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Abstract

This paper will review data obtained primarily from our preclinical investigations that show
that exposure to stress has a significant impact on drug taking. Stress increases reward associ-
ated with psychomotor stimulants, possibly through a process similar to sensitization, and a
growing clinical literature indicates that there is also a link between substance abuse and stress in
human addicts. One explanation for the high concordance between stress-related disorders and
drug addiction is the self-medication hypothesis, which suggests that a dually-diagnosed person
often uses the abused substance to cope with tension associated with life stressors or to relieve
symptoms of anxiety and depression resulting from a traumatic event. However, another charac-
teristic of drug self-administration is that drug delivery and its subsequent effects on the HPA
axis are under the direct control of the individual. This controlled activation of the HPA axis
may result in the production of an internal state of arousal or stimulation that is actually sought
by the individual (i.e., the sensation-seeking hypothesis). During abstinence, however, exposure
to stressors or drug-associated cues can stimulate the HPA axis to remind the individual about
the effects of the abused substance, thus producing craving and promoting relapse. Stress reduc-
tion, either alone or in combination with pharmacotherapies targeting the HPA axis may prove
beneficial in reducing cravings and promoting abstinence in individuals seeking treatment for
addiction. Of primary importance is to reduce the impact of cocaine-associated environmental

stimuli on the HPA axis so that they no longer function as triggers for relapse.
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The HPA axis is initially activated by the secretion of corticotropin-releasing hormone
(CRH) from the hypothalamus (Sarnyai et al., 2001; Turnbull and Rivier, 1997; Goeders, 2002).
CRH-containing neurons projecting from the parvocellular division of the paraventricular nu-
cleus to the external zone of the median eminence release the peptide into the adenohypophyseal
portal circulation in response to stress. The binding of CRH to receptors located in the anterior
pituitary results in the synthesis of proopiomelanocortin, a large precursor protein that is cleaved
to produce several smaller biologically active peptides, including B-endorphin and adrenocortico-
tropin hormone (ACTH). ACTH diffuses through the general circulation until it reaches the ad-
renal glands, where it stimulates the biosynthesis and secretion of adrenocorticosteroids (i.e., cor-
tisol in humans or corticosterone in rats). The Type I mineralocorticoid receptor has a high af-
finity for corticosterone and is usually fully occupied at basal concentrations of the hormone.
This receptor also displays a high affinity for the mineralocorticoid, aldosterone. The Type II
glucocorticoid receptor has a lower affinity for corticosterone and is more likely to be occupied
when plasma corticosterone is elevated (e.g., during “stress™). This receptor also has a high af-

finity for the synthetic glucocorticoid, dexamethasone.

Stress and Vulnerability to Addiction

During the acquisition of drug self-administration, an animal comes into contact with a drug
and its potentially rewarding effects for the first time (Goeders, 2002). This is also when the
animal learns to make the response that leads to drug delivery, thereby producing reinforcement.
Environmental events that decrease the lowest dose of a drug that is recognized by the animal as

a reinforcer are considered to be events that increase vulnerability or the propensity for an animal
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to acquire self-administration. Acquisition can also be facilitated by events that decrease the

time required to reach a specified behavioral criterion indicative of self-administration.

The ability of stressors to alter the acquisition of drug self-administration in rats has received
considerable attention (Goeders, 2002; Piazza and Le Moal, 1998). The acquisition of am-
phetamine and cocaine self-administration is enhanced in rats exposed to tail pinch (Piazza ef al.,
1990), social defeat (Haney et al., 1995; Tidy and Miczek, 1997; Kabbaj et al., 2001) or neonatal
isolation (Kosten et al., 2000). Exposure to electric footshock also increases the subsequent rein-

forcing efficacy of heroin (Shaham and Stewart, 1994) and morphine (Will et al., 1998) in rats.

We have investigated the effects of exposure to response-contingent (“controllable stress”)
and non-contingent (“uncontrollable stress”) electric footshock on the acquisition of intravenous
cocaine self-administration in rats (Goeders and Guerin, 1994; Goeders, 2002). In these experi-
ments, one rat from a group of three randomly received an electric footshock when it pressed a
response lever that also resulted in the presentation of food (response-contingent shock). Al-
though this resulted in a conflict between obtaining food reinforcement and avoiding footshock,
these animals controlled whether or not and when shock was delivered. Shock presentation for
the second rat in each triad was yoked to the first rat, so that the second rat received footshock
regardless of whether or not it had pressed its food response lever at all (non-contingent shock).
Therefore, these rats had no control over the delivery of the stressor. The third rat in each triad
responded under the same schedule of food reinforcement as the other two rats but was never
shocked. Self-administration was trained with an extremely low dose of cocaine during the first
week of testing, and this concentration was subsequently doubled each week. When a full range
of doses is investigated in this way, an inverted “U”-shaped dose-response curve is typically

generated. In general, lower doses contained within the ascending portion of this curve are be-



lieved to be more related to cocaine reward than those falling on the descending limb, which is
also affected by the unconditioned, nonspecific effects of these higher doses of cocaine (Woods
et al., 1986). Exposure to uncontrollable footshock shifted the ascending limb of the cocaine
dose-response curve upward and to the left, indicating that these rats were more sensitive to low
doses of cocaine than rats exposed to response-contingent or no shock. These results emphasize
the importance of controllability over stressor presentation on the effects of that stressor on drug
reward (Goeders and Guerin, 1994; Goeders, 2002). Interestingly, footshock did not affect re-
sponding maintained by higher doses of cocaine that fell on the descending limb of the dose-
response curve. Furthermore, this phenomenon appears to be relatively specific for the acquisi-
tion of cocaine self-administration since in our hands, neither exposure to footshock (Goeders
and Guerin, 1996a) nor exogenous injections of corticosterone (Goeders and Guerin, 1999) affect

ongoing self-administration.

We next investigated the effects of exogenous injections of corticosterone, which is secreted
during the final step of HPA axis activation, on the acquisition of cocaine self-administration
(Mantsch et al, 1998). Rats were treated daily, 15 min prior to each self-administration session,
with corticosterone (2.0 mg/kg, ip, suspended in saline) or saline. These injections began 2
weeks prior to the start of self-administration testing to mimic the stress experiment described
above as closely as possible. Similar to what we observed with electric footshock, daily pretreat-
ment with corticosterone also produced a lefiward shift in the ascending limb of the dose-
response curve for the acquisition of self-administration, indicating that corticosterone-treated
rats were more sensitive to low doses of cocaine than were rats pretreated with saline. In a re-
lated experiment, rats were bilaterally adrenalectomized prior to acquisition testing (Goeders and

Guerin, 1996b). This surgery effectively removed the final step in HPA axis activation. These
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adrenalectomized rats did not self-administer cocaine at any dose tested even though they
quickly learned to respond on another lever for food pellets, indicating that the rats could still
learn and perform the necessary lever-pressing response. In another series of experiments, pre-
treatment with the corticosterone synthesis inhibitor ketoconazole also reduced both the rate of
acquisition of cocaine self-administration and the number of rats reaching the criterion for acqui-
sition under conditions of food restriction (Campbell and Carroll, 2001). Taken together, these
preclinical data suggest an important role for stress and the subsequent activation of the HPA

axis in the acquisition of drug self-administration.

Stress and Relapse to Addiction

Reinstatement is a preclinical approach that is widely regarded as an animal model of the
propensity to relapse to drug taking, involving mechanisms related to the development and ex-
pression of craving (Gerber and Stretch, 1975; Stewart and de Wit, 1987). A number of reviews
on the reinstatement of extinguished drug seeking have been published (Stewart, 2000; Weiss et
al., 2001, See, 2002; Shaham et al., 2003), including reviews on the specific reinstatement of co-
caine (Spealman et al., 1999; Shaham et al., 2000; Shalev et al., 2002), heroin (Shaham et al.,
2000; Shalev et al., 2002), ethanol (McBride et al., 2002) and nicotine (Mathieu-Kia et al., 2002)
seeking. With this model, animals are taught to self-administer a drug unti] stable drug intake is
maintained, and are then subjected to prolonged periods of extinction training or abstinence.
Once the criteria for extinction are met, or following a specified period of abstinence, the ability
of specific stimuli to reinstate responding on the manipulandum previously associated with the
delivery of drug infusions is taken as a measure of drug seeking (Goeders, 2002). This rein-
statement of drug-seeking behavior can be elicited by priming injections of the drug itself in rats

and monkeys (Spealman ef al., 1999; Stewart, 2000) or by exposure to brief periods of intermit-
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tent electric footshock stress in rats (Shaham et al., 2000; Stewart, 2000). Acute re-exposure to
the self-administered drug (de Wit, 1996) and exposure to stress (Shiffman and Wills, 1985; La-
mon and Alonzo, 1997; Brady and Sonne, 1999; Sinha, 2001; Sinha ef al., 1999), or simply the
presentation of stress-related imagery (Sinha et al., 2000), have also been identified as potent
events for provoking relapse to drug seeking in humans. It is no surprise that norepinephrine and
CRH, mediators of the activation of the sympathetic nervous system and HPA axis, respectively,
are involved in stress-induced reinstatement (Stewart, 2000; Weiss et al., 2001; Liu and Weiss,
2002). However, CRH and the HPA axis do not appear to be involved in drug-induced rein-

statement (Mantsch and Goeders, 1999; Stewart, 2000; Shaham et al., 2003).

We have investigated the involvement of the HPA axis in the cue-induced reinstatement of
extinguished drug seeking. Rats were trained to self-administer cocaine, with cocaine delivery
paired with the presentation of a tone and the illumination of a house light (Meil and See, 1996;
Goeders and Clampitt, 2002). Once a stable baseline of cocaine self-administration was ob-
served, lever pressing was extinguished to less than 20% of baseline rates. During reinstatement
testing, responding resulted in the presentation of a conditioned cue or reinforcer (i.e., the house
light and tone previously paired with self-administered cocaine). The response-contingent pres-
entation of the conditioned reinforcer reliably reinstated extinguished cocaine-seeking behavior,
while the non-contingent presentation of the same stimulus did not. Increases in plasma corti-
costerone were evident during cocaine self-administration as well as during extinction and rein-
statement testing. However, while plasma corticosterone returned to basal levels by the end of
the session during extinction, it remained elevated through the end of the session during rein-
statement, suggesting that cue-induced reinstatement was associated with HPA axis activation.

Pretreatment with the corticosterone synthesis inhibitor ketoconazole reversed the conditioned
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reinforcer-induced reinstatement of extinguished cocaine-seeking behavior and also attenuated
the conditioned increases in plasma corticosterone observed during reinstatement. Pretreatment
with the CRH1 receptor antagonist CP-154,526 resulted in a similar decrease in cocaine seeking
(Goeders and Clampitt, 2002). Benzodiazepines such as alprazolam (Clampitt et al., 2001) and
oxazepam also attenuate cue-induced reinstatement. Taken together, these data suggest an im-
portant role for the HPA axis in the ability of environmental cues to stimulate cocaine-seeking
behavior in rats. Improved treatment for relapse may therefore result from the development of
behavioral and pharmacological therapies that reduce the activation of the HPA axis induced by
environmental cues previously associated with drug use (Winhusen and Somoza, 2001; Goeders,

2002).

Conclusions

Data obtained from clinical and preclinical investigations indicate that exposure to stress in-
creases the vulnerability for addiction. The preclinical literature suggests that stress increases
reward associated with psychomotor stimulants, possibly through a process similar to sensitiza-
tion (Piazza and Le Moal, 1998; Goeders, 2002). A growing clinical literature indicates that
there is a link between substance abuse and stress. Prevalence estimates suggest that rates of
substance abuse among individuals with PTSD may be as high as 60-80%, while the rates of
PTSD among substance abusers is between 40-60% (Donovan et al., 2001). One explanation for
the high concordance between PTSD (and related disorders) and drug addiction (i.e., dual diag-
nosis) is the self-medication hypothesis (Stanton, 1976, Khantzian, 1985; Gelkopf et al., 2002).
According to this hypothesis, a dually-diagnosed person often uses the abused substance to cope
with tension associated with life stressors or to relieve or suppress symptoms of anxiety and de-

pression resulting from a traumatic event (Tyssen et al., 1998; Volpicelli et al., 1999). Others



may also engage in substance abuse to manage symptoms of anxiety and/or depression that are
unrelated to a specific life event. On the surface, however, this may appear somewhat counterin-
tuitive. Many abused substances (especially psychomotor stimulants such as cocaine) can induce
anxiety and panic in humans and anxiogenic-like responses in animals through effects on CRH
release (Goeders, 1997; Goeders, 2002). Accordingly, one might expect that augmenting HPA
axis activity would increase the aversive effects of the drug and reduce the motivation for it.
However, an important characteristic of self-administration is that drug delivery and its subse-
quent effects on the HPA axis are under the direct control of the individual. This is an important
consideration since the controllability and predictability of a stressor significantly decrease its
aversive effects (Levine, 2000). The individual controls when the drug is administered and,
therefore, when the activation of the HPA axis also occurs. This controlled activation of the
HPA axis may result in the production of an internal state of arousal or stimulation that is actu-
ally sought by the individual (Goeders, 2002). This internal state may be analogous to novelty or
sensation seeking that has been reported in humans (e.g., thrill seekers or sensation seekers) and
suggested to be involved in drug reward (Bardo et al., 1996; Dellu et al., 1996; Scourfield et al.,
1996). Drug self-administration by this subgroup of substance abusers may represent an attempt
to seek out specific sensations, with the internal state produced being very similar to that per-
ceived by individuals who engage in risky, thrill-seeking behavior (Wagner ef al., 2001; Goeders,
2002; Franques et al., 2003). These sensation seekers have been reported to be at greater risk for
abusing a variety of substances including cocaine (Ball et al., 1994; McKay et al., 1995; Patkar
et al., 2002), opioids (Franques et al., 2003), alcohol (Henry et al., 2001) and nicotine (Pedersen
et al., 1989; Carton et al., 1994). Sensation-seeking adolescents are also at increased risk for

nicotine, alcohol and cannabis use (Martin et al., 2002). Once drug use has terminated during



abstinence, exposure to stressors or drug-associated cues can stimulate the HPA axis to remind
the individual about the effects of the abused substance, thus producing craving and promoting
relapse (Goeders, 2002). Therefore, continued investigations into how stress and the subsequent
activation of the HPA axis impact addiction will result in the identification of more effective and
efficient treatment for substance abuse in humans. Stress reduction and coping strategies, either
alone or in combination with pharmacotherapies targeting the HPA axis may prove beneficial in
reducing cravings and promoting abstinence in individuals seeking treatment for addiction. Of
primary importance is to reduce the impact of cocaine-associated environmental stimuli on the

HPA axis so that they no longer function as triggers for relapse.
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