
R

T
a

J
a

b

c

d

e

a

A
R
R
A
A

K
O
R
N
B
G

C

1

m
2
3
f
s
t

o
d

(

h
0

Neuroscience and Biobehavioral Reviews 49 (2015) 1–7

Contents lists available at ScienceDirect

Neuroscience  and  Biobehavioral  Reviews

jou rn al h om epage: www.elsev ier .com/ locate /neubiorev

eview

he  role  of  high-frequency  oscillatory  activity  in  reward  processing
nd  learning

osep  Marco-Pallarésa,b,∗,  Thomas  F.  Müntec,d, Antoni  Rodríguez-Fornellsa,b,e

Department of Basic Psychology, University of Barcelona, 08035 Barcelona, Spain
Cognition and Brain Plasticity Unit, Bellvitge Research Biomedical Institute (IDIBELL), Hospitalet de Llobregat, Barcelona, Spain
Department of Neurology, University of Lübeck, Lübeck, Germany
Institute of Psychology II, University of Lübeck, Lübeck, Germany
Institució Catalana de Recerca i Estudis Avanç ats (ICREA), Barcelona, Spain
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a  b  s  t  r  a  c  t

Oscillatory  activity  has been  proposed  as  a key  mechanism  in  the  integration  of brain  activity  of  distant
structures.  Particularly,  high  frequency  brain  oscillatory  activity  in  the beta and  gamma  range  has  received
increasing  interest  in  the  domains  of  attention  and memory.  In  addition,  a  number  of  recent  studies  have
revealed an  increase  of beta–gamma  activity  (20–35 Hz)  after  unexpected  or  relevant  positive  reward
outcomes.  In  the  present  manuscript  we review  the literature  on  this  phenomenon  and  we  propose
eywords:
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that  this  activity  is  a  brain  signature  elicited  by  unexpected  positive  outcomes  in  order  to transmit  a
fast  motivational  value  signal  to  the  reward  network.  In  addition,  we  hypothesize  that  beta–gamma
oscillatory  activity  indexes  the  interaction  between  attentional  and  emotional  systems,  and  that  it directly
reflects  the  appearance  of unexpected  positive  rewards  in  learning-related  contexts.

© 2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Oscillatory activity is a basic brain mechanism that allows com-
unication between distant brain areas (Buzsaki and Draguhn,

004). In the last decade, oscillatory activity in the beta (12 to

integration, attention, inhibition, memory and higher level cog-
nition (Chen et al., 2004; Jensen et al., 2007; Llinás et al., 2005;
Ribary, 2005; Schnitzler and Gross, 2005; Uhlhaas and Singer, 2006;
Wang, 2010). Recently, human electrophysiological studies have
described an increase of high beta–low gamma  oscillatory activity
0 Hz) and gamma (>30 Hz) frequency bands of mammals has been
ound to be crucial for information processing in the central nervous
ystem and has been related to a variety of motor and cogni-
ive functions including perception, motor control, sensorimotor

∗ Corresponding author at: University of Barcelona, Department of Basic Psychol-
gy, Facultat de Psicologia, Campus de Mundet, Edifici Ponent, Passeig de la Vall
’Hebron 171, 08035 Barcelona, Spain. Tel.: +34 933125156.

E-mail addresses: josepmarco@gmail.com, josepmarco@hotmail.com
J. Marco-Pallarés).

ttp://dx.doi.org/10.1016/j.neubiorev.2014.11.014
149-7634/© 2014 Elsevier Ltd. All rights reserved.
after reward delivery in gambling and learning tasks (Cohen and
Ranganath, 2007; Doñamayor et al., 2012, 2011; Marco-Pallares
et al., 2008; Marco-Pallarés et al., 2008).

In the following sections we  will review the recent litera-
ture on reward processing in humans to propose the hypothesis
that beta–gamma oscillatory activity is mediating the interac-

tion between brain systems involved in attention and reward
processing, and that it directly reflects the appearance of unex-
pected positive rewards in learning related contexts. Thus,
beta–gamma oscillatory activity will appear whenever a feedback

dx.doi.org/10.1016/j.neubiorev.2014.11.014
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2014.11.014&domain=pdf
mailto:josepmarco@gmail.com
mailto:josepmarco@hotmail.com
dx.doi.org/10.1016/j.neubiorev.2014.11.014
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timulus conveys new information about unexpected positive and
ignificant rewards. This brain oscillatory signature might sig-
al the need to store new information in memory for guiding

uture actions and, therefore, might represent a key mechanism for
rchestrating the cross-talk between learning processes, involving
he medial temporal lobe, the ventral striatum, medial prefrontal
egions and the midbrain dopaminergic system.

. Functional role of beta–gamma activity

Studies on reward (Knutson et al., 2005; O’Doherty et al.,
001) or positive feedback processing (Camara et al., 2010, 2009;
ieuwenhuis et al., 2005) have revealed an extended network

ncluding the ventral striatum, amygdala, insula, ventromedial
refrontal cortex and anterior cingulate cortex among others. How-
ver, the mechanisms that allow the integration of information of
he different nodes of this network are largely unknown. Using elec-
roencephalography (EEG) to record the brain electrical activity
f large neuronal groups, two independent studies using differ-
nt experimental paradigms reported an increase of oscillatory
ctivity when participants received a signal indicating a monetary
ain (positive feedback, Cohen et al., 2007; Marco-Pallares et al.,
008; Fig. 1B). This increase occurred 200 to 400 ms  after the feed-
ack informing about the positive outcome, and was produced at
requencies ranging from 20 to 35 Hz which are traditionally con-
idered to represent high beta–low gamma  frequency ranges (��
ctivity from now on). Marco-Pallares et al. (2008) used a gam-
ling task in which the subjects had to choose between a larger
nd a smaller number that corresponded to the win or loss of the
quivalent sum in Euro cent (p = 0.5 for wins and losses, Fig. 1A).
n this study the win-related �� power was more pronounced for
arger rewards than smaller rewards, suggesting that this activity
ould be related to the magnitude of the outcome.

Similarly, Cohen et al. (2007) also found a greater �� power
fter positive feedback. Here, a reversal learning task was used, in
hich participants had to choose between two squares located at

eft or right positions. After the selection, a visual feedback indi-
ated whether the participant received a reward (10 cents) or a
unishment (−10 cents). During a block (80 to 150 trials) each of
he sides was associated to a probability to win. When a new block
tarted, and without informing to the participant, the probabilities
hanged. The three possible probabilities for left and right locations
ere, for different blocks, 0.75–0.25; 0.5–0.5 and 0.25–0.75, respec-

ively. Interestingly, �� oscillatory activity was more pronounced
or unexpected rewards (p(win) = 0.25) than for expected rewards
p(win) = 0.75). Previously, Keil et al. (2001) had also described a
imilar activity using a paradigm in which participants had to press

 button three seconds after a cue and in order to receive a monetary
eward. The amount of money depended on how temporally precise
he response was. Upon the button press, which was immediately
ollowed by the presentation of feedback indicating the amount
f reward, left frontal electrodes showed an increase of power in
he 20–30 Hz frequency range, 350 to 500 ms  after the button press.
his activation was not present when the reward was  delivered ran-
omly or when participants just pressed the button, suggesting that
he effect was not related to motor activity. Interestingly, in a recent

agnetoencephalography (MEG) gambling study, Doñamayor et al.
2011) also found an increase in �� power (with peaks at 29 and
4 Hz), 200 to 500 ms  after reward delivery (Fig. 1C, Doñamayor
t al., 2012, 2011).

These initial studies clearly pointed out the involvement of

eward-related processes in the generation or modulation of the
� component (Marco-Pallarés et al., 2008). This proposal was fur-

her supported by another study showing that the �� increase after
onetary gains was related to the Catechol-O-methyltransferase
iobehavioral Reviews 49 (2015) 1–7

enzyme (COMT) Val158Met polymorphism (Marco-Pallarés et al.,
2008). COMT plays a key role in the degradation of dopamine
in the prefrontal cortex. Bilder et al. (2004) proposed an inverse
relationship between tonic dopaminergic activity in the prefrontal
cortex and phasic activity in striatal areas. Therefore, carriers of
the Met  allele, which has been associated to low enzyme activity
(that is, reduced dopamine degradation in the prefrontal cortex),
would show increased tonic activity in the prefrontal cortex which
would lead to decreased dopaminergic striatal phasic activity. In
contrast, participants homozygous for the Val allele would show
decreased prefrontal tonic activity and increased striatal phasic
activity. Indeed, participants homozygous for the Val allele showed
enhanced �� oscillatory activity after gains compared to MetMet
carriers, supporting the tonic-phasic hypothesis. Further, Padrão
et al. (2013) also showed that individuals with high trait anhedonia
presented a smaller �� response after rewards than high hedonic
participants. Anhedonia is the reduction of the ability to experi-
ence pleasure (Meehl, 1975) and has been related to dysfunctions
in the reward system, especially in the Nucleus Accumbens (Russo
and Nestler, 2013). In addition, following similar rationale, a recent
study found a positive correlation between this activity and the
trait of sensation seeking (Leicht et al., 2013). Both human studies
and animal models have shown that high sensation seekers present
and increased mesolimbic dopaminergic activity (Blanchard et al.,
2009), especially in the Nucleus Accumbens. These results sup-
port the involvement of the reward network and its dopaminergic
subcortical components in the generation of �� oscillatory activity.

However, while initial studies had shown that �� oscillatory
activity was  elicited by positive reward outcomes, it became sub-
sequently clear that not all positive reward conditions elicit this
activity. In HajiHosseini et al. (2012) we investigated its relation-
ship to the difference between expected and obtained rewards and
punishments (prediction error) by employing a gambling task in
which a cue indicated the probability and magnitude of upcom-
ing outcomes (monetary gains or losses, Fig. 2A). The goal of the
experiment was to determine whether �� activity was modulated
by the probability, magnitude or the expected value of the mone-
tary outcome. A �� oscillatory activity increase was observed only
after unexpected gains, that is, those gains with low probability
(Fig. 2A). In addition, �� activity was not related to the expected
value, prediction error or to the magnitude of the reward. This
result also agrees with a previous finding of an increase of ��
power after improbable rewards (Cohen et al., 2007). In addition,
Cunillera et al. (2012) analyzed feedback processing in a modified
version of the Wisconsin Card Sorting Task that required the selec-
tion of one of four cards according to a certain rule (color, shape,
number, Fig. 2B). After each selection the participant is informed
whether the selection has been correct or incorrect. However, at
a certain moment, and without informing the participant, the rule
changes and the participant has to infer the new rule by trial and
error. The study revealed that the �� increase appeared only fol-
lowing the first positive feedback after a correct rule change. In
other words, �� activity appeared after the most informative posi-
tive feedback, the one that indicated that the correct rule had been
selected. Another relevant study analyzed the effect of contextual
novelty in reward processing (Bunzeck et al., 2011). Participants
had to learn the relationship of different fractal images to the proba-
bility of winning money and subsequently performed a recognition
task that required them to determine whether a scene was indoor
or outdoor. Some of these scenes were familiar (had been presented
in a previous phase of the experiment) and others were novel.
After the decision, the fractal image appeared indicating the prob-

ability of subsequent monetary reward. �� Activity was enhanced
for fractal images indicating high reward probability (Fig. 2C) and
furthermore this activity was  modulated by the familiarity of the
context, being higher for the novel condition. According to the
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Fig. 1. �� oscillatory activity after monetary gains in gambling paradigms. (A) Monetary gambling paradigm used to describe the oscillatory components of feedback
processing in Marco-Pallares et al. (2008). In each trial, the participant had to bet on one of the two numbers presented. If the number turned green, the participant won
the  indicated amount of money (in Euro cent); if turned red, s/he lost it. (B) Time frequency decomposition of the EEG oscillatory activity recorded from the scalp for the
gain  minus loss conditions. Note the increase in theta activity for losses (in blue) and the increase of �� activity for gains (red) 200–400 ms  after feedback delivery (scalp
distribution in the top; adapted from Marco-Pallares et al., 2008) (C) Time frequency MEG  activity of the gain minus loss conditions using the same paradigm. A similar ��
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ctivity  was  found 300–500 ms  after reward presentation (adapted from Doñamay
echniques used in the two  experiments (EEG in B and MEG  in C). (For interpretatio
f  this article.)
uthors, these results supported the idea that contextual novelty
ncreased the activation of reward-predicting cues. Complemen-
ary results were found by Kawasaki and Yamaguchi (2013) using

 monetary-incentive, delayed-response task in which participants

ig. 2. �� oscillatory activity in relevant positive feedbacks and reward expectation
n  HajiHosseini et al. (2012). Left panel indicates the experimental paradigm used in th
he  probability (number of the card) of the future reward and punishment. Then partic
hen  feedback indicated whether participant won  or lost certain amount of money. Wa
robability of winning (medium panel) and high probability of winning (right panel). No
rom  HajiHosseini et al., 2012). (B) Left. Wisconsin Sorting Card Task paradigm used in Cun
he  correctness of the response given. After some trials, the rule changed. The time-freq
eedbacks indicating a correct response after a rule change. Note the enhancement in the b
nformation compared to the second one (adapted from Cunillera et al., 2012). (C) MEG  b
adapted from Bunzeck et al., 2011). In a previous phase of the experiment, some cues w
ome  novel or familiar images were presented and participants were instructed to respond
ppeared. As shown in the image, the anticipation of a probable reward elicited a beta p
For  interpretation of the references to color in this figure legend, the reader is referred to
al., 2011). Note the difference in the topographies in B and C due to the different
e references to color in this figure legend, the reader is referred to the web version
had to remember the position of colored disks. In the delay period
when participants were informed about the amount of money they
could win, beta activity (around 24 Hz) was higher for high reward
trials compared to low reward trials.

. (A) Time frequency data for gain conditions in a feedback-guided decision tasks
e experiment. In each trial, a cue indicated the magnitude (color of the card) and
ipants had to select between one of the three cards displayed on the screen and
velet analysis showed the oscillatory activity for gain condition in trials with low
te the increase in �� activity in the low probability of winning condition (adapted
illera et al. (2012). Participants had to respond following a rule. Feedback indicated
uency representation shows the difference between the first and second positive
eta band for the first positive feedback which provides the most relevant and novel
eta increase of activity after a cue predicting high probability of obtaining reward

ere associated to different probabilities of reward (0, 0.4 and 0.8). In a latter phase,
 as fast as possible. After the response, the cues associated to different probabilities

ower increase which was more pronounced in those conditions implying novelty.
 the web  version of this article.)
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Overall, these results suggest that �� modulations selectively
rack salient and novel positive events in the environment and
hus reflect a general monitoring mechanism for unexpected pos-
tive events. Indeed, gamma  oscillatory activity has been related
o attention (Herrmann and Knight, 2001) and novelty detection
Lapray et al., 2009). Importantly, �� activity in reward tasks are
ensitive to the valence of events, as better than expected out-
omes elicit such activity while worse than expected outcomes
o not. Thus, �� activity behaves unlike other oscillatory compo-
ents such as theta band power increase associated with unsigned
rediction error (that is, discrepancies between expected and real
utcomes; Cavanagh et al., 2012; Mas-Herrero and Marco-Pallarés,
014). Hence, the properties of �� activity do not fit with com-
utational accounts proposing that some brain signals generated

n the medial prefrontal cortex regions (such as anterior cingulate
ortex) encode the surprise of an outcome independently from its
alence (Alexander and Brown, 2011). In fact, �� activity echoes
he behavior of neurons in the ventral tegmental area (VTA) of
onscious monkeys which increase their firing rate after improb-
ble (Fiorillo et al., 2003) or larger than expected rewards (Tobler
t al., 2005). In contrast, unexpected or improbable punishments
roduced a decrease in the phasic activity of VTA dopaminer-
ic neurons (Fiorillo et al., 2003; Schultz et al., 1993; but see
atsumoto and Hikosaka, 2009, for neurons in the SN/VTA firing

t both positive and negative outcomes).

. Beta–gamma activity in the interplay between attention
nd memory in reward processing

Considering the previously reviewed evidence, we propose that
he increase in �� oscillatory activity represents a brain signature
licited by unexpected positive outcomes and in charge of transmit-
ing a fast motivational value signal to downstream brain structures
Fig. 3). This type of information might be crucial in determin-
ng changes in the environment and in adapting behavior to new
ontingencies. In addition, it requires the interplay of attention
echanisms (novelty processing),  reward processing and memory

storing action plans and learning for future episodes). This oscillatory
ctivity might be a key component in mediating cross-talk between
hese processes.

Regarding the relationship between attention and reward
rocessing, it is well known the important role of expectancy
nd reward anticipation in selecting among different response
ptions as well as the role of surprise and novelty at reward occur-
ence (Mellers and McGraw, 2001; Mellers et al., 1998). Reward
rocessing and attention continuously interact, in particular when
xpecting improbable but highly desired outcomes (Fuentemilla
t al., 2013). Orienting responses are triggered to novel and unex-
ected events (Sokolov, 1963; Donchin, 1981), especially those
vents that are very relevant to on-going goals. Disconfirmations of
mportant expected events enhance attentional processing (Olson
t al., 1996), increase physiological arousal (Berlyne, 1960), trig-
er dopaminergic VTA activity in the midbrain reward pathways
Schultz et al., 1997) and amplify emotional reactivity to those
vents (Schachter and Singer, 1962; Zillmann, 1978; Ortony et al.,
988). Importantly, this emotional reactivity reinforces attention
Anderson, 2005; Pessoa et al., 2002) in order to increase the likeli-
ood of remembering for future occasions (Ohman et al., 2001).
esides, rewarding signals also impact directly into the alert-

ng system, triggering attentional processes and energizing the
rganisms in order to correctly execute or avoid certain actions

Berridge and Robinson, 1998; Pessiglione et al., 2007). In this
ense, increasing the amount of attention and alertness of the sys-
em might be important to capture more easily unexpected signals
n the environment that could be of emotional relevance for the
iobehavioral Reviews 49 (2015) 1–7

organism, especially under new, unexpected or uncertain sit-
uations (Fiorillo et al., 2003). As stated above, gamma  band
oscillatory activity has been associated with increased atten-
tional processing which might reinforce the neural representations
associated with attended (unexpected) stimuli and facilitate its
processing and store through the communication of distant neu-
ral groups (Buschman and Miller, 2009; Gregoriou et al., 2009;
Womelsdorf and Fries, 2007).

Complementarily to our proposal, Cohen et al. (2011) proposed
that plastic changes associated with learning from feedback could
be associated with the synchronization of distant areas through
oscillatory activity. Accordingly, synaptic changes associated with
learning from positive feedback would be reflected in changes in ��
synchronization, while synaptic plasticity associated with learn-
ing from negative events would lead to changes in the theta range
(4–8 Hz). These two  different oscillatory mechanisms would also
engage different neural systems: while �� activity would be gen-
erated in the ventromedial prefrontal cortex, the theta oscillatory
activity associated with negative feedback likely emanates from
the dorsal anterior cingulate cortex. Similarly, but using a theoreti-
cal connectionism model, Phaf and Rotteveel (2012) proposed that
positive affect was  conveyed by high frequency oscillatory activity
while negative affect would correspond to lower frequencies in the
theta range. Finally, Van de Vijver et al. (2011) stressed that beta
activity also fulfilled the characteristics of a learning signal. In line
with the idea coming from animal work that beta oscillations signal
the tendency to maintain “the status quo” (Engel and Fries, 2010),
the beta increase after positive feedback was interpreted as a signal
to strengthen the current response set rather than other options,
thereby influencing future behavior.

Crucial to our hypothesis, Axmacher et al. (2010) found a
gamma  increase in the hippocampus and ventral striatum (nucleus
accumbens, NAcc) to unexpected relevant items that had to be
coded in long term memory. Following the proposal of Lisman
and Grace (2005) that novelty detection is coded in the hippocam-
pus, which in turn sends the information to the VTA via the NAcc
and ventral pallidum, Axmacher et al. (2010) speculated that the
hippocampus–NAcc–VTA dopaminergic loop might support the
detection and storage of unexpected events using gamma  oscil-
latory activity. The activation of this loop would be modulated by
the VTA via the release of dopamine in the NAcc (Legault and Wise,
2001) and this information would be crucial in the establishment
of new predictions about the environment based on the coupling
of several regions using this high-frequency oscillatory activity. We
propose that this loop might process unexpected events differently
based on their emotional valence. We  further speculate that ��
activity associated with reward processing is modulated by the ven-
tral striatum or VTA dopaminergic activity. Support for this specu-
lation can be derived from the effect of dopamine polymorphisms
on �� oscillations (Marco-Pallarés et al., 2008) and from the rela-
tionship between dopamine activity and changes from low to high
gamma  oscillatory activity (Brown et al., 2001; Lalo et al., 2008).

These ideas are also corroborated by intracranial animal data.
An increase of activity in these frequency bands after reward deliv-
ery has been observed in the striatum (see e.g. Berke et al., 2004;
Courtemanche et al., 2003). In addition, Tsai et al. (2009) demon-
strated the relationship of high frequency oscillatory activity in
reward and learning using an optogenetic approach to control the
dopaminergic VTA activity in rats. The animals performed a condi-
tioned place preference task which exposed them to two  equivalent
locations that were differentially associated with either 1 Hz or
50 Hz optical stimulation of the dopaminergic VTA neurons. Trained

rats showed a clear preference for the location associated with
the 50 Hz-stimulation suggesting a role for oscillations at this fre-
quency in associative learning. Other studies have also shown an
increase of beta (Sturman and Moghaddam, 2012) and gamma
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Fig. 3. Model linking �� activity to unexpected or highly relevant positive outcomes. Arrows indicate the anatomical connections of the different components of the
reward  system. In red, the components of the hippocampus–NAcc–VTA loop proposed in Axmacher et al. (2010). The �� oscillatory activity is generated in the prefrontal
cortex,  probably at the dACC or vMPFC and is influenced by the VTA activity (red arrow). Finally, in our model we propose that the �� activity is an ideal mechanism for
the  coupling of frontostriatal structures to transmit a fast motivational value signal downstream to the reward network (red thick line). dACC: dorsal anterior cingulate
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Berke, 2009; Van der Meer and Redish, 2009) oscillatory activities
n Ventral and Dorsal Striatum after reward delivery. In a recent
tudy in monkeys performing a movement, Feingold (2011) found
hat beta activity occurred at the offset of a movement rather than
uring the movement itself. Moreover, beta activity in the striatum
nd prefrontal cortex was higher for correct than for incorrect tri-
ls, and presented an increased coherence in these two  areas. On
he basis of these findings, the authors proposed that beta activ-
ty indexed post-action reinforcement of actions associated with
esired outcomes.

Given all these results, we propose a model of �� activity
ncrease after unexpected and/or highly relevant positive out-
omes. In Fig. 3 we represent the main components of the reward
etwork and their anatomical connections, which are involved in

earning and motivation (Camara et al., 2009). The critical areas of
he hippocampus–NAcc–VTA loop (as proposed in Axmacher et al.,
010) are shown connected in blue, while the other major connec-
ions are depicted in black. Several components of this circuit have
een associated with oscillatory activity involved in both the coor-
ination of distant brain areas and the coordination of local activity.
he latter usually involves a cross-frequency coupling mechanisms,
n which two different frequency bands act synchronously to inte-
rate current state (driven by low frequency activity) with local
ctivity (spikes or burst of activity of a group of neurons, Cohen
t al., 2009). Therefore, encoding of new information is processed
n the hippocampus on the basis of theta–gamma coupling (Colgin,
011; Nyhus and Curran, 2010). In contrast, reward processing is
ediated in the NAcc through oscillatory coupling between phase

f alpha band and gamma  power increase (Cohen et al., 2009). In
ddition, some other brain rhythm(s) are involved in the coordi-
ation of distant areas of the circuit. According to Fujisawa and
uzsáki, (2011), theta oscillatory activity is responsible for the coor-
ination of the activity of VTA, hippocampus and prefrontal cortex
hile coherence in the gamma  band would mediate hippocam-
us and NAcc integration (Ma  and Leung, 2010). Finally, the circuit

s completed with the connectivity between prefrontal cortex and
entral striatum (Fig. 3, red thick line). We  propose that �� oscilla-
ory activity might be the key oscillatory mechanism in the coupling
f fronto-striatal areas, and that the �� power increase observed

fter unexpected and/or highly relevant positive outcomes might
e modulated by this coupling. This proposal is based on previous
tudies implicating �� activity in the functional coupling of distant
rain regions (Bressler et al., 1993; Steriade, 2006). Importantly,
entral tegmental area; VP: ventral pallidum; Amy: amygdala; Hipp: hippocampus;
e reader is referred to the web version of this article.)

computational models (Kopell et al., 2000), receiving support from
experimental animal data (Brovelli et al., 2004), have shown that
oscillations in the beta range (<30 Hz) are able to synchronize
distant brain areas, in contrast to gamma oscillations (30–80 Hz)
which would be used at local level. This would suggest that the high
beta–low gamma  range (20–35 Hz) found in EEG and MEG  studies
is an ideal mechanism for the coupling of frontostriatal structures.
Indeed, the activity found in these studies is likely to reflect the local
activity of groups of neurons located in the anterior cingulate cortex
or ventromedial prefrontal cortex (Fig. 3), but should be influenced
by the activity of the other components of the reward system. We
further hypothesize that �� activity transmits a fast motivational
value signal to reward downstream brain structures through the
fronto-striatal anatomical connection shown in the thick red line in
Fig. 3 connecting frontal cortex and NAcc. This tags those actions or
stimuli that have produced better than expected results which then
would be stored in memory. Importantly, prefrontal areas receive
direct inputs from the medial posterior part of the Ventral Tegmen-
tal Area (Fig. 3). These VTA neurons projecting to mPFC (as well as
those projecting to NAcc core and medial shell) fire at frequencies
between 20 and 30 Hz frequencies, in contrast to VTA dopaminergic
neurons projecting to dorsolateral striatum and NAcc lateral shell
which fire at frequencies below 10 Hz (Lammel et al., 2008; Walsh
and Han, 2014). Therefore, VTA projections might modulate the
activity of neurons in mPFC which in turn generate the �� power
increase after unexpected gains or losses.

4. Future directions and conclusions

In the present review we  have proposed that the �� activity
is used to synchronize the different regions of the reward net-
work after unexpected or relevant positive outcomes. However,
more studies are needed in order to confirm this proposal. First,
most of the previous studies have been performed using meas-
ures of power, and very little is known about other oscillatory
characteristics of this component, such as phase coherence or
inter-site-phase-clustering (Cohen and Gulbinaite, 2014). It has
been proposed that phase synchrony might be a crucial mecha-
nism in the communication among distant structures. Therefore, it

would be important to study other oscillatory measures in the ��
range in order to determine to which extent the activity observed
might also present changes in phase and in the synchronization
of distant sites/areas. In addition, most of the studies showing ��
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ncrease have been performed using EEG and MEG. In spite of the
imited spatial resolution of these techniques, source analysis mod-
ls of power data could identify the generators of the frontocentral
� activity. Complementary EEG-fMRI studies using mathematical
pproaches to combine the information of these two techniques
such as, e.g., Joint ICA, Calhoun et al., 2006; Doñamayor et al., 2012)
ould determine whether the activation found in M/EEG might
e associated to activation in subcortical reward areas. Finally,

ntracranial recordings after the implantation of deep brain stimu-
ation (DBS) electrodes for the treatment of certain neurologic and
sychiatric diseases in combination with surface recordings could
hed further light on �� activity (Münte et al., 2008; Herrojo Ruiz
t al., 2014). Indeed, target structures for DBS include the NAcc
e.g., in obsessive compulsive disease, depression and alcoholism)
s well as the globus pallidus internus and the subthalamic nucleus.
he application of gambling paradigms, similar to those used in EEG
nd MEG  studies, in this DBS studies might help in determining the
ole of the �� component in reward processing.

The present proposal might also be useful in the study of
ffective disorders and addictions. Previous studies have revealed
hat these disorders present abnormal activation of regions of the
eward network after rewarding events and are characterized by
n abnormal interaction between the ventral striatum and the pre-
rontal cortex (Pujara and Koenigs, 2014). Therefore, the study of
� oscillatory activity might help in determining how this impair-
ent is affecting learning and attention, which at turn might help

nderstanding other cognitive deficits associated to these patholo-
ies.

Finally, it might be very important to study the role of ��
scillatory signatures in unexpected positive reward processing in
ther animal models using invasive electrical recordings and simi-
ar adapted paradigms. This type of research could be crucial for the
iscovery of the neural mechanisms involved in reward processing
nd the exact role of �� oscillatory activity in orchestrating these
rocesses outlined in the present review. However, it is impor-
ant to consider that generalization of the findings across species
s not straightforward and in some cases no convergence might
xists regarding neural oscillatory mechanisms (see for example,
arayanan et al., 2013).
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