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ABSTRACT

Agency is the sense that one has control over one’s own actions and the consequences of
those actions. A recent theory proposes that increases in agency disinhibit the dopamine system
and thereby increase the number of tonically active dopamine neurons in the ventral tegmental
area. The theory, called ADDS (Agency Disinhibits the Dopamine System), proposes a specific
neural network that mediates these effects. ADDS successfully accounts for a variety of relevant
neuroscience and behavioral results. Novel predictions are derived from ADDS about how
the sense of agency impacts all aspects of drug addiction, including 1) the acquisition and
maintenance of addictive behaviors; 2) cravings, compulsions, and relapse; and 3) treatment
and recovery. ADDS predicts that increases in agency will increase the user’s motivation to find
and take drugs, and accelerate social drug taking. The theory also predicts that increases in
agency will strengthen the antireward response that follows a drug high, and therefore exacerbate
cravings and relapse. As a result, the theory predicts that treatment of substance-use disorder
may be facilitated by appropriate changes to the client’s sense of agency. The most therapeutic
approach might be to elevate sense of agency at some times and weaken it at others.
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1 INTRODUCTION

Agency is the sense that one has control over one’s own actions and the consequences that result from
those actions (Moore, 2016). An enormous literature suggests that agency plays a critical role in a wide
variety of human behaviors (e.g., Bandura, 2006; Mele, 2003; Russell, 2013) and in the efficacy of the
psychotherapeutic process (e.g.,|Bandura, [1977).

Recently, progress has been made in understanding the neural consequences that occur when agency
increases or decreases. Specifically, Ashby et al. (2024) proposed that increases in agency disinhibit the
dopamine (DA) system and thereby increase the number of tonically active DA neurons in the ventral
tegmental area (VTA). The theory, called ADDS (Agency Disinhibits the Dopamine System), proposes
a specific neural network that mediates these effects and it accurately predicts a variety of relevant
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neuroscience and behavioral results. This article extends ADDS to addictive behaviors by deriving many
novel predictions about how the sense of agency impacts all stages of addiction, with a focus on the role
that agency plays in 1) the acquisition and maintenance of addictive behaviors; 2) cravings, compulsions,
and relapse; and 3) treatment and recovery.

2 THE ADDS THEORY OF AGENCY

The neural circuits that underlie the ADDS model are described in Figure [I] For justification of this model,
more detail, and many empirical tests of the model’s validity, see Ashby et al.|(2024). The right half of the
network instantiates a standard model of how positive and negative feedback affect the firing of DA neurons
in the VTA. Considerable evidence shows that an unexpected reward causes reward-sensitive neurons in
regions such as prefrontal and orbitofrontal cortices to provide excitatory inputs to the pedunculopontine
tegmental nucleus, which stimulates the DA neurons in the VTA and causes the tonically active VTA
DA neurons to fire phasic bursts (Hong and Hikosaka, 2014; Kobayashi and Okada, 2007; Okada and
Kobayashi, 2013). This phasic firing raises DA levels in all VTA target regions. In contrast, if an expected
reward fails to appear, then other reward-sensitive neurons stimulate the lateral habenula, which stimulates
the rostromedial tegmental nucleus, which inhibits the tonically active VTA DA neurons, thereby lowering
DA levels in all VTA targets (Tian and Uchida, [2015; Hong et al., 2011; Matsumoto and Hikosaka, 2007,
2009).

The left half of Figure I} which is more novel, describes a network via which changes in the sense of
agency disinhibit the VTA DA neurons. The evidence is good that people continuously monitor their own
agency, and are quick to note, for example, when environmental conditions change in a way that increases
or decreases their agency (Metcalfe and Greene, 2007). The model assumes that estimates of agency are
continuously updated by a network that includes regions in the anterior cingulate, prefrontal cortex, and
hippocampus, and that the outputs of this network gate the amount of DA release via projections through
the hippocampal ventral subiculum (vSub; via projections proposed by Grace et al.,|[2007).

The projections from vSub to the nucleus accumbens are excitatory and the projections from the accum-
bens to the ventral pallidum and from the ventral pallidum to the DA neurons of the VTA are inhibitory.
Even so, a key feature of this neuroanatomy is that the tonic firing rate of ventral pallidal neurons is much
higher than the tonic firing rate of nucleus accumbens neurons. As a result, many DA neurons in VTA are
silent due to tonic inhibition by the ventral pallidum. Estimates suggest that because of this inhibition, only
about half of VTA DA neurons are spontaneously active under control conditions, and these tonically firing
neurons are the only ones available to respond to rewards (Grace et al., 2007; |Lodge and Grace, 2006).
ADDS predicts that when agency is high, vSub excites the nucleus accumbens, which inhibits the ventral
pallidum. This releases VTA DA neurons from tonic inhibition, which increases the number of tonically
firing VTA DA neurons, thereby raising tonic DA levels in all VTA target brain regions and enlarging the
pool of DA neurons that can respond to rewards. In contrast, if agency suddenly drops, ADDS predicts
that the vSub excitation of the nucleus accumbens will decrease, which reduces inhibition on the ventral
pallidum, and that the resulting increase in pallidal activity will increase inhibition of the VTA DA neurons,
thereby reducing the number that are tonically active.

ADDS therefore makes two fundamental and novel neuroscience predictions. First, increases in agency
should increase tonic DA levels in all VTA target regions (e.g., frontal cortex). Second, increases in agency
should increase the number of DA neurons available to respond to feedback and thereby amplify the DA
response to positive and negative feedback. Furthermore, these predictions are causal in the sense that
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Figure 1. The ADDS theory of how agency modulates the firing of DA neurons. ACC = anterior cingulate
cortex; PFC = prefrontal cortex; vSub = ventral subiculum; NAcc = nucleus accumbens; VP = ventral
pallidum; PPTN = pedunculopontine tegmental nucleus; RMTN = rostromedial tegmental nucleus; VTA =
ventral tegmental area. Adapted from Inglis, Valentin, and Ashby (2021).

ADDS predicts that any increase in agency, no matter what the cause, will lead to these predicted DA
effects.

Inglis et al.| (2021)) built a computational model of the Figure [I| network that was constructed from
mathematical models of spiking neurons, and they showed that this model accurately predicts a variety
of relevant neuroscience resultsﬂ For example, it provides a good quantitative account of the differential
effects on average firing rate and on the number of tonically active DA neurons in the VTA that result from
stimulating the ventral subiculum, the pedunculopontine tegmental nucleus, or both (i.e., data reported by
Lodge and Gracel [2006). These and other results reported by Inglis et al.| (2021) support the validity of the
specific neural network illustrated in Figure [T} which was used to derive all of the behavioral predictions of
ADDS.

ADDS also makes many novel and testable behavioral predictions that have strong preliminary empirical
support (for details, see [Ashby et al., [2024). This includes predictions that increases in agency will 1)
increase motivation, 2) improve all forms of executive function, 3) facilitate procedural learning, but only in
the presence of immediate trial-by-trial feedback, 4) have little or no effect on learning-related effects due
to perceptual priming or on the acquisition or expression of standard-eyeblink conditioning, 5) facilitate
the development of automatic behaviors, but have little or no effect on the production of behaviors that are
already automatized, 6) amplify the cognitive benefits of positive affect, and 7) reduce pain.

There is considerable overlap between the Figure [I| network and the networks that support addiction,
which is partly why ADDS makes many strong predictions about how agency affects all stages of addiction.
First, a popular proposal is that addictive drugs interact in some way with the DA system (e.g.,
land Janak|, [2021)). For example, virtually all addictive drugs have been shown to increase DA levels in

1 Inglis et al.| (2021) made no assumptions about the psychological construct that was modulating vSub output. Specifically, they made no mention of agency,
nor did they make any attempt to account for behavioral data. The hypothesis that agency is the key driver of this network was added by |Ashby et al.|(2024).
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the nucleus accumbens of rats (D1 Chiara and Imperato, 1988). Second, electrical stimulation of vSub
reinstates cocaine and amphetamine seeking in rats after it has been extinguished, and this reinstatement is
blocked if the nucleus accumbens is prevented from responding in its normal way or if the VTA is inhibited
(Taepavarapruk and Phillips, [2003; Taepavarapruk et al.,[2015; Vorel et al., 2001)). Third, this same vSub
— accumbens pathway has been implicated in the reinstatement of both heroin and alcohol seeking in rats
following re-exposure to cues that were present during initial drug addiction (Bossert and Stern, 2014;
Marchant et al., [2016)).

3 AGENCY AND THE ACQUISITION OF ADDICTIVE BEHAVIORS

Koob and Le Moal| (2008a) proposed that drug taking elicits two opposing processes. Initially, the reward
system is activated, which elevates the hedonic state and mediates the rewarding properties of the drug
(i.e., the “high”). Shortly after this hedonic high begins to decay back to baseline, an antireward system
is activated that opposes the positive hedonic state induced by the reward system. The antireward system
induces a negative hedonic state that includes “chronic irritability, emotional pain, malaise, dysphoria,
alexithymia, and loss of motivation for natural rewards” (Koob and Le Moal, |2008a, p. 38). There is
considerable independent evidence supporting this opponent-process model, both in rodents (Broderick
et al., 1984} Gardner and Lowinson, [1993;; [Karin et al., 2021} Nazzaro et al., [{1981) and humans (Gardner
and Lowinson, 1993} Hand et al., 2024; [Solomon and Corbit, [1974).

Evidence suggests that with extended use, the reward response weakens and the antireward response
strengthens (Koob and Le Moal, 2008a). For example, down-regulation of DA receptors reduces the overall
efficacy of any fixed drug dose. As a result, larger doses are required to achieve the same high. In contrast,
the strengthening of the antireward response leads to the chronic negative-hedonic states described above.
In the majority of social drug users, these negative-hedonic states are sufficient to abolish drug seeking.
Around 15% of social-drug users though, persist in drug taking, despite these negative consequences
(Anthony et al.,|1994). Curiously, the percentage is similar in rats. For example, almost all rats will learn to
self-administer cocaine, but only around 17% will persist when the cocaine delivery is accompanied by
a punishment (e.g., an electric shock; Deroche-Gamonet et al., 2004). Once drug taking persists despite
negative consequences, it is defined operationally as a compulsion (Liischer and Janak, 2021). At this
point, drug taking not only elicits the rewarding properties of the drug, but it also alleviates the chronic
negative-hedonic state.

The reward system includes regions of prefrontal cortex, hippocampus, nucleus accumbens, and the
basolateral amygdala (e.g., |[Liischer and Janak, |2021)), whereas the antireward system includes medial
prefrontal cortex, the central nucleus of the amygdala, and the bed nucleus of the stria terminalis (Koob and
Le Moal, 2008b). All of these brain regions receive a prominent DA projection from the VTA, and ADDS
predicts that increases in agency should increase the number of tonically active DA neurons in the VTA.
As a result, ADDS predicts that increases in the sense of agency will affect both the reward and antireward
response to drugs. These effects will be of two types. First, an increase in agency will increase the user’s
motivation to find and take drugs because motivation is thought to increase with tonic DA levels (Niv et al.,
2007; [Salamone et al., |1994). Second, DA facilitates synaptic plasticity (e.g., Jay, 2003)), and therefore
increases in agency should accelerate synaptic plasticity in these regions and therefore accelerate social
drug taking as well as the strengthening of the antireward response.
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4 THE ROLE OF AGENCY IN CRAVING, COMPULSION, AND RELAPSE

A craving is an intense desire to consume a drug, whereas a compulsion is a repetitive urge in which
an individual feels compelled to consume a drug, even when it is known that there will be harmful
consequences (American Psychiatric Association, 2022). A craving is typically associated with a desire
for the drug reward, whereas a compulsion is often associated with a goal of reducing anxiety or distress.
Craving and compulsion are difficult to study in nonhuman animals since they are internal states rather than
behaviors. Nevertheless, some widely accepted operational definitions have led to many nonhuman animal
studies of craving and compulsion. Specifically, a widely used behavioral criterion is that a craving exists
if, following withdrawal, one or more cues associated with drug taking induce drug-seeking behaviors (e.g.,
Shaham et al.,|2003). In contrast, a compulsion is said to exist if an animal continues to self-administer a
drug in the presence of an aversive or punishing stimulus, such as foot shock (Deroche-Gamonet et al.,
2004; |Luscher and Janak, [2021)). It is important to acknowledge, however, that these operational criteria
are unlikely to capture the human conditions of craving and compulsion perfectly (as described, e.g., by
the DSM-5-TR). As a result, inferences about human craving and compulsion drawn from animal models
must be interpreted with caution.

Many widely distributed brain regions contribute to drug craving and compulsion, including for example,
orbitofrontal cortex, medial prefrontal cortex (mPFC), anterior cingulate, insula, and striatum (e.g., Robbins
et al,[2024). A simplified model that focuses on key projections is illustrated in Figure [2| The literature
supporting this model comes from both rat and human studies, and unfortunately, the neuroanatomical
naming of some key brain regions is different in the two species. In the rat, the focus has been on projections
from the mPFC to the nucleus accumbens. The region of the mPFC most closely tied to craving is the
prelimbic cortex, which is homologous to the dorsal anterior cingulate (dACC) in humans, and the cortical
region most closely tied to compulsion is the infralimbic cortex, which is homologous to the pregenual
anterior cingulate (pgACC) in humans. We discuss each of these projections in turn.

Many studies with rats support the Figure [2] model of drug craving (e.g., McGlinchey et al., 2016
Moorman and Aston-Jones, 2023; Zhao et al., 2025). For example, cocaine self-administration strengthens
synapses between prelimbic cortex (dACC) and the NAcc core and these synapses seem to be critical
for craving because artificially weakening the same synapses 45 days after withdrawal (via optogenetics)
reduces cue-induced cocaine seeking (Ma et al.,|2014)). In contrast, artificially weakening synapses between
infralimbic cortex (pgACC) and the NAcc has the opposite effect — that is, it increases drug-seeking
behaviors (Ma et al., 2014). Furthermore, there is also evidence that the prelimbic — NAcc (dACC —
NAcc) core projections are sensitive to interoceptive, rather than exteroceptive drug cues, as predicted by
the craving hypothesis (Randall et al., [2020).

Based in large part on studies of this type, the human dACC has been a key target in human treatments
that attempt to reduce drug cravings (e.g., Zhao et al.,|2021). For example, repetitive transcranial magnetic
stimulation directed at this region reduces alcohol cravings for up to six weeks (De Ridder et al., 2011},
2016)). Similarly, nicotine cravings are reduced when neurofeedback (i.e., real-time fMRI) is used to reduce
activity in the dACC (L1 et al., 2013).

ADDS predicts that an increase in agency will increase tonic DA levels in all target areas of VTA DA
neurons, which includes all regions of mPFC and the NAcc. DA increases the signal-to-noise ratio at
glutamatergic synapses (Ashby and Casalel, 2003)E] As aresult, ADDS predicts that an increase in agency

2 By potentiating the glutamate response through NMDA receptors and depressing the glutamate response through non-NMDA receptors (Ashby and Casale,
2003).
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Figure 2. A simplified model of how projections from medial PFC to the nucleus accumbens contribute to
craving and compulsion. NAcc = nucleus accumbens; VTA = ventral tegmental area

will increase the response in the NAcc core to any given level of craving-associated dACC activation.
Therefore, ADDS predicts that increases in agency will exacerbate cravings.

The antireward response that can accompany a compulsion depends critically on projections to the
NAcc core and shell from the infralimbic cortex (pgACC). Of these, the projections to the NAcc shell are
likely more important since this is also the target of VTA DA neurons that respond to aversive stimuli
(Badrinarayan et al., 2012; de Jong et al.,|2019). For example, artificially weakening synapses between
infralimbic cortex (pgACC) and the NAcc shell increases drug-seeking behaviors in rats (Ma et al., 2014;
Nett et al., 2023)), theoretically, because it reduces one important barrier to drug seeking — namely, the
negative-hedonic state induced by the antireward systemE]

As one might predict from these rat studies, the human pgACC is arguably the key region associated
with mood disorders and especially with major depression (Drevets et al., [2008; [Hamani et al., 2011]).
Activity in this area is elevated during periods of depression and effective antidepressant treatments tend
to reduce activity in this region (e.g., Drevets et al., 2008). Furthermore, the pgACC is the region most
often targeted via deep-brain stimulation (DBS) in treatment-resistant major depression (Sobstyl et al.,
2022). DBS interferes with the ability of the implanted brain region to respond in its usual way, and so
functionally, the effects of DBS are similar to a brain lesion (e.g., Chiken and Nambu, 2016). Therefore,
the evidence strongly suggests that compulsions in drug addiction are associated with increased activity in
the pgACC.

3 Note that in the 17% of rats in which cocaine self-administration meets the criteria of a compulsion, drug seeking persists despite these negative hedonics.
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The accumbens response to infralimbic (pgACC) input is balanced by DA D1 and D2 receptor activation,
with D1 activation increasing accumbens activation and D2 activation having the opposite effect. Drug addi-
ction changes this picture in two ways. First, drug taking causes abnormal strengthening of the infralimbic
— NAcc (pgACC — NAcc) synapses, and second, drug taking causes a disproportionate downregulation
of D2 receptors, compared to D1 receptors (Volkow et al., [2007)). This selective downregulation occurs
because the rewarding properties of drugs, at least within the NAcc, are mediated primarily by D2 receptor
activation. The consequences of these two changes will be an abnormally large increase in NAcc activation
to the same level of infralimbic (pgACC) activation. Because increased activation in the NAcc shell signals
an aversive event, this model accounts for the increased antireward response that develops with addiction.

ADDS predicts that an increase in agency will exacerbate this antireward response. According to ADDS,
an increase in agency will elevate tonic levels of DA in the NAcc. But this extra DA will preferentially
activate D1 receptors because of the downregulation of D2 receptors, thereby increasing accumbens
activation and thus exaggerating the negative hedonic state activated by the antireward system. As a result,
ADDS predicts that increases in agency will increase compulsive behaviors.

A glance back at Figure |I{shows that in the ADDS model, the key input region to the NAcc comes from
vSub, which is a major output structure in the ventral hippocampus. The ventral hippocampus receives input
from dorsal regions of hippocampus, which contain place cells that encode the current location, as well as
locations that were visited previously (e.g.,|Moser et al., 2015). The ventral hippocampus also receives
input from limbic regions, including the amygdala (French et al.,|2003)) and hypothalamus (O’ Mara, |2006).
One prominent hypothesis is that ventral hippocampus integrates these spatial and limbic inputs and as
a result, essentially encodes the emotional significance of current and previous locations (Grace, 2010;
Malagon-Vina et al., [2023). This observation is especially relevant to place conditioning, in which an
association develops between the environment in which a drug is taken, and the drug itself (for a review,
see, e.g., McKendrick and Graziane, 2020). Returning to the drug-taking environment during withdrawal
often elicits drug craving and relapse in humans (O’Brien et al., [1992).

There is considerable evidence supporting the hypothesis that this type of drug-related place conditioning
is mediated by projections from vSub — NAcc. For example, in a number of studies, rats either self-
administered or were given heroin, alcohol, amphetamine, or cocaine in one conditioning environment and
then experienced a number of days of withdrawal in a different environment. Using a variety of different
techniques, these studies demonstrated that relapse due to place conditioning is associated with selective
activation of the vSub — NAcc projection (heroin: Bossert et al., 2016; alcohol: Marchant et al., 2016;
amphetamine: [Taepavarapruk et al., 2015; cocaine: Caban Rivera et al., 2025)

These studies established a key role for the vSub — NAcc projection in context-induced relapse, but they
did not examine the subsequent effects on DA neuron activity. This was the focus of a study in which rats
were administered amphetamine daily for 5 days, then given a 5-day withdrawal period (Lodge and Grace,
2008). On the next day, the rats were placed back in the apparatus where they received the amphetamine.
During this period, the authors recorded from DA neurons in the VTA. The results showed that a return
to the drug-receiving environment did not increase phasic firing of VTA DA neurons, but it did cause the
average number of tonically active VTA DA neurons to increase. Furthermore, subsequent tests showed that
this increase was caused by increased vSub output. In contrast, when drug naive animals were administered
an acute dose of amphetamine, the number of tonically active DA neurons decreased, relative to control.

4 There is also evidence for a role of the closely related ventral CA1 region of hippocampus in drug-related place conditioning (Zhou et al.,[2019).
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Note that these results are identical to the predictions that ADDS makes about the neural consequences
of increasing agency. Specifically, the neural effects of returning a drug-addicted animal to the drug-taking
environment during withdrawal are identical to the neural effects that ADDS predicts should follow a
sudden increase in agency. In both cases, the effects are initially mediated by vSub — NAcc projections
and in both cases, the result is an increase in the number of tonically active DA neurons in the VTA. In
other words, ADDS predicts that moving from an innocuous location to one previously associated with
unexpected rewards will have the same effects on VTA DA neuron firing as a sudden increase in the sense
of agency.

What are the implications of these predictions for the treatment of drug addiction? First, we know that
a return to the drug-taking environment frequently induces craving and relapse. Second, the evidence
is also good that these effects are initiated by increased activation of the NAcc by vSub. For example,
electrical stimulation of vSub, but not cortex, caused reinstatement of amphetamine self-administration
following withdrawal in rats (Taepavarapruk et al., 2015). Third, the evidence is also good that activation
of the vSub — NAcc pathway increases the number of tonically active DA neurons (Lodge and Gracel
2006, 2008)). Fourth, there is overwhelming evidence that an increase in the number of tonically active
DA neurons has profound effects on motivation, executive function, learning, and memory (e.g.,/Ashby
et al.,[2024)). An obvious hypothesis that follows from these observations is that any factor that increases
activation on the vSub — NAcc pathway after re-entering the drug-taking environment during a period
of withdrawal or recovery will exacerbate drug craving and relapse. ADDS predicts that activity on this
pathway should increase with the client’s sense of agency. So the higher the sense of agency when the
drug-taking environment is revisited, the higher the activation on the vSub — NAcc pathway, and therefore
the more severe the drug cravings and the greater the probability of relapse. In other words, re-entering
the drug-taking environment with a strong sense of agency should mimic the effects of having had a more
extended drug-taking history.

5 SIMULTANEOUS MANIPULATIONS OF AGENCY AND AFFECT

A popular model assumes that during the recovery process, individuals with substance-use disorder
transition through five stages: precontemplation, during which there is little or no interest in change;
contemplation, when change is first considered; preparation for change, when decisions are made and
planning begins; action, when specific steps are taken to implement a recovery plan; and maintenance,
when the new abstinence behaviors are consolidated and preserved (DiClemente et al., 2004; Prochaska
and DiClemente, 1982). ADDS predicts that increases in the sense of agency will have different effects
during these different stages of recovery.

Increases in agency facilitate many everyday actions, including for example, motivation, executive
function, and procedural or skill learning. /Ashby et al. (2024)) identified the specialized phenomena of
perceptual priming and standard eyeblink conditioning as rare examples that seem unaffected by changes
in agency. Even so, importantly, they did not identify any behaviors that are adversely affected by increases
in agency. So under nonaddicted conditions, a high level of agency confers many benefits and few, if any
costs.

ADDS predicts that behaviors associated with addiction sharply contrast with this more natural state of
affairs. A high sense of agency will benefit abstinence during the maintenance stage of recovery, primarily
because it will increase motivation and improve inhibitory self-control. But ADDS also predicts that
increases in agency will accelerate the path to addiction during the precontemplation stage and make
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relapse more likely before maintenance is consolidated. First, as we saw in an earlier section, a higher
sense of agency should accelerate the transition to addiction by increasing the motivation to find and take
the drug and by increasing the synaptic plasticity that mediates drug-related learning and the development
of the antireward response. And second, the previous section described how a higher sense of agency
should exacerbate cravings, especially cravings that result when the drug-taking environment is revisited.
Therefore, as discussed in the next section, ADDS recommends that after a commitment to recovery has
been made, but before maintenance is consolidated, manipulations of agency during treatment for addiction
should be nuanced — in recovery-reinforcing environments, recovery should be optimized if treatment
increases sense of agency, whereas in addiction-reinforcing environments, cravings and relapse should
be minimized if treatment decreases sense of agency. Unfortunately though, reducing agency in these
conditions comes at a considerable cost — namely, motivation and inhibitory self-control will also be
minimized. ADDS predicts that this cost is inevitable. Even so, some of these deleterious effects might be
reduced by elevating the client’s affect.

Many years ago, Ashby et al.|(1999) proposed that events that induce mild positive affect elevate cortical
DA levels for a period of 20 — 30 minutes, and that this DA increase facilitates all types of executive
function, including inhibitory self-control. The idea is that events that elevate mood frequently include an
unexpected reward. For example, a mild elevation in mood might occur after receiving an unexpected gift,
or unexpectedly running into an old friend. DA neurons in the VTA fire phasically to unexpected rewards
(Schultz et al., [1997), thereby raising DA levels in all VTA target regions, including the prefrontal cortex.
After VTA DA neurons fire a phasic burst, DA levels in frontal cortex remain elevated for a period of
20-30 minutes. This is because cortex has only negligible concentrations of DA active transporter, which
quickly clears DA from synapses (in contrast to basal ganglia, where concentrations are high; e.g., Varrone
and Halldin, 2014)). As a result, in cortex, free DA either eventually diffuses away from the synapse or is
slowly degraded by the enzyme catechol-O-methyltransferase (COMT). Either way, following a phasic
burst of DA neuron firing, DA levels remain elevated in cortex for much longer than, for example, in the
basal ganglia. Furthermore, the evidence is good that these elevated cortical DA levels facilitate executive
function (e.g., Ashby et al., 2015; |Ott and Nieder, |2019), and as this theory predicts, so does mild positive
affect (Ashby et al., 1999).

The theory that mild positive affect elevates cortical DA levels was proposed specifically to account for
human behavior. Even so, there are now many results that extend that theory to nonhuman animals and
specifically to the neuroanatomical models described in Figures[Ijand 2] A complete review is beyond
the scope of this article, but two illustrative supporting results are as follows. First, DA neurons in the
VTA of mice increase their activity during social play (Soli€ et al., |2022)), as predicted by the theory if
one accepts that social play improves affect. Second, tickling adolescent rats causes DA increases in the
nucleus accumbens and also elicits ultrasonic vocalizations (i.e., 50,000 Hz; Hori et al., 2013) that are
thought to be indicators of positive affect (Knutson et al., 2002)). These results support the assumption that
events that induce mild positive affect also increase the firing of DA neurons in the VTA.

We now have three theoretical predictions, which all have considerable empirical support, that when
combined might provide enhanced therapeutic interventions for treatment of substance-use disorder. First,
ADDS predicts that increases in agency will increase the population of tonically active DA neurons in the
VTA, but not increase the firing rate of those DA neurons that are tonically active. Second, the Ashby et al.
(1999) theory predicts that events that induce mild positive affect will increase the firing rate of VTA DA
neurons. Third, the evidence suggests that only tonically active DA neurons can transition to phasic firing
(Grace et al., 2007; Lodge and Gracel 2006). In other words, VTA DA neurons silenced by tonic inhibition
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Figure 3. The three states of DA neurons: silent, tonically active, and phasically firing.

from the ventral pallidum should be incapable of responding to events that induce mild positive affect. The
model that results when these three proposals are combined is illustrated in Figure 3] DA neurons in the
VTA will typically be in one of three different states. First, because of inhibition from the ventral pallidum
(see Figure[T)), they could be completely silent, in which case they contribute no DA to any target areas,
including frontal cortex. Second, they could be firing tonically (with typical firing rates of 0.2—-10 Hz; Liu
et al., 2021), thereby contributing to a steady influx of DA to frontal cortex that defines the baseline level
of DA. Third, they could be firing phasically in response to an excitatory input (with a firing rate greater
than 10 Hz). Even a short phasic burst will raise DA levels in frontal cortex above baseline for a period of
20-30 minutes (e.g., Feenstra and Botterblom, 1996). Importantly though, as we have seen, only those DA
neurons that are already tonically active can transition to phasic firing (Grace et al., 2007}, |Lodge and Grace,
2006). Silent DA neurons must transition to tonic firing before they can respond to excitatory input with
a phasic burst. As a result, ADDS predicts that increases in agency and elevations in affect have unique
effects on the DA system.

Increases in agency should increase the number of tonically active DA neurons, but not cause phasic firing,
because it should reduce tonic inhibition of the VTA DA neurons but not provide any new excitatory input.
In contrast, events that induce positive affect should increase phasic firing in tonically active DA neurons,
but have no effect on the total number that are tonically active. So agency facilitates the transition from
silent to tonically active, whereas positive affect facilitates the transition from tonically active to phasic
firing. As a result, following any therapeutic intervention that reduces agency, a subsequent manipulation
that induces positive affect should maximize the benefits of the available tonically active DA neurons,
without exacerbating the deleterious effects of place conditioning.

6 TREATMENT AND RECOVERY

Once a person with substance-use disorder commits to recovery, ADDS predicts that manipulations in
the client’s sense of agency should have potent therapeutic benefits. This section explores the ADDS
predictions for treatment and recovery, and makes some recommendations about how traditional therapies
might be improved.
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6.1 Tests of ADDS predictions

ADDS predicts that treatment of substance-use disorder should be facilitated by appropriate changes to
the client’s sense of agency. The most therapeutic approach will depend on the client’s stage of recovery.
Although we have seen that changes in the sense of agency affect many aspects of human behavior, in the
case of substance-use disorder, the most relevant effects are probably on motivation, executive function, and
cue- and place-induced craving. A prominent cognitive theory proposes that executive function includes
three core components: working memory, inhibitory self-control, and mental set shifting (Miyake et al.,
2000). These are likely all important for recovery, but of the three, inhibitory self-control seems especially
critical because such inhibition is needed to prevent relapse.

First, consider the precontemplation stage of recovery, during which the individual is more motivated
to find and take the drug than to abstain and recover. During this stage, an increase in agency at any time
should increase drug use because it will increase motivation as well as craving and compulsion. Thus,
interventions that reduce sense of agency are recommended.

Second, during the maintenance stage, the primary motivation is now to abstain from drug taking and
at this stage of recovery, the individual has been drug free long enough that any cravings that could be
exacerbated by a high sense of agency should be absent, or at least highly reduced compared to earlier
stages of recovery (e.g., Galloway et al., 2010). As a result, the most efficacious treatments will likely
increase agency at all times in order to increase motivation and improve inhibitory self-control.

Third, consider the intervening stages during which the primary motivation is to recover but maintenance
has not yet fully consolidated. During these stages, a high sense of agency will increase motivation to
remain drug free, but also exacerbate the place- and cue-induced cravings that characterize these stages. As
a result, the best approach might be to elevate sense of agency at some times and weaken it at others. In
particular, sense of agency should be elevated during times when the individual is in a recovery-reinforcing
environment that lacks drug-related cues — such as during inpatient rehabilitation, support-group meetings,
or individual outpatient treatment. An elevated sense of agency during these periods should have many
benefits, including for example, to increase motivation and improve inhibitory self-control, without the
concomitant cost of amplified cravings. In contrast, ADDS also predicts that sense of agency should
be reduced when an individual recovering from substance-use disorder is in an addiction-reinforcing
environment — that is, one rich in cues that might induce craving — such as a bar that serves alcohol, a drug
dealer’s house, or any setting where the individual has previously taken drugs. As we have seen, because of
place conditioning, re-entering the drug-taking environment during a period of withdrawal or recovery will
increase activation on the vSub — NAcc pathway, which will exacerbate drug craving and relapse. For
these reasons, cravings and relapse should be minimized if the drug-taking environment is revisited when
agency is low.

We know of no direct tests of these predictions. Even so, there is abundant supporting anecdotal evidence.
First, many popular and successful therapeutic approaches include practices that are likely to increase
sense of agency while the client is in a recovery-reinforcing environment; even if this is not a stated goal of
the practice. In fact, |Gorlin and Békes| (2021) argued that a central (although typically unstated) goal of
many different psychotherapeutic approaches is to increase the client’s sense of agency, and the different
approaches do this in a variety of ways, but one method used by almost all approaches is to improve
the client’s awareness of themselves and their environment. A number of recent studies have confirmed
that sense of agency increases with self-knowledge and self-awareness (e.g., Braun et al., 2018; |Gupta
et al.,[2025; Matsumiya, 2021). Different psychotherapeutic approaches use different methods to improve
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awareness. For example, 1) cognitive behavioral therapy uses psychoeducation to improve the client’s
awareness of the connections between their thoughts and emotions and their behavior (McHugh et al.,
2010); 2) motivational interviewing encourages clients to believe that they can change and helps clients
see the discrepancy between their current behaviors and their desired goals (Miller and Rollnickl, [2002;
Smedslund et al., 2011)); 3) insight-oriented psychotherapy focuses on building a client’s insight into how
their past experiences affect their current behavior (Jennissen et al., 2018} Lysaker et al., 2015); and 4)
acceptance and commitment therapy uses mindfulness-based practices, which have been shown to increase
agency (Carlson, 2013} Lush et al., 2016), to improve the client’s understanding and awareness of their
current emotions and thoughts (Bowen et al., 2009; Harris, 2019; Korecki et al., 2020). ADDS could
therefore be viewed as providing a neuroscientific rationale for these diverse therapeutic interventions.

A high level of agency is generally considered to be a positive trait and a desired outcome of psychotherapy
(Bandura, |1977). As a result, there is little or no literature investigating whether reductions in agency could
ever be psychotherapeutic. For this reason, we know of no studies that have tested the ADDS prediction
that sense of agency should be reduced when a person recovering from substance-use disorder visits
an addiction-reinforcing environment. Given this, it is especially impressive that a variety of addiction
therapies have simultaneously converged on a set of practices that are likely to do exactly this. For example,
a common conversation in case conceptualization among treatment providers for individuals diagnosed
with substance-use disorder focuses on the client’s appropriate level of care. The consensus is that level of
care should increase with the severity of the addiction — ranging from hospitalization for the most severe
cases to semi-regular outpatient treatment for the least severe (Hoffman et al.,|1993). The balance in this
decision is about autonomy and support. Increasing support by increasing a client’s level of care will also
decrease the client’s autonomy because of the increased restrictions that are necessary to provide that
support. Autonomy is defined as “the ability to make your own decisions without being controlled by
anyone else” (Cambridge Dictionary, n.d.). Therefore, the reduced autonomy that comes with increasing
level of care should also reduce sense of agency.

Other common practices explicitly reduce sense of agency, without necessarily using that language. For
example, Step 3 of the 12 steps to recovery recommended by Alcoholics Anonymous is “Made a decision
to turn our will and our lives over to the care of God as we understood Him” (Alcoholics Anonymous,
n.d.). As another example, it is common to ensure that a sober companion accompanies the recovering
individual when they first revisit a triggering environment. Agency is likely to be reduced in such cases
because studies show that taking an action that is directed by others (e.g., following orders) results in lower
agency than if the same action is freely taken without any external direction (Caspar et al.,|[2016).

All current practices that serve to reduce agency in addiction-reinforcing environments most likely
evolved as methods to control behavior — specifically, to decrease the likelihood of drug taking — rather
than to decrease agency per se. Note that any such practice is complicated by the existing evidence
that reductions in agency decrease inhibitory self-control. As a result, these practices tend to rely on
some external constraints to prevent drug taking — such as hospitalization or ensuring that a sober person
accompanies the recovering individual when they revisit a drug-taking environment. ADDS provides a
neuroscientific justification for these practices. But it also predicts that reduced agency will have other
benefits — specifically, a lessening of the drug cravings and compulsions that develop because of place
conditioning.
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6.2 Therapeutic recommendations

As we have seen, ADDS predicts that there may be therapeutic benefit to manipulating sense of agency
in the appropriate direction at certain times during treatment of substance-use disorder. A reduced sense of
agency could be beneficial at any time for clients in the precontemplation stage, and when clients in the
contemplation, preparation, or action stages are visiting addiction-reinforcing environments. In contrast,
an increased sense of agency could be beneficial at any time during maintenance, and when clients in the
contemplation, preparation, or action stages are visiting recovery-reinforcing environments. Therefore,
treatment will likely be facilitated if the treatment provider has available a repertoire of methods for both
increasing and decreasing agency. ADDS makes no predictions about what those methods might look
like, or about how they might be developed. This section makes a few suggestions, but these should be
considered speculative, since they are well outside the scope of the current theory. As a result, more
research on this problem is clearly needed.

Many methods of psychotherapy are rooted in psychological theories that predict that increases in agency
are beneficial to psychological health. This list includes, for example, self-efficacy theory (Bandura,
1977), hope theory (Snyder, 1989), goal-focused positive psychotherapy (Conoley and Scheel, [2017),
and self-determination theory (Deci and Ryan, 2000). As a result, many methods have been proposed
for how a psychotherapist might increase a client’s sense of agency. These methods might be especially
important in the treatment of addiction because evidence suggests that drug use is associated with a lower
overall sense of agency (Render and Jansen, [2019). As examples of the methods that have been proposed,
Bandural (2012) identified four approaches that might be used to boost agency, or more specifically, what
he called self-efficacy: 1) by increasing the client’s mastery with respect to their ability to revisit addiction-
reinforcing environments without relapse (i.e., each success should increase agency), 2) by encouraging
clients to make their own choices, 3) via social modeling — that is, by observing success in others, and
4) via social (e.g., verbal) persuasion. These methods play a key role in the relapse prevention model of
treatment proposed by Marlatt and Gordon (2005)). Similarly, within goal-focused positive psychotherapy,
a popular method to increase agency is via capitalization — that is, by celebrating client strengths (e.g., a
healthy desire, behavior, or thought; Gable et al., 2018]).

Not surprisingly, there are very few, if any, established methods with the stated goal of reducing a client’s
sense of agency. What sorts of treatment protocols might serve to lower agency? A few have already been
mentioned, including for example, 1) ensuring that a sober companion accompanies the client during early
revisits to drug-taking environments; 2) ensuring that the client attends regular meetings of a support group;
and 3) moving the client to a sober-living environment. Some of these methods are practical only during
initial periods of recovery. For example, ensuring that a sober companion accompanies the individual
during revisits to drug-taking environments is not a practical long-term solution. What approaches might
be used when accompaniment is no longer possible? We make two tentative suggestions — both of which
could be used in conjunction with each other. However, neither method has received empirical testing, so
clearly, more research is needed on this problem.

One method that might be used to reduce agency in individuals in later stages of substance-use disorder
is to instruct them to use vivid visual imagery to imagine that the therapist or a sober companion is
accompanying them when they revisit a drug-taking environment. Imagery and perception activate similar
neural pathways (e.g., Dijkstra et al., 2019)), so the neurological effects of imagining a companion should
be similar to the effects produced by a real companion. In addition, imagining a helpful companion is a
natural act. For example, psychotherapeutic clients often construct internalized representations of their
psychotherapist that include auditory, visual, and kinesthetic components (Knox, 2003; Knox et al., [ 1999).
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Furthermore, evidence suggests that such internal representations are beneficial to the healing process (e.g.,
Knox, 2003)). Therefore, the act of imagining a companion during a revisit to a drug-taking environment
might have similar benefits to bringing along a real companion.

A second method to reduce agency under these conditions might be to instruct the client to write a script
in advance of the visit that describes the behaviors they subsequently will follow during the visit. As in a
script for a movie or stage play, the script should include a detailed description of behaviors that move
the client through the environment during the visit. This method should reduce agency because agency is
reduced when one’s actions are directed rather than freely taken without any external guidance (Caspar
et al., 2016]).

Methods that reduce agency during visits to environments where drugs were previously taken should
reduce cravings, but as previously described, there are likely costs. The most critical are probably reduced
motivation to abstain from drug taking and reduced executive function — for example, reduced inhibitory
self-control. As a result, any method of reducing these costs without also increasing agency is likely to have
therapeutic benefit. One way to compensate might be to increase the client’s affect via some unexpected
intervention. For example, the therapist might send the client some text message just before the visit that
temporarily improves the client’s mood. As described earlier, this elevated mood should improve motivation
and executive function for a period of 20-30 minutes, without exacerbating cravings.

7 LIMITATIONS

There are at least three significant limitations to consider before translating the predictions and suggestions
made here to a clinical setting. First, all of the predictions derived in this article come from ADDS, which
was developed only recently. Although the neuroscience underpinnings of this model (described in Figure
have received rigorous testing, the behavioral predictions of ADDS have not. As described here and by
Ashby et al.|(2024), there is considerable empirical support for many of these predictions, but even so, this
support comes almost exclusively from studies that were not designed to test an ADDS prediction. As a
result, much more empirical testing is needed to validate and/or improve the theory.

Second, many of the predictions derived here are based on research with nonhuman animals. Generalizing
such results to humans requires caution because of differences in neuroanatomy — especially between
rodents and humans, and because many of the predictions discussed in this article are about internal states
that are unobservable in nonhuman animals, including for example, agency, craving, compulsion, and
positive affect.

Third, even the human studies that were used to derive ADDS predictions mostly come from controlled
laboratory experiments. As a result, caution must be used when attempting to interpret how such results
might be extended to a real-world clinical setting.

8 CONCLUSIONS

Sense of agency critically affects many human behaviors and it is widely considered to play a key role in
psychological health (e.g., Bandura, [1977). The ADDS theory proposes that increases in agency disinhibit
the DA system and thereby increase the number of tonically active DA neurons in the ventral tegmental area.
The theory makes many novel predictions about how sense of agency impacts all aspects of drug addiction.
It also suggests a variety of novel addiction treatments, including for example, that the most therapeutic
approach might be to elevate sense of agency at some times and weaken it at others. Furthermore, the
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theory predicts that reducing the agency of an individual in the contemplation, preparation, or action stages
of recovery from substance-use disorder while they are revisiting a drug-taking environment will not only
reduce drug-taking behaviors, but it will also reduce drug cravings, and therefore improve the psychological
state of the individual.
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