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Abstract

Background—An increasing body of evidence from neuropsychological and neuroimaging
studies suggests that exposure to marijuana throughout adolescence disrupts key cortical
maturation processes occurring during this developmental phase. GABA-modulating
pharmacologic treatments that elevate brain GABA concentration recently have been shown to
decrease withdrawal symptoms and improve executive functioning in marijuana-dependent adult
subjects. The goal of this study was to investigate whether the lower ACC glutamate previously
reported in adolescent chronic marijuana smokers is associated with lower ACC GABA levels.

Methods—Standard and metabolite-edited proton MRS data were acquired from adolescent
marijuana users (N = 13) and similarly aged non-using controls (N = 16) using a clinical 3T MRI
system.

Results—The adolescent marijuana-using cohort showed significantly lower ACC GABA levels
(-22%, p = 0.03), which paralleled significantly lower ACC glutamate levels (-14%, p = 0.01).
Importantly, the lower ACC GABA and glutamate levels detected in the adolescent cohort
remained significant after controlling for age and sex.

Conclusions—The present spectroscopic findings support functional neuroimaging data
documenting cingulate dysfunction in marijuana-dependent adolescents. Glutamatergic and
GABAergic abnormalities potentially underlie cingulate dysfunction in adolescent chronic
marijuana users, and the opportunity for testing suitable pharmacologic treatments with a non-
invasive pharmacodynamic evaluation exists.
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1. Introduction

Marijuana is the most commonly used illicit drug among adolescents in the United States,
and the annual prevalence of marijuana use is estimated at 11, 24 and 32% for 8th, 10th and
12th graders, respectively (Johnston et al., 2009). Chronic exposure to marijuana throughout
adolescence is thought to disturb prefrontal cortical maturation that occurs during this
critical developmental phase, which could ultimately give rise to neurobiological
impairments propagating through to adult brain circuits (Rubino and Parolaro, 2008). There
exists, therefore, the potential for marijuana-induced long-term deficits in decision-making
capabilities, emotional processing and cognitive performance (Realini et al., 2009).

Neuropsychological studies in animal models suggests that chronic exposure to D®-
tetrahydrocannabinol (THC), the primary psychoactive cannabinoid present within
marijuana (Mechoulam and Gaoni, 1965), causes more irreversible residual behavioral
effects in immature rats when compared to adult THC-treated rats (Stiglick and Kalant,
1985). Recent animal studies have shown that chronic exposure to synthetic cannabinoids
during adolescence induces persistent behavioral and working memory deficits, changes that
are not observed in adult cannabinoid-treated rats (Schneider and Koch, 2003; O’Shea et al.,
2004). Human neuropsychological studies have reported attentional dysfunction (Ehrenreich
etal., 1999) and cognitive deficits (Pope et al., 2003) in early-onset marijuana users.
Functional magnetic resonance imaging (fMRI) studies in adult chronic marijuana smokers
have demonstrated that cue-induced changes in anterior cingulate cortex (ACC) activation
are associated with altered affective response (Gruber et al., 2009) and inhibitory processing
(Gruber and Yurgelun-Todd, 2005). Neuroimaging studies in younger subjects suggest that
prefrontal cortical functional and structural alterations are detectable in adolescent chronic
marijuana users compared to matched controls (Schweinsburg et al., 2008; Hester et al.,
2009; Jager et al., 2010; Churchwell et al., 2010).

The prefrontal cortical functional and structural changes occurring within adolescent chronic
marijuana users are likely to be accompanied by changes in neurochemistry and metabolism.
We recently used proton (*H) magnetic resonance spectroscopy (MRS) to demonstrate that
glutamate (Glu; the primary excitatory amino acid neurotransmitter within the mammalian
central nervous system) levels were significantly lower within the anterior cingulate cortex
(ACC,; a brain region that plays a central role in a variety of important executive functions)
of adolescent chronic marijuana smokers when compared to control subjects (Prescot et al.,
2011). Glu and y-amino butyric acid (GABA; the primary inhibitory amino acid
neurotransmitter), and their respective receptor systems, are known to play critical roles in
cortical remodeling throughout adolescence (Crews et al., 2007). A recent clinical proof-of-
concept study investigated the use of a calcium channel/GABA-modulating drug,
gabapentin, demonstrating significantly decreased withdrawal symptoms and improved
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overall executive functioning in marijuana-dependent adult subjects (Mason et al., 2012).
Although the mechanisms of gabapentin action are largely unknown, gabapentin challenges
have been shown to significantly increase cortical GABA levels in healthy subjects using 1H
MRS (Cai et al., 2012).

A key question is whether chronic exposure to exogenous cannabinoids during adolescence
results in detectable alterations in GABA metabolism as well as Glu metabolism. The
objective of the present study was to utilize standard 1H MRS techniques in addition to
metabolite-editing 1H MRS methods for selectively measuring ACC Glu and GABA levels,
respectively, in adolescent chronic marijuana users and control subjects. Based on our

Glu IH MRS findings (Prescot et al., 2011) and precedent clinical evidence demonstrating
the efficacy of GABA-modulating pharmacotherapies in adult marijuana-dependent
populations (Mason et al., 2012), we hypothesized that the lower ACC Glu levels detected in
adolescent chronic marijuana using individuals would be paralleled by lower ACC GABA
concentration.

2. Methods and materials

2.1. Subject selection

The local Institutional Review Board at the University of Utah approved this investigation.
Seventeen adolescent marijuana (MJ) and seventeen similarly aged healthy control (HC)
subjects between the ages 13 and 19 years initially were recruited from the greater Salt Lake
area using local advertisements. Ultimately, data from sixteen HC and thirteen MJ subjects
were included in the final analysis (see Section 3.1).

At enrollment, all MJ subjects were unaware of inclusion criteria into specific participant
groups, such as lifetime use, or the purpose of the study beyond a better understanding of
brain development with and without marijuana exposure. Subjects were enrolled if they
reported having smoked at least 100 times in the previous year as determined by an initial
phone screen. In the context of this study the term “smoke” does not refer to “puffs” but the
incidence of use or the number of separate occasions a joint, blunt or bowl was used. Seven
of the thirteen MJ subjects (54%) reported having used marijuana within the previous 24 h
and six of the thirteen participants (46%) reported having used marijuana more than 24 h
before scanning.

Table 1 presents the demographic data and relevant clinical variable information for both
cohorts. The Hamilton rating scale for depression (HAM-D) and Hamilton rating scale for
anxiety (HAM-A) data also are provided in Table 1. HC participants had no DSM-1V Axis |
diagnosis based on structured and clinical interviews and had no first-degree family history
of bipolar disorder or psychosis. Exclusion criteria for all subjects included major
sensorimotor handicaps (e.g., deafness, blindness, paralysis); full scale 1Q <70; history of
claustrophobia, autism, schizophrenia, anorexia nervosa or bulimia, other drug dependence/
abuse or alcohol dependence/abuse (during 3 months prior to scan), active medical or
neurological disease, history of ECT; metal fragments or implants; and current pregnancy or
lactation. All subjects provided written assent, and their parents (or legal guardians)
provided written informed consent for their adolescent’s participation. Subjects under the
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age of 18 completed the Kiddie Schedule for Affective Disorders and Schizophrenia for
School-Age Children-Present and Lifetime Episode (K-SADS-PL; Kaufman et al., 1997)
whereas subjects over the age of 18 completed the Structured Clinical Interview for DSM-
IV Patient Version (SCID-P). All HC and MJ subjects underwent a one step urine drug test
(iScreen, San Diego, CA) on the day of scanning to test for the presence of cocaine,
methamphetamine, THC, opiates and benzodiazepines. Subjects who tested positive for any
illicit substance other than THC were excluded from the study. Following successful
enrollment into the study a urine sample was retained for quantitative 9-carboxy-
tetrahydrocannabinol analysis (ARUP Laboratories, Salt Lake City, UT; detection range: 4—
1000 ng/mL). Information regarding age of first MJ use, age of regular use, and frequency
of use was obtained on all participants, and total lifetime MJ use was calculated by
averaging the number of smokes per week multiplied by duration of use.

While all subjects screened negative for psychiatric history based on a phone screen, direct
diagnostic interviews indicated that two MJ subjects reported a history (>3 months prior to
MRS) of alcohol abuse but not dependence, and one MJ subject had a history (>3 months
prior to MRS) of alcohol abuse and dependence. One MJ subject reported current nicotine at
1.5 cigarettes per day (7 month duration), and a second MJ subject reported current nicotine
at 1 cigarettes per week (2 month duration). A third MJ subject reported a history of nicotine
use 1 year prior to clinical interview (2 cigarettes per day; 2 month duration). No subjects
within the HC cohort reported current nicotine use or a history of nicotine use and/or
dependence. In addition, two MJ subjects reported a history of depression and were taking
antidepressants at the time of MRS.

2.2. Data acquisition

1H MRS scans were performed on a 3.0 Tesla Siemens (Erlangen, Germany) MAGNETOM
Trio whole-body MRI/MRS system. A manufacturer-supplied circularly polarized body
radiofrequency (RF) coil and a 12-channel phased array receive-only head coil were used for
RF transmission and signal reception, respectively. Three-dimensional, high-resolution,
magnetization-prepared, rapid gradient echo (MP-RAGE) MR images (TR/TE/TI =
2000/3.53/1100 ms; FOV = 256 x 256 x 224 mm; 1 mm isotropic resolution) were obtained
to facilitate the bilateral positioning of a 3.0 cm x 2.5 cm x 2.0 cm MRS voxel within
predominantly gray matter of the ACC. The MRS voxel was obliqued along the sagital plane
with its smallest dimension spanning the anterior—posterior axis. Localized shimming was
performed to yield water signal linewidths of <10 Hz.

Conventional 1H MRS data were acquired using the methodology previously described
(Prescot et al., 2011). GABA-edited IH MRS spectra were acquired using a variant of the J-
difference edited MEGAPRESS method (Mescher et al., 1998) with elimination of the four-
compartment artifact (Kaiser et al., 2007). Outer volume suppression (OVS) was applied for
all MRS acquisitions using hyperbolic secant adiabatic full passage RF pulses to excite
saturation bands positioned at least 2-cm away from the MRS voxel faces. A three-pulse
water elimination through T1-effects (Ogg et al., 1994) was used for global water
suppression. Unsuppressed water data (TR = 2000 ms, NEX = 4) were acquired from all
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subjects for both sequence types and used for eddy current correction and normalization of
metabolite signal integrals.

2.3. Data processing

Brain extraction and tissue segmentation was applied to all MP-RAGE images using the
BET (Smith, 2002) and FAST (Zhang et al., 2001) tools provided with the FMRIB software
library (FSL; Smith et al., 2004). MATLAB (The MathWorks, Natick, MA) was used to
extract the 3D volume corresponding to the positioned MRS voxel and calculate within-
voxel gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue content for
each subject. The within-voxel gray matter percentage was calculated as the ratio to total
brain matter, i.e., 100 x GM/(WM + GM).

All free induction decay (FID) data were collected individually without signal averaging.
MATLAB functions were used to process coil channel data as follows. Exponential
apodization (line broadening = 2 Hz) was applied to each individual FID followed by fast
Fourier transformation (FFT). Automated frequency—drift correction was then performed in
the frequency domain based on the position of the 2.0 ppm NAA methyl resonance. Note
that for MEGAPRESS data, the NAA signal is eliminated for the ‘on’ condition and those
data were frequency-corrected using the directly preceding ‘off’ scan parameter. The
required frequency-correction was performed in the time domain by applying a linear phase
to the target FID. All frequency-corrected FIDs then were averaged for each coil channel
and subsequently eddy current corrected using the corresponding unsuppressed water data
and a previously reported time domain method (Klose, 1990). Individual coil channel-
specific weighting function coefficients were applied to the metabolite and unsuppressed
water FIDs prior to coil channel (Natt et al., 2005). These procedures resulted in a single
FID for PRESS and two FIDs for MEGAPRESS corresponding to the ‘on’ and “off” editing
conditions. The MEGAPRESS GABA difference-edited data were calculated by subtracting
the ‘off’ from the ‘on’ FID.

Automated evaluations regarding spectral data quality also were applied to individual
subject MEGAPRESS data prior to inclusion in statistical analysis. The first of these was
based on determining the NAA amplitude for all 256 “off” scans during a given acquisition
to determine the coefficient of variation (CV; calculated as standard deviation + mean) for
NAA peak height. Data with NAA amplitude CV values <15% were included for statistical
analysis. A second evaluation considered the residual water peak amplitude in the
MEGAPRESS GABA data. The MEGAPRESS sequence employed should yield data
characterized by almost no residual water owing to the WET water suppression scheme
coupled with further elimination imposed by MEGA-editing. Data were excluded if the
absolute amplitude of residual water was two times greater than the edited GABA 3.0 ppm
resonance.

2.4. Spectral quantification

PRESS unsuppressed water signal area was calculated after fitting a Voigt line-shape to the
real component of the phased frequency-domain data (Marshall et al., 1997). PRESS
metabolite data were fitted using the methods previously described (Prescot et al., 2011),
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whereas all MEGAPRESS GABA data were fitted as detailed elsewhere (Boy et al., 2010).
Metabolite peak areas were corrected for the CSF-fraction using within-voxel segmented
MRI data, and normalized using the PRESS TE = 30 ms unsuppressed water signal integral
scaled by 107 and 109 for MEGAPRESS and PRESS, respectively. Metabolite/water
ratios thus are expressed as institutional units (i.u) and presented as the mean * standard
deviation (SD).

One way analysis of variance (ANOVA) was used for comparing group mean metabolite
levels using OriginPro (OriginLab Corporation, Northampton, MA), which also was used
for running Pearson’s correlation analyses. We tested the relationship between ACC
metabolite levels and age of first use, age of regular use, total use and urine cannabinoid
count. Both total marijuana use and cannabinoid count were found to be represented by non-
normal distributions. Prior to running correlation analysis, both of these variables were
adjusted to be normally distributed using a logarithmic transformation. In addition, potential
confounding variables were evaluated using analysis of covariance (ANCOVA) for two
independent samples using http://faculty.vassar.edu/lowry/ancova2L.html (last accessed
05/24/2011). Statistical analysis was performed using all HC and MJ subject data, and also
following the exclusion of specific subject data or controlling for the effects of age, sex,
within-voxel tissue content, alcohol, nicotine, and depression/medication.

3.1. Data inclusion

One HC subject showed a NAA peak amplitude CV value of 22% whereas three MJ subjects
had values of greater than 20%. The resulting mean (xSD) NAA peak amplitude CV values
were 9 £ 2% and 10 + 3% for the HC and MJ cohorts, respectively. MRS spectra from one
further MJ subject was excluded from the analysis as the data did not satisfy the residual
water amplitude criterion. Further visual inspection of the MEGAPRESS data from that
individual revealed a broad residual water component propagating throughout the baseline
and into the Glu/GIn (3.75 ppm) and GABA (3.0 ppm) chemical shift region. Therefore,
MRS data acquired from sixteen HC subjects and thirteen MJ subjects were included in the
statistical analysis.

3.2. Tissue segmentation

Fig. 1 displays tissue-segmented axial and sagital images extracted from a 3D MP-RAGE
dataset recorded from a single HC subject. The black rectangle shown on both images
depicts the MRS voxel positioning within the ACC (see Figure legend for more details).
Table 2 displays the within-voxel GM and CSF content for both subject cohorts and
statistical analysis did not reveal any significant differences between the two groups. There
was no significant difference in the ACC water reference signal integral between the two
groups (MJ 1.41 £ 0.07; HC 1.37 £ 0.05, p = 0.11).

3.3. Spectral and statistical analysis

GABA-edited MEGAPRESS H MRS data recorded from the ACC of an 17-year-old
female HC and an 18-year-old female MJ subject are presented in Fig. 2.
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The figure shows the GABA-edited ‘on’ and ‘off’ conditions, the difference-edited spectra
and GABA spectral fits for both subjects (see figure legend for details). LC Model-fitted
PRESS (TE = 30 ms) IH MRS data recorded from these populations have been presented in
a recent publication (Prescot et al., 2011).Fig. 3 displays box plots comparing the group
mean CSF-corrected GABA:water and Glu:water ratios (see Fig. 3 legend for details). The
MJ cohort showed significantly lower ACC GABA (MJ 0.63 £ 0.12; HC 0.81 + 0.25, F(q 27
=5.4,p=0.03) and ACC Glu (MJ 4.84 + 0.52; HC 5.61 + 0.88, F(1,07) = 7.5, p = 0.01)
levels. A plot showing the water-normalized Glu versus GABA levels is presented in Fig. 4.
No significant relationship existed when the analysis incorporated all of the subject data (r =
0.20, p = 0.3), although a significant positive correlation was observed following the
removal of two potential HC outliers from the analysis (r = 0.56, p = 0.002).

The conventional IH MRS data from MJ subjects also revealed significantly lower N-acetyl
aspartate (NAA: MJ 2.28 + 0.42; HC 2.60 + 0.44, F(y 27) = 4.0, p = 0.05), total creatine (tCr:
MJ 2.06 + 0.22; HC 2.26 £ 0.19, F(; 27) = 6.6, p = 0.02) and myo-inositol (Ins: MJ 4.84 +
0.52; HC 5.61 + 0.88, F(1 27) = 4.2, p = 0.01) levels, findings that are consistent with our
previous observations (Prescot et al., 2011).

Lower ACC GABA and Glu levels remained statistically significant after controlling for
subject age (GABA: F(1 26) = 4.62, p = 0.04; Glu: F(y 26) = 4.62, p = 0.04), HAM-D scores
(GABA: F(1,26) = 5.11, p = 0.03; Glu: F(1 2¢) = 4.92, p = 0.04), within-voxel GM percentage
(GABA: F(1,26) = 5.76, p = 0.02; Glu: F(1 2¢) = 8.37, p < 0.01), alcohol history (GABA.
F(1,26) = 5.10, p = 0.03; Glu: F(1 26) = 5.60, p = 0.03), nicotine use (GABA: F(y 26) = 4.30, p
=0.05; Glu: F(1,6) = 5.98, p = 0.02), and antidepressant medication (GABA: F(; 7¢) = 4.99,
p = 0.03; Glu: F(1 26) = 6.66, p = 0.02). Further (ANOVA) analysis showed that lower ACC
GABA and Glu levels remained significant after removing the three subjects with a history
of alcohol use/dependence (GABA: F(y 24) = 4.85, p = 0.04; Glu: F(1 26) = 5.30, p = 0.03),
three subjects with a history of nicotine use (GABA: F(1 24) = 4.25, p = 0.05; Glu: F(1 26) =
5.98, p = 0.02), and two subjects who were taking antidepressant medication at the time of
MRS scanning (GABA: F(y 25) = 4.80, p = 0.04; Glu: F(1 76) = 6.56, p = 0.02).

Including sex as a covariate shifted the findings to marginal and high significance for ACC
GABA (F(1,26) = 3.86, p = 0.06) and Glu (F(y,26) = 14.67, p < 0.001) levels, respectively.
Further statistical analysis comparing only male HC and MJ subjects revealed significantly
lower ACC GABA (MJ 0.61 +0.12; HC 0.82 £ 0.22, F(1,16) = 7.05, p = 0.02) and Glu (MJ
4.90 +0.54; HC 6.10 £ 0.72, F(1,16) = 16.4, p < 0.001) levels.

We observed a trend toward a negative relationship between GABA levels and total
marijuana use (r = —0.43, p = 0.10). No significant relationship between age and GABA and
Glu levels were detected for the sample as a whole or for the individual cohorts.

4. Discussion

Maturation of the prefrontal cortex is a primary feature of adolescent neurodevelopment
(Huttenlocher, 1979; Slotkin, 2002). A reduction in the overall number of synaptic
connections is driven by neuroregulatory processes including synaptic pruning and
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elimination, which act to retain more efficient neuronal networks (Cohen-Cory, 2002). The
neurobiological changes occurring throughout adolescence present a critical vulnerable
period susceptible to the effects of drugs of abuse (Spear, 2007) including marijuana. Recent
neuroimaging investigations have demonstrated abnormal cortical activation patterns
(Schweinsburg et al., 2008) and prefrontal cortical volume differences (Churchwell et al.,
2010) in adolescent chronic marijuana users compared to controls. It is well established that
changes in the Glu and GABA receptor systems play a critical underlying role in cortical
remodeling throughout adolescence (Crews et al., 2007).

The main aim of the present study was to utilize standard and metabolite-editing MRS
methods for evaluating ACC Glu and GABA levels in adolescent MJ subjects and control
subjects. The primary outcome was that significantly lower MJ GABA levels (—22%)
paralleled lower MJ Glu (-14%), tCr (=9%), Ins (-14%), and NAA (-12%) levels. The
GABA findings are particularly striking when considering (i) clinical evidence that
demonstrates significantly decreased withdrawal symptoms and improved overall executive
functioning in marijuana-dependent adult subjects (Mason et al., 2012), and (ii) brain GABA
increases measured using 1H MRS (Cai et al., 2012), following gabapentin challenges. The
correlation between ACC GABA and Glu levels was statistically insignificant, although a
significant positive relationship was calculated after excluding two HC subject data points.
Although further studies are necessary, the trend toward this correlation contrasts a recent
study of depressed adolescent subjects showing significantly lower ACC GABA levels in
the absence of ACC Glx (glutamate + glutamine) alterations (Gabbay et al., 2012). The
lower ACC NAA level (-12%) observed in the MJ population is supported by a previous 1H
MRS study that documented significantly lower (=11%) dorsal lateral prefrontal cortical
NAA levels in recreational marijuana users compared to matched control subjects (Hermann
et al., 2007). We also observed a trend toward lower ACC GABA levels with total
marijuana use, suggesting that greater MJ use is associated with lower cingulate GABA
concentration. However, the MJ cohort for the present study was relatively small (N = 13)
and a single individual had much higher total marijuana use than the other subjects. We
currently are enrolling additional MJ subjects with higher total use and lower ages for first
and regular marijuana use to further investigate this observation.

The lower ACC MJ Glu level (-14%) reported here is in close agreement with the lower
basal ganglia Glu level (=12%) previously observed in adult chronic marijuana users (Chang
et al., 2006), although similar investigations documenting GABA levels in adult users have
not been reported to date. Nevertheless, direct comparison of Glu and GABA levels in
adolescent and adult chronic marijuana users remains difficult due to the lack of 1H MRS
data that spans childhood — adolescence — adulthood. Based on age related Glu changes
reported for adult studies (Sailasuta et al., 2008; Chang et al., 2009), we controlled for
subject age, and continued to detect significantly lower ACC MJ GABA and Glu levels.
Regardless, the execution of comprehensive longitudinal 'H MRS studies designed to track
Glu and GABA levels in non-using subjects throughout childhood — adolescence —
adulthood would help put the present findings into context. The ACC GABA and Glu
alterations detected in our MJ cohort also should be considered alongside previous
functional neuroimaging investigations reporting frontal lobe impairments in similar
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adolescent populations (Schweinsburg et al., 2008; Hester et al., 2009). Future work might
include the correlation of brain chemistry and ACC GABA levels with regional functional
activity, as has been reported for emotional processing in healthy volunteers (Northoff et al.,
2007).

THC activates the cannabinoid type-1 (CB1) receptor (Devane et al., 1988), the most
abundant G;j/G,-protein-coupled receptor in the mammalian brain found to be enriched in
the cortex, hippocampus, basal ganglia and cerebellum (Herkenham et al., 1991; Glass et al.,
1997). CB1 receptors are located on presynaptic GABA and Glu neurons where they are
activated by the endocannabinoids anandamide (Devane et al., 1992) and 2-arachidonoyl
glycerol (Sugiura et al., 1995). Endocannabinoids are thought to play a crucial role in
synaptic regulation, where once released from postsynaptic neurons they diffuse in a
retrograde fashion across the synaptic cleft to activate the CB1 receptor (Wilson and Nicoll,
2002). Activation of the CB1 receptor inhibits presynaptic Ca2* influx which in turn
decreases the probability of neurotransmitter release. Retrograde inhibition of
neurotransmission has been reported for GABA and Glu neurons throughout the whole brain
(Schlicker and Kathmann, 2001) and individual brain structures (Hajos and Freund, 2002;
Hoffman et al., 2007; Laaris et al., 2010). Glu and GABA are implicated in range of
psychiatric and substance abuse disorders (Mason and Krystal, 2006), and it is tempting to
suggest that the lower ACC GABA and Glu levels detected in the present study are
associated with a chronic activation and modification of the endocannabinoid system.
However, GABA and Glu levels as measured using MRS do not directly reflect
glutamatergic and GABAergic activity. Following its release from a glutamatergic neuron,
Glu is rapidly transported from the synaptic cleft into astroglia where it is converted into
glutamine (GlIn). Astroglial Gin is then shuttled into glutamatergic neurons where it is
reconverted to Glu, thereby completing the Glu-GIn cycle. GABA on the other hand is
synthesized from Glu within GABAergic neurons. After its release and inhibitory signal
transduction at postsynaptic receptors, GABA is transported into astroglia, converted to Gin
(via Glu), and transported back into GABAergic neurons to complete the GABA-GIn cycle.
The complex multi-compartmental nature of Glu and GABA metabolism means that the Glu
and GABA signals detected using “static’ MRS measures could mask the dynamic changes
associated with neurotransmitter synthesis, release and metabolism. Therefore, the lower
ACC GABA and Glu levels reported here remains inconclusive, as the findings may
represent altered neuronal and/or glial function. Clearly, additional spectroscopic
information regarding brain GIn would provide key information regarding glutamatergic and
GABAergic turnover and we currently are applying two-dimensional (2D) *H MRS methods
(Schulte and Boesiger, 2006) for the concomitant detection of GABA, GIn, and Glu, in
adolescent MJ and HC populations. Furthermore, future work in adolescent MJ and HC
populations might involve the acquisition of quantitative ‘dynamic’ information regarding
Glu and GABA metabolism using carbon-13 (13C) MRS with 13C-labeled substrate infusion
(de Graaf et al., 2011).

A more rigorous understanding of the effects of adolescent chronic cannabinoid exposure
could be gained using established preclinical rodent models, which have been shown to
induce dose-dependent decreases in CBL1 receptor binding (Dalton and Zavitsanou, 2010),
long-lasting memory and anxiety impairments (O’Shea et al., 2004), and persisting cognitive
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deficits (Rubino and Parolaro, 2008). These models present an opportunity for serial 1H

and 13C MRS measures prior-to and following cannabinoid exposure (adolescence), and to
monitor neurochemistry after cannabinoid cessation (adulthood). Furthermore, these types of
longitudinal studies also will help establish if there exists a correlation between adolescent
cannabinoid exposure, CB1 receptor density, and alterations in Glu and GABA levels/
cycling as measured using 1H and 13C MRS.

4.1. Study strengths and limitations

Lubman et al. (2007) reported high prevalence of co-morbid psychiatric disorders in one
hundred substance-abusing adolescents and young adults, with 49% meeting criteria for
current mood or anxiety disorder, and 68% reporting a lifetime history. This is consistent
with a study evaluating 90 cannabis users where current mood disorder was present in 48%
in the last 12 months (Guillem et al., 2009). In the present study, one MJ subject was taking
a selective serotonin reuptake inhibitor (SSRI; citalopram) whereas a second was taking an
atypical antidepressant (bupropion). Several MRS studies have documented increased
cortical GABA levels following administration of SSRI drugs in healthy controls
(Bhagwagar et al., 2004) and depressed patients (Sanacora et al., 2002). Modulation of
cortical Glu could not be detected in healthy volunteers receiving citalopram (Taylor et al.,
2010), and GABA and Glu modulation in response to atypical antidepressants has not been
reported. In light of this, we compared unmedicated individuals with controls and continued
to observe significantly lower GABA and Glu levels in MJ subjects.

Cortical GABA (Epperson et al., 2002) and Glu (Batra et al., 2008) levels are known to
fluctuate as a function of menstrual cycle phase. Menstrual cycle and phase details were not
recorded from the 11 female subjects scanned in the present study. It was thus critical to
investigate sex effects and rerun statistical analysis (ANOVA) with the exclusion of the
female subject data. The apparent lower MJ ACC GABA and Glu levels remained
statistically significant after comparing the male-only populations. Note that the influence of
gender on brain metabolite concentration is also likely to be independent of menstrual
hormonal effects, and for the present study co-varying for sex shifted the lower ACC GABA
finding to marginal significance (p = 0.06). Based on these observations, studies from larger
sample sizes with sex-matched populations are warranted, and those studies would benefit
from multiple MRS time points obtained throughout the menstrual cycle phase in female
populations.

Currently, due to the cross-sectional study design, we cannot conclude whether the detected
Glu and GABA differences represent marijuana-induced neurotoxicity or a premorbid
neurochemical state. Longitudinal MRS investigations in adolescent MJ populations might
help evaluate neurochemical changes and normalization following marijuana cessation.
Preclinical MRS measurements performed prior-to and during chronic cannabinoid exposure
in suitable adolescent rodent models will be invaluable to help address the notion of a
premorbid condition.

This study proposed, a priori, to test for differences in GABA concentration that might be
associated with adolescence marijuana abuse. This hypothesis was based on (i) our previous
MRS study (Prescot et al., 2011), and (ii) preclinical observations of changes in GABAergic
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neurotransmission that have been associated with marijuana exposure. Although the present
GABA finding does not require a correction for multiple comparisons, future studies are
warranted making use of larger sample sizes and multiple testing procedures. A related
caveat associated with the present study concerns ANCOVA and the testing of potential
confounding variables on an individual basis. The present study results thus remain subject
to Type 1 error and studies in larger populations will allow for the application of statistical
models that enable a more rigorous testing for correlations between multiple independent
variables.

Partial volume effects are likely to result from the large ACC voxel size, which was
necessary due to the relative insensitivity of GABA-editing MRS. Controlling for GM
fraction was crucial considering documented GM/WM differences in GABA concentration
(Jensen et al., 2005; Geramita et al., 2011). It currently is unclear whether the GABA and
Glu differences are specific to the ACC region examined. Our ongoing 2D 1H MRS
measurements are focused on the ACC, the parietal-occipital cortex, and the hippocampus,
to establish whether the detected neurochemical differences are exclusive to the ACC, or
manifested across multiple functionally distinct brain regions. In conclusion, the present
spectroscopic findings support functional neuroimaging data documenting cingulate
dysfunction in marijuana-dependent individuals. Glutamatergic and GABAergic
abnormalities potentially underlie cingulate dysfunction in adolescent chronic marijuana
users, and the opportunity for testing new or currently available pharmacologic treatments
(e.g., gabapentin) with a non-invasive pharmacodynamic evaluation (MRS) exists.
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Fig. 1.
(a) A tissue-segmented axial slice extracted from a 3D MPRAGE dataset recorded from a

17-year-old female HC subject. WM, GM and CSF are represented by white, light gray and
dark gray pixels, respectively. (b) A tissue-segmented sagital slice extracted from the same
MPRAGE dataset. The black rectangle depicts the positioning of the MRS voxel within the
ACC, which was obliqued along the sagital dimension. For this subject, GM, WM and CSF
tissue fractions were estimated to be 74, 24 and 2%, respectively.
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Fig. 2.

(a;;and (b) show the MEGAPRESS editing pulse ‘on’ (red spectra) and ‘off” (black spectra)
condition IH MRS spectra recorded from a HC and MJ subject, respectively. The main
signals tentatively assigned in (a) and can be directly translated to (b). The resulting
MEGAPRESS difference spectra are presented for the (¢) HC and (d) MJ subject, which are
characterized by an inverted NAA resonance at 2.0 ppm, the edited GABA peak (plus
macromolecule) at 3.0 ppm and a co-edited composite GIn/Glu resonance at 3.75 ppm. The
estimated GABA fits are overlaid in both MEGAPRESS GABA-edited datasets (red dashed
spectra) with the direct overlay of the HC and MJ GABA fits presented in (). This
particular MJ subject showed a 17% lower CSF-corrected GABA:water ratio when
compared to the HC data. The group averaged GABA fits are presented in panel (f) for both
the HC (dashed line) and MJ (dotted line) cohorts. Note that the vertical scaling was
increased fivefold for the MEGAPRESS-edited data in (c) and (d) whereas the vertical
scaling for plots (e) and (f) was enhanced by a factor of twenty.
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Fig. 3.

Box plots showing the mean water-normalized GABA (left) and Glu (right) levels measured
in the HC and MJ cohorts. The B symbol and within-box horizontal lines represent the mean
and median values, respectively. The box extremities correspond to the 25th and 75th
percentiles and the “x’ symbol represents the full data range.
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Fig. 4.

A%Iot of the water-normalized Glu versus GABA levels for all HC (unfilled squares) and
MJ (filled squares) subjects. The overlaid confidence ellipse (dashed line) was computed
using a 95% confidence level. The * symbols denote the two potential outliers from the HC
population (see text for statistical results).
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Table 1

Demographics of the HC and MJ subject groups including clinical variable information for the MJ cohort.

HC,N =16 MJ,N=13
Gender: male/female 719 1172
TAge (years): mean + SD/range 16.0 £2.2/13-19  17.9 £1.0/16-19
iHAM-DZ mean + SD/range 0.1 £0.3/0-1 2.3 £3.6/0-11
HAM-A: mean + SD/range 1.6 £2.5/0-7 2.2+2.3/0-7
Age of first use (years) mean + SD/range 15.2 £1.4/13-17
Age of regular use (years) mean + SD/range 16.0 £0.9/14-17
Total use (number of smokes) mean + SD/range 1124 +1314/235-5250
Cannabinoid count (ng/mL) mean + SD/range 359 + 365/16- 10002

Abbreviations: HC, healthy control cohort; MJ, marijuana using cohort; N, number of subjects per cohort; SD, standard deviation; HAM-A,
Hamilton rating scale for anxiety; HAM-D, Hamilton rating scale for depression; and ng/mL, nanogram per milliliter.

aTwo subjects registered a negative (-ve) urine cannabinoid count immediately prior to scanning, and two subjects showed cannabinoid counts
greaterthan the maximum detectable level of the test procedure (>1000 ng/mL).

TSignficant differences existed between the HC and MJ populations for age (p = 0.01).

iSignfican’( differences existed between the HC and MJ populations for HAM-D (p = 0.02).
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Table 2

MRS voxel GM (see text for details) and CSF content expressed as group mean % fraction + SD.

Tissuetype HC MJ Statistics

GM 70+5 72+4 Fun=07,p=04
CSF 8+4  9+2 Fy,,=01,p=07

Abbreviations: MRS, magnetic resonance spectroscopy; GM, gray matter; CSF, cerebrospinal fluid; HC, healthy control cohort; and MJ, marijuana
using cohort.
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