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Abstract

Chronic methamphetamine use is linked to abnormalities in brain structure, which may reflect 

neurotoxicity related to metabolism of the drug. As the cytochrome P450 2D6 (CYP2D6) enzyme 

is central to the metabolism of methamphetamine, genotypic variation in its activity may moderate 

effects of methamphetamine on brain structure and function. This study explored the relationship 

between CYP2D6 genotype and measures of brain structure and cognition in methamphetamine 

users. Based on the function of genetic variants, a CYP2D6 activity score was determined in 82 

methamphetamine-dependent (DSM-IV criteria) and 79 healthy-control participants who 

completed tests of cognitive function (i.e., attention, memory and executive function); most were 

also evaluated with structural MRI (66 methamphetamine-dependent and 52 control). The 

relationship between CYP2D6 activity score and whole brain cortical thickness differed by group 

(interaction p=0.024), as increasing CYP2D6 activity was associated with thinner cortical 

thickness in the methamphetamine users (β=−0.254; p=0.035), but not in control subjects 

(β=0.095; p=0.52). Interactions between CYP2D6 activity and group were non-significant for 

hippocampal volume (ps>0.05), but both hippocampi showed trends similar to those observed for 

cortical thickness [negative relationships in methamphetamine users (ps<0.05) and no 

relationships in controls (ps>0.50)]. Methamphetamine users had lower cognitive scores than 
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control subjects (p=0.007), but there was no interaction between CYP2D6 activity score and group 

on cognition (p>0.05). Results suggest that CYP2D6 genotypes linked to higher enzymatic activity 

may confer risk for methamphetamine-induced deficits in brain structure. The behavioral 

consequences of these effects are unclear and warrant additional investigation.
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1. INTRODUCTION

Preclinical evidence indicates that methamphetamine consumption can be neurotoxic, 

particularly when administered in large doses1. However, methamphetamine-induced 

changes in the brain can be moderated by a variety of biological and drug-specific 

factors2–5. The efficiency through which methamphetamine is metabolized, in particular, 

affects concentrations of the drug and its metabolic products in the brain, leading to 

individual differences in the degree to which users are subjected to potentially harmful 

compounds6,7.

In humans, approximately 37%–54% of methamphetamine is excreted unchanged in urine8, 

depending upon urinary pH9. Phase I metabolism (oxidation) in the liver is primarily 

regulated by the enzyme cytochrome P450 2D6 (CYP2D6), which catalyzes the conversion 

of methamphetamine to the p-hydroxylated metabolite, para-hydroxymethamphetamine (p-

OHMA), and the N-demethylated product, amphetamine7,10. Both metabolites occur in the 

plasma of human methamphetamine users10. Whereas amphetamine can have its own 

psychoactive effects, p-OHMA is not psychoactive but has hypertensive and other adrenergic 

effects11.

The CYP2D6 enzyme is genetically polymorphic, such that individuals differ in degree of 

CYP2D6 activity, ranging from absent or poor enzymatic activity (two non-functional 

alleles) to ultrarapid (two functional alleles with gene copy number variation). Building on 

existing functional data12, consensus guidelines have been developed to assign a phenotypic 

enzyme activity score based on CYP2D6 genotype and to translate this activity score to 

categorical metabolizer status13. The guidelines dictate that poor metabolizers carry two 

non-functional CYP2D6 alleles (activity score 0); intermediate metabolizers carry one null 

and one partial function allele (activity score 0.5) or two partial function alleles (activity 

score 1); extensive metabolizers carry one partial function allele and one wildtype allele 

(activity score 1.5) or two wildtype alleles (activity score 2); and ultrarapid metabolizers are 

identical to extensive metabolizers but carry one or more additional functional or partially 

functional copies (activity score > 2).

Research has confirmed that urinary concentrations of p-OHMA are associated with 

CYP2D6 genotype14,15. An autopsy study demonstrated that methamphetamine users with 

the CYP2D6 intermediate metabolizer phenotype have higher levels of methamphetamine in 

urine and bone marrow than methamphetamine users with the extensive metabolizer 

phenotype16.
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Yet little research has evaluated whether variation in CYP2D6 genotype affects the clinical 

or neurobiological consequences of chronic methamphetamine use. Cherner and 

colleagues17 hypothesized that low CYP2D6 activity would confer greater risk for 

developing methamphetamine-induced cognitive deficits due to greater exposure to the drug 

relative to those with greater metabolic activity. However, contrary to expectations, they 

found that methamphetamine-dependent participants with the extensive metabolizer 

phenotype had greater cognitive impairment than those with the poor or intermediate 

phenotype, particularly in the domains of memory and executive function17. Because 

extensive metabolizers are proportionally exposed to higher levels of p-OHMA and 

amphetamine than poor metabolizers, this suggested the possibility that these metabolic 

byproducts may be more harmful to neurocognition than the parent compound.

To our knowledge, no other studies of the effect of CYP2D6 on behavior or brain function of 

methamphetamine users are available. However, a previous study found that 

methamphetamine users with higher CYP2D6 activity scores (based on genotype) tended to 

be more likely to have heart failure than those with lower activity scores18, again suggesting 

that greater CYP2D6 activity may confer increased risk of untoward outcome.

Given evidence that greater CYP2D6 activity is associated with cognitive deficits in 

methamphetamine-dependent participants17, we sought to evaluate whether genotypes that 

confer greater CYP2D6 activity would be associated with alterations in brain structure in 

methamphetamine-dependent subjects. We also aimed to determine whether the reported 

relationship between CYP2D6 and cognitive performance in methamphetamine users is 

replicable. CYP2D6 genotype was assayed in 82 methamphetamine-dependent participants 

and 79 healthy control participants who completed cognitive tests in the domains of 

attention, memory and executive function. Most of the participants also received structural 

MRI (methamphetamine N = 66; healthy control N = 52). Healthy control subjects were 

included to test whether potential relationships between CYP2D6 and cognition or brain 

structure were specific to methamphetamine users.

We hypothesized that, in methamphetamine users, genotypes with greater CYP2D6 activity 

would be associated with worse performance on a battery of cognitive tests, particularly tests 

of memory and executive function; in controls, we expected no such relationships. We also 

hypothesized that methamphetamine users but not control participants would show a 

negative relationship between CYP2D6 activity scores and whole brain cortical thickness. 

Memory deficits have been associated with thinner whole-brain cortical thickness in 

methamphetamine users19. Similarly, given the association between memory and 

hippocampal structure20,21, we hypothesized that greater CYP2D6 activity would be 

associated with smaller hippocampal volume in methamphetamine users but unrelated to 

hippocampal volume in control participants.

2. METHODS AND MATERIALS

2.1 Participants

The participants were 82 currently methamphetamine-dependent subjects who were not 

seeking treatment, and 79 healthy control subjects. Participants were recruited using Internet 
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and local newspaper advertisements, and they received monetary compensation. After 

receiving a detailed description of the protocol, they provided written informed consent, 

following the guidelines of the UCLA Office for Protection of Research Subjects. All 

control participants completed the study on an outpatient basis. Fifty-four methamphetamine 

users completed the study as inpatients in the UCLA General Clinical Research Center 

(GCRC), where they maintained supervised abstinence from drugs of abuse; 28 completed 

the study as outpatients after closure of the GCRC (in which case abstinence was reinforced 

through compensation). All methamphetamine participants had urine toxicology tests 

positive for methamphetamine at study entry, but negative for methamphetamine and other 

illicit substances (amphetamine, opiates, cocaine, benzodiazepines) during cognitive and 

MRI assessments, which occurred following approximately one week of abstinence (see 

Table 1). Control participants tested negative for all drugs except marijuana. Given the long 

duration in which marijuana can be detected through urinalysis, brief abstinence from 

marijuana for outpatients was verified through saliva testing [Oratect; Grapevine, Texas], 

with all participants endorsing at least 4 days of abstinence at testing. Participants were 

originally recruited to complete other studies of cognition and brain structure/function in 

methamphetamine dependence e.g.,19,22,23–25, but none had CYP2D6 analyzed until the 

present study. All participants were fluent in English and were administered the Structured 

Clinical Interview for the DSM-IV (SCID) for Axis I diagnosis26. The exclusion criteria, 

based on interview and laboratory tests, were: neurological disease (e.g., stroke, head trauma 

with loss of consciousness > 30 min); frank structural brain abnormalities on MRI; systemic 

disease; cardiovascular disease; pulmonary disease; HIV infection (HIV1/HIV2 antibody 

screen); abnormal laboratory tests (hematocrit, plasma electrolytes, markers for hepatic and 

renal function); use of psychotropic medications; diagnosis of current abuse or dependence 

for any substance other than methamphetamine, marijuana or nicotine; and any current non-

substance-induced Axis I psychiatric conditions (with the exception of one 

methamphetamine user with social phobia and one control subject with specific phobia). Six 

control participants and eight methamphetamine users met criteria for current marijuana 

abuse or dependence. Demographic characteristics of the participants are shown in Table 1.

2.3 Genotyping

Genomic DNA was extracted from whole blood using QiaAmp DNA Blood Mini Kits 

(Qiagen, Valencia, CA). Genotyping was performed using the TaqMan genotyping platform 

(Life Technologies, Grand Island, NY) with Qiagen Type-it Fast SNP Probe PCR Kit 

according to manufacturer’s protocols. All markers were in Hardy-Weinberg equilibrium, 

10% of the dataset was genotyped in duplicate with perfect concordance, and allele 

frequencies were consistent with those reported by the HapMap Consortium (https://

www.genome.gov/10001688/international-hapmap-project). The four most common 

functional SNPs in CYP2D6 that are associated with >90% of intermediate metabolizer and 

poor metabolizer phenotypes in Caucasian and African American individuals were 

genotyped (rs1065852 [missense], rs3892097 [splice donor], rs16947 [missense], 

rs28371706 [missense]), and gene copy number variation (CNV) was determined using 

Taqman real-time PCR. Therefore, we were able to detect gene deletions and duplications 

and distinguish *4, *5, *10, *17, and *29 from wildtype alleles. We did not test for rare 

polymorphisms/alleles (<1% minor allele frequency), since these, if present at all, would 
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have represented a negligible portion of our sample. While over 90 known alleles have been 

described in CYP2D6, the two most common variants in Caucasian and Hispanic 

populations account for over 94% of the genetic variation27. In order to further validate the 

TaqMan genotyping method, a subset of 24 genotypes from our sample (4 samples from 

each of 3 genotype groups for each variant) were verified by dideoxy sequencing on a 3730 

DNA Analyzer (Life Technologies, Grand Island, NY). TaqMan-generated genotypes 

matched sequence-derived genotypes in all cases.

Activity score was assigned by summing the number of null (0), partial function (0.5), and 

wild-type (1) alleles plus or minus CNV duplication or deletion according to the combined 

Clinical Pharmacogenetics Consortium (CPIC) and Dutch Pharmacogenetics Working 

Group (DPWG) consensus guideline13. For metabolizer status assignment, extensive 

metabolizers had a score of 1.5–2, intermediate metabolizers 0.5–1, poor metabolizers 0 and 

ultrarapid >212,13. For statistical analysis, we used the activity score as the variable of 

analysis so that the data could be kept in its most granular form; however, we also provide 

figures with the data shown categorically so that trends can be observed in the different 

metabolizer types.

2.3 Cognitive Tests

The cognitive battery was an abbreviated version of a battery that we have used before19,28. 

It included measures of processing speed/attention: Trailmaking Part A29, Stroop Color and 

Word identification30; learning/memory: Selective Reminding Test – Total Recall31; and 

executive function: Stroop Color-Word Interference30; Trailmaking Part B29, Controlled 

Oral Word Fluency FAS,32, Stop Signal Task – Stop Signal Reaction Time33 and the 

Wisconsin Card Sorting Task – Perseverative Errors34. IQ was estimated with the vocabulary 

score from the Shipley Hartford Test35 (this score was not included in the overall cognitive 

battery score, see below). Based on prior recommendation36, scores on the Stop-Signal Task 

from participants with stop signal reaction times greater than 3 standard deviations above the 

overall mean were excluded (3 controls and 1 methamphetamine user). One control 

participant’s score on Trailmaking Part B was also excluded because it was 7 standard 

deviations slower than the overall mean.

Because data were not available from all participants for all cognitive tests, an overall 

cognitive battery score was calculated for only those participants who completed at least 

three separate tests (N = 141; Control N = 76; Methamphetamine N = 65). As described 

previously28,37, the overall cognitive battery score was created by centering and scaling each 

of the test scores based on the mean and standard deviation of the control group, and then 

averaging the resulting standardized scores (tests on which lower scores indicated better 

performance were multiplied by −1 to maintain consistent directionality of scores). 

Standardizing to the control sample is simply a scale change applied equally to all subjects, 

designed to put equal weights on the measures in the composite score. It does not represent 

self-referential use of the data or influence the detection of group differences. Standardizing 

to the control group, rather than to published norms, has the advantage of not introducing 

variation in scores based on differences in normative datasets used for different tests; see38; 
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it also allows for standardization of tests for which there are no published normative data 

(e.g., Stop Signal Task).

2.4 Structural MRI

Useable MRI data were available form 118 participants. High-resolution magnetization-

prepared rapid gradient imaging (MPRAGE) was performed at 1.5 Tesla on a Siemens 

Sonata scanner (TR = 1900 ms, TE = 4.38 ms, flip angle = 15°, voxel size = 1 mm3). 

Cortical thickness and hippocampal volumes were measured using FreeSurfer (version 5.3). 

Briefly, images were normalized to remove bias field, non-brain tissue was removed from 

the image39, and subcortical white matter and deep gray matter volumetric structures were 

segmented40,41. To generate cortical surfaces, a tessellation was formed along the white-

matter surface and was grown outward towards the intensity gradient separating the gray 

matter from the cerebrospinal fluid. White-matter and pial surfaces were visually inspected 

for accuracy, and manually corrected in cases of where the white matter was not accurately 

classified and in cases where the pial surface included dura, sinus, or skull. Whole- brain 

cortical thickness was taken as the weighted average of right and left hemisphere cortical 

thickness, weighted by cortical volume.

2.4 Data Analysis

Group differences in demographic characteristics were evaluated using t-tests or Chi-square 

tests, as appropriate. Multiple regression was used to evaluate the relationship between 

group, CYP2D6 activity score and their interaction on whole brain cortical thickness. In this 

analysis, the main effects of group and activity score were entered in step one, while the 

interaction between group and activity score was added to the main effects in step two. 

Analysis of the other dependent variables (i.e., hippocampal volume, cognitive battery 

scores) were carried out in a similar fashion to the analysis of cortical thickness. Age, years 

of education, estimated IQ and recent marijuana use (days of marijuana use in the last 30 

days) were included as covariates in all models. Total intracranial volume (calculated by 

FreeSurfer) was also included as a covariate in the analyses of brain structure.

Following significant effects in whole brain cortical thickness, exploratory correlations were 

conducted on specific regions of interest. Based on prior research in methamphetamine 

users, these included regions of the orbitofrontal cortex22,42, inferior frontal gyrus21,43, 

middle frontal gyrus44,45, superior frontal gyrus22,42, cingulate cortex21,22, precentral 

cortex22, and precuneus22,46.

RESULTS

3.1 Group comparisons of demographic characteristics

The methamphetamine user and control groups did not significantly differ in age, gender, 

ethnicity, days of alcohol use in the last 30 days, intracranial volume, CYP2D6 activity score 

or CYP2D6 metabolizer type (ps > 0.05). In the methamphetamine group, CYP2D6 activity 

score was not significantly correlated with age of first methamphetamine use, years of heavy 

methamphetamine use, grams of methamphetamine used per week, days of 

methamphetamine used in the last month, days of marijuana used in the last month, or pack 
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years of cigarette smoking (ps > 0.05; in methamphetamine users, these variables also did 

not differ significantly among the different CYP2D6 metabolizer types, ps > 0.05). The 

CYP2D6 activity score did not differ by preferred route of methamphetamine administration 

(p > 0.05), nor was categorical CYP2D6 metabolizer type associated with route of 

administration (p > 0.05).

The methamphetamine group had a higher proportion of individuals who smoked cigarettes 

than the control group (p < 0.01); only eight methamphetamine users did not smoke 

cigarettes (because group and smoking status were confounded, smoking status was not 

included as a covariate in group analyses). Compared to control subjects, the 

methamphetamine users also had fewer years of education, lower estimated IQ, and more 

frequent recent marijuana use (days used in last 30; ps < 0.05), so these variables were 

included as covariates in subsequent analyses. The demographic composition of the groups 

is shown in Table 1.

3.2 CYP2D6 activity score and brain structure

There were no significant main effects of group and CYP2D6 activity score on whole brain 

cortical thickness (ps > 0.05), but these findings were limited by a significant interaction 

between group and CYP2D6 activity score (F change (1, 109) = 5.25; p = 0.024). Follow-up 

regressions revealed that CYP2D6 activity score was negatively related to whole brain 

cortical thickness in methamphetamine users (β = −0.254; p = 0.035), but was not 

significantly related to cortical thickness in control subjects (β = 0.095; p = 0.52); see Figure 

1. Cortical thickness by categorical metabolizer type is also shown in Figure 2.

With respect to left hippocampal volume, there was a main effect of CYP2D6 activity score 

(β = −0.208; p = 0.008), but no main effect of group (β = −0.043; p = 0.60). The interaction 

between group and CYP2D6 activity score was a non-significant trend (F change (1, 108) = 

2.99; p = 0.087). Follow-up regressions revealed that CYP2D6 activity score was negatively 

related to left hippocampal volume in methamphetamine users (β = −0.306; p = 0.004), but 

was not significantly related to left hippocampal volume in control subjects (β = −0.076; p = 

0.53); see Figures 3 and 4 (left panel).

Regarding right hippocampal volume, there were no main effects of group or CYP2D6 

activity score (ps > 0.05), nor was there a significant interaction between group and 

CYP2D6 activity score (F change (1, 108) = 0.70; p = 0.41). However, as seen in the left 

hemisphere, methamphetamine users showed a negative relationship between CYP2D6 

activity score and right hippocampal volume (β = −0.195; p = 0.042), whereas control 

subjects showed no relationship (β = −0.045; p = 0.71); see Figures 3 and 4 (right panel).

Given relationships observed between whole brain cortical thickness and CYP2D6 activity 

score in methamphetamine users, exploratory partial correlations (controlling for age, 

education, recent marijuana use, intracranial volume and estimated IQ) were conducted 

between the CYP2D6 activity score and cortical regions of interest in methamphetamine 

users. The results are shown in supplemental materials (Supplementary Table 1).
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Lastly, we examined whether depressive symptoms, pack-years of cigarette smoking or 

years of heavy methamphetamine use were independently related to measures of brain 

structure (whole-brain cortical thickness and hippocampal volume) in methamphetamine 

users (while controlling for age and estimated intracranial volume); if any of these variables 

were significant (p < 0.05), they were included as covariates into the aforementioned 

regressions relating CYP2D6 activity score to brain structure.

In methamphetamine users, scores on the Beck Depression Inventory (BDI) administered at 

study admission were not significantly related to measures of brain structure (whole-brain 

cortical thickness and volume of the hippocampi; ps > 0.05). Pack-years of cigarette 

smoking was negatively related to the volume of the right (β = −0.318; p = 0.006) and left 

hippocampi (β = −0.271; p = 0.037) in the methamphetamine group, but was not 

significantly related to whole-brain cortical thickness (p > 0.05). However, when pack-years 

of smoking was included as a covariate in the regressions relating CYP2D6 activity score to 

hippocampal volume in methamphetamine users, CYP2D6 remained a significant predictor 

(ps < 0.05, bilaterally). Years of heavy methamphetamine use showed a trend-level negative 

relationship with whole-brain cortical thickness (β = −0.253, p = 0.068), but was not 

significantly related to volume of the hippocampi (ps > 0.05). CYP2D6 activity score 

remained a significant predictor of whole-brain cortical thickness (p = 0.033) when years of 

heavy methamphetamine use was added to the regression.

3.3 CYP2D6 activity score and cognition

There was a significant main effect of group on overall cognitive battery scores (β = −0.231; 

p = 0.007), but no main effect of CYP2D6 activity score (β = −0.096; p = 0.22) and no 

group by CYP2D6 interaction (F change (1, 133) = 0.91; p = 0.34). Methamphetamine users 

(mean = −0.41) had significantly lower overall cognitive battery scores than control subjects 

(mean = −0.01).

For exploratory purposes, main effects and the interactions between group and CYP2D6 

activity score were examined for each cognitive test. In these analyses, no main effects of 

CYP2D6 activity score were observed. No interactions were found between group and 

activity score for any cognitive test, with the exception of a trend-level finding on verbal 

fluency (p = 0.05). This relationship indicated that verbal fluency was negatively related to 

the activity score in control subjects (β = −0.271, p < 0.01), but not in methamphetamine 

users (β = 0.069, p > 0.05). Main effects of group were found for measures of attentional 

control, with methamphetamine users having lower performance than control subjects in 

each instance (i.e., Stroop Word, Stroop Color, Stroop Color-Word Interference ps ≤ 0.01). 

Trend-level main effects were also found for stop signal reaction time (p = 0.07) and 

Selective Reminding (p = 0.08). None of the exploratory findings were significant when 

correcting for multiple comparisons. Cognitive scores for the participants are shown in Table 

2.

3. DISCUSSION

Based on previous research, we hypothesized that genotypes conferring increased CYP2D6 

activity would be associated with abnormalities in cognition and brain structure in 

Dean et al. Page 8

Addict Biol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methamphetamine users. Our hypotheses were partially supported. Activity scores based on 

CYP2D6 genotype were negatively related to whole brain cortical thickness in 

methamphetamine users, whereas no such relationship was present in healthy control 

subjects. Interactions between group and the CYP2D6 activity score were non-significant in 

the analyses of hippocampal volume; however, the pattern of relationships was similar—

CYP2D6 activity scores were negatively related to bilateral hippocampal volume in 

methamphetamine users (ps < 0.05), while relationships in control subjects were non-

significant (ps > 0.50). We did not find significant relationships between cognitive 

performance and CYP2D6 activity in methamphetamine users, although methamphetamine 

users did perform significantly worse than control subjects overall.

The data presented here suggest that the cortical effect of CYP2D6 in methamphetamine 

users is generalized, as it is similar in the entire cortical ribbon and both hippocampi. 

Further, the CYP2D6 activity score showed mild to minimal negative relationships across 

different cortical regions, without any areas of particularly strong effect (rather, the 

relationship between the activity score and whole brain was stronger than in any of the 

regions evaluated; see Supplementary Table 1). With respect to whole-brain cortical 

thickness and volume of the hippocampi, the effect size of the relationships with CYP2D6 in 

methamphetamine users was small to moderate (see47). Thus, to the extent that CYP2D6 

activity promotes methamphetamine-induced cortical changes, this suggests that it does so 

subtly and globally.

Structural findings support the hypothesis that increased CYP2D6 enzymatic activity 

increases the risk of subtle brain changes in methamphetamine users, although it is 

important to underscore that neither enzymatic activity per se nor changes in brain over time 

were evaluated in the current study. If CYP2D6 activity increases the risk of 

methamphetamine-induced brain changes, several potentially overlapping processes may 

play a role. First, extensive metabolizers of methamphetamine are exposed to relatively 

higher levels of the metabolic byproducts p-OHMA and amphetamine. Peripherally, p-

OHMA leads to increased blood pressure, heart rate and body temperature, and can be toxic 

in very large doses11. Hypertension can cause vascular remodeling and impaired cerebral 

autoregulation that can ultimately lead to cerebral atrophy48; chronic exposure to p-OHMA 

may hasten these effects. Indeed, methamphetamine users with higher CYP2D6 activity 

scores are at increased risk of heart failure18.

It also is notable that p-OHMA is an indirectly acting sympathomimetic49, and is likely to 

stimulate release of dopamine from neural terminals and the periphery, similar to what has 

been shown for para-hydroxyamphetamine (p-OHA)50. Therefore, relative to poor 

metabolizers, extensive metabolizers may be exposed to an exaggerated phasic dopaminergic 

response to methamphetamine. Interestingly, striatal D1-type dopamine receptor availability 

is negatively correlated with whole brain cortical thickness in methamphetamine users, 

consistent with the view that phasic dopamine release produces cortical neurotoxicity51. 

Thus, dopaminergic action may contribute to the moderating effect of CYP2D6 on cortical 

thickness.
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The CYP2D6 enzyme is present in the brain as well as the liver, with evidence of expression 

in cortical neurons, cerebellum, midbrain, striatum, hippocampus and thalamus, particularly 

at the level of the synaptic terminal52. CYP2D6 in brain is involved in the conversion of 

tyramine to dopamine53,54 and in the regeneration of serotonin from 5-

methoxytryptamine55,56. Its action on endogenous compounds raises the possibility that 

CYP2D6 may not only affect the metabolism of methamphetamine but also potentiate the 

effects of methamphetamine on monoaminergic neurotransmitter systems.

Methamphetamine users in this study had deficits in cognitive battery scores relative to the 

control subjects, consistent with prior research4,19,57. However, we did not find significant 

relationships between CYP2D6 activity score and cognitive performance in 

methamphetamine users, failing to replicate a prior finding17 (In fact, on a test of verbal 

fluency we found a trend-level interaction suggesting that performance was negatively 

related to CYP2D6 in control subjects but not in methamphetamine users. This result did not 

survive correction for multiple comparisons, however). The reason for the discrepancy 

between the two studies is unclear. Because both studies used grossly similar test batteries 

(some of the tests were identical between studies), it is unlikely that differences can be 

accounted for by different cognitive tests. However, participants in the Cherner et al. study 

had been abstinent from methamphetamine for an average of more than 100 days, whereas 

methamphetamine users in the current study had been abstinent for approximately one week 

prior to testing. Withdrawal symptoms significantly decrease between baseline and one week 

of abstinence, although elevated levels can persist for up to a month or longer58. Research 

also indicates that methamphetamine withdrawal explains some variance in cognitive test 

scores in the early stage of abstinence19. Withdrawal may have thus had some impact on test 

scores in the current study, but consistent measures of withdrawal were not available to 

investigate this issue further. Our null findings regarding cognition and CYP2D6 may 

pertain only to the stage of early abstinence, not protracted abstinence. Additional research 

is needed to investigate whether or not CYP2D6 genotype is reliably associated with 

cognitive function in methamphetamine users, although findings regarding brain structure 

support this possibility. Additional research should also examine whether CYP2D6 

moderates other aspects of behavioral function.

This study is not without limitations. Because it combined data from prior studies, complete 

sets of cognitive data and/or MRI scans were not obtained from all participants, although 

sample sizes were generally acceptable given the limited state of the literature. The data 

acquired here cannot establish a causal role between CYP2D6 activity and brain structure in 

methamphetamine users. Negative findings in control subjects, however, support the 

consideration that the effects are linked to methamphetamine use. Because cigarette smoking 

status was confounded with group (methamphetamine and control), we could not control for 

smoking status in group-level analyses. However, in the methamphetamine group alone, 

controlling for pack-years of cigarette smoking did not significantly attenuate the 

relationships we found between CYP2D6 and brain structure. Finally, the behavioral 

consequences of the relationships between CYP2D6 genotype and brain structure are 

unclear.
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Nonetheless, the current findings are consistent with prior literature showing that greater 

CYP2D6 activity confers risk for deleterious outcome in methamphetamine users. If this is 

the case, harm reduction strategies can be explored to mitigate these consequences, such as 

treatment with CYP2D6 inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The relationship between CYP2D6 activity score and whole brain cortical thickness.

Note: Methamphetamine N = 66; healthy control N = 52. Cortical thickness measured in 

millimeters.
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Figure 2. 
The relationship between CYP2D6 metabolizer type and whole brain cortical thickness.

Note: Methamphetamine N = 66; healthy control N = 52. PM = poor metabolizer (Meth N = 

2; control N = 2). IM = intermediate metabolizer (Meth N = 7; control N = 12). EM = 

extensive metabolizer (Meth N = 52; control N = 36). UM = ultrarapid metabolizer (Meth N 

= 5; control N = 2). Cortical thickness measured in millimeters. Error bars reflect +/− 1 

SEM.
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Figure 3. 
The relationship between CYP2D6 activity score and hippocampal volume.

Note: Methamphetamine N = 66; healthy control N = 52. Volume measured in cubic 

millimeters.
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Figure 4. 
The relationship between CYP2D6 metabolizer type and hippocampal volume.

Note: Methamphetamine N = 66; healthy control N = 52. PM = poor metabolizer (Meth N = 

2; control N = 2). IM = intermediate metabolizer (Meth N = 7; control N = 12). EM = 

extensive metabolizer (Meth N = 52; control N = 36). UM = ultrarapid metabolizer (Meth N 

= 5; control N = 2).Volume measured in cubic millimeters. Error bars reflect +/− 1 SEM.
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Table 1

Characteristics of Research Participants

Healthy Control Methamphetamine-Dependent

Sample size 79 82

Age 32.3 ± 8.0 (19 to 54) 33.2 ± 9.1 (18 to 52)

Education (yrs.) 13.5 ± 1.9 (9 to 18) 12.5 ± 1.6** (8 to 18)

Premorbid IQ (vocabulary score) 31.0 ± 4.0 (19 to 38) 27.7 ± 5.8** (12 to 38)

Ethnicity

 Caucasian 31 40

 African Am. 9 4

 Hispanic 21 26

 Asian/Pacific Islander 11 5

 Other 7 7

Gender

 Male/female 42/37 42/40

Cigarette Smokers (yes/no) 38/41 74/8**

Cigarette Pack-Years (smokers only) 9.4 ± 8.0 (0.35 to 35.0) 10.5 ± 12.7 (0.02 to 59.5)

Days Alcohol/Past 30 4.8 ± 7.5 (0 to 30) 3.7 ± 5.8 (0 to 30)

Days Marijuana/Past 30 1.4 ± 4.8 (0 to 28) 3.7 ± 7.9* (0 to 30)

Days Methamphetamine/Past 30 -- 22.3 ± 8.0 (5 to 30)

Duration of Heavy Methamphetamine Use (yr.) -- 7.7 ± 6.7 (0.2 to 24)

Grams Methamphetamine/week -- 3.0 ± 2.6 (0.13 to 14.5)

Days Abstinent at Cognitive Testing -- 7.4 ± 2.8 (3 to 17)

Days Abstinent at MRI Scanning -- 6.9 ± 3.2 (3 to 19)

Preferred Route of Methamphetamine

 Administration

  Smoke -- 58

  Inject -- 12

  Intranasal -- 8

  Other/No Preference -- 4

Note. Values are means ± SDs, where appropriate, with the range in parentheses. The symbols * and ** indicate significant difference from the 

control group at p < 0.05 and p < 0.01, respectively. Premorbid IQ was estimated with the Shipley Vocabulary Test55. Heavy methamphetamine use 
defined as using at least three times a week, or twice weekly binges. When cognitive testing was completed on two days, duration of abstinence 
was taken as the average of the two days.
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