Single neuron responses in the monkey anterior
cingulate cortex during visual discrimination
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Fig. 1. Schema.of an experimental set-up and paradigms. (A)
An experimental set-up for the visual discrimination task. A
monkey sits in a chair facing a panel, which has a har and a
window covered by a double half-mirrored shutter (S1).
Liquid is provided from a small spout. Electrodes are placed
on hoth ear lobes to allow the administration of a weak electric
shock. (B) Time sequences of feeding task.(C) Drinking
task. (D) Avoidance task. Each bar indicates the time which
tone, light, S2, BP, liquid, electric shock were done. Tone
warns the animal of the imminent starting of a trial (B, C, D).
Light indicates the period during which a lamp behind the S1
shutter illuminated an object on the table (B, C, D). S1
indicates a shutter in front of the table which opens at Up (B,
C, D). BP indicates of individual bar presses and the time at
which they occur (B, C, D). S2 indicates a shutter (S2) in front
of the bar, which opens at Up (B, C, D). Liquid indicates
luquid (water or juice) dispensed from a spout after the last
bar press (C). The monkey can take a drop of juice dispensed
from spout after the last bar press, or a cookie or raisin from
the turntable, which is made available by the opening of S1
after the last bar press (B, C); it can also avoid shock by bar
pressing (D).
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Table 1. Classification, spontaneous firing rate and latency of anterior cingulate neurons

Spontaneous
Number (%) . Latency
Neuron type of neurons (% ig%?gprizﬁzs Jsec) (X £SD, msec)
Responsive
Anticipated-related 8 ( 1.5) 2.58+1.41
Vision-related
Differential 26 ( 4.7) 5.69+8.64 267+80.3
Nondifferential 10 ( 1.8) 3.54+2.44 254+73.4
BP-related :
Differential 11 ( 2.0) 2.72+4.53
Nondifferential 29 ( 5.3) 2.24+3.65
Ingestion-related 2 (04 14.50+21.98
Miscellaneous 30 ( 54) 5.68+6.17
Non-responsive 434 (78.9)
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Fig. 2. Responses of an anticipatory neuron. (A) Responses to a piece of cookie. (B) Responses to a red cylinder associated with water.
(C) Responses to a brown cylinder associated with electric shock (avoidance). (D) Responses to an yellow cylinder associated with
nothing. During the period from the warning tone to the onset of light (open rectangle), the neuronal activity gradually increased (A, B,
C, D). The upper histogram (200 msec bin) depicts the summed neuronal responses of 4 trials with the object indicated; the lower
histogram depicts the bar presses. The tone started at time 0. The calibration shown at right of each histogram: number of spikes per
bin. Open strip, delay phase between the start tone and visual discrimination; black strip, the visual discrimination phase.
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Fig.3. Responses of a differential vision-related neuron that responded to a rewarding object. During the visual discrimination phase, this
neuron responded to rewarding objects: cookie (A) and apple (B), but not to a brown cylinder associated with electric shock (C) nor a
yellow cylinder with no association (D). Other descriptions as for Fig. 2.
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Fig. 4. Summary of the responses of the neuron shown in Fig.
3 to various food and nonfood objects. Each column shows the
response magnitude after the indicated object was presented;
this was measured as the mean discharge rate (spikes/sec) for
2 sec intervals minus the spontaneous rate.
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Fig.5. Responses of a differential vision-related neuron that responded to both rewarding and aversive objects, but not to neutral objects.
During the visual discrimination phase, this neuron responded to rewarding objects: a cookie (A) and a white cylinder (B), to aversive
objects: a syringe (C) and a brown cylinder associated with electric shock (D), and to an unfamiliar object: a battery (F), but did not
respond to a neutral object; a yellow cylinder with no association (E). Other descriptions as for Fig. 2.
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Fig. 6. Summary of the responses of the neuron shown in Fig.
5 to various food and nonfood objects.
Note that the neuron responded more to preferred foods or
liquids. Other descriptions as for Fig. 4.
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Fig.7.  Responses of a differential bar press-related neuron.

The neuron responded mainly during the bar press phase, but only to juice (A) and cookies (B), not to avoidance of aversion (C) norto a
neutral object (D). Note that the neuron responded during the bar press only to rewarding objects but not to the aversive object. Other

descriptions as for Fig. 2.
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Abstuct

Anatomically the anterior cingulate cortex receives prominent projections from the prefrontal cortex, the amygdala, and
mediodorsal nucleus of the thalamus, which are important in learning and emotional behaviors, and projects not only to
cortical and subcortical motor structures (motor and premotor cortices and basal ganglia), but also to the spinal cord. Despite
the behavioral and anatomical evidence of cingulate relations to learning and emotional behaviors, responses of single primate
cingulate neurons to various objects, which are biologically significant, have not been reported. In the present study, single
neuron activity was recorded from the monkey anterior cingulate cortex during operant behavior based on discrimination of
rewarding, aversive, and neutral objects. Of 550 neurons recorded from the anterior cingulate cortex, 116 responded in one or
more phases of the task. Of these 116, 36 responded to visual stimuli (differentiating, 26; nondifferentiating, 10). These 26
responded to rewarding (7), aversive (6), rewarding and aversive but not to neutral objects (10), or non-rewarding objects such
as aversive and neutral ones (3). Responses of 5 neurons that responded to rewarding or aversive objects were readily
suppressed in the reversal task by associating the aversive objects with reward or associating the rewarding objects with
aversion. Of 40 neurons that responded mainly in the bar press phase, 11 differentiated bar pressing to avoid shock from bar
pressing to obtain reward. Responses of 8 neurons were anticipatory, with gradually increasing activity between the start tone
and a visual stimulus (object). Two neurons responded only during ingestion of food. There were topographic distributions of
these responsive neurons in the anterior cingulate cortex; differential vision-related, differential bar press-related, and
nondifferential bar press-related neurons were located from the anterior to posterior portion of the anterior cingulate cortex,
respectively. The results suggest that sensory information is processed and transformed to motor command from the anterior
to the posterior portions of the anterior cingulate cortex. The results provide neuronal bases that the anterior cingulate cortex
is involved in associative function for emotional and motivational processes.




