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Summary and Keywords

Sequences permeate daily life. They can be defined as a discrete series of items or states 
that occur in a specific order with a beginning and end. The brain supports the percep
tion and execution of sequences. Perceptual sequences involve tracking regularities in in
coming stimuli, such as the series of sounds that make up a word in language. Executed 
sequences range from the series of muscle activations used by a frog to catch a fly to a 
chess master mapping her next moves. How the brain controls sequences must therefore 
scale to multiple levels of control. Investigating how the brain functions to accomplish 
this task spans from the study of individual cells in the brain to human cognition. Under
standing the neural systems that underlie sequential control is necessary to approach the 
mechanistic underpinnings of complex conditions such as addiction, which may be rooted 
in difficult-to-extinguish sequential behaviors. Current research focuses on studies in 
both animal and human models and spans the levels of complexity of sequential control 
and the brain systems that support it.

Keywords: sequence, cognitive control, executive function, habit, addiction, primate, human, fMRI, electrophysiol
ogy

Introduction
When cooking a meal, it is intuitive that this process includes a series of steps. Most 
recipes include items that cannot be interchanged and must be performed in a particular 
order, such as chopping vegetables, searing vegetables, pouring in sauce ingredients. 
Many of these tasks involve executing practiced motor actions, such as chopping. Howev
er, some steps in cooking require monitoring a series of events before and after perform
ing an action. For example, bringing a simmering liquid to a boil briefly and then return
ing it to a simmer requires sequential monitoring. Simply looking at the simmering pot 
would not be informative as to whether or not the boiling step had been performed. To
gether, these subtasks and goals make up the overarching goal of preparing a meal. This 
goal-subgoal structure is a common element of task sequences (Lashley, 1951).
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The management of tasks on multiple levels requires cognitive control, and specifically, 
hierarchical cognitive control. Cognitive control is our general ability to flexibly select ap
propriate actions (Badre & Nee, 2018; Miller & Cohen, 2001). Hierarchical cognitive con
trol is a more complex form of control necessary for selecting actions based on a higher-
level or more abstract context (Badre, 2008; Badre & Nee, 2018; Botvinick, 2008). 
Sequential control is then further defined by hierarchical decisions that evolve through 
time, as is the case when deciding how to use the knife (subgoal) based on the specific 
step within the recipe (overarching goal). These control processes are subserved by com
mon brain areas and key nodes within larger networks, such as the prefrontal cortex and 
striatum. Control networks, in turn, encompass a wide variety of areas spanning from 
those brain areas canonically known for perceptual processing to those brain areas per
forming more integrated and hierarchical processing of abstract content.

Because of the large and overlapping nature of these control networks engaged in se
quential control, and the involvement of many brain areas spanning many levels of pro
cessing, investigating sequential control rapidly becomes intractable without a suitable, 
encompassing definition. What, then, is a sequence? Here a sequence is defined as a se
ries of steps or states that are in a particular order and have a beginning and an end. 
State is used as a general term to signify the conjunction between the current context 
and stimuli in the system. This definition is not new. There are entire lines of inquiry, no
tably in computer science, that investigate how control systems define sequences de novo 
(e.g., Sun & Giles, 2001). Although how a system identifies a sequence as a sequence is a 
compelling question in its own right, it is not the focus of this review. Here we focus on 
bringing together multiple literatures across levels of inquiry and analysis that have self-
defined as the study of “sequence.”

What are the different levels of sequence? One classically defined level is that of action or 
motor sequences. Motor sequences involve a precise order of activated muscles. Playing 
the piano is a canonical example (Figure 1).
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Figure 1.  Levels of sequences. (A) Example percep
tual oddball task depicting a visual pattern that is re
peated until an image that does not match the group 
is shown. (B) Schematic illustrates that playing the 
piano can occur as a well-practiced motor sequence 
without the need for visual cues. (C) Commonly used 
serial reaction time task (SRTT) combining a series 
of repeated visual stimuli with matching spatial mo
tor responses. (D) A task sequence can be completed 
for solving the math problem by following the proper 
order of operations to determine the correct answer. 
(E) Cooking is used to demonstrate the combination 
of all sequence levels. Visual cues from the environ
ment (colored vegetables) in combination with motor 
actions (chopping, slicing) to prepare the vegetables 
enable the execution of the correct order of steps in 
a recipe to successfully complete the overarching 
goal of preparing the meal.

Playing a song has a clear beginning and end, and a wrong move or muscle activation will 
mean that the sequence has been executed incorrectly. However, the purpose of defining 
a sequence more generally as a series of states is to encompass sequences that do not 
necessarily involve actions. A perceptual sequence, such as the visual cues of water 
changing from simmer to a boil or the series of stops on a subway train, could be defined 
as a series of stimuli that are in a specific order. Perceptual sequences do not necessarily 
require a specific action but could engage many of the same mechanisms responsible for 
monitoring the order of motor sequences. Task sequences, as in the cooking example, are 
the series of subgoals that are performed in a particular order in the service of an overar
ching goal. Together, perceptual and task sequences can be thought of as discrete end
points of a continuum on which sequence can be defined.

Sequences intersect with everyday behaviors that range from benign (e.g., cooking) to 
harmful and even deadly as in the drug seeking and taking actions that occur in addic
tion. To examine this intersection and integrate across the levels of sequences, the follow
ing review presents work that is organized by sequence modality: perceptual, motor, per
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ceptual and motor, and task. Within each modality, literature is examined across animals 
and humans; behavior and brain function; and health and addiction, ordered by approxi
mately increasing sequence complexity. Sequence modalities are typically examined in 
isolation. These individual modalities may form a scaffold and interact to enable complex 
behavioral repertoires, such as naturalistic sequential actions. The literature reviewed 
here elucidates parallels across modalities and species, and suggests that common activi
ty dynamics may represent sequences across different brain areas. Further, the same 
neural circuits necessary for sequential control, and processing across levels of sequence 
behavior more generally, have been shown to be dysfunctional within addiction. Though 
there is evidence to suggest that addiction is closely linked to habitual motor sequences, 
the aim of this review is to broaden the scope for how sequences are associated with ad
diction more generally. Sequences that exist simultaneously across multiple levels (per
ceptual, motor, and task) may create structures that are particularly embedded in the 
neural circuitry and, in disorders such as addiction, may be particularly difficult to extin
guish.

Addiction is a disorder that affects more than 19.7 million people in the United States 
(SAMSHA, 2018). The current U.S. opioid abuse crisis illustrates our lack of knowledge in 
understanding the complex structure of drug seeking and taking behaviors (Burke et al., 
2018). Integrating ideas about sequential processing across levels may reorient ap
proaches to treating addiction, which is itself a notoriously heterogeneous disorder that is 
difficult to develop therapies for and has a high relapse rate. While this review highlights 
the overlap between sequential control and addiction, existing findings within the addic
tion field demonstrate an imbalanced and, in some instances, absent, examination of the 
sequential processing components. The goal of this review is to connect fields of research 
typically studied in isolation across behavioral and neural levels to scaffold future re
search. In sum, approaching sequences across levels will further our understanding of 
the brain mechanisms underlying sequential control in health and disorder.

Perceptual Sequences

Repeated Stimuli and Statistical Learning

Perhaps the most basic sequence is a perceptual sequence, which is a series of stimuli in 
the environment that occur in a particular order through time. Perceptual sequences 
themselves can vary in complexity. This subsection discusses the perceptual sequences 
that are built up through varying levels of experience with order of the transitions that 
occur between the stimuli themselves.

Simple perceptual sequence processing paradigms often use tasks in which a series of 
stimuli are repeated. The evaluation of whether these perceptual sequences have been 
learned consists of examining rare violations, or deviants, from the established series. In
ferences about the capability of the underlying circuitry to encode the repeated patterns 
of stimuli are then made from the responses to the deviants. The first such studies were 
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published in the late 1970s describing the mismatch negativity (MMN) component of 
event-related potentials (ERPs) in response to an infrequent deviant auditory stimulus 
(for review, see Näätänen, Astikainen, Ruusuvirta, & Huotilainen, 2010). Evidence exists 
for the presence of the MMN across a broad array of species and conditions including hu
man adult and infancy sleep, sedated humans, and anesthetized animals, suggesting that 
the pattern detection machinery is ubiquitous and foundational. The MMN also exists in 
the visual domain (for review, see Pazo-Alvarez, Cadaveira, & Amenedo, 2003). This sec
tion introduces some of the neural mechanisms putatively responsible for coding these vi
sual (ir)regularities and to suggest that these mechanisms may be the building blocks on 
which more complex sequential representations are constructed.

Neural signals detecting visual regularities have been described in very early visual ar
eas. The responses of salamander and mouse retinal ganglion cells to omitted flash stim
uli are robust to minor changes in light level and duration (Schwartz, Harris, Shrom, & 
Berry, 2007). Note that though the authors use the word “sequence” to describe the se
ries of stimuli in this study, the stimuli are uniform and the observed neural responses re
flect a very early prediction of the timing of subsequent stimuli. Therefore, the detection 
of regularities is not necessarily equal to the detection of sequence, and differs from the 
definition of sequence presented here as an ordered series of states.

Further studies have examined the mechanisms underlying neural responses to similar 
repeated stimuli throughout the visual stream. Neurons in the superior colliculus of mon
keys showed an adaptation of responses to repeated stimuli along with much more rare 
novelty signals to oddball stimuli (Boehnke et al., 2011). Functional magnetic resonance 
imaging (fMRI) in humans has shown that similar adaptation occurs in early visual cortex 
(V1, V2, and V3, Figure 2), with novelty being signaled in V4, unlike earlier visual areas 
(Gardner et al., 2005).
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Figure 2.  Brain regions associated with sequences. 
Cortical (top) and subcortical (bottom) neural sub
strates of sequential processing across species in hu
mans (left) and monkeys (right). V1 = primary visual 
cortex; pACC = pregenual anterior cingulate cortex; 
M1 = primary motor cortex; SMA = supplementary 
motor area; SEF = supplementary eye field; DLPFC 
= dorsolateral prefrontal cortex; RLPFC = rostrolat
eral prefrontal cortex. Cortical surface displayed 
with Caret (Van Essen et al., 2001). Coronal slices 
displayed using MRIcron (available on NITRC). Mon
key brain images were obtained from the NMT atlas 
(Seidlitz et al., 2018).

Therefore, though early visual areas may be capable of detecting differences in repeated 
stimuli, it is only when proceeding into later stages of processing that changes in the pat
tern of the stimuli, rather than just the properties of the stimuli themselves, begin to be 
detetcted consistently. The idea of hierarchical representation of stimulus (ir)regularities 
has garnered some support from a human magnetoencephalography (MEG) study. In a 
test of 21 causal models of responses to sequence deviants, they found an expectancy sig
nal was delivered to the prefrontal cortex (PFC, Figure 2; Phillips, Blenkmann, Hughes, 
Bekinschtein, & Rowe, 2015). Further investigation will be necessary to examine the net
work properties of these sequence deviant responses.

Abnormal responses to stimuli within the environment suggest that the basic underlying 
mechanisms of perception and processing of (ir)regularities of sequence structure are al
tered by drugs of abuse. Studies in human addiction show that disruptions in pattern de
tection can result from drugs of abuse in both auditory and visual MMN components. 
While these studies are reviewed extensively elsewhere (see Kremláček et al., 2016; 
Näätänen et al., 2012), findings across both the visual and auditory domain demonstrate 
a reduction in the MMN to unpredicted stimuli as the result of alcohol use and depen
dence, particularly the frontal subcomponent. In contrast, nicotine and methampheta
mine addiction have been shown to enhance MMN in the visual domain, which was relat
ed to severity of addiction for methamphetamine use. Changes in the neural responses 
during perceptual processing may therefore underlie maladaptive addictive behaviors 
that reflect heterogeneity-based substance type; alcohol is generally a depressant, where
as nicotine and methamphetamine are stimulants. These results suggest a potential 
mechanism by which relatively simple perceptual cues and context could influence com
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plex drug seeking and taking behavior within the domain of perceptual sequence process
ing.

More complex sequences that do not just involve repeated items can also be constructed 
through experience (Figure 1A). Learning about these sequences can be classified as sta
tistical in nature, in that the sequence is built up by consistent relationships among the 
elements over time. Perceptual sequences in the context of such statistical learning have 
been studied perhaps most commonly in the auditory domain, where language is an intu
itive example of learning to associate sequences of sounds and group them together (Saf
fran, Aslin, & Newport, 1996). While an extensive review of the statistical learning litera
ture is outside the scope of this article (for review, see Aslin, 2017), the article attempts 
to illustrate that statistical learning takes place in the visual domain and that the neural 
underpinnings of constructing these regularities may share common neural substrates 
with those associated with other levels of sequential performance and control.

Temporal correlations are theoretically as important in the visual domain as in the audito
ry domain. For example, when viewing an object that is rotating, the image on the retina 
will be correlated from time point to time point, and that fact is arguably what helps con
struct the object as an object. This observation can be extrapolated to situations where 
the image on the retina changes from one object or scene to another, such as when mak
ing saccades (Fiser & Aslin, 2002). In a series of studies, Fiser and Aslin (2001, 2002) 
adapted a paradigm used in the auditory domain to study the effects of temporal correla
tions among visual stimuli and how humans perceive them. They found that participants 
not only learned the transitions from one shape to the next, but that higher-order “condi
tional probabilities” (the probability of one object appearing given another) were also 
learned. Subsequent research showed that stimulus features are learned in a manner 
where the features (such as shape and color) are bound such that learning sequential reg
ularities of consistent shape-color objects does not transfer when shape or color are test
ed alone (Turk-Browne, Isola, Scholl, & Treat, 2008). Further, repeating stimuli and fea
tures preferentially bias attention in an automatic manner (Zhao, Al-Aidroos, & Turk-
Browne, 2013). These results suggest that people automatically extract correlated tempo
ral sequences of visual information.

Existing behavioral evidence suggests that monkeys are also capable of learning percep
tual sequences in a statistical manner. Statistical sequence learning in monkeys has been 
found to be similar to sequence learning in humans (for review, see Conway & Chris
tiansen, 2001) and similar across auditory and visual sequences (Milne, Petkov, & Wilson, 
2017). Further, monkeys may be capable of more complex statistical learning than origi
nally thought possible, in that they were capable of generalizing a learned sequence 
“grammar” to new sequences (Heimbauer, Conway, Christiansen, Beran, & Owren, 2018). 
Thus, it is possible that perceptual sequence learning has been conserved across species.

Perceptual statistical sequence learning activates many brain regions observed in other 
kinds of sequences, as discussed further in subsequent sections. When comparing struc
tured versus random sequential stimuli, greater activation was observed in a wide net
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work of areas (Turk-Browne, Scholl, Chun, & Johnson, 2009). These areas included the 
medial and middle frontal gyrus, precentral gyrus, and insula in the frontal cortex; superi
or and middle temporal gyrus; hippocampus; caudate nucleus; and parahippocampal 
gyrus (Figure 2). Further research proposed that the representation of these related stim
uli may arise from clusters of mutually predicting stimuli, and not just transient events at 
the borders of sequences (Schapiro, Rogers, Cordova, Turk-Browne, & Botvinick, 2013). 
Specifically, such representations were found in the inferior frontal gyrus, insula, anterior 
temporal lobe, and superior temporal gyrus. Many of these areas overlap with those pre
viously observed in the broader study of areas responding to statistical learning and 
therefore suggest a common network.

These fMRI investigations have been extended to monkeys by a small number of studies 
that examine the neural bases of statistical learning in both humans and monkeys. One 
study found that ERPs to deviant auditory stimuli were similar between monkeys and hu
man infants, though these results were not specific to particular brain regions (Milne et 
al., 2016). Another study examined fMRI in both human and monkey participants while 
they were exposed to auditory sequences constructed according to a set of transition 
“rules” and violations, or deviants from those rules (Wilson et al., 2015). The authors 
found strikingly similar activation produced by deviants in humans and monkeys in the 
frontal cortex (including rostral frontal cortex) and middle temporal gyrus (Figure 2). 
Caudate nucleus activation was also present in the response to deviants in monkeys, but 
was not discussed or explicitly tested in humans. Therefore, although there are similari
ties across species, there may also be differences that underscore the necessity of exam
ining sequences across species.

The neural mechanisms underlying statistical learning have also been investigated in 
electrophysiological studies in animals. Studies of primary visual cortex in mice found evi
dence of the predictive coding of the timing and identity of sequences of oriented grat
ings such that responses in the cortex were present even when sequence items were 
omitted (Gavornik & Bear, 2014). Preliminary evidence exists that the predictive code in 
primary visual cortex may consist of a transient coding of novel stimuli and a more sus
tained encoding of familiar stimuli (Homann, Koay, Glidden, Tank, & Berry, 2017). No
tably, the maintained response was seen in different cells for different sequences, indicat
ing that a code may exist for the identity of learned stimulus sequences as early as in the 
primary visual cortex. A series of studies investigated the responses of neurons in the in
ferotemporal cortex (ITC) when monkeys were repeatedly exposed to pairs or triplets of 
images (Meyer & Olson, 2011; Meyer, Ramachandran, & Olson, 2014; Ramachandran, 
Meyer, & Olson, 2017). They found evidence for enhanced responses in the ITC to items 
substituted from other sequences to be due to the suppression of expected items, rather 
than the surprise of unexpected items. Thus, there is evidence that sensory cortex repre
sents statistical sequences, possibly through mechanisms that both maintain the current 
context and suppress responses to expected items.
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Classic statistical learning paradigms have not been explicitly examined in addiction or in 
studies of drugs of abuse. However, learning about statistical transitions within the envi
ronment are essential aspects of determining drug availability and consumption. In addic
tion, individuals may prioritize cues and actions regularly associated with the drug seek
ing and taking ritual at the expense of other behaviors that could help the individual over
come continuous drug use despite negative consequences. Alcohol dependent individuals 
performing a decision-making task demonstrated disruption in the ability to use inference 
to guide alternative selection of choices, suggesting deficits in statistical learning of the 
structure of the decision environment (Reiter et al., 2016). FMRI data and computational 
modeling supported this conclusion by showing decreased efficacy of the medial pre
frontal cortex (mPFC) and posterior cingulate cortex signal in coding these inferences 
(Figure 3A).
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Figure 3.  Overlap between brain areas necessary for 
sequences and studies of addiction and ramping dy
namics during sequential control from Desrochers et 
al., (2015). (A) Cortical (top) and subcortical (bot
tom) neural substrates of sequential processing in 
human sequence studies (left; same as Fig. 2) and 
brain areas identified from addiction studies (right) 
that may be relevant to sequential processing. Black 
dashed outline indicates brain areas of activation 
found in both studies of sequences and addiction. 
Striatum includes caudate nucleus and putamen and 
ventral striatum (coronal slices). Abbreviations: pri
mary visual cortex (V1); secondary visual cortex (V2);
pregenual anterior cingulate cortex (pACC); posteri
or cingular cortex (pCC); primary motor cortex (M1); 
supplementary motor area (SMA); supplementary 
eye field (SEF); dorsolateral prefrontal cortex 
(DLPFC); rostrolateral prefrontal cortex (RLPFC); or
bitofrontal cortex (OFC); ventromedial prefrontal 
cortex (vmPFC). Cortical surface displayed with 
Caret (Van Essen et al., 2001). Coronal slices dis
played using MRIcron (available on NITRC). (B) Re
gion of interest (ROI) used for RLPFC (left) and aver
age percent signal change (+ SEM) from voxels with
in the RLPFC ROI (right). Orange dotted line depicts 
example ramping slope. (C) Whole-brain ramping ac
tivation as found using a parametric ramp over base
line contrast (family wise error (FWE) cluster cor
rected p < 0.05, extent threshold 172 voxels, with 
lateral views rotated ~50º). Black outlines indicate 
the ROIs used in the study: RLPFC, pre-PMd, and 
SMA/pre-SMA. Reprinted from Desrochers, 
Chatham, & Badre (2015) The Necessity of Rostrolat
eral Prefrontal Cortex for Higher-Level Sequential 
Behavior.

Similar brain areas are found to be active across species for encoding relationships 
among elements within a sequence. Difficulty in learning from consistencies or changes 
within the environment may render behavioral repertoires in addiction inflexible and thus 
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hard to change. Understanding pattern detection and statistical learning as fundamental 
building blocks of sequential processing and how these components interact across both 
perceptual and motor levels will enable the development of new experimental paradigms 
for studying addiction.

Perceptual Sequence Pattern Detection

In contrast to repeated stimuli, studies of perceptual sequences involve a repeating pat
tern of stimuli where deviations cannot be detected by differences from previous stimuli 
alone. The progress through these perceptual sequences can be thought of as progress 
through states, as the stimuli are only cohesive as a group in the broader context of the 
sequence. Any individual transition would not be sufficient to define the state.

One of the first paradigms developed to study the detection of sequences was the local-
global paradigm (Bekinschtein et al., 2009). In this paradigm people were exposed, multi
ple times, to a standard pattern of tones (e.g., XXXXY) and then rare deviants from that 
pattern (e.g., XXXXX). In this way responses to “local” deviants such as the X-Y in the 
standard pattern could be compared to “global” deviants such as the change from XXXXY 
to XXXXX that are only relevant because of the larger context. The authors found in elec
troencephalography (EEG) recordings that responses to the local deviants were earlier in 
time after the stimulus than the global deviants and more similar to those reported for 
the MMN. Responses to global deviants were present in frontal areas commonly associat
ed with motor sequences (see section on “MOTOR SEQUENCES”), such as the dorsolater
al prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC) along with the superior 
temporal gyri, parietal lobe, and occipital pole (Figure 2). These global responses were 
not present if the participant was not conscious or paying attention, suggesting that a 
higher level of processing was necessary than for the more automatic responses to the lo
cal deviants, which were present under all consciousness conditions. These results sug
gest that perceptual stimuli are processed as sequences, even without the need for ac
tion.

Subsequent work further investigated the role of attention in sequentially grouping per
ceptual stimuli. One study used MEG to investigate the perception of bi-stable sequences 
of sounds (Billig, Davis, & Carlyon, 2018). These repeated sequences could be perceived 
as integrated XYX-XYX or as XX, Y. They found that attention to the sequence as a whole 
biased the percept of the series of tones to the integrated sequence. Further, the ability to 
decode sequential information in the auditory cortex was also modulated by attention, 
suggesting that the neural representation itself changed according to the attended fea
tures of the sequence. Though these perceptions are modulated by attention, there has 
been some evidence to suggest that attention may not be necessary to detect all sequen
tial features. Deviants from the standard XXXY tones, such as XXXXXY, evoked significant 
responses at frontal EEG electrodes during the fourth position (where the “Y” tone would 
have been in the standard) whether participants were passively or actively listening to 
the tones (Symonds et al., 2017). However, these responses were significant earlier in 
time and distributed differently across other cortical areas in the passive condition, sug
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gesting that different networks and processes may be engaged with the frontal cortex 
during conditions with and without attention to perceptual sequences.

Given the ubiquity of the MMN across species, the question then arises if these perceptu
al sequence detections also generalize across species. An elegant study by Wang, Uhrig, 
Jarraya, and Dehaene (2015) examined fMRI activation to a passive sequence listening 
task, similar to the local-global paradigm, in both humans and monkeys. They found re
sponses to global pattern deviants in the prefrontal cortex and basal ganglia across 
species (Figure 2). These results suggest that perceptual sequence detection is not limit
ed to humans and that humans and monkeys may share similar underlying neural re
sponses to perceptual sequences.

All of the studies thus far have used auditory stimuli. Though less frequently studied, evi
dence has shown that perceptual sequence detection is similar in the visual domain. One 
study compared ERPs in auditory and visual local-global paradigms and found their tim
ing and distribution across the cortex to be similar across the domains (Blundon, Rumak, 
& Ward, 2017). Therefore, it is possible that perceptual sequence detection recruits simi
lar neural resources, regardless of stimulus modality.

Studies of addiction measuring perceptual sequences have not been directly performed. 
However, limited behavioral evidence from humans viewing groups of neutral and alco
hol-related stimuli suggests that the motivation to consume alcohol biased attentional fo
cus (Hicks, Friedman, Gable, & Davis, 2012). In the local-global paradigm, the processing 
of local deviants may occur automatically while attending to and recognizing the global 
context may require more effortful executive control. Enhanced automatic behaviors with 
the use of drugs of abuse (see subsection on “HABITUAL SEQUENCES”) suggests that 
perceptual processing may be biased to the relatively automatic or local aspects of pat
terned stimuli within the local-global task. Addicted individuals also exhibit dysfunction 
within the attention and executive control networks, potentially further biasing process
ing away from the global context (Goldstein & Volkow, 2011; Hicks et al., 2012). Testing 
these hypotheses directly by applying the local-global paradigm to studies of addiction 
will result in a better understanding of the behavioral and neural correlates of perceptual 
sequence pattern detection. Such experiments could also determine whether perceptual 
processing is misprioritized for actions that are typically associated with the drug use rit
ual, and suggest avenues of subsequent treatment.

Instructed Perceptual Sequences

In the previous section on “PERCEPTUAL SEQUENCE PATTERN DETECTION,” the rela
tionships among stimuli were not explicitly instructed (though evidence suggests that 
they had been learned through experience). This section discusses sequences that de
pend on explicit association and memory, yet are still perceptual in nature. These tasks al
so do not require classic sequences of movements, and so can address questions on how 
sequences are remembered and encoded, without the confound of simultaneous action 
planning.
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Human neuroimaging studies have focused on the features and location of remembered 
sequential information. In one series of studies, participants were asked to memorize se
quences of visual objects; however, during testing while undergoing scanning, partici
pants did not have to use the sequential information and instead made unrelated (e.g., 
size) judgments of the objects (Hsieh, Gruber, Jenkins, & Ranganath, 2014; Hsieh & Ran
ganath, 2015). The authors found sequence representations in areas traditionally associ
ated with memory functions such as the hippocampus, medial PFC, retrosplenial cortex, 
and angular gyrus (Figure 2). They also found sequence representations in areas tradi
tionally associated with motor sequences such as the caudate nucleus and putamen in the 
striatum. However, the nature of the sequential representation differed across these ar
eas. The hippocampus coded information both about the object identity and the position 
in learned sequences. Cortical areas represented the sequence position, without coding 
for the object identity. Striatal areas carried information about objects either specific to 
the learned sequences, as in the putamen, or to objects themselves regardless of se
quence, as in the caudate. These studies suggest that even when sequential information 
is not actively needed for the task, it is still represented in areas classically associated 
with motor sequences.

The previous study utilized memory that was presumably more long-term. However, peo
ple and animals perform sequences with ease even when they have not had long-term en
coding practice with them. What, then, is the representation of sequences in short-term 
memory? An early study found that the mid-DLPFC and ACC participated in encoding the 
order of novel, abstract stimuli (Amiez & Petrides, 2007). A subsequent study examined 
both encoding and retrieval by asking participants to remember a sequence of up to three 
items over a brief delay and then determine if the order presented matched the order of 
the test stimuli (Kalm & Norris, 2017). The authors found a large network of brain areas 
that represented sequence position information either at sequence encoding or test, in
cluding large regions in the prefrontal cortex, temporal lobe, intraparietal sulcus, and oc
cipital cortex. However, only two areas were specifically active during both phases of the 
task, the rostrolateral prefrontal cortex (RLPFC) and the anterior temporal lobe. A simi
larly broad network of areas was observed for target detection during a sequential target 
detection task (Farooqui, Mitchell, Thompson, & Duncan, 2012). These areas, specifically 
including the RLPFC, will be discussed further in the section on “TASK SEQUENCES” 
and provide an example of sequential information being potentially coded by common ar
eas of the brain across levels of sequences.

The PFC has also been implicated in monkey studies of short-term memory. These studies 
required the monkey to remember the order of presented stimuli, and then either recog
nize whether or not the test order was correct or recall the order by reproducing a por
tion of or the entire sequence. Earlier studies used shorter sequences of two items and 
found that neurons in the PFC encoded the order of the objects, with the second object 
being represented more strongly in both neural spiking (Warden & Miller, 2010) and gam
ma-band local field potentials (LFPs; Lundqvist, Herman, Warden, Brincat, & Miller, 
2018). Neurons in the PFC also encoded whether the animal was performing the recogni
tion or recall task, indicating that neurons represented the higher-order context along 
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with the sequence position. Further, a study of perceptual sequences found that in the 
PFC and other frontal cortical areas a position code was consistent across sequence 
lengths (Carpenter, Baud-Bovy, Georgopoulos, & Pellizzer, 2018). Together these studies 
illustrate that neurons in the PFC code sequence position during perceptual, nonmotor 
sequences.

Across monkeys and humans, it is therefore possible that similar brain areas, e.g., the 
PFC, are performing similar functions in coding for sequence position and broader con
text (Figure 2). However, this possibility has not been directly tested for instructed per
ceptual sequences. There is behavioral evidence that animals and humans may perform 
these tasks in the same or similar manner. Rodents and humans were trained to monitor a 
sequence of odors or abstract images, respectively, for one that was out of the pre-in
structed order (Allen, Morris, Mattfeld, Stark, & Fortin, 2014). The authors found a simi
lar pattern of performance, particularly on out of order “probe” trials, across humans and 
rodents. These results indicate that not only do humans and animals remember perceptu
al sequences, but that they may use similar cognitive processes to do so. Further, there is 
preliminary evidence that neurons recorded in the PFC of rodents respond to sequential 
items while performing this task (Quirk, Allen, & Fortin, 2014). Whether these similarities 
will extend to monkeys and humans is an assumption that remains to be tested directly.

Laboratory studies of drugs of abuse and addiction in both humans and animals focus on 
the neural responses to discrete drug-associated cues, rather than accounting for the se
quential nature of the image presentations and underlying memory processing. However, 
brain regions that are activated to cue presentations in substance-dependent or heavy-
use individuals overlap with those that process instructed perceptual sequences. For ex
ample, a meta-analysis of human addiction studies showing drug cues during fMRI 
demonstrated that areas such as the ventral striatum, ACC, and ventromedial PFC 
(vmPFC) show increases in activation in addicts or heavy users to drug cues, and areas 
significantly more active in drug users relative to controls included posterior cingulate, 
precuneus, and superior temporal gyrus (Figure 3A; Schacht, Anton, & Myrick, 2013). 
Further, drug-related stimuli activate common areas of visual cortex, including both pri
mary and secondary, across studies (Hanlon, Dowdle, Naselaris, Canterberry, & Cortese, 
2014). These results again highlight commonalities in the behavioral and neural sub
strates across the levels of perceptual sequences and addiction, suggesting that addic
tion-related cues may produce neural activations related to addictive sequential behav
iors. It is likely that changes in processing of perceptual modalities interact, such that at
tentional bias to cues and statistical regularities in the environment become linked dur
ing the sequential actions of drug seeking and consumption. How the brain encodes such 
relationships is an outstanding question, warranting future studies that capitalize on the 
utility of studying addiction within the realm of perceptual sequences. A better under
standing of disruptions in perceptual processing will provide a novel foundation for study
ing the heterogeneity of cues and responses present within addiction.
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Motor Sequences
Motor sequences encompass the acquisition and production of skilled actions, themselves 
a series of muscle movements. Motor sequences can either be voluntarily planned or po
tentially evolve to be performed automatically, with limited cognitive resources devoted to 
monitoring processes. The behavioral and neural correlates of motor sequence execution 
and learning have been extensively studied in both animals and humans. However, stud
ies have only recently begun to expand the study of motor sequences and habitual behav
ior to the study of addiction. This section will introduce common paradigms utilized 
across species to discuss the application and relevance to addiction, with the goal of 
drawing parallels between the neural underpinnings of motor sequences across studies of 
health and addiction.

Serial Reaction Time Tasks

Aside from muscle activation sequences that are not explicitly controlled, such as breath
ing and walking (for brief discussion, see Desrochers, Burk, Badre, & Sheinberg, 2016), 
one of the simplest forms of motor sequence involves responding to a stimulus as quickly 
as possible in a manner that follows a sequence. Over time, participants will learn the se
quence of the stimuli so that they are faster to respond. Specifically, two common para
digms used to measure motor sequence learning are the serial reaction time task (SRTT) 
and the discrete sequence production (DSP) task. In the SRTT, participants execute a re
peated series of button presses that correspond to the spatial location of stimuli as they 
are highlighted on a computer screen (Nissen & Bullemer, 1987; Figure 1C). Reaction 
time decreases steadily with learning of practiced sequences relative to elevated reaction 
time for newly introduced sequences, often without the explicit awareness of the partici
pant (Abrahamse, Jiménez, Verwey, & Clegg, 2010). In contrast, the DSP task is typically 
used to measure explicit learning as participants are instructed to execute separate trials 
of sequences (Verwey, 2001). For example, tasks may incorporate one or both hands, use 
longer sequences to examine how they are executed in segments or “chunks,” and re
quire 500 to 1,000 repetitions to measure changes in reaction time as these skilled motor 
sequences are learned (Abrahamse, Ruitenberg, de Kleine, & Verwey, 2013). Although the 
behavioral parameters of these task paradigms vary, the underlying neural correlates are 
proposed to follow a dual process theory in which both frontal cognitive control regions 
and basal ganglia areas interact during motor task learning and execution.

At the neural level, overlapping brain areas and networks underlie the learning and exe
cution of motor sequences in the SRTT and DSP task. This neural data has been summa
rized extensively elsewhere (Abrahamse et al., 2010, 2013; Gheysen & Fias, 2012; Keele, 
Mayr, Ivry, Hazeltine, & Heuer, 2003), but key regions include the hippocampus, lateral 
prefrontal cortex, parietal and motor cortices such as the supplementary motor area 
(SMA), premotor cortex (PMC), and the striatum (Figure 2). The activity of these regions 
has been shown to interact during early stages of learning, with shifts in engagement 
from frontal cortex to subcortical areas, such as the striatum during training to test phas
es of learning dependent upon task requirements (training level, dual-task processing, 
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novelty; Abrahamse et al., 2010). Further, this research also demonstrates a rostral to 
caudal gradient in the predominance of brain areas engaged as learning progresses, both 
within prefrontal cortical areas and within the striatum itself (Gheysen & Fias, 2012; 
Sakai et al., 1998).

Despite the simplistic nature and relative ease of using the SRTT task paradigm in study
ing motor sequences in humans, the translation to studies in animals has required 
species-dependent adaptations. Studies in rodents have used a combination of light cues, 
levers, and nose-poke apertures in varying spatial locations to enable serial responding 
that mimics the task in humans, with an emphasis on examining subcortical contributions 
to sequential learning in the striatum and hippocampus (Schwarting, 2009). Further stud
ies in monkeys have expanded the study of the SRTT to examine frontal neural contribu
tions and behavioral correlates during motor sequence learning and execution (Heim
bauer et al., 2012; Hikosaka, Rand, Miyachi, & Miyashita, 1995; Minier, Fagot, & Rey, 
2016; Ohshiba, 1997). In monkeys, practice of cued response sequences shapes the activi
ty of M1 neurons during repeated presentations of the sequences (Matsuzaka, Picard, & 
Strick, 2006), and the pre-SMA relative to SMA functions to encourage learning of novel 
sequences (Nakamura, Sakai, & Hikosaka, 1998, 1999). Together, these studies show the 
importance of integrated neural processing during motor sequences that is dynamically 
adjusted over time throughout learning.

Examining the behavioral and neural findings across species demonstrates that similar 
cortical and subcortical structures are active during the learning and execution of motor 
sequences (Figure 2). Cortical areas including motor cortex and SMA as well as subcorti
cal structures such as the hippocampus and striatum are key components of distributed 
networks across the brain that play a major role in simple motor sequence execution. 
These brain structures and networks show aberrant processing in nonsequential studies 
of addiction in humans, demonstrating that there is overlap in the brain areas that govern 
motor reaction sequences and addictive behaviors (Figure 3A). Motor sequence studies in 
addicted individuals are limited, and the results are sometimes conflicting. For example, 
alcohol-dependent individuals showed similar SRTT execution as controls, despite dimin
ished executive functioning (Virag et al., 2015). In contrast, cocaine users exhibited im
paired performance on finger tapping sequences and deficits in frontostriatal connectivity 
(Lench, DeVries, & Hanlon, 2017). Given these mixed findings, studies applying these 
paradigms to investigate the neural substrates of motor sequence learning in addiction 
represent an essential avenue for future research.

Habitual Sequences

The SRTT involves making a series of responses to a stimulus. It has been hypothesized 
that making repeated stimulus-response (S-R) associations can drive actions that were 
initially reward- or goal-driven to become habitual. The scope of literature that has stud
ied habits and habit formation in both health and addiction is vast (Balleine & O’Doherty, 
2010; Belin, Belin-Rauscent, Murray, & Everitt, 2013; Dolan & Dayan, 2013; Graybiel, 
2008). The aim of this section is to first briefly describe paradigms that have focused on 
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potential components of entire habitual sequences, such as habitual S-R associations, be
cause of their potential connections to processes underlying addiction. Further discussion 
will then focus on the body of work that studies multistep habitual sequences.

Though the habitual S-R component of habitual sequences was studied initially and most 
extensively in rodents, it has since been studied across species. Habitual S-R associations 
are defined by the execution of actions no longer being affected by the reward or goal, 
such that the reward can be “devalued” and the action will persist (Dickinson, 1985). Hu
man studies have employed paradigms stemming from animal models to measure habits 
as opposed to goal-directed behavior (Balleine & O’Doherty, 2010; de Wit, Corlett, Aitken, 
Dickinson, & Fletcher, 2009; de Wit, Niry, Wariyar, Aitken, & Dickinson, 2007; O’Doherty, 
2004; Tricomi, Balleine, O’Doherty, 2009; Valentin, Dickinson, & O’Doherty, 2007). The di
rect translation from rodent studies to humans provided a basis for developing additional 
paradigms to study these behaviors in both health and neuropsychiatric disorders (Banca, 
Harrison, & Voon, 2016; Daw, Niv, & Dayan, 2005; Dolan & Dayan, 2013; Gillan et al., 
2011). However, recent studies have failed to replicate previous findings (de Wit, Kindt, 
Knot, & Verhoeen, 2018). Further, conflicting results have been reported on validating the 
constructs of goal-directed and habitual behavior across tasks (Friedel et al., 2014; Miller, 
Shenhav, & Ludvig, 2019; Sjoerds et al., 2016), suggesting that these behaviors may be 
more complex to parse across species than originally demonstrated.

The shift from goal-oriented to habitual behavior has been associated with changes in 
processing within the brain from prefrontal control and value associated regions to 
strengthened engagement of the striatum (Balleine & O’Doherty, 2010; Dolan & Dayan, 
2013). Specific brain areas in humans that have been implicated in these behaviors in
clude the OFC, vmPFC, PMC, caudate, and putamen (de Wit et al., 2009; de Wit et al., 
2012; Tricomi, Balleine, O’Doherty, 2009; Valentin et al., 2007). A study in monkeys used 
lesions to value associated regions and a devaluation manipulation to demonstrate the ne
cessity of the orbital frontal cortex (OFC) in overriding habitual responding and ventrolat
eral PFC (vlPFC) in creating habitual actions (Rudebeck, Saunders, Lundgren, & Murray, 
2017). Findings across species converge on the importance of the prefrontal cortex in 
flexibly switching between goal-directed and habitual action selection strategies, but out
standing questions remain on the role of more rostral PFC in such behaviors and more 
complex action sequences that incorporate these behavioral components.

Human addiction studies have demonstrated deficits in goal-directed actions and the en
hancement of habitual responding (Belin-Rauscent, Everitt, & Belin, 2012; Belin & 
Everitt, 2008; Ersche et al., 2016; McKim, Bauer, & Boettiger, 2016; McKim, Shnitko, 
Robinson, & Boettiger, 2016; Ostlund & Balleine, 2008; Vandaele, Pribut, & Janak, 2017). 
Further, the same brain regions and associated networks as in goal-directed and habitual 
behaviors have been implicated as dysfunctional within addiction. For example, alcohol-
addicted individuals had decreased activation in the vmPFC and anterior striatum associ
ated with goal-directed behavior, and increased activation in the posterior striatum asso
ciated with habitual behaviors (Sjoerds et al., 2013). The decrease in vmPFC activity was 
negatively correlated with duration and severity of alcohol dependence. Together, these 
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studies of addiction are similar to animal studies demonstrating that drugs of abuse shift 
the balance between goal-directed and habit-based responding. However, further re
search is necessary to better understand changes in the neural circuits that underlie such 
complex habitual action sequences that are resistant to change in humans.

Expanding habitual paradigms to include a multistep decision structure within the task 
have shown the involvement of several prefrontal regions such as lateral PFC, vmPFC, 
and rostral PFC (Colas, Pauli, Larsen, Tyszka, & O’Doherty, 2017; Glascher, Daw, Dayan, 
& O’Doherty, 2010; Lee, Shimojo, & O’Doherty, 2014; Wunderlich, Dayan, & Dolan, 2012). 
While some of these areas (e.g., vmPFC) overlap with those involved in simpler habitual 
associations, others (e.g., rostral PFC) remain open for investigation as to their precise 
role in habitual multistep decisions and addiction. This complexity is illustrated by a study 
that required a sequence of actions in order for rodents to self-administer cocaine 
(Singer, Fadanelli, Kawa, & Robinson, 2017). Although the animals displayed behaviors 
that are defined as “addiction like” in humans, the animals did not develop habitual be
haviors based on a devaluation test. That is, the sequence of behaviors did not persist af
ter decreasing the value of the reward. Other studies support these findings (Olmstead, 
Lafond, Everitt, & Dickinson, 2001); however, there is evidence to suggest that longer 
training may render these sequential behaviors insensitive to devaluation (Zapata, Min
ney, & Shippenberg, 2010) and negative consequences (Chen et al., 2013; Pelloux, Everitt, 
& Dickinson, 2007; Vanderschuren & Everitt, 2004). Variability in results across species 
highlights the need to further refine existing task paradigms. These results suggest that 
while habitual action sequences may underlie the consumption of drugs, more complex 
sequences may constitute the behavioral sequence of drug use as a whole and may be a 
resulting combination of habitual and goal-directed behaviors.

More complex habitual motor sequences have been studied outside the context of the re
ward devaluation paradigm and have begun to elucidate the neural bases of these more 
habitual motor sequences. Studies in animals have shown that frontostriatal activity is 
necessary during the learning and execution of entire action sequences that may become 
habitual. The striatum signals the initiation and execution of an action sequence whereas 
the prefrontal cortex represents more abstract boundary signals across many neurons 
(Jin & Costa, 2015). Rodent work has consistently found that striatal neurons mark the 
beginning and end of sequences of lever presses (Jin & Costa, 2010; Jin, Tecuapetla, & 
Costa, 2014; Tecuapetla, Jin, Lima, & Costa, 2016) or maze running (Barnes, Kubota, Hu, 
Jin, & Graybiel, 2005; Jog, Kubota, Connolly, Hillegaart, & Graybiel, 1999; Smith & Gray
biel, 2013) as the behaviors evolve through learning. In monkeys, electrophysiological 
recordings have demonstrated that frontostriatal circuits mark sequences boundaries. In 
studies of sequential saccades, frontal cortex signals the completion of learned eye move
ment sequences (Fujii & Graybiel, 2003) as well as striatal activity at movement bound
aries (Desrochers, Amemori, & Graybiel, 2015; Fujii & Graybiel, 2003; 2005). Further, 
these striatal signals again develop through learning and underlie a cost-benefit signal 
that can then drive acquisition of future sequence movements (Desrochers, Amemori, & 
Graybiel, 2015). Together, these studies suggest the importance of connections between 
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frontal cortex and striatum that demarcate learned action sequences, enabling the execu
tion of such habitual sequences.

Computational models have been employed to demonstrate how routine sequential behav
ior may be represented within and across brain areas. Two influential models that have 
been applied are briefly discussed in this section. Cooper and Shallice (2000; 2006A, B) 
proposed that a hierarchically structured interactive activation network model best ac
counted for a complex routine sequential task such as making coffee. In contrast, 
Botvinick and Plaut (2004; 2006A, B) put forth an alternative framework using a recur
rent neural network model that does not impose a hierarchical structure but can result in 
a hierarchical architecture through learning. Together these models raised key questions 
as to how sequential information is learned and parsed. Though these questions remain 
unresolved, neural evidence has provided support for both models (see section on “TASK 
SEQUENCES”).

These models provided a foundation for models employing reinforcement learning algo
rithms to explain routine hierarchical behavior (Botvinick, 2008; 2012). Reinforcement 
learning models have further expanded from the study of habitual choices (model-free) to 
goal-directed action selection (model-based; for review, see Dolan and Dayan, 2013). 
Model-free and model-based computational algorithms have been used to explain behav
ior in both healthy controls and addicted populations. In addicted populations, results 
have been mixed in modeling behaviors across samples and within drug use categories 
(Banca et al., 2016; Sebold et al., 2014; Voon et al., 2015). These results suggest that the 
model-free and model-based distinctions may not be sufficient to capture the complexity 
of sequential behaviors in human addiction.

Despite mixed evidence for separable behaviors, particularly in addicted individuals, dif
ferent brain regions have been associated with behaviors that are categorized as model-
free or model-based. Prefrontal brain regions underlying cognitive control have been as
sociated with goal-directed behavior, and subcortical areas such as the striatum (caudate/
putamen) show greater activation during habit-based responding (Colas et al., 2017; 
Glascher et al., 2010; Lee et al., 2014; Wunderlich et al., 2012). However, the direction of 
the deficits were not consistent in addicted individuals, as in some cases behavior was 
shifted in one domain (enhanced habit) while the other remained intact (normal goal-di
rected; Banca et al., 2016; Sebold et al., 2014; Voon et al., 2015). Thus, while computa
tional models have been key in defining features of the acquisition, execution, and repre
sentation of routine sequential behaviors in brain and behavior, the inconsistencies in ex
plaining the complex and perhaps overly routine sequential behaviors in human addiction 
highlight the need for further research.

Within these circuits, corticostriatal pathways and dopamine transmission are critical 
components to the execution of seeking and taking behavioral sequences for both natural 
reward and drug studies. Key brain regions necessary for drug seeking and taking for co
caine include the dorsolateral striatum (Zapata et al., 2010), the prelimbic PFC (mPFC) 
(Chen et al., 2013), and connections between the nucleus accumbens and dorsolateral 
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striatum (Belin & Everitt, 2008). Studies using natural rewards instead of drugs extend 
these findings to also include the dorsomedial PFC in regulating the execution of action 
sequences (Ostlund, Winterbauer, & Balleine, 2009) and a role for phasic mesolimbic 
dopamine within the nucleus accumbens to motivate the execution of action sequences 
over time (Wassum, Ostlund, & Maidment, 2012). Increasing levels of dopamine have 
been demonstrated to underlie progress toward a goal in sequential habitual actions in 
rodents (Howe, Tierney, Sandberg, Phillips, & Graybiel, 2013). These findings demon
strate the overlap between the neural circuits underlying habits and the execution of ha
bitual responses in more complex motor sequences.

Despite the relative ease with which motor sequences are executed in daily life, the litera
ture discussed within this section demonstrates that such sequential processing is com
plex and, when combined or interacting with drugs of abuse, can have lasting effects on 
both behavior and neural circuits that regulate sequences of actions. Evidence across 
species suggests that similar brain regions are engaged during both initial learning and 
the evolution of motor and habitual sequences over time. The basic underlying circuitry 
includes connections between frontal cortex and striatum across species. These are the 
same circuits that have been shown to function abnormally in addiction in studies examin
ing executive, motor, and value-based processing (Ersche et al., 2005; Goldstein & 
Volkow, 2011; Konova et al., 2012; Olausson et al., 2007; Park et al., 2010; Woicik et al., 
2011). Studies from animal models of drug seeking and taking demonstrate that changes 
within these circuits causally relate to shifts in sequential actions (Belin & Everitt, 2008; 
Ostlund, 2010; Zapata et al., 2010). In contrast, results from human studies cannot cur
rently differentiate whether shifts in behavior are a result of drug use experience or may 
be a predisposing factor that ultimately leads to drug seeking and taking responses. Fur
ther research is warranted to better understand the neural correlates of motor and habit
ual sequential processing in addiction. These studies will not only be essential to our un
derstanding of the basic components that build complex sequential processing, but will 
provide novel paradigms for the development of treatment options for addiction.

Volitional Motor Sequences

As noted previously, motor sequences can be goal-directed, habitual, or a combination of 
the two. This section briefly focuses on motor sequences that are goal-directed and under 
direct volitional control and their neural underpinnings (for longer discussion, see 
Desrochers et al., 2016). Tasks used to study these motor sequences explicitly instruct 
participants to perform actions in a particular order. Early studies in humans implicated 
the frontal cortex in sequence performance. For example, the SMA showed increased ac
tivity during pre-learned saccade sequences using positron emission tomography (PET; 
Petit et al., 1996). FMRI studies in humans have also shown that the supplementary eye 
field (SEF) is active during multistep saccade sequences (Heide et al., 2001) and a stop-
signal saccade task (Curtis, Cole, Rao, & D’Esposito, 2005), suggesting this area con
tributes to planning and monitoring of executed sequences (Figure 2).
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Studies in monkeys have implicated some of the same frontal cortical brain regions as in 
humans. Activity in the DLPFC of monkeys has been shown to carry information about ex
ecuted sequences of decisions during intervals between trials (Averbeck & Lee, 2007) and 
the primary motor cortex demonstrates anticipatory activity when executing learned mo
tor actions from memory toward spatial locations (Lu & Ashe, 2005). Similar neural activi
ty has been observed in the pre-SMA and SMA of monkeys performing remembered se
quences made up of push, pull, and turn motor movements (Shima & Tanji, 2000). Inacti
vation of SMA disrupted execution of the sequence as whole, but not the individual motor 
components (Shima & Tanji, 1998). The learning of serial order of sequences has also 
been found to be coded in the ACC (Procyk, Tanaka, & Joseph, 2000) as well as in SEF 
neurons (Berdyyeva & Olson, 2010), which can selectively encode order that is sequence 
specific (Lu, Matsuzawa, & Hikosaka, 2002). Even in this limited sample of studies, there 
is a broad array of frontal cortical areas involved in volitional motor sequences across 
species (Figure 2). Precisely how these sequences interact with executive control, or 
whether executive control deficits in addiction extend to volitional motor sequences, is an 
open avenue for future investigation.

Perceptual and Motor Sequences
Motor sequences, despite their name, are rarely motor sequences in isolation in the labo
ratory. For example, in the SRTT, even though what is being produced is a series of move
ments, there is also a series of perceptual cues that indicate which movement to perform 
next (Figure 1C). Humans and animals implicitly and automatically learn perceptual se
quences (see section on “REPEATED STIMULI AND STATISTICAL LEARNING”; Fiser & 
Aslin, 2002). Therefore, it is possible that participants are not only learning a series of 
muscle activations or motor actions, but also learning a series of stimuli to expect. Not 
long after the SRTT was introduced (Nissen & Bullemer, 1987), studies began to investi
gate if and how perceptual and other kinds of learning may be incorporated into motor 
sequence tasks like the SRTT.

Some of the first research to investigate whether perceptual learning accompanied motor 
sequence learning found that neither happened in isolation, and that it was most likely 
that perceptual and motor sequence learning happened together (Willingham, Nissen, & 
Bullemer, 1989). A rich literature subsequently investigates the details of this assertion. 
Subsequent work found that perceptual and motor sequence learning had long-term ef
fects (Fendrich, Healy, & Bourne, 1991), spatial sequences were learned (Mayr, 1996), 
and that attention sequences were also integrated and learned (Willingham, 1999). To
gether these studies indicate that, on the behavioral level, motor sequences are integrat
ed with perceptual sequences.

Few studies have directly investigated the neural bases of the integration of motor and 
perceptual sequences. One study observed activation in the caudate nucleus of the stria
tum and hippocampus for both perceptual and motor sequences, and activation was evi
dent earlier in learning for motor sequences in the hippocampus (Gheysen, Van Opstal, 
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Roggeman, Van Waelvelde, & Fias, 2011). The authors mention greater activation for se
quences than random in the occipital cortex as well, but do not detail whole brain analy
ses. Therefore, it is difficult to draw further conclusions from this work other than to say 
that at least one area classically associated with motor sequences, the striatum, also 
shows activation in the same experiment, to perceptual sequences.

Open questions remain as to whether and how the integration of perceptual and motor 
sequences occur in the context of addiction, as these hypotheses have not been directly 
tested. A paradigm frequently studied in animals that combines the complexity of percep
tual and motor learning in a nonsequential manner is known as Pavlovian instrumental 
transfer (PIT). Sessions are used to associate a Pavlovian cue (light) and reward (food pel
let), and separately, an instrumental lever press with reward presentation. At test, an in
crease in responding on the lever in the presence of the light stimulus (cue) demonstrates 
that behavior transferred between the two Pavlovian and instrumental sessions, although 
they had never been trained or paired together prior to the testing session (for reviews, 
see Cartoni, Moretta, Puglisi-Allegra, Cabib, & Baldassarre, 2015; Holmes, Marchand, & 
Coutureau, 2010). In animals, the infralimbic mPFC and its connections to the nucleus ac
cumbens shell of the striatum and the basolateral amygdala mediate PIT (Corbit, 2005; 
Keistler, Barker, & Taylor, 2015). Further, signaling in the nucleus accumbens shell has 
been implicated in enhancing the behavioral responding in PIT after cocaine exposure in 
rats (Saddoris, Stamatakis, & Carelli, 2011). Together these results suggest common 
neural substrates for integrated learning of perceptual and motor sequences within the 
brain, and these areas within frontostriatal circuitry are associated with addictive behav
iors across animal and human studies (Balleine & O’Doherty, 2010; Goldstein & Volkow, 
2011; Hu, Salmeron, Gu, Stein, & Yang, 2015; Kim, Lee, Yun, & Kim, 2017).

It is commonly assumed that S-R and hierarchical contextual associations are compo
nents of addiction that become linked with the reinforcement of behavior. Evidence from 
studies of extinction training suggest that modifying these associations by pairing drug 
seeking and taking behaviors with the absence of the actual outcome of consuming the 
drug may have a more lasting impact on reducing addictive behaviors. In healthy humans 
working for points, PIT responding could be extinguished if both the cue and the opportu
nity to respond were available in the absence of reward (Gámez & Rosas, 2005). The PIT 
extinction paradigm has further been used in nontreatment seeking smokers and current 
alcohol drinkers to demonstrate that they also show decreased responding after experi
encing the cue in a context where the absence of reward is associated with responding 
(Hogarth et al., 2014), and that drug cues provide context for expectations of trained al
cohol response associations (Hardy, Mitchell, Seabrooke, & Hogarth, 2017). While these 
extinction procedures reduce cue-evoked craving in the laboratory setting, they may have 
limited long-term efficacy when applied to real-world contexts of drug-use behavior (Con
klin & Tiffany, 2002; Xue et al., 2012). Repetition strengthens the relationship between 
associations within the drug seeking and taking ritual, ultimately resulting in a sequence 
of chained behaviors.
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Studies of chained behaviors in rodents typically include a combination of seeking and 
taking responses that provide access to a reward, as well as cues that act as context for 
each behavioral response (Corbit & Balleine, 2003; Dickinson & Balleine, 1995). Animals 
trained on a seeking/taking action chain followed by extinction of one response within the 
chain also showed weakening of other behaviors, but cue presentation alone did not 
weaken the seeking/taking chain (Thrailkill & Bouton, 2015, 2016). Further, extinction of 
chained behaviors was facilitated by the presence of cues and the simultaneous availabili
ty of responding, similar to findings in the human PIT studies. Findings from this para
digm also demonstrate that perceptual and motor learning are integrated, further sug
gesting that their combined influence on behavior may result in persistent drug-related 
behaviors

Understanding the making, and breaking, of entire sequences of associations and how 
they interact with the presence of cues and context will be necessary to make significant 
advances in our understanding of natural sequential behaviors in health and addiction. 
Studies in animals and humans suggest that single events or cues can be triggers for en
tire sequences of addictive behaviors. Nicotine administration in rats acts as an internal 
cue for the behavioral sequence driving drug-seeking (Troisi, 2013). After one month of 
abstinence, rats that had been trained to perform a chained behavioral sequence reinstat
ed heroin seeking behavior after an injection in the training context (Lu et al., 2010). Sim
ilar results have been observed with nondrug rewards. Chained seeking-taking behaviors 
to receive reward were classified as habitual because they persisted after the reward had 
been devalued; that is, the reward was no longer desirable or consumed (see section on 
“HABITUAL SEQUENCES”; Thrailkill & Bouton, 2017). This situation could be analogous 
to persisting in drug seeking and taking despite increased tolerance to the drug and, con
sequently, decreased value. In the real-world setting of drug-taking behavior, motor and 
perceptual sequences are integrated; for example, cues and context are constantly 
present while preparing a drug for consumption (paraphernalia such as a pipe and 
lighter) and are intertwined with the motor actions (packing the pipe, lighting, and smok
ing). These findings suggest that to address the complex actions and associations in drug 
seeking and taking, they cannot be considered as unitary events but as entire sequences 
of behaviors.

Task Sequences
Sequences were defined as a series of states, where states are the conjunction of context 
and stimuli that do not necessarily have to be concrete. However, the discussion to this 
point has been about sequences that are either in perceptual stimulus, motor action, or 
both. There are sequences that cannot be defined by motor actions or perceptual stimuli 
alone. These sequences are defined as task sequences where a series of abstract opera
tions are performed in a sequence (Figure 1D). A simple example is completing a mental 
math problem such as 3 + 2 x 5. The mathematical operations have to be completed in 
the correct order to obtain the correct answer. This example illustrates some common 
features of task sequences. First, this sequence, multiplying and then adding, does not 
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have a series of motor actions associated with it, nor does it have a series of perceptual 
stimuli. The numbers in the problem could change and the order of operations would still 
be the same. Second, the order that the mathematical symbols are listed in does not nec
essarily correspond to the order of the operations. This lack of correspondence illustrates 
another feature of task sequences: that often the components are performed in the ab
sence of external cues. Last, this task involves selecting and flexibly switching between 
different subtasks (mathematical operations) at each serial position in the sequence. 
Rarely in life is it possible to maintain a single task multiple times to complete a sequence 
(multiplying all the numbers would not be correct).

More complex task sequences are pervasive in daily life. They can range from cooking, as 
discussed in the introduction (Figure 1E), to landing a fighter plane on an aircraft carrier. 
In cooking, though exact motor sequences are required (e.g., chopping, slicing, scooping) 
the goal requires a whole sequence of tasks for completion (e.g., chop the carrot, slice the 
onion). These sequences, by their nature, cannot be represented by a series of motor ac
tions, but by a more abstract notion of the component tasks necessary to accomplish the 
goal (e.g., the same knife will be used for chopping at one point and slicing at another). 
These task sequences are distinct from motor sequences, as they have unique demands. 
For example, a common complaint of patients with frontal lobe dysfunction is that they 
are unable to complete task sequences in the course of daily living, such as making their 
own breakfast, despite the ability to perform other tests of executive function normally 
(Eslinger & Damasio, 1985; Shallice & Burgess, 1991). These deficits then render these 
patients incapable of independent living.

Task sequences have been studied behaviorally to examine the goal, subgoal structure. 
One such study investigated task switching in sequences (Schneider & Logan, 2006). Par
ticipants were instructed to remember and repeat a sequence of simple categorization 
tasks, (e.g., color and shape) throughout a block of trials. The response on each trial de
pended both on the identity of the stimulus, which was unpredictable, and the position in 
the task sequence. Thus, a hierarchical structure was created with the task sequence gov
erning the individual trial decisions. Importantly, the motor responses and the stimuli 
could not be predicted or prepared for on a trial-by-trial basis, so there was no motor or 
perceptual sequence learned or performed as part of these task sequences. They found 
increased reaction times (RTs) at the first position in the sequence, over and above the in
creased RT found at task switches (e.g., color to shape). These results provided evidence 
for task sequences as a construct and the hierarchical control of task sequences. Without 
the task sequences, the RT at the first position would not be elevated beyond that of task 
switching alone.

Briefly, hierarchical control has been studied extensively in the nonsequential context and 
provides a starting point for identifying the brain areas potentially involved in task se
quence control. Numerous studies have illustrated a caudal-to-rostral gradient of control 
in the frontal cortex where progressively more rostral areas represent progressively more 
abstract levels of hierarchical control (Badre & D’Esposito, 2007; Badre & D’Esposito, 
2009; Koechlin, Ody, & Kouneiher, 2003; for review, see Badre & Nee, 2018). These brain 
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areas range from premotor cortex to DLPFC and RLPFC. Many of these same brain areas 
are implicated in sequential control and more research is needed to fully enumerate their 
role in executive function and sequential control.

Whether control over sequential processes that appear hierarchical in nature (i.e., with a 
goal and subgoal structure) are represented hierarchically in the brain has been a topic 
of extensive debate. Though these models were introduced in the context of routine/habit
ual sequential behavior (see section on “HABITUAL SEQUENCES”), they are applicable 
to task sequences as defined in this context because they address how actions may be 
grouped into abstract routines. Models that explicitly impose hierarchical structure 
(Cooper & Shallice, 2000; 2006A, B), and those that do not and instead rely on recurrent 
connections (Botvinick & Plaut, 2004; 2006B), are both capable of explaining complex 
task sequences. Neuroimaging studies have provided varied evidence for these models. In 
support of the explicitly hierarchical account, activation with the frontal cortex and other 
brain areas may rely on anatomical connections associated with the hierarchical struc
ture reviewed in the section on perceptual sequences (Hsieh et al., 2014; Hsieh & Ran
ganath, 2015). Also, boundaries between and associations among groups of sequential 
items may facilitate remembering their order (DuBrow & Davachi, 2013). Coding the posi
tion within a sequence during short-term memory in the PFC and anterior temporal lobe 
(ATL) may be indicative of nonhierarchial neural network representations (Kalm & Nor
ris, 2017). Neural responses to image sequences that are part of a group and are shaped 
through learning may rely on recurrent connections (Schapiro et al., 2013). Together, 
these studies and the authors of the debate suggest that the representation of complex 
sequences may be a combination of the explicitly hierarchical and recurrent networks 
(Botvinick & Plaut, 2006A, B; Cooper & Shallice, 2006A, B). Representation may also dif
fer across brain area for sequential information. Though several brain regions were found 
to respond to the order of stimuli, only two regions (PFC and ATL) were shown to encode 
order in a manner that could guide behavior (Kalm and Norris, 2017). Further experi
ments are necessary to explicitly test these hypotheses and determine if the models for
warded for complex routine sequential actions also apply to routine and nonroutine se
quences of tasks as defined in this review.

A small number of studies have directly investigated the representation of task sequences 
in the human brain. One of the first studies used cued sequences of three tasks where the 
task (e.g., consonant/vowel judgement) was indicated by the color of the letter presented 
on each trial (Dreher & Berman, 2002). They observed activation in the ACC when the se
quence of three tasks was initiated. This study differs from other task sequence studies in 
that the relevant task was cued on each trial and that participants were not aware of the 
sequences. Studies where the task sequences were explicitly instructed and performed 
from memory (Desrochers, Chatham, & Badre, 2015; Desrochers, Collins, & Badre, 2019; 
Koechlin, Corrado, Pietrini, & Grafman, 2000; Koechlin & Jubault, 2006) found many of 
the same areas engaged as those found in nonsequential hierarchical control, including 
RLPFC, PFC, and pre-premotor cortex (pre-PM, an area of cortex rostral to premotor cor
tex, Brodmann area 6, that includes Broca’s area, Figure 2). Specifically, activation in pre-
PM was observed when hierarchical processing was necessary, irrespective of timing 
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(Koechlin & Jubault, 2006), and RLPFC was involved preferentially in the execution of se
quences of tasks where the series of stimuli was less predictable (Koechlin et al., 2000).

The relative contributions of these frontal brain regions that have common involvement 
between task sequences and nonsequential hierarchical control remains to be fully estab
lished. One task sequences study, based on behavioral work by Schneider and Logan 
(Schneider & Logan, 2006), dissociated some of these frontal regions and illustrated their 
necessity in task sequences using fMRI and transcranial magnetic stimulation (TMS) in 
humans (Desrochers, Chatham, & Badre, 2015). Specifically, the authors observed novel 
dynamics in the RLPFC across the items in the task sequence; activation in the RLPFC in
creased progressively (“ramped up”) through the four positions in the sequence each 
time it was repeated (Figure 3B, C). Further, TMS to the RLPFC disrupted sequential task 
performance in a manner that increased through the positions in the sequence, mirroring 
the ramping activation observed with fMRI. These effects in the RLPFC dissociated from 
other frontal control regions, such as predorsal premotor cortex (pre-PMd) where no 
ramping activation was observed and task performance was disrupted more in the begin
nings of sequences with TMS. Sequential control is consistently found to underlie ramp
ing activation in the RLPFC (Desrochers, et al., 2019). A similar role for the RLPFC was 
found in a separate task sequences study (Holroyd, Ribas-Fernandes, Shahnazian, Sil
vetti, & Verguts, 2018). The authors found sequence state representation in the midcingu
late cortex and RLPFC and proposed task sequence selection in the rostral frontal cortex 
with monitoring and execution by the midcingulate cortex. Strikingly, these areas overlap 
with ramping activation observed in Desrochers et al. (2015) and Desrochers, Collins, and 
Badre (2019). Collectively, these studies indicate that task sequences may engage some of 
the same areas that are active in perceptual and motor sequences and nonsequential cog
nitive control, and that task sequences may utilize novel dynamics and provide dissocia
tion among a network of areas that is commonly activated together.

No studies in animals or related to addiction or drugs of abuse have, to our knowledge, 
been performed using task sequences. However, studies examining the drug seeking and 
taking ritual in humans provide preliminary behavioral and neural evidence of sequential 
processing. Procedures utilizing task sequences in the lab to extinguish drug rituals in
clude drug videos showing the seeking and taking process in combination with mock 
drug-taking rituals (Childress, McLellan, & O’Brien, 1986). An fMRI study in smokers 
showed ramping dynamics to drug-related images based on their position within the se
quence of events associated with drug consumption (Stippekohl et al., 2010). Participants 
were shown four images of the smoking ritual (e.g., taking a cigarette out and lighting a 
cigarette). Responses to images at the beginning of the smoking sequence were located 
in areas typically associated with sequence and reward such as the OFC, ACC, DLPFC, 
and the insula. Responses to the end images showed deactivations in the DLPFC and acti
vations in the OFC. Further, sequence position activations decreased over the time course 
of the smoking ritual images within the ACC, OFC, and insula, thus showing a negative 
“ramping” signal that has previously been associated with sequential control (Desrochers, 
Chatham, & Badre, 2015; Desrochers et al., 2019). These results begin to draw an explicit 
connection between sequential control and drug seeking and taking behaviors, and high
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light the importance of understanding the neural impact on the entire sequence of behav
iors in the development of potential treatments and therapies.

Conclusion: Integration of Perceptual, Motor, 
and Task Sequences
Returning to the cooking example, this review has illustrated the many levels that are lay
ered within such sequences (Figure 1). Though each sequence can be summarized as a 
series of states, these states and sequences can be defined at many levels themselves: 
perceptual, motor, combined perceptual and motor, task, and the combination of all of 
them. In cooking, the perceptual sequence may be the series of colors observed when cut
ting up vegetables or the series of scenes and locations when moving around the kitchen. 
The motor sequences are the specific muscle movements involved in actions such as 
chopping, slicing, scooping, and stirring. In the case of cooking, the perceptual and motor 
sequences are intertwined. Further, a task sequence governs the entire process of cook
ing a particular recipe in which a series of steps need to be performed in a particular or
der to accomplish preparing the meal (e.g., cooking the vegetables without cutting them 
first would most likely result in poorly cooked vegetables).

In light of these multilevel real-world sequences, we put forward the hypothesis that ad
dictions and addictive behaviors may be difficult to extinguish precisely because of the 
multilayered scaffolding on which they are constructed. First, we will discuss some com
mon brain dynamics among perceptual, motor, and task sequences that suggest that 
there may be a common neural substrate, and then we will discuss how these ideas about 
multilevel sequences may more broadly be applied to existing research in addiction (Fig
ure 3A). Several lines of research in animal studies of motor sequences and addiction 
demonstrate that similar neural circuits underlie sequential actions, and studies in hu
mans have begun to rapidly expand our understanding of the connection between addic
tion and habitual motor sequences. We posit that the study of the integration across lev
els of sequence processing and developing an understanding of the underlying neural 
mechanisms in humans are promising areas for novel research in the field of addiction.

Across the levels of sequences, ramping dynamics have been observed in conjunction 
with their performance in both humans and animals. We propose that sequential control 
and processing may underlie these dynamics across many brain areas, and may partici
pate in binding different levels of sequence into a single construct. Preliminary data from 
the primary visual cortex during statistically learned perceptual sequences show that a 
small fraction of neurons there show a progressively increasing firing rate as sequences 
of images proceed (Homann et al., 2017). Though such a small sample of preliminary data 
is not sufficient to draw conclusions from, the existence of the cells signifies that it is not 
implausible that ramping signals may exist to signal sequential information in the early 
visual system.
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Similar ramping signals have been observed in instructed perceptual sequences. Exam
ples of recordings from PFC, PM, and M1 of monkeys during a sequential working memo
ry task can display increased firing as a position code (Carpenter et al., 2018; Lundqvist 
et al., 2018). A study of short-term memory of sequences in humans did not present data 
on ramping per say, but did indicate that the ability to classify position in the sequence 
changed with sequence position, particularly in the RLPFC (Kalm & Norris, 2017). It is 
purely speculative, but difficulty in decoding the first position in the sequence may be due 
to decreased signal at that position, which might be the case if there were ramping acti
vation present.

Studies of motor sequences have also observed ramping activity. In the activity of neu
rons in the ACC of rodents performing a sequential lever press task, a smooth ramp in fir
ing rate was observed for correct choices (Ma, Hyman, Phillips, & Seamans, 2014). As 
discussed previously, activity in ACC is frequently observed in sequential tasks (Figure 2). 
Asymmetric, ramp-like receptive fields develop in the hippocampus of rats performing 
repetitive motor sequences (Mehta, 2015; Mehta, Quirk & Wilson, 2000). In an fMRI 
study performed in humans, frontal cortical regions of interest appear to show ramping 
dynamics during a modified SRTT task that is potentially related to state uncertainty dur
ing the sequence (Konovalov & Krajbich, 2018). Though the ramping dynamic is not dis
cussed for rostral PFC, activation was observed in the RLPFC in relation to state uncer
tainty. Therefore, the possibility exists that ramping could be a component of activity 
there.

Together with the task sequences study that observed ramping activation in a network of 
areas including the RLPFC during task sequences (Desrochers, Chatham, & Badre, 2015; 
Desrochers et al., 2019), these studies suggest that sequential processing may underlie 
ramping dynamics in an array of sequence-related areas. Particularly striking is the find
ing that ramping dynamics in the RLPFC may underlie motor sequence (SRTT) perfor
mance as well as task sequence performance and may be related to resolving state uncer
tainty shown by Konovalov and Krajbich (2018) and hypothesized by Desrochers, 
Chatham, and Badre (2015). In monkeys, neural recordings in the basal forebrain show 
ramping related to reward uncertainty (Zhang, Chen, & Monosov, 2018). Further investi
gation is necessary to determine if sequential processing underlies ramping signals 
across brain areas, conditions, and species.

Dopamine ramping in animal studies has been found during goal-directed behavior to ob
tain a reward. Dopamine concentrations in the striatum show ramping that is modulated 
by reward and goal variables (Howard, Li, Geddes, & Jin, 2017; Howe et al., 2013). Levels 
of dopamine release also encode reward rate and vigor during learning (Hamid et al., 
2015). Additionally, computational modeling shows that dopamine enables frontostriatal 
circuitry to encode the temporal structure of reward that underlies interval timing across 
task paradigms in rodents (Mikhael & Gershman, 2019). Alterations of dopamine signal
ing linked to dysfunction of reward processing in addiction have been found across both 
animal and human studies. Outstanding questions include whether changes in ramping 
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dynamics are an underlying mechanism for deficits in reward processing within the brain 
and if and how they are related to neural ramping signals elsewhere in the brain.

In substance addiction, a sequential process typically unfolds in the pursuit to obtain and 
consume drugs: procuring money, seeking out access to and arranging to obtain the drug, 
preparing the drug, and finally self-administration. In addition to these actions that un
fold over time, contextual cues within the environment and conditioned responses during 
this sequential process likely contribute to the strengthening of associations between the 
order of drug pursuit, acquisition, and consumption. Ramping dynamics in the ACC, OFC, 
and insula have been demonstrated in smokers when viewing images of the drug taking 
ritual (Stippekohl et al., 2010). Due to this multifaceted and complex repertoire of behav
iors that integrates perceptual, motor, and task sequences, addiction can be construed as 
a disorder of sequential processing. This hierarchical integration of processing may con
tribute to the chronic and relapsing aspects of addiction in which the intertwined nature 
of sequential processing levels becomes especially difficult to change with continued drug 
use.

Data examining the underlying neural basis of multistep actions that comprise behavioral 
sequences have demonstrated that connections between frontal and striatal brain circuits 
are necessary for efficient sequential processing (Balleine & O’Doherty, 2010; Belin & 
Everitt, 2008; Daw, Gershman, Seymour, Dayan, & Dolan, 2011). Data from rodent studies 
of action sequences have shown that both exposure to drugs of abuse, as well as chronic 
drug use, in combination with cues and context of the environment, markedly influence 
the strength of associations formed between action components of drug seeking and tak
ing within sequences (Belin & Everitt, 2008; Ostlund, 2010; Zapata et al., 2010). Prelimi
nary neural data from these studies also support the necessity of intact connections be
tween mPFC areas and striatal regions including the dorsolateral striatum (homolog of 
human putamen) and ventral striatum.

Human studies of drug use demonstrate similarities to animal studies on the interaction 
between Pavlovian and instrumental learning, resulting in a combination of cues linked to 
action sequences that may drive the transition from initial drug use to more habitual se
quence execution of actions (Stock, 2017). A striking parallel finding across animal and 
human drug use studies shows that perceptual (cues) as well as motor (lever presses) 
components need to be experienced together during the absence of reward to successful
ly extinguish complex sequences (Hardy et al., 2017; Hogarth et al., 2014; Thrailkill & 
Bouton, 2016); without learning that these integrated components of sequential behavior 
no longer result in reward, behavior persists in the absence of the reward outcome, a 
hallmark of addiction. These significant contributions to our understanding of why behav
iors may be hard to change represent a foundation on which to determine whether 
deficits in frontostriatal circuitry, which have been found among tasks of executive func
tion in addiction (Goldstein & Volkow, 2011), result in a resistance to extinction. Further, 
research in both humans and animals of simplistic habitual responding suggests that a 
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shift in the neural circuits away from prefrontal control toward a reliance on striatal cir
cuits may results in inflexible control of drug-seeking behavioral sequences.

Others have suggested that addiction and addictive behaviors are disorders of sequences 
of action (Dezfouli & Balleine, 2012, 2013; Dezfouli, Lingawi, & Balleine, 2014; Graybiel, 
2008; Thrailkill & Bouton, 2017; Troisi, 2013). Here we further these ideas by presenting 
evidence to support the hypothesis that integration across all domains of sequential pro
cessing may underlie the persistence of addiction as a disorder. Taken together, findings 
across domains of sequential processing demonstrate that intact network connectivity be
tween various prefrontal areas and the striatum promote integration across levels of per
ceptual, motor, and task sequences to enable efficient interaction with our environment 
on a daily basis (Figure 3A). However, in the context of addiction, deficits of prefrontal 
control in combination with enhanced habitual behaviors may result in aberrant sequen
tial behavior.

The addiction literature discussed throughout this review suggests that the interaction of 
sequential modalities (e.g., perceptual and motor sequences) forms the foundation for 
more complex and overarching task sequences and underlies drug seeking and taking rit
uals. Abnormalities in processing of stimuli within the brain and behavioral interactions 
with the environment may contribute to the heterogenous behaviors exhibited within 
drug seeking and taking rituals. These ideas encourage the development of novel thera
peutic options with testable behavioral and neural correlates across species. Ongoing 
studies and clinical trials in cocaine addiction have demonstrated reduced cue-reactivity 
to drug-related stimuli after theta burst TMS to the vmPFC (frontal pole; Hanlon et al., 
2015; Hanlon, Dowdle, Moss, Canterberry, & George, 2016). Considered in the context of 
sequences presented in this review, these findings implicate the RLPFC as a potential 
therapeutic target for sequential processing in addiction. Our ideas thus present the op
portunity to explore and develop new paradigms to ultimately better understand se
quences of behavior as ubiquitous as cooking or making coffee and as detrimental in the 
context of drug seeking and taking found in addiction.
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