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Nuclei Accumbens Phase Synchrony Predicts Decision-
Making Reversals Following Negative Feedback
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The nucleus accumbens plays a key role in reinforcement-guided behaviors. Here, we report that electrophysiological oscillatory phase
synchrony between the two nuclei accumbens may play a crucial role in using negative feedback to guide decision making. We recorded
local field potentials from the human nucleus accumbens and the medial frontal cortex (via surface EEG) from patients who had deep
brain stimulation electrodes implanted. Patients performed a reversal learning task in which they decided whether to alter their decision
strategy following monetary losses. Strategy switches following losses were preceded by enhanced theta (4 – 8 Hz) phase synchrony
between the nuclei accumbens, and a break-down of gamma (20 – 80 Hz)–� (8 –12 Hz) coupling. Furthermore, the strength of the intersite
phase synchrony predicted response time adjustments in the subsequent trial. These findings suggest that a neural network including the
nucleus accumbens bilaterally becomes functionally connected via theta phase synchrony to signal the need to adjust behavior.

Introduction
Although relatively small in size, the nucleus accumbens plays a
major role in both normal and abnormal reward processing, re-
inforcement learning, and impulsivity (Deadwyler et al., 2004).
Its precise function remains debated; it has variously been as-
cribed to act as a “gateway” between motivation and action
(Groenewegen et al., 1996), code for reward value (Knutson et al.,
2001), signal reward prediction error (McClure et al., 2003; Yacu-
bian et al., 2006), and use reinforcements to adapt goal-directed
behavior (Cools et al., 2002; Schoenbaum and Setlow, 2003;
Pothuizen et al., 2005). Furthermore, little is known about the
electrophysiological mechanisms by which these functions may
be realized in humans, and by which the nucleus accumbens
communicates with other brain structures. Here, we used a
unique opportunity to advance our understanding of nucleus
accumbens functioning by recording electrophysiological poten-
tials in vivo in humans.

The nucleus accumbens is part of a network of anatomically
and functionally connected regions, including midbrain dopa-
mine structures and the medial frontal cortex (Mogenson et al.,
1983; Haber et al., 2006), that work together to adapt goal-
directed behavior. How do these structures communicate with
one another to form functionally connected networks? Neuro-
physiological oscillations might reflect a mechanism by which
neural networks become functionally connected, and activities
(e.g., spike timing) at both distal and local spatial scales are coor-
dinated (Fries, 2005; Kasanetz et al., 2006; Tort et al., 2007).

Oscillatory activities in the medial frontal cortex and nucleus accum-
bens have been linked to reward processing and behavior adaptation
(Cohen et al., 2007, 2008b; Marco-Pallares et al., 2008; Münte et al.,
2008), and synchronous oscillations within subcortical and cortical
networks have been linked to learning and decision making (Paz et
al., 2006; Pesaran et al., 2008). Based on the hypothesis that synchro-
nous oscillations reflect coordinated activity of distal neural net-
works, we expected that the strength of oscillatory synchrony among
regions within this network (e.g., between the left and right nucleus
accumbens, and between the nuclei accumbens and medial frontal
cortex), increases when the network signals the need to adjust behav-
ior based on reinforcements.

In addition to coordinating the activity of spatially distal neu-
ral networks, oscillations may also coordinate the activity of local
neural networks (i.e., what can be recorded from within one elec-
trode), for example, if slow oscillations regulate the timing of
faster oscillations or action potentials. Such “cross-frequency
coupling” is thought to reflect a gating mechanism by which local
processes (e.g., action potentials or bursts of high frequency ac-
tivity) are regulated by the present neural state (e.g., oscillation
phase). Cross-frequency coupling, particularly gamma-theta and
gamma-�, has been observed in several cortical and subcortical
regions (Chrobak and Buzsáki, 1998; Lakatos et al., 2005; Mor-
mann et al., 2005; Canolty et al., 2006). In the human nucleus
accumbens, bursts of gamma (�40 – 80 Hz) are synchronized
with the phase of � (8 –12) during reward learning tasks (Cohen
et al., 2008b). Here, we examined whether cross-frequency cou-
pling in the nucleus accumbens is modulated by how reinforce-
ments are used to adapt decision making.

Materials and Methods
Patients. All six patients (three male; aged 45– 64, average: 52) suffered
from treatment-refractory (refractory to multiple medications, psycho-
therapy, and electroconvulsive therapy) major depression, and qualified
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for our clinical investigation into the effects of
deep brain stimulation (DBS) for treatment.
Electrode placement was planned using MRIs,
as described previously (Sturm et al., 2003;
Schlaepfer et al., 2008). The target structure was
the posteroventromedial part of the nucleus ac-
cumbens (Fig. 1 A). The location of electrode
placement was made entirely on clinical
grounds. This experiment, and the larger clini-
cal study of the use of DBS as a treatment option
for major depression, was approved by the eth-
ics committees at the Universities of Bonn and
Cologne. This study is registered with the Trials
Registry (www.clinicaltrials.gov) under the
number NCT00122031. More information re-
garding the potential clinical efficacy of DBS to
the nucleus accumbens is presented by Schla-
epfer et al. (2008).

Task. To examine the role of the nucleus ac-
cumbens in feedback-guided learning, we used
a probabilistic reversal learning task (Fig. 1 B).
In each of 200 trials, two sides of a Euro 1 cent
coin were displayed on the left and right sides of
the screen (Fig. 1 B). Patients selected one of the two, using the left or
right mouse buttons in the laptop’s mouse, using their left or right-hand.
The stimuli remained onscreen until the patient pressed a button, at
which point a green square highlighted the selected coin and “�0.10 €”
(reward) or “– 0.10 €” (loss) appeared between the stimuli for 1000 ms.
At the start of the experiment, the rule (i.e., which stimulus rewarded
75% of the time) was chosen randomly. On each selection of the correct
stimulus, patients had a 0.75 probability of winning, and on each selec-
tion of the incorrect stimulus, patients had a 0.25 probability of winning.
Probabilities on each trial were independent. The rule reversed after a
minimum of 12 trials and at least 71% accuracy over a sliding window of
the previous 7 trials. A randomly jittered intertrial-interval between 2
and 4 s separated each trial. Before the experiment, there was a training
session in which patients were given verbal instructions and practiced the
task for at least two reversals and verbal confirmation that they under-
stood the task.

EEG recording. Intracranial EEG recordings were conducted in a quiet
testing room the day after surgical implantation of the DBS electrodes.
The DBS electrodes are Medtronic model 3387, and are made of a mix-
ture of Platinum/Iridium (90/10%). At this time, electrode leads re-
mained externalized and could be hooked up to our mobile EEG record-
ing system. Continuous EEG data were sampled at 1000 Hz with a 300 Hz
anti-alias filter, and referenced to linked mastoids. The recordings re-
ported here were taken from the ventral-most contact in each hemi-
sphere. Anatomically, the ventral-most contacts are located in the pur-
ported shell of the nucleus accumbens, as evidenced by post-
implantation CT scans. Nucleus accumbens data were rereferenced to
the most dorsal contact in each probe; this ensures that reported activity
is generated in the ventral striatum. The results looked similar when
referenced to the external mastoids, suggesting that the field potentials
are locally generated regardless of the reference position. Data from the
two contacts between the dorsal-most contact (used as the reference) and
the ventral-most contact (data from which are reported here) looked
similar in temporal characteristics, but smaller in amplitude. We col-
lected surface EEG data from between 3 and 12 electrodes for each pa-
tient; all but one patient had electrode position at frontal cortex (Fz)
(data from that patient were excluded from Fz-related analyses). Surface
EEG data were referenced to linked mastoids. Patients had taken their
standard antidepressant medication, but were not sedated. Patients sat in
a comfortable chair in front of a desk and performed the experiment on
a laptop computer. The laptop was equipped with a parallel output cable
that delivered triggers to the EEG recording system at the onset of each
visual stimulus and button press with millisecond precision.

At the time of recording, patients did not receive accumbens stimula-
tion. Although some immediate beneficial effects of DBS (i.e., within
minutes) have been reported, clinical effects of DBS continue to develop

after weeks to months of stimulation (Schlaepfer et al., 2008). Further-
more, DBS has a complicated and not fully understood pattern of effects
in both up- and down-stream regions (McIntyre et al., 2004; McCracken
and Grace, 2007). For these reasons, we did not perform our experiment
both before and after stimulation.

Event-related potential analyses. To compute event-related potentials
(ERPs), we averaged the trial data for each condition (win, loss/stay,
loss/switch) from �200 until �1200 ms surrounding feedback onset.
Single trial EEG epochs were baseline-subtracted using a �200 – 0 ms
window and averaged together. Finally, ERPs for each patient were fil-
tered from 0 to 20 Hz before group averaging. Analyses were conducted
using repeated-measures ANOVAs of voltage changes from averaged
windows 0 –1200 ms after feedback in 300 ms windows using SPSS 16.0
software package.

Oscillation power and phase synchrony analyses. Time-frequency de-
composition was conducted via wavelet analysis, in which the EEG time
series of each trial was convolved with a set of complex Morlet wavelets,
defined as a Gaussian-windowed complex sine wave: ei2�tf e�t2/(2*�2). t is
time, f is frequency, which increased from 2.5 to 160 Hz in 60 logarith-
mically spaced steps. � defines the width of each frequency band, and is
set according to 4.5/(2�f ), which provides an adequate trade-off between
time and frequency resolution. After convolution of the wavelet with the
EEG, power is defined as the modulus of the resulting complex signal Z(t)
(power time series: p(t) � real[z(t)] 2 � imag[z(t)] 2), and phase angle is
defined as arctan(imag[z(t)]/real[z(t)]). The baseline was defined as av-
erage frequency power from –300 to –100 ms before the onset of the cue.
This baseline was chosen to exclude any possible smearing from early
low-frequency effects in the baseline period. Finally, stimulus-induced
power time courses were normalized by converting the baseline-
corrected signal to a decibel (dB) scale (10*log10[power/baseline]); this
allows a direct comparison of effects across frequency bands and patients.
We also computed fast Fourier transforms of the field potentials during
and immediately following the task. Whereas posttask activity was char-
acterized by a 1/frequency-like shape, the task elicited oscillations in the
low theta/� ranges (see supplemental Information, available at www.
jneurosci.org as supplemental material).

Inter-site phase synchrony measures the extent to which oscillation
phase angle differences between electrodes are consistent over trials at
each time/frequency point (if the oscillations are synchronized, their
phase angle differences will be constant):

�
1

n
� �

t�1

n

ei��jt��kt��,

where n is the number of points, and �j and �k are the phase angles of
electrodes j and k. Inter-trial phase coherence measures the extent to

Figure 1. A, Placement of DBS electrodes in nucleus accumbens in one patient. Displayed is an MRI from one patient used in
electrode placement planning. The “X” (ventral end of the lines) shows the location of the electrode probe through this slice. B,
Overview of experimental design and timing of events.
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which oscillation phase angles take on similar values at each time/fre-
quency point across trials (Lachaux et al., 1999), and is defined as

�
1

n
� �

t�1

n

ei�t �.

To compute statistics, we used repeated-measures ANOVAs in SPSS v16.
To extract the data used in ANOVAs, we first identified the time-
frequency peak within a window of 0 – 600 ms and 3–12 Hz for each
patient, averaged across conditions. Then, we took the average time-
frequency data in a window of 200 ms and 3 Hz surrounding each pa-
tient’s time-frequency peak, separate for each condition. These values
were entered into repeated-measures ANOVAs. Huynh–Feldt correc-
tions were applied when appropriate, and adjusted degrees of freedom
are reported in these cases. To assess how trial-by-trial phase synchrony
predicted response time adjustments on subsequent trials, we calculated
intersite phase synchrony as indicated above, but over time within each
trial, instead of over trials at each time point. We used a time-frequency
window of �200 to �600 ms, 5–7 Hz. This window corresponds to the
maximum intersite phase synchrony time-frequency peak when averag-
ing across all conditions. This procedure produced one phase synchrony
value per trial, which was then subsequently correlated with response
time differences between the subsequent and present trial (thus, positive
values mean that patients were slower on the subsequent trial compared
with the current trial). Synchrony values were Fisher-Z transformed to
account for limited range. This was done separately for each condition
within each patient. Correlation coefficients across patients were then
submitted to a one-sample t test against the null hypothesis of an average
coefficient of zero across patients.

Phase-amplitude coupling analyses. To assess phase-amplitude cou-
pling, we first bandpass filtered the data from each trial in the � range
(8 –12 Hz). Next, we identified all troughs of these waveforms from �100
to �900 ms following each experimental event. This time window was
chosen because it includes all � cycles during feedback presentation. The
raw signals were again convolved with complex wavelets as described
above. After convolution, the power time series of each frequency range
was extracted, normalized (Z-transformed), time-locked to the trough of
the � wave, and averaged together across trials separately for each con-
dition, and then across patients. To assess statistical significance of cross-
frequency coupling (Fig. 4, z-values on the right of each plot) in each
frequency band, we used the following boot-strapping method. First, we
calculated the “modulation index,” which is the magnitude of the vector
that results from projecting gamma power onto � phase (Canolty et al.,
2006; Cohen et al., 2008b):

mf � � 1

n
� �

t�1

n

�tf � ei�t � ,

where n is the number of time points in the series, at is the instantaneous
power at a specific frequency f at time t, and �t is the � phase value at time
t. Next, we randomly resorted the power time series while preserving the
� phase, and calculated a new m value (mboot). This procedure was re-
peated 200 times, resulting in a distribution of mboot values (i.e., projec-
tion vector magnitudes of frequency power on � phase) that can be
expected by chance, given the observed � phase time series. mboot and
observed modulation values were transformed according to the arcsine
of the square root of the value [arcsin�(m)] to ensure that values would
approach a normal distribution (Winer, 1971). Next, we calculated a
z-value of the observed modulation index by subtracting the mean mboot

and diving by the SD of mboot. This z-value thus reflects the standardized
distance away from the distribution of gamma-� coupling expected by
chance. Values exceeding a p � 0.001, FDR-corrected for multiple com-
parisons across frequency bands (Genovese et al., 2002) were considered
statistically significant. To test for differences in the strength of cross-
frequency coupling across conditions, we tested whether the difference in
z-values between conditions exceeded a z-threshold set according to p �
0.001, FDR-corrected.

Results
Task overview and behavioral performance
Probabilistic reversal learning tasks are useful for investigating
ventral striatal and prefrontal involvement in adaptive decision
making in humans. We distinguished three types of trials: (1)
win: trials in which patients receive positive feedback; (2) loss/
stay: trials in which patients received negative feedback and se-
lected the same coin in the subsequent trial as on the current trial;
(3) loss/switch: trials in which patients received negative feedback
and selected the opposite coin in the subsequent trial. Impor-
tantly, loss/stay and loss/switch trials do not differ on any char-
acteristic except patients’ decision whether to use that loss feed-
back to change their response strategy on the following trial.
(Win trials could not be separated because win/switch trials are
rare.)

Behaviorally, patients were able to adapt their decision-
making strategies according to changes in response-reward con-
tingencies. Patients selected the correct stimulus on 68% of trials
(SE, 2.7%), which was significantly better than chance (t(5) �
7.08, p � 0.001). This is comparable with performance of young,
healthy subjects in similar tasks we have previously conducted
(67%) (Cohen et al., 2008a). Response times were 780, 803, and
872 (SE: 105, 84, and 135) ms for win, loss/stay, and loss/switch
trials. These differences were not statistically significant
(repeated-measures ANOVA: F(2,10)� 0.98, p � 0.412).

ERPs in the nucleus accumbens
We first examined the ERPs observed in the nucleus accumbens
during each trial type. ERPs are the averaged feedback-locked
time domain data, and provide insight into the timing of global
activation of the nucleus accumbens. In general, feedback elicited
a relatively slow-going potential that was maximally negative for
loss/stay, followed by loss/switch and win feedback (Fig. 2A). The
ERPs were significantly different between 400 and 800 ms (inter-
action of time 	 condition: F(3.5,17.8) � 3.57, p � 0.029), which
was driven by a linearly increasingly negative potentials for win,
loss/switch, and loss/stay conditions (linear term from ANOVA:
F(1,5) � 12.69, p � 0.016). Loss/stay ERPs were numerically but
not significantly more negative than loss/switch ERPs (F(1,5) �
4.98, p � 0.076). There were no main effects or interactions in-
volving hemisphere (all F �1.67; p 
 0.28). Notably, responses
following wins were not significantly different from baseline in
the left or right (t tests, all p 
 0.086) nucleus accumbens at any
time bin. These data indicate a general global activation of the
nucleus accumbens by feedback stimuli that was enhanced fol-
lowing losses; we next examined the oscillatory dynamics of
feedback-locked EEG.

Oscillation power and intertrial phase coherence
We next examined whether frequency-band-specific activity in
the nuclei accumbens reflected reward valence and/or a signal to
adapt behavior. In general, feedback elicited oscillatory power
increases in the theta (�4 – 8 Hz) and gamma (�20 – 80 Hz)
ranges in the nuclei accumbens (Fig. 2B). Theta oscillation power
was significantly different across the three conditions, which was
driven by enhanced theta power for losses compared with re-
wards (F(1.7,8.9) � 4.6, p � 0.045), consistent with recordings of
medial frontal activity (Cohen et al., 2007; Marco-Pallares et al.,
2008). There were no significant differences between loss/stay
and loss/switch trials in either hemisphere (paired-samples t(5) �
1.8 and – 0.306, p � 0.131 and 0.772 for left and right accum-
bens), nor were there significant effects of or interactions with
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hemisphere (main effect and interaction term from ANOVA:
F(1,5) � 1.86, p � 0.23; F(2,10) � 2.27, p � 0.15). Inter-trial phase
coherence (see supplemental Information, available at www.
jneurosci.org as supplemental material) exhibited a similar pat-
tern of effects: Enhanced theta phase coherence for losses com-
pared with wins (F(2,10) � 6.23, p � 0.018) and no effects of
hemisphere (main effect and interaction term from ANOVA:
F(1,5) � 0.62, p � 0.46; F(2,7.7) � 2.06, p � 0.19) or differences
between loss/stay and loss/switch (paired-samples t(5) � 1.89,
p � 0.12; t(5) � 0.848, p � 0.435 for left and right accumbens).
Gamma power was significantly enhanced in all trials in both the
left and right nucleus accumbens (t tests; all p � 0.034), but
significant differences among conditions were not observed. To-
gether, these data show task-related oscillatory activity in the
theta and gamma ranges; theta activity was significantly en-
hanced following negative feedback.

Inter-site phase synchrony
In our next set of analyses, we used oscillatory phase synchrony as
a millisecond-resolution index of the functional connectivity be-
tween the two nuclei accumbens, and between the nucleus ac-
cumbens and medial Fz. This analysis provides insight into how
these spatially disparate regions might synchronize to form func-
tional networks. Oscillatory phase synchrony in the theta band
between the two nuclei accumbens was significantly greater than
during the prestimulus baseline in all conditions (t(5) � 2.08,
2.75, 4.9; p � 0.046, 0.02, 0.002, for win, loss/stay, and loss/
switch) (Fig. 3A). Synchrony was significantly greater for loss/
switch compared with loss/stay (t(5) � 4.65, p � 0.006) (Fig. 3B),
but was not significantly different between win and loss/stay
(t(5) � 0.35, p � 0.37). Theta phase synchrony between Fz and left
and right nucleus accumbens was significantly greater than base-
line in all conditions (t tests, all p � 0.033) except for left
accumbens-Fz synchrony during wins (t(4) � 1.78, p � 0.074).
There were no significant differences among conditions for either

left accumbens-Fz or right accumbens-Fz (ANOVA, all F �1.2,
all p 
 0.35) (Fig. 3D).

To more closely link intersite phase synchrony to behavior, we
correlated the strength of interaccumbens phase synchrony at 6
Hz (i.e., the center of the phase synchrony burst) on a trial-by-
trial level with the extent to which patients adjusted their re-
sponse times on the subsequent trial. We found that during loss/
switch trials, stronger phase synchrony was associated with
increased slowing on the subsequent trial (average correlation
coefficient across patients: 0.18, p � 0.0017). Phase synchrony
strength during loss/stay and win trials did not significantly pre-
dict subsequent response time adjustments (average correlation
coefficients: 0.005 and 0.031, p � 0.687 and 0.238, respectively)
(Fig. 3C). In other words, when patients received negative feed-
back and decided to switch their decision-making strategy, the
strength of functional connectivity between the nuclei accum-
bens predicted the extent to which they slowed down on the
following trial. Thus, the nuclei accumbens became significantly
phase synchronized following feedback, and the strength of syn-
chrony correlated with reaction time adjustments when patients
switched their behavior.

Gamma power-� phase coupling
In our final set of analyses, we used cross-frequency coupling
within a single electrode in the nucleus accumbens as an index of
local functional organization. In these analyses, we time-locked
the power spectrum to the trough of the simultaneous � (8 –12
Hz)-filtered EEG, rather than to the onset of the feedback stim-
ulus. Statistics were performed through boot-strapping tech-
niques, in which the relation between the gamma power and �
phase time series were repeatedly shuffled (see Materials and
Methods). Consistent with our previous findings (Cohen et al.,
2008b), bursts of gamma activity (�20 – 80 Hz) were synchro-
nized with the phase of �, occurring during � peaks (Fig. 4). The
black line to the right of each plot in Figure 4 illustrates the

Figure 2. Electrophysiological responses of the left (top row) and right (bottom row) human nucleus accumbens during reversal learning. A, Grand-averaged ERPs. B, Time-frequency plots show
enhanced theta and gamma oscillatory responses to feedback (dB scale, relative to baseline), �300 – 600 ms following visual onset of reinforcement. Losses elicited larger theta power compared
with wins; the difference between loss/stay and loss/switch was nonsignificant.
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probability of observing synchrony of that strength by chance,
within each frequency band; the dotted line reflects a statistical
cutoff of p � 0.001, correcting for multiple comparisons across
frequencies (see Materials and Methods). These results show that
high frequency oscillations from �20 to 100 Hz in the left and
right nucleus accumbens were synchronized with � phase. Con-
sistent with previous results (Cohen et al., 2008b), gamma power
was not significantly coupled to theta (see supplemental Infor-
mation, available at www.jneurosci.org as supplemental mate-
rial). Notably, loss/switch trials were accompanied by a signifi-
cant reduction in phase-amplitude coupling. In Figure 5, we
illustrate the difference statistic between coupling during loss/
switch and loss/stay trials at each frequency band (positive values
indicate stronger coupling for loss/stay compared with loss/
switch trials). The gray bars indicate a significant condition dif-
ference at p � 0.001. In the left nucleus accumbens, significant
differences were observed in several frequency ranges, generally
between �20 and �50 Hz. In the right nucleus accumbens, dif-

ferences were significant in a higher frequency range, from �70
to 130 Hz.

To establish a closer link between cross-frequency coupling
and behavior adjustments, we correlated the gamma-� modula-
tion on each trial with response time adjustments on the follow-
ing trial. Although we did observe that the strength of gamma-�
coupling predicted subsequent response time adjustments (and
this was stronger during loss/stay compared with loss/switch tri-
als) at a significance threshold of p � 0.05, this did not survive
corrections for multiple comparisons across frequency bands
(see supplemental Information, available at www.jneurosci.org
as supplemental material). In our final analysis, we examined
whether trial-by-trial fluctuations in cross-frequency coupling
were related to intersite phase synchrony. As with the previous
result, we observed that gamma-� coupling was correlated
with intersite phase synchrony on a trial-by-trial level at an
uncorrected significance threshold of p � 0.05, although these
did not survive correction for multiple comparisons (see sup-

Figure 3. Inter-regional phase synchrony demonstrates that the nuclei accumbens were strongly phase synchronized during loss/switch trials, and the strength of this synchrony predicted
subsequent response time adjustments. A shows interaccumbens phase synchrony for each condition; B shows the difference in phase synchrony between loss/switch and loss/stay (red colors
indicate enhanced synchrony during loss/switch trials). C, The strength of interaccumbens phase synchrony on loss/switch trials predicted adjustments in response times on the subsequent trial.
x-axis displays response time adjustment (subsequent– current trial; positive values mean the subsequent trial had a longer response time); y-axis displays Fisher-transformed phase synchrony
values. Each dot is a single trial (unique colors/shapes for each patient), and lines correspond to correlation slope within each patient. D, Oscillatory phase synchrony between the nucleus accumbens
and Fz was significantly greater compared with baseline but was not significantly different across conditions. Conditions are averaged together here and displayed separately in supplemental Figure
S5, available at www.jneurosci.org as supplemental material.
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plemental Information, available at
www.jneurosci.org as supplemental ma-
terial). In summary, feedback-related
gamma-� synchrony diminished during
loss/switch trials, and, to some extent,
correlated with adjustments in subse-
quent reaction times.

Discussion
The nucleus accumbens is a core compo-
nent of a neural network that uses rein-
forcements to adapt behavior. Using intra-
cranial recordings from awake humans,
we showed that oscillations in theta, �, and
gamma frequency bands might in part un-
derlie the functional organization of nu-
cleus accumbens-linked networks during
reversal learning. In particular, switches in
decision-making strategy were preceded
by enhanced oscillatory phase synchrony
between the two nuclei accumbens, and a
break-down of phase-amplitude coupling
within each accumbens. These findings
implicate both large- and small-scale nu-
cleus accumbens-linked neural networks
in signaling the need to adjust decision-making strategy accord-
ing to negative feedback.

Reversal learning tasks are often used to investigate the role of
the human ventral striatum and prefrontal cortex in reversal
learning (Cools et al., 2002, 2006; Cohen et al., 2008a). In func-
tional magnetic resonance imaging studies, ventral striatal hemo-
dynamic responses are larger during loss compared with win
feedback, and are relatively larger during loss/switch compared
with loss/stay trials (Cools et al., 2002). Similarly, we found en-
hanced theta activity for losses compared with wins, consistent
with results from medial frontal cortex (Cohen et al., 2007;
Marco-Pallares et al., 2008), although differences between loss/
stay and loss/switch trials were nonsignificant. These results sug-
gest that one key function of the nucleus accumbens is to use
negative feedback to signal the need to adjust behavior (Schoen-
baum and Setlow, 2003; Cools et al., 2006). This may seem at-
odds with other reports indicating that the nucleus accumbens
codes for reward anticipation (Knutson et al., 2001) or reward
prediction errors (McClure et al., 2003; Yacubian et al., 2006),
which would predict maximal accumbens activity during rewards
in the present task. In contrast, we observed no significant ERP or
theta response to the rewarding feedback stimulus compared
with baseline in the present task. It is likely that the nucleus ac-
cumbens’ response to feedback valence depends on task de-
mands, particularly how feedback may be used for guiding
behavior.

Notably, our findings suggest that the nucleus accumbens’
function may depend in part on its interactions with other brain
regions: Inter-accumbens synchrony strengthened when patients
received negative feedback and adjusted their decision making on
the following trial. Phase synchrony may reflect the functional
coupling among regions, or the extent to which two regions are
transferring information or processing the same information
(Varela et al., 2001; Fries, 2005; Steriade, 2006). Indeed, chemical
or mechanical disruptions to the flow of information between the
nucleus accumbens and orbitofrontal cortex (Block et al., 2007),
or between the nucleus accumbens and the hippocampus (Goto
and Grace, 2005), impair performance on tasks in which rein-

forcements must be used to guide decision making. Under the
hypothesis that synchronized oscillations reflect inter-regional
communication (Fries, 2005), during loss/switch trials the nuclei
accumbens may have been “communicating” with each other to
compute or coordinate the signal to adapt future behavior. This is
further supported by the trial-by-trial correlations, in which rel-
atively increased oscillatory phase synchrony between the two
nuclei accumbens predicted the extent to which patients slowed
down their responses on the following trial.

This interaccumbens synchrony effect could not be explained
by an overall increase in oscillation power, because there were no
significant differences in the theta range between loss/stay and
loss/switch trials in either the left or right nucleus accumbens.
Nor could it be explained by differences in the number of trials,
because loss/stay had the fewest, and win had the most, number
of trials (using the same number of trials in all conditions did not
alter the pattern of results; see supplemental Information, avail-

Figure 4. Bursts of gamma power are synchronized with the phase of simultaneously recorded �. Time-frequency plots were
time-locked to the trough of each �-filtered oscillation wave instead of to the onset of the stimulus. The black line below each plot
shows the averaged �-filtered EEG waveform. The black lines to the right of each plot show statistical significance of gamma-�
synchrony at each frequency band, obtained through data-based boot strapping. The dotted gray line marks statistical signifi-
cance at p � 0.001, corrected for multiple comparisons across frequency bands.

Figure 5. Differences in gamma-� coupling between loss/stay and loss/switch trials. The
x-axis represents frequency (in Hz), and the y-axis represents statistical difference values. The
solid black line shows the difference in gamma-� coupling strength between loss/stay and
loss/switch (positive values mean stronger coupling for loss/stay); gray regions indicate statis-
tical significance at p � 0.001, corrected for multiple comparisons across frequency bands.
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able at www.jneurosci.org as supplemental material). Thus, there
is information present in the oscillatory synchrony between the
two nuclei accumbens that is not available when examining the
activity of any electrode individually. In a similar finding, Tabu-
chi et al. (2000) demonstrated enhanced hippocampus-
accumbens spike timing synchrony in rats following rewards, in
absence of an increase in nucleus accumbens firing rate (although
there was no punishment condition to compare with ours). Syn-
chrony between the accumbens and Fz increased significantly
compared with a prestimulus baseline level in nearly all condi-
tions, but was not different among conditions. These results
might suggest that nucleus accumbens-medial frontal cortex in-
teractions play only a general role in feedback-related processing,
although the difference in signal-to-noise between intracranial
and surface EEG might have dampened any true condition
differences.

Oscillations may help “glue together” functional networks not
only across regions within a frequency band, but also across fre-
quency bands within an individual region. One prominent hy-
pothesis about the nucleus accumbens is that it gates the flow of
information from limbic inputs to motor outputs (Mogenson et
al., 1980; Finch, 1996; Groenewegen et al., 1996); it is possible that
this mechanism is realized in part through cross-frequency cou-
pling (O’Donnell and Grace, 1995; Brady et al., 2005). Here and
in a previous study (Cohen et al., 2008b), bursts of gamma power
were synchronized with the phase of simultaneously recorded �.
Oscillations in the theta-� range in the nucleus accumbens may
be relevant for both local coherence between medium spiny neu-
rons and inter-neurons (Plenz and Kitai, 1998), and for long-
distance coherence with the hippocampus (Tabuchi et al., 2000)
and ventral tegmental area (Yavich and MacDonald, 2000). It is
not clear why, in the present study, the task itself elicited strongest
activity changes in the theta range, and yet gamma frequency-
band power was synchronized with �. Nonetheless, gamma-�
coupling is consistently observed across experiments (Cohen et
al., 2008b), and thus may reflect a general mechanism of func-
tional organization within the accumbens.

A growing number of studies is linking cross–frequency cou-
pling to specific cognitive processes (Jensen and Lisman, 2005;
Canolty et al., 2006; Cohen et al., 2008b). In the present study,
gamma-� coupling diminished during loss/switch trials. This
finding could not be explained by overall differences in gamma
power between conditions, because there were no significant
condition differences in the stimulus-locked data; thus, rather
than an overall change in gamma power, loss/switch trials are
characterized by a change in timing between gamma power and �
phase. Indeed, it is possible that at least some of task-related
gamma oscillations are synchronized not with an external stim-
ulus, but instead with an internal brain event (e.g., slower oscil-
lation) (Canolty et al., 2006; Cohen et al., 2008b; Tort et al., 2008).
More work is needed to better understand the neural mecha-
nisms and computational implications of gamma-� coupling,
and of a break-down in cross-frequency coupling. Recently, Tort
et al. (2008) found that cross-frequency coupling between the
hippocampus and striatum in rats during a maze task was mod-
ulated by the rats’ position along the maze. Task-related modu-
lations of cross-frequency coupling suggest that this may be a
mechanism of computation and communication within a func-
tional network.

Cross-frequency coupling in the hippocampus is hypothe-
sized to support the binding of multiple items within the time
frame of spike-timing plasticity (Jensen and Lisman, 1996; Lis-
man, 2005). The physiological relevance of cross-frequency cou-

pling in the nucleus accumbens is uncertain, but may be related
to binding action-reward contingencies (which may be un-
bound/remapped during loss/switch trials).

We suggest that when signaling the need to adjust behavior,
the functional organization of the nucleus accumbens shifts from
a local to a more global, “network,” configuration, reflected in a
shift from local oscillatory organization (gamma-� coupling) to
larger-scale oscillatory organization (interaccumbens theta phase
synchrony). This would be consistent with previous studies
showing enhanced long-range oscillatory coupling during choice
behavior (Pesaran et al., 2008).

Generalizability of findings is an important issue when inter-
preting data from patient populations. Indeed, these patients suf-
fer from major depression, which is characterized by anhedonia.
However, it is not clear that depression influenced the present
results. For example, depressed individuals have decreased nu-
cleus accumbens hemodynamic responses to positively valenced,
but not to negative valenced, stimuli (Epstein et al., 2006). Other
reports suggest no between-group differences in nucleus accum-
bens activation during simple reward motivation tasks (Knutson
et al., 2008). Although it is impossible to examine nucleus accum-
bens electrophysiology in healthy humans, behavioral perfor-
mance was similar to our previous study with a similar experi-
mental design (Cohen et al., 2008a), and the oscillatory responses
recorded at surface electrode Fz shared many characteristics with
those in young healthy subjects during similar reinforcement-
learning tasks (Cohen et al., 2007; Marco-Pallares et al., 2008).
Furthermore, we found no significant correlations between post-
feedback theta power or interaccumbens theta phase synchrony
and Hamilton depression ratings at time of testing (all p 
 0.1).
Although this null result should be interpreted with caution be-
cause of the small number and lack of nondepressed comparison
subjects, it is possible that our findings are not influenced by
pathology. Indeed, although accumbens stimulation alleviates
symptoms of depression (Schlaepfer et al., 2008), it is possible
that DBS-driven over-stimulation of nucleus accumbens target
regions (McIntyre et al., 2004; McCracken and Grace, 2007)
drives the efficacy of this procedure. Consistent with this idea,
stimulation of other brain regions within the same functional
network, such as the subgenual cingulate, also alleviates depres-
sion symptoms (Mayberg et al., 2005). Parceling out the contri-
bution of depression to these effects requires similar studies in rat
or nonhuman primate models of depression.
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