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SUMMARY AND CONCLUSIONS 

1. Multiunit and single neuron responses 
to taste stimuli in the nucleus tractus solitarius 
(NTS) of alert cynomolgus monkeys were an- 
alyzed. 

2. Intensity-response functions, including 
neural thresholds to glucose and quinine HCl, 
agreed well with psychophysical reports, im- 
plying that the cynomolgus monkey and hu- 
man share the same dynamic range of sensi- 
tivity to prototypical taste stimuli. 

3. The NTS is chemotopically organized: 
neurons most responsive to HCl are more 
common in the posterior gustatory area, 
whereas those most responsive to glucose and 
NaCl are located in the anterior NTS. Re- 
sponsiveness to quinine is more widely dis- 
tributed but tends toward the anterior. 

4. Efforts were made to determine if neu- 
rons could be divided into a discrete number 
of types, as determined by their sensitivities 
to the prototypical stimuli. The clearest dis- 
tinction was between those that did or did not 
respond well to HCl. Beyond this, neuronal 
categories were not obvious. 

5. Individual neurons were quite broadly 
sensitive to our stimulus array, so that, for the 
typical NTS cell, no one of the four prototypes 
evoked a majority of the discharges. This ex- 
treme breadth of tuning suggests that taste- 
quality information in the monkey might be 
incorporated in relative discharge rates across 
the neuron population. 

6. Correlations among patterns of activity 
to the four prototypical stimuli indicated that 
only HCl and quinine HCl have closely related 
taste qualities. 

INTRODUCTION 

Several investigators have recorded taste- 
evoked responses from the chorda tympani and 
glossopharyngeal nerves of anesthetized mon- 
keys (4, 11, 14, 19, 24, 3 1, 32). From these 
studies it is known that activity in the peripheral 
nerves of primates shows many of the general 
features seen in rodents and other mammals. 
Spontaneous levels of activity are comparable 
at 2 spikes/s (32). Neurons are rather broadly 
responsive to representatives of the putative 
basic tastes: sucrose (sweet), NaCl (salt), HCl 
(sour), and q uinine (bitter). Alkaloids activate 
the system at the lowest concentrations fol- 
lowed in ascending order by acids, salts, and 
sugars (19, 24). Evoked activity rises approxi- 
mately linearly with the logarithm of stimulus 
concentration throughout the dynamic range 
of each neuron. Time courses are comparable 
with salts and acids evoking sharp onsets, 
whereas sweet stimuli elicit tonic rhythmic ac- 
tivity (32). Yet there are some differences in 
the monkey. Responses are found in the gus- 
tatory nerves of the green monkey (Cercopi- 
thecus aethiops) to proteins (monellin and 
thaumatin) that humans describe as sweet but 
which evoke no activity in the rodent (4). In 
the macaque there is a separation of bitter-tast- 
ing alkaloids from the acids and salts to which 
they are positively related in rodents (32). In 
the squirrel monkey, all three classes of non- 
sweet tastes dissociate (24). Fructose correlates 
well with salts in the squirrel monkey but not 
in rodents. In general, these findings agree with 
data from psychophysical studies. 

There are also reports of taste-evoked activ- 
ity from the primate central nervous system 
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(3, 37) though these have not been primarily 
directed toward an analysis of the gustatory 
neural code. Recordings from monkeys would 
extend our knowledge of the coding process 
to subjects more closely related to humans and 
so would allow a more meaningful comparison 
between neural and psychophysical results. 
The relevance of the neural data to human 
perception could be further enhanced by 
studying primates who are alert and tasting 
solutions in a behavioral setting. Recent au- 
toradiographic experiments by Beckstead and 
colleagues (1, 2) have precisely delimited the 
gustatory relays in monkey brain stem, and so 
made them accessible to electrophysiological 
study. The present manuscript defines the 
functional location and extent of the first cen- 
tral gustatory relay in the nucleus tractus sol- 
itarius (NTS) of the cynomolgus monkey. It 
characterizes the sensitivity of NTS to the basic 
taste stimuli and provides evidence for che- 
motopic organization within the nucleus. Fi- 
nally, it offers a preliminary analysis of the 
functional attributes of individual gustatory 
neurons in the primate. 

METHODS 

The methods employed for recording were sim- 
ilar to those described earlier (6,27-30) and will be 
presented here only in partial detail. 

Subjects 
The subjects were two male cynomolgus monkeys 

(Macaca fascicularis) weighing 3.8-4.0 kg during 
the course of data collection. 

Surgery 
Full sterile precautions were observed throughout 

surgery. Each monkey was sedated with an intra- 
muscular injection of ketamine and anesthetized 
with intravenous thiopentone sodium. Atropine (0.1 
ml/kg) was administered to prevent excessive sali- 
vation, and glycerine was placed in the eyes to pre- 
vent their drying. The monkey was placed in a Kopf 
stereotaxic instrument, and his position was con- 
firmed by X-ray photography. Respiration rate and 
depth of anesthesia were monitored throughout 
surgery. A section of skull directly over the medulla 
was removed and replaced with a stainless steel ring 
to which a microdrive could be fitted during re- 
cording sessions. A second small section of skull 
was removed just anterior to this to accommodate 
an assembly of four deep electrodes whose positions 
served as constant referents relative to which the 
location of the recording electrode could be deter- 
mined on each recording track by X-ray photog- 

raphy. Both implants were fixed in place with dental 
acrylic. Finally, two stainless steel tubes (8 mm OD, 
6 mm ID, 5 cm length) were cemented to the skull 
cap front and back, through which horizontal sup- 
port bars could be inserted during data collection. 
Long- and short-acting antibiotics were adminis- 
tered over the next 2 wk, after which recordings 
began. 

Recording 
1) Sessions. Daily recording sessions lasted up 

to 6 h. Each monkey was transferred from his home 
cage to the primate chair where his head was sup- 
ported through the tubes provided as part of the 
implant. He was otherwise free to move and nor- 
mally adopted a relaxed sitting position. His comfort 
was continuously attended to, and he was offered 
food intermittently throughout the recording ses- 
sion. 

2) Electrodes. Electrodes were glass-insulated 
tungsten, plated with gold and platinum black ( 18) 
and had tip sizes of from 1 X 2 to 2 X 4 pm. Such 
a composition combined the sturdiness required to 
penetrate through 45 mm of tissue with the fineness 
needed to isolate small somata from the densely 
packed gustatory NTS. 

Electrodes were systematically positioned from 
track to track using a Kopf X-Y positioner attached 
to the implanted ring. The dura was anesthetized 
with 0.15 ml Xylocaine, and a sterile stainless steel 
guide tube (0.1 mm OD), within which the sterile 
electrode was protected, was passed through it. The 
electrode was then lowered to a predetermined 
depth (- 10 mm dorsal to NTS) and advanced using 
a Trent-Wells hydraulic microdrive and chronic 
adaptor system. 

3) Electrical system. Neural activity was passed 
through a high-input impedance field-effect tran- 
sistor mounted on the microdrive. It was amplified 
by conventional band-pass filtered amplifiers and 
displayed at high-speed time base (1 ms/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 transistor-transistor logic pulses 
for on-line analysis. They were also displayed on a 
second oscilloscope and audio monitor, providing 
additional visual and auditory cues that permitted 
corrections as minor changes in recorded voltage 
occurred with electrode drift. Single and multiunit 
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 stimuli were employed. These in- 

cluded eight concentrations, in half log molar steps, 
of each of the four prototypical stimuli ( 10s3 - 3.0 
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M glucose; low3 - 3.0 M NaCl; 10B5 - 3 X 10s2 
M HCl; 1O-6 - 3 X 10m3 M quinine HCl) plus 20% 
blackcurrant juice concentrate (Beecham Products, 
Brentford, U.K.). Blackcurrant juice was included 
because it is both highly palatable to the monkey 
and complex in taste quality so that most neurons 
were responsive to it. This combination of attri- 
butes made it an effective probe stimulus for locat- 
ing NTS. 

Stimuli were delivered in quantities of 0.5 ml 
through a hand-held syringe. Manual delivery was 
used in the alert monkey because it permitted re- 
peated stimulation of a large and nearly constant 
receptive field through compensation for the dif- 
ferent mouth and tongue positions adopted as the 
palatability of the solutions varied. The monkey 
learned to block or partially avoid the delivery of 
chemicals through fixed tubes placed in the mouth. 

To mark stimulus onset for time course analyses 
a wire, shielded to its tip, was inserted into the lumen 
of the syringe. Stimulus contact with oral tissues 
completed a circuit through the animal, but one 
with sufficient impedance to maintain current levels 
two orders of magnitude below the threshold for 
electric taste (5, 8, 25)‘. The signal was amplified 
and stored on magnetic tape. 

Stimulus delivery was followed within 10 s by a 
1.0-I 5 ml deionized H20 rinse. At least 30 s of 
rest was permitted between stimuli, and if there were 
indications that either the behavioral (licking, gri- 
macing) or neural activity had not returned to pre- 
stimulus levels, this period was extended. 

Fluid consumption 
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 specific test of this 
issue showed such an effect does not occur (40). 
Over a 5-day week of data collection, monkeys took 
25-50% of their food and 50-100% of their fluid 
during recording sessions. 

Analysis 
1) Multiunit. The voltage trigger level in mul- 

tiunit records was adjusted to accept the activity of 
approximately 20 neurons2. Preceding the delivery 

’ I f  nonionic stimuli were prepared in fully deionized 
H20, there was insufficient conductivity to activate the 
circuit. Adding as little as 60 pg/l NaCl ( 1 .O PM solution) 
remedied this while remaining four orders of magnitude 
below the taste threshold for salt. 

2 The estimate that 20 cells contributed to the typical 
multiunit record derives from our observations that the 
mean spontaneous rate of a gustatory unit in NTS was 
1.2 spikes/s, and the mean evoked response to the sapid 

of each sapid stimulus or H20, a 5-s on-line count 
of spontaneous activity was taken that served as a 
base line against which to compare the immediately 
following evoked response. Thus, activity elicited 
by sapid stimuli or Hz0 was always calculated rel- 
ative to spontaneous activity at the same site. 

2) Single unit. Gustatory neurons in NTS re- 
sponded differentially to the taste solutions used in 
this study. They could be clearly distinguished from 
somatosensory neurons that altered their discharge 
rates during touch to the mouth, mouth move- 
ments, and the application of deionized H20. The 
on-line analysis of evoked spike rates was a signif- 
icant aid in distinguishing gustatory from somato- 
sensory cells. 

A PDP- 11 computer counted action potentials 
and performed basic statistics on line. It also cal- 
culated and displayed the time course of sponta- 
neous and evoked neural activity (peristimulus time 
histograms) in 50-ms bins. Spike counts provided 
material for derived analyses that included calcu- 
lations of interneuronal and interstimulus corre- 
lation coefficents, multidimensional scaling rou- 
tines, and cluster analyses as detailed in the results 
of this paper. These were conducted on a B7700 
computer. 

Localization of recording sites 
The position of each recording site was deter- 

mined in two ways. First, following each track, X- 
ray photographs were taken from frontal and lateral 
perspectives. Relative recording positions could 
then be reconstructed to within 250 pm by reference 
to the deep electrodes permanently implanted in 
diencephalic and telencephalic structures during 
surgery. The positions of the deep electrodes were 
subsequently determined histologically. Second, in 
the final several sessions, microlesions 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 intravenous injection of pentobarbital 
sodium. They were then perfused with 0.9% saline 
followed by formal saline. Their brains were stored 
in sucrose formalin for at least 7 days after which 
50 pm serial frozen sections were cut and stained 
with cresyl violet. Myelin was also stained in 25-pm 
sections according to the method of Gallyas (12). 

RESULTS 

Location and extent 
The hindbrain region containing neurons 

responsive to chemical stimulation of the 

solutions used here was 5.0 spikes/s. In the multiunit rec- 
ords, spontaneous activity averaged 32 spikes/s and evoked 
activity 62 spikes/s, implying that the multiunit response 
included 12-27 neurons. 
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tongue is nearly cylindrical (Fig. 1). It ranges 
from 3.5 to 5.5 mm lateral to the midline, from 
0.5 to 3.0 mm posterior to the auditory meatus 
(ear bar 0), and has a dorsoventral extent of 
up to 0.8 mm, typically l-2 mm above ear 
bar zero. Relative to the midline, its main axis 
is oriented at ~20’ to the anterolateral. It is 
overlain along much of its extent by the medial 
vestibular nucleus (1). At its rostra1 and lateral 

0.5 P 

1.0 P 

boundaries are neurons responsive to lingual 
or perilingual touch in the spinal trigeminal 
nucleus, pars oralis. Ventrally it is bound by 
more somatosensory cells in the main body of 
pars oralis. 

Multiunit responses 
SENSITIVITY TO BASIC STIMULI. The first task 
was to determine the concentration range over 

2.0 P 

2.5 P 

3.0 P 

FIG. 1. Coronal sections through the medulla indicating the extent of gustatory nucleus tractus solitorius (NTS) 
and the locations of single taste neurons whose responses were included in this study. Abbreviations are: CP, cerebellar 
peduncle; FLM, fasciculus longitudinalis medialis; FR, formatio reticular-is; na, nucleus abducens; nc, nucleus cochlearis; 
nSpV, nucleus tracti spinalis nervi trigemini; nts, nucleus tractus solitarius; nv, nucleus vestibularis; nv/nGC, nucleus 
vestibularis/nuclei gracilis et cuneatus; noi, nucleus olivaris; nVI1, nucleus n. facialis; nX, nucleus dorsalis n. vagi; 
nXI1, nucleus n. hypoglossi; PY, pyramidal tract; IV, 4th ventricle; VII, n. facialis. 
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FIG. 2. Intensity-response functions plus SEs for prototypical stimuli. Solid horizontal line, mean response to HZO. 
Dashed lines, response thresholds defined as 1.66 SD (P < 0.05) above Hz0 response. 

which the monkey’s taste system is sensitive. 
The two critical intensities for each chemical 
were neural threshold and a midrange stimulus 
to use throughout the remainder of this study. 
Using previous experiments on the chorda 
tympani as guides (19, 24, 32), concentration 
series were conducted for each stimulus that 
serves as the prototype for a basic taste quality: 
glucose3, NaCl, HCl, and quinine HCl. Mul- 
tiunit activity evoked by each stimulus over a 
3.5 log molar range is shown in Fig. 2. Each 

3 Though sucrose is normally considered the prototype 
for sweet taste, the monosaccharide glucose, whose taste 
is closely related, was used here. This was done so that, in 
parallel experiments, the effects of glucose-induced satiety 
on gustatory responsiveness to glucose could be deter- 
mined. 

point represents the mean of 20-30 responses 
(evoked/spontaneous) elicited during record- 
ings from several sites within NTS. 

The neural threshold for each chemical was 
defined as the concentration at which the taste- 
evoked activity exceeded the water-evoked re- 
sponse by 1.66 SD (P < 0.05). The comparison 
with water-evoked activity was made to ac- 
count for any somesthetic responses that may 
have contributed to the multiunit record. By 
this definition neural thresholds were 1 X 10-l 
M glucose, 1 X low2 M NaCl, 1 X 10e3 M 
HCl, and 1 X 10e4 M quinine HCl. 

Standard concentrations for this experiment 
were chosen on the basis of the concentration- 
response functions of Fig. 2, the acceptance 
behavior of the monkeys, and our need to ef- 
fectively activate the taste system. For glucose, 
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HCl, and quinine HCl, the choice was one log 
unit above neural threshold. The concentra- 
tion-response function for NaCl rises more 
gradually from threshold. Thus an intensity 
two log units above threshold was chosen, 
though in retrospect this was perhaps one-half 
log unit higher than necessary. Standard con- 
centrations, then, were 1.0 M glucose, 1.0 M 
NaCl, 0.0 1 M HCl, and 0.00 1 M quinine HCl. 
CHEMOTOPIC ORGANIZATION. The magni- 
tude of the response evoked by each stimulus 
was dependent on the recording location 
within the NTS. The anteroposterior extent of 
the gustatory relay is nearly 3 mm. As records 
were taken from progressively more anterior 
sites, there was a significant tendency for the 
responsiveness to HCl to decline, whereas the 
sensitivity to all other stimuli increased. Figure 
3 details this chemotopic arrangement. Re- 

0 0 

A BLACKCURRANT B 

0 
0 

0 
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0 

sponses evoked by the standard concentration 
of each stimulus are calculated as a ratio of 
the response to deionized Hz0 from the same 
site. This serves to control for a possible som- 
esthetic-evoked component and for the num- 
ber of neurons accepted into the multiunit 
record by the threshold setting. Each point 
represents the mean activity evoked by 2- 10 
applications of each stimulus (and 4-30 ap- 
plications of HZO) at a given location. The 
relationship between multiunit activity and 
anterposterior posi tion was significant for all 
five taste stimu li as shown by linear regressi on 
analyses. This crude chemotopic organization 
provides one possible mechanism for quality 
coding. 
TIME COURSE. Each stimulus evoked activity 
that had a characteristic time course (Fig. 4). 
Most discriminable was the response to glu- 

bLUCOSE C 0 NaCl 

D HCI E s m QHCl 

y = .29 x+ 1.03 
rxy=+.50 p<.OI. 

3 

I I I 

I 2 3 

= -.52 x + 2.47 

DISTANCE POSTERIOR TO EAR BAR ZERO (mm) 

FIG. 3. Magnitude of multiunit response to each stimulus as a function of anteroposterior position in the nucleus 
tractus solitarius (NTS). Response magnitude is calculated as a ratio of the activity evoked by distilled HZ0 at the same 
location. B: open q~~~bols, values extrapolated from the responses to 0.3 M sucrose; C: open qw&~& values ex- 
trapolated from responses to 0.3 M NaCl. 
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FIG. 4. Peristimulus time histograms of multiunit responses to distilled Hz0 and 5 sapid stimuli. Each poststimulus 
time histogram (PSTH) shows activity averaged over recordings from 17 sites, with 3-6 presentations at each site. Bin 
widths, 50 ms. 
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case that was less phasic than those evoked by 
other stimuli (activity peaks at 1,200 ms fol- 
lowing stimulus onset vs. 600 ms for non- 
sweets), but which sustained a higher tonic 
level. There was also some tendency for glu- 
cose to evoke a rhythmic response, with -700 
ms between swells of activity. Such a time 
course may also characterize the rodent’s 
neural response to sweet stimuli (24). 

Single neurons 
Isolation of single taste neurons in the me- 

dulla of the behaving monkey could not usu- 
ally be maintained for more than several min- 
utes. This was due to the small size and high 
density of gustatory somata and also to the 
force exerted on this region as the monkey 
moved. Many large body movements, tran- 
sient respiratory activities (yawning, cough- 
ing), and extreme facial movements (gaping, 
chewing) compromised the signal-to-noise ra- 
tio of a neuron’s responses. Still, the activity 
of 52 neurons from throughout the gustatory 
NTS was recorded during control periods and 
during application of deionized Hz0 and sapid 
solutions. In Fig. 5 a photographic record of 
one cell’s response to the simulus array is pre- 
sented. If neural isolation remained certain, 
as many as six replications of each stimulus 

NTS 

1 Water 

I BJ 
1 Glucose 

I] NaCI 

‘1 QHCI 

I I I I I I I 

-1 0 1 2 3 4 5 

Poststimulus Time (s) 

FIG. 5. Photographic record of the responses of a nu- 
cleus tractus solitarius (NTS) neuron to 1 application of 
the stimulus array (neuron 35 of Table 1). 
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FIG. 6. Approximate locations of 42 neurons in gus- 
tatory nucleus tractus solitorius (NTS) labeled according 
to the prototypical stimulus that evoked the maximum 
response. ML, midline; EBZ, interaural line (ear bar 0); 
distances in millimeters. 

x GLUCOSE (N=IO) 

l NaCl (N=l7) 

0 I-ICI (N= 5) 
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presentation were made. The following char- 
acteristics were found. 

SPONTANEOUS ACTIVITY. Gustatory neurons 
in NTS were not highly active, with a mean 
spontaneous rate of 1.2 t 0.6 spikes/s. Thus 
for all but the most active cells, inhibition was 
precluded as a response option. We adopted 
a rather strict response criterion of sponta- 
neous rate t2.33 SD (i.e., P < 0.01) measured 
over a 5-s period following stimulus applica- 
tion. This is more stringent than the criterion 
we used to define a multiunit response (P < 
0.05) for two reasons. First, in the multiunit 
record there was likely to be a small nonsen- 
sory contribution that would not have been 
influenced by stimulus application and that 
would thus constrain the limits of a multiunit 
response. Second, the spontaneous rates of 
many neurons were so low that a lesser cri- 
terion would have defined several response 
thresholds below 1 .O spike/s. The strict crite- 
rion we adopted required what appeared to be 
a more reasonable rate of evoked activity (see 
Table 1). 
EVOKED RESPONSES. 

I) Chemotopic organization. Mean evoked 
responses, in spikes per second measured over 
5 s for each stimulus, were: deionized HZ0 = 
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2.0; 20% blackcurrant juice = 6.1; 1 .O M glu- the responsiveness of individual neurons was 
case = 4.7; 1 .O M NaCl = 5.6; 0.01 M HCl = partly a function of location, with sensitivity 
3.5; 0.001 M quinine HCl = 4.4. However, roughly corresponding to the multiunit activ- 

TABLE 1. Ful&!llment of response criterion by individual neurons 

Response, spikes/s 
Spontaneous 

Neuron Rate rt SD Criterion Hz0 Blackcurrant Glucose NaCl HCl QHCl 

1 2.0 IL 0.7 3.5 3.8 5.3 
2 1.9 t 0.8 3.8 3.3 2.5 
3 0.8 A! 1.0 3.1 2.8 0.2 
4 0.7 t 0.7 1.6 2.2 5.4 
5 1.2 t 0.6 2.6 2.3 4.3 
6 3.5 2 0.9 5.6 4.4 15.3 
7 0.7 t 0.3 1.5 1.4 6.5 
8 1.6 t 0.8 3.5 1.9 8.7 
9 0.7 t 0.3 1.4 0.9 1.8 

10 1.1 * 1.4 4.4 4.2 2.3 
11 1.5 I!I 0.4 2.6 1.4 3.1 
12 1.1 t 0.4 2.1 2.3 5.8 
13 2.2 k 0.4 3.2 3.1 6.3 
14 1.0 t 0.4 2.0 1.8 2.7 
15 1.5 & 1.2 4.4 1.2 6.7 
16 3.4 t 0.9 5.5 5.0 22.1 
17 1.3 t 0.5 2.6 6.5 14.5 
18 1.4 t 0.5 2.7 1.9 5.3 
19 0.4 t 0.2 1.0 0.7 4.2 
20 0.4 t 0.3 1.1 0.6 8.1 
21 2.6 t 1.0 5.0 3.7 8.7 
22 1.2 t 0.7 2.7 1.9 3.8 
23 2.1 _t 0.9 4.1 2.2 9.8 
24 1.4 & 0.5 2.5 1.6 7.9 
25 0.1 IfI 0.2 0.6 0.5 4.1 
26 0.3 t 0.3 1.1 1.3 3.9 
27 0.4 k 0.3 1.1 1.4 7.4 
28 1.3 t 0.6 3.1 2.2 12.1 
29 1.5 t 0.5 3.2 2.7 3.5 
30 2.2 t 1.0 5.2 2.1 9.9 
31 1.7 t 0.8 4.0 3.6 10.8 
32 1.2 * 0.4 2.9 1.3 5.3 
33 0.5 k 0.4 1.7 0.6 5.1 
34 0.1 kO.1 0.5 0.1 1.0 
35 0.8 t 0.3 1.7 0.5 4.0 
36 1.0 t 0.7 2.9 1.2 7.1 
37 0.5 t 0.3 1.4 1.1 6.6 
38 1.5 t 0.5 3.0 3.7 8.2 
39 2.2 k 0.7 3.9 2.0 12.8 
40 0.8 t 0.3 1.6 1.0 5.4 
41 3.3 t 2.0 8.0 23.5 3.3 
42 1.5 t 0.7 3.2 2.7 7.9 
43 2.0 k 0.6 3.4 2.2 9.2 
44 3.2 t 0.7 4.9 5.3 6.9 
45 0.7 t 0.4 1.7 0.3 3.4 
46 1.4 t 0.4 2.4 1.6 3.5 
47 0.7 t 0.5 1.9 1.9 2.4 
48 0.3 k 0.3 1.4 0.5 3.1 
49 0.4 IL 0.5 1.6 2.1 4.7 
50 0.9 t 0.4 1.9 1.2 3.8 
51 0.2 rt 0.3 0.9 1.4 6.4 
52 1.0 t 0.5 2.1 1.7 2.3 
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13.5 
8.9 
6.2 
1.9 
4.3 
4.3 
9.4 
9.2 
1.0 
1.4 
5.3 
5.9 
4.2 
8.0 
4.8 
4.0 
3.5 
1.7 
3.2 
7.8 
4.5 
7.0 

10.2 
4.3 

20.0 
4.0 
7.5 
8.6 
4.3 
3.7 
2.2 
3.3 
4.0 

8.9 
3.2 

15.4 
33.0 

5.0 
2.1 
3.1 
7.3 
1.3 
2.6 
0.7 
3.5 
2.3 
2.4 
4.6 
2.6 
5.5 
8.6 
3.0 
6.0 
2.3 
2.0 
4.5 
1.9 
3.3 
2.8 
0.5 
1.8 
2.5 
2.6 
1.2 
3.8 
3.7 
2.8 
0.7 
0.3 
1.8 
3.1 
1.5 
5.2 
4.2 
4.2 

19.5 
2.2 
4.7 
3.9 
2.3 
3.7 
1.9 
2.0 
5.4 
1.2 
3.6 
2.2 

9.8 
11.7 

3.5 
1.2 
7.0 

10.9 
1.5 
6.3 
4.3 
3.6 
5.1 
5.0 
7.3 
2.7 

10.5 
11.7 

4.5 
2.4 
3.4 
3.2 
6.3 
1.7 
3.3 
3.2 
1.1 
1.1 
2.0 
4.8 
2.0 
7.2 
4.2 
4.2 
1.5 
0.2 
1.9 
4.9 
2.3 
2.8 
7.7 
8.2 

16.4 
3.8 
5.3 
7.3 
2.4 
8.5 
2.5 
1.7 
5.4 
7.5 
3.2 

Responses in italic fulfill P -c 0.0 1 criterion. 
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STIMULUS 

FIG. 7. Representative sensitivity profiles organized according to best stimuli. Approximately half the neural sample 
is shown. Each neuron is numbered as in Figs. 8 and 9 and in Table 1. BJ, blackcurrant juice. 

ity of that area. The locations of 42 cells4 are 
marked in Fig. 6, with each cell labeled ac- 
cording to its maximum response to one of 
the four basic taste qualities. Activity evoked 
by HCl is greatest among neurons in the pos- 
teromedial part of the nucleus, whereas glucose 
and NaCl responsiveness peaks anteriorly. 
Responsiveness to quinine HCl is more wide- 
spread but tends to increase anteriorly. Statis- 
tical analysis confirmed that neurons re- 
sponding best to HCl were distributed differ- 
ently from those responding best to other 
gustatory stimuli (chi square = 36.7, df = 1, 
P < 0.001). 

2) Breadth of sensitivity. Of 48 neurons 
tested with all solutions, 20 (42%) fulfilled our 
criterion for responding to all four basic qual- 

ities at these moderate-to-high concentrations, 
20 (42%) responded to three stimuli, 8 (17%) 
to two, and none was specifically sensitive to 
one quality. Conversely, the percentages of 
neurons that responded to each stimulus were 
25% to HZO, 92% to blackcurrant juice, 86% 
to glucose, 92% to NaCl, 63% to HCl, and 86% 
to QHCl. The distribution of responses is rep- 
resented in Table 1. 

To quantify the range of sensitivity, the 
breadth of tuning metric developed by Smith 
and Travers (35) was applied? This is a cal- 
culated coefficient of entropy (H) for each cell 
that ranges from 0.0, representing total spec- 
ificity to one stimulus, to 1.0, indicating an 
equal response distribution to the four pro- 
totypical stimuli. The mean coefficient for 

4 These 42 neurons were all isolated in one monkey in 
whom a thorough electrophysiological mapping was per- 
formed. The remaining cells analyzed in this manuscript 
(n = 10) were recorded from the second monkey within 
these same boundaries, but the nucleus was not method- 
ically mapped. 

5 H = -k i pi log pi where H = breadth of respon- 
i=l 

siveness, k = scaling constant (here k = 1.66 1 so that H = 
1.0 when the neuron responds equally to all four proto- 
types), pi = proportional response to each of n compounds 
(in this case, n = 4). 
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NTS neurons in the monkey was 0.87 (range, 
0.63 to 0.99), which is higher than that re- 
ported in other species (see DISCUSSION). 
There was no evidence that the breadth of 
tuning varied systematically across the nu- 
cleus. 

3) Neuron types. The existence of gustatory 
neuron types is a subject of continuing debate. 
One way of addressing this issue is to deter- 
mine if there is a discrete number of profiles 
to which all taste neurons conform. 

In Fig. 7 are representative sensitivity pro- 
files of taste neurons that responded best to 
blackcurrant juice (74 and to each of the four 

prototypical taste stimuli (7, B-E). These pro- 
files imply some tendency toward recurring 
neuron types in the monkey NTS. Good sen- 
sitivity to blackcurrant juice (Fig. 74 implies 
moderate sensitivity to glucose and quinine, 
less to NaCl, and least to HCl. Sensitivity to 
glucose (Fig. 7B) carries with it a prediction 
of moderate responses to blackcurrant juice 
and NaCl, and less to HCl and QHCl. The 
sawtooth profiles of Fig. 7C suggest that a 
neuron that responds to NaCl will also show 
sensitivity to blackcurrant juice. Although five 
stimulus qualities plus Hz0 yield a rather 
sparsely defined profile for each gustatory 

19 

1 

4 

8 
t 0 I7 

FIG.8. Three-dimensional representation of the similarities among neuronal profiles. The x-dimension accounts 
for 72.1% of data variance; y-dimension, 11 .O%; z-dimension, 1 0.6%, and 6.3% is unaccounted for in 3 dimensions. 
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FIG. 9. Cluster analysis of the neuron space shown in Fig. 8, depicted as a dendrogram. Each cell is numbered in 
sequence in which it was recorded. Beneath each is indicated the stimulus to which it responded best, followed by any 
other chemical that evoked >80% of best response. Abbreviations: B, blackcurrant juice; G, glucose; N, NaCl; H, HCl; 
Q, QHCl. 

neuron, it may permit a preliminary analysis 
of the existence of neuron types. We compared 
40 profiles by means of the Pearson product- 
moment correlation coefficient. Neurons with 
similiar sensitivities should generate coeffi- 
cients near + 1 .O, whereas those with opposite 
sensitivities would produce negative coeffi- 
cients. With 40 cells (i.e., II = 40) there were 
780 comparisons [n(n - 1)/2] to be made. 
These were organized in a correlation matrix 
that in turn was used to construct a multidi- 
mensional space (Fig. 8) in which neurons with 
similar profiles were closely aligned ( 15). Thus 
the existence of gustatory neuron types, as de- 
fined by recurring sensitivity to the five stimuli 
plus HZ0 employed here, would be indicated 
by clusters of cells in the space, whereas a lack 
of neuron types would be signaled by a ho- 
mogeneous distribution throughout. Figure 8, 
in three dimensions, provides at least a sug- 
gestion of neural segregation according to re- 
sponse patterns. The three most isolated cells 
(cells l-3) have profiles depicted in Fig. 70 
and are maximally sensitive to HCl. The next 
most distinct group (cells 5, 9, 11, 13, 15, 40) 
is all profiled in Fig. 7E and is most responsive 
to quinine. Beyond these, clusters are not ob- 
vious. To determine the extent to which fur- 
ther groups exist, a cluster analysis (39) was 

performed on the same data. This analysis ap- 
pears in Fig. 9 in the form of a dendrogram. 
Neurons are numbered along the abscissa in 
the order in which they were isolated. The 
correlation between the two most similar pro- 
files (cell 7 and cell 31, r = +0.99) is repre- 
sented by the lowest horizontal connecting 
line. Then other similar pairs are connected 
until a connection between pairs occurs at a 
height representing the mean correlation 
among the cells involved. As more dissimilar- 
ity is permitted, larger groups are connected 

TABLE 2. Interstimulus correlations 
in monkey NTS 

W B G N I-I Q 

W 
B +0.20 
G +0.24 +0.32* 
N +0.36* +0.44t +o. 19 
H +0.30 -0.08 +0.32* -0.12 
Q +O. 12 +0.26 +O. 19 +0.03 +0.60$ 

Correlations among the patterns of activity evoked by 
each stimulus across the 48-neuron sample. *-P 
< 0.05; "r -P < 0.01; $ -P < 0.00 1. The signifi- 
cant correlation between glucose and HCl is largely at- 
tributable to responses of neuron 2, whose profile appears 
in Fig. 70. Abbreviations as in Fig. 9; W, water. 
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FIG. 10. Peristimulus time histograms of neural responses averaged across 17 single taste cells. Bin widths, 50 ms. 
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until all neurons are incorporated into the 
dendrogram. The more tightly a cluster is in- 
tercorrelated, the lower will be the horizontal 
line connecting its constituent cells. The more 
isolated a cluster is from other neurons, the 
longer will be the vertical line leading to it. 
The cluster analysis corroborates and refines 
the implications of the neuron space. Most 
obviously, there are two types of cells: cells l- 
3 and the rest. The clearest distinction among 
sensitivities in the monkey NTS appears to be 
acid versus nonacid, both in terms of sensitiv- 
ities and neural location (see Chemotopic or- 
ganization above). Within the nonacid group, 
the existence of clusters becomes questionable. 
The most likely candidate encompasses six 
cells on the far right (cells 5-l 1) that were also 
identifiable in the neuron space and that are 
quinine sensitive. Also possible is a small clus- 
ter (cells 10-29) that shows good glucose sen- 
sitivity. The remaining 27 neurons share the 
common trait of sensitivity to the complex 
taste of blackcurrant juice. They show a weak 
tendency toward division into two large 
subgroups (cells 4-2 7, n = 12; cells 6-32, y2 = 
14), the first combining blackcurrant sensitiv- 
ity with NaCl, and the second with glucose. 
Within each of these are poorly defined clus- 
ters that reflect the advantage of blackcurrant 
juice over its companion stimulus or vice 
versa. Finally, there is an isolated neuron (cell 
14) that shows nearly equal sensitivity to all 
stimuli. Thus the analysis of response profiles 
as an index of gustatory neuron types suggests 
only the existence of a small group distinct 
from a majority about which the data do not 
yet permit further conclusions. Resolution of 
this issue will require the isolation of a larger 
neural sample and the application of a more 
varied stimulus array so as to thoroughly de- 
fine the response profiles under study. 

4) Stimulus quality. The basic stimuli em- 
ployed in this study should evoke quite distinct 
response patterns across the neural sample. 
The correlation matrix of Table 2 generally 
supports this expectation. Among the four 
prototypes, only the patterns elicited by HCl 
and QHCl correlate reasonably well at +0.60. 
Beyond this, the pattern for blackcurrant juice 
correlates significantly with those for glucose 
(+0.32) and NaCl (+0.44). This is expected 
from the common pools of neurons activated 
by each of these basic stimuli and blackcurrant 
juice (see Neuron types above). The unex- 

petted positive correlation between glucoc:: 
and HC1(+0.32) is largely attributable to orle 
record from neuron 2 (whose profile is shown 
in Fig. 70). With this response excluded from 
the analysis, the glucose-HCl correlation de- 
clines to +O. 13. The correlations in Table 2 
are in good agreement with those based on 
chorda tympani records in the monkey (24). 

5) Time course. Peristimulus time histo- 
grams of single neuron responses to the dif- 
ferent gustatory stimuli appear in Fig. 10. Pul- 
satile gustatory stimulation resulting from 
tongue movements at - 300-ms intervals 
contributed to the apparent rhymicity in the 
responses to some of the stimuli. 

DISCUSSION 

Advantages of and dzficulties with the alert 
monkey preparation 

The advantages of recording from the alert 
monkey are apparent: the species is phyloge- 
netically close to humans, permitting neural 
data to be more readily compared with psy- 
chophysical results; neural activity is not de- 
graded by anesthetics; and neural and behav- 
ioral studies may be performed simultaneously 
in one preparation. However, working with 
an alert monkey requires compromises, and 
those that may impinge on the results of this 
study will be discussed. 
STIMULUSCONTROL. The monkey is free to 
make tongue, mouth, and jaw movements to 
enhance appetitive tastes and minimize those 
that are aversive. Thus, receptive fields that 
may be freely stimulated by appetitive stimuli 
may be at least partly protected when aversive 
stimuli are presented. This is a particular 
problem for receptive fields on the posterior 
tongue and may have contributed to the rel- 
ative weakness of response to HCl, whose effect 
is greatest among foliate papillae. Mouth 
movements also required compensatory ad- 
justments in stimulus delivery so as to stim- 
ulate a large and rather constant receptive field. 
Finally, while there is no firm evidence that 
somesthetic and gustatory afferents converge 
on individual neurons, somesthetic cells sur- 
round and invade the gustatory NT!% Thus 
differential stimulation of the oral cavity, both 
by the stimulus application and the monkey’s 
reaction to it, may affect multiunit records by 
introducing differential somesthetic inputs to 
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an area devoted largely, but not exclusively, 
to taste. 

NEURAL ISOLATION. The difficulties involved 
in maintaining unit isolation in NTS center 
on cell size, density, and brain-stem move- 
ment. Each of these is less severe in the rostra1 
gustatory area where somata are probably 
larger and more sparsely distributed and could 
therefore be less subject to disturbance as the 
monkey moves (R. Norgren, personal com- 
munication). Thus a majority of our single 
neuron records come from rostra1 NTS, and 
our sample means may be biased in favor of 
stimuli that are relatively effective there. In 
addition, the spikes of gustatory neurons that 
discharge at high frequencies often lose am- 
plitude, compounding the difficulties of iso- 
lation in the alert monkey. It is probable, 
therefore, that our sample underrepresents 
more active cells. 

Thresholds 
Neural thresholds were conservatively de- 

fined as 1 X 10-l M glucose, 1 X 10s2 M NaCl, 
1 X 1O-3 M HCl, and 1 X 10m4 M quinine 
HCl. These compare well with reported neural 
thresholds in the macaque chorda tympani 
nerve based on both whole nerve (19,24) and 
single-neuron (32) records. They are also in 
agreement with behavioral data on the ma- 
caque based on discrimination tasks (33), but 
for most chemicals, are an order of magnitude 
lower than relatively insensitive preference 
thresholds ( 13, 2 1). 

Recognition thresholds in humans are in 
general agreement with predictions based on 
our data. Median values from several studies 
are 0.8 X 10-l M glucose, 1.0 X 10V2 M NaCl, 
0.9 X 10s3 M HCl, and 0.3 X 10V4 M quinine 
HCl (22). These are at or slightly below our 
reported thresholds as expected from the con- 
servative criterion (P < 0.05) we adopted and 
imply that the macaque taste system has a dy- 
namic range equivalent to that of the human. 
This implication is reinforced by the similarity 
of our data to intensity-response functions re- 
corded from the human chorda tympani nerve 
( 10). The data described above are summa- 
rized in Table 3. 

Chemotopic organization 
MULTIUNIT. Multiunit responses to glucose 
increase with a slope of 0.52 per anterior mil- 
limeter of travel in NTS (Fig. 3B). Activity 
elicited by NaCl rises at the same rate (Fig. 
3C). Evoked responses to blackcurrant juice 
increase at twice the rate (slope = 1.08, Fig. 
3A) implying the recruitment not only of neu- 
ronal pools sensitive to NaCl or glucose, both 
of which blackcurrant juice activates (refer to 
Neuron types above), but also of cells that re- 
spond to its complex quality more than to ei- 
ther of these basic tastes with which it is as- 
sociated. Responses to quinine also increase 
with anterior progression (Fig. 3E) but with a 
slope of only 0.3 1, suggesting a more even dis- 
tribution of bitter sensitivity throughout the 
nucleus. Sensitivity to HCl decreases with a 
slope of 0.50 (Fig. 3D), providing nearly an 

TABLE 3. Neural and behavioral thresholds in monkey and human 

Monkey 
Monkey Discrim- Monkey 

Monkey CT NTS ination Preference Human CT Psychophysics 

19 32 24 33 21 13 10 22 26 9 

Glucose, 
all X 10-l M 

Sucrose, 
all X 10-l M 1.0 0.3 3.0 

NaCl, 
all X 10B2 M 0.3 0.1 10.0 

HCl, 
all X 10m3 M 1.0 1.0 10.0 

QHCl, 
all X 10s4 M 3.0 2.0 30.0 

1.0 

1.0 

1.0 

1.0 

0.5 

0.06 

6.7 

8.0 

6.0 8.0 

0.5 

1.0 

0.8 

0.2 

1.0 1.5 

0.9 

0.3 

0.2 

4.0 

0.8 

0.2 

Numbers at column headings refer to references. 



TASTE IN THE MONKEY NTS 197 

exact complement to the 
shown to glucose and NaCl 

rates of in crease 

SINGLE NEURONS. The simplest demonstra- 
tion of chemotopia at the single neuron level 
comes from the categorization of cells by best 
stimulus (Fig. 6). In agreement with conclu- 
sions based on multiunit records, HCl-best 
neurons are posterior in gustatory NTS, glu- 
cose and NaCl-best cells are anterior, and qui- 
nine-best cells are more widely distributed. 
However, a more complete picture of the 
chemotopia in NTS may be gained by relating 
a neuron’s anteroposterior position to its sen- 
sitivity profile, as defined by its responses to 
the five stimuli plus Hz0 employed here. The 
canonical correlation between these two vari- 
ables yields a coefficient of +0.76 (P < 0.00 1; 
df = 6). This indicates that 58% (0.76*) of the 
total variance in describing a neuron’s sensi- 
tivity profile, and consequently its location in 
the neuron space of Fig. 8, is accounted for 
by its anteroposterior position in the nucleus. 
The x-dimension of Fig. 8, which is deter- 
mined purely by the responses of each neuron, 
becomes a partial recreation of the antero- 
posterior position of each cell in the nucleus. 
Thus physical placement is implicated as per- 
haps the most important feature in predict- 
ing the sensitivities of a taste cell in the mon- 
key NTS. 
NEURAL AND PSYCHOPHYSICAL COMPARI- 

SONS. Others have noted a topographic or- 
ganization in NTS in the rat ( 16) and cat ( 17). 
These studies indicate that variations in sen- 
sitivity throughout the oral cavity are pre- 
served in the CNS. In the rat, responses to 0.1 
M NaCl and 0.01 M QHCl indicated that 
NaCl sensitivity declined with posterior pro- 
gression across the nucleus, whereas QHCl 
sensitivity increased. In the cat, NaCl, QHCl, 
and HCl were used. The same topographic ar- 
rangement for NaCl and QHCl was inferred6 
plus a sharply increased sensitivity to HCl as 
stimuli approached the posterior receptive 
fields. Except for the modest increases in re- 
ponses to QHCl that we recorded in anterior 
NTS, this neural organization appears to be 
preserved in the monkey. 

6 The chemotopic organization of NTS could only be 
inferred, for recordings of gustatory evoked activity were 
made only in the peripheral nerves, which were in turn 
electrically stimulated to evoke activity in NTS. 

In a psychophysical study, Collings (9) 
found sensitivity to the basic taste qualities to 
vary across the tongue in a manner consistent 
with what our data would predict. The anterior 
tongue showed greatest sensitivity to sucrose, 
NaCl, and QHCl, whereas citric acid sensitivity 
peaked more posteriorly. This concordance 
between topographies based on neural records 
in the cynomolgus monkey and human psy- 
chophysics implies that the two species possess 
the same chemotopic organization and that it 
is maintained from receptor to CNS. The an- 
atomical data of Beckstead et al. (2) suggest 
that any anteroposterior chemotopic arrange- 
ment in the monkey NTS is preserved in a 
lateromedial dimension in the gustatory thal- 
amus. Such an organization permits the spatial 
distribution of evoked activity to serve as a 
factor in the neural code for taste quality just 
as tonotopia aids in auditory and retinotopia 
in visual coding. 

Neuron types 
The neural profiles analyzed through mul- 

tidimensional scaling (Fig. 8) and cluster anal- 
ysis (Fig. 9) provide some support for the ex- 
istence of at least two types of gustatory 
neurons: those responsive and those not 
responsive to HCl. Cells of the former group 
compose only 3 of the 40 profiles analyzed. 
This proportion is undoubtedly an underrep- 
resentation of the actual cluster size that results 
from the difficulty of maintaining isolation on 
cells in the posterior part of the nucleus, where 
acid sensitivity predominates. In any case, it 
is notable that acid versus nonacid appears to 
be the clearest distinction in the monkey NTS, 
whereas in both the rat (7, 34) and hamster 
(36) it is sweet sensitivity that is most differ- 
entiable. 

Neurons that were responsive to HCl were 
all located toward the posterior part of the nu- 
cleus (Fig. 6). There were no cells isolated im- 
mediately anterior to this area so that, in our 
records, a physical gap separates acid-sensitive 
cells from the remainder situated farther an- 
teriorly. A corresponding gap exists along the 
x-dimension of the multidimensional neuron 
space of Fig. 8. Thus it is possible that even 
the acid-responsive neurons do not constitute 
a distinct neuron type but define one end of 
an interrupted gradient of responsiveness. In 
further explorations of the nucleus it will be 
important to note whether the shift in respon- 
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siveness to HCl is sufficiently abrupt to warrant 0.6 

the designation of a distinct gustatory neuron 
type* 0.5 

Breadth of sensitivity ii! 
Breadth of tuning in the monkey NTS may g o 4 

be compared both to peripheral taste responses s * 
in the monkey and to NTS breadth in other 
species. Sato et al. (32) and Pfaffmann et al. 

k 
0.3 

iii (24) report basic breadth information for F 
chorda tympani fibers in cynomolgus and gO.2 
squirrel monkeys, respectively. Both employed g 
more lenient response criteria than ours: Sato if 

et al. (32) defined a response as P < 0.05 on 
the neuron’s spontaneous activity distribution 
for 5 s (vs. our P < 0.01); Pfaffmann et al. (24) 
required an evoked response of 1.5 X spon- 
taneous rate sustained for 5 s (our criterion 
translates to 2.2 X spontaneous). Among 
stimuli, our 1 .O M glucose is roughly equiva- 
lent to the 0.3 and 0.5 M sucrose used by the 
other investigators. Beyond this, our NaCl is 
more concentrated (1 .O vs. 0.3 M), HCl is the 
same (0.01 M), and our quinine HCl is more 
dilute (0.001 vs. 0.003 M). A final considera- 
tion is that sensitivity to quinine in all mam- 
malian species studied is carried effectively 
through the glossopharyngeal nerve so that 
those studying the chorda tympani might re- 
cord lesser activity than is apparent in NTS. 
Table 4 presents a direct comparison of the 
percentages of neurons that fulfill the response 
criteria for each stimulus (top) and the per- 

TABLE 4. Breadth of sensitivity measures 
for monkey CT and NTS neurons 

31 24 This Study 

A 

Glut-Sue 48 79 86 
NaCl 66 86 92 
HCl 55 70 63 
QHCl 33 53 86 

B 

6 50 42 
24 29 42 
36 18 17 
34 3 0 

CT, chorda tympani; NTS, nucleus tractus solitarius. 
Percentage of neurons A : fulfilling the respective response 
criterion for each stimulus; B: responding to 4, 3, 2, or 
only 1 of the prototypical taste qualities. 

I 
I Monkey 6 = 0.87 

I 
I 
I 
I 

0.2 0.4 0.6 0.8 1.0 
BREADTH OF TUNING (HI 

FIG. 11. Distribution of tuning breadth among nucleus 
tractus solitarius (NTS) taste cells in rat, hamster, and 
monkey. Fully 60% of the monkey’s cells have a coefficient 
above 0.90, indicating considerable breadth. Rat data from 
Chang and Scott, unpublished. Hamster data from Travers 
and Smith (38) (used with permission). 

centages that respond to four, three, two, or 
only one of the basic qualities (bottom). Our 
data are in reasonable agreement with the 
degree of breadth reported by Pfaffmann et 
al. (24). 

Breadth of sensitivity has also been studied 
in the NTS of other species, notably the rat 
and hamster. Applying the entropy coefficient, 
H, of Smith and Travers (35), our neurons 
yielded a mean value of 0.87 versus 0.76 in 
rat (Chang and Scott, unpublished data) and 
0.70 in hamster (38). The distribution of neu- 
ron breadth in the three species is compared 
in Fig. 11. 

The breadth of sensitivity found in the 
monkey NTS has implications for the gusta- 
tory neural code. It has been suggested that 
taste coding in the monkey proceeds through 
independent channels, each devoted to one of 
the four basic taste qualities (23).7 However, 
the extremely broad sensitivities of neurons in 
the monkey NTS indicate that only a rather 

7 Note that this issue is fully independent of the existence 
of neuron types. The possible presence of gustatory neuron 
types does not imply coding through, for example, an in- 
dependent salt channel, any more than the existence of a 
pigment predominently sensitive to green light implies an 
independent green channel for coding color. 
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small proportion of a cell’s response could be 
invested in any one quality. In fact, the mean 

does not restrict a cell’s contribution to its ac- 
tivity in one putative channel. 

proportion of each neuron’s response that is 
evoked by the basic taste into whose cluster ACKNOWLEDGMENT 

the neuron falls is only 0.40. Thus, if coding This research was supported by the Wellcome Trust 

were done through channels, and if our anal- and the Medical Research Council. 

yses properly identified the channel through Correspondence to: Dr. Scott, Department of Psychol- 
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evoked neural activity would be signal. Such aware 19716. 

a statistic argues for a neural code that employs 
the full range of neuronal responsiveness and 
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