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ABSTRACT: Expectation of reward facilitates motor behaviors that enable
the animal to approach a location in space where the reward is expected.
It is now known that the same expectation of reward profoundly mod-
ifies sensory, motor, and cognitive information processing in the brain.
However, it is still unclear which brain regions are responsible for caus-
ing the reward-approaching behavior. One candidate is the dorsal stria-
tum where cortical and dopaminergic inputs converge. We tested this
hypothesis by injecting dopamine antagonists into the caudate nucleus
(CD) while the monkey was performing a saccade task with a position-
dependent asymmetric reward schedule. We previously had shown that:
(1) serial GABAergic connections from the CD to the superior colliculus
(SC) via the substantia nigra pars reticulata (SNr) exert powerful control
over the initiation of saccadic eye movement and (2) these GABAergic
neurons encode target position and are strongly influenced by expected
reward, while dopaminergic neurons in the substantia nigra pars com-
pacta (SNc) encode only reward-related information. Before injections
of dopamine antagonists the latencies of saccades to a given target were
shorter when the saccades were followed by a large reward than when
they were followed by a small reward. After injections of dopamine D1
receptor antagonist the reward-dependent latency bias became smaller.
This was due to an increase in saccade latency on large-reward trials.
After injections of D2 antagonist the latency bias became larger, largely
due to an increase in saccade latency on small-reward trials. These results
indicate that: (1) dopamine-dependent information processing in the CD
is necessary for the reward-dependent modulation of saccadic eye move-
ment and (2) D1 and D2 receptors play differential roles depending on
the positive and negative reward outcomes.
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INTRODUCTION

The initiation of body movements can be influenced by expected rewards.
Recent studies using trained monkeys revealed that many neurons in what are
usually called cognitive or sensorimotor areas are modulated by reward, includ-
ing the dorsolateral prefrontal cortex,' ® posterior parietal cortex,”® premotor
cortex,'%!! and dorsal striatum.'>!° Furthermore, other factors that influence
behavior, such as learning,?’ memory,?! and attention,”? seem dependent on
reward. Similar findings have been reported in functional imaging studies us-
ing human subjects.?>2> These data appear to provide a strong background for
understanding the neural mechanism of reward-modulated behavior. However,
it is still difficult to connect these findings to produce coherent stories. There
are at least two problems that prevent our understanding. First, the input—output
relationship of the recorded neurons is often unclear. It is unclear whether the
neurons really contribute to the reward-dependent modulation of behavior or
how they receive reward-related information. Second, the reward-modulated
behavior is often not well defined. When the behavior is changed by reward,
it is possible that different body movements are used.

Considering the first problem, the basal ganglia seem an ideal place to
study the reward-dependent motivational control of behavior. It has been well
known that basal ganglia receive substantial reward-related information and
strongly influence body movements. First, the motor function of the basal
ganglia is illustrated by various kinds of movement disorders (e.g., inability to
initiate or suppress movements) in basal ganglia dysfunctions (e.g., Parkinson’s
disease).?® This motor function is achieved by the outputs of the basal ganglia to
the brainstem motor areas (e.g., superior colliculus) and the movement-related
areas in the cerebral cortex through the thalamus.?’-?® Second, the reward-
related information to the basal ganglia is likely to be derived from substantial
inputs from the limbic system (e.g., amygdala) to the ventral striatum (e.g.,
nucleus accumbens) 2%-3° and dorsal striatum (i.e., CD nucleus and putamen),3!
and to dopamine (DA) neurons in and around the substantia nigra (SN).*? In
particular, DA neurons, which appear to carry an essential signal for reward-
based learning,3® are an important part of the basal ganglia system and project
most heavily within the basal ganglia. Third, sequential and parallel inhibitory
connections in the basal ganglia are thought to be suitable for the selection
and learning of optimal behavior.’**> Fourth, the basal ganglia are thought to
play an important role in learning of sensorimotor procedures or habits 3438
Finally, sensorimotor-cognitive signals originating from the cerebral cortex are
funneled through the basal ganglia and are returned to the cerebral cortex.?’
In short, the basal ganglia are located in a perfect position to control motor
behaviors based on reward information.

The basal ganglia are also ideal for solving the second problem mentioned
above, that is, to define the kind of body movement as a behavioral measure.
It has been well documented that the neural circuits involving the CD and the
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SNr exert a powerful control over the generation of saccadic eye movement.*

Another advantage of using saccadic eye movement is that its mechanism in
the brainstem has been studied perhaps more extensively than any other mo-
tor behavior.*! Furthermore, an important component of reward-modulated
behavior is orienting movement®! and an important component of orienting
movement is saccadic eye movement.*> The animal must orient its eye, head,
and body to the location where reward is available before procuring it.** Sac-
cadic eye movement is particularly important for humans*** and monkeys.*
As will be shown in this article, the initiation of saccadic eye movement is
clearly facilitated or suppressed depending on the reward outcome.

In the present review, I first summarize the neuronal mechanism in the
basal ganglia for the control of saccadic eye movement. I will then describe
the reward-dependent changes of neuronal activity along the saccade-related
neuronal circuit in the basal ganglia and related structures. Finally, I will present
evidence that the reward-dependent modulation basal ganglia neuronal activity
is caused by dopaminergic inputs to the CD.

OCULOMOTOR CONTROL BY THE BASAL GANGLIA

A fixed, vacant facial expression of patients with Parkinson’s disease, which
is often called the Parkinson'’s mask, is due to the paucity of movements in
the face, including the paucity of eye movements. Similar symptoms were
observed in MPTP-induced DA-deficient monkeys (FiG. 1A).*7 Most affected
among various kinds of eye movements are smooth pursuit and saccades, which
require voluntary control.*’ Parkinsonian patients are often impaired in shift-
ing their gaze from one position in space to another (deficit in saccades).
Compared to age-matched control subjects, saccades of parkinsonian patients
tend to be small in amplitude (i.e., hypometric), slow, and delayed (i.e., long
latency). Curiously, the deficit in saccades is often more severe if there is
no visible object and the saccades must rely on memory. Selective deficits in
memory-guided saccades are observed in other basal ganglia disorders, includ-
ing Huntington’s disease. The similarity between Parkinson’s and Huntington’s
diseases is noteworthy because they are caused by different mechanisms, the
former by a loss of neurons in the SNc and the latter by a loss of neurons in
the CD. This suggests that the SN and the CD work together for the control of
saccadic eye movements.

How the basal ganglia might control eye movements has been studied
by recording single cell activity in animals trained on the visually guided
and memory-guided saccade tasks. Electrical activity of single neurons was
recorded with microelectrodes and was correlated with saccadic eye move-
ments. Saccade-related activity has been found in various nuclei in the basal
ganglia, including the SN,*¥-3% CD,*! subthalamic nucleus (STN),>? and globus
pallidus (GP).>* Anatomical studies have shown that these saccade-related
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FIGURE 1. Abnormal eye movements in monkeys induced by basal ganglia dysfunc-
tions. (A) Eye movements of a monkey while he was looking in a mirror before (fop) and
31 days after (bottom) dopaminergic denervation of the left caudate nucleus by MPTP.
Shown are the trajectories of eye movements superimposed on the view seen in the mirror
by the monkey.*” (B) Basal ganglia neural network involved in the control of saccadic eye
movement. CD = caudate nucleus; SNr = substantia nigra pars reticulata; SC = superior
colliculus; SNc = substantia nigra pars compacta; Gpe = globus pallidus external segment;
STN = subthalamic nucleus; FEF = frontal eye field; SEF = supplementary eye field;
DLPF = dorsolateral prefrontal cortex; LIP = area LIP in parietal cortex. Excitatory and
inhibitory neurons and synapses are indicated by open and filled symbols, respectively. Gray
symbol indicates dopaminergic neuron, which exerts modulatory effects on CD neurons.
The thickness of the line (axon) roughly indicates the level of spontaneous activity. The
direct excitation of SC neurons by inputs from the cerebral cortex is gated by the inhibitory
input from the SNr.

parts are connected within the basal ganglia and with saccade-related regions
outside the basal ganglia® (FiG. 1B). For example, the saccade-related part of
the CD receives inputs from the frontal eye field and the supplementary eye
field in the frontal cerebral cortex>* while the saccade-related part of the SNr
projects their axons to the superior colliculus (SC).%

An important feature of the basal ganglia circuits is that they use inhibitory
connections as a primary means to convey signals®® (FIG. 1B). Each area con-
tains projection neurons and interneurons. While cortical inputs to the CD
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are excitatory and use glutamate as a transmitter, projection neurons in all
areas in the basal ganglia, except the STN, are thought to be GABAergic and
inhibitory. This means that the polarity of a signal is reversed each time it
passes through projection neurons in one area. There are at least three paral-
lel pathways in which saccade-related signals can be processed in the basal
ganglia (FiG. 1B)°7: (1) direct pathway from the CD to the SNr; (2) indirect
pathway from the CD to the SNr through the GPe and/or the STN; (3) hyper-
direct pathway from the STN to the SNr. Since the direct pathway consists
of a series of two inhibitory connections (CD and SNr), the net effect is fa-
cilitatory. Since the indirect pathway and the hyper-direct pathways consist
of three and one inhibitory connection, respectively, the net effect is in-
hibitory. The basal ganglia thus could facilitate or inhibit motor processes by
selectively using these pathways. The target area for saccadic eye movement
is the SC.

With respect to saccadic motor control in general, the basal ganglia system
is situated as a side path, which has been added to the direct effect of the
cerebral cortex on the SC (FiG. 1B). Probably the most important question
is: How unique is the function of the basal ganglia, compared to the direct
cortico-SC effect? The answers to this question should be found in the content
of information carried by neurons in the CD and SNr.

The neural circuit in the basal ganglia related to eye movements originates
in the CD and converges on the SNr, which then projects to the SC* (Fics. 1B
and 2B). The CD is a large structure in the basal ganglia and, together with
the putamen, is called the striatum or the dorsal striatum. A majority of inputs
to the basal ganglia are destined for the striatum, which thus acts as the input
station of the basal ganglia. In addition to the cortical inputs, the entire CD
(together with the putamen and the ventral striatum) receives diffuse inputs
from dopaminergic neurons in the SNc¢ and its surrounding regions (FIiGs. 1B
and 2B).>® It is likely that particular combinations of these inputs create signals
unique to CD neurons.

Neurons in the SNr are characterized by their rapid and tonic firing (FIG. 2A).
Their firing frequency is usually between 40 and 100 spikes/sec in monkeys.*’
Furthermore, virtually all of them are GABAergic. These facts indicate that
neurons in the SC should be kept inhibited by them. This inhibition can be
reduced or eliminated by injecting a small amount of a GABA agonist (musci-
mol) into the SNr. After muscimol injection in the SNr, animals can no longer
maintain stable eye position and make saccades continually and probably in-
voluntarily (FiG. 2C). This happens to all animals tested: monkeys,> cats,%
and rats.®! Rats, compared to monkeys, exhibit a wider range of involuntary
movements in addition to eye movements. These findings may be relevant to
the fact that patients with basal ganglia dysfunction usually exhibit some type
of involuntary movements, such as tremor, dyskinesia, dystonia, ballism, and
chorea. These involuntary movements are likely to be caused by a reduction
of the basal ganglia-induced inhibition.
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FIGURE 2. Basal ganglia mechanism for control of saccadic eye movement. (A) A
cardinal saccade mechanism in the basal ganglia. The SCis normally inhibited by rapid firing
of GABAergic neurons in the SNr. The tonic inhibition can be interrupted by GABAergic
inputs from the CD. This disinhibition, together with excitatory cortical inputs, allows SC
neurons to fire in burst, which leads to a saccade to a contralateral location. (B) Simplified
neural circuits in the basal ganglia for control of saccadic eye movement in a parasagittal
view of the macaque brain. (C) Involuntary eye movement of a monkey after muscimol
injection into right SNr, shown as trajectories of saccades during 2-sec fixation periods.
The monkey was unable to keep fixating at the central spot of light.>®

Neurons in the SNr change (usually decrease) their firing rates in preparation
for saccadic eye movement®? (FiG. 2A). Many SNr neurons stop firing in
response to a visual stimulus if the animal is ready to make a saccade to it.
Other neurons do so just before the saccade. The inhibition of SNr neurons
is caused, at least partly, by the GABAergic input from the CD. Electrical
stimulation in the CD induces inhibitions and occasionally facilitations in SNr
neurons.® The former is likely to be mediated by the direct CD-SNr inhibitory
connection, while the latter is likely to be mediated by the indirect pathway
through the GP (Fi1G. 1B).

Many of these SNr neurons project to the intermediate layer of the SC*
and have inhibitory synaptic contacts with saccadic burst neurons.>>%* This
means that the SNr-induced tonic inhibition on SC neurons is removed or
reduced before saccades (F1G. 2A). Note that saccadic neurons in the SC receive
excitatory inputs from many brain areas, especially saccade-related cortical
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areas: the frontal eye field (FEF), supplementary eye field (SEF), and lateral
intraparietal area (LIP)®>-%7 (FiG. 1B). These excitatory cortical inputs, together
with the SNr-induced disinhibition, would make SC neurons fire in a burst and
the signal is sent to the brainstem saccade generators. Note, however, SNr
neurons may increase their activity before saccade. In such a case, the SC
would be less likely to generate a signal to induce saccades.

To summarize, the SNr-induced inhibition on SC neurons acts as a gate
for saccade generation (FiG. 2A). SC neurons are constantly bombarded by
excitatory inputs from many brain areas because there are so many objects that
can attract our attention and gaze. However, these inputs are often incapable
of inducing a burst of spikes in SC neurons due to the SNr-induced tonic
inhibition. Only when the SNr-induced inhibition is reduced, SC neurons would
exhibit a burst of spikes reliably. This is probably a very efficient mechanism
to select an appropriate action in a particular context.

NEURONAL ACTIVITY IN THE BASAL GANGLIA
IS MODULATED BY EXPECTED REWARD

A feature common to CD and SNr neurons is that their activity is often
strikingly dependent on the behavioral context. Another feature is that many
CD neurons fire tonically in an anticipatory manner before an expected task-
related event occurs, such as before the onset of an expected target or the
delivery of an expected reward.'*%® And reward turned out to be a key factor
that characterizes the information processing in the basal ganglia, as described
below.

To examine the effect of reward on saccadic eye movement, we have used
saccade tasks in which the amount of reward is unequal among possible target
positions. We chose position as a cue for reward for two reasons. First, the
goal of saccadic eye movement is to localize an object in space.*>* Second,
when an animal forages for food, the most crucial behavior is to localize a
place where the food is available.3! Positional cues have widely been used in
learning tasks, such as conditioned place preference task.®’

In our saccade tasks the target was presented randomly at one out of two or
four directions, but only one direction was associated with a big reward while
the others were associated with a small or no reward (FiG. 3A). The big-reward
direction was fixed in a block of 20-60 trials and is changed in the next
block (F1G. 3B). Let us call this 1DR (one-direction rewarded) saccade task.
We used visual and memory versions. In the visual-1DR task, the monkey
makes a saccade to the target immediately after its onset (FIG. 3A, top).'” In
the memory-1DR task, the target position was cued and the monkey has to
make saccade to the cued position after a time delay based on memory (FIG. 3A,
bottom)."?
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FIGURE 3. Saccade tasks with positional bias of reward, which we call one direction-
rewarded (1DR) saccade tasks. (A) It has two versions: Visual-1DR task (fop) and Memory-
1DR task (bottom). In both tasks the monkey first fixates at the central spot of light and
then makes a saccade to the target after the fixation point goes off. The target is chosen
pseudo-randomly out of two directions (as shown here) or four directions. In the visual-1DR
task (top) the target comes on at the same time as the fixation point goes off and hence
the saccade is made to the visible target. In the memory-1DR task (center) the target is
illuminated briefly (target cue) while the monkey is fixating and the monkey must withhold
saccade until the fixating point goes off; hence, the saccade is made to the remembered
target. Within a block of 20-60 trials of 1DR tasks, the saccade to one particular direction
is followed by a big amount of reward, whereas the saccade to any of the other directions
is followed by a small amount of reward or no reward. Even for the small or no reward
direction, the monkey must make a saccade correctly to the target; otherwise, the trial is
repeated until the saccade is made correctly. (B) One set of experiments consists of several
blocks of trials during which the big-reward direction is alternated (in the two-direction
condition, as shown here as R and L, which are indicated in (A) or randomized (in the
four-direction condition). (C) Changes in saccade latency with the changes in the reward
condition in the visual-1DR task.”® The mean saccade latencies in one monkey are plotted
across trials in two blocks in which saccades were followed by small and big rewards,
respectively. Two cycles are shown repeated to facilitate visual impression.
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Saccadic parameters changed dramatically in 1DR tasks. In the visual-
1DR task, latencies were much shorter when saccades were followed by
a big reward than when they were followed by a small reward.!”’ In the
schematic example shown in FIGURE 3A fop, the latencies of rightward sac-
cades are shorter in the reward condition R (rightward saccades associated
with bigger rewards than leftward saccades) than in the condition L (leftward
saccades associated with bigger rewards). Conversely, the latencies of left-
ward saccades are shorter in the condition L than in the condition R. During
the experiment the reward conditions R and L were alternated usually ev-
ery 20 trials with no external instruction (FiG. 3B), but the saccade latency
changed reliably (F1G. 3C). One interesting finding common to all monkeys
tested was that saccade latency decreased quickly during a small-to-big reward
transition and increased more slowly during a big-to-small reward transition
(F1G. 3C).”° Thus, saccadic eye movement provides a solid and reliable behav-
ioral measure to study the neural mechanisms of reward-oriented behavior. A
series of experiments, reviewed below, suggest that the basal ganglia play a
key role in the reward-dependent modulation of saccades.

The memory-1DR task allowed us to study the effects of expected reward on
the preparatory process of saccadic eye movements. Kawagoe et al.'? found
that visual responses of CD projection neurons were modulated strongly by the
expected reward. It has been known that many CD neurons respond to the tar-
get cue in the memory-guided saccade task, especially when it is presented in
the contralateral hemifield.”! Such visual responses are greatly enhanced and
diminished if the saccade to the visual stimulus is expected to be followed by
a bigger and smaller reward, respectively (FiG. 4 bottom).'? The reward mod-
ulation was often so strong that the neuron’s original direction selectivity was
shifted or reversed. Other CD neurons maintained their direction preference,
but their selectivity was enhanced or depressed depending on the expected re-
ward. A minority of CD neurons showed the opposite pattern: they responded
to the visual cue only or preferentially when it indicated no reward.!> Over-
all, statistically significant modulation by the expected reward was observed
in about 80% of visually responsive CD neurons. Similar reward-dependent
modulation was found among SNr neurons.’?

How have CD and consequently SNr neurons come to acquire activity de-
pendent on expected reward? One possibility is that CD neurons receive signals
from other brain areas that have already been modulated by expected reward. In
fact, neurons exhibiting visuomotor activities that are modulated by expected
reward are found in the FEF,'® SEF,”>7# dorsolateral prefrontal cortex,”* and
LIP all of which project to the saccade-related region of the CD. A second
possibility is that the reward-modulation first occurs in the basal ganglia, not
in the cerebral cortex. In this case, the cerebral cortex would receive reward-
modulated signals from the basal ganglia through the thalamus.” A recent
study by Pasupathy s Miller’® seems consistent with this idea. In the following
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FIGURE 4. Comparison of cue responses between DA neurons and CD neurons. Pop-
ulation cue responses in 1DR-rewarded (red), 1DR-nonrewarded (blue), and ADR (gray)
conditions are shown separately for contralateral (leff) and ipsilateral (right) cues.3*

section we will examine the hypothesis that the reward-modulation occurs, at
least partly, in the basal ganglia depending on the inputs from DA neurons.

DOPAMINERGIC MODULATION OF INFORMATION
PROCESSING IN THE CAUDATE NUCLEUS (CD)

Studies from our laboratory, including those described above, indicated that
there are mechanisms in the basal ganglia that modify saccadic eye movements
depending on whether or not the saccades are followed by reward. An important
question was: Where does the reward-related information originate from? A
candidate for the reward information carrier would be dopaminergic neurons
that are located in and around the SNc and project to the CD in addition to other
brain areas. To test this hypothesis we carried out two types of experiments:
(a) comparison of information carried by CD neurons and DA neurons, and
(b) test of DA causality.

Direct evidence for the relationship of DA to reward is based on recent
single unit studies on midbrain DA neurons in trained animals. Schultz and
colleagues demonstrated that DA neurons respond to the delivery of reward.”’
A key finding was that the response was correlated with the difference between
the expected reward and the actual reward. Thus, the response to a reward is
stronger if it is not expected.”® The response is negative (i.e., a decrease in
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firing) if the expected reward is not given.”” In short, DA neurons encode
reward prediction error>* This signal corresponds nicely to a principal factor
in learning theories that account for classical conditioning®® as well as in
reinforcement learning theory that was developed more recently,20-81-83

DA neuronal activity in the memory-1DR task followed this principle.?* In an
animal trained extensively in 1DR, DA neurons responded to the cue positively
(with a phasic increase in firing) if the cue indicated an upcoming reward (FIG. 4
top, red); they responded to the cue negatively (with a phasic decrease in firing)
if the cue indicated no reward (F1G. 4 top, blue). DA neurons showed no spatial
selectivity: they responded to the cue at any position equally as long as it indi-
cates an upcoming reward or as long as it indicates no reward. DA neurons ex-
hibited no response to the cue when all positions were equally rewarded (F1G. 4
top, gray). DA neurons now represented the difference between the expected
value of reward cue and the actual value of reward cue, consistent with an
extension of the reward prediction error theory.®®> DA neurons’ positive and
negative responses are correlated respectively with the increase and decrease
in reward prediction. If all positions are equally rewarded, the likelihood of
reward is 100% before the cue and this is not changed by the presentation of
the cue; hence, DA neurons show no response.

Here we see an intriguing relationship between CD projection neurons and
DA neurons (FiG. 4).%* In both CD and DA neurons, the visual responses in IDR
task are strongly modulated by the expected reward, although CD projection
neurons exhibit only a positive response while DA neurons exhibit positive
and negative responses. They are different in that CD projection neurons, not
DA neurons, show spatial selectivity. The reward sensitivity of DA and CD
neurons developed similarly (1) in a short time course after the reward-position
contingency was reversed and (2) in a long time course while the animal learned
this task.®¢ These results suggest that DA neurons, with their connection to CD
neurons, modulate the spatially selective signals in CD neurons in the reward-
predicting manner and CD neurons in turn modulate saccade parameters with
their polysynaptic connections to the oculomotor brainstem.

DOPAMINERGIC MODULATION OF INFORMATION
PROCESSING IN THE CD

To test the causal role of DA in reward-dependent signals in the basal ganglia,
we blocked dopaminergic synaptic transmission in the CD by injecting DA
antagonists locally.?” According to our model, if the DA input is blocked, the
reward-dependent neuronal activity in the CD and consequently the reward
modulation of saccade behavior should be diminished. Among at least five
types of DA receptors, mainly D1 and D2, receptors are expressed in CD
projection neurons. We thus injected a D1 antagonist and a D2 antagonist into
the region of the CD where saccade-related neurons are clustered while the
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FIGURE 5. The effects of D1 and D2 receptor blockades in the middle part of the
CD on the latencies of saccades followed by big and small rewards. Indicated are the
mean saccade latencies before blockade (black), during D1 blockade (red), and during D2
blockade. Asterisk indicates a statistically significant difference (Mann—Whitney U test,
P < 0.01). The numbers of experiments were 8 for D1 blockade and 13 for D2 blockade.?’

monkey performed a reward-biased saccade task. We found that D1 antagonist
attenuates the reward modulation of saccade behavior (FIG. 5, left). In contrast,
injecting D2 antagonist into the same region enhanced the reward-dependent
changes (F1G. 5, right).

I will now discuss possible mechanisms underlying the D1 and D2 blockade
effects. The attenuation of the reaction time bias by D1 blockade was due to the
prolongation of reaction times on large-reward trials and unchanged reaction
times on small-reward trials (FIG. 5, /eff). The prolongation of saccade reaction
times can be explained by a change in the function of the basal ganglia circuits,
specifically the direct pathway (FIG. 6, left). First, in the CD, D1 receptors are
preferentially expressed by neurons that belong to the direct pathway (i.e.,
projecting to the SN directly).3®% Second, in the anesthetized animals, DA
increases the excitability of CD neurons and this effect was reduced by D1
antagonist.”’°! These observations suggest that D1-antagonist injection into
the CD would attenuate the responses of SN-projecting CD neurons, which
leads to a weaker disinhibition of neurons in the SC and consequently the
prolongation of saccade reaction time (indicated by green arrows in FIG. 6,
left).

In contrast, the enhancement of the reaction time bias by D2 blockade was
due to the prolongation of reaction times on small-reward trials and unchanged
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FIGURE 6. A hypothetical scheme showing how the blockade of DA receptor activation
might work, assuming that D1 receptors (red) and D2 receptors (blue) are differentially
expressed by CD projection neurons belonging to the direct pathway and those belonging
to the indirect pathway. Left: The hypothetical effects of the blockade of D1 receptors
are shown by green arrows, upward and downward indicating increase and decrease of
neuronal activity. The primary effect would be a decrease in CD neuronal activity because
D1 receptor-mediated effect is thought to be facilitatory. Right: The hypothetical effects
of the blockade of D2 receptors. The primary effect would be an increase in CD neuronal
activity because D2 receptor-mediated effect is thought to be inhibitory.

reaction times on large-reward trials (FIG. 5, right). The prolongation of saccade
reaction times can also be explained by a change in the function of the basal
ganglia circuits, but in this case the indirect pathway (FI1G. 6, right). It has been
shown that D2 receptors are preferentially expressed by neurons that belong to
the indirect pathway®®%? (FiG. 6, right) and that the D2-mediated effect on CD
neurons is inhibitory.”! As indicated by green arrows in FIGURE 6, right, D2
blockade would remove the inhibition of CD neurons, increase the CD-induced
inhibition of neurons in the globus pallidus external segment (GPe), decrease
the GPe-induced inhibition of SNr neurons (directly or indirectly through the
STN), increase the SNr-induced inhibition of SC neurons, and consequently
the prolongation of saccade reaction times.

But why should the effects of D1 blockade occur selectively for large-reward
trials while the effects of D2 blockade occur selectively for small-reward trials?
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To solve this puzzle we need to understand that DA neurons exhibit a short
burst of spikes in response to unexpected reward’® or a reward-indicating sen-
sory stimulus’”-%+3¢ and a pause of firing in response to unexpected omission
of reward” or a no-reward-indicating stimulus.3* Let us suppose that D1 re-
ceptor activation has a higher threshold than D2 receptor activation. Some
support for this postulate can be found in a paper by Richfield et al.,”> which
indicates that the sensitivity to DA is higher for D2 receptor than D1 recep-
tor. The differential effects of D1 and D2 blockades could then be explained
by the model shown in FIGURE 7. We now represent sensitivity of D1- or
D2-mediated effects by threshold; the modulatory effects by DA become sig-
nificant only when available DA is higher than the threshold for each receptor.
During the control experiment (F1G. 7, left) D1 receptor activation is effective
when the phasic increase of DA after the presentation of big-reward-indicating
cue exceeds D1 threshold while D2 receptor activation is effective tonically
except for a brief dip after the small-reward-indicating cue. By D1 blockade
(F1G. 7, center), D1 threshold is elevated and therefore the phasic D1 effect
for big-reward condition is reduced, leading to prolongation of SRT in the

Control Dopamine D1 block Dopamine D2 block
Big Small Big Small Big Small
reward reward reward reward reward reward
W %+ m
= _l_l 1_ A/ S _-U -

D1 threshold
D2 threshold

Dopamine available

FIGURE 7. A model that explains the different effects by D1 and D2 receptor blockades
on the reward-dependent modulation of saccades. In each of the three conditions (Control,
D1 block, D2 block), black lines indicate the changes in the level of DA in the caudate
during the biased-reward saccade task after presentation of the target indicating a large
reward (/eft) and a small reward (right). The sensitivities of D1 and D2 receptors to DA are
expressed as thresholds, which are indicated by red and blue lines, respectively (see text).
If the level of DA is higher than the threshold of a given receptor type, DA influences the
output of caudate projection neurons through the receptor. Left column: Before injection
of D1 or D2 antagonist, D1 receptor activation occurs phasically after the target indicating
a large reward, while D2 receptor activation is sustained except for a brief decrease after
the target indicating a small reward. Middle column: After D1 antagonist injection, D1
threshold is elevated, which leads to a decrease in the phasic D1 effect in the large-reward
condition. Right column: After D2 antagonist injection, D2 threshold is elevated, which
leads to a further weakening of the D2 effect in the small-reward condition.



HIKOSAKA 243

big-reward condition (FIG. 6, left). By D2 blockade (FiG. 7, right), D2 thresh-
old is elevated and therefore the D2 effect is further reduced in the small-reward
condition, leading to prolongation of SRT in the small-reward condition (FIG. 6,
right).

The above interpretation assumes that DA neurons act quickly on CD neu-
rons to change saccade reaction time on a single trial. However, this may not
be realistic, considering the modulatory nature of DA actions. An alternative
mechanism may be DA-dependent plasticity in corticostriatal synapses.’>~%
A conjunction of presynaptic activity in corticostriatal inputs and postsynaptic
activity in CD neurons leads to long-term potentiation only if a large phasic
increase in D1 receptor activation occurs simultaneously.’* In our paradigm,
if a particular target is repeatedly associated with a large reward that would
cause DA neuron activation,® the corticostriatal synapses carrying the tar-
get signal should undergo long-term potentiation and therefore CD neurons
respond to the target progressively more strongly, leading to shorter saccade
reaction times. D1 antagonist should suppress such changes, as we observed
as the longer saccade reaction times on large-reward trials. On the other hand,
the D2-mediated inhibitory effect on caudate neurons is necessary to keep
minimum facilitatory effects on the SC for saccades to be generated even on
small-reward trials.

These results suggest that: (1) the reward modulation of saccadic eye move-
ment, at least partly, originates from the CD; (2) the DA input to CD projection
neurons is responsible for the reward modulation; (3) the DA effect is mediated
by D1 and D2 receptors in differential manners.

FUTURE DIRECTIONS OF RESEARCH ON
REWARD-DEPENDENT MOTIVATIONAL BEHAVIOR

We have shown that reward-dependent modulation of saccadic eye move-
ments occurs, at least partly, in the CD where cortical inputs carrying pre-
dominantly spatial information and dopaminergic inputs carrying exclusively
reward-related information converge. A causal role of DA in the reward mod-
ulation was also demonstrated in our study in which DA antagonists injected
locally in the CD changed the reward modulation of saccadic eye movements.

The importance of DA neurons becomes more evident as we understand
the complexity of information they carry. DA neurons respond to rewards
or sensory stimuli that reliably predict the rewards. The response is positive
(an increase in activity) or negative (a decrease in activity) if the value of the
reward is higher or lower, respectively, than predicted. This kind of information,
which is called reward prediction error, is thought to act as a teaching signal for
appetitive learning to maximize the gain of reward. However, it is not a trivial
task to predict the upcoming reward. Theoretically, it requires the knowledge or
memory of the entire past reward history, which is assumed to be extrapolated
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to future. Furthermore, the prediction needs to take account of sequential or
temporal patterns of reward outcome, if any.”’

A big problem is that it is virtually unknown which parts of the brain pro-
vide DA neurons with such complex reward-related signals. It has been known
anatomically that midbrain DA neurons receive inputs from many brain areas,
including the ventral and dorsal striatum, subthalamic nucleus, pedunculopon-
tine nucleus, amygdala, lateral hypothalamus, SC, and lateral habenula,3% %3102
but none of these areas has been proved to be a critical determinant of reward-
predictive DA signals. We need to solve this issue to gain a broader perspective
on motivational behavior.
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