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SUMMARY AND CONCLUSIONS 

1. In recordings made from 2,925 single neurons, a region of 
primary taste cortex was localized to the rostra1 and dorsal part of 
the insula of the cynomolgus macaque monkey, A4acacaSJizscicu- 
lark. The area is part of the dysgranular field of the insula and is 
bordered laterally by the frontal opercular taste cortex. 

2. The responses of 65 single neurons with gustatory responses 
were analyzed in awake macaques with the use of the taste stimuli 
glucose, NaCl, HCl, quinine HCl (QHCl), water, and black cur- 
rant juice. 

3. Intensity-response functions showed that the lowest con- 
centration in the dynamic part of the range conformed well to 
human thresholds for the basic taste stimuli. 

4. A breadth-of-tuning coefficient was calculated for each 
neuron. This is a metric that can range from 0.0 for a neuron that 
responds specifically to only one of the four basic taste stimuli to 
1.0 for one that responds equally to all four stimuli. The mean 
coefficient for 65 cells in the taste insula was 0.56. This tuning is 
sharper than that of neurons in the nucleus of the solitary tract of 
the monkey, and similar to that of neurons in the primary frontal 
opercular taste cortex. 

5. A cluster analysis showed that at least six different groups of 
neurons were present. For each of the taste stimuli, glucose, NaCl, 
HCl, QHCl, water, and black currant juice, there was one group 
of neurons that responded much more to that tastant than to the 
other tastants. Other subgroups of these neurons responded to 
two or more of these tastants, such as glucose and black currant 
juice, or NaCl and QHCl. 

6. On the basis of this and other evidence, it is concluded that 
the primary insular taste cortex, in common with the primary 
frontal opercular taste cortex, represents a stage of information 
processing in the taste system of the primate at which the tuning 
of neurons has become sharper than that of neurons in the nu- 
cleus of the solitary tract, and is moving toward the fineness 
achieved in the secondary taste cortex in the caudolateral orbito- 
frontal taste cortex, where motivation-dependence first becomes 
manifest in the taste system. 

INTRODUCTION 

In primates there is a cortical representation of taste in 
the frontal operculum and anterior insula. This region of 
cortex was implicated in gustatory function by Bornstein 
(1940a,b) who observed ageusias in a dozen patients with 
bullet wounds in this area. Patton ( 1960), Ruth and Patton 
( 1946), and Bagshaw and Pribram ( 1953) performed le- 
sions in the same region in monkeys and noted a reliable, if 
temporary, elevation of taste thresholds. Benjamin and 
Emmers (1960) and Benjamin and Burton (1968) stimu- 
lated the peripheral taste nerves and recorded evoked po- 
tentials both on the lateral convexity of the postcentral 

gyrus and, with slightly longer latency, in the frontal oper- 
culum and insula. Burton and Benjamin ( 197 1) interpreted 
this latter region as the pure taste area. Anatomic investi- 
gations with the autoradiographic anterograde fiber-tracing 
technique by Pritchard et al. (1986) have shown that there 
are projections from the thalamic taste area to the frontal 
opercular and insular cortices. These frontal opercular and 
insular regions of cortex have been shown to be cytoarchi- 
tectonically distinct by Jones and Burton (1976), Mesulam 
and Mufson (1982a,b), Roberts and Akert (1963), and 
Sanides (1968, 1970). 

To investigate this region in the primate physiologically, 
Sudakov et al. (197 1) recorded single neuron activity in the 
frontal operculum and insula of the monkey in response to 
chemical stimulation of the tongue. Of 946 cells tested for 
gustatory sensitivity, only 33 (3.5%) gave responses, 30 of 
them excitatory. Each neuron responded to more than one 
of the three stimuli (NaCl, sucrose, and milk) employed. In 
a more extensive investigation, we have analyzed the re- 
sponses of 165 neurons in the frontal operculum with gus- 
tatory responses to stimuli that included NaCl, glucose, 
HCl, quinine HCl (QHCl), water, and a complex taste 
stimulus, black currant juice (Scott et al. 1986b). The taste 
region was found to be located in the dorsal and anterior 
part of the frontal operculum, the neurons were found to 
be more specifically tuned to these stimuli than were 
neurons recorded in the same monkeys in the nucleus of 
the solitary tract (Scott et al. 1986a), and it was found that 
satiety did not affect the magnitude of the responses of 
these opercular neurons to gustatory stimuli (Rolls et al. 
1988). 

The aims of the present investigation were to determine 
whether there is a gustatory area in the insula of the pri- 
mate, which, as noted above, is architectonically distinct 
from the frontal operculum; and, if so, to determine the 
limits of this area and to define the ways in which the 
neuronal responses occur to gustatory stimuli. To allow 
quantitative comparisons between the different parts of the 
gustatory system, not only were data on the tuning of the 
neurons expressed quantitatively, but also the present re- 
cordings were made in the same species, cynomolgus mon- 
keys (Macaca fascicularis), in which the tuning of neurons 
in the nucleus of the solitary tract and in the frontal oper- 
culum was investigated (Scott et al. 1986a,b). One of the 
two monkeys in which recordings were made was even the 
same individual as in the earlier studies. The overall aim of 
the current series of recordings is to advance understanding 
of the control of food intake, and of its disorders (Rolls 
1986). 
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METHODS 

Subjects 

The subjects were two male cynomolgus monkeys (M. fascicu- 
Zaris) weighing 3.8-4.0 kg during the course of data collection. 
They were prepared for recording by implanting a ring over the 
area from which recordings were to be made, as described pre- 
viously (Scott et al. 1986a,b). Full sterile precautions were ob- 
served throughout surgery. Each monkey was sedated with an 
intramuscular injection of ketamine (10 mg/kg im) and anesthe- 
tized with intravenous thiopentone sodium (50 mg/ml). The 
depth of anesthesia was monitored by frequently testing for the 
presence of a leg flexion reflex, and if this was present supple- 
mental anesthetic was administered. Respiration rate was moni- 
tored throughout surgery. Atropine (0.1 ml/kg) was administered 
to prevent excessive salivation, and glycerine was applied to the 
eyes to prevent their drying. The monkey was placed in a Kopf 
stereotaxic instrument and his position confirmed by X-radiogra- 
phy. A section of skull over the insula was removed and replaced 
with a stainless steel ring to which an X-Y positioner and micro- 
drive could be fitted during recording sessions. The implant also 
held four electrodes that were placed stereotactically in the basal 
forebrain to provide constant referents relative to which the loca- 
tion of the recording electrode could be determined on each re- 
cording track by X-ray photography. The implant was fixed in 
place with dental acrylic. Two stainless steel tubes @-mm OD, 
6-mm ID, 5-cm length) were cemented to the skull cap in front of 
and behind the ring, through which horizontal support bars could 
be inserted during data collection. Long and short acting antibi- 
otics were administered over the next two weeks, after which 
recordings began. 

Recording 

SESSIONS. Daily recording sessions lasted up to 6 h. Each mon- 
key was transferred from his home cage to the primate chair 
where his head was supported by slipping bars through the tubes 
provided as part of the implant. He was otherwise free to move 
and normally adopted a relaxed sitting position. His comfort was 
continuously attended to, and he was offered food intermittently 
throughout the recording session. 

ELECTRODES. Electrodes were glass-insulated tungsten, plated 
with gold and platinum black (Merrill and Ainsworth 1972) and 
had tip sizes of about 2 X 4 pm. 

The electrodes were systematically positioned from track to 
track by the use of a Kopf X-Y positioner attached to the im- 
planted ring. The dura was anesthetized with 0.15 ml Xylocaine 
and a sterile stainless steel guide tube (OS-mm OD) was passed 
just through it. The sterile electrode was then lowered to a prede- 
termined depth (about 10 mm dorsal to the insula) and advanced 
by the use of a Trent-Wells hydraulic microdrive and chronic 
adaptor system. 

ELECTRICAL SYSTEM. Neuronal activity passed through a 
high-input impedance field effect transistor mounted on the mi- 
crodrive. It was amplified by conventional band-pass-filtered 
amplifiers and displayed at high-speed time base (0.2 ms per cm) 
on the main oscilloscope. Action potentials of a single cell were 
identified by consistency of amplitude and waveform and by the 
requirement that two spikes never occur within a 2-ms interval. 
Accepted spikes were converted to TTL pulses for on-line analy- 
sis. They were also displayed on a second oscilloscope and audio 
monitor, providing additional visual and auditory cues that per- 
mitted corrections if minor changes in recorded voltage occurred 
with electrode drift. Single unit data, stimulus onset trigger, where 
applicable, and voice commentary were also stored on magnetic 
tape for off-line analyses. 

Stimuli and stimulus delivery 

Thirty-three sapid stimuli were employed. These included eight 
concentrations, in half-log molar steps, of each of the four proto- 
typical stimuli ( 10u3 - 3.0 M NaCl, 10e3 - 3.0 M glucose, 10F5 - 
3 X 10e2 M HCl, 10m6 - 3 X 1 Oe3 M QHCl), plus 20% black 
currant juice concentrate (Beecham Products, Brentford, U.K.). 
Black currant juice was included because it is both highly palat- 
able to the monkey and complex in taste quality such that many 
neurons were responsive to it. This combination of attributes 
made it an effective probe stimulus for identifying gustatory cells. 

Stimuli were delivered in quantities of 0.5 ml through a hand- 
held syringe. Manual delivery was used in the alert monkey be- 
cause it permitted repeated stimulation of a large and nearly con- 
stant receptive field through compensation for the different 
mouth and tongue positions adopted as the palatability of the 
solutions varied. The evidence that a large and nearly constant 
receptive field was stimulated was that different neurons with best 
responses to all the different prototypical stimuli were found and 
that the responses of these neurons in repeated tests were consis- 
tent. I f  fixed delivery tubes were located in the mouth, the mon- 
key learned to block or partially avoid the delivery of tastants 
through them. 

Stimulus delivery was followed within 10 s by a 1 .O- to 1.5-ml 
distilled water rinse. At least 30 s of rest was permitted between 
stimuli, and if there were indications that either the behavioral 
(licking, facial expressions) or neural activity had not returned to 
prestimulus levels, this period was extended. 

Fluid consumption 

The monkeys were fed and offered water ad libitum at the end 
of each daily recording session so that they began the succeeding 
day - 18 h food and water deprived. During a typical recording 
session a subject would consume -200 ml of fluid and several 
pieces of fruit over a 5-h period. There was initial concern that 
increasing satiety might affect taste-evoked responses, but a spe- 
cific test of this issue showed that such an effect does not occur in 
the insula (Yaxley et al. 1988). Over a 5-day week of data collec- 
tion, monkeys took nearly one-half of their food and most of their 
fluid during recording sessions. 

Analysis 

A PDPl 1 computer measured the firing rate of the neuron in a 
5-s period after stimulus application and performed basic statis- 
tics on-line. It also calculated and displayed the time course of 
spontaneous and evoked neural activity (peristimulus time histo- 
grams) in 50-ms bins. Spike firing rates in the 5-s period after 
stimulus application provided material for derived analyses that 
included calculations of interneuronal and interstimulus correla- 
tion coefficients, multidimensional scaling routines, and cluster 
analyses as detailed in the results of this paper. 

Localization of recording sites 

The position of each recording site was determined in two ways. 
First, after each track, X-ray photographs were taken from frontal 
and lateral perspectives. The recording positions could then be 
reconstructed to within 250 pm relative to the deep electrodes 
permanently implanted in diencephalic and telencephalic struc- 
tures. The positions of the deep electrodes were subsequently de- 
termined histologically. Second, in the final several sessions, mi- 
crolesions were made through the recording electrode (60 PA for 
60 s, electrode negative). At the end of these experiments, the 
subjects were tranquilized with ketamine and given a lethal intra- 
venous injection of sodium pentobarbital. They were then per- 
fused with 0.9% saline followed by formal saline. Their brains 
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were stored in sucrose formalin for at least seven days after which 
50 pm serial frozen sections were cut and stained with cresyl 
violet. 

RE’W LTS 

Location and extent 

Neurons responsive to chemical stimulation of the oral 
cavity were found in the rostra1 and dorsal part of the 
‘nsular cortex, in the sites shown in Fig. 1. It was possible in 
the experiments described here to find and analyze the 
responses of 65 such taste neurons in the two monkeys. 
The area within which taste neurons were found is indi- 
cated quite precisely in Fig. 1, in that, altogether, in tracks 
made to define the limits of the area the responses of 
~2,925 neurons round this region were analyzed. The 
cortex surrounding the area indicated in Fig. 1 was so ex- 
tensively sampled that each individual neuron could not be 
indicated in Fig. 1. Many of the neurons in these sur- 
rounding areas (e.g., laterally) had somatosensory re- 
sponses, in that they responded, for example, to touch to 
the mouth. These somatosensory responses are consistent 
with the fact that a rostra1 part of the somatosensory cortex 
concerned with the mouth is found laterally on the gyrus at 
the anterior end of the Sylvian fissure, and with the projec- 
tions from the somatosensory cortex to part of the insula 
(Mesulam and Mufson 1982a,b; Mufson and Mesulam 
1982). 

Cytoarchitectonic and myeloarchitectonic analysis using 
the criteria for distinguishing each of the areas described by 
Mesulam and Mufson (1982a) showed that the gustatory 
neurons were in the dysgranular part of the insula (Idg) and 
were located anteriorly within Idg. 

Spontaneous activity 

The mean spontaneous firing rate of taste cells in the 
insular taste cortex of the awake monkey was 2.3 t 0.4 
spikes/s (mean t SD, range = O.O- 13.3). To define an 
evoked response we adopted a dual criterion of spontane- 
ous rate t 2.33 SD (i.e., P < 0.01) and a minimum dis- 
charge rate of 1 .O spike/s measured over a 5-s period after 
stimulus application. This is a strict criterion of a response, 
in that it implies that, with a single measurement (on a 
single trial) of firing rate to a stimulus, a statistically signifi- 
cant response should be detected by the single neuron. In 
fact, we made 4-8 measurements of firing rate (in random 
sequence) to each chemical, and with the resulting small 
standard error of the mean response and the use of a t test, 
we could detect as significant and reliable much smaller 
changes than the t2.33 SD criterion adopted. The criterion 
corresponds to detecting as significant a taste response 
based on one tasting of the chemical. The low spontaneous 
activity precluded inhibition as a response option for 83% 
of the cells and required imposition of the 1 .O spike/s min- 
imum on 29%. 

Intensity-response functions 

We tested 10 neurons for their responses to a 3.5~log 
molar concentration range of a prototypical taste stimulus 
(3 cells tested with glucose, 3 with NaCl, 2 with HCl, and 2 

with QHCl). While the slopes of the intensity-response 
functions were somewhat different for different neurons, 
each chemical had a characteristic dynamic range over 
which neural response rates were most sensitive to concen- 
tration (Fig. 2). For glucose, the range was lOA2 to 3.0 M; 
for NaCl, from lo-* to 1 .O M; for HCl, from 10e4 to 3 X 
lo-* M; for QHCl, from 3 X 10d5 M to a concentration 
beyond that which we could apply to an alert monkey. The 
lowest effective concentration of each range was at or 
slightly below the threshold values derived from the mon- 
key tractus solitarius (Scott et al. 1986a) and the electro- 
physiological (Diamant et al. 1963) and psychophysical 
(Pfaffman 1959) thresholds in humans. 

Standard concentrations for the remainder of this exper- 
iment were chosen on the basis of the intensity-response 
functions of Fig. 2, the acceptance behavior of the mon- 
keys, our need to effectively stimulate the taste system, and 
the benefits of using the same stimulus intensities as were 
employed to study taste in the nucleus tractus solitarius 
(Scott et al. 1986a) and frontal opercular taste cortex (Scott 
et al. 1986b). The standard concentrations were 1 .O M glu- 
cose, 1 .O M NaCl, 0.0 1 M HCl and 0.001 M QHCl. The 
remainder of this paper is based on activity evoked by these 
four stimuli plus 20% black currant juice and deionized 
water. Examples of the responses evoked in one neuron in 
the insula are shown in Fig. 3. 

Mean evoked responses and chemotopic organization 

The mean evoked responses in spikes/s measured over 5 
s for each stimulus were as follows: deionized water = 6.2, 
20% black currant juice = 9.3, 1.0 M glucose = 9.2, 1.0 M 
NaCl = 9.8, 0.01 M HCl = 6.3, and 0.001 M QHCl = 5.4. 
It is worth noting that it was possible to classify neurons as 
responding to water if their firing rates altered when water 
was used as the stimulus but not when other tastants were 
used as the stimuli. Examples of the responses of three such 
neurons are shown in Fig. 5a. The responses of such 
neurons cannot be simply the result of tactile stimulation. 

In the monkey nucleus tractus solitarius (NTS) some 
chemotopic arrangement of neural sensitivities was ob- 
served which conformed to the topographic organization of 
sensitivities on the human tongue (Scott et al. 1986a). The 
anatomic tracing studies of Norgren and his colleagues 
suggest as a possibility preservation of this organization 
from NTS to the gustatory thalamus and cortex (Norgren 
1984; Pritchard et al. 1986). Therefore we plotted the re- 
sponsiveness of each neuron as a function of its location in 
the insula to determine whether a chemotopic arrangement 
was apparent. No clear topography was apparent from the 
sample of neurons. 

Breadth of sensitivity 

Of the 65 neurons tested with all solutions, 10 ( 15%) 
fulfilled our response criterion for responding to all four 
basic stimuli at these moderate-to-high concentrations. 
Ten (15%) responded to three stimuli, 17 (26%) to two, 22 
(34%) to one, and 6 (9%) did not exceed criterion to any 
basic taste solution (but, of course, they did in response to 
black currant juice and/or deionized water) (see Table 1 B). 
Conversely, the percentages of neurons that responded to 
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each stimulus were 34% to water, 62% to black currant 
juice, 52% to glucose, 52% to NaCl, 48% to HCl, and 42% 
to QHCl (see Table 1A). Thus, ignoring water, 188 (47.7%) 
of the stimulus-neuron interactions resulted in responses 
that exceeded criteria: 186 (47.7%) excitatory and two 
(0.5%) inhibitory. These percentages are lower than the 
corresponding values from NTS, implying that the mean 
breadth of tuning is narrower in the insula. 

To quantify this range of neuronal sensitivity, the 
breadth-of-tuning metric, developed by Smith and Travers 
(1979) was applied. The proportion of a neuron’s total 
response that is devoted to each of the four basic stimuli 
can be used to calculate its coefficient of entropy (H). The 
measure of entropy is derived from information theory, 
and is calculated as 

II= -k il: p; log p; 
iz 1 

where H = breadth of responsiveness, k = scaling constant 
(set so that H = 1 .O when the neuron responds equally well 
to all stimuli in the set of size n), pi = the response to 
stimulus i expressed as a proportion of the total response to 
all the stimuli in the set. The coefficient ranges from 0.0, 
representing total specificity to one of the stimuli, to 1.0, 
which indicates an equal response to all of the stimuli. The 
values calculated from the responses to the four prototypi- 
cal stimuli for the population of 65 insular neurons ana- 

lyzed are shown in Fig. 4. The mean coefficient was 0.56 
(range = 0.12-0.99). This is lower than the mean value 
derived from NTS (where H = 0.87), and also lower than 
the mean value of H = 0.67 of neurons in the opercular 
taste cortex (see Table 1 C). Thus insular taste cells tend to 
be more specifically tuned across the standard range of 
taste qualities than do NTS cells. There was no evidence 
that the breadth of tuning varied systematically with neuro- 
nal location. 

Neuron types 

It is not yet resolved whether the taste system is com- 
posed of a small number of neuron types, each replicated to 
generate all cells of the system, or if each gustatory neuron 
is individualistic in its characteristics (Woolston and Er- 
ickson 1979; Erickson 1985; Scott 1987; Smith et al. 1983). 
One approach to the resolution of this issue is to determine 
whether there is a limited number of response profiles to 
which all taste neurons conform. 

Shown in Fig. 5 are 18 examples of the response profiles 
of single insular neurons categorized according to the 
chemicals to which each responded best: deionized water 
(~Lz), black currant juice (5b) and each of the four proto- 
typical taste stimuli (5, c-f). The shapes of the profiles are 
rather similar within each category, generating high mean 
product-moment correlations between the responses of the 

FIG. 1. Coronal sections through the insular cortex showing sites at which neurons with gustatory responses were 
recorded. A-P coordinates are in millimeters relative to sphenoid. Ca, caudate nucleus; IC, internal capsule; Idg-a, anterior 
part of the dysgranular field of the insula; Idg- 1, liminal part of the dysgranular field of the insula; LS, lateral sulcus; OFdg, 
dysgranular field of the orbitofrontal cortex; OFO, orbitofrontal opercular area; Put, Putamen. 
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FIG. 3. Examples of the responses recorded from one insular neuron to 

the six taste stimuli, water, 20% black currant juice (BJ), 1 M glucose, 1 M 
NaCl, 0.01 M HCl, and 0.001 M quinine HCl (QHCl). 

neurons within a category. The cells that responded best to 
water, glucose, NaCl, and HCl were all quite sharply tuned 
to these stimuli (see Fig. 5). The neurons shown in Fig. 5 
that responded best to black currant juice also responded to 
glucose. The cells most responsive to HCl were consistent 
in their insensitivity to all other stimuli except sometimes 
water or black currant juice. 

The general consistency within each category based on 
the stimulus to which a neuron responds best suggests a 
limited number of response profiles and so gustatory 
neuron types. However, it is possible that neurons that 
respond best to one stimulus may respond differently to 
other stimuli so that there may be more types of neuron 
than indicated by the optimal stimulus categorization. 
Therefore a more comprehensive analysis that took ac- 
count of the responses of every neuron to every stimulus 
was performed. To do this, we compared the profiles of the 
65 neurons with the use of (Pearson product-moment) cor- 
relation of the responses shown by each neuron to that of 
all the other neurons and organized the resulting 2,080 
correlations [N(N - 1)/2] into a matrix that, in turn, was 
used to construct a multidimensional space by the use of 
multidimensional scaling (Bieber and Smith 1986; Gurr- 
man 1968) (Fig. 6). (For any two neurons the correlation 
between them was measured by calculating the Pearson 
product-moment correlation based on their responses to 

TABLE 1. Three comparisons of the breadth qftuning 
of neurons in dz&-ent areas 

NTS OPC INS 

A. Percentage of‘ neurons. fu&lling the response 
*for each prototypical stimulus 

criterion 

1 .O M glucose 85 60 52 
1 .O M NaCl 92 51 52 
0.01 M HCl 63 51 48 
0.001 M QHCl 86 56 42 
Mean 82 54 49 

B. Percentage of neurons responding to 4, 3, 2, I, or none 
qf the prototypical taste stimuli 

414 42 22 15 
314 42 18 15 
214 17 25 26 
l/4 0 23 34 
O/4 0 11 6 
Mean 3.314 2.214 1.914 

C. Mean hwadth-ojkrning metric 

0.87 0.67 0.56 

NTS, nucleus of the soli 
INS, insular taste cortex. 

tary tract; OPC, frontal opercular taste cortex; 

the four prototypical stimuli, to water, and to black currant 
juice.) The goal of the multidimensional scaling was to 
produce a map (i.e., an arrangement of the neurons in 
space) in which the interneuron distances most closely 
match the associated proximities. The more similar two 
profiles are, the more closely the two cells that generated 
them will be placed in the multidimensional space. Thus 
neuron types as defined by recurring sensitivity to the five 
stimuli plus water employed here would be indicated by 
groups of points, whereas the absence of groups would re- 
sult in a homogeneous distribution throughout. The three 
dimensions in the space plotted in Fig. 6 accounted for 
92.7% of the variance. The first two dimensions accounted 
for 87% of the variance. In Fig. 6 there is an interesting 
separation of neurons into different regions of the taste 
space. It is clear that the neurons are not scattered homo- 

FIG. 4. Breadth of tuning of the 65 insular neurons analyzed. 

r 

lnsula 

b 
BT = 0.563 + 0.029 

n = 65 

Breadth of Tuning 
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FIG. 5. Response profiles of 18 insular neurons to the different stimuli. Neurons are plotted according to stimulus to 
which they responded best. 

geneously throughout the space, but, instead, there is some dimension 2), glucose (in the middle of dimension 2), or 
grouping of neurons into different regions of the 3-D space. water (at the front of dimension 2). Neurons with best 
This is an indication that there are different groups of responses to sodium occurred at the left end of dimension 
neurons, and that at least three dimensions are needed to 1. The neurons with best responses to quinine were towards 
represent these groups. The different neurons were grouped the left end of dimension 1, but were distinguished from 
as follows. The neurons shown on the right of dimension 1 the sodium-best neurons by having, in addition, interme- 
had their best response to black currant juice (at the back of diate values on the third dimension. The neurons with best 

lnsula 
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3 

FIG. 6. A three-dimensional representation of relative similarity among neuronal response profiles. The more highly the 
response profiles of two neurons correlate, the closer they are positioned to one another in the space. This solution accounts 
for 92.7% of the data variance. Dimensions are numbered in order of the amount of the variance for which they account. 
Stimulus or stimuli to which each neuron responded best is shown by the following symbols: N, NaCl; W, water; G, glucose; 
B, black currant juice; H, HCl; Q, quinine HCl. 
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FIG. 7. Results of a cluster analysis performed on response profiles of the 65 insular taste neurons analyzed. Beneath the 
number of each cell is an abbreviation indicating the stimulus to which it gave its largest response, followed by any other 
stimulus that evoked >80% of the best response. Any cluster that is not fully intercorrelated spatially below the dotted 
horizontal line can be excluded from being composed of neurons with identical response profiles at a P < 0.05 confidence 
level. Ordinate indicates correlation level between the profiles of neurons joined by a horizontal line at that level. N, NaCl; 
W, water; G, glucose; B, black currant juice; H, HCl; Q, quinine HCl. 

responses to HCl were distinguished from the other 
neurons, not only by an intermediate value on the first 
dimension, but also by very low values on the third dimen- 
sion. 

To provide further evidence on the extent to which the 
putative groups of neurons apparent in Fig. 6 are internally 
consistent with clusters of neurons occurring, a cluster 
analysis (Wishart 1978) was performed on the same corre- 
lation matrix as was used to generate the space shown in 
Fig. 6. This appears in Fig. 7 as a dendrogram. Neurons are 
numbered along the abscissa in the order in which they 
were isolated. Beneath each number is indicated the stimu- 
lus to which that cell gave its largest response, followed by 
any other stimulus that evoked at least 80% as much activ- 
ity. The correlation between the two most similar pairs is 
represented by the lowest horizontal connecting line. Other 
similar pairs are joined until a connection is made at a 
height representing the mean correlation among the 
neurons involved. As more dissimilarity is permitted, 
larger groups are connected until all neurons are incorpo- 
rated into the dendrogram. The more tightly a cluster is 
intercorrelated, the lower will be the horizontal line con- 
necting its constituent cells. The more different a cluster is 
from other neurons, the longer will be the vertical line 
leading to it. (A hierarchical cluster analysis with the aver- 
age linking method was used.) It is shown in Fig. 7 that the 

largest main division is into neurons that respond best to 
glucose or black currant juice and those that respond to 
other stimuli best. The next division in the sweet group is 
into those that respond primarily to glucose (neurons 5-44) 
and those that respond primarily to black currant juice 
(neurons 34.5). The other neurons, after a first division, 
divide into groups that respond primarily to QHCl 
(neurons l-35), NaCl (neurons 14-65), HCl (neurons 
2-19, and water (neurons 12-58). The cluster analysis thus 
corroborates the analysis shown in Fig. 6 providing evi- 
dence that the response profiles of insular neurons fall into 
a number of different groups. 

To provide an indication of the profiles of responsive- 
ness to the different stimuli of the clusters of neurons de- 
tected by the cluster analysis (see Fig. 7), the mean profile 
of each of the 11 clusters of neurons with high (see below) 
interneuron correlations was calculated. These mean pro- 
files (shown as a percentage of the maximal response of the 
neuron to any tastant) are shown in Fig. 8. For each of the 
taste stimuli glucose, NaCl, HCl, QHCl, water, and black 
currant juice, there was one group of neurons that re- 
sponded much more to that tastant than to the other tast- 
ants. The other groups of neurons in some cases responded 
primarily to two of the tastants, such as glucose and black 
currant juice or NaCl and QHCl. The cluster analysis is 
thus useful in helping to identify the characteristic response 
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profiles of different groups of neurons in the insular taste 
cortex. 

Whether the groups or clusters shown in Fig. 7 are suffi- 
ciently coherent and different from other groups to warrant 
being designated neuron types is of interest (Erickson 1985; 
Scott 1987; Smith et al. 1983; Woolston and Erickson 
1979). One definition of neuron type derives from the sug- 
gestion of Woolston and Erickson ( 1979) that all cells of a 
putative neuron type should have identical response pro- 
files to within the limit of experimental accuracy. Experi- 
mental accuracy was determined by repeating the applica- 
tion of a chemical during a session with one neuron and 
analyzing the responses by the same means as described 
above. The correlation between profiles generated by re- 
peated applications should approach 1 .OO as experimental 
error approaches zero. The mean correlation calculated by 
this method was 0.91. The lower limit of the 95% confi- 
dence interval for this distribution, as determined by the 
procedure described in Cohen and Cohen (1975) (see also 
Schiffman and Erickson 197 I), is indicated by the dotted 
line in Fig. 7. Any neurons whose profiles do not intercor- 
relate at a level that meets or exceeds the lower limit of this 
distribution may be excluded from being functionally 
identical with a confidence of P < 0.05. Thus the groups of 
neurons apparent above the dotted line in Fig. 7 are more 
different from each other than would be expected by 
chance, with a probability of error of 0.05. The mean pro- 
files of each of the 11 main such different groups of 
neurons are shown in Fig. 8. 

Another way of assessing the number of clusters that are 
meaningful in a cluster analysis is to prepare a scree dia- 
gram in which the correlation between clusters is plotted as 
a function of the number of clusters (Bieber and Smith 
1986). Using this method on the data in Fig. 7 shows that 
there are six main groups of cells, which can be seen, read- 
ing from the left of Fig. 7, to have best responses to quinine, 
NaCl, HCl, water, black currant juice, and glucose. Within 
these six main cell types, the analysis of the previous para- 
graph suggests that there may be further subtypes. 

Stimulus quality 

Just as the similarity among neuronal-response profiles 
may be indexed by calculating correlation coefficients be- 
tween each pair, so the similarity among stimuli may be 

W 
B -0.0 1 

G 0.2 I 0.37 
N 0.28 -0.10 0.25 
H 0.24 0.06 -0.03 0.12 
Q 0.3 1 0.01 0.12 0.41 0.32 

W, water; B, black currant juice; G, glucose; N, NaCl; H, HCl; Q, 
quinine HCl. 
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lnsula 

FIG. 9. 

this study in the area immediately surrounding the area of 
gustatory neurons shown in Fig. 1. The majority of these 
other neurons had somatosensory or movement-related re- 
sponses, typically responding to touch to or movement of 
the mouth. It was of interest that the gustatory neurons in 
the insula described here appeared to be unimodal in that 
they were not affected by touch to or within the mouth, by 
olfactory stimuli, or by visual stimuli even when these sig- 
nified food (compare Thorpe et al. 1983; Rolls 1986). It 
will be of interest in future investigations to determine 

7 
where in the taste system there is convergence with inputs 
from other modalities. The insular taste cortex is continu- 
ous laterally with the frontal opercular taste cortex (Scott et 
al. 1986b). 

. 
A three-dimensional spatial representation of similarity among 

Taste cells in the insular taste cortex are more sharply 
tuned (mean breadth-of-tuning index, H = 0.56) to the 
stimuli used than are cells in the NTS (H = 0.87, x2 = 58, 
df= 2, P < 0.001) and a little more sharply tuned than are 
cells in the frontal opercular taste cortex (H = 0.67) (see 
Table 10. Consistent with this, a relatively high propor- 
tion of insular cortex gustatory neurons responded to only 
one of the prototypical taste stimuli, and a relatively low 
proportion to four or three of the prototypical taste stimuli 
(see Table 1B). The same stimuli and the same response 
criteria were used for these comparisons. 

taste qualities as indicated by the responses of insular neurons. The 3 
dimensions are undefined. Dimensions are numbered in order of the 
amount of the variance for which they account. Symbols are as in the 
previous figures. 

measured by comparing the profiles of activity that each 
evokes across the 65 neuron sample. The correlations 
among these profiles have been shown in the rodent to 
offer accurate predictions of discriminative capacity. The 
15 correlation coefficients between all pairs of profiles elic- 
ited by these six stimuli are shown in Table 2. In general, 
the correlations between the different stimuli are relatively 
low, indicating that these neurons provide a representation 
of the stimuli in which the stimuli are well separated from 
each other. The greatest similarity is between black currant 
juice and glucose (r = 0.37), both of which are intensely - 
sweet to humans; but it is of interest that even this correla- 
tion is relatively low compared to the correlation between 
these stimuli for neurons in the frontal opercular taste cor- 
tex (r = 0.75). It is also of interest that the correlation 
between responsiveness to HCl and QHCl is relatively low 
(0.32) compared, for example, to 0.60 for neurons in the 
nucleus of the solitary tract (Scott et al. 1986a). 

As with the neurons, the correlation matrix may be used 
to generate a multidimensional space; this one containing 
the positions of stimuli relative to one another (Schiffman 
and Erickson 197 1). A three-dimensional solution is shown 
in Fig. 9. In broad terms, dimension 1 separates sweet from 
other qualities, dimension 2 separates stimuli according to 
their acidity (black currant juice is more acidic than glu- 
cose), and water is highest on dimension 3. 

DISCUSSION 

In this study, the function of a gustatory area in the 
rostra1 insula of the macaque monkey has been investi- 
gated. Very few neurons have been recorded in this area 
previously (Sudakov et al. 197 1). 

The insular gustatory cortex is in the rostra1 and dorsal 
part of the Idg, as shown in Fig. 1. The area is probably well 
delimited by the sites of the gustatory neurons shown in 
Fig. 1, in that altogether ~2,925 neurons were recorded in 

The cluster analysis helped to identify groups of neurons 
that had high similarity of the within-group response pro- 
files to the different stimuli, and differences from the re- 
sponse profiles of the other groups. It is of interest that taste 
processing in the insular cortex is different from that in the 
NTS in that there are high within-group correlations of the 
response profiles for a number of distinguishable groups of 
neurons in the insular taste cortex, compared with much 
more heterogeneity and less specificity of neurons in the 
NTS (compare Fig. 7 with Fig. 6 of Sanides 1970). The 
statistical analysis described above on which the dotted line 
shown in Fig. 7 was based provided an indication that 
when the experimental error is estimated, 11 main groups 
of neurons can be distinguished (see Fig. 7). It is possible 
that with a larger stimulus array than the six used, and 
perhaps if these stimuli were used in combination, that 
even more groups of neurons would appear. The profiles of 
the 11 main groups of neurons found are shown in Fig. 8. It 
is clear that some of these groups of neurons respond pri- 
marily to only one of the taste stimuli used, so that within 
the insular taste cortex there is a representation of the dif- 
ferent tastants in which different neurons respond mainly 
to one tastant. This is in contrast to the much more distrib- 
uted representation found in the NTS (Scott et al. 1986a). 
Some of the reasons for the finer tuning of neurons in the 
insular cortex than in the NTS and the even finer tuning in 
a secondary gustatory cortical area in the caudolateral or- 
bitofrontal cortex (Rolls et al., unpublished observations) 
are discussed elsewhere (Rolls 1987, 1989, and unpub- 
lished observations). The fine tuning in the insular taste 
cortex may be in preparation for the computation of sen- 
sory-specific satiety, which is reflected in the responses of 
neurons in the caudolateral orbitofrontal cortex (Rolls et 
al. 1989) but not in the insular taste cortex (Yaxley et al. 
1988). 
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The taste space analysis (Fig. 9 and Table 2) and neuro- 
nal space analysis (Fig. 6) show that neurons in the insular 
taste space provide clearly separate representations of the 
different tastants used. 

The insular taste cortex is anatomically adjacent to the 
. opercular frontal taste cortex (see Scott et al. 1986b) from 

which it is also differentiated by cytoarchitecture and mye- 
loarchitecture (Mesulam and Mufson 1982a; Wiggins et al. 
1987), but, functionally, the insular and the frontal oper- 
cular taste cortices are relatively similar. Both are parts of 
the primary taste cortex in that they both receive afferents 
from the taste thalamus, VPMpc (Pritchard et al. 1986). 

’ Both areas project to a secondary area of taste cortex in the 
caudolateral orbitofrontal cortex (Wiggins et al. 1987). 
There are projections from the insula into the amygdala 
(Mesulam and Mufson 1982b), and it is likely that these 
include projections from the insular taste area. It is not 
known whether there are similar projections from the 
frontal opercular taste cortex. The taste neurons are a little 
more finely tuned in the insular taste area than in the 
frontal opercular taste area, and the neurons cluster more 
tightly into separate groups in the insula than in the frontal 
opercular taste cortex (compare Fig. 7 of this paper with 
Fig. 6 of Scott et al. 1986b), but these differences are small. 
In both areas of the primary taste cortex the taste responses 
are independent of hunger (Rolls et al. 1988; Yaxley et al. 
1988), and it is likely that these two cortical areas provide 
an analysis of the quality of taste input and its intensity but 
do not reflect the pleasantness of the taste or provide an 
interface to motivation, both of which occur later in taste 
processing (Rolls 1986; Rolls et al. 1989). 
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