., 2010; Cho and Melega, 2002; Simon et al., 2002). Though 

binge users tend to use less frequently than chronic users, the amount of methamphetamine 

consumed is greater with binge users consuming approximately 1.5 times as much 

methamphetamine per month (~2.5 times per day of use) compared with chronic users 

(Cheng et al., 2010; Cho and Melega, 2002). Thus, differences in the frequency and amount 

of methamphetamine administered between use patterns could result in different outcomes 

on brain reward function, cognition and neurochemistry.

Methamphetamine-induced neurotoxicity and prolonged methamphetamine exposure have 

been widely studied in monkeys and rodents (Krasnova and Cadet, 2009). In rodents, 

methamphetamine exposures commonly feature neurotoxic regimens consisting of multiple 

high-dose administrations over 1–2 days or regimens consisting of low-dose escalation prior 

to a high-dose binge over 1–4 weeks (Krasnova and Cadet, 2009). Although these regimens 

do not necessarily reflect use in human subjects, they provide insight into how the pattern of 

methamphetamine use can differentially affect reward/cognitive outcomes. That is, memory 

deficits in novel object recognition (NOR) are observed after short-term, high-dose 

neurotoxic methamphetamine administration in rats (Belcher et al., 2008; Reichel et al., 

2012) or after sustained low dose methamphetamine administration in mice (Kamei et al., 

2006); but not when these regimens are preceded by dose-escalations in rats (Belcher et al., 

2008; Clark et al., 2007) or mice (Kesby et al., 2015b). Chronic exposure to 

methamphetamine also results in depression-like behaviour. Brain reward deficits or 

anhedonia have been reported in rats during withdrawal from methamphetamine self-

administration and non-contingent chronic methamphetamine administration (Jang et al., 

2013; Miyata et al., 2011). Thus, although impairments in NOR appear to be highly 
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exposure-dependent, little is known regarding the effects of different patterns of 

methamphetamine exposure on brain reward function.

Methamphetamine-induced alterations in reward and cognitive function have been 

associated with impairments in dopaminergic function, although other neurotransmitters 

such as serotonin (Muller et al., 2007) and glutamate (Ernst and Chang, 2008; Sailasuta et 

al., 2010) are implicated. Methamphetamine-dependent users have decreased dopamine 

transporter levels (a marker for dopamine terminals) in the striatum (Volkow et al., 2001). 

Moreover, decreases in dopamine function have been associated with deficits in memory and 

executive function (McCann et al., 2008), and increased risk of relapse (Wang et al., 2012). 

Multiple methamphetamine regimens have been shown to decrease dopamine and dopamine 

transporter levels in the striatum of monkeys and rodents (Lacan et al., 2013; Melega et al., 

2008; Melo et al., 2012). However, few studies have directly compared the effects of human-

derived patterns of methamphetamine use on brain neurochemistry and behavior.

The goal of the present study was to investigate whether two common patterns of 

methamphetamine use in human abusers, chronic and binge, have differential effects on 

brain reward function and neurochemistry in mice. Brain reward function in response to 

methamphetamine withdrawal and acute methamphetamine administration was assessed 

with the intracranial self-stimulation (ICSS) procedure. In addition, NOR was used as a 

readout of persistent memory deficits given previous studies suggest NOR deficits are 

methamphetamine regimen dependent (Belcher et al., 2008). Regional neurochemistry was 

assessed using high-performance liquid chromatography (HPLC). Brain regions tested 

included those associated with reward, motivation and cognition. The current study focussed 

on non-contingent administration to maintain strict control of methamphetamine dosing. In 

addition, the doses administered in the present study exceeded those observed in self-

administration paradigms (Lacan et al., 2013; Mandyam et al., 2008). Although there is 

evidence of differing neurochemical responses to methamphetamine when comparing 

contingent versus non-contingent exposure (Lominac et al., 2012), striatal dopamine systems 

were similarly affected by contingent versus non-contingent methamphetamine exposure 

(Lacan et al., 2013). The outcomes of these studies provide insights regarding potential 

neurochemical mechanisms underlying the effects of two distinct human-derived 

methamphetamine regimens on brain reward function, neurochemistry and cognition in 

mice.

MATERIALS AND METHODS

Animals

A total of 60 male mice, 3–6 months old, were used (for details see Supplementary 

Methods). Experiments were conducted in accordance with the guidelines of the American 

Association for the Accreditation of Laboratory Animal Care and National Research 

Council’s Guide for the Care and Use of Laboratory Animals and approved by the 

University of California San Diego Institutional Animal Care and Use Committee.
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Methamphetamine regimens

For detailed information about the development of the methamphetamine regimens see 

Supplementary Methods. The methamphetamine regimens (Figure 1) consisted of 

subcutaneous injections of saline or methamphetamine (5 ml/kg, methamphetamine 

hydrochloride; Sigma, St. Louis, MO, USA; reported as base concentration) for four ‘cycles’ 

of 6 days (four injections/day). The first cycle featured one week of dose-escalation 

followed by three repeated cycles of methamphetamine exposure. The chronic regimen 

cycles consisted of 6 days of moderate dosing (2 mg/kg). The binge regimen cycles 

consisted of a two-day dose-escalation (3–5 mg/kg) followed by two days of high dosing (6 

mg/kg). The 6-day administration period chosen in the chronic regimen represents the 

average days/month of exposure observed in human chronic studies (Brecht et al., 2004; 

Simon et al., 2002). The 4-day administration period chosen in the binge regimen represents 

the average days/week of use observed in human binge studies (Cheng et al., 2010; Cho and 

Melega, 2002; Semple et al., 2003; Simon et al., 2002; Sommers et al., 2006) and also 

accounts for peak binge use during the weekend period (Friday–Monday)(Halkitis et al., 

2009). The doses for both the chronic and binge regimens were selected to fit models of total 

use per day/month in humans. That is, binge users consume approximately 1.5 times more 

methamphetamine per month than chronic users (Cheng et al., 2010). Our regimens in mice 

reflect this aspect with the binge regimen featuring 1.7 times more methamphetamine per 

month than the chronic regimen. Per day of methamphetamine use, binge users commonly 

use 1.5–3.5 times as much methamphetamine as chronic users (Cheng et al., 2010; Cho and 

Melega, 2002). Thus, mice received 2.5 times the amount of methamphetamine per day of 

use in the binge regimen compared with the chronic regimen.

Intracranial self-stimulation

The discrete-trial, current-intensity threshold ICSS procedure was conducted as previously 

described (Kesby et al., 2016a)(see Supplementary Methods). Each trial was initiated with a 

non-contingent stimulation and a response resulted in a second, identical contingent 

stimulation. By varying the current intensity level, we determine the minimal electrical 

current that elicits responding for the contingent stimulation, i.e., the reward threshold. 

Elevations in reward thresholds reflect decreased brain reward function (i.e., reward deficits 

or anhedonia). Conversely, lowering of thresholds reflect reward enhancement. The ICSS 

procedure also provides measures of response speed (latency), disinhibition/impulsivity 

(timeout responses), and vigor of responding (extra responses).

Novel object recognition test

NOR was assessed as previously described (Kesby et al., 2015a)(see Supplementary 

Methods). Mice were allowed to explore two identical wire cups for 10 min (familiarisation 

phase). One of the cups was then replaced with a novel cup and exploration was assessed for 

10 min (test phase). The data were expressed as a discrimination ratio of the duration of 

object exploration: (Novel-Sample)/Total.
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High-performance liquid chromatography

Neurochemistry was evaluated as previously described (Kesby et al., 2016a, b)(see 

Supplementary Methods). Catecholamines were analyzed using a HPLC system with 

electrochemical detection. Amino acids were analyzed after derivatization with fluorescence 

detection. Data was processed with Dionex Chromeleon software (v7.2, Thermo Scientific, 

CA, USA).

Experimental Design

Mice prepared with electrodes were trained in the ICSS procedure until stable reward 

thresholds were achieved (<10% standard deviation over three days; minimum 14 days of 

baseline testing). Mice were tested daily in the ICSS procedure (07:30–11:30h) prior to 

saline/methamphetamine administration (i.e., 12 h acute withdrawal). After termination of 

methamphetamine regimens, mice underwent a six-day prolonged withdrawal and continued 

to be tested daily on the ICSS procedure. Then, a dose-response function for acute 

methamphetamine (0, 0.2, 0.4 and 0.8 mg/kg, intraperitoneally, 10 ml/kg, 20 min before 

testing, three days apart) was assessed using a within-subject Latin square design (12 days). 

Three days after the final acute methamphetamine challenge, mice were tested for NOR (3 

days). Finally, brain samples were collected for neurochemical analyses (23 days after 

completion of methamphetamine regimens; 07:30–11:30h). For details on exclusions see 

Supplementary Methods.

Statistical analyses

All of the analyses were performed with SPSS Statistics 20 (Chicago, IL, USA). All data 

were analyzed using analysis of variance (ANOVA), with Regimen as the between-subject 

factor, and repeated measures ANOVAs when appropriate. Data not meeting the assumption 

of homogeneity of variance were analyzed using Greenhouse-Geiser adjusted degrees of 

freedom. When appropriate, post hoc comparisons were performed using Least Significant 

Difference (LSD) analyses. Results are expressed as mean±SEM. Differences were 

considered statistically significant at p<0.05.

RESULTS

Intracranial self-stimulation

Daily withdrawal assessments—Reward thresholds data during the baseline, 

throughout the methamphetamine regimens and prolonged withdrawal (41 days in total) are 

presented in Figure 2A. Analyses revealed significant main effects of Day (F40,1160=8.9, 

p<0.001), Regimen (F2,29=9.7, p<0.001) and a significant interaction of Day x Regimen 
(F80,1160=3.6, p<0.001). To account for a different number of days of methamphetamine 

administration in each regimen, we compared the average reward thresholds at the 12 h 

withdrawal time points during each methamphetamine cycle (4-day average for binge and 6-

day average for chronic regimen; Figure 2B). There were significant main effects of Week 
(F4,116=11.4, p<0.001), Regimen (F2,29=15.2, p<0.001) and a significant interaction of Week 
x Regimen (F8,116=5.2, p<0.01). Post hoc comparisons after both analyses revealed that the 

chronic (p<0.01) and binge (p<0.001) regimens led to significantly higher reward thresholds 
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than saline with a greater magnitude of threshold elevations during periods of acute 

withdrawal (Figure 2A,B). The binge regimen led to significantly greater elevations in 

reward thresholds than the chronic regimen during the first two cycles of methamphetamine 

but not during the final two cycles or during prolonged withdrawal (Figure 2B). During 

prolonged 6-day withdrawal (Figure 2A), reward thresholds were significantly elevated for 2 

days after both methamphetamine regimens compared with saline (p<0.05). There were no 

significant differences between the methamphetamine regimens for response latency, 

timeout responses or extra responses revealed either by total data analyses (Figure S1) or by 

analyses of averaged 12 h withdrawal time points during each methamphetamine cycle 

(Figure S2).

Acute methamphetamine challenge—For reward thresholds (Figure 3A), there was a 

significant main effect of Dose (F3,87=14.9, p<0.001) with acute methamphetamine 

challenge lowering reward thresholds at all doses (p<0.001). For response latency (Figure 

3B), there was a significant main effect of Regimen (F2,29=5.1, p<0.05) with the binge 

regimen decreasing the time to respond (p<0.01) and there was a similar trend for the 

chronic regimen (p<0.1) when compared with saline. Both the chronic and binge regimen 

significantly decreased response latency at 0.4 and 0.8 mg/kg methamphetamine compared 

with saline (p<0.05). For extra responses (Figure 3C), there was a significant main effect of 

Regimen (F2,29=4.3, p<0.05) with the binge regimen increasing extra responses compared 

with saline (p<0.01). The binge regimen increased extra responses at 0.4 mg/kg 

methamphetamine when compared with saline (p<0.05) and there was a similar trend when 

compared with the chronic regimen (p<0.1). For timeout responses (Figure 3D), there was a 

significant main effect of Dose (F3,87=4.2, p<0.05) with 0.8 mg/kg methamphetamine 

significantly lowering timeout responses compared with all other doses (p<0.05). There 

were no significant interactions of Regimen x Dosing order on reward thresholds, latency, 

timeout responses or extra responses. There were no significant differences between 

regimens for latency (Figure S3A), timeout responses (Figure S3B) or extra responses 

(Figure S3C) on the baseline days between methamphetamine challenges.

Novel object recognition

There were no effects of methamphetamine regimen on any measure in the NOR test. All 

mice significantly discriminated the NO (F1,35=110.9, p<0.001; Figure S4A). Total 

interaction time (Figure S4B) was lower in the test phase compared with the familiarization 

phase (F1,35=34.7, p<0.001). The time spent grooming (Figure S4C) was significantly 

different between phases (F2,70=6.5, p<0.01) with increased grooming observed in the test 

phase compared with the habituation (p<0.01) and familiarization (p<0.05) phases.

Neurochemistry

The results for all neurochemical measures with statistical results are reported in the 

Supplementary materials (Tables S1–S8). Key findings and statistical analyses are presented 

below.

Dopaminergic system—Both methamphetamine regimens had significant effects on 

dopamine function in the caudate putamen (CPu) and nucleus accumbens (Acb). In the CPu, 
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there were significant group differences in the levels of dopamine (F2,35=37.1, p<0.001; 

Figure 4A) and DOPAC (F2,35=4.5, p<0.05; Figure 4B). A stepwise decrease in dopamine 

levels was observed with levels significantly lower after the chronic regimen compared with 

saline (20%; p<0.001), and after the binge regimen compared with both saline (40%; 

p<0.001) and the chronic regimen (25%; p<0.001). DOPAC levels were also significantly 

lower in the binge regimen compared with saline (p<0.001) and the chronic regimen 

(p<0.001). Correspondingly, decreased dopamine levels led to significantly increased ratios 

of metabolites/dopamine (Figure 4C).

In the Acb, dopamine levels were significantly different between groups (F2,35=3.6, p<0.05) 

but the effects were less dramatic than in the CPu (Figure 4D). Unlike in the CPu, dopamine 

was only decreased after the binge regimen with levels 10% and 13% lower than saline 

(p<0.05) and the chronic regimen (p<0.05), respectively. No significant differences in 

DOPAC levels were observed (Figure 4E). Differences in the ratios of metabolites to 

dopamine were minimal (Figure 4F).

Dopamine levels in the OFC (Figure 4G) were also significantly different between groups 

(F2,35=4.0, p<0.05). The chronic regimen led to significantly increased levels of dopamine 

compared with both saline (p<0.05) and the binge regimen (p<0.05).

Serotonergic system—Serotonin levels in the medial prefrontal cortex (mPFC; Figure 

4H) were significantly different between groups (F2,35=3.8, p<0.05). The chronic regimen 

led to significantly lower levels of serotonin compared with both saline (p<0.05) and the 

binge regimen (p<0.05).

Amino acids—Although there was no effect of methamphetamine regimen on glutamate 

levels (Figure 5A), there were global alterations in glutamine levels (Figure 5B). There were 

significant main effects of Regimen on glutamine levels in the mPFC (F2,32=3.4, p<0.05), 

orbitofrontal cortex (OFC; F2,32=3.6, p<0.05), hippocampus (F2,32=5.0, p<0.05), amygdala 

(F2,32=4.8, p<0.05), CPu (F2,32=3.3, p<0.05), Acb (F2,32=4.0, p<0.05) and ventral midbrain 

(F2,32=4.9, p<0.05). In all cases glutamine levels were significantly elevated after the binge 

regimen. Correspondingly, there were also a significant main effects of Regimen on the 

glutamine/glutamate ratio (Figure 5C) in the mPFC (F2,32=3.9, p<0.05), OFC (F2,32=4.5, 

p<0.05), anterior cingulate cortex (F2,32=4.4, p<0.05), hippocampus (F2,32=4.9, p<0.05), 

amygdala (F2,32=4.1, p<0.05), CPu (F2,32=3.6, p<0.05) and ventral midbrain (F2,32=5.5, 

p<0.01). Again, in all cases the glutamine/glutamate ratio was significantly elevated after the 

binge regimen.

DISCUSSION

The present studies examining two human-derived methamphetamine use patterns in mice 

demonstrated that key aspects of reward and neurochemistry can be either independent or 

dependent on methamphetamine use parameters. Despite large differences in 

methamphetamine administration patterns and dosage per day, binge and chronic regimens 

induce a similar magnitude of reward deficits during acute and prolonged withdrawal. 

Importantly, there were differential effects of methamphetamine regimens on brain 
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neurochemistry. The binge regimen depleted dopamine levels in the striatum and increased 

glutamine levels throughout the brain. The chronic regimen had milder effects on dopamine 

levels in the striatum, and altered cortical dopamine and serotonin levels. Neither regimen 

altered NOR suggesting that these regimens were not associated with persistent memory 

deficits.

Reward function and methamphetamine regimens

The magnitude of threshold elevations during both the chronic and binge regimens was 

dynamic, with the greatest elevations observed at 12 h withdrawal and gradually returning to 

baseline during abstinence. The binge regimen led to more severe and prolonged withdrawal 

during the first two cycles of administration than the chronic regimen, consistent with a 

greater level of methamphetamine exposure. Interestingly, after exposure to multiple cycles, 

similar magnitudes of withdrawal-induced threshold elevations were observed, suggesting 

that reward dysfunction is not a ‘dose-dependent’ effect per se, especially given the 2.5-fold 

difference between the chronic and binge regimen in total methamphetamine per day. 

Consistent with our results, acute and prolonged withdrawal from methamphetamine 

resulted in elevated thresholds (Jang et al., 2013; Miyata et al., 2011), with greater threshold 

elevations correlating with greater levels of subsequent methamphetamine administration 

(Jang et al., 2013).

As expected (Bauer et al., 2013; Kesby et al., 2016a), acute methamphetamine challenge 

lowered ICSS reward thresholds. Surprisingly, neither regimen led to persistent alterations in 

acute methamphetamine-induced reward enhancement, suggesting a potential recovery of 

function during abstinence. Interestingly, both regimens led to decreased response latencies 

and increased extra responses after acute methamphetamine challenge compared with saline 

suggesting an impulsivity-like disinhibition of responding (Amitai et al., 2009). Although a 

similar pattern was observed after both regimens, the magnitude of the effect was attenuated 

in the chronic compared with the binge regimen, suggesting this may be a reflection of total 

methamphetamine exposure and the magnitude of dopamine dysfunction after each regimen. 

Considering that impaired response inhibition and elevated impulsivity levels are key traits 

of methamphetamine dependence (Everitt et al., 2007), more research is needed using 

behavioral tasks that specifically evaluate these constructs after exposure to chronic and 

binge regimens.

Neurochemical impact of methamphetamine regimens

Decreased striatal dopaminergic function in methamphetamine-dependent subjects has been 

associated with reward deficits that can predict relapse (Wang et al., 2012). Furthermore, 

rates of anhedonia are higher in subjects with a history of stimulant use compared with 

subjects with no history of stimulant use (Leventhal et al., 2008) suggesting sustained 

impairments in dopamine function. The ICSS procedure in rodents measures brain reward 

function that is particularly sensitive to alterations in limbic dopaminergic projections (Der-

Avakian and Markou, 2012). After protracted abstinence, we observed decreased dopamine 

content in the CPu after both regimens and in the Acb after the binge regimen. In addition, 

concomitant decreases in DOPAC and increased ratios of metabolites/dopamine suggest 

these deficits are largely presynaptic. Although we observed regimen-dependent differences 
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in dopamine levels, these effects were not associated with differences in reward deficits 

during the final cycle of methamphetamine exposure or during prolonged withdrawal. The 

rewarding effects of ICSS stimulation are highly dependent on dopamine tone (Hernandez et 

al., 2012). Thus, it would appear that even though both regimens decreased total dopamine 

levels, and this resulted in decreased synaptic tone (i.e., reward deficits) during the 

methamphetamine regimen cycles, synaptic dopamine tone was restored after cessation of 

the methamphetamine exposure. Given these data, we would predict that mice exposed to 

the methamphetamine regimens, particularly the binge regimen, would be more sensitive to 

methamphetamine-induced reward deficits upon re-exposure compared with those exposed 

to saline. This may particularly important considering relapse in humans is associated with 

decreases in dopamine function (Wang et al., 2012).

These data are consistent with the known impact of methamphetamine on dopaminergic 

transmission in animal models. For example, prolonged escalation of methamphetamine in 

monkeys led to decreased striatal dopamine levels after three weeks of abstinence (Melega et 

al., 2008). Similarly, self-administration (Brennan et al., 2010) and binges following dose-

escalation (Segal and Kuczenski, 1997) have been shown to decrease striatal dopamine 

levels in rodents. The greater impact of the binge regimen on dopamine levels in both the 

CPu and Acb compared with the chronic regimen support the evidence in humans that 

factors such as frequency, dose and length of methamphetamine administration contribute to 

dopaminergic impairments (Sekine et al., 2001). However, significant recovery of dopamine 

transporter levels in methamphetamine-dependent individuals have been observed after as 

little as two weeks of abstinence (London et al., 2015). Therefore, it is possible that the 

observed differences in dopamine content and function between the regimens are the result 

of differing rates of recovery, complicating any direct associations with the previously 

assessed behavioral outcomes.

Neuroimaging studies have demonstrated structural and functional deficits in the PFC and 

OFC of methamphetamine-dependent individuals (London et al., 2015). Our studies showed 

that the chronic regimen, but not the binge regimen, increased dopamine levels in the OFC 

and decreased serotonin levels in the mPFC. These data suggest that the sustained 

methamphetamine exposure in the chronic regimen, rather than the restricted high-dose 

exposure in the binge regimen, is a critical factor in the dysregulation of cortical 

neurochemistry. Increased activity in the OFC of mice is associated with continued drug use 

despite negative consequences (Pascoli et al., 2015). This ‘compulsive drug taking’, 

developed over multiple sessions, is indicative of the transition to drug addiction of which 

the OFC plays a critical role in both rodents and humans (Everitt et al., 2007). In addition, 

decreased serotonin levels in the mPFC of mice is associated with increased impulsivity 

(Campus et al., 2016). Decreased mPFC serotonin levels may also reflect a compensatory 

mechanism. For example, activation of PFC serotonin receptors increases the activity of 

dopamine neurons in the ventral tegmental area (Bortolozzi et al., 2005). Therefore, 

decreased PFC serotonin after the chronic regimen may be in response to sustained 

methamphetamine-induced overactivity of ventral tegmental area dopamine neurons. Taken 

together, alterations in cortical neurochemistry may be more susceptible to the number of 

days used per week/month rather than the total dose of exposure.
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Altered glutamatergic function has also been implicated in methamphetamine dependence 

and withdrawal. However, the clinical evidence using magnetic resonance spectroscopy, that 

cannot always distinguish glutamate from glutamine (collectively referred to as GLX), is 

complicated. For example, Ernst and Chang reported decreased GLX levels in the frontal 

cortex during the first 1–2 weeks of withdrawal (Ernst and Chang, 2008). However, levels 

recovered by 1–2 months and exceeded normal levels after 2 months of abstinence 

suggesting an excessive compensatory response. Increased glutamate levels have also been 

reported in the frontal cortex (Sailasuta et al., 2010) but increases in glutamate levels were 

more severe during early abstinence and normalised (decreased) over time. Others have 

reported decreased GLX levels during early abstinence that recover with time (O’Neill et al., 

2015) or no differences in glutamate or GLX (Howells et al., 2014). Our results in mice 

showed that the binge regimen elevated glutamine levels throughout the brain after three-

weeks of near abstinence, whereas the chronic regimen did not. Whether glutamine/

glutamate levels are decreased during acute withdrawal or if the chronic regimen transiently 

alters glutamine function is not known. Collectively however, it appears that the effects of 

prior methamphetamine on glutamatergic function are dependent on both the use pattern and 

the length of abstinence.

One limitation of the present study is that it is impossible to rule out that the amount of 

methamphetamine, rather than the pattern, may be responsible for the neurochemical effects. 

Although these regimens reflect the differences observed in human subjects, future studies 

adjusting the doses of the chronic and/or binge regimen to generate equivalent levels of total 

methamphetamine exposure would be of particular interest. These studies would further 

clarify whether outcomes are ‘quantity of methamphetamine’ rather than ‘pattern of use’ 

dependent.

Cognition after methamphetamine regimens

The present study did not reveal persistent impairments in NOR after either regimen, 

consistent with our previous findings after an escalating methamphetamine binge regimen in 

mice (Kesby et al., 2015b). However, increasing memory load (i.e., time between 

familiarisation and test stages) may allow for the detection of long-term memory 

impairments, as demonstrated by others (Kamei et al., 2006; Reichel et al., 2011), after the 

methamphetamine regimens. Considering the observed alterations in response latency and 

extra responses after methamphetamine challenge in the ICSS procedure, impulsivity-like 

behavior may represent a useful cognitive outcome to probe in future studies. Targeting 

monoamine transporters with compounds such as modafinil, atomoxetine and 

methylphenidate have been shown to improve some measures of response inhibition in 

abstinent methamphetamine-dependent individuals (Sofuoglu et al., 2013). The increasing 

severity of alterations in both impulsivity-like behavior and dopamine depletion in the binge 

compared with the chronic regimen in the present study supports this behavioral and 

neurochemical association. Furthermore, the neurochemical changes observed in cortical 

regions, that are key to executive functions, suggest this cognitive domain may be 

particularly relevant in chronic methamphetamine users. Identifying treatments that 

selectively target cortical, rather than subcortical, dopaminergic and serotonergic measures 
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may be the most relevant example of the need to stratify individuals based on use patterns 

before assessing the success of novel treatment strategies.

Conclusion

This work highlights that acute and prolonged signs of withdrawal do not necessarily reflect 

amount/frequency of methamphetamine intake. Furthermore, the array of underlying 

neurochemical alterations is dependent on the methamphetamine use pattern. However, more 

research is warranted to clarify whether the differential effects of chronic and binge 

regimens on brain neurochemistry are ‘methamphetamine dose’ rather than ‘pattern of use’ 

dependent. Our findings suggest that the use pattern of methamphetamine-dependent 

individuals has important implications for the neurochemical and potentially, cognitive 

impact. Thus, in clinical assessments of methamphetamine-dependent individuals, it is 

necessary to evaluate methamphetamine use patterns. The human-derived methamphetamine 

regimens characterized in the present study provide an avenue for future research exploring 

the complex relationship between methamphetamine dependence, higher cognitive function 

and neurochemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binge and chronic methamphetamine dosing regimens. The first week of treatment features 

a lower dose-escalation. The following three weeks of treatment are identical. The binge 

regimen features a two-day dose-escalation before two days of high dose administration, 

whereas the chronic regimen features sustained moderate dose administration throughout. 

Dosing for both regimens is represented graphically on top and numerically with injection 

times (24 h) in the table below. All doses are methamphetamine base as mg/kg. A zero value 

represents a saline injection administered to ensure equal injections were given for each 

regimen. The saline control group received saline injections at each time points.
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Figure 2. 
The effects of chronic and binge methamphetamine regimens on reward thresholds for daily 

withdrawal (A) and during each cycle of methamphetamine exposure (average of 12 h 

withdrawal time points; B). Reward thresholds are presented as a percentage of baseline 

threshold average over the 5-days prior to beginning the methamphetamine regimens. Both 

regimens increased reward thresholds compared to the saline group suggesting withdrawal-

associated anhedonia. However, the binge regimen elicited greater withdrawal-induced 

anhedonia compared to the chronic regimen during the initial two weeks of 

methamphetamine administration. Baseline thresholds are represented by the dotted line. 

Thresholds, in panel A, assessed 12 h after methamphetamine administration (which 

contributed to averages displayed in panel B) are represented by the shaded regions with 

lighter gray for the chronic regimen and darker gray for the binge regimen. 

Methamphetamine regimens were followed by six days of abstinence to assess prolonged 

withdrawal. Data are expressed as mean ± SEM.

* p<0.05 between saline and the chronic regimen (A).
#p<0.05 between saline and the binge regimen (A).
@p<0.05 between the chronic and binge regimens (A).

* p<0.05, ** p<0.01, *** p<0.001 significant difference between groups (B).
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Figure 3. 
Comparisons of the long-term effects of chronic and binge methamphetamine regimens on 

reward thresholds (A), latency to respond (B), extra responses (C) and timeout responses (D) 

in response to acute methamphetamine challenge. Acute methamphetamine challenge 

induced reward enhancement as indicated by significantly lower reward thresholds at all 

doses with no significant effects of methamphetamine regimen (A). Both 0.4 and 0.8 mg/kg 

methamphetamine led to significantly decreased latencies after both regimens compared 

with saline (B). The binge regimen led to significantly elevated extra responses overall and, 

specifically, after 0.4 mg/kg methamphetamine compared with saline (C). A similar trend 

was observed for the chronic regimen when compared with saline. Acute methamphetamine 

challenge reduced timeout responses at the highest dose (0.8 mg/kg) with no significant 

effects of methamphetamine regimen (D). Data are expressed as mean ± SEM.

* p<0.05, *** p<0.001 significantly different from 0 mg/kg methamphetamine (A,D).
ap<0.05 between saline and both the binge and chronic regimens (B).
bp<0.05 between saline and the binge regimen; p<0.1 between saline and the chronic 

regimen (C).
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# #p<0.05 significant main effect of methamphetamine regimen with the binge regimen 

significantly different to saline (B,C).
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Figure 4. 
The effects of chronic and binge methamphetamine regimens on dopaminergic function in 

the caudate putamen (A–C), nucleus accumbens (D–F) and cortical subregions (G) and, 

serotonin levels in cortical subregions (H). In the caudate putamen, both regimens decreased 

dopamine (DA) levels (A) but the binge regimen resulted in greater decreases than the 

chronic regimen compared with saline. The binge, but not the chronic regimen also led to 

decreased dihydroxyphenylacetic acid (DOPAC) levels compared with saline (B). Ratios of 

the metabolites including DOPAC, 3-methoxytyramine (3-MT) and homovanillic acid 

(HVA), to DA levels were also significantly different between the regimens (C). In the 

nucleus accumbens, only the binge regimen resulted in decreased DA levels compared with 

saline (D). The effects were also less apparent than those in the caudate putamen with no 

differences in DOPAC levels present (E) and only minimal changes in metabolite to DA 

ratios (F). In the cortical subregions assessed including the medial prefrontal cortex (mPFC), 

anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC), the chronic regimen led to 

significantly elevated DA levels in the OFC (G) and reduced levels of serotonin in the mPFC 
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(H) compared with saline and the binge regimen. Data are expressed as mean (pg/mg tissue) 

± SEM.

* p<0.05, ** p<0.01, *** p<0.001.
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Figure 5. 
The effects of chronic and binge methamphetamine regimens on levels of glutamate (A), 

glutamine (B) and the glutamine/glutamate ratio (C) in the medial prefrontal cortex (mPFC), 

orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), hippocampus (HIPPO), 

amygdala (AMG), caudate putamen (CPu), nucleus accumbens (Acb) and ventral midbrain 

(MB). Although glutamate levels were not altered by either regimen (A), the binge regimen 

led to global increases in glutamine levels (B) and an increased glutamine/glutamate ratio 

(C) compared with saline and the chronic regimen. Data are expressed as mean (ng/mg 

tissue) ± SEM.

* p<0.05, ** p<0.01.
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