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HE PRIMATE AMYGDALA: NEURONAL REPRESENTATIONS OF THE
ISCOSITY, FAT TEXTURE, TEMPERATURE, GRITTINESS AND TASTE

F FOODS
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niversity of Oxford, Department of Experimental Psychology, South
arks Road, Oxford OX1 3UD, UK

bstract—The primate amygdala is implicated in the control of
ehavioral responses to foods and in stimulus-reinforcement

earning, but only its taste representation of oral stimuli has
een investigated previously. Of 1416 macaque amygdala neu-
ons recorded, 44 (3.1%) responded to oral stimuli. Of the 44
rally responsive neurons, 17 (39%) represent the viscosity of
ral stimuli, tested using carboxymethyl-cellulose in the range
–10,000 cP. Two neurons (5%) responded to fat in the mouth
y encoding its texture (shown by the responses of these neu-
ons to a range of fats, and also to non-fat oils such as silicone
il ((Si(CH3)2O)n) and mineral oil (pure hydrocarbon), but no or
mall responses to the cellulose viscosity series or to the fatty
cids linoleic acid and lauric acid). Of the 44 neurons, three (7%)
esponded to gritty texture (produced by microspheres sus-
ended in cellulose). Eighteen neurons (41%) responded to the
emperature of liquid in the mouth. Some amygdala neurons
esponded to capsaicin, and some to fatty acids (but not to fats
n the mouth). Some amygdala neurons respond to taste, tex-
ure and temperature unimodally, but others combine these
nputs. These results provide fundamental evidence about the
nformation channels used to represent the texture and flavor of
ood in a part of the brain important in appetitive responses to
ood and in learning associations to reinforcing oral stimuli, and
re relevant to understanding the physiological and pathophys-
ological processes related to food intake, food selection, and
he effects of variety of food texture in combination with taste
nd other inputs on food intake. © 2005 Published by Elsevier
td on behalf of IBRO.

ey words: appetitive learning, Pavlovian conditioning, obesity,
ood intake, reward.

he amygdala is implicated in emotion and motivation by
esion, single neuron recording, and neuroimaging investiga-
ions (Sanghera et al., 1979; Nishijo et al., 1988a; Davis,
994; Francis et al., 1999; Rolls, 1999; Schoenbaum et al.,
999; LeDoux, 2000; Rolls, 2000). Part of the function of the
mygdala in motivation and emotion appears to be in asso-
iating previously neutral (e.g. auditory or visual) stimuli to
rimary (unlearned) reinforcers such as taste and somato-
ensory including painful stimuli (Davis, 1994; Rolls, 1999,
000; LeDoux, 2000), and in primates, for example, reward
evaluation learning depends on the amygdala (Murray et al.,

Corresponding author. Tel: �44-1865-271348; fax: �44-1865-310447.
-mail address: edmund.rolls@psy.ox.ac.uk (E. T. Rolls).
bbreviations: BJ, blackcurrant juice; CMC, carboxymethylcellulose;
O, coconut oil; GR, gritty texture stimulus; LaA, lauric acid; LiA,
(
inoleic acid; MO, mineral oil; SaO, safflower oil; SC, single cream;
iO, silicone oil; VO, vegetable oil.

306-4522/05$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2004.12.005

33
996). This associative function (Rolls and Treves, 1998)
mplies a representation of primary reinforcers such as the
aste of food, and indeed taste neurons have been described
n the amygdala (Sanghera et al., 1979; Nishijo et al.,
988a,b; Scott et al., 1993; Yan and Scott, 1996) and taste
esponsiveness in the human amygdala (O’Doherty et al.,
001). Almost nothing is known, however, about whether
spects of food other than taste and smell are represented in

he amygdala. The texture of food is important in its palatabil-
ty and acceptability (Bourne, 2002, consider e.g. damp ce-
eal or potato chips), and temperature may also be important
Zellner et al., 1988). We describe here for the first time the
esponses of primate amygdala neurons to oral texture and
emperature stimuli, and show that they are combined in
ome neurons with responsiveness to the taste of food. The

nvestigation was performed in macaques in order to make it
s relevant to understanding the operation of this system in
umans as possible, and in the context that the taste system

s differently connected in rodents and primates, with taste
athways in primates to the amygdala only after cortical
rocessing (Norgren, 1984; Rolls et al., 2003). Understand-

ng the factors that determine the palatability of food is cur-
ently of great interest, given the role of palatability in the
ontrol of food intake, and the rapidly increasing incidence of
besity which is accompanied by serious health risks
Berthoud, 2003; Steinberger and Daniels, 2003). The factors
nvestigated included the texture of food as reflected by vis-
osity (tested parametrically with a viscosity series made with
ellulose); oral fat; oral fatty acids which might signal the
resence of fat in the mouth if salivary lipase was present
Gilbertson, 1998); oral texture as manipulated by inert mi-
rospheres; oral temperature; taste; and the effects of cap-
aicin, an oral irritant present in a number of foods.

EXPERIMENTAL PROCEDURES

ubjects

he recordings were made in three hemispheres of two rhesus
acaques (Macaca mulatta; one female weighing 2.6–3.3 kg and
ne male weighing 6.1–6.7 kg). To ensure that the macaques
ere willing to ingest the test foods and fluids during the recording
essions, they were on mild food (150 g of nutritionally balanced
ash plus fruits, boiled chicken eggs, nuts, seeds and pop corn)
nd fluid (1 h/day ad libitum water) deprivation, in that both were
rovided after the daily recording session. The monkeys showed
teady increases in bodyweight. All procedures, including prepar-
tive and subsequent ones, were carried out in accordance with
he National Institutes for Health Guide for the Care and Use of
aboratory Animals, and were licensed under the UK Animals

Scientific Procedures) Act, 1986, and were designed to minimize
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he number of animals used and maximize their welfare by adopt-
ng, for example, group housing, and environmental enrichments.

ecordings

ecordings were made with epoxylite-coated high impedance
2–10 M� at 1 kHz; Frederic Haer & Co., St. Bowdoinham, ME,
SA) tungsten microelectrodes from single neurons in the amyg-
ala, which included areas in which taste responses have previ-
usly been described (Sanghera et al., 1979; Nishijo et al.,
988a,b; Scott et al., 1993), using neurophysiological methods as
escribed previously (Scott et al., 1986a,b; Rolls et al., 1990,
999, 2003; Verhagen et al., 2003). The signal-to-noise ratio was

ypically 3:1 or higher as illustrated in Fig. 4. The data were
ollected using a Datawave Discovery Inc. (Tucson, AZ, USA)
ystem which digitized the signal (12 bit, 16 kHz) for 8 s after
timulus onset. The spikes were sorted off-line using the cluster
utting method provided with the Datawave system, and this
rocedure was straightforward as the data were collected with
ingle neuron microelectrodes which typically recorded from only
ne neuron at a time. To prevent visual associative input from
voking neural activity, we prevented the monkeys from seeing
he stimuli and experimenter by a view-obstructing screen.

ocalization of recordings

-radiography was used to determine the position of the micro-
lectrode after each recording track relative to permanent refer-
nce electrodes and to the anterior sphenoidal process, followed
y microlesions on selected tracks and reconstruction from histo-

ogical sections of the brain using the methods described by
eigenbaum and Rolls (1991).

timuli

he neurons of the amygdala were tested for their responsiveness
o the set of taste, viscosity, gritty, oily stimuli, and capsaicin, at
oom temperature (23 °C), and also the set of temperature stimuli
s shown in Table 1. Details of the rationale for the choice of the
timuli are given by Rolls et al. (2003) and Verhagen et al. (2003).
istilled water at 23 °C was one member of the temperature series

T23), and with its viscosity of 1 cP was also one member (V1) of
he viscosity series. For an additional comparison, the neuronal
esponses were tested to 20% blackcurrant juice (BJ; Ribena
mithKline Beecham), because with its complex taste and olfac-

ory components and high palatability it is an effective stimulus
hen searching for and analyzing the responses of cortical neu-

ons (Rolls et al., 1990). The viscosity series was made with
arboxymethylcellulose (CMC; Sigma; high viscosity, Mw
00,000, dialysed, code C5013), a virtually odor- and tasteless
hickening agent used widely in the food industry (see Rolls et al.,
003). The gritty stimulus consisted of hard (Mohs scale 5) hollow
icrospheres (Fillite grade PG, with 87% having a diameter with

he range 100–300 �m; Trelleborg Fillite, Runcorn, UK) made up
n methylcellulose to have a measured viscosity of 1000 cP (100 g
f Fillite PG was added to 4.7 g of CMC in 500 ml of water). To test
or and analyze the effects of oral fat on neuronal activity, a set of
ils and fat-related stimuli was included. The triglyceride-based
ils consisted of vegetable oil (VO; viscosity 55 cP at 23 °C),
afflower oil (SaO), and coconut oil (CO). Single cream (SC; 18%
at, viscosity: 12 cP; Coop brand, pasteurized) was used as an
xemplar of a natural high fat content food of the type for which we
ished to examine the neural representation and sensing mech-
nisms. Four of the orally responsive neurons were tested with
ineral oil (MO), a hydrocarbon mixture with a viscosity of 25 cP.
ll the neurons with fat-related responses described in this and
ur earlier study (Rolls et al., 1999) responded well to SC. As
ilbertson (1998) had reported differential effects in isolated taste

ells to linoleic and lauric acid (LaA) in vitro, suggesting that the s
ustatory modality might be involved in orally sensing fat, we
ncluded (Verhagen et al., 2003) in the stimulus set free linoleic
LiA; 100 �M) and LaA (100 �M) sodium salts (Sigma), as well as
ils rich in conjugated LiA (SaO, 68–83%, 50 cP; Aldrich), and
aA (CO, 45–50%, 40 cP; Sigma; Weiss, 1983; Wills et al., 1998).
ll fatty oils were kept in the dark under N2 at 4 °C to avoid
xidation.

To investigate whether the neurons responsive to fat-based oils
ere in some way responding to the somatosensory sensations
licited by the fat, stimuli with a similar mouth feel but non-fat chem-

cal composition were used. These stimuli included paraffin/MO (pure
ydrocarbon, viscosity 25 cP at 23 °C, Sigma), and silicone oil (SiO;
i(CH3)2O)n, 10, 100 or 280, and 1000 cP (Brookfield viscometer
alibration fluid except 280 cP; Aldrich).

The temperature series was provided by water at 10 °C
chosen as the cold stimulus; commercial cold drinks are served at

°C), at 42 °C (warm/hot but not noxious), 37 °C (body temper-
ture), and 23 °C (room temperature).

The capsaicin was made up as a 10 �M solution (containing
.3% ethanol). This is approximately 15 times the human recog-
ition threshold of 0.66 �M (Szolcsanyi, 1990).

The monkeys’ preference for the stimuli was measured ob-
ectively by an acceptability rating, where �2 indicates that the

acaque reached for the stimulus and placed it in the mouth, �1
ndicates that the macaque actively opened the mouth to receive
nd swallow the stimulus, 0 indicates neutrality in which the stim-
lus was accepted only passively by mouth opening, �1 indicates

hat the macaque closed the mouth to try to reject the stimulus;
nd �2 indicates that the macaque used the hand to push away
he stimulus from the mouth (Rolls et al., 1977, 1989). This rating
cale has been extensively validated by comparison with neuronal
ctivity in the lateral hypothalamus and orbitofrontal cortex in
tudies of sensory-specific satiety, in the sense that there was a
lose relation found between the acceptability rating and the neu-
onal response in these regions, as shown in previously published
ata (Rolls et al., 1986, 1989; Critchley and Rolls, 1996). The
atings were repeated a total of four (or for one macaque 5) times
y two independent investigators, with a high correlation between
he ratings given by the two investigators (r�0.85, n�25,
�10�7).

timulus delivery

he general method for stimulus delivery and accurate stimulus
nset marking (Rolls et al., 1990) was modified by introducing
epeater pipettes (Verhagen et al., 2003). For chronic recording in
onkeys, a manual method for stimulus delivery is used because

t allows for repeated stimulation of a large receptive surface
espite different mouth and tongue positions adopted by the mon-
eys (Scott et al., 1986a,b). The stimulus application volume was
00�10 �l, because this is sufficient to produce large gustatory
euronal responses which are consistent from trial to trial, and yet
hich do not result in large volumes of fluid being ingested which
ight, by producing satiety, influence the neuronal responses

Rolls et al., 1989, 1990).
The monkey’s mouth was rinsed with 200 �l T23/V1 (water)

uring the inter-trial interval (which lasted at least 30 s, or until
euronal activity returned to baseline levels) between taste stim-
li. Due to the tenacious nature of the oral coating resulting from
he delivery of cream or of oil, and also for gritty and capsaicin,
our 200 �l-rinses with T23/V1 were given, while allowing the
ubjects to swallow after each rinse. For V1000 and V10,000, we
sed two such rinses. All the stimuli shown in Table 1 were
elivered in permuted sequences, with the computer specifying
he next stimulus to be used by the experimenter. The spontane-
us firing rate of the neuron was measured from trials in which no

timulus delivery occurred.
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ata analysis

fter cluster cutting of the spikes with Datawave software, the num-
ers of spikes of the single neuron in 80 time bins each 100 ms long
tarting at the onset of the stimulus were obtained using SPSS.
tatistical analysis was performed on the numbers of spikes in the
rst 1 s period after stimulus onset, which was sufficiently long to

nclude firing to even viscous liquids, and sufficiently short so that low
iscosity taste stimuli were still activating the neurons, as shown in
ig. 2 of Rolls et al. (2003) and in Fig. 4. An ANOVA was performed

with SPSS) to determine whether the neuron had significantly dif-
erent responses to the set of stimuli. If the main ANOVA was
ignificant, four further ANOVAs were performed to test for differ-
nces in neuronal responses between the set of taste stimuli (G, N,
, Q, M and T23/V1), between the members of the viscosity series
1–V10,000, the set of fat stimuli (MO, SiO10, 100 or 280, 1000, VO,
O, SaO), and the set of temperature stimuli (T10–T42). Systat 10
as used for the generation of Pearson product-moment correlation
oefficients calculated between the stimuli using the responses of all
he neurons analyzed, and graphical presentation of stimulus simi-
arity using multidimensional scaling (loss function: Kruskal; regres-
ion: mono).

A taste cell was defined by a significant effect in the
NOVA performed across the stimulus subset (V1, G, N, M, H,
) on the number of spikes during the first second after stim-
lus onset. Similarly, the viscosity cell criterion was based on a
ignificant effect in the ANOVA between the set of stimuli
1–V10,000. Fat cells were defined by a significantly larger

able 1. Stimuli

timulus Abbrev Concentration MW

lucose G 1 M 180

lack currant juice BJ 20%
onosodium
glutamate M 0.1 M 187

aCl N 0.1 M 58
Cl H 0.01 M 36
uinine HCl Q 0.001 M 387
ater T10
ater T23/V1
ater T37
ater T42
MC V10 0.2 g�1lV1 700,000
MC V100 4.0 g�1lV1 700,000
MC V1000 11.0 g�1lV1 700,000
MC V10000 24.0 g�1lV1 700,000
ritty Gr 100 g Fillite�

9.4 g CMC�1lV1
700,000

ilicone oil SiO10 100%

ilicone oil SiO100 or
SiO 280

100%

ilicone oil SiO 1000 100%

egetable oil VO 100%
oconut oil CO 100%
afflower oil SaO 100%
ingle cream SC 100%
auric acid LaA 100 �M 222
inoleic acid LiA 100 �M 280
apsaicin Cap 10 �M 377

P�0.05 acceptability rating bk vs bo; n�4–5. NA, not applicable.
verage firing rate to the oils (viscosity 25–100 cP) than to the
verage rates to V10 and V100; and by in addition a significant
arger average firing rate to the oils than the spontaneous firing
ate. The criterion for being sensitive to temperature was based
n a significant effect in the ANOVA between the set of stimuli
10 –T42. The critical � level was set at P�0.05. Further, the

ests for capsaicin, LaA, and LiA sensitivity were a two-tailed
-test comparing the responses of the neuron to capsaicin, LaA,
nd LiA and to water. The test for gritty texture sensitivity was
two-tailed t-test comparing the responses of the neuron to the
ritty texture stimulus (Gr; which has a viscosity of 1000 cP)
nd to the 1000 cP stimulus from the viscosity series made with
MC.

A Fisher (1932) probability combination (or generalized sig-
ificance or exact probability) test was performed to check that the
tatistically significant results in the orally responsive cells could
ot reflect just chance statistical results. (By chance, if for example
ne statistical test was performed on 100 cells, then five of the
ests might be expected to be significant at P�0.05.) The Fisher
ombination test calculates the exact probability of obtaining a set
f significance values by chance in independent tests. The pro-
edure calculates �2�ln pi, which has a 	2 distribution with 2n
egrees of freedom, and the sum is over the n probability values
i obtained in separate tests. This measure is well established and
symptotically Bahadur optimal (Littell and Folks, 1971; Zaykin et
l., 2002).

To quantify the tuning of the neurons to the stimuli, the breadth of
uning metric H of Smith and Travers (1979) was calculated as

Visco
(cP)

Chemical group Acceptability bk
mean�S.E.M.

Acceptability bo
mean�S.E.M.

1 Monosaccharide
aldohexose

1.8�0.1* 1.3�0.3

1 Mixture 1.8�0.1* 1.0�0.0

1 Amino acid salt �0.7�0.7 �0.6�0.3
1 Inorganic salt �1.6�0.1* �0.8�0.1
1 Inorganic acid 0.40�0.48 �0.13�0.83
1 Alkaloid 0.10�0.33 0.63�0.43
1 0.60�0.37 1.25�0.29
1 0.06�0.13* 1.00�0.00
1 1.50�0.20 1.00�0.00
1 1.46�0.23 1.25�0.29

10 Polysaccharide 0.05�0.52 1.00�0.00
100 Polysaccharide �0.76�0.28* 1.00�0.00

1000 Polysaccharide �0.83�0.33* 1.00�0.00
10000 Polysaccharide �1.56�0.26* 1.00�0.00
1000 SiO2 �

polysaccharide
�1.34�0.18* 1.25�0.29

10 Silicon-oxygen
polymer

— �1.13�0.34

100 Or
280

Silicon-oxygen
polymer

0.032�0.63 �1.13�0.34

1000 Silicon-oxygen
polymer

— 1.00�0.00

55 Fat �0.93�0.17 �1.38�0.42
40 Fat �1.00�0.31 �0.13�0.83
50 Fat �1.14�0.11* 0.63�0.43
12 Emulsion 1.02�0.65* �1.69�0.36
1 ffa �0.13�0.68 �0.50�1.00
1 ffa 0.00�0.17 0.25�0.87
1 Vanillyl amide �1.10�0.11 0.25�0.87
Temp
(°C)

23

23

23
23
23
23
10
23
37
42
23
23
23
23
23

23

23

23

23
23
23
23
23
23
23
H��k�i pi log pi
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here k�scaling constant (set so that H�1.0 when the neuron
esponds equally well to all stimuli in the set of size n), pi�the
esponse to stimulus i expressed as a proportion of the total re-
ponse to all the n stimuli in the set. The coefficient ranges from 0.0,
epresenting total specificity to one of the stimuli, to 1.0, which
ndicates an equal response to all of the stimuli. The sparseness of
he representation a was also measure quantitatively by extending
he binary notion of the proportion of neurons that are firing, as

a�(�i�1,N ri ⁄ N)2 ⁄ �i�1,N (ri
2 ⁄ N)

here ri is the firing rate of the ith neuron in the set of N neurons
Rolls and Tovee, 1995; Rolls and Treves, 1998; Rolls and Deco,
002). The sparseness is within the range 0–1, and assumes the
alue 0.5 for a fully distributed representation with binary encod-
ng; and 1/N for a local or grandmother cell representation with
inary encoding. These measures of the fineness of the tuning of
eurons are important in understanding the neuronal encoding of

ig. 1. (A) Responses of an amygdala neuron (bo205) with differentia
esponses to each stimulus calculated in a 1 s period over four to six tria
Spon) firing rate is shown. The taste stimuli were 1 M glucose (G), 0.
he temperature stimuli were T10, T23, T37 and T42 where the numb
1000 and V10,000 where the numeral indicates the viscosity in cP at

ndicated), VO, CO and SaO. BJ is fruit juice; Cap is 10 �M capsaicin
mygdala neuron (bo219c2) responding to temperature. Conventions
nformation (Rolls and Treves, 1998; Rolls and Deco, 2002). r
creening cells

hile searching for neurons, we continuously applied samples
rom our stimulus set: G, N, Q, BJ, SC, VO, SO, V100, V1/T23,
10, T42. We also tested for visual responsiveness (to the sight of

ood, a saline-associated square plaque, the approach of a taste
timulus toward the mouth, objects, faces, head movement, and
ip-smacking) and auditory responsiveness (a 500 Hz tone, coo-
alls, grunts and vocalization) as stimuli of these types do activate
ome amygdala neurons (Sanghera et al., 1979). When neurons
ere insensitive to these stimuli, we classified them as non-

esponsive. Only cells responding consistently to at least one
timulus of the array were recorded, all stimuli being applied four
o six times in permuted sequences.

RESULTS

he data described in this paper were obtained in three
emispheres of two monkeys. Out of 1416 screened neu-

es to viscosity, temperature and taste. The mean (�S.E.M.) firing rate
own here and elsewhere unless otherwise indicated. The spontaneous
l (N), 0.1 M MSG (M), 0.01 M HCl (H) and 0.001 M Quinine–HCl (Q);
tes the temperature in °C; the viscosity stimuli were V1, V10, V100,
t texture stimuli were SiO10, SiO100, SiO1000 (SiO with the viscosity
.1 mM LaA; LiA is 0.1 mM LiA; see Table 1. (B) The responses of an
. 1A.
l respons
ls are sh
1 M NaC
er indica

23 °C); fa
; LaA is 0
ons in the amygdala, 44 neurons (3.1%) responded in
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ig. 2. The response functions of all the viscosity-sensitive neurons to 1, 10, 100, 1000 and 10,000 cP CMC. The mean and the S.E.M. are shown.
he spontaneous firing rate for each neuron is shown by the horizontal line.
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elation to oral viscosity, gritty texture, fat, taste, tempera-
ure, capsaicin, LaA, and/or LiA included in the 25 oral
timulus sets. The remainder of the neurons was unre-
ponsive to the oral stimuli used, except for four neurons
hat increased their firing rates above the spontaneous
evel non-specifically to all the stimuli applied. (In contrast
o the 40 differential orally responsive neurons described in
etail here, they had no significant differential activity in a
ne-way ANOVA that tested for differences between the
hole set of oral stimuli.) Of the 40 neurons with selective

esponses to the stimulus array, the responses were typ-
cally very significant, as shown by the one-way ANOVA
cross the 25 stimuli (in 35/40 cases at P�0.001, in 28/40
ases at P�0.0001, and in 25/40 cases at P�10�6, and in
2/40 cases at P�10�10; see Experimental Procedures).
o confirm that the significant responses of this population
f 40 neurons could not have arisen by chance, we per-
ormed a Fisher (1932; see Experimental Procedures)
robability combination test across the population of 1416
eurons, and found a 	2 value of 3664 (df�2832), which
orresponds to a z value of 10.36, P��10�16. Thus, the
esponses of the 40 neurons to taste, viscosity, etc (across
ll 25 stimuli) were very unlikely to be due to chance.
isual, auditory, and/or olfactory responses were clear in
.4% of the total sample. Neuronal responses related to
outh movements comprised 0.2% of the total sample.
hese neurons responded phasically whenever the mon-
ey moved the mouth, and could be made to fire when a
ontrol syringe containing no liquid touched the mouth and
roduced mouth movements. These neurons could have
een somatosensory or motor. The remainder of the neu-
ons (89%) was unresponsive to the stimuli used.

mygdala neurons with responses related to the
iscosity of oral stimuli

ig. 1A shows a neuron (bo205) which is tuned to viscosity,
ith graded responses to the 1–10,000 cP stimuli from the
MC viscosity series (ANOVA within the viscosity stimuli,

F(4,16)�7.95, P�0.0012). The neuron also responded
hen the viscosity was produced by stimuli in the SiO series.

Post hoc tests showed that the responses were for a given
iscosity not significantly different to the CMC and the sili-
one, though the correspondence of firing rates is not as
lose as in some other brain areas, as considered in the
iscussion.) This viscosity-sensitive neuron also had taste

able 2. Numbers of amygdala neurons with different types of inputa

nimodal Bimodal Multimodal Others

aste (G) 13 G�T 3 G�T�V 7
emperature (T) 6 G�V 4 G�T�F 0
iscosity (V) 3 G�F 0 G�V�F 0
at (F) 1 T�V 2 G�T�V�F 0

T�F 0
V�F 1

otal 23 10 7 4
52 23 16 9

Note: the percentage indicated is of the 44 orally responsive neurons.
F(5,22)�6.98, P�0.0007) inputs, and the difference of a
ring rates to different temperatures was not significant
F(3,12)�2.83, P�0.08). This neuron was unusual in re-
ponding to LaA.

The way in which each of the 17 viscosity-sensitive
eurons responded to the different members of the viscos-

ty series is shown in Fig. 2, in which the abscissa is the
iscosity of the stimulus on a log scale for the five viscosity
timuli in the range 1–10,000 cP. For the purpose of or-
ering the neurons in Fig. 2, the neurons were grouped

nto six sets based on cluster analysis using the neuronal
esponses to V1–V10,000. The first set of neurons in the
iagram (A–F) tended to have increasing firing rates as a
unction of viscosity. The other sets of neurons (G–I, J–L,

and N, O and P) were tuned within the viscosity series,
ith increasing and decreasing parts of their response

unctions.
While three of the viscosity-sensitive (i.e. tuned) neurons

esponded to the SiO and the other oils in ways that would be
redicted if they were responding to the viscosity of the oils,

he majority (10) of the viscosity-sensitive neurons responded
o the CMC viscosity series more than they responded to the
quivalent viscosity when provided by an oil, and some (3)
id not respond to the oil at all (see Table 2). An example of

he latter is shown in Fig. 3 (bo217). The neuron was broadly
uned to viscosity (V10–V1000), but its firing when any oil
silicone, VO, CO, SaO; and SC which is an oil in water
mulsion) was in the mouth was at the spontaneous firing
ate level. (The firing to most of the aqueous stimuli was a
mall amount above the spontaneous firing rate.) Thus the
euron can discriminate between fat texture and viscosity
t-test, P�10�6 using all oils, and CMC V10–V1000), and
his is made clear in Fig. 3B. This neuron also had respon-
iveness to taste (F(5,22)�3.72, P�0.014) and temperature
F(3,13)�10.47, P�0.001), as shown in Fig. 3A.

The typical time course of the responses of a viscosity-
ensitive neuron is shown in the peristimulus rastergrams
nd time histograms in Fig. 4. The neuron had a larger
esponse to 10,000 than to 1 cP CMC.

at-responsive neurons

ig. 4A shows a neuron (bk361) which responded only to
he set of oils (with these responses being significantly
ifferent from both spontaneous and from all members of
he viscosity series V10–V1000; P�0.00005). There was
o significant response to any of the members of the CMC
iscosity series, nor to any of the taste stimuli, nor to any of
he temperature stimuli. (The neuron did not respond to
C, which although it contains fat, also contains sweet and
ther tastants which may have prevented the neuron re-
ponding to the fat in the cream.) Interestingly, the neuron
id not respond to the fatty acids LaA and LiA, indicating
hat the responses to fat were based on its texture, and not
n any fatty acids that might possibly be produced if fat is

ipolyzed at all in the mouth by any salivary lipase that
ight be present. Further evidence that the neuronal re-

ponse was not based on fatty acids is that the neuron
esponded to the SiOs (which contain no fat or fatty acids,
ut have a similar texture to the fatty oils such as VO, CO

nd SaO). Fig. 4B illustrates the neuronal responses in



m
g
w
a

b
l
p
t
t
t
o
a

T

F
t

n
s
t
o

p
i
p
b
r
t
r
t
h
w

F
t
s
j
a .M.). The

M. Kadohisa et al. / Neuroscience 132 (2005) 33–48 39
ore detail, by showing peristimulus time firing rate histo-
rams and rastergrams for some of the stimuli, together
ith an inset to show the spike being recorded, which was,
s was usual, very well isolated.

As shown in Table 2, two of the neurons (bk361 and
k364) were fat sensitive, in that their responses were

arge to the oils and occurred in a way that would not be
redicted from any smaller response they might have to
he CMC viscosity series (see example in Fig. 4A). Both of
hese neurons also responded to the SiO, and neither of
hem responded to fatty acids. In addition, none of nine
ther neurons with a response to one or both of the fatty
cids was classified as fat sensitive.

emperature-responsive neurons

ig. 1B shows a neuron (bo219c2) with differential responses

ig. 3. (A) The responses of an amygdala neuron (bo217) with differen
o fat texture. Conventions as in Fig. 1. G, N, M, H and Q are the taste s
eries with the viscosity in cP. The fat texture stimuli were SiO10, SiO
uice; Cap is 10 �M capsaicin; LaA is 0.1 mM LaA; LiA is 0.1 mM LiA; s
s a graph. The horizontal line shows the spontaneous activity (�S.E
o different temperatures (F(3,16)�9.179, P�0.001). The o
euron responded primarily to T10 from the temperature
eries (and had no significantly different responses within the
aste series, within the viscosity series, or within the fats or
ils).

The profiles of the responsiveness to the different tem-
erature stimuli of the thermosensitive neurons are shown

n Fig. 5. The order of the neurons in Fig. 5 just for the
urposes of illustration is based on six clusters identified
y cluster analysis. In the first set (A–G), the neuronal
esponses show a generally upward trend with increasing
emperature (T10–42); in the second set (H–L), the neu-
ons had the best responses to T10; in the third set (M–P),
he neurons showed more activity to the low than to the
igh temperatures. The other neurons (Q and R in Fig. 5)
ere separate clusters.

Of the 18 temperature-sensitive neurons, six responded

nses to taste, temperature and viscosity. The neuron did not respond
0–T42 are the temperature stimuli. V1–V10,000 are the CMC viscosity
1000 (SiO with the viscosity indicated), VO, CO and SaO. BJ is fruit
1. (B) The firing rate (�S.E.M.) to different viscosities of CMC shown
re was no response to the fatty oils. Abbreviations as in Fig. 1.
tial respo
timuli. T1
100, SiO
ee Table
nly to temperature (see Table 2). Thus the temperature of
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ig. 4. (A) Responses of an amygdala neuron (bk361) responding to fat. Conventions as in Fig. 1. G, N, M, H and Q are the taste stimuli. T10–T42
re the temperature stimuli. V1–V10,000 are the CMC viscosity series with the viscosity in cP. The fat texture stimuli were SiO10, SiO100, SiO1000
SiO with the viscosity indicated), VO, CO and SaO. BJ is fruit juice; Cap is 10 �M capsaicin; LaA is 0.1 mM LaA; LiA is 0.1 mM LiA; see Table 1.
B) Post-stimulus-time histogram and rastergram of the same neuron (bk361) to show the nature of the neuronal responses on typical trials to each
timulus. Spont, spontaneous firing rate. The recording on each trial started at time 0, when the stimulus was delivered. The poststimulus time
istograms were Gaussian smoothed with a S.D. of one time bin, each 100 ms wide. The inset shows spikes from the neuron being recorded to show

he typically very good isolation of the spikes, and there is no overlap with the noise.
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hat is in the mouth is represented independently of taste,

ig. 5. The response functions of all the thermosensitive neurons to d
re shown. The spontaneous firing rate for each neuron is shown by
iscosity, and fatty texture in the primate amygdala. In addi- s

ion, 10 neurons responded to both taste and temperature,

mperature in °C (T10, T23, T37 and T42). The mean and the S.E.M.
ontal line.
ifferent te
the horiz
howing that the primate amygdala represents combinations
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f these two modalities, potentially providing the basis for
ifferent behavioral responses to particular combinations of
he taste and temperature of the food or fluid in the mouth. As
hown in Table 2, some neurons in the primate amygdala
espond to oral temperature and to viscosity, and in addition
ther neurons respond to temperature combined with several
ther types of oral sensory stimulus including taste and
iscosity.

opulation analyses

he representation of the similarity of the stimuli by the pop-
lation of neurons was approached with multidimensional
caling analysis, based on the first 1 s of post-stimulus activ-
ty, and was performed on the responses of the same 44
eurons (Fig. 6). The segregations between modalities are
learly shown in the multidimensional space. The different
odalities have been joined by lines to help clarify the rep-

esentation in this multidimensional space. First, the viscosity
eries is very well separated in the space (primarily along the
axis). The five taste stimuli are well separated from each

ig. 6. A stimulus space (multidimensional scaling) of the stimulus sim
mygdala neurons. The taste stimuli were 1 M glucose (G), 0.1 M N
emperature stimuli were T10, T23, T37 and T42 where the number in
nd V10,000 where the numeral indicates the viscosity in cP); fat textu
O and SaO. BJ is fruit juice; Cap is 10 �M capsaicin; LaA is 0.1 mM L
ifferent line styles join the members of the taste, temperature and oil s
ther, but contained in their own part of the space separate a
rom all the other stimuli. The temperature series are again
learly laid out in the space (primarily along the y axis). The
ils are located closely together and clearly separate from the
iscosity series parametric representation. It is of consider-
ble interest that the oil stimuli are not separated out in the
pace according to their viscosity, as this provides further
vidence that the viscosity of stimuli is encoded parametri-
ally in the amygdala; and that fatty texture is coded as a fatty
exture independently of its viscosity. In a check that the
ultidimensional space represented the distances between

he stimuli reasonably and in a way that could be interpreted,
e found that removing different randomly permuted sets of
ve neurons from the calculations used for the multidimen-
ional space did not influence what is shown in Fig. 6.

Of the 44 neurons in the sample, 23 (52%) neurons
ere unimodal (13 unimodal taste, six unimodal tempera-

ure, three unimodal viscosity and one unimodal fat neu-
ons), 10 (23%) neurons were bimodal, and seven (16%)
eurons were multimodal with responses to taste, temper-
ture and viscosity (see Table 2; the four neurons shown

ed on the across-neuron response profiles of the 44 orally responsive
0.1 M MSG (M), 0.01 M HCl (H) and 0.001 M Quinine–HCl (Q); the
e temperature in °C; the viscosity stimuli were V1, V10, V100, V1000
were SiO10, SiO100, SiO1000 (SiO with the viscosity indicated), VO,
s 0.1 mM LiA. The solid line joins the members of the viscosity series.
e two-dimensional solution accounted for 91% of the variance (n�44).
ilarity bas
aCl (N),
dicates th
re stimuli
aA; LiA i
s ‘other’ had significantly different responses to the set of



o
w
t
T
o
s
t
o
F
n
v
t
a
s
a
p

c
0
t
t
r
0
0
s
H
o
T
c
2
t
s

L

T
s
t
w
c
n
g
n
s
1
(
s
w
t
s
4
T
r
t

T
r
v

m
d
a
c
s
e
fi
a
u
d
v
(
a
f
f
w
(
G
R
M
P
a
t
s
t
t
t
r
s
a
t
b
(
1
r
u
w
p
e
t
d
a
t

c
t
i
d
s
m
f
w
h
e
s
(

a

M. Kadohisa et al. / Neuroscience 132 (2005) 33–48 43
ral stimuli based on the ANOVA performed across the
hole set of oral stimuli, but were not further classified on

he basis of further ANOVAs as temperature sensitive etc).
he findings provide clear evidence for convergence
f taste and somatosensory (thermosensitive, texture-
ensitive and/or fat sensitive) inputs onto some neurons in
he amygdala (see Figs. 1A and 3), and also that each type
f input is represented independently of the others (see
igs. 4 and 1B). Further, some neurons had responsive-
ess to LaA, LiA and Cap when compared with their sol-
ent water (T23/V1): four neurons to LaA, seven neurons
o LiA (with two of these neurons responding to both LaA
nd LiA); and four neurons to Cap. None of the fatty acid
ensitive neurons were classified as fat responsive. In
ddition, three neurons responded to the Gr (when com-
ared with the equally viscous but not gritty V1000).

The breadth-of-tuning metric (Smith and Travers, 1979)
alculated across the taste stimuli H, Q, N and G was
.85�0.03 (mean�S.E.M.) for the (13) neurons with only
aste inputs (i.e. without somatosensory-thermosensitive,
exture-sensitive and/or fat sensitive-input), and for (14) neu-
ons with both taste and somatosensory inputs was
.93�0.02 (P�0.07). The corresponding sparsenesses were
.77�0.04 and 0.87�0.04 (P�0.092). In addition, the mean
parseness of the representation of 16 stimuli (G, BJ, N, M,
, Q, T23/V1, T10, T37, T42, V10, V100, V1000, SC and VO)
f the 44 amygdala neurons was 0.79�0.18 (mean�S.D.).
his compares to the mean sparseness of 52 orbitofrontal
ortex neurons to the same set of stimuli (Verhagen et al.,
003) of 0.67�0.23 (mean�S.D.; P�0.006), which indicates
he amygdala neurons were tuned more broadly to the set of
timuli.

ocalization of recordings

he reconstructed positions of the neurons analyzed in this
tudy are shown in Fig. 7. The top row shows the locations of
he neurons responding to oral stimuli. Most of these neurons
ere located in the basal/basal accessory amygdaloid nu-
leus, central amygdaloid nucleus and lateral amygdaloid
ucleus. Although it was not an aim of this study to investi-
ate amygdala neurons with other responses, we did find a
umber of neurons with visual responses (93; categorized as
uch by the criteria of Sanghera et al., 1979; Leonard et al.,
985), with auditory responses (11), with olfactory responses
2), or with activity associated with mouth movements (4), as
hown in the middle row of Fig. 7, primarily for comparison
ith the locations of the orally responsive neurons. Some of

hese neurons with other than oral responses responded to
timuli in several modalities, as shown in Fig. 7. Eight of the
4 neurons with oral responses analyzed here and shown in
able 2 had visual (6) or auditory (2) responses. The bottom

ow shows the sites of all the recorded neurons, to indicate
he parts of the amygdala that were sampled.

DISCUSSION

he results in this paper describe the discoveries of neu-
ons in the primate amygdala with activity related to the

iscosity, the fat texture, and the temperature of food in the a
outh. The results also describe the discovery of amyg-
ala neurons tuned to capsaicin, oral grittiness, and to fatty
cids. These results also show that the primate amygdala
ontains separate representations of the properties of oral
timuli, but also has other neurons that combine them with
ach other, and also with taste. These findings provide the
rst detailed evidence on the representation in the primate
mygdala of non-taste oral stimuli, and are relevant to
nderstanding what is represented in the human amyg-
ala. Such stimuli, sometimes combined with taste, pro-
ide important (mainly primary or unlearned) reinforcers
rewards and punishments) for food intake, and in this way
re involved in the control of appetite and the control of
ood intake. These stimuli also provide the primary rein-
orcer for much stimulus-reinforcer association learning
ith appetitive stimuli, in which the amygdala is implicated

Everitt and Robbins, 1992; LeDoux, 1995, 2000;
allagher and Chiba, 1996; Robbins and Everitt, 1996;
olls, 1999, 2000; Schoenbaum et al., 1999; Baxter and
urray, 2000; Davis and Whalen, 2001; Everitt et al., 2003;
etrovich and Gallagher, 2003). This stimulus-reinforcer
ssociative learning allows previously neutral visual, olfac-
ory, and auditory stimuli to become associated with the
ensory properties of foods in the mouth. By this associa-
ive learning, such previously neutral stimuli can gain con-
rol of behavior. For example, in the rat the central nuclei of
he amygdala encode or express Pavlovian stimulus-
esponse (CS-UR) associations (including conditioned
uppression, conditioned orienting, conditioned autonomic
nd endocrine responses, and Pavlovian-instrumental
ransfer); and modulate, perhaps by arousal, the associa-
ility of representations stored elsewhere in the brain
Gallagher and Holland, 1994; Holland and Gallagher,
999). In contrast, the basolateral amygdala encodes or
etrieves the affective value of the predicted US, and can
se this to influence action–outcome learning via path-
ays to brain regions such as the nucleus accumbens and
refrontal cortex including the orbitofrontal cortex (Cardinal
t al., 2002). For both types of learning in the amygdala,
he nature of the primary reinforcer is important, for this
efines what the learning is about, and in the case of
ppetitive oral reinforcers, the types of neuron described in
his paper are fundamental.

The representation of viscosity described here en-
odes the degree of viscosity of what is in the mouth, in
hat each neuron has graded firing to the different viscos-
ties used (CMC in the range 1–10,000 cP), and in that
ifferent neurons have different response functions, as
hown in Fig. 2. Further evidence for this is provided by the
ultidimensional space shown in Fig. 6, in which the dif-

erent viscosity stimuli are parametrically represented and
ell separated from each other in the stimulus space. The
ard, round, microspheres we employed (100–300 �m)
voke an oral gritty texture, and this was an effective
timulus when suspended in cellulose for three neurons
when compared with equally viscous cellulose).

Fat in the mouth was represented in two ways by the
mygdala neurons described here. One way was by the

mygdala neurons that respond to fat and not to the cellulose
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ig. 7. The reconstructed positions in the brain of the neurons in this study. Top: the symbol with which the location of each neuron is indicated shows
hether the neuron was tuned to g�taste, v�viscosity, t�temperature, f�fat or to combinations of these. Middle: the symbol with which the location of each
euron is indicated shows whether the neuron was tuned to vis�visual, aud�auditory, olf�olfactory or to combinations of these, or to mouth movement.

ottom: the sites of the neurons that were not differentially responsive to the stimuli used in this investigation, to show the area of amygdala
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iscosity series (Fig. 4). These neurons encode fat by its
exture (and not by any odor or free fatty acid cue), in that the
ame neurons respond to SiO, to MO, and not to fatty acids
Gilbertson, 1998; Verhagen et al., 2003). The second way in
hich fat is distinguished from non-fat textures in the amyg-
ala is by the neurons that respond to viscosity and not to the
ils (see example shown in Fig. 3). Indeed, it was of interest
hat most of the neurons tuned to the cellulose viscosity
eries (13/17) tended to have smaller responses to the same
iscosity when produced by fat, providing a further way in
hich the population of amygdala neurons described here
eparates the representations of oral viscosity and fat. In
ddition, the few neurons that responded to fatty acids did not
espond to the oil stimuli. We note that the responses of these
eurons to the oils (Si series) or the texture (carboxymethyl
ellulose) stimuli cannot be accounted for by taste re-
ponses, as shown by the facts that 7/18 amygdala neurons
hat responded to these texture stimuli had no responses to
he taste stimuli G, N, H, Q and M; that neurons that did
espond to taste and texture stimuli had different responsive-
ess to each other to the taste and texture stimuli (see
xamples in Figs. 1 and 3); and that human psychophysical
ating on a 100 mm visual analog rating scale of the intensity
f the taste of the texture stimuli was 12.5�3.6 (S.D.), and of

he water was 11.6�3.5, whereas that for the taste stimuli
as 61.0�10.0. (Consistent with this, carboxymethyl cellu-

ose is used by industry as a tasteless and odorless thicken-
ng agent.) Further, the responses of these amygdala texture
eurons cannot be accounted for by responsiveness to odor,

n that the human psychophysical rating on the 100 mm visual

n which neurons were sampled. 1–2 P shows that the coronal section w
s at approximately the A-P level of the optic chiasm. The architectonic

ig. 8. A frequency histogram showing the correlations between the
ring of each of the 44 orally responsive neurons and the acceptability
atings. A normal distribution has been fitted. The mean correlation
as 0.09 and the S.D. was 0.22.
asal amygdaloid nucleus; acp, anterior commissure posterior part; B, basal am
ateral amygdaloid nucleus; rh, rhinal fissure; sts, superior temporal sulcus.
nalog rating scale of the intensity of the odor of the CMC
exture and oil (SiO series) stimuli was 8.6�2.7 (mean�
.D.), and of the water was 7.8�2.6.

The representation of temperature provided by these
rimate amygdala neurons was graded, as shown by the
esponses of the neurons illustrated in Fig. 1B and Fig. 5,
nd by the multidimensional space shown in Fig. 6 in which
he warm temperatures T42, T37 are parametrically sepa-
ated from the other stimuli including T23/T10. Four of the
4 amygdala orally responsive neurons tested in this study
ad responses to capsaicin that were different from water.
he neurons did not respond to 42 °C water, and this may
e related to the fact that the sensation of capsaicin is
ediated by the vanilloid receptor subtype 1, which re-

ponds to temperatures above 43 °C (Caterina et al.,
999).

The responses of the viscosity, fat texture, and tem-
erature responsive neurons were not related to any
outh movements as shown by the following. First, Fig. 4

hows rastergrams and peristimulus response histograms
or a neuron that responded to all the oils, and no phasic
esponsiveness was found to these stimuli that might have
een related to any mouth movement. Moreover, the neu-
on did not respond to any of the CMC series, to which
outh movements were also made. Further, these amyg-
ala neurons in their responsiveness to textured stimuli
ere very similar to the responses of neurons in the or-
itofrontal cortex and insular taste cortex that respond to
iscosity and fat texture, which also, as illustrated in the
ollowing papers, do not have phasic responsiveness re-
ated to mouth movements (Rolls et al., 2003; Verhagen
t al., 2003, 2004). Moreover, the tuning functions of dif-

erent amygdala neurons to the set of viscosity, oil, and
emperature stimuli were very different to each other, so
hat no single factor such as mouth movements could
asily account for the responses. Further, neuronal re-
ponses related to mouth movements were found and
omprised 0.2% of the total sample. These neurons re-
ponded phasically whenever the monkey moved the
outh, and could be made to fire when a control syringe

ontaining no liquid touched the mouth and produced
outh movements. These neurons in their phasic, mouth-
ovement related, responses were very different from

hose of the taste, texture, oil and temperature sensitive
eurons.

Some of the amygdala neurons described here provide
eparate representations of viscosity, fat texture, temper-
ture, taste, capsaicin, grittiness, and fatty acids, and other
eurons combined inputs from different subsets of these
roperties of sensory stimuli (see Table 2). The combina-
ion-responding neurons provide one possible basis for
ifferent behavioral and/or endocrine responses to partic-
lar combinations of the sensory properties of stimuli such

1–2 mm posterior to the sphenoid process used as a landmark, which
ies as described by Amaral et al. (1992) are indicated. AB, accessory
as taken
boundar
ygdaloid nucleus; Ce, central amygdaloid nucleus; Cl, claustrum; L,
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s food in the mouth. Other brain areas that also provide
ossible bases for particular behavioral responses to dif-
erent combinations of oral stimuli include the orbitofrontal
ortex (Rolls et al., 2003). These behaviors include
ensory-specific satiety, in which the pleasantness of a
ood eaten in a meal decreases relative to other foods not
aten in the meal (Rolls et al., 1981; Rolls, 1997, 1999,
004; Kringelbach et al., 2003). With respect to the pleas-
ntness of the sensory properties of food, there is now very
trong evidence that orbitofrontal cortex neurons are re-
ated to sensory-specific satiety (Rolls et al., 1989; Critchley and
olls, 1996; Kringelbach et al., 2003), whereas there is

ess evidence for strong modulation by hunger or hedonics
f taste responsiveness in the amygdala (Nishijo et al.,
988a,b; Yan and Scott, 1996; Rolls and Scott, 2003). The
act that some amygdala neurons respond to both taste
nd temperature shows that the temperature of what is in
he mouth is not encoded only separately from the other
ensory properties of the food, but also in combination with
ther sensory properties of food. Thus this temperature
epresentation may not only allow hot or cold substances
o be rejected (or accepted), but also enable foods that
ave particular combinations of temperature, taste and
exture to be reacted to differently.

We note that although human fMRI results are consis-
ent with those described here in showing for example that
he orbitofrontal cortex, which has major reciprocal con-
ections with the amygdala (Amaral et al., 1992), is
trongly activated by textured whole food stimuli such as
omato juice and chocolate (Kringelbach et al., 2003), and
as a representation of oral viscosity (de Araujo and Rolls,
004). However, the details of the representation as de-
cribed here, with both unimodal neurons, and bimodal
eurons showing convergence, together with the details of
he individual neuronal tuning to viscosity and temperature
timuli, and the separateness of the representation from
ritty and capsaicin, could not be shown by fMRI studies.
n addition, fMRI studies provide little evidence on the
roportion of neurons in a structure that respond in differ-
nt ways. One rather interesting result of what was found

n the primate amygdala is that provided that care is taken,
s we did, to exclude movement-related neurons from the
ample, then the number of neurons specifically tuned to
ral sensory stimuli in the amygdala appears quite modest,
.1%. Even though the proportion is not large, the popu-

ation of neurons described here did provide very detailed
epresentations of what is in the mouth, and indeed, if
caled up according to the number of neurons in the ex-
ensive part of the amygdala sampled (see Fig. 7), would
mount to thousands of neurons, which is sufficient to
rovide a great deal of information about which stimulus is
resent in the mouth (Rolls and Treves, 1998; Rolls and
eco, 2002). Indeed, information of this type, the propor-

ion of neurons, and how each one responds, is of course
ssential to understanding how the brain operates, and the

mportance of these neurons to overall behavior is attested
o by the evidence that the amygdala is involved in asso-
iative learning for which one important type of uncondi-

ioned stimulus is food in the mouth (Aggleton, 2000). The s
act that the proportion of amygdala neurons devoted to
ral stimuli is not high is consistent with the fact that other

nputs, including visual (Sanghera et al., 1979; Leonard
t al., 1985; Rolls, 2000), are represented in the primate
mygdala, and if the overall representation is to be main-
ained sparse, which has many advantages for neural
omputation (Olshausen and Field, 1996; Rolls and Deco,
002), then the proportion devoted to any one modality
annot be high. Moreover, the precise identification de-
cribed here of the proportions of neurons activated by oral
timuli in the amygdala is of interest in relation to functional
agnetic resonance neuroimaging, in which activations to

he taste of glucose or salt can be demonstrated in the
uman amygdala. This is an indication that even quite low
roportions of neurons that are activated may be sufficient
o produce a very significant fMRI signal, at least in a 3T
canner (O’Doherty et al., 2001).

In this paper the reward value of the textured stimuli has
ot been manipulated, by for example feeding the monkey to
atiety to decrease the reward value of the stimulus, and then
e-measuring the neuronal response. It has previously been
hown that satiety produces a rather modest (on average
8%) reduction in the responses of macaque amygdala neu-
ons to taste (Yan and Scott, 1996), in comparison to the
ssentially complete reduction of responsiveness found in
rbitofrontal cortex taste neurons (Rolls et al., 1989). Further,

he representation in the amygdala of these oral stimuli does
ot appear to be on any simple hedonic basis, in that no
irection in the multidimensional space in Fig. 6 reflects the
easured preference of the monkeys for the stimuli. More-
ver, for each monkey, there was no correlation between the
cceptability ratings of each stimulus by the monkeys and

he average neuronal responses to each stimulus (BK:
(1,21)�0.33, P�0.570; BO: F(1,23)�1.85, P�0.187). We
lso calculated a correlation between the acceptability ratings
f the monkey and the responses of each neuron that had a
ignificant response to the oral stimuli. The values of the
orrelations are shown in Fig. 8, together with a fitted normal
istribution. For 39 of the 44 neurons there was no significant
orrelation between the neuronal response and the prefer-
nce rating across the 25 stimuli. For five neurons, there was
significant correlation at P�0.05, and for these neurons the

orrelation values were 0.40 (P�0.05), 0.42 (P�0.05), 0.46
P�0.05), 0.57 (P�0.003) and 0.58 (P�0.002). Across all 44
eurons, the mean correlation was 0.08 with a standard
eviation of 0.22 (as shown in Fig. 8). (This analysis takes

nto account that the acceptability measure for each stimulus
as different for some of the stimuli, as shown in Table 1.) A

urther analysis showed that the largest differences were that
he carboxymethyl cellulose (V10,000) stimulus was less ac-
eptable in bk, the SC was less acceptable in bo; and the
ritty stimulus was lower in bk. Nevertheless, the firing rates
f amygdala neurons to these three particular stimuli showed
o difference between the monkeys, P�0.43, 0.55 and 0.80,
espectively between bo and bk across all their amygdala
eurons; t-test. Moreover, even when the firing rates to these

hree stimuli were scaled in each monkey relative to the firing
ates to the acceptable glucose and unpleasant saline, the

caled values for the three stimuli were not significantly dif-
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erent for the two monkeys (P
0.33 for all three compari-
ons) and were not related to the monkeys’ preferences
P
0.12) for these three stimuli. Thus we conclude by these
istinct types of analysis, that the differences in the firing
ates of these neurons to the set of stimuli in most cases did
ot reflect just the acceptability to the monkey of the stimuli,
ut reflect attributes of the stimuli such as their texture, taste,
nd temperature. Only two neurons had reasonably signifi-
ant correlations of their firing rates with the acceptability
atings (given that 44 correlations were tested, and a more
tringent criterion than P�0.05 should be applied), and even
or these two neurons the correlations were only moderate,
.57 and 0.58.

In comparison to the orbitofrontal cortex neurons that
espond to the same set of stimuli (Rolls et al., 2003;
erhagen et al., 2003; Kadohisa et al., 2004), the amyg-
ala neurons had less fine tuning across the set of 16
timuli used in both areas, as indicated by the sparseness
easures presented here. Interestingly, the amygdala
eurons with oral responsiveness had very clearly sepa-
ated responses to the viscosity series and the tempera-
ure series in the multidimensional space, with a relatively
ompact part of the space devoted to taste (see Fig. 6). In
ontrast, the multidimensional space for 53 orbitofrontal
ortex neurons tested with the same set of stimuli (apart
rom minor differences in the oily stimulus subset) in the
ame two monkeys showed a relatively greater area de-
oted to taste, and relatively more compressed represen-
ations of viscosity and temperature (Rolls et al., 2003;
erhagen et al., 2003; Kadohisa et al., 2004). This may be
onsistent with the major gustatory inputs to the orbitofron-
al cortex from the primary taste cortex in the insular/
percular regions (Baylis et al., 1994), and with the major
omatosensory inputs to the amygdala from somatosen-
ory parts (Friedman et al., 1986) and also from taste parts
Verhagen et al., 2004) of the insula. A further interesting
ifference is that in terms of best responses to different
astes, 57% of the orbitofrontal cortex taste neurons had
heir best responses to glucose, whereas 21% of the
mygdala neurons had their best response to glucose
	2�12.5, df�5, P�0.03). (More amygdala neurons had
heir best responses to H (18%) and M (14%).)

In conclusion, we show for the first time that amygdala
eurons can be specifically tuned to five types of oral
omatosensory stimulus: viscosity, grittiness, fat texture,
apsaicin, and temperature. In addition to separate repre-
entations provided by some neurons, other neurons re-
pond to combinations of viscosity and/or taste and/or
ritty and/or capsaicin and/or fat inputs, thereby providing
rich representation of the sensory properties of food in

he mouth, in which particular combinations of the above
roperties can be represented separately from the compo-
ents. This allows for subjective and behavioral responses

hat can be based on particular combinations of these
nputs, providing for great sensory capability in choosing
nd learning about particular complex foods, and in ex-
ending the flavor space.
cknowledgments—This research was supported by Medical Re-
earch Council grant PG9826105 to E. T. Rolls. Samantha Line took
art in some of the recordings as part of a graduate research project.
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