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• The  right  OFC  is the guilt-specific  brain  region.
• Anodal  tDCS  over  the right  OFC  increased  the  degree  of  cooperation.
• The  right  OFC is involved  in pure cooperative  motives.
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a  b  s  t  r  a  c  t

Trust  is one  of  the  most  important  factors  in  human  society,  as  it pervades  almost  all  domains  of  the
society.  The  trusting  behavior  of  trustors  is  dependent  on  the  belief  about  the  cooperative  (reciprocal)
level  of  trustees.  Thence  what  are  the  motives  underlying  the  cooperative  behavior?  An  important  expla-
nation  is that  guilt  aversion  can  motivate  cooperative  behavior.  The  right  orbitofrontal  cortex  (OFC)  is  the
guilt-specific  region,  while  there  is little  understanding  on  the  causal  effect  of  this  network.  We  explored
the  causal  effect  of  the  OFC  on  cooperative  behavior  using  transcranial  direct  current  stimulation  (tDCS).
Sixty participants  played  the  trust  game  as  trustees,  and  they  received  either  anodal  tDCS  over the right
OFC  and  simultaneously  cathodal  electrode  over  the  right  dorsolateral  prefrontal  cortex  (DLPFC),  or  sham
stimulation.  Experimental  results  showed  that  participants  as  trustees  transferred  back  more  money  in
the  tDCS  treatment  than  sham  stimulation.  This  suggests  that  the  activity  of  the  right  OFC  has  causal
effects  on  cooperative  behavior.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Social interactions are governed by social norms and expecta-
tions that enable us to learn the reputation of others in order to
establish social relationships [1–3]. Trust is predicated on a notion
of reciprocity, which means people are frequently nice and cooper-
ative in response to generous or kind behavior; conversely, they are
frequently nasty in response to hostile behavior [4–6]. Therefore,
the nature of trust is belief, i.e., the expectation of trustworthiness
of trustees [7,8].

What are the motives underlying trust and cooperation? Behav-
ioral economists developed a number of models that emphasized
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other-regarding preferences to answer this question [9–13]. On the
other hand, enormous neuroscience studies investigated the neural
basis of the trust behavior [14–17]. However, few studies focused
on the neural system underlying the cooperative behavior of the
trustee [17,18]. In fact, these studies explored neural basis of exter-
nal factors such as reputation, risk and benefit when the trustee
reciprocating. Nevertheless, neural correlates of the trustee’s pure
cooperative motives still need to be investigated.

Some recent studies focused on the effects of guilt aversion on
cooperative behavior [19,20]. In the context of psychological game
theory, people might feel guilty in proportion to the degree to which
they do not live up to others’ expectations [21,22]. Chang et al.
[19] suggested that the cooperation level might be enhanced on
avoidance of the guilt feeling. Additionally, they utilized functional
magnetic resonance imaging (fMRI) to identify brain regions that
mediate cooperative behavior while participants decided whether
or not to honor the partner’s trust. Nihonsugi et al. [20] suggested
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both guilt and inequity aversion affected cooperative behavior, and
guilt had much more significant effect.

Wagner et al. [23] identified specific brain regions associ-
ated with guilt by comparison with the two most closely related
emotions-shame and sadness- using fMRI in healthy volun-
teers. Their experimental results demonstrated that the right
orbitofrontal cortex (OFC) was specifically recruited by guilt.

Previous studies mainly utilized fMRI to explore activation of
brain regions related to guilt. When the trustee chose whether or
not to honor the trust, many factors including guilt, reward and
inequality affected the neural activity. The observed neural acti-
vation could spuriously correlate with task performance but need
not necessarily play a causal role in task execution [24,25]. Conse-
quently, previous fMRI studies could not make causal inferences
about the effect of brain processes on cooperative behavior. In
contrast, brain stimulation techniques such as tDCS interfere non-
invasively with the activity of defined areas in the human cortex,
thus it enables researchers to observe the behavioral impact of an
increase or decrease in the cortical excitability of the stimulated
brain regions. Therefore, we aimed to use tDCS to explore the causal
effect of guilt related brain regions on the cooperative behavior.

Because the right OFC is the specific brain region involved in
guilt aversion [23]. if modulating the activity in the right OFC affects
cooperative behavior of the trustee, it means that guilt aversion
indeed plays a crucial role on cooperation. Hence, we  enhanced the
activity in the right OFC using tDCS while participants playing the
trust game as trustees. The right DLPFC is the crucial brain region
involved in the conflict processes and cognitive control [26,27].
Previous studies have demonstrated that enhancing the activity of
the right DLPFC would increase the cooperation of trustees [19,20].
Hence, to test the role of the right OFC, we depressed the activity
of the right DLPFC when enhancing the activity of the right OFC.
We predicted that increases in the cortical excitability of the right
OFC by means of tDCS would evoke more cooperative behavior of
trustees if the right OFC is indeed involved in processes of guilt
aversion.

2. Method

2.1. Subjects

60 healthy college students (25 men  and 35 women; mean age:
22.37; ranging from 20 to 25 years old) were recruited to participate
in our experiment. All subjects were right-handed without ex ante
knowledge of tDCS or trust game tasks. All of them had no history
of psychiatric illness or neurological disorders. All subjects were
randomly assigned to receive anodal tDCS over the right OFC and
simultaneously cathodal tDCS over the right DLPFC (n = 30, 12 men;
mean age: 22.73, SD = 2.44851) or sham stimulation (n = 30, 13 men;
mean age: 22, SD = 3.09616). Informed consent was obtained from
each participant prior to the study. The experiment was performed
in accordance with the Declaration of Helsinki and was approved
by the Ethics Committee of Business School of Nankai University.
Each participant was paid according to their own  offers and deci-
sions of their partners. On average, each participant received 62.60
Chinese yuan (about 10 US$). No participants reported any adverse
side effects concerning pain on the scalp or headaches after the
experiment.

2.2. Transcranial direct current stimulation (tDCS)

Transcranial direct current stimulation (tDCS) involves the
application of a weak direct current to the scalp via two,
saline-soaked surface sponge electrodes (9 cm2). The current is con-
stant and delivered by a battery-driven stimulator (Neuro Conn,

Fig. 1. Schematic drawing of electrode positions.
The anodal electrode was placed over the right Fp2 and the cathodal electrode was
placed over the right F4 according to the 10–20 system.

Fig. 2. Schematic representation of the experimental design.
After 15 min  of stimulation, each participant completed Trust Game for 10 periods
with 10 different anonymous trustors.

Germany). tDCS induces changes in cortical excitability by means of
a weak electrical field applied transcranially, which de- or hyperpo-
larizes neuronal membranes on a subthreshold level. Anodal tDCS
increases, whereas cathodal tDCS decreases, excitability [28]. For
the subjects receiving the tDCS, the anodal electrode was placed
over the right Fp2 according to the international EEG 10–20 sys-
tem, while the cathodal electrode was placed over the right F4 (see
Fig. 1). For sham stimulation, the procedures were the same but
the current lasted only for the first 30 s. The participants may  have
felt the initial itching, but there was  actually no current for the rest
of the stimulation. The current was  constant and of 2 mA  inten-
sity with 15 s of ramp up and down. After 15 min  of stimulation,
participants were then asked to complete the trust game task (see
Fig. 2).

2.3. Task and procedure

The Trust Game (TG) is the classical paradigm to study trust and
cooperation (reciprocity) [4]. In the standard trust game, there are
two players: a trustor and a trustee. The trustor firstly decides how
much of an endowment to transfer to the trustee. Once transferred,
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