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SUMMARY AND CONCLUSIONS 

1. Previous studies have shown that dopamine (DA) neurons 
respond to stimuli of behavioral significance, such as primary re- 
ward and conditioned stimuli predicting reward and eliciting be- 
havioral reactions. The present study investigated how these re- 
sponses develop and vary when the behavioral significance of stim- 
uli changes during different stages of learning. Impulses from DA 
neurons were recorded with movable microelectrodes from areas 
A8, A9, and A 10 in two awake monkeys during the successive 
acquisition of two behavioral tasks. Impulses of DA neurons were 
distinguished from other neurons by their long duration ( 1.8-5.0 
ms) and low spontaneous frequency (0.5-7.0 imp/s). 

2. In the first task, animals learned to reach in a small box in 
front of them when it opened visibly and audibly. Before condi- 
tioning, DA neurons were activated the first few times that the 
empty box opened and animals reacted with saccadic eye move- 
ments. Neuronal and behavioral responses disappeared on re- 
peated stimulus presentation. Thus neuronal responses were re- 
lated to the novelty of an unexpected stimulus eliciting orienting 
behavior. 

3. Subsequently, the box contained a small morsel of apple in 
one out of six trials. Animals reacted with ocular saccades to 
nearly every box opening and reached out when the morsel was 
present. One-third of 49 neurons were phasically activated by 
every door opening. The response was stronger when food was 
present. Thus DA neurons responded simultaneously to the sight 
of primary food reward and to the conditioned stimulus associated 
with reward. 

4. When the box contained a morsel of apple on every trial, 
animals regularly reacted with target-directed eye and arm move- 
ments, and the majority of 76 DA neurons responded to door 
opening. The same neurons lacked responses to a light not asso- 
ciated with task performance that was illuminated at the position 
of the food box in alternate sessions, thus demonstrating specific- 
ity for the behavioral significance of stimuli. 

5. The second task employed the operant conditioning of a 
reaction time situation in which animals reached from a resting 
key toward a lever when a small light was illuminated. DA neu- 
rons lacked responses to the unconditioned light. During task ac- 
quisition lasting 2-3 days, one-half of 25 DA neurons were phasi- 
tally activated when a drop of liquid reward was delivered for 
reinforcing the reaching movement. In contrast, neurons were not 
activated when reward was delivered at regular intervals ( 2.5-3.5 
s) but a task was not performed. 

6. With established task performance, neurons lost responses 
to primary reward and instead were activated in their majority by 
the conditioned light. Thus the response to primary reward was 
transferred during learning to the conditioned stimulus that pre- 
dicted reward and had the capacity to elicit arm and eye move- 
ment reactions. 

7. Subsequently, each animal was overtrained with 30,000 arm 
movements. This resulted in automated task performance with 
shortened reaction and movement times. Responses of 165 neu- 

rons to the light were progressively reduced in terms of responding 
neurons (46 and 34% in 2 successive phases, respectively) and 
overall response magnitude. 

8. DA neurons in areas A8 and A 10 showed responses similar 
to those in A9, where most neurons were recorded. In particular, 
there was no regional preference for neurons responding to a par- 
ticular stimulus during any learning phase. Thus the populations 
of A8, A9, and A 10 DA neurons showed homogeneous responses 
during each phase of experimentation. Each neuron either re- 
sponded to a particular stimulus during each learning phase or 
lacked responses to any stimuli. 

9. These data suggest that, during acquisition of simple behav- 
ioral tasks, DA neurons respond to unconditioned and condi- 
tioned salient stimuli that attract the attention of the animal, in- 
duce behavioral activation, and are associated with reward. Effec- 
tive stimuli include 1) novel, unexpected stimuli eliciting 
orienting reactions; 2) primary reward, when delivered as rein- 
forcer during conditioning; and 3) conditioned incentive stimuli, 
which predict reward and have the capacity to elicit behavioral 
reactions. The decreased neuronal responsiveness after overtrain- 
ing parallels the reduced attentional and incentive processes that 
occur when the task is performed as a habit and stimuli serve 
merely as temporal reference for automatic task performance. 
These data provide further evidence for the involvement of DA 
neurons in arousing, motivational, and behavioral activating pro- 
cesses that determine behavioral reactivity without encoding spe- 
cific information about the behavioral reaction. 

INTRODUCTION 

The widespread human disease Parkinsonism is asso- 
ciated with degeneration of dopamine (DA) neurons pro- 
jecting from the midbrain to striatum and frontal cortex. In 
an attempt to find neuronal relationships to movements 
that are deficient in this disease, researchers have studied 
the impulse activity of single DA neurons in normal behav- 
iorally conditioned primates during performance of motor 
tasks. It was soon found that DA neurons lack phasic 
changes during the execution of movements (DeLong et al. 
1983; Freeman and Bunney 1987; Steinfels et al. 198 1) or 
show slow activations unrelated to specific parameters of 
individual movements (Nishino et al. 1987; Schultz et al. 
1983 ). However, DA neurons were found to respond to 
particular environmental stimuli, such as intense or novel 
auditory and visual stimuli eliciting orienting reactions 
(Freeman and Bunney 1987; Steinfels et al. 1983; Strecker 
and Jacobs 1985 ) and conditioned stimuli triggering imme- 
diate behavioral reactions (Miller et al, 198 1; Schultz 
1986). Convergent responses to visual, auditory, and so- 
matosensory stimuli demonstrated a lack of sensory speci- 
ficity (Schultz and Romo 1990). Responses of DA neurons 
were time locked to the stimulus rather than to onset of the 
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triggered movement ( Schultz 1986). When monkeys were 
engaged in a specific task, DA neurons responded to stimuli 
independent of arm or eye movement reactions (Schultz 
and Romo 1990). Thus DA neurons do not encode specific 
movement parameters, but respond to stimuli that have the 
capacity to elicit behavioral reactions. 

Responses of DA neurons to external stimuli are related 
to specific behavioral contexts. Responses to visual and au- 
ditory stimuli disappear when subjects are distracted 
( Strecker and Jacobs 1985 ) . Trigger stimuli are effective 
only in the context of a behavioral task. The identical stimu- 
lus fails to activate DA neurons when animals lack specific 
reactions outside of a task. Even during task performance, 
DA neurons lack responses to trigger stimuli when an imme- 
diately preceding stimulus instructs the animal not to react 
( Schultz and Romo 1990). Neurons respond when the ani- 
mal touches a morsel of ‘food reward during self-initiated 
movements in the absence of predictive trigger stimuli. The 
same neuron responds to the trigger stimulus during the 
performance of externally triggered movements, and the 
response to touch of food is no longer present (Romo and 
Schultz 1990). It appears that the propensity of an environ- 
mental stimulus to activate DA neurons is determined both 
by the context of presentation and the elicited behavioral 
reaction. These aspects are, to an important degree, deter- 
mined by previous experience. Neutral stimuli, which do 
not elicit attention or particular behavioral reactions from 
the subject, do not activate DA neurons. Thus the phasic 
activation of DA neurons appears to be related to the atten- 
tional, arousing, or activating properties of salient stimuli 
encountered during appetitive behavior. Stimuli effective 
for driving DA neurons apparently have been associated 
with certain goal objects by prior learning and consequently 
elicit behavior directed toward reaching these goals. 

In the present experiments, we investigated how changes 
in the appetitive properties of salient external stimuli dur- 
ing learning of behavioral tasks would influence the re- 
sponses of DA neurons. The adaptation of behavior to 
changing requirements would involve a particularly pro- 
nounced participation of attentional and motivational 
mechanisms. We investigated responses to stimuli the be- 
havioral significance of which changed according to the pro- 
gressing experience of the animal over successive stages of 
acquisition of different reaction time tasks. One of the 
tasks, in which an intrinsically neutral stimulus acquired 
appetitive properties through the conditioning procedure, 
employed natural reaching movements for food reward. 
Using a second task, we investigated whether responses of 
DA neurons to conditioned appetitive stimuli could be es- 
tablished by an operant conditioning procedure, in which a 
visual stimulus was delivered at a spatially distinct position 
and with a temporal delay from primary liquid reward. This 
situation allowed us to separate responses to the uncondi- 
tioned stimulus of primary reward before task acquisition 
from responses to conditioned stimuli after learning. The 
behavioral meaning of primary reward changes when task 
contingencies are acquired and a conditioned stimulus be- 
comes a reliable predictor of primary reward. This task was 
also used for studying overtraining and automated task per- 
formance. Parts of these data were presented in preliminary 
form (Ljungberg et al. 1990, 199 1; Schultz et al. 1990). 

METHODS 

The activity of single DA neurons was recorded with movable 
microelectrodes in two male Macaca fascicularis monkeys (A and 
B, both 3.5 kg) before, during, and after they were conditioned to 
perform two closely related behavioral tasks. Electromyographic 
(EMG) activity and eye movements were monitored through 
chronically implanted electrodes. On termination of recording, 
animals were killed for histological reconstruction of recording 
sites. Before we recorded from these animals, the details of condi- 
tioning of the behavioral tasks were developed in a third monkey 
without collecting electrophysiological data. 

Behavioral procedures 

The behavioral apparatus was positioned in the right part of the 
frontal wall of the completely enclosed primate chair (Fig. 1). It 
contained a touch-sensitive, immovable resting key on which the 
monkey kept its right hand relaxed, the elbow joint being at -9OO. 
A panel mounted above the key held either a food box with a 
frontal opening of 40 X 40 mm or a lever ( 15 X 20 mm) positioned 
40 mm below a yellow light-emitting diode ( 11 X 11 mm). Both 
food box and light were placed at eye level, at reaching distance, 
and at 27” lateral to the midsagittal plane in front of the animal. 
The door of the food box opened vertically upward in 20-22 ms 
and, in rewarded trials, revealed a small morsel of apple ( - 1 g). A 
drop of diluted apple juice (0.2 ml) was delivered by an electroni- 
cally driven solenoid valve at a spout in front of the animal’s 
mouth. Liquid arrived at the animal’s mouth with an average 
delay of 55 ms after the electric pulse. A Plexiglas table was placed 
above the animal’s waist with a vertical divider to prevent arm 
movements across the midline. Monkeys were deprived of food 
and fluid during weekdays. They were released into their home 
cages after each daily experiment of 3-4 h and received monkey 
cubes and water ad libitum during the subsequent 1 h. Before 
conditioning of the two reaching tasks, animals were habituated to 
the experiment with regularly timed drops of apple juice ( 1 every 
2.5-3.5 s) for keeping their hands relaxed on the resting key. 

FIG. 1. Behavioral task. In the food box task, the animal sits with its 
muscles relaxed in a completely enclosed primate chair and faces a re- 
sponse panel with a touch-sensitive immovable resting key and a food box 
with a frontal opening of 40 X 40 mm. Door of the box opens rapidly 
upward; its movement is visible and audible to the animal. When the box 
contains a small morsel of apple, the animal releases the key in reaction to 
door opening, reaches into the box to collect the reward, brings it to the 
mouth, and consumes it. Door opening, key release, and entering and 
leaving the food box are monitored electronically. In the operant task (not 
shown), the food box is replaced by a panel holding a light and a lever. 
Animal releases the resting key on light illumination and depresses the 
lever to receive a drop of apple juice at its mouth. 
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FOOD BOX TASK. Neuronal recordings were done for 1 mo dur- 
ing the acquisition of natural reaching movements toward the 
food box. During the initial “no task” phase, the door of the empty 
food box opened once every 5- 10 s. In the subsequent “intermit- 
tent task” phase, the box contained a morsel of apple on about 
every sixth door opening and opened empty in the remaining 
trials. In the final “full task” phase, a morsel of apple was present 
every time the door opened. The light-emitting diode was illumi- 
nated for 2 s as control stimulus in sessions separated from food 
box opening during all three task phases with monkey B. Animals 
were not required to fixate any particular spot with their eyes. 
Door opening and light stimulation were applied only while a DA 
neuron was being recorded. 

With monkey A, the door was opened while the animal kept its 
hand on the resting key. This allowed separate measurements of 
reaction time (onset of door opening to key release) and move- 
ment time (key release to box entry). To condition this behavior, 
monkey A received regularly timed drops of juice not contingent 
on door opening during the no task and intermittent task phases. 
To exclude an influence of liquid delivery on neuronal responses 
to door opening, the door was opened without the resting key 
present with monkey B, and arm movement reactions were as- 
sessed only in terms of response time (from door opening to box 
entry). However, regular delivery of liquid did not significantly 
affect neuronal responses to door opening, and data from the two 
animals were pooled. 

OPERANT REACTION TIME TASK. Subsequent to acquisition of 
the food box task, animals were conditioned to perform a similar 
reaching movement in response to light illumination. In the initial 
“no task” phase, the yellow light-emitting diode was illuminated 
for 2 s every 6- 10 s. This was studied during 5 days with monkey A 
after the food box task had been terminated. With monkey B, light 
illumination and door opening were applied during 12 days in 
separate sessions. Data differed insignificantly between the two 
situations and were treated together. In separate sessions, animals 
received regularly timed drops of juice for staying on the rest- 
ing key. 

During the subsequent “conditioning” phase, maintaining the 
hand on the resting key was no longer rewarded with liquid. In- 
stead, monkeys were required to perform a reaching movement 
and depress a small lever after light illumination to obtain a drop 
of juice. The light was extinguished either after the lever was 
pressed or, in the absence of movement, after a preset time of 2-4 
s. Reward was delivered only when the lever was depressed while 
the light was still illuminated. The upper limit of response time 
was shortened in steps from 4 to 2 s during the course of condition- 
ing. To separate the events that could conceivably activate DA 
neurons, a 500-ms delay was introduced between lever press and 
delivery of liquid. Conditioning of the task lasted 2 and 3 days in 
monkeys A and B, respectively, and was performed in successive 
steps in which reward was given for releasing the resting key; 
touching the frontal enclosure of the primate chair; and, finally, 
pressing the lever. Whereas monkey A always began the reaching 
movement from the resting key, monkey B kept its hand on the 
Plexiglas table in front of it before reaching to the lever and re- 
quired further training for starting the movement from the key. 
Therefore response times instead of reaction times were obtained 
in monkey B during this phase. 

The “postconditioning” phase began when animals readily per- 
formed the reaching movement by releasing the key and depress- 
ing the lever within 1,100 ms after light illumination in >95% of 
trials. Reaction times were ~500 ms, and saccadic eye movements 
were regularly directed toward the lever after light illumination 
unless the eyes were already on target. This phase lasted 4-6 days. 

The subsequent “first overtraining” phase consisted of 10 train- 
ing days and - 10,000 movements for each animal. For automa- 

tizing task performance, the latency of lever press after light illumi- 
nation was limited to 1.0 s, and trials were instantaneously re- 
started after the preceding trial when the monkey’s hand was on 
the resting key. Intertrial intervals were shortened so that the light 
was illuminated every 6-7 s. In spite of improved task perfor- 
mance, animals usually interrupted task performance after every 
150-200 trials. For maintaining maximum performance, pauses 
were introduced after each lOO- 150 rewarded movements. The 
resting key was removed and animals were given small pieces of 
cookies or raisins. In the “second overtraining” phase, each ani- 
mal performed another 20,000 movements during 20 days, thus 
totaling 30,000 movements over 30 days. DA neurons were re- 
corded during the total duration of the no task, conditioning, and 
postconditioning phases and during 4-7 days at the end of each 
overtraining phase. 

Data acquisition 

The light and the solenoid delivering reward were driven by 
output pulses from a suitably interfaced laboratory computer that 
also monitored behavioral performance. Key release was detected 
by a frequency-sensing circuit that reacted to a change in electrical 
capacity induced by the touch of the animal’s hand. Behavior was 
electronically monitored from standard electronic pulses gener- 
ated from door opening, light illumination, key release, lever 
touch, entering the food box, and delivery of liquid reward. 

Animals underwent implantation after 3-4 mo, when they were 
habituated to the primate chair and kept their hands relaxed on 
the resting key for extended periods of time. Under deep pentobar- 
bital sodium anesthesia and aseptic conditions, cylinders for head 
fixation and a stereotaxically positioned stainless steel chamber 
were fixed to the skull to permit vertical access with microelec- 
trodes to the left substantia nigra (SN). The dura was left intact. 
Teflon-coated multistranded stainless steel wires were implanted 
into the extensor digitorum communis and biceps muscles of both 
arms and led subcutaneously to the head. The extensor digitorum 
communis and biceps are prime mover muscles of the arm in the 
reaching task ( Schultz et al. 1989). Ag-AgCl electrodes were im- 
planted into the outer, upper, and lower canthi of both orbits. All 
metal components, including plugs for the muscle and periorbital 
electrodes, were embedded in several layers of dental cement and 
fixed to the skull with surgical-grade stainless steel screws. The 
area of SN was localized 1 wk after implantation under pentobar- 
bital anesthesia by taking lateral and coronal radiographs with a 
guide cannula installed at a known coordinate in reference to the 
implanted steel chamber ( Schultz et al. 1983 ) . The ventropostero- 
medial thalamus overlying the lateral SN was electrophysiologi- 
tally explored for trigeminal input on the same occasion and occa- 
sionally in the waking animal. 

The activity of single neurons was recorded extracellularly with 
glass-insulated, platinum-plated tungsten microelectrodes (ex- 
posed tips of 9- to 16-pm length and 2.5- to 3.5~pm diam), which 
were passed each day together with and inside a rigid guide can- 
nula of 0.6-mm OD into the brain. Microelectrodes were moved 
in parallel tracks vertically in the stereotaxic plane, conforming to 
a l-mm grid. Signals from the microelectrodes were convention- 
ally amplified, filtered ( 1 00-Hz lower cutoff at -3 dB), and moni- 
tored with oscilloscopes and earphones. Full waveforms of im- 
pulses from each neuron were displayed on a digital oscilloscope 
with the use of the pretrigger viewing facility and subsequently 
were stored on computer disks. Somatodendritic discharges were 
distinguished from those originating from fibers with the use of - 
earlier established criteria, in particular the very short duration of 
fiber impulses (0.1-0.3 ms) (Schultz and Romo 1987). A conven- 
tional storage oscilloscope, triggered by door opening, was used to 
monitor neuronal activity. Neuronal discharges were also con- 
verted into standard digital pulses by means of an adjustable 
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Schmitt trigger, the output of which was continuously monitored 
on the digital oscilloscope together with the original waveform. 
Every recorded neuron that fulfilled the criteria for being dopami- 
nergic (see RESULTS) was tested. It was included in the study when 
its histologically assessed position was in areas A8, A9, or A 10, as 
defined previously (Felten and Sladeck 1983). 

EMGs were collected during all neuronal recordings through 
the chronically implanted electrodes. EMG activity was filtered 
( lo- to 250-Hz bandpass; - 12 dB at 1 kHz), rectified, monitored 
on a digital oscilloscope with the use of the roll mode, and passed 
through an adjustable Schmitt trigger. Limb and mouth move- 
ments were continuously supervised by a closed-circuit video sys- 
tem. Horizontal and vertical electrooculograms (EOGs) were col- 
lected during all neuronal recordings from the implanted perior- 
bital electrodes. The gain of ocular electrodes and positions of the 
eyes were calibrated by having the food-deprived animal fixate 
small morsels of food presented at several known horizontal and 
vertical eccentricities while the frontal enclosure of the primate 
chair was kept open. Direct current offset needed to be adjusted 
every 3-4 wk. 

All behavior-related digital signals, pulses from neuronal dis- 
charges and EMG activity, and analog-to-digital converted EOGs 
were sampled on line at a rate of 2 kHz by a laboratory computer. 
Eight consecutive EOG values were averaged to obtain a temporal 
resolution of 4 ms (0.25 kHz) for data storage. Behavioral rela- 
tionships of neuronal discharges, EMG activity, and EOGs were 
displayed in each trial on line on the computer screen in the form 
of dot displays and analog curves. All data were stored uncon- 
densed on computer disks. Only neurons recorded with 2 10 trials 
of a given test are reported, except for the intermittent phase with 
26 rewarded trials. 

A 

Data analysis 

The temporal characteristics of the stereotyped responses of DA 
neurons to external stimuli in similar behavioral situations 
(Schultz 1986; Schultz et al. 1990) allowed us to develop a stan- 
dard time window procedure to statistically assess and compare 
responses between different task phases. First, onset and offset 
times of activating responses to external stimuli were determined 
for each neuron showing a suspected change. Onset time was de- 
fined by the first of three or more consecutive bins in which activ- 
ity deviated from control, as indicated by an inflection in the cu- 
mulative frequency distribution averaged over all trials (time reso- 
lution 4 ms) (Fig. 2). Offset time was defined by the first of three 
or more consecutive bins with activity back to control. A specially 
implemented two-tailed Wilcoxon matched-pairs signed-rank test 
served to assess the significance of increase between onset and 
offset on a trial-by-trial basis for each neuron (P < 0.0 1, Schultz 
1986). Then a common, standard time window that included 80% 
of onset and offset times in significantly responding neurons was 
defined for each stimulus. Time windows for door opening, light 
presentation, and delivery of liquid reward were 80-2 16 ms, 92- 
228 ms, and 176-3 12 ms, respectively, after onset of each event. In 
a final step, the magnitude of change was determined in every 
neuron, independent of its response, by comparing the number of 
impulses between the standard time window and a control period 
of 500 ms preceding the first stimulus of each trial. The number of 
neurons responding was determined with the Wilcoxon test, com- 
paring activity between the time window and control period in 
each neuron (P < 0.0 1, 2-tailed). All neurons used for determin- 
ing response latency and duration also showed significant activa- 
tions in the standard time window. 
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FIG. 2. Method for quantitative assessment of neuronal responses. Strong (A) and weak responses (B) of 2 DA neurons 
to door opening in the reaching task. From top: cumulative frequency distribution, perievent time histogram, and raster 
display of neuronal impulses. Each dot represents the time of a neuronal impulse, and each line of dots represents 1 trial. 
Histograms are composed of neuronal impulses shown as dots below them. Interrupted vertical lines show onset and offset of 
neuronal responses determined from inflections in cumulative frequency distributions. Oblique lines indicate average 
baseline activity during control period before the stimulus. Latency and duration data obtained with this method for each 
neuron were used for determining the standard time window. 
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Latencies of saccadic eye movements were determined off line 
by single-trial analysis using a movable cursor on a computer 
screen. Occasional spontaneous saccades were excluded (latencies 
42 or ~300 ms). Arm movements were evaluated in terms of 
reaction time (from door opening or light illumination to release 
of resting key), movement time (key release to box entry or lever 
press), and response time (door opening or light illumination to 
box entry or lever press). The median was chosen as single numer- 
ical value for each session because of skewed distributions during 
early stages of experimentation. 

Magnitudes of changes of DA neurons in the standard time 
windows after external stimuli were normally distributed, indicat- 
ing that responses were homogeneous and not separated into dis- 
tinctive groups (P > 0.05, Kolmogorov-Smirnov l-sample test; 
Siegel 1956). Session medians of behavioral parameters in each 
task phase were equally normally distributed, which allowed us to 
employ parametric statistics for all further evaluations. Means rt 
SE were used for description. Differences in distributions were 
assessed with l- and 2-way analyses of variances (ANOVAs; with 
task phases and task phases and monkeys as factors, respectively), 
and with one-sample and paired or unpaired two-sample Stu- 
dent’s t tests (P < 0.00 1). Differences in distributions of frequen- 
cies were tested with the x 2 test (P c 0.00 1). Changes of neuronal 
responses or behavioral performance as a consequence of training 

were assessed for each task phase by correlating data from single 
sessions against order of sessions with the use of the Spearman 
rank correlation test (P < 0.0 1). 

The overall response of all neurons tested during each task 
phase was assessed by calculating the population histogram. For 
each neuron, a normalized peristimulus time histogram was ob- 
tained by dividing the content of each bin by the number of trials. 
A population histogram was obtained by averaging normalized 
histograms referenced to the same behavioral event. 

Histological reconstruction 

Toward the end of recording, small marking lesions were placed 
by passing negative currents ( lo-20 mA for lo-20 s) through the 
microelectrode immediately after recording from a neuron in SN, 
whereas larger lesions (20 mA for 20 or 60 s) were positioned at a 
few locations above in the same track. This produced distinct pat- 
terns of vertically oriented histological marks. Animals were 
deeply anesthetized with pentobarbital sodium and convention- 
ally perfused with formaldehyde through the heart. Guide cannu- 
las were inserted into the brain at known coordinates of the im- 
plant system to delineate the general area of recording. The tissue 
was cut in 50-pm-thick serial coronal sections on a cryotome and 
stained with cresyl violet. All histological sections were projected 
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FIG. 3. Responses to novel door opening stimulus in 4 DA neurons. Box was empty in all trials. A and B refer to the 2 
monkeys, respectively. Raster displays from the 1st and 2nd neuron recorded with door opening in each monkey are 
separated. Each dot represents the time of a neuronal impulse, and each line of dots represents 1 trial. Natural sequence of 
trials is shown downward. Intervals between subsequent door openings were 7-8 s; intervals between 1st and 2nd neuron 
recorded were 15-20 min in each monkey (after 11 and 13 trials in A and B, respectively). Superposed horizontal compo- 
nents of simultaneously recorded electrooculograms are shown above and below rasters from the first and last 10 trials, 
respectively, demonstrating that animals initially reacted to door opening. Saccades toward the right are shown by upward 
deflections. 
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FIG. 4. Response of a DA neuron to door opening in the intermittent task. Left: response in trials without food and, 
consequently, in absence of arm reaching movement. Right: response in trials with food in box and reaching movement. 
Superposed traces from eye movements recorded simultaneously with neurons are shown above histograms and reveal 
frequent saccadic reactions. Horizontal components of saccades (h-eog) toward the right are shown by upward deflections. 
Because of absence of a visual fixation spot, eyes were at varying positions when the door opened. Key release (onset of 
movement) is indicated by vertical line below right raster display. Trials shown to left and right were intermingled during the 
experiment and separated off-line. 

on paper, and the outlines of brain structures and the marks from 
lesions and recent electrode tracks were drawn. Recording posi- 
tions in tracks marked by electrolytic lesions were reconstructed 
by using the distances to the lesions according to protocoled mi- 
crometer readings. Positions in parallel neighboring tracks at l- 
mm distance were reconstructed at comparable vertical levels. 

RESULTS 

A total of 552 DA neurons were recorded before, during, 
and after the successive acquisition of the two behavioral 
tasks. During the course of experimentation, neurons re- 
sponded to different extents with phasic activations to pri- 
mary reward and to intrinsically neutral stimuli that, dur- 
ing learning of the tasks, acquired behavioral significance. 
A few neurons showed short depressions that either fol- 
lowed the activation or occurred alone after a stimulus. All 
responses lasted for ~300 ms, and their latencies and dura- 
tions were parametrically distributed. They thus followed 
the criteria underlying the constant time window procedure 
for data evaluation. 

DA neurons of SN (A9), and adjoining groups A8 and 
A 10, discharged initially negative or positive impulses at 
low frequencies (0.5-7.0 imp/s) and with polyphasic wave- 
forms of relatively long durations ( 1.8-5.0 ms), in agree- 
ment with previous experience (Romo and Schultz 1990; 

Schultz 1986; Schultz and Romo 1987). In these character- 
istics, DA neurons contrasted with reticulata neurons of SN 
discharging impulses of < 1.1 -ms duration at median rates 
of 70-90 imp/s, with a few neurons discharging short im- 
pulses (< 1 .O ms) at low rates and with presumptive fibers 
discharging very short impulses (0.1-0.3 ms) . 

Food box task 

BEHAVIOR. Before task acquisition, monkeys sat with their 
arm muscles relaxed in the chair. Monkey A usually kept its 

TABLE 1. Behavioral performance in the food box task 

Intermittent Task Full Task 

Reaction time* 518 * 26 (17) 318 + 8 (34) 
Movement time* 294+ S(17) 266 -t 7 (34) 
Response timet 825 +_ 19 (43) 598 AI 6 (76) 
Saccadic latency? 

With apple 107 I!I 3 (33) 105 + 2 (76) 
Without apple 140 + 5 (33) 

Values are means t SE in ms, with numbers of sessions in parentheses. 
Reaction, response, and movement times are significantly longer in the 
intermittent than in the full task phase. Saccadic latencies are significantly 
longer in trials without apple in the box than in trials with apple during the 
intermittent task. *Monkey A only. tBoth monkeys. 
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right hand on the resting key, for which it was rewarded, rewarded trials in monkeys A and B, respectively. Eye posi- 
whereas monkey B had both hands on the Plexiglas table or tions were already on target at the time of door opening in 
the vertical divider. Both animals reacted, but only during most remaining trials, because the eyes were free to move in 
the first few trials, with saccadic eye movements to opening the absence of a particular fixation spot. Arm movement 
of the empty food box (Fig. 3). In the intermittent task reactions were slow (Table 1). Saccadic latencies differed 
phase, the food box contained a small morsel of apple on according to the content of the food box. In the full task, the 
about every sixth opening. Within the first session, animals food box contained a morsel of apple in all trials. All arm 
reached out for the food and consumed it. Saccadic ocular movement measures, particularly reaction and response 
reactions to door opening occurred in both rewarded and times, were significantly shorter than during the intermit- 
unrewarded trials (Fig. 4). They were seen in 87 and 56% of tent phase. Saccades occurred in 75 and 58% of trials in 
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FIG. 5. Response of a DA neuron to door opening during performance of the full food box task. Left: door opening 
triggered an arm reaching movement and a saccadic eye movement toward the food box. Small bars in raster displays 
indicate when the animal’s hand arrived at the food box. Raster displays of neuronal impulses are shown above rasters of 
EMG activity in the extensor digitorum communis. Sequence of trials is rearranged according to intervals between door 
opening and arrival at food box. Right: lack of relation of neuronal response to saccadic eye movements. Same trials as 
shown to the &, but separated according to presence or absence of eye movements (h, horizontal and v, vertical component 
of electrooculogram) . 
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monkeys A and B, respectively, the eyes being on target in 
all trials (Figs. 5 and 6). Ocular and skeletal reactions to 
light illumination were absent (Fig. 6). 

NOTASK. The first two DA neurons recorded in each mon- 
key after introduction of door opening of the empty box 
responded to this stimulus (Fig. 3). At the same time, ani- 
mals reacted with a target-directed saccade to door opening. 
Afterward, the neuronal response faded away together with 
the ocular reaction. None of 79 DA neurons recorded there- 
after were significantly activated by opening of the empty 
box (Fig. 3). Eleven neurons ( 13%) were significantly de- 
pressed by door opening, most of them recorded immedi- 
ately after the 4 activated cells. Magnitudes of changes after 
door opening in the population of the 83 neurons tested 
were insignificantly different from 0% change (Table 2). 
None of 11 neurons tested showed significant responses to 
light illumination. 
INTERMITTENT TASK. A total of 17 of 49 DA neurons 
( 3 5% ) responded with significant phasic activation to open- 
ing of the food box during intermittent task performance 
(Fig. 4). Three neurons (6%) were depressed by door open- 
ing. Activating and depressant responses occurred typically 
both in the presence and the absence of food. Activating 
responses to opening of empty and filled boxes began in 
monkeys A after 34 trials of intermittent task performance 
while recording the second DA neuron in this task phase. In 
monkey B, activating responses to opening of the filled box 
began after 20 trials of the intermittent task while recording 
the second DA neuron and to opening of the empty box 
after 162 trials while recording the fourth DA neuron. Mag- 
nitudes of changes were significantly higher for trials in 
which door opening revealed the sight of food, compared 
with empty box trials (Table 2). None of 11 neurons acti- 
vated by door opening responded to light illumination 

FULL TASK. A total of 41 of 76 DA neurons (54%) re- 
sponded with phasic activation to door opening (Figs. 5 

Reaching task No reaction 

I  I  I  I I  I  I ,  I  I  I  I  I  I I  I  I  I  I1 

-400 -200 0 200 400 -200 0 200 400 ms 

+ + 
Door opening Light onset 

FIG. 6. Activity of 1 DA neuron after 2 phasic stimuli in different be- 
havioral contexts during performance of the full food box task. Left: re- 
sponse to door opening used for triggering arm reaching movement and 
eye movement. Right: lack of response of same neuron to light illuminated 
outside of a specific behavioral task. Traces above histograms demonstrate 
the presence of horizontal ocular reactions to door opening (Zcft), whereas 
only spontaneous eye movements are observed after light illumination 
(right). 

TABLE 2. Magnitudes ofneuronal changes after door opening 
in the food box task 

Magnitude n 

No task 
Intermittent task 

Empty box 
Full box 

Full task 

14 k 10 (NS) 83 

6Ok 13* 49 
134 f. 25* 49 
166 * 18* 76 

Magnitudes were assessed in the standard time window for the door 
opening stimulus and are given as means t SE of %above-control activity 
from all neurons recorded during the learning phases indicated, indepen- 
dent of showing significant responses. All changes lacked significant differ- 
ences between animals and were pooled. *PC 0.001 against a 0% change; 
NS, not significant. Differences in magnitudes between task phases were 
significant (taking empty box for intermittent phase) (l-way ANOVA). 
The difference between empty and full box trials in the intermittent task 
was significant (t test). 

and 6). Four neurons ( 5%) were depressed by door open- 
ing. Neuronal responses were time-locked to stimulus pre- 
sentation, were temporally unrelated to the following onset 
of arm muscle activity or movement, and occurred indepen- 
dently of saccadic eye movements (Fig. 5)) thus closely 
resembling the responses seen previously ( Schultz 1986; 
Schultz and Romo 1990). With one exception, neurons 
activated by door opening lacked responses to light illumi- 
nation (Fig. 6). 

COMPARISONS BETWEEN TASK PHASES. Frequencies of re- 
sponding neurons increased significantly over the three con- 
secutive task phases. Magnitudes of changes in the time 
window after door opening differed equally significantly 
among the three consecutive task phases but not between 
monkeys (Table 2). Thus the proportions of responding 
neurons and the response magnitudes demonstrate the de- 
velopment of neuronal responsiveness with acquisition of 
the reaching task. This is directly shown by the population 
histograms constructed from all DA neurons recorded dur- 
ing the no task and full task phases, respectively (Fig. 7). 

The latency of neuronal activations after door opening 
during the intermittent and full task phases was 92 t 3 (SE) 

No task 

-400 -200 
+ 

200 400 ms 

Door opening 

FIG. 7. Development of population response of DA neurons with ac- - 
quisition of food box reaching task. Histograms contain data from all neu- 
rons tested in both monkeys during no task ( top, 83 neurons) and reaching 
task (bottom, 76 neurons). For top and bottom, histograms from each 
neuron normalized for trial number were added and the resulting sum 
divided by the number of neurons. Vertical calibration indicates mean 
impulse rate. 
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FIG. 8. Histological reconstruction of recording 
positions of DA neurons. Two representative coronal 
sections are shown from 1 monkey for no task (A) and 
full task phases (B) with the food box. Approximate 
anteroposterior levels are shown in millimeters rostra1 
to interaural line according to an atlas (Shanta et al. 
1968 ) . Dots, DA neurons activated by door opening; 
lines, unresponsive DA neurons. Arrow points to 
marker lesion placed above neuronal recording 
for track identification. SNpc, pars compacta of 
stantia nigra; SNpr, pars reticulata of substantia n 
RN, red nucleus; CP, cerebral peduncle. 

sites 
sub- 
.igra; 

ms; their duration was 85 t 5 ms (n = 58). Both measures the majority of DA neurons were recorded in catechol- 
varied insignificantly over task phases. Statistically signifi- amine group A9 (pars compacta of SN: n = 165, 79% ), 
cant responses to door opening in the full task phase con- whereas some neurons were found in groups A8 (n = 26, 
sisted of a mean increase from 3.92 imp/ s during control to 13%) and A10 (n = 17, 8%)) dorsal and medial to SN, 
19.95 imp/s, using the response durations determined indi- respectively. There were no systematic differences in record- 
vidually for each neuron (409 t 29%; n = 4 1). ing areas between the different task phases. Positions of 

responsive and unresponsive neurons recorded from one 
POSITIONS OF NEURONS. Histological reconstructions of re- monkey during the no task and full task phases are shown 
cording sites in the ventroanterior midbrain revealed that on two representative sections in Fig. 8. 

h-eog 

-400 -200 0 200 400 -400 -200 0 200 400 ms 

4 4 
Light onset Liquid onset 

FIG. 9. Lack of response of 1 DA neuron to light illumination and liquid reward delivery before operant conditioning (no 
task). Left: absence of neuronal response to light is paralleled by lack of ocular reaction. Right: absence of response to liquid 
that was delivered in separate sessions once every 2.5-3.5 s when the animal kept its hand on the resting key. 
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Operant reaction time task 

BEHAVIOR. During the no task phase, ocular and skeletal 
reactions to light illumination were absent (Fig. 9). During 
light illumination sessions, monkey A kept its right hand on 
the resting key without being rewarded, whereas monkey B 
had both hands on the Plexiglas table or the vertical midline 
divider. During the conditioning phase, arm movement re- 
actions to light illumination appeared and were succes- 
sively better initiated after the initial steps of learning (Ta- 
ble 3, Fig. 10). During the subsequent postconditioning 
phase, animals consistently showed >95% correct task per- 
formance. A training effect is demonstrated by progres- 
sively shorter and less varied reaction times, movement 
times, and response times (Fig. 11). These parameters 
showed significant negative correlations with session order 
during the conditioning and postconditioning phases in 
both monkeys. Arm movement parameters showed fur- 
ther, albeit insignificant, improvement during both over- 
training phases. 

During conditioning, saccades directed toward the light 
appeared within the first session and occurred in 57 and 

46% of trials in monkeys A and B, respectively. Because the 
eyes often fixated the light immediately before it was illumi- 
nated, they were on target in 80 and 74% of all trials in 
monkeys A and B, respectively (at 300 ms after stimulus 
presentation). After conditioning, the frequency of sac- 
cades remained unchanged, but the eyes were on target in 
83-98% of trials. Saccadic latencies lacked significant dif- 
ferences between task phases and showed inconsistent devel- 
opment with overtraining (Table 3). 

NO TASK. Only 6 of 90 DA neurons ( 7% ), most of which 
were found during the early part of this phase, responded 
with significant phasic activation to light illumination. 
None of the 90 neurons were depressed. Delivery of liquid 
was studied in 138 DA neurons while animals did not per- 
form any specific task and kept their hand relaxed on the 
resting key (Fig. 9). Included in these tests were 48 neurons 
recorded in monkey B during the no task phase of the pre- 
ceding food box task. Only 18 of the 138 neurons ( 13%) 
responded with significant phasic activation, and 6 (4%) 
were depressed. Thus most neurons lacked responses to 
light illumination and reward delivery (Fig. 9), and the 

h-eog 

400 600 ms 

I  I  I  I  I  I  I  I  I1 I  I  I  11 

-400 -200 0 200 400 600 800 1000 ms 

A movement onset 

Light onset 
FIG. 10. Responses of 1 DA neuron during operant conditioning. Left: small response to light occurred when animal 

began to react with an arm reaching movement. This response was statistically significant in the standard time window. 
Small bars in EMG raster from extensor digitorum communis recorded simultaneously with neuron indicate when the hand 
left the resting key (movement onset). Sequence of EMG trials is rearranged according to time intervals between light 
illumination and key release. Saccades toward the light occurred in many trials in which eye position was not on target at the 
moment of illumination. A marked variability in skeletal and ocular reactions is apparent during this phase. Right: pro- 
nounced response of same neuron to liquid reward delivered on correct task performance (same trials as shown to the Zefl). 
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FIG. 1 1. Responses of 1 DA neuron after acquisition of the operant reaction time task (postconditioning phase). Left: 
pronounced neuronal response to the light triggering an arm reaching movement and an eye movement. Behavioral perfor- 
mance is more regular than during conditioning. Small bars in neuronal and EMG rasters indicate release of resting key 
(movement onset). Sequence of trials in both rasters is rearranged according to reaction time. Right: lack of response of the 
same neuron to liquid reward delivered on correct task performance (same trials as shown to the left). 

mean magnitude of changes in all neurons tested was very In contrast to all other learning phases, these responses were 
small ( Table 4). largely restricted to one animal (7 of the 8 neurons were in 

monkey A). Responses to light in general resembled those 
CONDITIONING. While animals began to react to light illu- during regular task performance in the postconditioning 
mination, 8 of 25 DA neurons ( 32%) responded with pha- phase, although they were more sluggish (Fig. 10, left). 
sic activation to the light; none responded with depression. Magnitudes of responses (Table 4) varied insignificantly 

TABLE 3. Behavioral performance in the operant reaction time task 

Conditioning Postconditioning 1 st Overtraining 2nd Overtraining 

A B A B A B A B 

Reaction time 569 225 386 t 13 384k 6 2902 5 311 rf: 10 259+3 278 t2 
Movement time 656+ 52 445 f. 14 449+ 9 293 t- 3 382k 7 316+4 3002 1 - 
Response time 1,271 t 59 1,461+ 154 845 +25 857 + 14 587t8 702 zt 15 583t5 584k 3 
Saccadic latency 190t 4 166 + 13 188+ 3 141 & 3 207 t2 147t 3 194t2 136+3 
?I 12 12 30 38 44 39 41 41 

Values are means + SE in ms. Data were obtained during sessions in which DA neurons were recorded (n, number of sessions). They are shown 
separately because of significant differences between monkeys. A and B, monkeys A and B, respectively. 
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TABLE 4. Magnitudes of changes after light illumination and failed to react. Responses occurred independently of indi- 
reward delivery in the operant reaction time task vidual saccadic eye movements (eye positions were occa- 

sionally on target at the time of light illumination). Magni- 
Light Reward tude of changes after the light was significantly higher than 

Monkey A Monkey B 
during the no task phase (Table 4). 

In parallel with the increased responsiveness to the con- 
Magnitude n Magnitude n Magnitude n ditioned light, responses to delivery of primary reward were 

largely reduced (Fig. 11, right). Only 11 of 64 neurons 
No task 24 AI 5” 45 7 ?I 4 (NS) 45 15 + 5” 138 
Conditioning 118 -t 24* 12 7+ 9(NS) 13 110 k 32*j- 25 

Postconditioning 164 * 37’j- 26 142 AI 22*-/- 38 39 AI 9” 64 

1 st overtraining 99 f. 19*t 44 75 Ik 17*t 39 14 AI 5* 83 

2nd overtraining 64+ 13* 41 45 + 13* 41 20 + 5” 82 

Magnitudes were assessed in the standard time window for the door opening stimu- 
lus and are given as means + SE in %above-control activity from all neurons recorded 
during the learning phases indicated, independent of significant responses. Magni- 
tudes of changes after light illumination differed significantly between monkeys and 
are shown separately for each animal, whereas changes after reward lacked significant 
differences between animals and were pooled. *P < 0.00 1 against a 0% change; ns, not 
significant. Changes between phases were statistically significant ( 1 -way ANOVA). 
TSignificant difference against no task magnitudes (Dunnett’s test). 

between correct and unrewarded trials ( 14 neurons with 
> 10 trials in each situation). 

The most prominent responses during conditioning oc- 
curred with the delivery of primary liquid reward. Statisti- 
cally significant phasic activations after reward were seen in 
13 of 25 DA neurons (52%; Fig. 10, right). Only six of these 
neurons were also activated by the light. None of the 25 
neurons were significantly depressed by reward. Magni- 
tudes of changes after reward of all 25 neurons during con- 
ditioning were significantly higher than when animals kept 
their hands on the key without a task (Table 4). 

POSTCONDITIONING. After task acquisition, 37 of 64 DA 
neurons ( 58%) responded with a significant phasic activa- 
tion to light illumination; none responded with depression 
(Fig. 11, left). Responses were time-locked to onset of the 
trigger stimulus and not to onset of the following arm move- 
ment. They remained present when animals occasionally 

Postconditioning 

( 17%) responded with significant phasic activation to liq- 
uid reward; none responded with depression. Magnitudes 
of changes after reward were insignificantly higher than 
when the monkeys kept their hands on the key without a 
task. 

FIRST AND SECOND OVERTRAINING. A total of 38 of 83 DA 
neurons (46%) responded with significant phasic activation 
to light illumination after the first overtraining, and 28 of 
82 ( 34% ) after the second overtraining (Fig. 12). Two neu- 
rons (2%) were depressed in each phase. In agreement with 
the reduced number of responding neurons, the mean mag- 
nitudes of changes after the light decreased successively 
over the two overtraining phases (Table 4). 

Only 9 of 83 neurons ( 11% ) responded with significant 
phasic activation to liquid reward after the first overtrain- 
ing, and, equally, 9 of 82 ( 11% ) after the second overtrain- 
ing. Four and two neurons, respectively, were depressed. 
Magnitudes of changes after reward after the first and sec- 
ond overtraining differed insignificantly from magnitudes 
measured when the monkeys kept their hands on the key 
without a task. 

1 st over-training 

COMPARISON BETWEEN TASK PHASES. Differences in magni- 
tudes of time window changes between task phases were 
significant for both light illumination and reward delivery. 
Performance of Dunnett’s test subsequent to ANOVA re- 
vealed that magnitudes of changes after light illumination 
during the postconditioning and first overtraining phases 
were significantly higher than during the no task phase (Ta- 
ble 4). By contrast, magnitudes of reward-related changes 
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FIG. 12. Decrease of neuronal responsiveness after overtraining. Representative responses to light illumination are 
shown for 3 DA neurons recorded during performance of reaching task during postconditioning and 1 st and 2nd overtrain- 
ing phases. 

2nd overtraining 
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No task 

Conditioning 

Postconditioning 

Overtraining L-mmum 
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Light onset Reward onset 

were significant during the conditioning phase. Thus re- 
sponses to light illumination became prominent with com- 
pleted task acquisition (postconditioning and first over- 
training phase) and decreased successively after each step of 
overtraining. Reward responses were restricted to condi- 
tioning before full task acquisition. Population responses of 
DA neurons recorded during the five phases are shown in 
Fig. 13. 

Statistically significant responses to the light during post- 
conditioning consisted of an increase in mean activity, 
from 3.66 imp/s during control to 14.42 imp/s during the 
individually determined response durations (+294 t 19%, 
n = 37) Significant responses to reward delivery during the 
conditioning phase amounted to an increase from 4.80 to 
17.23 imp/s (+259 t 19%, n = 13). 

Latency of activation after light illumination in all re- POSITIONS OF NEURONS. The majority of DA neurons were 
sponding neurons was 106 t 2 ms; their duration was 95 t recorded in catecholamine group A9 (pars compacta of 
4 ms ( Fig. 14). Activations began at 185 t 4 ms after re- SN), whereas fewer neurons were found in groups A8 and 
ward and lasted for 92 & 6 ms. Reward latency corrected for A 10 (Table 5, top). When the area of DA neurons was 
the 55-ms delay of liquid delivery after the electronic pulse divided into three equal mediolateral zones, recordings 
was 130 ms. The differences in latencies, but not durations, were obtained predominantly from the intermediate zone. 
of responses were significant among light illumination, liq- There were no systematic differences in recording areas be- 
uid reward delivery (uncorrected and corrected), and door tween monkeys or between different phases of condition- 
opening. Light and reward latencies differed insignificantly ing. Fractions of neurons responding to light or reward were 
between monkeys or task phases. evenly distributed over groups AS-A 10 and over the entire 

FIG. 14. Latency and duration histograms of responses of DA neurons to light illumination and liquid reward deli 
Only data from significantly responding neurons are included. Al 1 measurements were done with binwidth of 4 ms. 
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FIG. 13. Development of population 
response of DA neurons during operant 
conditioning. Left: light illumination. 
Right: liquid reward delivery. Overtrain- 
ing refers to 2nd overtraining phase. Popu- 
lation histograms were calculated from all 
neurons tested in both monkeys, indepen- 
dent of individual neuronal responses. 
These were 90, 25, 64, and 82 neurons in 
no task, conditioning, postconditioning, 
and 2nd overtraining phases, respectively. 
For each population histogram, histo- 
grams from each neuron normalized for 
trial number were added and the resulting 
sum divided by the number of neurons. 
Vertical calibration indicates mean im- 
pulse activity. 
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TABLE 5. Regional distributions of DA neurons in monkey midbrain investigated during operant conditioning 

DA Cell Group Midbrain 

A8 A9 A10 N Lateral Intermediate Medial 

No task 
Light 
Liquid 

Conditioning 
Postconditioning 
1 st overtraining 
2nd overtraining 

12 72 6 90 16 64 10 
21 99 18 138 9 104 25 
8 17 0 25 0 25 0 
9 47 8 64 10 40 14 
5 71 7 83 7 69 7 
7 63 12 82 6 64 12 

Numbers of neurons recorded 

DA Cell Group Midbrain 

A8 A9 Al0 Average Lateral Intermediate Medial 

Percentage of neurons activated 

No task 
Light 
Liquid 

Conditioning + postconditioning 
Light 
Liquid 

1st + 2nd overtraining 
Light 
Liquid 

8 7 8 7 0 9 0 
10 13 17 13 11 13 16 

35 52 75 51 30 49 71 
29 25 29 26 20 28 31 

42 42 26 40 15 44 26 
17 11 11 11 9 12 11 

mediolateral extent (Table 5, bottom). As the only excep- 
tion, responses to light illumination during conditioning 
and postconditioning phases appeared to be more frequent 
in medial parts of midbrain, although this difference did 
not reach the level of significance (P > 0.05 ). Positions of 
neurons responding to light illumination are shown for the 
conditioning-postconditioning phases and the two over- 
training phases in Fig. 15, A and B, respectively. Recording 
sites of reward responses are shown in Fig. 16. 

DISCUSSION 

The present results demonstrate that responses of DA 
neurons to external stimuli are related to specific character- 
istics attached to different stimuli according to behavioral 
contexts attained during successive stages of learning. Sev- 
eral stimuli were effective for activating DA neurons, such 
as novel stimuli, which elicited orienting eye movements; 
sight of primary reward when the food box opened; delivery 

B 

A 8.5 

h 

A 7.5 

I 
2mm 

FIG. 15. Positions of DA neurons responding to light 
illumination. A : neurons recorded during conditioning 
and postconditioning phases. B: neurons recorded after 
1st and 2nd overtraining in same monkey. Dots, DA 
neurons responding to light illumination; lines, unre- 
sponsive DA neurons. Arrow points to lesion for track 
identification. Same monkey and abbreviations as in 
Fig. 8. 
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of primary reward during operant conditioning; and intrin- 
sically neutral stimuli such as an opening box or a light, 
which-through association with primary reward-gained 
the capacity to elicit behavioral reactions. Responses were 
progressively reduced with automatic, routine task perfor- 
mance after overtraining. Neurons responded in a homoge- 
neous fashion and were not separated into different classes. 
Within each learning phase, they either responded to the 
stimulus effective during that phase or lacked responses. 

The dopaminergic nature of the neurons is suggested by 
characteristics emerging from the common experience of 
numerous research groups. DA cells histologically located 
in SN and areas A8 and A 10 were distinguished from other 
neurons by the form, duration, and frequency of impulses. 
Neurons with these characteristics fulfill more stringent cri- 
teria that are usually unfeasible for work in awake mon- 
keys, such as intracellular transmitter-specific staining 
(Grace and Bunney 1983 ) and depressant response to low 
doses of the DA autoreceptor agonist apomorphine (Bun- 
ney et al. 1973; Schultz 1986; Schultz and Romo 1987; 
Steinfels et al. 1983 ) . Although final proof should be ob- 
tained by the use of a combination of these techniques, we 
feel confident that the chosen characteristics are sufficiently 
sensitive to ascertain the dopaminergic nature of recorded 
neurons. 

Comparison of neuronal responses over different stages 
of behavioral conditioning during several weeks required 
standardization of methods. We attempted to study the 
same population of neurons during different task phases by 
recording from the same area of the ventroanterior mid- 
brain and by studying every DA neuron encountered. The 
stereotyped, homogeneous responses of DA cells, together 
with the high proportion of responding neurons, allowed us 
to develop the standard time window method for assessing 
neuronal responses, which largely reduced subjective judge- 
ments and uncertainties derived from response variability. 

FIG. 16. Positions of DA neurons responding to 
delivery of liquid reward. A : neurons recorded during 
conditioning and postconditioning phases. B: neu- 
rons recorded after 1st and 2nd overtraining. Trian- 
gles, DA neurons responding to reward; lines, unre- 
sponsive DA neurons. 

Nature of changes in responsiveness 

The first exposure to the door opening stimulus elicited 
target-directed eye movements and responses in DA neu- 
rons in each monkey, whereas repeated testing rapidly re- 
duced behavioral and neuronal responses to this stimulus 
unrelated to reward. The less salient light stimulus intro- 
duced after box opening at the same spatial position did not 
elicit behavioral or neuronal responses. Obviously, the neu- 
ronal response to initial door opening was related to the 
novelty and salience of the unexpected stimulus. Subse- 
quent reduction of neuronal responsiveness should be due 
to loss of novelty and not to habituation, because responses 
came back when the stimulus was associated with reward 
during the intermittent task. The sample of neurons show- 
ing novelty responses is very small because of the restriction 
to stimuli required for establishing a future behavioral con- 
tingency. Therefore the conclusions drawn at this time 
should not discriminate between possible attributes of these 
stimuli, such as novelty, unexpectedness, or salience. Simi- 
lar low numbers of neurons were obtained in other studies 
in which a single neuron was recorded while an animal was 
engaged in learning a new contingency (e.g., Watanabe 
1990). Responses of DA neurons to stimuli eliciting orient- 
ing reactions were previously observed in cats. They also 
were lost with behavioral habituation on repeated stimulus 
presentation ( Steinfels et al. 198 3 ) . 

Responses in the intermittent food box task were more 
pronounced in trials with food present than in opening of 
the empty box, suggesting that responses were partly due to . 
the sight of primary food reward. Very quickly, neurons 
acquired responsiveness to door opening‘ without food in 
intermingled trials, suggesting that door opening became 
effective through its association with food reward, induced 
by the temporal and spatial coincidence of the two stimuli. 
By contrast, the neutral light stimulus failed to activate DA 
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neurons during this period, demonstrating that DA neu- 
rons discriminated between different sensory stimuli and 
were driven only by the stimulus with behavioral signifi- 
cance. 

Neuronal responses in food box and operant tasks devel- 
oped concomitantly with target-directed eye and arm move- 
ments. However, during this period they also occurred in 
individual trials in which saccades were absent, because the 
eyes incidentally fixated the opening food box or the ap- 
pearing light. Responses were also independent of individ- 
ual arm movements, as seen during the intermittent task 
phase, in which animals reached out only when the box 
contained food. In agreement with previous results 
(Schultz and Romo 1990), this suggests that responses 
were not related to the initiation of individual eye and arm 
movements but were determined by the properties of stim- 
uli that, through the association with primary reward, had 
gained the capacity to elicit immediate behavioral reac- 
tions. 

Pronounced responses to reward were found during ac- 
quisition of the operant task but were largely lost with es- 
tablished task performance. The decrease in reward re- 
sponse was paralleled by the appearance of the light re- 
sponse after conditioning with very similar temporal 
response characteristics, as though the neuronal response 
was shifted from primary reward to the conditioned light 
stimulus. Only a few neurons responded to the light during 
conditioning, and even fewer responded to both light and 
reward. A comparable, albeit instantaneous, shift of respon- 
siveness was previously observed in those DA neurons that 
responded to primary reward during self-initiated arm 
movements without predictive stimuli and to the condi- 
tioned stimulus predicting reward during stimulus-trig- 
gered movements (Romo and Schultz 1990). This suggests 
that the presently observed shift occurring over several days 
reflects the modified behavioral significance of stimuli in- 
duced by conditioning and should not be due to sampling 
from different neurons. 

Responses to the light were considerably reduced after 
overtraining. The response to the conditioned stimulus rep- 
resented a very persistent activation of DA neurons, and its 
reduction required an excessive amount of overtraining. In 
earlier studies, we failed to see response reduction with pro- 
longed use of the food box task over several months 
(Schultz 1986; Schultz and Romo 1990). The present re- 
sult should be ascribed to the high degree of task automati- 
zation, facilitating stereotyped performance with minimal 
attention; the high number of trials; the low-impact visual 
stimulus; the single modality of the stimulus; the restriction 
to a single task without variations; and the delivery of liquid 
reward to the animal’s mouth. Earlier reports of lack of 
task-related modulations of DA neurons might be attrib- 
uted to similar factors ( DeLong et al. 1983 ). 

Responses to the light during established task perfor- 
mance were, in general, similar to responses to opening of 
the food box (Schultz 1986; Schultz and Romo 1990). 
They occurred in 58% of neurons and thus were in the same 
range of frequency observed with door opening presently 
and previously (54 and 55-75%, respectively). Response 
magnitudes were slightly lower after light illumination 
(294%) compared with door opening (409%). The lower 
magnitudes after the light may be explained by the station- 

ary stimulus and its single sensory modality, compared with 
the composite visual-auditory nature of the door opening 
stimulus. Similar differences were previously observed 
within the food box task when individual sensory compo- 
nents instead of composite door opening were used 
(Schultz and Romo 1990). 

Properties of stimuli efective for activating dopamine 
neurons 

NOVEL STIMULI. Neurons responded to door opening when 
it was a novel stimulus not associated with reward. In these 
situations, door opening prompted the animal for attention 
and elicited an orienting reaction. Novel stimuli are impor- 
tant for an animal because they may conceal appetitive or 
aversive consequences and thus have the potential for de- 
manding immediate approach or avoidance behavior. The 
animal can afford to neglect a stimulus only when its neu- 
tral nature for behavior has been established. The lack of 
neuronal responses to door opening during the no task 
phase should thus be related to the loss of novelty through 
repeated presentation, after which the stimulus failed to 
elicit orienting reactions. 

PRIMARY REWARDS. Reward responses during operant 
conditioning occurred when animals were required to learn 
the task to find a way to obtain liquid. During learning, 
reward delivery after the casual touch of the lever after light 
illumination represented a particularly prominent event. 
Besides leading to consummatory behavior, reward served 
to direct the animal’s behavior so that the appropriate reac- 
tions for reaching the goal could be established. The fact 
that responses of DA neurons to reward occurred only in 
this specific situation should be related to the attention-gen- 
erating and goal-directing characteristics of this stimulus. 
These characteristics were lacking when DA neurons failed 
to respond when a conditioned stimulus preceded reward, 
or when reward was given in a routine manner with the 
animal’s hand on the resting key. By contrast, striatal neu- 
rons respond unconditionally to reward in various situa- 
tions of a well-established task ( Apicella et al. 199 1). This 
suggests that the responses of DA neurons were related to 
the salient character of reward during learning. An involve- 
ment of DA neurons in reward detection is suggested by the 
blocking effects of DA receptor antagonists on reinforce- 
ment processes (Beninger and Hahn 1983; Fibiger and 
Phillips 1986; Wise and Rompre 1989). 

CONDITIONED INCENTIVE STIMULI. Once animals received 
reward from the food box or by the casual touch of the 
operant lever, they began to pay attention to the particular 
stimulus that directed the behavioral sequence toward the 
box or the lever, respectively, and thus led to reward. 
Through behavioral conditioning, intrinsically neutral stim- 
uli, namely, door opening and light illumination, sustained 
the arm movement. Through association with primary re- 
ward, intrinsically neutral stimuli gain incentive value, at- 
tract the attention of the subject, elicit a state of expectation 
by predicting reward, and thus sustain a variety of goal-di- 
rected behavioral acts (Bindra 1968, 1974; Bolles 1972; 
Toates 1986). The development of incentive properties of 
door opening and light illumination was paralleled by the 
development of neuronal responses to these stimuli. The 
responses to conditioned trigger stimuli may be factors that 
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contribute to the general involvement of DA neurons in 
incentive motivation, as proposed on behavioral grounds 
(Beninger and Hahn 1983; Fibiger and Phillips 1986). 

Reaching toward the food box occurred in a rather natu- 
ral situation, in which the eliciting stimulus (door open- 
ing), target of movement, and reward were presented simul- 
taneously and at the same spatial position. This may ex- 
plain why responses of DA neurons to door opening 
appeared virtually instantaneously, suggesting the rapid de- 
velopment of incentive stimulus properties of door opening 
when the box contained a morsel of apple. In contrast, 
operant conditioning of the light-lever reaction required sev- 
eral days, during which neuronal responses gradually 
shifted from primary reward to the conditioned incentive 
light stimulus. 

Very few DA neurons responded to both delivery of pri- 
mary liquid reward and the conditioned light stimulus, and 
none responded to the touch of food after door opening. 
This demonstrates that DA neurons respond only to the 
first reward-associated stimulus encountered in a behav- 
ioral sequence, this being either primary reward without 
preceding predictive stimuli or the conditioned stimulus 
predicting reward, in agreement with earlier results (Romo 
and Schultz 1990). This suggests a common reward-related 
stimulus attribute that contributes to the neuronal re- 
sponse, which is attached to only one stimulus in a given 
situation of this task. Both primary reward and reward-pre- 
dicting conditioned stimuli are salient stimuli that attract 
the attention of the animal. Conceivably, the first of two 
predictably linked stimuli elicits a higher degree of arousal 
than the second one. Being related to motivation, this form 
of arousal could be termed “motivational arousal” (Bindra 
1974; Wise 1982). Thus, in the respective situations in 
which DA neurons responded to them, primary reward and 
the conditioned stimuli were the key signals capable of elicit- 
ing motivational arousal. 

OVERTRAINING. The reduction of neuronal responses to 
the operantly conditioned light after overtraining requires 
that the stimulus property of the light in this particular be- 
havioral situation be assessed. During acquisition, the indi- 
vidual stimuli and actions contributing to a behavioral reac- 
tion are internally represented in a declarative form, with a 
particular emphasis on incentive stimuli (Dickinson 
1980). After extensive practice, the behavioral act is repre- 
sented in a procedural form, in which the whole sequence 
and not individual events are modeled. Thus behavior be- 
comes a habit and is executed in an automatic and routine 
fashion, with a minimum of attention generated by external 
stimuli (Pearce and Hall 1980) and without reference to a 
particular goal (Dickinson 1980). 

In the present study, overtrained animals conceivably 
performed the task as a habit that was centrally represented 
in a procedural form. The light would have lost its promi- 
nent predictive value for reward and thus its incentive and 
salient character. It merely provided a temporal reference 
for task performance, in which the lever needed to be 
touched within a l-s period after light illumination. Behav- 
ior was not driven by reward but by custom, which would 
agree with the repeated spontaneous task interruptions of 
the fluid-deprived animal. Thus the reduction of responsive- 
ness of DA neurons after overtraining may be ascribed to 

the reduced incentive and attention-generating character of 
the stimulus. 

Previous investigations in Parkinsonian and choreatic pa- 
tients have suggested that the striatum is involved in proce- 
dural representations underlying habit formation and per- 
formance (Heindel et al. 1988; Saint-Cyr et al. 1988). Al- 
though specific experiments are lacking, it may be 
hypothesized that DA neurons respond to the most signifi- 
cant attention-generating and motivating signals during 
learning until the behavior is represented in the striatum in 
a procedural form, after which responses of DA neurons are 
considerably reduced. Thus DA neurons might influence 
striatal processes during the formation of habits. 

Dopamine neurons, learning, and the adaptation 
of behavior 

The common character of events driving DA neurons 
appears to be the salience of external stimuli attracting the 
attention of the subject. According to the present results, 
this character is shared by novel, unexpected stimuli; pri- 
mary rewards; incentive stimuli; and stimuli in general as- 
sociated with reward, all of which activate DA neurons. 
Reward-related events represent a particularly prominent 
class of salient stimuli. The selective responses to salient 
stimuli during specific periods of learning allow DA neu- 
rons to play a particularly prominent role in the acquisition 
of behavioral tasks and the adaptation to changing environ- 
mental conditions, rather than to be involved in routine or 
habitual performance. Interruption of dopaminergic trans- 
mission during this critical phase should be particularly ef- 
fective. Indeed, establishment of operantly conditioned be- 
havior was preferentially attenuated by blockade of DA re- 
ceptors by neuroleptics, whereas well-trained behavior was 
less readily disrupted ( Beninger and Hahn 198 3; Tom- 
baugh et al. 1979; Wise and Schwartz 198 1). These compar- 
isons suggest that the observed impulse responses may be 
involved in mediating the modification of behavior accord- 
ing to external demands. 

The phasic activation of DA neurons may be related to 
the increased tendency to react to those stimuli that attract 
the animal’s attention and provide a goal for its behavior. 
The animal would adapt its behavior according to the infor- 
mation contained in the stimulus. For example, explor- 
atory tendencies would be encouraged by novel stimuli. 
When the animal is learning an operant task, the phasic 
neuronal activation elicited by reward would sustain explor- 
atory tendencies by which the animal discovers the contin- 
gencies for obtaining reward. Eventually, animals learn that 
a lever has to be pressed after light presentation to receive 
reward. When the task is acquired, the conditioned incen- 
tive stimulus would activate DA neurons and lead to an 
increased probability of the appropriate behavioral reaction 
for acquiring the reward, the specific parameters of the reac- 
tion being determined by the postsynaptic neuronal net- 
work influenced by DA released. Responses of DA neurons 
are considerably reduced when stimuli lose their incentive 
value and behavior is driven by habit rather than by pursuit 
of a particular goal, as seen after overtraining. This suggests 
that the activation of DA neurons is related to goal-di- 
rected, purposeful behavior. In summarizing results from 
behavioral studies, several authors have suggested that acti- 
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Excessive stimulation of DA receptors results in the well- 
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types (Randrup and Munkvad 1970). 

Regional specljicity ofdopaminergic function 

mesolimbic and nigrostriatal neurons may not mutually 

The responses to reward occurred during task acquisi- 
tion, whereas the responses to the conditioned trigger stimu- 

exclusively be related to reward and conditioned incentive 

lus were seen during the performance of the well-estab- 
lished task. Previous results suggest that mesolimbic DA 

stimuli, respectively, but may reflect a common underlying 

projections from the ventral tegmental area to ventral stria- 
turn are particularly involved in learning and reinforce- 

salient, attention-generating, and incentive stimulus charac- 

ment processes (Fibiger and Phillips 1986; Wise and 
Rompre 1989). The ventral striatum, together with input 
from amygdala, appears to play a particular role in estab- 
lishing stimulus-reward associations (Cador et al. 1989; 
Gaffan et al. 1988). In contrast, established stimulus- 
guided behavioral performance in trained animals may de- 
pend more on DA neurons projecting from SN to dorsal 
caudate and putamen (Amalric and Koob 1987; Carli et al. 
1989 ) . One might expect that such distinctions in function 
between DA systems would be reflected in preferential dis- 
tributions of DA neurons responding to primary reward 
(ventral tegmental area) and to conditioned stimuli (SN). 
However, neurons responding to reward during task acqui- 
sition and to trigger stimuli afterward were presently found 
over the entire mediolateral extent. There may be several 
reasons for this. 1) We may not have sampled enough neu- 
rons in each region. In particular, the ventral tegmental 
area (A 10) has again yielded a relatively low number of 
neurons. 2) The relatively short acquisition phase of the 
simple reaction time task may have precluded a sufficient 
number of neurons responding to reward. More complex 
tasks with longer conditioning periods, or tasks with a 
higher yield of reward responses even after acquisition, 
might better unravel a regional preference. 3) Responses in 
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