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Abstract

Studies of the neural mechanisms underlying value-based decision making typically employ food 

or fluid rewards to motivate subjects to perform cognitive tasks. Rewards are often treated as 

interchangeable, but it is well known that the specific tastes of foods and fluids and the values 

associated with their taste sensations influence choices and contribute to overall levels of food 

consumption. Accordingly, we characterized the gustatory system in three macaque monkeys 

(Macaca mulatta) and examined whether gustatory responses were modulated by preferences and 

hydration status. To identify taste-responsive cortex, we delivered small quantities (0.1 ml) of 

sucrose (sweet), citric acid (sour), or distilled water in random order without any predictive cues 

while scanning monkeys using event-related fMRI. Neural effects were evaluated by using each 

session in each monkey as a data point in a second-level analysis. By contrasting BOLD responses 

to sweet and sour tastes with those from distilled water in a group level analysis, we identified 

taste responses in primary gustatory cortex area G, an adjacent portion of the anterior insular 

cortex, and prefrontal cortex area 12o. Choice tests administered outside the scanner revealed that 

all three monkeys strongly preferred sucrose to citric acid or water. BOLD responses in the ventral 

striatum, ventral pallidum, and amygdala reflected monkeys’ preferences, with greater BOLD 

responses to sucrose than citric acid. Finally, we examined the influence of hydration level by 

contrasting BOLD responses to receipt of fluids when monkeys were thirsty and after ad libitum 
water consumption. BOLD responses in area G and area 12o in the left hemisphere were greater 

following full hydration. By contrast, BOLD responses in portions of medial frontal cortex were 

reduced after ad libitum water consumption. These findings highlight brain regions involved in 

representing taste, taste preference and internal state.
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1. Introduction

Several brain structures play a causal role in updating the value of expected and received 

rewards, based on current biological needs and context (Málková et al., 1997; Roberts et al., 

2007; Rushworth et al., 2011; Murray and Rudebeck, 2018). The brain structures that play 

this causal role include the amygdala, the orbital prefrontal cortex (OFC), the medial 

prefrontal cortex (MFC), and related limbic structures. Behavioral and neurophysiological 

investigations intended to elucidate the brain mechanisms of reward processing and value-

based decision making in macaque monkeys typically employ behavioral tasks in which the 

monkeys are motivated to work for fluid or food rewards, often to satiety. Although reward 

value is fairly well understood in economic terms (e.g., subjective value is the product of 

reward magnitude and reward probability), the contribution of factors such as desirability of 

rewards and levels of motivation receive less attention. Gustatory stimuli vary not only in 

their sensory properties (e.g., dimensions of sweet, sour, bitter, salty, and umami), but also in 

their palatability. Accordingly, gustatory stimuli offer a means of interrogating the neural 

circuits that process these different kinds of information. Here we take advantage of the 

gustatory system and whole-brain functional magnetic resonance imaging (fMRI) to identify 

brain regions processing different aspects of subjective value, including taste, taste 

preference, and internal state. Our aims were to: 1) localize brain areas that encode taste; 2) 

identify brain areas sensitive to taste preference; and 3) establish which brain areas are 

sensitive to levels of hydration, which reflects internal state.

There is some uncertainty regarding the precise location and number of taste-related areas in 

macaque monkeys. One reason for the uncertainty is that single-unit recordings in macaques 

have found that only ~2 to 5% of neurons in the anterior insula and overlying frontal 

operculum — in what is believed to be the primary gustatory cortex, area G — are taste 

responsive (Scott et al., 1986; Ogawa et al., 1989; Yaxley et al., 1990; Scott et al., 1991). 

Neurophysiological responses to taste extend beyond area G, and have been reported in 

somatosensory areas (Ogawa et al., 1989; Ito and Ogawa, 1994) and OFC (Rolls et al., 1990; 

Tremblay and Schultz, 1999; Pritchard et al., 2005; Ifuku et al., 2006; Padoa-Schioppa and 

Assad, 2006; Lara et al., 2009), a region contributing to value-based decision making 

(Padoa-Schioppa, 2011; Rudebeck and Murray, 2014). In addition, taste responses have been 

reported in ventrolateral prefrontal cortex area 12o, a region adjacent to OFC (Rolls et al., 

1990). Our first aim was therefore to identify the full extent of taste-responsive cortex in 

macaques using fMRI. Based on prior work in taste sensory processing in macaques, we 

expected to find taste-responsive cortex in the anterior insular cortex and overlying frontal 

operculum, in the caudal portion of ventrolateral prefrontal cortex (area 12o), and in OFC 

area 13.

As a second aim, we assessed monkeys’ relative preferences for three different fluids 

(sucrose, citric acid, and water), and examined fMRI data for correlates of taste preference. 
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Though there is ample evidence that neurons in OFC, amygdala, ventral striatum (VS) and 

inferior temporal visual cortex (IT) are active in response to visual cues predicting fluid 

rewards, and encode the expected value of those rewards (OFC: Tremblay and Schultz, 

1999; Roesch and Olson, 2004; Hosokawa et al., 2007; Morrison and Salzman, 2009; 

amygdala: Paton et al., 2006; Leathers and Olson, 2017; VS: Schultz et al., 1992; Hassani et 

al., 2001; Strait et al., 2016; IT: Mogami and Tanaka, 2006; Kaskan et al., 2017), less is 

known about the locations of neurons encoding the values of received tastes, or fluids in 

general (c.f. Bermudez and Schultz, 2010). In addition, most studies in macaques vary 

reward magnitude or probability as a means of manipulating value. Few have directly 

compared different tastes to evaluate subjective preferences that are inherent in the 

estimation of value and therefore influence choice behavior. In macaques, neurons encoding 

preference at the time of juice or food receipt have been reported in the OFC (Tremblay and 

Schultz, 1999), amygdala (Nishijo et al., 1986; Nishijo et al., 1988; Kadohisa et al., 2005) 

and the VS (Hassani et al., 2001; Cromwell et al., 2005). fMRI studies in humans likewise 

find BOLD responses correlated with the pleasantness of receipt of certain tastes (e.g., 

glucose, sucrose, monosodium glutamate) in OFC (Kringelbach et al., 2003; Small et al., 

2003; Grabenhorst et al., 2008), amygdala (O’Doherty et al., 2001; Rolls et al., 2015) and 

striatum (Frank et al., 2008; Grabenhorst et al., 2008). MFC has also been reported to 

encode the pleasantness of certain tastes (McCabe and Rolls, 2007; Grabenhorst and Rolls, 

2008; Rudenga and Small, 2013). We therefore predicted that BOLD activations reflecting 

taste preferences would be found in OFC, MFC, amygdala and striatum.

Finally, our third aim was to compare responses to freely delivered tastes before and after 

monkeys were given unlimited access to water. This ‘hydration manipulation’ was intended 

to reveal areas sensitive to changes in internal state. Although in the context of the present 

study ad libitum water is not equivalent to selective satiation, the two nevertheless share 

many influences. In the case of sensory-specific satiety, neurons in primary gustatory cortex 

have been reported to respond to tastes equally well before and after monkeys have been 

sated (Yaxley et al., 1988). By contrast, neurons in frontal cortex may increase or decrease 

their activity with satiety (Rolls et al., 1989; Pritchard et al., 2008; Bouret and Richmond, 

2010). The activity of taste-responsive neurons in the amygdala likewise is modulated by 

satiety (Yan and Scott, 1996).

Some functional imaging studies in humans are consistent with reports that neurons in 

primary gustatory cortex are not affected by hydration using water (de Araujo et al., 2003), 

or satiety (Kringelbach et al., 2003). However, other studies report increased (Smeets et al., 

2006; Haase et al., 2009; van Rijin et al., 2015) or decreased activation (rCBF, Small et al., 

2001; Thomas et al., 2015; Eldeghaidy et al., 2016) in primary gustatory cortex with satiety. 

Reports of both increased (BOLD: de Araujo et al., 2003; Kringelbach et al., 2003) and 

decreased (rCBF: Small et al., 2001) activation have also been reported in secondary 

gustatory cortex with selective satiation, and decreases in rCBF have been reported as a 

function of satiety in the striatum, hypothalamus, temporal pole, and MFC (Gautier et al., 

2000; Del Parigi et al., 2002; Small et al., 2003). fMRI results likewise demonstrate 

decreased activation in MFC with satiety (de Araujo et al., 2003; Smeets et al., 2006; 

Thomas et al., 2015). Based largely on these reports of brain areas with activations 

modulated by satiety, we predicted that BOLD responses in primary gustatory cortex area G 
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would not reflect changes in the level of hydration, whereas BOLD responses in OFC, MFC, 

and the amygdala would be affected by changes in the level of hydration. Selective 

modulation of activity in OFC, MFC, and amygdala as a function of hydration state would 

affirm the role of these areas in indexing subjective value based on internal state, 

independent of task-related and somatosensory activity.

2. Materials and Methods

2.1. Monkeys

Three adult male rhesus monkeys (Macaca mulatta; weighing 4.7–7.1 kg at the beginning of 

training) were used in this study. Monkeys were pair housed when possible and kept on a 12-

h light–dark cycle with controlled access to water and periodic access to food during 

scheduled feeding times. All procedures were carried out in accordance with the Guide for 

the Care and Use of Laboratory Animals and were approved by the National Institute of 

Mental Health Animal Care and Use Committee.

2.2. Behavioral Control Software

MonkeyLogic (Asaad et al., 2008) was used to control both fMRI and the behavioral tasks, 

deliver taste stimuli, record eye position, record lick behavior, and to synchronize fMRI data 

with behavioral data. Each taste stimulus was delivered as a single 0.1 ml bolus using an air-

pressurized system controlled with an electronic solenoid activated by a TTL pulse (Mitz, 

2005). Volume delivery was calibrated by solenoid open times. Taste stimuli were delivered 

through an MRI-compatible device designed to deliver fluids via small tubes. A lick sensor 

was mounted on the monkey’s chair and coupled to the fluid delivery tubes. Lick data were 

recorded via the displacement of the lick sensor (sampling frequency 1 kHz) using a 

Keyence fiber optic cable and custom-built electronics unit. In the scanner, lick sensor 

circuitry converted the sensor’s displacement to an analog voltage, filtered the voltage to a 

bandpass of 1.7 – 340 Hz, and provided a voltage gain that was adjusted each day to drive 

the +/−10V input range of the MonkeyLogic system. Eye position was monitored and 

filtered (4th order 350 Hz Bessel low pass filter) in the MRI scanner (iView eye-tracking 

system, SensoMotoric Instruments, SMI, sampling at 60 FPS) and in the training booth 

(Arrington ViewPoint EyeTracker, Arrington Research, Scottsdale, AZ, USA, sampling at 

220 FPS).

2.3. Taste Stimuli

Two distinct tastes were used in all experiments: sucrose (sweet, 0.5M, pH 6.15, Sigma-

Aldrich) and citric acid (sour, 20mM, pH of 2.40, Sigma-Aldrich). Because of the difficulty 

of creating a tasteless solution for monkeys, we used distilled water (pH 6.10) as a third type 

of fluid. All water used to make taste solutions was pretreated via reverse osmosis and 

further purified by a HYDRO Picosystem Plus unit (Hydro Service and Supplies, Durham, 

NC, USA) containing one organic activated carbon adsorber, and one primary and one 

polishing mixed-bed deionizer.
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2.4. General Training Procedures

Each monkey was surgically implanted under aseptic conditions with a plastic fiberglass-

impregnated head post while under isoflurane anesthesia. After recovery, monkeys were 

trained to sit in an fMRI-compatible chair, and were habituated to the training booth and to 

temporary restraint of head movement. Over the course of a few weeks, they were habituated 

to the MRI environment while wearing ear protection and undergoing head restraint.

2.5. fMRI Data Acquisition

fMRI data acquisition was carried out in the Neurophysiology Imaging Facility Core 

(NIMH, NINDS, NEI). Data were collected on a 4.7 T, 60-cm vertical scanner (Bruker 

Biospec 47/60) with Bruker gradient coils (6 Ga/cm). A transmit coil (20 × 12.5 cm), was 

placed over the caudal portion of each monkey’s head. Left and right receive coils (8.5 × 7 

cm each) designed for optimal coverage of OFC, amygdala, and the striatum were 

positioned over the frontal lobes. Behavioral data (i.e., licking) were aligned to fMRI data 

using custom written software (MonkeyLogic, MATLAB) by recording and counting 

volume pulses, or TRs, from the scanner.

In each session, shimming was carried out using a field map measurement. Single-shot echo 

planar images (EPI) were acquired with parameters optimized for BOLD imaging: echo time 

(TE), 22 ms; flip angle, 76°; repetition time (TR), 2.2 s; matrix size 96 × 48 mm coronal; 

voxel size, 1.5 mm3 isotropic.

The taste localizer task made use of a ‘free-reward’ design whereby monkeys received one 

of three fluids in random order, without predictive cues. Following the start of a trial, which 

was unsignaled, a one-second interval preceded the delivery of one of the three fluids, 

followed by 5 seconds of fMRI and lick data collection before the end of the trial. An 

intertrial interval was chosen from a standard uniform distribution of 2 to 8 seconds 

according to a pseudorandom order. Lick behavior was recorded by measuring the 

displacement of the MRI compatible fluid delivery assembly attached to monkeys’ chairs.

Acquisition of fMRI data occurred over the course of 10 months. We acquired two sets of 

scans; each monkey received 5 scan sessions before and 5 sessions after being fully hydrated 

(i.e., before and after ad libitum access to water for 5 days in monkey 1, and 3 days in 

monkeys 2 and 3). The average duration between scans was 4.5 days. Monkeys sat quietly in 

a MR-compatible primate chair while they passively received fluids. During each scan 

session before being fully hydrated, monkeys received an average of 539.93 +/− 31.35 trials 

(181.73 +/− 11.14 water trials, 181.67 +/− 10.82 sweet trials, and 176.53 +/− 10.36 sour 

trials). In scan sessions after full hydration, monkeys received an average of 487.33 +/

− 20.41 trials (161.33 +/− 7.36 water trials, 162 +/− 7.63 sweet trials, and 162 +/− 6.76 sour 

trials).

The number of runs per fMRI session was as follows: Monkey 1: Thirsty: 8, 12, 11, 11, 8; 

Hydrated: 8, 8, 8, 8, 8; Monkey 2: Thirsty: 4, 12, 12, 7, 12; Hydrated: 10, 10, 5, 10, 10; 

Monkey 3: Thirsty: 12, 10, 10, 9, 10; Hydrated: 10, 10, 10, 10, 10.
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For all three monkeys, we measured the temporal signal-to-noise ratio (tSNR) in each of the 

five scans sessions collected before (Thirsty) and after (Hydrated) free access to water, and 

created an average tSNR map. tSNR values were calculated from residuals after regression. 

Given that our typical imaging session contained on average 2730 time points, we 

determined that an appropriate tSNR cutoff value would be 40, based on empirical data and 

models (Murphy et al., 2007); this estimate is consistent with previous work (Simmons et 

al., 2010). Although tSNR maps in our prior study with the same monkeys and equipment 

showed good signal acquisition throughout the brain (Kaskan et al., 2017), some brain 

regions in the present study—specifically, the entorhinal and perirhinal cortex, medial 

amygdala and OFC—showed lower tSNR values. This was likely due to differences in the 

experimental design that affected the total amount of explained variance, prior to tSNR 

calculations.

2.6. Choice Preferences and Lick Analysis

Taste preferences were identified by requiring monkeys to perform a modified Choice and 

View task (Kaskan et al., 2017) in a training booth outside the scanner. These sessions were 

administered on nonscan days. Three simple shapes (a pentagon, an “X”, and an “O”) 

predicted the delivery of fluid. Each shape was assigned to one each of the three fluids, and 

shape-fluid assignments differed across monkeys. The task consisted of interleaved two-

alternative forced-choice trials and view only trials. On Choice trials, following 250 ms of 

initial fixation on a spot within a 3° window, two cues were presented 7.5° from the center 

of the screen. The monkey was required to maintain central fixation for an additional 250 ms 

before making a saccade to one of the two cues. Once the monkey had made a saccade, as 

determined by the eye position entering an 11° window surrounding the chosen cue, the cue 

not chosen was removed from the screen. The monkey was then required to maintain gaze 

within the chosen cue fixation window for 750 ms. Upon successful completion of this 

fixation requirement, the chosen cue was removed, and after a pseudorandomly determined 

delay chosen from a standard uniform distribution of 2 to 4 seconds, the associated taste was 

delivered to the monkey. Following fluid delivery, an intertrial interval pseudorandomly 

chosen from a standard uniform distribution of 2 to 8 seconds was initiated.

On View trials, following 250 ms of initial fixation on a spot within a 3° window, a single 

cue was presented in the center of the screen. The monkey was required to maintain gaze 

within an 11° window surrounding the centrally placed cue. Upon completion of this gaze 

requirement, the cue disappeared; a pseudorandomly determined delay chosen from a 

standard uniform distribution of 2 to 4 seconds preceded the delivery of the associated taste.

We collected two measures of each monkey’s taste preference from the Choice and View 

task: choices and anticipatory licking. To assess monkeys’ choice preferences for cues 

associated with delivery of sucrose, citric acid and water, we counted each instance the 

monkeys chose a cue predicting the delivery of a particular fluid out of the total number of 

Choice trials in which two specific options were offered (e.g., the number of sucrose cues 

chosen divided by the number of sucrose vs. water choice trials). Choices were collapsed 

across days and results were expressed as a percent of fluid type chosen for each possible 

pair of fluids. Preferences were determined using a two-tailed binomial test.
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Anticipatory licking was evaluated on View trials. We recorded anticipatory licking behavior 

from cue onset to the earliest possible time of fluid delivery, a period of 3 seconds. Lick 

traces were mean-shifted by the day’s mean to account for differences in mechanical setup 

each day, and rectified (absolute value). We created an area under the curve (AUC) 

measurement for each trial. The average AUC for sucrose, citric acid, and water was plotted 

± 1 SEM to compare licking between each taste for a given session, for a given monkey. To 

test for significant differences in anticipatory licking to cues predictive of each of the fluids, 

a two-sample t-test was used to test anticipatory licking for each monkey for each session. 

Additionally, we ran a fixed-effects ANOVA with factors of monkey, fluid, and session, with 

session nested under monkey, to assess population-level effects.

Although we attempted to assess monkeys’ choice preferences and anticipatory licking after 

monkeys were allowed ad libitum access to water, we were unable to collect enough trials to 

reliably ascertain any preferences.

Licking was also measured during fMRI. To determine the times monkeys licked, we 

measured the mechanical displacement of an optical lick sensor. We determined the times at 

which displacement crossed 10 percent of the maximum displacement on each trial in order 

to: 1) determine lick times prior to fluid delivery (which served as nuisance regressor; 1 of 4 

regressors in a general linear model (GLM), below); and 2) determine the times monkeys 

first licked in response to the delivery of each of the three fluids (3 of 4 regressors for the 

GLM of fMRI data, one regressor for each fluid type). The first time this threshold was 

exceeded prior to fluid delivery, the time was classified as ‘lick time prior to fluid delivery’. 

The first time this threshold was exceeded after the fluid solenoid was opened, the time was 

classified as ‘fluid delivery time’ for each of the three types of fluids.

Finally, to assess potential changes in licking behavior that may have occurred as a result of 

monkeys having received water, we quantified licking to the receipt of each of the fluids in 

the scanner before and after monkeys were given water ad libitum. Specifically, we used an 

AUC measurement (detailed above) in a mixed-effects ANOVA with monkey, fluid, 

hydration status, and fMRI run as fixed effects, and session as a random effect, with session 

and hydration status each nested under monkey, and run nested under session.

2.7. fMRI Data Analysis

Preprocessing was carried out using AFNI (Analysis of Functional NeuroImages, NIMH; 

Cox, 1996) on raw data in native space prior to regression and alignment. Runs were PLACE 

corrected to compensate for geometric field distortions (Xiang and Ye, 2007), slice-time 

corrected, and resampled in pitch from 22° to plumb (de-obliqued). To allow the scanner to 

reach a steady state, the first 5 volumes of each run were removed; the data were 

concatenated across runs within a single session, motion corrected using volume 

registration, and blurred to 2 mm. Anatomical scans (MDEFTs) in native space from each 

monkey from each session were manually skull stripped and aligned to a high-resolution 

skull-stripped scan from our monkey template (monkey 3) using a 12-dimension affine 

transformation. Spatial transformation matrices for aligning anatomical scans to our monkey 

template for each session were applied to preprocessed native-space statistical data 

(preprocessed raw data after regression) for group analysis. fMRI data are therefore 
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presented on our template macaque brain, and may not match precisely sections shown in an 

atlas.

As indicated earlier, licks in response to the delivery of each fluid type were used to identify 

fluid delivery times for regression. Lick times were deconvolved with tent functions in AFNI 

to derive estimates of the hemodynamic response time course for each type of fluid. In a 

separate analysis, regressors of interest (licks resulting from fluid delivery) and those 

occurring prior to fluid delivery (nuisance regressors) were convolved with a standard 

‘boxcar’ hemodynamic response function (HRF) and entered into a GLM to obtain 

regression coefficients for each taste and self-initiated licks (to create an exclusion mask, see 

below). Regression coefficients for each scan were then entered into a mixed-effects 

ANOVA (3dLME in AFNI; z-stats reported) with monkey nested in session, and session 

treated as a random factor, to generate contrast maps of the different fluid types. We note 

that many fMRI studies in humans use each subject as a data point, and, to get enough 

power, experiments may need upwards of 15 subjects. Alternatively, in some fMRI studies 

with nonhuman primates, data are pooled across sessions and each time point (volume) is 

used as a data point. Our analysis is a compromise between these two approaches; we use 

each session in each monkey as a data point in a second-level analysis.

To identify taste-responsive areas we used the contrast: (0.5 sucrose + 0.5 citric acid) / water 

(3dANOVA in AFNI; t-stats reported). By dividing the response to sucrose and citric acid by 

water, we were able to normalize taste responses with responses resulting from the general 

effect of fluid in the mouth and swallowing.

All maps were initially thresholded at a p < 0.001 uncorrected. A cluster size threshold of 8 

voxels was used to control the familywise error rate (FWE) at p < 0.01 in all maps shown. 

The cluster size (8 voxels) corresponded to the 99.9% quantile of the distribution of the 

maximum cluster size simulated via 10,000 Monte Carlo stimulations (Forman et al., 1995), 

using estimates of spatial smoothness based on the residuals of the GLM.

To examine the development of the hemodynamic response, BOLD time-course plots were 

generated. Where illustrated, time-course plots show the average percent signal change for 

all voxels in the cluster.

BOLD responses associated with licking in the absence of fluid delivery were used to further 

mask responses associated with somatosensory or motor components of licking and 

associated orofacial movements. The mask, created from the contrast of self-initiated licks 

vs. baseline, thresholded at p = 0.01 (uncorrected), was inverted to contain zero-value voxels 

at locations which had a response to licking prior to fluid delivery, and values of one 

elsewhere. An algebraic sum of taste responses ((0.5 sucrose + 0.5 citric acid) / water) and 

this mask created from the nuisance regressor of licks prior to fluid delivery excluded voxels 

activated in response to licking prior to fluid delivery.

To identify brain areas with activations modulated by taste preference we used the contrast: 

sucrose minus citric acid. The underlying assumption is that each fluid has a strong (and 

roughly equivalent) taste component. In addition, the fluids involved equivalent amounts of 

licking and swallowing. Thus, although differences in sensory properties cannot be ruled 
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out, the activation observed in the sucrose minus citric acid contrast likely reveals subjective 

preference.

To identify brain areas in which activations changed as a function of hydration state we 

performed a whole-brain analysis using the contrast: all fluids before monkeys had received 

ad libitum water minus all fluids after monkeys had received ad libitum water. To illustrate 

the data we created a mask of taste-responsive areas (described above; 0.5 sucrose + 0.5 

citric acid) / water) and present BOLD signal changes within the taste-responsive areas, as 

well as outside of those areas.

Finally, in order to characterize the locus of activation with respect to defined areas and 

regions (e.g., insula), we cite the primary literature in defining and localizing cortical areas 

where relevant, and make use of a macaque brain atlas (Saleem and Logothetis, 2012) for 

reference.

2. Results

During fMRI scan sessions, monkeys received small amounts of three different fluids, 

delivered one at a time, in pseudorandom order: sucrose, citric acid, and water. The pattern 

of BOLD responses during the passive receipt of fluids was used to identify taste-responsive 

brain areas. Fluid preferences were assessed outside the scanner using two measures: 

behavioral choice and anticipatory licking. Preference measures were related to BOLD 

responses to determine whether brain regions signaled taste preference. Finally, 

manipulations of hydration status were used to determine whether BOLD responses to taste 

were modulated by changes in internal state.

3.1. Gustatory Responses Identified with fMRI

To identify brain areas responsive to taste, we contrasted BOLD responses to sucrose and 

citric acid with BOLD responses to water. Detecting licks made in the absence of fluid 

delivery and their associated BOLD responses allowed us to mask lick-related responses 

after receipt of fluid. Thus, activations related to the sensorimotor aspects of licking were 

controlled for in this analysis, revealing activations related to tastes.

Areas exhibiting greater BOLD responses to sucrose and citric acid than water are shown in 

Figure 1. Areas identified in this contrast include primary gustatory cortex area G, area 12o, 

and the anterior insula. Two distinct clusters were identified in the left hemisphere. One 

cluster (“Cluster 1”, Fig. 1A–D), comprised of 24 voxels, extended 6 mm in the anterior-

posterior (AP) dimension from area 12o to area G to the anterior and dorsal portion of the 

insula. A second cluster (“Cluster 2”, Fig. 1E–H), caudal to the first, comprised 17 voxels, 

and spanned 6 mm in AP extent along the anterior insular cortex adjacent to the superior 

limb of the limiting sulcus. In the right hemisphere, a single cluster of 36 voxels was 

identified in roughly the same region as the more caudal cluster in the left hemisphere. The 

anterior voxels comprising this single right hemisphere cluster were located in area G and 

extended 7.5 mm AP into the superior limb of the limiting sulcus to include the neighboring 

anterior insula. Coronal sections shown in Figure 1 are spaced at 1.5 mm, the size of our 

functional voxels.
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In MFC area 25 we identified another distinct cluster, comprised of 17 voxels; unlike the 

voxels in area G, area 12o and the anterior insula, those in area 25 exhibited greater BOLD 

responses to water than to sucrose and citric acid.

3.2. Licking Responses Identified with fMRI

Unmasked taste responses (sucrose and citric acid vs. water) are presented in Supplemental 

Figure 1 in order to demonstrate areas activated by licking (and, potentially, by taste as 

well). Licking led to prominent activations at sites relatively distant from the taste-response 

zones illustrated in Figure 1, in the depths of the central sulcus and more rostral sites on the 

lateral suface. These sites are presumed to be the face and oral cavity representations in 

somatosensory cortex areas 3a, 3b, 1 and 2 (Supplemental Figure 1, Sections I-O). 

Activation of motor cortex was more limited, and involved the face representation of 

primary motor cortex (face-MI) and / or the cortical masticatory area (Huang et al., 1989) 

(Supplemental Figure 1, Section H).

3.3. Taste Preferences as Revealed by fMRI, Behavioral Choice, and Anticipatory Licking

We used monkeys’ choice preferences and anticipatory licking in the presence of fluid-

predictive cues to assess fluid preferences. These data were collected during three test 

sessions conducted outside the scanner after fMRI data had been acquired for the first set of 

scans (see Methods 2.5), prior to offering monkeys water ad libitum. We then examined 

fMRI data with respect to monkeys’ preferences to determine if any areas exhibited greater 

BOLD signals to preferred fluids.

In the fMRI analysis, the contrast of sucrose vs. citric acid did not localize any voxels in 

taste-responsive areas G, 12o or the insular cortex; instead, this contrast revealed voxels in 

an area of the striatum that receives inputs from the OFC (hereafter called the ventral 

striatum, VS), extending into the dorsal and ventral pallidum and left anterior amygdala. 

Figure 2 shows the sucrose vs. citric acid contrast at three different statistical thresholds, 

masked with licking in the absence of fluid delivery. One large cluster of 66 voxels spanned 

the midline and extended roughly 9 mm in AP extent, from the VS to the ventral pallidum, 

paraventricular nucleus of the hypothalamus (PVN), and medial preoptic area (MPOA) at 

more posterior levels. A second cluster of 19 voxels extended 6 mm in AP extent from the 

medial aspect of the temporal pole (TGa) to the rostral portion of the lateral and basal nuclei 

of the amygdala in the left hemisphere. The contrast of sucrose vs. citric acid unmasked for 

licking prior to fluid delivery is presented in Supplemental Figure 2. Masking with licking 

prior to fluid delivery did not affect the finding that BOLD responses in the amygdala and 

VS were greater for sucrose relative to citric acid.

We tentatively identified the voxels in this contrast as reflecting taste preference. To assess 

taste preferences, we offered each monkey pair-wise choices among the three fluids. In 

Figure 3A, monkeys’ choice preferences are plotted as a percentage of the number of times a 

given cue was chosen out of the total number of trials on which a given pair of fluids was on 

offer: sucrose / (sucrose vs. water); sucrose / (sucrose vs. citric acid); and citric acid / (citric 

acid vs. water). All three monkeys strongly preferred sucrose to both citric acid and water 
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(all ps < 0.001). All three showed less marked preferences for the trials with water vs. citric 

acid.

In addition to measuring choice preferences, anticipatory licking during presentation of 

single cues (View trials) was evaluated to get an ancillary measure of monkeys’ preferences. 

In Figure 3B, monkeys’ mean anticipatory lick behavior is plotted (± 1 SEM) as an AUC 

measurement for each trial and averaged for each fluid type per session. Only monkeys 2 

(sucrose > water, p = 0.026) and 3 (sucrose > water, p = 0.024; sucrose > citric acid, p = 

0.018) licked more for sucrose cues, and only in one session each; monkey 1 showed no 

anticipatory lick preferences to any taste cues. Although anticipatory licking did not provide 

as robust a measure of preference as monkeys’ choices, it nevertheless was consistent with 

choice behavior. Given the foregoing, we conclude that the greater BOLD responses to 

sucrose than citric acid in the VS, ventral pallidum, and TGa/amygdala, as shown in Figure 

2, likely reflect taste preference and/or subjective value.

3.4. Internal State Changes Identified with fMRI

Finally, we wondered whether we could reveal influences of hydration status on signals 

related to taste or taste preference. fMRI scans were acquired from the same three monkeys 

using the same schedule as before, but this time after they had been allowed ad libitum 
access to water for 3–5 days. Although we conducted a whole-brain analysis, we show the 

effects of changes in hydration in two figures, the first restricted to taste-responsive areas 

(Figure 4), defined by a mask (see Methods), and the second restricted to areas outside the 

taste-responsive zones (Figure 5).

We first consider the effects of hydration status in taste-responsive areas. Only one cluster 

within taste-responsive cortex was modulated by hydration: voxels resided in area 12o, area 

G, and the anterior insular cortex in the superior limb of the limiting sulcus in the left 

hemisphere (Figure 4). This single cluster spanned 9 mm in AP extent and comprised 28 

voxels. No taste responsive voxels in the right hemisphere exhibited hydration effects at 

p=0.001 (FWE corrected p=0.01), nor were significant voxels evident at lower thresholds of 

p=0.01 or p=0.005 (FWE corrected p= 0.01). The effects of hydration were nonspecific for 

the tastes used; there was no interaction between fluid type and hydration. Given the 

lateralized finding of the effect of hydration (area G, area 12o, left hemisphere) we tested for 

hemispheric differences by contrasting data in original space to that in a “mirror-image” 

space (i.e. standard space vs. left-right flipped). We did not detect any significant differences 

between hydration effects in the left vs right hemispheres; thus, there was no evidence for 

hemispheric specialization of the hydration effects.

We looked beyond taste-responsive cortex to identify other areas that might exhibit altered 

BOLD responses to all fluids as a result of monkeys consuming water ad libitum. Figure 5 

illustrates a large cluster in MFC localized to area 32 and the adjacent portion of area 10. In 

this region, greater BOLD responses were found before relative to after hydration (i.e., 

thirsty > hydrated; red-orange color scale). Similarly, clusters in the right and left anterior 

dorsal striatum exhibited greater BOLD responses prior to hydration. A third single cluster 

that included the anterior insula in the right hemisphere and the perirhinal cortex in the right 
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temporal pole exhibited greater BOLD responses following water ad libitum (i.e., hydrated > 

thirsty; blue color scale).

To assess whether the foregoing effects on BOLD activations could be accounted for by 

changes in licking behavior, we quantified licking in the scanner before and after 

manipulations of hydration using a mixed-effects ANOVA that specified monkey, fluid, 

hydration status, and fMRI run as fixed effects, and session as a random effect, with session 

and hydration status each nested under monkey, and run nested under session. We found 

significant main effects of monkey (F 2, 857 = 4.77, p = 0.030) and fluid (F 2, 857 = 21.84, p = 

3.87 × 10−6), but no effect of hydration status (F 3, 857 = 3.30, p = 0.058), indicating that 

monkeys’ licking was not altered due to changes in hydration. Thus, the different pattern of 

BOLD responses found before and after hydration cannot be accounted for by changes in 

licking behavior.

3. Discussion

4.1. Primary Gustatory Cortex in Macaques

To our knowledge, this is the first functional imaging study of the gustatory system in 

macaque monkeys to make use of event-related BOLD methodology. Although an event-

related task design allowed for the inclusion of trial-by-trial licking estimates in the model, 

its reduced power relative to a block design limited our analysis to group level effects (see 

Section 2.7). Nonetheless, this adequately revealed effects in our sample of three monkeys. 

We used whole-brain BOLD fMRI to overcome the spatial limitations inherent in single-

neuron recording studies of taste-related areas. Despite the small numbers of taste 

responsive neurons reported in primary gustatory cortex (area G) of macaques (~2 to 5%: 

Scott and Mark, 1986; Ogawa et al., 1989; Yaxley et al., 1990; Scott et al., 1991), we were 

able to identify robust BOLD responses in this region (Figure 1B–D). Although we were not 

able to assess cytoarchitectonic borders, the cortex we identified as taste responsive most 

certainly includes area G, based on regional landmarks (Saleem and Logothetis, 2012).

Consistent with our finding of taste-related activations in area G and the anterior insula, 

anatomical studies have reported projections from the primary gustatory relay nucleus of the 

thalamus, VPMpc, to the anterior insular cortex and overlying frontal operculum (Kusama et 

al., 1985; Pritchard et al., 1986; Ogawa, 1994). In addition, taste-related activations in area 

12o are consistent with the finding that this region of frontal cortex receives direct 

projections from area G and anterior insula (Baylis et al., 1995). Although early anatomical 

studies also reported projections from thalamic nucleus VPMpc to somatosensory cortex 

(Kusama et al., 1985; Pritchard et al., 1986; Ogawa, 1994) more recent neurophysiological 

mapping studies (Cerkevich et al., 2013) found no projections from VPMpc to 

somatosensory areas 3a, 3b, 1 or 2. The latter study suggests a more limited projection from 

VPMpc to primary gustatory cortex. Although use of the licking mask allows us to be 

confident that the taste-responsive regions we observed in area G, 12o and anterior insula are 

not an artifact of differences in licking between conditions, it complicates other aspects of 

the interpretation. Specifically, use of the licking mask prevents firm conclusions regarding 

activations in areas 3a, 3b, 1 and 2 and M1. One possibility is that these sites are involved 
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with sensorimotor aspects of gustation (e.g., licking) only. Alternatively, they may be 

involved in both taste and licking.

4.2. Taste-Responsive Areas Beyond Primary Gustatory Cortex

Consistent with single-unit neurophysiological mapping studies in macaques, we identified 

taste-responsive regions not only in insular cortex and frontal operculum, but also 

ventrolateral prefrontal cortex area 12o, a region identified as secondary gustatory cortex 

(Rolls et al., 1990).

Despite the occurrence of taste-related neuronal activity in area 13 (Rolls et al., 1990; 

Tremblay and Schultz., 1999; Pritchard et al., 2005; Ifuku et al., 2006; Padoa-Schioppa and 

Assad, 2006; Lara et al., 2009), we did not find robust BOLD responses in this region. Our 

failure to identify area 13 as taste-responsive cortex could be due to mixed patterns of 

neuronal activity (increases in firing rates to a particular fluid in some neurons, and 

decreases in firing rates in other neurons). Alternatively, perhaps the neuronal activity in 

some neurophysiological investigations reflects particular tastes interacting with different 

types of task-related activity (choice, action planning). Finally, we cannot rule out the 

possibility that signal dropout in this region led to a null result.

4.3. Brain Regions Encoding Taste Preference

By contrasting BOLD responses to sucrose to those from citric acid we aimed to identify 

areas signaling taste preference. The underlying assumption is that each fluid has a strong 

(and roughly equivalent) taste component, allowing activation related to subjective 

preference to emerge. This contrast revealed greater BOLD responses for sucrose than citric 

acid in the amygdala, VS, and ventral pallidum. Three findings support our contention that 

these regions encode subjective taste preference. First and foremost, monkeys showed a 

strong choice preference for sucrose and, to a much lesser extent, increased anticipatory 

licking for sucrose, mirroring the fMRI findings. Second, the same contrast does not yield 

brain areas engaged in basic gustatory processing, and, conversely, taste-responsive areas 

identified by our taste localizer do not exhibit greater BOLD responses to sucrose than citric 

acid. Third, a corollary to the second, neither the amygdala nor VS was activated by our 

taste localizer.

It is somewhat surprising that preference effects were not found in area 13, where the 

activity of many neurons reflects taste preference (Tremblay and Schultz, 1999; Padoa-

Schioppa and Asaad, 2006), and magnitude of reward (Roesch and Olson, 2004; Kennerley 

and Wallis, 2009; Morrison and Salzman, 2009; Rudebeck et al., 2013). Still, negative 

findings are not meaningful for the same reasons given before; mixed increases and 

decreases of the activity of single neurons could well cancel out BOLD responses related to 

taste preference, and we cannot rule out the possibility of signal dropout in this region.

4.3.1. Amygdala.—Our fMRI findings of activations related to taste preference (e.g., 

contrast of sucrose vs. citric acid) in the amygdala are in agreement with the few studies 

examining neuronal correlates of taste preference in macaque monkeys. Specifically, 

neurons in the amygdala are more active during ingestion of preferred foods and preferred 
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complex tastes relative to nonpreferred ones (Nishijo et al., 1988; Kadohisa et al., 2005). In 

humans, PET and fMRI studies find greater amygdala activation during processing of highly 

palatable and aversive tastes (Zald et al.,1998; O’Doherty et al., 2001), suggesting the 

amygdala is involved in processing either tastes or their associated valence or both.

4.3.2. Ventral striatum.—In the present study, activations in the VS appeared to reflect 

taste preference. Many studies in humans report that the striatum encodes taste pleasantness 

at the time of fluid delivery. For example, one study found the pleasantness of fat in the 

mouth correlated positively with the BOLD response in the VS (Grabenhorst et al., 2010), 

and another found greater activations in the VS for sucrose relative to an artificial sweetener 

(sucralose), which subjects found less pleasant than sucrose (Frank et al., 2008). To the 

extent that pleasantness reflects preference, our findings fit with these reports.

4.3.3. Interpretational limitations.—It is possible that differences in sensory features 

contributed to the differences in activation arising from the sucrose vs. citric acid contrast 

either in addition to, or instead of, preference per se. Future studies should include additional 

tastes and gradations of preference to test the generality of activations related to taste 

preference. In this study, we used tastes we expected to be palatable or neutral. Future 

studies might evaluate responses to a variety of palatable and aversive tastes over a range of 

concentrations to allow identification of brain areas encoding taste preference vs. taste 

valence independent of preference.

4.4. Brain Regions Reflecting Changes in Internal State

As a means of further characterizing taste related areas, we compared activations to passive 

receipt of fluids before and after monkeys had free access to water. This allowed us to 

contrast brain responses, within subjects, to receipt of fluids in thirsty versus hydrated states. 

The free access to water was not intended to induce a selective satiation, but, rather, to alter 

the overall level of hydration which should affect neural circuits sensitive to internal state. 

Unsurprisingly, one effect that accompanied the free access to water was a change in the 

monkeys’ willingness to work for fluids. When thirsty monkeys were given the Choice and 

View task outside the scanner, they routinely chose taste-predictive cues to earn fluid 

rewards. After monkeys had received full access to water for 3–5 days, they refused to 

choose taste-predictive cues, indicating they had lost the motivation to work for fluid 

rewards.

There is a large literature on single neuron responses in macaques to selective satiety, though 

not one for hydration per se. As mentioned earlier, we did not induce a state of selective 

satiation. Nevertheless, selective satiety and hydration likely share many effects, so we 

discuss each condition as appropriate.

Although it is widely believed that satiety produces a decrease in neuronal firing rates in 

many frontal cortex areas (Rolls et al., 1989; Pritchard et al., 2008), recent studies have 

revealed a more complex pattern. For example, some frontal cortex areas contain a mixture 

of neurons, some that increase and others that decrease their firing rates with satiety (Bouret 

and Richmond, 2010); some neurons change their activity only after certain feeding intervals 

(Rolls et al., 1988). Within the taste-responsive areas, primary gustatory cortex in the left 
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hemisphere exhibited positive trending BOLD responses following hydration. Interestingly, 

Rolls et al. (1988) report that consumption of fluids to satiety in monkeys failed to alter 

neural responses in primary gustatory cortex, mirroring the lack of hydration effects we 

report for the right hemisphere. In future studies it will be important to take into account the 

hemisphere from which neurons are recorded. Small and colleagues (Small et al., 2001), 

however, did report reduced regional blood flow in primary gustatory cortex in humans as 

they became sated on chocolate. Yet we find that BOLD responses in primary gustatory 

cortex in the left hemisphere are greater following hydration, an effect opposite in sign to 

what would be expected from the findings of Small et al (2001). Perhaps one of two 

antagonistic populations decreased firing rates as monkeys became hydrated, leaving the 

other active; our experimental design and technique precludes observing these types of 

changes. Alternatively, perhaps selective satiation and hydration have fundamentally 

different influences on taste processing in primary gustatory cortex.

As for higher-order gustatory areas, we find hydration effects in area 12o in the left 

hemisphere. This area did not respond when monkeys were thirsty, but did exhibit positive 

trending BOLD responses when monkeys were hydrated. A neurophysiological study in 

macaques found neurons in ventrolateral prefrontal cortex area 12o decrease their firing 

rates with satiety (Rolls et al., 1989). These authors argued that primary areas encode 

sensory aspects of taste, whereas higher-order areas may encode the motivational properties 

of tastes. Although we do find that activations in area 12o in the left hemisphere are 

modulated by changes in hydration, this area exhibits greater BOLD responses in the 

hydrated relative to the thirsty state, which is the opposite direction that one would predict 

based on the single neuron recordings. As mentioned earlier with respect to primary 

gustatory cortex, one population of neurons with opposing activity to another could have 

decreased firing with hydration, driving a positive trending BOLD response only after 

monkeys had consumed water to satiety. Another possible explanation for increased BOLD 

responses following free access to water is that some neurons may develop taste responses; 

for instance, in OFC areas 11 and 13, some neurons become responsive to tastes with 

satiation (Pritchard et al., 2008).

Outside taste-responsive areas, we identified MFC areas 32/10m as having reduced BOLD 

responses in the hydrated vs. thirsty state. Consistent with this observation, neuronal 

responses in MFC decrease as monkeys work to satiety for water (Bouret and Richmond, 

2010). Several reports from studies in humans likewise fit with our finding of decreased 

BOLD responses in MFC following ad libitum consumption of water. For instance, regional 

cerebral blood flow (rCBF) has been reported to decrease in MFC as subjects ate chocolate 

to satiety (Small et al., 2001), after the consumption of a meal (Del Parigi et al., 2002; 

Thomas et al., 2015), and after consumption of chocolate milk (Smeets et al., 2006). Most 

pertinent to the present study, as was the case in our monkeys given water ad libitum, 

humans given water to satiety show decreased BOLD responses in MFC (de Araujo et al., 

2003).

One possibility suggested by these findings is that area 32/10m is involved with motivational 

aspects of received fluids, a concept consistent with the idea that expected value is 

represented in a common currency (Kable and Glimcher, 2007) or that value information is 
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integrated in this region (Suzuki et al., 2017). In addition, this region is one of several 

anatomically related regions implicated in motivated behavior; as such, it potentially 

provides insight into the neural mechanisms underlying apathy and anhedonia (Husain and 

Roiser, 2018).

Notably, the MFC areas 32/10m appeared to be much more sensitive to changes in hydration 

status than to fluid preference, per se. Consistent with this interpretation, although 

preference and willingness to work for a food or fluid often vary together, there are many 

instances in which the two factors can be dissociated (e.g., liking vs. wanting, see review by 

Berridge and Kringelbach, 2015). Against this interpretation, however, being in a hydrated 

vs. thirsty state likely induces a number of effects on brain activity (e.g., related to arousal, 

stomach distension, mouth dryness, etc.) that are not contolled for in the present study. In 

addition, because we used a pre-post hydration contrast, we cannot rule out the possibility of 

order effects. Future studies should address how factors related to reward desirability, 

availability, and internal state are combined in MFC to influence choice.

4.5. Summary

To summarize, we leveraged the gustatory system to highlight brain areas associated with 

taste, taste preference and internal state. In most circumstances subjective value and internal 

states related to satiety vary together, and are therefore confounded. Here, we were able to 

dissociate these factors to some extent, at least neurally. With respect to our original aims, 

we: 1) localized brain areas encoding taste; 2) identified areas sensitive to taste preference; 

and 3) established brain areas sensitive to changes in hydration state, some of which may 

reflect changes in motivation. Our fMRI investigation in nonhuman primates allowed for a 

within-subjects repeated measures design to uncover information about the neural correlates 

of taste, preference, and internal state that might not have been possible in human studies.
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Highlights

• Taste responsive areas in the macaque include primary gustatory cortex area 

G, an adjacent portion of the anterior insular cortex, and area 12o.

• Neural representations in the ventral striatum, ventral pallidum, and amygdala 

signal taste preference and/or subjective value.

• Activations in area G, the adjacent portion of the anterior insular cortex, and 

area 12o in the left hemisphere are positively related to levels of hydration, 

which may reflect influences of internal state on taste processing.

• Activations in medial prefrontal cortex area 32/10m are negatively related to 

levels of hydration. Thus, activation in area 32/10m, a region implicated in 

value-based decision making, is modulated by changes in internal state.

Kaskan et al. Page 21

Neuroimage. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Taste responsive areas.
A-H. Areas exhibiting greater BOLD responses to sucrose and citric acid relative to water 

included area 12o, area G, and an adjacent portion of the anterior insula. t-maps range from 

4.3 (p = 0.001) to 7.0 (p < 1.43 × 10−5) and above (red color scale), and −4.3 (p = 0.001) to 

−7.0 (p < 1.43 × 10−5) and below (blue color scale); corrected FWE = 0.01. t-maps are 

masked with licking prior to fluid delivery. Sections A-H are taken at 1.5 mm intervals. Two 

distinct clusters were identified in the left insula, indicated as “Cluster 1” in panels A-D, and 

“Cluster 2” in panels E-H. The center of Cluster 1 is ~8 mm rostral to the anterior 

commissure, and is about 13 mm from the midline. The center of Cluster 2 is ~2 mm rostral 

to the anterior commissure, and is about 16 mm from the midline. The cluster in the insula in 

the right hemisphere spans 7.5 mm (Sections C-G) and is centered ~4 mm rostral to the 

anterior commissure; it is about 19 mm from the midline. Note the anterior commissure in 

Section H for reference. Area 25 exhibited greater BOLD responses to water relative to 

sucrose and citric acid (blue voxels). I. Time course for a cluster in the right insula and 

operculum, including area G, shows greater BOLD responses to sucrose and citric acid than 

to water. J. Time course for a cluster in MFC area 25, encroaching on the ventral striatum, 

shows greater BOLD responses for water than sucrose or citric acid. Time-course plots show 

average percent signal change for all voxels in the cluster. Error bars in I and J show +/− 

SEM across sessions.
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Figure 2. Ventral striatum, ventral pallidum, and amygdala encode preferred taste.
t-maps at three different thresholds are shown for the sucrose vs. citric acid contrast, 

revealing greater BOLD responses in the ventral striatum, ventral pallidum, and left anterior 

amygdala for sucrose relative to citric acid. t-maps thresholded at p = 0.01, p = 0.005 and p 
= 0.001, each corrected at FWE 0.01. t-maps are masked with licking prior to fluid delivery.
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Figure 3. Choice preferences and anticipatory licking.
A. Monkeys’ choice preferences from the Choice and View task for all completed choice 

trials. Each bar represents the percent chosen across three days for each possible pairing of 

fluid types: sucrose vs. water, sucrose vs. citric acid, and citric acid vs. water (see legend in 

B). For each bar, the fraction of color segment indicates the percent chosen. All three 

monkeys chose cues signaling delivery of sucrose over those signaling water (all ps < 

0.001). All three monkeys also chose cues signaling delivery of sucrose over those signaling 

delivery of citric acid (all ps < 0.001). Monkey 1 preferred water over citric acid (p = 0.015) 

and Monkey 2 preferred citric acid to water (p = 3.02 ×10−6), while Monkey 3 showed no 

preference (p = 0.457). B. Monkeys’ anticipatory licking from the Choice and View task for 

all completed View trials. Licking was evaluated between cue onset (t = 0) and the earliest 

fluid delivery time. Bars depict the mean (+/− 1 SEM) lick area under the curve (AUC) for 

each fluid type, for each day. Monkey 1 exhibited no significantly different licking cues 
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associated with delivery of sucrose, citric acid, or water. Monkey 2 showed significantly 

greater licking in anticipation of sucrose over water on day one (p = 0. 026). Monkey 3 

licked more in anticipation of sucrose than water (p = 0.024) or citric acid (p = 0.018) on 

day three. Asterisks denote significance as follows: p < 0.001 sig = ***, p < 0.01, sig = **; p 
< 0.05, sig = *. The legend shown in panel B applies to the entire figure.
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Figure 4. Taste responsive areas affected by hydration.
A-F. Of identified taste responsive areas, only area 12o and area G in the left hemisphere 

show responses modulated by hydration level. These regions exhibited greater BOLD 

responses following full hydration (pre minus post hydration contrast maps shown). There 

was no interaction between fluid type and hydration (not shown). z-maps range from −3.29 

(p = 0.001) to −7.0 (p < × 2.56 × 10−12); corrected FWE = 0.01. Sections A-F are taken at 

1.5 mm intervals. G-H. Mean BOLD time courses for all fluid types before and after 

monkeys were given ad libitum water. G. Time course for a cluster in area G, area 12o and 

anterior insula shows BOLD responses significantly modulated by the hydration 

manipulation (hydrated > thirsty). H. Time course for a cluster of taste-responsive voxels in 

the right hemisphere does not show significant effects of hydration. Error bars in G and H 
show +/− SEM across sessions. Compare and contrast with Figure 1.
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Figure 5. Brain areas affected by hydration: regions outside taste-responsive areas.
Additional areas exhibiting BOLD responses modulated by changes in hydration level 

included area 32/10m, a small region of cortex near the rostral extent of the ventral bank of 

the cingulate sulcus, area 46v, anterodorsal striatum, and 12r in the right hemisphere. These 

regions exhibited greater BOLD responses prior to full hydration (thirsty > hydrated). z-

maps range from 3.29 (p = 0.001) to 7.0 (p < × 2.56 × 10−12) and above; corrected FWE = 

0.01.
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