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Theories of functioning in the medial prefrontal cortex are distinct across appetitively and aversively
motivated procedures. In the appetitive domain, it is argued that the medial prefrontal cortex is
important for producing adaptive behavior when circumstances change. This view advocates a role
for this region in using higher-order information to bias performance appropriate to that circum-
stance. Conversely, literature born out of aversive studies has led to the theory that the prelimbic
region of the medial prefrontal cortex is necessary for the expression of conditioned fear, whereas
the infralimbic region is necessary for a decrease in responding following extinction. Here, the
argument is that these regions are primed to increase or decrease fear responses and that this
tendency is gated by subcortical inputs. However, we believe the data from aversive studies can be
explained by a supraordinate role for the medial prefrontal cortex in behavioral flexibility, in line
with the appetitive literature. Using a dichotomy between the voluntary control of behavior and the
execution of well-trained responses, we attempt to reconcile these theories. We argue that the
prelimbic region exerts voluntary control over behavior via top-down modulation of stimulus–
response pathways according to task demands, contextual cues, and how well a stimulus predicts an
outcome. Conversely, the infralimbic region promotes responding based on the strength of stimulus–
response pathways determined by experience with reinforced contingencies. This system resolves
the tension between executing voluntary actions sensitive to recent changes in contingencies, and
responses that reflect the animal’s experience across the long run.
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It is too often the case that different domains within psycholog-
ical research do not integrate theories with one another. An illus-
trative example of this is lack of cross talk between research on
learning in laboratory rodents based in the appetitive domain and
that based on aversive procedures. This is particularly true for
theories of functioning in prefrontal cortex (although work exam-
ining the function of other regions, such as the amygdala, fre-
quently suffers in the same way; Balleine & Killcross, 2006). On
the one hand, there is a long history of research in the appetitive
literature looking at the role of the prefrontal cortex in tasks
thought to require executive function. These studies have predom-

inantly looked at the impact of damage or functional inactivation
of the prefrontal cortex in appetitive learning tasks requiring the
maintenance of information in working memory, the ability to shift
responding to stimulus or response dimensions, the efficient allo-
cation of attention toward stimuli, goal-sensitive behaviors, and
the use of contextual cues to modulate behavior. This research has
suggested that the prefrontal cortex is involved in allowing behav-
ior to flexibly change when there is a shift in experimental cir-
cumstances. On the other hand, there is another literature that
examines the role of the prefrontal cortex in aversive conditioning.
These studies have resulted in a number of contradictory findings,
where damage or inactivation of prefrontal cortex has been found
to result in enhanced fear to a stimulus paired with an aversive
outcome, greater levels of contextual conditioning, lower levels of
fear responding, or have no effect. These two different fields are
almost entirely independent of one another, and cross-references
between them are uncommon.

The purpose of this review is to integrate theories of functioning
in the medial regions of the prefrontal cortex across appetitive and
aversive domains. Specifically, we aim to use the knowledge born
out of appetitive literature to resolve the contradictions that cur-
rently reside in the aversive literature. In doing so, we will focus
on two regions of the rodent medial prefrontal cortex (mPFC), the
prelimbic (PL) and infralimbic (IL) cortices, often the focus of
prefrontal research in appetitive and aversive studies. In the first
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section of this article, we will review the role of these regions in
the resolution of response conflict and the contextual control of
behavior. Second, we will describe new data from our laboratory
suggesting a role of the PL and IL regions in the modulation of
attention toward predictive cues where we interpret mPFC activity
as exerting top-down modulation of an attentional response much
as it would an explicit behavioral response. Then we will discuss
studies from the aversive literature which have examined the
effects of pretraining lesions and functional inactivation of mPFC
on fear learning and expression, as well as the literature which
implicates the PL and IL cortices in the contextual dependence of
fear.

In laying out this research we hope to propose a novel model of
functioning in the mPFC that generalizes across both appetitive
and aversive paradigms. That is, we believe that the role of the PL
and IL cortices in using different types of information across many
divergent tasks can be unified by their involvement in a single
cognitive framework. Specifically, we suggest that it is the PL
cortex that exerts voluntary control over behavior by top-down
modulation of stimulus–response pathways according to the cur-
rent task demands, present contextual cues, and how well a stim-
ulus currently predicts an outcome. This allows behavior to adapt
rapidly to recent changes in contingencies by reference to the
current information that predicts those changes (be that in working
memory or physically observable in the environment). In contrast,
the IL cortex appears to oppose this tendency in favor of acting on
the basis of dominant stimulus–response pathways, directly pro-
portional to the amount of experience with the stimulus–response
association, allowing long-run experience to counteract any recent
(and potentially unreliable) changes in experienced contingencies.
In this manner, the type of information that is being recruited by
these systems is not what unifies their role in learning and behav-
ior. Rather, what unifies the role of the PL and IL cortices is how
this information is used. We will illustrate our model by adapting
a well-established framework (Cohen, Dunbar, & McClelland,
1990) from the human cognitive neuroscience literature that con-
tinues to reflect the dichotomy between the voluntary control of
behavior and the execution of well-trained responses. In making
this connection, we will attempt not only to illustrate the basic
concepts and processes underlying our model but also to expand
upon our existing understanding on how prefrontal cortex contrib-
utes to flexible behavior across species.

The Framework: Cohen et al.’s (1990) Connectionist
Account of the Stroop Task

It has long been established that the possession of a prefrontal
cortex (PFC) endows humans and experimental animals with be-
havior of greater flexibility and complexity (Uylings, Groenewe-
gen, & Kolb, 2003). In line with this notion, there have been many
theories which have attempted to encapsulate the idea of the PFC
acting in a supervisory manner over other basic processes
(Goldman-Rakic, O’Scalaidhe, & Chafee, 2000; Kesner, 2000).
One early framework of this nature was developed by Norman and
Shallice (1980) where frontal regions are argued to exert voluntary
control over automatic lower-order processing. Although the spe-
cifics of the framework are not pertinent here, the main premise is
that selection of well-trained responses in routine situations is
automatic and decentralized, whereas selection of an appropriate

response in times of novelty or conflict requires the allocation of
control over lower-order processing to produce a response that is
appropriate to those circumstances. Given that the classical view of
frontal functioning involves the coordination of complex behavior,
decision making, and responding to novelty, Shallice (1982) ar-
gued that the role of the frontal lobes was to exert this sort of
voluntary control over behavior that facilitates the selection of
appropriate action in nonroutine circumstance. Many theories have
since expanded on this basic framework to explain the results of
many tasks thought to reflect the ability to exert executive control
over automatic processes, such as the Stroop task, the Tower of
London from the Cambridge Neuropsychological Test Automated
Battery, and the Wisconsin card sort task (WCST; Braver &
Cohen, 2000; Cohen, Aston-Jones, & Gilzenrat, 2004; Cohen et
al., 1990; Miller & Cohen, 2001).

The Stroop effect was one of the first such empirical demon-
strations of a distinction between automatic and controlled pro-
cesses (Stroop, 1935; Cohen et al., 1990). In this task, participants
are shown words written in different colored inks. The written
words and colors can be either congruous or incongruous with one
another. When participants are shown incongruous pairs (e.g.,
GREEN in red ink), errors and reaction times are significantly
increased when they are required to name the color of the ink (i.e.,
say “red”) and disregard the word’s written form (i.e., green). This
effect is typically attributed to the different levels of experience of
word reading over color naming (MacLeod & Dunbar, 1988).
Hence, for example, processing of the word is thought to arrive at
the response stage faster than the color name. When the task
requires that the subject read the word, there is no conflict as word
reading is accomplished more quickly and does not have to com-
pete with naming of the color. When subjects are required to name
the color, the influence of having processed the written word has
to be overcome before the color can be accurately named. In this
way, word reading is thought to be a relatively automatic process
whereas the ability to overcome this tendency and name the color
of the ink is thought to reflect voluntary control over response
selection.

To account for this effect, Cohen et al. (1990) developed a
parallel distributed processing (PDP) model. Here, experience with
particular tasks develop networks of stimulus–response mappings,
viewed as connections between different nodes, where the connec-
tion strength between these nodes is directly proportional to the
experience with the task. Critically, this connection occurs through
an intermediary node that allows task demands to influence acti-
vation of these mappings (see Figure 1). In terms of the Stroop
task, the greater experience with word reading facilitates a stronger
mapping between the sight of the written word (i.e., the stimulus)
and the response to read the written word (i.e., the response). This
means that the sight of the written word will robustly activate the
response to read the written word. In contrast, the relative inex-
perience with color naming is thought to be reflected in the weak
mapping between the sight of the written word and the response to
name the color of the ink in which the word is written. Thus, when
the task requires that people disregard the written word and name
the color of the ink, the stronger activation of the response to
read the written word conflicts with the relative weak activation of
the response to name the color of the ink. It is argued that this
conflict is overcome through an active rehearsal of task demands
(i.e., name the color of the ink) which biases activation of the
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response to name the color of the ink, by impact at the level of the
intermediary nodes. It is through this intermediary node that the PFC
is argued to exert voluntary control over stimulus–response mappings
(Braver & Cohen, 2000; Miller & Cohen, 2001). That is, PFC is
argued to actively maintain a neural representation of task demands,
which allows the specific demands of the task to name the color to
influence response selection and overcome the prepotent tendency
to read the written word. Later developments of this model have
proposed that the PFC also contributes to the ability to maintain
the patterns of activity that represent current task demands to bias
activity of the relevant pathway to overcome response conflict
across a range of different scenarios (Braver & Cohen, 2000;
Cohen et al., 2004; Miller & Cohen, 2001).

Within this framework, task demands are conceptualized as
higher-order information in the environment, which can be used to
resolve conflict between multiple responses. That is, a task de-
mand is any available information in working memory or the
physical environment that can modulate stimulus–response map-
pings to influence production of a response that is appropriate to
the current circumstance. On the other hand, a stimulus is infor-
mation within the environment that frequently may enter into a
direct association with a response. Presence of this stimulus will

directly activate its associated response. In the Stroop example
described above (see Figure 1), the task demand is the instruction
given to the participants that tells them to either read the word or
name the color and will influence the ability of the stimulus to
activate a representation of its associated response. In the case of
rats, the task demand may be contextual cues that signal the
appropriate stimulus–response association in effect, whereas the
stimulus may be of an auditory or visual nature that enters into a
direct association with the response. However, it is also important
to note here that although contextual cues can modulate activation
of particular stimulus–response associations, such information can
also function as a stimulus that enters into a direct association with
the response. And the converse is also true, an auditory or visual
stimulus can also function to act as a higher-order cue to
modulate available stimulus–response associations. In sum-
mary, although different types of information may be processed
differently in the brain, the actual content of any information
available in the environment or the experimental circumstance
does not determine whether it will function as a task demand or
as a stimulus. Rather, the experimental design will dictate
whether it functions as a task demand to modulate stimulus–
response associations or as a stimulus to directly activate an
associated response. For consistency, throughout this article we
will refer to information functioning as a task demand as a
“cue,” whereas we will refer to information entering into a
direct association with the response as a “stimulus”.

The Role of the Medial Prefrontal Cortex in
Appetitive Procedures

The Resolution of Response Conflict

In an attempt to assess further the neural processes inherent in
response conflict such as that seen in the Stroop task, Haddon,
George, and Killcross (2008) designed a novel paradigm to evoke
similar response conflict in rats (see Figure 2). In this task, rats
are trained on two conditional discriminations, one auditory and
one visual, in two distinct contexts across multiple sessions. In
one context, discrete auditory cues (i.e., tone or clicks) predict
whether a left or right lever response will be rewarded with one
of two outcomes (i.e., sucrose solution or grain pellets). In the
alternate context, discrete visual cues (i.e., steady or flashing
light) dictate the correct lever response. During test sessions in
both contexts, rats are presented with novel audio-visual cue
compounds that dictated either the same or different responses
during training (termed congruent and incongruent compounds,
respectively). When rats are presented with congruent com-
pounds, no conflict is present as both the auditory and the visual
stimuli dictated the same correct lever press in training. How-
ever, when rats are presented with incongruent compounds,
response conflict is evoked as the cues that form the compound
dictated different correct lever responses during training. Had-
don et al. (2008) found that rats are capable of resolving this
conflict by using the task-setting contextual cues to disambig-
uate the response conflict and perform the correct lever-press
response appropriate to the context in which they are being
tested. That is, rats press more on the lever appropriate to the
auditory cue components in the auditory training context, and

Figure 1. Cohen et al.’s (1990) connectionist model of the Stroop task.
Units at the bottom are input (stimulus) units and units at the top are output
(response) units. Experience with particular tasks promotes a network of
representational nodes that links stimuli input units with response output
units. The strength of the connection between nodes is directly proportional
to experience with each stimulus–response combination. A response occurs
when sufficient activation has accumulated that one of the output units
exceeds a response threshold. Activity in these pathways can be influenced
by prefrontal input, which allows an active representation of task demands
to boost activity of the corresponding stimulus–response pathway via
hidden units lying between stimulus and response units.
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more on the lever appropriate to the visual cue components in
the visual training context. In the same way that people have to
use task instructions (i.e., name the color of the ink) to overcome
the prepotent response of word-reading in the Stroop task, rats use
contextual cues to resolve the conflict between the two elements of the
incongruent auditory-visual compound stimuli.

The PL cortex facilitates the use of contextual cues to resolve
response conflict. Lesion studies indicate that the medial pre-
frontal cortex is involved in the ability of animals to resolve
response competition in the rodent Stroop task (Haddon &
Killcross, 2006). Haddon and Killcross (2006) examined the
impact of large pretraining lesions encompassing the entire
medial prefrontal cortex on the ability of animals to use the
task-setting contextual cues to resolve response conflict. These
lesions did not disrupt acquisition of the conditional discrimi-
nations during the acquisition phase of the task. Further, they
did not disrupt the ability of animals to respond appropriately
during presentation of congruent compounds in the test session.
However, when incongruent compounds were presented, ani-
mals with lesions of the mPFC failed to use the contextual cues
present at test to resolve the ambiguous compound cue and

perform the response associated with the stimulus elements
trained in that context. This suggests that the mPFC usually
facilitates the ability of animals to use contextual cues to
influence response selection in ambiguous situations.

Further studies focusing on the contribution of the specific
regions within the medial prefrontal cortex in this task have
suggested that the PL and IL cortices play distinct roles in the
resolution of response conflict. For example, Marquis, Kill-
cross, and Haddon (2007) assessed the impact of functional
inactivation of the PL cortex on the ability to resolve response
conflict using this procedure. Inactivating the PL cortex before
the test session had no impact on the ability of animals to
perform the correct response when presented with congruent
compounds. However, akin to the impact of large lesions of the
mPFC, these animals were specifically impaired on incongruent
trials. That is, inactivation of the PL cortex specifically dis-
rupted the ability of animals to use the task-setting contextual
cues to resolve response conflict. This implicates the PL region
as the site within the mPFC that facilitates the ability of animals
to use task-setting cues to direct responding in the presence of
ambiguous information.

Figure 2. A schematic representation of the hierarchal associations thought to be at play in the rodent response
conflict task. Circles represent processing units, conceptualized as populations of neurons that code task-relevant
information. The lines represent connections between units, with colored lines indicating those connections
currently activated by stimulus input; heavier lines indicate stronger underpinning associations or stronger
activation of a pathway. During training two auditory stimuli (tone and click) predict whether a left or right lever
response will be rewarded in one context (the auditory context). In another context, two visual stimuli (light and
flash) predict which response will be rewarded (left or right). During testing animals are given novel audio-visual
compounds that predicted either the same response (i.e., congruent; e.g., tone-light) or different responses (i.e.,
incongruent, e.g., tone-flash) during training. (A) Rats given an incongruent compound (here, tone-flash) during
a test in the auditory context need to use contextual cues to resolve response conflict. These contextual cues are
argued to bias activity in their corresponding stimulus–response pathway (here, tone-left), producing the
response trained in that context. Inactivation of the prelimbic (PL) cortex prior to test disrupts the ability of
animals to use the contextual cues to resolve response conflict. (B) Following overtraining of the visual
discrimination, normal animals are unable to resolve response conflict when presented with the incongruent
tone-flash in the undertrained auditory context. The stronger connection between the overtrained stimulus and
response pairing (flash-right) overrides the ability of the contextual cues to influence activity in the contextually
modulated tone-left stimulus–response pathway. Inactivation of the infralimbic (IL) cortex prior to test in the
auditory context, however, allows animals to resolve the response conflict and perform the response associated
with the tone-left pathway associated with the auditory context.
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The IL cortex influences the ability of the well-trained re-
sponse to dominate behavior. In contrast to the role of the PL
cortex in promoting the ability of an animal to use contextual cues
to resolve response conflict, an opposite pattern of results was
found following inactivation of the IL cortex (Haddon & Killcross,
2011). In this study, the amount of training on each of the condi-
tional discriminations was manipulated such that one discrimina-
tion received three times the training of the other. As a conse-
quence of this differential training, and in line with the prototypical
Stroop task in humans where people have trouble overcoming the
tendency to read the word rather than name the color, rats show
substantial interference from the overtrained stimulus when pre-
sented with incongruent compounds in the undertrained context.
That is, animals are unable to use the undertrained task-setting
contextual cues to resolve the conflict when these contextual cues
required the animals to select an under- rather than overtrained
response. However, when the IL cortex was inactivated prior to
test, animals were rendered more able to use the contextual cues
relevant to the undertrained stimulus–response associations to
overcome the overtrained response. Thus, in contrast to the role of
the PL cortex in facilitating the use of task-setting cues during
response conflict, the IL cortex seems usually to be involved in
attenuating the influence of these contextual cues in favor of
allowing the simple stimulus–response associations to dominate
behavior, independently of task-setting contextual cues.

In light of the evidence demonstrating that the PL and IL
cortices contribute to the ability to resolve response conflict, the
PL and IL regions may act as the sites within the PFC that facilitate
the allocation of control in the manner described by Cohen et al.’s
(1990) model. More specifically, PL lesions or inactivation pre-
vent animals from using task-setting contextual cues to resolve
response conflict. In contrast, IL lesion or inactivation allows
animals to overcome the influence of overtraining and maintain the
use of contextual cues to resolve conflict long after control ani-
mals. Hence, the PL cortex normally contributes to the ability to
use task demands to modulate activity in stimulus–response path-
ways which dictate the correct lever response in the appropriate
context. In contrast, the IL cortex appears normally to be involved
in the process whereby with extended training stronger stimulus–
response associations become progressively able to dominate the
influence of task-setting cues.

The mPFC and Contextual Modulation of
Instrumental and Pavlovian Behaviors

The PL cortex regulates expression of context-specificity of
instrumental behavior. Other researchers have also found that
the prelimbic region is involved in the contextual modulation of
behavior in instrumental procedures (Trask, Shipman, Green, &
Bouton, 2017; Willcocks & McNally, 2013). For example, Trask
et al. (2017) found that inactivation of the PL cortex reduces the
expression of ABA renewal. Specifically, Trask et al. (2017)
trained rats to press a lever to receive food reward in one context
(context A), extinguished the lever-press response in an alternative
context (context B), and tested animals for levels of lever-press
responding when they were placed back in the conditioning (con-
text A). Under normal circumstances, rats will renew their re-
sponding when they are placed in context A as the cues present in
extinction are no longer available and do not exert control on the

inhibitory stimulus–response association developed in extinction
(Bouton, 1993, 2004; Delamater, 1996; Rescorla, 1997). However,
inactivation of the PL cortex during the renewal test selectively
reduced the increase in lever pressing in context A. Much like the
research investigating the resolution of response conflict described
above, these findings suggest that the PL cortex is necessary to
allow contextual cues to influence behavior to modulate the
context-specificity of behavior. Specifically, we would argue that
these results reflect a role for the PL cortex in using contextual
cues to modulate the stimulus–response associations acquired dur-
ing training, in a manner akin to that illustrated in Figure 2.

The role of the mPFC in the contextual modulation of
responding and Pavlovian conditioning. Of course, there are
many procedures that evoke response conflict that do not neces-
sitate a choice between instrumental actions. Pavlovian procedures
often endow a stimulus with ambiguous meaning. In the case of
negative occasion setting, a target stimulus can signal either rein-
forcement or nonreinforcement, where presentation of another cue
immediately prior to stimulus presentation signals that the stimulus
will not lead to reward delivery (Holland, 1991). Essentially,
animals need to use the initial cue to allow them to withhold
responding to the target stimulus which has accrued excitatory
associative strength via its relationship with reward on the other
trials. As would be expected from the literature discussed above,
the PL region of the mPFC is integral to allowing animals to
withhold their response on cue-signaled trials that predict the
absence of reinforcement (MacLeod & Bucci, 2010). Specifically,
animals with PL lesions fail to perform appropriately in this task,
where they exhibit similar levels of responding to the stimulus
regardless of whether it is preceded by another cue which signals
that reward will not be present (MacLeod & Bucci, 2010). Impor-
tantly, the responding of animals with PL lesions was intermediate
to that of the control group. This suggests that in the absence of
modulation by context from the PL cortex, rats respond on the
basis of the associative strength of the stimulus (which is partially
reinforced in the case of negative occasion setting). Interestingly,
using a similar task, Moorman and Aston-Jones (2015) have re-
cently demonstrated that activity in PL neurons increases during
presentation of discriminative cues which signal whether or not an
instrumental lever press will be rewarded. Significantly, the degree
of activity correlates with successful performance on this task and
is present across both discriminative cues (signaling lever presses
that will, or will not, be rewarded) suggesting the PL cortex is not
only involved in the reduction of responding on the basis of a
task-setting cue predicting reward absence but is more generally
involved the ability of task-setting cues to modulate both increases
and decreases in performance.

In contrast, IL lesions impact on Pavlovian appetitive behaviors
when animals should reduce responding following extinction
learning. For example, lesions of the IL cortex have been found to
enhance a renewal of responding toward a stimulus with a change
in the contextual cues from that of extinction (Rhodes & Killcross,
2007). Here, Rhodes and Killcross (2007) used a Pavlovian ver-
sion of the ABA renewal design described above where animals
are presented with stimulus-reward pairings in one context (A),
experience extinction to the stimulus in another context (B), and
are then tested for responding to the stimulus back in the original
conditioning context (A). Using this procedure, they found that
animals with lesions of the IL cortex maintained low levels of
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responding in the extinction context but selectively exhibited en-
hanced renewal, relative to sham-lesioned controls, when placed
back in the conditioning context. These data are in accordance with
research showing that IL lesions also produce an increase in
spontaneous recovery following the passage of time from the
extinction episode (Rhodes & Killcross, 2004), commonly inter-
preted in terms of animals detecting a change in internal context
from extinction, based on changing temporal cues (Bouton, 1993;
Bouton, 2004; Harris, Jones, Bailey, & Westbrook, 2000). These
data suggest that damage to the IL cortex appears to produce a
heightened sensitivity to changes in contextual cues. Thus, the
normal function of the IL cortex appears to be to offset the

tendency to change responding on the basis of contextual cues in
favor of the association developed in extinction (which is strong in
the case of ABA renewal and spontaneous recovery following
many extinction sessions). This is consistent with the data from the
rodent Stroop task, where the IL cortex appears to oppose the
influence exerted by the PL cortex in using present contextual cues
to modulate responding.

As a brief note here, we would still interpret the role of the IL
and PL cortices in Pavlovian behaviors as impacting upon a
framework which entails stimulus–response associations (see Fig-
ure 3). Although Pavlovian behaviors are typically considered to
be reflective of stimulus– outcome associations, it has been

Figure 3. The role of the medial prefrontal cortex in the modulation of inhibitory stimulus–response associ-
ations during Pavlovian conditioning. We would view the role of the prelimbic (PL) and infralimbic (IL) cortices
in Pavlovian conditioning as influencing the activation of inhibitory stimulus–response associations developed
during extinction or partial reinforcement. Within this framework, stimulus-outcome associations formed during
Pavlovian conditioning remain impervious to modulation and compete with the inhibitory stimulus–response
association for behavioral expression. A: This model can account for the deficit in negative occasion setting
found with PL lesions. Specifically, PL-lesioned rats fail to withhold responding on trials where a cue signals
that an excitatory conditioned stimulus will not be rewarded. We would interpret this as a role for the PL cortex
in allowing an occasion-setting cue to modulate activation of the inhibitory stimulus–response associations
developed on nonrewarded trials. Specifically, under normal circumstances the PL cortex would function to
increase activation of the inhibitory stimulus–response association in the presence of the occasion-setting cue
and reduce responding. B: This model can also explain the finding that lesions of the IL cortex have been found
to enhance the context-dependent renewal of responding following extinction. Here, IL-lesioned rats show
normal low levels of responding in the extinction context but demonstrate enhanced renewal of responding when
they are placed back in the conditioning context. We suggest that the IL cortex normally functions to promote
the independent activity of stimulus–response associations (i.e., activity that is independent of top-down
modulation). In intact animals, this would lead to some inhibitory stimulus–response activity acquired in context
B generalizing to context A, leading to a modest reduction in responding compared to animals which did not
receive extinction in context B. In the absence of IL cortex function, there is less generalization of the inhibitory
stimulus–response to context A, leading to greater responding (i.e., enhanced renewal) due to the underpinning
stimulus-outcome association. See the online article for the color version of this figure.
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repeatedly shown that extinction facilitates the development of
inhibitory stimulus–response associations (Delamater, 1996; Re-
scorla, 1997). That is, when a previously reinforced stimulus is
presented in the absence of reward it results in the development of
an inhibitory stimulus–response association which competes with
the original excitatory stimulus-outcome association (Delamater,
1996; Rescorla, 1997). After prolonged extinction training, the
inhibitory stimulus–response association dominates and presenta-
tion of the stimulus reduces the likelihood of response and pro-
duces extinction. Consistent with this view of extinction learning,
we would interpret the finding that animals with PL lesions fail to
inhibit responding in negative occasion setting as an inability to
use the cue to modulate activation of the inhibitory stimulus–
response association developed on nonreinforced trials (see Figure
3A). In much the same way, we would argue that the finding that
IL lesions produce enhanced renewal following context change is
reflective of an inability to promote responding of the strong
inhibitory stimulus–response association regardless of the pres-
ence of contextual cues (see Figure 3B). In this model, the pres-
ence of PL top-down influence over the inhibitory stimulus–
response association developed in extinction ensures responding
remains low in context B in IL-lesioned animals (consistent with
the experimental findings). With a functioning IL cortex to support
the inhibitory stimulus–response association developed in extinc-
tion, some of the extinction seen in context B will generalize to
context A, leading to limited renewal. However, when rats have no
functioning IL cortex and they are placed back in context A, the IL
cannot promote the inhibitory stimulus–response association, and
the PL cortex cannot promote any top-down influence as this is
conditional on being in context B. This allows the unmodulated
stimulus–outcome association to dominate responding and pro-
duce an increase in renewal. In both cases, PL and IL cortices act
to modulate the influence of the inhibitory stimulus–response
association developed on nonreinforced trials where the excitatory
stimulus–outcome association competes for behavioral expression
and is unaffected by top-down modulation.

The Modulation of Attention

In addition to the role of the mPFC in the modulation of
behavioral responding discussed above, the mPFC is also thought
to play a central role in attentional processing when multiple
stimuli compete for learning. Early rat studies assessed the role of
the PL cortex in sustained attention using the five-choice serial
reaction time (RT) task (Chudasama & Muir, 2001; Muir, Everitt,
& Robbins, 1996), and subsequently moved toward suggesting
that the PL cortex is involved in shifting attention when task
demands change, as indexed by performance in the attentional-
set shifting and response switching tasks (Birrell & Brown,
2000; Floresco, Block, & Tse, 2008; Gisquet-Verrier & Delatour,
2006; Ragozzino, Wilcox, Raso, & Kesner, 1999). For example,
Birrell and Brown (2000) found that medial frontal lesions in rats
selectively disrupted extradimensional set shifting, while leaving
reversal learning and intradimensional set shifting intact. The
ability to perform an extradimensional set shift involves disregard-
ing a stimulus set (e.g., color) that previously predicted reward to
shift attention to a new stimulus set (e.g., shape) which currently
predicts reward. Furthermore, Floresco et al. (2008) used inacti-
vation of the PL cortex to generalize this finding to switching

response sets, which may also be interpreted in terms of attentional
control (Sharpe & Killcross, 2014). These studies suggested that
the PL cortex contributes to the attentional processing of stimuli
that affords flexibility under changing contingencies.

Recently, results from our lab have attempted to clarify the
specific role of the PL cortex in the modulation of attention toward
stimuli during learning (Sharpe & Killcross, 2014). Given that
previous studies had suggested the PL cortex is specifically in-
volved in directing a preferential degree of attention toward certain
stimuli over other present stimuli rather than changing attention
toward single stimuli (e.g., shifting between attentional sets;
Birrell & Brown, 2000), we chose to model the PL deficit on the
basis of the competitive attentional process described in Mackin-
tosh (1975) attentional model. This model was specifically devel-
oped to deal with scenarios in which multiple stimuli compete with
one another and proposes that attention is a competitive process
whereby an increment in attention toward one stimulus (or set of
stimuli) necessitates a decrement in attention toward another stim-
ulus (or set of stimuli). This is consistent the previous literature
and also the current framework being developed in this review
where higher-order information is used to arbitrate between dif-
ferent response choices. However, this does not discount the
general role in learning for the attentional mechanism proposed by
Pearce and Hall (1980) which advocates that attention will in-
crease to a stimulus that is an uncertain predictor of an outcome
and decrease to those stimuli which are reliable predictors of an
outcome. In fact, it is now widely advocated that both these
attentional mechanisms contribute in parallel during learning,
where a Mackintosh (1975) mechanism may dominate in times of
high attentional competition whereas the Pearce-Hall model may
dominate in circumstances where few stimuli are present, ideas
developed in so-called “hybrid” attentional theories which inte-
grate these attentional mechanisms (Pearce & Mackintosh, 2010;
Le Pelley, 2004). Given the role of the PL and IL cortices appears
to be competition resolution, these areas may be specifically in-
volved in a process described by Mackintosh’s (1975) attentional
model, although future research is needed to assess this claim.

As the main premise underlying Mackintosh’s (1975) model is
that attention is preferentially directed toward stimuli that are
better predictors of an outcome than other stimuli present, we
performed a number of experiments where we manipulated the
predictive power of stimuli to assess the ability of animals with PL
lesions to modulate the degree of attention directed toward such
stimuli. In one experiment, we used an overshadowing procedure
to examine the ability of animals with PL lesions to downregulate
attention during learning (Sharpe & Killcross, 2014). Here, we
assessed overshadowing by pairing an audiovisual compound with
an outcome. Significantly, we arranged that the visual element of
the compound was much less salient than the auditory component
(Mackintosh, 1975, 1976; Pearce & Mackintosh, 2010). We did
this because this treatment has been shown to bias humans and
other animals toward use of an attentional mechanism to exhibit an
overshadowing effect which favors the downregulation of atten-
tion toward the less salient element of the compound, without
impacting on learning about the more salient stimulus (Le Pelley,
Mitchell, Beesley, George, & Wills, 2016; Mackintosh, 1973,
1975, 1976). In our design then, attention to the visual element
should be quickly downregulated as it becomes less predictive of
the outcome than the more salient auditory stimulus which rapidly
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accrues associative strength (Mackintosh, 1975; Pearce & Mack-
intosh, 2010). Consequently, less learning accrues toward the
visual element of the compound when compared to a matched
visual stimulus paired on its own with the outcome, and the
compound visual stimulus is said to be overshadowed. This form
of overshadowing is to be contrasted with the mutual overshad-
owing predicted by models which argue that overshadowing oc-
curs because the finite amount of associative strength is distributed
across the stimuli presented in compound (Rescorla & Wagner,
1972; for more details, see Sharpe & Killcross, 2015a).

Using this overshadowing procedure, which produces a reliance
on an attentional mechanism, we found that lesions of the PL
cortex disrupted exhibition of the overshadowing effect (Sharpe &
Killcross, 2014). Specifically, lesions of the PL cortex led to rats
exhibiting greater learning about the overshadowed cues. This
suggested that PL-lesioned animals failed to downregulate atten-
tion toward the visual element of the compound stimulus. We then
confirmed the attentional nature of the deficit by demonstrating
that animals with PL lesions were capable of exhibiting the block-
ing effect (an effect whereby prior learning about one cue blocks
learning about a second cue when they are presented in com-
pound), demonstrating that the rats could still distribute the finite
amount of learning supported by an outcome across the two
elements of a compound stimulus (Rescorla & Wagner, 1972) and
that this could not be the reason we did not see overshadowing.
However, after demonstration of successful blocking, PL-lesioned
rats subsequently learnt about the blocked stimulus more quickly
when it was paired individually with the outcome. This showed
that rats with PL lesions failed to downregulate attention toward
the redundant, blocked cue. That is, our dissociation between the
overshadowing and blocking procedures demonstrates that the
modulation of attention was required for overshadowing using
stimuli of different salience, but not for the blocking procedure (as
shown by the fact that PL-lesioned rats did not down-regulate
attention to the blocked cue but still exhibited blocking). This
suggested that the PL cortex is necessary for attentional modula-
tion but not the distribution of learning across stimuli presented in
compound with a motivationally significant outcome.

The argument above makes the assumption that PL-lesioned
animals can resort to a Rescorla–Wagner (1972) to learn about
relationships between stimuli on occasions when normal subjects
will instead modulate attention toward stimuli to “solve” the task.
To explicitly test this hypothesis, we designed an experiment that
would pit these two mechanisms against one another. Specifically,
we used a blocking of unblocking procedure where a Rescorla–
Wagner (1972) and Mackintosh (1975) mechanism would predict
an opposing pattern of results (Sharpe & Killcross, 2014). Here,
rats were first presented with two stimuli, which were paired
individually with an outcome (e.g., A�, C�). Then, rats received
a blocking phase where one of these conditioned stimuli was
paired in compound with another novel stimulus (i.e., AB�).
Finally, rats were presented with the blocking compound and
another novel compound comprising the other conditioned stimu-
lus in an unblocking phase, where both compounds were followed
by an upshift in the magnitude of reinforcement, which will drive
additional learning (i.e., AB��, CD��).

Under these circumstances, a Rescorla–Wagner (1972) and
Mackintosh (1975) process make distinct predictions about the
effect that the blocking phase will have on subsequent learning

about critical stimuli B and D in the unblocking phase. Specifi-
cally, according to a Rescorla–Wagner (1972) mechanism, the
blocking phase will not have any effect on learning about stimuli
in the unblocking phase. This is because attention toward stimuli
does not change across the course of an experiment in the
Rescorla–Wagner (1972) model and so the increment in learning
about stimuli B and D in the unblocking phase is unaffected by the
blocking phase. On the other hand, Mackintosh’s (1975) model
argues that the redundancy of stimulus B in the blocking phase
results in a downregulation of attention toward stimulus B. Con-
sequently, learning about stimulus B is slower than stimulus D in
the unblocking phase. Therefore, during a test session where B and
D are presented individually under extinction, responding to B will
be lower than that of D. In fact, this is what subjects in our control
group showed; a reduction in responding to B relative to D
demonstrating they downregulated attention toward stimulus B in
the blocking phase, in line with the Mackintosh (1975) attentional
model. However, rats with PL lesions did not demonstrate this
difference (despite the ability to demonstrate blocking under nor-
mal circumstances; Sharpe & Killcross, 2014). Rather, they
showed elevated levels of learning about B relative to D, a pattern
of results predicted by Rescorla and Wagner (1972), where en-
hanced learning about B is explained by residual learning not
allocated to stimulus A during the first phase accrues to B in the
blocking phase, and this transfers to the unblocking phase. Taken
together, these studies confirm that the PL cortex contributes to the
ability of animals to downregulate attention toward redundant
cues, and rats will resort to a Rescorla–Wagner (1972) mechanism
to learn about stimuli in the absence of an ability to change
attention toward stimuli.

Further emphasizing the coordinated roles of the PL and IL
regions, George, Duffaud, and Killcross (2010) reported data from
an optional set-shifting procedure which suggested that the IL
region of the mPFC is involved in the maintenance of attention
toward stimuli that have reliably signaled reward in the past (as
opposed to the role of the PL cortex in changing attention toward
stimuli). In this procedure, instrumental contingencies are set up so
that stimuli of one stimulus set dimension (e.g., auditory stimuli;
see Table 1) is informative in predicting which instrumental re-
sponse will be reinforced (Table 1: Stage I). During a brief shift
stage of the experiment, stimuli from another dimensional set also
become relevant in predicting which instrumental response will be

Table 1
Design Used in George et al. (2010)

Phase and exemplar Relevant Irrelevant

Stage 1: Initial discrimination
A1/V1: R1�
A1/V2: R1� Auditory Visual
A2/V1: R2�
A2/V2: R2�

Stage 2: Shift discrimination Auditory and visual
A3/V3: R1�
A4/V4: R2�

Optional shift
A3/V4 A4/V3

Note. A � auditory; V � visual; R � response. Bold typeface references
relevant stimuli.
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reinforced (e.g., visual stimuli; Table 1: Stage II). In a test session
(Table 1: Optional shift), George et al. (2010) found that sham-
lesioned and PL-lesioned animals performed the instrumental re-
sponses associated with the stimulus dimension established as
relevant in the first phase of the experiment. This suggested they
had developed and maintained an attentional set despite the brief
shift stage of the experiment. However, lesions of the IL cortex
resulted in equivalent test responding on the basis of both stimulus
dimensions, suggesting they did not maintain the attentional set
from the first stage. This demonstrates that the IL region of the
mPFC normally facilitates the formation or maintenance of an
attentional set toward stimuli that have reliably predicted outcomes
in the past, contrasting with the role of the PL region in modulating
attentional changes in response to changing contingencies and
promoting set-shifting. To illustrate this comparison using the
attentional blocking example above, we would argue that the IL
cortex would attempt to maintain the amount of attention directed
toward the blocked cue (which starts out high as the novel stimulus
is first presented; Mackintosh, 1975, 1976), opposing the influence
of the PL cortex which attempts to use the relatively better pre-
dictive power of the predictive stimulus to increase attention
directed toward it which results in a subsequent decrease in atten-
tion toward the novel, and consequently blocked, stimulus.

So how might we reconcile the role of the mPFC in attention
with data implicating this region in the resolution of response
conflict and contextual modulation? Interestingly, Cohen et al.’s
(1990) model was initially described in terms of attentional pro-
cessing. That is, the influence of task demands on the promotion of
the correct response was considered to be the result of a subject’s
voluntary increase in attention toward the task-setting cues which
subsequently biases activity of the relevant stimulus–response
pathway. Thus, one way to reconcile these different findings
would be integrate the attentional data within a hierarchical frame-
work. Although we would maintain that attention will change as a
consequence of changes in contingency or task demands as posited
by Cohen et al. (1990), we conceptualize the nature of this atten-
tional change in a slightly different way. Rather than the PFC
facilitating attentional change through a voluntary increase in
attention to, or activity of, the task-setting cues, which then bias
activation of relevant stimulus–response pathways, we argue that a
stimulus’ predictive power (i.e., the strength of the relationship
with the outcome) can also influence the ability of a target stimulus
to elicit an attentional response. More specifically, in this situation
some stimulus–response pathways consist of covert or overt ori-
enting responses which will then change how behavior is con-
trolled by that stimulus. Effectively, we propose that the associa-
tive strength of a stimulus will be used in a top-down manner to
influence the ability of that stimulus to elicit an attentional re-
sponse. Thus, attention will be high to good predictors of an
outcome and low to poor predictors of an outcome, consistent with
a Mackintosh (1975) attentional mechanism. In essence, we con-
ceptualize an attentional response in this model as one of a host of
responses that can be elicited by a stimulus and modulated by
context, task demands, or the value of a goal (Le Pelley, Mitchell,
& Johnson, 2013; see Figure 4). It is worth noting here not only the
departure from Cohen and colleagues’ original attentional model
(Cohen et al., 1990, 2004; Miller & Cohen, 2001), but also the
proposal of an explicit mechanism which explains how an atten-
tional response may be influenced by top-down control alluded to

in other frameworks (Le Pelley et al., 2013; Verbruggen, McLaren,
& Chambers, 2014). While conceptualizing attention in this man-
ner is novel, it is essentially a way in which we may reconcile the
human cognitive neuroscience (which has traditionally been
viewed in a top-down framework), with that of the associative
learning literature.

We would also briefly note here that viewing attention as the
result of top-down modulation allows illustration of a framework
whereby factors other than a stimulus’ predictive power can mod-
ulate attention paid toward a cue. For example, many studies have
shown that contextual factors can change how much attention is
paid toward a stimulus (Chun & Jiang, 1998; Hall & Channell,
1985; Sharpe & Killcross, 2015c). Take the classic example of
latent inhibition; an effect whereby prior exposure to a stimulus
reduces the degree of attention paid toward a stimulus, as indicated
by both a reduction in orienting responses and slower rates of
learning when that stimulus is paired with reward. If the context is
changed after exposure of the stimulus, attention is again reinstated
toward the stimulus and learning proceeds normally (Hall & Chan-
nell, 1985). This demonstrates that contextual cues can modulate
the attention that is directed toward a stimulus. In the current
framework, we would view the context as modulating the ability of
a stimulus to elicit an attentional response in addition to the
behavioral response in a top-down manner. Importantly, the PL
cortex also abolishes the ability of contexts to differentially mod-
ulate attention which is directed toward a stimulus (Sharpe &
Killcross, 2015c), consistent with a role for the PL cortex in
top-down modulate of attention and responding as advocated in
this framework.

From the perspective of an attentional response that changes as
a result of how well a cue predicts an outcome, we could then
interpret the role of the PL cortex in attention as changing the
ability of a stimulus to elicit an attentional response as a conse-
quence of a stimulus’ predictive power. That is, when a stimulus is
a redundant or poor predictor of an event, the PL cortex is
important for reducing the degree to which that stimulus will elicit
an attentional response. Further, we would anticipate that the PL
cortex also contributes to increases in attention toward good pre-
dictors of an outcome and, therefore, is generally involved in the
modulation of attention rather than explicitly a downregulation of
attention (though future research is necessary to test whether this
is the case). This would fulfill the requirements of a system that
allows a preferential degree of attention to be directed toward
better predictors in the environment. In contrast, the IL cortex
seems to be important for maintaining attention despite recent
changes in that stimulus’ predictive power. This allows the mPFC
to function as an attentional system that shifts the degree of
attention on the basis of how well a stimulus predicts an outcome
but remains impervious to brief changes in contingency that may
be insignificant. As mentioned, an attentional system that biases
attention toward stimuli that are better predictors of an outcome is
consistent with the theory of selective attention encapsulated by
Mackintosh’s (1975) theory of attention in associative learning
(Sharpe & Killcross, 2014). Thus, conceptualizing the PL and IL
cortices in biasing attention according to how well a stimulus
predicts an outcome fits within the hierarchal framework presented
here while integrating this top-down framework with other ac-
cepted theories of selective attention and learning in humans and
other animals (Le Pelley, 2004).
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Interim Summary

In the sections above we have reviewed the appetitive literature
that implicates the involvement of the PL and IL cortices in a wide
range of tasks. Specifically, these regions have been found to be

involved in using contextual cues to influence a choice between
responses in a rodent version of the Stroop task, occasion-setting
procedures, and extinction protocols. In these tasks, the PL cortex
promotes performance of an up-to-the-moment context-specific
response, whereas the IL cortex promotes performance of well-

Figure 4. Top-down modulation of an attentional response by the predictive power of a stimulus. Mackintosh’s
(1975) model can be incorporated into a parallel distributed processing framework. Specifically, we would
propose that the associative history of a stimulus can modulate the ability of that stimulus to elicit a covert or
overt orienting response which will subsequently influence the rate of learning about a stimulus and the outcome
it predicts. This is a departure from Cohen et al.’s (1990) attentional mechanism which argues that a voluntary
increase in attention toward task demands, goal value, or contextual cues subsequently biases activation of the
related stimulus–response pathway. Rather, we view the attentional response as simply another form of response
which can be elicited by a stimulus, just as it might elicit an overt response. A: The model applied to an
attentional interpretation of the overshadowing effect. Here, it is proposed that the inherent high salience of the
auditory stimulus allows the stimulus to elicit a greater attentional response than the less salient visual stimulus.
This increases the rate of learning and allows this stimulus to become a better predictor of the outcome, resulting
in the cue acquiring strong predictive power. In turn this enhanced predictive power boosts the attentional
response farther beyond that elicited by inherent salience alone. Consequently, the salient auditory stimulus
commands a very high attentional response relative to the weak visual stimulus producing specific overshad-
owing of the visual stimulus. As a competitive system, the loss of attention toward the visual stimulus is a
consequence of high attention paid toward the auditory stimulus, in line with Mackintosh’s (1975) original
framework. The prelimbic (PL) cortex is necessary for demonstration of this effect, where we would argue is the
effect of PL inactivation is due to the consequent inability of the high predictive power of the auditory stimulus
to modulate the ability of the stimulus to elicit a high attentional response, in turn failing to produce a decrease
in attention toward the visual stimulus. B: The model applied to attentional downregulation in the blocking
effect. After a stimulus has been established as predictive, that high predictive power promotes the maintenance
of attention toward the predictive stimulus. Simultaneously, attention to the novel stimulus decreases. Although
the PL cortex is not necessary for demonstration of the blocking effect per se, lesions of the PL cortex do prevent
this downregulation of attention toward the novel stimulus. We would interpret this as a consequence of the
lesion-induced inability of predictive power to modulate the ability of a stimulus to elicit an attentional response,
where attention would decrease toward the novel stimulus as a direct consequence of an increases toward the
predictive stimulus. See the online article for the color version of this figure.
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trained responses that are context-independent and reflect the
animal’s long-term experience with the contingencies present.
Further, the PL and IL cortices have also been implicated in the
modulation of attention toward predictive cues. Here, the PL
cortex mediates a change in attention directed toward a stimulus
that is directly influenced by how well that stimulus predicts a
motivationally significant outcome, whereas the IL cortex appears
to contribute to the maintenance of attention toward stimuli re-
gardless of how well they predict the outcome.

Although these tasks all necessitate the use of different infor-
mation, we would argue that the manner in which the PL and IL
cortices interact to influence behavior is the same. Specifically, in
each case the PL cortex appears to use information available in the
environment to produce a response that reflects the animal’s most
recent experience. That is, this region will exert voluntary control
over responding through the use of current contextual cues, task
demands, and how well a stimulus currently predicts an outcome,
to elicit a behavioral response that responds acutely to the animal’s
current circumstance. In essence, it produces a rule that allows the
animal to adapt rapidly to changing circumstances. In contrast, the
IL cortex opposes this influence, favoring execution of responses
that reflect the animal’s long-term experience with ongoing con-
tingencies and that is independent of current context, task de-
mands, or most recent associative changes. So in contrast to the PL
cortex, which is promoting adaptation to potentially important
changes, the IL cortex is promoting behaviors that reflect long-
term averages or probabilities. Thus, although the tasks in which
these regions have been implicated are diverse, the way that they
use information and interact with one another suggests a more
integrated function that balances the need to respond flexibly in a
changing world with the requirement to exploit what is already
known about that world. We have incorporated these ideas into a
well-established dichotomy in the cognitive neuroscience literature
between automatic and controlled processing. Specifically, we
would argue that the PL cortex exerts voluntary control over
behavior through the top-down modulation of stimulus–response
associations by context, task demands, and predictive power of a
stimulus, whereas the IL cortex directly opposes this control to
promote execution of strongest stimulus–response associations.

The Role of the mPFC in Aversive Procedures

The literature investigating work on the mPFC is essentially
segregated into two different fields. As discussed above, on the
one hand there is a history of research in the appetitive domain
looking at the role of the mPFC in tasks requiring modulation of
behavior to promote flexibility, supporting our theory that the
mPFC may be involved in exerting top-down control over lower-
order processing in a framework modeled on Cohen and col-
leagues (1990) PDP model. On the other hand, there is another
literature that examines the role of the mPFC in aversive condi-
tioning. Here, manipulating activity in the PL cortex has produced
a number of contradictory results. Specifically, damage or inacti-
vation of the PL cortex has been found to result in enhanced fear
to a stimulus paired with an aversive outcome, or to produce
greater levels of contextual conditioning to background cues, and
lower levels of fear responding (Corcoran & Quirk, 2007; Holson,
1986; Lacroix, Spinelli, Heidbreder, & Feldon, 2000; Morgan &
LeDoux, 1995). On the other hand, experiments manipulating

activity in the IL cortex have produced consistent effects on the
maintenance of extinction (Milad & Quirk, 2002; Quirk, Russo,
Barron, & Lebron, 2000). However, implicating this region in
extinction per se is at odds with the literature in the appetitive
domain. That is, the absence of IL activity does not influence the
maintenance of extinction when explicit contextual cues signaling
extinction are present (Rhodes & Killcross, 2004, 2007). Rather,
IL lesions appear to make animals more sensitive to changes in
contextual cues following extinction, in line with the framework
being proposed in this review. In this next section, we will recon-
cile the data from the appetitive and aversive domains by integrat-
ing these diverse findings from the fear literature into our frame-
work.

The Role for the PL Cortex in Modulating Attention
During Fear Conditioning

To test whether the PL cortex may also be necessary for mod-
ulating attention toward stimuli during fear procedures, we as-
sessed the impact of PL inactivation during an aversively moti-
vated version of the overshadowing task described above (Sharpe
& Killcross, 2015a). Thus, as in the appetitively motivated proce-
dures described above, we presented an audiovisual stimulus fol-
lowed by delivery of a mild footshock and compared this learning
with that attributed to two elemental stimuli (one auditory, one
visual) each paired with shock individually. Here, we formally
tested whether our procedure promoted the use of an attentional
mechanisms to demonstrate the overshadowing effect. To do this,
we demonstrated that our control group of rats showed overshad-
owing of the visual stimulus that formed part of the audio-visual
compound. That is, learning about the visual stimulus when in
compound was reduced relative to learning about the visual stim-
ulus when paired individually with shock. However, learning
about the auditory stimuli did not differ whether they were trained
in compound or individually. As described in The Modulation of
Attention section above, this finding is only consistent with an
attentional account of overshadowing (Mackintosh, 1975, 1976).
That is, Mackintosh’s (1975) model predicts that attention will
specifically reduce toward the weaker stimulus in a compound (in
this case the visual stimulus) and he explicitly demonstrated this to
be the case (Mackintosh, 1976). Further, as Mackintosh’s (1975)
model uses a separable error term, the finite amount of learning
that can be supported by the unconditioned stimulus (US; in this
case, the shock) does not need to be shared across the stimuli
conditioned in compound. Thus, any small amount of learning
attributed to the weak visual stimulus does not detract from learn-
ing about the salient auditory stimulus. This is in contrast to a
nonattentional account of overshadowing (e.g., Rescorla & Wag-
ner, 1972), which necessitates that any learning accruing toward
the weaker stimulus detracts from learning about the auditory
stimulus and cannot predict any learning about the visual stimulus
at all without predicting a matching reduction of learning about the
more salient auditory stimulus.

Using this overshadowing procedure, which produced a demon-
strable reliance on an attentional mechanism, we found that func-
tional inactivation of the PL cortex during learning produced a
deficit in overshadowing. That is, when we inactivated activity in
the PL cortex during conditioning where the audio-visual com-
pound and elemental stimuli were paired with shock, we found a
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selective deficit in the ability of rats to demonstrate overshadowing
of the visual stimulus. This was despite normal high levels of
learning about both auditory stimuli. Interestingly, using the same
procedure we found that inactivation of the PL cortex at test after
learning had no impact on the expression of these associations.
Specifically, all rats showed overshadowing of the visual stimulus
and high levels of responding toward all other stimuli. These data
demonstrated that the PL cortex is necessary for animals to mod-
ulate attention during fear learning but not for responding at test
when attentional modulation is not necessary as stimuli are pre-
sented individually (rather than in compound) and are no longer in
competition. This dovetails perfectly with the role of this region in
modulating attention in appetitive procedures (see The Modulation
of Attention section).

It is worth noting here that other researchers have found that
inactivation of the PL cortex at test after conditioning reduces the
expression of fear toward a single stimulus. One of the first studies
that looked at the impact of posttraining inactivation of the PL
cortex was conducted by Corcoran and Quirk (2007). Following
conditioning, Corcoran and Quirk (2007) inactivated the PL cortex
immediately prior to an extinction test session. Rats without PL
function were found to express less fear toward a stimulus across
this session. Since then, data from the same lab have demonstrated
that microstimulation of the PL cortex increases the degree of fear
elicited by a stimulus during an extinction test (Vidal-Gonzalez,
Vidal-Gonzalez, Rauch, & Quirk, 2006). Similarly, Burgos-
Robles, Vidal-Gonzalez, and Quirk (2009) have also demonstrated
that PL neurons exhibit sustained activity across presentation of a
stimulus and that the degree of activity in these neurons correlated
with measures of conditioned freezing. Taken together, these data
have led the authors to describe the PL cortex as being involved in
promoting a sustained conditioned response across a lengthy pre-
sentation of a stimulus (see Figure 5; Sotres-Bayon, Sierra-
Mercado, Pardilla-Delgado, & Quirk, 2012). However, these data
are inconsistent with our findings in the overshadowing procedure
described above, as well as several published demonstrations
showing that lesions or inactivation of the PL cortex do not disrupt
the basic acquisition or expression of cue-outcome associations

(Balleine & Dickinson, 1998; Chudasama & Muir, 2001; Killcross
& Coutureau, 2003; Marquis et al., 2007; Ragozzino et al., 1999;
Sharpe & Kilcross, 2015c; Sharpe & Kilcross, 2014).

It may be that the discrepancy between these findings rests in
the difference between the parameters used across studies. Specif-
ically, in the Corcoran and Quirk (2007) study rats were given all
conditioning trials in a single session with short intertrial intervals
(ITIs) between stimulus-shock pairings. This is in contrast to the
parameters used in our overshadowing procedure where we pre-
exposed rats to the conditioning context prior to conditioning,
which was then conducted across multiple sessions using long
ITIs. The significance of the difference in these parameters lies in
the degree of competition that may come from the context. That is,
just as discrete stimuli compete to become associated with an
outcome in the overshadowing procedure, the background context
and discrete stimulus can compete to become associated with the
outcome in any conditioning procedure (Maes & Vossen, 1993;
Rescorla, 1984). The degree of competition from the context will
depend on the amount of experience the animals have with the
context in the absence of presentation of the outcome. Thus,
conducting conditioning across a single session and using short
ITIs between stimulus-shock pairings will increase competition
from the context, as animals have less experience with the context
outside of cue-outcome pairings (Maes & Vossen, 1993; Rescorla,
1984). In an environment of high competition, to attribute more
learning toward the discrete stimulus as the more temporally
accurate predictor, animals must devote more attention toward this
uniquely predictive stimulus and actively downregulate attention
toward the contextual stimuli as a set of less predictive elements
(Mackintosh, 1975; Pearce & Mackintosh, 2010; see Figure 6).
This allows greater levels of learning to accrue to the discrete
stimulus as the better predictor of the US, and relatively little
learning to accrue to contextual stimuli. Given the importance of
the PL cortex in modulating attentional competition, it is likely that
increasing competition from the context will produce an increasing
reliance of PL-dependent attentional modulation and, therefore,
greater effects of PL inactivation.

Figure 5. Quirk and colleagues argue that the prelimbic (PL) cortex is necessary for the expression of
conditioned fear, whereas the intralimbic (IL) cortex is necessary for the maintenance of extinction. Findings that
inactivation of the PL cortex reduces fear expression, while inactivation of the IL cortex increases fear
expression have lent to the development of a model whereby the PL cortex is primed to increase fear responding
whereas the IL cortex is important for the maintenance of extinction. A: Following conditioning, it is argued that
the basal amygdala (BA) signals the presence of a fearful stimulus to the PL cortex, which in turn potentiates
inputs to BA to produce a sustained freezing response to the stimulus via increased activation of neurons in the
central nucleus (CeM) of the amygdala. B: Following extinction, stimulus presentation also recruits IL activity
and freezing is suppressed through the amygdala intercalated cells (ITC) which inhibit freezing elicited by the
CeM. See the online article for the color version of this figure.
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Thus, it may be that findings resulting from posttraining inac-
tivation of the PL cortex can also be reconciled by appealing to a
role for the PL cortex in directing attention toward predictive
stimuli (Sharpe & Killcross, 2014, 2015a). That is, just as attention
can influence how much learning accrues toward a stimulus, the
degree of attention that is directed toward a stimulus can also
influence the level and duration of conditioned responding it elicits
(Le Pelley, 2004; Mackintosh, 1975; Pearce & Mackintosh, 2010).
In the Corcoran and Quirk (2007) study, during conditioning rats
received conditioning in a single session using 2-min ITIs. These
parameters would likely have promoted a high degree of compe-
tition between contextual and discrete cues. Despite this competi-
tion, as the PL cortex was functioning normally during condition-
ing, all animals would have been capable of resolving the
competition and would have learnt that the discrete stimulus was
the better predictor of shock relative to the context, and the discrete
stimulus would therefore have gained the majority of associative
strength. During the test session, the parameters remained the same
(i.e., short ITIs). Here, as we have shown, the PL cortex is
necessary to use the predictive value of a stimulus to modulate the
degree of attentional response elicited by that predictive stimulus
(see Figure 4). Hence, animals without PL function would fail to
devote preferential attention to the predictive discrete stimulus
relative to the context (which comprises many elemental stimuli

and, therefore, receives more unmodulated attention and associa-
tive strength). Thus, animals without PL function would direct
attention indiscriminately to both contextual and discrete stimuli in
the chamber at test. As the stimuli that comprise the context had
acquired little associative strength across training these animals are
in effect basing their responding on a lower average associative
strength, leading to a deficit in conditioned fear expression.

Interestingly, this interpretation can also reconcile other discrep-
ancies in the fear literature regarding PL function. Specifically,
lesions of the PL cortex have been found to produce no effect on
conditioned fear, produce an enhancement of conditioned fear to
both a context and a stimulus, or produce greater learning about a
context at the expense of a discrete stimulus (Holson, 1986;
Lacroix et al., 2000; Morgan & LeDoux, 1995). In each case the
findings can be accounted for by differential levels of competition
from the context produced by varying parameters. Studies that
have shown no effect of PL lesions on fear learning have used
parameters that would tend to produce low competition from the
context (Holson, 1986), whereas those that have found increased
learning about both a stimulus and a context have used parameters
that tend to promote moderate competition from the context (Mor-
gan & LeDoux, 1995), and those which have found an increase in
learning about the context at the expense of the stimulus have used
parameters that tend to promote high competition from the context

Figure 6. The prelimbic (PL) cortex modulates attention during fear learning. Lesions or inactivation of the PL
cortex produce deficits in learning about fearful stimuli only when there is high competition between discrete and
contextual stimuli. Consistent with results from the appetitive literature, we would argue that this is due to a role
of the prelimbic cortex to use the predictive power of a stimulus to increase the ability of the stimulus to elicit
an attentional response. In this model, the degree of attention directed toward the discrete or contextual stimuli
is directly proportional to the competition between discrete and contextual stimuli, determined by the parameters
of the experiment (e.g., current intertrial intervals and history of context exposure in the absence of shock). A:
When competition between the contextual and discrete stimuli is high, the PL cortex can use the strength of the
unmodulated stimulus-outcome associations to influence the attentional response elicited by a stimulus. This
allows a greater degree of attention to be devoted to the discrete stimulus as a better predictor of an outcome and
competition between the stimuli to be resolved which influences future learning. B: When competition between
discrete and contextual stimuli is low, the prelimbic cortex is not needed to resolve conflict between stimuli as
more attention is devoted toward the discrete stimulus and the majority of learning is directed toward it. See the
online article for the color version of this figure.
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(Lacroix et al., 2000). Thus, studies that have found effects of PL
damage on fear learning have used parameters which promote high
competition from the context. This would likely necessitate atten-
tional modulation to resolve. In much the same way as two discrete
stimuli competing for attention, the contextual stimulus can com-
pete with a discrete auditory stimulus. As in the case with two
discrete stimuli, attention will increase to the better predictor of the
outcome to preferentially devote learning toward the better
predictor of shock. In the case of fear conditioning where the
discrete stimulus is often temporally adjacent to delivery of the
outcome, attention (and subsequently, learning) will increase to
the discrete stimulus and decrease to the redundant contextual
stimuli.

To test explicitly test the hypothesis that the role of the PL
cortex in fear learning depends on competition from the context,
we recently assessed the impact of pretraining lesions of the PL
cortex on the expression of fear toward a stimulus in circumstances
providing differential degrees of competition from the context
(Sharpe & Killcross, 2015a). Specifically, we examined the impact
of pretraining lesions of the PL cortex on responding to a stimulus
when animals had little experience with the context outside of
cue-shock pairings and when they had more experience with the
context outside of these pairings. According to the argument
above, if the PL cortex is specifically involved in modulating
attention to resolve competition between cues during fear condi-
tioning, PL lesions should only impact on fear learning when
competition between the context and the discrete stimulus is high.
In line with this, we found that when animals received short ITIs
between stimulus-shock pairings and low context exposure, lesions
of the PL cortex enhanced learning about the context at the
expense of learning about the conditional stimulus (CS). This
would be expected if a Rescorla–Wagner (1972) mechanism was
used by PL-lesioned rats in the absence of attention modulation
when competition between stimuli was high (as in the case in
blocking, see The Modulation of Attention section). Specifically,
as associative strength is distributed across all stimuli that com-
prise the context and the single discrete auditory stimulus, more
associative strength becomes devoted to the many stimuli com-
prising the context relative to the discrete stimulus. However,
when a separate group of animals received high levels of context
exposure and were trained with long ITIs between stimulus-shock
pairings, PL lesions had no effect on the ability of animals to
exhibit high levels of fear toward the discrete stimulus and low
levels of learning about the context. These data demonstrate that
the effect of pretraining lesions of the PL cortex on fear condi-
tioning procedures is dependent on whether the parameters used
promote competition between the discrete stimulus and context,
which will then require attentional modulation to resolve. That is,
the PL cortex is involved in fear learning and expression only
when attentional modulation is required, in line with our findings
examining overshadowing in a fear conditioning procedure, as
well as appetitive studies which demonstrate that the PL region is
necessary to modulate attention toward predictive stimuli.

The Role of the PL Cortex in the Context Specificity
of Extinction

Recent studies have also suggested that the PL cortex plays a
role in the contextual regulation of fear expression following

extinction (Orsini, Kim, Knapska, & Maren, 2011; Zelikowsky et
al., 2013). For example, Orsini et al. (2011) found that disconnec-
tion of the hippocampus (HPC) and the PL cortex disrupted the
ability of animals to exhibit renewal of conditioned fear following
extinction. Orsini et al. (2011) paired a discrete stimulus with
shock in one context (context A), extinguished the stimulus in an
alternative context (context B), and tested animals for levels of fear
expressed toward the stimulus in a third familiar context (context
C; i.e., an ABC renewal paradigm). Similarly to the ABA renewal
procedure described above (see The mPFC and Contextual Mod-
ulation of Instrumental and Pavlovian Behaviors section), rats will
usually renew their expression of fear when they are placed in
context C as the cues present in extinction are no longer available
and do not exert control on the inhibitory stimulus–response as-
sociation developed in extinction (Bouton, 1993, 2004; Delamater,
1996; Rescorla, 1997; see Figure 3). Prior to the extinction test
session in context C, Orsini et al. (2011) gave rats unilateral
lesions (contralateral or ipsilateral) of the HPC and PL cortex. Rats
with contralateral lesions, where the HPC and PL cortex are
functionally disconnected, failed to exhibit the renewal of fear
when the context was different from that experienced in extinction.
This suggests that these animals were not capable of using the
contextual cues to exhibit a renewed fear response to the extin-
guished stimulus. These data may suggest that the PL cortex plays
a role in allowing contexts to modulate responding in an aversive
setting as is the case in appetitive procedures. Here, a role for the
PL cortex in modulation behavior through use of contextual cues
is to be contrasted with the role described in the section above
where the PL cortex modulates attention toward a discrete stimulus
over other present contextual stimuli (see Figure 3). In the latter
case, the context acts as a stimulus which is capable of entering
into a direct association with the outcome rather than as a modu-
latory cue (see Figure 6).

Data from our lab have recently extended results implicating
PL–HPC interactions in contextual modulation to investigate the
impact of specific manipulation of PL activity on the ability of
animals to use contextual cues to regulate fear responding (Sharpe
& Killcross, 2015c; Sharpe & Killcross, 2015b). In one study, we
examined the impact of lesions and functional inactivation of the
PL cortex on the ability of animals to exhibit ABA renewal. Here,
animals received tone-shock pairings in context A, extinction in
context B, and were then placed back into context A. Here, we
found that pretraining lesions of the PL cortex did not impact on
the development of extinction of conditioned fear, again support-
ing the idea that the PL cortex is not directly involved in the
expression of fear per se. However, when these rats were again
placed in context A following extinction, they failed to renew the
expression of conditioned fear. These data demonstrate that the PL
cortex is necessary to use contextual cues to modulate responding
when the stimulus is presented after extinction, similarly to find-
ings that have implicated the PL cortex in using contextual cues to
resolve response conflict in the rodent version of the Stroop task
(Marquis et al., 2007). This suggests that the role of the PL cortex
in using contextual cues to modulate performance in fear learning
is similar to that seen in appetitive studies, where we would
envision its role as using contextual cues to exert top-down control
over an inhibitory stimulus–response pathway acquired in extinc-
tion to demonstrate context-specific renewal (see Figure 3).
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Following the finding that the PL cortex is necessary to modu-
late performance during the renewal test in the conditioning con-
text, we were interested to assess whether the PL cortex would also
be necessary for the development of modulatory associations that
would allow the context to influence behavior (Sharpe & Killcross,
2015b). To investigate this question, we silenced PL activity
during extinction in ABA renewal. That is, after rats experienced
the tone paired with shock in context A, we placed rats in context
B and presented the tone stimulus in the absence of shock. Inter-
estingly, we found that inactivation of the PL cortex during ex-
tinction accelerated extinction learning. That is, without PL func-
tion rats exhibited a faster suppression of fear to the tone. This is
as one would expect if rats without PL function could not use
contexts to exert top-down control over responding and resorted to
a simpler mechanism to express extinction. Specifically, we spec-
ulated that rats would resort to a Rescorla–Wagner (1972) mech-
anism (known to be intact in PL-lesioned animals; Sharpe &
Killcross, 2014) which would predict that the cues comprising
context B gain negative associative strength as they are “extin-
guished” with the conditioned stimulus (Delamater & Westbrook,
2014). This would result in faster extinction as the loss of asso-
ciative strength to a compound is faster than that of a discrete
stimulus alone (Delamater & Westbrook, 2014; Rescorla & Wag-
ner, 1972). Further, this effectively protects the discrete stimulus
from extinction as the summed associative strength of both the
context and discrete stimulus must reach zero, causing the context
to accrue negative associative strength and, therefore, the discrete
conditioned stimulus to maintain a significant proportion of its
associative strength. Counterintuitively, this would predict that rats
without PL function during extinction would still exhibit renewal
of fear when placed back in the conditioning context A. That is,
when the rats are no longer in context B, they would exhibit
responding that is based on the discrete stimulus alone, revealing
the maintenance of associative strength. In fact, this is exactly
what we found. Specifically, although rats without PL function
exhibited faster extinction to the discrete stimulus, when placed
back in context A they were still capable of showing robust
renewal of fear to the tone. These data are consistent with a role for
the PL cortex in the modulation of associations by context, where
in the absence of PL activity, rats resort to an elemental mecha-
nism to exhibit context-specific renewal of conditioned fear.

Of course, the account described above dictates that if rats could
not use a simpler elemental mechanism rats without PL function
would fail to demonstrate context-specific behavior. To test this
hypothesis, we used a biconditional contextual discrimination.
Here, we presented rats with two stimuli across two different
contexts. In one context, one of the cues was presented with mild
shock whereas the other was presented without reinforcement. In
the other context, these associations were reversed such that the
stimulus that previously predicted shock was now presented with-
out reinforcement and the other stimulus now predicted shock.
Under normal circumstances, rats will respond differentially to the
stimuli depending on which contextual cues are present. That is,
they will exhibit fear to one of the stimuli when it is presented in
the context where it predicts shock, and the other when placed
in the other context. Note that in this experimental design, as
opposed to the ABA or ABC designs, rats cannot use the stimuli
that comprise the context in an elemental fashion as both contexts
have stimuli that are either reinforced or nonreinforced. As ex-

pected, in this circumstance we found inactivation of the PL cortex
either during either learning or during an extinction test produced
indiscriminate levels of fear toward both stimuli, regardless of
context. That is, animals without PL function at either the learning
or test phase of this task failed to use the contexts to modulate
learning or responding toward the stimuli. These data extended
current understanding of PL function, showing that the PL cortex
is not only necessary to use contextual cues to modulate perfor-
mance online but also to influence the development of context-
specific modulation of associations during learning. In thinking
about the framework we have proposed, we would argue that the
PL cortex is necessary for the development of the higher-order
association whereby the context comes to modulate the ability of
a cue to elicit a behavioral response in addition to using contexts
online to produce context-specific effects at test after normal
learning has taken place.

The Role of the IL Cortex in Generalizing Fear
Learning Across Contexts

Consistent with the appetitive literature, lesions or inactivation
of the IL cortex have been found to increase the spontaneous
recovery of fear after extinction. In fact, one of the first studies to
assess the role of the IL cortex in fear investigated the impact of
pretraining IL lesions on the recovery of fear after extinction
(Quirk et al., 2000). Here, lesions did not impact acquisition or
initial extinction of conditioned fear, in much the same manner as
PL lesions. However, when IL-lesioned rats were placed back in
the conditioning context following extinction they exhibited higher
levels of recovery of fear. Since then, recording studies have
shown that IL neurons are active the day after extinction, where
increased activity is associated with lower levels of freezing during
recovery tests (Milad & Quirk, 2002). Further, stimulation of IL
neurons during recovery also reduces levels of freezing and ex-
tinction has been found to modify the intrinsic excitability of IL
neurons (Milad & Quirk, 2002; Santini, Quirk, & Porter, 2008).
These results have led to the theory that the IL cortex is necessary
to reduce fear expression after extinction (in direct contrast to the
role of PL cortex in increasing fear expression).

However, an increase in spontaneous recovery after extinction
in IL-lesioned rats has also been reported in the appetitive litera-
ture (Rhodes & Killcross, 2004), and is entirely consistent with a
role for the IL cortex in generalizing extinction across contexts
(discussed in The IL Cortex Influences the Ability of the Well-
Trained Response to Dominate Behavior section). That is, these
data implicated a role for the IL cortex in promoting the inhibitory
stimulus–response association developed in extinction that is in-
dependent of context. This is strongly supported by the nature of
extinction deficit seen in IL-lesioned animals. Specifically, a crit-
ical component of the enhanced recovery seen in IL-lesioned
animals is a transient increase in the recovery of fear at the
beginning of the second extinction session which then decreases in
line with that of controls across successive trials (Milad & Quirk,
2002; Quirk et al., 2000). This transient increase at the start of
successive extinction sessions in IL-lesioned rats is also seen in
appetitive conditioning (Rhodes & Killcross, 2004). Here, analyses
showed that although IL-lesioned animals show increased recov-
ery at the start of session relative to sham-lesioned controls, both
groups show an equivalent reduction in responding across the
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remainder of the extinction session (Rhodes & Killcross, 2004).
That is, after an initial increase in responding, IL-lesioned rats
quickly adjust to normal levels of extinction performance, showing
equivalent savings as sham-lesioned controls from one extinction
session to the next. This is consistent with a role for the IL cortex
in generalizing extinction across contexts. Specifically, in the
absence of a physical change in context, rats will interpret the
passage of time as a potential shift in context. Accordingly, at
the beginning of successive extinction sessions rats will recover
responding to an extinguished stimulus as they judge the temporal
context to have shifted from that of initial extinction. As the test
session proceeds, presentations of the stimulus in the absence of
reinforcement reestablishes the extinction context and perfor-
mance comes to reflect the previous and ongoing extinction learn-
ing. Thus, a selective increase in responding at the beginning of a
session in IL-lesioned animals is consistent with an enhanced
sensitivity to perceived changes in contextual cues resulting in an
increase in initial responding which subsides after presentations of
the stimulus without reinforcement reestablishes the extinction
context.

Interpreting the enhanced recovery seen in animals without IL
function as enhanced sensitivity to changes in contextual cues is
supported by studies investigating the impact of IL lesions on
ABA renewal. As has been demonstrated in appetitive studies
(Rhodes & Killcross, 2007), it has been shown that IL lesions
produce enhanced renewal to an extinguished stimulus following
context change in an aversive setting (Zelikowsky et al., 2013).
Here, IL lesions did not affect recovery after extinction when rats
were tested in context B. That is, when contextual cues were
available these animals were capable of withholding the response,
demonstrating that IL cortex is not necessary for extinction when
contextual cues signal that the extinction context is in effect.
However, these rats showed enhanced recovery when placed back
in the acquisition context A. These data confirm that lesions of the
IL cortex render an animal particularly sensitive to changes in
contextual cues that come to modulate extinction. To put this
another way, the normal function of the IL cortex may be to allow
extinction memories to generalize across contexts (i.e., to oppose
the PL-mediated modulation of responding by contextual cues) so
as to protect fear memories from recovery, rather than maintaining
an extinction memory per se. This is in line with the role of the IL
cortex in promoting the strongest stimulus–response pathway de-
scribed in the appetitive section above. Here, we would argue that
the IL cortex promotes activation of the inhibitory stimulus–
response association acquired in extinction to offset the influence
of a perceived change in context cues in reinstating performance to
an extinguished stimulus. This again places the function of the IL
in opposition to that of the PL, maintaining control of behavior by
simple training history, and resisting top-down modulation by
contextual cues.

Interestingly, inactivation of the IL cortex during or after the
first extinction session has also been found to produce an increase
in recovery when rats are tested the following day. That is, IL
inactivation during the initial extinction session does not impair a
reduction in responding during that session, however these rats
show heightened recovery at the beginning of the extinction ses-
sion the following day (Laurent & Westbrook, 2009). Similarly, IL
inactivation in the consolidation window after the initial extinction
session also produces enhanced recovery across the first few trials

of the extinction session the following day (Laurent & Westbrook,
2009). These findings beg the question of how IL inactivation the
day before test can result in a heightened sensitivity to a change in
the contextual cues in the subsequent extinction session. One
possibility is that the level of influence contextual cues have in
modulating responding develops across extinction learning and is
predetermined prior to next extinction session. Thus, during the
initial extinction session activity in the PL and IL cortices interact
to establish how much control contextual cues will have in biasing
their associated responses. In the absence of IL activity, PL activ-
ity may promote a heavier influence of contextual cues over the
association developed in extinction and produce enhances sensi-
tivity to changes in contextual cues in subsequent extinction ses-
sions. Thus, associations allowing contextual cues to regulate
responding may be continually updated to change how these cues
may influence responding in future learning episodes. In this way,
the interaction between IL and PL activity may balance the benefit
of adapting responding to a perceived change in context with that
of increasing knowledge that the cue will no longer produce
reinforcement regardless of a change in context.

Interim Summary

In the section described above we have outlined the current
discrepancies residing within the aversive literature. First, we
discussed findings from our laboratory which have shown that the
PL cortex modulates attention toward predictive cues to resolve
competition and devote learning toward the best predictor of an
outcome during aversive learning, as is the case in appetitive
conditioning procedures. Here, we discussed how a role for the PL
cortex in modulating attention could explain the finding that PL
inactivation reduces the expression of fear. Specifically, we would
argue that findings that have shown that lesions or inactivation of
PL cortex reduces fear expression have used parameters which
promote high competition which produce a reliance of PL activity
to resolve and devote learning and responding to the best predic-
tors of shock. We experimentally tested this hypothesis by varying
parameters to promote either high or low competition from con-
textual cues and assessed the impact of PL lesions in each case. We
found that PL lesions only impacted on the expression of condi-
tioned fear when there was high competition between contextual
and discrete cues. When competition from the context is low, we
saw that PL lesions or inactivation had no effect on the ability of
animals to express fear to a discrete stimulus. Second, we and
others have shown that the PL cortex is involved in utilizing
contextual information to regulate learning and responding in
aversive paradigms in much the same way as that seen in appeti-
tive procedures. Finally, we have also discussed the literature that
implicate the IL cortex in the maintenance of extinction. We
believe that the specific pattern of the deficit seen in extinction,
where responding is increases selectively across the first few trials
of the session, is due to an enhanced sensitivity to contextual cues.
In each case, we would argue that the role of the PL and IL cortices
can be explained using an expansion of the PDP model and
framework put forth by Cohen and colleagues (Cohen et al., 1990;
Miller & Cohen, 2001). Specifically, that the PL cortex in involved
in the process whereby contextual cues and predictive power of a
stimulus can modulate the ability of the associated stimulus to
elicit a response. Again, the role of the IL cortex in generalizing
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memories across contexts can be explained by a role for this region
in promoting the strongest stimulus–response pathway indepen-
dent of context, potentially through direct opposition of PL-
mediated modulation of responding by context via intrinsic con-
nections.

Can We Integrate the Role of the mPFC in Goal-
Directed Actions and Habits Into This Framework?

One of the first functions attributed to the mPFC cortex is the
coordination of actions and habits (Balleine & Dickinson, 1998;
Coutureau & Killcross, 2003; Killcross & Coutureau, 2003). Spe-
cifically, the PL cortex is necessary for instrumental responding
which is sensitive to the current value of a goal and the contin-
gency between action and that goal (Balleine & Dickinson, 1998).
That is, animals without PL lesions do not adjust their behavior
following goal devaluation or when the goal is presented noncon-
tingently (where the probability of reward is independent of re-
sponding). This demonstrates that the PL cortex is necessary for
the voluntary, goal-directed actions. On the other hand, it is now
well established that the IL cortex contributes to the formation of
stimulus–response habits (Coutureau & Killcross, 2003; Killcross
& Coutureau, 2003; Smith, Virkud, Deisseroth, & Graybiel, 2012).
In accordance with this, lesions of the IL cortex have been found
to result in the persistence of sensitivity to goal value after ex-
tended training, indicating a lack of transition toward a habitual
system (Killcross & Coutureau, 2003), and neuronal inactivation
of the IL has been demonstrated to reinstate goal sensitivity in
well-trained rats that would otherwise demonstrate habitual re-
sponding (Coutureau & Killcross, 2003). More recently, Smith et
al. (2012) have also demonstrated, using optogenetic perturbation,
that the IL cortex appears to be acting online to promote perfor-
mance of habits at the time of behavioral expression. As suggested
by Killcross and Coutureau (2003), this dissociation between the
contribution of the IL and PL to instrumental performance indi-
cates that the mPFC acts as a system which facilitates the trade-off
between flexible but taxing goal-directive performance (supported
by the activity of the PL cortex) and the control of behavior by
autonomous and involuntary habits (supported by the activity of
the IL cortex).

The balance between goal-directed behavior and habitual be-
havior is similar to the framework advocated here. That is, the
current article advocates that activity in the PL and IL cortex exerts
top-down control over behavior to achieve a trade-off between
behavior which is sensitive to current changes in the environment
and that which reflects the long-run history of experience. As such,
it is tempting to integrate within this framework the role of the PL
and IL cortices in the balance between responding which is sen-
sitive to changes in the value of an outcome being worked toward
(i.e., goal-directed behavior) and making a response which has
reliably resulted in procurement of a rewarding outcome in the past
(habitual behavior). For instance, one might argue that the goal
could act as a cue to exert top-down control over stimulus–
response pathways in much the same way as contextual cues.
Accordingly, the value of a goal could influence performance of a
response which is associated with that goal, so reducing the value
of the goal would reduce the likelihood of making a response
associated with the devalued goal.

However, there are two reasons to think this is not possible.
First, it has been demonstrated that the PL cortex is only involved
in the acquisition of goal-directed behaviors. That is, inhibition of
PL activity only impacts on goal-directed behavior during instru-
mental training and not during a test session after subjects have
learnt normally (Ostlund & Balleine, 2005). This is problematic
because the role of the PL cortex in other behaviors described in
this review (such as attention and contextual modulation) extends
to performance of these behaviors even when these behaviors are
well learnt. The second issue is that goal-directed behavior is
generally conceptualized as governed by an association between
the response and the outcome (i.e., an R–O association; Balleine &
Dickinson, 1998; Colwill & Rescorla, 1990). As such, thinking
about the goal as exerting top-down control over stimulus–
response pathways is at odds with current accounts of the hierar-
chical structure of goal-directed learning, for which there is con-
siderable evidence. Taking these concerns into account, it may be
that the role of the PL and IL cortices in goal-directed behavior
cannot be integrated into the current framework and is subserved
by processing of a qualitatively different nature in these regions
that may be governed by distinct connections between the medial
prefrontal cortex and the rest of the brain. This would be supported
by the literature in humans, showing that goal-directed behavior is
dependent on different neural circuits than both contextual and
attentional modulation (see the next section for discussion). How-
ever, a view for top-down modulation of behavior by goals may
have relevance for more complex settings where goals are used as
discriminanda and also require the medial prefrontal cortex (de
Wit, Kosaki, Balleine, & Dickinson, 2006; Dwyer, Dunn, Rhodes,
& Killcross, 2010).

Functional Homologues of the mPFC in Humans

Functional Homologue for the PL Cortex

A number of studies have suggested that the dorsolateral pre-
frontal cortex (DLPFC) shares functional similarity with the rodent
PL cortex (Egner & Hirsch, 2005; MacDonald, Cohen, Stenger, &
Carter, 2000; Rogers, Andrews, Grasby, Brooks, & Robbins,
2000). For example, MacDonald et al. (2000) conducted a func-
tional MRI (fMRI) study using a task-switching version of the
Stroop task. They found that the DLPFC was specifically involved
on trials requiring the implementation of cognitive control to
overcome response conflict. That is, when the task required that
participants to name the color of an incongruous pair, the DLPFC
was preferentially activated. Further, the degree of activation of
the DLPFC predicted the interference effect. More specifically,
greater activation in this region was significantly correlated with a
smaller interference effect. This suggests that the DLPFC may be
a good candidate for a functional analogue of the PL cortex in
terms of conflict resolution, enabling current task demands to
influence selection of the appropriate response.

The DLPFC is also involved in attentional set-shifting which
may also implicate the DLPFC in aspects of attentional processing
attributed to the PL cortex (Birrell & Brown, 2000; Rogers et al.,
2000; Sharpe & Killcross, 2014). Rogers et al. (2000) used posi-
tron emission topography (PET) to measure change in regional
cerebral blood flow while subjects performed the WCST. The
WCST is a task commonly used to measure executive function and
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requires subjects to solve a series of discriminations requiring
shifting attention within and between different stimulus dimen-
sions (i.e., intra- and extradimensional set shifts). The authors
found that the pattern of activation in the DLPFC differed depend-
ing on the type of attentional shift that was required to complete
the discrimination. The DLPFC was preferentially activated when
participants were required to make an extradimensional set shift in
which they had to shift attention away from a previously relevant
stimulus dimension and toward a different stimulus set. This
pattern was not seen with intradimensional set shifts or when
participants were required to reverse their discriminations. Fur-
ther, DLPFC function has also been causally shown to be
involved in attentional set shifting in marmosets, where lesions
encompassing the DLPFC produce a selective deficit in extradi-
mensional set shifts (Dias, Robbins, & Roberts, 1996, 1997).
This mirrors the pattern of deficits seen with animals with PL
lesions (Birrell & Brown, 2000), which has subsequently been
attributed to a specific deficit in downregulating attention to-
ward the previously relevant stimulus dimension (Sharpe &
Killcross, 2014). These similarities suggest that that the DLPFC
may also play a similar role to the PL cortex in attention as well
as implementing control over behavior in the Stroop task.
Thinking about the DLPFC as a potential homologue for the PL
cortex is also consistent with studies which have demonstrated
that the PL cortex receives the same anatomical projections
inherent in the primate DLPFC, particularly as defined by their
thalamic afferents (Uylings et al., 2003). However, it is of
course important to note that other researchers have shown that
the prefrontal cortex of the rodent lacks critical features of that
seen in humans and nonhuman primates (Öngür & Price, 2000).

On the other hand, the ventromedial prefrontal cortex (vmPFC)
appears to be a neural locus for the execution of goal-directed
actions in humans (Balleine & O’Doherty, 2010; de Wit, Corlett,
Aitken, Dickinson, & Fletcher, 2009; Gläscher, Hampton, &
O’Doherty, 2009). Using fMRI, Gläscher et al. (2009) demon-
strated that the vmPFC was selectively involved when participants
were required to choose between two instrumental actions associ-
ated with two different monetary rewards. Further, Tanaka, Bal-
leine, and O’Doherty (2008) also showed that activity in this
region was sensitive to the contingency between different actions
and outcomes. Using a free-operant design, activity in the vmPFC
was found to be selectively elevated when participants were per-
forming on a schedule with a high contingency between the action
and outcome relative to a low-contingency schedule. In contrast,
research has suggested that habit learning is predominantly sub-
served by the lateral striatum (Tricomi, Balleine, & O’Doherty,
2009). Tricomi et al. (2009) trained participants on a task using a
variable interval schedule for food reward and used fMRI to
examine how neural activation may change as behavior becomes
habitual. In the third session, participants were given an outcome
devaluation test and shown to be performing habitually. During
this session, activity in the lateral striatum was elevated compared
to the first session where subjects were found to be responding in
a goal-directed manner. These studies suggest that the vmPFC may
be involved in allowing the value of rewards to influence action
selection, whereas processing may become confined to subcortical
structures as training progresses and dominated by habitual re-
sponding. Implicating both the DLPFC and vmPFC in functions

attributed to only the PL cortex in rodents suggests, unsurprisingly,
that the human PFC is more differentiated than that of the rodent.

Functional Homologue for the IL Cortex

There is a relative paucity of data regarding a homologue for the
IL cortex in humans. This may be in part due to the traditional
view of cognitive control that conceptualizes top-down influence
over responding as allowing behavior to be governed by rules and
task sets. However, as this review suggests, top-down control may
also involve a competing process that opposes the influence of
rules and task set to promote execution of more automatic re-
sponses. Nevertheless, research stemming from the aversive liter-
ature may suggest a potential neural locus for some of the pro-
cesses which have been attributed to the IL cortex. As discussed in
this review, the rodent IL cortex has been implicated in the
consolidation of fear extinction and an inhibition of fear. Research
from the cognitive neuroscience domain has suggested that the
human subgenual vmPFC may be the region involved in the
consolidation of extinction memory and inhibition of fear in
humans (Hartley, Fischl, & Phelps, 2011; Nieuwenhuis &
Takashima, 2011), prompting the authors to suggest that the hu-
man vmPFC may be a likely candidate for an analogue of the
rodent IL cortex. Given the vmPFC has also been implicated in
allowing the value of a goal to influence behavior (Balleine &
O’Doherty, 2010; De Wit et al., 2009; Gläscher et al., 2009), it
may be surprising that the same region may be involved in pro-
cesses attributed to both the PL and IL cortex in rodents. Although
there is some evidence that it may be different regions of the
vmPFC that are involved in fear inhibition and goal-directed
responding (Hartley et al., 2011), it may be that the functional
distinctions observed in the rodent brain are not respected in the
human brain. Rather, it appears as though the human brain is
organized according to functional domains, where regions such as
the vmPFC are involved in goal-directed behavior and the inhibi-
tion of fear responding, whereas the DLPFC appears to be in-
volved in using rules and task sets to influence behavior. Thus,
certain functions from the medial wall of the rodent brain may
have migrated to the more lateral regions of the human PFC where
they retain the functional divisions present in the rodent PL and IL
cortices in a domain specific manner. In line with this, an analogue
for the IL cortex in opposing the influence of rules and task-set
over stimulus–response pathways may more likely be found in the
DLPFC. Further research is needed to investigate the neural loci
for specific functions inherent in the rodent medial PFC within
distinct regions of the vmPFC and DLPFC of the human brain.

What About the Cingulate?

In rodents, the anterior cingulate cortex (ACC) is considered to
be a critical region of the medial prefrontal cortex and shares
extensive projections with both the PL and IL cortices (Öngür &
Price, 2000; Uylings et al., 2003). In our hands, we have seen that
selective lesions of the ACC in rodents produces a deficit in the
detection of response conflict (Haddon & Killcross, 2006; Marquis
et al., 2007). For example, lesions of the ACC produce a transient
within-trial deficit in the rodent version of the Stroop task (Haddon
& Killcross, 2006). Specifically, ACC-lesioned animals show im-
paired responding in the initial 10s period of incongruent test
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compounds. That is, when a conflict arises between two well-
trained responses as incongruent stimuli are presented, animals
without ACC function show a selective deficit at the beginning of
cue presentation. This deficit subsides across the later 50s of the
stimulus where ACC-lesioned animals show appropriate conflict
resolution through use of available contextual cues. These data
may suggest that lesions of the ACC produce a deficit in the initial
detection of response conflict while not being necessary for the
resolution of conflict itself. This is supported by research exam-
ining activity in the ACC in humans during the Stroop task (Carter
et al., 1998; Cohen et al., 2004). Such studies have shown that
activity in the human ACC is increased during presentation of
incongruent compounds, when conflict is high. Activity in the
ACC does not correlate with performance itself but rather the
degree of conflict present, in contrast to activity in the DLPFC
(MacDonald et al., 2000). This research suggests that the ACC
may be involved in detecting response conflict to engage
DLPFC/PL systems to resolve response present conflict and per-
form the contextually appropriate response.

Conclusions

Here we have proposed a framework that attempts to describe a
role for the medial prefrontal cortex in rats that generalizes across
both the appetitive and aversive domains. We have adopted a
model that describes voluntary control of behavior in terms of
hierarchal control (Cohen et al., 1990; Miller & Cohen, 2001;
Cohen et al., 2004). Within this framework, the PFC maintains
patterns of activity that represent current task demands which bias
activity in basic stimulus–response pathways. We argue that the
rodent mPFC contributes to the exertion of control over automatic
behaviors in the manner described within this framework. More-
over, we believe that this region is capable of directing control
according to a range of factors including contextual cues (extinc-
tion experiments), predictive history of a stimulus (i.e., attentional
modulation; overshadowing and blocking experiments), and task-
setting cues (Stroop-analogue experiments). In addition, rather
than conceptualizing attention as a change in focus directed toward
task-setting cues which subsequently influences activation in
stimulus–response pathways (Cohen et al., 1990; Miller & Cohen,
2001), we conceptualize an attentional response as one of a host of
responses that can be elicited by a stimulus and modulated by task.
Thus, the predictive history of a stimulus can modulate activity in
the corresponding stimulus–response pathway that produces an
increase in an attentional response to that stimulus. Furthermore,
the dichotomous nature of the interaction between the PL and IL
cortices suggests behavior is controlled by two competing pro-
cesses, one that prioritizes responding according to current circum-
stances and competing task demands, and one that opposes this
influence by promoting performance of well-established behav-
ioral and attentional responses. This framework has implications
for loss of voluntary control of behavior relevant to models of drug
abuse and neuropsychiatric disorders such as schizophrenia, long
thought to reflect deficits in prefrontal control over appropriate
behavior.
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