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Role of Striatum in Updating Values of Chosen Actions

Hoseok Kim,' Jung Hoon Sul,' Namjung Huh,' Daeyeol Lee, and Min Whan Jung!
'Neuroscience Laboratory, Institute for Medical Sciences, Ajou University School of Medicine, Suwon 443-721, Korea, and 2Department of Neurobiology,
Yale University School of Medicine, New Haven, Connecticut 06510

The striatum is thought to play a crucial role in value-based decision making. Although alarge body of evidence suggests its involvement
in action selection as well as action evaluation, underlying neural processes for these functions of the striatum are largely unknown. To
obtain insights on this matter, we simultaneously recorded neuronal activity in the dorsal and ventral striatum of rats performing a
dynamic two-armed bandit task, and examined temporal profiles of neural signals related to animal’s choice, its outcome, and action
value. Whereas significant neural signals for action value were found in both structures before animal’s choice of action, signals
related to the upcoming choice were relatively weak and began to emerge only in the dorsal striatum ~200 ms before the behavioral
manifestation of the animal’s choice. In contrast, once the animal revealed its choice, signals related to choice and its value
increased steeply and persisted until the outcome of animal’s choice was revealed, so that some neurons in both structures
concurrently conveyed signals related to animal’s choice, its outcome, and the value of chosen action. Thus, all the components
necessary for updating values of chosen actions were available in the striatum. These results suggest that the striatum not only
represents values associated with potential choices before animal’s choice of action, but might also update the value of chosen
action once its outcome is revealed. In contrast, action selection might take place elsewhere or in the dorsal striatum only

immediately before its behavioral manifestation.

Introduction

A central issue in cognitive neuroscience is to understand the role
of the basal ganglia (BG) in decision making. There are two major
theories on this issue. One argues that the primary role of the BG
is in action selection, whereas the other emphasizes its role in
evaluating action outcomes. The action selection theory is sup-
ported by several lines of evidence. Anatomically, the BG receive
converging inputs from virtually the entire cerebral cortex and
send output projections back to the frontal cortex and subcortical
motor structures (Alexander and Crutcher, 1990a; DeLong,
2000), suggesting a funneling function of the BG. Behaviorally,
dysfunction of the BG can lead to various movement disorders
(Albin et al., 1989) and lesions in the BG impair stimulus-
response associations (Packard and Knowlton, 2002). Finally,
physiological studies have found neuronal activity in the BG cor-
related with upcoming movement of the animal (Hikosaka et al.,
1989; Alexander and Crutcher, 1990b; Apicella et al., 1992; Setlow
et al., 2003; Nicola et al., 2004; Pasupathy and Miller, 2005).
These features of the BG led to the proposal that its primary role
is selecting a specific action out of multiple candidates that are
provided by the cortex and relaying this information to the
downstream motor structures (Alexander and Crutcher, 1990a;
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Hikosaka, 1994; Mink, 1996; Redgrave et al., 1999). Recently, a
revised theory has been proposed that the BG contribute to action
selection by biasing its activity toward an action with the most
desirable outcome (Hollerman and Schultz, 1998; Kawagoe et al.,
1998; Samejima et al., 2005; Hikosaka et al., 2006).

Evidence for the role of the BG in action evaluation is also
widespread. The striatum is a major target of midbrain dopami-
nergic projections, which are known to carry reward prediction
error (RPE) signals (Schultz, 1998), as well as projections from
frontal cortical areas that carry signals related to the actions cho-
sen by the animal and their values (Watanabe, 1996; Leon and
Shadlen, 1999; Baeg et al., 2003; Barraclough et al., 2004). Hence,
signals necessary to evaluate consequences of committed actions
and update action values converge in the striatum. Neuroimaging
studies have also found RPE and value signals in the striatum (for
review, see O’Doherty, 2004; Delgado, 2007; Delgado et al., 2008),
and behavioral studies have found impaired feedback-based learn-
ing, but intact non-feedback-based stimulus-response association,
in Parkinson’s disease patients (Shohamy et al., 2004).

Despite strong grounds for both selection and evaluation
functions of the BG, their underlying neural processes are un-
clear. In fact, it still remains unresolved whether the primary role
of the BG is in action selection, action evaluation, or both. We
investigated these issues in this study by examining temporal
dynamics of neural signals for animal’s choice, its outcome, and
action value in the striatum of rats performing a free-choice task.
Because the dorsal and ventral striatum (DS and VS, respectively)
have been proposed to serve different functions (DeLong, 2000;
Cardinal et al., 2002; O’Doherty, 2004; Atallah et al., 2007;
Balleine et al., 2007), we recorded single-neuron activity from
both structures simultaneously.
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Materials and Methods

Subjects

Experiments were performed with young
male Sprague Dawley rats (~9-11 weeks old,
250-330 g, n = 3). Animals were individually
housed in the colony room and initially al-
lowed ad libitum access to food and water.
Once behavioral training began, animals were
restricted to 30 min access to water after finish-
ing one behavioral session per day. Experi-
ments were performed in the dark phase of 12 h
light/dark cycle. The experimental protocol
was approved by the Ethics Review Committee
for Animal Experimentation of the Ajou Uni-
versity School of Medicine.

Behavioral task

Animals were trained in a dynamic two-armed
bandit task on a modified figure 8-shaped
maze (65 X 60 cm, width of track: 8 cm, 3-cm-
high walls along the entire track except the cen-
tral bridge) (Fig. LA) (Huh etal., 2009). It wasa
free binary choice task with each choice associ-
ated with a different probability of reward that
was constant within a block of trials, but
changed across blocks. Although the probabil-
ity of reward delivery was constant within a
block, the reward was delivered stochastically
in each trial, and no explicit sensory informa-
tion on reward probability was available to an-
imals. Hence, the probabilities of reward and
the optimal choice could be discovered only by
trial and error. Each animal was tested for a
total of 4—18 sessions, and each session con-
sisted of four blocks of trials. The number of
trials in each block was 35 plus a random num-
ber drawn from a geometric distribution with a
mean of 5, with the maximum number of trials
set at 45. The following four combinations of reward probabilities were
used in each session: 0.72:0.12, 0.63:0.21, 0.21:0.63, and 0.12:0.72. The
sequence was determined randomly with the constraint that the richer
alternative always changed its location at the beginning of a new block.

Figure 1.

Behavioral stages

Each trial was divided into five stages, corresponding to (1) delay, (2) go,
(3) approach to reward, (4) reward consumption, and (5) return to the
center of the maze (Fig. 2A). Each trial began when the animal returned
to the central section of the maze (Fig. 2 A, region D) from either goal
location (Fig. 2 A, blue circles) with the connecting bridge elevated (Fig.
1A). After a delay for 3 s (delay stage), the connecting bridge was lowered
allowing the animal to proceed to the upper branching point (go stage).
The animal initiated locomotion as soon as the connecting bridge was
lowered. To determine the onset of the approach stage, we first estimated,
based on visual inspection, the vertical position in which the animal’s
horizontal position begins to diverge. Next, we aligned the animal’s hor-
izontal trajectory relative to the time when the animal reached this ver-
tical position, and the onset of the approach stage was defined as the time
when the animal’s horizontal positions in the left-choice and right-
choice trials became significantly different as determined by a  test at the
significance level 0f 0.05 (Fig. 2C,D). Thus, the beginning of the approach
stage was aligned to the first behavioral manifestation of animal’s goal
choice, which was determined separately for each behavioral session. The
beginning of the reward stage was the time when the animal broke the
photobeam that was placed 6 cm ahead of the water-delivery nozzle. In
rewarded trials, breaking of the photobeam triggered opening of a sole-
noid value in ~20 ms, which delivered 30 ul of water in ~30 ms. It took
~200 ms for the animal to arrive at the water nozzle after breaking the
photobeam. The outcome of the choice was revealed to the animal im-
mediately after breaking of the photobeam, because opening of the sole-

Kim et al. @ Role of Striatum in Updating Value

21:.63 .63:.21 A42.72 42:12

OO L 17 M 2 Ty ELERLLT Y

0 LJ I L e b L e g e

0 40 80 120 160
Trial
Animal 1 Animal 2 Animal 3

4 o

o = N W

Reinforcer effect Choice effect
0

'
kN
'

5 4 ' s 4
Past trials

Behavioral task, recording sites and performance of animals. A, Two-armed bandit task. Rats were tested on a
modified figure 8-shaped maze to choose between two locations (yellow discs) that delivered water reward with different
probabilities. Scale bar, 10 cm. Green arrows indicate the locations of photobeam detectors. B, Unit signals were recorded
inthe DS and VS by implanting 12 tetrodes (schematically indicated by 12 vertical lines) in three rats. The photomicrograph
shows a coronal section of the brain that was stained with cresyl violet. Two marking lesions, one in the DS and the other
in the VS, are shown (white arrows). CPu, Caudate/putamen; Acb, nucleus accumbens. €, An example of animal’s choice
behavior in a single behavioral session. The probability to choose the left arm (P,) is plotted (moving average of 10 trials)
across four blocks of trials (gray curve: actual choice of the animal, black curve: choice probability predicted by RL model).
Tick marks denote trial-by-trial choices of the animal (upper, left choice; lower, right choice; long, rewarded trial; short,
unrewarded trial). Block transitions are marked by vertical lines. Numbers on top indicate mean reward probabilities
associated with left and right choices in each block. D, Average regression coefficients from a logistic regression model
showing the effects of past choices and rewards on animal’s choice. The influence of past choices and past rewards (up to
10 trials) on the current choice was estimated by fitting a logistic regression model to the behavioral data for each animal.
Error bars, 95% confidence intervals.

noid valve produced a clicking sound (~50 db). The central connecting
bridge was raised at the onset of the reward stage. The beginning of the
return stage was the time when the animal crossed an invisible line 11 cm
away from the water-delivery nozzle (i.e., exiting the reward area) (Fig.
2A). The durations of the reward stage in rewarded and unrewarded
trials were 7.1 £ 0.8 and 2.5 = 0.3 s, respectively. Hence, the animal
stayed longer in the reward area when water was delivered. Nevertheless,
the animals licked the water-delivery nozzle in most unrewarded trials as
in rewarded trials. The beginning of the delay stage in the next trial was
when the animal broke the central photobeam that was placed 13 cm
from the proximal end of the maze (Fig. 2A). The average durations of
the five behavioral stages were (mean * SD) 3.0 £ 0.0 (delay), 1.2 £ 0.2
(g0), 0.9 = 0.3 (approach), 6.2 * 3.0 (reward), and 2.7 = 1.1 s (return).
The delivery of water and the state (raised or lowered) of the central
bridge were controlled by a personal computer using LabView software
(National Instruments).

Unit recording

Activity of single units was recorded simultaneously from the left (n = 1)
or right (n = 2) DS and VS (Fig. 1 B). For the DS recording, unit activity
was recorded from the dorsomedial striatum, and for the VS recording,
activity was mostly recorded from the core of the nucleus accumbens. A
microdrive array loaded with 12 tetrodes was lowered aiming the dorso-
medial striatum (1.2 mm anterior, 1.7 mm lateral from bregma) with six
tetrodes implanted in the DS [3.0 mm ventral (V) from the brain surface]
and the other six implanted in the VS (6.0 mm V from the brain surface)
under deep anesthesia with sodium pentobarbital (50 mg/kg body
weight). Following 1 week of recovery from the surgery, tetrodes were
gradually advanced for a maximum 320 wm per day for 2 d and then
advanced 20—40 wm per day. The identity of unit signals was determined
based on the clustering pattern of spike waveform parameters, averaged
spike waveforms, baseline discharge frequencies, autocorrelograms, and
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Logistic regression analysis of

behavioral data

The effects of past choices and rewards on rat’s
current choice were examined by performing a
trial-by-trial analysis of rat’s choices using the
following logistic regression model (Lau and
Glimcher, 2005):
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Figure2. Behavioral stagesand animal’s locomotive trajectory. A, The task was divided into five behavioral stages: delay ~ Féwards and choices, respectively, and 1, is a

(D), go (G), approach to reward (A), reward (Rw), and return (Rt) stages. Blue circlesindicate the locations of water delivery.
Dotted lines indicate approximate stage transition points. Each trial began when the animal crossed the blue dotted line
(onset of the delay stage). Scale bar, 10 cm. B, Movement trajectories during an example session. Each dot indicates
animal’s head position that was sampled at 60 Hz. Green solid lines indicate stage transitions. Beginning from the reward
onset, blue and red traces indicate trials associated with left and right upcoming choice of the animal, respectively. Trials
were decimated (3 to1) to enhance visibility. €, D, The time course of horizontal ( X) coordinates of animal’s position data
near the onset of the approach stage during an example recording session shown in B (C, individual trials; D, mean). Blue
and red indicate trials associated with left and right goal choice, respectively. Green dotted line (0 ms) corresponds to the
time when the animal reached a particular vertical position (horizontal dotted line in B) determined by visual inspection to
show clear separation in the animal’s X positions according to its choice, whereas the gray line corresponds to the time
when the difference in the X positions for the left- and right-choice trials first became statistically significant (t test,

p < 0.05) within = 0.5 s time window.

interspike interval histograms (Baeg et al., 2007). For those units that
were recorded for two or more days, the session in which the units were
most clearly isolated from background noise and other unit signals was
used for analysis.

Tetrodes were fabricated by twisting four strands of polyimide-
insulated nichrome wires (H.P. Reid Co.) together and gently heated
to fuse the insulation (final overall diameter: ~40 wm). The electrode
tips were cut and gold-plated to reduce impedance to 0.3—-0.6 M)
measured at 1 kHz. Unit signals were amplified with the gain of
5000-10,000, bandpass-filtered between 0.6 and 6 kHz, digitized at 32
kHz, and stored on a personal computer using a Cheetah data acqui-
sition system (Neuralynx). Single units were isolated by examining
various two-dimensional projections of spike waveform parameters, and
manually applying boundaries to each subjectively identified unit cluster
using custom software (MClust 3.4, A. D. Redish, University of Minne-
sota, Minneapolis, MN) (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Only those clusters that were
clearly separable from each other and from background noise through-
out the recording session were included in the analysis. The head position
of the animals was recorded at 60 Hz by tracking an array of light-
emitting diodes mounted on the headstage. Unit signals were recorded
with the animals placed on a pedestal (resting period) for ~10 min before
and after experimental sessions to examine the stability of recorded unit
signals. Unstable units were excluded from the analysis. When re-
cordings were completed, small marking lesions were made by pass-
ing an electrolytic current (50 uA, 30 s, cathodal) through one
channel of each tetrode, and recording locations were verified histo-
logically as previously described (Baeg et al., 2001) (Fig. 1 B).

bias term. The numbers of total trials used in
the regression for the three animals were 2862,
1536, and 626.

Reinforcement leaning model

Action values were computed based on the
Rescola—Wagner rule as previously described
(Samejima et al., 2005; Seo and Lee, 2007).
Briefly, we constructed a simple reinforcement
learning (RL) model in which action values
[Q,(t) and Qg(t)] were updated based on RPE
in each trial as the following: if a(t) = left,
RPE = R() — Q,(f), Qu(t + 1) = Q) +
a*RPE, Qi(t + 1) = Qg(1); if a(t) = right,
RPE = R(t) — Qu(t), Qult + 1) = Qut) +
a-RPE, Q,(t + 1) = Q(t), where « is the
learning rate, R(f) represents the reward in the tth trial (1 if rewarded and
0 otherwise) and a(t) indicates the selected action in the tth trial (left or
right goal choice). Therefore, action value was updated only for the goal
chosen by the animal. Note that “action value” is equivalent to “action
value function” in RL theories (Sutton and Barto, 1998) and refers to the
value associated with a particular choice rather than physical character-
istics of the animal’s motor outputs.

In the RL model, actions were chosen according the softmax action
selection rule in which choice probability varied as a graded function of
the difference in action values, Q;(f) — Qg(#). Thus, the probability for
selecting the left goal [p, (¢)] was defined as follows:

1
pi() = 1 + exp(—B(QL(t)_QR(t))),

where (3 is the inverse temperature that determines the degree of exploration
in action selection. The parameters o and 3 were estimated separately for
each session using a maximum likelihood procedure (Seo and Lee, 2007).
Their distribution is shown in supplemental Figure S2, available at www.
jneurosci.org as supplemental material. Mean values of « for each animal
were 0.29,0.28,and 0.2, and those of 3 were 3.25, 2.46, and 2.67, respectively.

Although we only show the results from the analysis using the Rescola—
Wagner rule (or Q-learning model) (Sutton and Barto, 1998), we also ana-
lyzed behavioral and neural data using several modified versions of the
Q-learning model (Barraclough et al., 2004; Ito and Doya, 2009). All tested
models accounted for animal’s choice behavior quite well, and the pattern of
value-related neural signals reported in the Results was similar regardless
which Q-learning model was used to analyze the neural data (supplemental
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we applied multiple linear regression analyses
in which the mean firing rate of a neuron dur-
ing a particular time window of a trial was
given by a linear function of various behavioral
factors such as animal’s choice, reward deliv-
ery, and estimated values. All trials in a given
session (144-168, 157 * 4.2 per session,
mean * SD) were subject to analysis. To focus
on the time course of neural signals, spike rates
were measured for windows with fixed durations
that were aligned to the onset of each behavioral
stage, including those trials in which successive
windows overlapped temporally. Similar results were obtained, however,
when neural data from the overlapping windows were excluded from the
analysis (data not shown). Neural signals related to animal’s choice, its out-
come, and their interaction were examined using the following regression
model for all behavioral stages (Fig. 3):

Figure 3.

S(t) = ay, + a,-C(t) + a,-C(t—1) + ay-C(t —2)
+ a, R(t) + ag-R(t—1) + ag-R(t—2) + a,-X(1)

+ oag-X(t—1) + ag-X(t —2) + &(t), (Model 1)

where S(#) denotes spike discharge rate, C(t), R(t), and X(¢) represent
animal’s choice (left or right), its outcome (0 or 1), and their interaction
[C(t) X R(1)], respectively, in trial ¢, &(¢) is the error term, and a,—a,
indicate the regression coefficients. It should be noted that the “choice”
signal may represent movement direction or spatial location of the ani-
mal (Lavoie and Mizumori, 1994; Schmitzer-Torbert and Redish, 2004).
We nevertheless use the term choice here to be consistent with our pre-
vious report (Kim et al., 2007) and for simplicity.

Value-related neural signals were examined using the following re-
gression model for all behavioral stages (see Fig. 5; supplemental Fig. S3,
available at www.jneurosci.org as supplemental material):

S(t) = ay + a,-C(t) + a,-R(t) + a5 -X(t) + a,- Q1)
+ a5 Qp(t) + ag- Q1) + &(t), (Model 2)

where Q, () and Qg(t) denote action values associated with the left and
right goal choices, respectively (Samejima et al., 2005), and Q_() denotes

Striatal activity related to animal’s choice and its outcome in the current and previous trials. 4, The graphs show
fractions of neurons that were significantly modulated by animal’s choice (C), its outcome (R), or their interaction (X) in the current
() and previous trials (t — 1 and t — 2) in the regression Model 1 in non-overlapping 0.5 s time windows across different
behavioral stages [pre-Delay: last 1s of the return stage; Delay: the entire delay stage (3 s); Go: first 15; pre-Approach (pre-Appr):
last 1's of the go stage; Approach: first 1s; Reward: first 2 s; Return: first 1 s]. Large open circles indicate that the fractions are
significantly different between the DS and VS () * test, p << 0.05). Fach vertical line indicates the beginning of a given behavioral
stage. Values within the shaded areas are not significantly different from the significance level of p = 0.05 for the VS (binomial
test). The threshold for the DS s slightly lower due to the larger number of neurons (data not shown). B, The fraction of neurons that
significantly modulated their activity according to the current choice [((¢)] is plotted at a higher temporal resolution (100 ms
moving window advanced in steps of 50 ms).

the action value of the goal chosen by the animal in trial ¢ (chosen
value) (Lau and Glimcher, 2008; Seo et al., 2009; Kim et al., 2009).
This model was also used in examining whether choice, reward, and
chosen value signals are concurrently conveyed by the same neurons
in the reward stage. To confirm that the chosen value signals deter-
mined with the above model (see Fig. 5) indeed represent chosen
rather than unchosen value, we compared the strengths of signals
related to chosen and unchosen values using the following regression
model:

S(t) = ay, + a,-C(t) + a, R(t) + a5 -X(t) + a,- Q1)

+ a5+ Q,(1) + &(t), (Model 3)

where Q.(t) and Q,(#) denote the values of the chosen and unchosen
goal, respectively. We also examined neural signals for the sum of and
the difference in action values (2Q(t) and AQ(t), respectively), which
would be more related to overall rate of reinforcement and animal’s
choice, respectively, than action values (Seo and Lee, 2007; Ito and
Doya, 2009; Seo et al., 2009), using the following regression model
(supplemental Fig. S4, available at www.jneurosci.org as supplemen-
tal material):

S(t) = ay + a,-C(t) + ay-R(t) + a5 - X(t) + a,-2Q(?)

+ a5 - AQ(t) + ag- Q1) + &(t), (Model 4)

where 2Q(t) = Q, () + Qg(t) and AQ(r) = Q, () — Qg(¥).
To examine whether striatal neurons encode chosen value consistently
for both actions, we examined neural signals related to choice X chosen
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value interaction [C(f) X Q(#)] by applying the following regression
model to the spike data during the first 1 s of the reward stage:

S(t) = ay, + a,-C(t) + a, R(t) + a5 -X(t) + a,- Q1)

+ as-Q,(t) + ag-C(t) X Qt) + &(t). (Model 5)

We also compared chosen value-related neuronal activity associated
with left and right goal choice by applying the following regression sep-
arately to the left and right goal-choice trials using the spike data during
the first 1 s of the reward stage (see Fig. 6):

S(t) = ay + a;-R(t) + a,- QUt) + a;-Q,(t) + &(1).
(Model 6)

Here, the chosen value is equivalent to the left (or right) action value
for the left (or right) goal-choice trials.

The following regression models were used to determine whether neu-
ronal activity in the reward stage is more correlated with RPE or updated
chosen value. We first selected the neurons encoding both reward and
chosen value using the following regression model based on the discharge
rates during the first 1 s of the reward stage (see Figs. 8, 9):

S(t) = ay + a,-C(t) + a,-Qu(t) + az- Qg(t) + a,-R(t)

+ a5+ Q) + &(r). (Model 7)

Because RPE and updated value were computed based on the combi-
nation of the current choice and its outcome, their interaction term, X(¢),
was omitted in this regression model. We then examined which of the
following models better accounted for neuronal activity (see Figs. 8, 9):

S(t) = ay + a,-C(t) + a,* Q.(t) + a5+ Qp(t)
+ a,-RPE(t) + &(t), (Model8)
S(t) = ag + a,-C(t) + a,+ Qu(t) + a;- Qx(t)
+ a,-upQt) + &(t), (Model9)

where RPE(?) is the reward prediction error and upQ(¢) is the updated
chosen value. Namely, upQ_(¢) = Q.(t) + « - RPE(t), where « refers to
the maximum likelihood estimate of the learning rate obtained for each
session.

Coefficient of partial determination. The variance in neural activity ac-
counted for by RPE or updated chosen value was quantified by the coef-
ficient of partial determination (CPD) (Neter et al., 1996) as the
following: CPD(X,) = [SSE(X,) — SSE(X;, X,)]/SSE(X,), where SSE(X;)
denotes the sum of squared errors in a regression model that includes X;.
To determine the CPD for RPE or updated chosen value, X, included
C(t), Q. (1), and Q(t), and X, was either RPE or updated chosen value,
Q_(1). Thus, CPD corresponds to the fraction of variance in neural activ-
ity that can be accounted for by adding either RPE or updated chosen
value to the following regression model:

S(t) = ay + a;-C(t) + a, - Qu(t) + ay- Qg(t) + &(t).
(Model 10)

Permutation test. Because action values are updated iteratively in RL
algorithms, the estimated action values are inevitably correlated between
successive trials. Neural activity (dependent variable) was also correlated
across successive trials (e.g., mean serial correlation = 0.052 % 0.007 and
0.062 = 0.007 for the neural data during the first and last 1 s of the delay
stage), which could be due to a number of factors, such as a slow drift in
the spike rates during the recording session. Regardless of its origin, such
serial correlation in spike rates could potentially violate the indepen-
dence assumption in the regression analysis and increase the amount of
activity spuriously correlated with action values (Seo and Lee, 2008). We
therefore used a permutation test to evaluate statistical significance of
regression coefficients for the multiple regression analyses that contained
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action values. An additional analysis revealed that spike autocorrelation
in the present study is largely due to systematic changes in neural activity
between blocks, rather than trial-by-trial correlation in neural activity
(supplemental Fig. S5, available at www.jneurosci.org as supplemental
material). Thus, for the permutation test, the original block sequence was
preserved and spike rates were randomly shuffled 1000 times across dif-
ferent trials within each block. For each of these trial-shuffled datasets, we
repeated the same regression analysis using the original behavioral data
(i.e., animal’s choice, its outcome and action values). The p value for each
regression coefficient was then determined by the frequency in which the
magnitude of the original regression coefficient was exceeded by that of
the regression coefficients obtained after trial shuffling.

Statistical analysis

Statistical significance of a regression coefficient was tested based on a ¢
test (model 1 which does not include any value term) and a permutation
test (other regression models including value terms). Significance of the
fraction of neurons for a given variable was tested with a binomial test. A
p value <0.05 was used as the criterion for a significant statistical differ-
ence unless noted otherwise. Data are expressed as mean = SEM unless
noted otherwise.

Results

Choice and locomotive behavior during two-armed

bandit task

The animals began to choose the goal associated with a higher
reward probability more frequently within 10-20 trials after a
block transition, indicating that they quickly captured changes in
relative reward probabilities and made goal choices accordingly
(Fig. 1C). Consistent with the results from previous studies (Lee
etal., 2004; Lau and Glimcher, 2005; Samejima et al., 2005; Huh
et al., 2009), more quantitative analyses revealed that this was
accomplished by a relatively simple learning algorithm that esti-
mates the likelihood of reward for each choice (Fig. 1C). Simi-
larly, a logistic regression analysis showed that as predicted by the
RL model, the animals tended to make the same choice that was
rewarded in recent trials, as indicated by positive coefficients
related to reward, but tended to alternate their choice, as indi-
cated by the negative coefficient related to the animal’s choice in
the previous trial (+ — 1) (Fig. 1 D). Thus, rat’s choice in the
present task was systematically influenced by the history of past
choices and their outcomes.

The animals showed a stereotyped pattern of movement
across five behavioral stages of the task (delay, go, approach,
reward and return stages, Fig. 2A) as illustrated in Figure 2 B. In
this figure, trials were divided into two groups depending on the
upcoming goal choice of the animal (blue: left choice, red: right
choice) starting from the reward stage in the previous trial. Tra-
jectories before the left-choice and right-choice were similar
throughout the trial starting from the reward phase of the previ-
ous trial until they began to diverge on the distal portion of the
central bridge, which was determined to be the onset of the ap-
proach stage (Fig. 2B-D). More quantitative analysis revealed
that animal’s movement trajectory between the reward and ap-
proach stages was not related to the upcoming choice of the ani-
mal (supplemental Fig. S6, available at www.jneurosci.org as
supplemental material). On the other hand, animal’s movement
trajectory was different in the lower central section of the maze
(early delay stage) depending on which goal the animal was re-
turning from (supplemental Fig. 6 B, available at www.jneurosci.
org as supplemental material). Upon arrival at the central bridge,
the animal extended its head to the left or right side of the central
bridge (Fig. 2 B) for the most of the delay period (late delay stage),
during which animal’s head position was independent of ani-
mal’s previous goal choice. Thus, animal’s head position was sig-
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Figure4.

Anexample neuron in the VS that modulated its activity according to the animal’s choices in the current and previous trials. Trials were grouped according to the sequence of the previous

and current trial (L, left; R, right; e.g., RL, right and left choice in the previous and current trial, respectively). Left, Spike raster plots. Right, Spike density functions that were generated by applying

a Gaussian kernel (o = 100 ms) to the corresponding spike trains.

nificantly different depending on the previous goal choice only in
the early delay stage (initial 1.1 * 0.3 s, mean * SD) (supple-
mental Fig. 6 B, available at www.jneurosci.org as supplemen-
tal material).

Neural signals for choice and reward

A total of 201 and 165 single units with mean discharge rates
>0.1 Hz were recorded from the DS and VS, respectively (Fig.
1B), of three rats. We related spike discharge rates to various
behavioral variables by running multiple regression analyses us-
ing all trials in a given session. Because we were interested in
neural signals related to action selection as well as action evalua-
tion that might take place during different behavioral stages, all
stages of the task were subjected to analysis. We first examined
neural signals related to animal’s choice, its outcome and their
interaction in the current and previous trials using the regression
Model 1 (Fig. 3A). Overall, the percentage of the neurons that
significantly changed their activity according to the upcoming
choice of the animal in the delay or go stage (i.e., before behav-
ioral manifestation of animal’s choice) was low. The analysis of the
spike counts during the last 1 s of the delay stage (i.e., immediately
before movement onset) showed that the number of neurons with
significant effect of the upcoming choice was only 13 in the DSand 6
in the VS, which were not significantly higher than the values pre-
dicted by the significance level used (binomial test, p = 0.208 and
0.837, respectively). However, during the last 0.5 s of the go stage
(i.e., 0.5 s before the onset of the approach stage), the number of
neurons encoding the upcoming choice was significantly above
chance level in the DS (n = 27, 13.4%; binomial test, p < 0.001),
although it was not significant in the VS (n = 13, 7.9%; p = 0.071)
(Fig. 3A).

We further examined the temporal dynamics of choice signals
at a higher temporal resolution using a 100 ms time window that
was advanced in 50 ms time steps. This analysis revealed that
choice signal started to rise above chance level ~200 ms before
the onset of the approach stage in the DS, but not in the VS (Fig.
3B). For the 200 ms time interval before the onset of the approach
stage, there were 37 DS (out of 201, 18.4%, binomial test, p <
0.001) and 13 VS (out of 165, 7.9%, p = 0.071) neurons that
significantly modulated their activity according to the upcoming

choice of the animal, which were significantly different (x~ test,
p < 0.001). In summary, upcoming choice signal was overall
weak, but it started to strengthen ~200 ms before the behavioral
manifestation of animal’s choice in the DS.

Neural signals for current choice [C(t)] were greatly elevated
after the animal made a goal choice (i.e., in the approach, reward
and return stages) and then slowly decayed during the delay stage
in the next trial [now corresponding to C(t — 1)] in both struc-
tures (Fig. 3A). Of all the neurons conveying current choice signal
during the first 1 s of the approach stage, the numbers of neurons
increasing their firing rates more for the ipsilateral and contralat-
eral choice (DS: n = 51 and 65, respectively; VS: n = 31 and 43,
respectively) did not differ significantly (x* test, DS: p = 0.194,
VS: p = 0.163). Interestingly, the previous choice [C(t — 1)]
signal increased somewhat during the go, approach, and reward
stages compared to the late delay stage, so that the signals related
to the current and previous choices were encoded simultaneously
(Figs. 3, 4), which is consistent with a previous study in the rat VS
(Kim et al., 2007). Moreover, during the first 1 s period of the
approach stage, both DS and VS neurons were more likely to change
their activity according to the animal’s previous choice when their
activity was also significantly affected by the animal’s current choice
compared to when their activity was not related to the animal’s cur-
rent choice (x tests, p = 0.013 and 0.015, respectively).

Similar to the signals related to the animal’s choice, the signals
related to the reward [i.e., choice outcome, R(t)] were greatly
elevated in the reward stage (i.e., after the outcome of a choice
was revealed) and then slowly decayed until the delay stage in the
next trial [now corresponding to R(t — 1)] in both structures
(Fig. 3A) as recently described in the rat VS (Ito and Doya, 2009)
and monkey DS (Histed et al., 2009). During the first 1 s period of
the reward stage, neuronal activity was lower in rewarded than
unrewarded trials in the majority of cases (DS: 101 out of 123,
82.1%, binomial test, p < 0.001; VS: 62 out of 84, 73.8%, binomial
test, p << 0.001), which is consistent with previous results obtained
from the rat VS (Roitman et al., 2005; Ito and Doya, 2009).

To update action value, reward-related signals must be com-
bined appropriately with the signals related to animal’s choice of
action. Indeed, a significant choice X reward interaction signal
[X(#)] was frequently observed in the reward stage (Fig. 3A),
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for the reward and chosen value signals.
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Figure 6.  Relationship between regression coefficients related to chosen value in the left
and right goal choice trials. Trials were divided according to animal’s goal choice and discharge
ratesin the first 1 s of the reward stage were used for this analysis. The graphs show coefficients
for chosen value [left and right Q,(¢) coeff] in the regression Model 6. Orange and red circles
denote neurons encoding chosen value (Model 2) and those with significant choice X chosen
value interaction (Model 5), respectively, whereas green circles indicate neurons encoding cho-
sen value (Model 2) and showing significant choice XX chosen value interaction (Model 5). The
neurons encoding chosen value (Model 2) were used to determine the best-fitting lines (orange
lines) and to calculate the correlation coefficients shown, both of which were significantly
different from 0 (DS: p < 0.001; VS: p = 0.029).

indicating that a large proportion of striatal neurons conveyed
choice and reward signals conjunctively. Although many neurons
showed significant interactions between choice and reward, the
number of neurons that significantly modulated their activity
according to the reward oppositely for different choices was rel-
atively small (30.5 and 33.3% of all interaction-encoding neurons
in the DS and VS, respectively). In other words, significant inter-
action between choice and reward arose largely when the magni-
tude of reward-related activity, rather than its polarity, differed
for the two choices.

c() Rt X(t)

Neural signals related to action value and chosen value. A, The graphs show fractions of neurons that significantly
modulated their activity according to action value [Q,(t) and Q,(t)] or chosen value [Q.(£)] in the regression Model 2 tested with
non-overlapping 0.5 s time windows. Results for the other variables (current choice, current reward, and their interaction) are also
shown. Same format as in Figure 3. B, The fractions of neurons that were significantly modulated by chosen value (orange) and
current reward (blue) around the time of reward delivery are shown at a higher temporal resolution. The dotted lines show the
minimum values that are significantly higher than the significance level of 0.05 (binomial test). Note that y-axis scales are different
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1s Neural signals related to value

We then tested whether the striatal ac-
tivity is related to the subjective value of
expected reward, using action values esti-
- mated by the RL model. We examined
neural signals for action value, which is
the value for one of the available actions
(left goal-choice vs right goal-choice), as
well as chosen value, which refers to the
e value of the action chosen in a given trial
57 (Lau and Glimcher, 2008) using the re-
gression Model 2. Neural signals for ac-
tion value (Q or Q) were above chance
level in the delay and go stages (i.e., before
animal’s choice was revealed) and per-
sisted until the early reward stage in both
structures. In contrast, neural signals for
chosen value (Q,) were weak in the delay
and go stages, but arose above chancelevel
in the approach and reward stages in both
DS and VS (Fig. 5A). Analysis of spike
counts during the last 1 s of the delay stage
showed that 26 DS (12.9%) and 17 VS
(10.3%) neurons significantly modulated
their activity in relation to the value of at
least one action (Q; or Qg; p < 0.025, a =
0.05 was corrected for multiple compari-
sons), which were significantly higher
than the significance level used (binomial
test, p < 0.001 and p = 0.004, respec-
tively). However, only 10 DS (4.9%) and 7
VS (4.2%) neurons significantly modulated their activity accord-
ing to chosen value, which were not significantly above chance
level, (binomial test, p = 0.552 and 0.723, respectively). In the
regression analysis applied to the first 1 s of the approach stage
that included both chosen and unchosen values as explanatory
variables (Model 3), neurons encoded the value of chosen action
more frequently than the value of unchosen action [DS: 38
(18.9%) and 18 (8.9%), respectively; VS: 22 (13.3%) and 17
(10.3%), respectively]. The number of chosen value-coding neu-
rons was significantly larger than that of unchosen value-coding
neurons when the DS and VS data were combined (60 vs 35; x>
test, p = 0.010), indicating that striatal neurons indeed conveyed
neural signals for chosen action value after animal’s choice of
action. Thus, as previously reported in the monkey DS (Lau and
Glimcher, 2008), action value and chosen value signals were pref-
erentially observed before and after animal’s overt choice of ac-
tion, respectively.

In our binary choice task, it was not necessary for the animal to
maintain two separate action values, because the richer alterna-
tive always changed its spatial position after a block transition.
Keeping track of only one action value was sufficient for near-
optimal performance in our task. An alternative possibility is that
the animal kept track of the difference in action values (AQ)
rather than encoding individual action values. We therefore ex-
amined neural signals related to the sum of and the difference in
action values instead of individual action values (Model 4). The
analysis showed that the strengths of neural signals for the sum of
and the difference in action values were similar to those of indi-
vidual action values (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).

To examine whether striatal neurons encode chosen value con-
sistently for both actions, we examined neural signals for choice X

E
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first 1 s of the reward stage, there were 29 30
(14.4%) DS and 18 (10.9%) VS neurons 0-0.25
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value interaction signals (see Fig. 7), which
were significantly above chance (binomial
test, DS: p < 0.001; VS: p = 0.002). Of these
interaction-coding neurons, the polarity of
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Q,(?), right-choice trials 2s

chosen value-related activity differed for the

two choices in some neurons (21 DS and 11

VS neurons), whereas only its magnitude
differed for the two choices in the others B
(8 DS and 7 VS neurons; Model 6) (Fig. 6).
The latter neurons encoded the value for a
particular action (or goal) only when the
same action (or goal) was chosen by the
animal. Among the neurons that modu-
lated their activity significantly according
to the chosen value during the first 1 s of
the reward stage (DS: n = 35; VS: n = 22;
Model 2), 11 DS (31.4%) and 5 VS
(22.7%) neurons showed choice X cho-
sen value interactions (Model 5), respec-
tively, suggesting that for some striatal
neurons, the signals related to chosen
value were modulated by the animal’s
choice. On the other hand, for the same
chosen value-encoding neurons (35 DS
and 22 VS neurons), regression coeffi-
cients for the chosen value for the left and
right goal choice (Model 6) were significantly correlated (Fig. 6),
indicating that striatal neurons tended to encode chosen values
consistently for both actions.

If the striatum is involved in updating action value, the signals
necessary for this process, namely the chosen value and reward
signals, might temporally overlap in the striatum immediately
after the onset of the reward stage. Therefore, to examine more
closely the time course of signals related to chosen value at the
time of reward delivery, we applied the same analysis to neural
activity during the 4 s period starting 2 s before the reward deliv-
ery using a 0.5 s sliding window that was advanced in 0.1 s time
steps (Model 2). This analysis revealed that the signal for chosen
value reached its peak near the onset of the reward stage and then
subsided gradually (Fig. 5B). On the other hand, reward-related
signal arose after the beginning of the reward stage and peaked
~1 safter its onset in both DS and VS. Hence, chosen value signal
was uploaded before reward signal arrived in the striatum, and
they overlapped briefly at the beginning of the reward stage.

Firing rate (Hz)

Figure7.

(No Rw) trials.

Neural signals for updated value versus RPE

The above analyses showed that striatal neurons carry chosen
action value signals in addition to choice and reward signals in the
reward stage. We examined whether these signals are conveyed by
the same striatal neurons by analyzing neuronal activity during
the first 1 s of the reward stage (Model 2). In the DS, of 35
chosen-value-coding neurons, 16 encoded the current reward
[R(1)] as well. In the VS, of 22 chosen-value-coding neurons, 14
also encoded the current reward. Among the neurons that en-
coded both chosen value and reward, 10 DS and 9 VS neurons
additionally encoded the current choice [C(t)] of the animal,
indicating that some neurons concurrently conveyed the infor-
mation on the selected action, its outcome, and the value of the
chosen action (Fig. 7). It should be emphasized that the likeli-

30
kL 15
0
> >

An example neuron in the DS that modulated its activity according to animal’s choice, its outcome as well as chosen
value in the reward stage. A, Spike density functions (Gaussian kernel width = 100 ms) for different levels of chosen value are
shown for the left and right goal-choice trials. This neuron also modulated its activity significantly according to choice X chosen
value interaction (Model 5). The trials were divided into four groups according to the level of associated chosen value, and then
spike density functions of the four groups were plotted in different colors. Neural activity in the approach and reward stages
decreased with the left action value when the animal chose the left goal, and therefore encoded the chosen value in such trials.
B, Spike density functions for the left versus right goal choice trials. €, Spike density functions for rewarded (Rw) versus unrewarded

hood of false negative (type Il error) increases when multiple tests
are applied conjunctively. Therefore, the fraction of neurons en-
coding the animal’s action, its outcome, and chosen value is likely
to be much higher than the values reported here.

The above analysis showed that all the necessary ingredients to
compute RPE and updated value for the chosen action converge
onto the same striatal neurons during the reward stage. The mere
convergence of these multiple signals does not indicate, however,
whether such signals are combined to compute RPE or update
chosen action value. We therefore examined whether neural ac-
tivity in the striatum is more correlated with RPE or updated
chosen value [upQ_]. If a given neuron encodes either of these
quantities, its activity should be systematically affected by chosen
value as well as the outcome of animal’s choice (i.e., reward),
since RPE and updated chosen value are determined by the dif-
ference and weighted sum of the reward and chosen value, re-
spectively. Therefore, this analysis was applied to those striatal
neurons that significantly modulated their activity according to
both the current reward and chosen value (Model 7). Of 33 such
neurons, 16 (12DSand 4 VS) and 17 (7 DS and 10 VS) were better
accounted for by the model containing RPE (Model 8) and up-
dated chosen value (Model 9), respectively, suggesting that the
signals related to RPE and updated chosen value coexist in the
striatum. Examples of neurons encoding RPE or updated chosen
value, their population spike density functions, and the time
course of the CPD for RPE or updated chosen value are shown in
Figure 8. It is notable that the time course of RPE signals in the
striatum was not as brief as that of midbrain dopamine neurons
(Schultz, 1998). This might reflect different types of RPE signals
across the two brain regions, but it might simply reflect reward
signals [R(#)] that were highly correlated with RPE signals.

To confirm further whether striatal signals seemingly related
to updated value or RPE were computed by combining the signals
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chosen value should be modulated in the

2s same direction by chosen value and re-
ward. This is not merely a mathematical
result, however, because whether neural
activity is better correlated with RPE or
updated value depends not only on the
signs but also on the magnitudes of the
coefficients for reward and chosen value.
If neural signals for RPE or updated value
were outcomes of spurious correlations,
signs of the coefficients for reward and
chosen value might deviate substantially
from the predicted values. The analysis
showed that all neurons significantly
modulated by both chosen value and re-
ward with the same signs for their regres-
sion coefficients were better explained by
the regression model including the up-
dated chosen value (Model 9) than the
model including RPE (Model 8). Con-
versely, those neurons that were modu-
lated significantly but oppositely by
chosen value and reward were better ex-
plained by the model including RPE
(Model 8) than the model including cho-
sen value (Model 9) (Fig. 9A). These re-
sults suggest that neural signals related to
RPE and updated value identified in the
regression analyses were not an outcome
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of spurious correlation, further support-
ing the possibility that the DS and VS
might convey both RPE and updated
value signals during the early period of the
reward stage.

Finally, we examined whether the RPE
and updated value signals are processed
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Figure 8.

and updated value, respectively.

related to chosen value and reward, we divided the neurons into
two groups depending on the signs of the coefficients related to
these two variables (Model 7). If a striatal neuron conveys RPE
signal, then signs of the coefficients for reward [R(#)] and chosen
value [Q.(#)] should be opposite, because RPE = R(t) — Q.(¢).
On the contrary, the corresponding coefficients should have the
same signs for a striatal neuron that conveys signals for updated
chosen value because upQ,(t) = Q.(¢) + a - [R(t) — Q.(¢)], where
«a is the learning rate (see Materials and Methods). This can be
rearranged as upQ.(t) = (1 — )+ QJt) + a-R(t). Because
0<a<1, both coefficients for Q.(f) and R(¢) are positive in this
equation and therefore the activity of neurons encoding updated

Neuronal activity encoding updated value or RPE. A, An example VS neuron in which activity was correlated more
strongly with updated chosen value [upQc] than RPE (Models 8 and 9). B, An example DS neuron in which activity was more
correlated with RPE. For comparison, spike density functions (Gaussian kernel width = 100 ms) were estimated separately for
different ranges of updated chosen value as well as RPE. C, D, Population-average spike density functions are shown for 1s before
and 2 s after the onset of the reward stage. Neurons that significantly modulated their activity according to both reward [R(t)] and
chosen value [Q,(t)] were divided into four groups according to the signs of their regression coefficients (the number of samples in
each group is indicated in each plot). Activity of neurons with the same signs (n = 17) was more correlated with updated value
than RPE, and therefore their spike density functions were plotted according to updated chosen value (€), whereas activity of
neurons with opposite signs (n = 16) was more correlated with RPE and their spike density functions were plotted according to
RPE (D). Activity of each neuron was normalized by each neuron’s maximal response before averaging. E, F, The coefficient of
partial determination (CPD) for RPE and updated value is shown for all behavioral stages in a moving window of 100 ms advanced
in 50 ms steps. Only RPE- and updated value-coding neurons (n = 16and 17, respectively) were selected in plotting the CPD for RPE

similarly across different cell types. Seven-
teen striatal neurons in which activity was
correlated more strongly with updated
value than with RPE consisted of 14 puta-
tive MSNs (6 DS and 8 VS neurons) and 3
putative interneurons, whereas 16 neu-
rons in which activity was more strongly
correlated with RPE consisted of 7 puta-
tive MSNs (5 DS and 2 VS neurons) and 9
putative interneurons (7 DS and 2 VS
neurons). Compared to their overall pro-
portion (23.2%), putative interneurons
were significantly more likely to encode
RPE (Fisher’s exact test, p = 0.004). To
test whether the converse it true, we com-
pared mean firing rates of the neurons encoding RPE or updated
value. Consistent with the results from the analysis based on cell
types, the mean firing rate of RPE-coding neurons (7.2 = 1.6 Hz)
was significantly higher than that of updated value-coding neu-
rons (2.9 * 1.4 Hz, Wilcoxon rank sum test, p = 0.028) (Fig. 9B).
In these analyses, neurons encoding both chosen value and re-
ward were identified by two independent statistical tests (Model
7), increasing the likelihood of type II (false negative) errors.
Therefore, these analyses were repeated after relaxing the crite-
rion for statistical significance (o) to 0.1 for each regression co-
efficient (Model 7). This resulted in 22 neurons encoding
updated value, which consisted of 18 putative MSNs (7 DSand 11
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Figure 9.  Characteristics of RPE- and updated value-coding neurons. A, Standardized re-
gression coefficients (SRC) related to chosen value (ordinate) and current reward (abscissa) for
activity during the first 1's of the reward stage (Model 7). Saturated colors indicate neurons
encoding both reward and chosen value, whereas light colors indicate those that encoded either
reward or chosen value only. The rest are indicated in gray. Red and blue indicate those neurons
in which activity was more correlated with RPE- or updated chosen value, respectively (Models
8and9). B, Scatter plots for mean firing rate and spike width. Saturated colors indicate neurons
encoding RPE- (left) or updated value (right) and light colors indicate the remaining neurons.
Blue and red indicate putative MSNs and interneurons, respectively. C, Same as in B except that
neurons were selected at « = 0.1. DS and VS neurons are combined in Band C.

VS neurons) and 4 putative interneurons (2 DS and 2 VS neu-
rons). On the other hand, 26 RPE-coding neurons consisted of 16
putative MSNs (11 DS and 5 VS neurons) and 10 putative inter-
neurons (8 DS and 2 VS neurons). There was a trend for the
putative interneurons to preferentially encode RPE (Fisher’s ex-
act test, p = 0.053), and the mean firing rate of RPE-coding
neurons was significantly higher than that of updated value-
coding neurons (RPE-coding neurons: 5.6 * 1.2 Hz, updated
value-coding neurons: 2.4 = 1.0 Hz, Wilcoxon rank sum test, p =
0.014) (Fig. 9C). In summary, these results show that the activity
of interneurons is more likely to be correlated with RPE than
updated value, suggesting different roles of MSNs and interneu-
rons in computing RPE and updating chosen action values.

Discussion

We examined temporal profiles of neural signals for animal’s
choice, its outcome, and action value in the DS and VS of rats
performing a free-choice task. We found that the neural signal for
animal’s upcoming choice was overall weak, but neural signals
for action value were above chance level before animal’s choice of
action in both structures. Once the animal’s choice was revealed,
neural signals for animal’s choice and chosen action value in-
creased steeply in both structures. These neural signals persisted
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and were combined with the signal for reward once the outcome
of the animal’s choice was revealed. For some neurons, this activ-
ity was more correlated with RPE, whereas for others it was more
correlated with updated value, suggesting that the value of chosen
action might be updated in the striatum immediately after choice
outcome is revealed. Overall, our results provide converging ev-
idence for the role of striatum in representing and updating ac-
tion value, but cast a doubt on its role in action selection.

Role of striatum in action selection

We found that upcoming choice signals were overall weak in both
DS and VS, which is inconsistent with the view that the primary
role of the striatum is in action selection. In the present study,
significant upcoming choice signal was found in the DS, but it
was well after the offset of the delay period (i.e., after movement
was initiated) and only immediately (~200 ms) before the behav-
ioral manifestation of choice. It is therefore unclear whether the
upcoming choice signal represents the cause or the outcome of
animal’s choice. This might appear at variance with previous re-
ports on striatal activity correlated with upcoming movement of
an animal (Hikosaka et al., 1989; Alexander and Crutcher, 1990b;
Apicella et al., 1992; Setlow et al., 2003; Nicola et al., 2004; Pasu-
pathy and Miller, 2005). However, because the majority of previ-
ous studies used tasks with explicit instructions, in which the
correct (or more rewarding) response was unambiguously de-
fined, they are limited in determining whether the striatum is
causally involved in action selection. It is possible that the animals
in these studies made their choices covertly for future actions as
soon as the correct actions were specified. In other words, choice-
related striatal signals might be an outcome, rather than a cause,
of animal’s choice. Consistent with this possibility, a recent study
has found only weak choice signals before animal’s overt choice
in the VS of rats engaged in a free-choice task (Ito and Doya,
2009). We have also shown previously that rat VS neurons do not
convey upcoming choice signals even during a discrimination
task in which the correct choice was explicitly signaled by visual
signals (Kim et al., 2007).

One importantissue to be resolved is the nature of the upcom-
ing choice signal that began to arise in the DS before behavioral
manifestation of animal’s choice. This signal might indicate a
causal role of the DS in action selection; rats may make an action
selection only immediately before physically implementing its
choice in the current task. Alternatively, the choice signal might
be uploaded in the DS for the purpose of updating chosen value.
Additional investigation is required to resolve this matter clearly.
It should also be investigated whether or not strong choice signals
exist before animal’s choice in other parts of the striatum such as
the dorsolateral striatum, which has been proposed to serve more
motor-related functions than the dorsomedial striatum (Balleine
et al., 2007; White, 2009).

Whereas our results do not support a direct action selection
role of the striatum, they are consistent with the view that the
striatum contributes to action selection by biasing animal’s
choice toward an action that is associated with a higher value
(Samejima et al., 2005; Hikosaka et al., 2006). We found signifi-
cantlevels of action value signals before animal’s choice of action,
which is consistent with previous reports on the monkey DS
(Samejima et al., 2005; Lau and Glimcher, 2008; also see Pasque-
reau et al., 2007). Collectively, our results are most consistent
with the possibility that the striatum contributes to action selec-
tion only indirectly by conveying values associated potential
choices and actual action selection takes place elsewhere.
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Role of striatum in action evaluation

We obtained several lines of evidence indicating the role of stri-
atum in evaluating the consequences of past choices. First, choice
and reward signals were conjunctively coded by many striatal
neurons (but see Lau and Glimcher, 2007), indicating that indi-
vidual striatal neurons get access to the information on animal’s
choice as well as its outcome. Second, current and previous
choice signals were concurrently conveyed while the animal ap-
proached the reward location. Because the animal had already
made a choice before these periods, the previous choice signal
might be used for the purpose of evaluating the outcome of the
past choice, raising the possibility that the striatum might evalu-
ate consequences of multiple actions. Third, during the reward
stage, many neurons conveying chosen value signals also encoded
the animal’s choice and its outcome, indicating the convergence
of choice, reward and value signals in the same neurons. Thus, the
striatum is likely to be a place where the value of the chosen action
estimated in the previous trial is combined with the outcome of
animal’s choice in the current trial. These results provide con-
verging evidence that the DS and VS are involved in evaluating
the consequences of committed actions.

Value-related signals were not static within a given trial, but
underwent state-dependent changes across different behavioral
stages. Our results suggest that neural signals for choice, reward,
and chosen value might be integrated in the striatum to update
the value of chosen action during the early reward stage. We
found two types of neuronal activity that was correlated more
strongly with RPE or updated chosen value. These two types of
neurons displayed appropriate signs of coefficients related to re-
ward and chosen value and consisted of different proportions of
putative MSNs versus interneurons, suggesting that such distinc-
tion was not an outcome of spurious correlation. Thus, our re-
sults provide converging evidence for the existence of both types
of neurons in the striatum. This result is consistent with the role
of striatum in updating value, because the process of computing
RPE as well as combining this signal with the existing value are
required to update value. A recent study has shown that neurons
in the globus pallidus (GP) projecting to the lateral habenula
(LH) convey RPE signals in monkeys (Hong and Hikosaka,
2008), raising the possibility that RPE-related neural activity in
the striatum contributes to RPE signals in the GP. It remains to be
determined, however, how the network of subcortical structures
involving the striatum, GP, LH, and midbrain dopamine neurons
work together to compute RPE and update chosen value (Hiko-
saka et al., 2008). Although dopamine neurons have long been
thought to broadcast RPE signals to widespread areas of the
brain, they are limited in conveying quantitative RPE signals in
the negative domain (Morris et al., 2004; Bayer and Glimcher,
2005). Thus, it is difficult to explain bidirectional RPE signals
found in the present study based on dopaminergic projections.
Dopaminergic inputs to the striatum might contribute only to
positive RPE signals. Alternatively, RPE signals in the striatum
might be computed independently from dopaminergic neuronal
activity, which might be also involved in functions other than
updating values, such as incentive motivation (Berridge, 2007).

Functions of dorsal versus ventral striatum

Despite distinct anatomical connectivity patterns for the DS and
VS (Alexander and Crutcher, 1990a; Voorn et al., 2004), their
respective functions in the control of behavior are unclear. Ac-
cording to a popular view (Alexander and Crutcher, 1990a; De-
Long, 2000), the BG and cortex form parallel loops serving
different functions, and the VS, as part of the motivational loop,
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is primarily involved in reward processing and motivational con-
trol of behavior (Mogenson et al., 1980; Salamone and Correa,
2002; O’Doherty, 2004). However, recent studies have found
strong reward- and value-related neural activity in the DS (for
review, see Daw and Doya, 2006; Hikosaka et al., 2006; Schultz,
2006), indicating that the DS is also heavily involved in reward
and value processing. Our results also show that choice, reward
and chosen value signals are all stronger in the DS, suggesting that
the DS might play a more prominent role in updating value than
the VS. Combined with recent studies (for review, see Hikosaka et
al., 2006; Schultz, 2006; see also Kimchi and Laubach, 2009), our
results clearly argue against the view that the DS and VS are
exclusively involved in motor/cognitive functions and reward
processing, respectively. It remains to be determined what spe-
cific roles the DS and VS play, and how they work together in
evaluating past choices and determining the desirability of future
actions. In addition, the anatomical and functional properties of
cortical areas projecting to the DS and VS show substantial dif-
ferences between rodents and primates (Seamans et al., 2008;
Wise, 2008). Therefore, it would be important for future studies
to compare the functional organization in the striatum of rodents
and primates.
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