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ABSTRACT

The basal ganglia, especially the ventral striatum, have been implicated in control of action based on motivation1,2,3,4.  A prevalent view is that nigro-striatal dopaminergic neurons carry reinforcement signals to modulate the cortico-striatal signal transmissions5,6,7.  However, it is still unknown how such reinforcement signals affect the output of the striatum in relation to behavior.  To answer this question, we devised a memory-guided saccade task in which only one out of four directions was rewarded, and examined single cell activity in the caudate nucleus.  We found that visual or memory-related responses of presumed projection neurons in the caudate were frequently modulated by expectation of reward, either as an enhancement or as a reduction of response.  The cell's preferred direction often changed with the change in the rewarded direction, implying a short-term synaptic plasticity.  The modulation of caudate cell activity was correlated with changes in saccade parameters.  Our results suggest that the caudate contributes to the determination of oculomotor outputs by affiliating motivational values to visual information.

METHODS
INTRODUCTION

We used two male Japanese monkeys (Macaca fuscata).  Under general anesthesia, we implanted a head holder, chambers for unit recording, and a scleral search coil21.  The monkeys were trained to perform saccade tasks, especially a memory-guided saccade task27.  Eye movements were recorded using the search coil method.  We recorded extracellular spike activity of presumed projection neurons which showed very low spontaneous activity28, but not of presumed interneurons which showed irregular tonic discharge29.  For each cell that showed visual or memory-related responses, we used a set of four target locations with the same eccentricity that were arranged in either normal or oblique angles, depending on the cell's receptive field.  The recording sites were verified using MRI (Hitachi, AIRIS, 0.3T).


The monkeys performed the memory-guided saccade task in two different reward conditions: all-directions-rewarded condition (ADR) and one-direction-rewarded condition (1DR).  For every caudate cell recorded, we required the monkeys to perform one block of ADR and four blocks of 1DR (i.e., four different rewarded directions).
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In both conditions, a task trial started with onset of a central fixation point.  While the monkeys were fixating the fixation point, a cue stimulus whose location must be remembered was presented randomly at one of the four directions.  After 1-1.5 s, the fixation point turned off, and the monkeys were required to make a saccade to the previously cued location.  


In ADR, every correct saccade was rewarded with a liquid reward  together with a tone stimulus.  In 1DR, an asymmetric reward schedule was used in that only one of the four directions was rewarded while the other directions were either not rewarded (exclusive 1DR) or rewarded with a smaller amount (about 1/5) (relative 1DR).  The highly rewarded direction was fixed in a block of experiments which included 60 successful trials.  Even for the non-rewarded or less-rewarded direction, the monkeys had to make a correct saccade.  The correct saccade was indicated by a tone stimulus with no or small reward, which was followed by the next trial; if the saccade was incorrect, the same trial was repeated.  The amount of reward per trial was set approximately the same between 1DR and ADR.  The target cue was chosen pseudo-randomly such that the four directions were randomized in every sub-block of four trials; thus, one block of experiment (60 trials) contained 15 trials for each direction.  1DR was performed in four blocks, in each of which a different direction was rewarded highly.  Other than the actual reward, no indication was given to the monkeys as to which direction was currently rewarded. 


For each cell responding to the cue stimulus, we first determined the duration of the response (test duration) based on cumulative time histograms, usually based on the most robust response.  A control duration (usually 500 ms) was set just before the onset of the fixation point.  The cell's response was calculated, for each trial, as the spike frequency during the test duration minus the spike frequency during the control duration.

RESULTS AND DISCUSSION


We trained two monkeys to perform a memory-guided saccade task in two reward conditions: all-directions-rewarded condition (ADR) and one-direction-rewarded condition (1DR).  In ADR, which is a conventional reward schedule, the monkeys were rewarded each time they made a memory-guided saccade correctly.  In 1DR, which we devised specifically for the present study, the monkeys were rewarded when the cue stimulus was presented in one particular direction out of four and the saccade was made correctly; they were not rewarded (exclusive 1DR) or rewarded with a smaller amount (relative 1DR) for the other three directions, but had to make a correct saccade to proceed to the next trial.  The rewarded direction was fixed in a block of 60 trials, and a total of four blocks was performed with four different rewarded directions.  Thus, the cue stimulus had two meanings: (1) the direction of the saccade to be made later, and (2) whether or not a big reward was to be obtained after the saccade.  


Among 241 cells we recorded in the caudate nucleus, there were cells showing phasic visual responses to the cue stimulus (n=114), sustained activity during the delay period (memory-related response) (n=79), saccadic responses (n=92), and activity preceding the cue stimulus (n=89).  In this report, we concentrate on 87 cells with visual or memory-related responses in which 4 blocks of 1DR and 1 block of ADR were fully examined.  We defined a visual response to be phasic activity that started within 200 ms after onset of the cue stimulus and a memory-related response to be sustained activity that started 200 ms after the cue onset and ended before or with the saccade.  Among them, 27 out of 45 cells (60 %) with visual response and 20 out of 50 cells (40 %) with memory-related response showed clear direction selectivity when tested in ADR (one-way ANOVA (cued direction), P<0.01) (c.f., note that the two types of response could be observed in a single cell).  The preferred direction was usually contralateral (70 %), as reported previously8.


We found, however, that such spatial selectivity depended on the reward condition.  A typical cell is shown in Fig. 1, which was recorded in the right caudate nucleus.  In ADR, it responded to the left (contralateral) cue stimulus most vigorously, while the response to the right cue was meager.  The cell's direction selectivity is shown at top as a polar diagram.


In 1DR, however, the cell's direction selectivity changed completely.  For example, when the rewarded direction was right, the cell responded to the right cue stimulus much better than to the other directions.  Accordingly, the cell changed its preferred direction in different blocks such that the response was greatest for the rewarded direction.  The response was clearly dependent on the reward condition [two-way ANOVA (reward condition x cued direction), main effect of reward condition: F(1, 181)=689.243; P<0.0001]. 
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Figure 2: 

The caudate cell shown in Fig. 2 was also dependent on reward expectation, but in the opposite manner.  In ADR, the cell showed virtually no response to any of the four cue stimuli.  In 1DR, however, it showed vigorous responses to the cue that indicated no reward, while it showed no response to the rewarded cues, no matter which direction was rewarded. 


The cells shown in Fig. 1 and 2 were not exceptional ones.  As shown in Fig. 3A, most caudate cells showed either a strong enhancement (data points close to the ordinate) or a reduction (data points close to the abscissa) of response by expectation of reward.  A statistically significant modulation was found in 76 out of 87 cells (87 %) in either the visual or memory-related response: visual response, 36/45 (80 %); memory response, 43/50 (86 %) [two-way ANOVA (reward condition x cued direction), main effect of reward condition; P<0.01].  Among the 76 modulated cells, 64 cells (visual: 31, memory: 36) showed an enhancement ('reward-facilitated cells'), while 12 cells (visual: 5, memory: 7) showed a reduction of response ('reward-suppressed cells').  Similar results were obtained using the exclusive 1DR and relative 1DR.


That the monkeys were more motivated when reward was expected was indicated in the changes in saccade parameters.  The latencies were shorter (Fig. 3B) and the peak velocities were higher (Fig. 3C) when the saccades were followed by reward than when they were not (paired t-test, P<0.0001).


We then asked how the caudate cells changed their response when the rewarded direction was changed (Fig. 4).  In the first block of 1DR for the reward-facilitated cell (shown in Fig. 1), the rewarded direction was left, which was the cell's preferred direction in ADR (Fig. 4A, left).  The responses were initially strong for all directions except for right, but the responses to the left cue gradually increased, while the responses to the other cues decreased rapidly and stayed close to zero.  In the next block (Fig. 4A, right), the rewarded direction was changed to right which was the non-preferred direction in ADR.  Again, the responses were initially strong for all directions, but decreased gradually while only the response to the right cue survived.  The time course for the reward-suppressed cell (shown in Fig. 2) was quite opposite to that of the reward-facilitated cell shown in Fig. 4A.  For each block, the cell initially showed almost no response to any direction, but then started responding to the three directions that indicated no reward (Fig. 4B).  


A similar time course of response modulation was observed in the other reward-contingent caudate cells, especially for the non-rewarded cues.  Specifically, among 64 reward-facilitated cells, 27 decreased their response while the others showed no significant change; among 12 reward-suppressed cells, 4 increased their responses while the others showed no change [unpaired t-test (comparison between the initial 15 trials and the following trials, P<0.01].


Neurons that we recorded had low spontaneous activity and were presumably projection neurons which are GABAergic9.  They are thought to modulate the final inhibitory outputs of the basal ganglia, either by disinhibition or by enhancement of inhibition10,11,12.  Anatomically, the striatal projection neurons are characterized by numerous spines on their dendrites13,14 to which glutamatergic cortico-striatal axons and dopaminergic axons make synaptic contacts15,16.  Schultz and his colleagues have demonstrated that dopaminergic neurons in the substantia nigra show responses to sensory stimuli that predict the upcoming reward17,7.  Thus, a caudate neuron could receive spatial information via the cortico-striatal inputs18 and reward-related information via the dopaminergic input17.
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Based on these considerations, we propose that the efficacy of the cortico-striatal synapses would be enhanced or depressed depending on the combination of these two inputs.  In reward-facilitated cells (as shown in Fig. 1), the co-activation of these two inputs would lead to synaptic enhancement, while activation of either one of them alone would lead to depression.  The scenario would be opposite in the case of reward-suppressed cells (as shown in Fig. 2).  Different dopaminergic receptors, such as D1 and D2, might be involved in such excitatory and inhibitory processes19.  These mechanisms, in fact, have been suggested in relation to long-term depression and long-term potentiation20.  The synaptic plasticity in our case would be a short-term one, because the preferred direction changed fairly rapidly in a block of 1DR trials. 


The reward-contingent modulation of caudate cell activity was correlated with the changes in saccade latency and velocity.  A mechanism underlying the changes may be the serial inhibitory connections from the caudate to the superior colliculus through the substantia nigra pars reticulata11,21.  An enhancement of caudate cell activity when reward is expected (as in Fig. 1) would lead to an enhanced disinhibition of the superior colliculus and consequently a reduction of saccade latency and an increase in saccade velocity, especially for memory-guided saccades22, which we observed in the present study.  On the other hand, an enhancement of caudate cell activity when reward was not expected (as in Fig. 2) might affect the so-called indirect pathway (including the globus pallidus external segment23 and subthalamic nucleus24), which would lead to the suppression of saccades to the non-rewarded cues, as observed in our study.  The above scheme, however, needs to be examined in future studies.


It has been suggested that the basal ganglia contribute to the selection of action25,26.  Our study suggests that a critical determinant for the selection is expectation of reward (or motivation).  The caudate nucleus, part of the dorsal striatum, would play an important role in such a decision-making process.
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