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Responses to Stimuli Eliciting Immediate Behavioral Reactions 
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SLIMMARY AND CONCLUSIONS 

1. This study investigates the behavioral conditions in which 
dopamine (DA) neurons of substantia nigra and adjoining areas 
A8 and Al0 respond with impulsesto visual and auditory trigger 
stimuli eliciting immediate arm- and eye-movement reactions. 

2. In a formal task, the rapid opening of the door of a small, 
food-containing box located at eye level ahead of the animal 
served as visible and audible trigger stimulus. Most DA neurons 
on the contralateral side responded to this stimulus with a short 
burst of impulses with median onset latency of 50 ms and dura- 
tion of 90 ms (75% of 164 neurons). Similar responses were seen 
in a comparable fraction of DA neurons during ipsilateral task 
performance, suggesting that responses were not specific for the 
limb being used. 

3. When the sensory components of the door opening stimulus 
were separated, DA neurons typically responded in a similar 
manner to the moving visual stimulus of the opening door, the 
low-intensity sliding noise of the opening door, and the I-kHz 
sound of 90-92 dB intensity emitted from a distant source at the 
onset of door opening. Responses to each component alone were 
lower in magnitude than to all three together. 

4. In a variation of the task, a neighboring, identical food box 
opened in random alternation with the other box but without 
permitting animals to reach out (asymmetric, direct-reaction 
go/no-go task). With each sensory component, DA neurons typi- 
cally responded both to opening of go and no-go boxes. Responses 
were enhanced when stimuli elicited limb movements in go trials. 

5. Monkeys reacted to door opening with target-directed sac- 
cadic eye movements in the majority of both go and no-go trials. 
Neuronal responses were equally present during the occasional 
absence of eye movements. Thus responses were not specific for 
the initiation of individual arm or eye movements. 

6. Neuronal responses were absent when the same stimuli oc- 
curred outside of the behavioral task with target-direct arm and 
eye movements lacking. This shows that responses were not of 
purely sensory nature but were related to the capacity of the stim- 
ulus for eliciting behavioral reactions. 

7. In a variation of the go/no-go task, an instruction light illu- 
minated 2-3 s before door opening prepared the animal to per- 
form the reaching movement on door opening or to refrain from 
moving (asymmetric, instruction-dependent go/no-go task). Pha- 
sic neuronal responses to both instruction lights occurred in a 
limited number of DA neurons in one monkey when the task was 
used infrequently, largely disappearing with more regular testing. 
Responses to instructions resembled those to door opening in 
terms of latency, duration, and magnitude. This suggests that DA 
neurons may also respond to novel stimuli with properties uncer- 
tain to the animal. 

8. In a different reaching task, the offset of a distant sound 
stimulus was used for eliciting arm and eye movements toward 
the food box. None of the 16 DA neurons tested in one monkey 
showed responses to this trigger signal, although most of them 
responded to door opening in separate sessions. Thus responses 

were related to the appearance of a stimulus and not only to its 
capacity to elicit behavioral reactions. 

Y. These data suggest that the large majority of DA neurons 
respond in a similar and stereotyped manner to salient visual and 
auditory stimuli with both appetitive properties and the capacity 
for eliciting immediate behavioral reactions. A common factor 
contributing to these responses appears to be motivational 
arousal. As stimuli effective for driving DA neurons induce an 
expectancy for obtaining an object of high interest, DA neurons 
would be able to participate in the setting of a state during which 
behavioral reactions occur. In this way, they would be engaged in 
the initiation process without triggering each individual reaction. 

INTRODUCTION 

In the preceding study, we recorded the impulse activity 
of dopamine (DA) neurons in monkeys during self-initi- 
ated arm movements (Romo and Schultz 1990). Although 
we were particularly interested to study neuronal activity in 
the absence of phasic external stimuli, we found that 
changes predominantly occurred when the animal’s hand 
touched a morsel of food during the reaching movement. 
Responses were absent when other objects were touched. 
This demonstrated that DA neurons were activated by so- 
matosensory stimuli of particular behavioral significance. 
In the present study, we extended the investigation of be- 
havioral contingencies to responses to visual and auditory 
trigger stimuli (Schultz 1986b). Neuronal activity was stud- 
ied in the presence and absence of arm and eye movements 
by the use of a go/no-go paradigm. In a variation of this 
task, the effects of preparatory instruction signals presented 
several seconds before overt behavioral reactions were 
compared with stimuli eliciting immediate behavioral reac- 
tions. The physical onset of a stimulus was separated from 
its abstract triggering function in another task by the use of 
the offset of a sound stimulus for eliciting arm and eye 
movements. Some of the data have been presented before 
as abstract (Schultz and Romo 1986). 

METHODS 

With the exception of the behavioral tasks, the same experi- 
mental procedures were employed as in the companion study, in 
which they are described in detail (Romo and Schultz 1990). The 
same two Mcucuca.~~,vciczlluris monkeys (4 and B) were used. 

After a training period of 5-6 mo, animals were implanted 
under anesthesia with cylinders for head fixation, a microelec- 
trode base, electrooculographic (EOG) electrodes in the canthi of 
the orbitas, and electromyographic (EMG) wires in the extensor 
digitorum communis and biceps of the arm. The extracellular 
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FIG. 1. Description of behavioral apparatus and tasks. Monkey faced a panel with 2 food boxes mounted on each side at 
eye level and at 15 and 27” lateral to the midsagittal plane, respectively. Only food boxes of the right hemifield are shown. 
Food boxes had a frontal opening of 40 X 40 mm. Their doors opened vertically upward behind the panel. Door opening 
consisted of a rapidly moving visual stimulus, a sliding noise of low intensity, and a I-kHz sound of rectangular waveform 
and lOO-ms duration triggered with onset of door opening. A cover could be mounted in front of each food box to prevent 
vision of the opening door while permitting access from below (not shown). In the food box task, opening of the lateral box 
invariably required the animal to release the immovable resting key, reach into the lateral food box (go), and collect a small 
morsel of food. In contrast, opening of the medial food box (no-go) required the animal to remain motionless on the resting 
key for at least 3 s. For the go/no-go task, opening of lateral and medial food boxes was alternated at random. When using 
instructions, a light above 1 of the food boxes was illuminated 2-3 s before opening of the covered food box. In the sound 
offset task, the lateral food box was used with the cover mounted in front of it. Its door was kept open, and the animal 
reached into the box for a food morsel after offset of a IOO-Hz distant sound of rectangular waveform and 3-s duration. 
Figure digitized from a hand drawing by P. Apicella. 
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0 
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FIG. 2. Histological reconstruction of recording positions of dopamine neurons on 3 representative coronal sections 
from 1 brain. Approximate anteroposterior levels are shown in millimeters according to an atlas (Shanta et al. 1968). Filled 
circles, dopamine neurons activated by the visual trigger stimulus; horizontal lines, dopamine neurons not responding to 
this stimulus. Arrows point to lesions that were placed immediately after recording from a neuron at this position and above 
for track identification. SNpc, pars compacta of substantia nigra; SNpr, pars reticulata of substantia nigra; RN, red nucleus; 
CP, cerebral peduncle. 
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activity of single neurons was recorded with movable tungsten 
microelectrodes during task performance. A laboratory computer 
served to collect and display data obtained simultaneously from 
stimuli and behavioral events, neuronal impulses, EMGs, and 
horizontal and vertical EOGs. Only neurons tested with at least 
10 and up to 50 repetitions in a given task situation were consid- 
ered for this report. Recording positions were reconstructed after 
the experiment from histological sections of the brain. 

Relationships of impulse activity to behavioral events were sta- 
tistically evaluated by the use of a specially programmed imple- 
mentation of the two-tailed Wilcoxon test. Only changes in activ- 
ity substantiated by a significant difference at P < 0.01 in this test 
were considered as responses. Response magnitudes were assessed 
by counting neuronal impulses between onset and end of re- 
sponses and expressed as percentage above or below background 
activity measured before the stimulus. The differences in pairs of 
response parameters of neurons tested in two different behavioral 
situations were assessed by the use of a conventional two-tailed 
Wilcoxon test. 

Electromyographic and saccadic latencies were determined off- 
line by single-trial analysis with the use of a movable cursor on a 
computer screen (Schultz et al. 1989a-c). The median (50th per- 
centile) was determined as single numerical value for each distri- 
bution. Differences in behavioral performance were assessed with 
the two-tailed Wilcoxon test on pairs of session medians while 
recording from the same neuron. Relationships between data 
pairs from single trials were assessed with the empirical linear 
correlation coefficient (Schultz et al. 1989~). 

Food box task 

This task employed opening of the door of a food box as trigger 
stimulus for arm and eye movements (Fig. 1). Food- and fluid- 
deprived animals were required to keep one hand relaxed on an 
immovable, touch-sensitive key until the door of one of the food 
boxes opened. When the lateral box opened, they were invariably 

TABLE 1. Major types of responses of midbrain . 
dopamine neurons 

Responding Tested % 

Food box task 
Composite trigger stimulus 

Contralateral (go) 
I psilateral (go) 

Visual trigger stimulus 
Go 
No-go 
No task 

Door noise trigger stimulus 
Go 
No-go 
No task 

I-kHz sound trigger stimulus 
Go 
No-go 
No task 

Instruction task 
Go light 
No-go light 
Go door noise trigger 
No-go door noise trigger 

Sound offset task 
Trigger stimulus 

123 165 75 
39 45 87 

57 64 89 
35 44 80 

0 38 0 

62 78 79 
32 40 80 

3 36 8 

29 31 94 
18 20 90 

3 44 7 

14 61 23 
15 61 25 
50 61 82 
23 61 38 

0 16 0 

Composite trigger stimulus refers to door opening consisting of the 
visual, door noise, and 1-kHz components together. Only responses 
showing statistically significant increases in activity are included. 

N=329 

nogo N=287 

0 300ms 
FIG. 3. Latencies of horizontal saccadic eye movements toward food 

boxes in response to the visual component of the door opening trigger 
stimulus. Trials were separated off-line according to go and no-go situa- 
tions. 0 ms indicates time of door opening. Medians for go trials, 80 ms; 
for no-go trials, 116 ms. N = number of saccades. 

required to release the key; reach into the box; collect a small 
morsel of apple, cookie, or raisin; and bring it to the mouth. 
When the medial box opened, animals remained on the resting 
key for at least another 3 s and received no reward (asymmetric, 
direct-reaction go/no-go task). Thus opening of the lateral door 

TABLE 2. Parameters of behavioral reactions to the door 
opening trigger stimulus 

Saccadic 
Latency, 

ms 
Reaction 
Time, ms 

Saccadic 
Frequency, 

YO 

Monkey A 
Composite (go) 
Visual go 
Visual no-go 
Door noise go 
Door noise no-go 
I-kHz go 
1 -kHz no-go 

Monkey B 
Composite (go) 
Visual go 
Visual no-go 
Door noise go 
Door noise no-go 
1-kHz go 
1 -kHz no-go 

112 (571) 3 19 (689) 83 
144 (165) 451 (191) 86 

152 (250) 
180 (86) 
252 (70) 

68 (349) 
80 (329) 

1 16 (287) 
76 (673) 
68 (258) 

116 (368) 
108 (200) 

426 (273) 

672 (90) 

260 (504) 
295 (592) 

232 (844) 

289 (444) 

92 
85 
78 

69 
56 
84 
80 
52 
83 
51 

Arm movement reaction times (from door opening to key release) and 
saccadic latencies were measured in the same trials and are given as me- 
dians (50th percentile). Numbers in parentheses are numbers of measures. 
Frequencies denote the occurrence of saccades in percentage of trials. Only 
data from saccades toward the right food box (contralateral to the side of 
neuronal recording) are shown. Composite trigger stimulus refers to door 
opening consisting of the visual, door noise, and I-kHz components to- 
gether. 
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constituted the trigger stimulus for an immediate arm movement 
in the go situation, whereas the animal refrained from moving in 
the no-go situation after opening of the medial door. The food 
box was closed 800-1,000 ms after opening and, after a go trial, 
was simultaneously refilled with a morsel of apple. Intervals be- 
tween door closing and opening in the following trial varied be- 
tween 4 and 8 s. Animals performed the task contralateral and 
ipsilateral to the side of neuronal recordings in separate sessions, 
respectively. The side of stimulus presentation corresponded 
without exception to the side of arm movement. 

Food boxes had a frontal opening of 40 X 40 mm (9 X 9”). 
Door opening required 20-22 ms, was visible to the animal, and 
produced a sliding noise of low intensity. In addition, a I-kHz 
sound of rectangular waveform, lOO-ms duration, and 90-92 dB 
intensity emitted from a distant source was triggered with onset of 
door opening. A cover could be mounted in front of each food 

Contralateral 

BIG EHG 

AND R. ROM0 

box to prevent vision of the opening door and the interior of the 
box while providing a 40 X 50 mm access from below. Food 
reward was not given, and data recording was aborted, whenever 
untimely muscle activity or premature movements were detected. 

Behavior was electronically monitored from standard pulses 
generated by the different events of the task. Onset of door open- 
ing activated an infrared photocoupler. Key release was detected 
by a frequency-sensing circuit, which reacted to a change in elec- 
trical capacity induced by the touch of the animal’s hand. Photo- 
transistors sensitive to an infrared light beam across the entrance 
of each food box served to detect the time at which the animal’s 
hand entered and left the box. 

After performance of the go/no-go food box task was estab- 
lished, animals were trained in a number of task variations. These 
concerned separation of the door opening stimulus into its three 
sensory components, as well as the illumination of an instruction 
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FIG. 4. Responses of 1 dopamine neuron to door opening on the contralateral and ipsilateral side, respectively (compos- 
ite trigger stimulus). Top to homtn: perievent time histogram of neuronal impulses; dot display of neuronal impulses; and 
dot display of EMG activity in the biceps brachii (BIC) or extensor digitorum (EDC) muscle, recorded simultaneously with 
neuronal impulses. In the dot displays of this and the following figures, each dot represents the time of a neuronal impulse or 
rectified EMG activity above a preset level. Distance of each dot to the behavioral event (in this figure door opening) 
corresponds to their real-time interval. Each line of dots represents activity during performance in 1 trial. Sequence of trials 
is rearranged according to the length of time intervals between door opening and key release (reaction time). Histograms are 
composed of neuronal impulses shown as dots below them. Small bars below right parts of histograms and in dot displays 
represent the time of key release. Binwidth is 5 ms; small markers below histograms indicate 10 bins. 
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TABLE 3. Latencit~s, dwations, and magnitudes of’nmronal responws to the composite triggw stimdus 

Onset Latency, ms Peak Latency, ms Duration, ms Magnitude, CT0 

Median Range Median Range Median Range Median Range n 

Contralateral 50 25-130 90 45-165 90 50-200 585 95-3,300 123 
Ipsilateral 45 30-120 95 60-160 90 45-300 530 120-2,033 39 

Composite trigger stimulus refers to door opening consisting of the visual, door noise, and I-kHz components together. “Contralateral” and 
“ipsilateral” refer to the side of both stimulus presentation and arm movement (go situation only). The majority of neurons tested on the ipsilateral side 
were also studied and responded during contralateral task performance. Only data from responses consisting of statistically significant increases are 
included. Median = 50th percentile. Magnitudes are indicated as increases in percentage above activity immediately preceding the trigger stimulus. n, 
number of responding neurons. 

light 2-3 s before door opening. During performance in the 
go/no-go task, go and no-go situations alternated randomly be- 
tween trials in each session. In separate sessions, the door opening 
stimulus for each of the three components was applied in the 
absence of any behavioral task (“no-task” situation). In these 

sessions, which lasted 3-5 min, the medial box was used, whereas 
the resting key was absent and one-half of the frontal enclosure of 
the primate chair was kept open. Animals were fully awake during 
no-task sessions, as evidenced by the presence of spontaneous eye 
movements (Figs. 6, 7, and 10). 
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FIG. 5. Responses of 1 dopamine neuron to the different sensory components of door opening. Perievent time histo- 
grams and dot displays of neuronal impulses are shown above dot displays of simultaneously recorded biceps EMG activity 
(BIC). Sequence of trials is rearranged according to reaction time. Small bars below right parts of histograms and in dot 
displays represent the time of key release. Binwidth is 5 ms; small markers below histograms indicate 10 bins. 
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COMPOSITE TRIGGER STIMULUS. Used in the go situation 
only, door opening consisting of all three sensory components 
constituted the stimulus eliciting arm and eye movements. This 
situation is identical to the basic task of an earlier study (Schultz 
1986b) and was often employed as reference for comparisons with 
different stimuli. 

VISUAL TRIGGER STIMULUS. Only the visual component of 
the door opening stimulus was employed when both the I-kHz 
sound was omitted and a masking noise of 9 1 dB intensity, which 
completely abolished the noise of the sliding door, was applied 
close to the animal’s head. During recording of each neuron thus 
tested, effective masking of the door noise was ascertained by the 
absence of all behavioral reactions to door opening when, in ad- 
dition, the cover was mounted in front of the food box. 

DOOR NOISE TRIGGER STIMULUS. With the cover mounted 
in front of the box and the I-kHz sound omitted, door opening 
became invisible to the animal, and the sliding noise alone served 
as trigger stimulus. Because the sliding noise did not indicate 
which box had opened, only one of the two boxes was covered in 
each session. For testing a given neuron in both go and no-go 
situations, alternate boxes were covered in two consecutive ses- 
sions while maintaining the random alternation between go and 
no-go trials. 

I-kHz SOUND TRIGGER STIMULUS. With the cover mounted 
in front of the box and the masking noise of 9 1 dB applied, door 
opening was only recognized by the I-kHz sound. The efficacy of 
the masking noise was controlled during the recording of each 
neuron by deleting the I-kHz sound, which abolished all behav- 

ioral reactions. Similar to the door noise trigger stimulus, only 
one box at a time was covered in go/no-go trials, and complete 
testing included two consecutive sessions with alternate boxes 
being covered. 

Each of the three stimulus components was employed sepa- 
rately for contralateral task performance, whereas only the com- 
posite trigger stimulus was employed for ipsilateral testing. 

Instruction task 

In the task variations described so far, door opening served both 
for discriminating between go and no-go situations and for trig- 
gering the behavioral reaction. In this variation of the task, in- 
struction lights were used for separating these two informations in 
time. One of the green light-emitting diodes located directly above 
the lateral and medial boxes was illuminated in each trial for 
indicating the go or no-go situation, respectively (Fig. 1). After a 
variable period of 2-3 s, the respective box opened. With covers 
mounted in front of both boxes and the 1-kHz sound deleted, 
door opening was only recognized by the sliding noise and did not 
indicate which box had opened. Thus it served as trigger stimulus 
without providing information about the expected behavioral re- 
action. The instruction light was extinguished on key release in 
the go situation and 4-6 s after door opening in the no-go 
situation. Thus instruction lights were the exclusive indicators of 
go and no-go situations and served as preparatory signals for the 
upcoming reaction to door opening (asymmetric, instruction-de- 
pendent go/no-go task). 
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key release 

w/o arm movement hog01 
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DOOR OPENS 
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FIG. 6. Responses of 1 dopamine neuron to the visual trigger stimulus. L@ and mid&: performance of the go/no-go 
task; trials were separated off-line according to go and no-go situations (w/arm movement and w/o arm movement, 
respectively). Right: no-task session, with the use of the visual component of medial door opening in the absence of any 
behavioral task. Top to bottom in each of the 3 parts: superposed horizontal electrooculograms, perievent time histogram of 
neuronal impulses, dot display of neuronal impulses, and dot display of EMG activity in the biceps brachii muscle (BIC). 
Eye movements, neuronal impulses, and EMGs were recorded simultaneously in the same trials. Saccades toward the right 
are shown by upward deflections. Sequence of trials w/arm movements is rearranged according to reaction time, whereas 
otherwise the temporal sequence is preserved downward. Binwidth is 4 ms; small markers below histograms indicate 20 bins. 
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w/arm movement (go) 

imp/b in 

DOOR NOISE 
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DOOR OPENS 

w/o arm movement (nogo) no task 

DOOR OPENS DOOR OPENS 
IOOms 

FIG. 7. Responses of 2 dopamine neurons to the 2 auditory trigger stimulus components, respectively. Lcji and mi&/c: 
go/no-go task. Right: no-task sessions, with the use of the same door noise and I-kHz components of medial door opening, 
respectively. Superposed horizontal electrooculograms are shown above simultaneously recorded perievent time histograms 
and dot displays of neuronal impulses. Saccades toward the right are shown by upward deflections. Sequence of trials w/arm 
movements is rearranged according to reaction time, whereas otherwise the temporal sequence is preserved downward. 
Binwidth is 5 ms; small markers below histograms indicate 10 bins. 

Sound t$jliet task RESULTS 

One of the monkeys was also trained to release the resting key 
in response to the offset of a sound stimulus of 100 Hz rectangular 

A total of 272 DA neurons, the electrophysiological 

waveform, 3 s fixed duration, and 68 dB intensity. The animal 
characteristics of which are described in the accompanying 

subsequently reached into the food box placed at 27’ lateral to the 
report (Romo and Schultz 1990), were recorded during 

midline. The box was always kept open, but vision of its interior performance of the behavioral tasks. The frequencies of 
was prevented by the cover mounted in front of it. Whereas offset responses encountered in the different situations are given 
of the auditory stimulus served as trigger stimulus for the move- in Table 1. The majority of DA neurons were histologically 
ment reaction, sound onset represented an instruction signal pre- located in the catecholamine cell group A9 of pars com- 
paring for the upcoming movement reaction. pacta of substantia nigra (237 neurons), whereas 30 and 5 

TABLE 4. Latcwcios und dwutions cfcontrukv-al responsvs to the 3 diffkwt components of the door opening triggo- stimt&s . . 

Onset Latency, ms Peak Latency, ms Duration, ms 

Median Range Median Range Median Range n 

Visual go 70 30-110 110 75-155 90 
Visual no-go 70 45-105 110 75-180 85 
Door noise go 55 25-95 95 70-150 90 
Door noise no-go 55 25-120 95 75-150 80 
I-kHz sound go 75 40-105 135 90-175 115 
I-kHz sound no-go 70 50-105 130 80-155 115 

Only data from responses consisting of statistically significant increases are included. n, number of responding neurons. 

55-170 57 
50-150 35 
50-150 62 
55-125 32 
70- 190 29 
75-160 18 
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neurons adhered to neighboring groups A8 and AIO, re- Latencies of 70-120 ms are seen with “express saccades,” which, 

spectively. An example of the positions of DA neurons different from presently reported saccades, occur with a bimodal 

tested with the visual trigger stimulus is given in Fig. 2. distribution when a target light appears shortly after offset of an 
ocular fixation spot (Fischer and Both 1983). Similarly short la- 

Door opening in the food box task tencies may occur with skeletal responses in particular situations. 
Limb EMG activity began as early as 50-90 ms after combined 
somatosensory and visual target displacement in cats (Ghez and 
Vicario 1978) and 100 and 125 ms after auditory and visual stim- 
uli, respectively, in monkeys reinforced for rapid responding 
(Luschei et al. 1967). 

BEHAVIORAL PARAMETERS. The behavioral response to 
door opening in the go situation comprised a horizontal 
saccadic eye movement directed toward the box, followed 
by activation of arm muscles and an arm movement. Only 
a saccadic eye movement occurred in no-go trials (Figs. 3, 
6, and 7). Because of the absence of a visual fixation spot, 
saccades began from varying positions at the time of door 
opening. They occurred in 5 l-92% of trials with different 
stimulus components (Table 2). In the remaining trials, eye 
positions were already on the target at the time of door 
opening. Latencies of eye and arm movement onsets are 
shown in Table 2. Both movements differed insignificantly 
between the two sides of task performance (P > 0.05; Wil- 
coxon test). Onsets of saccades occurred independently 
from those of arm movements in all situations, as demon- 
strated by correlation coefficients of -0.10-0.64 in both 
animals. With food boxes mounted at the level of the eyes, 
vertical components of target-directed saccades were of less 
appreciable extent. 

The short saccadic latencies, found in all monkeys performing 

In agreement with results from previous experiments 
(Schultz 1986a, 1989c), prime mover muscles of the arm 
were the extensor digitorum communis and biceps. Their 
activity began at median latencies of 236-278 ms and 
162- 180 ms after door opening in animals A and B, respec- 
tively, this being 104- 14 1 ms and 14 I- 155 ms before key 
release. Onset of arm movement correlated well with EMG 
onset, as shown by correlation coefficients of 0.93-0.94 and 
0.72-0.78 in the two animals, respectively. Equally early 
but less consistent activity was seen in the anterior and 
lateral deltoid, the upper and lower trapezius, and in tho- 
racic paraspinal muscles. Later during the movement, the 
triceps, latissimus dorsi, and cervical paraspinal muscles 
became active. Task-related activity was absent downward 
of lumbar muscles. Only cervical and thoracic paraspinal 
muscles were activated bilaterally during movements. 

the food box task (Schultz et al. 1989a,b), were probably due to 
intersensory facilitation (Raab 1962) provided by the combined 

CONTRA- AND IPSILATERAL COMPOSITE TRIGGER STIMU- 

auditory and visual trigger signal, the rapidly moving visual stim- 
LUS. A total of 123 of 165 DA neurons (75%) responded 

ulus component, the spatial constancy of the stimulus, and the with a statistically significant, phasic activation of %90-ms 

prolonged training. When we used a purely visual, stationary duration to opening of the contralateral food box (Fig. 4; 
trigger stimulus in a similar task, saccadic latencies were increased Tables 1 and 3). Responses occurred at median onset and 
to 160- 180 ms (Ljungberg, Apicella, and Schultz, unpublished peak latencies of 50 and 90 ms, respectively, and amounted 
observations). In contrast, saccades in response to purely auditory to a 2- to >30-fold increase of instantaneous impulse fre- 
stimuli have latencies of 115 140 ms (Whittington et al. I98 1). quency (Table 3). Responses were time-locked to the stim- 
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FIG. 8. Magnitudes of neuronal responses to the 3 sensory components of the door opening trigger stimulus. Values are 
given as increases in percent above base-line activity recorded before door opening. “w/arm movement” and “w/o arm 
movement” refer to trials grouped off-line within sessions according to go and no-go situations, respectively. The following 
median increases were obtained: w/arm movement: visual 4 1 O%, door noise 450%, 1 -kHz sound 320%: w/o arm movement: 
visual 3 lo%, door noise 260%, I-kHz sound 2 10%. N = number of responding neurons. 
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ulus and not to the following arm movement or onset of 
EMG activity (Fig. 4). Eight DA neurons (5%) were de- 
pressed by door opening. Modest yet statistically significant 
activations lasting during the total duration of arm move- 
ment were seen in 25 DA neurons (15%), with median 
increases of activity amounting to 110% (range 78-245%). 

w/arm movement (go) 

Sixteen of these neurons also responded to door opening. 
These results agree with data reported earlier (Schultz 
1986b). 

Of 45 DA neurons tested during ipsilateral task perfor- 
mance, 39 (87%) were significantly activated by door 
opening, whereas 2 (4%) were depressed in their activity 

w/o arm movement (nogo) 

A 

imp/bin 

release 
DOOR OPENS 

H-EOG 

V-EOG 

t 
DOOR OPENS 

FIG. 9. Independence of door opening response from individual saccadic eye movements. Data were collected from 1 
dopamine neuron during performance of the go/no-go task with the use of the door noise trigger stimulus. Data were 
separated off-line into go and no-go trials (w/ and w/o arm movement, respectively) and according to the presence or 
absence of target-directed saccades (A and B, respectively). Horizontal and vertical electrooculograms (H-EOG, V-EOG) are 
shown above perievent time histograms and dot displays of neuronal impulses recorded in the same trials. Sequence of trials 
w/arm movements is rearranged according to reaction time, whereas otherwise the temporal sequence is preserved down- 
ward. Varying numbers of trials should be taken into account when comparing response magnitudes between different 
histograms. Binwidth is 4 ms; small markers below histograms indicate 20 bins. 
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t 
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t 
SACCAOE ONSET 

SACCADE ONSET 

OOOR 
FIG. 10. Lack of neuronal relationships to saccadic eye movements in the absence of any behavioral task (no-task 

session). A: neuronal activity in trials selected for the presence of horizontal saccadic eye movements toward the right side 
within 300 ms after door opening. B: same data as in A, but referenced to saccade onset. c’: neuronal activity in trials with 
horizontal saccades of similar amplitudes and same direction as in response to door opening in the go/no-go task. Only 
saccades occurring >300 ms after door opening are plotted. II: neuronal activity in trials lacking horizontal saccades within 
300 ms after door opening. All data were recorded from a dopamine neuron during one no-task session, the trials being 
separated off-line into parts A-III. Responses of the same neuron to trigger stimuli in a separate session are shown in Fig. 9. 
Horizontal electrooculograms are shown above all perievent time histograms and dot displays of neuronal impulses 
recorded in the same trials. Temporal sequence of trials is preserved downward. Binwidth is 4 ms; small markers below 
histograms indicate 20 bins. 

(Fig. 4; Tables 1 and 3). Of 34 DA neurons tested on both 
sides in separate sessions, 32 were bilaterally activated and 
2 bilaterally depressed. Ipsilateral responses were insignifi- 

cantly different from those on the contralateral side in 
terms of onset latency, peak latency, duration, and magni- 
tude (Table 3) (P > 0.05). Five DA neurons were activated 

W/O arm movement (nogo) w/arm movement (go1 

imp/b m 

BIG BIC EMG 
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NOGO INSTRUCTION LIGHT DOOR OPENS 

300ms key release 

GO INSTRUCTION LIGHT OOOR OfENS 

FIG. 1 1. Responses of a dopamine neuron to instruction lights in the go/no-go task. Trials from 1 session were separated 
off-line according to go and no-go situations (w/arm movement and w/o arm movement, respectively). Dot displays of 
biceps EMG activity are shown below perievent time histograms and dot displays of neuronal impulses recorded in the same 
trials. Temporal sequence of trials is preserved downward. Binwidth is 15 ms; small markers below histograms indicate 10 
bins. 
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instruc 

FIG. 12. Comparison of neuronal responses to instruction lights and door opening trigger stimulus in 1 dopamine 
neuron. Data were collected in the same session of the go/no-go task. Only trials with arm movements (go situation) were 
used for the right part. Binwidth is 4 ms; small markers below histograms indicate 20 bins. 

during the arm movement on the ipsilateral side (1 l%), all 
of which also showed increases during contralateral move- 
ments. These data show symmetric responses of DA 
neurons to door opening on both sides. 

INDIVIDUAL VISUAL AND AUDITORY STIMULUS COMPO- 
NENTS. When the visual, door noise, or I-kHz compo- 
nents of door opening were used separately, latencies of 
arm and eye movements were significantly prolonged, as 
compared with the composite stimulus (P < 0.01, except 
arm movements with the door noise component, P > 0.05) 
(Table 2). Between 79 and 94% of DA neurons were acti- 
vated by the separate sensory components of door opening 
in the go situation (Table 1; Fig. 5). With the exception of 
one neuron failing to respond to the I-kHz sound compo- 
nent, all neurons responding to the composite trigger stim- 
ulus were also activated by the individual components 
tested in separate sessions (24, 18, and 19 neurons, respec- 
tively). Compared with the composite stimulus, response 
magnitudes were significantly decreased by 37, 22, and 
48% when the visual, door noise, or 1-kHz sound compo- 
nents, respectively, were used in the go situation, whereas 
response latencies were increased for the visual (30% and 
28% for onset and peak, respectively) and I-kHz compo- 
nents (50% for onset and peak) (P < 0.01). Only insignifi- 
cant increases by O-22% were found in response duration 
(P > 0.05). These data show a slightly reduced responsive- 
ness of DA neurons to separate sensory components in 
parallel with a slowed initiation of arm and eye move- 
ments, as compared with the composite trigger stimulus. 

BEHAVIORAL CONTINGENCIES OF RESPONSES. In go trials 
of the go/no-go task, animals reacted with an eye and arm 
movement to opening of the lateral food box. In no-go 

trials, which randomly alternated with go trials in each 
session, animals reacted with an eye movement to opening 
of the medial box but refrained from moving the arm and 
received no reward. Saccades were directed to the lateral 
and medial food box in visual go and no-go situations, 
respectively, and were aimed at the box that was visible 
when using an auditory component. Only insignificant dif- 
ferences in saccadic latency were seen between go and 
no-go trials (P > 0.05) (Table 2; Fig. 3). Target-directed eye 
movements were absent when a food box opened outside 
of behavioral tasks in separate sessions (see Figs. 6 and 7). 

Dopamine neurons were activated by door opening 
when animals reached to the food box (go situation) and 
when they refrained from moving the arm (no-go situa- 
tion). However, the same door opening stimulus was 
largely ineffective outside the task (Table 1). Examples 
from tests with the three sensory components are shown in 
Figs. 6 and 7. The superposed oculograms demonstrate the 
presence of saccadic eye movements directed toward the 
food boxes in go and no-go situations, whereas comparable 
saccades were absent outside the task. Only six neurons 
responded in no-task sessions, all of which were recorded 
while animals performed regular target-directed saccades 
toward the food box, indicating erroneous behavioral reac- 
tions. 

The activation in response to door opening was in sev- 
eral instances followed by a statistically significant pause of 
discharges lasting 50-200 ms. This occurred rarely in the 
go situation (7, 11, and 17% of activated neurons when 
using the visual, door noise, and I-kHz components, re- 
spectively), whereas it was often observed in the no-go situ- 
ation (46, 59, and 33% for the 3 components, respectively) 
(Figs. 6 and 7, middle). 

TABLE 5. Lut~wcks, durutions, und magnitudes of’wsponsrs to instruction lights 

Onset Latency, ms Peak Latency, ms Duration, ms Magnitude, 5% 

Median Range Median Range Median Range Median Range n 

Go instruction 85 70-130 130 110-180 115 75-200 267 125-609 14 
No-go instruction 95 65-220 140 loo-380 85 50-290 221 108-800 15 

Magnitudes are indicated as increases in percentage above activity immediately preceding the instruction light. Only data from responses consisting of 
statistically significant increases are included. n, number of responding neurons. 
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Response parameters were compared between go and 
no-go situations in neurons tested with the same sensory 
components. When the visual, door noise, and I-kHz trig- 
ger stimuli were used separately, 33 of 36, 20 of 23, and 14 
of 15 neurons responding in the go situation, respectively, 
were also activated when the no-go door opened and the 
animal refrained from moving the arm. Onset latencies, 
peak latencies, and durations of neuronal responses 
showed insignificant differences between go and no-go situ- 
ations (P > 0.05). However, response magnitudes in no-go 
situations were significantly decreased by 34, 47, and 43% 
with the visual, door noise, and I-kHz sound components, 
respectively, as compared with go situations with the same 
stimulus components (P < 0.0 1). Response latencies, dura- 
tions, and magnitudes from all neurons tested with any of 
the three components in go or no-go situations are shown 
in Table 4 and Fig. 8. 

plitude and direction as in go/no-go trials occurred within 
300 ms after door opening (Fig. 10, A and B) or at a later 
period (Fig. IOC). 

These data show that DA neurons responded to trigger 
stimuli that elicited immediate behavioral reactions. How- 
ever, responses were not specific for individual arm or eye 
movements. Responses were absent when the same stimuli 
were presented outside of behavioral tasks. 

Instruction task 

In this task, an instruction light illuminated 2-3 s before 
door opening became the exclusive indicator of the behav- 
ioral situation when the door noise trigger stimulus was 
used in both go and no-go trials. Thus the light served to 
prepare the animal for the upcoming reaction to door 
opening. 

Whereas DA neurons responded to stimuli capable of NEURONAL RESPONSES TO INSTRUCTION LIGHTS. Of 61 
eliciting saccadic eye movements, their activity was not DA neurons, 32 (52%) showed phasic activations or de- 
related to individual saccades. Neurons responded to door pressions of impulse activity after instruction-light onset. 
opening in the presence of target-directed saccades (Fig. Activations were seen in 20 neurons (33%), which occurred 
914) as well as in their absence when eye positions were on with go instructions only (n = 5) no-go instructions only 
the target already at the time of door opening (Fig. 9B), (n = 6) or both go and no-go instructions (n = 9). Typical 
both in go and no-go situations. Thus, in individual no-go phasic responses to both instruction lights are shown in Fig. 
trials, DA neurons even responded to door opening when 11. Responses to instruction lights resembled those to door 
animals performed neither an arm nor an eye movement opening in terms of latency, duration, and magnitude (Fig. 
(Fig. 98, w/o arm movement). The lack of relationship to 12; Table 5). Depressions in response to instruction lights 
individual saccades was observed in all DA neurons re- were observed in 19 neurons (3 1%). These occurred only in 
sponding to the contra- or ipsilateral composite door the no-go situation. Of these 19 neurons, 6 were activated 
opening stimulus or to each of the three sensory compo- by the no-go instruction before the depression (Fig. 1 l), 
nents. whereas 1 neuron was activated by the go instruction. 

The relationship to oculomotor behavior was further an- 
alyzed in no-task sessions. Neurons responding in the 
go/no-go task lacked responses even in those trials of no- 
task sessions in which spontaneous saccades of similar am- 

Responses to instruction lights were unequally distrib- 
uted over the time of experimentation. Whereas responses 
were absent in all 8 neurons tested in monkey A, activations 
in monkey B were observed predominantly when instruc- 

FIG. 13. Moderate tonic activation of 
a dopaminc neuron during illumination 
of the no-go instruction light. Used in the 
go/no-go task with the door noise trigger 
stimulus, this signal prepared the animal imps/b in 
to refrain from moving after door opcn- 
ing. Activation constituted an increase of 
55% over background activity measured 
before light onset. It began -250 ms after 
light onset after an insignificant dcpres- 
sion (1’ > 0.05). Sequcncc of trials is rear- 
ranged according to the interval between 
light onset and door opening. Binwidth is 
30 ms; small markers below histogram in- 
dicate 20 bins. 

nogo instruction light door opens 
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tion lights were employed infrequently but occurred less erate yet statistically significant increases in activity and 
readily with regular testing. Thus 10 of 13 neurons (77%) were limited to the no-go situation. In one of the neurons, 
responded with activations when instruction lights were activity increased by 55% and lasted for >2 s beyond the 
used in fewer than three sessions per day, with the total of trigger stimulus while the animal remained motionless 
13 sessions being studied over a period of 8 wk. When (Fig. 13). The other neuron responded with a 56% increase 
instruction lights were employed in three to eight sessions of activity lasting - 1.3 s after light onset. 
per day during the following 2 wk, only 10 of 40 neurons INFLUENCE OF INSTRUCTION LIGHTS ON RESPONSES TO 
(25%) were activated. In contrast, all but one of the depres- DOOR OPENING . Of the 6 1 DA neurons tested in the in- 
sions after no-go instructions were seen during this last struction-dependent go/no-go task, 50 (82%) were acti- 
period (18 of 40 neurons = 45%). vated by opening of the go box, whereas only 23 (38%) 

Tonic responses to instruction lights were found in only responded to opening of the no-go box. Thus a lower per- 
2 of the 6 1 DA neurons. Both responses consisted of mod- centage of neurons responded to door opening in the no-go 

A w/o light 

imp/bin 

.  I  

w/arm * 1 * 

movement 
(go) * I ’ . I 

w/o arm 
movement 

(nogo) 

DOOR IPENS 

B w/l lght 

30’ 

* . . 

IPENS 

FIG. 14. Influence of preparatory instruction lights on responses to door opening in 1 dopamine neuron. A: responses to 
door opening in go and no-go situations without instruction lights. B: when instruction lights were used while testing the 
same neuron in a separate session, responses to door opening decreased by 12% in the go situation (top) while disappearing 
completely in no-go trials (hotrom). In parallel, the eyes showed a higher tendency for fixating the food box at the time of 
door opening in go trials, whereas target-directed saccades were largely absent in no-go trials. Horizontal electrooculograms 
are shown above perievent time histograms and dot displays of neuronal impulses recorded in the same trials. Data were 
separated off-line into go and no-go trials (w/ and w/o arm movement, respectively). Door noise trigger stimulus was used in 
A and B. Binwidth is 4 ms; small markers below histograms indicate 20 bins. 
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A C 

‘6oomj t SOUND , ‘key release 

ONSET OFFSET 
(trigger) 

SOUNO 
OFFSET 

(trigger t 
OPENS 
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FIG. 15. ,4 and B: activity of 1 dopamine neuron during the sound offset task. There is neither a change in activity after 
sound onset nor a phasic response to sound offset used for triggering the arm movement. Data in A and B are shown from 
the same trials by using different time bases, respectively. C‘: response of the same neuron to the composite trigger stimulus 
of the food box task tested in a separate session. In B and C’, horizontal electrooculograms are shown above perievent time 
histograms and dot displays of neuronal impulses recorded in the same trials. Sequence of trials in A and B is rearranged 
according to reaction time, whereas in <‘the temporal sequence is preserved downward. Binwidth is 30 ms in A and 4 ms in 
B and C’. Small markers below histograms indicate 20 bins. 

situation when instruction lights were used as compared 
with the direct-reaction go/no-go task. This was further 
tested in neurons studied in both tasks. 

In the absence of instruction lights, typical responses to 
door opening were seen in both go and no-go situations 
together with target-directed saccades (Fig. 14A). When the 
instruction light preceded door opening by -2.5 s, the 
same neuron showed a slight reduction in neuronal re- 
sponses in go trials, whereas the eyes showed an increased 
tendency for fixating the box at the time of opening (Fig. 
14B, top). Altogether, 3 of 14 DA neurons completely lost 
their responses to door opening in go trials when instruc- 
tion lights were used, whereas responses in all remaining 
neurons were reduced by 7-7 1% (median 42%). In no-go 
trials, 9 of 14 neurons entirely lost their responses to door 
opening when using instruction lights, and target-directed 
saccades were largely absent (Fig. 14B, hottom). No-go 
door opening responses in all remaining five neurons were 
reduced by 49-75% (median 58%) whereas target-directed 
saccades occurred occasionally during these recordings. 
This suggests that the animal often neglected door opening 
as trigger stimulus after the instruction light had indicated 
a no-go situation. The data shown in Fig. 14 illustrate how 
a stimulus became ineffective for activating DA neurons 
after losing its capacity for triggering a behavioral reaction. 

Reductions of door opening responses in sessions em- 
ploying instruction lights were independent of responses to 
these lights. Of the three neurons losing their responses in 
the go situation, two were activated by instruction lights. In 
the no-go situation, three of the nine neurons losing re- 
sponses to door opening responded to instructions. 

In thistask, tested with 16 DA neurons in monkep4, the 
animal reached into the covered lateral box for food reward 
on termination of a distant sound stimulus of 3-s duration. 
Thus, instead of being triggered by onset of door opening, 

arm movements occurred in response to offset of the sound 
stimulus. 

Behavioral reactions to this trigger signal were slower 
and more variable in latency as compared with door open- 
ing. Medians of arm reaction and movement times in 16 
sessions were 699 and 3 18 ms, respectively (430 move- 
ments; range of session medians 408-1,644 ms and 
190-452 ms, respectively). Activity in the biceps began at a 
median latency of 450 ms after sound offset (range 
248- 1,400 ms), this being 165 ms before key release (range 
1 17-250 ms). Onset of arm movement was linearly related 
to onset of biceps EMG (r = 0.76 for pooled data; range of 
session Yss 0.69-0.99). Saccadic eye movements were regu- 
larly directed toward the food box after sound offset (me- 
dian latency 244 ms, 198 saccades; range 164-432 ms). 
Onset of individual saccades was unrelated to EMG or arm 
movement onset (Y)s of 0.4 1 and 0.58, respectively). 

None of the 16 DA neurons studied in this task showed 
any response to sound offset as trigger signal, nor to the 
preceding onset of sound (Fig. 15, A and B). All 16 neurons 
were tested in separate sessions with the composite door 
opening stimulus. Of these, 14 responded with an increase 
of activity (Fig. 15C) and 1 with a decrease. Eight of the 16 
neurons were also tested with the auditory door noise trig- 
ger stimulus, and 7 of them responded with an activation. 
These results suggest that the offset of a sound stimulus 
serving as trigger signal for target-directed arm and eye 
movements is ineffective for altering the discharge activity 
of DA neurons responding to door opening. 

DISCUSSION 

The present results demonstrate that a high percentage of 
midbrain DA neurons of substantia nigra and adjoining 
areas A8 and A 10 in primates respond with a short burst of 
impulses to visual and auditory stimuli associated with im- 
mediate behavioral reactions. The data corroborate earlier 
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results (Schultz 1986b) and provide details on the nature of 
effective stimuli and the contingencies of neuronal re- 
sponses to the behavioral meaning of the stimuli. 

Responses to auditory and visual trigger stimuli occurred 
during performance of the go/no-go task while animals 
were prepared to react to them. Identical stimuli were inef- 
fective when presented in behavioral contexts in which an- 
imals would not react, like the no-task situation or when a 
preceding light instructed the animal not to react in the 
unrewarded no-go situation. This shows that responses de- 
pended on the behavioral situation and were not of purely 
sensory character. 

Responses to trigger stimuli occurred during contralat- 
era1 as well as during ipsilateral task performance. Thus 
responses were not specific for the forelimb being used. 
Because the arm movement on both sides was mostly pre- 
ceded by a target-directed saccade of the eyes, responses 
were equally not specific for the direction of the elicited eye 
movement. Thus the responses did not appear to be related 
to the parameters of an impending movement. 

Neurons responded to trigger stimuli in both go and 
no-go situations. Thus responses were equally present in 
the absence of arm movements. Responses did not depend 
on saccadic reactions to trigger stimuli either, because they 
also occurred when saccadic eye movements were occa- 
sionally absent. This argues against a specific role of neuro- 
nal responses in the initiation of individual movements. 

Although responses were neither of purely sensory char- 
acter nor specifically related to the initiation of limb and 
eye movements, they should be involved in a more general 
mechanism subserving behavioral responses. DA neurons 
were activated in response to door opening in go trials that 
elicited arm and eye movements leading to the immediate 
acquisition of an object of high interest for the animal, a 
morsel of food. By signaling the availability of food and 
triggering rapid movement reactions, this stimulus had an 
appetitive character together with an arousing effect on the 
behavior of the animal, which may be termed “motiva- 
tional arousal” (Bindra 1974; Wise 1982). Neurons equally 
responded in no-go trials, which alternated randomly with 
go trials. In this situation, animals refrained from the arm 
movement but usually performed a saccade toward the box 
that was visible, obviously for exploring the potential for 
acquiring a food morsel. Response generalization may 
have been an additional factor contributing to the response 
in no-go trials. Thus neuronal responses to opening of go 
and no-go boxes may be both related to motivational 
arousal provided by door opening. In contrast, opening of 
the no-go box after preparation by a preceding instruction 
light did not lead to eye movements and was probably 
neglected by the animal, and neurons lacked responses to 
this stimulus. Further arguments for a relationship of re- 
sponses to arousal are provided by the uniformly short 
latencies and the similarities of latency, duration, and 
magnitude between the visual, auditory and somatosen- 
sory modalities (Romo and Schultz 1990). 

Preparatory instruction stimuli were effective in activat- 
ing DA neurons during a transitory period. Conceivably, 
the higher behavioral impact of infrequent or even novel 
stimuli rendered them more effective. Novel. unknown. or 

infrequent stimuli may arouse the animal through a poten- 
tially appetitive value. Interestingly, responses to instruc- 
tions resemble responses to trigger stimuli and touch of 
food in terms of latency, duration, and magnitude. Re- 
sponses of DA neurons to visual and auditory stimuli of 
high intensities outside of specific behavioral contexts have 
been found previously in cats. The responses faded away as 
soon as animals were being distracted (Strecker and Jacobs 
1985). Dopamine neurons thus may respond to novel stim- 
uli until their behavioral significance is better established 
through experience. 

In the well-trained animal, instruction stimuli became 
largely ineffective for discharging DA neurons, in spite of 
their behavioral significance. Conceivably, they arouse the 
animal less than trigger stimuli by not signaling the imme- 
diate availability of an object of interest and by not calling 
for an immediate behavioral reaction. After the instruc- 
tion, the animal still had to wait for an upcoming trigger 
stimulus to reach his target of interest. It remains to be 
established whether these properties explain the lack of 
response to instructions with increased testing. 

The sound offset trigger signal was entirely ineffective in 
activating DA neurons, although it regularly elicited arm 
and eye movements. Obviously, the property of a signal to 
trigger movements toward reward alone is not a sufficient 
condition for activating DA neurons. This may be a further 
argument for a relationship of responses to arousal, be- 
cause the offset of a stimulus, or the onset of silence after a 
sound of 3 s, would arouse an animal much less than the 
onset of an environmental trigger stimulus. 

Many of the stimuli effective for driving DA neurons in 
this and a previous study (Schultz 1986b) clearly had in- 
centive value for the behavior of the animal. According to 
current theories (Bindra 1968, 1974; Bolles 1972) and their 
application to dopaminergic functions (Fibiger and Phillips 
1986) door opening in our experiments would predict 
through previous conditioning the availability of an object 
of high interest and thus serve as incentive stimulus, elicit- 
ing a goal-directed arm movement. However, relating the 
observed responses specifically to incentive stimulus prop- 
erties may unduly narrow the behavioral role of DA 
neurons. For example, the presently suggested relationship 
to novel stimuli-as in the case of infrequently used in- 
structions-the possible relationship to uncertainty with 
the touch of food during self-initiated movements (Romo 
and Schultz 1990) and the particular responsiveness to 
stimuli eliciting direct reactions-as opposed to prepara- 
tory instructions- would not be explained by a relation- 
ship to incentive stimulus properties alone. Conversely, the 
sound offset trigger signal, to which DA neurons did not 
respond, is probably an incentive stimulus for the animal. 
Future experimentation should reveal whether more gen- 
eral notions like motivational arousal would better explain 
the responses of DA neurons to environmental stimuli 
than purely incentive stimulus properties. 

Comparison with behaviorally contingent responses 
in other structures 

Neuronal responses dependent on the behavioral situa- 
tion are also found in other structures of the brain. often in 
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relation to the initiation of movements. Similar to the pre- 
sently observed responses of DA neurons, cells in the retic- 
ular formation of the monkey brain stem are activated by 
trigger stimuli independent of a following arm movement 
but are uninfluenced by the same stimuli outside a behav- 
ioral task (Ray et al. 1982). 

A well-studied example of task-specific responses to vi- 
sual stimuli is the enhancement effect observed in several 
cortical and subcortical structures. The responses of 
neurons in the parietal association cortex are increased 
when the animal directs its attention toward the stimulus 
without making an eye or arm movement (Bushnell et al. 
198 1; Mountcastle et al. 198 1). The responses of other 
neurons are enhanced when the animal makes a saccadic 
eye movement toward the stimulus eliciting a response. 
These are found in the parietal association cortex (Bushnell 
et al. 198 1; Robinson et al. 1978) the prelunate visual 
association cortex (Fischer and Both 198 1 ), the prefrontal 
cortex (Both and Goldberg 1989) the frontal eye fields 
(Goldberg and Bushnell 198 1; Wurtz and Mohler 1976) 
the caudate nucleus (Hikosaka et al. 1989) the pars reticu- 
lata of substantia nigra (Hikosaka and Wurtz 1983a), and 
the superior colliculus (Goldberg and Wurtz 1972). Visual 
responses in the parietal association cortex were equally 
enhanced when the stimulus served as target for a hand- 
reaching movement (Bushnell et al. 198 1). In comparison 
with these results, DA neurons responded to behaviorally 
significant stimuli also in the absence of eye and arm move- 
ments in the no-go situation of the task, whereas their re- 
sponses were stronger when the animal made an arm 
movement toward the food box in the go situation. 

Neurons in other areas of the brain often show more 
pronounced differences in responding to stimuli that are 
used for triggering arm movements. In the supplementary 
motor area, many neurons only respond when a move- 
ment is elicited by the stimulus, while others are also acti- 
vated in no-go trials of a go/no-go task (Kurata and Tanji 
1985; Romo and Schultz 1987). In the motor cortex, re- 
sponses to trigger stimuli are conditional on a following 
movement (Kurata and Tanji 1985; Martin and Ghez 
1985). Movement-dependent and -independent responses 
to trigger stimuli are found in both parts of the striatum 
(Aldridge et al. 1980; Amalric et al. 1984; Rolls et al. 1983; 
Schultz and Romo 1988). Thus the responses of DA cells to 
trigger stimuli in both go and no-go situations differ from 
those of many neurons situated closer to motor output, 
particularly in the motor cortex. 

Although DA neurons respond to behaviorally signifi- 
cant stimuli, they do not appear to transmit specific infor- 
mation about physical stimulus characteristics such as sen- 
sory modality or precise spatial position. The presence of 
responses in individual trials lacking arm or eye move- 
ments suggests that DA neurons themselves do not trigger 
the behavioral reaction. Rather, impulses of DA neurons 
would inform postsynaptic structures about the presence of 
a stimulus associated with the availability of an object of 
high interest. Dopamine neurons would equally not be in- 
volved in specifying the details of the emergent behavioral 
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response, because they respond to stimuli eliciting a variety 
of behavioral acts and their movement-related changes are 
slow and of small magnitude. The analysis of stimulus pa- 
rameters and the initiation and execution of appropriate 
behavioral responses need to be elaborated by other 
neurons. These neurons would be under the influence of 
DA, because thresholds for reactions to external stimuli are 
increased in subjects with striatal DA depletions (Carli et 
al. 1984; Ljungberg and Ungerstedt 1976; Marshall et al. 
197 1). 

Because the observed bursts of impulses are suitable for 
releasing DA in the striatum (Gonon and Buda 1985) do- 
paminergic neurotransmission would be increased by an 
effective stimulus. This would allow postsynaptic neurons 
to process information related to appropriate behavioral 
responses. Besides stimulus-induced phasic changes in 
striatal DA transmission, a more tonic release of DA would 
allow the occurrence of neuronal processes related to other 
acts of behavior, such as the internal initiation of move- 
ments, or their execution. These acts are highly dependent 
on an intact striatal DA innervation but are not paralleled 
by major changes in impulse rate (Romo and Schultz 
1990). 

As far as stimuli predict the availability of reward, they 
induce a state of anticipation or expectancy during which 
goal-directed behavioral reactions are elicited and executed 
(Bindra 1968, 1974; Bolles 1972; Fibiger and Phillips 
1986). In responding phasically to these stimuli, DA 
neurons may contribute to the setting of motivational 
states by providing an initial input to neuronal systems 
subserving reward-seeking or more general goal-directed 
functions. To be involved in these functions, neurons in- 
fluenced by DA cells should show a tonically elevated dis- 
charge rate during the total duration of this anticipatory 
state. Increased activity over several seconds is found in the 
striatum during the preparation of movements (Alexander 
1987; Schultz and Romo 1988) and in structures synapti- 
cally linked to DA and striatum neurons, such as the pars 
reticulata of substantia nigra (Hikosaka and Wurtz 1983b; 
Schultz 1986a), supplementary motor area (Romo and 
Schultz 1987; Tanji et al. 1980) prefrontal cortex (Fuster 
and Alexander 197 1; Kubota and Niki 197 1). and anterior 
cingulate gyrus (Niki and Watanabe 1976). It would be 
interesting to investigate whether similar continuous in- 
creases of activity occur when a stimulus signals the avail- 
ability of reward. 

The area of DA neurons in substantia nigra and the 
adjoining midbrain receives afferents from striatum, fron- 
tal cortex, raphe, hypothalamus, amygdala, and nucleus 
pedunculopontinus (Jackson and Crossman 1983; Kunzle 
1978; Phillipson 1978; Swanson 1976; Yoshida and Precht 
197 1). Neurons of the striatum exert a predominantly in- 
hibitory influence on substantia nigra (Yoshida and Precht 
197 1) and respond to trigger stimuli in a similar manner 
but often with longer latencies and smaller magnitudes 
than DA neurons (Rolls et al. 1983; Schultz and Romo 
1988). Neurons of the dorsal raphe respond to auditory and 
visual stimuli at similar latencies as DA neurons (Hevm et 
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al. 1982). Their functional influence on DA neurons is FUSTER, J. M. AND UYEDA, A. A. Reactivity of limbic neurons of the 

difficult to estimate because their relationship to behav- monkey to appetitive and aversive signals. ~l~~~~tr~~4nc~phcl~~r. Clin. 

ioral acts is unknown. Neurons of the lateral hypothalamus N~wophysiol. 30: 28 l-293, 197 1. 

specifically respond to food objects, or to stimuli associated 
GHEZ, C. AND VICARIO, D. The control of rapid limb movement in the 

with food or reward, at latencies comparable with door 
cat. 1. Response latency. IYxp. Bruin Rex 33: 173-I 89, 1978. 

GOL,DBERG, M. E. AND BIJSHNEL~L, M. C. Behavioral enhancement of 
opening responses of DA neurons (Mora et al. 1976; Na- visual responses in monkey cerebral cortex. Il. Modulation in frontal 

kamura and Ono 1986; Ono et al. 198 1; Rolls et al. 1976). eye fields specifically related to saccades. J. Nczrroph~vsiol. 46: 773-787, 

Neurons of the amygdala respond to auditory and visual 
1981. 

trigger stimuli (Fuster and Uyeda 197 1; O’Keefe and 
GOLDBERG, M. E. AND WURTZ, R. H. Activity of superior colliculus in 

behaving monkey. Il. Eflect of attention on neuronal responses. J. 
Nmrop(vsio/. 35:. 560-574, 1972. Bouma 1969) at slightly longer latencies than DA neurons 

(Sanghera et al. 1979). Responses of amygdala neurons 
unrelated to reward appear to be specific for the physical 
details of environmental stimuli (Jacobs and McGinty 
1972). Thus context-dependent responses in these poten- 
tial input structures do not closely resemble those of DA 
neurons. It may be speculated that either converging affer- 
ents from striatum, lateral hypothalamus and amygdala 
induce the response characteristics in DA neurons, or 
inputs from structures not considered so far may induce 
the specific responses of DA neurons. 

GONON, F. G. AND BUDA, M. J. Regulation of dopamine release by 
impulse flow and by autoreceptors as studied by in vivo voltammetry in 
the rat striatum. Nmro.scimcc 14: 765-774, 1985. 

HEYM, J., TRULSON, M. E., AND JACOBS, B. L. Raphe unit activity in 
freely moving cats: eflects of phasic auditory and visual stimuli. Bruin 
Res. 232: 29-39, 1982. 

HIKOSAKA, O., SAKAMO’TO, M., AND USUI, S. Functional properties of 
monkey caudate neurons. Il. Visual and auditory responses. J. Nero- 
physical. 6 1: 799-8 13, 1989. 

HIKOSAKA, 0. AND WURTZ, R. H. Visual and oculomotor functions of 
monkey substantia nigra pars reticulata. 1. Relation of visual and audi- 
tory responses to saccades. J. Nczmphysiol. 49: 1230- 1253, 1983a. 

HIKOSAKA, 0. AND WURTZ, R. H. Visual and oculomotor functions of 
monkey substantia nigra pars reticulata. Ill. Memory-contingent visual 

We thank Dr. E. Scarnati for participating in preliminary experiments; and saccade responses. J. Nmrophysiol. 49: 1268- 1284, 1983b. 
Drs. H. C. Fibiger, A. G. Phillips, and R. A. Wise for stimulating discus- JACKSON, A. AND CROSSMAN, A. R. Nucleus tegmenti pedunculopon- 
sions: and F. Tinguely for technical aid. This work was supported by the tinus: efferent connections with special reference to the basal ganglia, 
Swiss National Science Foundation (Grants 3.533-0.83 and 3.473-0.86). studied in the rat by anterograde and retrograde transport of horseradish 

Address for reprint requests: W. Schultz, lnstitut de Physiologic, Uni- peroxydase. Ncwrosckm 10: 725-765, 1983. 
vcrsite de Fribourg, CH- 1700 Fribourg, Switzerland. JACOBS, B. L. AND MCGINTY, D. J. Participation of the amygdala in 

complex stimulus recognition and behavioral inhibition: evidence from 
Received 20 July 1988; accepted in final form 2 November 1989. unit studies. Bruin Rm. 36: 43 l-436, 1972. 

KUBOTA, K. AND NIKI, H. Prefrontal cortical unit activity and delayed 
REFERENCES 

AI.I~RIIXZ, J. W., ANDERSON, R. J., AND MuRPt+Y, J. T. The role of the 
basal ganglia in controlling a movement initiated by a visually presented 
cue. Bruia Res. 192: 3- 16, 1980. 

AIXXANDER, G. 1. Selective neuronal discharge in monkey putamen re- 
flects intended direction of planned limb movements. Exp. Bruin Rcs. 
67: 623-634, 1987. 

AMAL~RI~, M., CONDO, H., DORMONT, J. F., FARIN, D., AND SCHMIED, A. 
Activity of caudate neurons in cat performing a reaction time task. 
Nmrosci. LtJtt. 49: 253-258, 1984. 

RINDRA, D. Neuropsychological interpretation of the effects of drive and 
incentive-motivation on general activity and instrumental behavior. 
I?v~~~~hol. Rw. 75: l-22, 1968. 

BINL~RA, D. A motivational view of learning, performance, and behavior 
modification. I?syc*hol. RPV. 8 1: 199-2 13, 1974. 

Bocbi, R. A. AND GOI,DBER~;, M. E. Participation of prefrontal neurons in 
the preparation of visually guided eye movements in the rhesus mon- 
key. ,J. Nczrro~,ll!:viol. 6 1: 1064- 1084, 1989. 

BOLLES, R. C. Reinforcement, expectancy and learning. I?sychol. RCV. 79: 
394-409, 1972. 

B~s~IN~:L~L~, M. C., GOLDBERG, M. E., AND ROBINSON, D. L. Behavioral 
enhancement of visual responses in monkey cerebral cortex. 1. Modula- 
tion in posterior parietal cortex related to selective visual attention. J. 
Nclrr-c,llll!‘.siol. 46: 755-772, 198 1. 

CARLI, M., EVENDEN, J. L., AND ROBBINS, T. W. Depletion of unilateral 
striatal dopamine impairs initiation of contralateral actions and not 
sensory attention. Nutzw Land. 3 13: 679-682, 1984. 

FIBI~XR, H. C. AND PHILLIPS, A. G. Reward, motivation, cognition: psy- 
chobiology of mesotelencephalic dopamine systems. In: Hundbook of‘ 
I%y.sioiogy. 7’1~~ Nmws Systcrn. Bethesda, MD: Am. Physiol. Sot., 
1986. vol. IV, p. 647-675. 

Fls(‘)(ER, B. ANT> BOCH, R. Enhanced activation of neurons in prelunate 
cortex before visually guided saccades of trained rhesus monkey. Exp. 
Bruits RCS. 44: I29- 137, 198 1. 

FISC~IER, B. AND BOCH, R. Saccadic eye movements after extremely short 
reaction times in the monkey. Bruin Rm. 260: 2 l-26, 1983. 

FLJS-T-ER, J. M. AND ALEXANDER, G. E. Neuron activity related to short- 
term memory. Scicww M ‘ush. IX’ 173: 652-654, 197 1. 

alternation performance in monkeys. J. Nmrophy.sio/. 34: 337-347, 
1971. 

K~JNZL,E, H. An autoradiographic analysis of the cfferent connections 
from premotor and adjacent prefrontal regions (areas 6 and 9) in Mu- 
~ul~u.fir.sc’ic’llluri,s. Bruin B&V. Evol. 15: 185-234, 1978. 

KURAI-A, K. AND TANJI, J. Contrasting neuronal activity in supplemen- 
tary and precentral motor cortex of monkeys. Il. Responses to move- 
ment triggering vs. nontriggering sensory signals. .J. Ncurophy.siol. 53: 
142-152, 1985. 

LJIJNGBERCJ, T. AND UNCJERSTEIX-, U. Sensory inattention produced by 
6-hydroxydopamine-induced degeneration of ascending dopamine 
neurons in the brain. ~~.YII. Nmrol. 53: 585-600, 1976. 

LIJSC‘HEI, E., SAZOW, C., AND GLICKSTEIN, M. Muscle potentials in 
reaction time. 1Yi-tl. Ncwol. 18: 429-442, 1967. 

MARSHALL, J. F., TCJRNER, B. H., AND TEITELBAUM, P. Sensory neglect 
produced by lateral hypothalamic damage. Scimcc W’mh. IX‘ 174: 
523-525, 1971. 

MARTIN, J. H. AND Gk~r:,z, C. Task-related coding of stimulus and re- 
sponse in cat motor cortex. Exp. Bruin Rev. 57: 427-442, 1985. 

MORA, F., ROLLS, E. T., AND BURTON, M. J. Modulation during learning 
of the responses of neurons in the lateral hypothalamus to the sight of 
food. I,;..]?. Nmrol. 53: 508-5 19, 1976. 

MOUNT~ASTLE, V. B., ANDERSON, R. A., AND MUTTER, B. C. The influ- 
ence of selective attentive fixation upon the excitability of the light-sen- 
sitive neurons of the posterior parietal cortex. J. Nmrosci. I: 
1218-1235, 1981. 

NAKAMIJRA, K. AND ONO, T. Lateral hypothalamus neuron involvement 
in integration of natural and artificial rewards and cue signals. J. Nuzr- 
rophysiol. 55: 163- 18 1, 1986. 

NIKI, H. AND WATANABE, M. Cingulate unit activity and delayed re- 
sponse. Bruin RCS. 1 10: 38 I-386, 1976. 

O’KEEFE, J. AND BOUMA, H. Complex sensory properties of certain 
amygdala units in the freely moving cat. k-vtl. Ncwrol. 23: 384-398, 
1969. 

ONO, T., NISHINO, H., SASAKI, K., FIJKUDA, M., AND MURAMOTO, K. 1. 
Monkey lateral hypothalamic neuron response to sight of food, and 
during bar press and ingestion. Nmrosci. Lctt. 2 1: 99- 104, 198 1. 

PHILLIPSON, 0. T. Afferent projections to Al0 dopamine neurons in the 



624 W. SCHULTZ AND R. ROM0 

rat shown by the retrograde transport of horseradish peroxydase. NCJW 
rosci. Ixtt. 9: 353-359, 1978. 

RAAB, D. H. Statistical facilitation of simple reaction times. Truns. NY 
Acud. Sci. 24: 574-590, 1962. 

RAY, C. L., MIRSKY, A. F., AND PRA(;AY, E. B. Functional analysis of 
attention-related unit activity in the reticular formation of the monkey. 
Exp. Newo~. 77: 544-562, 1982. 

ROBINSON, D.L., GOLDBERG, M.E., ANDSTANTON, G.B.Parietalassoci- 
ation cortex in the primate: sensory mechanisms and behavioral modu- 
lations. J. Newophysiol. 4 1: 9 1 O-932, 1978. 

ROLLS, E. T., BURTON, M. J., AND MORA, F. Hypothalamic neuronal 
responses associated with the sight of food. Bruin Rev. 1 1 1: 53-66, 1976. 

ROLLS, E. T., THORPE, S. J., AND MADDISON, S. P. Responses ofstriatal 
neurons in the behaving monkey. 1. Head of the caudate nucleus. 
B~hw. Bruin Rcs. 7: 179-2 10, 1983. 

ROMO, R. AND SCHULTZ, W. Neuronal activity preceding self-initiated or 
externally timed arm movements in area 6 of monkey cortex. ,!+-p. 
Bruin Rer. 67: 656-662, 1987. 

ROMO, R. AND SCH~JLTZ, W. Dopamine neurons of the monkey mid- 
brain: contingencies of responses to active touch during self-initiated 
arm movements. J. NClIror~II?:siol. 63: 592-605, 1990. 

SANCJHERA, M. K., ROLLS, E.T., AND ROPER-HALL, A. Visual responses 
of neurons in the dorsolateral amygdala of the alert monkey. E-\-p. 
Nrwroi. 63: 6 1 O-626, 1979. 

SCHULTZ, W. Activity of pars reticulata neurons of monkey substantia 
nigra in relation to motor, sensory and complex events. J. Nclrr~~r~k?~.sio/. 
55: 660-677, 1986a. 

SCHULTZ, W. Responses of midbrain dopamine neurons to behavioral 
trigger stimuli in the monkey. J. N~Jlrr(~~~~l!).riol. 56: 1439- 1462, 1986b. 

SCHULTZ, W. AND ROMO, R. Dopamine neurons of monkey midbrain 
discharge in response to sensory stimuli implicated in behavioral reac- 
tions. SK Nmrcwi. ,4hstr. 12: 207, 1986. 

SCH~JLTZ, W. AND ROMO, R. Neuronal activity in the monkey striatum 
during the initiation of movements. 1::il1. Bruin Rcs. 7 1: 43 l-436, 1988. 

SCHULTZ, W., ROMO, R., SCARNATI, E., SUNDSTR~M, E., JONSSON,G., 
STUDER, A. Saccadic reaction times, eye-arm coordination and sponta- 
neous eye movements in normal and MPTP-treated monkeys. Exp. 
Bruin Rcs. 78: 253-267, 1989a. 

SCHULTZ, W., SCARNATI, E., SUNDSTRUM, E., AND ROMO, R.Protection 
against MPTP-induced Parkinsonism by the catecholamine uptake in- 
hibitor nomifensine: behavioral analysis in monkeys with partial striatal 
dopamine depletion. N~woscimcc. 3 1: 2 19-230, 1989b. 

SCHULTZ, W., STUDER, A., ROMO, R., S~JNDSTR~M, E., JONSSON, G., 
AND SCARNATI, E. Deficits in reaction times and movement times as 
correlates of hypokinesia in monkeys with MPTP-induced striatal do- 
pamine depletion. J. N~~lrrt~r~}??lsiol. 6 1: 65 l-668, 1989~. 

SHANI-A, T. R., MANOCHA, S. L., AND BOURNE, G. H. A Stcrcotu*~ic~Atlu.s 
of’thc Juvu Monkq~ Bruin (Mua~u irtcs). Basel: Karger. 1968. 

STRECKER, R. E. AND JACOBS, B. L. Substantia nigra dopaminergic unit 
activity in behaving cats: effect of arousal on spontaneous discharge and 
sensory evoked activity. Bruin Rcs. 36 1: 339-350, 1985. 

SWANSON, L. W. An autoradiographic study of the efferent connections of 
the preoptic region in the rat. J. Cornp. Ncwol. 167: 227-256, 1976. 

TANJI, J., TANIGUCHI, K., AND SAGA, T. Supplementary motor area: 
neuronal responses to motor instructions. J. N~~zrro~~~?!‘.sio/. 43: 60-68, 
1980. 

WHITTINGTON, D.A., HEPP-REYMOND, M.C., ANDFLOOD, W.Eyeand 
head movements to auditory targets. Ekp. Bruin Res. 41: 358-363, 
1981. 

WISE, R. A. Neuroleptics and operant behavior: the anhedonia hypothesis. 
Bchrv. Bruin Sci. 5: 39-87, 1982. 

W~RTZ, R. H. AND MOHLER, C. W. Enhancement of visual responses in 
monkey striate cortex and frontal eye fields. J. Ncwophysiol. 39: 
766-772, 1976. 

YOSHIDA, M. AND PRE~HT, W. Monosynaptic inhibition of neurons of 
the substantia nigra by caudato-nigral fibers. Bruin Rcs. 32: 225-228, 
1971. 


