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Psychostimulant drug effects on glutamate, Glx, and creatine
in the anterior cingulate cortex and subjective response in
healthy humans
Tara L. White1,2, Mollie A. Monnig1, Edward G. Walsh3, Adam Z. Nitenson4, Ashley D. Harris5, Ronald A. Cohen6, Eric C. Porges6,
Adam J. Woods6, Damon G. Lamb6,7,8, Chelsea A. Boyd9 and Sinda Fekir4

Prescription psychostimulants produce rapid changes in mood, energy, and attention. These drugs are widely used and abused.
However, their effects in human neocortex on glutamate and glutamine (pooled as Glx), and key neurometabolites such as N-
acetylaspartate (tNAA), creatine (tCr), choline (Cho), and myo-inositol (Ins) are poorly understood. Changes in these compounds
could inform the mechanism of action of psychostimulant drugs and their abuse potential in humans. We investigated the acute
impact of two FDA-approved psychostimulant drugs on neurometabolites using magnetic resonance spectroscopy (1H MRS). Single
clinically relevant doses of d-amphetamine (AMP, 20 mg oral), methamphetamine (MA, 20 mg oral; Desoxyn®), or placebo were
administered to healthy participants (n= 26) on three separate test days in a placebo-controlled, double-blinded, within-subjects
crossover design. Each participant experienced all three conditions and thus served as his/her own control. 1H MRS was conducted
in the dorsal anterior cingulate cortex (dACC), an integrative neocortical hub, during the peak period of drug responses (140–150 m
post ingestion). D-amphetamine increased the level of Glu (p= .0001), Glx (p= .003), and tCr (p= .0067) in the dACC.
Methamphetamine increased Glu in females, producing a significant crossover interaction pattern with gender (p= .02). Drug
effects on Glu, tCr, and Glx were positively correlated with subjective drug responses, predicting both the duration of AMP liking
(Glu: r=+.49, p= .02; tCr: r=+.41, p= .047) and the magnitude of peak drug high to MA (Glu: r=+.52, p= .016; Glx: r=+.42, p
= .049). Neither drug affected the levels of tNAA, Cho, or Ins after correction for multiple comparisons. We conclude that d-
amphetamine increased the concentration of glutamate, Glx, and tCr in the dACC in male and female volunteers 21/2 hours after
drug consumption. There was evidence that methamphetamine differentially affects dACC Glu levels in women and men. These
findings provide the first experimental evidence that specific psychostimulants increase the level of glutamatergic compounds in
the human brain, and that glutamatergic changes predict the extent and magnitude of subjective responses to psychostimulants.

Neuropsychopharmacology (2018) 43:1498–1509; https://doi.org/10.1038/s41386-018-0027-7

INTRODUCTION
Psychostimulant drugs are widely used and often misused by
young adults [1]. Prescription psychostimulants first act by
blocking and reversing monoamine transporters, producing a
supranormal increase in dopamine (DA), norepinephrine (NE), and
serotonin (5-HT) [2, 3]. Monoamines play a role in tuning the signal
to noise ratio of incoming stimuli (NE), facilitating the speed and
flexibility of switching between competing cues (DA), and setting
activational thresholds for stimulus detection and response (5-HT)
[4–9]. These neuromodulatory effects involve other neurotrans-
mitter systems, of which glutamate (Glu) is the most ubiquitous.
Glu mediates the vast majority of excitatory neurotransmission
and has a fundamental role in learning, memory, and retention of
learned cues and events [10–12]. Despite this critical role, little is
known about the acute glutamatergic impact of psychostimulant

drugs in humans. Insight about these effects is essential for
understanding the immediate mechanism of action of psychos-
timulant drugs and their abuse potential in vulnerable individuals.
Several lines of evidence indicate that psychostimulant drugs

are likely to acutely impact Glu and key neurometabolites in
human neocortex. Chronic users of stimulant drugs show elevated
levels of Glu, myo-inositol (Ins), and choline (Cho), and reduced
levels of N-acetylaspartate (tNAA) and creatine (tCr) compared to
non-drug users in a variety of cortical regions [13–21]. These
findings suggest long-term drug-related changes in excitatory
neurotransmission (Glu), intracellular catecholamine signaling
(Ins), cell membrane turnover and production of acetylcholine
(Cho), neuronal integrity (tNAA), and bioenergetics (tCr), respec-
tively [22]. Glx, a composite measure of Glu and glutamine (Gln)
[22, 23], shows biphasic changes during stimulant drug abstinence
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and recovery from stimulant drug dependence [13]. Further, levels
of Glx, Glu, tNAA, and Cho change alongside phasic drug-induced
and experiential changes in emotion and alertness in adults
without chronic drug exposure. For instance, in healthy adult
volunteers, a single intravenous dose of the anxiogenic drug CCK-
4 induces panic and increases Glx 2–10min after drug infusion
[24]. Low-dose ketamine, a Glu NMDA-receptor antagonist used
clinically as a fast-acting antidepressant, causes a phasic increase
in Glu and Gln in the anterior cingulate in healthy adults [25].
Anesthetic drugs also produce acute reductions in Glu, Glx, tNAA,
and Cho that coincide with drug effects on sedation [26]. Glx
appears particularly responsive, and rises following individual
epileptic seizure events [27], transcranial magnetic stimulation
events, and transcranial direct current stimulation [28]. Work
in vivo and in vitro also demonstrate both acute and chronic
psychostimulant drug effects on Glu synthesis, catabolism,
transport, and release [29–32], indicating multiple points of action
on the glutamatergic metabolic cascade. Information about acute
drug effects on Glx and Glu is thus necessary to understand the
immediate downstream mechanisms of psychostimulant drugs in
healthy young adults, and between-person factors that may
contribute to stimulant use and misuse in this population.
d-Amphetamine (AMP) and methamphetamine (MA) are psy-

chostimulants that are commonly prescribed for use in the medical
management of attention deficit hyperactivity disorder (ADHD),
obesity, and narcolepsy. Young adults also commonly misuse these
drugs for non-medical purposes including recreation and cognitive
enhancement. The present study used proton magnetic resonance
(1H MRS) spectroscopic imaging to investigate the acute impact of
AMP and MA on Glx and other key neurometabolites in the
neocortex of healthy young adults using a within-subject, double-
blinded, placebo (PBO)-controlled crossover design. 1H MRS data
acquisition focused on the dorsal anterior cingulate (dACC), a
neocortical hub that connects the default mode, frontoparietal
control, cingulo-opercular, and salience networks, which mediate
psychostimulant drug effects on emotion, salience, and attention
[33–35]. We expected AMP and MA to acutely increase levels of
Glx, Glu, and Ins within the dACC compared to PBO. These
predictions are based upon the psychostimulant drug effects on
Glu in animals [36, 37], the concordance between Glx and Glu in 1H
MRS [23], and the involvement of Ins in the catecholamine
secondary messenger cascade [38, 39].

METHODS AND MATERIALS
Study design
20mg d-amphetamine sulfate (AMP), 20 mg methamphetamine
hydrochloride (MA; Desoxyn®), and placebo (PBO) were investi-
gated in a counterbalanced, double blind, within-subjects cross-
over design.

Recruitment
Eligible participants received a physical exam and electrocardio-
gram. Exclusion and inclusion criteria were similar to previous
studies [40, 41] and excluded those younger than 18 or older than

35; those with BMI below 18 or over 30; left-handedness; less than
a high-school education/GED; lack of fluency in English; chronic
medical conditions; abnormal EKG; current or past Axis I
psychiatric disorder; smoking more than five cigarettes per week;
and in females, current or intended pregnancy or lactation. The
study was approved by the Institution Review Board for research
with human subjects at Brown University and the Memorial
Hospital of Rhode Island in accordance with the Code of Federal
Regulations (Title 45, Part 46) “Protection of Human Subjects”
adopted by the National Institutes of Health and the Office for
Protection from Research Risks. The study was conducted ethically
in accordance with the Helsinki Declaration of 1964 (revised 2013)
and the National Advisory Council on Drug Abuse Recommended
Guidelines for the Administration of Drugs to Human Subjects.
Written informed consent was obtained from all participants.

Participants
Twenty-six healthy right-handed individuals participated. Partici-
pants were 18–28 years of age (mean= 22.3 years, SD= 3.27). The
sample was rigorously balanced by gender (13 female, 13 male).
Participants were of normal body weight (mean BMI= 22.3, SD=
1.86; mean body weight= 145.1, SD= 17.4 lb), and weight did not
differ in male and female participants (male mean (SD)= 150.9
(16.6); female mean (SD)= 139.4 (16.9); t(24)= 1.74, p= .10, n.s.).
Racial composition was 73% White, 19% Asian, 4% African American,
and 4% Multiracial/other. Ethnicity was 77% non-Hispanic and 23%
Latino/Hispanic. The sample was well educated, with 8% reporting a
high-school diploma, the majority (61%) reporting some college
education and 31% reporting a Bachelor’s degree or more.

Procedures
The study consisted of seven sessions on separate days:
psychological screening, medical screening, orientation, three
MRI test sessions, and an exit session. Experimental design
appears in Fig. 1. Each test session (AMP, MA, and PBO) was 5.5
h in duration, conducted at a fixed time of day for each participant
to control for circadian effects. Sessions were approximately a
week apart (mean interval 9(±8) days), with AMP and MA at least
3 days apart to avoid sensitization. For blinding purposes,
participants were told that the study capsules could contain one
of several classes of drugs (stimulants/appetite suppressants,
sedatives/tranquilizers, anti-depressants, and placebo). Partici-
pants consumed a standardized meal 2 h prior to the sessions.
Breath alcohol level and urine toxicology screening confirmed
participants were drug and alcohol free. Cardiovascular status was
evaluated using an Invivo Precess MRI Patient Monitoring System
(Soma Technology, Bloomfield, CT) within the scanner and an
Omron wrist blood pressure monitor (Omron, Lake Forest, IL)
outside the scanner (Fig. 1). Participants were in verbal contact
with the experimenter at all times during the experiment.

Monetary compensation
Participants were paid $220 for completing the study. Prorated
payment was provided to those not completing all three MRI test
sessions ($70/session).

Fig. 1 Experimental design. Timing of MRI test sessions on days 4–6. Sessions were 5.5 h in duration (340min total). X-axis denotes time
relative to administration of the blinded study capsule at time 0 (black arrow). Participants entered the scanner 90 min after administration of
the study capsule (vertical dashed black line). MR spectroscopy was conducted 140–150min post-capsule (gray shading). Physiological data
were collected at half hour intervals for internal validity (open arrows). Mood data were collected at half hour intervals outside the scanner to
assess subjective drug effects (see Materials and methods for details). Participant arrival and departure times are indicated (gray arrows)
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Study drugs and dosing
Study drugs were d-amphetamine sulfate (AMP, 20 mg oral),
methamphetamine hydrochloride (MA, 20 mg oral; Desoxyn®),
and placebo (PBO). Rationale. Dopamine and norepinephrine
transporters are sensitive to AMP [42, 43]. MA differs from AMP
in its greater impact at the serotonin transporter [2]. Dose. A 20
mg oral dose was used for both drugs. This dose is within the
range of doses recommended for ADHD, reliably increases
subjective measures of stimulant effects [44, 45], is equipotent
across AMP and MA [46], and is well studied in healthy
volunteers [47, 48]. Encapsulation. AMP and MA were individu-
ally compounded with dextrose filler and placed in separate
opaque, colored gelatin capsules. PBO capsules contained only
dextrose. Order. Order of administration was randomized and
counterbalanced, with six permutations of drug order across
participants (PBO-AMP-MA; PBO-MA-AMP; AMP-PBO-MA; AMP-
MA-PBO; MA-PBO-AMP; and MA-AMP-PBO). Timing. MRS was
conducted 140–150 min after administration of the capsules on
each test session (see Fig. 1).

Structural imaging
A Siemens 3T TIM Trio system (Siemens Medical Solutions, New
York, NY) was used for MR data collection. Whole-brain T1-
weighted images (MPRAGE sequence) were acquired in the
sagittal plane at the beginning of each MRI session (resolution
= 1mm× 1mm× 1mm; TR= 1900 ms; TI= 900ms, TE= 2.98 ms;
flip angle= 9°; FOV= 256 × 256). The structural T1 images were
processed using SPM12 [49] and Gannet Coregister was used to
reconstruct the voxel [50, 51].

Spectroscopy
Spectra were acquired in the dACC using single voxel, point-
resolved spectroscopy (PRESS). Voxel size was 15 × 15 × 10mm
(10mm in SI direction) and was placed on the T1-weighted
anatomical image using the three-plane reconstructions. The
voxel was placed on the dACC immediately anterior and parallel to
the corpus callosum (see Fig. 2a). On sagittal view, the midline
slice where the corpus callosum was most distinct was selected
and the voxel was placed anterior and superior to the corpus
callosum. The voxel was rotated to be tangential to the corpus
callosum. In coronal, sagittal, and axial views, the voxel was
aligned anterior and parallel to the corpus callosum such that the
posterior edge of the voxel was in line with the horns of the lateral
ventricles. In coronal view, the voxel was right lateralized to
capture connectivity with the salience network [52] and minimize
CSF contamination from the longitudinal fissure. Voxel placement
was confirmed by post hoc voxel reconstruction in subject-specific
anatomical space. Reconstructed MRS voxels were checked to
confirm agreement with voxel placement protocol for individual
anatomy, using subject-specific anatomical landmarks (above).
During the MRS sessions, standard first-order auto shimming was
implemented, line width checked and shimming manually
adjusted to minimize the free water line width. Prior to acquisition
of spectral data, non-water-suppressed data sets were obtained to
provide for eddy current compensation and to provide a water
reference. Repetition time (TR) was 3000ms, echo time (TE) was
30ms, with 128 averages taken for a total acquisition time of 6 m
24 s for water-suppressed data. The TR of 3000ms reduced
differential T1 effects to less than 12% and the T2 differentiation
was minimized by the echo time of 30 ms [53]. Spectra were
processed and metabolites quantified using LCModel [54]. All of
the data received zero- and first-order phase correction as part of
the regular LCModel process, done automatically by LCModel with
no user intervention. Data were compensated for differential T1
effects according to individual metabolite T1 values at 3 Tesla [53,
55, 56]. Only metabolites with Cramer-Rao lower bound (CRLB)
less than or equal to 20% were evaluated. Example spectra using
this procedure are in Fig. 2b.

1H MRS measures
Primary measures. Metabolites reliably assessed by 1H MRS include
Glx, a composite measure of Glu and Gln primarily comprised of Glu
[23]; tNAA, a combined measure of N-acetyl-aspartate and N-
acetylaspartyl-glutamic acid; tCr, a combined measure of creatine
and phosphocreatine; Cho, a measure of choline-containing
compounds glycerophosphocholine and phosphocholine (GPC+
PCh); and Ins, a measure of myo-inositol. Reliability for these
metabolites is well established [54, 57, 58]. All metabolites were
quantified relative to water in institutional units (i.u.) per standard
practice [59]. Ratio-based measures were considered but decided
against, to avoid interpretive confounds should metabolites change
simultaneously, see refs. [22, 60, 61]. Metabolites were corrected for
partial volume effects using the formula [*1/(1− fCSF)], where fCSF
is the voxel volume fraction of cerebrospinal fluid therefore
providing a measure of metabolite concentration in tissue within the
voxel (per methods of refs. [62–64]). Voxel placement reliability was
assessed using dice coefficients [65, 66]. Subcomponent measures of
Glx. Glu and Gln were evaluated separately to provide information
on the specificity of drug findings with Glx. LCModel analyzes Glu
and Gln using the entire in vivo spectrum in relation to the complete
model spectra produced by metabolites at known concentrations
in vitro, and provides good discrimination between Glu and Gln
when FWHM are on the order of 0.05 ppm [54]. The acquired spectra
were uniformly well resolved with an average FWHM of 0.06 ppm
and a modal FWHM of 0.05 ppm. Mean (±SD) CRLB uncertainty was
5(±1)% for Glx, 5(±1)% for Glu, and 13(±2)% for Gln.

Mood responses
Subjective responses were evaluated using self-reports on the
Drug Effects Questionnaire (DEQ) [67]. Participants indicated on
100-mm lines their response to DEQ items “I LIKE the effects I am
feeling right now,” rated from “dislike” to “like very much” (DEQ
“Like Drug”), and “I am HIGH,” rated from “not at all” to “very
much” (DEQ “Feel High”). Responses were assessed at half hour
intervals outside the scanner, for eight time points of assessment
on each session (details in Fig. 1).

Quality control procedures
Quality control was implemented in three steps: (a) All MRS spectra
were visually inspected for quality by an MRS data acquisition and
analysis expert (co-author Woods). (b) Using co-registration tools
from the Gannet analysis package [51], voxels were reconstructed in
each anatomical scan and segmented using SPM12 [50] to allow for
quantification of the proportion of white matter, gray matter, and
CSF in the voxel. Data were corrected for partial volume effects
using the formula [*1/(1− fCSF)], per established methods [62–64].
(c) Data for individual metabolites were excluded, where the CRLB
exceeded 20% SD. These procedures indicated that the majority of
the data were of high quality: from a total of 73 acquired scans in 26
participants, 7 scans were excluded for lack of water reference files,
and CRLB(Gln) cutoffs were exceeded in 3 instances. Thus, 66 scans
in 24 participants were available for analysis, with additional
exclusions for Gln (63 scans).

Statistical analysis
Drug effects. Linear mixed models with random intercepts were
used to evaluate drug effects on each CSF-corrected metabolite
individually. Separate analyses examined differences between
placebo and AMP, placebo and MA, and AMP and MA. Beta
coefficients indicate the model-predicted difference in the
metabolite in the active drug condition compared to PBO, with
positive beta coefficients indicating higher metabolite levels
under drug. Linear mixed models were chosen because the
estimation method (i.e., full maximum likelihood estimation) is
able to handle missing data without excluding cases listwise, thus
making full use of the available data. Effect sizes were calculated
using Cohen’s d for repeated measures (dRM) for within-subjects
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effects [68]. Bonferroni correction for seven tests of drug effects on
Glx, Glu, Ins, Cho, tCr, tNAA, and Gln was conducted to control
family-wise Type I error rate at α= .05 (adjusted α= .0071).
Manipulation checks. Sympathomimetic drug activity across the
protocol, effectiveness of counterbalancing, reliability of voxel
placement across test sessions, %voxel overlap, structural
composition within the voxel, LCModel fit characteristics, gender,
and order effects on metabolites were evaluated using repeated

measures drug × time ANOVA models, Pearson χ2 tests, paired
t-tests, linear mixed-effects models, and generalized estimation
equation (GEE) models (details in Supplementary Methods).
Relationship of Glx, Glu, and Gln. The relationship between Glx, Glu,
and Gln was assessed using bivariate correlations. Mood correlates.
Time-series mood data were reduced to a single metric in each
participant, with Time-to-Peak “Like Drug” ratings to AMP and
Peak “Feel High” ratings to MA meeting quality control criteria for

Fig. 2 MRS Voxel and Example Spectra. a Voxel placement in dorsal anterior cingulate cortex (dACC). Left: sagittal; middle: coronal; right: axial
views, respectively. b Example MRS spectra with labeled peaks. The solid dark gray curve overlay is the fitted spectrum from LCModel and the
raw data shown in light gray, with the baseline below. The upper panel is a plot of the residuals, which in the case of a proper fit appears as
noise. Labeled peaks: Cr creatine, Ins myo-inositol, Cho choline, Glx glutamate and glutamine, NAA N-acetyl-aspartate
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analysis (details in Suppl. Methods). Delta (Δ) scores quantified
drug-induced changes in mood and metabolites relative to PBO in
each participant (Mood: ΔTime-to-Peak DEQ “Like Drug”[AMP-
PBO]; ΔPeak DEQ “Feel High”[MA-PBO]; Metabolites: ΔGlu[AMP-
PBO], ΔGlx[AMP-PBO], ΔtCr[AMP-PBO]; ΔGlu[MA-PBO], ΔGlx[MA-
PBO]). Positive Δ scores indicate a longer duration of peak drug
liking on AMP compared to PBO (ΔTime-to-Peak DEQ “Like
Drug”[AMP-PBO]) and a larger drug high on MA compared to PBO
(ΔPeak DEQ “Feel High”[MA-PBO]), and negative scores indicate
the inverse. Relationships between drug effects on mood and
drug effects on metabolites were evaluated using bivariate
correlation. There were three tests of AMP effects (ΔGlu[AMP-
PBO], ΔGlx[AMP-PBO], ΔtCr[AMP-PBO] with ΔTime-to-Peak DEQ
“Like Drug”[AMP-PBO]) and two tests of MA effects (ΔGlu[MA-
PBO], ΔGlx[MA-PBO] with ΔPeak DEQ “Feel High”[MA-PBO]). Effect
magnitude was estimated by R2 and reliability-corrected R2

(details in Suppl. Methods). Statistical power. Power analyses for
within-subjects effects were conducted in G*Power 3.1 using an
alpha of .05 [69, 70]. The final sample of 24 had high power (1− β
= .96) to detect large effects (d= .80), adequate power (1− β
= .80) to detect medium effects (d ≥ .60), and low power (1− β
= .16) to detect small effects (d= .20).

RESULTS
Internal validity
There was substantial evidence of internal validity, with significant
AMP and MA effects on all sympathomimetic outcomes; see
Table 1 and Fig. 3 (means in Suppl. Data, Table S1). Sympatho-
mimetic effects of AMP and MA were similar in timing and extent,
and began approximately 90min post-capsule, peaked 210min
post-capsule, and remained significant to the end of testing (290
min). Drug effects and drug by time interactions all were
significant (p < .01–.0001; see Table 1). There was no main effect
of gender (p > .15, n.s.) and drug by gender interactions were not
significant (p > .29, n.s.). Diastolic blood pressure (BPD), systolic
blood pressure (BPS), and heart rate (HR) responses to AMP and
MA thus did not differ in males and females. These findings
indicate that AMP and MA were effective as dosed, and provide
confirmatory evidence of significant drug effects during MRS
imaging.

Drug effects on metabolites
Descriptive data and findings for CSF-corrected metabolite
concentrations are in Table 2.

Amphetamine (AMP) effect
There was a main effect of AMP on Glx in the dACC (B(SE)= 1.05
(.32), p= .003; Table 2). The AMP effect on Glx is illustrated in
Fig. 4a. The positive beta value indicates that Glx concentrations
were higher on AMP than PBO. In terms of magnitude of change,
AMP caused a 9% increase in Glx within the voxel (mean ( ± SD)=

9% ( ± 12%)), a medium-sized effect (dRM= .68). There was a main
effect of AMP on tCr (B(SE)= .32 (.11), p= .0067). In terms of
magnitude of change, AMP caused a 5% increase in tCr within the
voxel (mean ( ± SD)= 5% ( ± 8%)), a medium-sized effect (dRM
= .47). There was a main effect of AMP on Ins (B(SE)= .33 (.13), p
= .022), and Cho (B(SE)= .11 (.05), p= .022), which were medium-
sized effects (dRM= .61 and .58, respectively) and did not survive
correction for multiple comparisons (see below). There was no
effect of AMP on tNAA (p > .40). Glx subcomponents analysis. Our
follow-up analysis showed that Glu concentrations in the dACC
were higher on AMP than PBO (B(SE)= .71 (.15), p= .0001). The
AMP effect on Glu is illustrated in Fig. 4b. In terms of magnitude of
change, AMP was associated with an 8% increase in Glu within the
voxel (mean (±SD)= 8% (±8%)), a medium-sized effect (dRM= .74).
Gln concentrations did not differ between AMP and PBO (p > .40).
Bonferroni correction. The AMP effect on Glu (p= .0001), Glx (p
= .003), and tCr (p= .0067) survived Bonferroni correction for
seven tests (adjusted α= .0071), a stringent criterion. Interactions.
There was no AMP × gender interaction for Glu (p= .34, n.s.;
Fig. 5), Glx (p= .08, n.s.), tCr (p= .29), or any other metabolite (p’s
> .19). Pairwise comparisons indicated Glx was higher for females
on AMP compared to PBO (t(20.901)= 3.846, p ≤ .001; see
Figure S1).

Methamphetamine (MA) effect
There was no main effect of MA on any metabolite (p’s > .47).
Heterogeneity. There was between-subject heterogeneity in
individual-level Glu responses to MA (Fig. 5). The MA by gender
interaction for Glu was significant (p= .020). Relative to PBO, MA
significantly increased Glu in females (t(21.97)= 2.333, p= .029)
and non-significantly decreased Glu in males (t(22.92)=−1.234, p
= .230) (Fig. 5a, b). The gender difference in the linear slope was
significant (B(SE)=−.99 (.40), p= .020). There was no difference in
Glu between men and women on PBO (t(38.50)=−.484, p= .631).
In the MA condition, Glu was significantly higher in women
compared to men (t(39.31)=−2.162, p= .037). The MA by gender
interaction on Glx was not significant (p > .15, n.s.). Glx was higher
in females after MA than PBO (see Supplemental Figure S1),
consistent with the pattern observed for Glu. The MA by gender
interaction was not significant for any other metabolite (p’s > .55).

Gender
There were no significant main effects of gender on any
metabolite (p > .11).

Manipulation checks Counterbalancing. AMP, MA, and PBO were
equally distributed across the three test sessions (Pearson χ2 test
(1,4)= 1.36, p= .85, n.s.), indicating that drug and order were fully
counterbalanced. LCModel fit. LCModel fit characteristics (FWHM,
CRLBs [Glu, Gln, Glx], SNR) are presented in Suppl. Data, Table S2.
CRLBs, FWHM, and SNR did not differ across drug conditions (CRLB
[Glx]: Wald χ2(2)= 1.339, p= .51; CRLB[Glu]: Wald χ2(2)= 3.471, p

Table 1. Sympathomimetic effects

AMP MA

Drug F(1,22) Drug × time F(1,22) Drug F(1,22) Drug × time F(1,22)

BPS 25.6***** 6.17***** AMP > PBO 44.5***** 5.69***** MA > PBO

BPD 34.3***** 5.86***** AMP > PBO 50.5***** 5.77***** MA > PBO

HR 9.11** 3.63**** AMP > PBO 36.7***** 6.87***** MA > PBO

F values for drug main effects and drug by time interaction effects on cardiovascular measures (10 time points per session; see Materials and methods and
Fig. 1 for timing). Means and standard deviations for cardiovascular measures are in Suppl. Data, Table S1 BPS systolic blood pressure, BPD diastolic blood
pressure, HR heart rate, AMP d-amphetamine, MA methamphetamine, PBO placebo **p < .01, ****p < .0005, *****p < .0001, n= 23 with full data for analysis, see
Suppl. Methods for details.
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= .18; CRLB[Gln]: Wald χ2(2)= .425, p= .81; FWHM: Wald χ2(2)
= .959, p= .62; SNR: Wald χ2(2)= .774, p= .68). Voxel placement.
Euclidian distances (mm) between the center coordinates of the
voxels were small (mean ± SD= 3.4 ± 2.0 mm) with a minimum
distance of 0.4 mm. The center distances did not differ by drug
condition (p= .32, n.s.), indicating the reliability of voxel

replacement across test sessions. Voxel composition. Segmentation
procedures indicated a mean ± SD tissue fraction of .70 ± .06 gray
matter, .13 ± .09 white matter, and .18 ± .05 CSF within the dACC
voxel. Gray matter (Wald χ2(2)= 1.752, p= .42), white matter
(Wald χ2(2)= 3.254, p= .20), and CSF fractions (Wald χ2(2)= 4.157,
p= .13) did not differ between drug and PBO sessions. %Voxel
overlap. Sørensen-Dice coefficient (%voxel overlap) was high
(overall mean ± SD= 64% ± 12)) with a maximum of 85%. Mean ±
SD Sørensen-Dice coefficient was 66% ± 13 for AMP and PBO,
63% ± 14 for MA and PBO, and 62% ± 9 for AMP and MA.
Sørensen-Dice coefficients did not differ between sessions (p > .60,
n.s.). A representative image (within-subject Sørensen-Dice
coefficient value of 65%) is presented in Figure S2. Order. There
was no effect of order of drug administration on any outcome
(Glx: Wald χ2(2)= .58, p= .75, n.s.; Glu: Wald χ2(2)= .97, p= .62, n.
s.; tCr: Wald χ2(2)= 3.70, p= .16, n.s.).

Relationship of Glx, Glu, and Gln
Glx was positively correlated with Glu and Gln on all three test
sessions (Glu: r > .73, p < .001; Gln: r > .74, p < .001). In contrast, Glu
and Gln were uncorrelated on all three sessions (p’s > .18). There
was a 31% increase in the contribution of Glu to Glx under AMP
compared to PBO conditions (71% shared variance during AMP;
versus 54% shared variance during PBO), consistent with the
observed elevation in the level of Glu after AMP.

Mood correlates. AMP effects. AMP-induced change in Glu and tCr
was positively correlated with the duration of participants’ peak
“Like Drug” ratings for AMP, r=+.49, p= .02, and r=+.41, p
= .047. These effects are illustrated in Fig. 6a, b. MA effects. MA-
induced change in Glu and Glx was positively correlated with the
magnitude of peak DEQ “Feel High” experienced after MA, r=

Table 2. CSF-corrected metabolite concentrations

PBO AMP MA

Mean SD Mean SD Mean SD

Primary measures

Glx 12.92 1.44 13.91***a 1.51 13.16 1.49

tNAA 8.18 0.83 8.32 0.71 8.20 0.65

tCr 6.28 0.54 6.56**a 0.64 6.34 0.53

Cho 1.80 0.19 1.91* 0.19 1.82 0.20

Ins 4.80 0.50 5.12* 0.55 4.86 0.58

Subcomponents of Glx

Glu 8.62 0.84 9.32****a 1.01 8.80 1.08

Gln 4.41 0.87 4.59 0.85 4.42 0.95

CSF-corrected metabolite levels in institutional units (i.u.) PBO placebo,
AMP d-amphetamine, MA methamphetamine, Glx Glx complex, tNAA total
N-acetyl-aspartate and N-acetylaspartyl-glutamic acid, tCr total creatine and
phosphocreatine, Cho choline-containing compounds, Ins myo-inositol,
Glu glutamate, Gln glutamine *Significantly different from placebo at *p
< .05, **p < .01, ***p < .005, ****p < .0001 aSurvives Bonferroni correction for
multiple comparisons (adjusted alpha= .007). n= 24, 63–66 MRS spectra
per outcome

Fig. 3 Sympathomimetic activity of AMP and MA. X-axis indicates time elapsed from administration of the blinded study capsule. Y-axis
indicates systolic blood pressure. Test sessions were 5.5 h in duration. MR spectroscopy was conducted 140–150min after the capsule was
administered (gray shading). Physiological monitoring was conducted at half hour intervals throughout the protocol. Time points of capsule
administration, entry into the scanner, initiation of MR spectroscopy, and exit from scanner are indicated. AMP d-amphetamine (solid black
line), MA methamphetamine (dashed black line), PBO placebo (dotted gray line). Error bars represent ± 1 SE. ****p ≤ .001, ***p ≤ .005 compared
to PBO; aAMP and MA differ at p < .05. n= 23 with full data for analysis, see Suppl. Methods for details
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+.52, p= .016, and r=+.42, p= .049. These effects are illustrated
in Fig. 6c,d. Effect magnitude. Drug-induced rise in Glu accounted
for 24% of between-person variation in the duration of the “Like
Drug” response to AMP, and 27% of between-person variation in
the magnitude of the “Feel High” response to MA, with 38–42% of
the predictable variance explained (see Suppl. Methods for
details). Drug-induced changes in metabolites were strongly
positively associated with the duration of AMP liking and the
magnitude of the MA drug high reported by participants during
the test sessions.

DISCUSSION
There were five main findings. First, AMP increased the level of Glx
and Glu in the dACC. Second, there was high concordance
between AMP effects on Glx and Glu. Third, we observed
significant gender-related heterogeneity in participants’ Glu
response to MA. Lastly, there was a positive association between
AMP effects on Glu and tCr and the duration of drug liking
response to AMP, and a positive association between MA effects
on Glu and Glx and peak ratings of drug high to MA.

Interpretation
Given the size of the MRS voxel (10 × 10 × 15mm3; 2250mm3), it is
unlikely that alterations in glutamate release, reuptake, or
transport could explain the present findings, as any such changes
occur intra-synaptically and are detected on a spatial scale of
20–40 nm. Changes in extracellular Glu thus could not account for
the increase in the level of glutamate we observe in the present
MRS voxel, which identified drug-induced changes in Glu over a

much larger spatial scale (2250 mm3). Moreover, as nearly the
entire MRS-visible Glu signal is intracellular (1000 × higher
concentration intra vs. extracellular), it is highly unlikely that the
observed drug effects constitute an effect on extracellular Glu. We
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Fig. 5 Subject-level heterogeneity in Glu. a Gender-related hetero-
geneity in Glu. MA effects on Glu showed a significant drug ×
gender interaction, B(SE)=−.99 (.40), p= .020. Pairwise test on MA
and PBO conditions in females was significant, t(21.97)= 2.333, p
= .029. In the MA condition Glu was significantly higher in women
compared to men, t(39.31)=−2.162, p= .037. Error bars represent ±
1 SE. *p < .05. b, c Subject-level data for Glu response to MA and
AMP, coded by gender (black and gray lines denote females and
males, respectively). Unconnected points indicate partial data (see
Materials and methods section for details). All metabolites were
corrected for partial volume effects. Y axes indicate CSF-corrected
metabolite levels in institutional units (i.u.). n= 24 participants with
66 scans for analysis (see Materials and methods). Glu glutamate,
PBO placebo, MA methamphetamine, AMP d-amphetamine
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Fig. 4 Drug main effects. a Glx levels were higher during
amphetamine sessions than placebo (***p < .003), but not metham-
phetamine (p= .078). b Similarly, Glu levels were higher during
amphetamine sessions than placebo (****p= .0001), but not
methamphetamine (p= .060). c tCr levels were higher during
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corrected for partial volume effects. Y axes indicate CSF-corrected
metabolite levels in institutional units (i.u.). n= 24 participants with
66 scans for analysis (see Materials and methods section for details)
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thus interpret the data as indicating a within-subject change in
the overall concentration of intracellular glutamate in the dACC.

Mechanisms
Several mechanisms could underlie the drug-induced rise in Glu
we observe in the dACC: an increased rate of Glu synthesis,
increased availability of Glu precursors, and/or reductions in Glu
catabolism within the voxel under drug. These mechanisms are
not mutually exclusive. Drug effects on Glu synthesis. AMP has
known effects on Glu synthesis through drug effects on
glutaminase (GLS), which synthesizes Glu from intracellular Gln.
In rodents, AMP potentiates GLS activity [31], and genetic
knockdown of GLS1 mice display coordinated attenuations in
GLS activity, frontal cortical Glu and behavioral responses to AMP
[71]. The present data suggest that this enzymatic pathway may

not be involved, however, as Gln levels were not observed to
decrease (see Table 2); and as ~80% of Gln in the brain is
dedicated to GluGln cycling, see ref. [72]. It is more likely that AMP
and MA affect Glu formation through the glycogenolysis pathway
and TCA cycle [73, 74]. Drug effects on Glu precursor availability.
The impact of AMP and MA on heart rate and blood pressure
(Table 1 and Fig. 3) contributes to an increased supply of glucose
to the dACC, thereby facilitating the net creation of new Glu
molecules within the voxel through an increase in Glu precursor
availability. Glucose is the principle source of carbon skeletons
needed to synthesize new Glu molecules under aerobic condi-
tions, with the glycogenolysis pathway catalyzing the conversion
of glucose to Glu via breakdown of glycogen [74]. As noradre-
nergic agonists facilitate glycogenolysis [73], the well-established
noradrenergic effects of AMP and MA would further potentiate

Fig. 6 Mood correlates. a AMP change in Glu (Δ Glu) is positively correlated with the duration of peak DEQ “Like Drug” responses to AMP (Δ
Time-to-Peak DEQ “Like Drug”), r=+.49, p= .02. b AMP change in tCr (Δ tCr) is positively correlated with the duration of peak DEQ “Like
Drug” responses to AMP (Δ Time-to-Peak DEQ “Like Drug”), r=+.41, p= .047. c MA change in Glu (Δ Glu) is positively correlated with peak
DEQ “Feel High” responses to MA (Δ Peak DEQ “Feel High”), r=+.52, p= .016. d MA change in Glx (Δ Glx) is positively correlated with peak
DEQ “Feel High” responses to MA (Δ Peak DEQ “Feel High”), r=+.42, p= .049. Glx glutamate, tCr total creatine, Glx glutamate and glutamine.
All metabolites were corrected for partial volume effects, see Materials and methods. Details on Δ Glu, Glx, tCr, DEQ “Like Drug,” and DEQ “Feel
High” ratings are in Suppl. Methods. Gray shading is 95% confidence interval. n= 17–18 participants with full data for analysis, see
Suppl. Methods for details
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the formation of Glu through this pathway. Drug effects on Glu
catabolism. Stimulant drugs also have dose- and region-specific
effects on Glu catabolism. In rodents, shorter regimens and lower
doses of AMP reduce limbic expression of glutamate decarbox-
ylase (GAD), which catalyzes Glu conversion to GABA [75] and
longer regimens and higher doses of AMP foster GAD expression
[76]. A single dose of AMP in rodents also alters GAD mRNA within
30min to 2 h of acute drug exposure [30, 75]. Other catabolic
enzymes affected by psychostimulant drugs include glutamine
synthase, which converts Glu into Gln, and glutamate dehydro-
genase, which metabolizes Glu into α-ketoglutarate [77–79]. A
slowing of any of these catabolic processes would increase the
level of intracellular Glu within the voxel. Summary of mechanisms.
Based on this literature, the spatial resolution of our MRS voxel,
the temporal features of our drug administration procedure, and
the established sympathomimetic action of AMP and MA on heart
rate and blood pressure, the present observations of increased Glu
under drug are most consistent with an underlying effect of AMP
on increased creation of new Glu molecules in the voxel, increased
availability of Glu precursors, and reduced Glu catabolism. These
three mechanisms likely account for the net increase in Glu we
observe under drug.

Mood correlates
We found that drug-induced changes in dACC Glu correlated with
the extent and duration of drug liking and drug high. Correlations
were on the order of .4–.5, and explained 17–27% of the total
variance. Given that the maximal correlation between imaging-
based measures and self-report measures is constrained by the
extent of test–retest instability in both sets of measures [80], drug
changes in Glu likely account for ~38–42% of the predictablevar-
iance in drug liking and drug high. This is a substantive finding,
and may be mechanistically important. Drug liking for psychos-
timulants is known to be immune to DA antagonism, as drug
liking and drug high ratings to psychostimulants survive co-
administration of DA antagonists [48, 81–83]. The present findings
indicate a substantive role for Glu in the extent and duration of
drug liking and drug high responses to psychostimulants in
healthy young adults.

Implications
The well-established role of Glu in learning indicates the potential
functional importance of the increased Glu observed here after
AMP consumption. Increased levels of Glu within the dACC could
alter learning and memory processes including state-dependent
learning and cue conditioning. AMP-induced Glu could also affect
subsequent drug choice behavior by facilitating underlying
processes of operant learning, associative learning, and behavioral
sensitization [84, 85]. Our findings suggest that such Glu-
dependent processes may be altered following AMP consumption
in healthy young adults.
The between-subject heterogeneity we observed in the

glutamatergic response to MA (Fig. 5) is consistent with a
heightened vulnerability to psychostimulants in females. In
rodents, psychostimulants produce greater behavioral sensitiza-
tion and dopamine release in females than males [86, 87]. In
humans, female drug users report greater MA-induced euphoria,
more often identify MA as their drug of choice and develop
greater dependence on MA compared to males [88–90].

Strengths and limitations
The strengths of the study include the placebo-controlled, within-
subjects crossover design; evaluation of two prescription psy-
chostimulants (d-amphetamine and methamphetamine) in the
same participants; time-locked procedures for drug administra-
tion; and a moderately sized sample of healthy volunteers
carefully screened for medical and psychiatric disease. The sample
was precisely balanced for gender and was racially and ethnically

diverse, increasing generalizability. The within-subjects, placebo-
controlled crossover design allows for strong inferences about
drug effects on metabolites. There were multiple controls for MRS
data quality and metabolites were evaluated using a well-
established analytic strategy. Voxel placement was performed by
an operator who was blinded to the drug condition and drug
condition was randomized to eliminate bias in voxel placement
based on drug condition. Achieved voxel overlap (64%) did not
differ between conditions and is on the order of that achieved by
automated voxel placement [91], indicating excellent and stable
within-subject reliability of voxel placement. Physiological data
confirmed sympathomimetic drug activity, providing evidence of
internal validity. Drug effects on Glx and Glu were positively
related with drug-induced changes in mood, predicting duration
of AMP liking and magnitude of drug high to MA. As these effects
were observed concurrently (i.e., in the 5.5 h following acute
exposure; see Fig. 1), these findings suggest a causal relationship
between drug-induced changes in Glu and drug-induced changes
in mood. These findings represent the first evidence of a
relationship between acute changes in Glu and positively
valenced emotion in humans. The within-subjects design provided
three times the number of data points per subject compared to a
between-subjects design and entirely controlled for individual
differences among the drug conditions. This design substantially
reduces error variance and maximizes statistical power compared
to alternative designs.
Limitations of the design should also be noted. 1H MRS was

conducted solely in the dACC, thus the study does not provide
information on other brain regions. Further, potential effects
outside of the 140–150 min post-drug window would be missed.
Use of a standard MRS PRESS acquisition precluded investigation
of several metabolites including GABA and glutathione, which
require spectral editing. As MRS provides information on total
tissue metabolite in the voxel, Glx reflects both neurotransmitter
and metabolic pools of Glu and Gln. Moreover, since Gln can be
difficult to differentiate from Glu at 3T and the chosen TE,
additional studies using acquisition parameters that distinguish
Gln from Glu are warranted. Future work using larger sample sizes,
with oversampling of subjective states during the peak period of
the drug response curve is recommended to improve temporal
resolution and statistical power. Despite these caveats, the present
findings provide the first evidence in humans that drug-induced
changes in Glu correlate with subjective experiences of drug liking
and drug high following drug ingestion.

Conclusions and future directions
In summary, we found that an acute single dose of AMP increased
the concentration of Glu, Glx, and tCr in the dACC of healthy
young adult volunteers. The increase in Glx is best explained by a
drug-induced increase in intracellular Glu, as there was high
concordance between AMP effects on Glx and our measure of Glu.
Between-person heterogeneity in Glx and Glu responses to MA
were significantly linked to gender. These findings are consistent
with psychostimulant drug effects on Glu synthesis and catabo-
lism in cell culture and in animals. AMP- and MA-induced changes
in dACC Glu correlated with the duration and extent of drug liking
and drug high, indicating a substantive association between
glutamatergic responses and subjective experience after drug
exposure. Drug-induced alteration in Glu levels within the dACC
could affect myriad cognitive and behavioral processes, such as
drug seeking, drug sensitization, state-dependent learning,
memory, and cue conditioning [84, 85]. To our knowledge, these
findings provide the first evidence that specific psychostimulant
drugs acutely alter the concentration of Glx and Glu in the human
brain, and that psychostimulant-induced changes in Glu, Glx, and
tCr predict acute changes in positively valenced emotion. Given
the ability of psychostimulants to produce global changes in
sympathomimetic activity and subjective emotion, drug effects on
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Glu likely transcend the present region (dACC). Future studies that
apply whole-brain methods (i.e., 3D MRSI) will provide further
regional information on stimulant drug effects on glutamatergic
compounds in human neocortex.
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