
Review

The role of the striatum in aversive learning and
aversive prediction errors
Mauricio R. Delgado1, Jian Li2, Daniela Schiller2,3 and Elizabeth A. Phelps2,3,*

1Department of Psychology, Rutgers University, Newark, NJ 07102, USA

2Department of Psychology, and 3Center for Neural Science, New York University,
New York, NY 10003, USA









;

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;
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(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





$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
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