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Abstract—The perigenual anterior cingulate cortex (PACC)
shows high resting state activity and is considered part of
the default-mode network (DMN). However, the biochemical
underpinnings of the PACC’s high resting state activity
remain unclear. While animal-based evidence points toward
a role for the glutamatergic system, the modulation of the
resting state activity level by itself as distinguished from
stimulus-induced activity remains to be shown in humans.
Using combined fMRI-MRS in healthy subjects, we here
demonstrate that the PACC resting state concentration of
glutamate is directly related to the level of resting state
activity in the same region. In contrast, no such relationship
could be detected during the anticipation of reward and
punishment, nor in an independent control region (the left
anterior insula). Taken together, our findings demonstrate
for the first time the modulation of the PACC resting
state activity level by the concentration of glutamate in the
same regions. This contributes to a better understanding
of the biochemical basis for the brain’s resting state activity
as well as providing some clues regarding its apparent path-
ological upregulation in psychiatric disorders like the major
depressive disorder. © 2012 IBRO. Published by Elsevier
Ltd. All rights reserved.
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INTRODUCTION

Recent evidence from animal models, post-mortem
studies, and challenge with the NMDA-antagonist
Ketamine (Salvadore et al., 2009, 2010; Walter et al.,
2009; Alcaro et al.,, 2010) indicate a potential role for
glutamate in elevating resting state activity in the PACC.
While these data provide indirect evidence for the role
of glutamate in the modulation of the resting state
activity level, direct evidence in healthy human subjects
is still missing. In contrast to humans, there is a wide
range of evidence from animals that resting state levels
of glutamate and its respective receptors, (i.e., NMDA,
AMPA and GIuR2) impact the neural activity in the
PACC (Millan, 2003; Johansen and Fields, 2004).
Taken together with the well-known high density of
glutamatergic receptors in the human PACC (Bozkurt
et al., 2005; Palomero-Gallagher et al., 2008a,b), these
data suggest that there may be a direct relationship
between glutamate and the resting state activity level in
the PACC in healthy subjects.

Human imaging studies have demonstrated the PACC
to be part of the default-mode network (DMN), a group of
regions that display high neuronal activity in the resting
state (Raichle et al., 2001; Buckner et al., 2008). Among
the regions of the DMN (medial prefrontal cortex,
posterior cingulate cortex, hippocampus, lateral parietal
cortex), the PACC seems to be special in that it shows a
predominant deactivation in response to tasks. This
means that tasks induce a negative BOLD response
(NBR) within the region, rather than a positive BOLD
response (PBR), with the NBR being broadly stimulus
unspecific (Gusnard et al., 2001; Gusnard and Raichle,
2001; Northoff and Bermpohl, 2004; Northoff et al., 2007;
Grimm et al.,, 2009). While NBR as a task-induced
response has been associated with GABA in the PACC
(Northoff et al., 2007), the biochemical modulation of the
resting state activity level itself independent of its impact
on NBR remains unclear. While recent studies (Duncan
et al., 2011; Falkenberg et al., 2012) showed glutamate
in PACC or SACC to modulate the transition from the
resting state to stimulus-induced activity, i.e., rest—
stimulus interaction (Northoff, 2012), it remains unclear
whether the effects of glutamate are related to the
resting state activity level by itself or its degree of
modulation and change by the stimulus.

Major depressive disorder (MDD) is a debilitating
psychiatric disorder that can be characterized by
anhedonia. Anhedonia describes the inability to
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experience pleasure and has therefore been associated
with changes in regions of the reward system including
the ventral striatum (VS), the ventral tegmental area
(VTA), the ventromedial prefrontal cortex (VMPFC) and
the perigenual anterior cingulate cortex (PACC) (Steele
et al.,, 2004; Heller et al., 2009; Pizzagalli et al., 2009;
Eshel and Roiser, 2010; Hasler and Northoff, 2011).
Among other regions, the PACC seems to be
of significance for a deeper understanding of MDD since
patients suffering from MDD show an abnormally
elevated resting state activity in this region (Mayberg,
2003, 2009; Grimm et al., 2009; Alcaro et al., 2010;
Price and Drevets, 2010; Northoff et al., 2011). In this
regard, a better understanding of the functional and
biochemical organization of the PACC in healthy
subjects can provide more insight into the pathogenesis
of MDD.

The aim of the current study was to investigate the
relationship between the resting state level of glutamate
and resting state- and stimulus-related signal changes in
the PACC (as paradigmatic DMN region) of healthy
subjects. To this end, we combined a well-established
reward paradigm in fMRI, the Monetary Incentive Delay
task (MID) (Knutson et al., 2001), with the measurement
of PACC resting state concentration of glutamate in
magnetic resonance spectroscopy (MRS) (Northoff et al.,
2007; Walter et al., 2009). While the PACC as typical
DMN region was the target region, we used the left
anterior insula (LAI) as a control region that shows task-
induced positive BOLD responses and is not part of the
DMN (Buckner et al., 2008). Based on the animal-
and receptor-based findings described above, we
hypothesized that the PACC resting state concentration
of glutamate in the healthy brain is specifically related to
resting state-related signal changes rather than stimulus-
induced activity, i.e., task-induced NBR, during reward in
the PACC. Moreover, we assumed such correlation
pattern between resting state-related signal changes and
glutamate to not hold in the LAI, as this region is not part
of the DMN.

EXPERIMENTAL PROCEDURES

Subjects

Nineteen healthy subjects with no psychiatric, neurological or
medical illnesses were investigated (9 female, 10 male;
average age 29.6 years, range 22-59 years; all right handed).
The maximum BDI score in the investigated study sample was
5, indicating an absence of manifest depression. After a
detailed explanation of the study design and potential risks, all
subjects gave their written-informed consent. FMRI and MRS
sessions were carried out on subsequent days in a randomized
order. Participants had taken no medication or caffeine prior to
either scanning session. These 19 subjects completed both
fMRI and MRS. The study was approved by the institutional
review board of the University of Magdeburg, Germany.

MRS data acquisition and analysis

Single-voxel 1H MR spectra were acquired during the resting state
using a 3T whole body MRI system (Siemens Magnetom Trio)
using an eight-channel head coil (PRESS, TR =2s;

TE = 80 ms). Voxels were prescribed on a high-resolution
T1-weighted 3D data set (MPRAGE, TR = 2s; Tl =1.1s;
TE = 4.8ms; flip angle = 7°; FoV = 256 x 256 x 192 mm;
spatial resolution = 1 x 1 x 1mm). One voxel of 20 x
10 x 20 mm was placed in the bilateral PACC, while a second
was placed in the left anterior insula (LAI; 15 x 10 x 20 mm).
Because of the crucial role of the PACC in the default mode
network, we concentrated our correlation analysis on this region.
Spectra were eddy current corrected and analyzed using
LCModel version 6.1.0 (www.s-provencher.com/pages/
Icmodel.shtml). Spectra with full-width-half-maximum line widths
larger than 8 Hz and quantification results with a Cramér-Rao
lower bound higher than 20% were excluded from further
analysis. The measurements for two subjects in the PACC and
one subject in the LAl were discarded for these reasons (PACC:
n = 17; LAl: n = 18). Metabolite concentrations are given as
their ratio to the measured creatine concentration. As a slight
interdependence, due to a spectral overlap in their resonances,
exists between quantification results for glutamate and glutamine
these were quantified together. This combined concentration
ratio of glutamate/glutamine to creatine is referred to henceforth
as Glx.

Experimental paradigm

The fMRI scanning session was divided into four scanning runs.
In the first functional run a well-established reward/punishment
task was displayed. In the following three runs a modified
reward task was presented, which will not be discussed in this
article. Prior to entering the scanner all subjects completed a
trial run of the tasks in order to familiarize them fully with the
applied paradigm. In the scanner, images were displayed using
the ‘Presentation’ software package (Neurobehavioural
Systems, Albany, CA, USA), and were projected onto a screen
visible through a mirror mounted on the headcoil via an LCD
projector.

The reward/punishment task was a modified version of the
monetary incentive delay task (Knutson et al., 2001), requiring
the subject to press a button with the index finger of their right
hand within a certain time of a target image (a black square in
the center of the screen) being displayed. The length of this
time period was determined in accordance with the average
reaction time obtained in the pre-scan trial run, allowing the
difficulty of the task to be modulated according to the
individual’s ability, and varied between 0.2 and 0.5s.
Furthermore, we wanted to ensure that in approximately 60%
of all trials the required response was successful. Prior to this
target image being displayed, a symbol indicating what the
possible outcomes of the task would be — either reward,
punishment, or no-outcome — was shown for 0.3 s, followed by
a 2.25-2.75 s anticipation period. During the anticipation period
a light-colored cross was displayed in the center of the screen.

In reward trials, completing the task successfully resulted in
the subject winning €1, while failure meant that they would
neither win nor lose anything. During punishment trials, a
response within the required time period resulted in the subject
neither winning nor losing money, while an unsuccessful
response resulted in €1 being deducted from their total. Finally,
in no-outcome trials no money was either won or lost,
regardless of whether the subject responded within the required
time period or not. Subjects were, however, instructed to still
respond to the cue as quickly as possible. An equal number
(30) of reward, punishment, and no outcome trials were
displayed in each of the three reward/punishment runs in a
pseudo-random order, giving a total of 90 instances of each
trial type. Each trial was followed by a feedback stage during
which the subject was informed of the outcome. The amount of
money won or lost in the preceding trial was displayed, along
with the running total for their winnings, for a period of 1.65s.
Trials were separated by a 4-5s inter-trial interval, during
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which the same light-colored cross as that shown during the
anticipation period was displayed. The anticipatory period for
reward (AR), punishment (AP) and no-outcome (AN) trials were
included in our design matrix along with their respective
feedback periods. In total, 24 baseline events (BSL) shown for
6-8 s were included in the design matrix to represent resting
state activity. Baseline events were indicated by a light gray
fixation cross, which was clearly distinguishable from the
anticipation period and the inter trial interval (Duncan et al.,
2011; Enzi et al., 2011).

fMRI data acquisition and analysis

The fMRI part of the study was carried out on a 1.5T MR scanner
(General Electric Signa Horizon) using the standard circular
polarized headcoil. Using a midsagittal scout image, a stack of
23 slices was aligned parallel to the bicomissural plane. During
each functional run 320 whole brain volumes were acquired
(gradient echo EPI, TR = 2s; TE = 35ms; flip angle = 80°;
FoV = 200 x 200 mm?; slice thickness = 5mm, interslice
gap = 1mm, spatial resolution = 3.125 x 3.125 x 5 mm?).
Image processing and statistical analyses were carried out
according to the general linear model approach (Friston et al.,
1995) using the SPM5 software package (Wellcome
Department of Imaging Neuroscience, London, UK) running on
MATLAB 6.5.1 (The Mathwork Inc., Natick, MA, USA). The first
five volumes were discarded due to saturation effects. All
functional images were slice-time corrected with reference to
the first slice acquired, corrected for motion artefacts by
realignment to the first volume, and spatially normalized to a
standard T1-weighted SPM template. The images were
resampled to 2 x 2 x 2mm? and smoothed with an isotropic
6-mm full-width  half-maximum  Gaussian kernel. The
time-series fMRI data were filtered using a high-pass filter and
cut-off of 128 s. A statistical model for each subject was
computed by applying a canonical response function. We
included the conditions anticipation of reward, punishment and
no-outcome, their successful feedback (successful performance
in reward ftrials, successful performance in punishment trials,
successful performance in no-outcome trials) and the baseline
event, resulting in seven conditions.

Regionally specific condition effects were tested by
employing linear contrasts for each subject and each condition
of interest. Since we were mainly interested in the so-called
default mode network and its relation to reward anticipation, we
concentrated the following second-level random effects analysis
(one-sample ttest) on the contrast ‘[BSL] > [AR]. The
resulting statistical map was small-volume corrected with
reference to the PACC MRS voxel (center of mass [MNI]: O,
37, 2; extent: x: —10/10, y: 32/42, z: —8/12). For validation of
our experimental paradigm, the contrast ‘[AR] > [AN] was also
calculated. Unless otherwise indicated all contrasts were FDR
corrected (Genovese et al., 2002). To explore the anatomical
localization of our correlation results, we calculated a SPM-
based regression analysis between the PACC GlIx/Cr level
measured using MRS and the contrast ‘[BSL] > [AR]. The
results were small-volume corrected using (i) the PACC MRS
voxel and (ii) the anatomically defined PACC ROI after gray-
matter segmentation. Only activations surviving FWE correction
were reported. The anatomical localization of significant
activations was assessed with reference to the standard
stereotactic atlas by superimposition on a standard brain
template (Montreal Neurological Institute, MNI) provided by
SPMS5.

Since the PACC MRS voxel encompasses a volume of
4000 mm?®, an anatomically defined region of interest (ROI)
located in the PACC (volume 1400 mm?3; center of mass [MNI]:
0, 37.1, —2.06; extent: x: —4/4, y: 32/42, z: —10/6; see Fig. 1A
for the exact position in relation to the PACC MRS voxel) was
defined using the WFU PickAtlas toolbox for SPM5 (Maldjian

et al.,, 2003). The percent signal change for the above-
mentioned PACC ROI was extracted using the MarsBar toolbox
for SPM5 (http://marsbar.sourceforge.net) (Brett et al., 2002).
All further statistical analysis (Pearson correlation, t test for
paired variables) was carried out with the software package
SPSS 11 (SPSS Inc., Chicago, USA).

In more detail, Pearson correlations between GIx/Cr derived
from the same PACC ROI as that for which signal changes for
our conditions of interest were extracted (i.e. [AR], [AP], [AN],
[BSL], and the differences [BSL — AR], [BSL — AP] and
[BSL — AN]) were calculated. Because of the the known age
dependency of the PACC Gix level, all correlations were
controlled for age as described by Gallinat et al. (2007).
Furthermore, potential outliers were identified and excluded
using the SPSS software. Outliers were defined following the
definition of Walter et al. (2009).

As control region, the left anterior insula (LAI) was used. For
this purpose, an anatomically defined ROI located in the LAl was
defined as described previously (Enzi et al., 2009). Following the
procedure outlined above, GIx/Cr values derived from the LAI
MRS voxel were correlated with the percent signal change
derived from the same region.

RESULTS
Signal changes in fMRI

We first calculated the contrast [AR] > [AN]’ to show that
our reward paradigm yielded activity in the reward
system. As expected, we observed an activation pattern
consistent with previous studies, including the bilateral
ventral striatum, the left putamen, the left anterior
cingulate, the left anterior insula, the left supplementary
motor area (SMA), and the bilateral ventral tegmental
area (VTA) (Fig. 3 and Table 2).

In addition, the contrast [BSL] > [AR] (with small-
volume correction for the PACC MRS voxel) revealed
an activation located in the PACC (MNI: 2, 36, 0)
(Fig. 1C). A more fine-grained analysis concerning the
differentiation between [AR] and [BSL], and [AN] and
[BSL], revealed task-induced deactivations in relation to
the baseline condition observable in the anatomically
defined PACC ROI (Fig. 1B).

MRS results

The metabolite levels in terms of the to-creatine-ratio (Cr)
derived from the PACC voxel were as follows (mean,
+SD): N-acetylaspartate/Cr: 1.18 (+0.11); Choline/Cr:
0.22 (£0.02); GIx/Cr: 1.28 (£0.17); myo-inositol: 0.76
(+£0.15).

In the LAI, metabolite levels were 1.4 (+0.21) for
N-acetylaspartate/Cr, 0.21 (+0.02) for choline/Cr, 1.37
(£0.27) for Glx/Cr, and 0.63 (+0.13) for myo-inositol.

Correlation analysis between GIx/Cr and fMRI

We calculated the correlation between GIx/Cr and the
percent signal change for the condition of interest (i.e.,
[AR], [AP], [AN], [BSL — AR], [BSL — AP] and [BSL — AN].
The fMRI signal change was extracted using an
anatomically defined ROl encompassing the bilateral
PACC. We were able to detect a significant positive
correlation (partial correlation controlled for age after
exclusion of outliers; the exact number of included cases
is given in Table 1) between GIx/Cr and [BSL]


http://www.marsbar.sourceforge.net

B. Enzi et al. | Neuroscience 227 (2012) 102—-109 105

A B
0.1 Ty
Gé’ 0.0 § '““ : AN
(1]
\
w 02 T
52
03
noc rew

anticipation baseline

Fig. 1. (A) Position of the anatomically defined region of interest (ROI) used for percent signal change extraction (blue) in relation to the MRS voxel
(red) placed in the pregenual anterior cingulate cortex (PACC). (B) Percent signal change for the conditions ‘anticipation of no outcome’,
‘anticipation of reward’, and ‘baseline’ derived from the above-mentioned anatomically defined ROI placed in the PACC. **p < 0.01; Error
bar = S.E.M. (C) Contrast ‘baseline > anticipation of reward’ (p[FDR] < 0.05; k > 10) with Small-Volume Correction for the MRS voxel placed in
the PACC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Pearson-correlation between the Glx/Cr-ratio derived from the MRS voxel located in the PACC and the fMRI signal for the conditions (A)
‘baseline’, (B) ‘baseline — anticipation of reward’, and (C) ‘baseline — anticipation of no outcome’. It should be noted, that values can be negative as

they represent residuals after linear correction for age.

(rPearson = .582%), GIx/Cr and [BSL — AR] (rPearson =
.853"), and GIx/Cr and [BSL — AN] (rPearson = .612%),
whereas concerning all other contrasts, non-significant
results were obtained (Table 1, Fig. 2). In addition, no
significant correlations between the GIx/Cr level in the
LAl and above-mentioned conditions were observed
(Table 1).

The SPM-based regression analysis between the
PACC GlIx/Cr-ratio measured using MRS and the

contrast ‘[BSL] > [AR] confirmed the results outlined
above and localized the correlation to the left PACC
(MNI coordinates: —4, 36, —4; p[FWE with S.V.C. for
MRS voxel] = 0.005, t45 = 6.28) (Fig. 3B). These
results were confirmed by a second SPM-based
regression analysis after gray-matter segmentation of
the anatomically defined PACC ROI (MNI coordinates:
—4, 34, —4; p[FWE with S.V.C.] < 0.001, t5 = 6.88)
(Fig. 3B).
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A ‘anticipation of reward > anticipation of no outcome’

S.V.C. using PACC MRS voxel
P[FWE with S.V.C.] = 0.005

S.V.C. using an anatomical PACC ROQI
after gray matter segmentation.
P[FWE with S.V.C.] < 0.001

Fig. 3. (A) SPM contrast ‘anticipation of reward > anticipation of no outcome’ calculated using a threshold of p[FDR] < 0.05 for an extent k > 20
voxel. (B) SPM-based regression analysis between the PACC Glx/Cr-ratio measured using MRS and the contrast ‘baseline — anticipation of reward’.
Small-volume correction was applied using (i) the PACC MRS voxel, and (ii) an anatomically defined PACC after segmentation. Only activations
surviving a threshold of p[FWE] < 0.05 for an extent of k > 5 voxel were reported.

Table 1. Pearson-correlations between [GIx/Cr] and the fMRI signal change

Region Condition I'Pearson p? n°
PACC? Baseline .582 0.018 16
Anticipation of reward —.296 0.266 16
Anticipation of punishment —.436 0.092 16
Anticipation of no outcome —.204 0.432 17
Baseline — anticipation of reward .853 <0.001 17
Baseline — anticipation of punishment .255 0.340 16
Baseline — anticipation of no outcome .612 0.015 15
Left anterior insula® Baseline .06 0.868 17
Anticipation of reward .090 0.721 18
Anticipation of punishment .053 0.841 17
Anticipation of no outcome —-.175 0.503 17
Baseline — anticipation of reward .022 0.937 18
Baseline — anticipation of punishment -.357 0.175 16
Baseline — anticipation of no outcome —.106 0.675 16

2 p-Value, two-sided.
® Number of included cases after correction for outliers.

In order to obtain regions associated with the default-
mode network (DMN), we, in a second step, calculated a
one-way ANOVA with the contrasts ‘BSL] > [AR],
‘IBSL] > [AP] and ‘[BSL] > [AN] and the main factor
‘positive effect of condition’. This yielded signal changes
in the typical regions of the DMN including the bilateral
PACC, the dorsomedial prefrontal cortex (DMFC), the
precuneus, and the bilateral superior temporal gyrus
(see Table 1). Since the PACC was our target region

here, we extracted signal changes from right and left
PACC in the respective coordinates that were significant
in the ANOVA; it should also be mentioned that both
coordinates as yielded in the ANOVA were lying within
the voxel we employed in MRS to measure Glutamate
in the PACC (see Fig. 1). As expected, the bilateral
PACC showed negative signal changes (NBR) during
both the anticipation and the feedback period. This
deactivation was stronger during the anticipation period
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Table 2. Activations in response to the contrast ‘anticipation of reward > anticipation of no outcome’

Region Co-ordinates [MNI] t-Value z-Value
Left ventral striatum -18, 6, —16 4.31 3.53
Right ventral striatum 20, 14, -4 4.49 3.63
Left putamen -26, 6, —10 4.90 3.86
Left anterior insula -32, 30, -4 4.66 3.72
Left insula —-32,14, 2 4.94 3.88
Left dorsomedial thalamus —4, -22, -2 5.05 3.93
Right dorsomedial thalamus 14, —16, -2 5.68 4.24
Left VTA -6, —30, —12 7.01 4.81
Right VTA 4, —30, —10 4.23 3.48
Left anterior cingulate -6, 32, 18 5.33 4.07
Left SMA -2, -12, 62 5.44 413
Left parietal cortex —38, —40, 56 5.56 4.19
Right parietal cortex 34, —20, 42 7.45 4.97
Right temporoparietal junction 48, —22, —6 5.41 412
Left VLPFC —22,48,4 4.67 3.73

Initial threshold p(FDR) < 0.05, k > 20 voxel.

Abbreviations: SMA: supplementary motor area; VLPFC: ventrolateral prefrontal cortex; VTA: ventral tegmental area.

than in the feedback period (see Fig. 1). In contrast,
negative signal changes were not observed in the
baseline, fixation cross, period (Fig. 1).

DISCUSSION

Our combined fMRI-MRS investigation demonstrates a
close relationship between glutamate and resting state
activity level in the PACC. More specifically, we were
able to show that the resting state concentration of
glutamate in the PACC is positively related to the level
of resting state activity, as measured during the task
fixation period, in the same region. In addition, the
differences between this resting state level and
the above-mentioned conditions correlate positively with
the glutamate level in the PACC. This pattern was
specific to the PACC, a typical DMN region, but was not
observed in the left anterior insula, as task-positive
region not considered part of the DMN. Our findings
thus provide evidence for the glutamatergic modulation
of PACC resting state activity levels in the healthy brain.

Our fMRI results showed stimulus-induced negative
BOLD responses in the PACC during reward
anticipation. This is in accordance with previous findings
that show the stimulus-nonspecific nature of NBR in this
region (Gusnard et al., 2001; Gusnard and Raichle,
2001; Northoff and Bermpohl, 2004; Northoff et al.,
2007; Grimm et al., 2009). This is assumed to reflect
the high resting state activity in this region that has led
to it being described as part of the DMN (Raichle et al.,
2001; Buckner et al., 2008). In this context, the PACC
must be distinguished from regions not belonging to the
DMN like the (left) anterior insula that show (task-
induced) positive BOLD responses.

A recent study by Falkenberg et al. (2012)
investigated the relationship between glutamate levels in
the dorsal ACC (dACC) and the BOLD response evoked
by a task requiring cognitive control. The authors
demonstrated that subjects expressing a low glutamate
level in dACC showed a higher BOLD response in the
inferior parietal lobe, the orbitofrontal cortex, the
retrosplenial cortex, and the basal ganglia when the task

required a high level of cognitive control. In contrast to
this finding, high-glutamate subjects showed the
opposite relationship with enhanced BOLD response in
the same regions wunder Ilow cognitive control
(Falkenberg et al., 2012). Because of the known
involvement of glutamate in the brain’s energy turnover
(for review see Mangia et al., 2009) the results of the
present study, as well as the results of Falkenberg et al.
(2012), can be interpreted as an up-regulation of
resting-state activity mediated by glutamate.

It should be noted, that the voxel used for 1H-MRS by
Falkenberg et al. (2012) was located in the (anterior-
)dorsal ACC (Etkin et al., 2011), a region commonly
associated with various cognitive functions, whereas in
the present study the spectroscopic measurement of
glutamate was carried out in the perigenual ACC
(PACC), i.e. the ‘affective’ subdimension of the anterior
cingulate (Bush et al., 2000). Although this concept of
the ACC organization and function was very popular,
the exact functional organization of the ACC is still a
matter of debate (for review see Etkin et al., 2011;
Shackman et al., 2011). Moreover, the anterior-dorsal
ACC and PACC show, at least partly, an overlapping
pattern of connectivity with various limbic regions (e.g.
the amygdala, the periacqueductal gray, and the
hypothalamus) supporting the notion of the ACC as an
integrative structure (Etkin et al., 2011).

In addition, the level of glutamatergic activity is not
only related to the resting state activity, but has also
direct implications for deactivations during task
performance, i.e. the difference between resting state
and task-related conditions (Duncan et al., 2011). In this
regard, the concept of ‘“rest-stimulus interaction”
(Northoff et al., 2010) is supported by our data.

Our findings are compatible with recent observations
in non-human animals, where glutamate has been
shown to modulate resting state activity levels in the
PACC, (Millan, 2003; Johansen and Fields, 2004).
Moreover, our findings fit in with cytoarchitectonic results
that show a high level of glutamatergic receptors
(NMDA, AMPA and GIuR2) in the human PACC (Bozkurt
et al., 2005; Palomero-Gallagher et al., 2008a,b).
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Finally, our findings may open the door toward a better
understanding of the abnormally elevated resting state
activity in MDD. Since glutamate is a predominantly
excitatory transmitter, our finding of increased
Glutamate levels going along with increased resting
state activity levels suggests that such neural excitation
plays a role in maintaining the resting state activity level.
one could thus hypothesize that the above-described
neural excitation may be abnormally high in MDD,
leading to the abnormally elevated resting state activity
levels and glutamatergic hyperfunction observed in
these patients (Salvadore et al., 2009, 2010; Walter
et al., 2009; Alcaro et al., 2010; Banasr et al., 2010;
Price and Drevets, 2010; Hasler and Northoff, 2011;
Northoff et al.,, 2011). The reasons behind such
glutamatergic hyperfunction and its apparently abnormal
upregulation of the resting state activity level remain
unclear, however, and need to be addressed in future
studies (see Banasr et al., 2010, for one step in this
direction). The relationship between PACC glutamate
and task-induced negative BOLD response (NBR) in
MDD was investigated by a recent imaging study.
Walter et al. (2009) demonstrated a correlation between
PACC glutamate and N-acetylaspartate (NAA) levels
and NBR induced by an emotional fMRI task. In
addition, glutamate and NAA levels correlated with
emotional intensity ratings that could serve as a
surrogate marker for anhedonia (Walter et al., 2009).
The authors speculate that this altered PACC function in
MDD is probably related to an altered resting state
activity in the very same region.

Limitations

Several limitations of our study need to be mentioned.
First, the resting state period used in this study was
rather short, although clearly distinguishable from the
anticipation period and the inter-trial interval. Due to the
fact that it was interspersed between the different
experimental conditions, it can only be considered to be
an approximation of a ‘true’ resting state condition.
Second, one may question the biochemical specificity of
our findings since we did not include 7y-aminobutyric
acid in the MRS session. A recent study demonstrated
the relationship between NBR and GABA during task-
induced responses in the PACC (Northoff et al., 2007).
In contrast to our current findings, GABA was not
related to the signal changes during the resting state
itself but only to the task-related deactivation (Northoff
et al., 2007). In this context, Falkenberg et al. (2012)
speculate that both neurotransmitters, i.e. glutamate and
GABA, contribute to the “individual variations in the
BOLD response”. This suggests that GABA may be
crucial in mediating the transition from the resting state
to stimulus-induced activity, while glutamate may
maintain the activity level of the resting state itself.
However, this hypothesis remains speculative and must
be demonstrated in future studies combining the
measurement of both GABA and glutamate.
Furthermore, we concentrated our ROI analysis on the
PACC as a “key region” of the default mode network.
Relying on the current literature (Duncan et al., 2011;

Falkenberg et al., 2012) it is likely that the glutamate
concentration measured in the PACC, or — more
specifically — the glx-level, has an influence on other
regions of the default mode network. However, since
we did not investigate the influence of the PACC GIx/Cr-
level on the connectivity pattern of the default mode
network, this interpretation of our results remains
speculative and must be verified in future studies.

In the present study, the combined signal for glutamate
and glutamine (glx) was measured for technical reasons.
The combined glx signal reflects complex physiological
processes located in astroglial cells and neurons (for
review see Javitt et al.,, 2011). For this reason, further
evidence is needed regarding the exact relationship
between the PACC glutamate concentration and the
baseline activity in the very same region.

CONCLUSIONS

In conclusion, we here demonstrate for the first time the
glutamatergic modulation of the level of resting state
activity in the PACC of healthy subjects. Our findings
indicate that glutamatergic-mediated neural excitation
may be crucial in maintaining the resting state activity
level in the PACC, as opposed to mediating the
modulation of the resting state by the stimulus. These
findings not only shed novel light on the biochemical
modulation of neural activity in the DMN but are also
highly relevant for understanding the abnormalities in
the PACC and the DMN in psychiatric disorders like
depression.
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