
Immune system inflammation in cocaine dependent individuals:
implications for medications development

Helen C. Fox1,*, Carrol D’Sa2, Anne Kimmerling1, Kristen M. Siedlarz1, Keri L. Tuit2,
Raymond Stowe3, and Rajita Sinha1,2

1The Connecticut Mental Health Center, Yale University School of Medicine, Department of
Psychiatry, New Haven, USA
2The Yale Stress Center, Yale University School of Medicine, Department of Psychiatry, New
Haven, USA
3Microgen Laboratories, La Marque, USA

Abstract
Objectives—Cocaine dependence is a chronic stress state. Furthermore, both stress and
substance abuse have robust and reciprocal effects on immune system cytokines, which are known
to be powerful modulators of mood. We therefore examine basal and provoked changes in
peripheral cytokines in cocaine dependent individuals to better understand their role in the
negative reinforcing effects of cocaine.

Methods—Twenty-eight (16 F/12 M) treatment-seeking cocaine dependent individuals and 27
(14 F/13 M) social drinkers were exposed to three 5-min guided imagery conditions (stress, drug
cue, relaxing) presented randomly across consecutive days. Measures of salivary cortisol, tumor
necrosis factor alpha (TNFα), interleukin-10 (IL-10), and interleukin-1 receptor antagonist
(IL-1ra) were collected at baseline and various post-imagery time-points.

Results—Cocaine abusers demonstrated decreased basal IL-10 compared with social drinkers.
They also showed significant elevations in pro-inflammatory TNFα when exposed to stress
compared with when they were exposed to relaxing imagery. This was not observed in the social
drinkers. Conversely, social drinkers demonstrated increases in the anti-inflammatory markers,
IL-10 and IL-1ra, following exposure to cue, which were not seen in the dependent individuals.

Conclusions—Cocaine dependent individuals demonstrate an elevated inflammatory state both
at baseline and following exposure to the stress imagery condition. Cytokines may reflect
potentially novel biomarkers in addicted populations for treatment development.
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INTRODUCTION
Cocaine dependence has been characterized as a chronic stress state marked by generalized
enhanced stress system function (Sinha, 2001) for which there is currently no Food and
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Drug Administration (FDA) approved medication. This may be because of the fact that
many potential therapeutic agents do not specifically target stress arousal systems or account
for the prevalence of co-morbid psychological and somatic health issues, including
depressive symptomatology (Falck et al., 2002), co-morbid alcohol abuse (McCance-Katz et
al., 2005), and nicotine dependence (Mello and Newman, 2011). As immune system
cytokines may have a neuromodulatory function that promotes deleterious moods associated
with chronic illness and stress (Dantzer and Kelley, 2007 for review), peripheral immune
system adaptations may play an integral role in contributing to the negative reinforcing
effects of cocaine. In the current study, we highlight how findings from a laboratory-based
situation may be used to identify changes in immune system cytokines in primarily cocaine
dependent individuals. Findings may expose new biomarkers with potential utility in the
development of new stress-based treatments.

Peripheral immune system cytokines may represent novel biomarkers in substance abusers
for treatment development for several reasons. First, inextricable and reciprocal associations
exist between relapse-related stress system activation and the immune system (Butts and
Sternberg, 2008 for review). A wealth of prior research has shown that glucocorticoid stress
system hormones are potent modulators of immune responses and inflammatory processes
(Turnbull and Rivier, 1999). For example, acute psychosocial stress increases levels of Type
helper 1 (Th1) pro-inflammatory cytokines in the brain (Anisman et al., 2007; Gibb et al.,
2008), and this is associated with activation of the hypothalamic-pituitary-adrenal (HPA)
axis and sympathetic stress systems (Tilders et al., 1993; Dunn et al., 2005). Increased
glucocorticoids and catecholamines then mediate a feedback “shift” or down-regulation in
pro-inflammatory cytokine cascades, as well as an up-regulation of healing Type helper 2
(Th2) anti-inflammatory cytokine cascades (Calcagni and Elenkov, 2006; Qin et al., 2008).
As Th1 and Th2 responses are mutually inhibitory (Elenkov, 2008) and stress/immune
system homeostasis is dependent upon activation being appropriate to the stimulus, it is
possible that chronic stress system perturbations in substance dependent individuals (Fox
and Sinha, 2009 for review) will be associated with disrupting the homeostatic balance
between PI and AI cytokine cascades.

Second, in recent years, the neuromodulatory role of immune system cytokines has become
a major focus with regard to the development of co-morbid affective disorders during
chronic substance abuse, systemic illness, or stress (Dantzer et al., 2008; McAfoose and
Baune, 2009). Peripheral inflammatory cytokines may therefore play an important role in
underpinning the negative reinforcing effects of cocaine associated with chronic stress
system up-regulation (Sinha et al., 2003; Fox et al., 2005; Fox and Sinha, 2009) and drug
maintenance (de Jong and de Kloet, 2004; Sinha et al., 2006, 2011; Koob, 2009). For
example, although acute immune system activation may be associated with adaptive
behaviors necessary for recuperation, such as fatigue, social withdrawal, and immobility
(Dantzer and Kelley, 1989; Kent et al., 1992), chronic immune system changes may be
associated with more “mal-adaptive” elevations in negative mood and stress system
dysregulation (Grippo and Johnson, 2009; McAfoose and Baune, 2009) typical of that
associated with craving and relapse in chronic substance abusers (Stewart, 2003; Fox and
Sinha, 2009, Preston and Epstein, 2011).

In the current study, we assess stress and immune system response to a stress-related and
cue-related imagery scenario relative to relaxation imagery in a group of treatment-seeking
cocaine dependent individuals and a group of socially drinking controls. We assess tonic and
phasic changes in the pro-inflammatory cytokine TNFα, and the anti-inflammatory
cytokines, IL-10 and IL1-ra. TNFα has been frequently associated with mood disorders in
chronic illnesses (Dantzer and Kelley, 2007; Howren et al., 2009; Liu et al., 2010), as well
as prolifically researched in terms of the assessment of the emotional response to
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psychological stress (Gaab et al., 2005; Weinstein et al., 2010) and the pathophysiology of
substance dependence (Emanuele et al., 2005; Yamada, 2008). The roles of anti-
inflammatory cytokines have been less extensively examined in terms of their effect on
mood, despite evidence showing that IL-10 reduces depressive symptoms in rats (Leon et
al., 1999; Mesquita et al., 2008) and that cocaine increases the expression of IL-10 at acute
doses (Kubera et al., 2004; Dhillon et al., 2007). In order to more thoroughly assess the role
of anti-inflammatory markers, we also assess adaptations in IL-1ra, which is a naturally
occurring anti-inflammatory IL-1 regulator (Dinarello, 2000) and is also known to moderate
the development of depression, increased stress perception (Maes et al., 1998), and anxiety
(Kubera et al., 2000; Maes et al., 2000; Lehto et al., 2010).

METHOD
Participants

Twenty-eight treatment-seeking cocaine dependent (16 F/12 M) individuals and 27 socially
drinking (14 F/13 M) individuals participated in the current study. All participants were
recruited via advertisements placed either on-line or in local newspapers and magazines.
Current dependence was determined with the use of the Structured Clinical Interview for the
Diagnostic and Statistical Manual of Mental Disorders IV (SCID IV—First et al., 1997). All
participants were also tested for positive urine toxicology screens upon admission to
inpatient treatment at the Connecticut Mental Health Center (CMHC). Exclusion criteria for
cocaine dependent patients included Diagnostic and Statistical Manual of Mental Disorders
IV (DSM-IV) dependence for any drug other than cocaine, alcohol, or nicotine. All social
drinkers were excluded if they met current or lifetime dependence criteria for alcohol or any
other illicit drug. All participants using prescribed medications or failing to meet health
requirements were also ineligible. Participants underwent stringent medical assessments that
included electrocardiography and laboratory tests of renal, hepatic, pancreatic,
hematopoietic, and thyroid function to ensure good physical health. All participants gave
written and verbal consent, and the Human Investigation Committee of the Yale University
School of Medicine approved the study.

All controls were light social drinkers (25 drinks or less per month), as classified by the
Cahalan Quantity Frequency Variability Index (Cahalan et al., 1969). A socially drinking,
rather than a drug-naïve comparison group, was used in the current design to allow a more
thorough examination of the stress-related craving state in both a substance dependent and
non-dependent group. Previous findings, with the use of our current imagery paradigm, have
shown that both stress-related and cue-related imagery induce alcohol craving in light social
drinkers (Chaplin et al., 2008; Fox et al., 2008; Sinha et al., 2009).

Design
In the current study, we used a mixed design, where the drug group (cocaine dependent/
social drinkers) represented the between subjects factor, and the imagery condition (stress,
drug/acohol cue, relaxing) and time-points (repeated assessments in each laboratory
session), the within subjects factor. During three laboratory sessions, participants were
exposed to all three personalized guided imagery conditions (stress, drug/ alcohol cue,
relaxing) across consecutive days, one imagery condition per day in a randomized and
counterbalanced order. Research staff was blind to imagery condition and the content of the
scripts assigned to each laboratory session. Subjects also remained blind until imagery
presentation.

Salivary cortisol, plasma TNFα (pro-inflammatory cytokine), and plasma IL-10 and IL-1ra
(anti-inflammatory markers) represented the dependent variables. Cocaine craving, mood,
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and physiological responses were all presented previously as part of a larger study (Fox et
al., 2008).

General procedures (see Figure 1)
Cocaine dependent participants were admitted to the Clinical Neuroscience Research Unit
(CNRU) of the Connecticut Mental Health Center (CMHC) for approximately 4 weeks of
inpatient treatment and study participation. The CNRU is a locked inpatient treatment
research facility with no access to alcohol or drugs, although participants were allowed four
smoke breaks per day to avoid nicotine withdrawal. Participants have limited access to
visitors, and drug testing is conducted regularly to ensure drug abstinence. Because subjects
were treatment-seeking, they participated in 4 weeks of group counseling treatment for
cocaine addiction with the use of the standard drug counseling manual as a guide (Mercer
and Woody, 1992). During the first week of inpatient stay, cocaine dependent participants
were administered structured baseline assessments measuring psychiatric and substance use
history. In the second week, scripts for the guided imagery induction were developed, as
described in previous studies (Sinha et al., 2003; Bergquist et al., 2010). All laboratory
sessions were conducted approximately 23 days after admission to allow for normalization
of neurobiological changes associated with acute cocaine abstinence.

Socially drinking participants were admitted to the Hospital Research Unit (HRU) of the
Yale Clinical Center of Investigation (YCCI) located a block away at Yale/New Haven
hospital for a 4-day stay. Within that time, they were required to remain in the hospital unit,
within a controlled environment similar to that of the substance abusing participants’. They
were given a similar diet, allowed limited access to visitors, and limited staff-accompanied
smoke breaks. Baseline demographics, psychiatric, and substance use assessments, as well
as imagery scripts, were prepared prior to their admission to the HRU. All socially drinking
controls were exposed to an alcohol-related script for the drug cue condition.

Imagery script development—for presentation in the laboratory sessions
Briefly, the stress imagery script was based on individual subjects’ description of a personal
stressful event that had occurred in the last year and was experienced as being “most
stressful”. “Most stressful” was determined by having each subject rate their perceived stress
on a ten-point Likert scale, where 1 = “not at all stressful” and 10 = “the most stress they felt
recently in their life”. Only situations rated as 8 or above on the ten-point scale were
accepted as appropriate for script development. The drug cue scripts were developed by
having participants identify a recent situation that involved the anticipatory excitement of
wanting cocaine or alcohol. The scenarios incorporated drug-related imagery, such as being
at a bar or watching others smoke crack and drink alcohol, and had to result in subsequent
drug use. The cocaine dependent group was presented with cocaine cue imagery, and the
social drinkers with an alcohol cue. A neutral script was developed from the subjects’
description of a personal non-drug-related relaxing situation to represent an intra-individuals
baseline or control condition. All scripts were then recorded onto an audiotape to be played
in the laboratory sessions.

Training—On a day prior to the laboratory sessions, subjects were brought into the testing
room to acclimatize them to specific aspects of the study procedures including IV insertion,
as well as relaxation and imagery procedures, as previously described in Sinha et al. (2003).

Laboratory sessions (see Figure 2)
On each testing day, subjects abstained from breakfast and were brought into the testing
room at 7:45 AM. All subjects were allowed an initial smoke break at 7:30 AM to reduce
nicotine craving. After settling in a sitting position on a hospital bed, a heparin-treated
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catheter was inserted by the research nurse in the ante-cubital region of the subject’s non-
preferred arm to periodically obtain blood samples. A blood pressure cuff was placed on the
subject’s preferred arm to monitor blood pressure (systolic blood pressure and diastolic
blood pressure), and a pulse sensor was placed on the subject’s forefinger to obtain a
measure of heart rate. Self-reports of craving and mood were completed after set up at 08:00
AM. This was followed by a 45-minute adaptation period during which the subjects were
instructed to practice relaxation. Baseline measures of subjective reports, heart rate and
blood pressure, saliva, and plasma were taken at two time-points: one at 08:45 (+45) and one
at 9:05 (+65). At 9:10 AM, participnats were provided with headphones and given the
following instructions for the imagery procedure: “Close your eyes and imagine the situation
being described, ‘as if’ it were happening right now. Let your body and mind get completely
involved in the situation, doing what you would do in the real situation”. The length of each
script was approximately 5 min. Heart rate and blood pressure was continuously monitored
during the imagery period.

Subjective ratings of craving, emotion, and anxiety, as well as heart rate, blood pressure,
saliva, and plasma, were collected at the following time-points: +45 and +65 (baseline time-
points), immediately following imagery exposure (+ 77 time-point), and subsequently at
regular 15-min intervals +90, +105, +120, +135, +150 (recovery time-points). After the final
assessments, the IV line, blood pressure cuff, and pulse sensor were removed, and breakfast
was served.

All subjective measures (craving, anxiety, and emotion) and cardiovascular measures (heart
rate and blood pressure) are presented as part of a larger study in a separate publication (Fox
et al., 2008). In the current study, we present salivary cortisol and plasma cytokine data
collected from a sub-sample of the participant population (28 cocaine dependent individuals
and 27 social drinkers).

Laboratory assessments
Saliva measures for cortisol—Participants placed a cotton roll between their tongue
and cheek for approximately 2–3 min until the swab was completely saturated (Salivette
Sarstedt, Inc., Newton NC). Participants were required to focus their gaze on a segment of
lemon being squeezed 2 ft away from them to stimulate saliva flow. Samples were then
immediately placed in ice and subsequently stored in a −20°C freezer. All samples were
assayed in duplicate following standard radioimmunoassay kits with no modifications
(Diagnostic Products Corporation, CA) at the YCCI Core Laboratories. The intra assay
coefficients of variation ranged from 3.0% to 5.1%.

Plasma measures for cytokines—Immediately following collection, the tubes were
placed on ice. Plasma was subsequently separated by centrifugation at 4°C for 15 min at
1000 g. Plasmas were then aliquoted and stored in polypropylene tubes at −80°C until the
time of the assay. TNF-α, IL-10, and IL-1ra concentrations were quantitatively determined
by enzyme-linked immunesorbent assays using the DuoSet ELISA Development Kit from
R&D systems (Minneapolis, MN, USA). Assaying of all plasma cytokines was conducted at
Microgen Laboratories, La Marque, TX, USA under the direction of Dr. Raymond Stowe.

Statistical analysis
The drug groups were compared in terms of their demographics and substance use measures
with the use of either T-tests or chi-square, and measures in which groups differed were
included as covariates in all analyses.
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Linear mixed effect models (Laird and Ware 1982) were implemented to analyze baseline
(+65 time-point) data and response data with the use of SPSS software (version 17 SPSS
Inc., Chicago, IL). The between subjects factors of the group (cocaine dependent individuals
vs social drinkers), the within subjects factors of the condition (stress, drug/alcohol cue, and
relaxation), and time-points (varying levels) were the fixed effect factors. Participants
represented the random effect factor. To account for baseline variability across each testing
day, the researchers used the change from the baseline of all measures to assess response to
the imagery exposure. Bonferroni tests were used as adjustments for all multiple
comparisons.

RESULTS

Participants—Both cocaine dependent individuals and socially drinking controls were
statistically matched for race, gender, and IQ. However, the cocaine dependent group was
significantly older than the control group and was comprised of individuals with a higher
number of both regular smokers and those with current and lifetime history of alcohol abuse.
Therefore, age, smoking status, and amount of alcohol consumed prior to inpatient treatment
were used as covariates in all analyses (Table 1).

Baseline differences between cocaine dependent and socially drinking
controls—Cocaine dependent individuals demonstrated significantly lower levels of
plasma IL-10 compared with social drinkers (F=11.0, p =0.002, without covariates; F = 6.1,
p <0.02, with covariates) (see Figure 3).

Group differences in response to imagery (change from baseline)
Immune system markers
TNFα (pro-inflammatory): The main effect of the imagery condition (F 2,495 = 6.5, p =
0.002, without covariates; F 2,495 = 6.5, p = 0.002, with covariates) indicated that the
response to the neutral condition was significantly reduced compared to the response to both
the stress condition (S >N, p = 0.009, without covariates; S >N, p = 0.009, with covariates)
and the cue condition (C >N, p = 0.004, without covariates; C >N, p = 0.004, with
covariates).

A significant group × imagery condition interaction was also observed (F 2,495 = 11.1, p
<0.0001, without covariates; F 2,492 = 11.1, p <0.0001, with covariates) where the cocaine
dependent individuals demonstrated higher levels of TNFα during the drug cue imagery
conditions compared with the social drinkers (p <0.05, without covariates; p <0.07, with
covariates). The cocaine dependent group also demonstrated significantly higher levels of
TNFα when exposed to the stressful imagery and cue-related imagery compared with when
they were exposed to the neutral imagery condition (p <0.0001, in all cases, with and
without covariates). These stress and drug cue-induced increases in plasma TNFα were not
observed in the social drinkers (see Figure 4a).

IL-10 (anti-inflammatory): A group × imagery condition interaction trend was observed
for IL-10 (F 2,407 = 2.7, p = 0.06 without covariates; F 2,405 = 2.7, p = 0.07, with
covariates), because the social drinkers demonstrated a trend in increased IL-10 when
exposed to the cue imagery condition compared with when they were exposed to the neutral
imagery condition (p <0.08, with and without covariates) (see Figure 4b). This cue-induced
increase in IL-10 was not observed in the cocaine dependent individuals.

IL-1ra: The main effect of imagery condition (F 2,496 = 3.6, p <0.03, without covariates; F
2,495 = 3.6, p <0.03, with covariates) indicated that the response to the cue condition was
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significantly higher than the response to the neutral condition (C >N, p = 0.02, without
covariates; C >N, p = 0.02, with covariates). A group × imagery condition interaction was
also observed (F 2,496 = 3.3, p <0.04 without covariates; F 2,495 = 3.4, p <0.04, with
covariates) showing the overall cue-related effect was caused by social drinkers
demonstrating an increase in IL-1ra when exposed to the cue imagery condition compared
with when they were exposed to the neutral imagery condition (p <0.0001, without
covariates; p <0.0001, with covariates), as well as the stress imagery condition (p <0.02,
with and without covariates). This cue-induced increase in IL-1ra was not observed in the
cocaine dependent individuals (see Figure 4c).

HPA system marker (salivary cortisol)—A main effect on the groups was shown in
the salivary cortisol prior only to the inclusion of covariates (F 1,51 = 5.3, p <0.03 without
covariate; F 2,51 = 0.9, p = ns, with covariates). The cocaine dependent individuals showed
a dampened level (i.e., a greater diurnal drop) in cortisol response to all three imagery
conditions compared with the social drinkers.

Extended analysis—Secondary analysis was conducted only within the cocaine
dependent group to assess whether stress and cytokine variations were apparent between
those meeting the criteria for lifetime anxiety and those not meeting the criteria. Mixed
models were performed with the use of lifetime anxiety as a fixed factor. No significant
group differences were observed, with the exception of TNFα response (F 2,212 = 18.4, p
<0.0001) where cocaine dependent individuals with co-morbid lifetime anxiety showed a
greater response to the cue imagery condition compared with the neutral condition (C >N, p
<0.04). This was not observed in the cocaine dependent group with no lifetime history of
anxiety disorders.

DISCUSSION
Current findings show that cocaine dependent individuals demonstrate increased immune
system inflammation both at the baseline and in response to stress and cue imagery
conditions compared with the social drinkers. Specifically, although basal inflammation in
the cocaine group was characterized by significantly lower levels of the anti-inflammatory
marker IL-10, phasic response to stress was marked by significantly higher levels of TNFα
relative to their intra-individual relaxing baseline condition. Response to the cue imagery
condition highlighted even greater the indications of inflammation, characterized by both
increased intra-individual levels of TNFα not observed in the social drinkers and a
dampened anti-inflammatory response highlighted by lower levels of IL-1ra. Similarly,
social drinkers demonstrated a tendency for increased levels of IL-10 when exposed to the
cue imagery condition compared with when they were exposed to their neutral baseline; this
was not seen in the cocaine dependent group. In terms of stress system changes, compared
with social drinkers, a dampened response to all three imagery conditions was observed in
the cocaine dependent individuals. However, this was only observed prior to the adjustment
made for the smoking status and drinking status 1 month before the treatment. Just as
identical imagery paradigms are known to induce a dysregulated arousal response marked
by elevated craving and negative emotion in a range of substance abusers (Fox et al., 2006,
2007, 2008, 2009; Hyman et al., 2007; Chaplin et al., 2008, 2010; Sinha et al, 2009, 2011),
immune system cytokines may also represent a parallel set of biomarkers reflecting stress-
related and cue-related risk factors.

Consistent with the current findings, there is some support in the literature for the existence
of an inflammatory Th1 shift in cocaine dependent individuals. However, it is important to
note that little research exists which focuses specifically on immune system changes during
early protracted withdrawal in co-morbid cocaine dependent individuals without current
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pervasive health issues (Deviere et al., 1989; Masumoto et al., 1993) exists. Moreover,
adaptations in cytokine cascades are highly dependent on the status of drug/ alcohol intake
(Laso et al., 1996, 1997), and research has tended to focus on the acute effects of cocaine/
alcohol intake on animals or dependent humans. Despite these factors, certain preclinical
studies assessing immune system changes during early protracted withdrawal show some
support for current findings by documenting an up-regulation of both corticosterone and
TNFa following 6 weeks (Wang et al., 1994) and 18 days (Kubera et al., 2008) of cocaine
administration in mice. Intriguingly, and consistent with current basal findings, increased
serum levels of anti-inflammatory IL-10 have also been shown to decline significantly in the
few days after alcohol abstinence in human patients with alcohol withdrawal syndrome and
who are also free of liver pathology (González-Quintela et al., 2000).

In contrast to the current findings, however, many animal studies have also documented a
direct enhancement of the Th2 state—showing increases in the humoral T-dependent anti-
body response (IL-10 and IL-4) following acute and prolonged cocaine exposure in mice
(Stanulis et al., 1997; Gardner et al., 2004; Kubera et al., 2008). In addition, alcohol has
typically been defined as an immunosuppressive agent (Gomez et al., 2010), and in vitro
exposure to cocaine has shown inflammation-inhibitory and immunosuppressive responses
including decreased IL-2 and IFN-y secretion from spleen cells (Falchetti et al., 1995) and
reduced IL-1 and TNFα from peritoneal macrophages (Shen et al., 1994). However, again, it
is important to note that discrepancy in the current findings may be related to a variation in
the cytokine equilibrium associated with the specific parameters of immune system
activation (Elenkov, 2008), that is, acute cocaine exposure as compared with chronic
cocaine exposure. Notably, a recent study by Kubera et al. (2008) show some support for the
current data by documenting increases in TNFa and a reduced production of IL-10 by
splenocytes in mice following exposure to a conditioned stimuli previously paired with
cocaine administration, after 10 days of withdrawal.

In the present study, cocaine dependent individuals also demonstrated a lower HPA axis
drive in response to all three imagery conditions. Interestingly, however, this failure to
demonstrate a typical HPA arousal in response to provocation was not apparent after
controlling for effects of alcohol and nicotine consumption and is consistent with extensive
prior research assessing stress system dysregulation in alcohol dependent individuals
(Junghanns et al., 2003; Breese et al., 2005, 2011; Badrick et al., 2007) and alcohol
dependent smokers (Fox et al., 2007; Sinha et al., 2009). A dampened HPA axis drive has
also been associated with a return to early drinking in alcoholics (Breese et al., 2005;
Junghanns et al., 2005), as well as being a risk marker for the development of substance use
disorders in individuals with a positive family history for alcoholism (Sorocco et al., 2006).
Although one of the limitations of the current study may be related to the fact that pure
cocaine dependent users were not recruited, the simultaneous abuse of alcohol and nicotine
is common in cocaine dependence (McCance-Katz et al., 1999; Patkar et al., 2006), and thus
may reflect a more ecologically reliable participant sample. Nonetheless, future research is
encouraged to clarify the relative contribution of these drug-related processes to the
maintenance of cocaine use by employing additional dependent cohorts who abuse alcohol
and/or other substances.

In terms of highlighting a potential inflammatory mechanism underpinning the stress system
arousal in cocaine dependent individuals, it is interesting to note that the current pattern of
immune system alterations are congruent with the cortisol dysregulation documented in both
the current and prior research (Breese et al., 2005; Sinha et al., 2009). Just as glucocortiods
up-regulate Th2 production (Ramierz et al., 1996; Blotta et al., 1997) and suppress induction
of Th1 cytokines including TNFα (Elenkov and Chrousos, 1999, 2006), a dampened cortisol
response to stress may account for the elevated Th1 shift observed following stress exposure
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in the current cocaine dependent individuals. It is important to note however that these
interpretations remain tentative, as the specific interactions and parameters of such stress
and immune system mechanisms have not been assessed directly in the present study, and
the suppressed HPA response to provocation may be associated with concomitant substance
abuse.

A clear limitation to the present research relates to the fact that it remains uncertain whether
the observed adaptations relate to aspects of cocaine consumption per se or to affective
changes related to withdrawal, or both. For example, activation of pro-inflammatory
mediators are demonstrated in patients with mood and depressive symptomatology (Maes,
1995; Glaser et al., 2003; McNally et al., 2008; Maes et al., 2009). In addition, the treatment
of both patients (Valentine et al., 1998; Gohier et al., 2003; Dunn et al., 2005) and animals
(Anisman and Merali, 1999; Brebner et al., 2000; Kronfol and Remick, 2000; Bonaccorso et
al., 2003; Silverman et al., 2007; Salome et al., 2008) with pro-inflammatory cytokines
(TNFα; IL-1β) can produce deleterious mood-related symptoms. Moreover, pathological
activation of the immune system is associated with depressive and anxiety-related symptoms
in chronically ill patients (Dantzer and Kelley, 2007). In the current study, for example, high
levels of cue-related TNFα were demonstrated as a function of lifetime anxiety, as well as
substance abuse. Future research is encouraged to determine more thoroughly the relative
contribution of these factors to the immune system changes in substance users. Despite this,
the current study is one of the first to examine cytokine response to stress and cue in a
relatively healthy and ecologically valid group of primary cocaine dependent individuals,
who were excluded if taking medication for any current health or psychiatric problems.

The idea that maladaptive inflammatory responses may provide additional pathways
contributing to stress-related risk in cocaine dependent individuals suggests that peripheral
cytokines may represent efficacious new biomarkers for treatment development. Currently,
there is a growing application of immunotherapy manipulations used to restore the delicate
balance between anti-inflammatory and pro-inflammatory cytokines. These include
administration of antibodies against specific cytokines, the administration of soluble
cytokines to absorb excess cytokines, the deactivation of glial cells that produce excessive
quantities of pro-inflammatory cytokines, and the use of cytokine inhibitors (Cook, 1998;
Delgado, 2003; Dantzer and Kelley, 2007; Moreland, 2009). However, despite the current
availability of many of these pharmacological tools, greater clarity regarding the precise
cytokine mechanisms underpinning the immune and stress system interactions in substance
abuse is needed before Phase 1 clinical trials can be conducted. In particular, the roles of
anti-inflammatory cytokines have not been as thoroughly assessed as pro-inflammatory
cytokines in terms of their effect on depression and anxiety.

In terms of assessing the applications for the current findings, the identification of an
underlying inflammatory mechanism for stress-related relapse risk may hold potential for
the advancement of addiction pharmacotherapies, particularly because anti-inflammatory
cytokines are shown to be safe and well tolerated across a range of clinical populations.
Weekly injections of recombinant IL-10 has proven to be an effective therapy for
inflammatory bowel disease and psoriasis (Yamagata and Ichinose, 2006), and clinical trials
are being conducted to assess its use in multiple sclerosis (phase II) and gut ischemia (phase
I) (Asadullah et al., 2003). IL1ra is also being assessed for rheumatoid arthritis treatment
(phase II and III) (Bresnihan, 2001; Fiocco et al., 2004). Similarly, soluble receptor
medications, such as Etanercept, that bind to TNFα and decrease its role in disorders
involving excess inflammation have been shown to result in only minor side effects in
majority of patients (Fernandez-Botran et al., 2002). Therefore, if the stress arousal systems
underpinning craving and negative reinforcing effects of drugs are shown to be
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characterized by chronic inflammation, as current findings would suggest, this may instigate
future clinical studies addressing the applications of these targets for relapse prevention.
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Figure 1.
Overview of study schedules for (a) socially drinking controls and (b) cocaine dependent
individuals
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Figure 2.
Laboratory schedule (identical for all 3 days, with the exception of the imagery condition
presented)
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Figure 3.
Group differences between cocaine dependent individuals and social drinkers in basal levels
of Interleukin-10
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Figure 4.
Group differences between cocaine dependent individuals and social drinkers in (a) TNF
alpha, (b) Interleukin-10, and (c) Interleukin-1 receptor antagonist following exposure to
stress-related and cue-related imagery. Bars represent response in these conditions relative
to the relaxing (control) imagery condition (means and standard errors shown). As no
significant time-point interactions were observed, bars represent data collapsed across all
time-points.
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Table 1

Participant demographic and clinical characteristics (means and standard deviations are shown)

N = 55 Socially drinking group n = 27 Cocaine dependent group n = 28 p

Gender—No. of males (%) 13 (48.1%) 12 (42.9%) ns

Race

- No. of African American participants (%) 7 (25.9%) 13 (46.4%) —

- No. of Caucasian participants (%) 16 (59.3%) 13 (46.4%) —

- No. of Hispanic participants (%) 3 (11.1%) 1 (3.6%) —

- No. of other races (%) 1 (3.7%) 1 (3.6%) ns

Age (years) 30.2 ±9.4 36.6 ±6.3 0.005

IQ (Shipley) 110.1 ±11.8 107.4 ±8.2 ns

Smoking status—No. regular smokers (%) 9 (33.3%) 25 (89.3%) <0.0001

Years of cocaine use 0 9.0 ±7.2 —

No. of days used in past month 0 21.7 ±7.6 —

No. of grams per month 0 45.9 ±49.7 —

Years of Alcohol use 5.9 ±5.9 13.6 ±7.6 <0.0001

No. of days used in past month 3.9 ±4.8 10.8 ±9.0 0.001

No. of drinks per month 13.1 ±13.8 117.1 ±127.6 0.001

No. currently alcohol dependent (%) 0 13 (46.4%) —

No. lifetime alcohol dependent (%) 0 12 (42.9%) —

No. lifetime alcohol abusing (%) 0 9 (32.1%) —

No. lifetime depression (%) 1 (3.7%) 3 (10.7%) ns

No. lifetime anxiety (incl PTSD) (%) 2 (7.4%) 11 (39.3%) 0.006

No. lifetime anxiety (without PTSD) (%) 0 6 (21.4%) 0.01

ns, not significant; PTSD, Post Traumatic Stress Disorder.
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