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SUMMARY

Motor actions are facilitated when expected reward value is high. It is hypothesized that there are
neurons that encode expected reward values to modulate impending actions and potentially
represent motivation signals. Here we present evidence suggesting that the ventral pallidum (VP)
may participate in this process. We recorded single neuronal activity in the monkey VP using a
saccade task with a direction-dependent reward bias. Depending on the amount of the expected
reward, VP neurons increased or decreased their activity tonically until the reward was delivered,
for both ipsiversive and contraversive saccades. Changes in expected reward values were also
associated with changes in saccade performance (latency and velocity). Furthermore, bilateral
muscimol-induced inactivation of the VP abolished the reward-dependent changes in saccade
latencies. These data suggest that the VP provides expected reward value signals that are used to
facilitate or inhibit motor actions.

INTRODUCTION

Animals and humans make an action quickly and preferentially if the action is expected to
provide a valuable reward. This is the hallmark of “goal-directed behavior based on
motivational values' (Dickinson and Balleine, 1994). Goal-directedness requires that the
outcome of the action should be represented as a goal at the time of performance, and
motivation is a mental state that embodies the goal-directedness. These considerations
suggest that somewhere inside the brain there are neurons that represent motivation (or the
value of an upcoming action) and that the motivational signal facilitates or inhibits the
initiation/execution of the action.

A prominent candidate for such a goal-directed motivator is the basal ganglia. It has been
shown that activity of many neurons in the basal ganglia is heavily influenced by expected
reward values (Ding and Hikosaka, 2006; Hollerman and Schultz, 1998; Hong and
Hikosaka, 2008; Joshua et al., 2009; Kawagoe et al., 1998; Lauwereyns et al., 2002;
Pasquereau et al., 2007; Samejima et al., 2005; Sato and Hikosaka, 2002; Shidara et al.,
1998). Anatomical studies have suggested that the basal ganglia act as an interface between
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non-motor processes and motor processes (Haber, 2003). In particular, the limbic part of the
basal ganglia, which includes the ventral striatum (VS) and ventral pallidum (VVP) (Heimer
and Wilson, 1975), may convert motivation signals to motor signals (Mogenson et al.,
1980). Accumulated evidence has suggested that the V'S receives inputs from the “limbic'
prefrontal cortex, hippocampus, and amygdala, which regulate motivational/emotional
behaviors (Daw and Doya, 2006; Haber and McFarland, 1999; O'Doherty et al., 2007;
Robbins and Everitt, 1996; Wise, 1996). The VP receives GABAergic projections from the
VS and, in turn, projects to many brain areas involved in control of motivation such as the
ventral tegmental area (VTA), substantia nigra pars compacta (SNc) and pars reticulata
(SNr), thalamic mediodorsal nucleus (MD), and lateral habenula (LHb) (Haber and Knutson,
2010; Humphries and Prescott, 2010).

We chose the VP as a first step to answer the question, because its activity should be more
directly correlated with changes in the animal’s performance due to the close connectivity
between the VP and motor output regions. It has been suggested that the VP may serve as a
“limbic final common pathway' for processing of rewards (Smith et al., 2009). In Pavlovian
tasks, neurons in the rat VP responded to sensory stimuli that predicted an upcoming reward
as well as to the reward itself (Smith et al., 2011; Tindell et al., 2004). Lesions,
inactivations, and chemical manipulations of the rodent VP enhance or suppress reward-
seeking behaviors (Cromwell and Berridge, 1993; Farrar et al., 2008; Johnson et al., 1996;
McAlonan et al., 1993; Smith and Berridge, 2005). Chemical activation of the monkey VP
by local bicuculline injection induced stereotyped, non-purposive behavior (Grabli et al.,
2004). In humans, bilateral lesions of the globus pallidus (GP) and the VP lead to a lack of
motivation and pleasure (Bhatia and Marsden, 1994; Miller et al., 2006). Recent human
imaging studies have demonstrated that the VP is activated during various kinds of
motivational tasks associated with the primary (food and waters) and secondary (monetary
gains) rewards (Beaver et al., 2006; Pessiglione et al., 2007). However, few studies have
examined how individual VP neurons encode motivational/emotional states (Ito and Doya,
2009; Smith et al., 2011; Tindell et al., 2004) and how they modulate goal-directed behavior.

In our experiments we manipulated the value of an upcoming action by asking two macaque
monkeys to perform a reward-biased saccade task. We found that many VP neurons showed
differential activity encoding expected reward values. The role of the VP neuronal activity
in motivating or demotivating the goal-directed saccade was supported by chemical
inactivations of the VP in one of the monkeys.

To examine the functional roles of the VP in reward-oriented actions, we recorded activity
of single neurons in the VP while two monkeys (P and H) were performing a reward-biased
memory-guided saccade task (Ding and Hikosaka, 2006; Kawagoe et al., 1998; Nakamura et
al., 2008), in which reward size was associated with the direction of saccade (Figures 1A
and 1B). A trial started with the appearance of a central point that the monkey had to fixate.
During the central fixation, a cue indicating the position of the saccade target was briefly
presented randomly to the left or right. After a delay period the central fixation point turned
off (go signal), and the monkeys had to make a saccade to the remembered target position.
Within one block of 24 trials, saccades to one position were associated with a large amount
of liquid reward (large-reward trials) while saccades to the other position were associated
with a small amount of reward (small-reward trials). In the next block of 24 trials the
position-reward contingency was reversed without external instructions. Animals reliably
adjusted their saccade performance along with the position-reward contingency reversals:
saccades to the large-reward position had higher velocities and shorter latencies and
saccades to the small-reward position had lower velocities and longer latencies (Figures 5A
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and 5B). This indicates that the animals' performance was modulated by the expected reward
size.

While the monkey was performing the reward-biased memory-guided saccade task, we
recorded from single neurons in and around the VVP which was defined as the structure
below the anterior commissure (AC) and above the substantia innominata (Figures 1C and
1D), following Haber et al., (1993). The structure above the AC was defined as part of the
external segment of the globus pallidus (GPe). Posterior to these regions are the main bodies
of the GPe and the internal segment of the globus pallidus (GPi) (see Figure 6A). This
anatomical classification was roughly correlated with the variation of single neuronal
activity physiologically and functionally. In particular, reward-related neurons were found
predominantly in the VP, less frequently in the GPe dorsal to the AC, and rarely in the GPe-
GPi posterior to the AC.

In this study, we focused on the single neuronal activity recorded in the VP. We tested 190
neurons in the VP using the reward-biased memory-guided saccade task. Among them, 118
neurons (32 in monkey P and 86 in monkey H) (62 %) showed task-related modulations. In
addition to the neurons formally tested, we encountered 73 neurons which were judged to be
unrelated to the task and thus were not tested formally. The average spontaneous firing rate
of the task-related VP neurons was 26.6 + 14.8 spikes/s. The average spike duration of VP
neurons was 0.82 + 0.12 ms.

VP neurons encoded expected reward values

Figure 2 shows two examples of single VP neurons recorded in the reward-biased saccades.
As shown in the raster display, both VP neurons changed their activity completely
depending on the expected outcome (large or small reward), for both ipsiversive and
contraversive saccades. The first VP neuron increased its activity after the onset of fixation
point (Figure 2A). This neuron's activity further increased after the appearance of the target
cue indicating the delivery of large reward (large-reward cue, red), but decreased after the
appearance of the cue indicating small reward (small-reward cue, blue). These responses
were long-lasting and thus the difference in the neuron's activity between the large- and
small-reward trials remained until the reward delivery. We classified this neuron as a
“reward positive' neuron (see Experimental Procedures). The second VP neuron (Figure 2B)
decreased its activity after the appearance of the large-reward cue, but increased after the
appearance of the small-reward cue. We classified this neuron as a “reward negative' neuron.

Among the 118 task-related VP neurons, 92 neurons showed a significant main effect of
reward modulation throughout the task (£ < 0.05, two-way ANOVA,; see Experimental
Procedures). A majority of reward-modulated VVP neurons (16 in monkey P and 51 in
monkey H, total: 67; 73%) were classified as reward positive type, while a minority (8 in
monkey P and 17 in monkey H, total: 25; 27%) were classified as reward negative type.
Their average activities (Figures 3A and 3B) were similar to those of the sample neurons
shown in Figure 2. Both types showed sustained reward modulation which started after cue
onset and outlasted reward delivery. This was true for many of the individual VP neurons
(Figure 3C). In contrast, their activity was rarely modulated by saccade direction (Figure
3D).

Other than the opposite reward modulations, the positive and negative neurons were not
different in their physiological properties, including average spontaneous firing rate
(positive type: 22.6 spikes/s, negative type: 28.7 spikes/s; = 0.11, Mann-Whitney Utest),
average spike duration (positive type: 0.81 ms, negative type: 0.79 ms; = 0.80), and
average irregularity index (positive type: 0.57, negative type: 0.54; P=0.87; see Davies et
al., 2006).
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A remarkable feature of VP neuronal activity was stepwise and gradual increases during the
entire course of a trial. This was found particularly in positive type neurons (Figure 4A). The
VP activity seemed to encode the “expected reward value' depending on the behavioral state
during the task (Figure 4B). To test this hypothesis, we calculated the VP activity in four
different states (pre-fixation, pre-cue, pre-saccade, pre-reward periods; indicated by gray
columns in Figure 4A). In large-reward trials, linear increases in the state-dependent reward
expectation were observed in the population (Figure 4C) and individual neurons, (Figure
4D). The increase in the VP activity appears to reflect the nearing of the upcoming reward,
which was expressed in two ways: 1) stepwise by discrete events (fixation point, target cue,
and saccade) and 2) linearly by the passage of time. Except for the post-cue phasic changes
in activity, neuronal changes occurred similarly in both large- and small-reward trials
(Figure 4A), and therefore the difference between large- and small-reward trials remained
largely unchanged (Figure S1). Alternatively, the changes in the VP activity might reflect
changes in expected cost as well as expected reward, as explained in Supplemental Text.

Another notable activity pattern was found during the period before the cue onset. The
average pre-cue activity of positive neurons was higher on large-reward trials (Figures 3A
and 4C; see also Figure S1A, arrow), while the average activity of negative neurons was
higher on small-reward trials (Figure 3B; Figure S1B). It was as if the VP neurons predicted
the reward value of the current trial even before the reward cue was presented. The
prediction was possible because we used a pseudorandom reward schedule in which four
consecutive trials consisted of two large-reward and two small-reward trials. Thus, the
monkeys could predict a large reward with a high probability in the next trial after they
obtained a small reward, and vice versa (Bromberg-Martin et al., 2010). To test this issue,
we compared VP neurons' activity during the pre-cue period (Figure S2). Thirteen out of 25
negative neurons and 11 out of 67 positive neurons showed significant differences in pre-cue
activity in reward-predictive manners (P < 0.05, Mann-Whitney U'test). These results are
consistent with the hypothesis that the VP neurons predicted the reward value of the current
trial based on the reward history.

VP activity was related to saccadic performance

Animal's reward expectation is known to influence saccadic performance (Takikawa et al.,
2002; Watanabe et al., 2003). We hypothesized that VP neurons regulate the initiation of
saccades using the reward expectation-related information. As a first step to test this
hypothesis, we examined whether the activity of VP neurons was correlated with saccadic
performance (i.e., saccade latency and velocity). We focused on the VP neurons' activity
during the pre-saccade period because it could directly modulate the saccadic preparatory
signals in the oculomotor system. The pre-saccadic activity of VP neurons should then be
correlated with the saccadic performance as it changed across trials. More specifically, since
the position-reward contingency was reversed relatively frequently in our task, both VP pre-
saccadic neuronal activity and saccadic performance should also be reversed in similar time
courses.

The results were basically consistent with this prediction (Figure 5). Following the reversal
of the position-reward contingency, both saccade latency (Figure 5A) and saccade velocity
(Figure 5B) showed clear changes. There were two kinds of reversal: small-to-large reversal
(the saccade, which had been associated with a small reward, was now associated with a
large reward) and large-to-small reversal (the saccade, which had been associated with a
large reward, was now associated with a small reward). The saccade latency decreased and
the saccade velocity increased instantly after the small-to-large reversal. In contrast, the
saccade latency increased and the saccade velocity decreased more slowly after the large-to-
small reversal.

Neuron. Author manuscript; available in PMC 2013 November 21.
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The pre-saccadic activity of VP neurons also changed clearly following the reversal of the
position-reward contingency (Figures 5C and 5D). Positive and negative VP neurons
changed their activity in opposite manners. Its time course was similar to the time course of
the saccade latency and velocity. In particular, positive VP neurons changed their activity
quickly after the small-to-large reversal, but more slowly after the large-to-small reversal,
similarly to the changes in saccade latency and velocity. This impression was supported by a
statistical analysis: their activity on the 2" trial after the small-to-large reversal was not
statistically different from the activity in the subsequent 10 trials (£= 0.51, Wilcoxon
signed-rank test), whereas the activity on the 2" trial after the large-to-small reversal was
statistically different from the activity in the subsequent 10 trials (£ = 0.008).

We also examined the activity of VP neurons in two different periods: post-cue and post-
reward periods (Figure S3). The changes in the post-cue activity (Figure S3A) were similar
to the changes in the pre-saccadic activity, confirming that the VP neurons maintained their
reward expectation information derived from the cue. The changes in the post-reward
activity were more complex (Figure S3B). Both positive and negative neurons changed their
activity roughly in relation to the amount of the received reward. Thus, VP neurons did not
encode reward prediction errors, unlike several groups of neurons that are involved in
dopamine release (Hong and Hikosaka, 2008; Hong et al., 2011; Matsumoto and Hikosaka,
2007), but are similar to neurons in the dorsal raphe nucleus including serotonin neurons
(Nakamura et al., 2008).

VP inactivation abolished reward-dependent modulations of saccadic performance

Our results so far showed that VP neurons encoded the expected reward value in a manner
that was associated with behavioral measures of motivation. If these neurons truly have a
causal role in generating motivation, then inactivating the VP should abolish the effects of
expected reward value on behavior. Crucially, inactivation should not interfere with the
sensorimotor aspects of behavior (such as perceiving the target or executing the saccade),
only with the ability to regulate behavior based on the expected value.

To test the hypothesis, we locally inactivated the VP and its surrounding regions by injecting
a GABA receptor agonist, muscimol (0.88-44 mM, 1-2 pul) while one monkey performed
a reward-biased visually-guided saccade task (Lauwereyns et al., 2002) (see Experimental
Procedures). We tested whether the changes in saccade latency based on reward expectation
(hereafter called “reward-dependent saccade latency bias') were changed by the muscimol-
induced inactivation. We carried out 4 unilateral and 17 bilateral injection experiments in
monkey H within the period of 84 days (Table 1). Figure 6A depicts the injection sites in the
left hemisphere on the basis of the histological reconstruction. We confirmed that, in case of
bilateral injections, muscimol was injected roughly at the mirror-symmetric position in the
right hemisphere (data not shown).

Bilateral, not unilateral, injections of muscimol in the VP diminished or eliminated the
reward-dependent saccade bias with short latencies (Table 1). One example is shown in
Figure 6B. Its injection site is shown by a magenta square in Figure 6A. The saccade latency
bias, which was present before the injection (Figure 6B, left), disappeared 10 min after the
muscimol injection (Figure 6B, right). We repeated the same experiment (bilateral muscimol
injections in the VP) four times, and the results were very similar (Table 1).

To examine how localized the effects of muscimol injections were, we made bilateral
muscimol injections at 12 sites around the VP (Table 1). The reward-dependent saccade
latency bias decreased after most injections, but the effects tended to appear later than after
the injections in the VP (i.e., longer latencies). We graded the effectiveness of the injection
based on the latency (Sakamoto and Hikosaka, 1989): highly effective if the latency was less

Neuron. Author manuscript; available in PMC 2013 November 21.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tachibana and Hikosaka Page 6

than 20 min and weakly effective if the latency was more than 20 min but less than 40 min.
Such effective injection sites are depicted by magenta (highly effective) and green (weakly
effective) in Figure 6A.

As shown in Figure 6A, the highly effective sites were centered on the VP (AC+1), but
extended posteriorly into the GPe and GPi, which was 3 mm posterior to the VP (AC-2). At
a more anterior level (3 mm anterior to the VP, AC+4) injections into the nucleus
accumbens (NAc) had no clear effect (n = 2). At a more posterior level (6 mm posterior to
the VP, not shown) injections into the subthalamic nucleus (STN)/SNr induced oculomotor
effects that prevented the monkey from making saccades to the target, such as involuntary
saccades and nystagmic eye movements (Hikosaka and Wurtz, 1985). These data suggest
that the effects of muscimol on the reward-dependent saccade latency bias were relatively
localized in a region including the VP and possibly the GPe-GPi.

Figure 6C shows the population data based on muscimol injections into the effective sites (n
=11), indicating similarly devastating effects on the reward-dependent saccade latency bias.
Crucially, these inactivations selectively affected the motivational bias, without severe
impairments in the sensorimotor control of saccades. If anything, inactivation caused
saccade latencies to become shorter, especially on during small-reward trials for on which
saccades normally had very long latencies (Figure 6D; Figure S4A). These bilateral
muscimol injections also caused changes in saccade peak velocity and the stability of gaze
fixation (Figure S4, B and C). The bias in the saccade peak velocity (i.e., faster when a large
reward was expected) disappeared after the injections. After the muscimol injections the
monkey broke fixations more frequently before the target came on (error rate of fixation
break: P< 0.01 for both small- and large-reward conditions, Wilcoxon signed-rank test).

DISCUSSION

We found that VP neurons encoded the expected value associated with the upcoming action
(i.e., saccade), rather than the physical properties of the action (e.g., saccadic direction). In
this sense, the VP may be different from other parts of the basal ganglia such as the caudate
nucleus (Hikosaka et al., 1989), GPe/GPi (Yoshida and Tanaka, 2009), and SNr (Hikosaka
and Wurtz, 1983) where neurons carry sensorimotor signals. Although their sensorimotor
activity may be modulated by reward value signals, the outputs of these neurons could still
be used to control actions physically (e.g., bias saccades to the contralateral side) (Ding and
Hikosaka, 2006; Lauwereyns et al., 2002; Sato and Hikosaka, 2002).

Instead, our finding seems to support the hypothesis that the VP is involved in motivational
control of actions (Mogenson et al., 1980). Indeed, the activity of VP neurons share essential
properties with subcortical motivation-related neurons which are found in the LHb
(Matsumoto and Hikosaka, 2007), border region of the GP (GPb) (Hong and Hikosaka,
2008), rostromedial tegmental nucleus (RMTg) (Hong et al., 2011), the dorsal raphe (DRN)
(Nakamura et al., 2008), and dopamine (DA) neurons in the SNc/VTA (Matsumoto and
Hikosaka, 2007; Nakamura et al., 2008). These neurons, at least partially, form neural
circuits that control the release of both dopamine and serotonin in the basal ganglia and
other forebrain structures (Ikemoto, 2010), thereby modulating sensorimotor processing
(Hikosaka et al., 2008). Moreover, the VP is known to project to the LHb, RMTg, DRN, and
SNc/VTA (Haber and Knutson, 2010; Humphries and Prescott, 2010). The projection to the
SNc/VTA may target dopamine neurons directly, or indirectly through GABAergic neurons
which behave similarly to VP neurons (Cohen et al., 2012). Therefore, the expected value
information encoded by VP neurons might be used to control actions through the
dopaminergic or serotonergic actions.
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However, the nature of the reward value coding in VP neurons was different from most of
the subcortical motivation-related neurons, especially neurons in the GPb, LHb, and RMTg
which altogether control dopamine neurons. The activation (or suppression) of these
dopamine-controlling neurons (including dopamine neurons themselves) occurs phasically
in response to sensory events that indicate “changes' in the level of reward (or its
expectation). If a reward is fully expected, the dopamine-controlling neurons may not
respond to a sensory event that cues an action leading to the reward (Bromberg-Martin et al.,
2011). The signal may be suitable for learning the value of a behavioral context (i.e., sensory
event — action — reward), but not for facilitating or suppressing ongoing actions.

In contrast, VP neurons encoded expected reward values as they currently stand (rather than
as they change). Even after the cue was presented and the monkey had acquired the
information about the amount of the upcoming reward, VP neurons continued to be active
(or inactive) until the reward was delivered. This was true for both positive type neurons
(i.e., more active with larger rewards) and negative type neurons (i.e., more active with
smaller rewards). The positive VP neurons, specifically, seem to represent the worthiness of
an action by combining expected values and expected costs. Such sustained activity would
be highly useful for the sensorimotor system because it could directly modulate the
preparatory processes of the goal-directed action. In fact, the activity of VP neurons during
the period preceding a saccade was well associated with the latency and velocity of the
saccade, as the saccade performance changed across blocks of trials due to changes in
reward amount.

These data raised the possibility that the VP neuronal activity is used for modulating
impending motor actions based on expected reward values, in addition to learning the value
of behavioral context. If so, the removal of the VP neuronal signals should reduce the
reward-based modulation of motor actions. To test this prediction, we reversibly inactivated
the VP and tested its effects on reward-oriented behavior. Bilateral VP inactivation had little
effect on the basic sensorimotor processes underlying saccadic eye movements, but caused a
rapid and dramatic deficit in reward-based biases in saccade initiation. Furthermore,
unilateral inactivations of the VP had little effect, suggesting that the VVP on both sides
conjointly contributes to the reward expectation-dependent modulation of motor actions.

Notably, the bilateral VP inactivation led to shortening of saccade latencies on small-reward
trials while the saccade latencies on large-reward trials remained short. However, this may
seem odd since a majority of reward-related VP neurons were positive type and blocking
their activity may be expected to dampen the initiation of saccades on large-reward trials.
We propose two mechanisms that, together, might explain this phenomenon. First, reward
negative VP neurons, though a minority, might exert comparatively strong behavioral
effects, suppressing the initiation of saccades on small-reward trials. If so, blocking their
activity would remove the suppressive effect on small-reward trials. However, this
mechanism alone may not explain our results, because the response of VP neurons was
bidirectional. On large-reward trials the negative VP neurons were inhibited and therefore
saccades would be facilitated (i.e., disinhibited). Blocking this effect would remove the
facilitatory effect, leading to an increase in saccade latency. Such an effect was not observed
clearly. However, the above argument is focused on the reward-biased phasic responses of
VP neurons. Actually, a majority of VP neurons fire tonically, and this may act as a second
mechanism. Thus, VP neurons might exert general inhibitory effects on the target motor
areas in addition to the reward-biased phasic effect. The inactivation of VP neurons would
then lead to a removal of the inhibitory effects, thus causing general shortening of saccade
latencies. On large-reward trials, the phasic facilitatory effect of the negative VP neurons
would be cancelled by their tonic suppressive effect. On small-reward trials, the phasic
suppressive effect would be enhanced by the tonic suppressive effect. To summarize, the VP
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may influence motor behavior using the reward-biased phasic signal and the reward-
unbiased tonic signal.

The second effect (i.e., general inhibitory effect) may be worth considering further for
experimental and theoretical reasons. Studying inputs to dopamine neurons in the rat,
Floresco et al., (2003) showed that the muscimol-induced inactivation of the VP led to an
increase in the number of spontaneously active dopamine neurons in the ventral tegmental
area and a tonic increase in extracellular dopamine levels in the nucleus accumbens. Niv et
al. (2007) proposed that the tonic dopamine level controls the vigor of action so that the
amount of reward obtained per time is optimized in relation to the cost required in
performing the action. This might explain our results that the saccade latency as well as
velocity on small reward trials became shorter by the VVP inactivation. The increase in the
rate of fixation break errors might reflect an abnormal increase in the vigor of action (i.e.,
saccade). These results together appear to suggest that the output of the VP normally
decreases the level of motivation. This seems at odds with human lesion and imaging studies
(Beaver et al., 2006; Bhatia and Marsden, 1994; Miller et al., 2006; Pessiglione et al., 2007).
The apparent discrepancy remains to be investigated.

The reduction of the reward-dependent saccade latency bias also occurred after inactivations
of the GPe-GPi region which is located posterior to the VP. These effects are unlikely due to
the diffusion of muscimol from the VP to the GPe—GPi or vice versa, because the effects
appeared very quickly, typically within 5-10 min after these injections. Such short latencies
would be expected if the inactivation target is no more than 1.5 mm away from the injection
site (Sakamoto and Hikosaka, 1989). Therefore, both the VP and GPe-GPi may
independently contribute to the reward-dependent saccade latency bias. Indeed, highly
reward-sensitive neurons are distributed usually in the border between the GPe and GPi and
sometimes inside the GPi or its medial border, and most of them transmit the reward signals
to the LHb (Hong and Hikosaka, 2008). This population of reward-sensitive neurons has
been called GPb (i.e., GP border). Since the GPb-LHb connection controls both dopamine
and serotonin release (Hikosaka, 2010), the strong effects of muscimol injections in the
GPe-GPi region may be caused by the interruption of the reward information transmitted
through the GPb-LHb connection.

Our study raises the important question how the VP gains access to the sensorimotor system
to cause the reward-dependent saccade latency bias. This might be performed by the VVP's
connections to the output structures in the basal ganglia, directly to the SNr or indirectly
through the STN (Haber and Knutson, 2010; Humphries and Prescott, 2010). Indeed, the
activity of SNr neurons change depending on expected reward values, but in a direction-
dependent manner (Sato and Hikosaka, 2002). Alternatively, the VP may influence thalamo-
cortical information processing mainly through its connection to the MD thalamus (Haber
and Knutson, 2010). These connections might enable the VVP to modulate the preparation
and execution of motor actions. The contribution of these connections to the preparation and
execution of motor actions should be elucidated in future studies.

In summary, our data indicate that VP neurons encode the moment-by-moment changes of
expected reward values (and possibly expected costs). These signals may be used for
modulating the vigor with which goal-directed actions are executed or for learning the value
of behavioral context.

EXPERIMENTAL PROCEDURES

We used three hemispheres of two male rhesus monkeys, P and H, in this study. All animal
care and experimental procedures were approved by the Institute Animal Care and Use
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Committee and complied with the Public Health Service Policy on the humane care and use
of laboratory animals. The detail of surgical procedures to implant the head holder,
recording chamber, and scleral search coil was described elsewhere (Ding and Hikosaka,
2006; Nakamura et al., 2008).

Behavioral task

The monkeys were trained to perform a reward-biased memory-guided saccade task (Ding
and Hikosaka, 2006; Kawagoe et al., 1998; Nakamura et al., 2008). During experimental
sessions, the monkey was seated quietly in a primate chair in a dimly lit room. Visual
stimuli were rear-projected by an active matrix liquid crystal display projector (PJ759,
ViewsSonic) onto a frontoparallel screen 32 cm from the monkey's eyes. Eye movements
were monitored using a scleral search coil method with 1 ms resolution. Each trial started
with the appearance of a central fixation point (diam., 0.6°) (Figure 1A). After 1,100 ms
central fixation within a window of 4°, a target cue (diam., 0.7°) indicating the position of
saccade was briefly (50 ms) presented either to the right or left 20° from the fixation point.
The target position was adjusted in either normal or oblique angles when the recorded
neuron showed some direction selectivity. After a delay period (1,000-1,200 ms) the
fixation point turned off, and the monkeys had to make a saccade to the remembered target
position. If the eye position after the saccade was within the target window (7°), the target
appeared and the monkeys had to maintain their gaze for 500 ms on the target. This correct
performance was then signaled with a tone (duration: 100 ms) together with the delivery of a
liquid reward (water or juice). If the monkeys made an error (i.e., breaking fixation or
making an incorrect saccade), the trial was aborted (with all stimuli extinguished) and the
monkeys had to wait for the next trial.

As a key feature of this task, we used a block-wise alternating biased reward schedule
(Figure 1B). Within a block of 24 trials, the amount of reward was always large (0.25 or 0.3
ml) for the saccades to one direction and small (0 or 0.03 ml) for the saccades to the other
direction. Even in the small-reward trials, the monkeys had to make a correct saccade;
otherwise, the same trial was repeated. The reward-position contingency was reversed for
the next block of trials without external instructions. We used a pseudorandom reward
schedule in which each block was divided into six “sub-blocks', each consisting of two
large-reward and two small-reward trials presented in a random order.

In the following inactivation study, we used a reward-biased visually guided saccade task
(Lauwereyns et al., 2002). After the central fixation (600 or 1,000 ms), the fixation point
turned off and simultaneously the target appeared either to the right or left 20° from the
fixation point. The monkeys had to immediately make a saccade to the visible target. There
was no cue during the fixation period. The reward schedule was the same as the memory-
guided saccade task.

Electrophysiological recording

We followed Haber et al., (1993) for the anatomical localization of the VP which is located
ventral to the AC and anterior to the GPe-GPi. Thus defined location of the VP was
estimated on the basis of magnetic resonance (MR) images (4.7 T, Bruker). Single-unit
recordings of VP neurons were performed with an epoxy-coated or a glass-coated Tungsten
microelectrode (0.8-1.5 MQ at 1 kHz). The electrode was inserted obliquely (36° from
vertical in the frontal plane) into the pallidum (Figure 1C) using an oil-driven
micromanipulator (MO-97A, Narishige). The recording sites were determined using a grid
system, which allowed recordings at every 1 mm between penetrations. The unitary activity
recorded from the microelectrode was amplified, filtered (200 Hz to 5 kHz), converted into
digital data with an online window discriminator, and stored in a computer at the sampling
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rate of 1 kHz. During recording, the VP is located below the AC, which was identified on
the basis of axonal signals such as high-frequency background noises and initially positive
spikes. Only stable and well-isolated neurons were included in the present data.

Muscimol inactivation

Histology

After the electrophysiological recording (mapping) of VP neurons in monkey H, we
performed inactivation experiments to test a causal relationship between the VP activity and
the reward modulation of saccadic performance. To accurately inactivate the brain structure,
we used an electrode assembly (injectrode) consisting of an epoxy-coated Tungsten
microelectrode for unit recording and a silica tube for drug delivery as described previously
(Tachibana et al., 2008). After the precise identification of the aimed structures by unit
recording, we injected a GABAA receptor agonist, muscimol (Sigma; 0.88-44 mM; 1-2 pl),
into the target structure of each hemisphere. Because the effect of muscimol on the targets
lasted several hours, the inactivation was limited to twice per week. After inserting the
injectrode, the animal performed one session of reward-biased visually guided saccade task
(at least four blocks), and the data were used as preinjection control. Soon after the injection
was completed (within 5 min), the animal was required to resume the same saccade task, and
to repeat it every 30 min for 2-3 hrs. We used a reward-biased visually guided saccade task,
because the behavioral bias of saccadic performance could be detected more clearly than the
reward-biased memory-guided saccade task (see the section “Behavioral task').

Reference lesions were placed at several recording sites of task-related neurons by passing a
cathodal DC current of 15 pA for 30 s through the electrode. At the conclusion of the
experiments, the monkeys were deeply anesthetized with an overdose of sodium
pentobarbital and perfused transcardially saline followed by 4% paraformaldehyde. The
head was fixed to the stereotaxic frame, and the brain was cut into blocks in the coronal
plane parallel to the electrode penetrations. Serial 50-pum sections were processed for Nissl
staining. The recording and drug injection sites were reconstructed according to the lesions
made by the cathodal DC current, the traces of electrode tracks, and MR images.

Data analysis

Only correct trials were included in the data analysis. In addition, the first trials after the
reversal of reward-position contingency were excluded in most cases. An exception was the
analysis of the time courses of neuronal and behavioral changes after the reversal of the
position-reward contingency. To determine saccade latency, we detected the onset of a
saccade if the velocity of an eye movement exceeded a threshold value (50°/s). To examine
the across-block behavioral changes, we normalized saccade latency by subtracting the
mean saccade latency for each saccade direction in each monkey. Saccade velocity was also
normalized in the same manner.

We analyzed the task-related activity of VP neurons across the following five task periods:
post-cue (100-400 ms after cue onset), delay (700-1,000 ms after cue onset), pre-saccade
(300-0 ms before saccade onset), post-saccade (0-300 ms after saccade onset), and post-
reward periods (0-500 ms after reward delivery). During each period, we analyzed neuronal
activity using two-way ANOVA [reward size (large reward and small reward) x direction of
saccade target (ipsilateral and contralateral to the recording site)]. With correction for
multiple comparisons, we set statistically significant level as £=0.01, equivalent to a value
of 0.05/5. If the neuron showed the main effect of reward and/or direction modulation in any
of the five task periods, the neuron was assigned as a task-related neuron. To determine the
reward selectivity of individual VP neurons, we used a long test window (from 100 ms after
cue onset to 500 ms after reward delivery) with ANOVA. We also applied ROC (receiver-
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operator-characteristic) analysis to compare spike counts sampled in the long test window
under different reward conditions (i.e., large reward vs. small reward) (Nakamura et al.,
2008). We classified the reward-related VP neurons into three groups: 1) reward positive
type, if their activity was larger in the large-reward condition than in the small-reward
condition (P< 0.05, ANOVA and ROC > 0.5); 2) reward negative type, if their activity was
larger in the small-reward condition than in the large-reward condition (P< 0.05, ANOVA
and ROC < 0.5); 3) no reward modulation type (£> 0.05, ANOVA). To determine the
direction selectivity of individual VP neurons, we performed the ROC analysis in the same
long test window under different direction conditions (i.e., contraversive vs. ipsiversive).

To visualize event-dependent changes in reward and direction modulations, we computed
ROC areas comparing the firing rates in the same test window of 100 ms between large- and
small-reward trials (reward modulation) (see Figure 3C) and between contraversive- and
ipsiversive-saccade trials (direction modulation) (see Figure 3D). We repeatedly computed
ROC areas by sliding the test window in 20 ms steps.

To investigate if the VP signals encode expected reward values, we calculated the VP
neurons' activity during the following four test periods: prefixation (300-0 ms before
fixation point onset), precue (300-0 ms before target cue onset), presaccade (300-0 ms
before saccade onset), and prereward periods (300-0 ms before reward delivery). To test the
state-dependent changes in VP signals reflecting the expected reward values, we calculated
correlation coefficients between the VP responses and the behavioral states. We further
tested whether the reward-history could affect the expected reward values. Because our task
included the pseudorandom reward schedule, the monkeys might be able to predict the
reward size in next trials. To test the reward-history effect, we calculated the VP activity on
the basis of the preceding reward history (i.e., whether the preceding trial was a small-
reward trial or a large-reward trial) (Figure S2).

To examine neuronal changes after the reversal of position-reward contingency, post-cue,
pre-saccade, and post-reward responses were calculated as the firing rate during post-cue,
post-saccade, or post-reward period minus the baseline firing rate (1,300-300 ms before the
onset of fixation point), respectively.

For the inactivation experiment, we focused on the changes in the reward-dependent saccade
latency bias which was defined as the difference in the average saccade latencies between
small- and large-reward trials. We judged that a muscimol injection was significantly
effective if the saccade latency bias in either the left or right saccades decreased and became
statistically insignificant (£ > 0.05, Mann-Whitney Utest) within 40 min after the injection,
which roughly corresponded to the saccade latency bias less than 30 ms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Behavioral task and the location of the ventral pallidum (VP)

(A and B) Reward-biased memory-guided saccade task. (A) Time course of the task. While
the monkey was fixating a central spot, another spot (target cue) appeared either on the left
or right. After a delay period the fixation point turned off (go signal) and the monkeys had to
make a saccade to the remembered position of the target cue. A correct saccade was signaled
by the appearance of the target (feedback). One of the two targets was associated with the
large amount of reward, while the other target was associated with a small amount of
reward. (B) Reward schedule. Within a block of 24 trials, the reward amount was fixed with
regard to the direction of saccade. The position-reward contingency was reversed in the next
block of trials without external instructions. The position of the target was chosen
pseudorandomly (see Experimental Procedures). (C) Recording sites, shown on an MR
image (left panel) and on a Nissl-stained section (right panel) in monkey H. The T2-
weighted MR image shows the pallidal complex as black areas (indicated by an arrow). A
green line indicates a simulated electrode penetration passed the anterior commissure (AC)
and reached the VVP. The Nissl-stained section shows two electrolytic lesions, one in the AC
and the other at the ventral end of \VVP. In this penetration, reward-related neurons were
recorded 0.2-1.4 mm above the VP lesion. Cd, caudate nucleus; IC, internal capsule; Put,
putamen. (D) Locations of reward-related neurons in the VVP: positive type (red) and
negative type (blue). Recording sites from three hemispheres in two monkeys are
superimposed on two representative coronal sections. GPe, external segment of the globus
pallidus (GP); v, lateral ventricle.
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Two VP neurons showing distinct reward modulations
(A) Spike activity of a neuron showing positive reward modulation. Its activity is shown
separately for the ipsiversive (left panel) and contraversive (right panel) saccades in the
reward-biased memory-guided saccade task. For each saccade direction, rasters of spikes
(top panel) and spike density functions (SDFs, o = 10 ms; bottom panel) are aligned at the

onsets of fixation point, target cue, saccade, and reward delivery. The spike rasters are
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shown in order of occurrence of trials from top to bottom. Large- and small-reward trials are
indicated, respectively, by red and blue bars on the left side of the rasters. The SDFs are
shown separately for large-reward trials (red) and small-reward trials (blue); the first trial in
each block was excluded. A gray dotted line indicates the baseline firing. (B) Spike activity
of a neuron showing negative reward modulation.
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Population activity of VP neurons
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(A) Population activity of VP neurons showing significant positive reward modulations
(n=67). The convention of this figure is the same as the one in Figure 2. The light shaded
areas indicate = 1 SEM. (B) Population activity of VP neurons showing significant negative
reward modulations (n=25). (C and D) Changes in reward-dependent (C) and direction-
dependent (D) modulations of activity in 118 task-related VP neurons. The modulation of
each neuron's activity is presented as a row of pixels, each pixel indicating the degree of
modulation on the time point. The degree of modulation is expressed as an ROC area based
on the comparison of firing rate (100 ms test window) between large- and small-reward
trials (C) and between contraversive- and ipsiversive-saccade trials (D). The calculation of
the ROC area was repeated by moving the test window in 20 ms steps. Warm colors (ROC >

0.5) indicate higher firing rates on large- than on small-reward trials (C) and on

contraversive than on ipsiversive trials (D). The neurons in (C) and (D) are sorted in order of

ROC areas for the reward and direction modulation, respectively.
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Figure4.

Expected values and costs encoded by reward positive VP neurons

(A) Population activity of reward positive VP neurons showing significant positive reward
modulations (same as Figure 3A, but includes both ipsiversive and contraversive saccades).
(B) Hypothetical signals encoding expected values and costs. (C) Changes in the average
activity of reward positive VP neurons measured at four periods (each, 300 ms duration)
indicated by gray bars in (A). The activity was normalized with respect to the baseline firing
rate (1,300-300 ms before the onset of fixation point). (D) Changes in the activity of single
VP neurons, shown by red dots connected with lines. Only the activity in large-reward trials
is shown (which was expected to increase monotonically). Inset graph shows the distribution
of correlation coefficients between the VP neuronal activity and the sequential task periods.
The mean of the correlation coefficients (indicated by a triangle) was significantly deviated
from zero to the positive direction (P < 0.001, Wilcoxon signed-rank test).
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Figure5.

Correlated changes between saccade performance and VP neuronal activity

Average saccade performance (A-B) and VP neuronal activity (C-D) are shown across
trials as their outcomes changed blockwise between a small reward (blue) and a large reward
(red). The saccade performance is shown as saccade latency (A) and saccade peak velocity
(B). VP neuronal activity is shown for the pre-saccade period (300-0 ms before saccade
onset) for the positive type neurons (C) and the negative type neurons (D). The pre-saccadic
activity was defined as the firing rate during pre-saccade period minus the baseline firing
rate. For saccade latency and velocity, data were obtained for saccades in both directions
(i.e., left and right). Since saccades in both directions went through block-wise transitions of
reward outcome, but in different phases (e.g., left-large and right-small), we realigned the
data in both directions based on their reward outcomes. The saccade data were normalized
with respect to the mean values for each recording session, and then were averaged across
the sessions. The data from monkey P and H were combined. Error bars indicate + 1 SEM.
Following the reversals of the position-reward contingency, the pre-saccadic VP activity
changed in a similar time course to saccade latency and velocity.
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Figure6.

Bilateral inactivation of the VP diminished the reward-dependent modulation of saccade
latency

(A) Injection sites of a GABA, agonist, muscimol, in and around the left VP (see Table 1,
21 injections in total). Muscimol was also injected in the mirror-symmetric position in the
right hemisphere. Magenta marks indicate highly effective sites, where the saccade latency
bias (the difference in the mean saccade latencies between small- and large-reward trials)
was decreased below 30 ms within 20 min after the injection. Green marks indicate weakly
effective sites, where the saccade latency bias decreased below 30 ms between 20 min and
40 min. Black circles indicate ineffective sites. The effective sites included the VP which
was centered at 1 mm anterior to the AC (AC+1) and the GPe-GPi which was centered at 2
mm posterior to the AC (AC-2). NAc, nucleus accumbens; GPi, internal segment of the
globus pallidus. (B) A representative effect of VP inactivation (indicated by a magenta
square in A) on saccade latencies. The latencies of rightward saccades are plotted against the
trial number in the conditions before the inactivation (left) and after the inactivation (right).
After the VP inactivation, the saccade latency bias disappeared. (C) Population data for the
effects of the bilateral inactivations of the effective sites (n = 11) on rightward saccade
latencies. Error bars indicate = 1 SEM. (D) Changes in the saccade latencies in small-reward
trials (ordinate) and large-reward trials (abscissa) from before (filled symbols) to after (open
symbols) the muscimol injections into the effective sites (VP and GP, left panel) and
ineffective sites (right panel). The data in the graphs were obtained within 40 min after the
injection. Theoretically, the plot on the diagonal line means that the saccade latencies in
small-and large-reward trials were the same. Note that some data within 40 min after the
injections could not be sampled because the animal refused to perform the task (injection
into the structure 4 mm lateral to the VVP) or showed involuntary eye movements (injection
into the subthalamic nucleus/substantia nigra pars reticulata).
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Muscimol injection in and around the ventral pallidum. Latency of the first effect was defined as the time
when muscimol injection decreased the saccade latency bias below 30 ms. GPe, external globus pallidus; GPi,
internal globus pallidus; NAc, nucleus accumbens; STN, subthalamic nucleus; VP, ventral pallidum.

Concn. (ug/pl)  Volume () Side

Structure (in comparison to VP)

Latency of the First
Effect (Right saccade/
L eft Saccade; min)

1 1 Left VP No effect / No effect
1 2 Right VP 60/90

5 2 Left VP No effect / No effect
5 2 Left GPe; 2 mm caudal 250/ 250

5 2 Bilateral VP 5/5

1 2 Bilateral VP 10/10
0.2 1 Bilateral VP 5/46
0.1 1 Bilateral VP 5/5

1 2 Bilateral ventral to VP; 2 mm ventral 10/10

1 2 Bilateral anterior commissure; 2 mm dorsal 74140

1 2 Bilateral GPe; 4 mm dorsal 40/ 130

1 2 Bilateral medial to VP; 4 mm medial 89/58

1 2 Bilateral lateral to VVP; 4 mm lateral 143 /143

1 2 Bilateral lateral part of ventral striatum (NAc); 3 mm rostral 250/70

1 2 Bilateral ~ medial part of ventral striatum (NAc); 3 mm rostral, 3 mm medial 95/ 65

1 2 Bilateral GPi (Left), ventral to GPe (Right); 3 mm caudal 10/10
0.1 1 Bilateral GPi (Left), ventral to GPe (Right); 3 mm caudal 5/5

1 2 Bilateral GPe; 3 mm caudal, 4 mm dorsal 5/19
o1 1 Bilateral medial to GPi (Left), medial trge(é'ija(? (Right); 3 mm caudal, 3 mm 5/5
ventromedial to GPi (Left), ventromedial to GPe (Right); A part of
0.1 1 Bilateral hypothalamic region was included in each hemisphere. 3 mm No effect / 183
caudal, 3 mm medial, 3 mm ventral
1 2 Bilateral STN; 6 mm caudal No effect / No effect

Neuron. Author manuscript; available in PMC 2013 November 21.



