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The ventral striatum plays an important role in motivation. The neurons therein
responded during a task requiring 1 to 3 bar-release trials to be completed successfully
before a reward was given. A cue, located above the target signals progress toward
obtaining a reward by brightening in 1 to 3 steps as the trials are completed successfully.
The monkeys seemed more motivated as the rewarded trials approached; they responded
more quickly and accurately.

Eighty-nine out of 150 ventral striatal neurons responded in at least one part of
the task: (1) at the visual cue's onset, (2) near the time of bar release, and (3) near the
time of reward delivery. The neuronal activity disappeared on the first trial after
randomizing the cue’s relation to the schedule, suggesting that the changes in the
neuronal firing encode the meanings of the cue. When the cue signaled progress through
the schedule, the neuronal activity was related to the progress through the schedule.
For example, one large group of these neurons responded in the first trial of every
schedule, another large group responded in trials other than the first of a schedule, and
a third large group in the first trial of schedules longer than one. Thus, these neurons
coded the state of the cue, i.e., the neurons carried the information about how the monkey
was progressing through the task. Considering the anatomical loop structure that
includes ventral striatum and prefrontal cortex, we suggest that the ventral striatum
might be part of a circuit that supports keeping track of progress through learned
behavioral sequences that, when successfully completed, lead to reward.
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Fig. 2 The loop structure of the neuronal circuit that is important

Fig. 3 The task. In each trial, a red target, the Wait signal,

appeared in the center of the computer video monitor in
front of the monkey when the monkey touched a bar.
The target became green, the Go signal, after a randomly
chosen delay of between 400 and 1200 ms, indicating
that the monkey could release the bar to earn a drop of
water or juice. If the monkey responded correctly within

1 s, the target turned blue, the OK signal, indicating to
the monkey that the trial had been completed correctly.
Then the target then disappeared. The complete task
was composed of one to three simple bar release trials.
In each trial, a white cue, the schedule fraction cue, was
present at the top of the monitor. The monkey had to
complete 1, 2, or 3 trials correctly to earn a reward.
These schedules were randomly interleaved. The
brightness of the cue was proportional to the schedule
fraction (see Methods). The schedule fraction was the
measure that indicated the progress toward the rewarded
trial. For example, if the required number of trials to
receive the reward was 3, the schedule fraction could be
1/3, 2/3, and finally 3/3, which was the rewarded trial
and the cue was brightest (brightening paradigm). We
also randomized the cue sequence so that the cue lost its
meaning (random paradigm).
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Fig. 4 Identification of phasic response. In these plots, the average spike densities are aligned at the time of the cue@ onset. Th
phasic response was identified automatically by finding the peak average firing across all of the schedule fractions, shown
here by a solid vertical line in the panel representing the response in the 2/2 schedule. The beginning was defined as the
minimum between 200 ms before the cue onset and the peak for this response, and the end of the responses was defined
the minimum between the peak and 1000 ms after the peak. These are shown by the dotted dashed vertical lines in the pane
labeled 2/2. This time period was then applied to the responses in all of the schedule fractions. The asterisk indicates that
the peak response occurred for the indicated schedule, here 2/2. The same algorithm was used for bar-release-relate
neurons and reward-related neurons, with the search period being 200 ms before bar-release to 500 ms after, and 200 m
before reward delivery to 750 ms after, respectively. The search windows for the bar-release-related responses started 20(

ms before the bar release and ended 500 ms after the bar release.
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Fig. 6 Relation between mean reaction time and schedule

fractions. A, mean reaction times in brightening
paradigm (circle) and random paradigm (square) sorted
by the schedule fractionB, mean reaction times in
brightening paradigm (circle) and random paradigm
(square) sorted by the brightness of the schedule fraction
cue. Bars indicating standard errors are smaller than
the squares and circles used to mark data points.

Fig. 5 Histological section from one monkey that showed the

recording area in the ventral striatum. Frontal section
at A23, A20, and A18 from top to bottom, which spans
the recording area along rostrocaudal direction. Thick
line in A20 photograph indicates the approximate area
where we recorded single unit responses. The inset
shows a magnified view of an electrolytic lesion marking
a recording site in the outlined area of the middle

histological section.
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Fig. 8 Rasters and spike density plots of the activity of one neuron that responded to the appearance of the schedule fraction cue
Vertical lines (ordinates) indicate the onset of the appearance of the cue. Upper columns indicate the rasters and lower
columns indicate the spike density plots. The responses are aligned to the onset of Ah@eusnal response in brightening
paradigm sorted by the schedule fraction. The neuron responded in 2/3, 3/3 and 2/2 conBitithressame neuron’s
responses in random paradigm sorted by the cue brightness. The plots are compared to the schedule fraction with the
corresponding brightness in the brightening paradigm (connected by the heavy arrows). The neural responses, which hac
been large in the 2/3, 3/3 and 2/2 conditions of the brightening paradigm, disappeared at the corresponding cue brightness ir

the random paradigm.
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Table 1 Main groups of the neurons that responded at the
appearance of the schedule fraction cue. “X” indicates
the schedule fraction in which the neuron responded to
the appearance of the schedule fraction cue. Forty-one
out of 47 neurons that responded to the appearance of
the schedule fraction fell into 5 main groups. The

numbers of neurons in each category were shown under
the column ‘N’.
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Fig. 9 Spike density plots of the activity of three neurons that responded to the appearance of the schedule fraction cue. Vertical
lines (ordinates) indicate the onset of the appearance of the cue. Upper plots indicate the neuronal responses initige brighten
paradigm sorted by the schedule fraction; lower plots in the random paradigm sorted by the cue brightaesxample
of a neuron from group 1 that responded in 2/3, 3/3, and 2/2 in the brightening par&ligm example of a neuron from
group 2 that responded in 1/3, 1/2, and 1/1 in the brightening parad@@ran example of a neuron from group 3 that
responded in 1/3 and 1/2 in the brightening paradigm.
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Fig. 10 Rasters and spike density plots of the activity of the neuron that responded at the time of bar-release in the brightening
paradigm. This neuron also responded at the time of the activation of the reward apparatus, which corresponds the seconc
rise of spike density in the plots (see Fig. 11). Vertical lines (ordinates) indicate the time of bar réleaseronal
responses in the brightening paradigm sorted by the schedule fraction. The large responses are shown in 3/3, 2/2 and 1/:
conditions. B, neuronal responses in the random paradigm sorted by the cue brightness. The neural responses when the
cue was brightest, 3/3, 2/2 and 1/1 conditions, were smaller with the same cue brightness in the random paradigm, and the
differences in the response across brightnesses disappeared.
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Fig. 11 Rasters and spike density plots of the activity of a neuron responding at the time of reward apparatus activation. Vertical
lines (ordinates) indicate the onsets of activation of the reward appafgtosuronal responses in the brightening paradigm
sorted by the schedule fraction. The neuron responded significantly more strongly in 3/3, 2/2 and 1/1 corlitions.
random paradigm sorted by the cue brightness. The neural responses to the brightest cue condition was now no bigger thal
the response to the other cue brightnesses.
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