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ABSTRACT

Background: The Default Mode Network (DMN) is severely compromised in several psychiatric and
neurodegenerative disorders where plasticity alterations are observed. Glutamate and GABA are the
major excitatory and inhibitory brain neurotransmitters respectively and are strongly related to plasticity
responses and large-scale network expression.

Objective: To investigate whether regional Glx (Glutamate + Glutamine) and GABA could be modulated
within the DMN after experimentally-controlled induction of plasticity and to study the effect of intrinsic
connectivity over brain responses to stimulation.

Methods: We applied individually-guided neuronavigated Theta Burst Stimulation (TBS) to the left
inferior parietal lobe (IPL) in-between two magnetic resonance spectroscopy (MRS) acquisitions to 36
young subjects. A resting-state fMRI sequence was also acquired before stimulation.

Results: After intermittent TBS, distal GABA increases in posteromedial DMN areas were observed. Instead,
no significant changes were detected locally, in left IPL areas. Neurotransmitter modulation in poster-
omedial areas was related to baseline fMRI connectivity between this region and the TBS-targeted area.
Conclusions: The prediction of neurotransmitter modulation by connectivity highlights the relevance of
connectivity patterns to understand brain responses to plasticity-inducing protocols. The ability to
modulate GABA in a key core of the DMN by means of TBS may open new avenues to evaluate plasticity

mechanisms in a key area for major neurodegenerative and psychiatric conditions.

© 2015 Elsevier Inc. All rights reserved.

Abbreviations: DMN, Default-mode network; GM, Grey Matter; IPL, Inferior
parietal lobe; hr, High-resolution; MRS, Magnetic resonance spectroscopy; mPFC,
Medial prefrontal cortex; mr, Medium-resolution; PCC, PosteriorCingulate/Pre-
cuneus; ROI, Region-of-interest; rs-fMRI, Resting-state functional magnetic reso-
nance spectroscopy; RSN, Resting-state network; NIBS, Non-invasive brain
stimulation; (i/c)TBS, (intermittent/continuous) Theta-burst stimulation; (r)TMS,
(repetitive) Transcranial magnetic stimulation; tCr, Total Creatine; tNAA, Total
N-Acetylaspartate; VOI, Voxel-of-interest; WM, White Matter.
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Introduction

In the last two decades, resting-state fMRI (rs-fMRI) studies have
identified the presence of certain components that fluctuate syn-
chronously [1,2], which are thought to reflect the intrinsic func-
tional architecture of the brain. One of the resting-state networks
(RSN), the default-mode network (DMN), has been intensively
investigated [3]. This network is comprised of posteromedial
structures (precuneus/posterior cingulate cortex [PCC]), medial
prefrontal cortex (mPFC), lateral inferior parietal lobes (IPL) and
temporal nodes. The DMN shows high activity at rest, while its
nodes exhibit decreased engagement during externally oriented
tasks [4]. This network is compromised in several neuropsychiatric
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disorders, such as schizophrenia [5,6], autism [7], Alzheimer’s dis-
ease [8,9], and even healthy aging [10]. Alterations in the DMN are
often reflected by reductions in connectivity between nodes,
reduced resting-state metabolism, and a lack of task-induced
deactivation.

Glutamatergic and GABAergic neurons are the main excitatory
and inhibitory constituents of the canonical microcircuit respec-
tively [11], and hence mediate neuronal activity. Glutamate and
GABA neurotransmitters can be non-invasively quantified in
humans by MR spectroscopy (MRS) [12], and have consistently
been associated with functional neuroimaging measures [13].
Specifically in the DMN, local GABA concentration has shown to
predict task-induced deactivations [ 14], while glutamate showed an
inverse pattern, and hence relates to reduced deactivations [15].
Intrinsic functional connectivity of the DMN is also mediated by
GABA and glutamate [16]. Complementarily, MRS neurotransmitter
measures in the DMN are sensitive to healthy and pathological
aging [17,18].

In accordance with their fundamental role in mechanisms of
neuroplasticity, GABA and glutamate imbalances [19,20] have been
reported in the abovementioned conditions characterized by DMN
dysfunction. For example, in Alzheimer’s disease neuroplasticity is
altered in association with a glutamate/GABA microcircuit
dysfunction, which additionally shows complex interactions with
Amyloid-beta deposition [21]. Therefore, the ability to modulate
glutamate and GABA within the DMN after the application of
plasticity-inducing procedures may offer a unique opportunity to
evaluate the preservation of regional plasticity mechanisms in a key
network for several diseases. Ultimately, brain plasticity responses
in the DMN may also be useful to monitor disease progression or
response to treatments.

The use of non-invasive brain stimulation techniques (NIBS),
such as repetitive transcranial magnetic stimulation (rTMS), has
emerged as an optimal methodological approach in humans to
induce and evaluate plasticity mechanisms [22]. Patterned pro-
tocols of stimulation such as theta-burst stimulation (TBS) [23], can
modulate cortical excitability producing long-term potentiation
and long-term depression like phenomena, up to an hour after
stimulation cessation. Physiological and pharmacological in-
vestigations revealed glutamatergic [24] and GABAergic [25]
involvement in TBS-induced plasticity effects. Intermittent TBS
(iTBS) tends to enhance cortical excitability, while continuous TBS
(cTBS) usually produces inhibitory post-effects [23] both in the
underlying stimulated tissue and in distal interconnected areas
[26]. However NIBS after-effects are highly dependent on a variety
of parameters [27] such as functional brain connectivity that me-
diates the neural and cognitive response to NIBS [26,28].

r'TMS can directly modulate DMN expression [29,30] by target-
ing an accessible cortical node of this network; the left IPL. So far, it
has been shown that stimulating this area modulates connectivity
changes between DMN nodes [30,31] and enhances alpha rhythm
[32]. In addition, MRS, that allows regional quantification of
endogenous metabolites, represents a sensitive technique to cap-
ture NIBS after-effects [33—36] such as revealing increased GABA
concentration in the motor cortex following cTBS [25]. These
neurotransmitter modulations after stimulation have been shown
to be functionally relevant, as GABA responsiveness to transcranial
direct current stimulation was related to greater motor learning
capacity and learning-related decrement of fMRI signal [37].
Furthermore other protocols able to elicit plasticity, such as
learning paradigms, produce regional neurotransmitters modula-
tions, essentially GABA changes, of similar magnitude to the ones
produced by NIBS [38,39].

To the best of our knowledge, no study has so far addressed
whether NIBS is capable to modulate GABA or glutamate measures

within the DMN. The main objective of this investigation was to
study whether a single TBS session would result in the modulation
of neurotransmitter concentration in both local and distal DMN
nodes (left IPL and PCC) assessed with MRS. Consequently, we
applied individually-guided neuronavigated sham, intermittent or
continuous TBS stimulation in-between two MRI acquisitions. A rs-
fMRI sequence was also acquired before stimulation. We hypothe-
sized that active rTMS would induce neurotransmitter changes,
compared to sham stimulation in both local and distal areas. While
this study is exploratory, we expected GABA increases after cTBS as
in Stagg and colleagues [25] and a reversed effect after iTBS. We also
hypothesized that the magnitude of neurotransmitter changes
induced by rTMS in the distal node would be related to the intrinsic
functional connectivity.

Methods
Participants

Thirty-six healthy right-handed young subjects (age = 23.50
[2.00]; 8 males), naive to stimulation, were randomly assigned to
one of three experimental groups (Sham, iTBS or cTBS). Four sub-
jects (1 male) were discarded from the MRS analysis, due to poor
quality data. These subjects were not included in any analysis; data
from 2 left IPL spectras were removed due to lipid contamination,
and one PCC spectra was removed due to MRS acquisition problems.
Final analyses included 30 subjects for the left IPL voxel (10 sham,
10iTBS, 10 cTBS) and 31 subjects for the PCC spectroscopic voxel (11
sham, 10 iTBS, 10 cTBS). No differences regarding gender, age and
education existed between groups (see SI for inferential tests and
extended sociodemographic information). None of the participants
had any neurological or psychiatric disorder or TMS contraindica-
tions [40]. All subjects gave informed consent and the protocol was
in accordance with the Declaration of Helsinki and approved by the
local ethics committee.

Experimental design

The main experimental protocol consisted of a TMS session
in-between two MRI acquisitions. In both MRI sessions, two MRS
were acquired, one in the PCC and the other in the left IPL, along
with a medium resolution (mr) structural acquisition (Fig. 1).
Additionally, in the pre-stimulation session an rs-fMRI dataset was
acquired. Prior to the main experimental day, subjects underwent
an MRI acquisition that included a high resolution (hr)-3D struc-
tural and an rs-fMRI dataset, acquired for segmentation,
co-registration and targeting purposes.

™S

TBS was applied, according to previously described protocols
[23], in-between two MRI sessions with a MagPro x 100 Stimulator
(MagVenture A|S, Denmark) and an eight-figure coil (TBS and
motor threshold protocols are fully described in SI). For the sham
group, a sham coil was used mimicking the clicking sound. TMS
position was held tangentially to the skull and rotated =30—50°
from the midline thus being perpendicular to the dorsal part of the
anterior occipital sulcus [41]. TBS was performed in a room adjacent
to the MRI scanner and was neuronavigated with a stereotactic
system (eXimia Navigated Brain Stimulation, Nexstim, Finland).

The stimulation target was individually defined as the co-
ordinates within the left IPL that showed the highest correlation
with other DMN nodes. We operationalized this concept in a similar
way as described in the literature [29,31]. We created 7 mm
spherical Regions-of-Interest (ROI)s in the mPFC (x,y,z = 0,51,—7),
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Figure 1. Protocol schema. A) Datasets acquired before the day of the experiment, B) schema of patterned repetitive transcranial magnetic stimulation used in the study and C)

timeline schema of the main experimental design.

the PCC (x,y,z = 1,—55,17) and the right IPL (x,y,z = 50,—64,27). This
coordinates, published elsewhere [31,42], were transformed to
subject’s own functional space which was followed by a seed-based
connectivity analysis of this ROIs within the left IPL. The targeted
point (mean coordinates to MNI: [X,y,x = —45,-67,32]; see Fig. S2
for individual coordinates) was defined as the voxel with
maximum conjoint correlation of the abovementioned connectivity
maps and stimulation was applied to the nearest scalp point. The
connectivity of the target stimulation area was posteriorly studied
with the rs-fMRI acquired during the experimental day to evaluate
the specificity of this area regarding the DMN during the experi-
mental day (see SI, Fig. S1).

MRI acquisition

All subjects were examined on a 3T MRI scanner (Magnetom
Trio Tim, Siemens, Germany). The sequences were acquired with
the following parameters:

Structural magnetic resonance images

Three 3D structural datasets were acquired during the experi-
mental design for each subject. One hr-3D sequence (T1-weighted
magnetization prepared rapid gradient echo [T1-weighted
MPRAGE], sagittal plane acquisition, TR = 2300 ms, TE = 2.98 ms,
240 slices, slice thickness = 1 mm, FOV = 256 mm, matrix
size = 256 x 256) was acquired before the main day of the exper-
iment, while two mr-3D datasets were acquired in the pre- and
post-stimulation MRI sessions (T1-weighted MPRAGE, sagittal
plane acquisition, TR = 1390 ms, TE = 2.86 ms, 144 slices, slice
thickness = 0.625 mm, FOV = 240 mm, matrix size = 144 x 384).

Functional MRI (fMRI)

Two 5 resting-state fMRI datasets (T2*-weighted GE-EPI
sequence, TR = 2000 ms, TE = 16 ms, 36 slices per volume, slice
thickness = 3 mm, interslice gap = 25%, FOV = 240 mm, matrix
size = 128 x 128, 150 volumes) were acquired during the whole
experiment, one prior to the main experimental day and the other
during the pre-stimulation MRI acquisition.

MRS

Four 'H-MRS spectra were acquired with a MEGA-PRESS
sequence during the study; two in the pre-stimulation MRI acqui-
sition and two immediately after TBS stimulation. The spectra were
located either in the PCC or the left IPL. MRS was acquired with the
following parameters: MEGA-PRESS sequence; 256 spectral aver-
ages; TR = 1500 ms; TE = 68 ms; voxel size = 3.0 x 2 x 1.50 cm’;

approximate duration: 10 min. 22 ms double-banded Gaussian
pulses were applied at 1.9 or 7.5 ppm in alternate lines to edit the y-
CH; resonance of GABA at 3.0 ppm and at 4.7 ppm to suppress
water signal (“CHESS” water suppression). The first post-
stimulation left IPL and PCC spectral lines were acquired 11 and
20 min after stimulation respectively.

Voxel of interest (VOI) location was guided by structural in-
formation as the relatively big area (9 cm?®) of the spectroscopic
voxel canceled the advantages of a connectivity-based targeting
approach. This methodological limitation has to be taken into ac-
count as it might restrict the possibility of placing the spectro-
scopic voxel in optimum locations. Caudally, the PCC voxel was
limited by the parieto-occipital fissure and rostro-inferiorly by the
corpus callosum while trying to keep the maximum portion of
posterior cingulate cortex. In the left IPL, the VOI was placed below
the intraparietal sulcus while trying to encompass to the greatest
degree possible the angular gyrus with the angular gyrus and
sulcus and the anterior occipital sulcus as key structural
references.

Analyses

Neuroimaging analyses were performed with a combination of
SPM (segmentation, corregistration; http://www.fil.ion.ucl.ac.uk/
spm/), FSL and AFNI (resting-state data; http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/; http://afni.nimh.nih.gov/afni/) softwares. Spectra data
were analyzed in frequency domain with LCModel V.6.3-1a [43]
(Fig. 2a and b).

Resting-state data preprocessing

Rs-fMRI data preprocessing included removal of the first 5 vol-
umes, motion correction, skull stripping, spatial smoothing
(FWHM = 7 mm), grand mean scaling and filtering with both high-
pass and low-pass filters (.1 and .01 Hz thresholds). Next, the data
were regressed with six rigid body realignment motion parameters,
mean white matter (WM) and mean cerebrospinal fluid signal. No
global signal regression was used. Registration to an MNI standard
space was performed through a two-step linear transformation.

Structural processing

Mr-3D images were co-registered with linear transformations to
the previously acquired hr-3D images, which were segmented into
tissue type to obtain overlapping and tissue-type composition
indices. This latter index was computed as follows: GM/
(WM + GM).
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Figure 2. Magnetic Resonance Spectroscopy sequences. A) “Edit OFF” and B) GABA-
edited spectra acquired in the left IPL from a representative subject. Grey dotted line
represent baseline, the white line the data and the red line represents the fitting. The
blue line represents the residuals. C) Mean positioning of PCC and left IPL spectras
(thresholded at n > 20) in green, overlapping a DMN network published elsewhere [2],
arbitrarily thresholded at z = 3 in a red-yellow scale. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

MRS analyses

For both “edit OFF” and difference spectra, we calculated the
best fit of the experimental spectrum as a linear combination of
model spectra. Fitting for “edit OFF” was performed over the
spectral range from .2 to 4.2 ppm. MEGA-PRESS edited spectra were
analyzed using a simulated basis set obtained with density matrix
simulation from the sequence using published values for chemical
shifts and J-couplings [44]. The fitting was performed between the
1.9—4.0 ppm spectral range. Total creatine (tCR) and total N-ace-
tylaspartate (tNAA) were extracted from the unedited spectra while
tNAA, GABA and GIx (Glutamate + Glutamine) measures were
extracted from the difference spectra. An scaling factor calculated
with the average of tNAA unedited and tNAA from the difference
spectra was used to allow the fitted values to be on the same scale
[45]. Only Cramér-Rao lower bounds (CRLB) < 15% were considered.
The metabolites of interest were expressed as tCR ratios. For
simplicity in the text we refer to such ratios as GABA and GIx.

Connectivity analyses

To evaluate the relation between distal neurotransmitter mod-
ulation and connectivity, a seed-to-seed connectivity analysis with
6 mm radius spherical ROIs was performed. For each subject,
PCC-ROI was created in the center of gravity generated by over-
lapping pre- and post-TBS spectroscopic VOIs while Stim-ROI was
placed in the coordinates used to guide stimulation. After GM
masking, rs-fMRI preprocessed ROIs timeseries were extracted and
correlated for each subject in the individual functional space.

Data analysis

The main hypothesis which assessed TBS effects on metabolite
concentrations (GIx and GABA) was tested using 3 x 2 x 2
repeated measures ANOVA with group (sham x cTBS x iTBS),
metabolite (Glx x GABA) and time (pre x post) as independent
variables and pre-post difference in tissue-type index as a

covariable using SPSS 20.0 software (IL, USA). Two ANOVAs were
performed, one for each spectra location (PCC and left IPL). To
study the relationship between distal neurotransmitter changes
and functional connectivity we performed partial correlations with
pre-post difference in tissue-type index as a covariable. Specifically
we correlated Glx and GABA changes in the distal node (post-pre
TBS 'H-MRS) for each experimental group with Stim-to-PCC rs-
fMRI connectivity. Secondary analyses are detailed in the results or
in the SI. When not specified, data is presented as mean (SD) and
significance is considered at P < 0.05.

Results

The descriptive results of neurotransmitter concentration are
summarized in Table 1.

In the PCC an interaction of group x time x metabolite was
found (F = 3.776, P = 0.036). Post-hoc testing of simple effects
indicated increased GABA concentration after iTBS stimulation
compared to Sham and cTBS groups (F = 1.902, P = 0.020; F = 2582;
P = 0.018; Fig. 3). A main effect of metabolite was found
(F = 1617.188, P < 0.001). Left IPL only showed an expected main
effect of metabolite (F = 1809.782, P < 0.001). No other main effects
or interactions were found (P > 0.1).

The distal GABA increase after stimulation was positively related
to Stim-to-PCC connectivity. In other terms, increments in GABA
concentration in the PCC after iTBS were significantly related to pre-
TBS functional connectivity between the stimulated area and the
posteromedial cortex (r =.839, P = 0.005; Fig. 4). Additionally, non-
significant Glx modulation after iTBS was inversely related to
rs-fMRI connectivity (r = —.729, P = 0.026). Neurochemical mod-
ulations in the other experimental groups were unrelated to
rs-fMRI connectivity (P > 0.05). Post-hoc seed-to-brain analysis
showed a good specificity of Stim-to-PCC connectivity measure as a
predictor of distal neurotransmitters modulation as only functional
connectivity from both Stim-ROI and PCC-ROI with posterior DMN
areas — and not with other cortical regions — was related to neu-
rotransmitters modulation in the posteromedial cortex (Fig. S3 and
SI for detailed methods and results).

To evaluate the location of spectral VOIs regarding the DMN, a
control analysis was performed. Subject-specific voxelwise con-
nectivity maps were obtained by regressing left IPL and PCC ROIs
timeseries. After transformation to standard space, individual
connectivity maps were compared to reported large-scale RSN [2],
and group connectivity maps were obtained by non-parametrical
permutation testing. Results showed that PCC VOI was mostly
located in the DMN network while left IPL VOI was located in areas
of both the left frontoparietal network and the DMN (Fig. S4 and SI
for detailed methods and results). No impact of movement with our
neuroimaging measures was found (SI).

Table 1
Descriptive MRS-metabolite concentrations.

MRS descriptives
n pre-TBS GABA post-TBS GABA pre-TBS GIx post-TBS Glx

Left IPL Sham 10 .039 (.003)  .040 (.004) 120 (.008) .116 (.008)
iTBS 10 .041(.003)  .040 (.004) 118 (.009) .117 (.007)
cTBS 10 .040(.005)  .040 (.006) 108 (.011) 115 (.011)
Al 30 .040(.004)  .040 (.005) 116 (.010) .116 (.010)

PCC  Sham 11 .043(.006)  .041(.007) 128 (.016) .129 (.015)
iTBS 10 .039(.003)  .043 (.005) 128 (.006) .122 (.014)
cTBS 10 .042(.006)  .039 (.004) 116 (.010) .121 (.012)
All 31 .042(.005)  .040 (.006) 124 (.012) .125(.014)

Descriptive MRS-metabolite concentrations for each group. Represented as tCR
ratios.
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Figure 3. rTMS modulation. rTMS effect in the left IPL over A) Glx and B) GABA. rTMS effect in the PCC over C) Glx and D) GABA. Bars + SEM represent post-pre changes on
metabolite concentrations. Significant modulation of neurotransmitters were observed in the PCU (P= 0.036). Increased GABA after iTBS was found compared to Sham (P = 0.020)

and cTBS (P = 0.018) groups.

Discussion

The present study provides the first evidence of regional
neurotransmitter modulation within the DMN by means of
plasticity-inducing stimulation protocols. The main findings were
that iTBS applied to the left IPL increased GABA concentration in the
posteromedial cortex and that the magnitude of the induced
neurotransmitter modulation in the PCC was significantly associ-
ated with the strength of baseline functional connectivity between
the TMS-targeted area and this distal region.

Our observation of changes in the metabolite concentrations
during an MRS acquisition after the TBS cessation are consistent
with current evidence that NIBS techniques can modify regional
metabolite concentrations [25,35,36]. After-effects of rTMS on
cortical excitability outlast the stimulation period by a few tens of
minutes and it is understood as presence of plasticity-like phe-
nomenon [46]. Moreover distal modulation of neurotransmitters is
in accordance with established knowledge that shows propagation
of TMS effects to distal interconnected areas [47]. Evidences of

distal neurotransmitters modulation are in contrast with other
studies [33,35]; however the strong functional connectivity at rest
between both areas [48] and the great overlapping of resting-state
functional and structural connectivity of both areas [49] differ from
the previous investigations and it possibly explains the novel
observation of distal modulation of metabolites in response to
stimulation. Moreover the observation that TBS applied to the IPL
modulates the neurochemical characteristics of the posteromedial
cortex is not only supported by strong functional connectivity
patterns but also, to a great extent, by the presence of direct
structural connections. In macaques the multimodal regions of the
IPL are richly interconnected to the posteromedial areas, especially
the caudal part of the parietal cortex [50—53], that agrees with our
targeting location. Neuroimaging studies with humans [54,55] have
also found direct structural connectivity between posteriomedial
regions and IPL despite known methodological difficulties [56]. Still
it is not possible to assess the specificity of distal neurotransmitters
modulation regarding the PCC nor to discard that the TBS effects are
(partially) driven by indirect pathways. That stands in contrast with
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the unfeasibility that neurotransmitter modulation is due to direct
effects (local; non-transynaptical) as the depth of the coil is about
2 cm [57]. In the present study we offer novel evidence that distal
neurochemical modulation is related to rs-fMRI connectivity be-
tween the targeted area and the PCC. These findings add to previous
TMS observations indicating that intrinsic functional connectivity is
emerging as an effective strategy to guide cortical stimulation to
target specific distal areas [29,31]. Relationship of increased base-
line connectivity between the TMS target area and the PCC with
distal GABA concentration modulation in response to stimulation
fits with the interpretation of direct propagation of the effects. Our
complimentary analyses further revealed high specificity for the
connectivity between the two sites as predictors for this effect,
hence reinforcing this interpretation, though a possible contributor
effect of voxel placement affecting the relationship could not be
rule-out. Altogether the results suggest that connectivity is a vari-
able that it is needed to take into account in further MRS studies.

Our study provides further evidence likely reflecting brain re-
sponses to stimulation in order to maintain effective neuronal pro-
cessing [58], hence revealing putative mechanisms of plasticity as
measured by MRS. While it is known that TBS produces changes at
different system levels, which needs to be integrated, neurochemical
modulation in posteromedial regions can be a specific plastic
response of a key node of the DMN. If so, it might have great impli-
cations in several neurological or psychiatrical conditions as
dysfunction in plasticity mechanisms is common with advancing age
[59] and in major neuropsychiatric disorders [19,60], such as Alz-
heimer’s Disease [21,61]. In this regard if it is assumed that GABA
responses to TBS reflect cerebral brain plasticity adaptations, our
findings may open the possibility of considering MRS-GABA
responsiveness as a putative physiological index to interrogate the
integrity of plasticity mechanisms in conditions where the poster-
omedial cortex is particularly compromised, such as initial stages of
dementia [62]. Despite further studies are required with samples of
patients, studying plasticity mechanisms by NIBS holds promise as a
putative physiological marker to monitor the effects of pharmaco-
logical and cognitive therapies. Importantly, GABA responsiveness
assessed with MRS has already been linked to plasticity responses
such as learning mechanisms in the human motor cortex [37,38]. On
the other side, basal posteriomedial GABA concentrations seems to
be decreased in aging [18] and in amnestic mild cognitive impair-
ment [17] as well as it proved sensitive enough to detect pharma-
cological interventions in the latter condition [63].

While generally iTBS results in prolonged increases of cortical
excitability and cTBS leads to the opposite process [23], the complex
nature of brain responses to TBS, particularly outside the motor
cortex remains to be elucidated. While no directly analogous, our
observed direction of spectroscopic changes following stimulation
are in contrast with previous literature [25,33—36]. Hence, in the
most comparable study, GABA increases in M1 following cTBS were
found over this region [25] while we observed a similar result in a
distal node after iTBS. We suggest that discrepancies between both
findings may be explained by the distinct characteristics of the
targeted networks. Neuroimaging techniques point out DMN idio-
syncratic properties, such as deactivation during goal-directed
external tasks [4], increased metabolism at rest [64], a high corre-
lation between functional and structural connectivity [49], or its
emergence in the most stable state of the brain [65]. Intracranial
recordings [66,67] further confirmed that DMN has a unique
pattern of synaptic activity, which has been postulated as one of the
several factors modulating the rTMS brain response [68]. However,
it should be noted that discrepancies with previous MRS results can
be related to other possibilities instead to idiosyncratic DMN
characteristics such as differential cito- and neurotransmitter ar-
chitectonics [69,70], coil orientation interacting with different gyral

morphometry [71] or a differential modulating role of other neu-
rotransmitters [72]. After stimulating left IPL with protocols
inducing reduced excitability other studies have found increases in
the connectivity and coherence in the DMN [31,32] while after
stimulating the IPL with high-frequency TMS reductions of DMN
connectivity have been observed. Intra (and inter) network con-
nectivity are known to be modulated by the main inhibitory and
excitatory neurotransmitters [13,73], specifically posteromedial
GIx:GABA ratio have been linked to DMN expression. This study
adds evidence to several papers that found release of dopamine in
distal areas after transcranial stimulation by means of Positron
Emission Tomography [74,75]. Precisely Cho and Strafella [76] were
able to increase dopamine binding in subgenual anterior cingulate
cortex after dorsolateral prefrontal cortex stimulation (10-Hz).
These two areas belong to two different brain anticorrelated sys-
tems [77,78] being the former part of the task-related deactivated
(DMN-like) system. While we did not find cTBS modulations of
metabolite concentrations we did observed an inverted non-
significant pattern compared to iTBS and to the cTBS effect in the
motor cortex.

We did not observe significant modulations in Glx after TBS in
contrast to some studies that have been able to modulate
Glutamate-based MRS measures [33,35,36]. Lack of significant
plasticity-induced modulation of regional GIx can be related to the
inability to clearly differentiate glutamate from glutamine which
plays arole in neural functions and to the involvement of glutamate
in several non-synaptic metabolic functions [12]. In summary and
according to Stagg [79], our lack of findings regarding GIx may be
explained by a limited sensitivity (compared to GABA) of this
measure to capture the effects of plasticity though further studies
are needed. Similarly we did not found neurochemical modulation
in the area underlying stimulation, as hypothesized, but distally in a
voxel located in a posteromedial region. Lack of local changes
should not be attributed to lack of modulation but to the inability to
capture stimulation effects within the DMN. Subsequent analyses
confirmed that MRS voxels located in the IPL was significantly
contributing to left frontoparietal network as well as to the DMN.
While a precise target of the DMN is possible within the IPL area
through TMS [29—31], the possibility to place a spectroscopic voxel
able to detect MRS changes within the network is more problematic
given the size of the spectroscopic voxel and the area of the IPL that
contributes to the DMN. In this regard, it is fairly probable that the
unique region in the IPL strongly connected, both functionally and
structurally, to other DMN areas such as the posteromedial cortex or
the parahippocampal cortex, is the posterior part of the angular
gyrus also known as PGp in humans and Opt in macaques
[51,52,80,81]. The specific location and surface of this area might
complicate the placement of a cuboidal VOI able to specifically
capture the neurochemicals thus impeding the evaluation of
metabolite concentrations within the DMN in this node.

The interpretation of molecular mechanisms accounting for the
neurochemical modulation cannot be fully elucidated, as MRS
quantifies total neurochemical concentrations and cannot distin-
guish between different pools [79]. However, GABA-MRS seems to
mainly capture tonic extracellular GABA [82]. GABA modulations in
our study may be related to upregulation of the glutamic acid
decarboxylase enzyme that synthetizes GABA from glutamate
[25,35]. Some limitations of our study need to be highlighted. First,
some limitations are inherent to the technique and current
knowledge on what it assesses [79,83]. Also, the small sample used
in our study limits explanatory power and we did not counterbal-
ance the order of left IPL and PCC spectra acquisition. Another
limitation refers to the lack of a control voxel outside the DMN thus
this study does not allow to evaluate the specificity of neuro-
transmitters modulation within DMN areas.
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In conclusion, this study provides the first evidence that stim-
ulation in the DMN induces dynamic changes in neurotransmitters
in distal areas. MRS may provide unique information about plas-
ticity mechanisms outside motor areas. The feasibility of modu-
lating neurotransmitters in the DMN allows the possibility of
studying aberrant plasticity in core areas of several neuropsychi-
atric disorders. Finally, we present the first evidence that neuro-
transmitter modulation is predicted by connectivity patterns
highlighting the relevance of intrinsic patterns of connectivity to
understand brain responses to TMS.

Supplementary data

Supplementary data related to this article can be found at http://

dx.doi.org/10.1016/j.brs.2015.04.005.
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