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Neurons in the ventral striatum (VS) fire to cues that predict differently valued rewards. It is unclear whether this activity
represents the value associated with the expected reward or the level of motivation induced by reward anticipation. To
distinguish between the two, we trained rats on a task in which we varied value independently from motivation by
manipulating the size of the reward expected on correct trials and the threat of punishment expected upon errors. We
found that separate populations of neurons in VS encode expected value and motivation.

Citation: Bissonette GB, Burton AC, Gentry RN, Goldstein BL, Hearn TN, et al. (2013) Separate Populations of Neurons in Ventral Striatum Encode Value and

Received February 8, 2013; Accepted April 16, 2013; Published May 28, 2013

Copyright: © 2013 Bissonette et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the National Institute on Drug Abuse (R01DA031695, MRR). The funders had no role in study design, data

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Behavior can be motivated by the promise of something good or
the threat of something bad. Traditional ideas about ventral
striatum (VS) suggest that it is critical for energizing behavior
when a valued reward is at stake [1,2]. More recently, it has been
suggested that VS is critical for signaling the predicted value of
reward so that prediction errors can be generated and reinforce-
ment learning can occur [2-7]. Consistent with both of these
theories, activity of neurons in VS is modulated by the value
associated with cues that predict reward in rats [8-18] and
monkeys [19-23] performing a variety of instrumental tasks,
including go/nogo [8,21], lever pressing [9-11,19,20], discrimi-
nation [13-15], maze running[16-18], and eye movement
paradigms [22,23].

Unfortunately, it is still unclear what exactly this ‘value’ signal
means, not just in VS, but in several regions throughout the brain
[24-27]. The problem is that increased activity when high value
rewards are at stake might represent predicted value, but it might
also reflect the degree of motivation associated with obtaining that
valued outcome. Expectation of a more valued reward leads to
stronger motivation, as evidenced by measures of attention,
intensity of motor output, and arousal.

Value and motivation signals can be dissociated by varying
expected reward and punishment associated with task perfor-
mance. Punishment and reward fall on opposite sides of the value
spectrum but can induce similar levels of motivation. For example,
Roesch and Olson have shown that the promise of a large reward
or threat of a penalty can motivate monkeys to perform better on a
delayed response task [28]. Using this method, they found that
neurons in orbitofrontal cortex (OFC) carried signals related to
expected value, whereas activity in premotor cortex reflected the
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degree of motivation associated with reward- and penalty-
predicting cues.

Here, we adopted a similar strategy in rats and recorded from
single neurons in VS. We designed a task that would allow us to
examine firing to odor cues that predicted different levels of
reward and punishment independent of the subsequent motor
response by presenting the odor stimulus before the movement
instruction. Rats performed a spatial task in which odor cues
informed rats of the size of reward expected on correct trials and
the punishment that would occur after errors. Remarkably, we
found that both value and motivation signals were present in VS
and were encoded by different populations of neurons. Neurons
that exhibited an increase in firing to reward and reward-
predicting cues fired the most for large reward and least for cues
predicting risk of punishment. Neurons that showed an increase in
activity to cues but a decrease to reward delivery fired more
strongly for cues that induced stronger motivation. Although there
was substantial overlap between waveform duration and baseline
firing between these two populations, these characteristics did
significantly differ, suggesting that value and motivation are
represented by different population of neurons in VS.

Methods

Subjects

Six male Long-Evans rats at 175-200 g were obtained from
Charles River Labs. Rats were tested at the University of
Maryland in accordance with National Institute of Health (NIH)
guidelines and approved by the Institutional Animal Care and Use
Committee (IACUCQ) at the University of Maryland, College Park
(Protocol Number: R-09-37; R0-12-66).
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Surgical Procedures and Histology

Surgical procedures followed guidelines for aseptic technique.
Surgery was performed under isoflurane and all efforts were made
to minimize suffering, including administration of buprenorphine
and Neosporin with pain relief post surgery. Electrodes were
manufactured and implanted as in prior recording experiments
[29]. Rats had a drivable bundle of 10, 25-um diameter FeNiCr
wires (Stablohm 675, California Fine Wire, Grover Beach, CA)
chronically implanted in the left or right hemisphere dorsal to VS
(n=6; 1.6 mm anterior to bregma, + or — 1.5 mm laterally, and
4.5 mm ventral to the brain surface) Immediately prior to
implantation, these wires were freshly cut with surgical scissors
to extend ~1 mm beyond the cannula and electroplated with
platinum (HyPtClg, Aldrich, Milwaukee, WI) to an impedance of
~300 kOhms. Cephalexin (15 mg/kg p.o.) was administered twice
daily for two weeks post-operatively to prevent infection.

Behavioral Task

Recording was conducted in aluminum chambers approxi-
mately 18" tall on each side with downward sloping walls
narrowing to an area of 12"x12" at the bottom. A central odor
port was located above two adjacent fluid wells. Directional lights
were located next to fluid wells. House lights were located above
the panel. The odor port was connected to an air flow dilution
olfactometer to allow the rapid delivery of olfactory cues. Task
control was implemented via computer. Port entry and licking was
monitored by disruption of photobeams.

The basic design of a trial is illustrated in Figure 1A and B. Rats
were trained to perform a light detection task in which we varied
expected size of reward and threat of punishment. The rats first
learned to associate directional lights with reward locations. After
the rats accurately responded to the light cues 60% of the time,
they were introduced to odors that preceded the directional light.
Odors indicated the size of the reward to be delivered for trials in
which rats correctly responded in the direction of the light cue and
the risk of punishment if the wrong well was to be selected
(opposite the light cue).

Each trial began by illumination of house lights that instructed
the rat to nose poke into the central odor port. Nose poking began
a 500 ms pre-odor delay period. Then, one of three possible odors,
which cued upcoming reward size and punishment risk, was
delivered for 500 ms. Odor offset was followed by a 250-500 ms
variable post-odor delay. At the end of this delay, directional lights
were illuminated for 200 ms. The trial was aborted if a rat exited
the odor port at any time prior to offset of a directional cue light.
Left and right lights signaled which direction to make the response.

Two odors signaled that a small (1 bolus =0.05 ml) or large (3
boli) amount of 10% sucrose solution would be available if the rat
correctly responded to the direction lights. On these trials rats
received nothing if they chose incorrectly. The third odor (quinine
risk/punishment trials) indicated that a small reward would be
delivered on correct trials, but also informed the rat that quinine
(0.2 M; 0.05 ml) would be delivered on error trials. Reward and
punishment were delivered immediately after entry into the well.
After fluid delivery and exit from the fluid well, excess fluid was
suctioned from the well and flushed with water. Odor meanings
remained constant throughout the course of the experiment and
were counterbalanced across rats. Odors were presented in a
pseudorandom sequence such that big/small/quinine odors and
left/right directional lights were presented in equal numbers (+/
—1 over 250 trials). In addition, the same odor could be presented
on no more than 3 consecutive trials.
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Activity in VS Reflects Value and Motivation

Single-unit Recording

Procedures were the same as described previously [30]. Wires
were screened for activity daily; if no activity was detected, the rat
was removed, and the electrode assembly was advanced 40 or
80 wm. Otherwise, active wires were selected to be recorded, a
session was conducted, and the electrode was advanced at the end
of the session. Neural activity was recorded using four identical
Plexon Multichannel Acquisition Processor systems (Dallas, TX),
interfaced with odor discrimination training chambers. The single
unit signals were then sent to the Multichannel Acquisition
Processor box, where they were further filtered at 250-8000 Hz,
digitized at 40 kHz and amplified at 1-32X. Waveforms (>2.5:1
signal-to-noise) were extracted from active channels and recorded
to disk by an associated workstation with event timestamps from
the behavior computer. Waveforms were not inverted. Duration
was taken from peak to peak.

Data Analysis

Units were sorted using Offline Sorter software from Plexon Inc.
(Dallas, TX), using a template matching algorithm. Sorted files
were then processed in Neuroexplorer to extract unit timestamps
and relevant event markers. These data were subsequently
analyzed in Matlab (Natick, MA). Baseline firing was computed
during 1 second starting 2 seconds prior to odor onset. To
examine activity related to odor sampling we examined activity for
500 ms starting 100 ms after odor onset (odor epoch). Note that
this analysis epoch occurs while the rat is in the odor port, before
onset of directional lights, and therefore, cannot be influenced by
spatial cue lights or reaction time. Activity related to reward
delivery was examined 1 second after reward delivery. ANOVAs,
post-hoc t-tests and multiple linear regressions were used to
measure differences in firing rate within and across cells (p<<0.05)
related to the 3 trial-types (large, small, and quinine). Pearson Chi-
square tests (p<<0.05) were used to compare the proportions of
neurons.

Results

Rats were trained on a task in which illumination of a left or
right light indicated the location of reward (Fig. 1A and B). Prior to
the spatial cue, an odor informed the rat of the size of reward and
punishment that would result upon correct and incorrect
performance, respectively. On two trial-types, there was no risk
of punishment, just the potential of a large or small reward for a
correct response. On a third trial-type, a small reward was
promised for accurate performance, but there was also a risk of
punishment if the rat performed the task incorrectly. The
punishment was delivery of bitter quinine solution.

Rats found the quinine punishment aversive. This is illustrated
in figure 1C which plots licking over time for correct and incorrect
trials. Rats licked quinine immediately after its delivery on error
trials but stopped abruptly soon after (Fig. 1C; dashed gray).
Delivery of large reward induced the most licking which persisted
for several seconds (Fig. 1C; black).

More importantly, rats showed stronger motivation on large
reward and quinine risk trials. Rats were faster to move down to
the fluid well in response to the lights on large reward and quinine
risk trials compared to small reward trials (Fig. 1E; t-test; p’s
<<0.05). Rats were also more accurate on large reward and quinine
risk trials (Fig. 1D). This achieved significance for punishment
trials (t-test; p<0.05), but was only a trend for large reward (t-test;
p=0.07). Percent correct scores for large reward and punishment
trials were not significantly different from each other (t-test;
p=0.17). Thus, overall, rats were more motivated by cues that
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Figure 1. Task and behavior. A-B. House lights signaled the rat to nose poke into the center odor port and wait 500 ms before odor delivery. Two
odors indicated the size (large or small) of the reward to be delivered at the end of the trial. If an error was committed on large and small reward
trials, no reward was delivered. A third odor indicated that a small reward would be delivered on correct trials and that quinine would be delivered
when rats responded to the wrong well. Odor presentation lasted 500 ms and was followed by a 250-500 ms post-odor variable delay, which ended
with the onset of directional cue lights. Directional lights illuminated for 200 ms on either the left or right, instructing the rat to respond to the left or
right fluid well, respectively. Clear drop = sucrose; gray drop = quinine. Arrow represents direction of the behavioral response. C. Average lick rate over
time during recording sessions. Black = delivery of large reward; Dark gray = delivery of small reward when there was no risk; Light gray = delivery of
small reward when there was a risk of quinine. Dashed gray = delivery of quinine on risk trials during which rats went to the wrong fluid well. D.
Average percent correct for the three trial types. E. Average time taken to move from the odor port to the fluid well in response to the spatial cue
lights. F. Locations of recording electrodes based on histology. Dashed black lines and black dots reflect the estimated center and bottom of the
electrode track based on histology. Boxes represent locations were cue and reward responsive neurons were found.

doi:10.1371/journal.pone.0064673.g001

predicted large reward and risk of punishment relative to small
reward trials as shown previously in primates [28].

Separate Populations of Neurons Encode Value and
Motivation

After training, we recorded from 333 VS neurons in 6 rats
(Fig. 1F). As described previously, neurons in VS showed
significant increments and decrements in response to rewards
and the cues that predicted them [10,14,17,31,32]. Of the 333
neurons recorded, 111 (33%) increased firing to cues during the
odor epoch (baseline vs odor epoch averaged over trial-type; t-test;
p<0.05). The odor epoch started 100 ms after odor onset and
lasted 500 ms. This epoch consists of the time while the rat was in
the odor port, before onset of the spatial cue light, which occurred
no earlier than 750 ms after odor onset. Therefore, activity elicited
during this analysis epoch cannot reflect the direction of the spatial
light or the nature of the instrumental response.

Of these 111 neurons, 57(51%) and 34 (31%) also showed
significant increases and decreases to reward delivery, respectively
(baseline vs reward epoch averaged over trial-type; 1 s after
reward; t-test; p<<0.05). We will refer to these as increasing- and
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decreasing-type neurons. An example of the former is illustrated in
figure 2A. Typical of many neurons in VS, baseline firing rate was
low and increases in firing were observed during reward predicting
cues and reward delivery. In addition, this neuron was significantly
modulated during presentation of the odor and during delivery of
different outcomes. During reward delivery, activity clearly
reflected the delivery and consumption of reward, persisting for
several seconds while rats consumed the reward. In addition to
being modulated by reward delivery, activity of this same neuron
was modulated by the expected value of the outcome predicted by
the odor, firing more and less strongly for correct large reward and
punishment trials, respectively, relative to small reward trials.
Remarkably, this relationship with value was mostly present in
the activity of neurons that increased firing to both odor cues and
reward delivery. Cue-responsive neurons that showed decreases in
firing to reward delivery better reflected the motivational level
associated with larger reward and risk of punishment. This type of
neuron is illustrated in figure 2B. As in the other neuron, activity
was stronger to odor cues that predicted large reward. However,
for this neuron, activity was also strong for odor cues that
predicted the risk of quinine punishment relative to small reward

trials (Fig. 2B).
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Figure 2. Single cell examples. Single cell examples of neurons that exhibited firing patterns consistent with value and motivation encoding on
correct trials for the 3 trial-types: large reward, small reward, and punishment. Activity is aligned to odor onset (left of dashed box) and reward
delivery (right of dashed box). Inset: average waveform (not inverted). A. Neuron that exhibited increased firing to odor cues and reward delivery
(increasing-type), and was modulated by value during odor sampling. B. Neuron that increased firing to cues and decreased firing to rewards
(decreasing-type). Activity of this neuron reflected motivation, firing stronger for large reward (left) and punishment (right) trials over small reward

(middle).

doi:10.1371/journal.pone.0064673.9g002

PLOS ONE | www.plosone.org

May 2013 | Volume 8 | Issue 5 | e64673



To quantify these effects across the two populations we made
average histogram plots for both populations, averaged over all
neurons. Consistent with the single cell examples, activity of
neurons that fired during reward delivery reflected value (Iig. 3A),
whereas activity of neurons that decreased firing during reward
delivery reflected the motivational level associated with large
reward and punishment trials (Fig. 3B). Differences between large
reward (blue) and quinine risk (red) trials relative to small reward/
no penalty trials (yellow) were significant in both populations
during the odor epoch prior to onset of the spatial lights (odor
epoch =500 ms after odor onset shifted by 100 ms; gray bar; t-
test; p’s <0.05). Notably, activity prior to odor onset (gray dashed
line) also appeared to be selective for trial-type. This is entirely
consistent with a previous report from our lab demonstrating the
pre-odor activity in VS is modulated by predicted and past reward
prior to odor onset [13], however, here, these differences were not
significant (t-test; 200 ms prior to odor onset; p’s >0.14), likely
reflecting the increased complexity of this task.

To further quantify outcome encoding during the sampling of
the odors that predicted the three different outcomes, we
performed an analysis to determine if activity at the single cell
level during the odor epoch was significantly modulated by the
three trial-types (ANOVA; p<<0.05), and if the frequency of effects
significantly differed between the two populations (chi-square).
The result of the analysis is shown in figure 3C. A total of 42 (74%)
and 20 (59%) increasing- and decreasing-type neurons showed
significant modulation in the ANOVA (chi-square =0.23;
p = 0.63), respectively. In both populations, the number of neurons
that showed elevated firing for large reward compared to small
reward  (large>small:  increasing-type = 30%;  decreasing-
type =29%) outnumbered those showing the opposite effect
(small>large: increasing-type =7%; decreasing-type =0%), and
the frequency of the effect did not significantly differ between the
two populations (Fig. 3C; chi-square = 0.82; p = 0.37). However, as
expected from firing at the population level, the frequency of
neurons that were more or less active during quinine risk trials
relative to small reward trials and those showing the opposite effect
was significantly different between the two populations (chi-
square =5.62; p<<0.05). For increasing-type neurons, 30% of
neurons fired significantly more strongly (ANOVA; p<<0.05) for
correct small reward trials relative to quinine risk trials; only 7%
showed significantly stronger firing for quinine risk trials
(ANOVA; p<0.05). For decreasing-type neurons, 21% showed
significantly stronger firing for quinine risk trials compared to
small reward trials (ANOVA; p<<0.05), whereas 9% showed the
opposite effect (Fig. 3C; chi-square = 5.62; p<<0.05).

These results suggest that value and motivation are encoded by
different populations of neurons in VS. If this activity is important
for task performance, then one might expect reduced selectivity
when errors occurred. That is, failures in performance might
reflect VS’s failure to signal the importance of the situation with
respect to value and motivation. To address this issue we
examined two different types of errors: choice errors and early
unpokes. Choice errors were defined as responses made to the
wrong well, which meant no reward on large and small reward
trials and delivery of quinine on punishment trials. Early unpoke
errors were defined as errors reflecting the impatient departure
from the odor port prior to offset of the cue lights. For this type of
error, house lights turned off upon port exit and no reward or
punishment was delivered.

Figure 4 A and B plots population activity during choice errors
and early unpokes for increasing-type neurons, respectively.
Activity of increasing-type neurons was selective during presenta-
tion of odors on choice error trials, but only when the large reward
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by the standard deviation. Ribbons represent standard error of the
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are the comparison between quinine punishment and small reward
trials (red vs yellow; t-test; p<<0.05). The odor epoch did not include
time when lights were on. Gray dashed=onset of odors. Black
dashed = earliest possible time lights could turn on. Black arrow marks
the average time of reward delivery. C. Percentage of neurons with
activity that was significantly modulated during the odor epoch
(ANOVA). There was a significant difference in the frequency of neurons
between increasing- and decreasing-type neurons that showed
increases and decreases in firing to quinine relative to small reward
trials (chi-square; p<<0.05).

doi:10.1371/journal.pone.0064673.g003

was at stake (Fig. 4A; blue vs yellow; t-test; p<0.05). No difference
was observed between incorrect small reward and punishment
trials (Fig. 4A; red vs yellow; t-test; p = 0.69).

Also evident from this plot is that activity at the time when the
reward would have been delivered on correct trials was elevated,
suggesting that rats were expecting the reward to be delivered
(Fig. 4A; ~1s). This is even true on trials where rats were
consuming the quinine (red). Also consistent with the idea that
these neurons were encoding reward expectancy, activity was

Activity in VS Reflects Value and Motivation

significantly stronger on errors when the rats expected the larger
reward. Average firing was significantly stronger 1 s after fluid well
entry, during the time when reward would have been delivered on
correct trials for large reward errors relative to small reward errors
(blue vs yellow, t-test; p<0.05). At the single neuron level, 49% of
increasing-type neurons fired significantly more strongly for large
versus small reward errors and only 13% showed the opposite
effect (chi-square; p<<0.05). The firing pattern of these neurons is
clearly in line with prediction signals needed to compute errors in
reward prediction in downstream areas such as the ventral
tegmental area. Notably, these differences were not present when
rats committed early unpokes, likely reflecting that they were
aware of their mistake as signaled by the offset of the house lights
upon premature odor port exit and understood that no reward
would be delivered (Fig. 4B).

Lastly, figure 4 C and D plots population firing during choice
errors and early unpokes for decreasing-type neurons in VS.
Unlike increasing-type neurons, none of the selectivity observed on
correct trials was significant on choice error and early unpoke
trials. Furthermore, these neurons did not respond to the
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Figure 4. Population activity on errors. Average normalized firing for increasing-type (A-B) and decreasing-type (C-D) neurons during choice
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represent standard error of the mean (SEM). Choice errors are when rats respond to the wrong well. Early unpokes are when rats exit the odor port
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doi:10.1371/journal.pone.0064673.g004

PLOS ONE | www.plosone.org

May 2013 | Volume 8 | Issue 5 | e64673



expectation of reward (Fig. 4C; ~1 s). These results suggest that
reduced selectivity in both populations at the time of odor
sampling was correlated with poor task performance, which might
reflect reduced motivational drive.

Baseline Firing and Waveform Duration

Beyond the classification of neurons based on firing being
significantly modulated above and below baseline during critical
task events, these neurons also presented with different waveform
durations (peak to peak; waveforms not inverted) and baseline
firing (1 s epoch starting 2 s before odor onset) characteristics that
further distinguished them as separate populations. As illustrated
in the inset of Figure 2, increasing-type neurons had broader
waveforms and lower baseline firing than did decreasing-type
neurons (Fig. 2A versus B inset). This was also true across the
entire population. Overall, increasing-type neurons exhibited
significantly wider waveforms (635 us vs 579 us) and lower
baseline firing (1.3 vs 3.1 spikes/sec) compared to those cue-
response neurons that decreased firing during reward delivery (t-
test; p’s <0.05). However, this division was not entirely clear cut as
illustrated by the substantial overlap in the distribution of
waveform durations and baseline firing rates exhibited by these
two populations (Fig. 5). With that said, it appears from this
analysis that at least a subset of neurons that exhibit these different
activity patterns fall into different populations.

Correlation between Firing and Motor Output

In a final analysis we determined if cue-related activity was
correlated with speed at which rats moved from the odor port to
the fluid well in response to the spatial cue lights. For this analysis
we performed a multiple regression analysis with reward (big,
small, quinine =[1 0 0]), quinine (big, small, quinine=1[0 0 1]),
and response time as regressors over all odor-responsive neurons
during the odor epoch (n=111). In this analysis, we classified
neurons as encoding value and motivation by determining if the
slope of the correlation was the same or different for size versus
quinine. Neurons that showed opposite correlations with size and
quinine would be considered value-encoding, whereas neurons
that exhibit correlations of the same sign would reflect a pattern of
activity consistent with motivation. For example, the value-
encoding neuron shown in figure 2A has a positive and negative
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correlation with size and quinine, respectively, whereas the
motivation encoding neuron (Fig. 2B) has a positive correlation
for both size and quinine.

Consistent with the analysis described above, neurons in VS
encode both value and motivation. Of those neurons that showed
opposite slopes for size and quinine, the majority (59%) showed
positive and negative slopes for size and quinine, respectively
(Fig. 6A; size+/quin—). The correlations were significant in 47%
of those neurons, which significantly outnumbered those showing
the opposite effect (Fig. 6A; size—/quin+ black bars; chi-square;
p<<0.05). Of those neurons that exhibited slopes of the same sign,
the majority showed a positive correlation with both size and
quinine risk (17%j Fig. 6A; size+/quin+). Of these neurons, 26%
showed significant correlations with both size and quinine,
whereas none were significant for the opposite effect (Fig. 6A;
size—/quin—; black bars; chi-square; p<<0.03). Finally, we asked if
activity in VS was correlated with the speed at which rats moved
to the fluid well after illumination of the lights. Overall, 53% of
neurons showed a significant correlation with response time, with
20% and 33% exhibiting positive and negative correlations
(Fig. 6B). Notably, neurons that showed negative correlation with
motor output tended to be value-encoding (Fig. 6B; gray; size+/
quin—).

Discussion

There has been considerable debate over which areas in the
brain encode value versus other processes that vary with value
[24-28,33-45]. For example, several studies have tried to parse
value from signals such as motor preparation [46], motivation
[26,28], intensity [35,36], salience [37,38,45] and alertness [39].
Here, we propose that VS fulfills both evaluative and motivational
functions via separate populations. Consistent with this proposal,
pharmacological manipulations of VS impact motivated behaviors
dependent on value expectations to guide behavior during
performance of a variety of tasks [47-62], including reward
seeking [51], cost-benefit analysis [58,60], and delay/effort
discounting [59,63].

Two of the most prominent proposed roles of the VS in
reinforcement learning and reward-guided decision-making have
been its involvement as the limbic-motor interface and the ‘critic’
in actor-critic models [1-7,64,65]. As the limbic motor interface,

M increasing-type (Fig. 3a)
B decreasing-type (Fig. 3b)

M = 1.3 spike/sec

M = 3.1 spike/sec *

250 375 500 625 750 875
Waveform duration (us)

2 4 6 8 10 12
Baseline firing rate (spikes/sec)

Figure 5. Waveform and firing characteristics. A. Distribution of waveform durations as defined by the time between two maximum amplitudes
of non-inverted waveforms for increasing (top) and decreasing-type neurons (bottom). B. Distribution of average baseline firing rates taken during 1

second starting 2 seconds prior to odor onset over all trial types.
doi:10.1371/journal.pone.0064673.9g005
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in the regression.
doi:10.1371/journal.pone.0064673.g006

its role is to guide decision-making by integrating value to drive
motivated behavior. This model is consistent with the idea that VS
serves to energize or motivate effortful behavior in response to
environmental cues that carry limbic information. Here we show
that VS carries information critical for such a function, with many
neurons showing increased activity during the promise of a large
reward and the risk of punishment.

We suggest that this signal reflects the motivational level set by
cues that predict reward and punishment, which may be passed
down to downstream areas more closely related to motor output.
Although it is difficult to behaviorally distinguish between
motivation and other processes that vary with value, such as
salience, attention, arousal, and motor preparation, it appears that
these neurons are truly representing motivation that serves to
improve behavior. We do not think that this VS activity reflects
spatial attention or motor presentation because selectivity was not
present during the illumination of the lights or during the
behavioral response. We also do not think that this signal simply
reflects general increases in attention, arousal, or salience because
it i3 not present when rats unexpectedly received quinine.
Unexpected delivery of an aversive outcome or rewards worse
than expected would increase signals related to these functions as
observed in other areas, such as amygdala and anterior cingulate
[66-72].

We also do not think that activity of these neurons reflects values
associated with actions (action-value or response bias) as described
previously for dorsal striatum because we are examining activity
before the action is actually known, and because, in our task, value
is never solely associated with one direction [22,73-76]. Further-
more, in previous work, we have shown that activity in VS is more
strongly associated with value of a chosen action, not the value that
might be assigned to an action in a certain context or across a

block of trials [77].
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It might also be argued that increased firing on quinine risk
trials reflects increased value of a small reward relative to receiving
quinine. This would suggest that rats find situations of receiving a
small reward with potential risk more valuable than situations with
small reward and no risk. Thus, it follows that delivery of small
reward might be construed as better when risk is actually avoided.
Notably, activity during small reward delivery with and without
risk was not different in either population of neurons, thus, this
interpretation does not seem plausible. Furthermore, it has been
shown that activity in VS neurons better reflects the sum of two
presented values, representing the overall goodness of available
options, during decision-making [78]. Together, this suggests that
neurons with activity that exhibit elevated firing on large reward
and quinine risk trials most likely reflect increased motivation
associated with the situation at hand.

As for value-encoding neurons, their activity patterns appear to
be more in line with VS’s proposed function as the ‘critic’ in actor-
critic models. According to this model, VS signals the predicted
value of reward so that downstream areas can guide decision-
making and learning via errors in reward prediction [2-7,64,65].
Consistent with this idea, value encoding neurons in our dataset
carried expected value signals at the time of reward delivery and
during the presentation of cues that predicted different outcomes.
These prediction signals were present at the same time that
dopamine (DA) neurons encoded prediction errors, consistent with
the idea that DA neurons use expectancy signals from VS to
generate teaching signals based on errors in reward prediction
[79].

Our work nicely coincides with recent imaging work in humans
suggesting that out of all the ‘value-encoding’ areas in the brain, VSis
one of the few that can encode value alongside other factors that vary
with value, such as salience [24]. In that study authors disentangle
BOLD signals related to value and salience by showing human
subjects pictures of food items that ranged from being highly disliked
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to highly liked. Consistent with previous animal work they
demonstrated that some brain areas, like OFC, encoded value,
exhibiting increases from very aversive to appetitive stimuli, whereas
other areas showed activations more consistent with salience;
stronger activation for stimuli that elicited strong emotional
responses, regardless of whether they were disliked or liked.
Interestingly, signals in VS were not cleanly modulated by either,
but better reflected a conglomerate of both value and salience
associated with natural reactions to different types of food items.
Although the subjects were not forced to eat the food, nor were they
penalized for choosing incorrectly, these results suggest that
processing in VS does not simply reflect value. The authors conclude
that VS is modulated by salience in addition to value, but admit that
they could not rule out other factors such as motivation, attention,
motor preparation and arousal. Here, we show that two different
populations of neurons in VS encode value and motivation.

Unfortunately, there is no perfect or ‘approved’ way to classify
VS neurons based on waveform shape and firing characteristics,
and attempts to do so often lead to debate and controversy. Here,
we divided our neurons based on significant increases and
decreases in firing rate during critical task epochs. We used this
procedure because it is somewhat less arbitrary than making
cutoffs based on previous papers that have classified neurons in
other areas such as, dorsal striatum and the shell of nucleus
accumbens. Furthermore, estimates of waveform and baseline
firing differences likely vary from lab to lab based on the type of
electrode used, animal preparation (species; in vivo; in vitro),
epoch chosen, and classification routine. Regardless of these issues,
it does appear that the majority of value and motivation encoding
neurons map onto different populations [17,80-87].

Most relevant to this endeavor is recent work in VS showing that
neurons that increase and decrease firing to reward delivery seem to
map onto putative Medium Spiny Neurons (MSNs) and Fast Spiking
Interneurons (FSIs), respectively [17]. Neurons characterized as
being putative FSIs generally showed an increment prior to reward
delivery followed by a decrement in activity upon reward consump-
tion, whereas putative MSNs exhibited increases in activity both

References

1. Mogenson GJ, Jones DL, Yim CY (1980) From motivation to action: functional
interface between the limbic system and the motor system. Prog Neurobiol 14:
69-97.

2. van der Meer MA, Redish AD (2011) Ventral striatum: a critical look at models
of learning and evaluation. Curr Opin Neurobiol 21: 387-392.

3. Barto A, editor (1995) Adaptive critics and the basal ganglia.

4. Niv Y, Schoenbaum G (2008) Dialogues on prediction errors. Trends Cogn Sci
12: 265-272.

5. Sutton RaB, AG editor (1998) Reinforcement Learning: An introduction.

6. Houk J, Adams JL, Barto AG, editor (1995) A model of how the basal ganglia
generate and use neural signals that predict reinforcement.

7. Joel D, Niv Y, Ruppin E (2002) Actor-critic models of the basal ganglia: new
anatomical and computational perspectives. Neural Netw 15: 535-547.

8. Setlow B, Schoenbaum G, Gallagher M (2003) Neural encoding in ventral
striatum during olfactory discrimination learning. Neuron 38: 625-636.

9. Janak PH, Chen MT, Caulder T (2004) Dynamics of neural coding in the
accumbens during extinction and reinstatement of rewarded behavior. Behav
Brain Res 154: 125-135.

10.  Carelli RM, Deadwyler SA (1994) A comparison of nucleus accumbens neuronal
firing patterns during cocaine self-administration and water reinforcement in
rats. ] Neurosci 14: 7735-7746.

11. Day JJ, Jones JL, Carelli RM (2011) Nucleus accumbens neurons encode
predicted and ongoing reward costs in rats. Eur J Neurosci 33: 308-321.

12. Ito M, Doya K (2009) Validation of decision-making models and analysis of
decision variables in the rat basal ganglia. J] Neurosci 29: 9861-9874.

13. Goldstein BL, Barnett BR, Vasquez G, Tobia SC, Kashtelyan V, et al. (2012)
Ventral striatum encodes past and predicted value independent of motor
contingencies. ] Neurosci 32: 2027-2036.

14. Nicola SM, Yun IA, Wakabayashi KT, Fields HL (2004) Cue-evoked firing of
nucleus accumbens neurons encodes motivational significance during a
discriminative stimulus task. J] Neurophysiol 91: 1840-1865.

PLOS ONE | www.plosone.org

Activity in VS Reflects Value and Motivation

before and after reward. Similarly, we found that neurons that fell into
those two activity patterns showed significantdifferences in waveform
duration and baseline firing. However, examination of the distribu-
tions of these measures clearly suggests overlap between these two
populations and comparisons to averages reported in other papers
suggest some mixing of the two populations [17]. Though many
value-encoding neurons did show extremely low baseline firing rates
(Fig. 5B; <1 spike/s) consistent with putative MSNs, the average
baseline firing of motivation-encoding neurons (3.1 spikes/sec) was
less than observed in this previous report (~10 spikes/sec). This
suggests that although there is no hard line dividing the two, it is likely
that FSIs and MSNs both carry value and motivation signals to some
degree, with MSNs being more biased toward value-encoding.

It is unclear how value and motivation signals in VS interact.
However, examination of population firing suggests that after initial
increments in activity in both populations, further increases and
decreases in motivation-encoding neurons are accompanied by
decreases and increases in firing of value-encoding neurons. Why
motivation signals would have the inverse relationship with values
signals during presentation of cues is an intriguing question. One
possibility is that when signals related to motivating the animal are
present, value signals are less crucial for guiding behavior, especially
in a task that is well learned. Motivation-encoding neurons might
provide feed-forward inhibition that shunts glutamatergic inputs that
carry value information, thus allowing for behavior that is governed
by motivated habits instead of neural representations pertaining to
predicted appetitive and aversive outcomes (goal-directed). Further
work is necessary to elucidate how value and motivation-encoding
neurons in VS interact to influence downstream areas to guide
motivated behavior [17].

Author Contributions

Conceived and designed the experiments: MRR. Performed the experi-
ments: GBB ACB BLG TNH BRB VK. Analyzed the data: MRR GBB
BLG RNG. Wrote the paper: MRR GBB ACB RNG.

15. van der Meer MA, Johnson A, Schmitzer-Torbert NC, Redish AD (2010) Triple
dissociation of information processing in dorsal striatum, ventral striatum, and
hippocampus on a learned spatial decision task. Neuron 67: 25-32.

16. van der Meer MA, Redish AD (2009) Covert Expectation-of-Reward in Rat
Ventral Striatum at Decision Points. Front Integr Neurosci 3: 1.

17. Lansink CS, Goltstein PM, Lankelma JV, Pennartz CM (2010) Fast-spiking
interneurons of the rat ventral striatum: temporal coordination of activity with
principal cells and responsiveness to reward. Eur J Neurosci 32: 494-508.

18. Kalenscher T, Lansink CS, Lankelma JV, Pennartz CM (2010) Reward-
associated gamma oscillations in ventral striatum are regionally differentiated
and modulate local firing activity. ] Neurophysiol 103: 1658-1672.

19. Cromwell HC, Hassani OK, Schultz W (2005) Relative reward processing in
primate striatum. Exp Brain Res 162: 520-525.

20. Shidara M, Richmond BJ (2004) Differential encoding of information about
progress through multi-trial reward schedules by three groups of ventral striatal
neurons. Neurosci Res 49: 307-314.

21. Schultz W, Apicella P, Scarnati E, Ljungberg T (1992) Neuronal activity in
monkey ventral striatum related to the expectation of reward. J Neurosci 12:
4595-4610.

22. Kim H, Sul JH, Huh N, Lee D, Jung MW (2009) Role of striatum in updating
values of chosen actions. J Neurosci 29: 14701-14712.

23. Nakamura K, Santos GS, Matsuzaki R, Nakahara H (2012) Differential reward
coding in the subdivisions of the primate caudate during an oculomotor task.
J Neurosci 32: 15963-15982.

24. Litt A, Plassmann H, Shiv B, Rangel A (2011) Dissociating valuation and
saliency signals during decision-making. Cereb Cortex 21: 95-102.

25. Padoa-Schioppa C (2011) Neurobiology of economic choice: a good-based
model. Annu Rev Neurosci 34: 333-359.

26. Roesch MR, Olson CR (2007) Neuronal activity related to anticipated reward in
frontal cortex: does it represent value or reflect motivation? Ann N 'Y Acad Sci
1121: 431-446.

May 2013 | Volume 8 | Issue 5 | e64673



30.

31.

32.

33.

34.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

. Wallis JD (2007) Orbitofrontal cortex and its contribution to decision-making.

Annu Rev Neurosci 30: 31-56.

. Roesch MR, Olson CR (2004) Neuronal activity related to reward value and

motivation in primate frontal cortex. Science 304: 307-310.

. Roesch MR, Stalnaker TA, Schoenbaum G (2007) Associative encoding in

anterior piriform cortex versus orbitofrontal cortex during odor discrimination
and reversal learning. Cereb Cortex 17: 643-652.

Bryden DW, Johnson EE, Diao X, Roesch MR (2011) Impact of expected value
on ncural activity in rat substantia nigra pars reticulata. Eur J Neurosci 33:
2308-2317.

Taha SA, Fields HL (2006) Inhibitions of nucleus accumbens neurons encode a
gating signal for reward-directed behavior. J Neurosci 26: 217-222.

Robinson DL, Carelli RM (2008) Distinct subsets of nucleus accumbens neurons
encode operant responding for ethanol versus water. Eur J Neurosci 28: 1887
1894.

Maunsell JH (2004) Neuronal representations of cognitive state: reward or
attention? Trends Cogn Sci 8: 261-265.

Kennerley SW, Wallis JD (2009) Evaluating choices by single neurons in the
frontal lobe: outcome value encoded across multiple decision variables.

Eur J Neurosci 29: 2061-2073.

5. Anderson AK, Christoff K, Stappen I, Panitz D, Ghahremani DG, et al. (2003)

Dissociated neural representations of intensity and valence in human olfaction.
Nat Neurosci 6: 196-202.

Small DM, Gregory MD, Mak YE, Gitelman D, Mesulam MM, et al. (2003)
Dissociation of neural representation of intensity and affective valuation in
human gustation. Neuron 39: 701-711.

Jensen ], Smith AJ, Willeit M, Crawley AP, Mikulis DJ, et al. (2007) Separate
brain regions code for salience vs. valence during reward prediction in humans.

Hum Brain Mapp 28: 294-302.

. Cooper JC, Knutson B (2008) Valence and salience contribute to nucleus

accumbens activation. Neuroimage 39: 538-547.

Bromberg-Martin ES, Matsumoto M, Hikosaka O (2010) Dopamine in
motivational control: rewarding, aversive, and alerting. Neuron 68: 815-834.
Matsumoto M, Hikosaka O (2009) Two types of dopamine neuron distinctly
convey positive and negative motivational signals. Nature 459: 837-841.

Lin SC, Nicolelis MA (2008) Neuronal ensemble bursting in the basal forebrain
encodes salience irrespective of valence. Neuron 59: 138-149.

Gruber AJ, McDonald RJ (2012) Context, emotion, and the strategic pursuit of
goals: interactions among multiple brain systems controlling motivated behavior.
Front Behav Neurosci 6: 50.

Pessoa L, Engelmann JB (2010) Embedding reward signals into perception and
cognition. Front Neurosci 4.

Pessoa L (2009) How do emotion and motivation direct executive control?
Trends Cogn Sci 13: 160-166.

5. Leathers ML, Olson CR (2012) In monkeys making value-based decisions, LIP

neurons encode cue salience and not action value. Science 338: 132-135.
Roesch MR, Olson CR (2003) Impact of expected reward on neuronal activity
in prefrontal cortex, frontal and supplementary eye fields and premotor cortex.
J Neurophysiol 90: 1766-1789.

Cardinal RN, Parkinson JA, Hall J, Everitt B] (2002) Emotion and motivation:
the role of the amygdala, ventral striatum, and prefrontal cortex. Neurosci
Biobehav Rev 26: 321-352.

Cardinal RN, Parkinson JA, Lachenal G, Halkerston KM, Rudarakanchana N,
et al. (2002) Effects of selective excitotoxic lesions of the nucleus accumbens core,
anterior cingulate cortex, and central nucleus of the amygdala on autoshaping
performance in rats. Behav Neurosci 116: 553-567.

Berridge KC, Robinson TE (1998) What is the role of dopamine in reward:
hedonic impact, reward learning, or incentive salience? Brain Res Brain Res Rev
28: 309-369.

Di Chiara G (2002) Nucleus accumbens shell and core dopamine: differential
role in behavior and addiction. Behav Brain Res 137: 75-114.

Tkemoto S, Panksepp J (1999) The role of nucleus accumbens dopamine in
motivated behavior: a unifying interpretation with special reference to reward-
seeking. Brain Res Brain Res Rev 31: 6-41.

Salamone JD, Correa M (2002) Motivational views of reinforcement:
implications for understanding the behavioral functions of nucleus accumbens
dopamine. Behav Brain Res 137: 3-25.

Di Ciano P, Cardinal RN, Cowell RA, Little SJ, Everitt BJ (2001) Differential
involvement of NMDA, AMPA/kainate, and dopamine receptors in the nucleus
accumbens core in the acquisition and performance of pavlovian approach
behavior. J Neurosci 21: 9471-9477.

Wadenberg ML, Ericson E, Magnusson O, Ahlenius S (1990) Suppression of
conditioned avoidance behavior by the local application of (—)sulpiride into the
ventral, but not the dorsal, striatum of the rat. Biol Psychiatry 28: 297-307.

. Wakabayashi KT, Fields HL, Nicola SM (2004) Dissociation of the role of

nucleus accumbens dopamine in responding to reward-predictive cues and
waiting for reward. Behav Brain Res 154: 19-30.

Yun IA, Wakabayashi KT, Fields HL, Nicola SM (2004) The ventral tegmental
area is required for the behavioral and nucleus accumbens neuronal firing
responses to incentive cues. J Neurosci 24: 2923-2933.

Gruber AJ, Hussain R]J, O’Donnell P (2009) The nucleus accumbens: a
switchboard for goal-directed behaviors. PLoS ONE 4: ¢5062.

PLOS ONE | www.plosone.org

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

Activity in VS Reflects Value and Motivation

Stopper CM, Floresco SB (2011) Contributions of the nucleus accumbens and its
subregions to different aspects of risk-based decision making. Cogn Affect Behav
Neurosci 11: 97-112.

Ghods-Sharifi S, Floresco SB (2010) Differential effects on effort discounting
induced by inactivations of the nucleus accumbens core or shell. Behav Neurosci
124: 179-191.

Floresco SB, St Onge JR, Ghods-Sharifi S, Winstanley CA (2008) Cortico-
limbic-striatal circuits subserving different forms of cost-benefit decision making.
Cogn Affect Behav Neurosci 8: 375-389.

Blokland A (1998) Reaction time responding in rats. Neurosci Biobehav Rev 22:
847-864.

Giertler C, Bohn I, Hauber W (2003) The rat nucleus accumbens is involved in
guiding of instrumental responses by stimuli predicting reward magnitude.
Eur J Neurosci 18: 1993-1996.

Cardinal RN, Pennicott DR, Sugathapala CL, Robbins TW, Everitt BJ (2001)
Impulsive choice induced in rats by lesions of the nucleus accumbens core.
Science 292: 2499-2501.

Takahashi Y, Schoenbaum G, Niv Y (2008) Silencing the critics: understanding
the effects of cocaine sensitization on dorsolateral and ventral striatum in the
context of an actor/critic model. Front Neurosci 2: 86-99.

5. Redish AD (2004) Addiction as a computational process gone awry. Science 306:

1944-1947.

Roesch MR, Calu DJ, Esber GR, Schoenbaum G (2010) All that glitters ...
dissociating attention and outcome expectancy from prediction errors signals.
J Neurophysiol 104: 587-595.

Roesch MR, Calu DJ, Esber GR, Schoenbaum G (2010) Neural correlates of
variations in event processing during learning in basolateral amygdala. ] Neurosci
30: 2464-2471.

Kashtelyan V, Tobia SC, Burton AC, Bryden DW, Roesch MR (2012)
Basolateral amygdala encodes upcoming errors but not response conflict.
Eur J Neurosci 35: 952-959.

Bryden DW, Johnson EE, Tobia SC, Kashtelyan V, Roesch MR (2011)
Attention for learning signals in anterior cingulate cortex. J Neurosci 31: 18266~
18274.

Hayden BY, Heilbronner SR, Pearson JM, Platt ML (2011) Surprise signals in
anterior cingulate cortex: neuronal encoding of unsigned reward prediction
errors driving adjustment in behavior. J Neurosci 31: 4178-4187.

Belova MA, Paton JJ, Morrison SE, Salzman CD (2007) Expectation modulates
neural responses to pleasant and aversive stimuli in primate amygdala. Neuron
55: 970-984.

Tye KM, Cone J]J, Schairer WW, Janak PH (2010) Amygdala neural encoding of
the absence of reward during extinction. J Neurosci 30: 116-125.

Lau B, Glimcher PW (2008) Value representations in the primate striatum
during matching behavior. Neuron 58: 451-463.

Lauwereyns J, Watanabe K, Coe B, Hikosaka O (2002) A neural correlate of
response bias in monkey caudate nucleus. Nature 418: 413-417.

Samejima K, Ueda Y, Doya K, Kimura M (2005) Representation of action-
specific reward values in the striatum. Science 310: 1337-1340.

Kimchi EY, Laubach M (2009) The dorsomedial striatum reflects response bias
during learning. J Neurosci 29: 14891-14902.

Roesch MR, Singh T, Brown PL, Mullins SE, Schoenbaum G (2009) Ventral
striatal neurons encode the value of the chosen action in rats deciding between
differently delayed or sized rewards. J Neurosci 29: 13365-13376.

Cai X, Kim S, Lee D (2011) Heterogeneous coding of temporally discounted
values in the dorsal and ventral striatum during intertemporal choice. Neuron
69: 170-182.

Roesch MR, Calu DJ, Schoenbaum G (2007) Dopamine neurons encode the
better option in rats deciding between differently delayed or sized rewards. Nat
Neurosci 10: 1615-1624.

Schmitzer-Torbert NC, Redish AD (2008) Task-dependent encoding of space
and events by striatal neurons is dependent on neural subtype. Neuroscience
153: 349-360.

Taira M, Georgopoulos AP (1993) Cortical cell types from spike trains. Neurosci
Res 17: 39-45.

Vigneswaran G, Kraskov A, Lemon RN (2011) Large identified pyramidal cells
in macaque motor and premotor cortex exhibit "thin spikes": implications for
cell type classification. J Neurosci 31: 14235-14242.

Gage GJ, Stoetzner CR, Wiltschko AB, Berke JD (2010) Selective activation of
striatal fast-spiking interneurons during choice execution. Neuron 67: 466-479.
Wiltschko AB, Pettibone JR, Berke JD (2010) Opposite effects of stimulant and
antipsychotic drugs on striatal fast-spiking interneurons. Neuropsychopharma-
cology 35: 1261-1270.

. Berke JD (2008) Uncoordinated firing rate changes of striatal fast-spiking

interneurons during behavioral task performance. J Neurosci 28: 10075-10080.
Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal interneurones:
chemical, physiological and morphological characterization. Trends Neurosci
18: 527-535.

Mallet N, Le Moine C, Charpier S, Gonon F (2005) Feedforward inhibition of
projection neurons by fast-spiking GABA interneurons in the rat striatum

in vivo. J Neurosci 25: 3857-3869.

May 2013 | Volume 8 | Issue 5 | e64673



