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ARTICLE INFO ABSTRACT

Keywords: Stress is a frequent precipitant of relapse to drug use. Pharmacotherapies targeting a diverse array of neural

Stress systems have been assayed for efficacy in attenuating stress-induced drug-seeking in both rodents and in humans,

?ddiclﬁo_n but none have shown enough evidence of utility to warrant routine use in the clinic. We posit that a critical
s;zns ation barrier in effective translation is inattention to sex as a biological variable at all phases of the research process. In
Treatment this review, we detail the neurobiological systems implicated in stress-induced relapse to cocaine, opioids,

methamphetamine, and cannabis, as well as the pharmacotherapies that have been used to target these systems
in rodent models, the human laboratory, and in clinical trials. In each of these areas we additionally describe the
potential influences of biological sex on outcomes, and how inattention to fundamental sex differences can lead
to biases during drug development that contribute to the limited success of large clinical trials. Based on these
observations, we determine that of the pharmacotherapies discussed only oy-adrenergic receptor agonists and
oxytocin have a body of research with sufficient consideration of biological sex to warrant further clinical
evaluation. Pharmacotherapies that target f-adrenergic receptors, other neuroactive peptides, the hypothalamic-
pituitary-adrenal axis, neuroactive steroids, and the endogenous opioid and cannabinoid systems require further
assessment in females at the preclinical and human laboratory levels before progression to clinical trials can be
recommended.

1. Introduction

Drug addiction is often characterized by cycles of abstinence and
relapse, and it is this relapsing nature of addiction that makes clinical
intervention particularly challenging (McLellan et al., 2000). Stress has
been identified as an important contributor to relapse (Brownwell et al.,
1986; Sinha, 2001), and accordingly represents a valuable therapeutic
target. In this vein, several techniques have been developed to attempt
to simulate stress-induced relapse in both animal and human experi-
mental models. These stress induction paradigms have then been used as
screening tools for a vast array of pharmacological compounds, with the
ultimate goal of discerning which agents might be efficacious in atten-
uating stress-induced relapse on a broader, clinical scale. However,
despite these efforts, no such treatment has yet emerged. Positive
pharmacotherapeutic outcomes observed in rodents rarely translate to
humans, and even those promising findings from the human laboratory
often fail to replicate in the clinic.

We posit that a significant contributor to this failure to translate is
insufficient consideration for sex as a biological variable at each phase of
the research process. Substantial evidence demonstrates important sex
and gender differences in the behavioral, biological, and clinical cor-
relates of substance use disorders. Across addictive substances, men tend
to initiate use earlier than women, while women demonstrate an
accelerated progression from initiation to use disorder and treatment
entry (Diehl et al., 2007; Greenfield et al., 2010; Haas and Peters, 2000;
Hernandez-Avila et al., 2004; Khan et al., 2013; Lewis and Nixon, 2014;
Randall et al., 1999). Women experience greater withdrawal symptom
severity in stimulant, nicotine, benzodiazepine, or cannabis dependence
(Becker and Koob, 2016; Herrmann et al., 2015); experience greater
withdrawal-related negative affect (Hogle and Curtin, 2006), and
functional impairment (Sherman et al., 2017b); and women more often
use substances to reduce negative affect (Lehavot et al., 2014; McHugh
et al., 2013; Sinha et al., 2007a). In addition, women report greater
subjective effects of delta-9-tetrahydrocannabinol (THC), the

* Corresponding author. Department of Neuroscience Medical University of South Carolina 125 Doughty Street, Suite 190, Charleston, SC, 29403, USA.
E-mail addresses: marterin@musc.edu (E.L. Martin), doncheck@musc.edu (E.M. Doncheck), reichel@musc.edu (C.M. Reichel), mcraeal@musc.edu (A.L. McRae-

Clark).

https://doi.org/10.1016/j.ynstr.2021.100364

Received 31 March 2021; Received in revised form 23 June 2021; Accepted 8 July 2021

Available online 10 July 2021
2352-2895/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license


mailto:marterin@musc.edu
mailto:doncheck@musc.edu
mailto:reichel@musc.edu
mailto:mcraeal@musc.edu
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2021.100364
https://doi.org/10.1016/j.ynstr.2021.100364
https://doi.org/10.1016/j.ynstr.2021.100364
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2021.100364&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E.L. Martin et al.

psychoactive component of cannabis (Cooper and Haney, 2014; Sholler
et al., 2020), and oxycodone (Lofwall et al., 2012), metabolize nicotine
more rapidly than men (Benowitz et al., 2006), and show higher peak
plasma levels of cocaine (Lukas et al., 1996), suggesting greater abuse
liability. These patterns are supported by preclinical studies, where fe-
male rodents consistently acquire self-administration more rapidly,
demonstrate an accelerated shift from voluntary to compulsive drug
intake, and exhibit greater withdrawal (except alcohol and opioids) and
greater drug reinstatement (see Becker and Koob, 2016 for review). As
such, consideration of sex and gender is critical in interpretation of both
clinical and preclinical investigations of addiction pharmacotherapy.
The purpose of this review is to synthesize the available scientific
literature evaluating pharmacotherapeutic strategies for the prevention
of stress-induced relapse to cocaine, opioids, methamphetamine, and
cannabis in both animals and humans. Of note, studies primarily con-
cerned with treatment options for alcohol and nicotine addiction have
been intentionally omitted from this work as these have been reviewed
extensively elsewhere (Bruijnzeel, 2012; Greenwald, 2018; Mantsch
et al., 2016; Sinha et al., 2011). We highlight the critical importance of
sex and gender differences when gauging pharmacotherapeutic efficacy
by illustrating how their lack of consideration may contribute to the
present dearth of available addiction treatments. By doing so, we pro-
vide further support to the 2015 initiative by the National Institutes of
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Health requiring consideration of sex as a biological variable in both
human and animal research.

To this end, we first provide a background in stress physiology, the
sex differences therein, and its role in relapse. We then discuss the cir-
cuitry of several neurobiological signaling systems that have been
pharmacologically targeted for their role in stress-induced relapse,
including the noradrenergic, hypothalamic-pituitary-adrenal (HPA)
axis, neuroactive steroidal, opioid, neuroactive peptide, and endo-
cannabinoid systems; results of pharmacotherapeutic research targeting
these signaling systems in animal, human laboratory, and clinical
models; and the role of sex and gender in the generation of these out-
comes. We close with recommendations for future research, including
the importance of highlighting differential outcomes on the basis of
biological sex and gender and promising pharmacotherapeutic targets
that have yet to be fully explored.

2. Role of stress in relapse—and significance of biological sex

Stress is defined as a state of challenged homeostasis that can be
alleviated through a coordinated behavioral and neuroendocrine
response. While moderate and short-term activation of the stress
response is healthy and adaptive, more severe and protracted stress can
promote disease states (Selye, 1950), including depression, anxiety, and
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Fig. 1. The physiological stress response is composed of signalling processes in the hypothalamic-pituitary-adrenal (HPA) axis which are modulated by
sex hormones. HPA axis activation is initiated by corticotropin-releasing factor (CRF), a neuropeptide released from parvocellular neurons in the hypothalamic
paraventricular nucleus (PVN). CRF targets its Gs protein-coupled CRFR1 receptor in the anterior pituitary, which stimulates adrenocorticotropic hormone (ACTH)
release. ACTH is then released into circulation and targets the adrenal cortex to induce glucocorticoid production and secretion. Glucocorticoids (predominantly
cortisol in humans and corticosterone in rodents) provide both rapid and delayed negative feedback to the HPA axis. Each component of the HPA axis response is
modulated by sex hormones, with estrogen-mediated effects being generally stress-promoting and androgen-mediated effects being generally stress-inhibiting. GR =

glucocorticoid receptor, Avp = arginine vasopressin.
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substance use disorders (Chrousos and Gold, 1992). The manner in
which stress precipitates relapse has been shown to depend on neuro-
adaptations resulting from a variety of factors, including history of drug
intake (Graf et al., 2013; Mantsch et al., 2008), history of stress exposure
at the time of initial drug use (Mantsch and Katz, 2007), and biological
sex (Doncheck et al., 2020). Herein we focus on the latter of these, as
females appear not only more vulnerable to relapse than their male
counterparts, but this disparity is magnified during times of stress. Fe-
males reportedly progress through the stages of addiction in a more
rapid, “telescoping” manner compared to their male counterparts (Brady
and Randall, 1999; Kosten et al., 1993), a sex difference which can be
further exaggerated by stress. Stress can also more readily predispose
females to drug dependence (Bertholomey et al., 2016; Hyman et al.,
2008; Thomas and Becker, 2019) and can elicit heightened responses in
females following the development of drug dependence (Back et al.,
2005). Taken together, these effects may manifest as stress-induced
escalation of drug intake (Holly et al., 2012).

Several key sex differences have been observed in signaling processes
that involve dysregulation of the HPA axis and hyperarousal (see Fig. 1
for an overview of the HPA axis). A classic example is the higher level of
corticosterone (CORT) observed in female rodents compared to males
both at baseline (Bertholomey et al., 2016; Critchlow et al., 1963;
Doncheck et al., 2020; Garcia-Keller et al., in press) and upon stress
exposure (Critchlow et al., 1963; Doncheck et al., 2020; Lu et al., 2015).
In humans, while baseline cortisol levels are typically comparable be-
tween men and women, sex differences in cortisol levels have been
observed following stress exposure. These findings have been inconsis-
tent, however, with some studies reporting higher levels in women and
others reporting higher levels in men following exposure to a stressor
(Kirschbaum et al., 1999; Kudielka et al., 1998; Kudielka and Kirsch-
baum, 2005; Seeman et al., 2001; Uhart et al., 2006). Conflicting out-
comes across studies may be attributable to the use of different stressors

Neurobiology of Stress 15 (2021) 100364

or to participant characteristics, including hormonal status. Further
supporting a human sexual dimorphism is that sex differences in cortisol
levels have been reported in stress-associated neuropsychiatric disorders
which have high comorbidity with substance use disorder, such as
posttraumatic stress disorder or major depressive disorder (Freidenberg
et al., 2010; Meewisse et al., 2007; Young, 1995; Young and Altemus,
2004). However, inconsistent outcomes overall make it difficult to
determine if there are sex differences in human cortisol response to
stress that are comparable to those observed for CORT in rodents.

Sex differences are also evident in corticotropin releasing factor
(CRF) and noradrenergic (NA) signaling. These sex differences are most
clearly apparent in the locus coeruleus (LC), a key brain area involved in
stress responses (Fig. 2). This is a sexually dimorphic structure in which
females manifest both greater volume and neuron count than do males
(Pinos et al., 2001), and in which women show greater functional acti-
vation relative to men in response to emotional stimuli (Filkowski et al.,
2017). On a molecular level, stress elicits strikingly divergent electro-
physiological responses in LC noradrenergic neurons on the basis of sex
(Bangasser et al., 2016). During stress, female LC neurons fire faster and
exhibit enhanced CRF sensitivity relative to males (Curtis et al., 2006).
This effect is mediated by CRF activation of its own receptor which, in
females, results in greater activation of the stimulatory molecular (i.e.,
cAMP/PKA) pathway (Bangasser et al., 2010). In addition to this
enhanced stimulatory mechanism, the sex differences in LC-mediated
arousal are also linked to sex differences in CRF receptor internaliza-
tion (Bangasser et al., 2010). Stress only induces LC CRF receptor
internalization in males; in fact, stress may induce CRF receptor traf-
ficking in the opposite direction in females. These internalization dif-
ferences may be related to sex differences in CRF receptor association
with B-arrestin2, which has increased co-localization in male, but not
female, brains (Bangasser et al., 2010). Together, this body of literature
suggests significant sex differences in CRF receptor activity, which may
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Fig. 2. Sex differences in overlapping stress and reward circuitry. The extended amygdala (in blue) is a central system involved in stress and addiction pa-
thology. The central nucleus of the amygdala (CeA) receives direct innervation from the paraventricular nucleus of the hypothalamus (PVN, not shown). (1) Within
this nucleus, neurons are more responsive to corticotrophin releasing factor (CRF) in males relative to females. (2) The extended amygdala also includes the bed
nucleus of the striatal terminals (BNST), an area in which stress effects are increased in males relative to females, perhaps due to differences in brain-derived
neurotrophic factor (BDNF). (3) The locus coeruleus (LC) is one of the most well-documented sexually dimorphic brain areas (in pink) and is a source of norad-
renergic and CRF signaling. LC neurons fire faster and have an increased responsiveness to CRF in females. Sex differences in CRF receptor trafficking also increases
LC signaling to the prelimbic prefrontal cortex (PrL-PFC). The ventral tegmental (VTA), nucleus accumbens (NAc), and PrL-PFC are canonically considered part of the
reward system (in yellow) and interface with the extended amygdala. (4) In the VTA, stress reduces the number of spontaneously firing dopamine neurons, whereas
estradial enhances dopamine firing in females. Increased motivation in females is attributed to sex differences in dopamine regulation. (5) Both the LC and the VTA
innervate the PrL-PFC. Estrogens are thought to amplify stress responses in females in this area. (6) In the NAc, estradiol promotes drug reward and modulates
synaptic physiology. Bolded outlines indicate areas with documented sexual dimorphisms. Bolded arrows indicate greater signaling of projections to targeted brain
area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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enhance local activity as can be observed in LC noradrenergic neurons.
The differences in LC neuronal firing may lead to increased arousal in
females following stress, which, if dysregulated, could promote mal-
adaptive behaviors (Bangasser and Valentino, 2014).

There are also indications that gonadal hormones may produce dif-
ferences in stress signaling and reactivity that contribute to drug seeking
(Goldstein et al., 2010; Handa and Weiser, 2014). In particular, it ap-
pears that circulating levels of the primary estrogen 17p-estradiol typi-
cally co-vary with stress reactivity in females, such that higher levels of
17p-estradiol coincide with greater stress reactivity (Doncheck et al.,
2020; Feltenstein et al., 2011; Shansky et al., 2003). Higher levels of
17p-estradiol are also associated with enhanced propensity for relapse
(Doncheck et al., 2018; Feltenstein et al., 2011; Larson et al., 2007).
Conversely, higher levels of progestins coincide with diminished stress
reactivity and relapse propensity in females (Feltenstein et al., 2011;
Sinha et al., 2007a). While these interactions have been demonstrated in
females, the influence of these hormones has not been thoroughly con-
trasted between the sexes. Moreover, while some studies indicate an
interaction with stress reactivity (Knight et al., 2017; Lund et al., 2006),
the effects of “male” sex hormones such as testosterone and dihydrox-
ytestosterone in stress-associated relapse are wholly understudied. This
lack of research may be attributable to the historical perspective that
only “female” sex hormones underlie observed sex differences—a
perspective which has recently come under fire as sexist (Shansky,
2019). While females do show enhanced relapse vulnerability relative to
males (for review, see Becker and Hu, 2008), fluctuations in sex hor-
mones represent only one of several potential explanations for why fe-
males differ from “norms” set by largely male-centric research, as we
have already highlighted in this section. That said, sex hormones
certainly influence stress signaling and stress-associated relapse through
a wide variety of signaling mechanisms. While therefore an important
area of research for both sexes, complete synthesis of such information is
beyond the scope of this review.

3. Sex differences in stress and motivation neural circuitry

While interactions between circuits governing stress and motivated
behaviors may have initially developed to promote adaptive coping
responses to stressors, in substance use disorders stress can hijack these
circuit interactions to promote drug seeking. Several different pathways
have been shown to contribute to stress-triggered relapse (see Mantsch
et al., 2016), but key stress signaling processes such as NA and CRF
signaling generally integrate within the extended amygdala, a region
composed of the bed nucleus of the stria terminalis (BNST), central
amygdala (CeA), and nucleus accumbens (NAc)-shell. Inactivation
studies show each of these subregions are required for stress-triggered
drug seeking (McFarland et al., 2004), and efferents from each subre-
gion are active during stress-triggered drug seeking (Briand et al., 2010).
These activated efferents interface with the ventral tegmental area
(VTA) (Briand et al., 2010), a major node within the motivation circuitry
and first component of the mesocorticolimbic pathway. In this pathway,
the VTA provides the critical dopaminergic input to the prelimbic pre-
frontal cortex (PrL-PFC)—a region homologous with the human dorsal
anterior cingulate cortex (van Heukelum et al., 2020)—that is necessary
for stress-induced reinstatement in rodents (Vranjkovic et al., 2018).

Further characterization of sex differences in the neural circuits
governing stress and motivated behavior is still required. Much of the
research conducted with females relies upon circuits defined in males,
yet some key sex differences have still been observed within this cir-
cuitry. As mentioned in the previous section, the most well-
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characterized is the interaction between CRF and NA signaling in the
LC, which facilitates NA output to the PrL-PFC in female but not male
rodents (Bangasser et al., 2010; Bangasser and Valentino, 2014; Curtis
et al., 2006). Interestingly, CRF conversely increases activation of CeA
neurons to a greater extent in males relative to females, highlighting that
sex differences in signaling are not generalizable across brain regions
(Agoglia et al., 2020). Activity in the BNST may also enhance the effect
of stress exposure in males but not females (Bangasser et al, 2005, 2016;
Bangasser and Wicks, 2017), and females show greater PrL-PFC sensi-
tivity (Shansky et al., 2003) and reactivity (Bland et al., 2005) to
stressors. Finally, sex differences in how the VTA regulates dopamine
dynamics may drive enhanced motivation in females relative to males
(Calipari et al., 2017). These differences in signaling and circuit acti-
vation across sexes provide a framework upon which stress-targeting
pharmacotherapeutics may produce differential outcomes by sex,
which are elaborated upon further in the following sections.

4. Noradrenergic targets

Noradrenergic signaling plays a critical role in stress-induced drug
seeking, particularly in the BNST and the extended amygdala. Both of
these structures receive the majority of their noradrenergic input from
the lateral tegmentum via the aj-and op-adrenergic neurons that
comprise the ventral noradrenergic bundle (Aston-Jones et al., 1999),
and the BNST additionally receives glutamatergic input from the para-
brachial nucleus that is regulated by noradrenergic signaling (Fetterly
etal., 2019). This noradrenergic signaling at alpha receptor subtypes has
been shown to be integral in stress-induced reinstatement behavior in-
dependent of LC involvement (Shaham et al., 2000; Wang et al., 2001).
Beta-adrenergic signaling has also been implicated in stress-induced
reinstatement: a f;/f2 antagonist combination infused into either the
BNST or the CeA was sufficient to block stress-induced reinstatement in
rats (Leri et al., 2002), and this observation has since been further
narrowed to be a consequence of fz-adrenergic receptor (AR) antago-
nism in the vBNST (Vranjkovic et al., 2014). These B2-ARs regulate
VvBNST CRF projections to the VTA, and are critical for stress-induced
reinstatement of drug-seeking behavior (McReynolds et al., 2014;
Vranjkovic et al., 2014). Given this clearly delineated circuitry, it logi-
cally follows that pharmacologic manipulations of noradrenergic
signaling have been mostly restricted to ap-AR agonists or Pp-AR
antagonists.

4.1. Animal

Alpha2-AR agonists such as clonidine, lofexidine, and guanabenz,
which functionally inhibit noradrenergic signaling, all attenuate
footshock-induced reinstatement of cocaine seeking in rodents (see
Table 1). These results are not generalizable to cocaine-induced rein-
statement (Erb et al., 2000), nor do they generalize to treatments that act
primarily at a;-ARs (Mantsch et al., 2010). Comparably, inhibition of
noradrenaline synthesis using the dopamine beta-hydroxylase inhibitor,
nepicastat, suppresses both footshock stress- and yohimbine-induced
reinstatement (Schroeder et al., 2013). Similar results are yielded
when testing for effects of ay-AR agonists on heroin-cocaine mixtures
(lofexidine, clonidine) (Highfield et al., 2001) or heroin alone (cloni-
dine) (Shaham et al., 2000), indicating that the noradrenergic neuro-
chemistry implicated in stress-induced drug-seeking may be similar
across these drug classes. Anxiety associated with withdrawal, which
predicts subsequent reinstatement of cocaine-seeking, is also attenuated
by a2-AR activation by guanfacine (Buffalari et al., 2012b).
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Agonist

Table 1
Pharmacotherapy for stress-induced reinstatement across translational level and in consideration of biological sex.
Intervention Class Drug of Abuse Preclinical Human Laboratory Clinical Trial Citations
Efficacy % Female Sex Efficacy % Female Sex Efficacy % Female Sex
(Pooled)  Effect (Pooled)  Effect (Pooled)  Effect
Noradrenergic Targets
o-2 Adrenergic Cocaine Yes 0% - Mixed 19% Yes @ (Buffalari et al., 2012a, b; Erb et al., 2000;
Receptor Agonist Fox et al., 2012, 2014, ? ; Jobes et al., 2011;
Mantsch et al., 2010; Moran-Santa Maria
et al., 2015)
Opioid Yes 0% - No 19% - (Krupitsky et al., 2013; Shaham et al., 2000)
Cocaine/Opioid Yes 0% - Highfield et al. (2001)
Cannabis No 20% - (Haney et al, 2008, 2019; Holst et al., 2019)
+ Naltrexone Opioid Yes 17% - Mixed 16% - (Krupitsky et al., 2013; Sinha et al., 2007b)
+ Dronabinol Cannabis Yes 0% - No 31% - (Haney et al., 2008; Levin et al., 2016)
-+ Buprenorphine Opioid Yes 22% - Kowalczyk et al. (2015)
a-1 Adrenergic Cocaine No 0% - Mantsch et al. (2010)
Receptor Agonist
B-1 Adrenergic Cocaine No 0% - (Mantsch et al., 2010; Vranjkovic et al.,
Antagonist 2012)
B-2 Adrenergic Cocaine Yes 0% - (Mantsch et al., 2010; McReynolds et al.,
Antagonist 2014; Vranjkovic et al., 2012)
p-1/p-2 Adrenergic  Cocaine Yes 0% - (Kampman et al, 2001, 2006; Mantsch et al.,
Antagonist 2010)
Opioid Yes 0% - Zhao et al. (2010)
+ Amantadine Cocaine No 31% - Kampman et al. (2006)
Dopamine Cocaine Yes 0% - Schroeder et al. (2013)
B-Hydroxylase
Inhibitor
Norepinephrine Cannabis No 23% - Tirado et al. (2008)
Reuptake Inhibitor
+ Buprenorphine Cocaine/Opioid Yes 34% - Kosten et al. (2003)
HPA Axis Targets
CRFR1/CRFR2 Cocaine Yes 0% - (Brown et al., 2009; Erb et al., 1998; Lu
Antagonist et al., 2001)
CRFR1/CRFR2 Opioid Yes 0% - (Shaham et al., 1997; Shalev et al., 2006)
Antagonist
Methamphetamine Yes 0% - Nawata et al. (2012)
CRFR1 Antagonist Cocaine Yes 0% - (Lu et al., 2001; McReynolds et al., 2014;
Shaham et al., 1998; Twining et al., 2015;
Vranjkovic et al, 2014, 2018)
Opioid Yes 0% - Shaham et al. (1998)
CRFR2 Antagonist Cocaine No 0% - Lu et al. (2001)
Cortisol Synthesis Opioid No 0% - Shaham et al. (1997)
Inhibitor
+ Oxazepam Cocaine Yes 35% - Kablinger et al. (2012)
Neuroactive Steroidal Targets
Progesterone Cocaine Mixed 43% Yes @ Yes 100% - (Fox et al., 2013; Yonkers et al., 2014)
Receptor Agonist
Cannabis Yes 100% - Sherman et al. (2019)
+ Methadone Cocaine No 0% - Sofuoglu et al. (2007)
Progesterone Cocaine No 0% - Graf et al. (2013)
Receptor
Antagonist
Opioid Yes 0% - Karimi et al. (2014)
Allopregnanolone Cocaine Mixed 91% Yes @ Yes 37% No (Anker and Carroll, 2010; Milivojevic et al.,
2016; Regier et al., 2014)
Opioidergic Targets
k Opioid Receptor Cocaine Yes 0% - (Aldrich et al, 2009, 2013; Beardsley et al,
Antagonist 2005, 2010; Carey et al., 2007; Graziane
et al., 2013; Grimwood et al., 2011;
McLaughlin et al., 2003; Redila and Chavkin,
2008)
k Opioid Receptor Opioid Yes 0% - Sedki et al. (2015)
Antagonist
1 Opioid Receptor Cocaine/Opioid No 0% - Leri et al. (2004)

(continued on next page)
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Table 1 (continued)

Neurobiology of Stress 15 (2021) 100364

Intervention Class Drug of Abuse Preclinical Human Laboratory Clinical Trial Citations
Efficacy % Female Sex Efficacy % Female Sex Efficacy % Female Sex
(Pooled)  Effect (Pooled)  Effect (Pooled)  Effect
1 Opioid Receptor Opioid No 0% - No 21% - (Hyman et al., 2007; Sedki et al., 2015;
Antagonist Shaham and Stewart, 1996)
Cannabis Yes 42% - Notzon et al. (2018)
+ Buprenorphine/  Cocaine/Opioid Mixed 22% - Ling et al. (2016)
Naloxone
k/p Opioid Receptor Cocaine/Opioid No 0% - Sorge et al. (2005)
Antagonist
Neuropeptidergic Targets
Oxytocin Receptor Cocaine Yes Not - Mixed 37% Yes @ (Ferrer-Pérez et al., 2019; Flanagan et al.,
Agonist reported 2015; Sherman et al., 2020b)
Opioid Yes 0% - Zanos et al. (2014)
Cannabis Mixed 46% Yes & Yes 38% - (McRae-Clark et al., 2013; Reed et al., 2019;
Sherman et al., 2017a)
Methamphetamine Yes 28% Yes @ No 0% - (Cox et al., 2013; Everett et al., 2020; Han
et al., 2014; Qi et al., 2009; Stauffer et al.,
2020)
+ Methadone Cocaine/Opioid Yes 50% - Stauffer et al. (2016)
AVP V1b Receptor Opioid Yes 0% - Zhou et al. (2008)
Antagonist
NPY5 Receptor Opioid Yes 0% - Maric et al. (2011)
Antagonist
NPY1 Receptor Opioid No 0% - Maric et al. (2011)
Antagonist
NPS Receptor Cocaine Yes 0% - Schmoutz et al. (2012)
Antagonist
NK-1 Receptor Cocaine Yes 0% — Schank et al. (2014)
Antagonist
PAC1 Receptor Cocaine Yes 0% - Miles et al. (2018)
Antagonist
Cannabinoid Targets
CB1 Receptor Cocaine Yes 6% No (De Vries et al., 2001; Doncheck et al., 2020;
Inverse Agonist Kupferschmidt et al., 2012; McReynolds
et al.,, 2018, 2016; Vaughn et al., 2012)
DAGL Inhibitor Cocaine Yes 0% - McReynolds et al. (2018)
FAAH Inhibitor Cocaine Yes 0% - Chauvet et al. (2014)
Cannabis Yes 0% - D’Souza et al. (2019)
Methamphetamine No 0% - Nawata et al. (2019)
MAGL Inhibitor Methamphetamine Yes 0% - Nawata et al. (2019)
Cannabidiol Cocaine Yes 0% - (Calpe-Lopez et al., 2021; Gonzalez-Cuevas
et al., 2018)
Cannabis Mixed 26% No (Freeman et al., 2020; Solowij et al., 2018)

Notes. Efficacy: “yes” if more than 60% of primary outcomes for that intervention/drug of abuse combination indicated efficacy across included studies, “mixed” if
between 40 and 60% of primary outcomes indicated efficacy across included studies, “no” if less than 40% of primary outcomes indicated efficacy across included

studies.

Sex effect: “yes” if reported in any of the studies for that intervention/drug of abuse combination, “n

0” if sex effect assessed but determined absent, "-" if not examined

in any included studies. “3” indicates superior efficacy in males, “Q” indicates superior efficacy in females.
@ Overlapping participants in both studies; larger cohort was used to calculate % female.
b Study did not disclose how many animals were used, though they were all male; study was not included in % female calculation.

Stress-induced reinstatement of cocaine-seeking can also be inhibi-
ted by antagonism of beta-adrenergic receptors. This is evidenced
following systemic administration of the dual p;/p2-AR antagonist
propanolol (Mantsch et al., 2010) and infusion of the f5-AR antagonist
ICI-118,551 (Mantsch et al., 2010; McReynolds et al., 2014; Vranjkovic
et al., 2012), but not the p;-AR antagonist betaxolol (Mantsch et al.,
2010; Vranjkovic et al., 2012). Yet, despite consistent findings that in-
hibition of noradrenergic signaling via both alpha and beta receptor
subtypes can block stress-induced reinstatement or attenuate
withdrawal-induced anxiety in male rodents, these positive effects have
yet to be extended to females.

4.2. Human

Research examining the impact of noradrenergic interventions on
stress-induced drug craving in both sexes has been conducted in the
human laboratory, most notably in the context of cocaine use disorder.
The a-AR agonist clonidine effectively attenuates cocaine craving in
response to stressful imagery (Jobes et al., 2011). Guanfacine, in
contrast, has generated more mixed results: in an initial study incorpo-
rating stress and drug imagery, guanfacine reduced cue-induced, but not
stress-induced, cocaine craving and anxiety, with no effect on negative
affect or cardiovascular outcomes (Fox et al., 2012). This net negative
outcome was a product of conflicting sex-specific effects of guanfacine;
women that received guanfacine treatment reported attenuated cocaine
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craving, anxiety, and negative affect following all imagery scripts versus
placebo, while men that received guanfacine conversely reported rela-
tively greater cocaine craving (Fox et al., 2014). Unfortunately, guan-
facine had no apparent effect on social stress reactivity regardless of sex
in a larger study of men and women with cocaine dependence (Mor-
an-Santa Maria et al., 2015). These disparate outcomes may be a product
of methodological differences, including medication dosing regimen
prior to test and method of stress induction (i.e. imagery versus a social
stressor). Notably, different methods of stress induction are also
uniquely sensitive to sex differences (Fig. 3): women typically demon-
strate an enhanced response to social stressors relative to men, while the
opposite is true for stressful imagery.

Noradrenergic approaches have also been assessed for their impact
on stress-induced cannabis and opioid use in the human laboratory. One
week of lofexidine treatment was found to reduce the likelihood of men
engaging in a laboratory model of cannabis relapse (Haney et al., 2008).
Also, while lofexidine alone did not decrease cannabis craving, this ef-
fect was achieved when combined with 60 mg THC. Later research in
people of both sexes that use cannabis, however, found no effect of
guanfacine on craving, withdrawal-precipitated anxiety, or relapse-like
behavior (Haney et al., 2019; Holst et al., 2019). In people with opioid
dependence, combined lofexidine and naltrexone treatment attenuated
imagery stress-induced craving (Sinha et al., 2007b). This effect was
likely driven by lofexidine, as naltrexone has been shown to have little
efficacy for stress-induced relapse on its own (Hyman et al., 2007; Sinha
et al., 2007b). Finally, Zhao et al. (2010) conducted three studies in
abstinent men with heroin dependence. These studies demonstrated that
social stress exposure or exogenous cortisol administration enhanced
recall of heroin-related words, and that this effect was attenuated by 40
mg propranolol, but not placebo (Zhao et al., 2010). The effects of f-AR
antagonists on laboratory stress-induced craving or relapse behavior
have not been assessed in women of any substance-using population.

Noradrenergic treatment efficacy in clinical trials has been depen-
dent on the addictive substance of concern. In the clinical trial segment
of the aforementioned lofexidine/naltrexone study, the intervention
group had higher rates of urine-verified opioid abstinence (Sinha et al.,
2007b). A much larger trial found no effect of guanfacine with or
without adjunct naltrexone on abstinence, but these participants re-
ported reduced stress and opioid craving relative to those receiving
placebo at later points in the study (Krupitsky et al., 2013). Likewise, a
study of people with opioid dependence maintained on buprenorphine
found that while clonidine had no effect on overall relapse rate, it pro-
longed the time until first opioid-positive urine sample and partially
dissociated stress from drug craving (Kowalczyk et al., 2015). In
buprenorphine-maintained people that also used cocaine, highest rates
of urine-verified abstinence from cocaine and opioids were observed in
the group randomized to combined desipramine (a norepinephrine re-
uptake inhibitor) and contingency management, though curiously this
difference was not replicated in measures of self-reported abstinence
(Kosten et al., 2003).

In non-opioid-using populations, noradrenergic drugs have appeared
less effective at attenuating relapse. Propranolol reduced relapse rates in
people with severe cocaine withdrawal symptoms, but there was no
difference from placebo in those with mild or moderate symptoms
(Kampman et al., 2001). Propranolol also had no effect on anxiety or
cocaine craving, even when stratifying by withdrawal symptom severity
(Kampman et al., 2001). The effect of propranolol on abstinence was
then lost in a larger trial of only people with severe cocaine withdrawal,
and was not rescued by additional amantadine treatment (Kampman
et al., 2006). Sex differences were not assessed in any of these cocaine
treatment trials, including those that involved comorbid opioid use. This
may contribute to the lack of positive findings, particularly for p-AR
antagonists, as controlled human laboratory and preclinical studies have
thus far only demonstrated efficacy of these drugs in attenuating
stress-induced relapse in men and male rodents. In people that use
cannabis, atomoxetine, an inhibitor of the norepinephrine transporter,
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increased self-reported abstinence, but side effects were so frequent and
unpleasant that the drug was not assessed further (Tirado et al., 2008).
Levin et al. (2016) also attempted to expand on the laboratory findings
reported in Haney et al. (2008), comparing the combined effects of
lofexidine and dronabinol with a placebo in promoting abstinence from
cannabis. This treatment had no effect on abstinence rates or withdrawal
symptoms in the larger sample that included women.

4.3. Conclusions

Alpha2-AR agonists consistently attenuate stress-induced relapse in
animal models across addictive substances. This efficacy translates to
the human laboratory in individuals that use cocaine or opioids, where it
appears to be modulated by biological sex; namely, women appear to
receive more benefit from oy-AR agonist treatment than men. This may
be opposite in people that use cannabis, where the only laboratory study
with positive outcomes enrolled exclusively male participants (Haney
et al., 2008). Clinical trials demonstrate limited to mixed efficacy across
substances, but conclusions were drawn in the absence of attention to
sex differences shown to be critical in the human laboratory. Inclusion of
female participants in these clinical trials was relatively low and in-
dividuals that use predominantly cocaine, rather than co-use of cocaine
and opioids, have not been directly assessed. With the current strength
of preclinical and human laboratory evidence, we believe further clin-
ical trials examining the efficacy ap-AR agonists, particularly as a
function of sex, are warranted.

Beta-AR antagonists, particularly those that target o, show limited
preliminary evidence of efficacy. However, given the interesting albeit
exclusively male preclinical and human laboratory work, these should
be examined more specifically in rodent models of stress-induced rein-
statement and in women in the human laboratory before conducting
additional clinical trials.

5. HPA axis targets

Given its role in precipitating HPA axis signaling, CRF has been a
subject of extensive study in the context of stress-induced drug seeking.
CRF receptor activation appears to occur downstream of noradrenergic
stimulation (Brown et al., 2009), and activation of these CRF receptors
has been shown to be integral in stress-induced drug seeking (Blacktop
etal., 2011; Chen et al., 2014; Vranjkovic et al., 2014; Wang et al., 2005
but see Wang, You, Rice and Wise, 2007). The CeA has CRF projections
to both the BNST (Erb et al., 2001) and the VTA (Rodaros et al., 2007),
and upregulated CRF receptor expression and CRF release have been
observed within the amygdala during cocaine withdrawal (Richter and
Weiss, 1999; Zorrilla et al., 2001). The BNST, in turn, contains both CRF
interneurons (Erb et al., 2001) and makes CRF projections to the VTA
(Rodaros et al., 2007) that have been implicated in stress-induced drug
seeking. The paraventricular nucleus of the hypothalamus (PVN) also
makes CRF-containing projections to the VTA (Rodaros et al., 2007).
VTA dopaminergic release is regulated by CRF (Wanat et al., 2013;
Wang et al., 2005), and CRF receptor-regulated dopaminergic pro-
jections to the prelimbic cortex are necessary for stress-induced rein-
statement of cocaine seeking in rodents. CRF receptor expression is also
upregulated in these neurons following extended access to cocaine
(Vranjkovic et al., 2018). Taken together, these mechanistic insights
suggest that CRF receptor antagonism may present a promising strategy
for reducing stress-induced relapse.

5.1. Animal

Acute administration of CRF reinstates cocaine seeking in male and
female rats with a high degree of individual variability, though females
overall show greater sensitivity (Buffalari et al., 2012a). Not surpris-
ingly, administration of nonspecific CRF receptor antagonists (Astressin,
a-helical CRF, D-Phe CRFj3 41) consistently block stress-induced
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reinstatement of cocaine (Brown et al., 2009; Erb et al., 1998; Lu et al.,
2001), methamphetamine (Nawata et al., 2012), and heroin seeking
(Shaham et al., 1997; Shalev et al., 2006). This is likely through CRF
receptor 1 (CRFR1) activity: specific CRFR1 antagonists block
stress-induced reinstatement of cocaine-conditioned place preference
(Lu et al., 2001; McReynolds et al., 2014; Shaham et al., 1998; Vranj-
kovic et al, 2014, 2018) while a specific CRFR2 antagonist (AS-30) fails
to do so (Lu et al.,, 2001). Finally, CRF-mediated activation of VTA
dopaminergic projections to the NAc provide a mechanism for quinine
stress-induced reinstatement of cocaine seeking, and this is abolished
following infusion of the CRFR1 antagonist CP-376395 into the VTA
(Twining et al., 2015). It thus appears from the animal literature that
CRFR1, but not CRFR2, antagonists present an ideal candidate for
therapeutic development. Conversely, neither acute nor chronic
administration of the CORT synthesis inhibitor metyrapone impacted
footshock-induced reinstatement of heroin seeking in male rats (Shaham
et al., 1997).

As with noradrenergic interventions discussed above, none of the
treatments listed herein have been assessed in females. This is despite
the fact that females purportedly have greater HPA axis response to
stress than males and may thus serve to benefit the most from treatments
that target this system.

5.2. Human

Research endeavors targeting CRF or the HPA axis have largely been
halted following the failed translation of CRFR1 antagonists to attenuate
stress-induced craving in individuals with alcohol dependence (Kwako
et al., 2015; Schwandt et al., 2016), in spite of the overwhelmingly
positive findings in the preclinical literature. It is therefore presently
unclear if this lack of efficacy generalizes to other addictive substances
in humans. In contrast, combined administration of oxazepam, a
benzodiazepine, and metyrapone shows preliminary indication of clin-
ical efficacy. Results from a small pilot study indicated that oxaze-
pam/metyrapone treatment may effectively reduce cocaine craving, use,
and anxiety in a cocaine-dependent population (Kablinger et al., 2012).
The effect of this combination on stress-induced drug craving has not yet
been directly assessed in humans, however, and outcomes may instead
be associated with attenuation of cue-associated relapse, as has been
observed in male rodents (Keller et al., 2013). Human laboratory
research examining the impact of oxazepam/metyrapone on stress
response may provide mechanistic insight into the positive findings
observed thus far.

5.3. Conclusions

The failure of CRFR1 antagonists to translate from rodents to humans
thus far has proven disappointing. There remains the possibility that the
severe anxiety present in individuals enrolled in these studies negatively
impacted outcomes (Kwako et al., 2015; Schwandt et al., 2016), as
Schwandt and colleagues successfully demonstrated blockade of HPA
axis response via the CRFR1 antagonist, vecuferont, in women. Notably,
CRF increases activation of CeA neurons in male, but not female, rodents
(Agoglia et al., 2020), suggesting a potential role of sex differences in
outcomes. Efficacy may also differ by participant drug of choice given
only people with alcohol dependence were assessed, though outcomes in
animals were positive across drug classes. Of note, oxazepam/metyr-
apone showed promise in humans with cocaine dependence (Kablinger
et al., 2012) despite unimpressive outcomes in heroin-dependent ani-
mals (Shaham et al., 1997). This may be due to the different substances
assessed or because these studies focused on different outcomes: Kab-
linger and colleagues (Kablinger et al., 2012) only assessed general
outcomes related to cocaine use and withdrawal in an outpatient setting,
whereas Shaham and colleagues (Shaham et al., 1997) sought an effect
on stress-induced reinstatement specifically. Human researchers should
look to clarify if the improved abstinence rate associated with
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oxazepam/metyrapone is a result of an effect on stress or on other fac-
tors, such as cue-induced craving.

6. Neuroactive steroidal targets

Neuroactive steroids are synthesized in the brain and peripheral
tissues from cholesterol or steroidal precursors. Stress and drug seeking
can regulate their concentrations and, in turn, neuroactive steroids can
increase concentrations of neuromodulators (e.g., dopamine and sero-
tonin) (Maayan et al., 2006) and modulate receptors within the reward
circuitry (e.g., GABA), NMDA, and sigma-1) (for review, see Yadid Gal
et al., 2010). Allopregnanolone (ALLO) and allotetrahydrodeox-
ycorticosterone (THDOC), neuroactive steroid metabolites of proges-
terone and deoxycorticosterone respectively, act as GABAp-receptor
allosteric modulators (Crawley et al., 1986; Majewska et al., 1986), and
have been directly implicated in the stress response (Barbaccia et al,
1996, 1997; Herrera et al.,, 2016; Purdy et al., 1991; Reddy and
Rogawski, 2002). Progesterone, likely via ALLO, may also interact with
CREF signaling (Torres et al., 2001; Toufexis et al., 2004).

6.1. Animal

Relapse vulnerability in female rodents covaries with the estrous
cycle, such that peak circulating levels of progesterone appear protective
against relapse (Feltenstein and See, 2007; Larson et al., 2007), espe-
cially within the context of stress (Doncheck et al., 2020). Conversely,
low progesterone has been associated with increased cocaine seeking
(Doncheck et al., 2020; Feltenstein and See, 2007; Kippin et al., 2005).
These effects of progesterone may be mediated by its 5a-reductase
metabolite ALLO (Anker et al., 2009; Anker and Carroll, 2010; Frye
et al.,, 2006; Regier et al., 2014). There is also some evidence of
sex-specificity for the effects of progesterone (i.e. superior efficacy in
females) (Anker and Carroll, 2010; Evans and Foltin, 2006; Fox et al.,
2013; Russo et al., 2010; Sinha et al., 2007a; Sofuoglu et al., 2007), but
research in males has been severely limited to this point. This lack of
interest in progestin-mediated relapse protection in males may be
predicated on the biased assumption that progestins are only relevant to
females, even though these hormones are present in both sexes. In
support of the notion that progesterone is critical for stress-induced
drug-seeking in males as well as females, the dual glucocorticoid/pro-
gesterone receptor antagonist, mifepristone (RU38486), has been
assessed for its impact on drug-seeking behavior. Mifepristone admin-
istration was shown to block forced swim stress-induced reinstatement
of morphine seeking (Karimi et al, 2014), but not footshock
stress-induced reinstatement of cocaine seeking (Graf et al., 2013), in
male rats. It is unclear if these divergent outcomes are attributable to the
addictive substance or to the method of stress induction, and if effects of
mifepristone on drug-seeking are attributable to progesterone or
glucocorticoid antagonism; further research is necessary to clarify these
points.

More specific approaches targeting enzymatic conversion may also
serve to elucidate the role of glucocorticoids or progestins, as gluco-
corticoids are metabolites of progesterone. Related to this, the androgen
testosterone—which is also derived from progesterone—has been
shown to reduce cocaine seeking in female rhesus monkeys (Mello et al.,
2011). However, as testosterone can be converted by aromatase into the
primary estrogen 17p-estradiol which promotes drug seeking (Doncheck
et al., 2020; 2018; Feltenstein et al., 2011; Feltenstein and See, 2007;
Kippin et al., 2005; Larson et al., 2005; Terner and de Wit, 2006), ap-
proaches inhibiting progesterone-derived synthesis (i.e., 17f-hydrox-
ysteroid dehydrogenase) and estradiol-yielding aromatization may be
necessary to isolate effects of testosterone on drug seeking.

6.2. Human

Cocaine-dependent women with higher levels of endogenous
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progesterone consistently report reduced stress-induced drug craving
compared to those with lower progesterone (Sherman et al., 2020a;
Sinha et al., 2007a), but inconsistencies exist in the effects of menstrual
cycle phase on opioid and cannabis use (Moran-Santa Maria et al., 2014;
Sherman et al., 2020a). Importantly, these studies in opioid- or
cannabis-using participants did not examine the role of stress in craving
for or relapse to these addictive substances. It is possible that in these
populations, as in women that use tobacco, attenuation of HPA axis
response to a stressor by progesterone is uncoupled from an effect on
craving (Nakajima et al., 2019). It remains unknown if this uncoupling
from HPA axis response extends further to an effect on relapse, and to
which substances this may be specific.

However, given the demonstrated efficacy of endogenous proges-
terone to attenuate stress-induced craving for cocaine, it follows that the
majority of the research to date involving administration of exogenous
progesterone has been conducted with individuals that use cocaine. In
the absence of a stressor, exogenous progesterone does not reduce desire
for or self-administration of cocaine following an acute cocaine chal-
lenge (Evans and Foltin, 2006; Reed et al., 2011; Sofuoglu et al., 2004),
but progesterone may reduce the positive subjective effects of cocaine,
particularly in women (Evans and Foltin, 2006; Sofuoglu et al., 2004). In
abstinent people with cocaine dependence, one week of progesterone
treatment attenuated increases in drug craving and cortisol following
cue exposure (Fox et al., 2013). Progesterone also curbed increases in
negative emotion and systolic blood pressure in response to stressful
imagery, though only in women (Fox et al., 2013). Curiously, a later
study with exogenous progesterone, which analyzed participant out-
comes as a function of plasma allopregnanolone, found reduced cocaine
craving following both stress and cocaine cue imagery, but also observed
a greater increase in plasma cortisol following stress imagery in the high
ALLO group relative to the low ALLO group (Milivojevic et al., 2016).
This may be attributed in part to the lower baseline cortisol found in the
high ALLO group, but it is unclear to what extent this would account for
the observed effect (Milivojevic et al., 2016). In women that use
cannabis, a small study found that progesterone could attenuate
cannabis craving during a brief abstinence period (Sherman et al.,
2019). Further research is necessary to determine the reliability of this
finding and if this effect extends to men.

Clinical trials incorporating exogenous progesterone are similarly
limited to examining its efficacy in treating cocaine dependence. Un-
fortunately, this efficacy has yet to be demonstrated: progesterone
treatment failed to improve rates of abstinence in methadone-
maintained men that also use cocaine (Sofuoglu et al., 2007), or in
postpartum cocaine-using women (Yonkers et al., 2014). The latter of
these studies found lower self-reported cocaine use in women random-
ized to progesterone, however. Additional research with this neuroac-
tive steroid may further elucidate its effects on stress-induced drug
seeking and confirm these early observations that beneficial effects of
progesterone may be amplified in women.

6.3. Conclusions

Research in rodents and in humans consistently indicate a role for
endogenous progesterone in reduction of stress-induced relapse, and the
efficacy of exogenous progesterone has been demonstrated in the human
laboratory for multiple addictive substances. Notably, the lack of
translation from the human laboratory to the clinic thus far may be
related to study design (Anker and Carroll, 2010; Evans and Foltin,
2006; Fox et al., 2013; Russo et al., 2010; Sinha et al., 2007a), as only
men (Sofuoglu et al., 2007) and postpartum women (Yonkers et al.,
2014) were assessed. Progesterone may have superior efficacy in women
due to its ability to alleviate stress-associated negative affect (Fox et al.,
2013), as negative affect has been shown to be a key contributor to
stress-induced relapse in women in particular (Sinha et al., 2007a).
However, the dramatic hormonal fluctuation that occurs postpartum
(Hendrick et al., 1998) may overpower many effects of exogenous

10

Neurobiology of Stress 15 (2021) 100364

progesterone, although some positive effects with respect to cocaine use
were still observed (Yonkers et al., 2014). The ability of exogenous
progesterone to attenuate stress-induced drug seeking in freely-cycling
women should be examined at the clinical trial level for individuals
that use cocaine, and at the human laboratory level for other addictive
drugs, such as cannabis and opioids.

There may also be a role for DHEA and its sulfate ester DHEAS in
regulation of stress-associated drug seeking. Promisingly, DHEA
administration has been shown to suppress relapse to heroin seeking in
humans (Maayan et al., 2008) and cocaine reinstatement in rodents
(Doron et al., 2006) in the absence of a stressor. As DHEA has been
shown to promote adaptive responding to stressful stimuli (Shields et al.,
2016), it presents a promising target for pharmacotherapeutic investi-
gation in stress-induced drug-seeking.

7. Opioid targets

There are three classic opioid receptors: mu, kappa, and delta. These
receptors are all G-protein coupled inhibitory receptors, which when
ligand-bound lead to an overall reduction in transmission of nerve im-
pulses and inhibition of neurotransmitter release (McDonald and
Lambert, 2005). The most common opioids used in human and animal
research are naloxone and methadone, which clinically are used to
prevent opioid overdose and to help maintain abstinence from other
opioidergic drugs, respectively. These drugs, however, both act at the
mu opioid receptor, which has not generally been implicated in mech-
anistic studies of stress-related drug seeking. In contrast, kappa opioid
receptor (KOR) signaling induced by binding with its endogenous
ligand, dynorphin, is prevalent in many of the major neurobiological
structures implicated in stress-induced drug seeking, and has been
shown to play a clear role in maintaining stress-induced relapse-like
behavior (Redila and Chavkin, 2008). Noradrenergic neurons in the LC
receive KOR-mediated dynorphin afferents (Kreibich et al., 2008; Reyes
et al., 2007), and this signaling alone is sufficient for partial recovery of
stress-induced reinstatement of cocaine seeking in an otherwise
KOR-knockout mouse model (Al-Hasani et al., 2013). Dynorphin/KOR
signaling in the BNST has been implicated in stress-induced alcohol
seeking, though it has not yet been assessed for other addictive sub-
stances (Le et al., 2018), and dynorphin/KOR has been shown to mediate
stress-induced changes to GABAergic signaling in the VTA that are in-
tegral for stress-induced reinstatement of cocaine seeking (Graziane
et al., 2013). Additionally, dynorphin/KOR inputs onto serotonergic
neurons in the dorsal raphe nucleus are necessary for stress-induced
reinstatement of cocaine conditioned place preference, potentially by
producing a hyposerotonergic state in the NAc (Land et al., 2009;
Schindler et al., 2012).

Taken together, these findings suggest the most optimal treatment
strategy to reduce stress-induced drug seeking via the dynorphin/KOR
system would be KOR antagonism. Other therapeutic options that target
primarily mu opioid receptors (MOR), such as buprenorphine, metha-
done, or naltrexone, should also be considered for their documented
efficacy in reducing rates of opioid relapse in a clinical setting. However,
the systemic role of MOR in stress-induced drug seeking is less clear than
that of KOR, and it is possible that the therapeutic efficacy of MOR-
active drugs is achieved via a different mechanism, as suggested by
Graziane et al. (2013).

7.1. Animal

KOR antagonists are consistently effective at reducing stress-
precipitated relapse across behavioral models, species, and addictive
substance. For example, the KOR antagonist nor-BNI has been shown to
block stress-potentiated reinstatement of cocaine CPP, and mice lacking
the prodynorphin gene did not show stress-induced reinstatement of
cocaine CPP (McLaughlin et al., 2003; Redila and Chavkin, 2008). Both
PF-04455242 and CJ-15,208 also prevented forced swim stress-induced
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reinstatement of cocaine CPP in mice (Aldrich et al., 2013; Grimwood
etal., 2011), JDTic and its analogue RTI 194 blocked footshock-induced
reinstatement of cocaine seeking in rats (Beardsley et al, 2005, 2010),
and nor-BNI blocked food deprivation-induced reinstatement of heroin
seeking (Sedki et al., 2015). Additionally, site-specific antagonism of
KORs in the VTA also blocks forced swim stress-induced reinstatement
(Graziane et al., 2013). All antagonists listed above are long-lasting, but
even the shorter-acting antagonist Zyklophin blocked stress-induced
reinstatement of cocaine CPP (Aldrich et al., 2009). These
relapse-preventive effects of KOR antagonists may be specific to
stress-induced reinstatement, as these drugs have no apparent impact on
cocaine-primed reinstatement (Beardsley et al., 2005; Carey et al.,
2007). Importantly, however, none of these resoundingly positive
studies included any female animals. Given the well-documented pres-
ence of sex differences in KOR function (Chartoff and Mavrikaki, 2015),
one must be skeptical that such outcomes would hold were both sexes
included in assessment. In support of this notion, nor-BNI has been
shown to reduce forced swim stress-induced immobility in male, but not
female, mice (Laman-Maharg et al., 2018), and this difference is likely
attributable to a moderating effect of estrogens (Reichard et al., 2020).
Thus, it is difficult to generalize the apparent efficacy of KOR antagonists
to both sexes.

In contrast to KORs, MORs have not been implicated in stress-primed
reinstatement of drug seeking, though maintenance on the MOR agonist
methadone reduces reinstatement to cocaine- and heroin-primed rein-
statement (Leri et al., 2004). Likewise, the MOR antagonist, naltrexone,
is without an effect on stress-induced reinstatement (Sedki et al., 2015;
Shaham and Stewart, 1996). Surprisingly, combined MOR/KOR antag-
onism via buprenorphine reduced heroin- and cocaine-primed rein-
statement, but was without an effect on stress-induced reinstatement
(Sorge et al., 2005). This is of particular interest given the contrast with
the aforementioned KOR antagonist data and the frequency of
buprenorphine-prescribing in the treatment of opioid dependence in
humans.

7.2. Human

Though findings from the preclinical literature generally suggest
efficacy of KOR antagonists to treat stress-induced drug seeking at least
in males, these findings have yet to be replicated in humans. Initial
excitement surrounding the use of this drug class has been tempered by
observations of significant side effects in the promising therapeutic
candidate, JDTic (Buda et al., 2015). However, PET imaging in humans
further supports the notion that KOR antagonists may be a suitable drug
target at least in individuals that use cocaine (Martinez et al., 2019), and
a tolerability study with a different candidate medication, Opra Kappa,
did not replicate the adverse effects of JDTic (Reed et al., 2018).
Notably, the cocaine users in these two trials skewed heavily male
(39M/5F) (Martinez et al., 2019; Reed et al., 2018), Opra Kappa did not
attenuate baseline craving for cocaine, and increased levels of ACTH and
cortisol were observed at time points expected to correspond with peak
KOR antagonism (Reed et al., 2018). While additional research with
these compounds is warranted from the strength of the preclinical
literature, expectations should be adjusted in a manner according to
these preliminary findings. The stark lack of research in females affords
a further layer of skepticism, particularly given the abundance of sex
differences in KOR signaling referenced in the previous section. PET
imaging findings also indicate that women have lower KOR density
relative to men (Vijay et al., 2016).

More frequently assessed in human models is the MOR antagonist,
naltrexone. As in animal models, it does not appear to attenuate stress-
induced drug craving or anxiety in opioid-dependent individuals in a
laboratory setting (Hyman et al., 2007). Further, naltrexone appears to
increase positive subjective effects of and desire for THC in individuals
that use cannabis (Haney et al., 2003), though it was paradoxically
associated with reduced self-report cannabis use in a small, open-label
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pilot study (Notzon et al., 2018). In surprising contrast to preclinical
data, naltrexone combined with buprenorphine/naloxone was associ-
ated with an increase in cocaine-negative urine samples relative to
placebo in a large clinical trial (Ling et al., 2016). Yet, consistent with
the animal literature and with human laboratory findings, this drug
combination had no effect on opioid use or craving (Ling et al., 2016).
Taken together, these outcomes suggest that even though naltrexone
shows clear efficacy in relapse prevention, it is likely ineffective at
attenuating specifically stress-induced craving for or relapse to opioids
in humans. Further assessment is necessary to more clearly elucidate
naltrexone’s effects on stress-induced relapse to cannabis or cocaine.

7.3. Conclusions

Both MOR agonists and antagonists show limited efficacy in the
treatment of stress-induced relapse in both human and animal models
despite their prevalence in the clinic, suggesting their ability to reduce
drug use is derived via a different mechanism. In contrast, KOR antag-
onists appear to be on the cusp of translation from rodent to human
models. Yet, it seems unlikely that the same degree of positive effects
observed in males thus far will be seen across both sexes, given the
abundance of sex differences present in KOR function more generally. It
is therefore critical that the effects of KOR antagonists on stress-induced
drug seeking be fully evaluated in preclinical models of both sexes prior
to advancing to the human laboratory stage or resource-intensive clin-
ical trials.

8. Neuroactive peptide targets

Although most neuroactive peptides remain in the early phases of
exploration, the role of oxytocin in stress-induced drug seeking behavior
has developed a substantial body of research, followed by vasopressin.
Oxytocin neurons residing in the PVN and supraoptic nucleus (SON)
regulate both the stress response and reward circuitry through local
release mechanisms and projections to the forebrain, posterior pituitary,
and other regions (Knobloch et al., 2012; Landgraf and Neumann, 2004;
Neumann, 2007), making oxytocin a clear candidate pharmacotherapy.
Similarly, stress exposure is associated with arginine vasopressin (AVP)
release in the PVN and SON that appears to regulate HPA axis activity
(Landgraf and Neumann, 2004; Tanoue et al., 2004), and stress exposure
increases AVP mRNA expression in the amygdala (Zhou et al, 2008,
2015). Despite structural similarities and comparable release patterns
between these neuroactive peptides, however, oxytocin and AVP differ
in their downstream activity and sex-dependent effects (Bisagno and
Cadet, 2014). For example, a study in humans found that increased
plasma oxytocin following stress exposure in women, but not men, was
associated with increased positive affect, but increased plasma vaso-
pressin in men, but not women, was associated with increased
post-stress anger (Moons et al., 2014). Oxytocin receptor agonism may
therefore be an effective treatment for stress-induced relapse in women
and vasopressin receptor antagonism may be an effective treatment in
men, but it is unclear how therapeutic efficacy may translate across
sexes.

Other peptides, such as neuropeptide Y (NPY), neuropeptide S (NPS),
substance P, and pituitary adenylate cyclase-activating peptide (PACAP)
have a less comprehensive supportive body of work, but hold promise
given their regulation of both stress-associated brain regions and be-
haviors. For example, NPY signaling in the amygdala and septum re-
duces anxiety (Heilig, 2004), while NPS promotes drug seeking through
projections to the BNST and PVN (Kallupi et al., 2010; Ubaldi et al.,
2016). Acute stress coincides with elevation in substance P levels in
regions regulating the stress response (Ebner et al, 2004, 2008a, 2008b),
while chronic stress exposure results in adaptations mediated by acti-
vation of PACAP in the BNST (Miles et al., 2019). Further, increased CRF
transmission is observed in response to PACAP in hypothalamic cells and
ICV PACAP administration increases CRF mRNA in the PVN (Hashimoto
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et al., 2011). Circulating PACAP levels and a single nucleotide poly-
morphism in the PAC1 receptor gene have both been associated with
PTSD and other stress-related disorders in women to further implicate
PACAP/PACIR function in stress- and anxiety-related states such as
addiction (Hashimoto et al, 2011, 2016; Ressler et al., 2011). While
these latter neuroactive peptides have produced some exciting, albeit
very preliminary, results in the context of stress-induced reinstatement
(Maric et al., 2011; Miles et al., 2018; Schank et al., 2014; Schmoutz
et al., 2012), none of these have been assessed in humans nor have their
effects been examined in female animals. Thus, further discussion of
these compounds has been excluded from the following sections.

8.1. Animal

Exogenous oxytocin treatment appears to attenuate stress-associated
drug seeking and has been most explored in the context of metham-
phetamine addiction in rodents. Acute oxytocin treatment inhibits
stress-induced reinstatement of methamphetamine seeking (Han et al.,
2014; Qi et al., 2009), and this is prevented by the oxytocin receptor
antagonist, atosiban (Qi et al., 2009). Acute oxytocin exposure has also
been shown to decrease yohimbine stress-induced reinstatement of
methamphetamine and sucrose seeking in both male and female rats
(Cox et al., 2013). In contrast to studies of acute exposure, chronic
oxytocin treatment suppressed both incubation of methamphetamine
craving and methamphetamine-induced reinstatement in both sexes, but
only attenuated yohimbine-induced reinstatement in females (Everett
et al., 2020). This illustrates that even if sex differences are not imme-
diately apparent following acute drug treatment, differences may arise
as a function of time—an important consideration when considering
eventual translation to a clinical setting, where most medications are
administered chronically. Beyond methamphetamine, oxytocin has also
been shown to curb social defeat stress-induced cocaine seeking (Fer-
rer-Pérez et al., 2019) and the oxytocin analogue carbetocin attenuates
forced-swim stress-induced opioid seeking (Zanos et al., 2014). It has not
yet been examined if the sex-specific effects of long-term oxytocin
exposure carry over to stress-induced reinstatement of other addictive
substances beyond methamphetamine.

One study in male rats has also shown potential for the AVP V1b
receptor antagonist SSR149415 to attenuate footshock stress-induced
reinstatement of heroin seeking during a withdrawal period (Zhou
et al., 2008). Dose-dependent reductions in plasma ACTH following
footshock in SSR149415-treated animals suggest treatment efficacy may
be specific to stress-induced reinstatement. It is unclear, however, if
these positive outcomes would generalize to females given the sexual
dimorphism of AVP, particularly in a stress context (Bisagno and Cadet,
2014).

8.2. Human

Assessment of oxytocin’s effect on stress-induced drug seeking has
only recently shifted to human models, and results have been mixed and
sex-dependent. A specific variant of the OXTR gene in humans has been
associated with reduced stress reactivity (Rodrigues et al., 2009). In the
laboratory, a small study of people with cannabis dependence found that
oxytocin effectively reduced drug craving and anxiety, but not subjec-
tive stress, following the Trier Social Stress Test (TSST) (McRae-Clark
et al., 2013). However, another trial involving a larger sample size and
proportionally more women did not find the same effect on craving
(Reed et al., 2019). This latter study additionally found that while
oxytocin attenuated subjective stress in men following the TSST, it
actually led to increased stress in women relative to placebo. Oxytocin
also had no effect on cannabis self-administration, though neither did
stress. In people with cocaine dependence, acute oxytocin administra-
tion was found to increase desire to use cocaine prior to any sort of
stimulus exposure and had no effect on anxiety (Lee et al., 2014). In
people with both cocaine dependence and exposure to early childhood
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adversity, oxytocin reduced cortisol response to the TSST, though
craving and subjective stress data were not reported (Flanagan et al.,
2015). Interestingly, Sherman et al. (2020a) also observed this reduced
cortisol response, but this time only in women; no effect was found as a
function of childhood trauma. This study also reported no effect of
oxytocin on subjective stress or cocaine craving in either sex (Sherman
et al., 2020a).

Clinical efficacy of oxytocin has only briefly been touched upon at
the time of this writing. A pilot trial in methadone-maintained people
with concurrent opioid/cocaine use disorders found some ability of
oxytocin to reduce craving for cocaine and heroin (Stauffer et al., 2016).
This study also found reduced self-report cocaine use in the oxytocin
group, but there was no impact of this treatment on urine-verified
abstinence. Other studies have evaluated oxytocin as an adjunct to
motivational therapy in people that use methamphetamine or cannabis
(Sherman et al., 2017a; Stauffer et al., 2020). While combined oxytocin
and therapy had no effect on anxiety, craving, or drug use in individuals
that use methamphetamine (Stauffer et al., 2020), positive, albeit small,
effects on use behavior were observed in the trial for cannabis depen-
dence (Sherman et al., 2017a). Results from these pilot trials are
promising despite conflict in the laboratory research, and warrant
further investigation.

Replicating findings in rodents, AVP V1b receptor antagonism by
ABT-436 reduced levels of resting plasma ACTH and serum cortisol in a
sample of healthy volunteers that was 95% male (Katz et al., 2016).
ABT-436 was then evaluated in a larger clinical trial for the treatment of
alcohol dependence with moderately positive outcomes (Ryan et al.,
2017). Results in this study did not differ significantly by sex, but were
surprisingly more favorable in women relative to men. It is unclear how
these findings generalize to addictive substances besides alcohol, but
results warrant further investigation, particularly in people with opioid
dependence. Mechanistic investigations into gender differences in out-
comes are also warranted; increased efficacy in women may be associ-
ated with a reduction in negative affect produced by ABT-436, but this
remains to be seen.

8.3. Conclusions

While a handful of neuroactive peptides show some evidence of ef-
ficacy for attenuation of stress-induced reinstatement, many of these are
still in the early preclinical stages of research. Oxytocin has shown some
evidence of successful translation, though outcomes are mediated by
sex. In light of this, the observation that chronic oxytocin treatment only
effectively attenuated stress-induced reinstatement in female rodents
(Everett et al., 2020) should be of substantial consideration when
designing upcoming clinical trials. AVP V1b receptor antagonism also
shows preliminary evidence of promise, but further research both pre-
clinically and in the human laboratory should be conducted to assess the
contributions of sex and stress exposure in outcomes, respectively. Re-
searchers exploring other neuroactive peptides discussed in this section
should ascertain if any positive outcomes observed extend to females
before progressing with trials in humans.

9. Cannabinoid targets

The endocannabinoid system plays an integral role in regulation of
the HPA axis, stress, and drug seeking. First discovered as the targets for
THC, the cannabinoid type-1 and -2 receptors (CB1R and CB2R,
respectively) have both been implicated in cocaine seeking (De Vries
et al., 2001; Li et al., 2018; Peterson et al., 2016; Xi et al, 2006, 2011)
and the promotion thereof by stress (Doncheck et al., 2020; McReynolds
et al., 2018; 2016; Vaughn et al., 2012; but see De Vries et al., 2001). A
high density of CB1Rs can be observed in brain regions associated with
stress reactivity—namely the PFC, amygdala, and hippocampus—as
well as those regions implicated in addiction including the NAc and VTA
(Hill et al., 2011; Kucera et al., 2018; Mackie, 2005). Additionally,
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recent evidence suggests that CB2Rs are also expressed in regions critical
for stress-promoted drug seeking, including the VTA (Chen et al., 2017;
Zhang et al., 2017). Mobilization of the endogenous ligands for CB1/2R,
2-arachidonoylglycerol (2-AG) and anandamide (AEA), has been
implicated in regulating both HPA axis activity and drug seeking in both
sexes (Di et al., 2003; Doncheck et al., 2020; Hill et al., 2011; McRey-
nolds et al., 2018). Clinical data also indicate the genetic variant for
reduced expression of fatty acid amide hydrolase (FAAH), the primary
hydrolytic enzyme for AEA, is associated with reduced stress reactivity
and anxiety (Dincheva et al, 2015; Gunduz-Cinar et al., 2013).
Conversely, activity of the synthetic enzyme for 2-AG, diacylglycerol
lipase (DAGL), is necessary for stress-potentiated drug seeking
(McReynolds et al., 2018). Given the apparent role of the endocanna-
binoid system in stress and drug seeking, it presents a promising area of
research for the identification of therapeutic targets for relapse pre-
vention. Furthermore, the phytocannabinoid cannabidiol (CBD) pre-
sents an emerging area of study for a range of stress-related neurological
disorders, including substance use disorders, though its pharmacological
activity appears to fundamentally differ from both THC and the
endogenous cannabinoids (Compton et al., 1993; De Petrocellis et al.,
2011; Tham et al., 2019).

9.1. Animal

Exogenous CB1R agonists promote reinstatement of drug-seeking
(De Vries et al., 2001; McReynolds et al., 2016, 2018; Vaughn et al.,
2012). In contrast, systemic administration of the CB1R inverse agonist
AM251 blocked forced swim stress- (Vaughn et al, 2012) and
CRF-induced reinstatement of drug seeking (Kupferschmidt et al.,
2012). AM251 has additionally been shown to block footshock-, re-
straint-, and CORT-induced reinstatement of cocaine-seeking in male
rodents, and restraint- and CORT-induced reinstatement in females
(Doncheck et al., 2020; McReynolds et al., 2016; but see Kupferschmidt
etal., 2012), and this effect of AM251 is dependent on 2-AG synthesis in
the PrL-PFC (McReynolds et al., 2018). This is in surprising contrast to
the finding that CB1R antagonists also increase circulating ACTH and
CORT (Manzanares et al., 1999; Patel et al., 2004). To further compli-
cate interpretation, chronic administration of the FAAH inhibitor
URB597  during  withdrawal = suppressed  pharmacological
stressor-induced reinstatement of cocaine-seeking (Chauvet et al.,
2014), while acute URB597 administration did not (Nawata et al.,
2019). Nawata et al. (2019) also report that systemic inhibition of
monoacylglycerol lipase, the primary hydrolytic enzyme for 2-AG, using
JZL184 reduced both anxiety and methamphetamine-seeking during
footshock in a CB1R-dependent manner. This seemingly contrasts with
the findings by McReynolds et al. (2018), which showed that 2-AG
synthesis in PrL-PFC was necessary for potentiated cocaine seeking
following footshock. However, these disparities may be due to the time
at which drug seeking was assessed relative to footshock exposure, as
footshock stress-induced analgesia involves mobilization of both 2-AG
and AEA in the periaqueductal grey and inhibition of their hydrolysis
therein enhances analgesia in a CB1R-dependent manner (Hohmann
et al., 2005). This highlights the complex relationship between endo-
cannabinoid signaling and stress-precipitated drug seeking, as the spe-
cific endocannabinoid, brain region, temporal relationship to and
subtype of the stressor, as well as the specific drug of abuse may strongly
influence the outcome of endocannabinoid manipulations.

In addition to synthetic pharmacotherapeutic approaches, the phy-
tocannabinoid CBD has recently emerged as a potential treatment for
stress-induced drug-seeking. Gonzalez-Cuevas et al. (2018) demon-
strated that sub-chronic transdermal CBD treatment could attenuate
stress-induced cocaine seeking without tolerance, sedative effects, or
interference with natural reward seeking behavior. Similar outcomes
have been produced using intraperitoneal CBD (Calpe-Lopez et al.,
2021). As mentioned earlier, CB1R agonists like THC do not provide
protection against drug seeking in line with CBD. THC may, rather,

13

Neurobiology of Stress 15 (2021) 100364

produce changes within the endogenous opioid system that make ani-
mals more sensitive and vulnerable to opioid use (Rubio et al., 1998;
Vela et al., 1998), and this plasticity may vary by sex (Corchero et al.,
2002). Despite these data, potential effects of THC on drug-seeking and
the role of stress therein need to be more extensively studied in males
and females, given its pharmacological similarity to the endogenous
cannabinoids.

Taken together, current data highlight manipulation of CB1R activity
as a potentially efficacious method for reducing stress-induced rein-
statement. The directionality of this manipulation that produces best
results—whether agonism or antagonism—remains to be seen, and may
be related to individual differences. No sex differences were observed in
the efficacy of intra-PrL-PFC AM251 in attenuating CORT or restraint
stress-induced reinstatement to cocaine (Doncheck et al., 2020), which
is surprising when considering the contribution of estradiol to sexual
dimorphisms in the endocannabinoid system (Huang and Woolley,
2012; Lopez, 2010). As the PrL-PFC only represents one node in the
stress-associated reinstatement neurocircuitry, however, it is possible
that sex differences emerge when examining pharmacological effects of
AM251 when administered systemically or intracranially into other
brain regions.

9.2. Human

The potential for cannabinoid interventions in stress-induced drug
seeking in humans is an area that has yet to be explored despite the
promise shown in the preclinical literature. Several laboratory studies
have assessed the effects of oral THC during periods of cannabis absti-
nence, however, with mixed outcomes with respect to cannabis craving,
withdrawal-associated anxiety, and relapse-like behavior (Budney et al.,
2007; Haney et al, 2004, 2008, 2013; Schlienz et al., 2018). Most
commonly reported are that oral THC attenuates cannabis craving
(Budney et al., 2007; Haney et al, 2004, 2013; Schlienz et al., 2018) with
no effect on anxiety (Budney et al., 2007; Haney et al, 2008, 2013;
Schlienz et al., 2018) and reduces cannabis self-administration in the
laboratory (Haney et al., 2013; Schlienz et al., 2018). Another study in
individuals with cannabis dependence found no effect of Sativex®, a
compound with a 1:1 ratio of THC:CBD, on craving or anxiety associated
with withdrawal (Trigo et al., 2016). CBD similarly had no impact on
cannabis self-administration in the human laboratory (Haney et al.,
2016). Finally, a trial in abstinent individuals with heroin use disorder
found that cannabidiol significantly attenuated ratings of cue-induced
craving and anxiety relative to placebo, as well as cue-induced in-
creases in salivary cortisol, but effects on stress were not directly
assessed (Hurd et al., 2019). No sex differences were reported in any of
these trials, but samples were overwhelmingly male, and it is likely that
CBD-associated alleviation of anxiety will confer additional efficacy in
women with respect to relapse prevention.

Clinical trials incorporating cannabinoid approaches are also pres-
ently limited. CB1R agonists appear to have limited efficacy in pro-
moting abstinence from cannabis (Allsop et al., 2014; Levin et al., 2011),
though nabiximols may reduce cannabis craving and anxiety associated
with withdrawal. Two brief trials examining the efficacy of CBD in
attenuating cannabis use also had modest results (Freeman et al., 2020;
Solowij et al., 2018). Lastly, and by far the most promising, was a trial
examining the efficacy of the FAAH inhibitor PF-04457845 in the
treatment of cannabis dependence (D’Souza et al., 2019). Authors re-
ported that PF-04457845 both reduced anxiety and improved rates of
urine-verified abstinence, though only male participants were assessed
(D’Souza et al., 2019). Given the lack of gender diversity present in both
other clinical and laboratory trials, it is difficult to hypothesize how
these results will translate to a larger sample that includes women.
However, FAAH inhibitors may present an effective therapeutic option
to reduce stress-induced relapse.
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9.3. Conclusions

Endocannabinoid signaling plays a clear and critical role in the stress
response, but research on this system in relation to stress-induced
reinstatement is still in its infancy. Preclinical models suggest efficacy
of CB1R antagonists, endogenous agonists, and CBD, but no method has
emerged as clearly superior. Work in female animals is also limited at
this point to only one study of intra-PrL-PFC CB1R antagonism in which
no sex differences were observed (Doncheck et al., 2020). Given nega-
tive psychiatric effects associated with CB1R antagonism in humans
(Christensen et al., 2007), research efforts should likely remain focused
on the potential of enhanced endocannabinoid signaling and CBD to
attenuate stress-induced relapse. In particular, effects on stress-induced
drug craving, especially for stimulant drugs, should be assessed in the
human laboratory. Clinical trials of FAAH inhibitors should be extended
to include women.

10. Conclusions

In this review, we discuss neural systems associated with stress-
induced drug-seeking behavior and the pharmacological interventions
used to target them in both human and animal models. In this context,
we highlight the crucial importance of biological sex in both research
design and in interpreting outcomes; many of the models used to assess
stress-induced reinstatement produce differential outcomes by sex, and
of the small handful of studies that adequately integrated assessment of
sex-specific findings, nearly all reported differential outcomes on the
basis of sex. Given the above-listed evidence, we firmly believe that
inattention to sex as a biological variable has contributed significantly to
failed translation across species and between the human laboratory and
the clinic.

In this vein, we acknowledge that differences between male and fe-
male physiology—particularly at the molecular level—may complicate
research into basic neural systems. It is also well-known that overall
more men than women use addictive substances (SAMHSA, 2020),
potentially making women less likely to participate in human subjects
research, though women do progress more quickly from use to depen-
dence (Haas and Peters, 2000; Kosten et al., 1993). However, continuous
attempts to side-step these hurdles, rather than modification of study
design, have led to the heavily male-centric research program we detail
in this review, where pharmacological interventions are not designed for
female brains and are not adequately tested in female subjects prior to
late-stage clinical trials. There are evident drawbacks to this approach,
such as limiting discovery and development of potential effective
treatment options for women as well as investment of significant time
and resources into research endeavors that ultimately fail due to inat-
tention to sex differences.

That being said, there remains an opportunity to assess many of the
interventions described herein in females prior to this point. At the
preclinical level, CRF antagonists, DHEA/DHEAS, KOR antagonists, AVP
V1b antagonists, NPS, NPY, substance P, and PACAP show at least some
evidence of efficacy in males, but remain unexplored in females in the
context of stress-induced reinstatement. Not only should these signaling
systems be assessed pharmacologically for potential treatment efficacy,
but their function should also be examined and reported simply in the
context of the female brain. In the human laboratory, p-AR antagonists,
oxazepam/metyrapone, progesterone, and multiple cannabinoids (THC,
CBD, enhancers of endocannabinoid signaling) should be similarly
assessed, bearing in mind sex differences inherent to different laboratory
stress-induction methods. Finally, evidence supporting the efficacy of
a2-AR agonists and oxytocin appears sufficient at this stage to recom-
mend progression to clinical trials. In conducting these trials, however,
investigators must continually bear in mind how sex has been shown in
preclinical and human laboratory studies to influence outcomes for
these therapeutics. Only by remaining conscientious in this regard can
we as researchers in stress-induced relapse hope to reliably produce
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clinically meaningful results.
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