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Abstract
Background—The brain undergoes major remodeling during adolescence, resulting in improved
cognitive control and decision-making, and reduced impulsivity, components of behavior
mediated in part by the maturing frontal lobe. Gamma-amino butyric acid (GABA), the main
inhibitory neurotransmitter system, also matures during adolescence, with frontal lobe GABA
receptors reaching adult levels late in adolescence. Thus, the objective of this study was to
characterize in vivo developmental differences in brain GABA levels.

Methods—Proton magnetic resonance spectroscopy (MRS) was employed at 4 Tesla to acquire
metabolite data from the anterior cingulate cortex (ACC) and the parieto-occipital (POC) cortex in
adolescents (n=30) and emerging adults (n=20).

Results—ACC GABA/Cr levels were significantly lower in adolescents relative to emerging
adults, whereas no age differences were observed in the POC. Lower ACC GABA/Cr levels were
significantly associated with greater impulsivity and worse response inhibition, with relationships
being most pronounced for ACC GABA/Cr and No-Go response inhibition in adolescent males.

Conclusions—These data provide the first human developmental in vivo evidence confirming
frontal lobe GABA maturation, which was linked to impulsiveness and cognitive control. These
findings suggest that reduced GABA may be an important neurobiological mechanism in the
immature adolescent brain, contributing to the reduced, yet rapidly developing, ability to inhibit
risky behaviors and to make decisions, which could compromise adolescent health and safety.
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Introduction
The brain undergoes major remodeling during adolescence (1), including alterations in
cerebral structure and function (2,3) that lead to improved cognitive control and decision-
making (4,5), as well as reduced impulsivity and risk taking (6). These behavioral
components are mediated in part by the frontal lobe (7–9), which is the last brain region to
mature in humans (10). Gamma-amino butyric acid (GABA), the major inhibitory neural
system in mammalian brain, also undergoes marked maturation during adolescence (11).
Thus, developmental GABA alterations may be involved in age-related improvements on
response inhibition tasks, or the ability to “hold back” less optimal or inappropriate
responding, mediated in part by the maturing frontal cortex.

In rats, GABA concentrations at birth are 50% of adult levels (12). Glutamic acid
decarboxylase (GAD), which catalyzes the decarboxylation of glutamate to GABA and
carbon dioxide, and the density of postsynaptic GABA receptors also increase linearly to
reach adults levels, but lag behind the increase in GABA concentrations (12–14). Given that
GABA also plays a prominent role in the metabolism of glucose and fatty acids and is taken
up by non-neuronal cells early in development, GABA concentrations may be a more liberal
index of GABA development than enzymatic activity or receptor density (12). In non-human
primates, chandelier inhibitory interneurons undergo marked developmental increases in
terminal density in the prefrontal cortex (PFC), while GABA plasma membrane transporters
(GAT) remain stable (15). Postnatal changes in GABA binding are more pronounced in
humans, with GABAergic receptor density increasing fivefold during the perinatal period,
followed by an additional 100% increase several weeks thereafter (16). GABAA receptors
reach adult levels by age 18 in frontal cortex and age 19.5 in the prefrontal cortex (PFC),
unlike subcortical structures that reach adult levels earlier (e.g., basal ganglia, age 14) (17).
In addition, a recent human post mortem study examining expression of interneuron markers
in the dorsolateral PFC (DLPFC) provides support that GABAergic neurons continue to
differentiate and mature through the second decade of life (18).

Recent advances in proton magnetic resonance spectroscopy (1H-MRS) have significantly
improved the ability to detect and quantify in vivo brain GABA (19–25). The development
of specialized editing techniques was necessary given that the concentration of GABA is
near the lower limit of detection and is obscured by metabolite peaks of higher
concentrations, especially creatine (Cr). Low GABA, measured using 1H-MRS, has been
observed in a number of pathological conditions in adults including epilepsy, anxiety,
depression, obsessive-compulsive disorder, and alcohol and cocaine dependence (26–37).
More recently, adolescents with major depressive disorder were reported to have lower
GABA in the anterior cingulate cortex (ACC) compared to healthy comparison subjects
(38). Importantly, some pharmacologic treatments for these psychiatric and neurological
conditions, as well as natural interventions such as yoga, have been reported to increase
GABA (39–41).

To date, there are no published developmental data comparing in vivo brain GABA levels in
healthy human adolescents with adults. Based on previous structural and functional
developmental findings (3,4,10,18), the à priori hypotheses of this study were that 12–14
year old adolescents (ADO) would exhibit lower GABA than 18–24 year old emerging
adults (EA) in the ACC, but no differences would be observed in a comparison region in the
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parieto-occipital cortex (POC). There are some published data available relating GABA in
the DLPFC to impulsivity and unconscious motor control, however, these reports are limited
to adults (42,43). Although investigations of the ACC have failed to show a relationship
between GABA and impulsivity in adults, the ACC was chosen for examination in the
present study because this region has been implicated in the development of higher-order
cognitive processes, including cognitive control, response selection, and decision-making
(44–52). Therefore, we hypothesized that lower ACC GABA would predict greater
impulsivity on the Barratt Impulsivity Scale and worse response inhibition on Go No-Go
(GNG) and Stroop Color-Word tasks in both our subject groups. Given that menstrual cycle
phase has been shown to influence GABA (29), an exploratory aim of the study was to
investigate the influence of menstrual cycle phase on the research findings.

Methods and Materials
Participants

Participants included 30 healthy ADO (12–14 years, 15 females) and 20 healthy EA (18–24
years, 10 females), with middle-upper class socioeconomic status (53) (Table 1). The
clinical research protocol was approved by the Institutional Review Board of McLean
Hospital. After complete study description, all subjects and ADO parent(s)/guardian(s)
provided written informed assent/consent. Participants completed urine screening prior to
scanning to rule out current psychoactive substance use and pregnancy. Participants were
free of psychiatric diagnoses based on Kiddie-Schedule for Affective Disorders and
Schizophrenia interviews (ADO) (54) or the Structured Clinical Interview for DSM-IV Non-
Patient Edition (EA) (55). Participants had no prior head trauma or loss of consciousness,
and were free of radiologic brain abnormalities, MR scanning contraindications, or current
psychoactive substance use, including nicotine. Less than 3 lifetime episodes of alcohol use
and no history of drug use were reported in ADO, and EA average alcohol use was 1.3±1.1
alcoholic drinks on 2.2±1.8 occasions/month. Menstrual cycle status was determined by
self-report: 33% of ADO and 60% of EA females were in the follicular phase (cycle days 2–
9); 33% of ADO and 30% of EA females were in the luteal phase (cycle days 13–32); 20%
of ADO females had not yet begun cycling; and in 14% of ADO and 10% of EA, menstrual
cycle information was unavailable.

Clinical and Cognitive Measures
Subjects completed the Barratt Impulsiveness Scale (BIS-11) (56,57), a self-report measure
of impulsivity yielding a total score for trait impulsivity, and subscale impulsivity scores:
attention (rapid shifts in attention/impatience with complexity), motor (impetuous action),
and non-planning (lack of future orientation). The adult and adolescent BIS-11 each consist
of 30 questions, with 14 identical questions and 16 questions age-appropriately modified
(e.g., adolescent: “I change my mind about what I will do when I grow up”; adult: “I change
jobs”). Versions were scored using the identical procedure and internal consistency was
similar between groups, Cronbach’s alpha = .696 and .708, ADO and EA, respectively.

The Wechsler Abbreviated Scale of Intelligence (58) vocabulary subtest was administered to
obtain an estimate of general intelligence. The California Verbal Learning test (CVLT-C,
adolescent (59); CVLT-II, adult (60)) was used to assess working memory/auditory attention
span, verbal learning and memory, and verbal recognition (Table 2). A modified Stroop test
(61) was used to assess inhibition of inappropriate responses and resisting interference using
three subtests: Color Naming (CN), Word Reading (WR) and Interference (INTF). Derived
interference was calculated as [INTF time – CN time] to account for information processing
speed differences. Difficulty with response inhibition is reflected by longer duration to
completion or a high error rate on the Interference condition. A computerized GNG task (62)

Silveri et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consisted of the serial presentation of Go signals (large circles, small circles, large squares)
and No-Go signals (small squares). To enhance prepotent response tendency, No-Go trials
occurred less frequently than Go trials. Difficulty with inhibition is reflected by low percent
accuracy or failing to inhibit responding to No-Go stimuli (63).

Magnetic Resonance Imaging/Magnetic Resonance Spectroscopy
Magnetic resonance imaging (MRI) and 1H-MRS were performed using a 4.0Tesla (T)
Varian Unity/INOVA whole-body MRI/MRS scanner (Varian Inc., Palo Alto, CA) and a
volumetric head coil (XLR Imaging, London, Canada). Subject head placement was
confirmed using three-plane scout images. After global shimming, high-contrast 3D fast
low-angle shot T1-weighted images were collected for voxel placement. A 20mm x 20mm x
30mm voxel was placed in the ACC along the midline, with the inferior edge of the voxel
parallel to the descending surface of the corpus callosum (Fig 1a) and a 20mm x 20mm x
30mm voxel in POC, with the inferior edge of the voxel aligned with the anterior
commissure – posterior commissure (Fig 1a).

Manual voxel shimming yielded water linewidths ranging from 9–12Hz. MEGAPRESS
(22,23) (Fig 1c,d) was used to obtain difference-edited GABA-optimized spectra, followed
by Point-Resolved Echo Spectroscopy Sequence (64) modified for the current J-
resolved 1H-MRS protocol (2D-JPRESS, Fig 1b) to collect 24 TE-stepped spectra in ACC
and POC (65,66). MEGAPRESS and 2D-JPRESS acquisition times were 13 minutes/
sequence/voxel, total scan time=90 minutes.

The 3.00ppm GABA doublet resonance and co-edited resonance structures of glutamate
(Glu), glutamine (Gln), N-acetyl-aspartate (NAA) and the 0.93ppm macromolecule (MM)
resonance from MEGAPRESS difference-edited spectra were fitted using LCModel (67).
For 2D-JPRESS data, the 24 TE-stepped free-induction decay series (FIDs) was zero-filled
out to 64 points, Gaussian-filtered, and Fourier-Transformed. GAMMA-simulated J-
resolved basis sets were used with LCModel (66),(67). Test-retest reliability from 6 healthy
young adults, scanned twice at a 1-week interval, demonstrated intra-subject coefficient-of-
variance for GABA=14.8± 14.7% (MEGAPRESS), and choline (Cho)=3.3±3.8%,
Glu=5.3±3.1%, Gln=14.0±4.8%, myo-Inositol (mI)=8.4±3.7%, and NAA=4.4±2.0% (2D-
JPRESS). Average Cramer Rao lower bounds (CRLB) were 25.0±13.0% and 2.0±0.4% for
MEGAPRESS GABA and 68msec Cr, respectively, which did not differ between groups or
regions. For 2D-JPRESS, CRLB were Cr=1.9±0.6%, Cho=3.2±0.8%, Glu=5.2±1.7%,
Gln=11.5±3.0%, mI=4.7±1.7%, and NAA=2.1±0.7%.

CrT2 values were derived for each voxel using TE-stepped datasets and a least-squares
algorithm, to test for an age-related bias associated with using Cr as an internal reference for
normalizing metabolites. Cr was subsequently T2-corrected by multiplying raw Cr integral
by 1/exp (−TE/T2) (TE=30ms, T2=derived CrT2 decay-constant, msec). T1-weighted axial
image sets were segmented into grey matter (GM), white matter (WM) and cerebrospinal
fluid (CSF) binary-tissue maps (FSL, Oxford, UK), with partial tissue percentages extracted
for each voxel (66,68), to quantitatively estimate potential tissue-percentage differences on
GABA:Cr ratios, which only correct for total tissue content (20,69).

Statistical Analyses
Two group (ADO, EA) univariate analyses of variance (ANOVAs) were conducted to
examine age differences on the à priori measures of interest: ACC and POC GABA/Cr, BIS
impulsivity measures, No-Go percent accuracy, and Stroop INTF time and derived-INTF as
measures of response inhibition. In addition, a 2 group (ADO, EA) x 2 region (ACC, POC)
repeated measures ANOVA was conducted to verify the hypothesized group x region
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interaction for ACC and POC GABA/Cr levels. Effect size f (ES) was calculated for
significant main effects or interactions observed in ANOVAs using G*power (Version
3.0.6). Spearman’s rho correlation coefficients (one-tailed based on à priori hypotheses)
were used to examine relationships between GABA, BIS impulsivity and response
inhibition. Bootstrap confidence intervals (BSCI) at 90% were calculated for significant
correlations. A p-value of ≤0.05 was considered statistically significant, except when the
Bonferroni method was used to correct for multiple comparisons analyses for impulsivity
(BIS Attention, Motor, Non-Planning, Total; p<.013), response inhibition (No-Go percent
accuracy, Stroop INTF, derived-INTF; p<.017), 2D-JPRESSS metabolites (Cho, Glu, Gln,
Gln/Glu, mI and NAA; p<.008), and correlations with ACC GABA/Cr, BIS, GNG and
Stroop response inhibition (p<.007). Statistical analyses were conducted using SPSS 18.0
(SPSS, Chicago, IL).

Results
Impulsivity

Significantly higher BIS impulsivity scores (Table 1) were observed for ADO versus EA on
Motor [F(1,48)=26.97, p=.0001, ES=.77] and Non-Planning [F(1,48)=13.16, p=.001; ES=.
51] subscales, and total BIS [F(1,48)=15.70, p=.0001; ES=.57].

Response Inhibition
EA took significantly less time than ADO to complete each Stroop subtest, CN
[F(1,48)=11.80, p=.001; ES=.49], WR [F(1,48)=8.66, p=.005; ES=.42], and INTF
[F(1,48)=4.17, p=.047; ES=.29], although group differences for derived INTF were not
significant (Table 2). Significantly more errors were made by ADO, but only on CN
[F(1,48)=7.93, p=.007; ES=.42]. On the GNG task, EA had a higher percent accuracy on Go
Trials than ADO [F(1,48)=12.83, p=.001; ES=.52], although reaction times to respond on
Go trials did not differ significantly between groups. On No-Go trials, EA demonstrated
significantly better accuracy than ADO [F(1,46)=18.60, p=.0001; ES=.74] (Table 2).

MRI/MRS Measures
No significant group differences were observed for Cr/total proton signal in ACC
[ADO=0.127±0.006; EA=0.125±0.007; p=.22] or POC [ADO=0.144±0.010;
EA=0.144±0.009; p=.96] or for Cr T2 in ACC [ADO=147.7±20.0msec;
EA=148.0±12.3msec; p=.95] or POC [ADO=140.8±25.4msec; EA=129.9±10.5msec; p=.
08]. Thus, MEGAPRESS Cr was used to determine GABA ratios and 2D-JPRESS Cr was
used to determine all other metabolite ratios (Table 3). Relationships between
MEGAPRESS and 2D-JPRESS Cr integrals were highly correlated [ACC: r(50)=.850, p<.
0001, BSCI r=0.768 to .904; POC r(47)=.925, p<.0001, BSCI r=0.880 to .954]. Neither full
width half max (FWHM: ACC 0.04±0.01, POC 0.04±0.01) nor signal-to-noise ratios (SNR,
height of NAA/noise standard deviation in the residual: ACC 27.3±6.1, POC 37.2±6.3)
differed between groups or regions.

Significantly lower ACC GABA/Cr was observed in ADO compared to EA [F(1,47)=5.10,
p=.029; ES=.32] (Table 3), with no significant group differences observed for GM, WM, or
CSF, or tissue percentage in the ACC (Table 4). Significantly lower GABA was also
observed when GABA was examined relative to 2D-JPRESS Cr [F(1,47)=4.66, p=.036;
ES=.31] or total proton signal [F(1,47)=4.14, p=.047; ES=.27]. No significant differences
were observed in the POC for GABA/Cr (p=.14) (Table 3). Repeated measures ANOVA
confirmed significant age differences in ACC GABA/Cr but not in POC [F(1,38)=4.12, p=.
049; ES=.33]. Significant group tissue differences were observed in POC, with ADO
exhibiting less GM [F(1,45)=5.23, p=.027; ES=.33], more WM [F(1,45)=6.45, p=.015; ES=.
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36], and less CSF [F(1,45)=4.44, p=.041; ES=.30], although tissue percentage did not differ
between groups (Table 4). Even when GM content was included as a covariate in the POC
GABA/Cr ANOVA, no significant POC GABA/Cr group differences were observed (p=.
24).

Significantly higher ratios of ACC MM/Cr were evident in ADO compared to EA
[ADO=0.261±0.046; EA=0.224±0.054; F(1,47)=6.67, p=.013; ES=.36], but no significant
age differences were observed for the POC [ADO=0.245±0.038; EA=0.242±0.046]. ACC
MM/Cr did not correlate significantly with impulsivity or response inhibition on the GNG or
Stroop tasks.

Detailed examination of other proton metabolites and their relationships with impulsivity
and response inhibition measures were beyond the main scope of this a priori investigation
examining GABA. Briefly, Glu/Cr was higher and Gln/Cr was lower in the ACC of ADO
relative to EA, although age differences did not reach statistical significance (Table 3). The
Gln/Glu ratio was significantly lower in ADO than EA, but only in the ACC [F(1,48)=5.85,
p=.019; ES=.33]. However, this analysis did not survive a Bonferroni correction of six
multiple comparisons (p<.008) that was required for 2D-JPRESS metabolite comparisons.

Correlations between ACC Metabolites, Impulsivity and Response Inhibition
Significant correlations were observed between ACC GABA/Cr, BIS impulsivity and
percent accuracy on No-Go inhibition trials for the total sample. Specifically, higher ACC
GABA/Cr was associated with lower BIS Motor [r(49)=−.399, p=.002, BSCI r = −0.582 to
−0.178], Non-Planning [r(49)=−.262, p=.035, BSCI r = −0.471 to −0.026], and Total
impulsivity [r(49)=−.301, p=.018, BSCI r=−0.503 to −0.068], and higher percent accuracy
on No-Go trials of the GNG task [r(49)=.282, p=.026, BSCI r=0.047 to 0.487]. Of these
measures, only the ACC GABA/Cr relationship with BIS motor impulsivity survived
multiple comparison correction. In contrast, the relationship between ACC GABA/Cr and
Stroop INTF was not significant. Correlations with POC GABA/Cr also did not reach
significance. Exploratory correlations of other proton metabolites revealed only that lower
ACC Glu/Cr was significantly associated with higher attention impulsivity [r(50)=−.246, p=.
042, BSCI r=−0.455 to −0.011], although this finding would not survive correction for
multiple comparisons.

Menstrual Cycle Effects
Exploratory analyses revealed significantly higher ACC and POC GABA/Cr of females in
the follicular phase compared to those in the luteal phase: ACC follicular =0.179±0.056
(n=11); luteal=0.110±0.048 (n=8) [F(1,17)=7.96, p=.012; ES=.66]; POC
follicular=0.270±0.096 (n=11); luteal=0.159±0.074 (n=8) [F(1,17)=7.38, p=.015; ES=.65].
Given the variability associated with menstrual cycle phase on GABA, ANOVAs were
repeated for males only: group differences for ACC GABA/Cr and correlations with
impulsivity and response inhibition remained statistically significant and yielded larger
effect sizes: ACC GABA/Cr: ADO=0.113±0.048; EA=0.179±0.055 [F(1,22)=9.51, p=.005;
ES=.62]; ACC GABA/Cr and BIS Motor [r(24)=−.568, p=.002, BSCI r = −0.763 to −0.278],
Non-Planning [r(24)=−.399, p=.027, BSCI r=−0.654 to −0.0631] and Total impulsivity
[r(24)=−.409, p=.024, BSCI r=−0.660 to −0.075]; and No-Go percent accuracy: [r(24)=.758,
p<.0001, BSCI r=0.560 to 0.874]. Significant correlations between ACC GABA/Cr and
Stroop INTF also emerged in males: ACC GABA/Cr and INTF time [r(24)=−.451, p=.013,
BSCI r=−0.688 to −0.126] and derived-INTF [r(24)=−.386, p=.031, BSCI r=−0.645 to
−0.048]. However, only the relationships between ACC GABA/Cr, BIS Motor and No-Go
percent accuracy survived multiple comparison corrections. Notably, the ACC GABA/Cr
and No-Go percent accuracy correlation remained significant when adolescents were
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examined alone, r(15)=.787, p=.001 (Figure 2), which also survived multiple comparison
correction. ADO correlations were not significant for BIS or Stroop, and no correlations
were significant in EA examined alone. No significant group differences were observed for
POC GABA/Cr, ADO=0.250±0.091, EA=0.237±0.075; and no significant correlations were
evident between POC GABA/Cr, BIS, GNG or Stroop measures.

Discussion
This study provides the first in vivo human evidence of lower GABA in ADO relative to
EA, which is consistent with previous developmental findings (17,18). Lower adolescent
GABA/Cr was observed in ACC but not POC, and was evident in the absence of tissue
contribution differences. There were significant differences in POC tissue contributions but
not tissue percentage, the relevance of which is unclear with regard to the use of the POC as
a comparison region. Consistent with the à priori study hypotheses, lower ACC GABA/Cr
was significantly associated with greater impulsiveness and less cognitive control, with
lower ACC GABA/Cr most strongly predicting worse accuracy on No-Go trials in
adolescent males. Thus, ACC GABAergic contributions may not necessarily generalize
across impulse control indices, especially when response inhibition tasks require different
sensory or response demands (70). ACC GABA/Cr was not significantly related to other
aspects of cognition, such as attention or memory, or general intelligence. These findings
suggest that the observed brain and behavior relationships have unique regional significance,
as similar relationships with impulsivity and cognitive control were not observed for other
metabolites or for POC GABA.

Consistent with previous work by Epperson and colleagues (71), significantly lower GABA/
Cr levels were observed in ADO and EA females tested during the luteal phase than in the
follicular phase of the menstrual cycle, in both the ACC and POC. Indeed, group analyses
limited to males demonstrated greater statistical precision (smaller p-values, larger effect
sizes) for GABA differences and correlations. While pubertal stage was not assessed in the
present study, ADO were 12–14 years old, a span overlapping with pubertal endocrine
events (72). Thus, subtle pubertal stage differences may have existed within the ADO
sample, however, EA were clearly outside of the pubertal window. It is therefore important
that age-related differences in ACC GABA be replicated in a study that empirically
investigates the role of menstrual cycle phase, sex-specific hormones and pubertal stage on
impulsivity and response inhibition.

Significant relationships between individual variations in frontal lobe GABA and
impulsivity and automatic motor control have previously been reported adults (42,43,73–
75). Lower DLPFC GABA was associated with higher urgency (42) and lower
supplementary motor cortex GABA significantly predicted worse automatic motor control,
but not response inhibition (43). Notably, adult studies have failed to find significant
relationships between GNG performance and impulsivity (76,77). While BIS Motor scores
have been reported to load strongly on the ‘Feeling of Urgency’ factor (42,78), ACC GABA
was not correlated with impulsivity or response inhibition previously in adults. However,
relationships between ACC GABA/Cr and BIS motor and No-Go percent accuracy were
significantly correlated after multiple comparison correction across the ages currently
examined. Furthermore, only the ACC GABA/Cr and No-Go percent accuracy relationship
remained significant after multiple comparison correction when adolescents, but not adults,
were examined alone. This highlights the regional specificity of GABA in the developing
ACC to better predict response inhibition than impulsivity in adolescents. It is plausible that
developmental DLPFC GABA/Cr differences may have been even greater than those
observed in the ACC, and as in previous work, DLPFC GABA/Cr may have been more
strongly correlated with impulsivity measures (43) in the present adolescent sample.
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Brain GABA measured in the current study likely reflects intracellular rather than
intrasynaptic levels, since the majority of the GABA pool exists within GABAergic neurons
(79), although determining such specificity is beyond the capabilities of current in vivo
MRS methods. Given that the ACC is involved in detecting conflict, i.e., identifying that a
prepotent response needs to be inhibited, the relative immaturity of the ACC GABA
circuitry is likely ineffective for inhibiting incorrect responses. A potential mechanistic
framework by which reduced GABA is associated with less motor inhibition and cognitive
control during adolescence involves reduced modulation of glutamatergic activity (over
excitation), presumably due to the protracted maturation of frontal lobe GABA receptors,
along with reduced GABAergic tone in the rapidly developing ACC of adolescents. Clearly,
additional investigations are necessary to further elucidate the neurobiological mechanism
underlying the role of GABA in response inhibition and impulsivity during adolescence.

Notable strengths of the study include acquisition of spectral data using specialized
MEGAPRESS and 2D-JPRESS sequences within the same scanning session at 4.0T, which
permit improved spatial and spectral resolution, high SNR afforded by high field MRS,
optimal detection of GABA, Glu and Gln and measurement of metabolite T2. The current
study included a large number of subjects for an MRS study, 30 ADO and 20 EA, who were
well characterized to be healthy, and with no or minimal alcohol use, and no other substance
use, including nicotine. Finally, impulsivity and cognitive measures, selected to examine the
a priori study hypotheses, permitted the investigation of brain and behavior relationships
during the critical period of adolescent brain development.

Normalizing GABA to Cr has its disadvantages (80,81), however Cr T2 and Cr/total ratios
did not differ significantly between groups, which is consistent with previous developmental
studies (81,82). It would have been ideal to calculate absolute metabolite concentrations
(20,33), however, given the developmental aspect of this study, multiple T1 and T2
unknowns would have invalidated this approach. Further, co-editing of MM, which resonate
near the detected GABA peak, complicates accurate quantification of the edited GABA
signal (23,83–86). Some evidence exists for a smaller MM peak at 3.00ppm in adolescents
compared to adults (87), however significantly higher ACC MM/Cr was observed in ADO
than EA in the current study, which has limited relevance for interpreting GABA differences
but may reflect MM in general (83,84,86). Future studies should correct for MM to reliably
interpret age differences in GABA.

It is possible that accidental findings may have occurred, given the multiple measures
examined. This is unlikely for the à priori, regionally-specific developmental GABA
hypothesis, which was statistically supported with medium-large effect sizes. While the
analyses of other proton metabolites and correlations between ACC GABA/Cr, BIS and
Stroop measures did not survive multiple comparison corrections, the significant ACC
GABA/Cr and No-Go percent accuracy correlation in adolescents survived Bonferroni
correction (p<.008). Given that the major brain and behavior findings from this study are
correlational in nature, future studies that include GABA manipulations would strengthen
the current causal interpretations. Reduced occipital GABA was observed in young adult
social drinkers after an acute alcohol infusion, consistent with GABAA receptor facilitation
by alcohol (88). Drug challenges that alter GABA, however, would be unethical in
adolescents given the potential neurotoxicity of substances on the developing brain (89). Yet
activities that naturally boost GABAergic activity, such as yoga (40,41), may bolster
adolescent GABA maturation, which in turn could help adolescents manage the natural
course of impulsivity while optimizing decision-making.

These results suggest that the immature frontal cortex is only beginning to integrate
inhibitory GABAergic neurotransmission with inhibitory control in the healthy, yet
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vulnerable, adolescent brain. These GABA findings have important public health relevance,
as greater impulsivity and reduced motor control and inhibition could lead to increased risk-
taking and poor decision-making during a critical period of brain development, thereby
compromising adolescent health and safety. Alcohol and drug experimentation during
adolescence (90) could perpetuate an already heightened level of risk-taking and impulsivity
typically observed at this age, when GABA levels are developmentally low and there is risk
of altering the healthy maturation of this very important neural system. These findings are
also relevant given that reduced GABA has been implicated in anxiety disorders (34),
depression (26), obsessive-compulsive disorder (36), and alcohol dependence (32,39) in
adults, and in adolescents with major depressive disorder (38). These developmental GABA
data may therefore contribute to the development of novel GABAergic interventions that
have increased efficacy in treating adolescent substance abuse and psychiatric illnesses.
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Figure 1. MRS Voxel Placement and Proton Spectra
A) Sagittal image illustrating the placement of 20mm x 30mm x 20 mm single voxels in the
ACC and POC. Sample raw (no exponential filter) spectral ACC data: B) 2D-JPRESS
J=0.0Hz, C) difference-edited GABA and D) 68msec spectrum from MEGAPRESS.
Abbreviations: ACC, anterior cingulate cortex; POC, parieto-occipital cortex; Cr, creatine;
GLX, glutamate + glutamine; mI, myo-Inositol; Cho, choline; Gln, glutamine; Glu,
glutamate; NAA, N-acetyl-aspartate; GABA, gamma-aminobutyric acid; MM,
macromolecule.
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Figure 2. Correlation: ACC GABA/Cr and Response Inhibition
Scatterplot representing individual male subject data (n=15 ADO, n=10 EA) and linear
regressions of the relationship between ACC GABA/Cr and No-Go percent accuracy, where
higher percent accuracy scores reflect better response inhibition, [r(24)=.758, p<.0001] (not
shown: whole sample [r(49)=.282, p=.026]). Orange open diamonds represent ADO
individual subject data and blue filled circles represent EA individual subject data.
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Table 1

Demographic and Clinical Data

Subject Demographics ADO (n=30) EA (n=20) p

Age 13.6 ± 0.9 21.6 ± 1.7 .0001

Education 7.3 ± 0.9 14.7 ± 1.3 .0001

Female 50% 50% ns

Handedness 27R, 3L 20R, 0L -

Ethnicity 87% Caucasian 75% Caucasian -

Barratt Impulsivity ADO (n=30) EA (n=20) p

Attention 15.3 ± 4.2 14.6 ± 3.4 ns

Motor 24.2 ± 4.1 18.7 ± 2.9 .0001

Non-Planning 26.3 ± 4.8 21.6 ± 4.3 .001

Total Score 65.8 ± 10.3 54.8 ± 8.5 .0001

Data represent mean values ± SD.

Abbreviations: ADO, adolescent; EA, emerging adult; ns, not statistically significant, p >.05.
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Table 2

Cognitive Performance Data

WASI ADO (n=30) EA (n=20) p

Vocabulary T-Score 62.2 ± 9.6 61.7 ± 7.3 ns

CVLT-C/CVLT-II ADO (n=30) EA (n=19)a p

Trial 1 % correct 51.1 ± 11.0 52.0 ± 16.3 ns

Trials 1 – 5 % correct 73.3 ± 9.3 75.4 ± 11.5 ns

Recognition % correct 95.6 ± 7.7 98.0 ± 3.0 ns

Stroop Color-Word Task ADO (n=30) EA (n=20) p

Color Naming Time (sec) 67.4 ± 11.0 56.8 ± 10.2 .001

Errors 2.3 ± 1.7 1.1 ± 1.1 .007

Word Reading Time (sec) 51.8 ± 8.1 45.1 ± 7.6 .005

Errors 1.3 ± 1.2 1.3 ± 1.2 ns

Interference Time (sec) 120.2 ± 28.9 103.4 ± 28.3 .047

Errors 4.4 ± 4.0 3.0 ± 2.5 ns

Derived Interference Time (sec) 52.8 ± 21.4 46.6 ± 24.4 ns

Go No-Go Task ADO (n=30) EA (n=18)b p-value

Go Total Percent Accuracy 90.6 ± 4.8 95.4 ± 4.4 .001

Go Reaction Time (msec) 412.6 ± 77.0 397.5 ± 81.8 ns

No-Go Total Percent Accuracy 71.1 ± 15.8 87.9 ± 6.2 .0001

Data represent mean scores ± standard deviation.

a
CVLT data were unavailable from one EA subject.

b
Data from two EA subjects for No-Go trials were determined to be statistical outliers and were not included in the univariate ANOVAs.

Abbreviations: ADO, adolescent; EA, emerging adult; ns, not statistically significant, p >.05, WASI, Wechsler Abbreviated Scale of Intelligence,
CVLT, California Verbal Learning Task
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