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The minipig model is of high interest for brain research in nutrition and associated
pathologies considering the similarities to human nutritional physiology, brain structures,
and functions. In the context of a gustatory stimulation paradigm, fMRI can provide
crucial information about the sensory, cognitive, and hedonic integration of exteroceptive
stimuli in healthy and pathological nutritional conditions. Our aims were (i) to validate
the experimental setup, i.e., fMRI acquisition and SPM-based statistical analysis,
with a visual stimulation; (i) to implement the fMRI procedure in order to map the
brain responses to different gustatory stimulations, i.e., sucrose (5%) and quinine
(10 mM), and (i) to investigate the differential effects of potentially aversive (quinine) and
appetitive/pleasant (sucrose) oral stimulation on brain responses, especially in the limbic
and reward circuits. Six Yucatan minipigs were imaged on an Avanto 1.5-T MRI under
isoflurane anesthesia and mechanical ventilation. BOLD signal was recorded during
visual or gustatory (artificial saliva, sucrose, or quinine) stimulation with a block paradigm.
With the visual stimulation, brain responses were detected in the visual cortex, thus
validating our experimental and statistical setup. Quinine and sucrose stimulation
promoted different cerebral activation patterns that were concordant, to some extent, to
results from human studies. The insular cortex (i.e., gustatory cortex) was activated with
both sucrose and quinine, but other regions were specifically activated by one or the
other stimulation. Gustatory stimulation combined with fMRI analysis in large animals
such as minipigs is a promising approach to investigate the integration of gustatory
stimulation in healthy or pathological conditions such as obesity, eating disorders, or
dysgeusia. To date, this is the first intent to describe gustatory stimulation in minipigs
using fMRI.
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INTRODUCTION

The pig and minipig models are now recognized as one of
the most prominent large animal model for human nutritional
physiology (Roura et al, 2016; Roura and Fu, 2017) and
neuroimaging studies (Sauleau et al, 2009; Clouard et al,
2012b; Val-Laillet et al.,, 2015). Given the exponential use of
magnetic resonance imaging in human, many efforts have to
be made in order to adapt MRI setup to the pig and minipig
specificities. Regarding brain investigation with functional MRI
(fMRI) and, to our knowledge, only few studies were performed
in pigs and minipigs, including different kinds of stimulation
paradigms and stimuli, such as visual (Fang et al., 2006; Gizewski
et al., 2007), somatosensory (Fang et al., 2005; Duhaime et al,,
2006), pharmacological (Mikiranta et al., 2002), and deep-brain
stimulations (Min et al., 2012; Knight et al., 2013; Paek et al., 2015;
Gibson et al., 2016; Settell et al., 2017). To date, no study has been
performed with fMRI to explore the brain responses to gustatory
stimulations for nutrition research.

Olfactory and gustatory stimulations have already been widely
investigated in the pig and minipig models. Roura and Fu
(2017) and Val-Laillet (2018) have recently provided complete
reviews on this topic and the scope of the methodologies
used for this purpose come from ethology (Clouard et al.,
2012a,¢; Clouard and Val-Laillet, 2014) to electrophysiology
(Danilova et al., 1999) and nuclear imaging, such as single
photon emission computed tomography (SPECT) or positron
emission tomography (PET; Clouard et al, 2012a, 2014b;
Val-Laillet et al, 2015; Val-Laillet, 2018). These approaches
provide either information about a long-term integration of
the stimulation, i.e., behavior or nuclear imaging, or a direct
but local impact, i.e., electrophysiology. Furthermore, nuclear
imaging, usually performed with an acquisition time frame of
several minutes, can only inspect the global brain changes,
such as in brain perfusion for SPECT with hexa-methyl-
propyl-amineoxime (HMPAOQ) detection, or glucose metabolism
for PET with fluoro-deoxyglucose detection. fMRI solely can
provide information on the acute response (15-20 s) to a
repeated single and short stimulation in a global brain analysis,
making this methodology of high interest for nutritional studies.
Moreover, different kinds of stimulations and their controls can
be investigated during the same imaging session, contrary to
paradigms using nuclear imaging, which significantly increases
the methodological strength and statistical comparison power
between stimulations, in addition to temporal resolution, and
decreases the costs and constraints for animal experimentation
on large animals.

The couple pleasant vs. aversive stimulation is currently
gaining more attention for nutritional studies in human. Indeed,
this approach is being used to decipher the organization of the
gustatory cortex, e.g., the insular cortex (Rudenga et al., 2010;
Dalenberg et al., 2015) and the associated brain areas (Zald et al.,
2002; van den Bosch et al., 2014; Field et al., 2015). This approach
is also used to investigate the impact of aging (Hoogeveen et al.,
2015) or pathologies, such as obesity (Szalay et al., 2012), on
those brain areas. Besides species differences in terms of taste
detection and integration between human and the pig or minipig

model (Roura and Fu, 2017), the pleasant vs. aversive impact
of compounds have been already investigated with behavioral
exploration and nuclear imaging in pigs (Clouard et al., 2012b,c)
but not with fMRI.

In this study, we aim to validate in the minipig model a
fMRI-based analysis of brain responses to sucrose vs. quinine
stimulation as a model of pleasant vs. aversive stimulation
paradigm. For this purpose, we first validate the experimental
and analysis setup with a visual stimulation based on a previous
study (Gizewski et al., 2007). This first attempt of fMRI analysis
of gustatory stimulation should be of high interest for nutritional
studies for basic research and pre-clinical purposes.

MATERIALS AND METHODS

Animals

Experiments were conducted in accordance with the current
ethical standards of the European Community (Directive
2010/63/EU), Agreement No. C35-275-32, and Authorization
No. 35-88. The Regional Ethics Committee in Animal
Experiment of Brittany has validated and approved the
entire procedure described in this paper (Project No.
2015051312053879). A total of six 1-year-old 30-kg male
Yucatan minipigs were used in this study. The pigs were housed
in individual pens (150 cm x 60 cm x 80 cm) and had free
access to water. A chain was suspended in each pen to enrich the
environment of the animals and fulfill their natural disposition
to play. The room was maintained at ~24°C with a 13:11-h
light-dark cycle.

Anesthesia

Pre-anesthesia was performed with an intramuscular injection of
ketamine (5 mg/kg - Imalgene 1000, Merial, Lyon, France) in
overnight-fasted animals. Isoflurane inhalation (Aerane 100 ml,
Baxter SAS, France) was used to suppress the pharyngotracheal
reflex and then establish a surgical level of anesthesia,
3-5 and 2-3% v/v, respectively. After intubation, anesthesia
was maintained with 2.5% v/v isoflurane and mechanical
respiration allowed adjustment of respiratory frequency at 20
breathing/minute with a tidal volume of 450 ml. Cotton wool
with an additional headset were used to conceal the animal’s
ears.

Visual and Gustatory Stimulation

For visual and gustatory stimulation, we used a custom-made
stimulation apparatus, which was located outside the magnet-
shielded room (5-m distance) and used to deliver both visual
and gustatory stimulations upon synchronization with the MRI
system.

Visual Stimulation

Both eyes were entirely covered by an opaque cap. The
stimulation apparatus produced the visual stimulation that
was conducted to the animal’s right eye cap with an optical
fiber. Visual simulation consisted of flashlight at a frequency
of 8 Hz. A block paradigm was used: 20-s stimulation ON,
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20-s stimulation OFF, repeated 15 times. The entire stimulation
protocol duration was about 10 min.

Gustatory Stimulation

Animals were equipped with an oral apparatus allowing gustatory
stimulation as previously described (Clouard et al, 2012a)
and consisting of three tubes, one for each solution, with an
additional circular tube for continuous aspiration of liquid.
Quinine (10 mM, QI1125-25G, Sigma-Aldrich, St. Quentin
Fallavier, France) and sucrose (5%, S/8560/65, Fisher Chemical,
Leics, United Kingdom) were solubilized in artificial saliva
(Hellekant et al., 1997). In order to obtain the highest brain
responses for each stimulation, three blocks of stimulation
were performed in the following order, from the least to the
most persistent solution in mouth: control stimulation with
artificial saliva, sucrose stimulation, and quinine stimulation,
each stimulation being repeated 15 times. Each stimulation
consisted of oral stimulation (5 s, 24 mL/min), 25-s pause,
rinse with artificial saliva (15 s, 24 mL/min), and pause
(15 s). The entire stimulation protocol duration was about
45 min.

MRI Image Acquisition

Image acquisition was performed on a 1.5-T magnet (Siemens
Avanto) at the Rennes Platform for Multimodal Imaging and
Spectroscopy. Acquisitions were performed using a combination
of coils (Body and Spine matrix coils) for optimized signal to
noise ratio acquisition. T1-weighted anatomical image acquisition:
a MP-RAGE sequence was adapted for adult minipig anatomy
(12 mm x 1.2 mm x 1.2 mm, NA = 2, TR = 2400 ms,
TE = 3.62 ms, TI = 854 ms, FA = 8°, acquisition duration
15 min). BOLD signal acquisition: an echo planar imaging
sequence was adapted for minipig head geometry (TR/TE:
2500/40 ms, FA: 90°, voxel size: 2.5 mm X 2.5 mm X 2.5 mm).
The first four acquired volumes were excluded for the data
analysis, meaning that no stimulation was performed during this
period.

Data Analysis and Statistical Image
Analysis

Data analysis was performed with SPMI2 (version 6906,
Wellcome Department of Cognitive Neurology, London,
United Kingdom). After slice timing correction, realignment,
and spatial normalization on a pig brain atlas (Saikali et al.,
2010), images were smoothed with a Gaussian kernel of 4 mm.
Voxel-based statistic: first-level (within-individual contrast) and
second-level (within-group contrast) statistics were assessed
with a threshold set at p < 0.05 to produce the brain maps
of activation. No suprathreshold voxels were detected with
FDR correction at p < 0.05. ROI-based statistic: anatomical
ROIs from the Saikali pig atlas (Saikali et al., 2010) were
extracted and ROI-based statistic was performed using the
Marsbar toolbox with a uncorrected p-value threshold set at
0.05 for the whole ROI Statistical analysis was performed
either on single stimulation, e.g., changes compared to
baseline, or between stimulations differences. Data from
only five minipigs were used for visual analysis due to a

complication during acquisition of the visual stimulation in one
animal.

RESULTS

fMRI Setup and Statistical Analysis
Validation With Visual Stimulation

We first aimed to validate the experimental setup, the acquisition,
and the statistical analysis pipeline with a visual stimulation
paradigm such as previously described (Fang et al, 2006;
Gizewski et al., 2007). We could easily distinguish a significant
BOLD response in the left occipital lobe (Figure 1A). This cluster
was mostly found in the primary visual system V1. The ROI-
based statistical analysis confirmed a significant BOLD response
in V1 but also in V2 (Figure 1B).

Brain Responses to Artificial Saliva

Stimulation
With artificial saliva stimulation, we could detect a large
activation pattern in olfacto-gustatory centers (Rolls, 2005) such
as the insular cortex, the prepyriform area, and thalamic regions,
but also in other brain areas (Figure 2A). The ROI-based
statistical analysis validated the increased BOLD responses within
these brain regions (Figure 2B).

All stimulations (saliva, sucrose, and quinine) were able to
activate, but in different subparts, the primary somatosensory

DV position: 25

B.

ROI Hemisphere t-value p (uncor.)
V2: Sec. Visual Cortex L 15.58 <0.001
V1: Prim. Visual Cortex L 3.90 0.009
DL Cingulate Cortex L 2.79 0.025
Parahippocampal Cortex R 2.54 0.032
Amygdala L 2.51 0.033
DL Cingulate Cortex R 2.28 0.042
Orbitofrontal Cortex R 2.13 0.050

V2: Sec. Visual Cortex R 2.07 0.053

FIGURE 1 | (A) Horizontal maps of global brain BOLD responses to a visual
stimulation (white flash, 8 Hz). p-Value threshold = 0.05; DV, dorsal-ventral
position in mm related to the posterior commissure. (B) Related ROI-based
statistical analysis with ROIs from Saikali atlas (Saikali et al., 2010). ROI
abbreviations are detailed at the bottom of the panel (A). Cerebellar brain
ROls were excluded, p-values <0.05 are presented in black normal font style,
and p-value between 0.05 and 0.1 are presented in gray italic.
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A. Artificial Saliva . : : -

cd OFC

1l

Quinine DLPFC DA-CC

L

PHCIFG
DV position: 25

A-PFC: Anterior Pre-Frontal Cortex DL-PFC: Dorso-Lateral Pre-Frontal Cortex HPC: Hippocampus Para-Hippocampal Cortex
A Nucleus Accumbens DP-CC: Dorsal-Posterior Cingulate Cortex IC: Insular Cortex Putamen
Cd Caudate Nucleus EC: Entorhinal Cortex OFC: Orbitofrontal Cortex PrePyriform Area
DA-CC:Dorsal-Anterior Cingulate Cortex ~ FG: Fusiform Gyrus P-SC: Primary Somatosensory Cortex Somatosensory Association Cortex
B. Artificial Saliva C. Sucrose
ROI L/R t-value p (uncor.) ROI L/R t-value p (uncor.)
NST R 4.41 0.003 Prim. Motor Cortex R 2.71 0.032
PrePyriform Area L 3.68 0.007 Putamen L 2.02 0.050
Fusiform Gyrus L 3.57 0.008 PrePyriform Area R 1.91 0.057
Som. Asso. Cortex R 3.22 0.012 Prim. Somatosensory Cortex R 1.87 0.060
Putamen L 3.08 0.014 VA Thalamic Nucleus R 1.72 0.073
Claustrum R 2.83 0.018 Central Thalamic Area R 1.65 0.080
Nucleus Accumbens L 279 0.019 Insular Cortex R 1.59 0.087
Insular Cortex L 2.68 0.022 .
LD Thalamic Nucleus L 2.66 0.022 D. QUInlne
MD Thalamic Nucleus R 254 0.026 ROI L/IR t-value p (uncor.)
Olfactory Bulb L 2.53 0.026
Hippocampus R 2.25 0.037 Fusiform Gyrus L 7.25 <0.001
MD Thalamic Nucleus L 217 0.041 Nucleus Accumbens L 3.92 0.006
Insular Cortex R 2.07 0.046 Parahippocampal Cortex L 2.66 0.022
Premotor Cortex (5 2.03 0.049 VA Thalamic Nucleus R 229 0.035
Premotor Cortex R 1.94 0.055 LD Thalamic Nucleus R 2.1 0.044
NST L 1.82 0.064 Orbitofrontal Cortex L 1.94 0.055
Putamen L 1.82 0.064
Caudate Nucleus L 1.75 0.070
Caudate Nucleus R 1.70 0.075
A Entorhinal Cortex L 1.64 0.081
Substancia Nigra R 1.54 0.092

FIGURE 2 | (A) Horizontal maps of global brain BOLD responses to artificial saliva, sucrose, quinine, and between sucrose and quinine stimulations. p-Value
threshold = 0.05; DV, dorsal-ventral position in mm related to the posterior commissure. ROI-based statistical analysis with ROls from Saikali atlas (Saikali et al.,
2010) for (B) artificial saliva, and (C) sucrose, (D) quinine. ROI abbreviations are detailed at the bottom of the panel (A). Cerebellar brain ROIs were excluded,
p-values <0.05 are presented in black normal font style, and p-value between 0.05 and 0.1 are presented in gray italic. Activation and decreased activation are

separated by a line and are organize in p-value decreasing order.

cortex, the somatosensory association cortex, the dorsal posterior
cingulate cortex, the insular cortex, and the putamen (Figure 2A).
For instance, sucrose and quinine stimulation promote brain
activation in the most anterior part of the insular cortex, which
is in accordance with taste encoding (Rolls, 2016). However,
sucrose and quinine stimulations promoted a reduced number
of activated voxels in the brain (sucrose: n = 174 activated voxels
and quinine: n = 222 activated voxels) compared with artificial
saliva stimulation (n = 399 activated voxels), as illustrated
in the insular cortex (Figure 2A). This is illustrated in the
sucrose vs. artificial saliva and in the quinine vs. artificial
saliva brain maps in which we detected fewer activated voxels
with quinine stimulation than with artificial saliva stimulation

(Figure 3A). The ROI-based statistical analysis also showed
more statistically activated brain regions with artificial saliva
stimulation (n = 15 for p < 0.05, Figure 2B) than with sucrose
(n =2 for p < 0.05) or quinine stimulation (n = 4 for p < 0.05,
Figures 2C,D).

Brain Responses to Sucrose Stimulation
Compared with artificial saliva stimulation, the sucrose
stimulation also promoted activations, but in different subparts,
in the anterior prefrontal cortex, the dorsal posterior cingulate
cortex, a larger activation in the putamen, and an additional
activation in the entorhinal cortex and the caudate nucleus
(Figure 2A).
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A. Sucrose vs Artificial Saliva
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Saliva Pulvinar Nuclei L L8 . Sal>iva Geniculate Nuclei L 1.67 0.078
Fusiform Gyrus L 1.52 0.095
LD Thalamic Nucleus L -6.35 <0.001 Prepyriform Area L -2.31 0.035
MD Thalamic Nucleus R -3.69 0.007 LD Thalamic Nucleus L 224 0.038
Fusiform Gyrus L -3.32 0.011 Hippocampus R 224 0.038
Hippocampus R -3.26 0.011 Claustrum R 213 0.043
Olfactory Bulb L 321 0.012 Globus Pallidus L -1.78 0.068
Prepyriform Area L -2.83 0.018 Saliva Olfactory Bulb L 1.77 0.069
Saliva Nucleus Accumbens L -2.55 0.026 5 Parahippocampal Cortex R -1.64 0.081
> Premotor Cortex R -2.00 0.051 Quinine Claustrum L 159 0.086
Sucrose A Entorhinal Cortex R -1.98 0.052 Insular Cortex L _1.58 0.088
DA C/Ijgu/a[e Cortex L -1.95 0.054 NST L 154 0.092
Parahippocampal Cortex R -1.89 0.059 NST R 151 0.096
NST R -1.63 0.082 Premotor Cortex R -1.50 0.097
Nucleus Accumbens R -1.52 0.094
Substantia Nigra R -1.49 0.098 i
Globus Pa///'dgs R -1.48 0.100 D' Qu"“ne Vs Sucrose
Prim. Motor Cortex R -1.48 0.100 ROI L/R t-value p (uncor.)
Fusiform Gyrus L 6.16 <0.001
Caudate Nucleus R 3.63 0.008
Geniculate Nuclei R 3.03 0.015
Quinine Nucleus Accumbens L 2.64 0.023
> A Entorhinal Cortex L 2.20 0.040
Sucrose  p4 Cingulate Cortex L 1.99 0.051
Orbitofrontal Cortex L 1.83 0.064
Substancia Nigra R 1.77 0.068
LD Thalamic Nucleus R 1.73 0.072
Olfactory Bulb L 1.48 0.100
Sucrose  Gjobus Pallidus L -3.76 0.007
Qui:\ine Claustrum R 215 0.042

FIGURE 3 | (A) Horizontal maps of global brain responses between quinine and artificial saliva, as well as sucrose and artificial saliva stimulations. p-Value
threshold = 0.05; DV, dorsal-ventral position in mm related to the posterior commissure. ROI-based statistical analysis with ROls from Saikali atlas (Saikali et al.,
2010) for (B) sucrose vs. artificial saliva, (C) quinine vs. artificial saliva, and (D) quinine vs. sucrose (uncorrected p-values). ROl abbreviations are detailed at the
bottom of the panel (A). Cerebellar brain ROIs were excluded, p-values <0.05 are presented in black normal font style, and p-value between 0.05 and 0.1 are

The ROI-based statistical analysis validated in part the global
brain changes and showed an activation of the primary motor
cortex and the putamen, a tendency toward activation of five
other brain structures (Figure 2C).

The sucrose vs. artificial saliva brain map corroborated these
observations (Figure 3A). Compared to artificial saliva, sucrose

promoted a decreased activation in the prepyriform area, the
dorsal anterior cingulate cortex, the anterior and the ventral part
of the anterior prefrontal cortex, the anterior part of the dorsal
lateral prefrontal cortex, the fusiform gyrus, the ventral part of
the caudate nucleus, the nucleus accumbens, the amygdala, and
both higher activation and decreased activation in the insular
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cortex and the putamen. The ROI-based statistical analysis of
the sucrose vs. artificial saliva stimulation showed a statistical
activation only in the central thalamic area and a statistical
decreased activation in two thalamic areas, the fusiform gyrus,
the hippocampus, the olfactory bulb, the prepyriform area, the
nucleus accumbens, and a tendency toward lower activation in
nine others brain structures such as, for instance, the entorhinal
cortex, the dorsal anterior cingulate cortex, the para-hippocampal
cortex, the nucleus accumbens, the substantia nigra, and the
globus pallidus (Figure 3B).

Brain Responses to Quinine Stimulation
Compared with artificial saliva stimulation, the quinine
stimulation promoted also activations, but in different subparts,
in the prepyriform area, the dorsal posterior cingulate cortex,
the dorsal lateral prefrontal cortex, a larger activation in the
fusiform gyrus, the caudate nucleus, the nucleus accumbens, and
an additional activation in the para-hippocampal cortex and the
orbitofrontal cortex (Figure 2A).

The ROI-based statistical analysis supports in part the global
brain changes and showed an activation of the fusiform gyrus,
the nucleus accumbens, the para-hippocampal cortex, the ventral
anterior thalamic nucleus, a tendency toward activation of seven
other brain structures, i.e., the orbitofrontal cortex, the putamen,
and the caudate nucleus (Figure 2D).

The quinine vs. artificial saliva brain maps corroborated
these observations (Figure 3A). Compared to artificial saliva,
quinine promoted a larger activation in the caudate nucleus, a
decreased activation in the ventral part of the anterior prefrontal
cortex, the putamen, and both activation and decreased activation
in the insular cortex, the prepyriform area, the dorsal lateral
prefrontal cortex, the dorsal posterior cingulate cortex, and
the hippocampus. The ROI-based statistical analysis of the
quinine vs. artificial saliva stimulation only showed a tendency
toward activation in four brain structures, ie., the lateral
dorsal thalamic nucleus, the anterior entorhinal cortex, the
geniculate nuclei, and the fusiform gyrus; a statistical decreased
activation in the prepyriform area, the lateral dorsal thalamic
nucleus, the hippocampus, the claustrum, and a tendency
toward decreased activation in eight others brain structures, i.e.,
the globus pallidus, the olfactory bulb, the para-hippocampal
cortex, the insular cortex, and the nucleus of the solitary tract
(Figure 3C).

Comparison of Brain Responses to

Sucrose vs. Quinine Stimulations

The quinine vs. sucrose brain map allowed discriminating the
impact of each stimulation. Quinine promoted a higher activation
in the dorsal lateral prefrontal cortex, the ventral part of
the anterior prefrontal cortex, the prepyriform area, the para-
hippocampal cortex, the fusiform gyrus, the hippocampus, the
caudate nucleus, the posterior region of the putamen, the nucleus
accumbens, and in the amygdala (Figure 3A, in red). Sucrose
promoted a higher activation in the primary somatosensory
cortex, the dorsal anterior cingulate cortex, the dorsal part of
anterior prefrontal cortex, and in the putamen (Figure 3A, in

blue). Note that each stimulation showed higher activation in
different subparts of the insular cortex, the anterior prefrontal
cortex (larger activation for sucrose stimulation), the putamen
(larger activation for sucrose stimulation), and the caudate
nucleus (larger activation for quinine stimulation).

The ROI-based statistical analysis of the quinine vs. sucrose
stimulation validated in part the global brain changes and showed
a higher activation from quinine in the fusiform gyrus, the
caudate nucleus, the geniculate nuclei, the nucleus accumbens,
and the anterior entorhinal cortex, a tendency toward higher
activation of five other brain structures including the dorsal
anterior cingulate cortex, the orbitofrontal cortex, the substantia
nigra, the lateral dorsal thalamic nucleus, and the olfactory bulb,
whereas we could only detect a higher statistical activation with
sucrose stimulation in the globus pallidus and the claustrum
(Figure 3D).

DISCUSSION

For the first time, this proof-of-concept study describes in
the minipig model the brain responses to contrasted gustatory
stimulations with fMRI. After validation of our fMRI paradigm
with visual stimulation, we were able to detect the brain responses
elicited by artificial saliva, sucrose, and quinine oral gustatory
stimulations. The statistical analysis also allowed investigating
the specificity of quinine stimulation, as an aversive stimulation
paradigm, vs. sucrose stimulation, as a pleasant stimulation
paradigm.

As a prerequisite, we aimed to validate our experimental
setup, image processing, and statistical analysis approaches with
a visual stimulation paradigm, as investigated in a previous
study (Gizewski et al., 2007). We were able to detect statistically
significant brain responses in the contralateral visual cortex
but also a trend toward activation in the ipsilateral visual
cortex, which is in accordance with previous studies related to
visual stimulation in pigs (Fang et al., 2006) and in minipigs
(Gizewski et al,, 2007). In this proof-of-concept study, the
brain responses of five animals were sufficient to detect the
brain activation elicited by visual stimulation (uncorrected
statistic at a p-value level of 0.05). Note that correction for
multiple comparisons with satisfactory p-values threshold in
fMRI paradigms has been achieved in pigs only with deep brain
stimulation (Min et al., 2012; Knight et al., 2013; Paek et al.,
2015; Gibson et al., 2016; Settell et al., 2017), which is a highly
invasive treatment deeply modifying brain activity. The ROI-
based statistic without correction for multiple ROI comparison is
a non-standard approach regarding to usual human fMRI-based
statistical analyses, but was used to provide first evidence is this
exploratory study. Considering the limited number of animals
and the fact that they were anesthetized during the imaging
procedure, detection of a specific BOLD signal in accordance with
our hypotheses was already a satisfactory achievement. Of course,
further studies should consider increasing the number of animals
or stimulations per animal to reach a better statistical power and
improving the anesthesia and/or stimulation paradigms to reduce
inter-individual variability.
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Even though artificial saliva is usually considered as a neutral
stimulus (Hellekant et al., 1997, Clouard et al., 2014b), our results
showed that it elicited a broad spectrum of brain responses
in olfactogustatory brain areas, limbic and corticostriatal areas,
meaning that it is not a trivial stimulation. Our approach and
the global brain maps of sucrose vs. artificial saliva stimulation
obtained here are comparable to those described in pigs by
Clouard et al. (2014b), who investigated the impact of oral
sucrose 5% stimulation on brain blood flow. Interestingly, we
could also detect decreased activation in the caudate nucleus,
the nucleus accumbens and the amygdala, which was reported
in obese humans with sucrose stimulation compared with non-
obese humans (Green et al,, 2011). The global brain map of
quinine vs. artificial saliva stimulation can be compared to the
study of Zald et al. (2002), in which bitter stimulation promoted
an increased cerebral blood flow in the dorsal cingulate cortex,
the orbitofrontal cortex and the nucleus accumbens. Overall, our
data are in line with a recent meta-analysis searching common
pattern of activity related to basic taste stimulation, i.e., activation
in the insular cortex, the thalamic region, the hippocampus, the
putamen, and the cingulate cortex (Yeung et al., 2017).

Based on behavioral data available in animals (McCutcheon
et al,, 2012; Clouard et al., 2014a; Roura et al., 2016; Roura
and Fu, 2017) and humans (Veldhuizen et al., 2006; Rudenga
et al.,, 2010; Dalenberg et al., 2015; Field et al., 2015), the quinine
vs. sucrose stimulation paradigm is now used as a common
paradigm to decipher the central integration of aversive vs.
pleasant stimulations using neuroimaging approaches (Zald et al.,
2002; Rudenga et al., 2010; Szalay et al., 2012; van den Bosch et al.,
2014; Dalenberg et al., 2015; Field et al., 2015).

The amygdala, which has direct connections from lingual
nerves (King et al., 2014), is involved in pleasant and unpleasant
stimuli (O’Doherty et al., 2001) and has been reported to be
more activated with quinine compared to water stimulation
(Zald et al., 2002). However, increased activation in amygdala
with sucrose compared to quinine stimulation was also reported
in humans between sucrose likers and quinine dis-likers (van
den Bosch et al,, 2014). In a previous study in the human, the
orbitofrontal cortex, which is involved in hedonic taste valence,
was found modulated by the pleasantness of the gustatory
stimulation (Small et al., 2003). The anterior cingulate cortex,
which is involved in taste pleasantness (Grabenhorst and Rolls,
2008), was more activated with sucrose stimulation than with
quinine stimulation, which suggests a higher activation in this
brain region with pleasant vs. unpleasant stimulation (Small
et al., 2003; Green et al, 2015). Overall, sucrose stimulation
promoted less activation in the brain than quinine stimulation,
as already described in the human (Zald et al, 2002; Szalay
et al,, 2012). As major actors of the reward system, the nucleus
accumbens and the caudate nucleus (Liu et al, 2011) were
found activated with sucrose stimulation (Smith, 2004; Haase
et al.,, 2009; Jacobson et al., 2010), but other authors showed
that sucrose might promote inhibition in the nucleus accumbens
in rats, whereas quinine promoted activation (Roitman et al,
2005). In our study, quinine was more effective than sucrose
to induce activation in both these brain structures, but a
concentration of 5% sucrose (i.e., 0.15 M) might have not been

sufficient to promote a prominent response in the reward-
related brain regions compared to the concentration used in the
aforementioned studies (i.e., 0.64 M). Even though the limited
number of animals and the use of uncorrected statistics are
important limitations in our study, we managed to describe brain
responses differences between quinine and sucrose stimulations
in brain structures already highlighted in human studies as
aforementioned. It is necessary to keep in mind that discrepancies
with previous studies might be related to physiological differences
in the olfaction of pigs compared to humans (Roura et al,
2016; Roura and Fu, 2017), to differences related to the tastants’
concentration (Yeung et al., 2016, 2018) and/or novelty (Clouard
et al., 2012a; Kishi et al., 2017), or to the hunger/satiety status
during imaging (Haase et al., 2009). Finally, it is important
to remind that our animals were anesthetized, which might
modulate or attenuate brain responsiveness (Hendrich et al,
2001; Willis et al., 2001).

CONCLUSION

To date, among all fMRI studies performed in pigs or minipigs,
this pilot study provides for the first time some preliminary
evidences on brain responses to gustatory stimulation with
pleasant and aversive compounds in the minipig model. Even
though our study used a limited number of animals with
uncorrected statistics, our overall approach can be of high interest
for preclinical studies investigating the sensory integration from
gustatory stimulation such as in young vs. elderly investigations
(Green et al., 2011) or in pathologies such as metabolic syndrome
(Green et al,, 2015) or obesity (Szalay et al., 2012).
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