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Single-Neuron Responses in the Human Nucleus Accumbens
during a Financial Decision-Making Task
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Linking values to actions and evaluating expectations relative to outcomes are both central to reinforcement learning and are thought to underlie
financial decision-making. However, neurophysiology studies of these processes in humans remain limited. Here, we recorded the activity of
single human nucleus accumbens neurons while subjects performed a gambling task. We show that the nucleus accumbens encodes two signals
related to subject behavior. First, we find that under relatively predictable conditions, single neuronal activity predicts future financial decisions
on a trial-by-trial basis. Interestingly, we show that this activity continues to predict decisions even under conditions of uncertainty (e.g., when
the probability of winning or losing is 50/50 and no particular financial choice predicts a rewarding outcome). Furthermore, we find that this
activity occurs, on average, 2 s before the subjects physically manifest their decision. Second, we find that the nucleus accumbens encodes the
difference between expected and realized outcomes, consistent with a prediction error signal. We show this activity occurs immediately after the
subject has realized the outcome of the trial and is present on both the individual and population neuron levels. These results provide human
single neuronal evidence that the nucleus accumbens is integral in making financial decisions.

Introduction

Many studies have implicated the midbrain dopaminergic system in
encoding a prediction error signal that identifies differences between
expectations and outcomes (Montague et al., 1996; Schultz et al.,
1997; Pagnoni et al., 2002; O’Doherty et al., 2004; Pessiglione et al.,
2006; Day et al., 2007; Zaghloul et al., 2009). These findings have
supported the development of reinforcement learning models that
maintain historical information about rewarding actions and pre-
dictions on future rewarding states (for review, see Montague et al.,
2004). Together, these systems are thought to promote learning by
selecting motor behaviors based on current sensory information and
evaluating outcomes relative to internal goal states. As a result, be-
haviors that are rewarded are favored over those that lead to no
reward. The nucleus accumbens (NAc) is often thought of as playing
a critical role in learning and motivation because of its rich connec-
tivity with midbrain dopaminergic neurons and prefrontal and lim-
bic areas (Ikemoto and Panksepp, 1999; Joel and Weiner, 2000;
Schultz, 2000; Graybiel, 2005; Flagel et al., 2011). As an extension,
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dysfunctions of the NAc are implicated in conditions such as major
depressive disorder (MDD), obsessive-compulsive disorder (OCD),
addiction, and others (Gao et al., 2003; Giacobbe and Kennedy,
2006; Greenberg et al., 2006).

Here, we recorded single-neuronal responses from the NAc of
eight human subjects undergoing planned deep brain stimula-
tion surgery for the treatment of OCD or MDD. Microelectrode
recordings constitute a routine part of deep brain stimulation
surgery. Experiments were approved by the Massachusetts Gen-
eral Hospital Institutional Review Board, bore no connection to
clinical decisions regarding the appropriateness or type of sur-
gery, and posed no additional risk. Subjects could stop participat-
ing at any time before or during the procedure. To examine the
role of the NAc in evaluating financial decisions, we designed a
behavioral task allowing us to explore two critical components:
binding of predicted stimulus value to action and evaluating dif-
ferences between expectation and outcome.

Materials and Methods

Study subjects. We recruited eight subjects undergoing planned deep
brain stimulation surgery for the treatment of MDD (5 subjects) or OCD
(3 subjects) for participation in this study. Six subjects were male and two
were female, with mean ages of 47 and 37 years, respectively. Each indi-
vidual was evaluated and considered for surgery by a multidisciplinary
team of neurologists, neurosurgeons, and psychiatrists. Once approved
and scheduled for surgery, an independent member of the research team
approached each patient to describe this research study. At that time, the
risks and benefits were clearly explained to the subject. All study subjects
enrolled voluntarily and provided informed consent under guidelines
approved by the Massachusetts General Hospital Institutional Review
Board. All subjects were free to withdraw from the study at any time,
including during surgery, without consequence to their clinical care.
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Behavioral task, recording location, and subject performance. A, The Fixation screen was followed by the Stimulus screen showing the subject’s card and the back of the opponent’s card.

Appearance of the wager choices (35 or $20) signified the Go-Cue. After a variable delay period, the Outcome screen showed both the subject’s and revealed opponent’s card. The Feedback screen
then explicitly displayed how much was won or lost, or whether the hand was a draw. B, Coronal T1-weighted MRI showing the recording sites from the seven subjects in whom individual neurons
were isolated. The first panel shows a slice 2 mm anterior to the anterior commissure. The following three panels show (left to right) the inset area (left striatum) 2, 3, and 4 mm anterior to the
anterior commissure, with recording sites in the ventral striatum denoted by white circles. C, Caudate; P, putamen; IC, anterior limb of internal capsule. €, Average reaction time (in seconds) of all

subjects by card value. Error bars are SEM. D, Percentage of high wager ($20) trials by card value.

Microelectrode recordings are performed routinely during deep brain
stimulation surgery. Microelectrode wires are lowered to target brain
regions before implantation of the permanent stimulating electrode. This
procedure allows the neurosurgeon to verify the target brain region based
on the physiological properties of individual neurons, to optimally posi-
tion the permanent stimulating electrode. Thus, the only modification to
the surgical procedure related to this study was the addition of the be-
havioral paradigm (Gale et al., 2011).

Task presentation. The behavioral task was performed intraoperatively
during microelectrode recordings. A computer monitor was affixed to an
adjustable arm mounted to the operating table and positioned within
comfortable viewing distance of the subject. A button box was similarly
mounted near the subject’s right hand. Subjects were in a comfortable
semirecumbent position as is standard for these procedures. The behav-
ioral task was presented using custom-written software in MATLAB
(Mathworks), Monkeylogic (Asaad and Eskandar, 2008a,b).

The behavioral task was analogous to the classic card game, War (Fig.
1A). The subject and computer opponent were each dealt a single card;
the player with the higher card won. To simplify the game, the deck was
limited to five cards—even cards from 2 through 10 of one suit.

Cards were drawn randomly with replacement, and duplicates were
permitted. The rules were carefully explained to each subject preop-
eratively, and each was allowed to practice the task for a short dura-
tion to demonstrate comprehension. The task required the subject to
evaluate his card, determine its value, and place a $5 or $20 wager with
the goal of maximizing profit. Declining to wager was not permitted.
Thus, the logical wager when dealt a 10-card was $20, as that hand
would win 80% of the time and draw 20% of the time. Similarly, the
logical wager when dealt a 2-card was $5, as that hand would either
lose or draw.

Each trial began with a central fixation point presented for 350 ms, which
cued the subject that the trial was about to begin. Next, the subject’s card and
the back of the opponent’s card were displayed for 1000 ms. Subsequently,
two red circles appeared, indicating the mapping of each button (left and
right) to its respective wager ($5 and $20). The button map was oriented
randomly such that the $5 and $20 wagers were assigned to the left and right
buttons equally. The appearance of the button map served as the go-cue,
indicating permission to register a wager. The time interval between appear-
ance of the go-cue and button press was considered the reaction time. A
maximum of 5000 ms was allotted for the subject to make a wager. Following
the button push, there was a randomized delay period of 250500 ms, which
was immediately followed by the appearance of the subject’s and revealed
opponent’s card for 1000—1250 ms. The outcome of the hand was thus first
realized at this time. Last, feedback was given by explicitly displaying the
amount they won or lost, or “Draw.”

Electrophysiology. Intraoperative microelectrode recordings were per-
formed using tungsten microelectrodes (FHC or Alpha-Omega Engi-
neering) with typical impedances of ~1 M(). The electrodes were
advanced into the ventral striatum (Fig. 1 B) using a motorized micro-
drive (Alpha-Omega Engineering) with 0.01 mm precision. Analog data
were bandpass filtered between 300 Hz and 6.5 kHz, recorded at 20 kHz
by a PowerLinc 1401 acquisition system (CED), and stored for post hoc
analysis. The neurophysiology data were sorted into individual neuronal
clusters using waveform principal component analysis (Offline Sorter;
Plexon). Spiking data were filtered for isolation quality, stability, and
signal-to-noise ratio; of the eight subjects, data from seven subjects met
the criteria and were used for analysis.

Single-unit and population responses. All analyses were performed us-
ing custom-written software in the MATLAB programming environ-
ment using standardized mathematical and signal processing toolboxes.
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Figure2. A, Example of a raw analog voltage trace from one recording session. Scale bar, 0.5 s. B, Example of waveform from
one isolated neuron. Scale bar, 0.5 ms. (, Single-neuron example of nucleus accumbens activity predicting wager at the go-cue.

Continuous firing rate histogram (top) and raster plots (middle and bottom) of all trials in which the subject bet high (blue) or low

(red) relative to the go-cue (gray dashed line). For each plot, the y-axis represents trial number while the x-axis represents time.
Each hatch mark represents a single action potential.
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Population response of NAc activity predicts wager at the go-cue for 6-card trials. Each trial was normalized to its
prefixation baseline activity. 4, Histogram of average nucleus accumbens activity during the first 500 ms following the go-cue for
trialsinwhich the subject bet high (blue) or low (red). The mean activities for bet high and low trials are represented by the blue and
red dashed lines, respectively. Axis limits are the same for the top and bottom panels. B, ROC curve for bet high and bet low trials
during the first 500 ms following the go-cue (ROC, a.u.c. = 0.62; p = 0.003, randomization test). , Continuous firing rate
histograms for bet high (blue) and bet low (red) trials relative to go-cue (left) and choice (right).
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For the purpose of visualizing the neuronal
time course, continuous firing rate histograms
were computed for each neuron by applying a
500 ms sliding window with 10 ms steps. All
individual responses were computed using the
raw spike data (trials with mean firing rates
<0.5 Hz were not used). To allow for compar-
isons between cells, we normalized the neuro-
nal activity during each trial by subtracting the
average activity during a 500 ms prefixation
window. Statistical differences in neuronal activ-
ity between trial types were assessed using a two-
tailed ¢ test (p < 0.05) for single-unit and
population responses in one of two a priori de-
fined windows: 0—-500 ms for go-cue and 250—
750 ms for feedback analyses. All results are given
with their mean and SEM.

Receiver operating characteristic and boot-
strap. A receiver operating characteristic (ROC)
analysis was performed on pooled data from
all neurons. ROC analysis is a system for per-
forming binary classifications and provides a
method for quantifying and visualizing the
true-positive versus false-positive rate. Put an-
other way, it is a method to quantify the extent
to which an ideal observer can predict a partic-
ular outcome given a neuronal response. We
performed an ROC analysis for predicting fi-
nancial decisions when considering all cards
and just the 6-card alone. To compute the
ROC, we pooled the activity within a 500 ms
time window (following the go-cue) from all
neurons during a specific trial type (e.g., all
cards or 6-card alone) and divided them into
trials in which the subject bet high or low. We
then rank-ordered the firing rates and plotted
the values. A predictive signal would deviate
from unity and have an area under the curve
(a.u.c) different from 0.5 (Swets, 1996). To ex-
amine statistical significance, a bootstrap ran-
domization process was applied by shuffling
the association between the trial type and the
neuronal data, while maintaining the overall
distribution of each trial type, and recomput-
ing the a.u.c value 1000 times. An a.u.c. value
from the original computation that fell outside
the 95% confidence interval of the permuted
set was considered statistically significant.

Results
On average, patients performed 2.4 ses-
sions with 118 trials per session. The aver-
age reaction time was 1.3 £ 0.15 s
(mean * SEM; Fig. 1C), and subjects bet
high in 45% of the trials (Fig. 1D). We
isolated 19 neurons from seven subjects
with an average of 1.1 neurons/session
and a mean firing rate of 9 = 1.2 Hz
(mean * SEM). Each subject contributed
between one and four neurons. Given
their phasic response pattern and pre-
dominance in the striatum (Heimer et al.,
1997), it is most likely that we were re-
cording from inhibitory medium-sized
spiny projection neurons.

To examine the role of the NAc in
binding stimulus value to action, we in-
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Figure4.

Population nucleus accumbens activity encodes a prediction error signal. Each trial was normalized to its prefixation baseline activity. A, Chart of trials composing positive, negative, and

neutral prediction error, based on card identity (2, 4, 6, 8, 10), bet (H, high; L, low), and outcome (Win, Lose, Draw). B, Continuous firing rate histogram (left) relative to the outcome epoch for PE >
0 (unexpected positive; blue) and PE < 0 (unexpected negative; red) trials. Bar plot (right) depicting mean activity over the 250 —750 ms interval following the outcome for PE > 0 (unexpected
positive, UP; blue) and PE < 0 (unexpected negative, UN; red) trials (two-tailed ¢ test, p = 0.03). C, Continuous firing rate histogram (left) relative to the outcome for the two situations in which
PE = 0: expected positive (green) and expected negative (black) trials. Bar plot (right) depicting mean activity over the 250 —750 ms interval following the outcome for expected positive (EP; green;
PE = 0) and expected negative (EN; black; PE = 0) trials (two-tailed ¢ test, p = 0.24). Error bars indicate SEM.

vestigated whether neuronal activity could predict wager direc-
tion (high vs low). We normalized each trial to its baseline
activity, pooled all trials, and performed an ROC analysis. We
found that during the 500 ms interval following the go-cue, NAc
activity significantly predicted whether the subject would bet
high or low (a.u.c. = 0.52; p = 0.03, randomization test). A
single-neuronal example is presented in Figure 2. Furthermore,
we found this activity occurred on average 1.9 = 0.02 s (mean *
SEM) before the subjects physically manifested their bet. To con-
firm that this signal was not the result of an underlying change in
baseline firing rate, we computed the average firing rate over the
entire trial for bet high and bet low trials for all card presentations
for each subject and performed a two-tailed ¢ test. We found no
changes beyond those related to high or low bets. Additionally,
the number of high and low bet trials were equally represented for
all cards (x” test, p = 0.62). Furthermore, we know this effect was
not simply the result of the motor movement, because the button
cues ($5 and $20) were randomly mapped to the left and right
button. Together, these results describe a neural signal that pre-
dicts future financial decisions.

We next investigated how the NAc responds when the stimu-
lus does not predict outcome (i.e., there is no logical basis for
making financial decisions), as is often the case in real world
financial decisions. To explore this situation, we normalized and
pooled all the 6-card trials and performed an ROC analysis (Fig.
3A). We chose the 6-card because it does not predict outcome;
the subjects have an equal chance of winning or losing, and thus
their behavior is not based on an obvious expected reward value.
We again found that during the 500 ms interval following the
go-cue, NAc activity significantly predicted whether the subject
would bet high or low (ROC, a.u.c. = 0.62; p = 0.003, random-
ization test; Fig. 3B). We also found that this activity occurred
well before (2 = 0.04 s; mean * SEM) the subjects expressed their

bet. The number of high and low bet trials were equally repre-
sented (x test, p = 0.34). Additionally, the distribution of out-
comes (wins and losses) was equal on previous trials for the
6-card trials in which the bet was high (x* test, p = 0.76) or low
(x” test, p = 0.21), demonstrating that the behavioral signal was
notasimple reflection of the outcome on the previous trial. These
results demonstrate a predictive behavioral signal under condi-
tions of uncertainty.

To examine the role of the NAc in encoding a prediction error
(PE) signal, we divided trials based on subject expectation (unex-
pected or expected) and the actual outcome (positive or negative;
Fig. 4A). For each neuron, we computed continuous firing rate his-
tograms for unexpected positive and negative trials within the out-
come epoch (250750 ms after outcome). This is the time when the
opponent’s card is revealed and the first time that the subject knows
the outcome of his hand. We found that 21% of the neurons signif-
icantly modulated (two-tailed ¢ test, p << 0.05) for unexpected posi-
tive and negative trials. Specifically, we found that NAc activity was
potentiated for unexpected positive trials (PE > 0) and attenuated
for unexpected negative trials (PE < 0). To examine population level
changes, we computed a population average by normalizing trials
from each neuron to its baseline activity. The effect was also found
on the population level over the same interval (two-tailed ¢ test, p =
0.03; Fig. 4B). We found no significant change in activity for ex-
pected positive or negative trials (PE = 0) over the same interval (Fig.
4C). These data provide evidence for a prediction error signal that
may drive adaptive behavior by identifying differences in expecta-
tions and outcomes.

Discussion

To the best of our knowledge, these data represent the first single-
unit recordings from the human nucleus accumbens during a
financial decision-making task. Previously, much of the work
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exploring the role of the NAc in computing financial decisions
has been done using functional imaging (Knutson et al., 2001,
2005; Knutson and Bossaerts, 2007). Using event-related imaging
methods, researchers have been able to more closely study the
“where” and “when” of financial computations. Our study at-
tempts to extend the resolution even further by examining indi-
vidual neuronal responses during these computations. In this
study, we report three important contributions to the under-
standing of financial decision-making.

First, NAc activity predicts future financial decisions on a
trial-by-trial basis. Possible interpretations of the observed pre-
dictive signal include encoding of reward expectancy, risk-taking,
or probability estimation. Because subjects’ behavior was fairly
stereotyped (they tended to bet high for 8 and 10 cards and low
for 2 and 4 cards) it is conceivable that the observed signal reflects
areward expectancy (i.e., prediction of upcoming reward) rather
than future financial decisions. To investigate this possibility, we
analyzed data restricted to trials wherein the subject was dealt a
6-card, which provides no expectation regarding the outcome, as
there is a 50/50 chance of winning or losing. In this situation, we
found that neuronal activity continued to signal future financial
decisions, even when there is no clear expectation of reward. The
same argument applies for probability estimation, which in this
task was essentially a proxy for reward expectation. There is little
evidence to support the idea that the observed signal reflects risk-
taking; subjects made appropriate choices, betting low for low
cards, high for high cards, and evenly for 6-cards.

Second, we characterized the temporal evolution of the pre-
dictive behavioral signal. Interestingly, we found that the activity
occurred approximately 2 s before the decision was physically
manifested—a fairly large latency for neurophysiological signals.
The early onset of this signal during the go-cue is consistent with
the motivational role of the NAc, but may also reflect the influ-
ence of cortical information streams from frontal networks.

Third, we found single neuronal evidence for a prediction error
signal in the NAc. Our findings parallel previously reported predic-
tion error signals in the human substantia nigra (Zaghloul et al.,
2009). Zaghloul et al. (2009) reported peak prediction error activity
~250 ms into the outcome period in the substantia nigra, whereas we
found peak activity at 450 ms in the NAc. This difference in latency is
consistent with the time required for transmission of dopamine from
midbrain dopaminergic neurons to the ventral striatum.

One notable characteristic of the PE signal was that the in-
crease in firing for positive PE responses was proportionally
greater than the decrease in firing for negative PE responses. This
feature may reflect a basic property of the NAc: that it is more
responsive to rewards than losses. Alternatively, it may be related
to the known dynamic range of dopaminergic neurons. The base-
line firing rate of these neurons is ~5-7 Hz. Phasic firing rates can
rise as high as 30—40 Hz, but these neurons can only reduce their
firing rate to zero. Hence, this floor effect is another possible
mechanism for the observed asymmetry in NAc PE responses.

A fundamental limitation of this and other human single unit
physiology studies is that we are restricted to recording neuronal
activity from a structure implicated in the subjects’ pathology.
Nonetheless, subjects’ behavior was rational in this simple task,
and the results are consistent with the neurophysiological litera-
ture in animal models and functional imaging literature in hu-
mans. Therefore, if any difference exists between these subjects
and healthy controls it is likely to be more of a small quantitative
difference rather than a prominent qualitative difference. These
findings serve as a testament not only to the commonality of these
responses across species, but also to the importance of these com-
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putations in the human brain, since they can be seen even under
pathological conditions.
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