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Abstract

Characterizing how the brain appraises the psychological dimensions of reward is one of the
central topics of neuroscience. It has become clear that dopamine neurons are implicated in the
transmission of both rewarding information and aversive and alerting events through two different
neuronal populations involved in encoding the motivational value and the motivational salience of
stimuli, respectively. Nonetheless, there is less agreement on the role of the ventromedial
prefrontal cortex (vmPFC) and the related neurotransmitter release during the processing of
biologically relevant stimuli. To address this issue, we employed magnetic resonance spectroscopy
(MRS), a non-invasive methodology that allows detection of some metabolites in the human brain
in vivo, in order to assess the role of the vmPFC in encoding stimulus value rather than stimulus
salience. Specifically, we measured gammaaminobutyric acid (GABA) and, with control purposes,
GlIx levels in healthy subjects during the observation of appetitive and disgusting food images. We
observed a decrease of GABA and no changes in GlIx concentration in the vmPFC in both
conditions. Furthermore, a comparatively smaller GABA reduction during the observation of
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appetitive food images than during the observation of disgusting food images was positively
correlated with the scores obtained to the body image concerns sub-scale of Body Uneasiness Test
(BUT). These results are consistent with the idea that the vmPFC plays a crucial role in processing
both rewarding and aversive stimuli, possibly by encoding stimulus salience through glutamatergic
and/or noradrenergic projections to deeper mesencephalic and limbic areas.
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INTRODUCTION

Because of the relevance of pleasure and other psychological dimensions of reward in daily
life, understanding how the brain appraises gratification is one of the main goals of
neuroscience (for a review see Berridge and Kringelbach, 2008). While the powerful
responses to rewards are mostly ascribable to midbrain dopamine neurons functioning
whose critical role in appetitive contexts is well-known (for a review see Bromberg-Martin
et al., 2010), it has become progressively clearer that these neurons are also implicated in the
transmission of salient but non-rewarding information, related to aversive and alerting events
(Horvitz, 2000; Faure et al., 2008; Wang and Tsien, 2011; Hayes et al., 2014). Positive and
negative events can be handled both on the basis of their value (rewarding vs aversive), or
with regard to their salience, which indicates the absolute importance of the considered
events (Bromberg-Martin et al., 2010).

However, neural mechanisms and related neurotransmitter release underlying these
processes have not been fully unveiled yet, as witnessed by a host of studies that yielded
contradictory results. In general, it has been widely demonstrated that the ventromedial
prefrontal cortex (vmPFC) is implicated in the encoding of salient stimuli. Nonetheless,
whereas in some cases findings are consistent with the idea that this area mediates the
encoding of stimulus value (e.g., Knutson et al., 2003; Chib et al., 2009; Lin et al., 2015),
other studies support the proposal that it encodes salience (e.g. Kensinger and Schacter,
2006; Ventura et al., 2007; Puglisi-Allegra and Ventura, 2012).

Effectively, a study carried out by Matsumoto and Hikosaka (2009) showed that whereas
some dopamine neurons in the ventral tegmental area (VTA) were excited by rewarding
stimuli and were inhibited by aversive stimuli, as predicted by the value hypothesis, a larger
amount of dopamine neurons in the same area were excited by both these stimuli,
independently of the value hypothesis, suggesting that these neurons are divided into
different groups according to their distinct roles in processing different stimulus features.
Despite that, there is less agreement on the functional role of the vmPFC and the related
neurotransmitter release during the processing of the stimulus value rather than the stimulus
salience.

As a consequence of the contrasting results produced by the studies mentioned above, our
aim is to give a response to the question of whether gamma-aminobutyric acid (GABA)
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concentration within vmPFC is related to the encoding of stimulus salience or valence. To
address this issue, we employ magnetic resonance spectroscopy (MRS), a non-invasive
methodology that allows the direct detection of some endogenous metabolites in the human
brain /n vivo, such as GABA and GIx complex (glutamate +glutamine; e.g., Delli Pizzi et al.,
2016). The hypothesis is based on the fact that the activation of GABAergic systems in the
prefrontal cortex can decrease glutamatergic excitatory activity directed to subcortical
structures, including the nucleus accumbens (NAc) and the VTA (e.g., Jayaram and
Steketee, 2004). VTA dopaminergic system activation, in turn, increases the DA release in
the NAc. This latter area also receives direct glutamatergic efferents from the mPFC and
projects to the midbrain DA neurons in the VTA, where it either directly inhibits or
indirectly activates DA neurons (e.g., Cooper, 2002; Stuber et al., 2012). Using an event-
related block-design protocol we measured GABA in the vmPFC, together with Glx as a
control both at baseline level and during the presentation of visual images of positivevalue
stimuli (appetitive foods) and negative-value stimuli (rotten foods). In case of a role of
vmPFC in salience encoding, we expect herein a decrease of GABA and concomitantly no
effects on Glx levels (control measure), being both appetitive and rotten food images salient
stimuli. Conversely, in case of a role of vmPFC in valence encoding, the decrease should be
confined to appetitive food images, still in the presence of no variations in Glx
concentration, having only appetitive food images positive valence. Therefore, the
measurement of GABA levels in the vmPFC should contribute to reconstruct part of the
neural circuitry underlying reward in humans (Carr and Sesack, 2000; Harte and O’Connor,
2005).

EXPERIMENTAL PROCEDURES

Subjects

Fifteen subjects (seven females and eight males; mean age = 24.3, SD = +3.8; mean years of
education = 13.5, SD = £1.4) recruited through posted advertisements, participated in the
experiment. They had normal or corrected-to-normal vision. Female participants were
matched according to their menstrual cycle phase (50% follicular and 50% luteal).
Participants were instructed to fast for at least 15 h prior to arriving in the laboratory, but
were permitted to drink water. Prior to participating in the experiment, subjects were pre-
screened to ensure that they were not overweight (mean BMI = 21.47, SD = +2.1), not on a
diet, or not planning to go on a diet. Subsequently, they were pre-screened by the
psychiatrist and, upon arrival at the laboratory, they received general information about the
experiment and were asked to complete the questionnaires (listed below). Then, subjects
underwent MR imaging.

All the exclusion criteria were as follows: prior history of major medical or psychiatric
disorders; head injury or neurological problems; current pregnancy or breastfeeding; history
of substance abuse; eating disorders, food allergies and/or intolerances; all kind of
medications; tobacco addiction; any contraindications to MRI scanning, including metal
implants and claustrophobia. Likewise, participants’ state of mind was assessed by a
psychiatrist (GS) to exclude any DSM-5 psychiatric disorder (APA, 2013). Subjects were
asked to fill psychological questionnaires: the State-Trait Anxiety Inventory (STAI-Y,;
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Spielberger, 1983); the Barratt Impulsiveness Scale (B1S-11; Patton and Stanford, 1995); the
Beck Depression Inventory |1 (BDI-I1; Beck et al., 1996) and the Body Uneasiness Test
(BUT; Cuzzolaro et al., 2006). Participants remained naive as to the purpose of the study
until debriefing and were compensated for their participation. All participants gave written
informed consent. All research procedures were approved by the Local Institutional Ethics
Committee and were performed according to the Declaration of Helsinki (1997) and
subsequent revisions.

Stimuli and procedure

Twenty transformed food images (appetitive stimuli) and 20 rotten food images (aversive
stimuli), selected from the FoodCast research image database (FRIDa; Foroni et al., 2013),
were used as stimuli. As depicted in Fig. 1, two separate blocks of appetitive and aversive
stimuli were presented in counterbalanced order between subjects, so that half of the
subjects (V= 8) received the appetitive block first, and the other half (A= 7) received the
aversive block first. Each set of stimuli was presented in random order for 10 min. Each
image was displayed two times in a block, both in its original arrangement and flipped
horizontally (40 images per block), for a duration variable from 6 to 10 s, followed by a 3-s
mean inter-stimulus interval (ranging from 1 to 5 s). In order to prevent the intervention of
many uncontrollable and unwanted psychological processes (e.g., memory, attention, etc.)
we only asked our participants to look at the pictures all the time and, after the recording
session, we asked them to report their preferred appetitive images and their most disliked
disgusting images (of note, the consistency between participants’ responses suggests that
they attended the task with reasonable accuracy). Participants were tested individually and
performed the experimental task in one session. The paradigm was completely automated
using a software written in E-prime (Psychology Software Tools, Inc.). Stimuli were
presented on a computer display that was projected onto a mirror in the MRI scanner. The
entire data acquisition lasted approximately one hour.

MR protocol

All MR data were acquired with a Philips Achieva 3-T scanner (Philips Medical Systems,
Best, The Netherlands) equipped with an 8-channel receiver coil. T{-weighted images were
acquired by using a 3D Turbo Field Echo (TR/TE = 11/5 ms, slice thickness of 0.8 mm).
According with the experimental design, four 'H MRS spectra were acquired from a voxel
of 2.0 (anterior-posterior) x 3.0 (left-right) x 3.0 (craniocaudal) mm?3 placed on ventro-
medial prefrontal cortex (Fig. 2A). A MEshcher-GArwood Point RESolved Spectroscopy
(MEGA-PRESS) sequence (TR/TE = 2000/68 ms, 320 averages) was used to acquire 1024
points within a spectral width of 2000 Hz. MEGAPRESS generates two sub-spectra, with
the editing pulse on in one and off in the other. Specifically, an editing pulse is applied to
GABA spins at 1.9 ppm in order to selectively refocus the evolution of J-coupling to the
GABA spins at 3.02 ppm (ON spectra). In the other, the inversion pulse is applied elsewhere
so that the Jcoupling evolves freely throughout the TE (OFF spectra). Subtracting scans
acquired without these pulses (OFF spectra) from scans acquired with the editing pulses
(ON spectra) removes overlying creatine signals from the edited spectrum, revealing the
GABA signal in the difference spectrum (Fig. 2B) (Rothman et al., 1993; Mescher et al.,
1998; Mullins et al., 2014). Point-resolved spectroscopy (PRESS) sequence (TR/TE =
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2000/68 ms, 32 averages) with and without water suppression was additionally acquired by
using chemically shift-selective (CHESS) pulses.

1H MRS analysis

GANNET, a MATLAB-based tool (Edden et al., 2014), was used to assess the GABA+/tCr
and the GIX/tCr in each spectrum using default parameters, including frequency and phase
correction of time-resolved data using spectral registration (Near et al., 2015). Specifically,
the Glx signal was quantified from the 3.75 ppm as pseudodoublet peaks in the GANNET-
edited spectrum. Because the signal detected at 3.02 ppm is also expected to include
contributions from both macromolecules and homocarnosine, in the rest of the manuscript
this signal is labeled as GABA+ rather than GABA, to underline the potential presence of
these other compounds (Rothman et al., 1997; Gao et al., 2013). GANNET-estimated signal
for GABA and GIx is shown in Fig. 2C and Fig. 2D, respectively.

By using jMRUI (Naressi et al., 2001), the analysis of OFF spectra was performed to
investigate the N-acetylaspartate (NAA)/tCr and tCr/water (see Table 2; Naressi et al., 2001).
In detail, spectra with water suppression were filtered for removal of residual water by using
the Hankel-Lanczos Singular Values Decomposition (HLSVD) algorithm. After
autophasing, baseline and frequency shifts correction, a priori knowledge database (N-acety!l
aspartate = NAA, 2.02 ppm; total creatine = tCr, 3.03 ppm) was created to put constraints on
the Advanced Magnetic Resonance (AMARES) fitting algorithm within the jMRUI package.
Using the PRESS sequence, the water signal was quantified to use it as internal reference
standard to calculated the absolute tCr quantification (Christiansen et al., 1993;Delli Pizzi et
al., 2012, 2013, 2015, 2016). Peak shifts were restricted to +5 ppm of the theoretical
location. Spectra with artifact and metabolites fits with Cramer Rao Lower Bounds above
20% were excluded.

To verify the correspondence between the first and second blocks (baseline+task), two
experienced operators visually inspected the location of the MRS voxel on T1-image.

Data analyses

Statistical analyses were performed using StatSoft STATISTICA 8.0.550. Three repeated
measures analyses of variances (ANOVAS) were performed in order to assess whether the
metabolites/tCr levels differed according the factors Stimulation (baseline vs. task) and
Block (positive vs. negative). Moreover, Pearson correlation analyses were used to assess the
presence of linear associations between the amount of GABA+/tCr and GIx/tCr during
appetitive minus aversive tasks and the obtained scores of the psychometric tests. The
difference between GABA+/tCr (baseline-corrected) during appetitive task and GABA+/tCr
(baseline-corrected) during aversive task was thus computed. The same procedure was used
to calculate the difference between the GIx/tCr and NAA/tCr concentrations in the two
conditions. This procedure allowed to correlate the differential salience of appetitive versus
aversive food images with individual differences. From the questionnaires we analyzed the
total scores, except than for the four BUT sub-scales: weight phobia (WF), body image
concerns (BIC), avoidance (Av) and compulsive self-monitoring (CSM) according to the
kind of stimuli we presented (food pictures). P-values were considered significant only after
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Bonferroni correction for multiple comparisons (corrected significance level for correlations:
p=0.00625).

GABA+/tCr, GIx/tCr, and NAA/tCr

As shown in Fig. 3, a significant effect of Stimulation was observed, with lower average
levels of GABA+/Cr levels during task compared to baseline (A 13) = 12.645, p=.004).
No significant difference was observed between blocks (/~1,13) = 1.366, p=.263). The
interaction Stimulation x Block was not significant (F1 13) = .294, p=.597), with Duncan’s
post hoc showing that average levels of GABA+/tCr were lower during the task than during
the baseline condition for both blocks (appetitive: p=.02; disgusting: p=.005), and that the
appetitive and disgusting conditions differed neither during baseline (p=.199) nor during
task (p=.601). No effects of gender were found (A1,13) = .121, p=.734).

The average GIx/tCr and NAA/Cr concentrations did not differ according to either
Stimulation (GIX/tCr: A 13) = .019, p=.893; NAA/Cr: A1 13) = .000, p=.990) or Block
(GIXItCr: A 13) = .286, p=.602; NAAICr: Ay 13) = .534, p=.478). The interaction
Stimulation x Block was not significant (GIX/tCr: A1 13) = 1.486, p=.245; NAA/Cr: A1 13)
=3.784, p=.074). No gender effect emerged (GIX/tCr: £y 13) = .594, p=.455; NAA/Cr:
Fa,13) = .062, p=.807). Table 1 reports mean and standard deviation values for the 3
metabolites.

Finally, tCr stability across all conditions was verified by means of t-tests. These analyses
are reported in Table 2.

Correlations with psychometric tests

The correlation analysis shown in Fig. 4 highlighted the presence of a positive correlation
between the difference in GABA+/Cr (baseline-corrected) during the appetitive task minus
GABA+/Cr (baseline-corrected) during aversive task and the scores obtained in the body
image concerns sub-scale of BUT (r=.651, p=.006). In contrast to GABA+, the difference
GIx/tCr-baseline during appetitive task minus GIx/tCr-baseline during aversive task showed
no significant correlation.

DISCUSSION

In the present study, we applied for the first time a noninvasive block-design MRS paradigm
to quantify the GABA (and GIx) concentrations in the brain of healthy subjects during the
presentation of appetitive and disgusting (rotten) food images. Based on the results obtained
in the vmPFC, we observed a decrease of GABA (and no change in GIx) concentrations in
both conditions, i.e. observation of appetitive or disgusting food images.

GABA is localized in vmPFC inhibitory interneurons; therefore, we hypothesize that within
the vmPFC, low GABA concentration leads to increased activity of pyramidal neurons,
which could enhance their excitatory drive to the dopaminergic VTA neurons (Carr and
Sesack, 2000; Harte and O’Connor, 2005). Thus, these findings seems to be in accordance
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with previous studies that claimed an intervention of the medial prefrontal cortex (mPFC) in
encoding salience attribution to biological relevant stimuli, such as appetitive and rotten
food. Otherwise a decrease in GABA concentration would have been observed while
viewing high-value pleasurable images, but not low-value or aversive images. Effectively,
other studies carried out by stimulating, lesioning or injecting drugs into the medial
prefrontal cortex or into the VTA have associated increases in vmPFC activity (Au-Young et
al., 1999; Tzschentke and Schmidt, 2000) with enhanced midbrain activity and dopamine
release. In addition, it has been established that chemical or electrical stimulation of mPFC
causes an increase in extracellular DA levels in NAc septi (Tzschentke, 2000) Of note,
recent evidence has also demonstrated a negative correlation between GABA concentration
and BOLD response amplitude (Duncan et al., 2014), suggesting a possible coupling also
between lower GABA content and increased vmPFC activity.

A second result is the unchanged concentration in glutamate levels (Glx signal). We take this
finding as a control measure for GABA variations, with the intent to ensure that possible
general effects due to the mere presentation of images could affect spectral power globally.
The observation of no effects on Glx complex levels in the presence of an effect on GABA
levels conveys to the latter more reliability. Of note, effects on Glx should be interpreted
with caution, as the GIx complex describes the contributions of two substances, i.e.
glutamate and glutamine wherein glutamate concentration in the brain is up to 45% higher
than glutamine concentration (Jang et al., 2005). Moreover, glutamate is not only the
primary excitatory neurotransmitter in the brain, but it is also implicated in several metabolic
roles such as in the aminoacid synthesis of GABA (Michels et al., 2012; Rae, 2014). Thus,
given that the MRS GIx signal encloses contributions from several glutamate pools, it was
not possible to separate the spectral contributions resulting from the neurotransmitter
population of glutamate from those resulting from the other glutamate pools. It should be
also considered that animal evidence indicated possible alternative explanations based on the
observation that mesoaccumbens dopamine release might be facilitated not only by
corticoaccumbal glutamatergic projections but also from prefrontal norepinephrine
projections to VTA (Ventura et al., 2007). Indeed, Ventura and co-workers demonstrated that
the prefrontal norepinephrine transmission, besides mediating the rewarding properties of
common drugs of abuse, is also necessary for attributing salience to both appetitive and
aversive stimuli.

Considerable work from decision making literature has recognized the vmPFC as an area of
the brain that is involved in the representation of the value of a stimulus (Arana et al., 2003;
Blair et al., 2006, 2013; Kable and Glimcher, 2007). Despite that, such studies implemented
sophisticated decision making tasks, leading to the involvement of additional brain circuits
related to attention, emotion encoding, working memory and selection of behavioral
responses. On the contrary, our study was based on passive image viewing preventing the
intervention of many uncontrolled psychological processes. Thus, it could be possible that
results from other studies at least partially arose from the recourse to complex tasks, which
imply the involvement of high-order processing functions. In this respect, previous literature
reported contradictory results regarding the functional role of vmPFC in food processing.
For instance, Killgore and coworkers (2003) suggested that while the amygdala may be
responsive to a general category of biologically relevant stimuli such as food, separate
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ventromedial prefrontal systems may be activated according to the perceived reward value or
salience of the same stimuli. Another study (Beaver et al., 2006) carried out with the purpose
of analyzing differences in a fronto—striatal-amyg dala—midbrain network activation while
viewing appetizing and disgusting food, also found a common activation in the ventral
striatum and in the ventral portion of the prefrontal cortex.

One possible account of our results could be represented by the processing of salience,
which is ascribable to both appetizing and disgusting food images views. It could be
supposed a potential involvement of the vmPFC in salience attribution, thus encoding the
salience of the stimuli presented rather than their value. Indeed, we can consider appetitive
and rotten food images as opposite poles along the dimension of value; on the contrary, we
should assign them similar salience, due to their comparable significance. Thus, it is possible
that the reduction of GABA concentration while viewing both appetitive and aversive stimuli
is attributable to the processing of their similar salience. A fMRI study (Siep et al., 2009)
carried out to investigate the effects of attention, hunger and calorie content on food reward
processing, also revealed a significant activation of medial prefrontal cortex, following the
presentation of high calorie food when participants were hungry, independently of the focus
of the attention. In accordance with the authors’ suggestion, this attention-independent
activity in the mPFC might represent the hungry participants’ “awareness” of relevant and
salient stimuli, also in conditions in which subjects were asked to pay attention to other
stimuli. Moreover, Hasler and co-workers (2010) found a specific GABA reduction in the
mPFC when healthy human subjects received occasional shocks, that is during potential
aversive events. The same area, with the anterior cingulate cortex, has been recognized as
part of the “salience network” (Kullmann et al., 2012). In this regard, a possible functional
role of the vmPFC in processing stimulus salience is a fascinating alternative explanation
that needs to be verified, considering also the underlying biochemical processes.

Furthermore, a positive correlation was found between the difference in GABA
concentration between appetitive (positive) and aversive (negative) tasks and the scores
obtained in the body image concerns subscale of BUT (Cuzzolaro et al., 2006). In other
words, a greater positive difference between GABA/tCr (baseline-corrected) during the
positive task and GABA/tCr (baseline-corrected) during the negative task, that is a
comparatively smaller GABA reduction during the positive task, was positively correlated
with higher body image concerns or worries related to physical appearance. It has been
demonstrated that the BUT-A score significantly contributes to the prediction of general
body dissatisfaction, even after controlling for gender and BMI (Pokrajac-Bulian et al.,
2014), and that it is useful in the assessment of both clinical and general populations. In
general, an unenthusiastic body image can be depicted on a continuum ranging from modest
forms without any significant negative consequences for physical health, to clinical
manifestations such as anorexia and bulimia nervosa (Cash, 1996; Paxton and McLean,
2010). Body image disorders have proven not only to be a symptom of anorexia and bulimia
nervosa, but also important predictors for the development, maintenance and degeneration
process of these disorders (Killen et al., 1996; Stice, 2002). Additionally, it has been
proposed that body dissatisfaction may be deemed as a mediator between restrained eating
style and the development of eating disorders (Ricciardelli et al., 1997) and that food may be
particularly reinforcing in food-restricted individuals (Avena et al., 2013). In line with these
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observations, it could be possible to suggest that people with higher body image concerns
are also more prone to restrained eating behaviors. Thus, as regards the present results, we
suggest that these people, which consider high-energy rich food images as more salient and
arousing stimuli compared to rotten food images, tend to moderate their actual desire to eat
those foods. This inhibition could be related to the comparatively smaller GABA reduction
in the appetitive vs. aversive task.

To summarize, the present results suggest that viewing appetitive and aversive images
caused a decrease in GABA concentration in the vmPFC. Furthermore, a comparatively
smaller GABA reduction during the positive task than during the negative task is positively
correlated with body image concerns. These results seem to be consistent with the idea that
the vmPFC plays a crucial role in processing both appetitive and aversive stimuli, casting
new light on its probable function in encoding stimulus salience through sending
glutamatergic and/or noradrenergic projections (Ventura et al., 2007) to deeper
mesencephalic and limbic areas. Additional studies, however, are needed to clarify how
neurotransmitter systems activated by salient rewarding and aversive stimuli could help to
offer a substratum in explaining the functioning of the underlying neural systems. Such a
new insight could help to develop more specific intervention strategies for individuals
belonging to specific clinical population, such as obese and anorexic patients.
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Fig. 1.

Experimental protocol. (A) Stimulation protocol. Left: appetitive task, right: disgusting task.
(B) Magnetic resonance recordings. MRS was recorded during both baseline and stimulation
periods. Before baseline structural MRI was also acquired.
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Fig. 2.

Pr%ton Magnetic Resonance Spectroscopy (*H MRS). (A) a voxel (2.0 x 3.0 x 3.0 mm3) was
placed into the ventro-medial prefrontal cortex by using T;-weighted image as anatomical
reference; (B) representative raw GABA difference spectrum; (C, D) respectively report the
representative GANNET-edited spectra (in blue) with estimated GABA and GIx models
indicated in red. Residue was shown in black. (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. 3.

Means and standard errors of GABA+/tCr, GIx/tCr (an index of glutamate levels) and
NAA/Cr concentrations during baseline (white) and task (gray: appetitive foods; black:
disgusting foods). Asterisks indicate statistically significant differences (o <.05)
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Correlation between GABA concentration differences and body image concerns score.
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Scatterplot displaying correlation between GABA concentration differences (appetitive
minus disgusting task) and body image concerns score.
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Two-tailed t-test and corresponding significance of tCr levels across all recording blocks (i.e., appetitive
baseline and task, and disgusting baseline and task)

tCr/Water Tia Sig.
Appetitive baseline vs Appetitive task 444 .664
Appetitive baseline vs Disgusting baseline  -.217  .832
Appetitive baseline vs Disgusting task -499 .626
Appetitive task vs Disgusting baseline -.613 551
Appetitive task vs Disgusting task -.747 468
Disgusting baseline vs Disgusting task -579 572
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