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Abstract

Background—Individuals who use methamphetamine chronically exhibit emotional and 

dopaminergic neurochemical deficits. Although the amygdala has an important role in emotion 

processing and receives dopaminergic innervation, little is known about how dopamine 

transmission in this region contributes to emotion regulation. This investigation aimed to evaluate 
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emotion regulation in subjects who met DSM-IV criteria for methamphetamine dependence, and 

to test for a relationship between self-reports of difficulty in emotion regulation and D2-type 

dopamine receptor availability in the amygdala.

Method—Ninety-four methamphetamine-using and 102 healthy-control subjects completed the 

Difficulties in Emotion Regulation Scale (DERS); 33 of those who used methamphetamine 

completed the Addiction Severity Index (ASI). A subset of 27 methamphetamine-group and 20 

control-group subjects completed positron emission tomography with [18F]fallypride to assay 

amygdala D2-type dopamine receptor availability, measured as binding potential (BPND).

Results—The methamphetamine group scored higher than the control group on the DERS total 

score (p < 0.001), with DERS total score positively correlated with the Drug Composite Score on 

the ASI (p = 0.02) in the methamphetamine group. The DERS total score was positively correlated 

with amygdala BPND in both groups and the combined group of participants (combined: r = 0.331, 

p = 0.02), and the groups did not differ in this relationship.

Conclusion—These findings highlight problems with emotion regulation linked to 

methamphetamine use, possibly contributing to personal and interpersonal behavioral problems. 

They also suggest that D2-type dopamine receptors in the amygdala contribute to emotion 

regulation in both healthy and methamphetamine-using subjects.
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1. INTRODUCTION

Individuals who use methamphetamine chronically exhibit anxiety, depression, aggression, 

hostility, and irritability during early abstinence from the drug whether or not they are 

seeking treatment for their addiction (London et al., 2004; Newton et al., 2004; Payer et al., 

2011; Zweben et al., 2004). Such disturbances may reflect deficits in emotion regulation 

associated with substance abuse (Hodgins et al., 1995). In previous studies, which used the 

Difficulties in Emotion Regulation Scale (DERS), deficits in emotion regulation were shown 

in abstinent alcohol-dependent and cocaine-dependent (Fox et al., 2007, 2008) participants 

compared with healthy controls. Nonetheless, the relationships between deficits in emotion 

regulation and addiction have been understudied, with few studies of emotion regulation in 

methamphetamine users. One study indicated an inverse relationship between reduction of 

amygdala activation during emotion regulation and perpetrated aggression in 

methamphetamine users, suggesting that those with reduced amygdala activation during 

regulation show less aggressive behavior (Payer et al., 2011). Another study indicated that 

resting state functional connectivity of the amygdala with hippocampus in 

methamphetamine users is positively related to emotion dysregulation and trait anxiety, and 

negatively related to self-compassion and dispositional mindfulness (Dean et al., 2014), 

suggesting the importance of the amygdala for several behavioral constructs related to the 

regulation of emotions in this population.

Emotion regulation generally refers to any operation that influences responses generated 

during emotion processing (Gross, 2015), and it can take several forms, which may be 
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explicit (e.g., cognitive reappraisal strategies in which emotional stimuli or experience are 

reinterpreted) or implicit (e.g., verbal labeling of emotions; see Gyurak et al., 2011 for 

review). The amygdala has an important role in emotion processing (Phelps and Anderson, 

1997; Vuilleumier, 2005), including the coding of affective relevance (Murray et al., 2014), 

both explicit and implicit forms of emotion regulation result in reduction of amygdala 

responses (Kanske et al., 2011; McRae et al., 2010). In turn, emotion dysregulation 

represents poor modulation of an emotional response to provocative stimuli despite 

regulation attempts (Hilt et al., 2011). Emotion dysregulation is associated with higher 

propensity for aggression and violence (Scott et al., 2014), and contributes to greater 

emotional intensity and increased risk of substance abuse (Weiss et al., 2015). Amygdala 

hyper-reactivity has been associated with emotion dysregulation in various patient 

populations, including borderline personality disorder (Donegan et al., 2003), and it is 

plausible that abnormal functioning of the amygdala may contribute to emotion 

dysregulation in methamphetamine users. However, no studies have investigated the 

relationship between neurochemical changes in the amygdala associated with chronic 

methamphetamine use and emotion dysregulation.

Several lines of evidence have suggested that dopaminergic neurotransmission in the 

amygdala influences emotion processing. A dynamic positron emission tomographic (PET) 

study in humans showed reduction of radioligand binding to dopamine D2-type receptors in 

several brain regions, presumably due to competition with dopamine, during presentation of 

stimuli with emotional content (Badgaiyan et al., 2009). The effect, which is consistent with 

dopamine release during processing of the stimuli, was observed in the amygdala, medial 

temporal lobe and inferior frontal gyrus of the left hemisphere. When measured in the 

resting state, however, dopamine D1-type receptor availability in the amygdala, which like 

D2-type receptor availability, is an index of capacity for dopaminergic signaling, was 

correlated with change in amygdala blood oxygenation level-dependent signal, assessed 

using functional magnetic resonance imaging (fMRI) and induced by presentation of novel 

facial stimuli with either neutral or fearful expression (Takahashi et al., 2010). Moreover, 

administration of d-amphetamine-enhanced task-related activity in the right amygdala 

during a facial affect-matching task (Hariri et al., 2002), suggesting that enhanced 

dopaminergic signaling can increase the response of the amygdala to affective stimulation. 

In animals, the amygdala has been strongly linked to anxiety/fear specifically via D2-type 

receptors. D2 antagonists infused directly into the amygdala attenuate fear-potentiated startle 

(Greba et al., 2001) and conditioned freezing (Guarraci et al., 2000). In sum, human and 

animal studies indicate a positive link between dopaminergic neurotransmission in the 

amygdala and emotional response, in healthy humans and animals, with indices of greater 

dopaminergic neurotransmission linked to enhanced emotional response.

Studies of dopaminergic neurochemical markers as related to addiction have focused on the 

striatum, mainly due to its rich dopaminergic innervation, and have revealed deficits in 

dopamine D2-type receptor availability, measured as nondisplaceable binding potential 

(BPND) in methamphetamine users (Lee et al., 2009; London et al., 2014; Volkow et al., 

2001), as well as in individuals with other addictions (Volkow et al., 2009). Inasmuch as 

BPND represents the receptor pool accessible to radiotracer, it can be influenced by both 
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receptor density and the concentration of intrasynaptic dopamine (Ito et al., 2011). 

Nonetheless, deficit in striatal D2-type BPND, measured at rest in stimulant users, has been 

considered to reflect below-control concentrations of D2-type receptors and reduced 

capacity for signaling through D2-type dopamine receptors rather than enhanced resting 

intrasynaptic dopamine concentration (Volkow et al., 2009). Supporting this view was the 

demonstration that acute reduction in endogenous dopamine with α-methyl-para-tyrosine 

produced a substantially smaller increase in BPND measured with [11C]raclopride in 

cocaine-dependent subjects than in controls, indicating that cocaine-dependent subjects had 

lower levels of endogenous dopamine and that the group difference in BPND was not due to 

higher intrasynaptic dopamine in the cocaine-dependent subjects (Martinez et al., 2009).

The amygdala receives a substantial dopaminergic innervation from the ventral tegmental 

area of the midbrain (Ciliax et al., 1999; Fallon and Moore, 1978), and is considered part of 

the mesolimbic dopamine pathway heavily implicated in addictive behavior. As indicated 

above, the amygdala also shows evidence of dopaminergic involvement in emotion 

processing. Despite evidence of dopaminergic dysfunction as well as emotional problems in 

methamphetamine users, however, the potential link between amygdala D2-type receptor 

availability and emotion dysregulation in methamphetamine users has not been examined.

The goals of this study, therefore, were to evaluate emotion dysregulation in 

methamphetamine users and its association with addiction severity, and to assess the 

potential association of D2-type dopamine receptor BPND with emotion dysregulation. 

BPND measured in the resting state was taken as an index of capacity for signaling through 

dopamine D2-type receptors. Although it is possible to infer changes in dopamine release 

from changes in BPND induced by a cognitive or emotional challenge (Badgaiyan, 2014), 

even those changes are small but would be expected to exceed individual differences in 

intrasynaptic dopamine concentrations in the resting state. BPND in the amygdala was 

assessed in recently abstinent methamphetamine users and control subjects, and was tested 

for association with emotion dysregulation, measured using the DERS, which provides a 

comprehensive assessment of emotion dysregulation (Gratz and Roemer, 2004). Given prior 

evidence for positive association of dopaminergic transmission in the amygdala and 

emotional response (see above), it was hypothesized that D2-type BPND in the amygdala 

would be positively associated with the DERS in healthy control subjects, but given 

evidence for dopaminergic deficits, at least in the striatum of methamphetamine users, 

amygdala BPND would be lower in the methamphetamine users than in controls and an 

association involving a dopaminergic marker would not be found in the methamphetamine 

users.

2. METHOD

2.1. Participants

All procedures were approved by the University of California Los Angeles Office for the 

Protection of Research Subjects. Participants were recruited using Internet and local 

newspaper advertisements and were paid. They were either healthy volunteers (N = 102; 48 

men, 54 women) or active methamphetamine users who were not seeking treatment (N = 94; 

56 men, 38 women), 18 – 55 years of age. Of these, 20 control subjects (10 men, 10 women) 
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and 27 methamphetamine users (14 men, 13 women) completed PET scanning. Some of the 

subjects receiving PET scans here (7 of 20 controls and 13 of 27 methamphetamine users) 

participated in a study of dopamine D2-type receptors and impulsiveness (Lee et al., 2009), 

and smaller groups participated in other studies (Brown et al., 2012; Ghahremani et al., 

2012; Kohno et al., 2015; Zorick et al., 2012).

After receiving a complete explanation of the study, each participant provided written 

informed consent. Participants were screened for eligibility using questionnaires and 

interviews, including the Structured Clinical Interview for DSM-IV Axis-I Disorders, and 

accordingly were included in a methamphetamine or control group. Methamphetamine-

group participants were required to meet DSM-IV criteria for current methamphetamine 

dependence and each provided a urine sample that was positive for methamphetamine at the 

initial screening. Any current Axis-I diagnosis other than methamphetamine dependence, 

substance-induced mood/anxiety disorder, marijuana abuse/dependence, or nicotine abuse/

dependence was exclusionary for the methamphetamine group. Eight of the 

methamphetamine-group participants, none of the control-group participants, and none of 

the subjects who participated in PET scans met criteria for marijuana dependence. For the 

control group, any current Axis-I diagnosis other than nicotine abuse or dependence was 

exclusionary. For both groups, the following conditions were exclusionary: use of any 

psychotropic medications or substances, presence of central nervous system, cardiovascular, 

pulmonary or systemic disease, human immunodeficiency virus seropositive status, hepatic 

disease; pregnancy, lack of English fluency and MRI contraindications. All the PET-scan 

subjects were right-handed, as indicated by the Edinburgh Handedness Questionnaire 

(Oldfield, 1971). Methamphetamine-group participants maintained abstinence from all illicit 

drugs of abuse, verified by urine testing, during their participation in the study.

2.2. Self-report Assessments

All participants completed the DERS, which is divided into six-distinct subscales as follows: 

Nonacceptance of Emotional Responses (NONACCEPT); Difficulties Engaging in Goal-

Directed Behavior (GOALS); Impulse Control Difficulties (IMPULSE); Lack of Emotional 

Awareness (AWARE); Limited Access to Emotion Regulation Strategies (STRATEGIES); 

and Lack of Emotional Clarity (CLARITY; Gratz and Roemer, 2004). On the DERS, 

participants rate statements, such as “When I’m upset, I take time to figure out what I’m 

really feeling”, with scores ranging from one, “almost never (0 – 10 %)”; two, “sometimes 

(11 – 35%)”; three, “about half the time (36 – 65%)”; four, “most of the time (66 – 90%)”; 

and five, “almost always (91 – 100%).” The range of possible total scores on the DERS is 30 

to 180, with higher scores representing greater difficulties in emotion regulation (i.e., 

emotion dysregulation). Methamphetamine users were abstinent from illicit drugs of abuse 

for 4.5 ± 3.37 days (mean ± SD; range: 1 – 15 days) at the time of testing.

In order to evaluate the relationship of DERS total score with drug use, the Addiction 

Severity Index (ASI) (McLellan et al., 1992) was administered to a subsample of the 

methamphetamine group (n = 33: 20 men and 13 women). One of the ASI subscales, the 

Drug Composite Score, which assesses the severity of drug use, was used in statistical 

analysis.
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2.3. Positron emission tomography (PET) Imaging

PET scans were conducted using [18F]fallypride, a radiotracer with sufficient affinity for 

dopamine D2-type receptors to allow measurement in extrastriatal regions as well as the 

striatum (Mukherjee et al., 2002, 1995). Although [11C]FLB 457 provides greater sensitivity 

to subtle changes in receptor availability in low-receptor-density extrastriatal regions 

(Narendran et al., 2009; Vandehey et al., 2010), [18F]fallypride was chosen for this study 

because the use of [11C]FLB457 leads to underestimation of BPND in high-receptor-density 

regions such as the striatum, because the half-life of 11C is too short for [11C]FLB457 to 

reach the required transient-equilibrium condition for calculating BPND (Olsson et al., 

1999). PET data were acquired using a Siemens ECAT EXACT HR+ scanner, which has an 

in-plane resolution full-width at half-maximum (FWHM) of 4.6 mm, axial resolution 

FWHM of 3.5 mm, and an axial field of view of 15.52 cm in the three-dimensional scanning 

mode. Each participant was placed on the scanning bed in the supine position, with his or 

her head immobilized. A transmission scan was conducted using a rotating 68Ga 68Ge rod 

source for attenuation correction. Emission data were collected for 80 min after the 

radiotracer injection. Participants were then removed from the scanner for a 20-min break. 

They then returned to the scanner and were repositioned. After another transmission scan, 

emission data were collected for 80 min. Cigarette smoking was not allowed for 2 h before 

PET scanning.

To accommodate scheduling requirements, the PET scans and DERS assessments were 

performed on different days; with a mean intervening interval of 19.0 ± 11.15 days for the 

control group (range: 6 – 44 days) and 5.7 ± 3.14 days for the methamphetamine group 

(range: 1 – 14 days).

2.4. Magnetic resonance imaging (MRI)

Structural MRI scans of the brain were acquired on a 1.5-Tesla Siemens Sonata tomograph, 

for co-registration with PET images and definition of volumes of interest (VOIs) (see below 

for details). A high-resolution sagittal T1-weighted 3D volumetric scan was acquired using a 

whole-brain magnetization-prepared rapid acquisition with gradient echo (MPRAGE) 

sequence.

2.5. PET data processing

Reconstructed PET data were combined into 16 images, each reflecting data averaged over 

10 minutes. FSL MCFLIRT (FMRIB Centre, Department of Clinical Neurology, University 

of Oxford, Oxford, UK) was used to correct for head motion. The images were then co-

registered to the MPRAGE image using a 6-parameter, rigid-body spatial transformation 

(FSL FLIRT; Jenkinson et al., 2002).

A volume of interest (VOI) in the amygdala, including left and right sides, was used to test 

the primary question of the study; left and right amygdala VOIs were tested separately in 

post-hoc analyses. VOIs of the striatum (including the caudate nuclei and putamina of both 

hemispheres), as well as the cerebellar hemispheres, were used for modeling of the PET 

data. Other subcortical (hippocampus, globus pallidus, thalamus) and cortical regions 

(anterior cingulate cortex, insula and orbital frontal cortex) were also used as control regions 
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in post-hoc tests. All of the subcortical VOIs were derived from individual MPRAGE 

images using auto-segmentation procedures in FSL FIRST software (Patenaude et al., 2011). 

Cortical VOIs as well as cerebellar hemispheres were created in MNI space, using the 

Harvard-Oxford Atlas distributed with the FSL software (Desikan et al., 2006), and 

transformed to each subject’s native space using FSL FNIRT.

Time-activity data within anatomically defined VOIs were extracted from motion-corrected, 

co-registered PET images and imported into PMOD Kinetic Modeling (PKIN; PMOD 

Technologies Ltd., Zurich, Switzerland). The simplified reference tissue model (SRTM; 

Lammertsma and Hume, 1996) was used to estimate k2′, the rate constant for the transfer of 

the radiotracer from the reference-region tissue compartment to the plasma. The cerebellum 

was used as the reference region because of its very low level of specific binding for 

[18F]fallypride (Mukherjee et al., 2002). The VOI time-activity curves were refit using the 

SRTM2 model (Wu and Carson, 2002) using PKIN with the k2′ value representing 

clearance rate constant from the reference region derived from striatum using SRTM applied 

to all VOIs. [18F]Fallypride BPND, which is an index of receptor availability and used as an 

index of D2-type receptor density, was then calculated as BPND = R1*k2′/k2a – 1, where R1 

= K1/K1′ is the ratio of tracer-delivery parameters from plasma to tissues in the target region 

(K1) and reference region (K1′), and k2a is the single-compartment rate constant for transfer 

from the target-region tissue compartment to plasma.

2.6. Statistical analyses

Group differences in demographic characteristics were evaluated using Pearson’s Chi-square 

Test or independent t-tests, as appropriate. Relationships between demographic 

characteristics and the DERS and D2-type amygdala BPND were tested using Pearson’s 

correlation for continuous variables and ANOVA for categorical variables. ANCOVA was 

used to assess the relationship between DERS and group, amygdala BPND, the interaction of 

group with amygdala BPND, and the following covariates: striatal BPND, participant’s age, 

smoking status, recent marijuana use (yes/no), and the time between the PET scan and 

DERS assessment. The DERS subscales were subsequently tested with the same model. To 

evaluate the possibility of laterality in amygdala findings, correlations between DERS total 

score and BPND in both left and right amygdala were tested. Mediation analysis (Preacher 

and Hayes, 2008), based on 1000 bootstrapped samples using bias-corrected 95% 

confidence intervals, was performed to see if there was a mediation effect of DERS between 

amygdala BPND (independent variable) and ASI (dependent variable).

3. RESULTS

3.1. Demographic analyses (Table 1)

The groups did not differ in age or ethnicity distribution, but showed a trend for a difference 

in sex distribution when considering the larger group that was tested with the DERS (p = 

0.079), but not the subset that took part in PET (p = 0.90). Control participants, on average, 

had significantly more years of education, a larger time interval between the PET scan and 

DERS assessment (p < 0.001), a smaller proportion of smokers (p = 0.045 in the PET scan 

subset), and more participants who recently had used marijuana (p’s < 0.05).
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DERS total score was negatively correlated with age across all participants (r = −0.187, p = 

0.01; r = −0.328, p = 0.03 in the PET-scan subset), whereas other demographic 

characteristics were not significantly related to DERS (p’s > 0.05). Methamphetamine users 

exhibited significantly higher DERS total scores (76.2 ± 20.10, mean ± SD) than control 

participants (55.2 ± 12.53): t(153.44) = 8.678; p < 0.001 (equal variances not assumed), and 

this difference retained significance when covarying for age, sex, smoking status, recent 

marijuana use (yes/no), and years of education (p < 0.001). Age was negatively correlated 

with amygdala BPND (r = −0.509, p < 0.001), whereas other demographic characteristics 

including smoking status were not significantly associated with amygdala BPND (p’s > 

0.05). Amygdala BPND did not differ significantly between groups (Control: 2.22 ± 0.37 

versus Methamphetamine: 2.24 ± 0.34; t(45) = 0.22, p = 0.83 (equal variances assumed)).

3.2. Emotion Regulation and Addiction Severity

Among methamphetamine-group participants who completed the ASI, the ASI-Drug 

composite score was significantly correlated with DERS (r = 0.398, p = 0.02).

Subscale analysis—The ASI-Drug composite score was correlated with IMPULSE (r = 

0.548, p < 0.001) and STRATEGY (r = 0.427, p = 0.01) respectively.

3.3. Relationship between DERS and amygdala BPND

Based on the results presented above, ANCOVA was performed with the following 

independent variables: subject group, amygdala BPND, striatal BPND, the interaction 

between subject group with amygdala BPND, age, smoking status, recent marijuana use (yes/

no), and the time between the PET scan and DERS assessment. The ANCOVA model 

yielded p values of <0.01 and 0.451 respectively for amygdala BPND and the interaction, 

and showing other independent variables were non-significant suggesting all the covariates 

were not significant modulator. Thus we see a significant positive linear dependence of 

DERS on amygdala BPND but no group dependence of the slope.

Subscale analysis—Significant independent variables were not found in subscale 

analysis except for GOALS and IMPULSE. The same ANCOVA analysis for GOALS 

yielded p values of 0.02, 0.02 and 0.08 respectively for group, amygdala BPND and the 

interaction. For IMPULSE, the analysis yielded p values of 0.049 for amygdala BPND. 

Therefore, we see a positive linear dependence of DERS GOALS and IMPULSE on 

amygdala BPND. The different association of amygdala BPND with DERS GOALS between 

the subject groups was suggested. BPNDs in other controls regions were not found related 

with any DERS subscales.

3.4. Post-hoc analyses

Separate tests of the relationship between DERS total score and right and left amygdala 

BPND revealed similar trends on both sides (left: r = 0.275, p = 0.078; right: r = 0.308, p = 

0.047). Tests of the relationships between amygdala BPND and DERS total score in the 

combined and separate groups indicated significant correlations in the data of both groups; 

combined group (r = 0.331, p = 0.02), control group (r = 0.458, p = 0.04), and 

methamphetamine group (r = 0.424, p = 0.03). In regard to subscales, amygdala BPND was 
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correlated with IMPULSE in combined group (r = 0.326, p = 0.03), control group (r = 0.465, 

p = 0.04), and methamphetamine group (r = 0.386, p = 0.047) and with GOALS in 

combined group (r = 0.307, p = 0.04) and control group (r = 0.763, p < 0.001) but not 

methamphetamine group (r = 0.06, p = 0.77). Figure 1 shows a plot of DERS total score 

against amygdala BPND with the overall best-fit regression line (solid) and dashed lines 

corresponding to the separate fits to the two groups. Amygdala BPND was not correlated 

with the ASI-Drug composite score.

A post-hoc mediation analysis was performed on data from the 20 methamphetamine-group 

subjects who had PET scans and ASI testing. In this limited sample, trends for an 

association of amygdala BPND to DERS and of DERS to ASI did not reach statistical 

significance (A = 33.17, SE = 15.89, p = 0.051; B = 0.0014, SE = 0.0008, p = 0.11 

respectively).

BPND in the striatum was significantly lower in the methamphetamine group, as previously 

reported (Lee et al., 2009; Volkow et al., 2001). Other brain regions, tested as control 

regions, showed no significant group differences. BPND values in all the regions except for 

the amygdala were not associated with DERS (Table 2).

4. DISCUSSION

Self-reported difficulty with emotion regulation was greater in participants who met DSM-

IV criteria for methamphetamine dependence than in healthy controls; and it was positively 

associated with the severity of addiction in the methamphetamine-user group and with D2-

type receptor availability in the amygdala across both methamphetamine and control groups. 

Although measures of D2-type receptor availability in the striatum and amygdala were 

correlated (r = 0.671, p < 0.001), striatal receptor availability was not significantly related to 

emotion dysregulation, and controlling for striatal receptor availability did not eliminate the 

association between amygdala BPND and difficulty in regulating emotion. BPND in other 

regions, tested in post-hoc analysis, did not show a relationship with DERS. These results 

support the view that dopamine D2-type receptor signaling in amygdala in contributes to 

emotional dysregulation.

Problems with emotion regulation can reflect deficits in coping with stress. In turn, stress-

induced negative mood is strongly related to drug craving in individuals who use cocaine 

and heroin (Preston and Epstein, 2011), tobacco (al’Absi et al., 2007) and methamphetamine 

(Shen et al., 2012); and the involvement of several neurotransmitter systems in that 

relationship is suggested (Mantsch et al., 2015). In alcohol-dependent individuals, emotion 

regulation skills, evaluated using the Emotion-Regulation Skills Questionnaire, predicts 

dysfunctional alcohol use during the follow-up period after treatment (Berking et al., 2011). 

These findings are consistent with the correlation of the ASI-Drug score with the DERS 

total score in this study, suggesting that impaired emotion regulation may exacerbate 

addiction in those who use methamphetamine chronically, or alternatively, that drug use 

may lead to emotional difficulties.

The positive relationship between BPND and DERS total score, irrespective of subject 

group, suggests that greater dopaminergic transmission in the amygdala affects the ability to 
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regulate emotion. DERS subscale analyses suggested the contribution of D2-type receptors 

in the amygdala to difficulties in motivated cognitive control over negative emotions, as the 

GOALS and IMPULSE subscales reflect the ‘ability to engage in goal-directed behavior and 

refrain from impulsive behavior when experiencing negative emotions’ (Gratz and Roemer, 

2004). D2-type receptors in the amygdala are thought to contribute to enhanced neural 

activity associated with a negative emotional state (Schaefer et al., 2002). Blocking D2 

receptors in the amygdala attenuates fear-potentiated startle (Greba et al., 2001) and 

conditioned freezing (Guarraci et al., 2000) in rats, supporting the view that signaling 

through D2-type receptors promotes negative emotion. Also, blocking the D3 receptors in 

the basolateral amygdala reduces anxiety-like behavior, and D3-receptor stimulation inhibits 

synaptic transmisison, both in basolateral amygdala feedback and feedforward GABAergic 

neuron populations (Bissiere et al., 2003; Diaz et al., 2011). Thus, signaling through 

dopamine D2-type receptors may attenuate the inhibitory function of GABA in the 

amygdala, and may contribute to increased neural activity in the amygdala in response to 

emotionally evocative stimuli. Considering the positive relationships observed here between 

amygdala D2-type BPND and the subscale scores in GOALS and IMPULSE, the present 

results suggest that dopaminergic transmission through D2-type receptors in amygdala 

contribute to bottom-up feedforward processing in response to emotional perceptual 

properties of the stimuli. Given the positive relationship of increase in amygdala activity 

with negative affect in response to bottom-up perception (Ochsner et al., 2009; Phelps, 

2006) and that successful emotion regulation is accompanied by decreased neural activity in 

amygdala (see review (Frank et al., 2014)); these findings overall are consistent with the 

positive relationship between dopamine D2-type receptor availability and difficulty with 

emotion-regulation, observed here using self-report.

Although methamphetamine users reported higher DERS total scores than control-group 

participants, they did not differ from controls in suppression of amygdala activity during an 

emotion-regulation task paired with fMRI (Payer et al., 2011). The lack of physiological 

evidence for impaired amygdala downregulation during explicit emotion regulation, despite 

higher than control self-reports on the DERS, may reflect contributions of regions outside 

the amygdala, both to the process of emotion regulation, and to the participant’s subjective 

impression of success in this function.

Given the substantial evidence showing deficits in dopamine D2-type receptors in 

substance-use disorders (see review (Volkow et al., 2011)) we would expect lower receptor 

availability in the methamphetamine group. In our sample, this expectation was previously 

confirmed in the striatum (e.g., Lee et al., 2009) but not in other regions, including 

amygdala. For the same reason, we would expect no association of amygdala D2-type BPND 

and emotion dysregulation, although no difference in the association was found. The lack of 

a group difference in amygdala BPND and the absence of an interaction between group and 

amygdala BPND on DERS total suggest that the role of amygdala D2-type dopamine-

receptor signaling in emotion dysregulation is not unique to methamphetamine users.

There are some limitations in this study. First of all, the methamphetamine and control 

groups were not well matched for education, tobacco smoking status and marijuana use. In 

addition, there was a relatively long interval, especially in the control group (range: 6 – 44 
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days), between the DERS assessment and PET scan. However, given the absence of an 

effect of this variable in the statistical analyses and the strong test-retest reliability of DERS 

with a 4 – 8 week interval (Gratz and Roemer, 2004), this should not affect the results. 

Another limitation relates to the low spatial resolution of PET (Prieto et al., 2010), which 

generally cannot distinguish between subnuclei of the amygdala that serve different 

functions and vary in the relative densities of D2 and D3 receptors (Alleweireldt et al., 2006; 

Grace and Rosenkranz, 2002; Rosenkranz and Grace, 1999). In addition, [18F]fallypride has 

almost equal affinity for D2 and D3 receptors (Jerjian et al., 2010), preventing a separate 

assessment of either receptor subtype. Finally, in a cross-sectional study, it is not possible to 

determine whether the association of DERS total score with the ASI-Drug Composite Score 

subscale reflects a causal effect of addiction on emotion regulation or the effect of emotion 

dysregulation to promote addiction. Also, the ASI interview was performed on only on a 

limited number of methamphetamine-group participants.

Despite these limitations, this study demonstrates that methamphetamine users suffer from 

heightened emotion dysregulation, and suggests that signaling through D2-type dopamine 

receptors in amygdala contributes to emotion dysregulation in healthy controls as well as 

methamphetamine users. These findings demonstrate the importance of amygdala D2-type 

receptors in emotion dysregulation and may potentially guide treatment strategies in clinical 

populations with substance-use or other psychiatric disorders.
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Highlights

• Methamphetamine users versus healthy controls show impaired emotion 

regulation.

• Emotion-dysregulation is related to dopamine receptor availability in amygdala.

• That relationship is found in both of methamphetamine users and healthy 

controls.
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Figure 1. Association of Amygdala Dopamine D2-type receptor BPND with DERS total score
Scatter plots show individual data for the DERS scores (y-axis) and D2-type receptor 

binding potential (BPND) (x-axis) in amygdala for the Control group (blue circles) and MA 

group (red triangles). Black solid-line shows slope of relationship of all participants, while 

blue dashed- and red dashed- lines are for control group and MA group, respectively. DERS 

was correlated with amygdala BPND (control: r = 0.458, p = 0.042; MA: r = 0.424, p = 

0.027).
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