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Gamma-aminobutyric acid (GABA) metabolism is implicated in posttraumatic stress disorder (PTSD) and may be altered in
prefrontal-limbic brain regions involved in arousal regulation. This study used proton magnetic resonance spectroscopy (MRS) to
test the hypothesis that PTSD and trauma-exposed non-PTSD comparison (TENC) adults have significantly different GABA than
healthy comparison (HC) subjects in two brain areas implicated in arousal (medial prefrontal cortex, insula) but not in a control brain
area (posterior temporal cortex). We also examined whether GABA alterations correlated with hyperarousal and dissociation
symptoms. One hundred and fourteen participants (39 PTSD, 34 TENC, 41 HC) underwent 3T MRS of the medial prefrontal, right
insular, and right posterior temporal cortices, and the GABA plus macromolecule signal (GABA+) was normalized to creatine (Cr).
The Clinician Administered PTSD Scale measured hyperarousal symptoms, including sleep disruption. The Dissociative Experiences
Scale assessed dissociation symptoms. PTSD and TENC participants had significantly lower mPFC GABA+/Cr than HC participants,
and this deficit was significantly correlated with greater dissociation. Compared with HC, PTSD patients but not TENC had
significantly lower insula GABA+/Cr. Total hyperarousal symptoms and sleep disruption were not significantly associated with
GABA+/Cr alterations in either region. Our findings point to lower GABA in cortical areas implicated in arousal regulation in PTSD
and suggest that GABA alterations are associated with symptoms of trauma-related psychopathology but not always a biomarker of
diagnosis. These findings also add to evidence that dissociation has distinct neural correlates within PTSD, including high
excitability of medial prefrontal cortex.
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INTRODUCTION
Gamma-aminobutyric (GABA) metabolism is implicated in beha-
viors and physiological processes that are associated with
posttraumatic stress disorder (PTSD; [1–4]). Preclinical studies
have shown that GABA agonists inhibit hyperarousal states,
including the startle response induced by predator stress [5]. Fear
learning is associated with morphological and functional adapta-
tions of inhibitory GABA neurons within the medial prefrontal
cortex (mPFC) and amygdala, and these changes modulate arousal
level, fear learning, and threat detection sensitivity [6, 7].
Medications that potentiate GABA — including gabapentin [8],
tiagebin [9], pregabalin, and baclofen [10, 11] — have shown
some efficacy for PTSD either as standalone or adjunctive
therapies [11, 12]. Consistent with evidence that these GABA
agonists attenuate arousal in rodents, they improve hyperarousal
symptoms of PTSD, including insomnia [8, 10–12]. Altogether,
these lines of research suggest that GABAergic alterations in
mPFC-limbic regions are associated with PTSD and may be
relevant to alterations in arousal.
Proton magnetic resonance spectroscopy (MRS) allows detec-

tion of brain GABA in vivo and can therefore probe GABA
involvement in behaviors and diagnosed conditions. Measure-
ment of GABA has historically been challenging because of its low

concentration in the brain and its overlap with more prominent
metabolite peaks in the proton spectrum. However, advances in
spectral acquisition methods, such as the widely used MEGAPRESS
(MEGA-Point REsolved Spectroscopy Sequence), have greatly
improved reliable estimation of brain GABA levels [13]. MEGA-
PRESS is an imaging sequence that selectively isolates or “edits”
the GABA signal within the MRS spectrum [14]. Our research group
and others have implemented MRS spectral editing methods to
measure regional brain GABA in medial prefrontal-limbic brain
areas associated with psychiatric illness (e.g. [15–19]).
A handful of studies have examined GABA levels in PTSD, and

their findings vary across brain regions. In an early investigation,
our laboratory reported that GABA in the right anterior insula, but
not dorsal anterior cingulate cortex (ACC), was significantly lower
in 13 patients with civilian-based PTSD than in 13 age- and sex-
matched, non-traumatized healthy participants [20]. A subsequent
investigation of dorsal ACC GABA found that a group of 27
veterans with PTSD and a group of 18 veterans without PTSD both
had significantly lower dorsal ACC GABA than 28 non-traumatized
controls [21], suggesting that combat exposure but not PTSD
diagnosis is associated with low ACC GABA. Another research
group conducted two MRS investigations of GABA in the medial
temporal cortex of PTSD patients relative to trauma-exposed non-
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PTSD (TENC) subjects, and found lower GABA associated with
PTSD in one study [22] but not in the other [23]. Thus far, only one
prior study has reported elevated cortical GABA in PTSD [24]
namely, higher GABA in the rostral ACC and left dorsolateral
prefrontal cortex of 12 PTSD patients compared with 17 TENC.
Altogether, this evidence suggests that brain GABA is altered in
PTSD, and that there may be regional differences in the presence
and nature of these alterations.
There is also growing evidence of different PTSD symptom

correlates of GABA alterations depending on the brain region,
consistent with involvement of GABA metabolism in multiple
physiological processes and behaviors relevant to PTSD. One
study found that insomnia was associated with significantly lower
GABA in the parieto-occipital cortex of patients with PTSD, but not
with GABA in the medial temporal cortex [22]. Similarly, Sheth and
colleagues [21] found that greater sleep impairment correlated
with lower dorsal ACC GABA levels in PTSD patients. Comorbidities
including substance use disorders and depression may also
contribute to variability in GABA within PTSD. Pennington and
colleagues [23] found that PTSD patients with comorbid alcohol
use disorder had similar GABA levels in parieto-occipital and
temporal cortices as healthy participants, whereas PTSD patients
without alcohol use disorder showed significantly lower GABA
levels than healthy controls in both regions. These findings
converge with other evidence that excessive use of drugs,
including alcohol and nicotine, can affect GABA activity [25–27].
Regarding depression, a meta-analysis of MRS GABA studies
concluded that cortical GABA is lower in current (but not remitted)
major depressive disorder [28].
The evidence reviewed above points to the importance of

identifying regional brain GABA alterations in PTSD, and of
determining their potential relevance to alterations in arousal,
while accounting for effects of comorbidity. In this study, we
compared GABA levels between adults with PTSD, TENC subjects,
and non-traumatized healthy comparison (HC) subjects. We
focused on two prefrontal-limbic brain areas that have been
implicated in PTSD and modulation of arousal (mPFC, right
insula), and on one control brain area (right posterior temporal
cortex) that has not been centrally implicated in either PTSD or
arousal. Relative to HC, the PTSD and TENC groups were predicted
to show significant differences in mPFC and insula GABA but not
in temporal cortex GABA. To examine the specificity of GABA
differences, we also compared the groups on N-acetyl
aspartate (NAA), an index of neuronal integrity. Finally, we
hypothesized that GABA alterations detected in insula and
mPFC would correlate with symptoms of excessive arousal
(hyperarousal, including disrupted sleep) or attenuated arousal
(dissociation).

MATERIALS AND METHODS
Participants
We recruited 126 participants (ages 18–50) via advertisements in the local
community. All subjects provided written informed consent after receiving
a full explanation of study procedures and were compensated for
participating. Study procedures were approved by the Partners Human
Research Committee. Our analyzed sample was 114 participants consisting
of 39 adults with DSM-IV PTSD, 34 TENC adults with subthreshold
symptoms, and 41 HC subjects with no history of DSM-IV Axis I disorder or
Criterion A trauma exposure. This sample was defined after excluding:
three participants for clinical neuroradiologic abnormalities; two for
excessive head movement; two for claustrophobia; one for missing MRS
data; one for inconsistent reporting precluding group assignment; two for
left-handedness; one for current cannabis abuse. Selection criteria are
detailed in the Supplement.
Doctoral-level psychologists administered the Structured Clinical Inter-

view for DSM-IV Axis I Disorders (SCID) to all participants, and the Clinician
Administered PTSD Scale for DSM-IV (CAPS) to PTSD and TENC participants.
Based on the CAPS, 23 PTSD participants met criteria for current PTSD
and 16 for lifetime PTSD with currently subthreshold symptoms. TENC

participants endorsed a history of DSM-IV Criterion A trauma exposure and
had never met criteria for more than one PTSD symptom cluster.
Depressive disorders were the most common comorbid conditions in

the PTSD group (MDD, 12; dysthymic disorder, two; Depression not
otherwise specified ((NOS), one), and in the TENC group (MDD, one;
dysthymic disorder, one; depression NOS, one). One PTSD participant was
taking a selective serotonin reuptake inhibitor (stable dose for ≥8 weeks).
No other participants were taking psychotropic medication. Information on
Axis I psychiatric comorbidities and index traumas is in the Supplement.

Interview and self-report measures
Life Experiences Checklist (LEC; [29]). All participants completed the LEC, a
self-report questionnaire of exposure to 16 potentially traumatic life
events. LEC score was derived as a measure of lifetime trauma load
(number of traumas directly experienced plus number directly witnessed).
Participants who checked one or more LEC items were asked follow-up
questions by a clinician to determine whether any corresponded to a
Criterion A trauma.

CAPS [30]. Participants with one or more LEC items meeting Criterion A
(A1 and A2) for PTSD were administered the CAPS to determine
assignment to PTSD and TENC groups. The CAPS also was used to
calculate PTSD total symptom and subscale scores (Table 1). Sleep
disruption scores were the sum of CAPS item B2 (distressing dreams) and
CAPS item D1 (difficulty falling or staying asleep). CAPS “hyperarousal–”
scores were the sum of all D cluster items, except for D1.

Beck Depression Inventory, Version 1a (BDI; [31]). BDI total score was used
as a measure of depression symptom severity.

Dissociative Experiences Scale, 2nd version (DES; [32]). DES total score was
derived as a measure of dissociation symptom severity.

Assessment of alcohol and nicotine use. Participants were asked to refrain
from alcohol use for at least 24 h prior to their study visit and were queried
about their most recent consumption of alcohol during their visit. Because
chronic use or dependence on alcohol or nicotine affects GABA,
participants were excluded for alcohol abuse in the past year or
dependence in the past five years, as assessed with the SCID. To assess
nicotine use disorder [25], we administered the Fagerström Test for
Nicotine Dependence (FTND) to participants who endorsed regular
nicotine use [33]. Five PTSD and two TENC participants were nicotine
dependent (PTSD: two very dependent, three moderately dependent;
TENC: one very dependent, one moderately dependent; Χ2 (df= 2) = 2.27,
p= 0.32).

Menstrual and birth control questionnaire. Female participants provided
information on their menstrual cycle, days since last menstruation, and use
of hormonal contraceptives (Supplement).

Magnetic resonance imaging and spectroscopy
Acquisition. Imaging was conducted at McLean Hospital on a 3 T Siemens
Tim TRIO, whole-body, MR scanner using a 32-channel phased-array design
radiofrequency head coil operating at 123MHz. Participants were
positioned inside the coil with lateral padding to minimize head
movement. A three-plane series of scout images confirmed optimal head
positioning. High-resolution T1 anatomic images then were acquired using
the following parameters: 128 slices, 256 × 256 matrix, echo time= 3.31
ms; repetition time= 2530ms; inversion time= 1100ms; flip= 7°, slice
thickness= 1.33mm). These structural images were used to position the
MRS voxels.

MRS voxel positioning. The same investigator (JEJ) positioned all voxels for
all participants using internal anatomical landmarks. A 2.5 × 2.5 × 3 cm3

mPFC voxel was centered on the midline in the axial plane and on the tip
of the corpus callosum in the sagittal plane (Fig. 1). The posterior edge of
the mPFC voxel abutted but did not include corpus callosum. This voxel
contains mostly gray matter of rostral anterior cingulate gyrus (Brodman
area (BA) 32 and 24). A similar voxel has been labeled in prior studies as
anterior cingulate cortex [15], medial prefrontal [34], or ventromedial
prefrontal cortex [17, 35].
A 2 × 2 × 3 cm3 right insula voxel was obliqued in the sagittal and axial

planes along the axis of the insular cortex as we previously described [20].
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This voxel was placed with its anterior edge at the anterior limit of the
insula and the medial border was positioned to maximize insula gray
matter and exclude other subcortical nuclei. This voxel includes the
anterior and middle insular gyri.
A 2 × 2 × 3 cm3 right temporal cortex voxel was obliqued in the sagittal

plane along the horizontal portion of the posterior superior temporal
sulcus and centered on the Jensen sulcus in the sagittal and coronal
planes. This voxel contains portions of posterior middle and superior
temporal gyri.

Spectral acquisition. Shimming of the voxel was conducted using a
machine automated routine, followed by manual shimming (JEJ).
Following automated water-suppression, carrier-frequency, tip angles
and coil tuning, a MEGAPRESS sequence [14]) acquired single voxel
spectra at 68ms in pairs collected in interleaved fashion, with the GABA-
edited pulse applied on every second transient. Pairs (256) of “ON” and
“OFF” spectra were acquired at a TR= 2 s and a spectral bandwidth of 1.2
kHz, with a scan duration= 8.5 min.

MRS data processing. All spectra were visually inspected for artifacts and
fitting errors (JEJ). Spectra were excluded from the analyses for a full-width
half maximum (FWHM) > 12, signal-to-noise ratio (SNR) < 6, a Cramer Rao
Lower Bounds ≥ 20% for GABA and 10% for NAA. Based on these criteria,
quality metabolite data were available for n= 110 (38 PTSD, 34 TENC, 38
HC) from mPFC, for n= 107 (37 PTSD, 33 TENC, 37 HC) from right insula,
and for n= 106 (37 PTSD, 34 TENC, 35 HC) from temporal cortex.
Spectral data were processed using a Linux workstation with in-house

reconstruction software and LCModel software [36], blind to subject
information and group assignment. For quantification of GABA, difference-
edited spectra were fitted in LCModel with basis sets using identical
spectral sequences used to acquire in vivo spectra at 3T. Individual “ON”
and “OFF” averages were frequency- and phase-corrected using the
residual water resonances as a navigator. All “ON” and “OFF” spectra were
averaged separately to produce single 68ms “ON” and “OFF” spectra,
which subsequently were subtracted to produce an optimized, difference-
edited GABA spectrum. The processing pipeline yielded unscaled values
for creatine and GABA. Because acquired GABA spectra contain contribu-
tions from co-edited macromolecules at the 3.00 ppm resonance, GABA is
denoted as GABA+ as done previously (e.g. [37–39]). The difference-edited
GABA resonance at 3.00 ppm and co-edited Glu and Gln peaks at 3.75 ppm
and ~2.3 ppm were normalized to the fitted creatine (Cr) resonance
(GABA+/Cr) from the 68ms sub-spectrum [40, 41], after verifying that the
groups did not differ on the ratio of Cr to the total 68 ms proton spectrum

(mPFC: F(2,107)= 0.273, p= 0.762; insula: F(2,104)= 0.303, p= 0.739;
temporal cortex: F(2,103)= 1.457, p= 0.238). Figure 1 shows sample raw
MEGAPRESS “ON” (difference-edited) and “OFF” (1D-68ms) spectra (black)
and associated fits (red). Tissue composition of each voxel was determined
by segmenting T1 images into gray matter, white matter and cerebrospinal
(CSF) using FSL 4.1 (FMRIB Software Library Analysis Group, FMRIB; Oxford,
UK). In a separately recruited sample, test-retest assessments of insula
GABA+/Cr in six healthy adults (scanned twice within 30min) yielded a
coefficient of variation of 11.76% ± 9.67 (mean ± SD), which is within the
range of repeatability results obtained by others [13, 39, 42].

Statistical analyses
Analyses of variance (ANOVA) examined group differences in GABA+/Cr
with a Bonferroni-adjusted p-value of .017 adjusting for comparisons at
three voxels, and post-hoc Dunnett’s tests comparing PTSD to HC and
TENC to HC. These were followed by linear models that covaried for
potentially confounding effects of age, sex, and CSF proportion of the
voxel, consistent with prior literature [20, 43]. For linear regressions with
significant effects of group, we ran follow-up Dunnett’s tests of least-
squares means, adjusting for the covariates. Pearson correlations examined
bivariate associations, including whether GABA+/Cr was significantly
correlated with sleep disruption, hyperarousal–, and DES scores. To
minimize the number of analyses, symptom correlations were run only
for regions where the omnibus linear model had identified a significant
association of group with GABA+/Cr. Correlations were exploratory and
not corrected for multiple comparisons. All statistical analyses were
conducted using JMP 14.0 (SAS Institute Inc, USA).

RESULTS
Table 1 shows demographic and clinical characteristics of the
participants.

Group differences in GABA and NAA
Insula. Table 2 shows metabolite levels across groups. There was
a significant group difference in insula GABA+/Cr (F(2,107)= 3.142,
p= 0.047), corresponding to lower GABA+/Cr in PTSD than HC
participants (Cohen’s d=−0.581, p= 0.043) and a nonsignificant
difference between TENC and HC participants (d=−0.441, p=
0.090). The linear model predicting insula GABA+/Cr was
statistically significant (F(5,99)= 3.593, p= 0.005), with a significant

Table 1. Demographic and clinical characteristics of the sample of adults with posttraumatic stress disorder (PTSD), trauma-exposed non-PTSD
controls (TENC), and healthy controls (HC). Means and standard deviations, or N(%).

Characteristic PTSD (n= 39) TENC (n= 34) HC (n= 41) Statistic

Age 33.85 ± 7.74 33.34 ± 8.96 32.98 ± 8.86 F (2, 111)= 0.11, p= 0.90

Sex (Female) 21 (53.85%) 19 (55.88%) 22 (53.66%) Χ2 (2, 114)= 0.04, p= 0.98

Race Χ2 (6, 114)= 3.99, p= 0.68

White 27 (69.23%) 20 (58.82%) 29 (70.73%)

Black 7 (17.95%) 6 (17.65%) 5 (12.20 %)

Asian 2 (5.13%) 6 (17.65%) 5 (12.20%)

Other 3 (7.69%) 2 (5.88%) 2 (4.88%)

LEC 8.26 ± 4.26a 6.56 ± 3.87a 2.27 ± 1.90 F(2,111)= 31.83, p < 0.0001

CAPS

Total 43.74 ± 23.17 7.44 ± 9.48 — t (71)= 8.53, p < 0.0001

Re-experiencing 10.64 ± 7.65 2.21 ± 3.62 — t (71)= 5.88, p < 0.0001

Avoidance 18.82 ± 11.74 3.12 ± 4.98 — t (71)= 7.25, p < 0.0001

Hyperarousal 14.28 ± 7.66 2.12 ± 3.53 — t (71)= 8.50, p < 0.0001

BDI 13.97 ± 10.61b 5.91 ± 6.73a 0.93 ± 1.62 F (2, 110)= 31.97, p < 0.0001

DES 11.13 ± 8.39b 6.39 ± 4.72 4.16 ± 4.47 F (2, 110)= 13.07, p < 0.0001

LEC Life Events Checklist, CAPS-DX Clinician Administered PTSD Scale for DSM-IV, BDI Beck Depression Inventory, DES Dissociative Experiences Scale.
asignificantly different from HC.
bsignificantly different from TENC and HC; events directly experienced and witnessed; BDI and DES scores missing for 1 HC.
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Table 2. GABA+ and NAA levels in right insula, medial prefrontal cortex, and right posterior temporal cortex voxels in adults with posttraumatic
stress disorder (PTSD), trauma-exposed non-PTSD participants (TENC), and healthy controls (HC). Means and standard deviations.

Voxel Metabolite PTSD TENC HC PTSD vs HC TENC vs HC

Insula

GABA+/Cr 2.208 ± 0.341* 2.237 ± 0.431 2.413 ± 0.364 −8.41% −7.44%

NAA/Cr 0.773 ± 0.103 0.778 ± .116 0.805 ± 0.099 −3.89% −3.30%

mPFC

GABA+/Cr 2.238 ± 0.316** 2.270 ± .384** 2.489 ± 0.313 −10.08% −8.81%

NAA/Cr 0.796 ± 0.116 0.802 ± .128 0.787 ± 0.140 1.13% 1.87%

Temporal

GABA+/Cr 2.212 ± 0.587 2.323 ± 0.482 2.311 ± 0.599 −4.33% 0.04%

NAA/Cr 0.827 ± 0.116 0.854 ± .133 0.806 ± 0.180 2.54% 5.62%

All GABA values are a factor of 10−7.
Cr creatine, GABA γ-aminobutyric acid, mPFC medial prefrontal cortex.
*significantly different than HC at p ≤ 0.05, **significantly different than HC at p ≤ 0.01.

(A)

(B)

(C)

Fig. 1 Fitted GABA+ data using MEGAPRESS and T1-weighted structural images showing the localization of the voxels. (A) medial
prefrontal cortex (MPFC), (B) right anterior insula, and (C) right temporal cortex (TEMP). In each panel, sample raw MEGAPRESS “On”
(difference-edited) and “Off” (1D-68ms) spectra are shown in black, along with their LCModel fits in red. Residuals above each spectrum depict
the accuracy of the data fit. Cho choline, Cr creatine, GABA γ-aminobutyric acid, mI myoinositol.
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effect of group (F(2,99)= 3.240, p= 0.043), and nonsignificant
effects of age, sex, and %CSF. Least-squares means Dunnett’s
showed significantly lower insula GABA+/Cr in PTSD than HC (p=
0.044), not in TENC relative to HC (p= 0.080). There was no
significant group difference in insula NAA/Cr (Supplement).

mPFC. ANOVA identified a significant group difference in mPFC
GABA+/Cr (F(2,107)= 6.173, p= 0.003), corresponding to lower
GABA+/Cr in PTSD than HC (d=−0.798, p= .003), and lower
GABA+/Cr in TENC than HC (d=−0.625, p= 0.013) (Table 2). The
linear model predicting mPFC GABA+/Cr was statistically sig-
nificant (F(5,103)= 2.573, p= 0.031), with a significant effect of
group (F(2,103)= 5.453, p= 0.006), and no significant contribu-
tions of age, sex, or %CSF. Least-squares means Dunnett’s found
significantly lower mPFC GABA+/Cr in PTSD than HC (p= 0.006),
and in TENC compared with HC (p= 0.024). There was no group
difference in mPFC NAA/Cr (Supplement).

Temporal cortex. ANOVA identified no significant group differ-
ence in right temporal cortex GABA+/Cr (F(2,106)= 0.422, p <
0.657). The linear model predicting temporal GABA+/Cr was
nonsignificant (F(5,100)= 0.894, p= 0.488), with no significant
effect of group (F(2,100)= 0.640, p= 0.640) or any covariate. There
was no group difference in temporal cortex NAA/Cr (Supplement).

Correlations with PTSD symptoms
Insula. Within PTSD participants (who differed significantly from
HCs on insula GABA+/Cr), there was a nonsignificant negative
correlation of insula GABA+/Cr with sleep disruption (r(37)=
−0.277, p= 0.097; Fig. 2). Insula GABA+/Cr was not significantly
correlated with hyperarousal– scores (r(37)=−0.145, p= 0.390) or
DES scores (r(37)=−0.016, p= 0.927) in PTSD patients.

mPFC. Within the combined PTSD and TENC groups (who
differed significantly from HCs on mPFC GABA+/Cr), there was a
significant negative correlation of mPFC GABA+/Cr with DES
scores (r(72)=−0.275, p= 0.019; Fig. 3). mPFC GABA+/Cr was not
significantly associated with hyperarousalscores (r(70)=−0.176,
p= 0.145) or sleep disruption (r(70)=−0.054, p= 0.657).

Potential comorbidity confounds
Depression. BDI scores were not significantly correlated with
insula GABA+/Cr in PTSD participants (r(37)=−0.027, p= 0.872),
or with mPFC GABA+/Cr in trauma-exposed participants (r(72)=
0.031, p= 0.794).

Alcohol and nicotine use. All participants reported abstaining
from alcohol for at least 24 h prior to their study visit. Within the
seven nicotine-dependent participants, the correlation between
FTND score and mPFC GABA+/Cr was a very small effect (r(6)=
−0.067, p= 0.900). Similarly, the correlation between FTND scores
and insula GABA+/Cr was a small effect size (r(6)=−0.137, p=
0.796).

DISCUSSION
In this study, we used single voxel MEGAPRESS to test the
hypothesis that PTSD and trauma-exposed non-PTSD adults would
show regionally-specific alterations in GABA within medial
prefrontal and insular cortices, but not in the posterior temporal
cortex, compared with non-traumatized healthy adults. Our
secondary hypotheses examined whether differences in GABA
were associated with symptoms of altered arousal. We found
significantly lower mPFC GABA in both PTSD and TENC compared
with HC participants, and mPFC GABA levels were significantly
negatively correlated with dissociation severity within trauma-
exposed participants. We also found significantly lower right
insula GABA in PTSD compared with HC, but not in TENC

compared with HC. As predicted, neither the PTSD nor the TENC
group had significantly different GABA levels in the right posterior
temporal cortex compared with HC. Finally, there were no
significant group differences in NAA in any of the three voxels,
indicating that the GABA differences in mPFC and insula are likely
not due to differences in neuronal density.
To our knowledge, this is the first report of lower mPFC GABA in

trauma-exposed adults with and without PTSD. In this study, the
mPFC voxel contained mostly rostral ACC (BA 32), in contrast to
the more dorsal ACC location in our prior investigation [20]. Our
results differ from those of an earlier report of higher GABA in
PTSD patients compared with healthy adults in a similar mPFC
location [24]. This could relate to differences in how PTSD was
operationalized and in the size of the voxel between the two
studies. Michels et al. [24] defined PTSD using a CAPS cut-off score,
not as a DSM diagnosis that requires endorsement of certain
combinations of symptoms. In addition, the mPFC voxel of Michels
et al. [24] extended anteriorly through the medial frontopolar
cortex (BA10). Thus, differences in rostral ACC and frontal pole
GABA may have contributed to the different findings across
studies. Rostral ACC GABA has been shown to correlate with
negative BOLD responses during emotion regulation tasks [44],
and lower GABA levels in PTSD may reflect more limited capacity
of prefrontal GABAergic interneurons to modulate local
information-processing functions [45]. One role of mPFC GABA

Fig. 2 Insula GABA+/Cr and sleep disruption scores in participants
with posttraumatic stress disorder (n= 37). Cr creatine, GABA γ-
aminobutyric acid.

Fig. 3 Medial prefrontal cortex GABA+/Cr and dissociation scores in
all trauma-exposed participants (n= 72). Cr, creatine; GABA, γ-
aminobutyric acid.
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interneurons is to integrate afferent inputs that mediate acquisi-
tion of conditioned fear responses, such that activation of mPFC
GABA neurons during fear learning may “signal” for conditioned
fear stimuli during fear learning [7]. In addition, mPFC GABA
interneurons regulate efferent signaling of mPFC principal
neurons, ultimately modulating downstream recruitment of the
larger brain network that mediates fear expression and defensive
behavior [45]. Thus, our finding of lower GABA may be consistent
with other neuroimaging evidence of rostral ACC dysfunction in
trauma and PTSD, including prior reports of relatively decreased
rostral ACC activation during emotion regulation and fear
inhibition tasks [46–48].
A finding of lower GABA in the right insula in PTSD compared

with HC participants replicates a previous finding from our
laboratory, which was conducted in a different sample and using a
4 Tesla scanner [20]. We also extend those findings by showing
that this GABA deficit was smaller in magnitude and not
statistically significant in TENC compared with HC subjects.
Because PTSD and TENC participants did not differ on lifetime
trauma exposure, lower GABA in the insular cortex may be an
illness marker of PTSD, rather than a marker of trauma exposure or
subclinical symptom presentation. The anterior insula is involved
in anticipating aversive events and monitoring emotional
responses [49, 50], and it exhibits lateralized functioning whereby
the right insula appears particularly important for sympathetic
arousal [51]. In functional imaging studies of PTSD, anterior insula
hyperactivity is consistently observed during processing of
negatively-valenced stimuli including trauma reminders [52, 53].
It is possible that lower insula GABA in people with clinically-
significant PTSD is related to functional over-reactivity during
aversive processing.
Our findings add to evidence relating dissociation and arousal

to mPFC neurobiology. We found that higher trait dissociation,
reflecting a tendency towards emotional detachment and
hypoarousal responses to stress, was associated with lower GABA
levels in the mPFC among the trauma-exposed participants.
Dissociation involves a blunting of internal physiological sensa-
tions and emotions, along with cognitive detachment from one’s
immediate external surroundings. The neurobiology of dissocia-
tion involves greater mPFC top-down modulation of limbic
regions such as the amygdala and insula, leading to suppression
of their activity and autonomic blunting [54–56]. Regarding
potential correlates of lower insula GABA in PTSD, there were no
significant associations with dissociation, hyperarousal, or sleep
disruption symptoms. We propose that the latter could be further
studied using more sensitive indexes of sleep quality. Indeed,
there is a growing literature supporting a relationship between
GABA and sleep, including studies showing that patients with
primary insomnia, compared with healthy sleepers, have sig-
nificantly lower levels of cortical GABA [57–59]. The insula
contributes to sleep via its connections with cortical and
brainstem regions that control sleep-wake cycling [60, 61].
Altogether, this motivates larger investigations of insula GABA
and sleep disruption in PTSD.
There are methodological strengths and limitations to consider

when interpreting our findings. Because this was a cross-sectional
study, we cannot assess whether lower GABA was a precursor
versus consequence of trauma and PTSD; however, our findings of
larger effect sizes in PTSD compared with TENC, along with
symptom correlations, suggest that GABA deficits scale with
aspects of illness severity. Moreover, these neurochemical
differences cannot be attributed to psychotropic medication
effects, since all but one participant was unmedicated. The
neurochemical changes also showed some specificity to GABA, as
there were no group differences in NAA in any voxel. Importantly,
our study design excluded the possibility that GABA findings were
related to excessive or recent use of alcohol. However, given the
anxiolytic and GABAergic effects of alcohol, one avenue for future

research will be to examine whether subclinical alcohol con-
tributes to GABA deficits in some PTSD patients. Because MRS
measurement captures both the pre- and post-synaptic pools of
GABA, we cannot conclude that lower GABA reflects less
neurotransmission or inhibition. Finally, our study did not include
a dedicated assessment of sleep; rather, power to detect
individual differences in sleep was limited by use of a two-item
score from a general PTSD symptom measure.
In summary, our findings suggest that lower GABA differs in its

presence and clinical significance across cortical regions in PTSD.
Lower mPFC GABA was seen in trauma-exposed participants
irrespective of PTSD diagnosis, and it may be a marker of trait-
related processes such as a tendency towards dissociation. In
contrast, lower right insula GABA may be an illness marker of
PTSD, reflecting severity of disease processes.
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