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Peripheral sources of individual variation in taste intensity perception have been well described. The existence of a central
source has been proposed but remains unexplored. Here we used functional magnetic resonance imaging in healthy human
participants (20 women, 8 men) to evaluate the hypothesis that the amygdala exerts an inhibitory influence that affects the
“gain” of the gustatory system during tasting. Consistent with the existence of a central gain mechanism (CGM), we found
that central amygdala response was correlated with mean intensity ratings across multiple tastants. In addition, psychophysio-
logical and dynamic causal modeling analyses revealed that the connection strength between inhibitory outputs from amyg-
dala to medial dorsal and ventral posterior medial thalamus predicted individual differences in responsiveness to taste
stimulation. These results imply that inhibitory inputs from the amygdala to the thalamus act as a CGM that influences taste
intensity perception.
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Significance Statement

Whether central circuits contribute to individual variation in taste intensity perception is unknown. Here we used functional
magnetic resonance imaging in healthy human participants to identify an amygdala—thalamic circuit where network dynamics
and connectivity strengths during tasting predict individual variation in taste intensity ratings. This finding implies that indi-
vidual differences in taste intensity perception do not arise solely from variation in peripheral gustatory factors.

Introduction Bartoshuk, 2000; Pepino and Mennella, 2007; Hayes et al., 2011;
Allen et al., 2014; Thibodeau et al., 2017). Investigations into the
source of this variance have ocused primarily on possible periph-
eral mechanisms, such as allelic variation in the TAS2R38 bitter
taste receptor gene or the number of taste papillae, but the evi-
dence for such mechanisms in humans is not strong (for review,
see Feeney and Hayes, 2014). Less well explored is the possible
influence of central mechanisms. However, there is evidence that
such a mechanism may exist. Studies of the phenomenon of ther-
mal taste, in which some individuals perceive taste sensations
from temperature alone (Cruz and Green, 2000), has shown that
the ability to perceive thermal taste is significantly correlated

Taste acts as a gatekeeper to our internal milieu, with taste qual-
ity tuned to identify potentially nutritive or harmful substances
(Breslin, 2013) and taste intensity reflecting concentration, and
hence quantity, of these substances. Notably, there are consider-
able individual differences in taste intensity perception that
investigators have endeavored to link with food preferences, diet,
and risk for obesity and alcohol consumption (Duffy and

Received Nov. 4, 2019; revised Feb. 10, 2020; accepted Mar. 19, 2020.
Author contributions: B.G.G. and D.M.S. designed research; M.G.V., X.G., Y.N., and D.M.S. performed
research; M.V., M.C.F., X.G., and D.M.S. analyzed data; D.M.S. wrote the paper

The authors declare no competing financial interests. with ratings of the perceived intensity of chemical tastes and the
This work was supported by National Institutes of Health Training Grant T32-NS-041228 (M.CF.); the Yale sweet odorant vanillin (Green and George, 2004; Green et al.,
Medical School Fellowship (M.CF.); and NationaIAInstitutes ofHeaIth Grant R01—D§—006706 (AD.M.S.). 2005; Lim et al., 2008). Importantly, the same studies also
Sm:;r;:sg:::z;c;lg;uliz?]'addressed to Maria G. Veldhuizen at margaveldhuizen@gmail.com or Dana M. showed that the individuals who perceive d thermal taste did not
https://doi.org/10.1523/JNEUR0SCI.2618-19.2020 rate oral somatosensory sensations of creaminess, spiciness, and

Copyright © 2020 the authors astringency or thermal sensations produced on the lip and hand


mailto:margaveldhuizen@gmail.com
mailto:dana.small@yale.edu

5052 - J. Neurosci., June 24, 2020 - 40(26):5051-5062

any higher than individuals who did not perceive thermal taste.
The specificity of these correlations to taste and olfactory stimuli
rules out a cognitive bias or differences in scale usage as signifi-
cant factors in the individual differences. Furthermore, because
taste, olfaction, and somesthetic stimulation (temperature,
creaminess, and chemical irritation) are all transduced by differ-
ent peripheral receptors and cranial nerves, these data suggest
that the correlations are driven primarily by a central neural
mechanism that is common to taste and smell but not to somes-
thesis (Green and George, 2004; Green et al., 2005).

The neurobiology of such a “central gain mechanism” (CGM)
is unexplored. However, early evidence of taste perception in
patients who had undergone surgical resection of the anterior
medial temporal lobe for the treatment of pharmacologically in-
tractable epilepsy suggests amygdala involvement. Specifically,
resections involving the amygdala, particularly from the right
hemisphere, result in reduced sour taste detection thresholds
(i.e., increased sensitivity; Small et al., 1997) and stronger ratings
of the perceived intensity of suprathreshold taste stimuli (Small
et al., 2001a,b). These paradoxical observations have been inter-
preted as evidence for an inhibitory influence from the amygdala
to either the gustatory cortex in the insula, or to earlier taste
relays (Small et al., 2001b). Blood oxygenation level-dependent
(BOLD) responses in the central nucleus are sensitive to modula-
tion of intensity perception (Small et al., 2003), and there are re-
ciprocal connections between the amygdala and the insular taste
cortex (Wang et al,, 2018), the gustatory thalamus [ventral poste-
rior medial nucleus (VPM); Krettek and Price, 1977], and brain-
stem [rostral nucleus of the solitary tract (NST); Norgren, 1976]
relays. In addition, the amygdala has previously been described
as conferring gain during directed attention by biasing signals to
modulate early sensory cortex, assigning greater “weights” to
emotionally relevant or salient sensory events (Vuilleumier,
2015).

The current study was designed to test the hypothesis that
individual variation in taste intensity perception is associated
with inhibitory projections from the amygdala to gustatory
regions. Our approach was to assess BOLD response to
sweet, sour, salty, and bitter tastants in 28 healthy partici-
pants using regression, psychophysiological measurement,
and dynamic causal modeling (DCM) analyses to determine
whether (1) amygdala response to the tastants covaried with
the mean intensity rating across tastants; (2) the responsive
region of the amygdala was functionally coupled to gustatory
regions including brainstem, thalamus, and insula; and (3)
using Bayesian model estimation, whether inhibitory influ-
ences from the amygdala to gustatory regions (i.e., effective
connectivity; Friston et al., 2011) characterize gustatory net-
work dynamics associated with intensity perception.

Materials and Methods

Participants

Thirty right-handed, nonsmoking participants [21 women, 9 men;
mean age, 27.53 = 4.99 years; age range, 18-38 years; mean body
mass index (BMI), 21.67i2.88kg/m2; BMI range, 16.08-26.93
kg/m’], with a mean Edinburgh Handedness Inventory (Oldfield,
1971) score of 90.17 £ 11.41, participated in the current study. They
were recruited through advertisements around Yale University
and the city of New Haven. The Yale School of Medicine Human
Investigation Committee approved the informed consent form,
which was subsequently obtained from all study participants. All
participants reported having no known taste, smell, neurologic, psy-
chiatric, or other pathologic disorders. Two (of the original 30) par-
ticipants were excluded because one participant’s average taste
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intensity rating was <2 SDs from the sample mean and another par-
ticipant’s head movements during scanning exceeded a predeter-
mined limit of 1 mm of movement in any direction. The remaining
28 participants (20 women and 8 men) were a mean age of
27.14 = 4.75 years with an age range of 18-37 years, and had a mean
BMI of 21.58 *+ 2.96 kg/m? with a range of 16.08-26.93 kg/m>.

Taste stimuli and delivery

The taste stimuli consisted of a sweet [0.32 M sucrose (Su), Sigma-
Aldrich], sour (5.6 x 10> wm citric acid (CA)], salty [0.14 M sodium chlo-
ride (NaCl)], bitter [3.2 x 107> M quinine sulfate (Qu)], and a “tasteless”
solution designed to mimic the ionic components of saliva (O’Doherty
et al., 2001). We used the tasteless solution as the control stimulus
because water activates taste cortex (Frey and Petrides, 1999; Zald and
Pardo, 2000) and is sometimes reported to have a taste (Bartoshuk et al.,
1964). The tasteless solution was mixed to the following five different
concentrations: 18.75 mm KCl/1.875 mm NaHCO3 in distilled water,
and its 75%, 50%, 25%, and 12.5% dilutions. Liquids were delivered to
the participants through a portable gustometer system as 0.5 ml of solu-
tion infused into the mouth over 4 s. Detailed description of the gustom-
eter system can be found in previous publications (Veldhuizen et al.,
2007, 2011b).

Experimental procedures

Participants took part in one training and taste psychophysics session,
and one fMRI scanning session. Sessions were conducted on separate
days.

Training and taste psychophysics session. This session served to select
an appropriate tasteless solution for each participant; assess reliable in-
tensity ratings of four tastants representing sweet, sour, salty, and bitter
qualities; familiarize participants with the fMRI task’ and identify those
who found it uncomfortable to perform the task in a simulated fMRI
environment. Participants were instructed to refrain from eating or
drinking anything other than water for at least an hour before the ses-
sion. Upon arrival, they received a detailed explanation of the study.
After participants read and signed the consent form, anthropometric
measurements were taken. Body weight was measured to the nearest
0.1kg using a calibrated Seca mBCA 514 medical Body Composition
Analyzer (Itin Scale Company) with light clothes on only, and height
was measured to the nearest 0.1 cm using a calibrated Seca Digital sta-
tionary stadiometer (Itin Scale Company). Body mass index (BMI) was
calculated as weight (in kilograms) divided by the squared height (in
meters) of the participant (BMI = kg/m?). Participants were then pre-
sented with the five versions of the tasteless solution and selected the one
that “tastes most like nothing” in a sequential pairwise choice procedure.

Next, training on how to use the general labeled magnitude scale
(gLMS) was provided. The gLMS is an experimentally derived scale vali-
dated for use in describing the breadth of intensities an individual can
experience in daily life, from sights and sounds to tastes and pains
(Green et al.,, 1993, 1996; Bartoshuk et al., 2004). The scale consists of a
vertical line bounded by the labels “no sensation” at the bottom and
“strongest imaginable sensation” at the top, with the intensity labels
“barely detectable,” “weak,” “moderate,” “strong,” and “very strong”
spaced quasi-logarithmically along the scale (Green et al, 1993). We
then asked participants to use the gLMS, which was presented via com-
puter, to rate the intensity of imagined stimuli, such as the sweetness of
milk and the bitterness of fresh spring water as well as actual pure taste
stimuli and taste stimuli in mixtures.

Following gLMS training, participants were brought to the fMRI
simulator and outfitted with the taste delivery system. Participants lay
supine within the simulated bore and were asked to rate the intensity of
their feelings of hunger, fullness, thirst, anxiety, and need to urinate.
Next, participants used the gLMS to rate the perceived intensity of the
four taste stimuli and the tasteless solution they had selected. Each taste
stimulus and tasteless solution was delivered eight times, resulting in 40
trials in total. The order of stimulus delivery was randomized across par-
ticipants. In each trial (Fig. 14), the participant was instructed to swal-
low immediately after receiving each liquid and then rate the intensity of
the specific taste quality of that tastant (sweetness, saltiness, sourness,
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Figure 1.

Overview of task design. A, Chronological events and their duration in a trial during the taste psychophysics session. Each trial commenced with a taste delivery of.5 ml over 2 s.

The participant was instructed to swallow immediately after receiving each liquid and then rate the intensity of taste. The intensity scale disappeared from the screen after ~7 s or as soon as
the rating was submitted by clicking a mouse button, whichever occurred first. Then a water rinse of 1 ml was presented over 4 s, followed by a rest period of 10 s before the next trial started,
except after the tasteless stimulus, which was immediately followed by the next trial. B, The gLMS that was used for measuring perceived taste intensity. The specific taste quality to be rated
(e.g., “sweetness” for sucrose and “saltiness” for sodium chloride) was indicated above the scale. When a participant received the tasteless solution the label was “overall intensity,” since no
speific taste quality is associated with this stimulus. Participants used a scanner-compatible handheld trackball mouse to make ratings. The horizontal red cursor tracks up and down the scale
with vertical mouse position, and clicking the left mouse button submitted the rating. A new gLMS then appeared on the screen to rate the next taste stimulus. €, Chronological events during
a run in the fMRI session. Each block consisted of four, six, of eight repeats of a taste stimulus. Each repeat consists of a taste stimulus presentation over 2 s (0.5 ml), followed by a 7 s interval
for swallowing. At the end of each block, a water rinse is presented over 4 s (1 ml), followed by a 15 s rest period before the start of the next block. Tasteless blocks are identical except that
there is no water rinse before the 15 s rest period. Each run contained four taste blocks (one for each taste quality) and four tasteless blocks. No intensity ratings were made during the fMRI

run.

bitterness; Fig. 1B). When they received the tasteless solution, they were
asked to rate overall intensity, since there is no specific taste quality asso-
ciated with this stimulus. Participants then made a second set of internal
states. Liking was measured using a labeled hedonic scale (Lim et al.,
2008) consisting of a vertical line scale with the labels “most disliked sen-
sation imaginable” at the lower anchor point, “most liked sensation

imaginable” at the upper anchor point, “neutral” in the middle, and
“(dis)like slightly,” “(dis)like moderately,” “(dis)like very much,” and
“(dis)like extremely” spaced quasi-logarithmically along the scale.
Familiarity and wanting were rated using two different visual analog
scales. For wanting, “How much do you want to eat more of this?” (“I
would never want to eat this” on the left anchor, “Neutral” in the middle,
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“I would want to eat this more than anything” on the right anchor); for
familiarity, “How familiar is this taste?” (“Not familiar at all” on the left
anchor, “Neutral” in the middle, “Very familiar” on the right anchor).
All of the ratings were conducted in the bore of the simulator using a
mouse on a computer monitor viewed via backprojection on a headcoil-
mounted mirror. Finally, participants underwent a simulation of a single
scanner run, described in detail below.

fMRI scanning session. The fMRI scanning session took place on a
separate day after the training and taste intensity rating session.
Participants provided internal state ratings as well as perceptual ratings of
the stimuli before and after scanning. Four taste runs were completed dur-
ing this session. Each run was 9 min and 40 s long, and consisted of the
uncued delivery of five different types of stimuli in eight blocks. Blocks
had four, six, or eight repeats of the same stimulus. Each run consisted of
one block for each of the four taste qualities [throughout this article
referred to as taste(Su), taste(CA), taste(NaCl), and taste(Qu)] and four
tasteless blocks. A tasteless block was coded as the tasteless control for the
tastant that, within a given run, had the same number of repeats in a block
[referred to as tasteless(Su), tasteless(CA), tasteless(NaCl), and tasteless
(Qu)]. In a block, a repeat of a stimulus presentation consisted of an “on”
period of 3 s, during which we presented 0.5 ml of liquid, which was fol-
lowed by a 6 s interval during which the subject is instructed to swallow
(Fig. 1C). Following each block, there is a 1 ml rinse with water followed
by a 10 s rest. The participants were instructed to swallow after receiving
each liquid and to keep their eyes closed during the entire run. The order
of four taste stimuli blocks and four tasteless blocks within each run was
counterbalanced, and the order of the runs was counterbalanced across
participants. The number of repeats across taste blocks in this protocol
was designed for collapsing across taste qualities and to provide balanced
presentation of taste and tasteless blocks. Block design was chosen to
improve power within participants and is favored for DCM analyses
(Daunizeau et al., 2011).

fMRI scanner. Images were acquired on a Siemens TIM Trio 3T MRI
Scanner equipped with a 32-channel head coil. Echoplanar imaging (EPI)
was used to measure the BOLD signal as an indication of cerebral brain
activation. A susceptibility-weighted echoplanar method with multiband
acceleration factor 4 and GRAPPA (generalized, autocalibrating, partially
parallel acquisitions) factor 2 was used to image the regional distribution
of the BOLD signal with the following parameters: TR, 1000 ms; TE,
30 ms; flip angle, 60°% FOV, 220 mm; matrix, 64 x 64; slice thickness, 2.5
mm; number of slices, 60. Slices were acquired in an interleaved mode, to
reduce the cross talk of the slice selection pulse, and in coronal orientation,
to cover the medulla oblongata of the brainstem, where the nucleus of the
solitary tract is located. In total, 2376 volumes (594 volumes per run) were
acquired. At the beginning of each functional run, the MR signal was
allowed to equilibrate over two scans (“dummy images”) for a total of 2 s,
which were then excluded from analysis. Anatomical scans were acquired
with T1-weighted MPRAGE (magnetization-prepared rapid gradient-
echo sequence; TR/TE, 1900/2.52ms; flip angle, 9°; FOV, 256; matrix,
256 x 256; slice thickness, 1 mm; number of slices, 176). EPI-based field
maps were also acquired to correct for susceptibility-induced geometric
distortions.

Data analysis

Behavior. Taste intensity ratings made on the gLMS for each trial and
each participant were first log;, transformed before statistical analysis.
Eight intensity ratings for each of the tastants and the tasteless solution
were then averaged within each participant, respectively. We ran a one-
way repeated-measures ANOVA with GraphPad Prism version 7.01 for
Windows to test for differences in average perceived intensity differences
between the different stimuli We performed paired ¢ tests with
Bonferroni correction for 15 possible multiple comparisons. For each
pair of different taste solutions (i.e., sweet-sour, sweet-salty sweet-bitter,
sour-salty, sour-bitter, and salty-bitter) we then calculated the Pearson
product-moment correlation of log-mean intensity ratings across partic-
ipants. We performed one-tailed significance tests due to the strong a
priori prediction of positive correlations between the intensities of the
taste solutions and the absence of any rationale for a negative correla-
tion. We then corrected for multiple comparisons using a Bonferroni
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correction for a total of six tests, leading to an « of 0.0167. We averaged
across the taste solutions that showed significant correlations in intensity
to calculate a grand average score for each participant’s taste intensity
ratings. This included sweet, sour, and salty tastants, and excluded qui-
nine as a tastant (see Taste psychophysics in the Results section). We
used principal component analysis in R studio to confirm the existence
of more than a single component in the variance across participants. We
calculated a grand taste intensity score for each participant by averaging
ratings for sweet, sour, and salty tastants, referred to hereafter as the
mean log intensity”S* “* N3 {4 be used in subsequent data analyses.
Data visualizations were created with GraphPad Prism (scatterplots) and
ggplot2 package for RStudio.

fMRI analysis. Data were analyzed on Linux workstations using
MATLAB R2011a (MathWorks) and SPM12 (Wellcome Trust Center for
Neuroimaging, London, UK). All functional images from each participant
were corrected for geometric distortions caused by susceptibility-induced
field inhomogeneities. A combined approach was used that corrects for
both static distortions and changes in these distortions attributable to
head motion (Andersson et al., 2001; Hutton et al., 2002). The static dis-
tortions were calculated for each participant by acquiring a field map and
processing it using the FieldMap toolbox implemented in SPM12 (Hutton
et al., 2004). The images were then realigned, unwarped, and coregistered
to the participant’s own anatomic T1 image. The anatomic T1 image was
processed using a unified segmentation procedure combining segmenta-
tion, bias correction, and spatial normalization (Ashburner and Friston,
2005); the same normalization parameters were then used to normalize
the functional images. Then, all functional images were detrended using a
method for removing any linear components matching the global signal at
each voxel (Macey et al., 2004). Finally, functional images were smoothed
with a 6 mm FWHM isotropic Gaussian kernel.

For the time-series analysis on all participants, a high-pass filter
(300s) was included in the filtering matrix (adjusted from the convention
in SPM12 to reflect the maximal period between two blocks of tasteless)
to remove low-frequency noise and slow drifts in the signal. Condition-
specific effects at each voxel were estimated using the general linear
model (Friston et al., 1995; Worsley and Friston, 1995). The response to
events was modeled using a canonical hemodynamic response function
included in SPM12. The temporal derivative of the hemodynamic
response function was also included as part of the basis set to account
for up to 1 s shifts in the timing of the events (Henson et al., 2002).
There were two events of interest: “taste” and “tasteless.” For taste, taste
blocks taste(Su), taste(CA), and taste(NaCl) were collapsed into a single
event “taste(u Su CA NaCl),” referring to the mean response to these
tastants, parallel to the averaging of the ratings in the analysis for psy-
chophysics. The corresponding tasteless blocks were also collapsed into
a single event, “tasteless.” Rinses, taste(Qu), and tasteless(Qu) blocks
were each modeled as a nuisance effect. The Artifact Detection Tools
(ART) toolbox (https://www.nitrc.org/projects/artifact_detect/) for
MATLAB was used to detect global mean and motion outliers in the
functional data. Motion parameters were included as regressors in the
design matrix at the single-subject level. In addition, image volumes in
which the z-normalized global brain activation exceeded 3 SDs from the
mean of the run or showed 1 mm of composite (linear plus rotational)
movement were flagged as outliers and deweighted during SPM estima-
tion. We additionally calculated a composite movement estimate for
each participant, frame-to-frame displacement. Frame-to-frame dis-
placement was calculated by taking the Euclidean distance between the
center of gravity of an image and the next image (Satterthwaite et al.,
2013). We summed frame-to-frame displacement for all images within a
run and subsequently averaged them across runs.

To assess group-level main effects of versus Tasteless independent of
differences in individual sensitivity, the parameter estimate images for
each participant were entered into a one-sample ¢ test using individual
contrasts of taste(u Su CA NaCl)-tasteless. We also included all individ-
ual grand average scores of taste intensity ratings and composite move-
ment estimates. To test the hypothesis that response in the amygdala
would correlate with overall subjective taste intensity perception, we
regressed individual grand average scores of taste intensity against
BOLD response to taste(u Su CA NaCl)-tasteless across all 28
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participants using a small volume correction (sphere with 6 mm radius,
containing 123 voxels) defined from a region of amygdala that we have
previously shown codes taste intensity perception (at coordinate [(-) 24
—6 —21]) [30]. The ¢ map threshold was set at puncorrectea << 0.001 and a
cluster size at a minimum of 5 contiguous voxels. Unpredicted clusters
were considered significant at p <0.05, false discovery rate corrected
across the whole brain.

Psychophysiological interaction (PPI) analysis (Friston et al., 1997)
was used to identify functional connectivity between the area of the
amygdala sensitive to taste intensity perception and earlier gustatory
relays (insular cortex, thalamus, and brainstem) using small volume cor-
rections (sphere with 6 mm radius, containing 123 voxels) defined by
centroids from two prior meta-analyses (at coordinates: [(—)8 —26 8,
and (—)10 —14 —8]; Veldhuizen et al., 2011a; Yeung et al,, 2017). We
used two meta-analyses because the first only reported thalamic
responses in the mediodorsal (md) thalamus, and we wished to include
the gustatory thalamus. Peaks were corrected for multiple comparison
across the voxels within the small volumes and then corrected for the
number of regions included (insula, thalamus, and brainstem). Regions
that showed a main effect of taste(u Su CA NaCl)-tasteless at the group
level or a relation with individual grand average scores were used as seed
regions. The first eigenvariate of the time-series data were extracted
from a 6 mm sphere with a centroid on the coordinate of the amygdala
cluster. The eigenvariate was then deconvolved (Gitelman et al., 2003),
multiplied with the psychological variable (taste(u Su CA NaCl)-taste-
less), and reconvolved with a hemodynamic response function to form
the PPI term. For each participant, we computed new parameter esti-
mate images with the PPI as a regressor of interest and the time-series
eigenvariate and psychological variable as nuisance regressors. In order
to examine which areas display increased or decreased connectivity with
the seed regions associated with intensity perception, we then regressed
individual grand average scores of taste intensity ratings against PPI pa-
rameter estimate images across all 28 participants.

DCM was used to characterize associations between individual
sensitivity to taste and neural circuitry in a network of regions
responding to taste(u Su CA NaCl)-tasteless. We selected the seed
and target regions that resulted from using the central amygdala PPI
analysis. We specified a single fully connected and driven DCM
between these regions. The DCM specified driving inputs (taste and
tasteless regressors) into the network at all five regions. The DCM
also specified a complete connectivity matrix for intrinsic, steady-
state, bidirectional connections among the five regions. No modula-
tory effects on the connections between regions were specified, as
they are not obligatory (Friston et al., 2003) and the design included
no within-participant variables qualifying for modulation in the
DCM. We first estimated the full DCM for each individual partici-
pant. We then used the second-level parametric empirical Bayes
framework (Friston et al., 2016) pruning approach to reduce the
model to a configuration of parameters to best explain the data
observed in the regions. We used the pruning approach separately
for the driving inputs and connectivity matrix (Zeidman et al.,
2019a). We created a second-level general linear model with a
design matrix that includes a constant factor, a regressor-of-interest
for the individual grand average scores of taste intensity, and com-
posite movement estimates as a nuisance variable. This results in a
(Bayesian) hierarchical model, with estimates for connection
strengths (positive or negative) between regions and their uncer-
tainty (i.e., posterior probability; Zeidman et al., 2019b). There are
two sets of estimates, as follows: (1) for a model that describes the
average neural circuitry across participants, independent of individ-
ual sensitivity to taste; and (2) for a model that describes the neural
circuitry associated with individual grand average scores of taste in-
tensity. We display any parameters that showed a probability of
>0.90. We used all connectivity parameters to predict individual
grand average scores of taste intensity, using a leave-one-out cross-
validation (LOOCV) framework. In this regression procedure, a
model is fitted to data from all but one participant and a prediction
of the score is made for that participant, which is repeated in turn
for all participants. This results in a Pearson’s correlation between
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predicted and empirical intensity scores. We used an « of 0.05 to
determine significance for this correlation.

Data visualizations were created with GraphPad Prism (GraphPad
Software) for scatterplots, ggplot2 for boxplots (R-studio), Mango by
Research Imaging Institute, UTHSCSA (for SPMs overlaid on brain sec-
tions of the BigBrain (Amunts et al, 2013), and Illustrator for DCM
models (Adobe).

Data availability
Raw fMRI data are available upon request. Contact dana.small@yale.
edu.

Statistical maps of the human brain are available on NeuroVault re-
pository: https://identifiers.org/neurovault.collection:7635.

Results

Taste psychophysics

We first set out to determine whether prior findings of high
cross-correlations between taste intensity ratings were replicated
(Green and George, 2004; Lim et al., 2008). The four taste solu-
tions were all rated as stronger in intensity than tasteless (Fig. 2;
main effect of taste stimulus: F; ;35 =69.14, p <0.001; sweet-
tasteless: t,7)=9.83, p <0.001; sour-tasteless: t,7)=8.94, p <
0.001; salty-tasteless: r=t,7=9.94, p<<0.001; bitter-tasteless:
ta7=8.51, p<0.001), while the taste solutions were not rated
significantly different in intensity from each other (all corrected
p values >0.826). Pearson correlation analysis showed that in-
tensity ratings of the four taste qualities positively correlated
with each other (sweet-sour, r=0.776; sweet-salty, r=0.855;
sweet-bitter, r = 0.373; sour-salty, r = 0.807; sour-bitter, r=0.387;
and salty-bitter, r=0.417; Fig. 2); however, the correlation
between quinine and the other taste solutions did not survive
correction for multiple comparisons. The latter result is consist-
ent with significant individual differences that have been found
even among the sensitivities to different bitter compounds
(Yokomukai et al., 1993; Delwiche et al., 2001), which has been
proposed to result from differences in receptor expression
among the 25 bitter taste receptors in humans (Meyerhof et al.,
2010). Given these differences, a lower correlation between bitter
and other tastes is not unexpected. A principal component analy-
sis confirmed the existence of two components underlying the
variance across participants, the first component accounted for
72% of the variance and received loadings from sweet, sour, and
salty intensity, and the second component accounted for 19% of
the variance and received a loading from quinine. Note also that
the tasteless solution showed no significant correlation with any
of the four prototypical tastes (sweet-tasteless, r=0.061; sour-
tasteless, ¥ = —0.109; salty-tasteless, r=0.119; bitter-tasteless,
r=0.041). Thus, we calculated grand intensity scores for each
participant’s taste intensity ratings by averaging ratings for sweet,
sour, and salty tastants, referred to hereafter as the mean log
intensity*>* “* N2D_The Pearson correlation matrix between
grand intensity scores and the intensity scores of the four taste
solutions are shown in Figure 2, including all r values (effect
size) and p values (corrected for multiple comparisons).

fMRI data

Main effect of taste versus tasteless

Consistent with previous studies, a main effect of taste(u Su NA
NaCl)-tasteless was observed in bilateral md and anterior-ventral
insula, and extending into overlying operculum, bilateral pre-
and post-central gyrus, left amygdala, dorsal anterior cingulate
cortex, and left putamen (Fig. 3, Table 1).
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Regression of BOLD response with mean log intensity*S* <4 Na<l

To identify regions sensitive to overall gustatory system sensitiv-
ity, we used the mean log intensity** 4 M 45 the independ-
ent variable in a regression analysis with the BOLD response to
taste(u Su CA NaCl)-tasteless. As predicted, the BOLD response
in the left central amygdala was significantly associated with
mean log intensity*®" “* N2 we also observed significant
associations with response in the cuneus (Fig. 4, Table 2).
Notably, response in insular cortex did not correlate with the
mean intensity rating. We also note that neither swallowing esti-
mates () = —0.051, p=0.819; see Extended Data Materials)
nor composite movement estimates (r,7 = —0.124, p=0.531)
correlate with the mean intensity ratings.

Functional connectivity of the CGM

Next, to identify regions of the brain where functional connectiv-
ity with the amygdala is influenced by taste sensitivity, we first
performed a PPI analysis (Friston et al., 1997) and then regressed
the responses of areas displaying significant functional connec-
tivity with the mean log intensity*®* “* M) The presence of
functional connectivity indicates that the connected regions dis-
play temporal correlation beyond that accounted for by the task
and suggests that the regions form a functional network. The
subsequent regression then determines which of these network
associations are influenced by taste sensitivity. This analysis
revealed amygdala functional connectivity with the md and

ventral posterior medial/pulvinar (vpm/pul) thalamus (Fig. 54,
Table 3). We observed unpredicted functional connectivity in
the mid-temporal gyrus (Table 3). No other significant effects
were observed.

Effective connectivity of the CGM

Whereas PPI identifies correlations between regions, DCM can
be used to establish effective connectivity, enabling inferences to
be made about the influence that one neuronal system exerts
over another (Friston et al., 2011). Based on the PPI and our
hypothesized CGM, we predicted the existence of inhibitory
modulatory influences from the amygdala to the thalamic nuclei,
where the strength of the connection is associated with taste sen-
sitivity. We therefore specified a DCM with five regions (left
amygdala, bilateral md/thalamus, and bilateral vpm/pul) to
examine the ensemble of connectivity parameters in relation to
log intensity®" “* ND and subjected this to Bayesian model
estimation. The architecture of the selected model conformed to
our prediction, as follows: inhibitory connections were identified
from the amygdala to the four thalamic peaks (Fig. 5B). We also
identified a positive bidirectional connection between right md
and right vpm/pul. When we entered the connectivity parame-
ters into a multivariate LOOCV regression, we found a signifi-
cant association between predicted and observed mean log
intensity** ©* NaCl (7, =037, p=0.027; Fig. 5B). To deter-
mine which of these connections contributed most to this predic-
tive model, we used a univariate LOOCV approach, which
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revealed that the connections from amygdala to left vpm/pul and
right md survived, as well as the positive connection from right
vpm/pul to right md.

Discussion

Significant individual differences exist in taste intensity percep-
tion. Some of these differences can be explained by peripheral
mechanisms, such as genetic variation in taste receptor expres-
sion and biology. However, as noted in the Introduction, while
peripheral mechanisms can play a significant role in individual
differences in the perceived intensity of individual taste qualities
or even specific tastants (e.g., PROP), they are not able to
account for overall differences in gustatory system sensitivity,
such as the high within-subject cross-correlations among inten-
sity ratings of different taste qualities (Green and George, 2004;
Green et al,, 2005; Lim et al., 2008). These observations are sug-
gestive of a central mechanism that affects the responsiveness to

all taste stimulation. Here we used fMRI and taste psychophysics
to identify a region of amygdala where the response to a series of
tastants is correlated with overall gustatory system sensitivity and
drives inhibitory outputs to the gustatory and limbic nuclei of
the thalamus. We further show that the dynamics and strength
of these inhibitory connections are able to predict individual var-
iation in taste intensity ratings.

Our primary hypothesis for a CGM focused on the amyg-
dala for several reasons. First, patients with amygdala re-
moval for the treatment of epilepsy show enhanced taste, but
not visual, intensity ratings (Small et al., 1997, 2001a,b). This
enhanced perception suggests the existence of an inhibitory
influence from the amygdala to the gustatory network, which
when removed releases the target regions from inhibition to
enhance the taste signal. Second, our prediction aligns with
the known anatomy and physiology of the amygdala. The
amygdala can be broadly subdivided into the basolateral
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Table 1. Significant clusters of BOLD response to taste(u Su CA NaCl)-tasteless
MNI

Cluster

Label (BA) Drwe size tValue x y z

<0.001" 3119 11485 —64 —6 14

1238 —-36 -8 6

Postcentral gyrus (BA 43)
Middle insula (posterior short gyrus)

Precentral gyrus (BA 6) 9468 —5 —6 26
Ventral insula (anterior inferior cortex) 8.951 —36 6 —12
Precentral gyrus (BA 4) 8581 —44 —14 36
Precentral gyrus (BA 6) 8.282 —58 0 36
Ventral insula (anterior inferior cortex) 8.145 —40 2 —6
Postcentral gyrus (BA 1) 7669 —64 —14 24
Superior temporal gyrus (BA 22) 5875 —60 2 0
Amygdala/anterior piriform 5429 —24 2 —18
Superior temporal gyrus (BA 22) 5134 -5 12 —6
Lentiform nucleus putamen 5059 —28 —10 —4
Precentral gyrus (BA 4) 4287 —46 —10 58
Inferior frontal gyrus (BA 45) 4270 —60 12 18
Posterior insula (anterior short gyrus) 3825 —40 —14 -8
Anterior insula (middle short gyrus) 3523 —34 10 8
Precentral gyrus (BA 6) <0.001" 2572 9.906 54 —4 28
Middle insula (posterior short gyrus) 9449 38 —6 12
Frontal operculum 8036 48 -8 12
Postcentral gyrus (BA 43) 7552 66 —12 22
Precentral gyrus (BA 6) 7221 62 2 32
Ventral insula (anterior inferior cortex) 6.902 40 6 —12
Precentral gyrus (BA 6) 6374 56 —6 42
Middle insula (anterior long gyrus) 5674 38 -2 =2
Superior temporal gyrus (BA 22) 5137 58 12 =2
Precentral gyrus (BA 44) 5.083 64 8 12
Superior temporal gyrus (BA 22) 4.555 64 -2 4
Anterior insula (posterior short gyrus) 4.391 36 8 10
Precentral gyrus (BA 40 3986 38 —16 40
Ventral insula (anterior inferior cortex) 3.712 40 8 -2
Precentral gyrus (BA 6) 3.469 48 —6 54
Frontal operculum 3272 46 4 10
Frontal operculum 3.271 52 4 4
Cerebellum posterior lobe declive <0.001" 805 9.182 14 —60 —18
Cerebellum posterior lobe declive 7376 —16 —62 —20
Cerebellum posterior lobe declive 6.403 4 —68 —16
Cerebellum posterior lobe declive 3353 —30 —62 —18

BA, Brodmann area.
*p value for av=0.05 FWE-corrected for multiple comparisons at the cluster-level across the whole brain.
Bold font indicates peak voxel.

complex, which receives sensory inputs, and a central medial
division that produces the primary efferent information.
Central nucleus efferent projections tend to be inhibitory
and play an important role in regulating innate emotional
responses and their associated autonomic outflow via con-
nections to brainstem nuclei and md thalamus (Aggleton
and Mishkin, 1984; Swanson and Petrovich, 1998; Barbas,
2000; Fadok et al.,, 2018). Accordingly, and in line with our
prediction, we observed a correlation between the response
to taste in the central medial nucleus of the amygdala and the
mean log intensity ratings to sweet, sour, and salty tastants.
Further, our connectivity analyses revealed inhibitory influ-
ences from this region to the md and gustatory (i.e., VPM)
thalamic nuclei.

In primates, including humans, taste information ascends
from the periphery to the rostral NST (Beckstead and Norgren,
1979). In rodents, after an obligatory synapse in the parabrachial
pons, the gustatory pathway bifurcates at this point with one pro-
jection targeting the amygdala and hypothalamus and a second
projection targeting the VPM gustatory thalamus, which subse-
quently projects to insular taste cortex (Norgren and Leonard,
1971; Norgren, 1976, 1984, 1990; Kosar et al., 1986). In primates,
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there is no bifurcation and only a single projection from NST to
VPM and finally insular taste cortex (Beckstead et al., 1980;
Pritchard et al., 1986, 2000). Given this significant interspecies
difference, we formed our prediction from the anatomic work in
nonhuman primates and reasoned that the target for the inhibi-
tory signal from the amygdala could be NST, thalamus, or insula
(and not pons). However, the results from the PPI, which eval-
uated functional connectivity between the amygdala and the rest
of the voxels in the brain, identified selective bilateral connectiv-
ity with two thalamic nuclei, highlighting these nuclei as the pri-
mary targets for inhibitory modulation.

The md thalamus is not part of the canonical taste path-
way. However, it does receive gustatory and olfactory input
(Price and Slotnick, 1983; Shi and Cassell, 1998; Cavada et
al., 2000), and, although amygdala-thalamic connectivity is
understudied, there is some evidence for a direct projection
from the central nucleus of the amygdala to the md thalamus
(Aggleton and Mishkin, 1984). By contrast, reciprocal con-
nections do not appear to exist (Aggleton et al., 1980), which
is consistent with the lack of reciprocal connections revealed
here in the DCM analysis. While activation of the md thala-
mus is frequently found in gustatory fMRI studies, little is
understood about its role in gustation. Work in nonhuman
primates shows that it projects to the posterior orbitofrontal
cortex, which is a site of convergence for taste and smell in-
formation (De Araujo et al., 2003; Small et al., 2004) and is
proposed to form a tripartite circuit to convey information
about emotional (and presumably physiological) significance
to afferent sensory information (Timbie and Barbas, 2015).
Accordingly, in rodents c-Fos expression is greater for famil-
iar tastes and taste odor mixtures, suggesting sensitivity to
flavor nutrient conditioning and therefore physiological sig-
nificance (Fredericksen et al., 2019).

The second thalamic activation was further posterior and
closely corresponded to the thalamic region previously asso-
ciated with taste intensity perception (Small et al., 2003;
Yeung et al., 2016). However, the activation extended into
pulvinar, which is of relevance because it is often coactivated
with amygdala in response to salient but nongustatory stim-
uli (Morris et al., 1997, 1999). Importantly, the entire human
thalamus is only ~30 x 20 x 20 mm, with the VPM occupy-
ing less than one-tenth of this volume (Herrero et al., 2002).
Given our 2 mm” voxel size and 6 mm smoothing kernel, the
taste thalamus, which is the parvicellular division of the
VPM, is beyond the limits of our spatial resolution. It is
therefore likely that the cluster of response we have observed
overlaps the taste nucleus. The VPM is the target of gustatory
afferents and projects to the insular taste cortex. However,
no known direct connections exist between central medial
amygdala and VPM (Kaskan et al., 2019). How the inhibitory
influences from the central medial amygdala reach the VPM
thalamus to regulate perception is therefore unknown and an
important topic for future work. A related issue is whether
this circuit operates independently from the known basolat-
eral amygdala influence on taste cortex, which has been
shown to enhance detection of expected taste stimuli in
rodents (Samuelsen et al., 2012). Here we observed no associ-
ations between overall intensity perception and basolateral
amygdala response or connectivity. Another consideration is
the well known role the amygdala plays in orienting to salient
stimuli (Cunningham and Brosch, 2012), even when presen-
tation is implicit (Morris et al.,, 1999). Since the primary
function of taste sensation is to guide feeding decisions,
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Table 2. Significant clusters of correlation between log intensity*** ¢ Na<)

and BOLD response to taste(x Su CA NaCl)-tasteless

MNI

Label (BA) Prwe Cluster size  t value x y z

0.049° 12
0.007* 393

3211 —-22 -4 -16
4.529 36 —86 —2
4308 28 —84 18
3.837 34 —80 12
3.541 18 —86 6
3.013 22 9% 14
4425 —-26 —90 4
4072 —26 —78 12
4033 38 —78 6
3716 —20 -8 —10
3549 —16 —% 8
3484 —24 88 20
3280 —22 —78 20
3279 =30 —8 —12
3193 —18 92 24
3118 =10 —% 14

Amygdala
Inferior occipital gyrus (BA 18)

Mid occipital gyrus (BA 18) <0.001* 543

BA, Brodmann area.

S p value for ar=0.05 FWE-corrected for multiple comparisons at the voxel level across a small volume
search (SVC). *p value for w=0.05 FWE-corrected for multiple comparisons at the cluster-level across the
whole brain. Bold font indicates peak voxel.

amygdala “gating” of taste information could be part of a
larger system devoted to the identification of salient stimuli
and attentional allocation.

However, whereas amygdala lesions impair taste recogni-
tion (Small et al., 1997) similarly to the effects observed with
other salient stimuli, such as fearful faces (Adolphs et al,
1994; Calder, 1996), opposing effects are seen with sensitiv-
ity. Specifically, sensitivity to taste is enhanced while sensi-
tivity to visual and auditory stimuli that should evoke fear is
severely blunted (Adolphs et al., 1994; Calder, 1996).
Interestingly, taste identification is likely encoded in parallel
with taste detection (Wallroth and Ohla, 2018), with evi-
dence that taste intensity is computed at the perceptual
(Veldhuizen et al., 2010) and neural (Katz et al., 2002) levels
before identity and hedonic significance. These observations
suggest that the CGM may operate on the earliest stages of

gustatory processing. Accordingly, the CGM may function to
modulate taste and olfactory stimulation to increase the sali-
ency of significant flavor stimuli in the service of selective
attention or in the course of associative learning. Indeed,
CGMs have been proposed and studied as a mechanism of
selective attention in vision and hearing (Connor et al., 1996;
Hillyard et al., 1998; Kauramiki et al., 2007; Womelsdorf and
Fries, 2007; Jacobs et al., 2012). In this view, individual dif-
ferences in the perceived intensity of tastes and odors would
be attributable in part to differences in the baseline “gain” of
such a system. The alternative explanation is that the amyg-
dala response reflects a downstream effect of an earlier mod-
ulatory mechanism. However, while the correlational nature
of fMRI data means that it is not possible to rule this possi-
bility out, it is unlikely to account for our findings. First, a
peripheral mechanism cannot account for the across-tastant
and across-modal (olfactory) nature of the effect (Green and
George, 2004; Green et al., 2005) and, second, neither can the
insular cortex response, which reflects the first cortical relay,
because it was not correlated with mean intensity ratings.

Relatedly, there is evidence for opposing responses in gusta-
tory and visual streams of processing, especially regarding alloca-
tion of attentional resources. For example, breaches of taste
expectation that occur when an individual expects to sense one
tastant (e.g., sweet) but receives another (e.g., tasteless) are asso-
ciated with enhanced response in gustatory, attentional, and
error signaling regions coupled with decreased response in visual
cortex (Veldhuizen et al., 2011b). Likewise, here we observed
positive functional connectivity between the amygdala and the
thalamic targets and negative functional connectivity between
the amygdala and visual cortex. This suggests that the amygdala
may play a role in coordinating the allocation of resources to vis-
ual (or distal) versus gustatory (or proximal/visceral) sensory sys-
tems, depending on the behavioral context or state of the
organism.

We scanned with a multiband sequence to increase spatial
coverage and spatial and temporal resolution. Slice leakage arti-
facts may result from multiband sequences and lead to false posi-
tive results (Todd et al., 2016). Here we used a combination of
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Table 3. Significant clusters of correlation between fog intensity"" © N9 and psychophysical interactions using peaks from correlation between log intensity">* @ Ne&

(see Table 2)
MNI
Seed region Label Prwe Cluster size t Value X y z
Amygdala/anterior piriform Mid-temporal gyrus 0.009 279 4.94 —48 —38 -4
471 —52 —26 -8
3.40 —48 —20 —14
3.06 —64 —24 -12
Amygdala/anterior piriform Ventral posterior medial thalamus/medial pulvinar 0.012° 37 4.66 8 —26 8
Mediodorsal thalamus 0.021° 63 4.32 -6 -16 10
Ventral posterior medial thalamus/medial pulvinar 3.49 —4 —28 6
Medio-dorsal thalamus 0.027° 70 4.23 10 —14 12

S p value for o= 0.05 FWE-corrected for multiple comparisons at the voxel level across a small volume search (SVC), subsequently p value Bonferroni corrected for multiple SVC searches. Bold font indicates peak voxel.
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acceleration parameters that are at an intermediate level of sig-
nal-to-noise ratio and have an intermediate probability of
obtaining a false-positive result. This was aimed to strike a good
balance between higher signal-to-noise ratio and avoiding false
positive results.

Finally, we note that although we excluded bitter taste from
our analyses, we do not suggest that bitter tastants are unaffected
by the CGM. Rather, it is likely that central factors are harder to
detect because of the significant genetic variation in bitter taste
receptors (Kim et al,, 2004; Drayna, 2005), causing bitter taste
perception to be more strongly influenced by peripheral mecha-
nisms (Meyerhof et al., 2010; Hayes et al., 2015).

Here we identify a region of amygdala where the response
to a series of tastants is correlated with overall gustatory sys-
tem responsiveness and drives inhibitory outputs to the gus-
tatory and limbic nuclei of the thalamus. Since the dynamics
and strength of these inhibitory connections are able to pre-
dict individual variation in taste intensity ratings, we suggest
that this circuit acts to create gain in the gustatory system to
regulate taste intensity perception, and that the magnitude
of the gain contributes to individual differences in taste
perception.
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