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Glutamate plays an important role in continued use of and relapse to abused substances. However, its involvement in cannabis
withdrawal is still unclear. We hypothesize that regional glutamate is associated with the cannabis withdrawal syndrome and
recently examined possible association of glutamate with cannabis withdrawal, using magnetic resonance spectroscopy (MRS), in
non-treatment-seeking cannabis users. We recruited 26 frequent cannabis users and 11 age-matched non-using controls. Of the 37,
20 users (8f/12m) and 10 controls (5f/5m) completed a verified 21-day abstinence protocol. Dorsal anterior cingulate cortex (dACC)
glutamate and γ-amino butyric acid (GABA) were measured with proton MRS at baseline and on abstinent days 7 and 21 in
conjunction with measures of cannabis withdrawal and craving (MCQ), sleep difficulties (PSQI) and mood state. We used ANOVA to
examine group differences in glutamate and GABA from baseline through day 21 and used linear regression to evaluate
correlations between intra-individual glutamate and withdrawal symptoms. We found that self-reported anxiety severity (HAMA)
was correlated with urinary THC/Cr ratios at baseline (r= 0.768, p= 0.000076) and abstinent day 7 (r= 0.5636, p= 0.0097), dACC
glutamate was significantly lower in the users compared with the controls from baseline through day 21 (F= 5.90, p= 0.022),
changes in glutamate between baseline and abstinent day 21 had a significantly negative correlation with corresponding changes
in craving (r=−0.72, p= 0.005) after adjusting for age, consumption of alcohol/cigarettes, sleep difficulties, and urinary THC levels.
These findings provide preliminary evidence that dACC glutamate is associated with the cannabis withdrawal syndrome.
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INTRODUCTION
Cannabis is the most commonly used recreation drug in the U.S.
and recent surveys [1, 2, 3, 4] suggest that the prevalence of
cannabis use disorder (CUD) is increasing as many states across
the US have legalized recreational cannabis use. Long-term
cannabis use, especially with early onset, is associated with poor
performance in schoolwork, education, and cognitive functioning
[5]. Abrupt cessation of cannabis use often triggers onset of
withdrawal symptoms, such as sleep difficulties, irritability, and
tension [6–9], which prevent users from remaining abstinent and
negatively impact treatment outcome. Increased access and use of
cannabis, as well as high risk of relapse of CUD [10], underscore
the need to investigate possible intrinsic driving forces, such as
neurochemical imbalance, behind cannabis withdrawal.
Animal research has demonstrated that excitatory amino-acid

glutamate (Glu) plays an important role in substance dependence,
especially in the continuation of and relapse to substance abuse
[11–13]. It is known, mostly via animal models, that the
glutamatergic system is sensitive to acute and repeated exposure
to abused substances such as cocaine and alcohol and is believed
to play a critical role in relapse during withdrawal from these
substances [14–16]. For example, chronic cocaine use produces a
significant reduction in the basal glutamatergic transmission
from the prefrontal cortex, including anterior cingulate cortex
(ACC), to the nucleus accumbens (Nacc) [17–19] and results in
lower extracellular levels of Glu and presynaptic glutamate

immunoreactivity [14]. The observed change is believed to be
critically involved in relapse-like behavior, since pharmacological
restoration of basal extracellular Glu concentrations to those
observed in non-withdrawn animals, as with agents such as
N-acetylcysteine (NAC), prevented reinstatement of drug seeking
induced by a priming injection of cocaine [17]. The altered Glu
concentration has been demonstrated in dorsal ACC (dACC) [20]
and, recently, Nacc [21] of human cocaine users. NAC-induced
dACC Glu change has also been demonstrated in human cocaine
users [22].
Measuring Glu in the ACC may also provide important

information to better understand possible neurochemical imbal-
ance underlies cannabis withdrawal and frontal lobe alterations,
including function, in a CUD population. Previous studies using
magnetic resonance spectroscopy (MRS) suggest that baseline Glu
was lower in ACC and basal ganglia regions of chronic cannabis
users [23, 24], but not in striatal region [25, 27]. Acutely, cannabis
actually appeared to increase striatal Glu [26]. We hypothesized
that Glu is involved in cannabis withdrawal of chronic users and
that MRS can detect the relevant changes in regional Glu and γ-
amino butyric acid (GABA) concentrations. We recently reported
the association of cannabis withdrawal with striatal glutamate and
GABA [27]. Here we report results of Glu and GABA concentrations
in dACC collected from the same study. The dACC was targeted
because of its known association with integrating information
from networks and because abnormal Glu concentrations were
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previously identified in this region among cocaine users [22].
Given the substantial heterogeneity among individuals in their
response to an abrupt cessation of cannabis use [7, 8], we focused
on how within-subject changes in withdrawal symptoms are
associated with within-subject changes in GABA and Glu over the
course of abstinence. In addition to group differences of Glu and
GABA concentrations, our primary focus was to evaluate if Glu and
GABA changes correlated with craving and cannabis withdrawal
symptoms. Secondarily, we also examined if they were associated
with other key components of cannabis withdrawal such as sleep
difficulties and tension.

METHODS AND MATERIALS
Subjects
Twenty-six adult cannabis users (10 females, 16 males, age 21–40) and 11
age-matched, non-using controls (5 females, 6 males) were recruited
through local advertisements under a Partners-Healthcare-Institutional-
Review-Board approved protocol. Potential candidates were initially
provided a description of the study via online advertisements and then
interested individuals were invited to complete a brief phone screen,
followed by an in-person screening visit and interview using DSM-5 to
verify eligibility. Common exclusion criteria for both groups were (1) major
medical, neurological, or psychiatric illness including major depression,
psychotic disorder, or ADHD, head injuries including loss of consciousness;
(2) substance use disorders other than CUD, including stimulants, or history
of misuse of other substances other than cannabis within 1 year prior to
this study, or cannabis use with medical license; (3) current use of
psychoactive medications; (4) insufficient English fluency; (5) complications
at birth; (6) current pregnancy; (7) MRI contraindications (e.g., metallic
implants, claustrophobia, etc.); (8) prior to or during the study if they
smoked more than 10 tobacco cigarettes/day, or if they engaged in binge
drinking, characterized by regularly consuming ≥4 drinks for females and
≥5 drinks for males in a 2-h period. In addition, participants of the user
group had to meet either DSM-5 criteria for CUD based on the SCID-5 or
current usage requirement of cannabis use at least 5 days per week for at
least 1 year; and were willing to abstain from using cannabis during the
study and smoking nicotine cigarettes within 8 h of MR scan visits. The
controls had to meet the additional criteria of no history or current use of
abused substances, including cannabis, within 1 year prior to, or during,
the study except mild consumption of alcohol and/or cigarettes; and were
willing to abstain from smoking nicotine cigarettes within 8 h of MR scan
visits.
All participants provided written informed consent and were asked to

record their consumption of alcohol and cigarettes in a daily diary during
the study to document average weekly consumption. Cannabis users were
also required to refrain from cannabis use for at least 12 h prior to their
baseline visit to avoid acute intoxication interference. Of the consented 37
participants, six users and one control discontinued after the baseline visit
for reasons including relapse of cannabis use (4), dissatisfaction with
compensation (1), lost to follow up (1), and unable to keep time
commitment (1). The remaining 20 cannabis users (12 males, 8 females)
and ten non-using controls (5 males, 5 females) completed a 21-day
verified abstinence study protocol. The user completers had an average
age of onset for regular cannabis use of (mean ± SD) 18 ± 3, average days
of monthly use 28 ± 3, and average amount of 0.9 ± 0.7 gram per use with
methods of smoke via bowl, joint, blunt, bong (19); vape only (1); smoke
and vape (3) [27]. An abbreviated version of the urinary screen and
demographics are included in the Supplementary (Table S1) as they have
previously been described elsewhere [27].

Clinical measures
All participants were assessed at baseline and again on abstinent days 7
and 21 using the marijuana craving questionnaire (MCQ) [28] and the
Cannabis Withdrawal Scale (CWS) [29]. The target of abstinent day 7 was
selected because our prior study demonstrated that withdrawal symptoms
peaked at day 7 of abstinence [6]. In addition to CWS, Hamilton rating scale
for anxiety (HAMA) [30] and Hamilton rating scale for depression (HAMD)
[31] reported previously [27], sleep difficulties were assessed using the
Pittsburg Sleep Quality Index (PSQI) [32]. Tension was assessed using the
Profile of Mood States (POMS)[33]. More specifically, tension (measured
with POMS_tension) was identified as a potential predictor for relapse
during cannabis abstinence [29]. In this study, we focused on its possible

relation with GABA and Glu during early phase of abstinence. As there is
substantial heterogeneity among individuals and their response to abrupt
marijuana cessation, we focused on changes of these measures.

MRS measurement
MRS procedure was detailed in the Supplementary as it is, except voxel
location, similar to the procedure for the striatum detailed previously [27].
MRS measurement on substance abusers may present a challenge to data
collection due to excessive movement. To mitigate these potential
problems and avoid missing data points, we adopted a short-TE scheme,
to minimize the signal losses due to J-coupling and T2 relaxation and
optimize spectral quality, followed by a MEGA-PRESS scan to ensure data
quality within a relatively short data collection time. To ensure consistent
voxel location over time, vendor-provided auto-align function on the
scanner and anatomic landmark were applied in this study.
MRS data were processed offline and quantitatively analyzed with LC

model spectral fittings using a simulated basis set, including Glu,
glutamine (Gln), and other metabolites [34]. Voxel tissue analysis included
segmenting the T1-weighted anatomical images into gray matter, white
matter, and cerebral-spinal fluid (CSF) using FSL (FMRIB)™ (www.fmrib.ox.
ac.uk). In house software generated a voxel mask in Matlab (Mathworks,
Natick, MA, USA) based on the voxel coordinates, orientation, and
dimensions to quantitatively derive the relative percentages of each
tissue-type in the voxel and CSF volume fraction was corrected prior to
deriving Glu and GABA concentrations.

Statistical analysis
Data were analyzed using the Statistical Package for the Social Sciences,
version 28 (SPSS Inc., Chicago, IL, USA, www.spss.com). A two-way mixed
ANOVA was applied to evaluate difference between the users and the
controls across the three measurement occasions in Glu and GABA, with a
Bonferroni correction applied for multiple comparisons, after examining for
normality to ensure appropriateness of parametric statistics. For a group
difference reaching statistical significance, Cohen’s d was calculated to
evaluate the effect size. Analysis was repeated using analyses of
covariance, controlling for age, sex, alcohol/cigarette consumption, and
mean THC/Cr ratio (mTHC/Cr), calculated by averaging values of baseline,
abstinent days 7 and 21, to assess the potential confounding impact of
these variables on levels of Glu and GABA. Significance testing was
conducted at α < 0.05 level (two tailed). Linear regression was applied to
evaluate the possible relationship between Glu and GABA changes and
corresponding changes in CWS, MCQ, PSQI, and POMS_tension. Bonferroni
corrections for multiple comparisons were applied to control for possible
Type I errors due to multiple regression comparisons. Specifically, an
adjusted α= 0.05/4= 0.0125 was used for both the primary hypothesis
(MCQ, CWS) and for the secondary analysis (PSQI, POMS_tension). All
relationships that remained significant after Bonferroni correction were
then assessed potential confounding impact of age, sex, consumption of
alcohol/cigarettes, and mTHC/Cr.

RESULTS
Participant profile
Demographics of the participants as well as THC concentrations and
alcohol consumption have been detailed previously [27]. In brief, 18
of the 20 users were diagnosed as CUD using SCID-5. The remaining
two were qualified by their cannabis use amount and frequency.
Between the users and the controls, there were no significant
differences in sex (p(χ2)= 0.80), age (Mann–Whitney, p= 0.71), and
use of cigarettes (Mann–Whitney, p= 0.08). There was a significant
difference in alcohol use (Mann–Whitney, p= 0.001), Years of
Education (Mann–Whitney, p= 0.007), CWS (Mann–Whitney, p=
0.005), MCQ (Mann–Whitney, p < 0.0005), HAMA (Mann–Whitney, p
= 0.033), and HAMD (Mann–Whitney, p= 0.005) at baseline between
the cannabis users and controls (Table S1, Supplementary).

Abstinence time course and verification
During acute abstinence, there was an initial fast decrease (days 0=
>7; 100%= >10.9%) and followed by a slower one (days 8= >21;
10.9%= >4.9%) in the urinary THC/Cr ratios among the cannabis
users. No significant changes were found in consumption of alcohol
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(F= 0.79, p= 0.47) and cigarettes (F= 0.41, p= 0.67) at days 7 and
21, compared to the baseline levels, among the cannabis users. At
baseline and abstinent day 7, but not on abstinent day 21, THC/Cr
ratio had a positive correlation with cannabis users’ HAMA scores
(Baseline r= 0.768, p= 0.000076; day 7 r= 0.5636, p= 0.0097; day
21 r=−0.028, p NS) and HAMD scores (Baseline r= 0.451, p= 0.046;
day 7 r= 0.4094, p= 0.073; day 21 r= 0.216, p NS). After Bonferroni
correction, only the relationship with HAMA at baseline and day 7
remained significant. Further analysis revealed that the HAMA and
THC/Cr relationship at baseline and day 7 was not impacted by age,
sex, or consumption of alcohol/cigarettes.

Withdrawal symptoms during abstinence
Sleep difficulties (PSQI) and tension (POMS_tension) of the
cannabis users, illustrated in Fig. 1a, started at a higher level
and rose by ~36% and 32%, respectively, on day 7 compared to
their baselines before returning toward the baselines on day 21
while those of the respective measures of the controls remained
relatively flat at a significantly lower level. These findings are
consistent with previously reported characteristics of cannabis
withdrawals [35]. Neither PSQI (F= 2.0, p= 0.14) nor

POMS_tension (F= 2.9, p= 0.07) scores, including the rest of the
POMS subscales (e.g., depression, anger, vigor, fatigue, and
confusion (data not shown here)), had significant changes from
baseline through day 21 among the cannabis users even though
significant group differences existed between the users and non-
using controls (PSQI, F= 10.6, p= 0.003; POMS_tension, F= 10.1,
p= 0.004). PSQI did not correlate with urinary THC/Cr ratios during
abstinence except for the baseline (r= 0.535, p= 0.015). POM-
S_tension did not correlate with THC/Cr ratios from baseline
through day 21.
Self-reported craving (MCQ) was significantly elevated at

baseline (Table S1, Supplementary) and dropped by ~15% by
abstinent day 7. It stayed at this level through day 21 while that of
the controls remained flat at a significantly lower level from
baseline through day 21 (group F= 21.7, p < 0.0005). MCQ did not
correlate with THC/Cr ratios from baseline through day 21.

dACC Glu and GABA
High quality spectra of short TE PRESS were collected from most
of the participants (S/N (mean ± sem): 46.4 ± 0.9 (users, n= 20),
44.8 ± 0.5 (non-using controls, n= 10)) (Figs. 1b and S1 in the
Supplementary). Full-width-half-maximum of NAA resonance
was 4.2 ± 0.2 Hz among the users and 3.9 ± 0.3 Hz among the
non-using controls. Cramer–Rao lower bounds (CRLBs) of Glu was
2.85 ± 0.08% among the users (n= 20) and 3.0 ± 0.0% among the
non-using controls (n= 10). Glx (=Glu+ Gln(glutamine)) and Glu
were highly correlated (r= 0.941 at baseline, 0.967 on day 7, and
0.914 on day 21) and shared similar correlation significance with
withdrawal detailed below. Quality of the MEGA-PRESS spectra
was high as well: S/N 44.3 ± 1.2 (users, n= 20), 43.9 ± 1.4
(controls, n= 10), CRLB of GABA was 3.8 ± 0.1 for the users and
4.2 ± 0.1 for the controls. Consistency of voxel location from
baseline through day 21 is illustrated in Table S2 in the
Supplementary.
Group average of dACC Glu among the users was lower,

compared to the controls at the baseline, and remained low at
days 7 and 21; that of GABA among the users was mildly
lower relative to the controls’ from baseline through day 21, with a
slight reduction near day 7 (Table 1). Cohen’s d for the dACC Glu
group difference was 0.90 (baseline), 0.96 (day 7), and 0.98
(day 21), respectively. ANOVA analysis indicated that the users’ Glu
was significantly lower compared to that of the controls’ (F= 6.86,
p= 0.014). Even using age, sex, consumption of alcohol/cigarettes,
and mTHC/Cr as covariates, the lower Glu in the cannabis
users remained significant (F= 5.90, p= 0.022). However, there
was no significant difference in dACC GABA between the
users and the controls (F= 2.93, p= 0.098) from baseline through
day 21.

Primary outcome
Changes in Glu, baseline to day 21, but not to day 7, negatively
correlated with those of MCQ (r=−0.670, p= 0.0001) and CWS
(r=−0.485, p= 0.03) (Fig. 2a, b); there was no correlation
between changes in Glu and either MCQ or CWS in the controls,
and between change in user GABA and MCQ or CWS, from
baseline through day 21. After Bonferroni correction, the relation-
ship between Glu and CWS became insignificant (p= 0.03 >
0.013). The MCQ and Glu relationship was confounded by age,
consumption of alcohol/cigarettes, sleep difficulties, and mTHC/Cr.
Adjusting for these confounders resulted in 13.9%, 14.8%, 11.1%,
and 10.7% change, respectively, in the slope. That is increase in
age and/or consumption of alcohol/cigarettes, decrease in sleep
difficulties, or increase in mTHC/Cr leading to less craving. The
adjustment for partial correlation was r=−0.72 (p= 0.005).

Secondary analysis
Changes in Glu of the users were also negatively correlated with
POMS_tension (p= 0.0195) and PSQI (p= 0.0083) scores, but not

Fig. 1 Change in withdrawal symptoms over time and represen-
tative MRS spectra. Group averages of POMS_tension and PSQI
scores in cannabis users (MJ, dashed and grid respectively) and non-
using controls (HC, open & dotted) on baseline (BL), days 7 and 21
(a). *represents p < 0.05. Representative spectra of mega-press (top)
and short TE (22ms) press (bottom) collected from a 18.75-cm3

voxel (middle) placed in dACC region and corresponding fits,
including Glu and Gln, with LCM (b).
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among the controls (Fig. 2c, d). Change in GABA of the users was
also negatively correlated with PSQI (p= 0.0052) scores. Only the
relationships with PSQI remain significant (p < 0.0125) after
Bonferroni correction. The PSQI and Glu relationship was
confounded by age, consumption of alcohol/cigarettes, and sex.
Adjusting for these confounders resulted in 63%, 41%, and 45%
changes, respectively, in the slope. That is increase in age and/or
consumption of alcohol/cigarettes or male users leading to

more sleep difficulties. The adjustment for partial correlation
was r=−0.332 (p= 0.148). The PSQI and GABA relationship was
also confounded by age, consumption of alcohol/cigarettes, and
sex. Adjusting for these confounders resulted in 15%, 13%, and
16% changes, respectively, in the slope. That is increase in age
and/or consumption of alcohol/cigarettes or male users leading to
more sleep difficulties. The adjustment for partial correlation was
r=−0.393 (p= 0.101).

Fig. 2 Change in dACC Glu versus changes in withdrawal symptoms. Change in dACC Glu (D21-BL) versus changes of MCQ (D21-BL) in
cannabis users (MJ, solid circles, n=20) and non-using controls (HC, open circles, n=10). Span of the glutamate changes was approximately 2.5
mM among the users and about 1.3 mM for the non-using controls. After adjusting for confounding, the partial correlation was r = −0.72
(p= 0.005). (a) Change in dACC Glu (D21-BL) versus changes of CWS (D21-BL) in cannabis users (MJ, solid circles, n= 20) and non-using
controls (HC, open circles, n= 10). Spreads of the glutamate changes was about 2:1 between the MJ and the HC. No bold p value for the MJ
here indicates an insignificance after Bonferroni correction. (b) Change in dACC GABA (D21-BL) versus changes of PSQI (D21-BL) in cannabis
users (MJ, solid circles, n= 20) and non-using controls (HC, open circles, n= 10). Note the spread of GABA changes was about 1.5 mM for the
cannabis users and about 0.7 mM in the controls. After adjusting for confounding, the partial correlation was r=−0.393 (p= 0.101).
(c) Change in dACC Glu (D21-BL) versus changes of PSQI (D21-BL) in cannabis users (MJ, solid circles, n= 20) and non-using controls (HC, open
circles, n= 10). After adjusting for confounding, the partial correlation was r=−0.332 (p= 0.148) (d).

Table 1. ANOVA analysis of dACC glutamate and GABA measures (mean ± sem) from baseline through day 21 and after controlling for consumptions
of alcohol and cigarettes (ANCOVA), where BL= baseline, D7= abstinent day 7th, D21= abstinent day 21st, MJ= cannabis users, HC= non-use
controls.

Time BL D7 D21 ANCOVA

Glu(MJ) 7.90 ± 0.13 7.87 ± 0.18 7.98 ± 0.13

Glu(HC) 8.47 ± 0.16 8.36 ± 0.11 8.27 ± 0.12

Time F= 0.22, p= 0.80 F= 0.23, p= 0.80

Time*group F= 0.76, p= 0.47 F= 0.78, p= 0.47

Groups F= 6.86, p= 0.014 F= 5.90, p= 0.022

GABA(MJ) 1.63 ± 0.05 1.55 ± 0.06 1.64 ± 0.06

GABA(HC) 1.67 ± 0.06 1.72 ± 0.09 1.70 ± 0.06

Time F= 0.13, p= 0.88 F= 0.13, p= 0.88

Time*group F= 0.87, p= 0.42 F= 0.85, p= 0.43

Groups F= 2.93, p= 0.098 F= 2.97, p= 0.096

Statistically significant p<0.05 values are in bold.
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DISCUSSION
The present study examined dACC Glu and GABA in conjunction
with self-reported craving and withdrawal symptoms during a
verified 21-day abstinence period in a group of non-treatment
seeking cannabis users compared to age-matched non-using
controls. Our data demonstrated cannabis withdrawal impacted
dACC Glu and GABA in the users with the following features: (1)
dACC Glu concentration was significantly lower at baseline and
abstinent days 7 and 21 even after adjusting for covariates while
dACC GABA concentration only trended lower relative to the
controls from baseline through day 21 (Table 1); (2) a significantly
negative correlation between the changes in dACC Glu and self-
reported craving (MCQ) after adjusting for confounds while
negative trends between changes in sleep difficulties (PSQI) and
dACC Glu as well as GABA after adjusting for confounds; (3)
anxiety severity (measured with HAMA) was significantly corre-
lated with urinary THC/Cr ratio at baseline and abstinent day 7.
It is unknown how dACC Glu is affected during cannabis

abstinence. Here we present evidence that dACC Glu remained
significantly lower, compared to non-using controls, during 21-
consecutive days of abstinence. Our data show dACC neurochem-
ical state of the users was still abnormal on day 21 of abstinence.
Three weeks may not be a long period for an abstinent process.
But for cannabis withdrawal, the first week of abstinence is the
most stressful one for many users [6, 7, 35, 36] and the
neurochemical abnormality during the first 3 weeks may have
significance for developing novel treatment or abstinent strate-
gies. The lower dACC Glu during cannabis abstinence is consistent
with previous observation on cannabis users at baseline [23] and
cocaine users during protracted withdrawal [20, 22], but is
inconsistent with that observed during alcohol withdrawal [37]
due to a difference in the glutamate modulating mechanism (i.e.,
alcohol directly potentiates GABA signaling versus THC modulates
CB1 and CB2 receptors). The lower Glu is also consistent with a
report of NAC-induced reduction of craving in human cannabis
users [38] even though it is currently unclear what mechanism is
responsible for the lower Glu.
The negative correlation between the changes in dACC Glu and

craving (Fig. 2a) suggests that lowering Glu leads to increasing
craving in cannabis user during early phase abstinence. While
other mechanisms could also contribute to the negative relation-
ship, we speculate that brain ACC’s need for more GABA to
counter craving and function normally during abstinence is the
driving force for this negative relationship. Given Glu’s role as a
precursor of GABA in vivo and the driving force, the lower dACC
Glu concentration led to a positive correlation between dACC Glu
and GABA (Baseline p= 0.0095, day 7 p= 0.0011, day 21 p=
0.0116) and, hence, resulted in the negative relationship with
craving (i.e., lowering Glu, lowering GABA, and increasing craving).
This negative correlation is also consistent with the finding of
preclinical investigation mentioned in the introduction: i.e., dACC
Glu increase leads to decrease in craving and cannabis-seeking
behavior. This also suggests that the glutamatergic system is a
potential target for pharmaceutical intervention to cannabis
dependence [38].
We recently reported a mild increase in striatal glutamate of

chronic cannabis users during the early phase of abstinence [27].
We now report lower dACC glutamate in the same users during
the same verified abstinence period. The diverse, but parallel
responses of dACC and striatal glutamate during cannabis
abstinence may reflect underlying neurochemical changes asso-
ciated with impaired function of response inhibition and salience
attribution. In addition, elevated striatal glutamate and decreased
dACC glutamate are both consistent with an up-regulation of
ventral striatal presynatic dopamine levels [39], a self-
compensatory gesture of the (CNS) system in the abstinent users
toward their significantly higher, self-reported withdrawal symp-
toms. However, persistently high withdrawal symptoms on day 21,

compared to the control group, appeared consistent with a
previous finding of low striatal dopamine release in currently
chronic cannabis users who are recently abstinent [40]. Future
studies are needed to confirm this relationship. Another feature
worthy of mentioning is that in the striatum, GABA changes were
correlated with severity of withdrawal symptoms (CWS) [27], but in
dACC, change in glutamate was correlated with that of craving
(MCQ) from the same group of cannabis users going through the
same abstinent protocol. dACC is a brain region that subserves
cognition and motor control while the striatum contains neuronal
activity related to movements, rewards and the conjunction of
both movement and reward. We speculate that the unique
association of glutamate and GABA with MCQ and CWS is most
likely related to the role of the neurotransmitters in networks/
brain regions associated with different functions. The combination
of the dACC association with those of striatum suggests a more
complex role of glutamate and GABA in brain during cannabis
withdrawal.
Anxiety and depressive symptoms are extremely common

during abstinence. Anxiety severity, measured by HAMA scores, of
the cannabis users exhibited a positive correlation with urinary
THC/Cr ratios at baseline and day 7, which was consistent with a
previous observation using serum metabolites [41]. This relation-
ship was reduced by day 21 when urinary THC metabolites were
eliminated from the majority of the abstinent users. A lack of
significant relationship between depressive symptoms (HAMD)
and urinary THC/Cr ratio during the same time-period suggests
that anxiety plays a larger role in the cannabis withdrawal
syndrome. Similarly, craving, sleep difficulties, and tension are also
prominent elements of cannabis withdrawal syndrome [29]. These
three metrics were not correlated with urinary THC/Cr ratio but
persist long into abstinence. Their relationships with GABA and
Glu were confounded with age, sex, and/or consumption of
alcohol/cigarettes, which demonstrated, once again, that these
confounders were also important factors to consider in an
abstinent study and treatment strategy. These symptoms, includ-
ing anxiety and depression, were positively correlated with one
another from baseline through day 21, i.e., increasing sleep
difficulties led to more craving, increasing anxiety and depressive
symptoms led to more sleep difficulties and craving. They were
associated with distress and impairment of daily activities as well
as relapse [29]. Treatments that focus on craving by medication
intervention in conjunction with behavior therapy could be more
successful to achieve abstinence.
The present study has several caveats that must be acknowl-

edged. First, the sample size of completers is relatively small (N=
20 cannabis users, N= 10 controls). In this initial study, we elected
to focus on cannabis users due to limited resource. Second, our
study did not include follow up to verify whether the substantial
changes in dACC glutamate persisted beyond the abstinence
period. Future studies could reveal if recovery of dACC glutamate
coincides or precedes diminishing withdrawal symptoms such as
craving and sleep difficulties. Third, measuring glutamate at 3T is
challenging due to its signal overlap with Gln [42–45]. Short TE
PRESS in conjunction with good shimming in the present study
provided excellent spectral quality and the separated quantifica-
tions of Glu and Gln within reasonable fitting errors (CRLBs ≤3%
for Glu and ≤13.1% for Gln). Future studies using more
sophisticated techniques such as TE-averaging or 2D-J resolved
schemes [46–48] for improving separation of Glu and Gln will be
required to further characterize the role of glutamate system
during cannabis withdrawal.
In summary, dACC glutamate levels were lower in the cannabis

users compared to healthy controls during the early phase of
abstinence. The changes in dACC glutamate and craving (MCQ)
were significantly and negatively correlated, even after adjusting
for the confounding impact of age, sex, and consumption of
alcohol/cigarettes during early phase of abstinence. In addition,
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anxiety severity of the users was positively correlated with urinary
THC/Cr ratio at baseline and abstinent day 7. These findings
provide preliminary evidence that dACC glutamate is associated
with some elements of the cannabis withdrawal syndrome.
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