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Neuronal activity in the amygdala (AM) was recorded from 
alert monkeys during performance of tasks that led to pre- 
sentation of rewarding or aversive stimuli. The tasks had 3 
phases: (1) discrimination (visual, auditory), (2) operant re- 
sponse (bar pressing), and (3) ingestion (reward) or avoid- 
ance (aversion). Neuronal activity was analyzed and com- 
pared during each of these phases. 

Of 585 AM neurons tested, 312 (53.3%) responded to at 
least one stimulus in one or more of 5 major groups: vision 
related, audition related, ingestion related, multimodal, and 
selective. Forty neurons (6.8%) in the anterior dorsolateral 
capsule of the basolateral nuclei responded exclusively to 
visual stimuli (vision related). Twenty-six neurons (4.4%) 
further posterior in the basolateral group responded only to 
auditory stimuli (audition related). During ingestion an ad- 
ditional 41 neurons (7.0%) increased their activity (ingestion 
related). These were in the corticomedial group and at the 
boundaries between the nuclei of the basolateral group. Of 
these, 27 responded only in the ingestion phase, 11 during 
ingestion and at the sight of food, and 3 during ingestion 
and to certain sounds. Throughout the AM other neurons (n 
= 117, 20.0%) responded to visual, auditory, and somes- 
thetic stimuli and, when tested, to involuntary ingestion of 
liquid (multimodal). Of these, 40 responded transiently 
(phasic; 36 excited, 4 inhibited). The remaining 77 main- 
tained their altered activity into the subsequent phases of 
the task (tonic; 69 excited, 8 inhibited). In each of these 4 
categories, most cells were activated primarily by novel or 
unfamiliar stimuli, and their responses habituated during re- 
peated stimulation. A small number of cells in the basolateral 
and the basomedial nuclei (n = 14, 2.4%) were highly se- 
lective in that they responded specifically to one biologically 
significant object or sound more than to any other stimuli 
(selective). Some of these neurons responded to both sight 
and ingestion of a specific food. In summary, most AM neu- 
rons responded vigorously to novel stimuli, and some of the 
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neurons had multimodal responsiveness. These results sug- 
gest the AM is related to processing of new environmental 
stimuli and to those cross-modal association. 

Johnston (1923) suggested the amygdala (AM) might function 
to correlate olfactory, gustatory, and somatic sensory impres- 
sions. More recent anatomical and electrical stimulation evi- 
dence indicates that the AM receives highly processed infor- 
mation from all sensory modalities via the association cortex 
(Gloor, 1960; Turner et al., 1980). This evidence has led some 
investigators to speculate that sensory effects on emotional pro- 
cesses may depend upon relays through the AM (Turner et al., 
1980). In addition to a role in emotional processes, the AM had 
been implicated in a variety of mnemonic processes. In monkey 
and human, bilateral damage to medial temporal lobes, which 
include the AM, results in global amnesia, i.e., memory deficits 
extend to all sensory modalities (Mishkin, 1 c82; Zola-Morgan 
et al., 1982; Murray and Mishkin, 1983; Duyckaertsetal., 1985). 
It is possible that disconnecting specific sensory input to the 
medial temporal lobe might result in modality-specific memory 
deficits (Ross, 1980). In addition, recent lesion studies suggest 
that the AM is important in cross-modal association (Murray 
and Mishkin, 1985). All this evidence suggests that sensory 
processing in the AM contributes to both emotional and mne- 
monic processes. 

Anatomical studies have demonstrated that different sensory 
systems terminate independently within the AM (Turner et al., 
1980). At least within the lateral and basolateral nuclei, some 
small cells have dendritic fields that are confined to one or 
another of these limited sensory terminal areas (Millhouse and 
de Olmos, 1983). In the same areas, larger neurons have exten- 
sive dendritic fields (Millhouse and de Olmos, 1983). These 
studies suggest that these 2 types of neurons might respond 
preferentially to single or multiple sensory modalities, respec- 
tively. Previous electrophysiological studies reported preferen- 
tial responses to visual stimulation in the lateral part of the AM 
in cat (Sawa and Delgado, 1963) and in monkey (Nakano et al., 
1987) or in the anterolateral part ofthe AM in monkey (Sanghera 
et al., 1979; Ono et al., 1983). Multimodal responses have been 
reported in the basolateral nuclei in cat (Machne and Segundo, 
1956; Ben-Ari et al., 1974) and the central nucleus in rabbit 
(Kapp et al., 1979). 

Although several studies have examined the sensory prop- 
erties of AM neurons in cat, similar data in the alert monkey 
remain sparse. In the present study we presented various visual, 
auditory, somesthetic, and oral sensory stimuli to monkeys while 
recording from single neurons in the AM. Multimodal respon- 
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sive neurons were widely distributed in the AM, while modality- 
specific neurons were concentrated in the areas that have been 
reported to receive modality-specific projections from the tem- 
poral lobe (Turner et al., 1980). 

Materials and Methods 
Animals and experimental design. Four Macaca fuscata (4-6 kg) were 
used. The monkeys were restrained painlessly in a stereotaxic apparatus 
by a previously prepared, surgically fixed head holder designed in our 
laboratory (Ono et al., 1980, 1981). They sat in a chair facing a panel 
24 cm away that had a window (10 x 20 cm) covered by 2 shutters and 
a bar for operant responding. Liquid was accessible to the monkey 
through a small spout controlled by an electromagnetic valve (Fig. 1). 
Aversive stimulation was administered as a weak electric shock (0.2 
mA, 150 Hz, 0.3 msec) applied between the 2 earlobes. The program 
included feeding, drinking, active avoidance, and auditory discrimi- 
nation tasks that required the animal to differentiate between stimuli 
or to relate them to operant bar pressing in order to obtain food or 
potables or to avoid electric shock. 

pcrimcntal session by shortening the time required for completion of 
the FR response to avoid shock. 

Auditory discrimination task. In this task, 2 sounds were synthesized 
in a microcomputer: one, a buzzer noise at 85 dB, was associated with 
food (cookie or raisin). and the other with a fundamental freauencv of 
800 fiz at 85 dB was associated with juice. When the animal geard bne 
of these sounds, it had to complete a FR schedule to obtain the cor- 
responding food or juice, as in the feeding task. The last bar press 
automatically turned off the sound, and depending on which sound was 
presented, either W 1 and W2 opened simultaneously so the animal could 
take and ingest a food from the turntable, or the electromagnetic valve 
opened to deliver a drop of juice (Fig. 1E). Two pure tones (2800 or 
4300 Hz, 85 dB) not associated with reward or punishment were intro- 
duced as neutral stimuli. In this task, a series of 3 or 4 successive trials 
of each sound were presented at random. 

During recording sessions the animal’s behavior and eye movements 
were monitored by 2 TV cameras or electrooculograms (EOG), or both, 
as well as the experimenter’s observations. The EOG (time constant, 
3.2 set) were recorded through Ag-AgCl electrodes on the lateral edges 
of the eyes. A color TV camera (WV-3890, National-Panasonic) mon- 
itored the panel with its 2 shutters and the animal’s bar pressing. A 
monocolor TV camera (WV- 1500, National-Panasonic) monitored the 
animal’s face to record eye movement and mastication. The signals 
from the 2 TV cameras were synthesized into one picture by a special 
effects generator (WJ-3000A, National-Panasonic) and recorded on vid- 
eo tape (AG-6300, National-Panasonic) for later analysis. I f  the monkey 
exhibited signs of fatigue, such as closing its eyes for several seconds or 
moving its eyes or hand(s) slowly, the experimental session was stopped 
immediately. Usually, a unit recording exDeriment was terminated with- 
in 3-4 hr. - 

_ - _ 

Feeding task. The experimental paradigm has been described previ- 
ously (One et al.. 1980, 1981). Brieflv. at random intervals. an ooaaue 

I  __ 

shuGe; (Wl) was opened so fhat the-monkey could see an object on a 
turntable through a transparent shutter (W2). The object was either food 
(raisin, cookie, piece of fruit, etc.) or nonfood (syringe, tape, etc.), and 
the animal had to press the bar a predetermined number of times (fixed 
ratio, FR 10-30) to obtain a desired object. The transparent shutter was 
opened automatically by the last bar press, and the animal could then 
extend its arm, take the food, and ingest it (Fig. 1B). The task was 
divided into 3 phases: (1) visual discrimination of food from nonfood 
(visual); (2) operant responding (bar pressing); and (3) ingestion (oral 
sensory). Because it was deprived of food and water for 12 hr prior to 
each session, the monkey normally completed a FR schedule for food 
or liquid promptly but seldom pressed the bar in nonfood trials. I f  there 
was no behavioral or neuronal response, the trial was terminated after 
8 sec. 

Drinking task. In this task, a white or red cylinder indicated a reward: 
white for juice and red for water. I f  the animal saw one of these cylinders 
through W2 after the opening of W 1 and met the FR schedule criterion, 
it could obtain a drop ofjuice or water. The last bar press automatically 
closed W 1 and simultaneously opened the electromagnetic valve to 
deliver a drop of liquid (Fig. 1 C). 

Active avoidance task. Usually 1 of 2 objects, a brown cylinder as- 
sociated with electric shock, or a roll of tape that was not associated 
with electric shock was presented along with a 1200 Hz tone (85 dB) 
in avoidance-related situations. If  the animal saw the brown cylinder 
after the opening of W 1 and heard the 1200 Hz tone, it had to complete 
a FR schedule within 4-6 set to avoid electric shock (Fig. 1D). If  the 
test criterion was met, the last bar press closed Wl and turned off the 
sound, if not, the tone ceased at the end of the predetermined time and 
a 1.0 set shock was applied. Wl was closed at the end of the shock. 
The electric shock was a train of capacitor-coupled square pulses (0.2 
mA, 150 Hz, 0.3 msec). I f  the animal saw the tape, it was not necessary 
to press the bar to avoid electric shock, and it usually did not press the 
bar in trials with tape plus tone. If  the animal pressed the bar when the 
tape and tone were presented in training and experimental sessions, W 1 
remained open and the 1200 Hz tone continued until the bar pressing 
stopped for at least 1 sec. In order to sustain the avoidance reaction to 
the brown cylinder, shock was applied once or twice before each ex- 

Combination of each sensory stimuli. When a neuron was isolated, 
feeding, drinking, avoidance, or auditory discrimination tasks were se- 
lected at random and presented in bouts of 34 trials each using familiar 
visual, auditory, and oral sensory stimuli. These trials were followed by 
somesthetic stimuli such as pricking with a pencil (prick), touching by 
experimenter’s hand (touch), and blowing air on the animal’s back (blow). 
Next, unfamiliar visual, auditory, and oral sensory stimuli were intro- 
duced. Unfamiliar visual and oral sensory stimuli were introduced in 
feeding task situation. Unfamiliar auditory stimuli were presented to 
calm animals as in auditory discrimination situation. Familiar visual 
stimuli consisted of 20 kinds of food and nonfood objects that had been 
used in training sessions. Unfamiliar objects were chosen randomly from 
a pool of objects and food that were not normally used in the experi- 
ments. For auditory stimuli, various complex familiar and unfamiliar 
sounds such as clicks and those made when the experimenter inten- 
tionally rustled a cellophane bag while removing cookies to be placed 
on the turntable or by a wrench dropped on the floor, for example, were 
introduced besides familiar cue tones used in auditory discrimination 
task. Previous studies reported that the complex auditory stimuli were 
the most effective (Sawa and Delgado, 1963; O’Keefe and Bouma, 1969; 
Jacobs and McGinty, 1972). Intensities of the controlled complex sounds 
made by the experimenters ranged from 75 to 90 dB. Uncontrolled 
environmental sounds, such as switching noise or rustling of a cookie 
bag, had relatively low intensities of 50-70 dB. Usually somesthetic and 
auditory stimuli were delivered outside the animal’s visual field. Finally, 
additional familiar and unfamiliar stimuli were tested, again in random 
order, to confirm the responsiveness of the neuron. These included a 
light flash, clicks, some somesthetic stimuli, forcible injection of saline, 
juice, or water into the animal’s mouth, and salty food. In forcible 
injection, each liquid was introduced into the mouth through the same 
spout as used in drinking and auditory discrimination task. Each neuron 
was tested with all 4 modalities (visual, auditory, oral, and somesthetic 
stimuli). 

Training and surgery. Animals were first trained in the feeding task 
to discriminate food or nonfood, after which they readily learned the 
other tasks. After a monkey learned to perform all tasks to a criterion 
of >90% correct (3-5 weeks), a head-restraining device was attached 
to the skull under aseptic conditions using sodium pentobarbital an- 
esthesia (35 mg/kg, i.m.). Heart and respiratory functions were moni- 
tored on an oscilloscope and with an audiomonitor. Recta1 temperature 
during anesthesia was controlled at 37 + 0.3”C by a blanket heater. The 
head-restraining device was a U-shaped aluminum plate anchored with 
dental acrylic to stainless steel bolts inserted in keyhole slots in the skull. 
Antibiotics were administered topically and systemically for l-2 weeks 
to protect against infection. After surgery, performance criteria were 
again attained in l-5 d of retraining. 

Recording and data analysis. Glass-covered tungsten microelectrodes 
were stereotaxically inserted stepwise by a pulse motor-driven manip- 
ulator (SM-2 1, Narishige) into various parts of the AM using a chronic 
stereotaxic apparatus developed in our laboratory (Ono et al., 1980, 
198 1). Extracellular activity was passed through a high input impedance 
preamplifier made of a dual-channel field-effect transistor (2SK18A, 
Toshiba Electric), amplified by a main amplifier, monitored on an os- 
cilloscope, and recorded on magnetic tape (DFR-3715, Sony Magne- 
scale). Neuronal activity was processed in a window discriminator. The 
spike frequencies were computed over 5.12, 12.8, 25.6, or 38.4 set 
intervals and displayed as peristimulus time histograms with 128 bins 
of 40, 100, 200, or 300 msec, respectively, by an on-line minicomputer 
(ATAC-450, Nihon Kohden). Another computer (PDP 1 l/34, DEC) 
stored the events and times of the trigger signals, spikes, and bar presses 
for display of rasters and histograms off line. 
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set after food ingestion or 6 set after water, juice, or saline ingestion. 
The few responses (n = 8) that contained both increases and decreases 
in firing rate were evaluated by visual inspection of the peristimulus 
time histograms. This method has been used by others (Richardson and 
Thompson, 1984). To analyze the tendency for habituation, response 
magnitude was defined as the average in the first 5 set after presenting 
visual or 0.5 set after presenting auditory stimuli for 3 or 4 trials with 
any one stimulus, and response magnitude in the first trial was com- 
pared, usually, with those in the third and/or fourth trials. Response 
latency was measured in the feeding, drinking, avoidance, and auditory 
discrimination tests. Latency and spontaneous firing rates were com- 
pared by 2-tailed Student’s t test, with significance levels at p < 0.0 1. 

Histology and terminology. Near the end of the last experimental 
session, 8 small marking lesions were made around the AM in each 
hemisphere by passing 20-30 PA of anodal current for 50 set through 
electrodes placed stereotaxically and monitored by X-ray. After all ex- 
periments, the animals were deeply anesthetized with overdoses of so- 
dium pentobarbital (50 mg/kg) and perfused transcardially with 0.9% 
saline followed by 10% buffered formalin. The brains were removed 
and cut into 100 pm sections through the AM. Sections were stained 
with cresyl violet, and sites of electrical lesions were determined mi- 
croscopically. The location of each recording site was then calculated 
from the stereotaxic coordinates of the recording electrode and the 
coordinates of the marking electrodes. The positions of the AM and of 
the recording electrodes were checked by X-ray photography (Aggleton 
and Passingham, 198 1) during the experiments, and these photographs 
were compared with those of the marking electrodes to verify the cal- 
culated recording sites. 

There have been some variations in terminology of the intra-amyg- 
daloid nuclei. We adopted the atlas of Kusama and Mabuchi (1970) for 
Macaca fuscata based on Johnston’s classification (1923). According to 
this atlas, the AM is divided into 2 groups: one is the basolateral group, 
which includes the lateral (AL), basolateral (ABl), and basomedial (ABm) 
nuclei of the AM; and the other is the corticomedial (CM) group, which 
includes the central, medial, and cortical nuclei and the anterior amyg- 
daloid area. The lateral, basolateral, and basomedial nuclei in the atlas 
correspond, respectively, to the lateral, basal, and basal accessory nuclei 
in the terminology adopted by Price (1981), Turner et al. (1980), and 
Aggleton and Mishkin (1984) based on the nuclear classification by 
Crosby and Humphrey (1941). 

REWARD rl 
Results 

Figure 1. Schema of the experimental set-up and paradigm. A, Monkey 
sat in a chair facing a panel with a bar and window covered by 2 shutters 
(WI and W2). Liquid was provided from small spout. Weak electric 
shock was driven between the 2 earlobes. B-E, Time sequences of 
feeding, drinking, avoidance, and auditory discrimination tasks. WI, 
Opaque shutter in front of turntable which opened at UP (B-D). BP, 
Indications of individual bar presses and time during which they oc- 
curred (B-E). Liquid, Dispensed from spout after last bar press (C). 
Tone, The tone either warned of imminent application of shock if avoid- 
ance criterion not met (D) or indicated the availability of reward in the 
auditory discrimination test (E). Reward, A drop ofjuice was dispensed 
from spout after last bar press, or a cookie or raisin became available 
on the turntable by simultaneous opening of W 1 and W2 after last bar 
press. 

Since it has been reported that the spontaneous firing rate of some 
AM neurons changes over long periods of time after stimulus presen- 
tation (Ben-Ari and La Salle, 1972) spontaneous firing rate was checked 
between and after all trials. Certain unfamiliar stimuli (e.g., gorilla mask) 
evoked very strong behavioral and neuronal responses followed by a 
long-lasting increment in spontaneous activity. In such cases, experi- 
ments were stopped for at least 10 min and resumed only if firing 
returned to essentially the pretrial rates. 

As in our previous reports (Nakamura and Ono, 1986; Ono et al., 
1986), excitatory or inhibitory responses were defined by analysis of 
variance (ANOVA, p < 0.0 1) between spontaneous activity in the pre- 
trial control phase and activity in the first 5 set after presenting visual 
(Wl open) or 0.5 set after presenting auditory stimuli. Comparisons 
between responses were made by ANOVA between activities in the first 
5 set during visual, or 0.5 set during auditory, stimulation. Oral sensory 
responses in the ingestion phase were determined by ANOVA between 
spontaneous activity in the pretrial control phase and that during 16 

Of 585 AM neurons tested in 4 tasks and through 4 modalities, 
312 (53.3%) responded in some phase(s) of the operant tasks. 
Based on their responsiveness to sensory modalities, 238 of 
these 3 12 neurons fell into 5 categories-vision related, audition 
related, ingestion related, multimodal, and selective (Table 1). 
The multimodal category included neurons that responded to 
visual, auditory, and somesthetic stimuli, as well as, when tested, 
to involuntary ingestion of liquid. The selective neurons re- 
sponded to repeated presentation of only one item. Some cells 
in this group initially responded very slightly to other stimuli, 
but these responses habituated within 2-3 trials. The remaining 
74 neurons could not be classified. Data from 53 of the 74 
unclassified neurons were discarded because their spontaneous 
activity did not meet the stability criterion. Some of these 53 
neurons might otherwise have been classified except that their 
posttest activity was significantly higher than their pretest ac- 
tivity. This continual increase in activity has been reported 
previously (Ben-Ari and La Salle, 1972). 

Vision-related neurons 
Forty neurons (6.8%) responded (all excited) to visual stimuli 
but not to auditory, oral sensory, or somesthetic stimuli. These 
40 neurons responded strongly to unfamiliar objects, habituated 
to certain objects in repeated trials, and barely responded to 
familiar neutral stimuli that were not associated with reward or 
aversion. Those neurons responded to virtually every unfamiliar 
object regardless of whether or not it was food. The response 
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Table 1. Classification, spontaneous firing rate, latency, and number of each AM neuron type 

Classification 

Vision 
Audition 
Ingestion 

Oral 
Oral + vision 
Oral + audition 

Multimodal 
Phasic 
Tonic 

Selective 
Unclassified 

Uncertain responses 
Variable baselines 

No response 
Total 

E, excitation; I, inhibition. 

Spontaneous 
liring rate No. of neurons 
(spikes/set) Latency (msec) E I Totap 

3.65 k 3.25 203.3 k 27.1 40 0 40(6.8) 

4.03 +- 2.63 78.1 k 13.8 26 0 26 (4.4) 

4.04 k 3.18 ND” 27 0 41 (7.0) 

0.59 + 0.50 255.7 zk 37.8 11 0 
0.37 + 0.27 NDc 3 0 

5.85 k 4.91 131.5 k 71.8 36 4 117 (20.0) 
7.32 k 9.08 168.1 z!z 55.0 69 8 
0.31 i 0.27 233.3 k 44.4 14 0 14(2.4) 

21 (3.6) 
53(9.1) 

273(46.7) 

585(100) 

n Percentage given in parentheses. 
b Not determined because of the lack of sensitivity to visual and auditory stimuli. 

C Not determined because of complexity of stimulus and weak sound. 

magnitudes to unfamiliar objects were greater than at least some 
familiar food and nonfood objects. 

An example of vision-related neurons that responded only to 
visual stimuli is shown in Figure 2, which shows responses to 
various visual stimuli (A-F), and strong responses to unfamiliar 
visual stimuli (dried yam, small bottle), as compared with the 
responses to the familiar cookie (A) and white cylinder associ- 
ated with juice (B). In contrast, this neuron did not respond to 
familiar auditory (G-Z) or somesthetic Q stimuli. However, 
these stimuli did elicit various overt reactions (but not bar press- 
ing). Figure 2, A, C, shows no response to food put into the 
animal’s mouth (indicated by arrow), so this neuron did not 
respond to oral sensory stimuli. Figure 2E shows responses in 
what would have been the ingestion phase, but in this case the 
monkey handled and looked at the food without putting it into 
its mouth, so there was no actual ingestion phase. Non-visual 
stimuli did not elicit responses from the neuron, and visual 
responses habituated rapidly (Fig. 3). In trials l-4 the response 
to a pink plastic rectangular parallelepiped habituated when the 
long axis was horizontal, but responses to the same object reap- 
peared when the form was reoriented with the long axis vertical 
(trial 5) and then habituated again (trials 6-8). This neuron did 
not respond to somesthetic (trial 10, prick) or auditory stimuli- 
a tone associated with juice (trial 9) or a click (trial 12). This 
neuron responded strongly, however, to the sight of a familiar 
glove (trial 1 l), a familiar aversive object described in detail in 
the accompanying paper. The spontaneous firing rate and la- 
tency of the vision-related neurons ranged from 0.12 to 18.85 
(3.65 f 3.25, mean f SD, n = 35) spikes/set and from 140 to 
260 (203.3 -t 27.1, n = 35) msec, respectively. 

Audition-related neurons 
Auditory stimulation elicited responses in 26 neurons (4.4%). 
Except for the effective modality, audition-related neurons had 
characteristics similar to those of vision-related neurons. All of 
these 26 neurons responded vigorously to unfamiliar sounds 

and habituated to certain auditory stimuli in repeated trials; 
none responded to 2 familiar pure tones used as controls. The 
responsiveness to unfamiliar sounds depended on intensity and 
unfamiliarity of the sounds but were independent of the fre- 
quency. Although there were some differences in time course, 
these neurons responded and then habituated to virtually every 
unfamiliar complex sound made by the experimenter. After 
habituation, the responses temporarily reappeared if the inten- 
sity increased. 

An example of audition-related neurons is shown in Figure 
4. Although the associated rewards were the same, this neuron 
did not respond to visual stimuli associated with feeding and 
drinking (A, B), but did respond to cue tones (D, E). This neuron 
appeared to respond to the brown cylinder associated with elec- 
tric shock (C), but this response was believed to be related to 
the 1200 Hz tone, and not to the sight of the brown cylinder, 
because it did not respond to any other visual stimuli, including 
a cookie or the white cylinder. This neuron also responded to 
clicks (F) and unfamiliar sounds (not shown), but in repeated 
trials the responses quickly habituated (F). The spontaneous 
firing rates and latency of these audition-related neurons were 
0.1 l-l 1.40 (4.03 * 2.63, IZ = 16) spikes/set and 60-100 (78.1 
+ 13.8, n = 16) msec. 

Ingestion-related neurons 
There were 4 1 neurons (7.0%) that responded primarily during 
the ingestion phase of the discrimination tasks. Depending on 
responsiveness to other stimuli, this group was subdivided into 
3 groups (Table 1): 27 responded only after a monkey put food 
into its mouth, after it drank juice or water, or both (oral sen- 
sory); 11 responded to the sight of certain food, as well as during 
ingestion (oral sensory + vision); and 3 responded routinely 
during ingestion and to the sound that was made when the 
experimenter rustled the cookie bag outside of the animal’s 
visual field (oral sensory + audition). The spontaneous firing 
rates of oral sensory neurons were 0.08-l 2.9 (4.04 f 3.18, IZ = 
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Figure 2. Histograms showing the re- 
sponses of a vision-related neuron. Ac- 
tivity increased at the sight of various 
objects (A-F). Responses to unfamiliar 
objects (E, F) were stronger than those 
to a familiar but less preferred object- 
a cookie (A). Neuron did not respond 
to auditory (G-I) or somesthetic (J) 
stimuli. Note the absence of neuronal 
response after animal put orange into 
mouth (A and C, indicated by arrow). 
Upper histograms, Peristimulus time 
histograms for neuronal activity (200 
msec bins, 25.6 set) shown as summed 
responses for N trials; calibration shown 
at right of each bar, 8 spikes per bin. 
Lower histograms (on time scales), Bar 
presses. Abscissas, time (set); Wl 
opened at time 0. 
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22) spikes/set. Latency of the oral sensory plus visual responses 
to the sight of food was 200-310 (255.7 f 37.8, 12 = 7) msec 
and spontaneous firing rates were 0.11-1.61 (0.59 of: 0.50, IZ = 
7) spikes/set. 

Figure 5A shows representative data of an oral sensory neuron. 
This neuron responded only during the ingestion phase of food 
(a, b, d-f), and juice (c) trials but not in the visual (a, b, e, f) 
or auditory (c, 6) discrimination phases and not to other auditory 
(g) and somesthetic (h) stimuli. The variation in response la- 
tency observed across trials could not be accounted for simply 
by the physical properties of food ingested; rather, it was cor- 
related with unfamiliarity or palatability. The response latencies 
to unfamiliar cucumber (A and preferred watermelon (e) were 
shorter than those to the less preferred cookie (a) and raisin (b). 
,The shorter latency is evident for other unfamiliar or preferred 
food (not shown). 

As with the auditory neurons, oral sensory neurons had char- 
acteristics basically similar to those of vision-related neurons. 
These neurons responded more strongly to unfamiliar food (A 
than to less preferred familiar food (a, b). Further, the response 
to highly preferred watermelon (e) was stronger than that to less 
preferred cookie (a) and raisin (b). This tendency was evident 
for other palatable food (not shown). In some oral sensory neu- 
rons, responsiveness to certain kinds of less preferred food (cab- 
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bage, mushroom, cookie, and raisin) exhibited a tendency to 
habituate. Of the 27 oral sensory neurons, responses of 5 ha- 
bituated in repeated trials. The characteristics of habituation 
are shown in Figure 5B. Although bar pressing and mouth move- 
ment did not change, neuronal responses to cabbage habituated 
in successive trials l-5. These results also imply that the re- 
sponse of this neuron was not tightly linked to ingestion-related 
motor activity. 

Multimodal phasic neurons 

During the discrimination phase, various stimuli, regardless of 
their affective significance, elicited phasic responses in 40 neu- 
rons (6.8%; 36 excited, 4 inhibited). Responses that peaked in 
the discrimination phase and returned to the spontaneous level 
before or very early in the bar press phase were defined as phasic. 
No transient responses were observed later in the task. Four 
neurons tested also responded to involuntary ingestion of liquid. 
Examples of responses of a typical neuron of this type are shown 
in Figure 6. This neuron responded to reward (A), to known 
aversive or potentially aversive (B, C’), and to neutral stimuli 
(D), as well as to a light flash (E), although the affective quality 
ofthe flash is unknown. This particular neuron was also sensitive 
to somesthetic (fl, and familiar neutral auditory (G, H) stimuli. 
The spontaneous firing rates of this type of neuron ranged from 
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Figure 3. Vision-related neuron responses shown as raster display to sequential presentation of visual, auditory, and somesthetic stimuli. Neuronal 
response to a pink plastic rectangular parallelepiped in different positions habituated in trials 14 and 5-8. Neuron did not respond to auditory or 
somesthetic stimuli in trials 9, 10, and 12 but did to visual stimulus in trial 11. Each jilled triangle below a raster display indicates a bar press. 
Abscissa, time (set); W 1 opened at time 0. 

0.22 to 17.90 (5.85 f 4.91, y1= 31) spikes/set, and the response 
latency was 40-390 (131.5 -t 71.8, n = 31) msec. 

Multimodal tonic neurons 

A response was defined as tonic if it persisted through 2 or more 
phases of the task (in the FR 10 schedule). Tonic responses to 
various sensory modalities appeared in 77 neurons (13.2%; 69 
excited, 8 inhibited). Of the 4 modalities tested, vision was 
usually the most effective and somesthesis, the least. The most 
effective visual stimuli were usually unfamiliar objects and the 
least effective were familiar, neutral, nonfood objects such as 
tape and W 1 shutter movement. Typical results from a neuron 
of this type are shown in Figure 7. This neuron responded to 
both visual and auditory cues, during ingestion (A, B), as well 
as to somesthetic stimuli (C). This neuron also responded strongly 
to an unfamiliar object (E), but not to a familiar, neutral, non- 
food object (D). Responses to a glass pyramid and other unfa- 
miliar objects habituated in several trials (not shown). The spon- 
taneous firing rates of these neurons ranged from 0.11 to 33.76 
(7.32 + 9.08, n = 64) spikes/set and the latency of these re- 
sponses was 55-320 (168.1 f 55.0, n = 64) msec. 

Selective neurons 

Fourteen neurons (2.4%) that responded to only one stimulus 
item were placed in this category: 5 responded to a nonfood 
item, 6 to food, and 3 to a particular sound. Those items that 
elicited specific responses are listed in Table 2. These neurons 
were tested with as many items as was practical, usually between 
20 and 40. The ranges and spontaneous firing rates and latency 

of the selective neurons were 0.10-0.94 (0.31 f 0.27, n = 9) 
spikes/set and 180-330 (233.3 f 44.4, n = 9) msec. 

The activity of a neuron that selectively responded to water- 
melon is shown in Figure 8. This neuron was tested with 16 
objects and 7 somesthetic and auditory stimuli (not all shown). 
The magnitude of its response to the sight of watermelon was 

Table 2. List of stimuli that elicited selective responses 

No. of responding 
neurons Monkey 

Nonfood 
Glove 2 A, C 
Syringe 1 A 
Spider model 1 B 
Stick 1 B 

Food 
Raisin 3 A, B, C 
Watermelon 1 C 
White cylinder 1 A 
Red cylinder 1 B 

Sound 
Rustling of cookie bag 1 C 
Switching noise 1 B 
Hitting of metal can 1 A 

Total 14 

A-C: individual monkeys used in present study. No selective responses observed 
in D attributed to low probability of spontaneous firing. 
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Figure 4. Audition-related neuron responses shown as raster displays and summed histograms (40 msec bins, 5.12 set) for 4 trials. Neuron 
responded only to auditory (0, E), but not to visual (A, B) stimuli. Neuron also responded to 1200 Hz tone used in avoidance task (C’) and to 
auditory stimulus (E;). Note rapid habituation of responses to click (F). Other descriptions as for Figure 2. 

much greater than to any other stimulus (A). The neuron re- hemispheres of 4 monkeys are plotted on representative sections 
sponded only slightly to the sight of a strawberry model in the of the left hemisphere. Of 3 12 neurons that responded to some 

first trials only (A), with the responses disappearing in the second stimuli, 275 (88.1%) were excited (open circles), 29 (9.3%) were 
and third trials. The neuronal responses to an apple, usually a inhibited (filled circles), and 8 (2.6%) were inhibited-excited 
highly preferred food of monkeys, were similar to those for the (half-filled circles). Spontaneous unit activity occurred infre- 
strawberry model (A). This neuron also responded to ingestion quently in the lateral AM, especially in the lateral nucleus, so 
of watermelon (II). Neurons with selective responses for a spe- relatively few neurons were recorded from there. Most re- 
cific food item did so only during ingestion of that item. sponses, especially in the basolateral group, were excitatory. 

UnclassiJied neurons 
This group included 74 neurons (12.7%) that responded to cer- 
tain stimuli but, for one reason or another, could not with cer- 
tainty be placed in any category. Twenty-one of these neurons 
had relatively long latency responses (more than 350 msec), 
some had biphasic responses (initial inhibition followed by ex- 
citation), and for some of these latter neurons the amount of 
inhibition and excitation varied from trial to trial. Only one 
neuron responded specifically in anomalous situations, such as 
when reward was withheld or when an incorrect response was 
made. The spontaneous activity of 53 neurons increased grad- 
ually but steadily during testing, so that the posttrial rate was 
significantly higher than the pretrial rate (ANOVA, p < 0.01). 
Eleven of these never recovered to the control rate in more than 
10 min, and 42 were lost while waiting for recovery. 

The distribution of the response latencies of the 182 neurons 
checked for this parameter (31 multimodal phasic, 64 multi- 
modal tonic, 35 vision related, 16 audition related, 7 oral sen- 
sory plus visual, 9 selective and 20 unclassified neurons) is 
indicated in Figure 9B (open area). The latency of the vision- 
related responses (black area) was longer than that of the au- 
dition-related responses (hatched area) (2-tailed Student’s t test, 
p < 0.001). The oral sensory plus visual and the selective types 
had extremely low spontaneous firing rates (< 1 spike/set) in 
contrast to the other types (2-tailed Student’s t test, p < 0.01). 

Location of each neuron type 

Recording sites, latency, and spontaneous firing rate 
The recording sites and the excitatory-inhibitory nature of the 
responses are depicted in Figure 9A. Recording sites from both 

There was no significant difference between the 2 hemispheres 
nor among the 4 monkeys. Except for oral sensory plus audition 
and selective neurons, both of which were quite scarce, every 
response classification was observed in all 4 animals. The dis- 
tributions of the various neuron types are illustrated in Figure 
10. Vision-related neurons were located in the anterior dorso- 
lateral part of the AM, including the lateral and basolateral 
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nuclei (Fig. 1 OA, filled triangles). The audition-related neurons 
were located more posteriorly in the basolateral group of the 
AM (A, filled circles). Ingestion-related neurons were located in 
the middle portion of the AM in the corticomedial group and 
the medial part of the lateral nucleus or along the border between 
the lateral and basolateral nuclei, and along the dorsal surface 
of the basolateral nucleus (A, open squares). The multimodal 
phasic (Fig. lOB, open circles) and tonic (B, open triangles) 
neurons were widely distributed in the AM. The selective neu- 
rons were located in the basolateral and basomedial nuclei (B, 
filled squares). 

Discussion 
Vision- and audition-related neurons 
Forty neurons responded exclusively to visual stimuli; 26 others, 
exclusively to auditory stimuli. Previously Sanghera et al. (1979) 
reported that neurons in the dorsolateral AM responded only 
to visual stimuli but not to other sensory modalities, although 

Cabbage 

8 SEC 

Figure 5. Oral sensory neuron re- 
sponses shown as histograms (A) and 
raster display (B). A, Activity increased 
only in ingestion phase (a-j). The neu- 
rons did not respond in visual (a, b, e, 
fl or auditory (c, 6) discrimination 
phases, nor to auditory (g) or somes- 
thetic (h) stimuli. Note prominent re- 
sponses to ingestion of watermelon (e) 
and unfamiliar cucumber cf). Other de- 
scriptions as for Figure 2. B, Neuronal 
responses to sequential trials of cab- 
bage. Note habituation of responses in 
ingestion phase. Each arrow below a 
raster indicates time when animal put 
food into its mouth. Other descriptions 
as for Figure 3. 

their topographical location in each nuclei was uncertain. They 
reported that most of the neurons responded differently to dif- 
ferent stimuli. Gross topographical location and the character- 
istics of neuronal responsiveness in their study are similar to 
those of vision-related neurons in the present study. In the pres- 
ent study, the responses of vision-related neurons tended to 
habituate, which is consistent with data from our previous study 
(Ono et al., 1983). Nevertheless, unfamiliar visual stimuli elic- 
ited vigorous responses from many of these neurons. Although 
Sanghera et al. (1979) unfortunately did not test with novel 
visual stimuli, the lesion studies reported that the AM lesion 
decreased the orientation to novel visual stimuli in monkey 
(Bagshaw et al., 1972). 

Two previous studies in monkey reported AM neurons that 
responded to both auditory and visual stimuli (Sanghera et al., 
1979; Nakano et al., 1987) or cue tone-related responses (Na- 
kano et al., 1987), but in neither case did neurons respond 
exclusively to auditory stimuli. In cat AM it was reported that 
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Figure 6. Multimodal phasic neuron 
responses shown as histograms (100 
msec bins, 12.8 set). Activity increased 
transiently in response to presentation 
of positive (A) and negative (B) affec- 
tion-related objects, to approach of ex- 
perimenter’s hand (CT), to shutter open- 
ing (D), to light flash (E), to touching 
monkey’s back (0, and to turning tone 
(4300 Hz) on and off (G, 17). Other de- 
scriptions as for Figure 2. 
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auditory stimuli were the most provocative (Sawa and Delgado, 
1963; O’Keefe and Bouma, 1969), but some of these responses 
habituated in repeated trials (Sawa and Delgado, 1963; Ben-At-i 
and La Salle, 1974). The latter results are consistent with our 
present results. The predominance of vision-related neurons 
over audition-related neurons in the present study may be due 
to the fact that primate is more dependent on visual stimuli, 
whereas the auditory stimuli are predominant for coding en- 
vironmentally significant stimuli in cat (Grossman, 1962). 

Ingestion-related neurons 
Forty-one neurons responded primarily during the ingestion 
phase of the task. These neurons probably responded to the 
intraoral sensory characteristics of the food or fluid, but it is 
possible that they were influenced by some visceral afferent 
sequelae of ingestion. We demonstrated previously that re- 
sponses during ingestion were modulated by state of satiation 
or by different kinds (taste) of food (Nishijo et al., 1986). In the 
present experiments, both preferred and unfamiliar food elicited 
stronger responses than did less preferred food. Texture differ- 
ences between hard and soft food are not sufficient to explain 
this result. At least some of the response changes observed could 
be related to the gustatory factor of food. 

The central, lateral, and basolateral nuclei of the AM receive 
abundant afferent fibers from the insular cortex (Aggleton et al., 
1980; Turner et al., 1980) which is reported to receive gustatory 
inputs in monkey (Turner et al., 1980; Pritchard et al., 1986), 
mouse (Shipley and Geinisman, 1984), and rat (Yamamoto et 
al., 1984; Kosar et al., 1986b). Unit recording studies reported 
that some units in the anterior insular cortex responded to gus- 
tatory or oral somatosensory stimuli in monkey (Sudakov et al., 
197 1; Scott et al., 1986) and rat (Yamamoto et al., 1984; Kosar 
et al., 1986a). Schwartzbaum and Morse (1978) reported gus- 
tatory responses in the central amygdaloid nucleus in rabbit. 
Most of our ingestion-related neurons were also located in the 
central nucleus. According to their study, units that responded 
to a broader spectrum of food tastes had higher spontaneous 
activity than highly selective units. Our results agree with theirs. 
In the present study, oral sensory neurons that responded to 
several foods had significantly higher spontaneous activity than 
oral sensory plus vision neurons that responded only to some 
specific foods (2-tailed Student’s t test, p < 0.01). Other phys- 
iological studies have reported neurons in the central and ba- 
solateral nuclei that responded to gustatory stimuli (Schwartz- 
baum and Morse, 1978; Yamamoto et al., 1981; Nishijo et al., 
1986). 
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Figure 7. Multimodal tonic neuron responses shown as raw records. The neuron responded at sight and ingestion of orange (A), to tone associated 
with juice and ingestion of juice (B), and to pricking of animal’s back with pencil (C). Neuron did not respond at sight of neutral familiar object 
(0) but responded strongly at sight of unfamiliar object (I?). Each open triangle indicates time of stimuli (A, D, and E, Wl opening; B, onset of 
cue tone; C, onset of pricking). Filled triangles, bar presses; jilled circle, placement of food into animal’s mouth. 

Multimodal neurons 
Creutzfeldt et al., 1963; Sawa and Delgado, 1963). Ben-Ari et 
al. (1974) also reported that the multimodal responses were 

According to Ben-Ari et al. (1974), inhibitory responses were abundant in the lateral nucleus, while in the present and other 
predominant in cat AM, while in the present and other studies, studies (Creutzfeldt et al., 1963), the multimodal responses were 
excitatory responses predominated (Machne and Segundo, 1956; rare in the lateral nucleus. Since electrical stimulation of the 
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Figure 8. Responses of neuron selective to watermelon. A, Comparison of responses to various objects. Solid circles connected by heavy lines 
indicate mean firing rate in each trial for 5 set after W 1 was opened in 3 repeated trials. Each histogram shows mean of each 5 set mean firing 
rate after the indicated objects were revealed. Note pronounced response to watermelon. B, Raw record example of response to watermelon in one 
trial. Note pronounced responses to both sight and ingestion of watermelon. Other descriptions as for Figure 7. 

reticular formation modulates sensory responses of the AM neu- 
rons (Sawa and Delgado, 1963) these discrepancies might be 
due to differences in experimental condition among these stud- 
ies. In 3 cat studies, the animals were pharmacologically im- 
mobilized (Machne and Segundo, 1956; Creutzfeldt et al., 1963; 
Ben-Ari et al., 1974), and in a fourth, the cat was freely behaving 
(Sawa and Delgado, 1963). In the present study, the monkey’s 
head was restrained, but it was free to respond and was well 
trained. 

The AM is the one area that receives multimodal afferent 
information (Gloor, 1960; Turner et al., 1980). The multimodal 
neurons might be related to cross-modal association as suggested 
before (Ben-Ari and La Salle, 1972). The bilateral lesion of the 
monkey AM produced deficits in learning of cross-modal as- 
sociation (Murray and Mishkin, 1985). 

Selective neurons 

Fourteen neurons responded selectively to certain specific ob- 
jects or sounds. Highly selective responses from neurons in the 
AM have been reported previously (O’Keefe and Bouma, 1969; 
Jacobs and McGinty, 1972). In the present study, neurons with 
this characteristic had extremely low spontaneous firing rates, 
which also agrees with the earlier reports (O’Keefe and Bouma, 

1969; Jacobs and McGinty, 1972). Recently, Rolls (1984) re- 
ported that somewhat less than 3.6% of AM neurons were se- 
lective for faces. These neurons were located primarily in the 
basal and basal accessory nuclei. The selective neurons observed 
in the present study had a similar distribution. Richardson and 
Thompson (1984) reported that 2 neurons out of 99 recorded 
in the AM responded uniquely to a cue tone when it was as- 
sociated with the unconditioned stimulus. 

Similar selective neurons have been reported in the infero- 
temporal cortex that responded to only one visual pattern--such 
as hand, face, and triangle-regardless of size or color (Gross et 
al., 1969, 1972; Sato et al., 1980; Desimone et al., 1984). Since 
the AM receives massive afferent projections from the infero- 
temporal cortex (Herzog and Van Hoesen, 1976; Aggleton et 
al., 1980; Turner et al., 1980; Iwai and Yukie, 1987), AM se- 
lective neurons might receive specific visual information from 
the inferotemporal cortex. There are important differences, how- 
ever, between responses of AM and inferotemporal cortex se- 
lective neurons. AM selective neurons responded to multimodal 
stimulation (i.e., the sight and ingestion of a specific food item), 
while inferotemporal cortical neurons responded only to visual 
stimulation (Gross et al., 1972; Sato et al., 1980; Desimone et 
al., 1984). Thus, the pattern of responses in the AM suggests 
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Figure 9. Recording sites and latencies of all the neurons analyzed. A, Recording sites with excitation-inhibition indicated: open circles, excitation; 
halfjiilled circles, excitation after inhibition; jilled circles, inhibition; dots, no response. CM, Corticomedial group of amygdala (AM); AL, lateral 
nucleus; ABI, basolateral nucleus; ABm, basomedial nucleus. Numbers below each section indicate distance (mm) anterior from the interaural line. 
B, Histogram of response latency in routine tests. Open area, Latency of all neurons analyzed (179.0 ? 87.5 msec, n = 182); black area, latency 
of vision-related neurons (203.3 * 27.1 msec, n = 35); hatched urea, latency of audition-related neurons (78.1 + 13.8 msec, n = 16). Latency of 
visual responses obviously longer than latency of auditory responses (2-tailed Student’s i test, p < 0.001). 

convergence of specific sensory information from several mo- 
dalities into single neurons in the AM. So they might be involved 
in object discrimination related to cross-modal association. The 
deficit in cross-modal association, especially in visual-gustatory 
association, is suggested to be one of the major causes of Kltiver- 
Bucy syndrome (Kliiver and Bucy, 1939) with visual agnosia 
(Geschwind, 1965). 

Topographic distribution of each type neuron 

The density of multimodal responses was rather uniform 
throughout the AM except in the lateral nucleus, where such 
responses were concentrated on the medial boundary. These 
results are consistent with studies in which central nucleus neu- 
rons in the rabbit were reported to respond to auditory, visual, 
and somesthetic stimuli (Pascoe and Kapp, 1985) and the ba- 
solateral group (Machne and Segundo, 1956) or central nucleus 
(Creutzfeldt et al., 1963) in cat responded to multimodal stimuli. 

We further verified the existence of neurons that responded 
preferentially to single sensory modalities. Golgi studies suggest 
that the basolateral and lateral nuclei contain some small cells 
with dendritic fields confined to limited sensory terminal areas 
(Millhouse and de Olmos, 1983). Vision-related neurons were 
located primarily in the anterior dorsolateral AM. This is con- 
sistent with anatomical studies suggesting that visual afferents 
from the inferotemporal cortex terminate in the anterodorsal 
capsule of the basolateral group (Turner et al., 1980). Audition- 
related neurons were concentrated in the more posterior part of 
the basolateral group, where auditory afferents from the superior 
temporal gyrus terminate (Turner et al., 1980). In agreement 
with anatomical results (Turner et al., 1980), ingestion-related 
neurons were located in the corticomedial group and around 
the medial site of the lateral nucleus and along the dorsomedial 
border of the basolateral nucleus. Although anatomical evidence 
in monkey is lacking, in the rat the central nucleus in the cor- 
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Figure IO. Recording sites of 5 major neuron types. A, Vision-related,filled triangles; audition-related,$lled circles; ingestion-related, open squares. 
B, multimodal phasic, open circles; multimodal tonic, open triangles; selective, filled squares. Other details as for Figure 9A. 

ticomedial group receives gustatory inputs from the parabra- 
chial nucleus (Norgren, 1983). 

General discussion 

In our paradigm, AM neurons appeared to respond to 2 different 
dimensions of the stimuli: first, novelty-familiarity, with re- 
sponses to novelty dominating; second, sensory specificity-gen- 
erality, with multimodal responses most common, single mo- 
dality next, and stimulus-specific responses least common. 
Lesions of the AM produce substantial behavioral deficits, par- 
ticularly in acquisition of new information (Mishkin, 1978; Zola- 
Morgan et al., 1982; Duyckaerts et al., 1985) and in object 
recognition (Kltiver-Bucy syndrome). The exact relationship be- 
tween these behavioral deficits and the response characteristics 
of AM neurons remains unclear, both because the tasks used in 
the 2 types of experiments often differ and because, in both 
cases, the responses themselves are difficult to interpret. Never- 
theless, the breadth of response characteristics and the specificity 
of many of the responses confirms that the AM has access to 
highly processed information from most or all sensory modal- 
ities. 
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