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Abstract

Substance use disorders are global health problems with few effective treatment options.
Unfortunately, most potential pharmacological treatments are hindered by abuse potential of their
own, limited efficacy, or adverse side effects. As a consequence, there is a pressing need for the
development of addiction treatments with limited abuse potential and fewer off target effects.
Given the difficulties in developing new pharmacotherapies for substance use disorders, there has
been growing interest in medications that act on non-traditional targets. Recent evidence suggests
a role for dysregulated immune signaling in the pathophysiology of multiple psychiatric diseases.
While there is evidence that immune responses in the periphery and the central nervous system are
altered by exposure to drugs of abuse, the contributions of neuroimmune interactions to addictive
behaviors are just beginning to be appreciated. In this review, we discuss the data on
immunological changes seen in clinical populations with substance use disorders, as well as in
translational animal models of addiction. Importantly, we highlight those mechanistic findings
showing causal roles for central or peripheral immune mediators in substance use disorder and
appropriate animal models. Based on the literature reviewed here, it is clear that brain-immune
system interactions in substance use disorders are much more complex and important than
previously understood. While much work remains to be done, there are tremendous potential
therapeutic implications for immunomodulatory treatments in substance use disorders.
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Introduction

Substance use disorders affect millions of individuals in the United States and around the
world. The consequences of illicit drug use, including death from overdose (Rudd et al.,
2016), the spread of infectious disease (Alcabes & Friedland, 1995), and shorter life
expectancies (Smyth et al., 2006) all contribute to the tremendous cost of addiction and
create significant social and economic burden for users, their families, and society at large
(Patel et al., 2016; Jiang et al., 2017). While overall illicit drug use rates have remained
relatively steady, use of certain drugs of abuse, including opioids, has been on the rise and
rates of pathological drug use remain dangerously high (Substance Abuse and Mental Health
Services Administration, 2008).

Despite the dangers associated with addiction, few pharmacological treatments are available
for substance use disorders and these treatments often have limited efficacy. Varenicline and
bupropion have been approved for nicotine use disorder (Gémez-Coronado et al., 2018),
while naltrexone, acamprosate, and disulfiram (Soyka & Muller, 2017) are approved for
alcohol use disorder. For opioid use disorder the primary means of treatment is with opioid
replacement therapies such as methadone or buprenorphine. While opioid replacement
therapy is often effective as a means of risk reduction, there are myriad associated adverse
effects and potential complications (Mattick et al., 2014; Schuckit, 2016). For
psychostimulant use disorders there are currently no FDA-approved pharmacotherapies.
Agonist therapies targeting dopaminergic systems have been heavily investigated for
treatment of psychostimulant use disorders, however, the potential for significant abuse
potential and side effects have limited their use (Castells et al., 2016). Similarly,
antipsychotic and/or antidepressant medications have been tested for multiple substance use
disorders, but these trials have been hampered by limited efficacy and high rates of
undesirable side-effects including sexual dysfunction and weight gain (Tollefson, 1991;
Solmi et al., 2017). Given the negative health consequences and economic burden ascribed
to addiction, there is clearly a pressing need for more effective treatment options with fewer
side effects.

In recent years, there has been a growing understanding that interactions of the immune
system and the central nervous system are likely playing causal roles in the pathophysiology
of multiple psychiatric illnesses. As a result of observational clinical studies and
translational animal studies, we are moving closer to understanding the mechanistic links
between immune system dysregulation and psychiatric pathology. These findings have led to
a recent uptick in clinical trials investigating immune or inflammatory treatment targets in
psychiatric disease. While the role of inflammatory processes is better understood in other
psychiatric conditions, such as depression and schizophrenia (Hodes et al., 2015; Prata et al.,
2017), recent work has identified neuroimmune mechanisms as possibly important in
addictive disorders as well. Here, we will present a brief overview of the literature
delineating the role of neuroimmune processes in psychiatric pathology and will then
discuss clinical and translational evidence for these processes in illicit substance use
disorders. For the purposes of this review we will focus primarily on psychostimulants and
opioids as these are the illicit substances that account for the greatest levels of morbidity and
mortality. The role of the immune system in alcoholism has been reviewed thoroughly
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elsewhere (Mayfield et al., 2013; Montesinos et al., 2016; Crews et al., 2017). Thus, this
review will provide a perspective on the clinical and basic science literature of inflammation
in addictive disorders with the goal of highlighting promising translational strategies that
have potential for rapid clinical translation.

Inflammation and the brain

The immune system is the major regulator of inflammatory processes and is composed of
the innate and adaptive immune systems. The innate system contains cells of the myeloid
lineage, including granulocytes, monocytes, macrophages and natural killer cells (Galli et
al., 2011; Montaldo et al., 2014) while the adaptive immune system is largely composed of T
and B lymphocytes (den Haan et al., 2014). The innate immune system is available to mount
rapid inflammatory response to either sterile or microbial injuries. This occurs primarily via
pattern recognition receptors (PRR) that detect the presence of foreign entities via pathogen-
associated molecular patterns (PAMPs) and endogenous danger-associated molecular
patterns (DAMPs) that come from damaged cells (Frank et al., 2015; Portou et al., 2015).
The response to DAMPs and PAMPs in the central nervous system (CNS) is primarily
mediated by tissue resident macrophages called microglia (Salter & Stevens, 2017),
although astrocytes have also been shown to contribute to immune responses (Bylicky et al.,
2018). Upon activation of PRRs, these cells produce and release cytokines, which have
myriad effects. Pro-inflammatory cytokines (e.g., IL-1b & tumor necrosis factor-alpha,
TNF-a) are necessary to launch appropriate immune responses to pathogens or injury and
aid in the proliferation and recruitment of phagocytic cells at the site of insult (Shi & Pamer,
2011; Zhang & Wang, 2014). Conversely, anti-inflammatory cytokines (e.g., IL-10) are
associated with tissue repair and help maintain normal tissue homeostasis (Khanna et al.,
2010; Ferrante & Leibovich, 2012). To properly respond to pathogen exposure and tissue
damage, organisms must have a balanced pro- to anti-inflammatory profile. The inability to
mobilize and recruit macrophages to a site of injury or infection, present when pro-
inflammatory cytokines are low, can impair an organism’s ability to fight invading
pathogens. However, prolonged inflammation, present when pro-inflammatory cytokines are
high, can cause tissue damage and this pro-inflammatory state significantly contributes to
several chronic diseases, including psychiatric pathologies (Dinarello, 2011; Hodes et al.,
2015).

Inflammation and addiction

The concept of immune system derangements in psychiatric conditions has been around for
many years, but recently has begun to gain more attention both for its role in the
pathophysiology of mental iliness and also as a potential therapeutic strategy (Hodes et al.,
2015; Miller & Goldsmith, 2017). Indeed, inflammatory changes have been seen in multiple
neuropsychiatric conditions such as autism spectrum disorder (Vargas et al., 2005), bipolar
disorder (Sayana et al., 2017), Alzheimer’s disease (Salter & Stevens, 2017), and
schizophrenia (Ripke et al., 2014; Wray & Sullivan, 2017). Research into the role of
neuroimmune interactions in substance use disorders has been more limited than in the
psychiatric conditions described above. Despite this, it has been known for some time that
neuroimmune interactions can lead to important changes in brain systems that are key to the
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development of substance use disorders. In particular, there is a wealth of literature
demonstrating that inflammatory changes can affect dopamine signaling within the brain.
Healthy controls given a typhoid vaccination showed increased activation of their substantia
nigra by fMRI, a change that correlated with increased serum levels of IL-6 seen after the
vaccine (Brydon et al., 2008). Similar effects have been reported in patients receiving
infusions of the interferon-a (IFN-a) pro-inflammatory cytokine (Capuron et al., 2012). It
was previously shown that inflammatory conditions are capable of decreasing dopamine
synthesis by affecting important cofactors and may even affect dopamine transporter
function. This literature linking inflammation with altered dopaminergic signaling is
reviewed in much more detail elsewhere (Felger & Miller, 2012; Felger & Treadway, 2017).
Given that drugs of abuse all work via increasing mesolimbic dopamine release (Chao &
Nestler, 2004), the possibility of inflammation and drug interactions to heighten these effects
is a real possibility.

Inflammation has also been found to affect glutamatergic signaling, which is another key
neurotransmitter system in drug addiction and relapse (Dong et al., 2017). High levels of
peripheral inflammation in patients with major depressive disorder are correlated with
decreased functional connectivity of the glutamatergic projection neurons between the
frontal cortex and ventral striatum (Felger et al., 2016). Also, pro-inflammatory cytokines
downregulate glutamate transporters at the synapse thus disrupting the homeostasis of
glutamate signaling in the circuit (Tilleux & Hermans, 2007; Felger & Treadway, 2017).
Work in animal models of addiction has also shown that glutamate transporters are
downregulated in cocaine treated animals, and that this increase in synaptic glutamate can
contribute to relapse behaviors (Moussawi et al., 2009; Scofield & Kalivas, 2014).
Electrophysiological studies have demonstrated that the TNF-a cytokine is an important
regulator of synaptic strength in striatal medium spiny neurons (Lewitus et al., 2014). Given
the importance of corticostriatal signaling in both drug reward and relapse to drug seeking,
the effects of inflammation on this circuit could have major implications for the
development and persistence of substance use disorders.

Inflammation and psychostimulants

Psychostimulants such as cocaine and amphetamines are highly addictive substances that
increase levels of dopamine in the CNS and the periphery via inhibition or reversal of the
dopamine transporter (Kalivas et al., 2005). Many populations of leukocytes including B
cells, T cells, and monocytes are known to express different subtypes of dopamine receptor,
and stimulation with dopamine can affect their production of cytokines and other
inflammatory mediators (Arreola et al., 2016). In recent years, there is additional evidence
that cocaine itself may engage PRRs and create an inflammatory response independent of its
effects on dopamine (Northcutt et al., 2015). Cocaine is well established as a factor that
increases HIV replication rates in infected microglia and macrophages (Webber et al., 1999;
Tyagi et al., 2016). Stimulants also lead to activation of the hypothalamic-pituitary-adrenal
axis leading to the release of cortisol which has acutely anti-inflammatory effects and
chronically pro-inflammatory effects (Manetti et al., 2014). While stimulants can affect
immune function via multiple mechanisms, the role of these inflammatory changes in the
development and persistence of addictive behaviors is a matter of ongoing research.
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Clinical findings
There are a number of studies that have examined the effects of cocaine on peripheral
expression of inflammatory mediators (Summarized in Table 1), including studies showing
that acute cocaine alters cytokine expression in serum or in isolated peripheral leukocytes. In
abstinent users that there are decreases in serum levels of the chemokine monocyte
chemoattractant protein 1 (MCP-1) and a number of pro-inflammatory cytokines including
IL-6, IL-17, and TNF-a among others (Pedraz et al., 2015; Maza-Quiroga et al., 2017; Gupta
et al., 2018). Of note, chemokines are frequently discussed using two different
nomenclatures, which can lead to confusion. In an attempt to simplify, we have provided a
side-by-side comparison of the naming structure of all chemokines in this review in Table 2.
Intravenous infusion of cocaine suppressed expression of serum IL-6 for four hours in
healthy controls (Halpern et al., 2003). This is corroborated by a finding that isolated
monocytes from patients who are actively using cocaine have a decreased IL-6 and TNF-a
pro-inflammatory response to a bacterial antigen challenge, an effect that was made more
pronounced by acute infusion of cocaine (Irwin et al., 2007). However, not all studies show
this same pattern of decreased inflammatory markers. More recently studies have shown that
active cocaine users express higher levels of IL-6 and decreased levels of the anti-
inflammatory cytokine IL-10 (Levandowski et al., 2016; Moreira et al., 2016). Of particular
interest, recent studies have shown that patients with psychostimulant use disorders exhibit
increased serum expression of pro-inflam-matory markers in response to drug cues (Fox et
al., 2012) or in response to unpleasant images (Ersche et al., 2014) — an effect not seen in
healthy controls. These studies suggest that while the immune system of drug users may be
inhibited in certain situations it may also be primed to respond to certain environmental
stimuli in a pro-inflammatory manner. While far from conclusive, it is possible that these
changes in peripheral immune function may be playing a role in the development or
persistence of psychostimulant use disorders.

Given that diverse populations of leukocytes express dopamine receptors, it is entirely
possible that changes in peripheral inflammation seen after psychostimulants will not
necessarily correlate with central inflammatory processes. However, it is important to note
that populations of peripheral monocytes and T cells have been shown to have marked
effects on brain and behavior and may even be able to extravasate into the CNS parenchyma
(Hodes et al., 2015; Menard et al., 2017). Evidence for central inflammatory mechanisms in
human populations with psychostimulant use disorder is some-what sparse. Postmortem
examination of the midbrain of cocaine addicts demonstrated an increase in both activated
microglia, CD68 + activated macrophages, and decreased number of dopamine cell bodies
(Little et al., 2009). This is suggestive of a central pro-inflammatory mechanism engaged by
cocaine use, but this finding is subject to confounds from both the lifestyle of the patients as
well as the myriad issues with histological analysis of postmortem tissue. More recently
there have been two positron emission tomography (PET) studies performed in human
subjects with substance use disorder using tracers believed to bind to activated glial cells
(Banati, 2002). Subjects with methamphetamine use disorder with 1-12 years of reported
abstinence were found to have increased markers of microglial activation, with a negative
correlation between time of abstinence and microglial activity (Sekine et al., 2008). A
similar study looked at patients with long-term cocaine use disorder who had at least two
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weeks of abstinence by urine toxicology and found no differences in binding of microglial
radiotracers between controls and patients with cocaine use disorder (Narendran et al.,
2014). While important, these studies should be viewed with some caution given the very
different lengths of abstinence, and that these PET tracers are known to not be fully specific
for activated microglia (Cosenza-Nashat et al., 2009).

Animal models

In addition to the clinical studies outline above, there has been a growing body of research
investigating the role of neuroinflammatory changes in animal models of psychostimulant
use disorder. In particular there has been interest in the role of psychostimulants and
activating microglia. There is also considerable evidence for psychostimulant activation of
astrocytes and other glial cells reviewed more extensively by Lacagnina et al., (2017b).
Methamphetamine has been repeatedly shown to induce microglial activation throughout the
brain in a dose-dependent manner (Thanos et al., 2016). Studies have found that inhibition
of microglial activation via the anti-inflammatory antibiotic minocycline, or via the
phosphodiesterase inhibitor and antagonist of the toll-like receptor 4 (TLR-4) ibudilast
reduce the rewarding properties of stimulants (Chen et al., 2009; Snider et al., 2013;
Attarzadeh-Yazdi et al., 2014). While the exact mechanism of microglial activation by
psychostimulants is not fully clear, work is ongoing to make this determination.

Recently, there has been growing evidence that cocaine in particular may bind to TLR4, a
PRR expressed on microglia in the CNS (Zhang et al., 2014). Northcutt et al., (2015) did in
silico and in vitro modeling to determine that cocaine binds the TLR4 receptor. Additionally,
they found that signaling through the TLR4 receptor was important for cocaine-induced
dopamine release as well as conditioned place preference (CPP) and self-administration of
cocaine (Fig. 1). Subsequent studies have shown that TLR4 is necessary for basal synaptic
transmission and NMDA-dependent synaptic plasticity in the nucleus accumbens (NAc;
Kashima & Grueter, 2017). Another study found that TLR4 activity in the ventral tegmental
area (VTA) affects reinstatement of cocaine seeking in a manner dependent on IL-1
signaling (Brown et al., 2018). However, another study from Tanda et al., (2016) disputes the
effects of the TLR4 antagonists (+)-naloxone on dopamine release and reports the effects on
behavior to be non-specific (Tanda et al., 2016). While the role of TLR4-mediated signaling
in models of substance use remains a subject of ongoing research, it does represent a
potentially important line of translational research in the neurobiology of addiction.

In addition to the studies on TLR signaling, there has also been considerable interest in the
role of cytokine and chemokine signaling in models of psychostimulant use disorders. These
immune mediators are expressed by, and have receptors on, myriad cell types in the brain
and can have diverse and complex effects on plasticity and behavior that are only beginning
to be understood (Wohleb et al., 2016; Peineau et al., 2018). Recently, our group identified
granulocyte colony-stimulating factor (G-CSF) as a cytokine upregulated in both serum and
brain after prolonged cocaine administration (Calipari et al., 2018). Interestingly, G-CSF
treatment lead to increased neuronal activation in the NAc and prefrontal cortex after an
acute cocaine injection. Behaviorally, G-CSF enhanced cocaine CPP, locomotor sensitization
and self-administration (Fig. 1) while inhibition of G-CSF signaling in the NAc abolished
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the formation of cocaine CPP. Others have found a role for canonical pro-inflammatory
cytokines in the neuronal and behavioral response to cocaine. Lewitus et al. (2016)
demonstrated that microglial production of TNF-a is increased in NAc after cocaine where it
inhibits AMPA receptor function specifically in dopamine D1 receptor containing medium
spiny neurons (Fig. 1). Additionally, TNF-a knockouts showed increased locomotor
sensitization to cocaine and inhibition of TNF-a signaling reduced cocaine sensitization.
While the paper from Lewitus and colleagues found that TNF-a seemed to be inhibitory to
the behavioral and neurophysiologic sequelae of cocaine, the above mentioned paper found
that signaling via TLR-4 via IL-1b enhanced behavioral response to cocaine and was
necessary for cocaine-induced dopamine release into the NAc (Northcutt et al., 2015). Given
that both TNF-a and IL-1b are known to be down-stream of the TLR4 receptor, these
findings appear somewhat contradictory. While the Lewitus group looked at locomotor
sensitization and glutamatergic plasticity in the NAc, the Northcutt group focused primarily
on the rewarding effects of cocaine and dopamine release from VTA neurons. This raises the
possibility that these two closely-related signaling pathways may have differing effects on
various aspects of the response to drugs of abuse, and certainly suggests that a more nuanced
understanding of the molecular pathways will be crucial.

In addition to these cytokines, chemokine signaling has also been implicated. Infusions of
MCP-1 into the midbrain result in increased locomotor activity and increased striatal
dopamine release (Guyon et al., 2009), whereas knockout of MCP-1 receptor C-C
chemokine receptor 2 (CCR2) leads to decreased locomotor sensitization to cocaine and
decreased activation of the ERK signaling cascade in the striatum (Trocello et al., 2011).
Additionally, levels of stromal cell-derived factor 1 (SDF-1) are increased in both humans
and mice after prolonged exposure to cocaine (Araos et al., 2015), and intraventricular or
VTA infusion of SDF-1 protein potentiates the locomotor response to cocaine (Trecki &
Unterwald, 2009).

The microbiome and psychostimulants

A topic of growing interest in the field is in the interactions between the gut microbiome, the
immune system and the brain — the so-called gut-immune-brain axis (Fung et al., 2017).
While the majority of work looking at the role of the microbiome in neuropsychiatric
diseases has focused on affective (Foster et al., 2017), neurodevelopmental (Vuong & Hsiao,
2017), and neurodegenerative (Sampson et al., 2016) disorders, there is growing evidence
that alterations in the gut microbiome might be playing a role in the development of
addictive disorders via their interactions with the immune system. Recently, Volpe et al.
(2014) examined patients with cocaine use disorder and healthy controls with and without
HIV and found that cocaine use disorder was an independent predictor of an altered gut
microbiome — with users having markedly increased representation of the Bacteroidetes
phylum. Additionally, cocaine users had a strong trend toward higher levels of bacterial
DNA in their serum, which is suggestive of increased bacterial translocation from the gut
that may result in a pro-inflammatory state.

While evidence of interactions between the gut microbiome and psychostimulants has been
relatively limited, there is growing evidence from translational studies that the gut
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microbiome can affect the behavioral response to drugs of abuse, and in turn the microbiome
can be altered by psychostimulant treatment. Recently, our group found that knockdown of
the gut microbiome with broad spectrum antibiotics altered CPP and locomotor sensitization
to cocaine, finding that microbiome depleted animals were more sensitive to the rewarding
and sensitizing effects of cocaine at low doses (Kiraly et al., 2016). We also found that
depletion of the microbiome affected gene expression in the NAc, resulting in increased
levels of brain derived neurotrophic factor (BDNF), D1 and D2 dopamine receptors, and
GIluR2 AMPA receptors. This corroborated a number of previous reports suggesting that
alterations in the gut microbiome affect brain expression of BDNF and dopamine receptors
(Bercik et al., 2011; Heijtz et al., 2011; Savignac et al., 2013; Desbonnet et al., 2015). Given
the importance of these path-ways in the pathophysiology of addictive behaviors, further
investigation is needed to establish causal links between the microbiome and BDNF and
dopamine signaling in the brain. While a number of groups are currently investigating the
effect of psychostimulant drugs on the composition of the gut microbiome, the only
currently published study is one in which rats were injected every other day with
methamphetamine. This study finds modest increases in bacterial diversity after
methamphetamine with small shifts in families of bacteria (Ning et al., 2017). Additionally,
they found a decrease in caecal content of the short chain fatty acid propionate. The
production of short chain fatty acids by the gut microbiota has been implicated in the
integrity of the blood-brain barrier, and was found to play a key role in the behavioral
effects of the microbiota and cocaine in the (2016) Kiraly et al. paper. While there is clearly
more work to be done, evidence for gut-immune-brain connection in addiction is mounting.

Inflammation and opioids

Clinical findings

Opioids are used as firstline treatment for many types of acute and chronic pain (Zuckerman
& Harris, 1994; Roberts et al., 2012; Mesgarpour et al., 2014) and are often prescribed to
individuals suffering from other chronic ilinesses with weakened immune systems. Despite
their abundant use in pain management, recent evidence suggests that opioids might be
impairing recovery due to their interactions with inflammatory pathways. Several clinical
studies have noted that opioid abusers have worse overall health and are more susceptible to
infectious disease complications including HIV infection (Donahoe & Vlahov, 1998;
Risdahl et al., 1998). The potentiated negative health outcomes, resulting from opioid
exposure are likely due, in part, to general immunosuppression (Budd, 2006; Sacerdote,
2008). As it pertains to HIV, one study demonstrated that heroin users have lower levels of
the retrovirus restriction factors tripartite motif-containing 22 (TRIM22), tripartite motif-
containing 5a (TRIMb5a), apolipoprotein B mRNA editing enzyme catalytic polypeptide-like
3G (APOBECS3G), and IFN-a, which leads to decreased the ability to combat retroviral
infection (Zhu et al., 2017). Additionally, leukocytes and granulocytes exposed to morphine
show decreased levels of activation and have impaired chemotactic ability (Perez-Castrillon
etal., 1992; Makman et al., 1995; Grimm et al., 1998).

Studies measuring cytokine release in human cells have generated mixed results (Table 1).
First, heroin users have higher levels of circulatory inflammatory cytokines such as TNF-a,
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transforming growth factor a (TGF-a), and IL-8 (Piepenbrink et al., 2016). Conversely,
giving morphine to healthy volunteers results in natural killer cells that produce less
cytotoxic response compared to pla-cebo-treated volunteers (Yeager et al., 1995). When
administered alone, a mu opioid receptor selective agonist increased release of several
cytokines including TGF-b1 and regulated on activation, normal T cell expressed and
secreted (RANTES) from lymphocytes (Happel et al., 2008) and morphine increased MCP-1
expression in cultured brain cells (Rock et al., 2006). Yet, when opioids are administered
concurrently or before toxin exposure, they act to dampen immune cell activation. Cells
from heroin abusers have lower levels of pro-inflammatory cytokines such as I1L-1b, IL-6,
TNF-a, and IFN-c after in vitro stimulation with the bacterial endotoxin lipopolysaccharide
(LPS; Meijerink et al., 2015). Similarly, serum from chronic heroin users produced less IFN-
¢ and more IL-10 than healthy controls when stimulated with LPS (Azarang et al., 2007).
Cultured human lymphocytes pretreated with morphine decreased production of IFN-c in
response to the toxin Concanavilin A (Con-A; Peterson et al., 1987) and dendritic cells
produced less IL-10 but more IL-12 in response to LPS after morphine compared to LPS
alone (Messmer et al., 2006).

In addition to the possible immunosuppressive effects of opioids and increased risk of
chronic illness, chronic use of opioids comes with other undesirable side effects, including
tolerance, dependence, and addiction. Opioids produce their rewarding effects centrally by
binding to opioid receptors and inhibiting GABA neurons in the VTA, resulting in
disinhibition of dopamine neurons (Johnson & North, 1992). Opioids also directly bind to
opioid receptors in spinal cord to reduce pain (Yaksh, 1981). While the data discussed above
focused on peripheral cytokine release or cytokine production in vitro, changes in cytokine
expression within the nervous system might more accurately reflect changes in complex
behavior. In the CNS, microglia are known to play important roles in regulating both
analgesia and addiction (Miguel-Hidalgo, 2009). These cells, along with astrocytes, are
likely to be a source of cytokine upregulation in the brain after opioid exposure due to their
general role in modulating inflammation (Sofroniew, 2013; Salter & Stevens, 2017). To this
end, glial inhibitors are being investigated for their potential to decrease opioidrelated side
effects, namely: addiction and physical dependence (Bachtell et al., 2017). Ibudilast, a glial
inhibitor known to decrease TNF-a release (Suzumura et al., 1999), attenuated subjective
morphine withdrawal (Cooper et al., 2016) and motivation for low-dose oxycodone in a
progressive ratio task conducted on heroin-dependent individuals (Metz et al., 2017).

Animal models

In rodents, morphine produces an upregulation of peripheral IL-1b acute or chronic
administration (Pacifici et al., 2000; Wang et al., 2012; Kang et al., 2017), IL-6 after chronic
administration (Meng et al., 2015), IL-17A after chronic administration (Meng et al., 2015),
IL-10 after acute administration (Schwarz et al., 2011), TNF-a, IL-2, and IFN-c after acute
administration (Pacifici et al., 2000). However, two groups have observed decreased IL-2
release from peripheral immune cells after acute and chronic morphine (Lysle et al., 1993;
Wang et al., 2007). As seen in humans, opioids impair immune response to infection or
injury in rodent models. Animals injected with morphine and infected with pneumonia
(Wang et al., 2005), Candida (Szabo et al., 1993), or peripherally injured by caecal ligation
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(Meng et al., 2015) all have decreased survival rates compared to controls. Rodent peripheral
blood mononuclear cells or splenic leukocytes treated with opioids also produce less IFN-c
in response to LPS or Con-A applied in vitro (Peterson et al., 1987; Lysle et al., 1993; Fecho
et al., 2000; Carrigan et al., 2004). However, morphine in combination with HIV protein
Tat-1 potentiates Tat-1-induced IL-6, IL-10, MCP-1, MCP-5, and RANTES (El-Hage et al.,
2005).

While only a few studies have measured cytokine expression after opioid exposure using
cells from the human nervous system (Rock et al., 2006), considerable work has been done
to measure these in rodents. The majority of published work demonstrates upregulation
and/or enhanced release of cytokines in CNS preparations, including whole brain sections
from areas that regulate reward and analgesic functions such as: periaqueductal grey (Eidson
etal., 2016), NAc (Niwa et al., 2007; Schwarz et al., 2011; Zhang et al., 2011), hip-
pocampus (Liu et al., 2011), and spinal cord (Hutchinson et al., 2008a). The majority of
upregulated cytokines are pro-inflammatory and occur after acute, repeated, and chronic
opioid administration, including IL-1b (Raghavendra et al., 2002; Johnston et al., 2004;
Hutchinson et al., 2008a; Liu et al., 2011; Eidson et al., 2016), IL-6 (Raghavendra et al.,
2002; Johnston et al., 2004; Hutchinson et al., 2008a; Zhang et al., 2011), and TNF-a
(Raghavendra et al., 2002; Johnston et al., 2004; Niwa et al., 2007; Hutchinson et al., 2008a;
Zhang et al., 2011). However, the anti-inflammatory cyto-kine IL-10 is also upregulated
after acute and repeated opioid exposure (Hutchinson et al., 2008a; Schwarz et al., 2011). In
addition to the traditional cytokines, several chemokines also show differential expression
after opioids. Campbell et al. (2013) measured enhanced RANTES release in cortex and
striatum after repeated morphine, while Hutchinson et al. (2008a,b) measured several
differentially regulated chemokines in spinal cord: monokine induced by gamma interferon
(MIG), eosinophil chemotactic protein (ECP), MCP-1, MCP-5, thymus-expressed
chemokine (TECK), thymus and activation regulated chemokine (TARC), macrophage
inflammatory protein-1a and b (MIP-1a and b), growth-related oncogene/keratinocyte
chemoattractant (GRO/KC), and fractalkine (Hutchinson et al., 2008a; Schwarz et al., 2011).
Finally, some studies have observed conflicting results, suggesting that some pro-
inflammatory cytokines are downregulated after morphine. One such study measured a
reduction in prefrontal cortex IL-1b in BALB/c mice only (Liu et al., 2011). Some
discrepancies can be explained by altered timing of cytokine measurements (Pacifici et al.,
2000), whether animals went through a withdrawal period (Campbell et al., 2013), and the
strain of mouse utilized (Liu et al., 2011), as all these factors affected experimental outcome
when they were the subject of study.

As mentioned above, inhibition of microglia or astrocytes has been shown to decrease a
variety of opioid side effects, including the development of tolerance (Song & Zhao, 2001;
Raghavendra et al., 2003; Hutchinson et al., 2008a; Eidson & Murphy, 2013; Fukagawa et
al., 2013), physical dependence (Bland et al., 2009; Hutchinson et al., 2009), morphine
reward (Hutchinson et al., 2008b; Zhang et al., 2012), and reinstatement of morphine CPP
(Schwarz et al., 2011). IL-1b seems to be a crucial mediator of morphine’s analgesic effects.
Inhibition of IL-1 enhanced morphine’s analgesic effect and attenuated tolerance (Johnston
et al., 2004; Shavit et al., 2005). Additionally, inhibition of fractalkine and IL-6 also
produced a reduction in morphine tolerance (Hutchinson et al., 2008a). The importance of
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TNF-a is not as clear. Some studies demonstrate that inhibition of TNF-a reduced or
reversed morphine tolerance (Hutchinson et al., 2008a; Eidson et al., 2016). However,
another study suggested that knockout of TNF-a did not affect acute nociceptive responses
or tolerance (Niwa et al., 2007).

Enhanced pro-inflammatory signaling seems to potentiate opioid reward mechanisms. When
given IFN-a alone, rats showed potentiated reinstatement of morphine CPP (Lang et al.,
2009). However, upregulation of anti-inflammatory processes may counteract inflammatory
actions and reduce the rewarding effects of opioids. Overexpression of the anti-inflammatory
cytokine IL-10 decreased activation of microglia, reinstatement of morphine CPP, and
acquisition of self-administration of the short-acting opioid remifentanil (Schwarz et al.,
2011; Lacagnina et al., 2017a).

Morphine and other opioids are known to bind opioid receptors to produce reward,
dependence, and analgesia (Matthes et al., 1996); however; there is no consensus about
which receptor morphine binds in order to disrupt inflammatory signaling. Recent evidence
suggests that (+)- and ( )-isomers of opioids bind TLR4 and opioid receptors (Hutchinson et
al., 2010), respectively, and that this stereo-specificity might contribute to conflicting reports
on the role of inflammation in morphine-induced behaviors. (+)-Naloxone and (+)-
naltrexone are putative antagonists at TLR4 that do not bind opioid receptors (Wang et al.,
2016). In behavioral studies both compounds have been shown to reverse morphine
tolerance (Eidson & Murphy, 2013) and enhance morphine’s analgesic effect (Wang et al.,
2012). More selective pharmacological disruption of TLR4 signaling impaired the
development of morphine CPP, self-administration of remifentanil (Hutchinson et al., 2012),
and incubation of heroin craving (Theberge et al., 2013). However, TLR4 knockout mice
still show enhanced microglial activation in response to morphine (Fukagawa et al., 2013),
as well as normal morphine tolerance (Fukagawa et al., 2013; Mattioli et al., 2014) and
dependence (Mattioli et al., 2014). Additionally, Tanda et al. (2016) have recently noted that
(+)-naloxone and (+)-naltrexone do not affect opioid reward at clinically relevant doses.

The microbiome and opioids

Alterations in the gastrointestinal tract have been noted in human opioid users. In patients
with hepatic encephalopathy (HE), opioid use, not degree of liver disease, predicted hospital
readmission (Acharya et al., 2017). Opioid users in this cohort displayed significantly
different patterns of bacterial populations compared to non-opioid users with HE (Acharya
et al., 2017). Recent studies in rodents have confirmed these findings and have identified
opioid-induced alterations in the microbiome that impact the behavioral effects of opioids.
For example, experimenter-administered morphine increased systemic spread of bacteria
through compromised intestinal epithelium (Meng et al., 2015; Banerjee et al., 2016; Kang
etal., 2017) and altered the proportion of gram-negative to gram-positive bacteria present in
the gastrointestinal tract (Meng et al., 2015; Wang et al., 2018). This disruption in bacterial
balance directly contributes to the development of morphine analgesic tolerance.
Administration of the gram-positive bacteria Enterococcus faecalus to mice accelerated the
development of morphine tolerance (Wang et al., 2018) while oral antibiotics, which reduced
systemic bacterial spread, attenuated morphine tolerance (Kang et al., 2017). The effect of
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morphine on bacterial spread and intestinal compromise are dependent on IL-17A.
Treatment with IL-17A antibody increased survival after caecal ligation, decreased bacterial
spread, decreased IL-6 production, and restored the intestinal epithelial barrier (Meng et al.,
2015).

In conclusion, opioids influence inflammation and immune reactivity in a variety of ways
that are purported to affect opioid-related behaviors. Some of these factors include
upregulation of pro-inflammatory cytokines after short- or prolonged opioid exposure
(Hutchinson et al., 2008a), enhanced activation of microglia (Zhang et al., 2011; Fukagawa
et al., 2013), reduction in the immune response to pathogens (Azarang et al., 2007;
Meijerink et al., 2015), and disruption of intestinal permeability leading to systemic bacterial
spread (Meng et al., 2015). The increase in pro-inflammatory cytokines and enhanced
activation of microglia resulting from opioid intake most likely contribute to the negative
consequences of opioid use, such as tolerance (Johnston et al., 2004; Shavit et al., 2005),
dependence (Bland et al., 2009; Hutchinson et al., 2009), and reward (Hutchinson et al.,
2008b; Zhang et al., 2012), although the exact cellular mechanisms have yet to be
elucidated.

Conclusions

Based on our review of the literature it is clear that psychostimulants and opioids have robust
and complex effects on immune system function. As demonstrated in Table 1, the effects of
drugs of abuse on immune system function is highly dependent on timing after
administration, chronicity of use, and a number of other factors. In fact, a number of
inflammatory markers differ depending on whether they are being assessed peripherally or
centrally. Despite the complexity of these interactions, we are beginning to develop more of
a mechanistic understanding of the role that inflammatory and immune-related mechanisms
may be playing in the development and persistence of substance use disorders.

As diagrammed in Fig. 1, there are now multiple different mechanisms that have begun to be
outlined for how drugs of abuse affect specific synaptic functions in animal models of
substance use disorders. While there is evidence that all of these pathways can be activated
by treatment with drugs of abuse, there is clearly a subtlety to how they affect the neuronal
and behavioral response. At this time the evidence suggests that the distinction is not as
simples as provs. anti-inflammatory; pro-inflammatory IL-1b drives increased behavioral
response to cocaine and opioids (Hutchinson et al., 2012; Northcutt et al., 2015) while pro-
inflammatory TNF-a. inhibits response to cocaine (Lewitus et al., 2016). Additionally, anti-
inflammatory IL-10 reduces behavioral response for opioids (Lacagnina et al., 2017a) while
G-CSF, which is primarily anti-inflammatory, enhances behavioral responses to cocaine
(Calipari et al., 2018).

The findings outlined in the figure stem primarily from studies during the development of
addiction-like behaviors or shortly after drug administration. This raises the interesting
discrepancy between the clinical and animal literature in this field, in that the majority of
studies on patients are on patients with chronic substance use disorders, often with some
period of abstinence, while the majority of animal studies are performed after relatively
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shorter periods of drug exposure (Table 2). Of the pathways outlined in animals it seems that
only the TLR-4 signaling pathway has been examined after abstinence and during
reinstatement of drug seeking (Theberge et al., 2013; Brown et al., 2018). Further animal
studies that more closely mirror what is seen in the clinical literature will be crucial for
identification of potential biomarkers and translational research strategies.

At this time there have been relatively few neuroimmune pathways that have been examined
in animal models of both psychostimulant and opioid use (Table 1). However, there may be
commonalities in inflammatory cascades that affect behavioral response to different drugs of
abuse. Increases in TNF-a inhibit behavioral responding for both psychostimulants (Lewitus
et al., 2016) and opioids (Niwa et al., 2007). Conversely, signaling through the 1L-1b
pathway enhances behavioral response to both cocaine (Northcutt et al., 2015) as well as
opioids (Hutchinson et al., 2012). Given the shared changes in neurocircuitry seen in models
of drug abuse this is not surprising but will be important for possible clinical translation.

While far from complete, our understanding of how neuroimmune interactions are affecting
the pathophysiology of substance use disorders is expanding rapidly. Further study is
required to clarify which specific signaling pathways are affected and affect neuronal and
behavioral response to drugs at different phases of the addiction cycle — including during
relapse/reinstatement. Unraveling the intricacies of this signaling will be crucial for our
understanding of the neurobiology of addiction and has great potential to help us understand
the possible translational potential of immunetargeted therapies for substance use disorders
in the clinical population.
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ERK
fMRI
G-CSF
GRO/KC
HE
IFN-a
IFN-y
IL-10
IL-12
IL-17
IL-1B
IL-2
IL-6
IL-8
LPS
MCP-1
MCP-5
MDD
MIG-1
MIP-1a
MIP-18
NAc
NMDA
PAMP
PET
PRR
RANTES
SDF-1

TARC

Extracellular-regulated kinase

Functional magnetic resonance imaging
Granulocyte colony-stimulating factor
Growth-related oncogene/keratinocyte chemoattractant
Hepatic encephalopathy

Interferon alpha

Interferon gamma

Interleukin-10

Interleukin-12

Interleukin-17

Interleukin-1 beta

Interleukin-2

Inter-leukin-6

Interleukin-8

Lipopolysaccharide

Monocyte chemoattractant protein 1
Monocyte chemoattractant protein 5
Major depressive disorder

Monokine induced by gamma interferon
Macrophage inflammatory protein 1 alpha
Macrophage inflammatory protein 1 beta
Nucleus accumbens

N-methyl-D-aspartate
Pathogen-associated molecular pattern
Positron emission tomography

Pattern recognition receptor

Regulated on activation, normal T cell expressed and secreted
Stro-mal cell-derived factor 1

Thymus and activation-regulated chemokine
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TECK Thymus-expressed chemokine
TGF-a Transforming growth factor alpha
TGF-1 Transforming growth factor beta
TLR4 Toll-like receptor 4
TNF-a Tumor necrosis factor alpha
TRIM22 Tripartite motif-containing 22
TRIMb5a Tripartite motif-containing 5a
VTA Ventral tegmental area
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Fig. 1.

Er%erging synaptic mechanisms of inflammation and addiction in the nucleus accumbens.
Recent evidence has demonstrated multiple potential mecha-nisms of inflammatory
processes affecting synaptic function in models of substance use disorder. (1) Levels of G-
CSF are increased by cocaine, and G-CSF enhances neuronal activation and production of
immediate early gene c-Fos in response to cocaine. (2) Cocaine and potentially opioids lead
to increases in microglial production of TNF-a which inhibit AMPA receptor function in
D1-expressing medium spiny neurons. (3) Via direct action on the toll-like receptors cocaine
and opioids increase levels of IL-1b, enhancing synaptic dopamine release. (4) The anti-
inflammatory cytokine 1L-10 is upregulated by opioids in rats with a history of stress. IL-10
inhibits production of pro-inflammatory mediators by toll-like receptors.

Eur J Neurosci. Author manuscript; available in PMC 2020 August 01.



Page 25

Hofford et al.

Author Manuscript

(e66T) ‘7219 81k anoy [esayduiad 211 lewwy  plodo

(2002) ‘72 1o eipusneybey pereaday

(£102) '72 39 Buey a1uoIyD

(#002) ‘72 79 UOISUYOL 21U0IYD

(e8002) ‘72 19 UOSUIYOINH pajeaday
(9702) 'y2 99 UOSPIZ andy  [enuadyfelaydusd gr-u jewnwy  proido
(s102) ‘7278 BUsN auoIyo [esayduiad VLT ewiuy  protdo

(TT02) ‘12 )9 ZIEMYDS anoy
(e800¢) ‘72 79 UoSUIYAINH payeaday  [enuad/fessyduad 0T-11  [ewiuy  ploido

(T102) ‘1279 ZIRMYIS

(0002) ‘7239 19119ed Aoy [enuady/fesayduad A-Ndl - jeunuy - proido
(e8002) ‘12 49 UoOSUIYIINH pajeadoy [enusd OM/O¥9  lewiuy  pioido
(e8002) ‘72 19 UoSUIYAINH pajeaday [enuad supje0Rld  [ewiuy  pioido
(T102) ‘7249 ZIEMYDS andy [enusD do3  [ewy  podo
(5102) ‘72 49 ZRIPRd aouauNsqy [esayduiad D-4NL  UeWNH  8uled0d
(9102) ‘728 STUman] pareaday [enus) P-ANL  [ewluy  8uleso)
04702 ‘72 19 eboiind-ezeN |duBuNsqy [esayduad D-49]  UBWNH  8uled0D
(5102) "12 98 SoeIY pajeaday [essyduad T-40S  [Bwiuy  8ured0d
(£102) ‘72 39 BbONND-RZRIN 30UBUNSqY [eJayduad DI-dIN  UBWNH  8uIedod

(STO?) ‘728 79 ZRIPRd 80UBUNSqY
(8102) ‘7248 BYAND anoy [elayduiad T-dDWN  UBWNH  3UR20D

(9702) ‘72 78 BA1BION

(9102) 72 49 Dismopuens™ S1asN aANOY [esayduiad 971 URWNH  8UBI0D

(5T102) ‘72 19 ZRdpad 30UBUNSqY
(e002) ‘72 79 UlBdlEH oy [esayduiad 1 911 UBWNH  8urR20D
(£702) ‘7 42 BbOAND-RZRIN 3oudUNSqY [esayduad 4 JT-11 UBWNH  8uIRI0D
(9702) 7279 ClIBION 518N 8ANOY [esayduiad 3 OT-11  UBWNH  BUIeI0D
(8102) 7248 LiedileD poreaday  [enuaDyjesoyduiad I 4S0-9  [ewIUY  8UIBI0D
uoleld  uoheJsiuiupy uo11e007] a pbrel seweds Bnia

spioido 1o au1ea09 Aq parejnbal sauo1f)
T algeL

Author Manuscript

Author Manuscript

Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2020 August 01.



Page 26

'$108[QNS puB UONYBIIP ‘UOIIEIO| ‘8oUBISANS AQ S10)108) 8SBY) Ul SBBUBYD UMOUY
Y} SaUI[IN0 3]qel SIYL "S[apow [ewiue pue s109fgns uewiny 40 SND ay: ut Jo Aseydiiad ayy ui sprordo Jo syuejnwins Aq paieinfial Aj[enualagiip aq 01 UMOYS U3aq ABY S3UIOWSYD PUB SBUIO0IAD 4O Jaquinu v/

Hofford et al.

Author Manuscript

(T102) '12 98 BuRyZ oluoIyd
(2002) ‘72 10 elpusneybey payeaday
(0002) ‘72 49 1914108d Aoy
(2002) ‘7239 eMIN pajeaday
(¥002) ‘72 39 uoIsuyor ooIyD  [enusdy/[essydiiad ’ D-4NL [ewluy  ploido
(TT02) ‘7879 ZIRBMYDS anoy [enuad y MO3L  [ewwy  prodo
(TT02) ‘72 )2 ZIRMYdS anoy [euad l O¥vL [ewnwy  proido
(€702) ‘7279 [130dwed pajeaday [enuad ! S3LNVY  ewwy  prodo
(T102) ‘1299 ZIBMYdS anoy [enus) ! dT-diIn - [ewiuy  proldo
(9'e800¢) 72 42 UOSUIYIINH pareadey [enusD ’ OT-dIN  [ewiuy  ploldo
(TT02) ‘72 )9 ZIRMYdS anoy [enusd | OIN  lewuy  plodo
(T102) ‘1299 ZIBMYdS anoy [enus) l G-dOW  [ewiuy  pioido
(28002) ‘7279 UOSUIYOINH poreaday [euad ! T-dOW  [ewiuy  pioido
(T102) ‘72 49 BueyZ o1uoIYd
(2002) ‘72 19 eIpUBARYDRY pareaday
(ST0C) '72 98 BUsN oluoIyd
(¥002) ‘72 39 uoisuyor o1uoIYd
(e8007) ‘72 79 UoSUIYIINH pajeaday  [enuady/[essydiiad 911 [ewy  proido
(0002) ‘72 39 101419ed anoy [eaydiad & 1 lewwy  ploido
uolelD  uolelsiuiwpy uoleo0  uolveIIg Bbre] soads bnig

Author Manuscript

Author Manuscript

Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2020 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hofford et al. Page 27

Table 2.

Modern and traditional names of chemokines regulated by cocaine or opioids

Traditional Modern
MCP-1 (monocyte chemoattractant protein 1) CCL2
MIP-1a (macrophage inflammatory protein-1 alpha) CCL3
MIP-1B (macrophage inflammatory protein-1 beta) CCL4
RANTES (regulated on activation, normal T cell expressed and secreted) CCL5
MCP-2 (monocyte chemoattractant protein 2) CCL8
ECP (eosinophil chemotactic protein) CCL11
MCP-5 (monocyte chemoattractant protein 5) CCL12
TARC (thymus and activation-regulated chemokine) CCL17
TECK (thymus-expressed chemokine) CCL25
GRO/KC (growth-related oncogene/keratinocyte chemoattractant) CXCL1
MIG (monokine induced by gamma interferon) CXCL9
SDF-1 (stromal cell-derived factor 1) CXCL12
Fractalkine CX3CL1

CCL2, chemokine (C-C motif) ligand 2; CCL3, chemokine (C-C motif) ligand 3; CCL4, chemokine (C-C motif) ligand 4; CCL5, chemokine (C-C
motif) ligand 5; CCL8, chemokine (C-C motif) ligand 8; CCL11, chemokine (C-C motif) ligand 11; CCL12, chemokine (C-C motif) ligand 12;
CCL17, chemokine (C-C motif) ligand 17; CCL25, chemokine (C-C motif) ligand 25; CXCL1, chemokine (C-X-C motif) ligand 1; CXCLJ9,
chemokine (C-X-C motif) ligand 9; CXCL12, chemokine (C-X-C motif) ligand 12; CX3CL1, chemokine (C-X3-C motif) ligand 1.

Eur J Neurosci. Author manuscript; available in PMC 2020 August 01.



	Abstract
	Introduction
	Inflammation and the brain
	Inflammation and addiction
	Inflammation and psychostimulants
	Clinical findings
	Animal models
	The microbiome and psychostimulants

	Inflammation and opioids
	Clinical findings
	Animal models
	The microbiome and opioids

	Conclusions
	References
	Fig. 1
	Table 1.
	Table 2.

