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Abstract
Memory of past experience is essential for guiding goal-related behavior. Being able to control
accessibility of memory through modulation of retrieval enables humans to flexibly adapt to their
environment. Understanding the specific neural pathways of how this control is achieved has
largely eluded cognitive neuroscience. Accordingly, in the current paper I review literature that
examines the overt control over retrieval in order to reduce accessibility. I first introduce three
hypotheses of inhibition of retrieval. These hypotheses involve: i) attending to other stimuli as a
form of diversionary attention, ii) inhibiting the specific individual neural representation of the
memory, and iii) inhibiting the hippocampus and retrieval process more generally to prevent
reactivation of the representation. I then analyze literature taken from the White Bear Suppression,
Directed Forgetting and Think/No-Think tasks to provide evidence for these hypotheses. Finally, a
neuroanatomical model is developed to indicate three pathways from PFC to the hippocampal
complex that support inhibition of memory retrieval. Describing these neural pathways increases
our understanding of control over memory in general.
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1. Introduction
One of the quintessential aspects of being human is reflected in the connection to one’s past,
supported by our memories. Memory, whether procedural or declarative, governs and
facilitates countless behavioral phenomena during life. It places us in our current context,
reminds us of where we are going, and where we have come from. Yet we are not slaves to
our memory, as we exhibit the ability to control various aspects of it. Control over memory,
in particular, may exist as a cognitive mechanism that influences our awareness of memories
in a flexible manner. Such control mechanisms may have evolved to influence older brain
circuitry, such as modulating the memory processes of the non-neocortical hippocampus,
which may be referenced or used in on-going behavior. Clearly, when working towards a
goal, there are countless occurrences in which some memory information must be
facilitated, while other irrelevant memory information must be inhibited. Being able to
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accomplish this feat clearly enables us to be more flexible when interacting with our
environment.

Our control over memory becomes most apparent when we are confronted with memories
that we wish to avoid thinking about, such as those that are emotionally painful or associated
with traumatic events. In some cases reliving such affective experiences may be beneficial
to a point, as in bereavement (Malkinson, 2001). However, if not eventually brought under
control, such memories may repeatedly exceed conscious thresholds, becoming intrusive
and ruminative in nature. In some conditions, such as post-traumatic stress disorder (PTSD),
retrieval of such memories may cause serious distress and impairment.

In view of their importance for behavior, processes that are involved in the creation and use
of memory, such as encoding, maintenance and retrieval have been extensively researched.
However, one memory phenomena that continues to be contentious is the question of
whether we can inhibit the retrieval of specific memories. While the last century has brought
about a significant increase in our understanding of how memory information becomes less
accessible, exemplified in numerous theoretical accounts of how forgetting occurs, it has
focused mainly on processes that are automatic (e.g., interference, decay). Only more
recently has cognitive psychology and neuroscience probed into whether controlled aspects
of memory apply to the inhibition of retrieval. Consequently, there is little consensus on the
specific mechanisms by which control may be exerted to inhibit memory retrieval.

The following integrative review attempts to understand and model mechanistically the
ability to direct control over memory in order to inhibit retrieval at both the level of
cognitive (e.g., long-term and working memory) and neural (e.g., hippocampus, PFC)
systems. In the review I attempt to clearly illustrate how inhibition of retrieval may involve
alterations of encoding or alternatively learning to avoid retrieval. This perhaps occurs by
cognitive/inhibitory control, reflected as increased activation of PFC areas to down-regulate
hippocampal/MTL regions. Specific anatomical PFC-hippocampal/MTL pathways and their
associated processes will be discussed in regard to dopamine and neural oscillations that
may affect (i) pattern completion, (ii) activity in posterior cortex (sensory processing and
multimodal association areas), and (iii) information gated through the basal ganglia to be
accessed or maintained by WM, all of which are likely to affect the amount of information
recalled at any given moment. The subsequent discussion to illustrate such control over
memory processes proceeds with the following sections: First, in view of the current focus
on inhibition of retrieval, the basic nature of encoding and retrieval processes in memory are
described. Second, three of the most relevant hypotheses regarding inhibition of retrieval in
the literature are discussed and illustrated. Next, the behavioral and neuroimaging literatures
examining the inhibition of retrieval are then analyzed to assess which of these three
hypotheses is most strongly supported. Finally, a neuroanatomical model of inhibition of
retrieval is presented that incorporates most findings in the literature.

2. The Basic Nature of Encoding and Retrieval Processes
Because the focus of this paper involves inhibition of retrieval, it is important to outline
what we know about the retrieval process in memory. Of course, the amount of information
retrieved is also dependent on previous attempts to encode information, so it is necessary to
also consider the encoding process. Because these two processes of memory are examined
by multiple lines of research in the fields of cognitive psychology and neuroscience, there is
significant debate on the specific details of each component. The specific distinctions within
each of these processes are beyond the scope of our discussion. Yet, their general aspects,
defined by recent consensus in cognitive neuroscience, are important to outline, because
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their neural counterparts and putative functionality will later serve to illustrate how
mechanisms of inhibition of retrieval may interact with each process.

First, concerning memory encoding, the medial temporal lobe (MTL) is a major terminus of
the various sensory processing pathways. As the neuronal firing of these sensory features is
maintained by focused attention on the representation of a stimulus, a binding process
occurs within the hippocampus proper and its surrounding MTL cortices (i.e.,
parahippocampal and entorhinal cortices) to conjoin the different perceptual features of the
event in a conjunctive manner (Jonides et al., 2008; O’Reilly & Norman, 2002). Within the
hippocampus, this process occurs in a sparse neuronal firing pattern that is thought to index
and represent the original neural representations of the event that occurred in various
sensory processing regions. By encoding and binding these conjunctive representations into
a sparse representation in the hippocampus, the likelihood of interference from other events
is decreased. Furthermore, the hippocampus proper exhibits a fast learning rate, which also
minimizes interference that may occur during the time between perception and encoding
(O’Reilly & Norman, 2002; O’Reilly & McClelland, 1994). As the hippocampus starts
binding these different neural sensory representations of the external event, plasticity (both
Hebbian and non-Hebbian LTP) occurs. As plasticity takes place, it causes increased
communication between pre- and post-synaptic cells associated with the sparse
representation. This process allows the linkage between the different neural sensory
component representations of the specific event within the hippocampus proper via
enhanced protein synthesis (Wixted, 2004; Jonides et al., 2008). The plasticity process
provides the neural mechanisms of consolidation, in which a particular external event
becomes a lasting memory, which is the basis for long-term memory (LTM).

If encoding occurs with sufficient activation during a specific event, a memory may become
established and durable. If so, then a particular internal or external sensory cue may allow
for retrieval. The memory of the initial event is retrieved through activation of one of the
component representations in the neural network that represents the entire composite
memory representation. Specifically, if a component representation is activated and attention
is focused on it, the representation may then continue to activate in a feed-forward manner
to the hippocampus. If this occurs, activation of any linked component representation of the
original event in sensory regions may feed-forward to the hippocampus, causing the sparse
representation indexed within the hippocampus to pattern complete (Rolls, 1989; O’Reilly &
McClelland, 1994). Pattern completion then reactivates all the specific component
representations of the original event through feed-back activation from the hippocampus to
sensory regions that originally encoded the event. As more attention is focused on the
emerging component representations of the features of the original memory event, the
specific representations which were first engaged in perception are reactivated to some
degree. Attentional resources (e.g., prefrontal and parietal regions) then maintain the firing
of these representations as a composite memory (Jonides et al., 2008).

The maintenance of these retrieved memories is thought to be governed by a cortical-basal
ganglia-thalamo-cortical loop. In this loop sensory representations in posterior cortex are
actively maintained by the prefrontal cortex (PFC) through a gating mechanism in the basal
ganglia and thalamus that allows the PFC to communicate with posterior cortex (Frank et
al., 2001; Hazy et al., 2006). This gating mechanism is controlled by dopaminergic input to
the basal ganglia and signals when to open and close the gate so that PFC can flexibly
maintain the firing and updating of memory representations. During maintenance, the flow
of information is inhibited so that current representations that are actively firing in PFC can
continue to do so. Conversely, when updating occurs this loop becomes uninhibited, so that
new information can transfer to the PFC for subsequent maintenance (for a review see
O’Reilly & Frank, 2006). The selective maintenance and updating of these representations is
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the basis for which information is accessible to working memory (WM) and ultimately what
is recalled.

In general, it is worth noting that inhibition of retrieval can be influenced by differences in
the nature of processing i.e., automatic vs. controlled processes. While both automatic and
controlled processes can be seen as essential for proper memory function, they likely
involve different neural components. Whereas automatic processes occur outside of
awareness or cognitive influence, controlled processes are cognitively directed. Automatic
processes are more akin to conceptions of standard processes of forgetting (e.g., proactive/
retroactive interference), whereas inhibition of retrieval implies a cognitively directed
mechanism to lessen the accessibility of memory information. However, the difference
between these processes likely occurs in impetus or motivation, and does not necessitate that
every component by which these processes function are distinctly separable (discussed
later). Because the focus of this paper concerns cognitive attempts during inhibition of
retrieval, only cognitive memory paradigms that overtly require individuals to block or
interfere with retrieval are analyzed.1

3. Hypotheses of Inhibitory Modulation of Memory Retrieval
Although the term inhibition is widely used in psychology and neuroscience to describe a
range of different phenomena (e.g., cognitive, behavioral, neural), it is often vaguely
conceived and consequently leads to debate (Munakata et al. in press). Therefore, in order to
provide a framework in which findings can be reviewed and interpreted, this section
proposes three hypotheses that define the manner in which inhibition of retrieval may occur
(illustrated in Figure 1). Although these hypotheses have not been fully specified in
mechanistic detail in the literature, they do encompass the major competing views about
how inhibitory modulation may reduce or lessen memory retrieval.

3.1 Direct Inhibition
This hypothesis, often referred to as retrieval inhibition or directed suppression, concerns
inhibition over a specific, singular memory representation (Gieselman et al., 1983; Bjork,
1989; Bjork et al., 1998; Anderson & Green, 2001; Levy & Anderson, 2002). According to
this hypothesis, as cues relevant to stored memories are accessed or maintained by working
memory (WM), the cues initiate cognitive control processes exerted by prefrontal cortex
(PFC). PFC is hypothesized to send an inhibitory signal directed at the specific
representation of the target memory, stored as a long-term memory that has been associated
with the cue, thereby preventing retrieval. 2

3.2 Reactivation Inhibition
This hypothesis proposes that cognitive control processes of the PFC initiate inhibition that
modulates memory retrieval processes more generally rather than a specific singular
memory representation. In this case, inhibitory signals affect the memory retrieval process, a

1The current concern in this paper is with cognitively controlled attempts to inhibit retrieval. As such, it places other non-cognitive
processes that may affect memory outside the focus of this discussion. Specifically, because the tasks used to examine inhibition of
retrieval are sometimes termed memory or thought suppression, occasionally a proposed relationship between the tasks and the
controversial unconscious defense mechanism of Freudian repression that renders an individual unaware of a traumatic memory that
may subsequently be “recovered” has been suggested (Anderson & Green 2001; Anderson et al. 2004; Erdelyi 2006). Although it has
been debated that conscious inhibition of retrieval may be the counterpart to an unconscious process of repression, and that the
mechanisms of how each are employed may share some common aspects (Erdelyi, 2006), data are not currently available to answer
these questions convincingly, and so they lie outside the scope of this discussion.
2Although the direct inhibition hypothesis has been characterized as specific inhibition of a single memory representation, which is
referenced by multiple articles by Anderson and colleagues, it is noteworthy that their recent discussions and future work may
alternatively view inhibition of retrieval as a more general inhibitory mechanism (Anderson, personal communication, 2011).
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process which is hypothesized to involve a hippocampal/MTL mechanism that reactivates
the perceptual representations of the original memory by pattern completion (discussed
above). Under this hypothesis, stopping the reactivation process from occurring would
involve increased PFC control that induces the reduction of information output from the
hippocampus to surrounding MTL cortices (Depue et al., 2007; 2010; 2011). Decreased
output of the hippocampus/MTL would, in turn, reduce pattern completion of the memory,
which subsequently stops the reactivation of the full composite memory ensemble in
supporting cortices. The end result is insufficient information for processes of WM to
represent and maintain the memory (Depue et al., 2007; 2010; 2011). The major distinction
between this hypothesis and the Direct Inhibition hypothesis is that, in the former, inhibition
is invoked as a general control mechanism over a process or brain region rather than a
specific memory item or representation, as in the latter.

3.3 Competitive Attentional Inhibition
This hypothesis proposes that retrieval of a target memory is reduced by directing attention
to something else, that is, by diversion from the present memory. Subsequently, the
diversionary process is initiated when a target-relevant cue is accessed or maintained by
WM. At that point, attention is then focused on an alternative memory representation other
than the target memory, which then becomes associated with the cue. As continued attention
to the diversionary memory representation strengthens its association with the cue, it may
inhibit the original target representation through competitive collateral inhibition, normally
associated with stored representations in LTM. I would suggest that this process is achieved,
not by competing representations in LTM, but rather through WM processes of PFC. In
order for local collateral competition to inhibit competing representations in LTM, the
neural representations must be spatially close in proximity for collateral inhibition to
transfer from one representation to another. Therefore, it would seem unlikely that the
content and neural representation of diversionary memories would always meet this spatial
requirement. One possibility is that competition occurs between more abstract tags
associated with WM maintenance of both the diversionary and target memory located
spatially close within PFC, which may induce local collateral inhibition. In this view,
Competitive Attentional Inhibition involves a reduction or resolution of interference among
various memory representations competing for expression (Miller & Cohen, 2001; Wimber
et al., 2008). Therefore, this hypothesis can also be regarded as engaging automatic
inhibitory processes that likely function in standard conceptions of forgetting (e.g., retro/
proactive interference; Konishi et al., 2011).

4. Empirical Findings on Inhibitory Modulation of Memory Retrieval
Because the focus of this review concerns cognitive attempts at inhibition of retrieval, only
memory paradigms that overtly require individuals to stop thinking, not think, forget, or
control their thoughts about specific memories are considered. The three most relevant
paradigms that have been used to examine the inhibition of retrieval are: i) White Bear
Suppression task, ii) Directed Forgetting task, and iii) Think/No-Think task. Findings related
to these three paradigms are discussed in two major sections, one focusing on behavioral
studies, and the other focused on neuroimaging studies. Although debate over the
contribution of mechanisms described in the three previous hypotheses exists, it is
indisputable that these tasks examine controlled processes in efforts to reduce retrieval and
hence, awareness of memory information.

4.1 Behavioral Studies
4.1.1 White Bear (WB) Experiments—A wave of interest in the control over memory
began with seminal work by Wegner and colleagues in the WB experiments (Wegner et al.
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1987; Wenzlaff et al.; 1988; 1991; Wegner & Erber, 1992; Wegner, 1992). During the task,
participants are told that in one portion of the study they are going to be asked to “not think
of a white bear”, referred to as the suppression period, and in another portion to engage in
free thought, known as the expression period. The order in which these two portions occur is
counterbalanced across individuals so that some have the expression period initially and
others the suppression period initially. Each period usually lasts five minutes, and
participants are asked to ring a bell when they encounter the target thought (i.e., white bear).
Results have indicated two major effects: 1) participants in the suppression initial period
have a higher rate of target thoughts than those in expression initial period; and 2)
participants in the suppression initial period, have a higher rate of target thoughts during the
subsequent expression period. Wegner termed this latter finding as post-suppression rebound
(Wegner, 1994), a paradoxical shift that occurs when participants are asked to control
memory information.

In some versions of the task, participants are instructed to think of a diversionary thought/
memory during the suppression period. During some experiments using this method, no
evidence of rebound effects was observed (Wegner et al., 1987, experiment 2). Thus, it was
concluded that, if individuals have an alternate stimulus to which they divert their attention
while attempting to control the memory of the white bear, the probability of retrieval
decreased. In contrast, if no diversionary stimulus was provided, retrieval increased.
Therefore, successfully inhibiting retrieval in some of these studies has been attributed to
diversionary mechanisms that are specifically termed environmental cueing (Wegner, 1994).
Environmental cueing suggests that, as an individual attempts to control memory
information by focusing on a diversionary stimulus, these stimuli become associated with
the original target memory (i.e., white bear). Therefore, repeated attempts to control the
target memory by diversionary tactics associate multiple alternate memories with the target
stimulus, making retrieval of the target less probable (Wegner, 1989; 1994).

Such diversionary accounts were incorporated into a more formal Dual-Process Theory
consisting of: 1) the operating process, which involves consciously searching for
diversionary stimuli on which to focus attention, and 2) the unconscious monitoring process,
which is sensitive to the intrusions of the target memory under control. It was proposed that
when the two processes become imbalanced, intrusions occur more frequently than
diversionary stimuli and increased conscious detection of the unwanted target occurs. This
explanation suggests that, when diversionary attempts fail, individual’s become aware of the
target memory. This was later termed the Ironic Process Theory (Wegner, 1992; 1994; 1997;
Wegner & Wenzlaff, 1996).

While studies examining the WB task yield varied results regarding the efficacy of
inhibiting retrieval, the majority of the findings seem to show ineffectual control of memory
as measured by intrusion rates, although there is some evidence to suggest that providing
specific diversionary tactics may be more successful than other attempts to inhibit retrieval.
Thus, some evidence from the WB task appears to support the mechanism of Competitive
Attentional Inhibition hypothesis of inhibition of retrieval.

4.1.2 Directed Forgetting (DF) Experiments—One of the most investigated
approaches to inhibition of retrieval has used the DF task (Muther, 1965; Bjork et al., 1968;
Bjork, 1970; Bjork & Woodward, 1973). Because more than 600 studies exist using the DF
task, only an overview of the findings and the mechanisms/processes that have been
hypothesized to be involved in inhibition of retrieval is presented (for a comprehensive
reviews see Wilson & Kipp, 1998; Macleod, 1999). In general, there are two different
versions of this task, each involving different cueing methods: 1) the item- or single-item
cueing method, where a forget or remember cue is presented immediately prior, during, or

Depue Page 6

Neurosci Biobehav Rev. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



after presentation of a target stimulus, and then testing for recall and/or recognition is
performed after presentation of all stimuli (Muther, 1965; Weiner & Reed, 1969; Geiselman
& Bagheri, 1985; Lehman & Bovasso, 1993); and 2) the list- or blocked-cueing method,
where a list or partial subset of the list of words is studied by the participant, after which
they are instructed to forget the list or partial subset of the list and remember a subsequently
presented list (Bjork, 1970; Bruce & Papay, 1970).

Many of these studies demonstrate a reduced recollection or recognition of to-be-forgotten
(TBF) items, as compared to to-be-remembered (TBR) items, indicating control over
memory information. Key differences between the two methodologies have elicited different
mechanistic explanations of DF task findings. In general, results from the item method are
more frequently attributed to mechanisms occurring during encoding as opposed to retrieval
processes. The item method yields differences in recognition performance, such that TBR
items show increased recognition compared to TBF items. Recognition performance is
postulated to be sensitive to encoding, such that increased recognition indicates increased
access to memory information (Wilson & Kipp, 1998). Therefore, the major theory
concerning mechanisms engaged during the item method of the DF task is selective or
elaborative rehearsal (Bjork & Geiselman, 1978; Block 1971; Elmes, Adams, & Roediger,
1970; Geiselman, Bjork, & Fishman, 1983, Wilson & Kipp, 1998). Selective or elaborative
rehearsal simply means that TBR items receive more rehearsal than TBF items, perhaps
because the cue presentation occurs in close temporal proximity to the target (Wilson &
Kipp, 1998). This indicates that TBR items may be more strongly encoded, and
subsequently show increased recognition making inferences about retrieval processes
difficult. Because the mechanisms that are thought to inhibit retrieval during the item
method are linked to encoding processes, they do not fall under the outlined hypotheses of
inhibition of retrieval. However, they still indicate why the retrieval of memory information
may be altered and will be revisited in the neuroimaging and model sections below.

In contrast to the item method, results from the list method are used to support mechanisms
occurring during retrieval processes. In general, findings from the list method yield equal
recognition of TBR and TBF items, indicating similar amounts of rehearsal and encoding.
Furthermore, recollection is usually greater for TBR items, leading some to suggest that
inhibitory control over memory occurs during retrieval processes (Elmes et al., 1970; Bjork,
1970; Block, 1971; Bjork & Woodward, 1973). The major account of these findings usually
termed retrieval inhibition is suggested to act as an inhibitory mechanism affecting the
actual representation of TBF lists or items in LTM. Although specific details are vague,
some explanations of this hypothesis suggest that the inhibitory process targets the specific
memory representation and decreases the likelihood of its retrieval (Bjork, 1989; Bjork et
al., 1998). Because the reductions of retrieval in the behavioral studies of the DF task do not
indicate where inhibition is focused (i.e., the actual specific representation of items in the list
or the retrieval process in general), the mechanisms attributed to the list method fall under
both the Direct and Reactivation Inhibition hypotheses (Figure 1).

4.1.3 Think/No-Think (TNT) Experiments—More recent investigations that examine
inhibition of retrieval use the influential TNT task designed to investigate the influence of
repetitive attempts at inhibiting retrieval (Anderson & Green, 2001). The TNT task involves
the learning of pairs of stimuli (cue-target) to a prescribed level of accuracy, ensuring that
the cue-target pairings have been encoded into LTM. Once learned, only the cue is
presented, and participants are instructed in one condition to “think” or in another condition
to “not think” of previously associated targets. These cues are then shown a number of times
(e.g., 12-16) to allow for multiple opportunities to exert control over memory information.
Some stimuli, not presented during the experimental phase, serve as a baseline memory
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condition to which Think (T) and No-Think (NT) trials can be compared. Accuracy of
memory is then assessed by cued recall.

Multiple behavioral studies indicate that NT items are recalled less than T items and,
crucially, less than baseline items that assess normal memory. Reductions from baseline in
recall for NT items suggest that cognitive attempts to inhibit retrieval actually reduce the
accessibility of NT items (Anderson & Green, 2001; Salame & Danion, 2007; Wessel et al.,
2005; Depue et al., 2006, Paz-Alonso et al., 2009; Lambert et al., 2010; Norby et al., 2009).
Although many studies show reduced retrieval for NT items, it must be noted that some
have failed to replicate these results (Bulevich et al., 2006, Bergstrom et al., 2009;
Mecklinger et al., 2009). Thus, it remains a question as to what role demand characteristics,
as well as strategy and participant instruction play on behavioral results of the TNT task.
Future studies examining these issues are of high interest.

Importantly, some studies include an independent probe (IP) condition during cued recall
testing. The IP condition uses an alternative cue, not presented previously in the experiment,
to assess cued recall (see Anderson & Green, 2001). For example, if the original studied NT
cue-target pairing were the words ordeal+roach, and the cue “ordeal” was used during the
experimental phase, the IP cued recall for the pair would be bug+r_____. If recall of “roach”
is reduced below baseline levels in the IP condition, then the results cannot be explained by
an alteration of the cue-target relationship in memory (e.g., associating another word other
than roach with “ordeal”). Rather, the actual memory representation of the target must have
been inhibited.

Recently, the results from the IP cued recall technique have been challenged by showing that
using an interference condition (pressing a button to some cues) is enough to cause reduced
retrieval even when tested by alternate cues (Tomlinson et al., 2009). To explain these
findings, Tomlinson and colleagues associated their findings with a two-stage Global
Memory Model, in which recall involves a sampling stage and a recovery stage. For
instance, in the previous example of ordeal+roach, during retrieval at the sampling stage, the
cue “ordeal” is used to sample only a partial representation of “roach” (i.e., r_ac_). If the cue
“ordeal” has been linked to other diversionary targets during repeated exposures, then
interference may occur during sampling. Using alternate cues, as in the IP condition,
circumvents this sampling interference: that is, bug+r_____ cues “roach” with no
interference caused by associated diversionary representations learned in connection with
“ordeal”. Once again, because IP cued recall using bug+r____ do show decreased retrieval,
it has been taken to suggest that the actual representation of “roach” has been inhibited.

The alternative explanation by Tomlinson and colleagues is that interference may also occur
during the recovery stage. Such interference would occur when the repeated exposure of the
cue “ordeal” induces partial sampling of “roach” (r_ac_). During this partial sampling a
diversionary representation (thought, action) may then get associated not only to “ordeal”
but also to “roach”. Consequently, during IP cued recall, full recovery of “roach” would
suffer from competing diversionary representations associated with “roach,” regardless of
the cue used. Therefore, their findings suggest that the individual representation may not
need to be directly targeted for inhibition and that interference may be an alternate
explanation to IP findings.

From these various studies, two main mechanisms for behavioral TNT results have been
proposed. The first is directed suppression, which suggests that cognitive or inhibitory
control is directed towards the specific neural representation of the target memory itself
(Levy & Anderson, 2002). This theory is largely based on the findings of the IP condition,
and posits that, if cued recall using alternative cues is below baseline recall, then inhibition
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over NT items occurs not by simply removing cue-target associations or by increasing
interference, but rather by affecting the specific target representation itself (Anderson &
Green, 2001; Levy & Anderson, 2002, Anderson, 2003). This mechanism serves as the basis
for the Direct Inhibition hypothesis of inhibition of retrieval in Figure 1.

A second mechanism is a diversionary account, where control of memory information is
achieved by thinking of alternative, distracting memories or thoughts (Hertel & Calcaterra
2005). When associated with cues of NT items, these alternative memories subsequently
create interference or competition during cued recall. Supporting this account, Hertel &
Calcaterra (2005) included an aided condition in which participants were supplied with
substitution stimuli to think of when an NT trial occurred. This aided condition decreased
the recall of NT items over general NT instructions.

Related to this diversionary account are the results of Tomlinson and colleagues (2009)
discussed above with use of a button press as an interference condition. Results from the
standard and IP cued recall conditions indicate that both NT and interference (button-press)
items were decreased below baseline. This finding suggests that pressing a button creates
enough interference to induce NT effects, even when tested with IP cues, and may be an
alternative mechanism to Direct Suppression (Tomlinson et al., 2009). Because these
diversionary and interference manipulations of the TNT task involve focusing attention on
other stimuli or actions, which may cause interference or competition during retrieval, they
fall under the Competitive Attentional Inhibition hypothesis of inhibition of retrieval.

4.2 Integration of Behavioral Studies
This section provides a brief integration of behavioral results and how they relate to the
three previously outlined hypotheses of inhibition of retrieval. Results supporting the
Competitive Attentional Inhibition hypothesis come from the WB and TNT tasks.
Specifically, the best supporting evidence comes from studies that directly include a
diversionary stimulus or action for individuals to divert their attention (Wegner et al., 1987;
Hertel & Calcaterra, 2006; Tomlinson et al., 2009). When these conditions are included,
retrieval of target memories is reduced below baseline and sometimes below normal NT
conditions. The explanation provided for these findings is that the diversionary stimulus or
action becomes associated with the original cue and interferes with the target during
retrieval attempts. This idea directly constitutes the Competitive Attentional Inhibition
hypothesis in that interference may result in the diversionary stimulus or action to
outcompete the target stimulus, presumably resulting in collateral inhibition of the target’s
representation. Therefore, the efficacy of retrieval is based on the strength of the
diversionary representation to compete with the original target representation. This
competition is exemplified best in the case where individuals are given a specific stimulus or
action to divert their attention, which likely induces repetition and subsequent increases in
the strength of the diversionary stimulus’ representation (Wegner et al., 1987; Hertel &
Calcaterra, 2006; Tomlinson et al., 2009).

The Competitive Attentional Inhibition hypothesis may also gain support from the fact that
ineffectual inhibition of retrieval is widely observed in the WB task when no overt
diversionary stimulus is employed. One explanation for these findings is that the task
instruction is directly associated with the target stimulus of control: “Don’t Think of a White
Bear”. Because the target stimulus is combined with the overt task goal (likely maintained
by WM), the resultant representation of the White Bear may be extremely salient and strong,
making competition of diversionary representations ineffectual. The Competitive Attentional
Inhibition hypothesis is concordant with some notions of interference between LTM
representations, although it is more plausible that interference occurs between more abstract
WM tags within PFC that may access the diversionary and original target representations.
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This idea is based on the importance of a mechanism involving collateral inhibition, such
that inhibition is caused automatically by spatially close representations competing for
expression.

Several lines of evidence support the Direct Inhibition hypothesis, which has also been
referred to as retrieval inhibition (Bjork, 1989) and directed suppression (Levy & Anderson,
2002). However, these same results also provide support for the Reactivation Inhibition
hypothesis as well. The differentiation of these two hypotheses lays in the proposal that
inhibition either: (a) directly inhibits a specific target memory representation, or (b)
modulates more generally the components of the retrieval process, respectively. This
distinction is largely based on evidence from neuroimaging and neuroanatomy, so the
behavioral evidence does not yet distinguish one from the other. Therefore, results
supporting both hypotheses come from the DF and TNT tasks (Bjork et al., 1989; Anderson
& Green, 2001; Levy & Anderson, 2002). As the item method of the DF task yields
differing levels of recognition between TBR and TBF items suggesting differential encoding
for the two types of items, only results of the list method DF studies are immediately
relevant, as they relate more to control of retrieval processes, per se. Because TBR and TBF
stimuli in the list method of DF task show equivalent recognition rates (Wilson & Kipp,
2002), and since all stimuli in the TNT task are learned to a criterion (Anderson & Green,
2001; Depue et al., 2006), both tasks provide evidence that encoding processes have been
engaged to a similar degree. Thus, reductions in recall for TBF and NT items most likely
occur during the retrieval process. One manner in which this may happen is that the specific
LTM memory representation of the target stimulus has been weakened by inhibitory control
by the PFC (Direct Inhibition hypothesis). Another manner in which this may occur is that
the PFC communicates with the hippocampus to generally modulate its output (Reactivation
Inhibition hypothesis). To illustrate that the actual representation of the target memory has
been affected, the results from TNT studies using IP cued recall are commonly used
(Anderson & Green, 2001), although Tomlinson and colleagues have suggested that TNT
results from IP cued recall can also be attributed to increased interference.

These differing accounts of IP cued recall findings can be more simply illustrated by
questioning where interference and competition occurs in regard to the memory
representation. If diversionary representations are linked only in direct relation to the cue,
then it is possible that the target representation has been inhibited. Alternatively, if the
diversionary representations are linked to the target as well, then interference or competition
may affect the target, and direct inhibition of the representation may not be a necessary
mechanism for reductions of retrieval.

I would suggest that this question may seem futile, because the construct of cue and target
are in essence artificial concepts that investigators have created to study memory
phenomena. It may be more worthwhile to discuss each as component representations of the
larger composite memory representation. If so, then IP effects would require that new
learning of a diversionary representation would be associated to only one component (the
cue) of the composite representation, where the cue and target are likely highly associated.
In order for this to occur, learning would have to only associate the diversionary
representation to the cue with no reactivation and association to the target component, which
seems unlikely. Thus, if any new learning occurs in connection with a component, it likely is
associated with the composite memory representation as well. Because this idea is highly
speculative, more investigation is required. Therefore, the results from IP cued recall can
currently be associated with both Competitive Attentional Inhibition and Direct Inhibition
hypotheses.
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In sum, the behavioral results from WB, DF and TNT tasks can be used to support some
aspects of all three hypotheses of inhibition of retrieval. Because the behavioral evidence
does not elucidate the finer-grained mechanisms that each hypothesis may employ, evidence
has yet to support one hypothesis over another. Therefore, examination of the results from
neuroimaging studies using the same three tasks above should provide a better
understanding of the mechanisms of inhibition of retrieval.

4.3 Neuroimaging Studies
In parallel with the behavioral studies section, the neuroimaging data are discussed with
regard to the specific task used (i.e., WB, DF, and TNT). Results from fMRI and event-
related potential (ERP) studies are analyzed in terms of contrast activity, such that increases
in BOLD activation or ERP signal in one condition is compared in relation to other
conditions. In general, findings are placed in the context of greater activation or signal in the
condition that requires attempts to inhibit retrieval as compared to conditions that (i)
increase retrieval (i.e., TNT; NT>T), (ii) simply retrieve memory information (i.e., DF
TBF>TBR), or (iii) think freely (i.e., WB; Suppress>Think). Exceptions to this general
format of contrasts will be noted for individual studies.

While fMRI evidence is more intuitive because of distinct regional brain activations
indicating possible functionality, ERP evidence requires a brief introduction. When
discussing ERP evidence, findings are presented in terms of “ERP components or effects,”
which are distinct waveforms that indicate the spatial and temporal properties of neural
processes (i.e., attention, memory). These ERP components have long-standing
terminological conventions in relation to retrieval processes. Four main ERP components
will be discussed: i) the FN400 or frontally mediated old/new effect, which is elicited during
recognition memory. This early ERP component (~300-500 msec post-stimulus) localized to
midline frontal electrodes shows greater amplitude for stimuli that have been previously
memorized than to new stimuli. This component is perhaps indicative of facilitated access to
information (Rugg &Curran, 2007); ii) the parietal old/new effect, which is elicited during
recollection memory. This later ERP component (~400-800 msec post-stimulus) localized to
parietal and temporal electrodes shows greater amplitude for stimuli that have been
previously memorized than to new stimuli. This component is perhaps indicative of
facilitated retrieval of information (Rugg & Curran, 2007); iii) the right frontal old/new
effect, which is elicited post retrieval. Also a later ERP component (~500-1000 msec post-
stimulus) localized to right frontal electrodes that shows greater amplitude for successfully
than unsuccessfully retrieved stimuli. This component is perhaps indicative of the
reconstruction and/or organization of retrieved memory (Rugg &Curran, 2007); and iv) the
N2, which is elicited during tasks that require inhibition of a prepotent response (e.g., Stop-
Signal, Go-No-Go).This is an early ERP component (~200 msec post-stimlus) localized to
midline or right lateralized frontal electrodes that shows greater amplitude for stimuli
requiring inhibition than stimuli with no inhibitory requirement. Thus, this component is
perhaps indicative of inhibitory processes of cognitive control (Ullsperger et al., 2000).

In order to evaluate the neuroimaging results and illustrate support for each hypothesis, I
will first illustrate hypothetical fMRI brain activations and ERP components that may be
expected for each hypothesis (Table 1). Direct Inhibition postulates that the specific,
individual neural representation of single target memory is affected by inhibitory control by
the PFC. Thus, fMRI results may indicate increased activations of the lateral prefrontal
cortex (LPFC), associated with inhibitory control [e.g., specifically right inferior frontal
gyrus (rIFG) and right middle frontal gyrus (rMFG)] would be expected. Because inhibitory
control is specifically postulated to target a single memory representation, it is unlikely that
the sensitivity of fMRI would be able to dissociate such inhibition of a single representation
from surrounding noise. Therefore, it is unclear what activations would be indicated, beyond
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the LPFC. ERP results may be expected to show decreased signal in the FN400 underlying
recognition, because the actual representation has been inhibited and subsequent access to it
should be reduced. Similarly, decreased signal in parietal and right frontal old/new effects
would be expected, because this would indicate retrieval or reconstruction processes of
specific memories have been reduced. Furthermore, an increase in the N2 may be seen as
well, indicating an increase in inhibitory control (Table 1).

Reactivation Inhibition may also be expected to show increased activation in LPFC regions
associated with inhibitory control. One clear difference between this hypothesis and Direct
Inhibition suggests that inhibition is generally focused on the retrieval process by
interrupting pattern completion. Reducing the likelihood of pattern completion would result
in decreased fMRI activation in posterior cortex specifically, in regions supporting memory
representation (e.g., hippocampus, visual cortex). A second difference between this and the
Direct Inhibition hypothesis, is that the ERP FN400 effect would not indicate any reduced
signal. The main reason for suggesting this difference is that during Direct Inhibition the
single neural representation of the memory is targeted for inhibition. This hypothetically
would affect the state of the entire ensemble and has been suggested to be a lasting influence
over many trials that inhibit the memory. Whereas, during Reactivation Inhibition only the
retrieval process is affected and thus it first requires quick recognition of a cue that feeds
forward to the hippocampus and then retrieval is subsequently altered. Because Reactivation
Inhibition is hypothesized to modulate the retrieval process of the hippocampus, access to
information sensitive to recognition should be spared and thus, the FN400 (reflecting
recognition) should be one example of this dissociation. Conversely, reductions in the
parietal and right frontal old/new effects should be found, suggesting that retrieval or
subsequent reconstruction processes have been reduced. Increases in the N2 may be seen as
well, indicating an increase in inhibitory control (Table 1).

A major difference between the Reactivation vs. Direct Inhibition Hypotheses is whether
inhibition is generally directed towards a cortical region (i.e., hippocampus) or a specific
neuronal representation of a particular memory. It should be noted that using the
neuroimaging literature to differentiate the two hypotheses relies on the notion that
inhibitory influence over a single neural representation is largely undetectable by fMRI.
Unfortunately, this remains largely an unclear question by current resolution of fMRI and
the dearth of single cell/intracranial recordings in these tasks. However, standard fMRI
techniques using 3mm isotropic voxels represent tens of thousands of neurons (Hassabis et
al., 2009; Leopold & Wilke, 2005). Moreover, because of spatial smoothing and registration
of individual brains to a standard template, the likelihood of specific single memories from
different individuals overlapping and contributing to the BOLD response appears to be
highly unlikely.

During Competitive Attentional Inhibition, regions of the PFC may show increased fMRI
activation as well, although because this hypothesis is largely based on focusing attention on
diversionary stimuli, perhaps different regions of the PFC than those predicted in the other
two hypotheses will be found. Alternatively and perhaps more likely, no differences in PFC
activation may be found by focusing attention on diversionary stimuli vs. a target stimulus,
because both processes likely involve attention, retrieval and maintenance of information.
The accessibility to memory information indicated by the FN400 should be reduced, because
competing representations have an inhibitory affect on the target representation through
local collateral inhibition. Similarly, parietal and right frontal old/new effects may be
reduced, as diversionary stimuli may become more accessible to retrieval and reconstruction
processes (Table 1).

Depue Page 12

Neurosci Biobehav Rev. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While these predictions differentiate the three hypotheses in the inhibition of retrieval, it
must be noted that using neuroimaging evidence to do so, introduces a problem of forward
inference (using qualitatively different patterns of brain activity to differentiate between
cognitive theories). Although significant strides have been made in formalizing appropriate
inferences (i.e., reverse, forward) that can be made using neuroimaging, there still is debate
concerning the most reliable way to estimate cognitive processes from neuroimaging data. In
order to best deal with this problem, the former predictions attempt to use multiple
neuroimaging methods (i.e., ERP, fMRI) and results to provide complimentary data. Of
course, there still will be the problem of forward inference, which hopefully will lead to
testing of the specific predictions of these hypotheses and the resultant model.

4.3.1 White Bear (WB) Experiments—Only two neuroimaging studies examine
inhibition of retrieval as assessed by the WB task. One fMRI study examined the neural
mechanisms employed under three conditions: suppression of a relevant occurring thought
(suppress), clear the mind of all thoughts (clear), or think freely while fixating (free thought)
(Wyland et al., 2003). Although not identical to standard WB studies, the procedure is
essentially the same, except that cognitive control is focused on a current thought or all
thoughts as opposed to a white bear. Results indicate increased activation (suppress and
clear vs. free thought) in the anterior cingulate cortex (ACC), bilateral insula/IFG (BA
44/45/46), and right parietal cortex. The authors suggest that increased activation of the
ACC represents monitoring of conflict during unsuccessful attempts at suppression/clear
instructions. Furthermore, increased activation of right insula/IFG replicates studies that
have identified cognitive control regions during the inhibition of behavioral responses and/or
somatosensory information. Thus, increased activity in these LPFC regions associated with
inhibitory control support both the Direct and Reactivation Inhibition hypotheses of
inhibiting retrieval. Because no reduced activation was seen in posterior cortex, only partial
support for the Reactivation Inhibition hypothesis of inhibiting retrieval is apparent.

The second fMRI study used the WB task to assess the differential role of cognitive control
as a sustained process vs. transient process (Mitchell et al., 2007). Although the study is
framed within cognitive control processes, the results are informative of possible
mechanisms involved when inhibiting retrieval. Although the behavioral results showed no
difference in thought occurrence (measured by a button press), the imaging data provide
some interesting findings. fMRI data was analyzed in a sustained (block) versus transient
(single trial) manner. Sustained activity (suppression vs. free thinking) was found in rMFG,
rIFG, and the caudate. Transient activity (suppression vs. free thinking) was found in
parietal and occipital cortex and the ACC. The authors propose that sustained activations
indicate aspects of greater cognitive control during the suppression condition and that
transient activation of the ACC may be involved in conflict monitoring of unsuccessful
attempts during the suppression condition. Increased activation of rMFG and rIFG
associated with inhibitory control supports the Direct and Reactivation Inhibition hypotheses
of inhibition of retrieval. Again, because no reduced activation is seen in posterior cortex,
only partial support for the Reactivation Inhibition hypothesis of inhibiting retrieval is
apparent.

4.3.2 Directed Forgetting (DF) Experiments—Few neuroimaging studies have
examined inhibition of retrieval using the DF task, but those that do use the item method.
Because the item method frequently indicates increased recognition of TBR vs. TBF
material, this method of the DF task is usually associated with encoding rather than retrieval
processes. Nonetheless, the studies included here are framed under selective rehearsal vs.
inhibitory mechanisms (see behavioral DF section), and thus they may provide insight into
the neural mechanisms that underlie reductions in memory information during retrieval.
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An fMRI study by Wylie and colleagues (2007) conducted with the item method DF task
using words showed behavioral recognition DF effects, while fMRI during the study phase
revealed increased activity (TBF>TBR) in medial frontal and temporal lobe regions (Wylie
et al., 2007). When the authors examined which trials were later remembered vs. forgotten,
increased activation was seen in inferior parietal and hippocampal regions. The converse
contrast (forgotten vs. remembered) showed increased activation in the rIFG. The rIFG also
exhibited the greatest increase in activity for TBF trials that were subsequently forgotten,
perhaps indicating increased inhibitory control. This study raises the possibility that attempts
to control memory in the item method DF task are not only caused by selective rehearsal,
but perhaps by inhibitory mechanisms as well.

Recently, Nowicka and colleagues (2010) examined differences between emotional and
neutral pictures using fMRI during the item method DF task. While both types of stimuli
showed behavioral recognition DF effects, negative as compared to neutral images showed
reduced DF. fMRI results during the study phase showed increased activation (TBF>TBR)
of rMFG, right temporal, occipital and parietal lobes. Examining only correctly forgotten
trials revealed similar activations. During the test phase forgotten vs. new stimuli elicited no
differences in activation, indicating a lack of retrieval for both items. The authors suggested
that these results indicate that successful forgetting in the item method DF task reflects
inhibitory control by right hemispheric regions. Furthermore, this control may function to
inhibit encoding during the study phase, which subsequently reduces the amount of
information accessible at retrieval during the test phase.

Two ERP studies using the item method DF task with words also assessed selective
rehearsal vs. inhibitory mechanisms (Ullsperger et al., 2000; Van Hoof et al., 2009).
Behavioral recognition results from both experiments indicated a DF effect. The FN400
showed decreased signal for TBF vs. TBR items, while the parietal old/new effect appeared
absent for TBF items (Ullsperger et al., 2000). The authors suggest that the decreased
FN400 ERP signal is consistent with the idea that TBF items are encoded differentially, but
that the lack of parietal old/new ERP signal is indicative of retrieval inhibition (Ullsperger et
al., 2000). Examining ERP effects of forgotten vs. remembered items revealed that
remembered items yielded increased FN400 and parietal old/new effects, while only TBF-
forgotten items showed decreased parietal old/new effects and an increased N2, as compared
to New items (Van Hoof et al., 2009). These results indicate increased rehearsal, which is
apparent in recognition testing and increases in the FN400, although the absence or decrease
in the parietal old/new and increased N2 effect for TBF-forgotten items may be indicative of
inhibition at retrieval stages.

In a recent paper, Ludowig and colleagues (2010) investigated the item method DF task
using intracranial ERP recordings localized to the rhinal cortex and hippocampus in patients
undergoing surgery for temporal lobe epilepsy. They propose that the rhinal cortex may be
more highly active in inhibitory conditions, because it acts by modulating information from
the neocortex to the hippocampus in a gating fashion. Behavioral results indicated that
patients recognized significantly less TBF than TBR words, perhaps indicative of selective
rehearsal. ERP effects during cue presentation showed that TBF vs. TBR cues produced
increased signal in the rhinal cortex and reduced signal in the anterior hippocampus. These
findings suggest that, although behavioral recognition results support selective rehearsal,
ERP data show a possible mechanism of inhibition, whereby the rhinal cortex inhibits the
flow of information being transmitted to the hippocampus.

Because these studies provide inconclusive results on retrieval processes, they cannot be
used to support hypotheses of inhibition of retrieval. Nevertheless, these studies constitute a
large portion of the neuroimaging literature and indicate that item method DF tasks used to
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examine inhibiting retrieval may involve alterations of encoding, as opposed to retrieval
processes. These issues will be more fully addressed in the integration of neuroimaging
studies section below.

4.3.3 Think/ No-Think (TNT) Experiments—A significant portion of neuroimaging
studies examining inhibition of retrieval use the TNT task. The influential first study using
word stimuli showed behavioral reductions of NT as compared to both T and baseline trials
(Anderson et al., 2004). fMRI results indicated increased activation (NT>T) in MFG, IFG,
ACC and parietal activity, whereas the occipital lobe and hippocampus showed decreased
activity. Furthermore, correlations with success at inhibiting retrieval during IP and standard
cued recall testing predicted increased activation of the MFG. Additional analyses also
indicated that NT-forgotten items actually elicited increased activation of the hippocampus
as compared to all other trials. The authors suggested that the increased hippocampal
activation is indicative of intrusions during NT trials that elicit subsequent increased
inhibitory control by the MFG. These findings signify that reductions in memory retrieval
are associated with inhibitory control processes of the MFG in interaction with the
hippocampus. Increased activation of the MFG associated with inhibitory control supports
the Direct and Reactivation Inhibition hypotheses. Additionally, reduced activation in the
hippocampus and specifically the visual cortex suggests that inhibitory modulation may be
more generally affecting the retrieval process and pattern completion, further supporting the
Reactivation Inhibition hypothesis of inhibition of retrieval.

Two fMRI studies by Depue and colleagues (2007; 2010) using the TNT task with
emotional/pictorial stimuli produced similar results. The first study showed behavioral
reductions of NT as compared to both T and baseline items. fMRI results showed increased
activity (NT>T) in rMFG and rIFG. Decreased activation was seen in visual cortex, the
pulvinar nuclei of the thalamus, the hippocampus and amygdala. Moreover, when examining
NT vs. baseline trials, posterior regions showed reduced activity raising the possibility that
these regions are actively being down-regulated. Furthermore, analyzing the data in quartiles
(over the experimental phase) and correlating activity between the two PFC and four
posterior regions demonstrated specific groupings of regions that were recruited at different
stages. Increased activation of the rIFG inversely correlated with decreased activation of
visual cortex and thalamus during the first attempts at inhibiting retrieval. In contrast,
increased activation of the rMFG inversely correlated with decreased activation of the
hippocampus and amygdala after additional attempts at inhibiting retrieval. This last
grouping also correlated with behavioral success during NT trials such that increased
activation of the rMFG and decreased activation of the hippocampus were the only two
regions that predicted increased inhibition of retrieval in a whole brain fMRI analysis
(Depue et al., 2007). Therefore, inhibition of retrieval appears to be a complex process that
may involve multiple mechanisms employed over the process of learning inhibitory
modulation. The most robust finding is the MFG’s inhibitory modulation of the
hippocampus.

To further investigate the idea that LPFC interaction with the hippocampus is a critical part
of inhibiting retrieval, percentage signal change of the hippocampus across quartiles was
examined (Depue et al., 2007). Results indicated that NT-forgotten trials elicited the greatest
increase in activation as compared to all other trials (T or NT vs. baseline, remembered or
forgotten) during the first half of the experiment, while conversely the largest decrease in
activation below baseline was observed during the fourth quartile. The initial increase in
hippocampal activity raises the possibility that inhibition of retrieval may induce a learning
mechanism that associates an inhibitory process to NT stimuli.
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The second study by Depue and colleagues (2010) examined whether LPFC interaction with
the hippocampus was evident in individuals with inhibitory deficits. This study examined
individuals with ADHD and compared the group to control individuals investigated in the
previous study (Depue et al., 2007). Behavioral results indicated that individuals with
ADHD have similar recall on T and baseline trials, but show no reductions in recall during
NT trials. fMRI results (NT>T) indicated that when compared to controls, some prefrontal
regions exhibit similar activation (rIFG, BA10), while the rMFG, thought to be crucial in
communication with the hippocampus, showed decreased-to-little activation. Supporting this
former idea, brain regions outside of the PFC (i.e., hippocampus, amygdala, visual cortex)
also showed increased activation as compared to controls. Furthermore, the severity of
ADHD symptoms predicted a) less correlated activity between the rMFG and hippocampus,
b) increased activity of the hippocampus and c) increased recall during NT trials. In an
additional analysis, 5 of the 16 individuals who showed behavioral reductions in recall were
compared to the 11 that did not. These 5 individuals showed greater activation
(NT>baseline) in the rMFG, whereas reduced activation was exhibited in the hippocampus
and amygdala during the fourth quartile, mirroring results of control subjects. These
findings, once again, highlight the important interaction between inhibitory control of the
rMFG and its purported modulation of the hippocampus. Taken together, the altered
inhibition of retrieval findings from ADHD individuals support the explanatory power of
inhibition of retrieval processes identified in nonclinical persons. LPFC activations
associated with inhibitory control support both of Direct and Reactivation Inhibition
hypotheses. While reduced activation in the hippocampus, pulvinar and visual cortex further
supports the Reactivation Inhibition hypothesis of inhibition of retrieval.

A recent fMRI study using the TNT task examined negative and neutral word pairs (Butler
& James, 2010). Behavioral differences were reported as close to ceiling, so that
interpretation of recall is difficult. Nonetheless, fMRI results for neutral words show
increased activation (NT>T) for rMFG, pre- and post-central gyri, and the inferior parietal
cortex. Decreased activation was found in the bilateral hippocampus and precuneus. A
region of interest (ROI) analysis on the hippocampus comparing both NT and T trials to
baseline showed that posterior hippocampal activity was reduced below baseline for NT
trials. Examination of negative words yielded increased activity (NT>T) in similar frontal
regions (e.g., rMFG, rIFG, pre- and post-central gyri), the ACC and parietal cortex, although
it also showed increased activation in the hippocampus, pulvinar, and visual cortex. The
authors suggested that one reason that increased activation was seen in posterior cortex for
negative and not neutral stimuli is that NT trials lasted half the duration of most studies (2
vs. 4 sec) and included half the repetitions (6 vs. 12 or 16) of the previous studies by
Anderson and Depue and colleagues. These findings further support the interactions
between the rLPFC and hippocampus during inhibition of retrieval, although in cases where
stimuli are extremely salient, more repetitions may be required to achieve successful control.
Increased activation of rMFG and rIFG associated with inhibitory control supports both the
Direct and Reactivation Inhibition hypotheses of inhibition of retrieval. General decreases in
posterior cortex more fully support the Reactivation Inhibition hypothesis.

Two ERP studies by Bergstrom and colleagues using the TNT task with word stimuli
dissociated early and late components of the ERP signal (Bergstrom et al., 2007; 2009). The
first study showed behavioral reductions in NT items compared to T, but not compared to
baseline. ERP results were analyzed on the basis of T and NT, as well as learned vs. not
learned stimuli. Parietal old/new effects were greater for Think-learned than the other three
conditions, perhaps indicative of increased retrieval processes of these items. These latter
results suggest that NT items regardless of learning may undergo control processes that are
aimed at reducing retrieval.
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The second study included an “aided” condition during NT trials in which individuals were
instructed to think of a diversionary memory to distract themselves (Bergstrom et al., 2009).
Behavioral results indicated that both standard NT and aided NT items were reduced below
baseline. Although, an independent probe condition (IP) used during recall testing to assess
memory items (NT, T) with an alternative cue (cue-independent), indicated only a
behavioral reduction in NT items from both T and baseline in the standard NT condition.
ERP results showed an increased N2 effect in both NT (standard, aided) as compared to T
conditions, although was larger for the standard NT items. Furthermore, the N2 showed a
correlation between the magnitude of this effect and individual differences in NT item IP
recall only in the standard NT condition. This finding suggests that the N2 may be
associated with successful cue-independent reductions of NT items. Additional frontal
effects (~300-500) elicited only by the standard NT items showed the greatest increase in
signal for NT-forgotten trials as compared to, intermediate levels for NT-remembered trials
and the least increase in T-remembered trials. Parietal old/new effects were decreased in the
standard NT but not in the aided NT condition. These results indicate that standard NT trials
elicit increased N2 and later frontal effect that is subsequently followed by reductions in
parietal old/new effects, perhaps further indicative of a frontal control mechanism aimed at
retrieval processes.

Another ERP study examined both the TNT task and a Stop-signal task (response inhibition)
to assess the similarity of ERP components that may be involved during the inhibition of
memory and motor information (Mecklinger et al., 2009). Although behavioral results
showed no effect of NT items in terms of reduction below baseline, NT items did show
similar ERP effects to other studies (Bergstrom et al., 2007; 2009), in that a decreased
parietal old/new effect was seen for NT as compared to T items. An increased N2 effect was
also present in NT>T trials and also in NT-forgotten vs. NT-remembered trials.
Furthermore, correlations were found for the N2 component from the TNT and Stop-signal
tasks, indicating a positive relationship between inhibition of memory and motor
information. Increased N2 effects support both Direct and Reactivation Inhibition
hypotheses of inhibition of retrieval.

An interesting ERP study examined how anticipatory cues affect the ERP components
associated with the TNT task using face-word pairs (Hanslmayr et al., 2009). Red (NT) and
green (T) crosses were presented as anticipatory cues 1 sec prior to the T and NT trials to
assess anticipatory control. This study also included a separate repetition manipulation that
assessed recall for NT and T trials at 5 and 10 attempts. Behavioral results showed no
reduction in recall for NT items compared to baseline at 5 repetitions, but reduced recall
after 10 repetitions. ERP results indicated an early and late effect that changed over the
course of repetition. As repetition increased, reduced signal in the early slow-wave frontal
component and later slow-wave parietal component was seen in NT trials, perhaps indicative
of increased control manifest in early NT repetitions. The frontal component, furthermore
suggests, control in response to the anticipatory NT cue, which consequently results in
reduced retrieval as indicated by the later reduced parietal component. Supporting this view,
the two ERP effects were highly correlated, such that magnitude of the early effect predicted
the magnitude of the later. These results indicate an increased early slow-wave frontal
component (which may be functionally related to the N2) elicited by anticipatory cues,
subsequently followed by a reduced parietal component (perhaps functionally relate to
parietal old/new effects) elicited during NT trials.

4.4 Integration of the Neuroimaging Studies
This section provides a brief integration of neuroimaging results and how they relate to the
three previously outlined hypotheses of inhibition of retrieval. While the behavioral
integration supported the framework of the three hypotheses, it lacked the ability to
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dissociate support for them. Because neuroimaging provides more detailed evidence of the
mechanisms of inhibition of retrieval, support has emerged for one hypothesis over the
others, which is illustrated in Table 2 and discussed below.

Before discussing evidence for each hypothesis, it is necessary to briefly address the item-
method DF task results, because they are not used to support any hypothesis. While the task
instructions and requirements are overtly and generally the same as the list method DF, WB
and TNT tasks, it is evident that the item method DF involves mechanisms that affect
encoding processes that subsequently reduce recall. In contrast, the neuroimaging studies
produced some commonalities that indicate shared mechanisms across the WB and TNT
tasks. Results from fMRI studies indicate that increases in rLPFC (rMFG, rIFG) may
support inhibitory control during retrieval, as they are exhibited in both WB and TNT tasks
(Wylie et al., 2007; Nowicka et al., 2011). ERP results have illustrated decreases in the
parietal old/new effect (Ullsperger et al., 2000), as well as increases in the N2 effect (Van
Hoof et al., 2009), also found in both WB and TNT tasks. The joint findings of increased
activity of rLPFC regions, decreased signal in the parietal old/new effect, and increased
signal in the N2 effect indicate that the item method of the DF task may induce inhibitory
control over encoding processes in a similar manner as retrieval processes. The degree to
which these mechanisms overlap will be further discussed in the model section below.

While behavioral evidence suggested that Competitive Attentional Inhibition may cause
reductions in retrieval, there is little evidence from neuroimaging that this mechanism is
solely responsible for inhibition of retrieval. LPFC activations elicited by all three tasks are
significant, because these brain regions have previously been strongly related to controlled
inhibitory processes across several psychological domains. While the hypothesis of
Competitive Attentional Inhibition involves an inhibitory influence, it does so in a relatively
automatic manner, such that diversionary representations of stimuli compete for expression
and may induce local collateral inhibition. It is unlikely that competitive inhibition at an
individual neural representation level would be detected through fMRIs sensitivity and as
such, it would not produce such strong persistent LPFC activation in regions common to
controlled inhibition seen in the studies reviewed. Similarly, there is no indication that
competitive inhibition would induce decreases in activation in the hippocampus, as the
competition is likely to occur in PFC regions that involve WM (discussed previously).
Further support from ERP evidence shows that the N2 effect is commonly found in studies
across all three tasks, indicating controlled rather than automatic inhibition. Therefore, taken
together, the evidence leaves little support for the Competitive Attentional Inhibition
hypothesis of inhibition of retrieval.

As in the behavioral integration, it is more appropriate to address the Direct and
Reactivation Inhibition hypotheses together, because the evidence used to differentiate the
two is subtle, yet critical. Results from fMRI experiments using the WB and TNT tasks have
clearly shown increased activation of regions of LPFC (MFG, IFG), more prominently right
hemispheric, and both of these findings are putatively thought to contribute to inhibitory
control (Wyland et al., 2004; Mitchell et al., 2007; Anderson et al., 2004; Depue et al., 2007;
2010; Butler & James, 2010). Multiple ERP results from the TNT Task indicate increased
N2 effects, again suggesting increased inhibitory control. Indicative of this inhibitory
control, reduced parietal and right frontal old/new effects are found, suggesting decreased
retrieval and reconstruction processes (Bergstrom et al., 2007; 2009; Mecklinger et al.,
2009; Hanslmayr et al., 2009). This evidence equally supports both hypotheses.

A key differentiation between the hypotheses occurs when examining the function of the
MFG. Clear evidence supports that this region shows an interaction with the hippocampus.
Multiple studies show an increase in activation of MFG and an associated decreased
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activation of the hippocampus for NT as compared to T and baseline trials in whole brain
and ROI analyses (Anderson et al., 2004; Depue et al., 2007; 2010; Butler & James, 2010).
Correlations between these two regions, as well as correlations of each of these regions
independently (Anderson et al., 2004; Depue et al., 2007), and their combined correlation
(Depue et al., 2010) predict behavioral success at inhibiting retrieval. These results indicate
that the most evident mechanism supporting inhibition of retrieval involves the MFG’s
modulation of the hippocampus. Furthermore, reduced activation in the cortices that support
memory (visual cortex, fusiform gyrus, parahippocampal gyrus) is commonly found
(Anderson et al., 2004; Depue et al., 2007; 2010; Butler & James, 2010). According to the
Direct Inhibition hypothesis, inhibitory control targets a specific memory representation to
reduce its activation and subsequently to stop its retrieval. If this were the case, it is unclear
how this mechanism would account for fMRI results indicating: i) reduced activation in the
hippocampus, and ii) reduced activation in posterior cortex. The most plausible explanation
for these findings is that inhibition is more generally affecting the array of regions involved
in the retrieval process of the hippocampus. If so, then reactivation of memory
representations by pattern completion through feed-back activation of the hippocampus to
the cortices supporting memory (para-hippocampal regions, visual cortex) would be reduced
and may account for such results. Thus, these findings support the Reactivation Inhibition
hypothesis.

It should be noted that results of deactivation of the hippocampus has received some
criticism regarding the veracity of such findings. Mainly, the objection is that if one were to
compare a condition of interest (i.e., NT, TBF) to a baseline condition, the results may be
influenced by increased activation of the hippocampus during periods of baseline.
Regardless, the logic still remains that if hippocampal activity shows the pattern of T>NT,
combined with T>baseline and NT<baseline, hippocampal activity is somehow being
modulated or reduced in the NT condition. Whether or not hippocampal activity is decreased
in the contrast of a NT condition to a hippocampally active baseline should not matter.
Indeed, if the hippocampus is normally active during periods like under-constrained mental
tasks (i.e., baseline), then one would have to further argue that during NT conditions the
hippocampus appears to be down-regulated from its normal active state.

While the current review focuses on inhibition of memory retrieval, it should be noted that
some neuroimaging studies examining intentional retrieval and subsequent memory effects,
have shown decreases in hippocampal activation for memories that were retrieved vs. not
retrieved. This may be because retrieved memories could be less neurally or process
demanding, which may lead to a faster response and thus reduced hippocampal activation,
than ones that are attempted but unsuccessful (more difficult). In contrast, there are multiple
studies highlighted in the current review indicating systematic reductions of activity or
deactivation of the hippocamus correlated with decreases in n memory performance (Depue
et al., 2007, 2010; Anderson et al., 2004). Therefore, at least in the context of tasks that
require one to inhibit retrieval, it appears that reduced activity or deactivation of the
hippocampus predicts worse memory retrieval. Similarly, cell assemblies of memory
representations may go through a pruning process to limit the number of neurons in a
cohesive memory representation or ensemble. Although, the consequence of these effects on
resultant BOLD response related to hippocampal function remains unclear, but should be
noted.

To illustrate a clearer picture of the fMRI findings and how they differentiate the specific
Direct Inhibition from the more general Reactivation Inhibition hypotheses, meta-analytic
tools (GingerALE; Turkeltaub et al., 2002) were used to combine all fMRI results across the
three tasks. This analysis helps to illustrate common and overlapping PFC, hippocampus,
and posterior cortical regions involved in inhibition of retrieval (Figure 2). Two different
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overlays were constructed without statistical inference to simply provide a visual
representation of the fMRI data. The first overlay includes positive activation (NT>T) of
PFC regions (anterior of post-central gyrus), while the second includes negative activation
(T>NT) of posterior regions (posterior of post-central gryus, not including the cerebellum).
All peaks of activity selected from the original studies were transformed into MNI if listed
in Talairach space and a 10mm sphere was localized around the peak. The goal of this visual
representation was to plot the findings of all studies that revealed frontal activations to
illustrate common regions of PFC involved in inhibition of retrieval. Moreover, posterior
cortex was also plotted to illustrate what occurs in the rest of the brain perhaps as a result of
such PFC control. The analysis clearly illustrates rMFG and, to a smaller extent, rIFG as
being the most commonly activated PFC regions involved across all fMRI studies. The
posterior cortex clearly shows decreased activation in the ventral visual pathway moving
anterior to parahippocampal and hippocampal regions.

While this evidence has already been discussed individually, combining the results in the
overlays gives a very strong visual representation of the confluence of wide spread
deactivation in the hippocampus, parahippocampal gyrus, visual cortex and ventral visual
processing stream. Thus, these results may indicate a more general inhibition of retrieval
that would consequently reduce pattern completion and reactivation in posterior cortices
rather than an inhibition of a specific single memory representation, once again supporting
the Reactivation Inhibition hypothesis. Importantly, in order for Direct Inhibition to be as
equally plausible, inhibition of a specific memory representation would have to account for
such widespread reduced activation in the brain, which seems unlikely.

Further evidence providing a distinction between hypotheses comes from the FN400 ERP
results. The FN400 is proposed to indicate reduced access to memory, as it is sensitive to
recognition tests. This is clearly indicated in the item method of the DF task, where
decreased FN400 effects are seen for TBF vs. TBR, as well as for forgotten vs. remembered
information. This has been proposed to occur due to reduced encoding, resulting in a weaker
representation (Rugg & Curran, 2007). Support for the Direct Inhibition hypothesis then
should show decreases in the FN400 effect, because the representation of the memory has
been inhibited, thus creating reduced access and recognition. Alternatively, if the retrieval
process were more generally reduced, as described by Reactivation Inhibition, it would
largely leave the FN400 and recognition intact. None of the reviewed studies outside of the
item method DF Task (attributed to reduced encoding) produced differences in the FN400.
While this represents a null finding and is worthy of further investigation, it provides
continuing support for the Reactivation Inhibition hypothesis.

5. An Anatomical and Functional Model of Inhibitory Modulation of Memory
Retrieval

The Reactivation Inhibition hypothesis, while supported by the behavior and neuroimaging
literature, is rather incomplete unless it can be modeled with a more anatomical and
functional specificity. Therefore, I attempt to illustrate a model using literature from
comparative neurology/anatomy to include more fine grained neural detail. The model can
then be abstracted theoretically to understand how Reactivation Inhibition serves as the
primary functional mechanism of inhibition of retrieval. The goal is to provide a testable
model that can guide future research examining not only inhibition of retrieval, but the
broader conception of how memory information is flexibly controlled. With respect to the
latter point, it will be illustrated in the model, based on the previously discussed literature,
that inhibition of retrieval (as a general inhibitory concept) may include inhibitory
modulation of both encoding and retrieval processes.
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As a starting point, this model involves higher-order cognitive control regions; most
prominently indicated by the reviewed literature is rMFG and less frequently rIFG. These
brain areas are strongly implicated as being involved in cognitive, and more specifically
inhibitory, control (Aron et al., 2004; Phan et al., 2005; Eisenberger et al., 2003; Ochsner et
al., 2002). Detailed research examining rIFG suggests that its function is highly involved in
response inhibition, and that specifically it may monitor for infrequent stimuli that require
withholding of responses (Aron et al., 2004; Aron & Polldrack, 2006; Chatham et al., in
press). Therefore, some inhibition of retrieval tasks have elicited increased activation of
rIFG (Depue et al., 2007; Butler & James, 2010), because this region detects or monitors for
stimuli (cues) associated with inhibitory responses.

The remainder of this section focuses on modeling of the rMFG, as its function in inhibitory
processes has yet been defined, and it is the PFC region most commonly identified in the
current review. The most frequent observation is the interaction of rMFG and the
hippocampus/MTL, where increased rMFG control likely down-modulates the hippocampal
retrieval process. This inhibitory effect subsequently interrupts pattern completion and the
reactivation of composite memory representations, making inhibiting retrieval efficacious
(Anderson et al., 2004; Depue et al., 2007; 2010; Depue & Banich, 2011; Butler & James,
2010. Moreover, a study of individuals with ADHD demonstrated a lack of behavioral
inhibition of retrieval associated with a specific disruption in the rMFG-hippocampal
pathway (Depue et al., 2010). Therefore, it is of critical importance to understand how
interaction between the MFG and hippocampus/MTL may function to inhibit retrieval.

5.1 Three Neuroanatomical Pathways Connecting the PFC and Hippocampal Complex
In terms of modeling the mechanism of Reactivation Inhibition, comparative anatomy has
strongly supported a reciprocal connection of the MFG and the hippocampus/MTL (Pandya
et al., 1999; Morris et al., 1995; Goldman-Rakic et al., 1984). As illustrated in Figure 3, this
literature has primarily focused on three pathways: lateral, medial, and hippocampal-
prefrontal. The lateral pathway directly and reciprocally connects MFG areas 9/46 (dorsal/
mid) to the entorhinal cortex via the fronto-occipital fasciculus (FOF) in the rat and non-
human primate (Goldman-Rakic, et al., 1984). These connections underlie a direct route of
areas 9/46 to anterior regions of the hippocampal complex, such as the entorhinal cortex/
anterior parahippocampal gyrus, and more specifically input to the perforant path of the
hippocampus proper (Fig. 3). The perforant path involves the neocortical connection of the
entorhinal cortex to all subfields of the hippocampus proper (e.g., subiculum, CA’s, dentate
gyrus). The entorhinal cortex projections to the perforant path are considered the main route
in which multimodal cortical pathways reach the hippocampus proper for subsequent
encoding. Illustrating this pathways function, damage to the anterior regions of the
hippocampal complex/MTL results in gross encoding deficits (Petrides & Milner, 1982).

The medial pathway reciprocally connects the MFG, areas 9/46 (dorsal/mid) to the
presubiculum via the cingulum bundle in the rat and non-human primate (Goldman-Rakic et
al., 1984, Pandya et al., 1999; Morris et al., 1995). This pathway courses medially and
posteriorly from areas 9/46 through the cingulum bundle, innervating the retrosplenium and
presubiculum/posterior parahippocampal gyrus, thus connecting more posterior regions of
the hippocampal complex/MTL (Fig. 3). Damage to more posterior (but not anterior)
regions of the hippocampal complex result in WM deficits, suggesting that the posterior
hippocampal complex/MTL is involved in output or retrieval processes of the hippocampus
proper (Petrides & Milner, 1982).

Finally, the hippocampal-prefrontal pathway sends efferent projections from CA1/CA3 and
the subiculum to the medial prefrontal cortex (mPFC) and less densely to LPFC through
regions of the basal ganglia and thalamus in the rat, cat and non-human primate (Thierry et
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al., 2000; LaRoche et al., 2000; Swanson, 1981; Fig. 3). Because this pathway connects
hippocampal regions to the ventral tegmental area and ventral striatum (e.g., nucleus
accumbens, globus pallidus), it is thought to provide dopaminergic input to the medial and
lateral pathways (Thierry et al., 2000).

All three pathways interact to modulate memory processes and allow for PFC influence or
influence over PFC, either directly (lateral, medial pathways) or through a GABA-mediated
striatal-pallidal-thalamo gating mechanism (hippocampal-prefrontal pathway) that opens and
closes to allow information from different regions of posterior cortex to reach the PFC
through the basal ganglia and thalamus (Alexander et al., 1990; Thierry et al., 2000). The
hippocampal-prefrontal pathway’s connections with the nucleus accumbens core and globus
pallidus allow for the mesocortical DA system to influence different aspects of memory
(e.g., encoding, retrieval, maintenance; Thierry et al., 2000). One way in which this
influence may be exerted is through interactions with both the lateral and medial pathways,
because of common connections to the entorhinal cortex, presubiculum, and subiculum.
Although the specific cell populations of the medial and lateral pathways’ projections are
not well known, dense populations of GABA-mediated interneurons have been found in
both the entorhinal cortex and presubiculum (Sewards & Sewards, 2003; Pinto et al., 2006;
Canto et al., 2008; van Haeften et al., 1997; Manns et al., 2001). Cellular interactions of DA
and GABA are highly complex at the level of the hippocampal complex and outside the
scope of this review, although the interaction has been shown to both inhibit and facilitate
responses in the perforant path via the entorhinal cortex (Otmakhova & Lisman, 1999;
Caurana et al., 2006; Erickson et al., 2000). Thus, neurotransmitter influences on the lateral
pathway may provide a means of modulating input to the hippocampus via entorhinal cortex
to perforant path connections which may alter encoding/consolidation processes. Influence
on the medial pathway may modulate output from the hippocampus proper at the level of the
subiculum or presubiculum and therefore, be involved in selective retrieval of WM
information (Pandya et al., 1999; Morris et al., 1995; Goldman-Rakic et al., 1984).

Further speculation on the influence of DA input from the hippocampal-prefrontal pathway
and its effect on GABA interneurons in the projection zones of the medial and lateral
pathways (i.e., entorhinal cortex, presubiculum) may indicate changes in neural oscillations.
Although still tentative in their relation to memory inhibition, neural oscillations have been
shown in cell assemblies, such that the timing of neural firing in various brain regions is
coordinated to link or associate different components into a composite memory
representation. Studies examining local field potentials in rats, as well as intracranial and
magneto-encephalogram recordings in humans indicate that oscillations in the theta and
gamma band locally (i.e., within hippocampus and entorhinal cortex) and globally (i.e.,
PFC-hippocampal interaction) may represent the synchronization of spike-timing-dependent
plasticity (Hasselmo et al., 2002; Benchenane et al., 2011; Fell & Axmacher, 2011). This
synchronization has been viewed as a prerequisite for LTM memory processes, such as
separating encoding from retrieval dynamics and facilitating plasticity/LTP in the
hippocampus and entorhinal cortex (for a review see Hasselmo et al., 2002). Infusion of
muscimol (a GABAa agonist) into the medial septal areas in rats reduces theta activity, as
well as theta-gamma co-modulation and subsequent memory performance (Shirvalkar et al.,
2010; Chrobak et al., 1989; Givens & Olton, 1990). More strikingly, increases and decreases
of PFC-hippocampal theta co-modulation (perhaps an underlying mechanism of WM) are
suggested to depend on GABA interneurons that may turn on and off when PFC-
hippocampal interaction is necessary for WM (Benchenane et al., 2011). Furthermore, DA
injection to the PFC increases PFC-hippocampal theta co-modulation, perhaps as a result of
DA increasing the strength and precision of GABA mediated interneurons (Benchenane et
al., 2011). Hence, these studies indicate a linkage between DA, GABA interneurons and the
effects of theta/gamma oscillations on memory processes. Therefore, inhibition of retrieval
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may involve MFG modulation of the hippocampus/MTL via the lateral and/or medial
pathways (including DA influence from the hippocampal-prefrontal pathway), which may
alter theta/gamma oscillations affecting the spike-timing synchronization of encoding
(lateral pathway) or retrieval (medial pathway) processes.

5.2 Functional Implications of the Three PFC Hippocampal Pathways
Though the anatomical evidence appears to suggest that pathways exist between the MFG
and the hippocampus/MTL, it still does not suggest specifically how this model is expressed
functionally. That is, how would these pathways exert control to modulate the encoding or
retrieval process? One determinant factor of the relative contribution of the lateral and
medial pathways may depend on when control is applied to memory processes. When cues
to forget are presented immediately or close to target presentation (DF task), attempts to
control memory may affect the lateral pathway. In this case, the cue represents the concept
that stimuli are irrelevant or should be avoided. This may trigger inhibitory control of the
MFG to affect input to the hippocampus/MTL through the perforant path by increasing
activity of GABA mediated interneurons in the entorhinal cortex. In turn, this may reduce
spike-timing synchronization and oscillatory behavior important for continued encoding/
consolidation. In support of this sequence of events, intracranial recordings in humans
(previously reviewed) during an item-method DF task showed increased signal (TBF>TBR)
of the entorhinal cortex, which was subsequently followed by decreased signal in the
anterior hippocampus (Ludowig et al., 2010).

Conversely, in the case where memories have received training and thus have undergone
longer encoding (TNT task), future presentation of the cue most likely initiates a default
state of retrieval. To reduce the likelihood of retrieval from occurring, learning that a
specific memory is irrelevant or should be avoided may be necessary. This process could
involve associating the composite memory with reduced reward through DA influence.
Indicative of learning, initial inhibitory attempts in the TNT task invoke increased
hippocampal activity (Depue et al., 2007), and have been shown to be unsuccessful (Depue
et al., 2006; Hanslmayr et al., 2009; Butler & James, 2010). These latter findings indicate
that both cue and target are retrieved, and thus the composite memory (cue and target) may
undergo learning and become associated with irrelevancy or avoidance. Once learning
occurs, presentation of the cue may signal the MFG to reduce the output of the
hippocampus/MTL, perhaps by increasing activity of GABA-mediated interneurons in the
presubiculum or subiculum. Additionally, because the composite memory is now associated
with reduced reward and thus DA through learning, it may exhibit decreased spike-timing
synchronization and oscillatory behavior important for retrieval. fMRI evidence supporting
this shows reduced activity (T>NT) in the posterior hippocampus/MTL (Butler & James,
2010), as well as reduced activation in the cortices supporting memory representation
(Anderson et al., 2004; Depue et al., 2007; 2010) during attempts to inhibit retrieval. If
reactivation is reduced, then the appropriate information about the content of specific
memories would not be transmitted, either directly (medial pathway) or indirectly (throught
the basal ganglia), to the PFC for WM processes.

In sum, using the previous anatomical details and functional account, a model of inhibition
of retrieval involves alterations of encoding processes before stimuli have been well
established, or alternatively learning to avoid the retrieval process when stimuli have been
encoded well. This perhaps occurs by cognitive/inhibitory control, reflected as increased
activation of MFG excitatory connections on GABA-mediated interneurons of the entorhinal
cortex and presubiculum (i.e., lateral and medial pathways). Both pathways and their
associated processes may be facilitated by the influence of DA input from the hippocampal-
prefrontal pathway, which has been show to affect theta/gamma oscillatory behavior by
reducing spike-timing synchronization. Reduced information or oscillations in the output of
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the hippocampus/MTL would likely involve reductions in (i) pattern completion, (ii) activity
in posterior cortex, and (iii) information gated through the basal ganglia to be accessed or
maintained by WM, all of which are likely to affect the amount of information recalled at
any given moment.

6. Inhibitory Modulation of Memory Retrieval within a Broader Perspective
of Controlled Inhibition

To further support a model of inhibition of retrieval and place it in a broader perspective, it
is important to consider more well-established mechanisms of controlled inhibition over
other domains. Literature examining both response inhibition and emotion regulation (Aron
et al., 2004; Phan et al., 2005; Eisenberger et al., 2003; Ochsner et al., 2002) indicates a role
of the rMFG and rIFG in inhibitory modulation. A clear neuroanatomical mechanism
involved in the inhibition of motor responses has been mapped out extensively (Aron et al.,
2004; Aron & Polldrack, 2006). The major circuit involves excitatory pathways from the
rIFG to the subthalamic nucleus of the basal ganglia. This pathway excites GABA- mediated
interneurons in the globus pallidus that induce inhibition by interrupting important signals
that transmit information to the thalamus and subsequently to the motor cortex, as illustrated
in Figure 4. This has been considered a global stop mechanism of motor movement, and has
been demonstrated in tasks involving the stopping of prepotent motor responses (e.g., Stop-
signal, Go/No-go; Aron et al., 2004; Aron & Polldrack, 2006).

A similarly structured circuit in the amygdala is known to mediate fear extinction, and may
provide modulation of physiological responses during emotion regulation, re-appraisal, and
feelings of social rejection (Phan et al., 2005; Eisenberger et al., 2003; Ochsner et al., 2002).
Excitatory connections from ventromedial PFC (VMPFC) synapse on GABA-mediated
interneurons (intercalated cell masses) located between the basal and central nuclei of the
amygdala (Milad & Quirk, 2002; Pare et al., 2004). These control afferents, with possible
higher level cognitive control mediated via the LPFC to VMPFC, exert inhibition over the
central nucleus’s output to decrease physiological responses to fearful stimuli (Royer et al.,
1999; Pare et al., 2004) via modulation of the autonomic nervous system and somato-
sensory cortices (Fig. 4).

I propose that, akin to inhibitory modulation of motor responses and emotional reactivity,
inhibition of retrieval is a cognitive process that arises through cortically-driven control over
sub-cortical and older (non-neo) cortical regions (e.g., basal ganglia, amygdala,
hippocampus). These mechanisms may be viewed as accompanying more recent
phylogenetic cortical regions that express control over older phylogentic brain circuitries.
Specifically, response inhibition involves neocortical control over motor behavior (LPFC ->
basal ganglia) to alter complex approach and withdrawal locomotion. Emotion regulation
involves the cortical control of the fear circuit that is expressed in fear conditioning or
extinction of the fear response (LPFC/OFC-> amygdala) to alter physiological arousal. And
similarly, inhibiting retrieval appears to involve neocortical control over memory (LPFC-
>hippocampal complex) to alter encoding and retrieval processes associated with relevant
and irrelevant memories. All of these interactions appear to exemplify the relative cognitive
flexibility that humans have evolved to modulate the functions of lower-order brain
circuitries.

7. Conclusion
In sum, a model of inhibition of retrieval incorporating Reactivation Inhibition as the main
mechanism is supported by the current behavioral, neuroimaging, and comparative
neurology/anatomy literature. The neural mechanisms likely involve MFG – hippocampal/
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MTL interaction through the lateral and medial pathways with influence of DA input by the
hippocampal-prefrontal pathway to modulate encoding and retrieval processes. This is
evidenced most clearly in fMRI findings, with corroborating results from ERP studies, all of
which indicate reduced hippocampal/MTL activation, reduced activation of the cortices
supporting memory representation, reduced parietal and right frontal old/new effects and
increased N2 effects.

While constant modulation of retrieval processes in order to select appropriate behavior for
ongoing goal activity most likely occurs, it largely takes little effort to perform. However,
this process is much more apparent and effortful when the information is highly salient or
disturbing. Therefore, understanding these processes may be informative of dysfunction in
clinical populations who exhibit problems with memory and thought (i.e., PTSD, OCD,
GAD, ASD, depression). More broadly, inhibition of retrieval may function similarly to
response inhibition and emotion regulation, as cognitive processes that modulate lower-
order brain circuitries to adjust the flow of information through general inhibitory gating,
rather than specific inhibitory influence over individual representations. Although still
speculative, by fully outlining the proposed mechanisms by which inhibition of retrieval
occurs, numerous opportunities to test the model are apparent. Finally, understanding these
mechanisms not only informs the nature of inhibiting retrieval, but the control of memory in
general, as well as inhibitory processes in the brain that contribute to flexible behavior.
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Highlights

Behavioral and neuroimaging studies of inhibition of memory retrieval were reviewed. >
Results were used to differentiate three current hypotheses in control over memory. >
Interaction between lateral prefrontal cortex and hippocampus were consistently seen. >
A neuroanatomical model is developed to illustrate the possible mechanisms involved. >
Inhibition over memory is discussed in relation to inhibition across other domains.
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Figure 1.
Three hypotheses of how inhibition of memory retrieval may function, including: direct
inhibition (PFC specific inhibition of a single neural representation), reactivation inhibition
(PFC general inhibition of the retrieval process) and competitive attentional inhibition
(diversionary attentional distraction from a specific memory).
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Figure 2.
Cumulative fMRI results across all three tasks using meta-analysis techniques to illustrate
common PFC (anterior to pre-central gyrus) and posterior cortical regions (posterior to pre-
central gyrus) involved in inhibition of retrieval. Hot colors represent greater activation
(NT>T), while cold colors represent negative activation (T>NT).
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Figure 3.
The Lateral, Medial and Hippocampal-Prefrontal pathways (Hip = hippocampus proper,
Retro = retrosplenial cortex, PS = presubiculum, Sub = subiculum, EC = entorhinal cortex,
PHG = parahippocampal gyrus, VTA = ventral tegmental area, NAcc = nucleus accumbens
core, GP = globus pallidus, VMPFC = ventromedial prefrontal cortex, MFG = middle
frontal gyrus).
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Figure 4.
Inhibitory circuitry involved in response inhibition (orange), fear extinction and emotion
regulation (green), and a proposed circuit for inhibition of memory retrieval (red), (AMY =
amygdala, Central = central nucleus, ICMs = intercalated cell masses, HIP = hippocampus,
BG = basal ganglia, STN = subthalamic nucleus, GP = globus pallidus).
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Table 1

Hypothetical results from fMRI and ERP in relation to three hypotheses of inhibition of retrieval.

Hypothesis: Results: Competitive Attentional Inhibition Direct Inhibition Reactivation Inhibition

fMRI NT>T

PFC Activation (cognitive/inhibitory control
process)

Increased/Different/No Change Increase Increase

Posterior Activation (memory retrieval/sensory
processing)

No Change No Change Decrease

ERP NT>T

FN400 Old/New Effect (recognition memory) Decrease Decrease No Change

Parietal Old/New Effect (recollection memory) Decrease Decrease Decrease

Right Frontal Old/New Effect (reconstruction
memory)

Decrease Decrease Decrease

N2 Effect (cognitive/inhibitory control process) No Change Increase Increase
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Table 2

Neuroimaging results from individual studies and hypotheses they support (– indicates no support, x indicates
partial support and X indicates full support).

Hypothesis: Study: Competitive Attentional Inhibition Direct Inhibition Reactivation Inhibition

Wyland et al., 2003 (WB, fMRI) — X x

Mitchell et al., 2007 (WB, fMRI) — X x

Wylie et al., 2007 (DF, fMRI) — — —

Nowicka et al., 2010 (DF, fMRI) — — —

Ullsperger et al., 2003 (DF, ERP) — — —

Van Hoof et al., 2009 (DF, ERP) — — —

Ludowig et al., 2010 (DF, EEG) — — —

Anderson et al., 2004 (TNT, fMRI) — x X

Depue et al., 2007 (TNT, fMRI) — x X

Depue et al., 2010 (TNT, fMRI) — x X

Butler & James, 2010 (TNT, fMRI) — x X

Bergstrom et al., 2007 (TNT, ERP) — x X

Bergstrom et al., 2009 (TNT, ERP) — x X

Mecklinger et al., 2009 (TNT, ERP) — x X

Hanslmayr et al., 2009 (TNT, ERP) — x X
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