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Neuroeconomic studies of decision making have emphasized reward learning as critical in the
representation of value-driven choice behaviour. However, it is readily apparent that punishment and
aversive learning are also significant factors in motivating decisions and actions. In this paper, we
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NAcc is also important for aversive instrumental
conditioning as seen during active or passive avoidance
and escape tasks (Cooper et al. 1974; Neill et al. 1974;
Jackson et al. 1977; Schwarting & Carey 1985;
Wadenberg et al. 1990; McCullough et al. 1993; Li
et al. 2004). The levels of striatal DA reflect the
operation of various processes including the firing of
DA neurons, DA reuptake mechanisms and activation
of presynaptic glutamatergic inputs, which operate
on different time scales. It should be noted, however,
that the striatum receives inputs from other mono-
aminergic systems, which might also convey aversive
information, either on its own or through complex
interactions with the DA system (Mogenson et al.
1980; Zahm & Heimer 1990; Floresco & Tse 2007;
Groenewegen & Trimble 2007).

Lesions of the NAcc or temporary inactivation
studies have yielded a rather complex pattern of results,
with different effects of whole or partial NAcc damage
on cue versus context conditioning (Riedel et al. 1997;
Westbrook et al. 1997; Haralambous & Westbrook
1999; Parkinson et al. 1999; Levita et al. 2002;
Jongen-Relo et al. 2003; Schoenbaum & Setlow 2003;
Josselyn et al. 2004). This has been taken to suggest
that the NAcc subdivisions, namely the ventromedial
shell and the dorsolateral core, make unique contri-
butions to aversive learning. Accordingly, the shell
might signal changes in the valence of the stimuli or
their predictive value, whereas the core might mediate
the behavioural fear response to the aversive cues
(Zahm & Heimer 1990; Deutch & Cameron 1992;
Zahm & Brog 1992; Jongen-Relo et al. 1993; Kelley
et al. 1997; Parkinson et al. 1999, 2000; Pezze et al.
2001, 2002; Pezze & Feldon 2004).

In addition to the ventral striatum, evidence also
exists linking the dorsal striatum with aversive
learning. Specifically, lesions to this region have been
shown to produce deficits in conditioned emotional
response, conditioned freezing and passive and
active avoidance (Winocur & Mills 1969; Allen &
Davison 1973; Winocur 1974;



high or low

high or low

?

? 3

7 reward   4.00

punishment–   2.00

cue choice period outcome feedback inter-trial interval

0s
time

2s 3s 16s

(a)

conditioned

stimulus (CS)

CS +

CS –

unconditioned

stimulus (US)

–   2.00

12s4s

0s 4s 16s
inter-trial interval

time 3.5s US presentation

(b)
An interesting question arises in aversive con-
ditioning tasks by considering the consequences of
this omission, i.e. the by-product of relief and its
rewarding properties. To examine this using a classical
aversive conditioning procedure, the participants
experienced prolonged experimentally induced tonic
pain and were conditioned to learn pain relief or pain
exacerbation (Seymour et al. 2005). The appetitive PE
signals related to relief (appetitive learning) and the
aversive PE signals related to pain (aversive learning)
were both represented in the striatum. These findings
support the idea that the striatal activity is consistent
with the expression of both appetitive and aversive
learning signals.

Finally, when examining the neural mechanisms
mediating the aversive PE signal, it is important to
take into consideration the type of learning procedure
and the type of reinforcement driving it. It is possible
that the use of either primary or secondary aversive
reinforcers, in either classical or instrumental para-
digms, is the cause for some reported inconsistencies in
the aversive learning and PE literature. For example,
Seymour et al. (2007) used a secondary reinforcer
(monetary loss or gain) in a probabilistic first-order
classical delay conditioning task, but used a high-order
aversive conditioning task (Seymour et al. 2004) when
examining the effect of a primary reinforcer (thermal
pain). Jensen et al. (2003) conducted a direct
comparison between classical and avoidance con-
ditioning but focused on primary reinforcers (electric
shock). Given these discrepancies a more careful
examination of the differences and commonalities
between the processing of primary versus secondary
reinforcers during the same aversive learning paradigm
may yield useful insight into the role of the striatum in
encoding aversive PEs.

(c) Experiment: PEs during classical aversive

conditioning with a monetary reinforcer

The goal of this experiment was to examine the
representation of aversive PEs during learning with
secondary reinforcers (money loss) using a classical
conditioning task typically used in aversive con-
ditioning studies. Further, we compare the results
with a previous study in our laboratory, which used a
similar paradigm with a primary reinforcer (Schiller
et al. in press). Unlike previous studies that suggested
similarities between primary and secondary reinforcers
during aversive learning in the striatum (Seymour et al.
2004, 2007), this experiment takes advantage of more
similar paradigms previously used with electric shock
(primary reinforcer) to investigate similarities in PE
representations with monetary loss (secondary reinfor-
cer), allowing more direct comparisons to be drawn
regarding the underlying neural mechanisms of aver-
sive learning.

The data from our study with a primary reinforcer
are published elsewhere (Schiller et al. in press) and will
only be summarized here. We examined the role of
striatum in aversive learning using a typical primary
reinforcer (mild shock to the wrist) using a fear
discrimination and reversal paradigm (Schiller et al.
in press). During acquisition, the participants learned
to discriminate between the two faces. One face (CSC)
co-terminated with an electric shock (US) on approxi-
mately one-third of the trials and the other face (CSK)
was never paired with the shock. Following acquisition,
with no explicit transition, a reversal phase was
instituted where the same stimuli were presented only
with reversed reinforcement contingencies. Thus, the
predictive face was no longer paired with the shock
(new CSK), and the other face was now paired with the
shock on approximately one-third of the trials (new
CSC). Using fMRI, we examined which regions
correlated with the predictive value of the stimuli as
well as with the errors associated with these fear
predictions. For the latter, we used a PE regressor
generated by the TD reinforcement-learning algorithm



(see below). We found robust striatal activation,
located at the left and right striatum, tracking the
predictive value of the stimuli throughout the task. This
region showed stronger responses to the CSC versus
CSK, and flexibly switched this responding during the
reversal phase. Moreover, we found that the striatal
activation correlated with the PEs during fear learning
and reversal. The region that showed PE-related
activation was located in the head of the caudate
nucleus (Talairach coordinates: left: x, y, zZK7, 3, 9;
right: x, y, zZ9, 5, 8).

In the present study, we further characterize the role
of the striatum during aversive learning by investigating
PE signals during learning with a secondary aversive
reinforcer, namely, monetary loss. The acquisition
phase was similar to the one described above. Also
similar was the use of the TD learning rule to assess the
neural basis of PEs during aversive conditioning.
2. GENERAL METHODS
(a) Participants

Fourteen volunteers participated in this study.
Although behavioural data from all the 14 participants
are presented, 3 participants were removed from the
neuroimaging analysis due to excessive motion. The
participants responded to posted advertisement and all
the participants gave informed consent. The experi-
ments were approved by the University Committee on
Activities Involving Human Subjects.

(b) Procedure

The experiment consisted of two parts (figure 2):
a gambling session (adapted from Delgado et al. 2000)
and an aversive conditioning session (adapted from
Delgado et al. 2006). The goal of the gambling session
was to endow the participants with a monetary sum that
would be at risk during the aversive conditioning session.

In the gambling session, the participants were told
they were playing a ‘card-guessing’ game, where the
objective was to determine whether the value of a given
card was higher or lower than the number 5 (figure 2a).
During each trial, a question mark was presented in the
centre of the ‘card’, indicating that the participants had
2 s to make a response. Using a MRI compatible
response unit, the participants made a 50/50 choice
regarding the potential outcome of the trial. The
outcome was either higher (6, 7, 8, 9) or lower (1, 2,
3, 4) than 5. The outcome was then displayed for
500 ms, followed by a feedback arrow (which indicated
positive or negative feedback) for another 500 ms and
an inter-trial interval of 13 s before the onset of the next
trial. A correct guess led to the display of a green
upwards arrow indicating a monetary reward of $4.00
(reward trials), while an incorrect guess led to the
display of a red downwards arrow indicating a
monetary loss of K$2.00 (punishment trials). In
some trials, irrespective of guess, the outcome was ‘5’
and led to the display of a blue dash, resulting in no
monetary gain or loss (neutral trials). Each trial was
presented for 16 s and there were three blocks of 18
trials each (total trials: 21 reward, 21 punishment and
12 neutral). Unbeknownst to the participants, the
outcomes were predetermined ensuring a 50 per cent
reinforcement rate and a fixed profit across the
participants. At the end of the gambling session, a screen
appeared congratulating the participant for earning the
sum of $42.00 and informing them that the second part
was about to start.

In the second part of the experiment, the partici-
pants were exposed to an aversive conditioning session
with monetary reinforcers (figure 2b). The participants
were presented with blue and yellow squares (the
conditioned stimuli: CSs) for 4 s, followed by a 12 s
inter-trial interval. The unconditioned stimulus (US)
was loss of money, depicted by the symbol K$2.00
written in red ink and projected inside the square
for 500 ms. In this partial reinforcement design, one
coloured square (e.g. blue) was paired with the
monetary loss (CSC) on approximately 36 per cent



$24.00. The participants then performed a final round
of the gambling game to ensure that each participant
was paid $60.00 in compensation following debriefing.
(c) Physiological set-up, assessment and

behavioural analysis

Skin conductance responses (SCRs) were acquired
from the participant’s middle phalanges of the second
and third fingers in the left hand using BIOPAC
systems skin conductance module. Shielded Ag–AgCl
electrodes were grounded through an RF filter panel
and served to acquire data. ACQKNOWLEDGE software



to the identification of five regions (table 1), including
the medial prefrontal cortex, midbrain and a region in
the anterior striatum in the head of the caudate nucleus
(figure 4



and Phelps & LeDoux (2005)) with variations due to

task context and type or intensity of stimuli (Anderson

et al. 2003). Thus, it is possible that differences

between the striatum and amygdala may be observed

during a direct comparison of primary and secondary

reinforcers. Further, as previously discussed, the

present results suggest that striatum and amygdala

differences may arise in the context of processing PEs.

Future studies may focus on direct similarities and

differences between these two structures in similar

paradigms and using within-subjects comparison,

varying both the valence (appetitive and aversive),

intensity (primary and secondary reinforcer) and type

of learning (classical and instrumental) to fully under-

stand how these two structure may interact during

affective learning.

Neuroeconomic studies of decision making have

emphasized reward learning as critical in the represen-

tation of value driving choice behaviour. However, it is

readily apparent that punishment and aversive learning

are also significant factors in motivating decisions and

actions. As the emerging field of Neuroeconomics

progresses, understanding the complex relationship

between appetitive and aversive reinforcement and the

computational processes underlying the interacting

and complementary roles of the amygdala and striatum

will become increasingly important in the development

of comprehensive models of decision making.
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