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Abstract

The body’s biological stress response forms one of the foundations of adaptive behavior, including
by promoting (and impairing) different forms of memory. This response transcends stressful
experiences, underlying reactions to challenges and even reinforcers like addictive substances. Yet,
drug-induced stress responses are rarely incorporated in models of addiction. Here we propose that
drug-induced stress responses (particularly glucocorticoids) play a critical role in addictive
behavior by modulating the formation of memories for substance use experiences. We review
contributions of amygdala-, striatal-, and hippocampal-based memory systems to addiction, and
reveal common effects of addictive drugs and acute stress on these different memories. We suggest
that the contributions of drug-induced stress responses to memory may provide insights into
mechanisms driving addictive behavior.
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Memories for Drug Use

Drug seeking and drug use behaviors are powerfully informed by learning and memory.
What was learned and what is remembered about prior experiences with these substances
can have a profound impact on future responses to information or cues relating to these
experiences. As illustrated by the following report by a patient with cocaine addiction,
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Outstanding Questions

Does the engagement of different memory systems, and the modulatory role of drug-induced stress responses, vary between addictive

substances?

Avre there sex differences in the contributions of different memory systems to addiction, or in how drug-induced stress responses
modulate drug-related memories?

How do other components of the stress response (e.g., catecholamines) contribute to modulation of drug-related memories?

Would there be therapeutic benefits to blocking the drug-induced stress response? If so, at what stage in the development of addictive

behaviors would these interventions be most helpful?
How does stress, itself a risk factor for relapse, play a role in the retrieval of drug-related memories?

How do escalating doses of addictive substances modulate the drug-induced stress response and the engagement of different memory

systems?
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exposure to cues can lead to memory retrieval, triggering responses such as craving and
relapse (reviewed in [1]):

It is 11:00am on a warm morning in July. You are walking down the street. All of a
sudden, you run into Mary*. Your heart skips a beat. You think back to times
you’ve gotten high together. You smile and feel a sense of excitement. You start to
think about getting high.

*name changed

Such memory-driven effects, combined with evidence that drugs of abuse can act on
neuroanatomical circuitry supporting memory, have fostered the conceptualization of
addiction as a disorder of learning and memory (e.g., [2-7]).

Decades of research have demonstrated that different types of information are learned, or
encoded, during everyday experiences, and that depending on the nature of this information,
different processing mechanisms and neural networks, corresponding to different memory
systems, are engaged ([8]; see Box 1 for examples related to drug use). These memory
systems can function in parallel, each contributing to behavior [9], or they can compete for
preferential expression [10]. Accordingly, theories describing the contributions of different
memory systems to addiction describe both parallel and interactive effects (Table 1). These
theories have been extremely influential, inspiring research programs and the development
of addiction treatments (recent examples in [11, 12]). With recent evidence that memory for
even a single experience can influence later decision-making [13, 14], understanding how
memories for drug-related experiences are formed is a critical and timely question.

We propose that these memaries for drug-related experiences are critically modulated by the
stress responses (particularly the release of glucocorticoids) that are triggered by using the
drug. We first provide an overview of the glucocorticoid response as a modulator of memory
and as a frequent consequence of consuming addictive substances. Next, we discuss
common effects of addictive drugs and glucocorticoids on the amygdala-, striatal-, and
hippocampal-based memory systems. We then highlight preliminary findings demonstrating
that drug-induced glucocorticoids play a direct role in drug effects, particularly for learning
and memory. Based on the emerging picture from this body of literature, we conclude by
proposing novel directions for future research.

Stress as a Modulator of Memory

Across species, learning and memory can be profoundly influenced by exposure to acute (or
short-term) stress. Acute stress can be decomposed into the stressor, or event, and the stress
response, including a variety of different processes—cognitive, affective, behavioral, and
physiological—that typically occur upon exposure to a stressor. Stressors are characterized
as novel, unpredictable, and uncontrollable, resulting in a disruption of homeostasis [23].
Here we focus on the physiological component of the stress response, particularly the
activation of the hypothalamic-pituitary-adrenal (HPA) axis. When the HPA axis is activated,
the paraventricular nucleus of the hypothalamus releases corticotropin releasing factor
(CRF), which leads the anterior pituitary to release adrenocorticotropin (ACTH), causing the
adrenal cortex to release glucocorticoids (cortisol in humans, corticosterone in rodents). This
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hormonal response is part of an array of dynamic physiological changes, including the rapid
release of catecholamines (including adrenaline and noradrenaline) from the adrenal medulla
[24].

In addition to these peripheral effects, biological stress responses also influence central
nervous system function. Glucocorticoids are lipophilic and readily cross the blood-brain
barrier [23]. They directly influence the function (and, over time, the structure) of regions
that are critical to forming and retrieving memories including the amygdala [25], striatum
[26], and hippocampus (reviewed in [27]). Understanding the circumstances under which
stress responses enhance and impair these memory systems is an active area of research. For
example, interactions between glucocorticoids and adrenergic responses have been shown to
be critical for the enhancing effects of acute stress on memory [28], and manipulating the
adrenergic response can modulate the expression of different memory systems (e.g., [29]). In
addition, acute stress can have opposite effects on memory if it occurs near encoding
(frequently enhancing) or retrieval (frequently impairing memory) [30]. These findings raise
questions about the role of adrenergic-glucocorticoid interactions in drug-related memories,
and the influence of stress on the retrieval of drug-related information (see Outstanding
Questions). In this Review we are focusing specifically on the role of glucocorticoids in the
encoding of drug-related memories.

Addictive Drugs Induce Glucocorticoid Responses

In addition to stressors, addictive substances can acutely trigger an HPA axis response
(reviewed in [31]; for CRF, see [32]). Although the mechanism varies by substance [31],
there is strikingly consistent evidence for increases in glucocorticoids among non-dependent
populations of rodents and humans (Table 2). Importantly, these findings do not imply that
individuals “feel stressed” after taking these substances. That is, we are not arguing that
because addictive drugs elicit glucocorticoid responses, they also trigger the negative affect
that typically accompanies the stress response. Glucocorticoids may instead contribute to the
reinforcing effects of addictive drugs, as supported by findings including preferential self-
administration of corticosterone in rodents [33], and, in humans, euphoria after high doses of
glucocorticoids [34]. Supporting the clinical relevance of glucocorticoids in addiction,
targeting the glucocorticoid system has recently emerged as a potential approach in
addiction therapeutics [35-37].

Parallel Effects of Drugs and Glucocorticoids on Memory

As depicted in Box 1, different memories can be formed for drug use experiences, each of
which has been shown to play a role in addiction (Table 1). We next review the effects of
addictive drugs and acute stress on these memories. To facilitate comparisons between drugs
and stress, we focus on studies in which acute stress or glucocorticoid manipulations
occurred near the time that these memories were encoded (Box 2).

Cue-affect associations

For many people, a straw is a neutral object. Yet for individuals who chronically use
cocaine, repeated exposure to straws as part of drug use may imbue these formerly neutral
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objects with strong affective salience. This formation of associations between a cue and
affect is supported by classical, or Pavlovian, conditioning. These associations may be
aversive (e.g., cues are associated with withdrawal [22] or responses counteracting
anticipated drug effects [54]) or gppetitive (e.g., pleasant hedonic drug effects [4]). The
amygdala is critically involved in associating a neutral cue (typically referred to as a
conditioned stimulus, or CS) with an affective outcome (unconditioned stimulus, US).
Memory is typically measured by the extent to which the CS can elicit a response
(conditioned response, CR) indicating US anticipation. The lateral nucleus of the amygdala
(LA) is particularly involved in aversive CS-US associations [16], with the basolateral
amygdala (BLA) critical for linking the CS to the current appetitive US value [17].

The amygdala is also involved in associating neutral cues with drugs. For example, after CS-
cocaine conditioning, presentation of the CS alone led a subset of BLA neurons to fire [55]
and increased dopamine efflux in the amygdala [56]. Temporary inactivation of the BLA
prior to CS-cocaine conditioning blocked later CS-cued reinstatement of drug-seeking
behavior [57]. The amygdala also plays a key role in conditioned place preference (CPP;
see Glossary), sometimes described as “conditioned cue preference” [3], in which rodents
preferentially approach a previously drug-paired location. This behavior has been shown for
natural reinforcers (e.g., [58, 59]) as well as multiple addictive substances [60]. Lesions of
the LA (but not the dorsal striatum or fimbria/fornix) prior to conditioning blocked the
development of food CPP [58], and lesions of the BLA prior to test abolished sucrose CPP
[59]. Temporary inactivation of the amygdala prior to or immediately after conditioning
blocked amphetamine CPP [61]. Conversely, successful acquisition of amphetamine CPP led
to significantly elevated neuronal activity (c-Fos) in the BLA, which correlated with the
magnitude of CPP expression [62]. Finally, functional neuroimaging studies in humans
examining a variety of addictive substances have reported positive correlations between self-
reported craving and cue-induced BOLD responses in the amygdala (reviewed in [63]).

For both appetitive and aversive conditioned associations, glucocorticoids facilitate the
formation of memories as well as associated changes in the underlying neural circuitry. Both
acute and chronic stress led to positive structural changes in the amygdala (particularly the
BLA,; [27, 64]). Acute glucocorticoid exposure facilitated immediate and sustained
enhancement of BLA activity [65]. In the aversive domain, acute stress pre-training [66] and
administration of corticosterone immediately post-training [67] each enhanced CRs
(reviewed in [68]). In another aversive paradigm, conditioned taste aversion, administration
of a glucocorticoid synthesis inhibitor (metyrapone) immediately post-training impaired
later memory, whereas corticosterone (either into the BLA or systemically) enhanced
memory [69]. In humans, acute stress pre-learning [70] and administration of hydrocortisone
immediately post-learning [71] enhanced memory for CS-shock associations, as reflected by
greater resistance to extinction (i.e., CRs persisted even when the CS no longer predicted
shock). In addition, elevated cortisol levels after CS-shock conditioning positively correlated
with later CRs [72].

In the appetitive domain, stress and glucocorticoids directly facilitated drug-related CPP.
Although conditioning with corticosterone did not produce CPP [73], exposure to acute
stress before conditioning enhanced cocaine CPP [74] and ethanol CPP [75]. Acute stress
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also enhanced morphine CPP in some strains of rats [76]. Similarly, autoshaping training
led to increased corticosterone [77], particularly among rodents who made more autoshaping
CRs [78] (with the caveat that the aversive method of sampling corticosterone may have
influenced these results; see [77]). Few studies have examined acute stress effects on the
acquisition of appetitive conditioning in humans, although there is evidence that individuals
exposed to pre-learning stress “over-generalized” appetitive associations [79].

between the amygdala and other memory systems

One key function of cue-affect memory in addictive behavior is to influence the engagement
of other forms of memory. For example, Wikler’s “two-factor theory” of relapse posits that
environmental cues first become associated with feelings of withdrawal (through a process
of amygdala-based cue-affect conditioning), which then promote cue-response (striatal-
based) drug-seeking behavior to alleviate the conditioned aversive feelings [22].
Experimentally, drug-paired CSs can serve as “conditioned reinforcers” to promote
acquisition of novel cue-response associations [80]. Presentation of an ethanol-paired CS in
a Pavlovian-instrumental transfer (PIT) task was associated with enhanced cue-response
behaviors for both ethanol and sucrose rewards [81] and, after extended cue-response
training, the effects on cue-response behaviors for ethanol rewards became even stronger
[82]. Similarly, a cocaine-paired CS promoted the performance of cue-response behaviors
for a cocaine reward [83]. These effects can be very powerful: a cocaine-paired CS
facilitated cue-response behavior for cocaine one year after a single CS-cocaine conditioning
session [84]. Effects of glucocorticoids (post-training glucocorticoid receptor, GR, agonists)
on PIT in rodents have been mixed [85, 86], although there is recent evidence that acute
stress enhanced PIT in humans [87].

Beyond supporting memory for cue-affect associations, the amygdala plays a critical role in
the effects of acute stress on memory by modulating the engagement of the striatum and
hippocampus [28, 88]. For example, acute stress before training enhanced the use of striatal-
based cue-response strategies in rodents and humans (see next section). This effect was
blocked by temporary inactivation of the BLA in rodents [89], and was associated with
greater amygdala BOLD signal and amygdala-striatal connectivity in humans [90]. BLA
lesions also blocked both impairing [50] and enhancing [91] effects of stress on
hippocampal memory. The BLA even arbitrated the stress-induced shift toward
preferentially expressing striatal over hippocampal memory in both rodents [89] and humans
[90] (for more discussion of this trade-off, see “Glucocorticoids and the balance between
memory systems in addiction”). More research is needed to investigate whether the
amygdala similarly modulates the acquisition of different drug-related associations (perhaps
via drug-induced glucocorticoid release).

Cue-response associations

The repeated use of substances that characterizes addictive behavior is often colloquially
referred to as a “bad habit”. Indeed, addictive behaviors have many features of automatized,
habit-like processes: they can be performed with low effort (or awareness), are acquired
slowly through practice, occur with increased speed and decreased variability [6], are
described as “ritualistic” [7], and are progressively perceived as out of the user’s control and
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instead governed by triggering cues [19] (although there is debate about the relevance of
these memories for human addiction; Box 3). The dorsolateral striatum (DLS) supports the
formation of cue-response habits. In contrast, the dorsomedial striatum (DMS) and prelimbic
cortex (medial prefrontal cortex [mMPFC] in humans) are involved in goal-directed response-
outcome associations [15, 92].

Although most associations start as goal-directed (response-outcome), certain procedures,
like overtraining and interval schedules of reward, make it more likely that habitual cue-
response associations will be formed [15]. Critically, rodents are more likely to learn cue-
response associations for addictive drug outcomes [7]. For example, whereas rodents trained
for a food pellet outcome stopped responding when the food pellet was devalued, or paired
with something aversive (evidence that they were goal-directed, or sensitive to outcome
devaluation), rodents who were trained for an alcohol outcome were equally likely to
respond regardless of whether the alcohol or a food pellet was devalued [93]. Similarly,
rodents trained for an alcohol outcome were insensitive to outcome devaluation after 4 or 8
weeks of training, whereas rodents trained for a sucrose outcome were still sensitive to
devaluation at 8 weeks [94]. In fact, rodents trained for an alcohol outcome were insensitive
to devaluation after only 9 sessions [95]. Rodents trained to respond for a cocaine-sucrose
solution also became insensitive to devaluation, whereas those trained to respond for lemon-
sucrose remained sensitive to devaluation [96].

Recent evidence has demonstrated that glucocorticoids also facilitate DLS-dependent cue-
response learning. Using outcome devaluation and contingency degradation procedures,
recent studies have shown that chronic stress or chronic glucocorticoid exposure led rodents
to form habitual cue-response associations for natural reinforcers [26, 97]. Humans exposed
to acute stress before learning were also insensitive to outcome devaluation [98] (although
this was likely not due to modulation of cue-response learning [99]). Using spatial
navigation tasks in which striatal-based cue-response strategies could be used, both rodents
[50, 100] and humans [90] exposed to stress before learning were more likely to learn cue-
response associations, and rodents who received intra-DLS injections of glucocorticoids
during learning were faster to shift toward using cue-response associations [101]. These
latter findings suggest that stress (and glucocorticoids) may act to facilitate the formation of
cue-response associations by directly enhancing striatal function.

Enhanced striatal-dependent responses and memory also characterize individuals with
addiction. Patients showed higher dorsal striatal BOLD signal in response to drug cues, an
effect that predicted worsening cannabis use-related problems among frequent cannabis
users 3 years later [102], was associated with relapse among abstinent alcoholics [103], and,
even among social drinkers, correlated with compulsive drinking behavior [104]. Suggestive
of an interaction between glucocorticoid and drug cue-related circuitry, smokers exposed to
acute stress before viewing drug cues had an enhanced cue-induced BOLD response in the
dorsal striatum [105]. In the learning and memory domain, patients with cocaine use
disorder were insensitive to devaluation in an appetitive task [106]. Patients with substance
use disorder were better at performing learned cue-response behaviors and made more
perseverative errors (i.e., repeated the old response) when learning a new response [107].
The neural mechanism supporting cue-response learning also differed for individuals with
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addiction: patients with alcohol use disorder (AUD) had greater BOLD signal in the DLS
when learning cue-response associations, but attenuated mPFC signal for response-outcome
associations, relative to controls [108]. Preclinically, young adults with a history of high
cigarette, alcohol, and cannabis consumption were more likely to use a cue-response strategy
in a spatial navigation task [109]. Using a sequential decision-making task designed to
measure model-based/model-free strategies [110], relapsing alcoholics were shown to have
impaired model-based learning (thought to reflect goal-directed behavior) and higher
positive expectancies about alcohol [111].

Notably, exposure to acute stress led non-dependent individuals to show behavior similar to
that of patients with addiction: acute stress enhanced cue-response learning (for positive
outcomes [112]), increased use of cue-response strategies in spatial navigation [90], and
impaired model-based learning (among individuals with low working memory capacity
[113]).

In summary, drugs (and glucocorticoids) may promote the use of striatal memory through
diverse pathways [5], including modulation by the amygdala [28], direct facilitation of
striatal function [101], or impairment of competing (e.g., goal-directed) representations (Box
3). There is a need for more research to understand how striatal-dependent cue-response
associations are facilitated among chronic drug users as well as naive users responding for
drug outcomes.

Cue-cue (context) associations

A major challenge in maintaining abstinence involves generalizing strategies learned in the
clinic to contexts or environments in which drug use previously occurred. Unlike memory
for associations between drug effects and discrete cues, memory for drug effects and
contexts (or “stimulus configurations” [6]) includes associations between different cues. The
hippocampus is critical for forming these associations and representing spatial information
[18, 122].

The hippocampus also plays a critical role in drug-related context memories. For example,
paradigms like context-induced reinstatement demonstrate that drug-seeking for several
addictive substances, including cocaine, nicotine, alcohol, and heroin, is renewed when
rodents are placed in an environment in which they had previously experienced the drug
[123]. This behavior involves the hippocampus, as temporary inactivation of the dorsal
hippocampus blocked reinstatement of cocaine seeking [124]. Context-induced
reinstatement of cocaine and alcohol seeking elicited increased neuronal activity in the
dorsal hippocampus [125] and CA3 subregion of the hippocampus, respectively [126]. Ina
similar protocol, ventral hippocampus inactivation before short-term context-cocaine
conditioning blocked cocaine seeking reinstatement, and impaired ability to distinguish
between cocaine-paired and saline-paired contexts [127]. More broadly, acute exposure to
several addictive substances, including amphetamine [28], cocaine, and nicotine, enhanced
hippocampal function and hippocampal-dependent processes like spatial memory [60].
Similar to the amygdala and dorsal striatum, functional neuroimaging studies have found
that human drug users show increased hippocampal signal in response to drug cues [63].
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The hippocampus is also highly sensitive to the effects of stress, and the mechanisms by
which stress acts on this memory system have been well-characterized. The hippocampus
has a high density of receptors that bind glucocorticoids [27], including both high-affinity
mineralocorticoid (MR) and lower-affinity glucocorticoid (GR) receptors [53]. At moderate
doses, glucocorticoid elevations near the time of encoding (see Box 2) promote hippocampal
plasticity and formation of hippocampal-dependent memories [48]. As noted earlier, these
enhancing effects may depend on an interaction between the glucocorticoid and adrenergic
response, often making them specific to information that is emotionally arousing [28]. For
example, exposure to acute stress around the time of training enhanced memory for aversive
high arousal context associations in rodents [128], and enhanced memory in humans for cue-
cue associations rated as highly arousing [129]. Suggestive of a common pathway between
drugs and glucocorticoids, both acute stress and cocaine administration enhanced LTP in the
ventral hippocampus [130]. As will be discussed in the next section, recent evidence
supports an integral role for glucocorticoids in drug-related context memories.

Role of Drug-Induced Glucocorticoid Response in Acute Drug Effects

Beyond memories for drug-related experiences, the glucocorticoid response to addictive
drugs plays a critical role in the effects of several substances. For example, blocking
glucocorticoid synthesis before ethanol exposure dose-dependently blocked behavioral
sensitization [131], and adrenalectomy before extended cocaine access slowed increasing
self-administration and attenuated cocaine-induced reinstatement [132].

The drug-induced stress response may work in part by influencing the dopamine system. A
recent review summarizing parallel effects of alcohol, nicotine, and acute stress on cellular
processes highlighted shared downstream influence on dopaminergic pathways [133].
Behaviorally, selective inactivation of GR receptors on dopaminoceptive neurons (post-
synaptic neurons containing dopamine receptors) led to reduced cocaine self-administration
[134]. In addition, while nicotine exposure led to increased ethanol self-administration and
attenuated dopamine response to ethanol, both effects were blocked by administering GR
antagonists before nicotine exposure [46]. Although the mechanism(s) by which drug-
induced stress responses contribute to drug effects require further investigation, these
findings emphasize the importance of incorporating this process into models of addictive
behaviors.

Drugs modulate learning and memory via glucocorticoids

Studies have begun to demonstrate a causal role for drug-related glucocorticoids in
modulating drug-related learning and memory. For example, the amygdala is an important
locus by which drug-induced stress responses modulate addictive behaviors. Administration
of a CRF receptor antagonist into the amygdala (CeA) of ethanol-dependent rats led to
decreased ethanol self-administration [135]. During abstinence (3 weeks), ethanol dependent
rats had higher levels of GR mRNAs in the CeA (indicating greater receptor binding), and a
GR receptor antagonist led to decreased ethanol self-administration [136]. More research is
needed to determine whether these drug-induced glucocorticoid effects operate by
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influencing amygdala-dependent mnemonic processes (e.g., cue-affect memory, or
amygdala-based modulation of other memory systems).

Learning cue-response associations to self-administer cocaine also critically involved
glucocorticoids (reviewed in [137]). In a series of experiments, rats learned that a light (cue)
indicated that lever pressing (response) would lead to intravenous cocaine injections
(outcome). Although rats did not learn to respond to the cue at low cocaine doses, footshock
(leading to elevated corticosterone) or corticosterone injections facilitated responding, with
the number of cued responses made during learning positively correlating with
corticosterone. Adrenalectomized rats did not learn to respond for any dose of cocaine,
although corticosterone replacement somewhat rescued the behavior. These effects may be
driven by GR receptors, as GR receptor blockade decreased cocaine self-administration in
another protocol and impaired the ability to distinguish between “active” (responses
delivered cocaine) and “inactive” cues [138].

Finally, learning and memory for drug-related cue-affect and cue-cue associations required
glucocorticoids. Systemic blockade of glucocorticoid receptors during conditioning blocked
ethanol CPP [139] and morphine CPP [140]. Inhibiting morphine-induced corticosterone
synthesis during conditioning also blocked any enhancement of CPP due to prior stress
exposure [141]. In addition, after conditioning (with nicotine [142] or cocaine [143, 144]),
drug-paired contexts directly evoked glucocorticoid responses. Blocking these
glucocorticoid responses with a GR antagonist prior to cocaine-paired context exposure
dose-dependently attenuated reinstatement of cocaine-seeking [145].

Concluding Remarks

Different forms of memory have been shown to play key roles in addictive behavior across
species. One mechanism that may promote the formation of memories for drug-related
experiences is the drug-induced release of stress-related hormones, particularly
glucocorticoids. We cite support for this hypothesis, including for parallel effects of drugs
and acute stress on different memory systems, as well as preliminary evidence that blocking
the drug-induced glucocorticoid response leads to widespread changes in drug effects as
well as modulation of drug-related learning and memory. This integration of stress, memory,
and addiction presents a compelling avenue for future research (see Outstanding Questions).
We highlight two of these directions below.

Drug-induced glucocorticoid responses in a dysregulated stress system

The ubiquity of drug-induced glucocorticoid responses—and the fact that they are observed
in non-dependent individuals—raises questions about how meaningful these responses are
for the development of addictive behaviors. One simple model would be that individuals
who go on to develop addictive behaviors also have larger drug-induced glucocorticoid
responses. However, at fixed doses of drugs, dependent individuals who are currently using
typically have a blunted drug-induced cortisol response compared to non-dependent
individuals (e.g., cannabis: [146]; alcohol: [147]). It is worth noting that, as dependent
individuals also self-administer higher doses, the ultimate level of drug-induced cortisol
response may not differ or could even be higher as a function of level of drug use [148].
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Further, depending on the type of memory, the relationship between cortisol and memory
can be quadratic rather than linear (e.g., [23, 28, 129, 149]), making it unlikely that merely
having higher cortisol responses would compel stronger drug-related memories.

In contrast to that simple model, the impact of glucocorticoid responses to addictive drugs
should be understood in the context of broader dysregulation in HPA axis function. A large
body of evidence demonstrates that individuals who chronically use addictive substances
have atypical HPA axis responses. These alterations are not only the result of chronic
substance exposure, as individuals at risk for developing addiction also have atypical HPA
axis responses (e.g., stimulants: [118]; alcohol: [150]). This atypical response includes a
shift in basal HPA axis function, leading to consistently elevated levels of cortisol [150] and
blunted cortisol responses to acute stress (e.g., among individuals chronically using cannabis
[151]; alcohol [152]; and nicotine [153]). Against this scaffold, the drug-induced cortisol
response may play a stronger role in an addicted than a drug-naive individual. As acute
stress can enhance memory for related information [48], these drug-induced cortisol
responses may particularly amplify memory for drug-related experiences. Stronger drug-
related memories could then promote escalation of drug use [115] through several
mechanisms, including enhancing the likelihood of choosing similar (drug-related) actions
in the future (as recently shown in a non-drug domain; [14]). If cue-response memories are
preferentially strengthened, this could increase performance of habitual drug-seeking or
drug-use behaviors (see next section). More research is needed to characterize the influence
of drug-induced cortisol, and glucocorticoids more broadly, on different forms of memory
among individuals with dysregulated HPA axis function.

Glucocorticoids and the balance between memory systems in addiction

Early theories about memory systems in addiction posited that each type of memory could
contribute to a dimension of addictive behavior (e.g., [3]; see Table 1). More recent theories
instead suggest that an imbalance, or competition between memory systems (particularly
hippocampal and striatal), plays a key role [5, 21]. Specifically, preferential use of striatal
cue-response memory may drive habitual responding and eventually a loss of control over
drug-seeking behavior [4, 5, 21]. This perspective has been informed by the stress literature,
as acute stress elicits the preferential engagement of striatal over hippocampal memory (see
[50] for an early demonstration in rodents; for a recent review, see [154]). This stress-
induced shift from hippocampal to striatal memory has been shown to critically involve the
amygdala [89, 90] and MR receptor [155]. Behaviorally, stress-induced impairments in
hippocampal memory may be sufficient to cause this shift [156]. Yet, as we reviewed earlier,
stress (and acute drug administration) can also enhance hippocampal function and promote
context memory. How can these models be reconciled?

One possibility concerns the trajectory of addiction. Across a range of addictive substances,
chronic drug exposure leads to pronounced impairments in hippocampal memory [60]. Thus,
escalating use could lead to difficulties forming and updating hippocampal-based memories
(e.g., for new learning new skills in treatment), and promote greater reliance on amygdala or
striatal-based memories. More work is needed to explore the engagement of different
memory systems throughout the progression of substance use.
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It is also possible that the “context” memories which are so problematic in human addiction
do not actually require hippocampal-based contextual representations. One theory of
posttraumatic stress disorder posits that, rather than form contextual memories of a traumatic
event that bind the different cues into a unified representation, patients instead form simple
cue-affect (or cue-response) associations [157]. In the addiction domain, rodents could learn
to prefer a drug-paired location in a typical CPP paradigm based only on local cue-drug
associations rather than using hippocampal-based spatial discrimination [58]. This
hypothesis is supported by the critical involvement of the amygdala in CPP (reviewed
earlier). Similarly, both the BLA (particularly GR receptors within the BLA; [145]) and
hippocampus contribute to context-induced reinstatement of drug seeking [123], suggesting
a role for cue-affect associations. More research is needed to probe the nature of memories
formed for drug-related contexts, and test whether there is indeed a shift in the engagement
of different memory systems.
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Autoshaping

measure of appetitive Pavlovian conditioning, in which a rodent is presented with a lever
before a response-independent delivery of food in another location. Although the rodent
does not need to interact with the lever to receive the food, it acquires a set of motor
responses (e.g., pressing and chewing) directed toward the lever

Conditioned place preference

measure of cue-affect memory, in which a rodent experiences a reward (e.g., food or drug) in
one compartment of a multi-compartment box. The amount of time spent in the rewarded
compartment compared to other compartments is assessed

Context-induced reinstatement

measure of context memory, in which rodents are trained to lever press to self-administer a
drug in Context A, undergo extinction training (lever does not lead to drug delivery) in
Context B, and are tested for reinstatement of lever press behavior after being reintroduced
to Context A

Conditioned taste aversion

measure of cue-affect memory in which a rodent experiences an aversive outcome (usually
exposure to lithium chloride) after consuming a novel taste. Decrease in consumption of the
novel taste after conditioning compared to acquisition is assessed

Contingency degradation
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measure of habit learning in which the link between a response and a rewarding outcome is
diminished (e.g., reward is provided independent of the response). Persistence in performing
the response after this procedure indicates that the learned association is habitual. Related to
outcome devaluation

Functional neuroimaging

Non-invasive technique often used to measure the blood oxygen level dependent (BOLD)
response in humans. Greater BOLD signal in a region is interpreted as evidence of higher
levels of underlying neuronal activity

Model-based/model-free

problem-solving strategies, frequently measured in the context of a sequential decision-
making task. Model-free learning relies on computationally efficient representations of
previously rewarded actions, in which these actions are repeated and the reward value is not
updated. This type of learning is thought to drive habitual behavior (but see [158] for
limitations of this interpretation). Model-based learning is computationally much more
sophisticated, involving representations of task contingencies to enable prospective
planning, and is thought to reflect goal-directed behavior

Pavlovian-instrumental transfer

measure of interaction between cue-affect and cue-response learning. Following cue-affect
(Pavlovian) conditioning, cue-response (instrumental) behaviors are learned to receive the
same outcome. If the cue-response behavior is performed more in the presence of the
Pavlovian-conditioned cue, this indicates transfer

Outcome devaluation

measure of habit learning in which the rewarding outcome is made less desirable through
satiation or pairing the reward with something aversive. Persistence in performing the
response that produces this outcome indicates that the learned association is habitual (but see
Box 3). Related to contingency degradation
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Highlights
. Memories for drug-use experiences, supported by different neural systems,
contribute to the development and maintenance of addictive behaviors.
. Addictive drugs and acute stress responses have common effects on these
memory systems.
. Addictive drugs can themselves elicit stress responses, including the release

of glucocorticoids. Blocking glucocorticoid responses can change drug
effects, including modulating drug-related learning and memory.
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Box 1.
Multiple Memories for Drug Use Experiences

Figure | depicts a drug use experience. After work, rather than going home, Mr. X visits a
local bar. He then spends a few hours at the bar and becomes intoxicated. As originally
proposed by White (1996) [3], this experience contains many pieces of information that
can be learned (or encoded) and later influence drug-seeking behavior:

. Cue-response. Association between cues (like the street sign) and motor
responses (turning left). Such associations are typically formed slowly over
multiple repetitions, and depend on dorsolateral striatum. They are often
contrasted with “goal-directed” (response-outcome) associations, which are
sensitive to the outcome of making the response and involve medial prefrontal
cortex and dorsomedial striatum [15].

. Cue-affect. Association between neutral elements, or cues (like the bartender)
and affective reaction (feeling pleasantly intoxicated). Affect can be positive
(appetitive outcome) or negative (aversive outcome). Cue-affect association
critically involves the amygdala [16, 17].

. Cue-cue (context): Associations between multiple cues (door, decorations,
stools), binding these into a context representation which depends on the
hippocampus [18].
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Box 2.
Challenge: Comparing Intrinsic and Extrinsic Sources of Stress Responses

The effects of the stress response on memory formation can be critically influenced by
the relationship between the stressor and the information that is being learned. If the
stress response is elicited by something intrinsic, or related to the learned information,
memory is often enhanced; on the other hand, if the stress response comes from
something extrinsic, or unrelated, memory is often impaired [48]. For example, rodents
who learned a water maze showed better memory when the water was cold (triggering
glucocorticoid release) than when water was warm [49], but showed worse memory if
they were exposed to an unrelated stressor (restraint and tail shocks, also triggering
glucocorticoid release) more than 30 minutes before learning [50]. This presents a
challenge for relating the effects of stressor-induced (where the trigger of the stress
response is typically extrinsic) to drug-induced (where the trigger is intrinsic) stress
responses on memory.

We aim to address this challenge by focusing on acute stress studies in which the stressor
occurred near the time of encoding. As the HPA axis response unfolds relatively slowly,
with peak glucocorticoid release occurring on the order of minutes to tens of minutes
post-stressor [23], there is an opportunity to compare intrinsic drug-induced and extrinsic
stressor-induced sources of cortisol responses. That is, even if the drug itself produced a
cortisol response, the spike in cortisol would not occur immediately upon drug
administration. Thus, if an unrelated stressor occurred close to the time of encoding, it
could produce a cortisol response with a similar time-course (and perhaps similar effects)
to a drug-induced cortisol response. Indeed, it can be difficult to disentangle the effects of
intrinsic vs. extrinsic stress responses from the delay between the stressor and encoding,
as most studies to date measuring intrinsic stressors and memory also had a very short
delay [51]. Convergence in time between stressor-induced glucocorticoid increases and
encoding has been shown to be critical for the facilitating effects of acute stress on
different types of memory [48, 52]. This has been particularly well-characterized in the
hippocampus, as synaptic plasticity (a hallmark of learning) in hippocampal slices was
enhanced if electrical stimulation occurred within minutes of corticosterone exposure, but
not if there was an extended delay [53]. In humans, a recent meta-analysis found that
increasing delays between stress exposure and the onset of encoding predicted worsening
memory [51]. Together, these findings suggest that stress-induced and drug-related
memory effects will be most comparable if acute stress occurs near the time of encoding.
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Box 3.

Using Acute Stress Findings to Address Debates about Habit Memory in
Addiction

There is continued debate about the importance of habit memory for the behaviors
observed in human addiction (e.g., [114]). Here we propose ways in which findings
regarding the effects of stress responses could be used to address some of these issues.

Can “habits” develop in real-world settings of drug exposure? One challenge in
examining the relevance of habit memory for human addiction concerns the rigid training
routines used in the laboratory in many studies of habit formation (e.g., overtraining,
interval reward schedules). As human drug users are fairly unlikely to experience such
standardized routines [115], do they still form habits in the strict sense, and if so, how? It
is possible that requirements for learning cue-response associations are relaxed for
addictive drugs. For example, drug outcomes make rodents more likely to learn habitual
cue-response associations (e.g., even without overtraining [94]; reviewed in [7]). This
may be related to the drug-induced glucocorticoid response, as glucocorticoids also
promote the formation of cue-response associations [101]. Further studies are needed to
test whether drugs, and drug-induced glucocorticoid responses, can facilitate cue-
response learning at the atypical exposure and reward schedules that reflect real-world
drug use.

Does insensitivity to outcome devaluation measure “habit”? As discussed earlier, many
experiments use persistent responding after an outcome has been devalued to infer that a
response is habitual. It is possible however that this persistent behavior may instead
indicate impairments in goal-directed learning [116]. Consistent with this alternative
interpretation, acute stress has been shown to promote insensitivity to outcome
devaluation [117], and there is evidence that it does so by impairing goal-directed (rather
than enhancing habitual) learning. Both drugs [118] and acute stress responses [119] are
known to impair PFC function. Acute stress was recently shown to particularly disrupt
PFC processes needed for goal-directed learning [120] and to reduce (goal-directed)
model-based learning [113]. These findings, together with evidence that individual
differences in model-based learning predict insensitivity to devaluation [121], suggest
that addictive drugs (perhaps through drug-induced glucocorticoid release) promote
insensitivity to devaluation via impaired goal-directed learning.
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(for Box 1). Illustration of multiple memory systems in a drug-use episode. Top, an episode
of substance use. Bottom, illustration of the different memories (associated with different
memory systems) that can be formed during such an episode. Blue: dorsolateral striatum-
dependent cue-response association; green: amygdala-dependent cue-affect association; red:
hippocampus-dependent cue-cue (context) association. Note that other brain regions are also
involved in the encoding and retrieval of these associations; here we focus on the critical

“hubs” in these memory systems.
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Table 1.

Proposed Roles for Multiple Memory Systems in Addiction

Memory system

Proposed role in addiction

Parallel processes

cue - response

Promotes repetition of behaviors typically performed in presence of drug-
related cues

cue - affect Appetitive: promotes approach to drug-related cues (“incentive salience”)
Aversive: promotes avoidance of withdrawal
Cue - cue Promotes motivation/focus in drug- related contexts

Interactive systems

cue - response

response - outcome

Loss of control over drug-seeking behavior; responses increasingly
triggered by drug-related cues

cue - response

cue - cue

Indirect facilitation of habitual behavior by impairing memory for
competing, flexible associations

cue - affect

cue - response

Appetitive: drug-related cue serves as conditioned reinforcer to promote
response

Aversive: drug-related cue signals withdrawal; promotes response to
avoid

For further discussion, see [3-5, 19-22]
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Table 2.

Glucocorticoid Responses to Addictive Substances Across Species

Substance | Population | Effect on glucocorticoids
Cannabis Rodent Increase[38]
Human Increase[39]
Alcohol Rodent Increase[40]
Human Increase[41]
Stimulant Rodent Increase[42]
Human Increase[43]
Opiate Rodent Increase[44]
Human Decrease[45]
Nicotine Rodent Increase[46]
Human Increase[47]

Note: example references are provided (not an exhaustive list). Only studies on non-dependent populations are included.
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