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KEYWORDS Abstract

THC; Cannabis is the most commonly used illicit drug and is known to alter state of consciousness
Cannabis; and impair neurocognitive function. However, the mechanisms underlying these effects have
Proton magnetic yet to be fully elucidated. Rodent studies suggest that A9-tetrahydrocannabinol (THC) acti-
resonance vates dopaminergic neurons in the limbic system, subsequently enhancing dopamine, which is
spectroscopy; implicated in the rewarding effects of cannabis. Additional evidence suggests that THC may
Functional act indirectly on dopamine firing by modulating GABA and glutamate release. This double-
connectivity; blind, placebo-controlled study assessed the acute influence of two doses of THC on brain
Glutamate; kinetics of glutamate, GABA, and dopamine, in relation to behavioral outcomes, by using mag-
Dopamine netic resonance spectroscopy and functional magnetic resonance imaging. Twenty occasional

cannabis users received acute doses of cannabis (300 ug/kg THC) and placebo, in one of two
dose regimes (full dose and divided dose), during two separate testing days. Administration
of THC increased striatal glutamate concentrations, and dopamine as indicated by a reduction
in functional connectivity (FC) between the nucleus accumbens (NAc) and cortical areas. Al-
terations in glutamate and FC were dose dependent and evident in the full dose group where
THC serum concentrations exceeded 2 ng/ml at T-max. Average glutamate changes correlated
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strongly with FC alterations. Additionally, THC induced changes in FC correlated with feelings
of subjective high and decreased performance on an attention task. Taken together, this sug-
gests that THC elicits subjective and cognitive alterations via increased striatal dopaminergic
activity and loss of corticostriatal connectivity, which is associated with an increase in striatal

glutamate.

© 2018 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Cannabis is the most commonly used illicit drug in the
world. About 4% of the global population have used cannabis
and 10% of those develop daily use patterns (WHO, 2016).
However, with changing legalization and a growing inter-
est in therapeutic utility, there is an increasing trend of use
(EMCDDA, 2016; UN, 2016).

The acute effects of cannabis on subjective and be-
havioral state are well known. Studies have shown that
cannabis induces an increase in feelings of euphoria, altered
perception, and relaxation (Green et al., 2003; lversen,
2003; Johns, 2001), and a dose-related decrease in perfor-
mance on motor, memory, learning, and attentional tasks
(Hall and Solowij, 1998; Lundqvist, 2005; Ramaekers et al.,
2004) when serum delta-9-tetrahydrocannabinol (THC) con-
centration levels surpass 2 ng/ml (Ramaekers et al., 2006).
Nonetheless, the mechanisms underlying these acute ef-
fects have yet to be fully elucidated. THC, the main psy-
choactive component of cannabis, acts on cannabinoid
(CB1) receptors distributed in motor and cognitive regions
(Glass et al., 1997; Parsons and Hurd, 2015). These recep-
tors can be found in moderate to high densities in the cere-
bellum, hippocampus, frontal cortex, posterior cingulate,
and the striatum (Burns et al., 2007; Glass et al., 1997).
Previous pharmacological neuroimaging studies investigat-
ing acute effects of A9-THC on brain activation have found
increased regional cerebral blood flow (rCBF) in frontal, lim-
bic, paralimbic, and cerebellar regions (Gonzalez, 2007).
These alterations have been found to correlate with sub-
jective levels of intoxication (Mathew et al., 1997, 1992)
and with task performance (Fusar-Poli et al., 2009; O’Leary
et al., 2003). However, it is likely that these acute func-
tional and behavioral changes induced by cannabis are ac-
companied by changes in neurochemistry (Prescot et al.,
2013). As the regions of functional change under the in-
fluence of cannabis involve those implicated with other
substance use disorders, like dopamine reward pathways
(Quickfall and Crockford, 2006), it is suggested that al-
terations in dopaminergic function may be associated with
some of the behavioral effects of THC (Bloomfield et al.,
2016).

Rodent studies assessing the acute actions of THC sug-
gest that THC leads to a selective increase of activity
in dopaminergic neurons in the ventral tegmental area
(VTA), dose-dependently increasing dopamine baseline neu-
ron firing rates (French, 1997; French et al., 1997). These
dopamine neurons in the VTA target both neurons located
in the nucleus accumbens (NAc), forming the mesolimbic
dopamine pathway, as well as in the frontal cortex (Lupica
et al., 2004). Accordingly, THC has been shown to increase
dopamine in striatal areas, the NAc, and pre-frontal cor-
tex (Diana et al., 1998; Fadda et al., 2006; Ng Cheong Ton

et al., 1988; Pistis et al., 2002b). Dopaminergic modulation
in these brain areas is implicated in the euphoric and re-
warding effects of cannabis and other drugs of abuse (Gessa
et al., 1998; Ng Cheong Ton et al., 1988), as well as the dis-
ruption on cognitive (Diana et al., 1998) and motor (Navarro
et al., 1993) function seen when under the influence of
cannabis.

However, it has been suggested that THC may not act di-
rectly on dopamine firing, but instead acts indirectly by in-
hibiting glutamate release onto gamma-aminobutyric acid
(GABA) neurons in the VTA and NAc (Colizzi et al., 2016;
Pertwee, 2008; Schlicker and Kathmann, 2001). Accordingly,
consistent evidence from animal models suggests that THC
disrupts glutamate signaling by depressing glutamate synap-
tic transmission (Colizzi et al., 2016) in a dose- and brain
region- dependent manner (Galanopoulos et al., 2011). In
humans, only a few studies have investigated the effects
of cannabis use on glutamate signaling in the brain. These
studies have found reduced levels of glutamate-related
metabolites in the basal ganglia (Chang et al., 2006; Muetzel
et al., 2013) and anterior cingulate cortex (Prescot et al.,
2011, 2013) in chronic cannabis users during abstinence. As
these brain areas have been implicated in contributing to
the behavioral effects of cannabis, these studies suggest
that cannabis use affects cortical glutamate levels, and that
these neurotransmitter changes mediate the behavioral ef-
fects. However, the acute effects of THC on glutamate sig-
naling in the human brain and its interplay with GABA and
dopamine transmission have yet to be assessed.

The present study was therefore designed to assess acute
influences of two different dose regimens of cannabis on
brain kinetics of glutamate, GABA, and dopamine in the lim-
bic system during the absorption and elimination phase of
THC. One group (N=10) received a full dose of 300 ug/kg
THC that was expected to induce subjective high and affect
cognitive performance. A second (N=10) group received
3 successive doses of 100 ug/kg, separated in time, that
were expected to produce low THC serum concentrations
(i.e. around 2ng/ml) with little behavioral interference
(Ramaekers et al., 2006). Participants in both groups also
received placebo during a separate testing day. Ultra-High
Field (7T) proton magnetic resonance imaging ("H MRS), a
non-invasive imaging technique that allows in vivo measure-
ment of neurometabolites and neurotransmitters, was used
to assess glutamate and GABA levels in the striatum and an-
terior cingulate cortex. Resting state functional magnetic
resonance imaging (fMRIl) was measured to determine func-
tional connectivity between the regions of interest (ROI) in
the NAc and remote cortical areas, as an indirect measure of
dopaminergic stimulation (Ramaekers et al., 2013, 2016a).
It was expected that when serum THC concentration lev-
els at Tmax were above 2 ng/ml, cannabis would alter glu-
tamate and GABA levels, and would lead to dopaminergic
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stimulation, reducing functional corticostriatal connectiv-
ity (Ramaekers et al., 2013, 2016a). It was further ex-
pected that these functional changes would correlate with
changes in subjective high and task performance in a dose-
dependent manner.

2. Experimental procedures

2.1. Participants

In total, 20 healthy, occasional cannabis users (male N= 12, female
N=8) completed both treatment conditions. On average, partici-
pants had been occasional users of cannabis for 4.85 years (min-
max: 2-11), using a mean frequency (SE) of 5.33 (0.758) times a
month. For further details see Supplement and table S1.

This study was conducted according to the code of ethics on
human experimentation established by the declaration of Helsinki
(1964) and amended in Fortaleza (Brazil, October 2013) and in ac-
cordance with the Medical Research Involving Human Subjects Act
(WMO) and was approved by the Academic Hospital and University’s
Medical Ethics committee. All participants were fully informed of
all procedures, possible adverse reactions, legal rights and respon-
sibilities, expected benefits, and their right for voluntary termina-
tion without consequences.

2.2. Design, doses, and administration

This study was conducted according to a double-blind, placebo-
controlled, mixed cross-over design. Occasional cannabis users
were randomized to one of two groups. In the full dose group
(N=10) participants received 300 g/kg THC (Bedrobinol; 13.5%
THC) vapor in one full dose. In the divided dose group (N=10) par-
ticipants received 300 g/kg THC vapor divided over 3 successive
doses of 100 pwg/kg, separated by 30 min. Participants also received
the relative placebo (0% THC) on a separate day, separated by a
minimum wash-out period of 7 days to avoid cross-condition con-
tamination. Treatment orders and doses were randomly assigned
to subjects according to a balanced, block design. The dosage of
cannabis was tailored to individual participants in order to reach
300 g/ kg bodyweight THC, which has previously been found to be
well tolerated by subjects with an average experience of cannabis
use (Ramaekers et al., 2016b; Theunissen et al., 2012). For an
overview of the testing day schedule, see Table S2.

2.3. Procedures

Upon arrival, a baseline blood sample was taken and baseline
vital signs (blood pressure and heart rate) were measured. After
measurements, the participant was placed in the MRI scanner,
where after localizer scans and a T1 structural scan were taken,
they inhaled the placebo or cannabis vapor. Throughout the intox-
ication and elimination phase (approximately a 1.5 h time window)
functional connectivity and metabolic changes were assessed three
separate times at regular intervals using resting state fMRI and
magnetic resonance spectroscopy (MRS) respectively. Participants
were also required to perform an attention task, complete a
subjective high questionnaire, and give 5 blood samples at fixed
intervals during and after scanning. Participants stayed under
supervision until the researcher deemed they were fit to go home.
For details, please see Supplement.

2.4. Proton spectra

Single-voxel proton magnetic resonance spectroscopy (MRS)
measurements were performed on a MAGNETOM 7T MR scanner
(Siemens Healthineers, Erlangen, Germany) with a whole-body
gradient set (SC72; maximum amplitude, 70 mT/m; maximum
slew rate, 200 T/m/s) and using an single-channel transmit/32-
channel receive head coil (Nova Medical, Wilmington, MA, USA).
Spectroscopic voxels of interest were placed by a trained operator
at the Anterior Cingulate Cortex (ACC) (voxel size=25x20x 17
mm3) and the right striatum (voxel size=20x20x20 mm3).
Spectra were acquired with stimulated echo acquisition mode
(STEAM) (Frahm et al., 1989) sequence using the following pa-
rameters: TE=6.0ms, TM=10.0ms, TR=5.0s, NA=64, flip
angle=90°, RF bandwidth=4.69kHz, RF centred at 2.4ppm,
receive bandwidth=4.0kHz, vector size =2048, 16-step phase
cycling, acquisition time=>5:20min. Outcome measures for MRS
were concentration ratios of glutamate and GABA to total Creatine
(Creatine + Phospho-Creatine). For further information and fit
quality measures see Supplement.

2.5. Resting state fMRI

During resting state, 258 whole-brain EPI volumes were ac-
quired (TR=1400ms; TE=21ms; field of view (FOV)=198 mm;
flip angle=60°; oblique acquisition orientation; interleaved
slice acquisition; 72 slices; slice thickness=1.5mm; voxel
size=1.5 x 1.5 x 1.5mm). During resting state scans, participants
were shown a black cross on a white background, and were in-
structed to focus on the cross while attempting to clear their mind,
and lay as still as possible.

Resting state image preprocessing were conducted using SPM8
(Statistical Parametric Mapping, Wellcome Trust Centre for Neu-
roimaging, Institute of Neurology, University College London) Pre-
processing steps included: motion correction (registered to the first
image with second degree B-spline interpolation), coregistration
(linking of functional to anatomical scans), and spatial normaliza-
tion (the mean EPI image of each session was matched to SPM8's
EPI template in Montreal Neurological Institute [MNI] space) where
after the parameters were applied to all images of that session.
During normalization voxel size was 1.5 x 1.5 x 1.5 mm. Finally, the
data were smoothed at 3 mm Gaussian kernel.

2.6. Functional connectivity

Functional connectivity data were produced with the MAT-
LAB toolbox DPARSF (Chao-Gan and Yu-Feng, 2010). Linear
trends of time courses were removed followed by low band-
pass filtered (0.01-0.08 HZ) of the preprocessed data to
remove ‘noise’ attributable to physiological parameters. Nuisance
covariates (motion paramaeters, white matter signal, CSF signal)
were also removed. Two spheres (4 mm radius) were created that
were located (in MNI space) in the left (-9, 9, —9) and right (9,
9, —9) NAc. Seed locations were in agreement with previous work
validating structural and functional subdivisions of the NAc (Di Mar-
tino et al., 2008; Kelly et al., 2009). Average time courses were
obtained for each sphere separately and correlational analysis was
performed voxel wise to generate functional connectivity maps for
each sphere. The correlation coefficient map was converted into z
maps by Fisher’s r-to-z transform to improve normality (Chao-Gan
and Yu-Feng, 2010; Rosner, 2006). This is in accordance with pre-
vious studies investigating drug induced changes in functional con-
nectivity, utilizing such changes as an indirect measure of dopamin-
ergic stimulation, as dopamine levels cannot be directly assessed
by MR methods (Ramaekers et al., 2013, 2016a).
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2.7. Psychomotor vigilance task

The psychomotor vigilance task is a sustained-attention, reaction-
time task that measures the speed with which participants respond
to a visual stimulus (Dinges and Powell, 1985). The participant is in-
structed to press a button as soon as the stimulus appears (red cir-
cle). The outcome measure of this task was number of attentional
lapses (reaction time > 500 ms). For more information see Supple-
ment.

2.8. Subjective high

Participants rated their subjective high on visual analogue scales
(10cm) on four consecutive time points after treatment adminis-
tration. Participants had to indicate how high they felt at that mo-
ment, compared with the most high they have ever felt (0=not
high at all; 10 = extremely high).

2.9. Pharmacokinetic measures

Blood samples (8 mL) to determine cannabinoid concentrations
(THC and metabolites OH-THC and THC-COOH) were taken at base-
line, 10, 30, 50, and 70 minutes post administration. Blood sam-
ples were centrifuged and serum was frozen at —20 °C until anal-
yses for pharmacokinetic assessments. Cannabinoid concentrations
were determined using a validated and proficiency test approved
forensic routine method consisting of an automated solid-phase ex-
traction and gas chromotrography with tandem mass spectrometric
detection with a limit of quantification of 0.3 ng/ml or less.

2.10. Statistical analysis

2.10.1. Subjective and cognitive effects

Statistical analysis of subjective high and task performance were
conducted in IBM SPSS Statistics 24 using a mixed model analy-
sis consisting of the within-subject factors Treatment (THC and
placebo) and Time after smoking (3 levels), and the between-
subject factor of Dose (full and divided dose). Due to main effect
of Treatment or Treatment x Dose, a second analysis was performed
for each dose, with treatment and time as within-subject factors.
The alpha criterion level of significance was set at p=.05. Due to
a violation of the assumption of normality, the data for the number
of lapses were log transformed.

2.10.2. Metabolite concentrations

Due to violations of the assumption of normality, separate Fried-
man’s non-parametric tests were used to assess metabolite con-
centration per time point for each dose.

2.10.3. fMRI data

Functional connectivity data (i.e. correlation coefficient maps for
each individual in each treatment condition at each time point)
were analyzed in 2 GLM models in SPM 12. In the first GLM, data en-
tered a full factorial model with treatment (THC and placebo) and
time point (3 levels) as within-subject factors and dose (full and
divided dose) as a between-subject factor. Due to main effect of
dose, a second GLM was performed for each dose, with treatment
and time point as within-subject factors. From this model main ef-
fects of treatment were identified for the full dose group, but not
the divided dose group.

2.10.4. Correlation analysis

Voxel wise correlation analysis between FC data and absolute aver-
age change scores of striatal glutamate, subjective high, and num-
ber of attention lapses were conducted. Individual treatment maps
(placebo > THC) were entered into one-sample t-tests in SPM, with
the absolute average change scores of striatal glutamate, subjec-
tive high, and number of attention lapses. Maps were corrected
for multiple comparisons at the cluster level using the family wise
error correction (FWE). Average mean voxel activation of SPM iden-
tified clusters were put into SPSS and Pearson’s correlations were
performed to get correlation strengths.

3. Results
3.1. THC concentrations in serum

Mean (SE) concentrations of THC, THCOH, and THCCOH in
serum are given in Table 1.

3.2. Subjective and cognitive effects

Mixed model analysis showed a significant main effect of
Treatment [F(1,17)=30.491, P<.0001] and Treatment x
Dose [F(1,17)=9.169, P=.008] on subjective high and a
main effect of Treatment [F(1,16)=7.278, P=.016] on
number of attentional lapses. Further analysis revealed
that ratings of subjective high were significantly increased
by THC in the full dose group [F(1,8)=50.330, P=.000],
but not in the divided dose group(P> .1). THC administra-
tion also increased the number of attentional lapses dur-
ing the psychomotor vigilance test in the full dose group
[F(1,7)=10.061, P=.016], but not in the divided dose
group (P> .1). There were no effects of THC on the other
outcomes of the psychomotor vigilance test. Mean scores
of variables significantly affected by THC are shown in
Fig. 1.

3.3. Metabolite concentrations

Separate Friedman’s non-parametric tests showed that,
relative to placebo, THC significantly increased gluta-
mate/PCr+Cr (Glutamate) concentrations in the right
striatum at both 30 minutes [x2(1) =9.800, P=.002] and 50
minutes [x%(1) =8.000, P=.005] post administration. Sepa-
rate analysis per group showed that this increase was found
in the full dose group at both 30 minutes [x?(1)=6.400,
P=.011] and 50 minutes [x2(1) =5.444, P=.020], but not
the divided dose group (Fig. 2). There were no effects of
THC on GABA/PCr + Cr (GABA) in the striatum, or on GABA
or Glutamate in the ACC, after either dose. Mean scores of
metabolites unaffected by THC are shown in Table S3.

3.4. Functional connectivity

Fig. 3 shows significant FC data in each treatment condi-
tion for the left NAc seed averaged over time. GLM revealed
a main effect of Dose and a Dose x Treatment interaction
(Table S4). Further GLM contrasts showed that relative to
placebo, cannabis reduced functional connectivity with NAc
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Table 1

Time course for mean (S.E.) concentrations of THC and its metabolites in serum (ng/ml) following smoking two doses of
THC (group 1 who received one full dose of 300 wg/kg THC and group 2 who received 3 successive doses of 100 wg/kg), as assessed
by gas chromatography-mass spectrometry (GC-MS).

Time Serum (GC-MS)
relative to Group 1 Group 2
smoking
THC THC-OH THC-COOH THC THC-OH THC-COOH
0 0.05 (0.05) 0.03 (0.03) 0.80 (0.33) .019 (0.02) .07 (0.05) 1.85 (0.70)
6 7.03 (1.83) 1.97 (0.43) 9.43 (2.30) 1.66 (0.49) .63 (0.18) 3.14 (0.96)
28 2.26 (0.63) 0.91 (0.29) 7.38 (2.00) 2.82 (0.44) .97 (0.10) 4.72 (1.06)
50 1.87(0.52) 0.89 (0.27) 7.52 (2.01) 2.95 (0.62) .89 (0.21) 4.86 (0.10)
67 2.52(0.71) 1.07 (0.26) 9.64 (2.16) 2.18 (0.35) .80 (0.16) 6.82 (1.50)
Full Dose Divided Dose
A
18 12 @~ 9P 3CEDO0 @l HC
£ 8 8
s ;
-g £ 5 5
s E | 4
= 3 3
3
a 2 2
0 0
0 20 40 60
B
10 10
9 9
§ 8 8
a2 7 7
L] 6 6
s 5 5
2 . 2
= 1 1 T
0 0
1 20 40 1 20 40
Time relative to smoking (minutes) Time relative to smoking (minutes)

Fig. 1 Subjective and cognitive effects. A. Group 1 and Group 2 mean (SE) subjective high for both treatments (THC vs placebo) as
a function of time relative to smoking (0, 20, 30, and 60 minutes). B. Group 1 and Group 2 mean (SE) number of lapses (RT > 500 ms)
for both treatments (THC vs placebo) as a function of time relative to smoking (1, 20, and 40 min).

seeds in both hemispheres in the full dose group, whereas results are shown. There were no main effects of Time or
no change was found in the divided dose group. Reductions Time x Treatment.

in functional connectivity were prominent in broad areas

of the frontal, temporal, parietal, and occipital lobes, a

pattern typical of dopamine increase. However, GLM con-  3.5. Correlation of subjective and cognitive

trasts did not reveal any positive changes (THC > placebo) effects, metabolite and THC concentrations, and

in functional connectivity. Table S5 shows the decrementsin  functional connectivity

functional connectivity for the THC-placebo contrast in the

full dose group. No significant differences were seen be- Voxel wise correlation analysis was conducted to eval-
tween the left and right NAc seed, so only left NAc seed  uate the association between Pla>THC functional
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Fig. 2 A. Example LC-Model fitted "H-MRS data recorded from one participant. The black line spectra corresponds to the phased
"H-MRS data with the LC-Model fits overlaid (red). The residual spectra (raw data minus the LC-Model fit) are displayed below the
spectrum. B. Group 1 and Group 2 Mean (SE) Glu/tcr concentration levels in the striatum for both treatments (THC vs placebo) as
a function of time relative to smoking (10, 30, and 50 min). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

p (—
P oe -
HoedeDO

Divided Dose

THC

Y
€
&
&
e
B

HHGQO

2=-22 7=-2 7=12 7=38 Z=58

,307

,207

A Glutamate/tCr

107

o
o

-20 -10 00 10 20 ,30 40
A Functional Connectivity

Fig. 3 A. NAcc-related functional connectivity in the left hemispheres. Shown are thresholded Z-score maps of functional con-
nectivity for each condition. The cross-hair indicates the seed ROI position. B. Example of correlation strength between absolute
averaged striatal glutamate change concentration and change in functional connectivity between the left nucleus accumbens and
the precentral gyrus (r=0.989). Other areas showed correlations of similar strength.

connectivity contrasts and changes in subjective high,
attentional lapses, and glutamate changes in the striatum
(Table S6). Correlation analysis revealed strong, positive
correlations between glutamate changes in the striatum
and functional connectivity between the left NAc and 6
cortical brain areas (r > 0.975; P <.0001) (Fig. 3; Table S6).
Further analysis revealed a negative correlation between
subjective high change scores (r=-0.987, P <.0001) and
functional connectivity in the left NAc, and a positive
correlation (r=0.857, P=.006) between attentional lapse

change scores and functional connectivity in the left NAc.
Glutamate changes were not significantly correlated with
changes in subjective high and attentional lapses.

4. Discussion
The present study demonstrates the first attempt to as-

sess acute influences of two different doses of cannabis
on brain kinetics of glutamate, GABA, and dopamine, in
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relation to behavioral outcomes. Using a multimodal brain
imaging approach, we showed significant neurometabolic
and functional connectivity alterations during the absorp-
tion and elimination phase of THC in occasional cannabis
users. These alterations were associated with changes
in cognitive performance. Furthermore, these alterations
were only evidenced when peak THC concentration levels
were above 2ng/ml, suggesting a dose and concentration
dependency.

MRS showed that, compared to placebo, THC increased
glutamate concentrations in the striatum in the full dose
group. These findings are compatible with previous human
studies which have found reductions of glutamate-related
metabolite concentrations in chronic cannabis users in the
basal ganglia and dorsal striatum (Chang et al., 2006).
Specifically, the decrease found during post-acute studies
could be postulated to be a result of increased glutamate
activity during the acute phase (Sampedro et al., 2017)
or an excessive down-regulation of glutamate signaling in
chronic users (Colizzi et al., 2016). Further support stems
from rodent studies, which have found that use or expo-
sure to THC disrupts glutamate signaling in the striatum,
although the direction of the effect is mixed (Brown et al.,
2003; Galanopoulos et al., 2011; Sano et al., 2008).

MRS also showed that, compared to placebo, THC did not
alter glutamate concentrations in the ACC. This is in accor-
dance with a previous study by Sung et al. (2013) who did
not find glutamate + glutamine alterations in cannabis users
compared to healthy controls. However, previous research
has also found reductions of glutamate-related metabo-
lite concentrations in adolescent cannabis users in the ACC
(Prescot et al., 2011; Prescot et al., 2013). In addition,
Prescot et al. (2013) found significantly lower ACC GABA
levels in adolescent cannabis users compared to non-using
controls. This is in contrast to our study, which did not find
any effects of THC on GABA in either the ACC or striatum.
The absence of THC induced GABA changes could be due
to inherent quantification challenges when assessing GABA
concentration levels, arising from low brain concentration
levels and metabolite signal overlap (Puts and Edden, 2012;
Shungu et al., 2016). However in the present study, quan-
tification precision of GABA/tCr, as estimated by Cramér-
Rao Lower Bounds, overall surpassed the estimated signal
change requirement, suggesting that null findings are not
due to an inability to detect changes. Instead, the disagree-
ment with studies could be due to the population under ex-
amination. Specifically, Prescot et al. (2013) assessed GABA
levels in adolescents with a mean age of 17.9, whereas our
study assessed individuals with a mean age of 22.5. Although
animal studies have suggested that acute THC administra-
tion increases GABA levels in the prefrontal cortex (Pistis
et al., 2002a) it has been suggested that these effects may
be more pronounced in adolescence due to ongoing develop-
ment (Silveri et al., 2013; Sneider et al., 2013). Finally, the
finding that THC did not alter GABA concentrations in the
striatum is in accordance with a suggestion that GABAer-
gic neurons in the NAc are less sensitive to THC than gluta-
matergic neurons (Sano et al., 2008).

In the full-dose group, THC decreased synchronicity be-
tween BOLD responses in the NAc and other areas of the
brain. In particular, THC decreased functional connectiv-
ity between the NAc and areas of the frontal cortex (e.g.,

Brodmann area 6) and temporal cortex (e.g., Brodmann
area 21 and 48), suggesting that THC directly affects the
limbic reward circuit and decreases FC of brain areas in the
circuit (Ramaekers et al., 2013, 2016a), a marker of ele-
vated dopamine. In accordance with this, previous studies
have shown that acute THC induces dopamine release in
the striatum (Bossong et al., 2015, 2009). The NAc receives
it dopaminergic input from the VTA that is under inhibitory
control of GABA interneurons on which presynaptic CB1 re-
ceptors are located. Stimulation of CB1 receptors by THC
disinhibits the VTA which in turn increases dopamine levels
in the NAc (Lupica et al., 2004).

THC induced increments in striatal dopamine correlated
strongly with THC induced increments in striatal glutamate.
Specifically, as treatment changes in FC between the NAc
and areas in the frontal and parietal lobe increased, changes
in striatal glutamate concentration increased. Previous ev-
idence suggests that dopaminergic innervation of the NAc
increases inhibitory GABAergic neurotransmission to the
ventral pallidum, which leads to a reduction of GABAer-
gic, inhibitory tone to the thalamus (Pierce and Kumaresan,
2006). This process of disinhibition increases glutamatergic
signaling from the thalamus to frontal cortex areas and sub-
sequently to the NAc (Pierce and Kumaresan, 2006), leading
to increased striatal levels of glutamate as observed in the
present study. In theory, increased stimulatory glutamater-
gic input to the NAc will add to the dopaminergic input from
the VTA to the NAc and further strengthen the disinhibi-
tion of thalamic signaling in the corticostriatal circuitry. The
strong correlation between changes in striatal FC and stri-
atal glutamate is likely to reflect their interrelatedness as
well as the similarity of their impact in the circuitry.

Significant correlations were also found between FC from
the NAc and changes in subjective experience and cogni-
tive function. A negative correlation was found between
changes in FC of the NAc and the left (pre)cuneus and rat-
ings of significant high on the VAS. Specifically, as treatment
induced changes in FC between the NAc and the (pre)cuneus
increased, changes in subjective high decreased. It has been
suggested that the precuneus is involved in various pro-
cesses including self-consciousness and self-related mental
representations during rest (Cavanna and Trimble, 2006).
THC is known to lower levels of consciousness during a
cannabis induced subjective high (Koethe et al., 2006; Vad-
han et al., 2017). Level of consciousness and feeling of sub-
jective high are therefore anti-correlated during cannabis
intoxication. The negative correlation between changes in
FC and subjective high supports the notion that decrements
in consciousness are associated with increments in subjec-
tive high. The (pre)cuneus has also been implicated in the
default mode network (Greicius et al., 2003; Utevsky et al.,
2014), a network of interacting brain areas that are cor-
related with each other during rest. Similarly, the default
mode network has been found to be altered in cannabis
users (Cheng et al., 2014; Muetzel et al., 2013), as well
as during acute THC intoxication (Bossong et al., 2013;
Klumpers et al., 2012). Furthermore, altered precuneus ac-
tivity has been found in users of other dopaminergic drugs of
abuse (Moeller et al., 2016). Together this suggests that THC
alters default mode network integrity via striatal dopamin-
ergic activation, and that these changes may underlie sub-
jective feelings of high.
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A positive correlation was found between FC of the NAc
and the left superior frontal gyrus (SFG) and the number
of attentional lapses. Specifically, as treatment changes in
FC between the NAc and the SFG increased, attentional per-
formance decreased, as evidenced by an increase in number
of attentional lapses. The SFG has been implicated in mo-
tor activity and higher cognitive functions, including work-
ing memory and attention (Boisgueheneuc et al., 2006; Na-
gahama et al., 1999). Previous studies suggest that altered
levels of dopamine impair cognitive performance (Cools and
D’Esposito, 2011; Prashad and Filbey, 2017), and studies as-
sessing cannabis users have found altered activity in this re-
gion (Cheng et al., 2014; Orr et al., 2013; van Hell et al.,
2010), as well as during acute THC intoxication (Ramaekers
et al., 2016a; Weinstein et al., 2008). Taken together this
suggests that THC alters activity in the SFG via striatal
dopaminergic as well as glutamatergic activation, and that
these changes can impair cognitive performance.

Significant subjective, cognitive, and biological changes
were only found in the full dose group, who reached av-
erage serum THC concentrations of 7ng/ml at T-max after
administration of the full THC dose. This is in contrast to
the divided dose group, who reached average serum THC
concentrations of 1.6 ng/ml at T-max. Previous research has
suggested serum THC concentrations of less than 2 ng/ml
do not affect cognitive performance (Ramaekers et al.,
2006). This study extends previous research in demonstrat-
ing that at serum THC concentrations of less than 2 ng/ml,
brain functioning and metabolism are also not effected. As
cannabis use becomes more popular, and access to medi-
cal cannabis grows, these findings are important in forensic
settings when inferring impairment levels from THC levels
in blood (Khiabani et al., 2006).

In conclusion, administration of 300 ug/kg THC increased
striatal glutamate concentrations, and increased dopamine
as measured by functional connectivity. Average glutamate
changes correlated strongly with functional connectivity al-
terations between the NAc and cortical areas. Additionally,
THC induced changes in FC correlated with feelings of sub-
jective high and decreased performance on an attention
task. Taken together, these findings suggest that THC elic-
its subjective and cognitive alterations via increased stri-
atal dopaminergic activity and loss of corticostriatal con-
nectivity, which is associated with an increase in striatal
glutamate. Finally, alterations are dose dependent and only
evident after serum THC concentrations exceed 2 ng/ml at
T-max. Future studies should address long-term neuroadap-
tions in cannabis users, which may play a role in substance
addiction.
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